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Abstract

The peptide pIV/S4—S5 encompasses the cytoplasmic linker between helices S4—S5 in domain IV of the voltage-gated Na* channel, residues
1644-1664. 2 The interaction of two local anesthetics (LA), lidocaine and benzocaine, with pIV/S4—S5 has been studied by DOSY, heteronuclear
NMR 'H-">N-HSQC spectroscopy and computational methods. DOSY indicates that benzocaine, a neutral ester, exhibits stronger interaction
with pIV/S4—S5 than lidocaine, a charged amine-amide. Weighted average chemical shifts, Ad('"H—"N), show that benzocaine affects residues
L'033, M'%% and S'%¢ while lidocaine slightly perturbs residues 11646 L1949 and A9, 1190 near the N- and C-terminus, respectively.
Computational methods confirmed the stability of the benzocaine binding and the existence of two binding sites for lidocaine. Even considering
that the approach of studying the peptide in the presence of a co-solvent (TFE/H,0, 30%/70% v/v) has an inherently limited implication, our data
strongly support the existence of multiple LA binding sites in the IV/S4—S5 linker, as suggested in the literature. In addition, we consider that LA
can bind to the S4-S5 linker with diverse binding modes and strength since this linker is part of the receptor for the “inactivation gate particle”.
Conditions for devising new functional studies, aiming to better understand Na* channel functionality as well as the various facets of LA
pharmacological activity are proposed in this work.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Voltage-gated Na" channels are responsible for the initiation

Abbreviations: BZC, benzocaine; CD, circular dichroism; COSY, correla- . . . . . R
and propagation of action potentials in a variety of excitable

tion spectroscopy; DOSY, diffusion ordered spectroscopy; DSS, 4,4-dimethyl-4-

silapentane-1-sulfonate; HSQC, heteronuclear single quantum coherence; LA,
local anesthetics; LDC, lidocaine; NMR, nuclear magnetic resonance; NOESY,
nuclear Overhauser effect spectroscopy; SDS, sodium dodecyl-sulfate; TFE,
trifluoroethanol; TOCSY, total correlation spectroscopy.
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cells [1-3]. In response to membrane depolarization, the Na"
channels open and allow the influx of sodium ions into the cells.
Sodium channels are concentrated in axons and muscle cells
and they have a molecular architecture consisting of o and
subunits. The o-subunit (260 kDa) is composed of four
homologous domains (I-1V), each containing six trans-
membrane helices (S1-S6) [1-3].

During maintained depolarization, the channels switch, in a
millisecond time scale, to an inactivated non-conducting state
and re-polarization of the membrane is required for its recovery
[4]. The fast inactivation gating of the Na' channel has been
only partly deciphered. The sequence Ile—Phe—Met, the [FM
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motif, located in the intracellular linker between domains III and
IV, has been identified as the “inactivation gate particle” [5,6]
since it participates in the channel pore blocking. However, the
residues at the channel intracellular mouth required for the
binding of the “inactivation gate particle” and for channel fast
inactivation have not yet been positively identified.

The short intracellular loops connecting the S4 and S5
helices, both at domains III [7,8] and IV [9,10], appear to be
good candidates for this role. For instance, McPhee and co-
workers [10] have shown that residues F'®!, 1'% and N'¢62
in the S4-S5 linker of domain IV (IV/S4-S5 linker) establish
hydrophobic interactions with the IFM motif during the
inactivation of human brain Na* channels. In addition, site-
directed mutagenesis studies revealed that, in rat skeletal muscle
Na" channel, substitution of the linker non-polar residues before
P'%73 gives rise to non-functional channels [6,8]; similar results
have been observed by Tang and co-workers in the human heart
Na' channel subtype 1 [9]. Overall, these results point to a
direct involvement of the IV/S4-S5 linker in channel
inactivation.

Filatov and co-workers [6] also suggested that the non-polar
surface of the S4-S5 helices of rat skeletal muscle sodium
channel interacts with the non-polar surface of helices of
adjacent domains in response to conformational changes
associated with channel activation [11,12] and this movement
would contribute to the formation of a binding site for the
“Inactivation gate particle”, i.e., the so-called “inactivation gate
receptor” [6]. Specific residues of the S6 helix of domains I and
II [13] and IV [14] have also been found to interact with the
“inactivation gate particle”. In an interesting manner, these
helices, in conjunction with S5 helices of each segment, line the
inner part of the channel pore [14]. Taken together, these results
suggest that the formation of the “inactivation gate receptor” is
the result of a conformational re-arrangement involving at least
the S6 helices and the IV/S4-S5 linker [10,14,15].

LA act by binding to the Na* channel, inhibiting Na" uptake
and blocking the nervous impulse. Many LA are ionizable
amines and both the charged and uncharged forms are now
considered relevant for the mechanism of anesthesia. In the past,
it has been proposed that while the uncharged form is ideal to
cross the cell membrane, the binding to a specific site on the
channel would be achieved by the protonated species [16,17]
only in the intracellular side. Nevertheless, this hypothesis has
always been questioned since benzocaine (BZC), the only
clinically used local anesthetic that is neutral at physiological
pH, produces tonic inhibition of Na* channels, with little dose-
dependent blockade during repetitive depolarization. Interest-
ingly, other hydrophobic analogues of BZC elicit a dose-
dependent blockade of the channel [18,19]. In addition, BZC
binding, as well as the binding of charged tertiary and
quaternary amine LA, seems to be channel-state-dependent,
being favored when the channel is in its open or inactivated state
[14,20].

Along the years, much work has been devoted to describe the
molecular mechanism associated to LA pharmacological
activity [13,21,22,23]. The first mapping of LA binding sites
in Na* channels revealed that three residues (I'7%°, F7¢4, y'7"!

of rat skeletal muscle pl), in the middle of helix 1V/S6, are
critical for the uncharged anesthetic species binding [23,24].
Further studies suggested that, particularly when Na" channels
are in their inactivated state, one additional residue (I*°?) in the
middle of helix I/S6 is aligned in close proximity to the tertiary
amine moiety of amino-amide LA [25,26]. Recently, Godwin
and co-workers [19] constructed, in silico, a structural model for
the binding of BZC to the IV/S6 helix of the same Na" channels
of rat skeletal muscle. The model proposes that four
hydrophobic residues (V'**2, M'>%5 1'%8! and 1'**%) form an
ideal binding cavity for neutral LA where, in fact, the benzenoid
ring of BZC can be docked. Interestingly, since bulkier BZC
analogues (ethyl-4-ethoxy and ethyl-4-diethylamino benzoates)
are characterized by a higher association constant and best fit
that binding site, the authors suggest this might be the
explanation for the dose-dependent blockade observed for
those analogues and not for BZC [18,19]. Although the authors
have analyzed only the IV/S6 helix, a critical and well-known
LA binding site [23,27,28], they hypothesize, based on the ideas
described in the classical review by Hille [20], that other regions
in the Na" channel a-subunit ought to be considered as LA
potential binding sites. Those regions could include hydropho-
bic residues of the III-1V linker, the “inactivation gate particle”
[23], residues close to a proline in the S5—-S6 linker of domains I
and TV, which control the ion selectivity of Na* channels [29]
and the S4-S5 intracellular linker of domain IV that is part of
the “inactivating gate receptor” [6,8—10,14,22].

Miyamoto and co-workers [30] have determined the
structure, in SDS micelles, of a peptide encompassing a portion
of the IV/S4-S5 linker of the human brain Na' channel: Ac-
TLLFALMMSLPALFNIGLL-NH,, residues 1648—1666. In
partial agreement with a previous secondary structure prediction
[6], the study shows that the peptide presents a hydrophobic a-
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Fig. 1. Model of the cytoplasmic linker connecting helices S4—S5 of domain IV
of the a-subunit of adult human brain Na* channel. The sequence of the peptide
pIV/S4-S5 studied in this work is colored in gray.
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Fig. 2. Chemical structure of LA used in this study: A) lidocaine (LDC); B)
benzocaine (BZC).

helical region encompassing residues L'®*°—S'%*¢ and a R-turn
after P'®®. Moreover, the authors suggest that the binding of the
“Inactivation gate particle” to the “inactivation gate receptor”
would require the interaction of the residues IFM'#88-1490
YY" 9771998 and M'5%! of the “inactivation gate particle” with
the residues F'63!, MM 03471655 [ 1657 3d A5 [ocated in the
IV/S4-S5 linker, respectively.

Since most of the experimental data collected so far point to
the IV/S4-S5 linker as a potential region for LA binding, using
NMR Diffusion Ordered Spectroscopy (DOSY), 'H-'°N
HSQC experiments and computational methods, we have
studied the interaction of the synthetic peptide pIV/S4-S5
with the local anesthetics LDC and BZC. The pIV/S4-S5
(KGIRTLLFALMMSLPALFNIG-NH,, 1644—-1664) encom-
passes the entire IV/S4-S5 linker (Fig. 1) of the human brain
voltage-gated Na' channel. LDC is an amine-amide local
anesthetic that, although at physiological pH exists as positively
charged and uncharged species, in our experimental conditions
is fully charged (Fig. 2A) while BZC is a local anesthetic that is
always uncharged both at physiological pH and in our
experimental conditions (Fig. 2B).

2. Experimental

LDC and BZC have been obtained from Sigma Chemical Co
(St. Louis, MO). All other reagents were of analytical grade.

2.1. Peptide synthesis and purification

The peptide: KGIRTLLFALMMSLPALFNIG-NH, (pIV/
S4-S5) was synthesized manually, according to the standard
t-Boc/Bzl strategy [31,32]. p-methylbenzhydrylamine-resin
(0.79 mmol/g) was used as the solid support and the following
side-chain protecting groups were used: 2-Cl-benzyloxycarbo-
nyl (Lys), p-toluenosulphonyl (Arg) and benzyl (Thr and Ser).
The a-amino-group de-protection and neutralization steps were
performed in 30% (v/v) trifluoroacetic acid/dichloromethane for
30 min and in 10% (v/v) N,N-diisopropylethylamine/dichlor-
omethane for 10 min. The coupling reaction was carried out
with the acylating agents 2-(benzotriazol-1-yl)-1,1,3,3-tetra-
methyluronium tetrafluoroborate/N;-hydroxybenztriazole/N,N-
diisopropyl ethylamine in a three fold excess condition over the
amount of resin-bound amine groups. Cleavage of peptide from

the resin was performed in fluoridric acid/o-cresol/dimethyl-
sulfide (9.0/0.5/0.5 v/v/v) at 0 °C, for 90 min. The resin was
rinsed with ethyl acetate and the peptide was extracted with 5%
acetic acid and then, lyophilized.

Peptide purification was carried out using a Waters 510
HPLC instrument with a Vydac C;g semi-preparative column,
using 0.1% trifluoroacetic acid/H,O as solvent A and 0.08%
TFA/60% acetonitrile (ACN)/H,O, as solvent B.

A linear gradient of solvent B ranging from 25% to 65% was
applied over a period of 2 h. The homogeneity and purity of the
peptide was characterized by analytical HPLC (Waters), electro
spray LC/MS mass spectrometry (Micromass) and amino acid
analysis (Biochrom 20 Plus, Amersham-Biosciences); the
measured mass was m/z 2307 (calculated 2306.90).

2.2. Circular dichroism experiments

Circular dichroism measurements were carried out on a Jasco
J-810 spectropolarimeter equipped with a Peltier Jasco PFD-
425S system for temperature control. The far UV-CD spectra
were acquired in the spectral range of 190-250 nm at 25 °C,
using quartz cells of 1 or 2 mm path length. Four scans were
averaged for each experiment and the blank spectra were
subtracted. The optical activity is reported as the mean residue
molar ellipticity, 6 (deg cm? dmol ).

The samples were prepared by dissolving the lyophilized
peptide either in pure water, in SDS or in TFE water mixtures to
a final peptide concentration of 50 pM. The pH was adjusted to
7.4 by adding small aliquots of NaOH and HCl unless otherwise
indicated.

2.3. NMR experiments

The sample for the structure determination was prepared by
dissolving the peptide in 30%/70% v/v TFE/H,O mixture to
yield a concentration of 1.0 mM, at pH 4.0. The 'H NMR
experiments were carried out on a Varian Inova 600AS
spectrometer operating at 599.68 MHz for 'H, at 25 °C. The
spectral width was typically 8000 Hz and, 648 T, increments
were recorded with 64 transients of 2K complex points for
each free induction decay. The proton chemical shifts were
referenced to 4,4-dimethyl-4-silapentane-1-sulfonate, DSS
(0.00 ppm). The peptide 'H sequential assignment was
achieved by standard procedures [33]. The spin systems of
the individual amino acid residues were unequivocally
identified from COSY [34], TOCSY [35] with 85 ms mixing
time and NOESY [36] with 200 and 400 ms mixing times,
experiments. For the '’N chemical shifts assignment, natural
abundance 'H-'>N HSQC spectra were acquired using 128
increments and 32 transients with 1 K of complex points. The
spectral width was 2200 Hz and 6000 Hz for °N e 'H
dimensions, respectively.

Data were processed on a workstation Silicon Graphics
Octane?2, using the FELIX NMR 2000 Software (Accelrys Inc.,
San Diego, CA). Prior to Fourier transformation, the time
domain data were zero-filled in both dimensions in order to
yield an 8 Kx2 K data matrix. When necessary, a fifth-order
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polynomial baseline correction was applied after transformation
and phasing.

In order to obtain the inter-proton distances, cross-peaks
volumes from the 200 ms NOESY spectrum were calibrated
with respect to the cross-peak volume of the well-defined
geminal 3-protons, which corresponds to the distance of 1.8 A.
The resulting inter-proton distance constraints were classified as
strong (1.8-2.5 A), medium (1.8-3.5 A) and weak (1.8-5.0 A).
Upper distance restraints, involving non-stereo-specific
assigned methylene, aromatic and methyl protons were replaced
by appropriated pseudo-atoms [32].

Aiming to investigate the interaction between LA and the
pIV/S4-S5 peptide, LDC and BZC were added directly to
the peptide solution, 1 mM, to reach the desired anesthetic:
pIV/S4—S5 molar ratio for each experiment (molar ratios
from 1:4 up to 5:1). '"H-""N HSQC and DOSY experiments
were carried out on a Varian Inova 500AS spectrometer
operating at 499.78 MHz for 'H, at 25 °C. The 'H-""N
HSQC spectra were collected in the presence of increasing
anesthetic:pIV/S4—S5 molar ratios: 0.25, 0.50, 0.75, 1.00,
2.00 and 5.00 in natural abundance. Weighted average
chemical shifts were calculated according to the formula
AS("H,">N)=|A8("H)|+0.2+|AS(*°N)|, as described elsewhere
[37].

The DOSY experiments were carried out using the BPPSTE
(bipolar pulse pairs stimulated echo) method [38]. The duration
of the total diffusion-phase encoding gradient pulse was 2 ms,
the diffusion delay was 0.05 sec and the minimum gradient
strength was set to 0.3 Gauss/cm. The diffusion coefficients
were measured in the absence and presence of LA, ata 1:1 LA:
pIV/S4-S5 molar ratio.

2.4. DOSY data analysis

For both LA, the peptide bound fraction was measured as
previously described [38,39]. Assuming that bound and free LA
undergo fast exchange in the diffusion time scale, the observed
LA diffusion coefficient, Dgee + bounds 1S the weighted average of
the unbound, Dgee, and pIV/S4—S5-bound, Dyoung, values

(Eq. (1)).
Dfreeeround = (1 _.fl;ound)Dﬁee +.ﬁ30undDb0und (1)

where fqee and fioung are the fractions of free anesthetic and
LA bound to pIV/S4-S5, respectively, and fheetfrouna=1-
Dy 1s the diffusion coefficient of the unbound anesthetic
and Dyoung 18 the one of the pIV/S4—S5/anesthetic complex.
Rearrangement of Eq. (1) gives:

fbound = (Dfree - Dfree+bound) (Dfree - Dbound)71 . (2)

Recognizing that LA molecular size are much smaller than
the one of pIV/S4-S5, we assumed, as already suggested by
other authors [38], that the diffusion coefficient of the anesthetic
bound to the peptide corresponds to the one of the pIV/S4-S5
alone.

2.5. Computational methods

2.5.1. NMR-derived peptide structure

The NMR-derived 3D structure of the peptide was
determined using DYANA [40]. Each round of refinement
started with 20 random conformers. The 10 lowest target
function models were used to analyze constraint violations and
to assign additional NOE constraints to be included in the
subsequent calculation. This process was repeated until all
violations were eliminated. In the final refinement round, a
total of a hundred structures were calculated and the 40
conformers presenting the lowest target function were
considered for further analysis. After simulated annealing,
the 40 structures, characterized by a target function smaller
than 1.0 A% and by distance violation no larger than 0.2 A,
were energy minimized in the Consistent Valence Force Field
(Morse and Lennard-Jones potentials, coulombic term) by
steepest descents and conjugated gradients, using several
thousands interactions, until the maximum derivative was less
than 0.001 kcal/A. All calculations were carried out on a
Silicon Graphics Octane2 workstation, using the DISCOVER
(Accelrys, Inc., San Diego, CA) software implemented in the
INSIGHT II package.

The quality of the final structures was analyzed on the basis
of the root mean square deviation (r.m.s.d.) and by the
PROCHECK-NMR program [41].

2.5.2. Docking and MD calculations

Docking and molecular visualization procedures were
performed using the INSIGHT II graphical environment on a
Silicon Graphics Octane2 workstation. The MD calculations
and trajectory analysis were carried out using the GROMACS
suite of programs [42] running on a Compaq AlphaServer ES40
multiprocessor.

2.5.2.1. Docking. BZC and LDC were built and energy
optimized with the Biopolymer and Discover modules of
INSIGHT II. The starting locations of the LA docked to the
NMR-derived minimum energy structure of pIV/S4-S5 were
obtained using as a guide the AS('H,'°N) experimentally
observed, measured for the pIV/S4—S5 residues in the presence
of BZC and LDC, respectively. Subsequently, the complexes
were optimized in order to cancel the steric hindrance and
minimum energy of the resulting complex.

2.5.2.2. MD simulation system set up. As explained in the
Results and discussion section, the finding of two distinct
binding sites for LDC prevented us from carrying out the MD
simulation of this system. Instead, this was possible for BZC.
The energy minimized complex formed by BZC bound to pIV/
S4—-S5 was immersed in a triclinic box filled with a mixture of
simple point charge (SPC) water molecules [43] and TFE model
[44] molecules, corresponding to approximately 30%/70% v/v
TFE/H,0 mixture and resulting in a system composed by 96
TFE plus 1658 H,O molecules. The box size was adjusted in a
way to assure a minimum distance of 0.8 nm between the
complex and the edges of the periodic box. The net charge of the
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system (+3) was neutralized with the correspondent number of
Cl" counterions.

2.5.2.3. MD simulation parameters. The calculations were
performed using the GROMOS96 force field [45]. The system
was simulated using periodic boundary conditions with a cut-off
radius of 0.8 nm for short-range interactions, being the neighbor
pair list updated at each 10 steps. Long-range electrostatics
interactions were treated with the Particle Mesh Ewald method
[46,47]. The LINCS algorithm [48] was used to constrain all
bond lengths and SETTLE [49] to constrain water geometries.
A time step of 2 fs was chosen for integrating the equations of
motion. Since the NMR experiments have been carried out at
standard laboratory conditions, the MD simulation has been
performed at constant temperature (298 K) and pressure (1 bar).

2.5.2.4. Simulation protocol. The solvated pIV/S4-S5: BZC
complex was submitted to an initial relaxation of solvent and
ions through 500 steps of the steepest descent energy
minimization algorithm, while keeping the peptide coordinates
fixed. The system was then submitted to another short
minimization step with a backbone position restraints applied
with a force constant of 1.000 kJ/mol/nm?. Thereafter, the
system was submitted to a 3 ns molecular dynamics (MD)
simulation. During this final MD simulation time, the structures
of the complex were collected every 1 ps.

3. Results and discussion

3.1. Searching for the ideal conditions to study LA: pIV/S4-S5
interaction

The CD spectra of the peptide in water did not reveal any
dependence on peptide concentration (data not shown). In

contrast, as demonstrated by previous studies [30,50], the
peptide turned out to be characterized by a high conformational
plasticity, being sensitive to variations in the experimental
conditions such as ionic strength, nature of the salts and
temperature. In fact, by varying those parameters, pIV/S4—S5
undergoes conformational transitions from a random coil
conformation to a helical coiled-coil structure or to some
other type of more aggregated state (data not shown). Due to the
high sensitivity to ionic strength and ions nature, we have not
been able to describe, in a reliable manner, its conformational
pH dependence.

Fig. 3 shows the CD spectrum of the peptide in water, at pH
7.4. The negative band at 203 nm is reminiscent of a peptide in
random coil conformation; nonetheless the presence of the weak
negative band in the region 220—225 nm suggests the presence
of some helical elements. Indeed, the analysis of the spectrum
according to Gans and co-workers [51] indicates that the helix
content, in these experimental conditions, is 14%. Considering
the fact that the peptide has an amino acid composition and an
hydrophobicity typical of a transmembrane helix and since this
region of the Na" channel is expected to be internalized when
the channel is in the open state, we have tested the peptide in the
presence of either the co-solvent TFE and SDS micelles, two
mimetics of a lipid membrane environment, Fig. 3. The shift of
the negative band from 203 nm to 208 nm and the concomitant
intensity increase of both the negative and the positive band
(222 nm and 196 nm, respectively) clearly indicate an increase
of a-helix secondary structure. The TFE titration, as shown by
the intensity variation of the 220 nm band, Fig. 3—inset,
demonstrates that the helical content stabilizes above 15% TFE.
The analysis of these spectra according to [51] indicates that, in
TFE, the peptide acquires a maximum a-helix content of 43%.
A similar behavior is observed with SDS micelles (data not
shown)—in the presence of 20 mM SDS, Fig. 3, the a-helical
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Fig. 3. Far-UV CD spectra of pIV/S4—S5 (50 uM) in water, pH 7.4 (solid line), in 30%/70% v/v TFE/H,O mixture pH 4.0 (dashed-line) and in the presence of 20 mM
SDS pH 7.4 (dotted-line). The inset shows the TFE-induced conformational transitions of pIV/S4-S5, pH 4.0 at 25 °C followed by means of [0],,,. All measurements
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(solid-line) and 400 uM (dotted-line) at 25 °C.

content reaches its maximum of 47%. The tendency of pIV/S4—
S5 to acquire an a-helical fold has been confirmed by the fact
that the peptide displayed the same secondary structure also in
other organic solvents such as methanol and acetonitrile (data
not shown).

CD experiments were also carried out with the peptide
dissolved in water or in TFE/water mixtures and in the presence
of variable amounts of LA. Distinct responses were observed
depending on the medium used. As an example, Fig. 4A shows
the effect of several concentrations of BZC on the peptide
dissolved in water, at pH 7.4. It is possible to assert that the
induction of elements of secondary structure depends on the LA
concentration. The increasing red shift of the CD spectra cross-
over is indicative of the onset of some sort of aggregation.

Fig. 4B reports the CD profiles of the peptide dissolved in
30%/70% v/v TFE/H,O mixture, pH 4.0, upon addition of BZC.
Once we verified that in these experimental conditions the
peptide CD spectra are not modified by pH variations, we have
used pH 4.0 considering the fact that NMR experiments are
better carried out in that pH value. In this case, it is possible to
observe only a slight, though significant, change in the spectrum
intensity while the CD profile is not modified, thus suggesting

that LA do interact with the peptide without inducing any
aggregation effect. In these conditions, the binding is expected
to produce only distortions of the helical fold and not major
conformational transitions, thus justifying the observed spec-
troscopic changes. A similar general behavior is also observed
when the peptide interacts with LDC (data not shown).

3.2. The NMR-derived solution structure of pIV/S4—S5

We have determined the peptide 3D solution structure in
30%/70% v/v TFE/H,O mixture based on the following
considerations derived from the CD experiments: a) anesthetic:
IV/S4-S5 interaction in water induces the peptide to acquire
some sort of helical conformation. In addition, we know that LA
present a preferential binding to the open or inactivated [20]
rather than to the closed channel state, i.e., when the peptide is
structured. Thus it is conceivable to assume that the helical fold
acquired by the peptides in 30%/70% v/v TFE/H,O mixture is
compatible with the presence of LA binding sites. b) The
peptide possesses similar helical secondary structure in both
TFE/water mixtures and in the presence of SDS micelles. c)
Being interested in highlighting the possible existence of LA
binding sites, we privileged a solvent that could leave the
peptide surface fully accessible to the potential ligands. d) In
these experimental conditions, while the peptide acquire a
conformation already exhibiting the potential LA binding sites,
we avoid the onset of aggregation processes that might impair
the possibility to identify the selected amino acids involved in
the interaction with the anesthetic.

The '"H NMR resonance assignment has been carried out
based on the combined use of two-dimensional TOCSY and
NOESY spectra [33]. The pIV/S4-S5 'H and '°N chemical
shifts have been deposited in the BioMagResBank (accession
number 5837).

Fig. 5 summarizes the short and medium range NOEs. The
dense pattern of duN(i,i +3), dun(i,i+4) and dp(i,i+3) indicates
that the helix extends between residues G'®** and 1'°®® and the
fact that the dyn(i,i+1) are stronger than the d n(i,i+1)
suggests the helix is rather stable.

1644 1664
KGIRTLLFALMMSLPALFENIG

dnn(Li+1) A -k - - - -
don(i,i+1) — — -
dBN(l,l+1) —
dan(i+2) Iy [ —
don(i,i+2) - —_————
doN(i,i+3)
dop(i,i+3)
doN(i,i+4)

Fig. 5. Summary of the sequential and medium-range NOE connectivities for
pIV/S4-S5 (1.0 mM) in 30%/70% v/v TFE/H,O mixture, at pH 4.0 and 25 °C.
The intensities of the observed NOE are represented by the thickness of lines and
were classified as strong, medium and weak, corresponding to upper bound
constraints of 2.5, 3.5 and 5.0 A, respectively. The stars indicate potential NOE
connectivities that could not be obtained due to resonance overlap.
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.
Hydrophobic

Fig. 6. A) Ensemble of the 20 final structures of pIV/S4—S5 with superposition
over residues I'°*® to N'°°2, B) Hydrophobic potentials surface of pIV/S4—S5
with calculated using Insightll. Hydrophobic and hydrophilic surfaces are
shown in red and blue, respectively, whereas white represents an intermediary
hydrophobicity. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)

Fig. 6A displays the superposition of the best 20 models,
selected on the basis of their minimum energy and of the
residual distance violation less than 0.2 A. The quality of the
structures has been evaluated using PROCHECK-NMR [41]
and it is reported in Table 1. As it can be seen, 95% of ¢ and
angles are in the most favored region with the remaining 5% in
the favored region (Table 1). In the region I'®**-N'%%? the
peptide acquires a well-defined hydrophobic helical structure,
Fig. 6A, as indicated also by the low r.m.s.d., Table 1. A bend is
present at residue P'®®, Fig. 6A. All side chains are
characterized by a well-defined spatial organization.

It is worth noting that our structure is somewhat different
from the one reported for the peptide Ac-TLLFALMMSL-
PALFNIGLL-NH, (residues 1648—1666) in SDS micelles [30].
In fact, in that case a 3-turn is detected subsequent to the proline

Table 1
Structure statistics for the ensemble of the 20 minimum energy NMR-derived
structures of pIV/S4—S5 in 30%/70% v/v TFE/H,0 mixture, pH 4.0 at 25 °C

Constrains

Intraresidue 102
Sequential 32
Medium range 65
Total 199

PROCHECK analysis

Most favored region (%) 95%
Additionally allowed region (%) 5%
rm.s.d.?

Backbone (residues K'***—G'6%%) 0.55+0.26
Heavy atoms (residues K'®**—G'6%%) 1.15+0.45
Backbone (residues I'**—N'662) 0.12+0.04
Heavy atoms (residues 1'64°-N'662) 0.70+0.02

? Root mean square deviation from pairwise comparison between all the
structures (A).

residue. This apparent discrepancy may be justified by the fact
that, in SDS micelles, the C-terminal portion of the peptide is
likely to be located near the negatively charged micelle surface,
an environment less favorable for a-helix conformation. On the
other hand, if we consider a previous secondary structure
prediction for this peptide in the homologous rat skeletal muscle
sodium channel [6], we find that not only the experimental
structures confirm the existence of an helix spanning from the
N-terminus to P'®*® and a bend at that proline residue, but they
also show that the helix is hydrophobic and not amphipathic,
Fig. 6B. As for the discrepancy in C-terminus it may indicate
the existence of conformational freedom in that region.

3.3. Interaction of LA with pIV/S4-S5

3.3.1. NMR results

LA are molecules that reversibly block the action potential in
excitable membranes [52] by binding to the Na* channel and
stabilizing it in the inactivated state [8,20,53]. The linker
between helices S4 and S5 in domain IV is involved in the
stabilization of the inactivated state and it has been indicated as
a putative site of action for LA [10,14,22,54].

In order to verify the existence of specific interactions
between each local anesthetic and pIV/S4-S5, a series of
"H-'N HSQC experiments in which the peptide was mixed
with increasing concentrations of either LDC or BZC
corresponding to LA:pIV/S4—S5 molar ratios of 0.25, 0.50,
0.75, 1.0 and 5.0, were carried out. The perturbation induced by
the LA reaches a plateau at a 1:1 LA:pIV/S4—-S5 molar ratio
(data not shown).

Aiming to obtain more insights on the binding of LA to the
peptide, we performed DOSY experiments. The analysis of the
NMR-derived diffusion coefficients, Table 2, confirmed that
both LA interact with pIV/S4—S5 and that, in the experimental
conditions tested, 35% of the BZC molecules bind to the
peptide, while the percentage drops to 13% for LDC.

Several authors have proposed the use of changes in
chemical shifts as an efficient way for structure-based drug
discovery and design [55,56]. In particular, it has been
suggested that the weighted-average chemical shifts,
AS("H,'°N), is the most effective way to identify the contacts
between a ligand and a protein [37]. Fig. 7 describes the results
obtained at 1:1 LA:pIV/S4—S5 molar ratio. Despite a slight
diffuse variation of AS('H,'°N), suggesting that LA are indeed
in the peptide vicinity, we measured relatively higher values for

Table 2
LA and pIV/S4-S5 diffusion constants (10 ' m? s ') and percentage of each
LA bound to the peptide

Local anesthetic ~ Dfyee Diouna Driee+bound Joound (%)
LDC 2.92+0.138 1.08+£0.192 2.68+0.174 13
BzZC 2.87+0.199 1.08+0.165 2.24+0.129 35

Dg.=diffusion coefficient of the free LA; Dyounq=diffusion coefficient of the
complex (see Section 2); Dgee+ bouna = diffusion coefficient of both bound and
free LA, 1:1 LA:pIV/S4-S5, molar ratio, 30%/70% v/v TFE/H,O mixture, pH
4.0 at 25 °C. fyouna (w): percentage of LA bound calculated as described in
Section 2 [38,39].
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Fig. 7. Weighted averaged chemical shifts A6('H,'°N), [38], of pIV/S4—S5 backbone NHs in the presence of BZC (A) and LDC (A). pIV:S4—S5/LA, 1:1 molar ratio.

For details see Section 2.

few selected residues. The fact that BZC induces a more intense
perturbation than LDC supports the DOSY data, proposing a
higher percentage of binding for BZC.

Therefore, our data not only demonstrate that the two LA
interact with diverse intensity with pIV/S4-S5, but also reveal
that they have various preferential contacts: BZC interacts with
L'0%3 M'%% and S'%%®, while LDC interacts with I'¢%¢, L',
A% and L' Fig. 7.

3.3.2. Computational analysis

Based on the analyses of Fig. 7, we have used molecular
modeling to identify the models that might better represent BZC
and LDC bound to the peptide, respectively.

Fig. 8 A shows the result of the BZC docking to pIV/S4-S5.
The three residues (L'®*, M'®° and S$'5°) indicated by the
NMR experiments to be preferentially affected by the presence

Fig. 8. Docking on the peptide pIV/S4—S5 of: A) BZC; B) LDC bound to site 1;
C) LDC bound to site 2. The peptide is presented by its solvent accessible
surface and the peptide residues interacting with LA are colored: A) L'®33, M'¢5
and $'%% (orange); B, C) I'®*6, L'%*°) AT6%% and L'*° (yellow). C-terminus is at
the bottom. For sake of clarity in Panels B) and C) the peptide is represented in
two different orientations. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)

of BZC are represented in orange. Fig. 8B,C depicts the two
possible modes of LDC binding. The orientation of the
anesthetic molecule has been initially guided by the NMR
results and then it has been refined based both on the minimum
steric hindrance and minimum energy of the obtained
complexes. Interestingly, in agreement with the NMR data,
the minimum energy of BZC docked to the peptide turns out to
be much lower than the one obtained for the LDC: pIV/S4-S5
complexes, Table 3. In general, the models suggest that the
predominant hydrophobic character of the helical surface of
pIV/S4-S5, Fig. 6B, may justify the preferential affinity for
uncharged molecules, as also suggested by previous results
[57,58].

To validate the quality of the docking, we carried out a 3ns
MD simulation of the BZC:pIV/S4—S5 complex in the same
30%/70% v/v TFE/H,O mixture in which the NMR experi-
ments have been carried out. We did not test LDC due to the
complexity derived by the occurrence of two biding sites and it
is not possible to know, analyzing the experimental results, if
one or two molecules of LDC bind at a time.

Table 3
Intermolecular interaction energies characterizing the complexes obtained from
the docking of BZC and of LDC on peptide pIV/S4-S5

Local Interaction energies® (kcal mol ")

anesthetic vdW Electrostatic Total
BzC® —11.689 0.796 —10.894
LDC-1° —5.496 -0.160 -5.656
LDC-2° -2.087 -0.391 —-2.477

? Interaction energies have been calculated using: vdW =van der Waals energy
and Electrostatic=electrostatic energy.

® Energetic parameter referring to: docking of BZC to its binding site
identified in residues L'%%®, M'®5 and S'®5® as suggested by the NMR A
(*H,"*N) results, Fig. 8A; docking of LDC to its binding site 1 identified in
residues 1'°*¢, L% as suggested by the NMR A('H,'°N) results; Fig. 8B;
docking of LDC to its binding site 2 identified in residues A'®%, L'°®, as
suggested by the NMR Ad('H,'°N) results; Fig. 8C.
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Fig. 9. A) Superposition of 20 docked models of the pIV/S4-S5:BZC complex collected along the 3 ns MD simulation with contact atoms highlighted according to the
color scheme used in B. B) Monitoring of specific contacts between pIV/S4—S5 and BZC during the MD simulation. Distance between the center of mass of the BZC
aromatic ring (orange) and the center of mass of L'®> side chain (Cvy, C51 and C&2); distance between the carbon of the BZC methyl group (violet) and M'®*° Ce
atom; distance between the BZC central carbonyl oxygen (cyan) and the hydroxyl oxygen of the S'®% side chain. The one-letter symbols amino acids are colored to
match the BZC regions of interaction. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 9A shows the superposition of 20 models of the BZC:
pIV/S4-S5 complex collected along the 3 ns of MD. As it
can be seen, BZC fluctuates around the position of the
original docking with minimal deviations. Fig. 9B reports the
distance of three specific groups of BZC (the aromatic ring,
the central carbonyl group and the terminal methyl group)
with respect to the center of mass of L'®** side chain (Cy,
Cd1 and C82), to the hydroxyl oxygen of the S'°*° side chain
and to the M'®> Cg, respectively. Remarkably, the data reveal
the formation of an H-bond involving the BZC central
carbonyl group and the S'®® OH group that contributes to
stabilize the position of BZC regarding S'®® and L'®%, as
seen by the behavior of the corresponding intermolecular
distances, Fig. 9B.

Briefly, the MD simulation calculations confirm the quality
of the docking and, in addition, highlight the formation of a
stable H-bond.

As for LDC, the fact the DOSY and 'H-'’N HSQC
experiments indicate a reduced binding to the peptide might
be interpreted either as a sign of lower affinity (since LDC
unbinds from the channels much more rapidly than do other,
more hydrophobic LA, such as bupivacaine) [14] or as the
result of the existence of two binding sites between which
the molecule is exchanging. The lower affinity of LDC,
relatively to BZC, is supported by the fact that only the
charged LDC species is present at the NMR experimental
condition (pH 4.0). The existence of different binding sites
agrees with the recent report of Leuwer and coworkers [53]
that, using electrophysiology measurements in HEK 293-a
heterologously expressed human skeletal muscle sodium
channel—described the Na" channel inactivation caused by
lidocaine as a cooperative, Hill-type, effect. Those authors
proposed that either there are multiple binding sites for LDC

in the channel fast-inactivated state or that lidocaine
functions as an allosteric gating effector [61] strengthening
the latch mechanism of inactivation. Zamponi and French
have also suggested the existence of different sites for LDC
after they found out that diethylamide and phenol, which
resemble the hydrophilic tertiary amine head and the
hydrophobic aromatic portion of the lidocaine molecule,
respectively, mimicked the fast and slow inactivation induced
by LDC on bovine cardiac and rat skeletal muscle sodium
channels [22].

4. Conclusions

In the transition of the voltage-gated Na" channel to the open
state, the upward movement of helix S4 causes the internali-
zation of a number of IV/S4—S5 linker residues [59]. Moreover,
the IV/S4-S5 linker [10] is believed to form, together with the
111/S4-S5 linker [7,15] and I, II [13] and IV [14] S6
transmembrane helices, the so-called “inactivation gate recep-
tor”. This multi-domains complex structure is formed only
when conformational changes in the channel take place during
activation and it acts as a binding site for the “inactivation gate
particle” [60], thus favoring subsequent channel closure.

In the frame of this model, LA are believed to interact with
the “inactivation gate receptor” [54], stabilizing this otherwise
transient receptor, keeping the Na" channel in its inactivated
state and hence producing anesthesia. This model is also in
agreement with the idea that LA interact with the inactivated
channel [61,62], where the “inactivation gate receptor” still
exists but not in the resting state, in which this transient receptor
vanishes.

So far, the hypothesis of the existence of LA binding sites in
the Na" channel “inactivating gate receptor” has been sustained
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by studies based on site-directed mutagenesis of the IV/S6 helix
[23,24,27] or in other channel regions associated with the
stability of the inactivated state [11,61]. Our data support those
results and provide support for the potential existence of LA
binding sites in regions of that transient complex structure, in
particular of the IV/S4-S5 linker. Additionally, they agree
with the Guarded Receptor Hypothesis [54] of anesthesia,
which assumes that LA binding is governed by the voltage-
dependent rearrangements of the Na' channel that ought to
permit access of the anesthetic to their binding sites only upon
channel depolarization. This conformational rearrangement
might involve the acquisition of a helical fold by the IV/S4—
S5 linker. Overall, we can envisage that LA, by binding to
some of the residues involved in the interaction between the
“inactivation gate receptor” and the “inactivation gate
particle”, will prevent the channel transition back to the
closed (resting) state. This is in agreement with a similar
hypothesis, based on other data, which has been suggested in
the past years [14,61,62].

More than that, the unveiling of the possible existence of
distinct binding sites for BZC (uncharged) and LDC
(charged) and the finding that the complexes originate
from a combination of hydrophobic interactions with the
possibility, for BZC, to form also a stable hydrogen bond,
provide the molecular basis to explain the more potent
anesthetic effects exhibited by BZC in relation to LDC
[52,57].

In conclusion, even considering that the approach of
studying the peptide in the presence of a co-solvent (TFE/
H,0, 30%/70% v/v) has an inherently limited implication, we
believe these results may ultimately guide new mutagenesis
and functional studies that will help to better understand, at a
molecular level, not only features of the anesthetics mecha-
nism of action, but also the structural organization of the
inactivated state jointly with the conformational changes the
Na'" channels undergo in the transition from the open to the
closed states.
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