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Abstract

The voltage-sensor domain (VVSD) is a modular 4-helix bundle component that confers voltage
sensitivity to voltage-gated cation channels in biological membranes. Despite extensive
biophysical studies and the recent availability of x-ray crystal structures for a few voltage-gated
potassium (Kv-) channels and a voltage-gate sodium (Nav-) channel, a complete understanding of
the cooperative mechanism of electromechanical coupling, interconverting the closed-to-open
states (/.e. non-conducting to cation conducting) remains undetermined. Moreover, the function of
these domains is highly dependent on the physical-chemical properties of the surrounding lipid
membrane environment. The basis for this work was provided by a recent structural study of the
VSD from a prokaryotic Kv-channel vectorially-oriented within a single phospholipid (POPC; 1-
palmitoyl-2-oleoyl-sr-glycero-3-phosphocholine) membrane investigated by x-ray interferometry
at the solid/moist He (or solid/vapor) and solid/liquid interfaces thus achieving partial to full
hydration, respectively (Gupta éet. al. Phys. Rev E. 2011, &4). Here, we utilize neutron
interferometry to characterize this system in substantially greater structural detail at the sub-
molecular level, due to its inherent advantages arising from solvent contrast variation coupled with
the deuteration of selected sub-molecular membrane components, especially important for the
membrane at the solid/liquid interface. We demonstrate the unique vectorial orientation of the
VSD and the retention of its molecular conformation manifest in the asymmetric profile structure
of the protein within the profile structure of this single bilayer membrane system. We definitively
characterize the asymmetric phospholipid bilayer solvating the lateral surfaces of the VSD protein
within the membrane. The profile structures of both the VVSD protein and phospholipid bilayer
depend upon the hydration state of the membrane. We also determine the distribution of water and
exchangeable hydrogen throughout the profile structure of both the VSD itself and the VSD:POPC
membrane. These two experimentally-determined water and exchangeable hydrogen distribution
profiles are in good agreement with molecular dynamics simulations of the VSD protein
vectorially-oriented within a fully hydrated POPC bilayer membrane, supporting the existence of
the VSD’s water pore. This approach was extended to the full-length Kv-channel (KvAP) at solid/
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liquidinterface, providing the separate profile structures of the KvAP protein and the POPC
bilayer within the reconstituted KvAP:POPC membrane.

1. INTRODUCTION

Voltage-gated potassium (Kv) and sodium (Nav) channels play a central role in neurological
signal transmission, notably the generation and propagation of action potentials.}:23 They
are also responsible for several “channelopathy” diseases*°:6.7:8 and are potential sites for
anesthetic action.®10 Kv-channels are prototypical, in that high-resolution X-ray crystal
structures of the presumed open-state of a few Kv-channels have recently been
determined.11:12.13.14.15 The transmembrane domain of the channel is comprised of four
identical subunits arranged about a 4-fold axis normal to the membrane plane, each
possessing six transmembrane alpha-helices S1-S6. Helices S5 and S6 from each subunit
combine to form the pore domain (PD) in the homo-tetramer that is conserved from
archaebacteria to mammals. The PD opens in response to depolarizing transmembrane
electrochemical potentials to permit passive ion transport giving rise to “ionic” currents.
Helices S1-S4 in each subunit comprise a voltage sensor domain (VSD), including four
charged Arg (R) residues in S4 shown to be primarily responsible for voltage-sensing. The
N-terminus and C-terminus of each subunit are on the intracellular side of the cell
membrane, as is the loop connecting the VSD and PD. The VSD has a “modular” aspect in
that it can be interchanged between different Kv-channels,18 and it can impart voltage-
sensitivity to an otherwise passive K*-channel possessing only the analogous PD.13

Transmembrane voltage sensing requires an electromechanical coupling between the VSD’s
and PD, the mechanism of which remains unresolved, despite intense investigation
worldwide,17:18.19.20.21.22 for several reasons. First, the resting, closed state of the Kv-
channel occurs naturally only at a transmembrane potential of about —90 to —100 mV, not
present with the available 3-D crystal structures. Second, the protein undergoes sequential
conformational changes as it opens from the closed state, thereby requiring multiple
structures to fully describe the functional system.11:12.20 |nitially, the VSD of each subunit
must be activated involving two intermediates and charged residue movements along the
membrane profile result in “gating” currents, but without ion conduction. When all four
VSDs are activated, the channel is poised to open, but not yet conducting ions. This fully
activated state then undergoes a rapid cooperative transformation to the open, ion
conducting state of the PD. Third, depolarizing transmembrane potentials are required to
trigger these structural changes, and this is not feasible with the available 3-D crystal
structures. Fourth, there is growing evidence that interactions between the protein,
particularly the VSD, and the phospholipid in the membrane affect the protein function. For
example, the function is modulated by the micro-environment provided by the host
membrane including its fluidity, thickness, and composition.23:24:25.26 |ncorporation of a
Kv-channel into a lipid bilayer lacking phosphate in its polar headgroup such as DOTAP
(2,3-dioleoyloxy-1-propyl)trimethyl-ammonium methyl sulfate) renders the channel
insensitive to the transmembrane potential, with the sensitivity restored upon exchanging the
DOTAP for phospholipid.2” Therefore, a full understanding of the mechanism likely
requires the investigation of the structure of these channels in a host phospholipid membrane
under applied transmembrane potentials, making the development of both novel membrane
reconstitution approaches and appropriate structural techniques indispensable. This
prompted us to focus initially on the structure of the isolated VSD itself, as well as the full-
length KvAP channel, incorporated with a uni-directional vectorial orientation within a
single phospholipid bilayer membrane environment. We note that investigation of the VSD
itself gains additional importance arising from its homology with voltage-gated hydrogen
channels such as Hv1, whose biological significance has been increasing steadily since the
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cloning of the Hv1 gene in 2006. The prokaryotic KvAP (Kv-channel from thermophilic
archaebacteria Aeropyrum pernix) is structurally simpler possessing only the transmembrane
domain central to electromechanical coupling which is highly similar to its eukaryotic
counterparts, but lacking their large cytoplasmic domain.

In a recent publication,28 we described two independent approaches to form a vectorially-
oriented monolayer of the detergent-solubilized expressed protein (VSD or full-length
KVAP) tethered to the surface of inorganic (multilayer) substrates. The first was designated
as Directed-Assembly (DA) and the second was designated as Self-Assembly (SA). Only the
SA approach was employed for the KvAP protein. The single monolayer of the vectorially-
oriented detergent-solubilized protein was subsequently exchanged against a POPC/
detergent mixture in the presence of a solid-phase possessing an affinity for the detergent,
intended to reconstitute a POPC bilayer environment for the tethered protein. We then
characterized the profile structures of the single monolayers of the detergent-solubilized
expressed proteins and the so-reconstituted protein:phospholipid membranes via X-ray
interferometry, namely X-ray reflectivity enhanced by interference with a multilayer
reference structure,2%30 with the membrane at either the solid/moist He or solid/liquid
interface. The latter interface required high-energy X-rays to penetrate the aqueous liquid
membrane environment. We note that the “physics” underlying the interferometric approach
for both X-ray and neutron reflectivity has been thoroughly described in prior work.30:41
Here, “profile structure” refers to a projection of the 3-D structure of the monolayer or
membrane parallel to the plane of the monolayer/membrane onto the normal to that plane,
thereby averaging over their respective in-plane structures. Comparison of the resulting
asymmetric profile structures for the detergent-solubilized proteins with those calculated
from their respective x-ray crystal structures verified the intended vectorial orientation of
each protein and indicated retention of the protein’s folded 3-D tertiary structure upon
completion of bilayer membrane reconstitution. Difference profile structures for the
VSD:POPC membrane versusthe VSD:detergent monolayer suggested a successful
reconstitution of a POPC bilayer environment for the VSD protein.

Neutron reflectivity, also enhanced via interferometry, has some particular advantages for
the investigation of such structures. These arise from the fact that while X-rays are scattered
by atomic electrons thereby varying with atomic number, neutrons are scattered by atomic
nuclei with most exhibiting potential scattering of comparable amplitude. However, a few
isotopes of a few elements exhibit resonance scattering, which changes both the amplitude
and phase of the scattered neutrons. Importantly for soft matter, deuterium (2H or D)
exhibits potential scattering like most other atomic nuclei of comparable positive amplitude
(bp= +6.67x107° A), while hydrogen (*H) exhibits resonance scattering of negative
amplitude (b= —-3.74x107° A), by convention the change of sign arising from a change in
the relative phase of the scattered neutron for potential versus resonance scattering.
Likewise, for D,O and HyO-based solvents the scattering length densities are positive
(+6.36 x 1078 A=2) and negative (—0.56 x 1076 A=2), respectively. As a result, the neutron
scattering contrast between a structure of interest, a membrane, and its solvation
environment, an aqueous medium, can be manipulated by varying either the deuterium/
hydrogen ratio of the membrane components or that of the aqueous medium (via the D,O/
H,O ratio), the latter referred to as “solvent contrast variation”. When these two average
contrasts are matched, neutron scattering from the structure of interest is either dramatically
minimized or vanishes completely. Coupling these approaches allows the investigator to
suppress the contrast for a selected membrane component while enhancing that of another,
e.g. for the lipid versusthe protein or for selected sub-molecular portions of either. Such
isotopic substitution is generally nearly isomorphous for biological structures, thereby
allowing the visualization of selected membrane components, or sub-molecular portions
thereof, by comparison of the selectively deuterated structure with that fully hydrogenated
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viaa difference structure or profile structure. The same approach is more problematic for the
case of non-resonance X-ray scattering because the only way to change the scattering
contrast at the atomic level is to change the atom (/.e. its atomic number), which need not be
isomorphous, depending on its role in stabilizing the structure of interest, thereby rendering
the analogous difference structure irrelevant for this purpose.

In this work, we utilized neutron reflectivity, enhanced by interferometry, to characterize the
VSD:detergent monolayer and reconstituted VVSD:phospholipid membrane systems in
substantially greater structural detail at the sub-molecular level, due to its inherent
advantages arising from solvent contrast variation coupled with the deuteration of selected
sub-molecular membrane components as described above. This neutron scattering approach
is especially effective for the monolayer or membrane at the solid/liquid interface, since for
the analogous case of X-ray scattering, the relevant electron density contrast for the
monolayer or membrane is more comparable to that of bulk water, and these contrasts
cannot be easily varied in an isomorphous manner. For both the solid/vapor and solid/liquid
interfaces, we demonstrate the unique vectorial orientation of the VVSD and the retention of
its molecular conformation manifest in its asymmetric profile structure within the profile
structure of this single membrane system. We definitively characterize the asymmetric
phospholipid bilayer solvating the lateral surfaces of the VSD protein within the membrane.
The profile structures of both the VSD protein and the phospholipid bilayer are thereby
shown to exhibit a significant dependence on the hydration state of the membrane. We also
determine the distribution of water and exchangeable hydrogen throughout the profile
structure of both the VSD itself and the VSD:POPC membrane for the case of full hydration
at the solid/liquid interface. These latter two experimentally-determined water and
exchangeable hydrogen distribution profiles are in good agreement with molecular dynamics
simulations of the VVSD protein vectorially-oriented within a fully hydrated POPC bilayer
membrane, supporting the existence of the VSD’s water pore.3! Less extensive results are
reported for the full-length KvAP channel, that nevertheless provide the profile structure for
the KvAP protein and verify reconstitution of a POPC bilayer environment for the
vectorially-oriented protein within the KvAP:POPC membrane.

Such a single lipid bilayer membrane, containing either the vectorially-oriented VVSD protein
or the full-length Kv-channel at high in-plane density at the solid/liquid interface, is
essential for the direct investigation of both water penetration into the core of the protein and
the protein’s structure as a function of the transmembrane voltage. The latter is necessary for
a direct elaboration of the various conformational states of the protein involved in voltage-
gating within the VSD itself and in the electromechanical coupling mechanism within the
full-length channel, utilizing x-ray and neutron scattering methods.

2. MATERIALS & METHODS

Materials

The voltage sensor domain (VSD) protein from thermophilic archaebacteria Aeropyrum
pernix (KVAP) including the S4-S5 linker helix, (residues 5-147, average MW 17.276 kDa),
solubilized at 29 M in buffer containing 3% n-octyl-B-D-glucopyranoside (OG), 20 mM
tris(hydroxymethyl) aminomethane (Tris) at pH 7.8 and 100 mM potassium chloride (KCI),
prepared via expression and purified v/a affinity chromatography, was provided by Kenton
Swartz’s laboratory at the National Institutes of Health (see Supporting Information for
details) and the full-length KvAP channel (residues 5-242, average molecular weight of 100
kDa) solubilized in buffer at 6.4 .M containing 3.2% n-decyl-p-D-maltopyranoside (DM),
50 mM tris(hydroxymethyl)aminomethane (Tris) at pH 7.8 and 100 mM potassium chloride
(KCI), was provided by Manuel Covarrubias’ laboratory at Thomas Jefferson University,
following a protocol similar to that for VSD (see Supporting Information for details). The
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one-letter amino acid sequences, schematic representations, and ribbon-representations of
the x-ray crystal structures of the VSD and KvAP proteins, are shown in Fig. S1 of the
Supporting Information.

Substrate Surface Functionalization

Si-Ni-Si multilayer inorganic substrates fabricated by magnetron sputtering were used as the
reference structure for the neutron interferometry. They were immersed and sonicated in
methanol, chloroform and acetone consecutively, each for 10 min to remove organic
residues. They were subsequently alkylated with 3-mercaptopropyl trimethoxysilane (MPS)
by boiling in 0.5% (v/v) MPS in iso-propanol for 10 min with reflux to control the
macroscopic polarity of the substrate’s surface possessing the underlying multilayer
reference structure. After rinsing with iso-propanol, the alkylated substrates were blow-dried
with Ar gas and cured in an oven at 100-110 °C for 10 min promoting cross-linking as well
as removal of organic residues. A monolayer of nitrilotriacetate (NTA) was subsequently
chemisorbed onto the —SH endgroups of the alkylated surface by self-assembly from a
maleimido-C3-NTA solution (2 mg/mL in Tris buffer, 30 min). Lastly, the NTA-terminated
alkylated surface of the substrate was incubated with NiSO4 solution (50 mM in deionized
water) for 30 min to coordinate a Ni2* ion with the three carboxylate and one tertiary amine
ligands provided by NTA (see Fig. 1).

Protein Immobilization and Membrane Reconstitution

For VSD (or KvAP), the Self-Assembly (SA) approach is employed to form vectorially-
oriented monolayers of the expressed protein tethered to the surface of inorganic substrates.
For the SA approach (shown schematically in Fig. 1), the detergent OG (or DM)-solubilized
VSD (or KvAP) is chemisorbed directly from isotropic solution via nickel coordination
chemistry, utilizing the NTA (nitrilotriacetate) endgroups of the alkylating chains and the
hexa-histidyl tag (Hisg-tag) of the protein as metal ligands, and subsequently rinsed. These
SA-prepared monolayers of VSD:OG were exchanged against two different phospholipid-
detergent micellar solutions (H-POPC:0G) and D4-POPC:0OG) and the KvAP:DM
monolayer against only one (H-POPC:DM) in the presence of Bio-Beads®?, possessing a
high detergent affinity through high surface area adsorption, and subsequently extensively
washed with aqueous buffer only, intended to reconstitute a putative H-POPC (and D4-
POPC) bilayer environment for the vectorially-oriented VSD (or KvAP) protein. Further
details of preparation are provided in the Supporting Information.

Neutron Interferometry and Data Analyses

Neutron interferometry data (/.. reflectivity enhanced by interference with the specular
neutron reflectivity from the underlying inorganic multilayer substrate) from the self-
assembled tethered VSD:OG monolayer and reconstituted VSD:H-POPC and VSD:D4-
POPC membranes on Si-Ni-Si multilayer substrates hydrated with water-saturated gas
(solid/vapor interface) or bulk aqueous media (solid/liquid interface) were acquired with the
Advanced Neutron Diffractometer/Reflectometer (AND/R) in the guide-hall at the National
Institute of Standards and Technology (NIST) Center for Neutron Research (NCNR,
Gaithersburg-MD).32 These data were collected with monochromatic cold neutrons of
wavelength of 5 A (E=3.3 meV). Neutron interferometry data from the self-assembled
tethered KvAP:DM monolayer and reconstituted KvAP:H-POPC membrane were acquired
with the BL-4A Magnetism Reflectometer at the Spallation Neutron Source at Oak Ridge
National Laboratory (Oak Ridge-TN) at the solid/liquid interface using polychromatic cold
neutrons of mean wavelength 3.4 A (E=3.65 meV).33: 34 The effective momentum transfer
(Q,) range was ~0.005 to 0.30 A~ at NCNR and ~0.005 to 0.35 A~1 at SNS. Details of the
measurements are provided in the Supporting Information. Figures S3 and S4 therein
illustrate the experimental neutron scattering geometry measuring reflectivity from
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vectorially-oriented VVSD at solid/vapor and solid/liquid interfaces, respectively. The bulk
solvent contrast for the solid/liquid interface was aqueous buffer with 100% D,0 and 60%
D,0/40% H,0 (v/v). A schematic of the cross-section of the solid/liquid interface cell used
at NCNR/NIST is shown in Fig. S4. The data were analyzed by methods analogous to those
utilized for X-ray interferometry data at the solid/vapor and solid/liquid interfaces
thoroughly described previously.28:35

Molecular Dynamics Simulations

Molecular dynamics simulations were performed on a fully-hydrated VSD:POPC membrane
at the solid/liquid interface. Details are provided in the Supporting Information.

3. RESULTS AND DISCUSSION

Protein Immobilization and Membrane Reconstitution via Self-assembly

The Self-Assembly (SA) approach was originally developed to tether a membrane protein to
the surface of a solid inorganic substrate via a bifunctional alkyl-chain, whose “headgroup”
was specifically reactive toward the inorganic surface and whose “endgroup” was
specifically reactive with a selected residue(s) on the protein’s surface.36 Such tethering
thereby vectorially-oriented the protein on the inorganic surface allowing its profile structure
to be investigated at the solid/moist He or saturated water vapor interface via specular X-ray
and neutron reflectivity,3” the moist gas of sufficiently high humidity (~ 95 %) to retain the
desired structure and thus the function of protein. The approach was recently extended to
proteins prepared by biological expression, gainfully employing the reactivity of a hexa-
histidyl tag (Hisg) appended to their N- or C-terminus (also used for the purpose of their
purification via affinity chromatography) toward the iminotriactetate (NTA) endgroup in the
presence of a coordinating transition metal.38 The SA approach is particularly relevant for
the vectorial-orientation of defergent-solubilized integral membrane proteins, since the
detergent can be subsequently exchanged for phospholipid(s) to create a realistic lipid
bilayer environment for the protein analogous to that in a biological membrane.3® While the
lipid bilayer itself can also be tethered to the surface of an inorganic substrate, it can only be
utilized to vectorially-orient a water-soluble amphiphathic or amphiphilic protein within the
bilayer,4° due to its instability to detergents. The SA approach was recently used to tether
and vectorially-orient both the detergent-solubilized VSD of the prokaryotic Kv-channel
KVAP, as well as the detergent-solubilized full-length KvAP itself, on the surface of silicon
and specular X-ray reflectivity, enhanced by interferometry, was used to determine their
respective profile structures at both the solid/moist He and solid/liquid interfaces.28 A
judicious choice of the POPC (1-palmitoyl-2-oleoyl-srglycero-3-phosphocholine) as the
phospholipid was used to reconstitute a putative lipid bilayer environment for the VSD
protein, this pure lipid forming a 2-D fluid bilayer phase with a hydrocarbon core of
sufficient thickness anticipated to “hydrophobically-match” the lateral non-polar surfaces of
each protein vectorially-oriented within the bilayer. Comparison of the profile structures
provided by X-ray interferometry at the solid:aqueous-liquid interface, prior to and
following phospholipid exchange, indicated a successful reconstitution of the POPC bilayer
environment of the VVSD protein.28 However, the validity of this comparison for revealing
the profile structure of the reconstituted POPC bilayer environment requires that both the
protein structure, as well as its position relative to the inorganic surface, remains relatively
unchanged between the two quite different environments.

Neutron Interferometry with Si-Ni-Si Multilayer Substrates

The Si-Ni-Si substrates utilized in these studies were selected for two key reasons. First, the
neutron scattering-length density for Ni (9.41x1078/A=2) versus Si (2.1x1076/A~2) provides
a contrast of ~4.5 which is roughly comparable to that for X-rays of ~3.0, and therefore such
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a multilayer substrate exhibits strong specular reflectivity for momentum transfer normal to
the substrate surface for both cases. As a result, the specular reflectivity from a bio-organic
overlayer on the substrate’s surface is dramatically enhanced through interference with that
from the multilayer substrate also for both scattering cases.?8 Importantly, this interference
effect can also be used to phase the reflectivity data, thereby directly providing the
respective scattering-length density profile for the multilayer substrate p/us adsorbed or
tethered bio-organic overlayer system.41 However, due to the low contrast between Si and
Ni for incident neutron spins anti-parallel to the magnetization of the thin Ni layer (e.g. 20—
30 A), instead of magnetic phasing,*? we use a constrained refinement method for phasing
the reflectivity data. This method utilizes unpolarized neutrons and both the known profile
structure of the multilayer substrate and the finite extent of the gradient profile structure of
the multilayer substrate p/us bio-organic overlayer system, each determined independently,
as key constraints.

Second, the Ni-layer is intended to ultimately serve as an effective working electrode in a
three-electrode electrochemical cell, allowing application of transmembrane potentials
across the reconstituted membrane on their surface. However, since the alkylation procedure
used to tether the protein to the substrate requires a silicon oxide surface, the Ni layer is
covered with a thin (20-30 A) layer of Si oxidized to form a SiO, surface for the multilayer
substrate. This has a significant consequence for the derivation of the scattering-length
density profiles of the bio-organic overlayers chemisorbed tethered to the substrate’s
surface, calculated as a Fourier representation using our phasing method, where the average
scattering-length density of the overlayer is much less than the near-adjacent Ni-layer.
Fourier transform truncation effects in these profiles arise from both the absence of
meaningful data for profile structure determination for momentum transfer Q, less than the
critical-angle for total neutron/X-ray reflection (Q.), designated as (Q;)min truncation, as
well as for Q, larger than some (Qz)max, the latter (Q,)max truncation effect determining the
spatial resolution (or minimum wavelength component) achieved in the derived profile. The
former (Q,)min truncation effect is more pronounced in the neighborhood extending from the
substrate’s surface in the derived profiles, due to the large scattering-length density of the
nearby Ni-layer. Thus, the results described below employ difference scattering-length
density (SLD) profiles, namely the difference between the SLD profile for the multilayer
substrate with the tethered bio-organic overlayer (protein/detergent monolayer or
reconstituted protein/lipid membrane) and the SLD profile for the substrate itself (bare),
both in the same environment, namely either water-saturated gas (see Fig. S3) or bulk
aqueous solvent (see Fig. S4). Notably, each of the two SLD profiles is calculated
independently of the other. With all other aspects of the reflectivity experiment being
identical for both environments, this procedure effectively removes the effect of (Q;)min
truncation revealing an accurate scattering-length density profile of the desired bio-organic
overlayer exhibiting only the effects of (Q;)max truncation, 7.e. low-amplitude, minimum
wavelength fluctuations. Model calculations justifying this approach for X-ray
interferometry (applicable to neutron interferometry as well) are presented in the Supporting
Information of the Ref. 28 (see Fig. S6).

The propagation of errors in the neutron reflectivity data into the Fourier representation of
the scattering-length density profiles is explicitly addressed in the Supporting Information.

Part I: Profile structures of the VSD:OG Monolayer and the VSD:H-POPC and VSD-D4-
POPC Membranes via SA at the Solid/Vapor Interface

Figure 2 displays the background and footprint corrected (Figs. 2a and 2b) and Fresnel-
normalized (Figs. 2c and 2d) neutron reflectivity data from representative specimens of the
tethered monolayer of detergent-solubilized VSD (VSD:0OG) and the subsequently
reconstituted VSD:POPC membrane following exchange of the detergent for H-POPC or
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D4-POPC, hydrated with moist helium saturated with H,O or D,O (relative humidity, RH ~
93%), along with similar data for the reference multilayer substrate itself in the same
atmosphere. H,0 to D,O exchange was monitored by observing the change in the
reflectivity data at a selected value of Q, and the equilibration was achieved within
approximately 40 min. While the error bars are omitted for clarity, the signal-to-noise level
obviously decreases with higher Q, (7.e. > 0.25 A1) as it is readily apparent from point-to-
point fluctuations in the data along Q,. The Fresnel reflectivity from an ideal interface
without surface roughness is also shown as the dotted line in Figs. 2a and 2b with a critical-
angle for the silicon/vapor interface of Q.~ 0.0103 A~1. These data exhibit significant stage-
to-stage variation (e.g. OG versus H-POPC versus D4-POPC as well as H,O versus D,0 in
the gas-phase) well in excess of counting statistics throughout the accessed Q, range (0.005—
0.30 A~1), most evident by a switching of the interference effects between destructive and
constructive in the neighborhood of Q, ~0.07-0.14 A1 (Figs. 2c and 2d). While the
amplitude of the Fresnel-normalized reflectivity beyond Q, ~0.17 A1 relative to that at
lower Q, is somewhat larger for H,O than D,0O in the moist gas environment, the spatial
resolution in the derived neutron scattering-length density profiles is limited by Q;max ~0.28
A=1 for both cases.

The difference neutron scattering-length density Profiles Ay (z), namely pp(z) for the
multilayer substrate with the tethered bio-organic overlayer minus pp(z) for the multilayer
substrate itself in the same environment, derived from these data for the tethered VSD:0G
monolayer and the tethered VSD:POPC (H-POPC or D4-POPC) membranes for both moist
gas environments (H,O and D,0) are shown in Fig. 3 [also see Fig. S5 for the scattering-
length density profiles prior to generating the respective difference profiles, as well as the
autocorrelation functions of the corresponding gradient profiles dpy(z)/dz providing one of
the two constraints in the refinement analysis]. Simple cartoon representations for the
tethered VSD:OG monolayer and the reconstituted VSD:POPC membrane are shown at the
top of the Figure for reference.

VSD Profile Structure—The profile structure of the VSD/OG monolayer occurs within
the region 10A < z < 70A of the difference profiles shown in Figure 3a and 3b. The
multilayer substrate occurs for z < 0A and the moist gas environment for z > 75A at near-
zero levels in these difference profiles. At this spatial resolution of ~ 20A, the minimum
wavelength Fourier component in the profiles, the VSD:OG profile structure is seen to be
highly asymmetric and comprised of three principal regions (or features). The asymmetry
for the two major features is predicted qualitatively, as shown in Fig. 3c, from the scattering-
length density profiles calculated from the NMR structure of the VSD from the prokaryotic
KVAP channel in phospholipid micelles*3, with the VSD vectorially-oriented with respect to
the inorganic surface anticipated by tethering the VSD wiz its C-terminal Hisg-tag. This level
of agreement is sufficient to demonstrate the unidirectional vectorial orientation of the VSD
protein at the solid/vapor interface. Note that for the VSD employed in this work, the main
helices, namely helices S1-S4, form the 4-helix bundle structure of the VSD protein, with
the bundle-axis oriented approximately normal to the plane of the inorganic surface. The
VSD protein also includes the S4-S5 linker helix, which is amphipathic.44 In the NMR
structure of the VSD in a phospholipid micelle, the S4-S5 linker helix is co-linear with the
S4 helix, while in a phospholipid bilayer environment, it is likely that this S4-S5 linker helix
lies in the plane perpendicular to the bundle axis (/.e. parallel to the plane of the bilayer
surface). Here, for the tethered VSD:OG monolayer, the S4-S5 linker helix lies on the
proximal side of the protein’s profile structure nearer the surface, it’s orientation with
respect to the bundle axis affecting the asymmetry of the VVSD’s profile structure (see Fig.
8). The lack of perfect agreement between the neutron and NMR profile structures likely
arises from different orientations of the S4-S5 linker helix for the two environments.
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The principal features within these resolution-limited difference profiles can be precisely
defined by modeling in terms of slabs of uniform scattering-length density. Unlike the more
typical slab-model refinement, it is important to note that herein we refine the slab model
against the derived difference profile, thereby modeling both the modulus and phase of the
Fresnel-normalized reflectivity data from which it was derived, while the more typical
refinement utilizes only the modulus data. In Fig. 4, we show the refined slab-models for the
tethered VSD:OG monolayer for both moist environments (H,O and D,0), juxtaposed to
their respective resolution-limited profiles calculated to the experimental resolution of 20A.
The latter are seen to be in near-perfect agreement with the respective experimentally
determined difference profiles for the monolayer shown in Figs. 3a-3b. Thus, 3-slabs, each
of uniform neutron scattering-length density, are seen to be sufficient to model the VSD:0G
profile in saturated water vapor at this spatial resolution of ~ 20A, which we will refer to
subsequently to as a “3-slab model”. Importantly, we note that because these 3-slab model
profiles for the VSD:OG monolayer (and their corresponding resolution-limited profiles) are
distinctly different for hydration in moist-gas environment for D,O versus H,O necessarily
requires that the differences arise from water penetration and subsequent H-D exchange
within the VSD protein, since no rearrangement of the solvating OG molecules would be
expected to occur upon the exchange at constant relative humidity. However, we will show
in Part 11 that these profile structures for the VSD protein depend somewhat on the hydration
state of the VSD:OG monolayer. As a result, these changes upon H-D exchange will be
addressed in detail for the more relevant case of full-hydration with bulk aqueous buffer in
Part I1.

POPC Profile Structure—The profile structure of the VSD:POPC membrane occurs
within the region 10A < z < 80A of the difference profiles shown in Figs. 3a and 3b, the
reconstituted membrane appearing to be ~10 A greater in thickness than the precursor
VSD:OG monolayer. The difference profile for the VSD:D4-POPC membrane minus that
for the VSD:H-POPC membrane results in the double-difference profile A App(z), shown in
Fig. 3d for vapor saturated with H,O. This is expected to reveal the distribution of POPC
polar headgroups within the membrane profile, making the usual assumption that the
exchange of H-POPC for D4-POPC is isomorphous. We note that one might expect this
particular double difference profile to be similar for the moist environment saturated with
H»0 versus D,0 vapor. However, while there are no exchangeable hydrogen atoms in the
phospholipid molecule, a number of water molecules do associate with the polar headgroups
(as well as with the loops connecting VSD’s helices on either side of the membrane). As a
result, the D4 atoms in the headgroup of D4-POPC should make a larger relative
contribution to this double difference profile using moist hydration with H,O vapor (i.e., the
change due to the presence of the D4 label atoms is more apparent when they are embedded
within a region of low scattering length density than within a region of high scattering length
density). The headgroup profile for the POPC for hydration with saturated H»O vapor is
thereby seen to be strongly asymmetric, the headgroups distributed over a broader region ~
20A in width on the proximal side of the membrane nearest the inorganic surface relative to
those on the distal side, which are better localized over a narrower region ~ 10A in width, in
the headgroup profile. However, we will show in Part 1l that the profile structure for the
POPC bilayer depends significantly on the hydration state of the VSD:POPC membrane. As
a result, the bilayer structure will be addressed in detail for the more relevant case of full-
hydration with bulk aqueous buffer in Part II.

Vapor-to-Bulk Water—Lastly, we note that the 3-slab-model profiles developed here for
the VSD:OG monolayer in a moist environment provide an important basis (see Fig. S7 in
the Supporting Information) for the interpretation of the experimental difference profiles
derived for not only the same VSD:0OG monolayer fully hydrated with bulk water, but also

Langmuir. Author manuscript; available in PMC 2013 July 17.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Page 10

for the VSD:POPC membranes also fully hydrated with bulk water, as will be described in
the following section.

Part II: Profile structures of the VSD:OG Monolayer and the VSD:H-POPC and VSD-D4-
POPC Membranes via SA at the Solid/Liquid Interface

While integral membrane proteins can retain their function in lipid bilayer environments
while hydrated only with moist gas at higher relative humidity (= 90%), thereby achieving
partial to moderate levels of hydration,*>:46 full hydration with bulk aqueous media on both
proximal and distal sides of the membrane would be indispensable in order to a) retain the
mobility of membrane molecular components (e.g. a 2-D fluid in-plane organization)
minimally requiring a thin aqueous layer on either side 10-20A in thickness, b) validate
bilayer reconstitution upon exchange of detergent for phospholipid, c) investigate the
effect(s) of full hydration on protein-lipid interaction and d) monitor protein structure under
transmembrane electric potentials relevant to protein function, herein the conformational
states associated with voltage-gating, for example. Moreover, despite the availability of
atomic-resolution membrane protein structures from X-ray crystallography and our recent
results at the solid/liquid interface using X-ray interferometry,28 direct structural
information about membrane proteins in their native, fully-hydrated lipid bilayer
environment is scarce and/or less than convincing. While X-ray and neutron reflectivity
provide complementary structural information concerning membrane structure arising from
the different atomic origin of their respective scattering, neutron reflectivity is particularly
powerful for the structural investigation of such a bio-organic material due to the ability to
vary the neutron scattering contrast of the hydrating aqueous phase coupled with the
enhancement of the neutron scattering contrast of selected molecular, or sub-molecular,
components v/a deuteration.

Since our ultimate goal is the investigation of the structures of such voltage-gated cation
channel proteins as a function of transmembrane electric potential, it is essential that the
protein dominate the membrane profile structure thereby requiring reconstituted membranes
of minimal lipid content. Thus, the introduction of phospholipid for detergent via exchange
represents a modification of a “membrane” profile structure (/.e. the VSD:OG monolayer)
dominated by the protein, as opposed to the more usual case for membranes with much
lower in-plane density of the protein, where the introduction of the protein represents a
modification of a membrane profile structure dominated by the lipid. As a result, it is useful
to first consider what we would expect for the profile structure of the precursor tethered
VSD:OG monolayer hydrated with bulk aqueous media versus that determined in the prior
section for hydration with moist gas, as shown in Fig. S7 in the Supporting Information. Our
phasing method requires utilization of the Fresnel-normalized reflectivity data and therefore
the critical-angle Q; must be observable in the reflectivity data for fitting the Fresnel
function. For the VSD:OG monolayer and VSD:POPC membranes, this requires that the
aqueous media contain at least 50% D-0. As a result, Fig.. S7 shows that the expected
neutron scattering length density profile for the VSD:OG monolayer would be in negative
contrast relative to the bulk 100% D,0 and 60% D,0/40% H,O aqueous environments
employed in this work, as opposed to being in positive contrast for the moist gas (or a bulk
100% H,0) environment. Note that the 3-slab models as sfown here allow for no structural
changes and no water penetration and/or H-D exchange in the VSD protein upon such an
environmental change, and also assume that the VSD occupies 100% of the in-plane area
within the VSD:OG monolayer.

Figure 5 displays the background and footprint corrected (Figs. 5a and 5b) and Fresnel-
normalized (Figs. 5¢ and 5d) neutron reflectivity data from representative specimens of the
tethered monolayer of detergent-solubilized VSD (VSD:0OG) and the subsequently
reconstituted VSD:POPC membrane following exchange of the detergent for H-POPC or
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D4-POPC, hydrated with aqueous buffer in 60%D-,0 (Figs. 5a, ¢) and 100%D-,0 (Fig. 5b,
d), each along with similar data for the reference multilayer substrate itself in the same
environment. The signal-to-noise level obviously decreases with larger Q, (7.e. > 0.15 A1)
as it is readily apparent from both the error bars shown and the point-to-point fluctuations in
the data along Q. The Fresnel reflectivity from an ideal interface without surface roughness
is also shown as the dotted line in Figs. 5a and 5b, the critical-angle Q. for the silicon/water
interface being dependent on the D,O/H,0 ratio of the water environment (see below). Once
again the data exhibit significant stage-to-stage variation (e.g. OG versus H-POPC versus
D4-POPC as well as for the D,O/H,0 ratio) well in excess of counting statistics throughout
the accessed Q, range (0.005-0.225 A~1), also most evident by a switching of the
interference effects between destructive and constructive in the neighborhood of Q; ~ 0.06—
0.12 A~1 (Figs. 5¢ and 5d). While the amplitude of the Fresnel-normalized reflectivity
beyond Q, ~0.15 A~ relative to that at lower Q, is somewnhat larger for 60% D,0/40% H,0
than for 100% D50 in the bulk aqueous environment, the spatial resolution in the derived
neutron scattering-length density profiles is limited by Q,max ~0.215 A~1 for both cases. It’s
noteworthy that the stage-to-stage changes in the neutron reflectivity shown here for full
hydration with bulk aqueous media are substantially greater than those described
previously28 for the X-ray case using essentially identical specimens (only smaller in area).

Figure 6 shows the difference neutron scattering-length density profiles App(z), namely
pp(z) for the multilayer substrate with the tethered bio-organic overlayer minus pp(z) for the
multilayer substrate itself in the same environment, derived from these data for the tethered
VSD:OG monolayer and the tethered VSD:POPC (H-POPC or D4-POPC) membranes for
both bulk aqueous environments (100% D,0 and 60% D,0/40% H,0). [also see Fig. S6 for
the scattering-length density profiles prior to generating the respective difference profiles, as
well as the autocorrelation functions of the corresponding gradient profiles dpy(z)/dz
providing one of the two constraints in the refinement analysis]. Simple cartoon
representations for the tethered VSD:OG monolayer and the tethered VSD:POPC membrane
are shown at the top of the figure for reference.

VSD Profile Structure—We first consider the difference profiles for the tethered
VSD:OG monolayer in the two bulk aqueous environments. With reference to Fig. S7, it is
immediately apparent that the average contrast between the VSD:OG monolayer and the
aqueous environment is substantially less by about 50% compared with that predicted for the
VSD:OG occupying 100% of the in-plane area of the monolayer. Water penetration of the
monolayer between neighboring OG-solubilized VSD protein molecules would lower this
contrast. From our prior work with these tethered VSD:OG monolayer and VSD:POPC
membrane systems,28 we learned that for the latter, the VSD protein itself occupies only
50% of the available in-plane area when the precursor tethered VSD:OG monolayer is
prepared by self-assembly. The reduction in contrast by about 50% noted above is fully
consistent with this expectation. Nevertheless, the 3-slab model profiles shown in Fig. S7,
allowing for this expected 50% reduction in contrast when placed in a bulk aqueous
environment with the addition of a slab of bulk aqueous media fully hydrating either surface,
both proximal and distal with respect to the substrate surface, can only qualitatively predict
the features contained within the experimental VSD:OG monolayer profiles shown in Fig. 6
(not shown). However, with minor modifications, 3-slab model profiles for the VSD:0G
monolayer itself, with a slab of bulk aqueous media fully hydrating either surface, can
provide near-perfect agreement with the respective experimentally determined difference
profiles for the monolayer, as shown in Fig. 7. These modifications include an increased
total width and small changes in the amplitudes and widths of the slabs to allow for the
possibility of H-D exchange, not at all surprising for full hydration versus partial hydration
with a moist gas environment. The modifications required are apparent from comparison of
Fig. 7 with Fig. S7, more so for hydration with 100% D,0.
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Importantly, we note that these 3-slab model profiles for the VSD:OG monolayer (and their
corresponding resolution-limited profiles) are distinctly different for hydration in bulk
aqueous buffer environments for 100% D,0O versus 60% D,0/40% H,0. This necessarily
requires that water penetration and subsequent H-D exchange occur within the VVSD protein,
since no rearrangement of the solvating OG molecules would be expected to result from a
change in D,O/H,0 content in the liquid phase. Given this successful modeling of the
experimental difference profiles for the tethered VSD:OG monolayer, the two slabs
representing the bulk aqueous media can be simply removed from the model to reveal the
penetration of water into the VSD protein and subsequent H-D exchange, as shown in Fig. 8.
The difference between the 3-slab model for the VSD:OG monolayer in 100% D,0O minus
60% D,0/40% H,0 provides an equivalent experimental H-D exchange profile [/.e.
exchangeable hydrogen for deuterium (HDX)].4° Importantly, the shape of this experimental
H-D exchange profile (i.e., in terms of the positions and relative amplitudes of its features)
agrees very well with that predicted from MD simulations of the VSD protein in a fully-
hydrated POPC bilayer membrane also shown in Fig. 8. The H-D exchange profile from the
simulation assumed that all possible exchangeable hydrogens within the VVSD protein would
in fact exchange based on their transient access to water over the course of the trajectory.
This extensive access would not be expected to occur without the presence of a water
channel/pore spanning the core of the VSD structureL, since the lateral surfaces of the VSD
should be solvated exclusively by the hydrocarbon chains of the OG detergent within the
VSD:OG monolayer. The significance of such a water channel/pore within the core of the
VSD structure is suggested by the VSD’s homology with voltage-gated hydrogen channels
such as Hv1, where the channel would provide a proton conduction pathway3!. The
experimental H-D exchange profile indicates a average change in the neutron scattering-
length density of the VSD itself of 0.859 x 1076/A2, the average over the length of the
profile, upon changing from the 60%D,0/40% H,0 to 100% D,0 bulk aqueous
environment. For a mass density of 1.35 gm/cm? for the VVSD protein and a composition of
C779N2160206S2H1284, @ change of 10 hydrogen atoms to deuterium would result in an
average neutron scattering-length density change of 0.0467 x 1076/A2, Thus, the change in
the experimental H-D profile requires an exchange of 184 hydrogen atoms out of the 259
that could potentially exchange if exposed to water, or 71% of the exchangeable hydrogen.
The MD simulations provide key insight into water’s access to the protein’s interior within
the membrane, including via H-bond networks associated with the VSD’s water pore,
collectively described as the protein-solvent energy landscape.4’

POPC Profile Structure—We next consider the difference profiles for the reconstituted
VSD:POPC membrane in the two bulk agueous environments. With 100% D,0 water
hydrating both the proximal and distal side of the membrane, we would not expect much
difference between D4-POPC and H-POPC, given that the D4 moiety in the vicinity of
choline group occurs in the highly hydrated polar headgroup region of the bilayer. Such a
difference would become progressively more pronounced as the average scattering length
density of the aqueous medium approaches that of the membrane, the contrast match point.
For our case, full hydration 60% D,0/40% H,0 is as close as can be attained employing our
phasing procedure. In Fig. 9, we show the experimental difference neutron scattering length
density Profiles A, (7) for the VSD:D4-POPC and VSD:H-POPC membrane, along with the
double difference Pfile A Apy(z) for the former minus the latter, expected to reveal the
distribution of the D4-label across the profile. This D4-label profile, e.g. essentially that of
the POPC polar headgroups, is seen to be highly asymmetric, the headgroup layer more
narrowly distributed on the proximal side and more broadly distributed on the distal side of
the reconstituted POPC bilayer environment for the vectorially-oriented VSD protein, a
majority of the headgroups separated by ~ 40A across the profile. While this asymmetry is
quite different from that for only partial hydration with saturated vapor (shown in Fig. 3d),
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not surprisingly, 7t /s virtually identical to that for the same bulk agueous environment as
suggested by the previous X-ray interferometry experiments.28 The detailed nature of this
asymmetry is also revealed using a 3-slab model for the reconstituted POPC bilayer (D4-
POPC versus H-POPC), the model refinement guided by the experimental double difference
profile, as shown in Fig. 9. Assuming a) that the VSD and POPC each occupy 50% of the in-
plane area within the reconstituted VSD:POPC membrane, the POPC replacing OG and
water and b) the 3-slab model for the VVSD profile determined for the VSD:OG monolayer in
the same environment from Fig. 7, the resulting resolution-limited difference profiles shown
in Fig. 9 are seen to reasonably agree well with their experimental counterparts. Thus, from
the refined 3-slab models for the POPC bilayer, we see that the POPC bilayer as
reconstituted in the VSD:POPC membrane is highly perturbed relative to that expected for a
pure phospholipid bilayer. With the expected total thickness of ~50A, while the polar
headgroups are distributed more narrowly over only ~ 10A on the proximal side, they are
distributed more broadly over ~ 20A on the distal side of the membrane, with an intervening
relatively narrow region of pure hydrocarbon chains only ~ 10A in thickness not overlapped
by polar headgroups in this profile, as averaged via projection along the plane of the
membrane. The relatively thin pure hydrocarbon layer, coupled with the broader headgroup
distribution on the distal side of the membrane profile and fota/bilayer thickness noted, most
likely arises from chain inter-digitation in the profile projection. This is not surprising
considering the relatively low lipid content of only 12—-13 POPC molecules/\VVSD molecule
on a per monolayer basis.2 We note that utilizing these 3-slab models for the reconstituted
POPC bilayer, but in 100% D,0 and again assuming a) that the VVSD and POPC each
occupy 50% of the in-plane area within the reconstituted VSD:POPC membrane, the POPC
replacing OG and water, and b) the 3-slab model for the VVSD profile determined for the
VSD:OG monolayer in the same environment from Fig. 7, that the resulting resolution-
limited difference profiles also agree reasonably well (not shown) with their experimental
counterparts shown in Fig. 6. However, as anticipated for hydration with bulk aqueous
100% D50 case described at the beginning of this paragraph, the double difference
resolution-limited profile resulting from the resolution-limited profile for the reconstituted
VSD:POPC membrane with D4-POPC minus that with H-POPC does not reveal the D4-
label profile nearly as well as for hydration with 60% D,0/40%H-0, especially upon the
introduction of any error in modeling these profiles.

H-D Exchange Profile—Full hydration of the membrane surface is essential for
maintaining the structure and function of membrane proteins. This would include at least the
first hydration layer and most likely, the next two-three hydration layers before bulk water
properties would be expected. It is therefore important to address the issue of hydration for
such reconstituted VSD:POPC membranes, especially with respect to their proximal surface.
In this context, we next consider the H-D exchange profile for the reconstituted VSD:POPC
membrane. In Fig. 10 we show the difference profiles for the reconstituted VSD:POPC
membranes fully-hydrated with 100% D,0 versus 60% D,0/40%H-0. Ideally, the H-D
exchange profile for D4-POPC would be identical to that for H-POPC, assuming that the
exchange of D4-POPC for H-POPC was perfectly isomorphous. While the exchange profiles
are qualitatively similar, they are certainly not identical. However, the two exchange profiles
do represent two independent measurements, and we have selected the average of these two
profiles for further analysis. A 4-slab model for the average H-D exchange profile for the
VSD:D4-POPC membrane is shown in Fig. 10, and the corresponding resolution-limited
profile shown is in good agreement with the experimental average H-D exchange profile.
Although the range of uncertainty in this average H-D exchange profile could be as large as
the difference between the two experimental exchange profiles, we suspect that the
difference is instead dominated by a lack of perfect isomorphism between the two
membranes reconstituted with D4-POPC vs. H-POPC. We first note that the amount of H-D
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exchange in the VSD itself completely accounts for a// of the exchange over the interior
region of the membrane (e.g. 45A < z < 70A). This would not be expected to occur without
the presence of a water pore spanning the core of the VSD structure, since the lateral
surfaces of the VSD should be solvated exclusively by the hydrocarbon chains of the POPC
within the VSD:POPC membrane.3! It also accounts for a substantial portion of the
exchange at the proximal surface of the membrane over the region 35A < z < 45A). Notably,
the 10A-wide adjacent region closer to the substrate surface for 25A < z < 30A achieves a
level of hydration approaching that of bulk water (as for z > 80A), this level being limited
presumably only by the presence of the loops connecting the helices of the VSD and the
POPC polar headgroups (see Fig. S8 in the Supporting Information) within this region of the
profile. To be more specific, again assuming that VSD and the associated POPC molecules
each occupy 750A2 in the membrane plane, this 10A-wide slab would contain ~375 water
molecules. As a result, there would be about fifteen (15) water molecules/POPC polar
headgroup at this level of hydration if the water molecules were divided equally between the
areas occupied by the VSD and the 12-13 POPC molecules in the membrane plane.

Lastly, the utilization of neutron interferometry, coupled with selective deuteration of the
POPC headgroup in the vicinity of choline moiety and variation of the contrast of the
aqueous medium via manipulation of the D,O/H,0 ratio, has provided a determination of
the separate profile structures of the VSD protein and the phospholipid bilayer within the
reconstituted membrane, as well as the distribution of exchangeable hydrogen within the
profile structures of both the VSD itself and the membrane. A direct comparison, via
juxtaposition, of the separate profile structures of the membrane components using the
refined slab-models, is shown in Fig. S8 of the Supporting Information. The upper and
middle panels of the figure show the separate neutron scattering-length density profiles of
the VSD protein and the POPC bilayer withinthe membrane. The lower panel shows a
superposition of the slab-model for the H-D exchange profile for the VSD itself, from Fig. 8
and the slab-model for the H-D exchange profile for the VSD:POPC membrane from Fig.
10.

Part Ill: Profile structures of the KvAP:DM Monolayer and the KvAP:H-POPC Membrane via
SA at the Solid/Liquid Interface

We have also initiated analogous studies of the full-length KvAP channel protein including
the tethered KvAP:DM monolayer and the KvAP:H-POPC membrane at the solid/liquid
interface in bulk aqueous buffer for 100% D,0O. These were prepared in a manner
completely analogous to that described for the VSD protein. Figure 11 shows the footprint
and background corrected and Fresnel-normalized reflectivity neutron reflectometry data
again demonstrating systematic stage-to-stage changes, more evident in the Fresnel-
normalized reflectivity, observed for the progression from the Si-Ni-Si substrate to the
tethered KvAP:DM monolayer and to the KvAP:H-POPC membrane, following DM-POPC
exchange, all in aqueous buffer for 100% D,0. These data were acquired with the BL-4A
reflectometer (horizontal reflection plane) at the SNS/ORNL with the monolayer and
membrane specimens tethered to the surface of Si-Ni-Si multilayer substrates having 30 A
thickness for the Ni and Si layers. The stage-to-stage changes in the reflectivity are as
significant and as readily apparent as for the analogous VSD systems measured in these bulk
aqueous media throughout the accessed Q, range of ~0.32 A~1. We note that the neutron
reflectivity data exhibit improved signal-noise level over the larger values of momentum
transfer accessed, namely 0.15A~1 < Q, < 0.30A™1, utilizing the pulsed polychromatic
spallation neutrons at the SNS/ORNL as compared with continuous, monochromatic cold
neutrons at the NCNR/NIST. However determining the momentum transfer value for the
critical-angle, Qc, can be more challenging.
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The usual difference neutron scattering-length density profiles App(z) for the tethered
KvAP:DM monolayer and the reconstituted KvAP:H-POPC membrane are shown in Fig.
12. We first consider that for the tethered KvAP:DM monolayer. The nature of the
difference profile suggests that it can be modeled as three slabs of uniform neutron
scattering-length density, all in negative contrast with respect to the average scattering-
length density of the aqueous environment at 100% D,O. The refined 3-slab model for the
KVAP protein is shown in Fig. 12, along with the corresponding resolution-limited profile
for the protein, the latter seen to be in good agreement with the experimental difference
profile for the KvAP:DM monolayer. With data available only for the reconstituted
KvAP:H-POPC membrane in the same environment, a reasonable 3-slab model for the
POPC bilayer within the membrane was refined, combining the corresponding resolution-
limited profile for the POPC bilayer model with that for the KvAP protein, assuming that the
KVAP protein and POPC bilayer each occupy ~ 50% of the membrane in-plane area in the
weighted sum, to predict the experimental counterpart. Reasonably good agreement was
achieved, as shown in Fig. 12. We also note that the resolution-limited profile for the refined
3-slab model of the phospholipid bilayer also agrees well with that calculated by subtraction
of the experimental difference profile for the KvAP:DM monolayer from that for the
KvAP:H-POPC membrane (not shown). This double difference profile A App(z) would also
be expected to reveal the profile of the reconstituted POPC bilayer within the membrane,
with the necessary assumption that both the profile structure of the KvAP protein and its
position with respect to the substrate surface remain unchanged upon conversion of the DM
environment to that of POPC. The relative in-plane occupancies utilized were determined
from MD simulations for the KvAP protein within a fully-hydrated POPC bilayer (see
Supporting Information for details), assuming that the KvAP:DM precursor monolayer was
densely-packed resulting in a minimal solvation of the KvAP protein by the POPC lipid
molecules in the reconstituted membrane upon exchange of the DM detergent for the
phospholipid. Selecting minimal solvation of the KvAP with POPC in the simulation
resulted in a cylindrical complex with an average area/KvAP:POPC of 8,030 A2, The
KvAP:POPC mole ratio for the minimally-solvated protein was 1:68 on a per monolayer
basis. An area of ~59 A2/POPC molecule provides a total area of 3,835 A2 occupied by the
phospholipid leaving 4,195 A2 occupied by the protein, namely each component occupying
~50% of the membrane’s in-plane area.

The POPC bilayer environment for the KvAP protein within the reconstituted membrane is
thereby seen to be more typical compared to the profile of the pure POPC bilayer, unlike the
case for the VSD itself described in Part 1. Notably, the core comprised of pure
hydrocarbon chains is ~25A in thickness, although the polar headgroups remain more
broadly distributed in the profile at either surface of the bilayer, namely over ~20A instead
of ~ 10A. Interestingly, solvation of the lateral surfaces of the KvAP homo-tetramer with
minimal POPC results in a less perturbed phospholipid bilayer environment for the full-
length protein compared with that for the VSD itself. Nevertheless, further characterization
via neutron reflectivity utilizing specifically deuterated phospholipid is warranted.

4. CONCLUSION

In this work, we have determined the profile structure of the precursor, tethered VSD:0G
monolayer and subsequently reconstituted VSD:POPC membrane, both either partially-
hydrated with water-saturated gas or fully-hydrated with bulk aqueous media, in
substantially greater sub-molecular detail than previously achieved. We demonstrated the
unique vectorial orientation of the VSD and the retention of its molecular conformation
(secondary and folded 3-D tertiary structure) manifest in the asymmetric profile of the
protein within this reconstituted single bilayer membrane system. We definitively
characterized the asymmetric phospholipid bilayer solvating the lateral surfaces of the VSD
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protein. The profile structures of both the VSD protein and the phospholipid bilayer were
thereby shown to exhibit significant dependence on the hydration state of the membrane. We
also characterized the distribution of hydration water and exchangeable hydrogen
throughout the profile structure of both VSD itself and the VSD:POPC membrane for the
fully-hydrated case. The two experimentally-determined water and exchangeable hydrogen
distribution profiles are consistent with the existence of a water pore within the core of the
VSD, first indicated by molecular dynamics simulations of the VSD protein vectorially-
oriented within fully hydrated POPC bilayer membranes. These results derived not only
from the utilization of neutron interferometry, coupled with solvent contrast variation and
selective deuteration in the polar headgroup of the POPC component, but also because the
vectorial orientation of the VSD protein within the membrane was necessarily
unidirectional, as dictated by the mode of tethering for the precursor VSD:OG monolayer to
the surface of the inorganic substrate. Such results cannot be achieved utilizing more typical
membrane reconstitution approaches that generally result in the vectorial orientation of the
protein being bi-directional, that is, with equally populated gpposed unidirectional
orientations, which results in the determined profile structures of both the protein and the
phospholipid being necessarily completely symmetric about the center of the membrane
profile structure.*8

Some results were also provided for the full-length KvAP protein for both the tethered
KvAP:DM monolayer and the subsequently reconstituted KvPA:POPC membrane. While
these are not yet as extensive as those described for the VSD, they demonstrate a successful
reconstitution of a phospholipid bilayer environment for the vectorially-oriented KvAP
protein, more similar to that of a pure phospholipid bilayer than that for only the VSD itself.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Schematic of the fabrication sequence outlining the self-assembly (SA) protocol. (a) A Si-
Ni-Si multilayer reference structure with SiOy surface-layer, alkylated with a self assembled
monolayer of mercapto-propyl-silane [MPS] ((MeQO)3SiCH,CH,CHSH) to functionalize
with thiol groups, is subsequently reacted with the linker maleimido—C3-NTA to provide
free amino-nitrilotriacetate endgroups for ligation with Ni*2 ions, along with (b) histidine
residues from the protein’s C-terminal Hisg-tag following VSD:OG incubation. (c)
Reconstitution of vectorially-oriented VSD in a single phospholipid bilayer environment via
exchange against H-POPC/OG (or D4-POPC/OG) in the presence of detergent-adsorbing
Bio-beads. For a full-hydration environment, water is expected on both the proximal (near
to) and distal (away from) substrate sides of the bilayer. The VSD is shown as ribbon
representation of its crystal structure in a membrane-like environment.44
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Figure 2.

The interferometric neutron reflectivity results from a typical VSD:OG specimen prepared
via the self-assembly (SA) approach. Semi-log plots of the (a, b) background-corrected and
(c, d) Fresnel-normalized reflectivity data, for the bare Si-Ni-Si substrate, tethered VSD:0G
monolayer, and putative reconstituted VSD:H-POPC and VVSD:D4-POPC bilayer
membranes, at the solid/vapor interface utilizing a moist-gas environment with H,O or D,0O
at a Relative Humidity of ~93% (obtained using a saturated salt solution). The data are
offset vertically for visual clarity. The dotted curve in (a) and (b) is the calculated Fresnel
reflectivity function, Rg. Error bars (all error bars herein represent the standard error) are
included in (a) and (b), although the errors are also manifest in the point-to-point
fluctuations in the data along Q.
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Figure 3.

Summary of the neutron interferometry results at the solid/vapor interface in terms of the
difference (not offset) scattering length density profiles Apy(2) for the tethered VSD:0G
monolayer and the reconstituted tethered VSD:H-POPC and VSD:D4-POPC membranes in
(@) H,0O- and (b) D,O-saturated moist-gas. (top) Schematic illustrations of the composite
structures showing different components with respect to bilayer normal (z) approximately to
scale. The VSD protein (green-turquoise ribbon-representation), OG detergent (gray), POPC
lipid (blue-orange) and water molecules in the gas-phase (red and grey) are shown. The
major features in the profile for the VSD:OG monolayer are similar to those for the VSD in
phospholipid micelles calculated from the NMR solution structure (green; PDB accession
code 2KYH) (c), both in profile extent (or dimension) and asymmetric features. (d) The D4-
label profile for the H,O-saturated moist-gas environment determined via the double
difference profile A App(z) for Apy(z) for the VSD:D4-POPC minus App(z) for the VSD:H-
POPC membrane. The dotted vertical lines are shown to visually guide
compartmentalization of the different component(s).
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Figure4.

Experimental neutron SLD profiles for the VSD:OG monolayer (black; left-side) at the
solid/vapor interface with 100% H,O (upper) and 100% D,O (lower). 3-slab-model profiles
(right-side), based on error-functions, and corresponding resolution-limited profiles (middle)
calculated via Fourier transform-inverse Fourier transform with (Q,)max-truncation for the
tethered VSD:OG monolayer. 3-slabs are sufficient to accurately model the experimental
profiles for z > 0 A, since their resolution-limited counterparts (middle) match the
experimentally determined profiles (left). The propagation of errors in the neutron
reflectivity data into the Fourier representation of the scattering-length density profiles, and
their slab-models, is explicitly addressed in the Supporting Information. The differences in
the profiles, here due to hydration with moist H,O or D,0, exceed the propagated error.
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Figure5.

The interferometric neutron reflectivity results from a typical VSD:OG specimen prepared
via the self-assembly (SA) approach. Semi-log plots of the (a, b) background-corrected and
(c, d) Fresnel-normalized reflectivity data, for the bare Si-Ni-Si substrate, tethered VSD:0G
monolayer, and putative reconstituted VSD:H-POPC and VVSD:D4-POPC bilayer
membranes, at the solid/liquid interface utilizing an aqueous buffer environment with 100%
D,0 and 60% D,0/40% H,0. The data are offset vertically (a,b) for visual clarity. The
dotted curve in (a) and (b) is the calculated Fresnel reflectivity function, Rg. Error bars are
included in (a) and (b), although the errors are also manifest in the point-to-point
fluctuations in the data along Q.
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Figure6.

Summary of the neutron interferometry results at the solid/liquid interface in terms of the
difference (not offset) scattering-length density profiles App(z) for the tethered VSD:0G
monolayer and the reconstituted tethered VSD:H-POPC and VSD:D4-POPC membranes in
(a) aqueous buffer with 100% D,0 and (b) aqueous buffer with 60% D,0/40% H,0. (top)
Schematic illustrations of the composite structures showing different components with
respect to bilayer normal (z) approximately to scale. The VSD protein (green-turquoise
ribbon-representation), OG detergent (gray), POPC lipid (blue-orange) and bulk water
(light-blue) are shown. The dotted vertical lines shown to visually guide
compartmentalization of the different component(s)—see text. Note that the zero-level of
scattering-length density on the ordinate-scale in these difference profiles is with respect to
the average for bulk D,O at +6.36x1076/A2 for 100% D,0 in (a) and for bulk 60% D,0/
40% H,0 at +3.56x1075/A2 in (b).
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Figure7.

Experimental neutron SLD profiles for the VSD:OG monolayer (black; left-side) in 100%
D,0 buffer (upper) and 60% D,0/40 % H,0 buffer (lower). 3-slab models for the VSD:0G
monolayer (right-side) based on those shown in Figure 4, but allowing for H-D exchange
andfor a slight increase in monolayer thickness upon hydration with bulk aqueous buffer for
100% D,0 (black;upper) and 60% D,0/40 % H,0 (black;lower). The same 3-slab models
as ifthey were hydrated instead with moist-gas are shown in green (by simply removing the
water slabs either side of the monolayer), for comparison with those shown in Figures 4 &
S7 to illustrate the changes induced by full hydration. Corresponding resolution-limited
profiles (middle) calculated via Fourier transform-inverse Fourier transform with (Qz)max-
truncation for the tethered VSD:0OG monolayer for hydration in bulk aqueous buffer,
assuming that the VSD:OG monolayer occupies only 50% of the monolayer in-plane area,
the remainder occupied by the aqueous buffer. 3-slabs are sufficient to reasonably model the
experimental profiles for z> 0 A, since their resolution-limited counterparts (middle) nearly
match the experimentally determined profiles (left). Precise matching is achieved with only
minor modification of the proximal side of the central (of the three) slab by introduction of a
fourth slab (not shown). The propagation of errors in the neutron reflectivity data into the
Fourier representation of the scattering-length density profiles, and their slab-models, is
explicitly addressed in the Supporting Information. The differences in the profiles, here due
to hydration with H,O or D,0, exceed the propagated error.
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Figure8.

3-slab models for the VSD:OG monolayer for hydration with bulk aqueous buffer allowing
for H-D exchange, but as /fthey were hydrated only with moist-gas (upper left-side), black
for 100% D,0 and green for 60% D,0/40% H,0 for z > 0A. The difference between these
experimental 3-slab-model profiles is shown in the upper right-side panel, revealing the
distribution of exchangeable hydrogen within the VSD itself. This experimental
exchangeable hydrogen profile is in good agreement with that (right-side, lower at a
resolution comparable to the experimental case) predicted by a molecular dynamics
simulation of the VSD embedded in a fully-hydrated supported POPC bilayer (lower left-
side). Configuration snapshots from the simulation (middle and lower left-side) reveal how
H-D exchange may occur within the VSD itself. A cut-away view of the simulation system
shows that when the VSD is embedded in a lipid bilayer, water molecules penetrate
throughout forming an internal hydrogen bond network with a set of highly-conserved basic
and acidic side chains. The middle right-side panel shows the VSD oriented with the
membrane normal horizontal for comparison with the profiles shown above and below. In
the simulation snapshots, the VVSD is shown in ribbon (orange) and molecular surface
representation (white, transparent). The lipid bilayer is shown in green in CPK
representation. Waters and amino acid side chains are colored by atom (carbon, grey;
nitrogen, blue; oxygen, red; hydrogen, white).
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Figure9.

Experimental neutron SLD profiles for the VSD:POPC membrane at the solid/liquid
interface (left-side, upper) in 60% D,0/40% H,0 buffer for D-POPC (blue) and H-POPC
(red). The difference between these two profiles reveals the experimental D4-label
distribution within the VSD:POPC membrane profile (left-side, lower). 3-slab models are
shown (right-side, lower), developed from this D4-label distribution, for the D4-POPC
(blue) and H-POPC (red) bilayer withinthe VSD:POPC membrane. Combining these 3-slab
models for the POPC bilayer within the membrane with the VVSD profile shown in Figure 7
(middle, lower) for hydration with 60% D,0/40 % H,0 buffer, assuming the VSD and
POPC each occupy 50% of the membrane in-plane area in the area-weighted sum of the
VSD and POPC profiles, results in the resolution-limited neutron SLD profiles shown upper
right-side, which compare reasonably well their experimental counterparts shown upper left-
side. This comparison, together with the experimental D4-label distribution, guided the
refinement of the 3-slab models for the POPC bilayer within the VSD:POPC membrane.
The propagation of errors in the neutron reflectivity data into the Fourier representation of
the scattering-length density profiles, and their slab-models, is explicitly addressed in the
Supporting Information. The differences in the profiles, here due to D4-POPC or H-POPC,
exceed the propagated error.
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Figure 10.

Experimental total H-D exchange profiles for the VSD:POPC membranes (left-side) with
D4-POPC (green) or H-POPC (blue) obtained by subtraction of the experimental neutron
SLD profile for hydration with 100% D,0O minus that for 60% D,0/40% H,0O shown in
Figure 6. 4-slab model for the total H-D exchange profile for the average of the D4-POPC
and H-POPC cases (lower right-side) and its resolution-limited counterpart (upper right-
side), the latter seen to be in good agreement with the average of the experimental total H-D
exchange profiles (left-side). The H-D exchange profile for the VSD itself, from Figure 8, is
also shown (red, lower right-side), which is seen to account for the total H-D exchange
profile (blue) over the central region of the membrane. The propagation of errors in the
neutron reflectivity data into the Fourier representation of the scattering-length density
profiles, and their slab-models, is explicitly addressed in the Supporting Information.
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Figure11.

The interferometric neutron reflectivity results from a typical KvAP:DM specimen prepared
via the self-assembly (SA) approach. Semi-log plots of the (a, b) background-corrected and
(c, d) Fresnel-normalized reflectivity data, for the bare Si-Ni-Si substrate, tethered
KvAP:DM monolayer, and putative reconstituted KvAP:H-POPC bilayer membrane, in bulk
aqueous buffer environments with 100% D,0. The dotted curve in (@) is the calculated
Fresnel reflectivity function, Rg. Error bars are shown in (a), although the errors are also
manifest in the point-to-point fluctuations in the data along Q,.
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Figure12.

Experimental difference neutron SLD profiles for the tethered KvAP:DM monolayer and
reconstituted KvAP:H-POPC membrane are shown lower left-side, with simple cartoon
representations of the systems directly above. In the right-side, upper panel, the refined 3-
slab model for the KvAP:VSD is shown in 100%D,0 bulk aqueous buffer (black) vs. that as
ffat the solid/vapor interface in a moist-gas environment (red). In the right-side, middle
panel, the refined 3-slab model for the POPC bilayer within the KvAP:H-POPC membrane
in shown in 100%D,0 bulk aqueous buffer (black) vs. that as /fin a moist-gas environment
(green). In the right-side, lower panel, the corresponding resolution-limited neutron SLD
profiles, calculated via Fourier transform-inverse Fourier transform with (Q,)max-truncation
for the 3-slab model for the KvAP:DM monolayer (black) and the KvAP:H-POPC
membrane (red) are shown providing reasonably good agreement with their respective
experimental counterparts (left-side, lower panel), along with that for the POPC bilayer
within the membrane (green). The resolution-limited profile for the membrane (red) was
again calculated, assuming that the KvAP protein and POPC bilayer each occupied 50% of
the membrane in-plane area in the area-weighted sum of the KvAP (black) and H-POPC
(green) profiles. Refinement of the 3-slab models for the KvAP protein and the POPC
bilayer was guided in this case only by the comparisons of the experimental profiles with the
resolution-limited profiles corresponding to the slab-models for the KvAP:DM monolayer
and KvAP:H-POPC membrane systems. The propagation of errors in the neutron reflectivity
data into the Fourier representation of the scattering-length density profiles, and their slab-
models, is explicitly addressed in the Supporting Information.
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