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ABSTRACT: We report neutron reflectometry (NR) studies of polyethylene glycol (PEG)-
tethered model lipid membranes at the solid—liquid interface and of cholera toxin’s B-subunit
(CTxB) binding to tethered membranes containing ganglioside GMI1 receptors. First,
tethered polymer brushes were formed by grafting silane-functionalized PEG lipopolymers to
quartz from solution. Subsequent deposition of lipids by Langmuir—Blodgett/Langmuir—
Schaefer (LB/LS) resulted in a tethered bilayer structure separated from the solid support by
a hydrated PEG layer. NR revealed that the tethers formed a highly hydrated polymer brush,
uniformly separating the bilayer from the underlying solid substrate. Further, the lipid bilayer
did not significantly perturb the brush’s conformation relative to a free brush. Biological functionality of the tethered bilayers was
verified by interacting CTxB, with ganglioside GM1 receptors incorporated into the bilayer. The surface coverage of CTxB bound to
the lipid membrane, O-p= 0.58 + 0.08, was consistent with the coverage predicted for random sequential absorption, and toxin
binding did not impact the membrane conformation.

B INTRODUCTION materials to either mimic specific environments,”' facilitate
specific experimental techniques,” or control particular aspects
of the membrane.”> PEG derivatives remain one of the
principal choices to create tethered bilayer membranes due to
their wide availability with diverse terminal functionalization,
high solubility in water, lack of charge, and anti-fouling

Many biophysical studies of transmembrane proteins and
lipid—protein interactions are limited by difficulties in the
reliable creation of model bio-mimetic membranes in their
natural liquid environment. Frequently, ligid monolayers at the
liquid—air interface,' > lipid nanodiscs,” and solid-supported

lipid bilayers™® provide good model systems to study properties.
protein—lipid interactions. The ability to apply surface Here, neutron reflectometry was used to investigate the
sensitive biophysical methods to the study of planar model structure of membranes tethered to quartz substrates via silane-

membranes (e.g. lipid monolayers and solid supported functionalized polyethylene glycol (PEG) lipopolymers. The
bilayers) enables access to otherwise unobtainable detailed PEG lipopolymer-tethering molecules (DSPE—PEGs—silane)

structural information. However, lipid bilayers in contact with consisted of a triethoxysilane termination to enable covalent
solid substrates suffer from decreased in-plane lipid mobility, bonding to silica surfaces, a 75 monomer length PEG polymer
suppressed out-of-plane fluctuations, and reduced protein chain, and a DSPE lipid termination to enable integration into
mobility and, in some cases, can promote membrane protein a lipid bilayer environment. Tethered bilayers were formed by
denaturation due to conformational changes at the substrate. first reacting the silane-functionalized lipopolymer with a
The extent to which overall membrane structure and dynamics quartz surface from 1:1 MeOH:EtOH solution and by
is altered by interactions with the support also remains unclear. subsequently completing the lipid bilayers via Langmuir—
Therefore, the reliable creation of functional and well- Blodgett/Langmuir—Schaefer deposition (Figure 1).** Neu-
characterized lipid bilayer membranes at 9solid—liquid inter- tron reflectometry revealed that this simple procedure was
faces attracts significant experimental effort.” A highly hydrated capable of forming tethered lipid bilayers with near-complete

layer separating the membrane from the solid substrate is one
strategy to alleviate these effects and allow structural
characterization of the membrane systems under more
biologically relevant conditions. In many cases, it is also a
prerequisite for studying membrane proteins. To fabricate such
functional lipid membrane architectures, a large research effort
has been directed toward engineering polymeric layers
separating the lipid bilayer from an underlying solid
support.'’~*° Previous work has followed a wide variety of
design philosophies using diverse cushioning or tethering

surface coverage and uniform separation from the solid support
when high tether densities were used. Using the binding of
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Figure 1. Schematic of the tethered bilayer deposition process and neutron reflectometry measurement geometry. While the cartoon depicts
hydration of the tether region between Langmuir—Blodgett (LB) and Langmuir—Schaefer (LS) depositions, it is possible that drying and

rehydration of the tethers occurs between these steps.

cholera toxin’s B-subunit (CTxB) to membrane-embedded
glycolipid receptors, we demonstrate the suitability of this
system for studying lipid—toxin interactions.

B EXPERIMENTAL SECTION

Materials. DSPC, tail-deuterated DSPC (d-DSPC), and ganglio-
side GM1 (brain, ovine sodium salt; predominantly 18:0 and 20:0
acyl chains on the 18:1 sphingosine base) were purchased from Avanti
Polar Lipids, Alabaster, AL, USA and used without prior purification.
The deuterated compounds were used to enhance the scattering
contrast in neutron experiments. Bifunctionalized 3300 MW PEG
chains (75 monomers) with DSPE and triethoxysilane terminations
(DSPE—PEG,s—silane) was purchased from Nanocs, New York,
USA. The total MW of the DSPE—PEG;;—silane molecule is equal to
4369 (3300 MW PEG, 748 MW DSPE, 163 MW ethoxy silane, and
the remaining linking the three components). Schematics of the lipid
molecules are shown in Figure 2. The CTxB cholera toxin subunit was
purchased from Sigma-Aldrich, France and used without additional
purification. Aqueous buffers were prepared using solutions of pH 7.4,
150 mM calcium-free phosphate buffer in water (Millipore), or D,0
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Figure 2. Chemical structures of the molecules used in this work.
From top: 1,2-distearoyl-sn-glycero-3-phosphocholine (DSPC), GM1,
and DSPE—PEG;;—silane.

(Eurisotop, France). Single-crystal quartz substrates with 3 A rms
roughness were obtained from Crystran, Poole, UK.

Preparation of PEG-Tethered Membranes. Quartz substrates
were cleaned by successive sonication in detergent and MilliQ water
followed by consecutive rinsing with 2% Gigapur, Millipore purified
H,O0, and pure ethanol. The ethanol was blown off with ultrapure N,,
and the substrates were exposed to UV ozone for 20—40 min. To
functionalize the surface with tethered lipids, 1 mM solutions of
DSPE—PEGs—silane molecules in 1:1 MeOH:EtOH mixture were
prepared and used within 10 min. While this solvent was chosen to
simplify sample preparation, it yielded incomplete solvation of the
DSPE—PEG,; — silane molecules. Freshly cleaned quartz substrates
were incubated with the solution for >12 h.

Lipid bilayers with leaflets composed of DSPC, d-DSPC, or 90:10
d-DSPC:GM1 were formed by depositing the lipids on DSPE—
PEG;s-functionalized surfaces using the Langmuir—Blodgett/Lang-
muir—Schaefer (LB/LS) technique.”* DSPC (1,2-distearoyl-sn-
glycero-3-phosphocholine) lipids were used to complete the bilayer
to match the hydrocarbon chain length of the lipopolymer DSPE
termination. For studies involving CTxB protein interaction, ganglio-
side GM1 receptors were included in the lipid bilayer to enable
protein binding. Lipid mixtures used for LB/LS deposition were
dissolved in chloroform at 1 mg/mL and spread onto a Millipore
purified water subphase in a Langmuir trough (Nima, UK) using a
microsyringe. Solvent was allowed to evaporate for at least 10 min
prior to area compression to a surface pressure of 40 mN/m. After
equilibrating for at least 10 min, the inner leaflet was LB-deposited by
lifting the substrate at a rate of 1—2 mm/min, and the outer leaflet
was LS-deposited by lowering the substrate through the monolayer at
a faster rate of 10 mm/min (Figure 1). For studies involving CTxB
binding, CTxB was injected into the solid—liquid cell at a
concentration of 10 mg/L and incubated with the membrane for §
h before exchanging the liquid for NR measurement.

Neutron Reflectivity. Neutron reflectivity (NR) measurements
were performed using the FIGARO beamline™ at the Institute Laue-
Langevin in Grenoble, France. Reflectivity, R, is defined as the ratio of
the number of neutrons elastically and specularly scattered from a
surface to that of the incident beam and is measured as a function of
momentum transfer normal to the surface (Q, = lko-ki| = 47sin6/1),
where 0 is the angle of incidence and 4 is the neutron wavelength.
Here, we have chosen to display the reflectivity data multiplied by Q¥
to compensate for the sharp decrease in the reflectivity as described
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Figure 3. (A) NR (symbols with error bars) obtained for lipopolymer-tethered membranes composed of DSPC (blue squares) and d-DSPC (red
circles) bilayers supported on highly hydrated PEG cushions and measured in both H,O (solid symbols) and D,O (open symbols) subphases.
Solids lines are best fits to the data corresponding to the SLD and volume fractions presented. Data and fits for d-DSPC have been offset vertically
for clarity. (B) Red lines correspond to SLD distributions of d-DSPC and blue lines to h-DSPC with solid lines corresponding to measurements in

H,0 and dashed lines to measurements in D,O. Pairs of matched lines define regions of SLD that satisfy the y2

+ 1 criteria and represent the

min

uncertainty of the distribution. A schematic is overlaid with the SLD profile to show the positions of different structural elements of the system. (C)
Volume fractions of individual components, assuming each model layer corresponds to a mixture of a single tether component and water, were
obtained through the co-refinement of H,O and D,O contrasts. Solid lines correspond to the lipid membrane, dotted lines correspond to water,
thin lines correspond to PEG, and dashed lines correspond to the substrate. In (B) and (C), the center of the lipid bilayer was defined as Z = 0.

by Fresnel’s law: R ~ Q;*. Using neutron wavelengths from 2 to 20 A,
values of the momentum transfer, Q,, up to 0.20 A1 at a resolution
dQ./Q, of 7% and reflectivities down to R ~ 5 X 1077 were measured.
The coherent area of the neutron beam projected onto the sample is
approximately 1 X 100 pm, and the data is an average of the
reflectivity from all coherent regions within the beam footprint
(approximately 30 X 75 mm?). In all cases presented in this study, the
neutron beam penetrated through the quartz support to be scattered
from the model membranes at the solid—liquid interface.

The reflectivity curve contains information regarding the sample-
normal profile of the in-plane averaged nuclear scattering length
density (SLD). From the measured reflectivity profile, the thickness,
SLD, and roughness of a series of layers normal to the substrate can
be determined by minimizing the difference between the measured
reflectivity and that obtained from a modeled SLD profile. Generally,
reflectivity experiments only measure intensities and phase
information is not obtained. Therefore, the transformation of the
data from reciprocal space to real space is not unique. Limiting the
possible solutions through constraints based on known chemical
identities of layers, expected thickness, and analysis of multiple data
sets is extremely helpful for ensuring a physically significant
determination of the sample structure. In this work, analysis of NR
data was performed by fitting the reflectivity profile of a real-space
model to the measured reflectivity curve using box models.*®
Convolution with the 7% dQ,/Q, instrumental resolution did not
significantly impact the calculated reflectivity profiles and was not
performed when fitting the data. Implementing the Parratt formalism,
box models described the SLD distribution as a sequence of n
constant SLD slabs. Error functions were used to connect adjoining
slabs and describe interfacial roughness. The SLD profiles shown in
the text are the final curves after the interfacial roughness was applied
to the box profiles. In all cases, multiple contrasts were co-refined
using the same model to yield the highest confidence in the interfacial
structure.

All systems studied here were measured using multiple neutron
scattering contrast conditions. The polymer-supported lipid mem-
branes were measured against (i) deuterated water, D,O, and (ii)
H,O as liquid subphases. In these cases, the liquid subphase was
exchanged in situ from H,0 to D,O, and the NR was measured.
Cushioned bilayers created from both hydrogenated (h-DSPC) and
deuterated (d-DSPC) phospholipids were also investigated to provide
complementary contrast conditions. Due to the added complexity of
the system, the interaction of CTxB with polymer-cushioned d-DSPC
bilayers were performed using three different contrast conditions: (i),
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(i), and (iii) where the liquid-subphase SLD was matched to quartz
(CMW). Reflectivity data were fit using a custom code. All contrasts
for the same system were simultaneously refined using a numerical
least-square fitting procedure, which significantly increased the
confidence in the resulting SLD distributions. Layer thicknesses
were constrained to be greater than or equal to twice the roughness
sigma values at its interfaces to obtain physically relevant parameter-
izations of the SLD profile. A Levenburg—Marquardt minimization
algorithm was used to vary the box model parameters to obtain the
solution corresponding to the lowest y* value. Parameter errors were
determined by incrementing the parameter of interest while allowing
all others to fit until > increased by one from the minimum y” value
(42in + 1). This procedure yielded several hundred fits satisfying the
b + 1 condition and was used to generate bounds for the
uncertainty in the modeled SLD and volume fraction distributions.
The theoretical SLD values for densely packed h- and d-DSPC
hydrocarbon tails can be estimated as —0.33 X 107 and 7.2 X 10~
A™2, respectively. Deuterated water (SLD 6.34 x 107¢ A™?)
maximized the neutron SLD contrast between the hydrogenated lipids
and hydrated regions of the sample: high-SLD regions are attributed
to water (and highly hydrated PEG), while low-SLD regions
correspond to the hydrocarbon lipid tails. For experiments using
H,O (SLD = —0.56 X 107° A™2) and deuterated lipids, high-SLD
regions can be attributed to the lipids and low-SLD regions
correspond to hydrated parts of the system. Generally, the SLD of
multicomponent systems is a linear combination of the SLDs of the
components scaled by their volume fractions.

B RESULTS AND DISCUSSION

Tethered Bilayers with Uniform Separation from the
Solid Support. Figure 3 shows NR data and corresponding
SLD and volume fraction profiles for homogeneously
cushioned DSPC (blue) and d-DSPC (red) bilayers, each
measured in both D,0 and H,O subphases. The tethering
lipopolymer, DSPE—PEG,;—silane, was incubated with the
quartz substrate for >12 h to provide the highest accessible
tether density before depositing the DSPC bilayers leaflets
using LB/LS. Panel (A) shows the NR measurements with
solid symbols corresponding to H,O measurements and open
symbols to D,O measurements. Models to describe the
tethered membrane consisted of five layers: two to describe
the PEG distribution in the cushion, one for the lipid tail
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groups, and two symmetric layers corresponding to the lipid
head groups. Solid lines in panel (A) correspond to the best-fit
SLD distributions presented in panel (B). In panel (B), the
SLD distributions of the d-DSPC bilayer are shown in red, and
the SLD distributions of the h-DSPC bilayer are shown in blue
with solid lines for measurements in H,O and dashed lines for
measurements in D,O. Estimates of the uncertainty in the SLD
distributions are presented by two bounding lines correspond-
ing to the set of models satisfying the y%;, + 1 metric. The SLD
distributions in (B) and the numerical values of the fitting
parameters presented in Table 1 clearly indicate the presence

Table 1. Parameters for Fits to Data Presented in Figure 3

d-DSPC: y* = 5.5-6.5

VA SLD solv c
4.18* 0% 5.6+ 14 quartz substrate
324 + 35" 0.63% 82+4 162+ 38 first PEG region
56.5 + 3.5 0.63* 97+2 82%16 second PEG region
163 £31 192+119 63+13 82° inner lipid HGs
39.1+48 671021 76 8.2° alkyl tail region
163 1.92¢ 63* 8.2% outer lipid HGs
6.28 + 0.003 D,0O subphase
—0.16 + 0.15 H,O subphases
h-DSPC: y* = 3.1-4.1
zZ SLD solv o
4.18% 0* 48 + 1.3 quartz substrate
29.7 £ 79" 0.63* 78 +4 148 £ 5.1 first PEG region
603 + 79" 0.63* 89 +3 101 +£2.6 second PEG region
199 +£51 133+078 65+15 10.1° inner lipid HGs
40.1 + 10.1 —0.07+£030 8 8 10.1° alkyl tails region
19.7¢ 1.33* 65* 10.1% outer lipid HGs
6.22 + 0.001 D,0O subphase
—0.41 + 0.19 H,O subphase

“The units of Z, SLD, and roughness ¢ are in A, 107 A2 and A,
respectively. Parameter “solv” describes the volume percent of water
in the layer.*Values were fixed to theoretical SLDs. 'Due to
interdependence of the two PEG layer thicknesses, error is given
for the total PEG layer. *Fits were constrained to have symmetric lipid
headgroups. *Roughness of all components of the lipid membrane was
constrained to be the same.

of a high-coverage (91 + 8%) lipid bilayer (low-SLD region for
DSPC, high-SLD region for d-DSPC) uniformly separated
from the substrate. Volume fractions of the components of the
tethered bilayer are shown in panel (C). Comparison of the
volume fraction distributions for the DSPC and d-DSPC cases
exhibits a high degree of reproducibility in the tethered
membrane structure. For the DSPC case, the SLD of the tail
region matches the theoretical SLD for gel phase packing
within errors. The measured SLD of the d-DSPC tail region is
consistent with a mixture of d-DSPC deuterated tails and 3.9—
9.2 vol % hydrogenated tails from the DSPE lipopolymer
tethers. While the thickness obtained for the lipid head groups
is significantly larger than the predicted value of ~10 A, this is
due to the constraint imposed on the model, requiring the
layer thickness to be greater than twice the interfacial
roughness. As a result, the layers assigned to the head groups
correspond to a region that is to some degree a mixture of head
groups, water, and lipid tails.

The lipid membrane is separated from the quartz surface by
a predominantly uniform 90.5 + 7.9 A thick hydrated PEG
layer, exhibiting an out-of-plane rms roughness between 6 and
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13 A. Considering the theoretical SLD value of PEG (0.63 X
107 A™2) and the measured SLD of the cushion region, the
average hydration of the PEG tether region was estimated to
be 85—90%. Notably, the fits were significantly improved by
dividing the cushion into two regions with different degrees of
hydration: reduced hydration (82 + 6%) near the quartz
interface and increased hydration (93 + 6%) adjacent to the
bilayer. This corresponds to a small degree of inhomogeneity
of the distribution of the PEG brush with a greater volume
fraction of PEG chains adjacent to the solid support.

The tether extension is significantly larger than the PEG;

Flory radius (ry = N>/® = 47 A, where N = 75 is the number
of PEG monomers and a = 3.5 A is the monomer length)
indicating that the tethers are in the polymer brush regime.
The density of MW 3300 PEG is 1.2 g/cm’, corresponding to
a molecular volume of 4566 A®. Considering this volume and
the degree of hydration and thickness of the tether region, the
tether density was estimated to be between 310 and 550 A%/
chain. For gel-phase DSPC, which has an area per lipid of 46.4
A% at 40 mN/m,”” this tether density corresponds to
approximately 7—12 mol % of the inner leaflet lipids tethered
to the quartz surface. This value is in good agreement with the
3.9-92 mol % tether composition estimated from the tail
region SLD of the d-DSPC-containing tethered membrane. An
estimate of the tether density allows comparison of the tether
region thickness to the theoretical extension of an equivalent
PEG brush in the absence of a lipid membrane. The PEG
brush height can be calculated as

h= (5
3
where o is the tether density and b = 7.6 A is the Kuhn length,
yielding a brush height of 95 + 10 A.*® The close match
between this calculation and the thickness of tether region
measured here suggests that the membrane does not constrain
or significantly impact the PEG brush structure. However, the
grafted polymer brush structure in good solvent may be more
accurately described using a parabolic density profile.””*° Such
a parabolic density distribution is consistent with our
observation of a lower degree of hydration within the tether
region adjacent to the quartz surface. A parabolic density
profile would exhibit a maximum extension 30% greater than
the 95 A brush height calculation used previously. This
additional 29 A extension of low tether density is roughly
consistent with the ~25 A FWHM measured out-of-plane
fluctuation of the membrane, modeled as an rms roughness of
~10 A.

Binding of CTxB to the Tethered Membranes.
Biological functionality of the PEG-tethered lipid bilayers
was demonstrated by interacting cholera toxin’s binding
subunit CTxB with ganglioside receptors embedded in the
membrane. Ganglioside GM1, a glycosphingolipid with strong
specific binding affinity for CTxB,*" was added to the outer
leaflet of a DSPC bilayer at a concentration of 10 mol % to
enable high-coverage protein binding. The tethered membrane
structure before binding was measured by NR (Figure 4A) in
scattering contrasts (i) to (iii): green, red, and blue symbols
and lines, respectively. The resulting SLD distributions are
shown as dashed lines of corresponding colors in Figure 4B,
and the numerical values of the fitting parameters are
presented in Table 2. The SLDs indicate the presence of a
single bilayer with >90% surface occupancy separated from the

1/3
) b2/3aN
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Figure 4. (A) Symbols with error bars show NR data obtained for H,O (red), D,O (green), and quartz-matched (blue) contrast conditions for
lipopolymer cushioned d-DSPC bilayers containing 10 mol % of ganglioside GM1 in the outer leaflet before (circles) and after (squares) CTxB
binding. Solid lines represent best fits to the data corresponding to the SLD and volume fractions presented. Data before CTxB binding is shifted
vertically for clarity. (B) SLD profiles obtained from the NR fits before (dashed lines) and after (solid lines) CTxB binding. The same colors are
used to indicate the corresponding contrast conditions. Pairs of matched lines define regions of SLD that satisfy the y;, + 1 condition and
represent the uncertainty of the distribution. A schematic is overlaid with the SLD profile to show the positions of different structural elements of
the system. (C) Volume fractions of individual components of the tethered membrane system. Solid lines correspond to the lipid membrane, thin
lines correspond to PEG, dashed lines correspond to the substrate and silane layer, and dotted lines correspond to either the GM1 carbohydrates
(before binding, blue) or to bound CTxB (after binding, red). The volume fraction of water was not included for clarity.

Table 2. Parameters for Fits to Data Presented in Figure 4

before CTxB binding: »* = 7.5—8.5

Z SLD solv c

4.18% 0% S0+2 quartz substrate
36.1 £39 394 +0.15 11 +9 180 +20 silanated surface
36.1 + 6.7° 0.63* 82 +4 98+50 first PEG region
373 £ 67° 0.63* 99+ 1 101 + 1.6 second PEG region
20.1 £32  232+22 62 +23 10.1° inner lipid HGs
330+80 642+035 3+3 10.1° alkyl tail region
20.1* 2.32} 62" 10.1% outer lipid HGs
19.8 + 103 070 + 080 85+9 10.1° GM1 carbohydrate

6.25 + 0.009 D,0 subphase

4.35 + 0.04 CMW subphase

—0.58 + 0.02 H,O subphase

after CTxB binding: z* = 4.1-5.1
VA SLD solv c

4.18* 0% S0+£2 quartz substrate
346 £ 45 411 +0.06 10+ 8 173 £ 23  silanated surface
34.6 + 34" 0.63% 84+3 87+37 first PEG region
435 + 34" 0.63* 100 £ 0 112 £ 0.9  second PEG region
225+18 361+030 354+7 112° inner lipid HGs
279 +29 656+033 3+3 11.2° alkyl tail region
22.5% 3.61F 54 11.2% outer lipid HGs
420+40 231+£023 S7+x3 112° CTxB protein

6.25 + 0.001 D,0 subphase

4.31 + 0.05 CMW subphase

—0.58 + 0.02 H,O subphase

“The units of Z, SLD, and roughness ¢ are in A, 107 A2 and A,
respectively. Parameter “solv” describes the volume percent of water
in the layer.*Values were fixed to theoretical SLDs. 'Due to
interdependence of the two PEG layer thicknesses, error is given
for the total PEG layer. *Fits were constrained to have symmetric lipid
headgroups. *Roughness of all components of the lipid membrane was
constrained to be the same.

quartz support by ~7S A, similar to the previously discussed
cases with pure DSPC and d-DSPC bilayers. The main
difference was a modification of the quartz surface modeled as
an additional silanated layer, resulting from the reuse of the
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substrate and incomplete removal of the tethering molecules
following a previous lipopolymer deposition. As previously
discussed, the large lipid head group thickness results from the
layer corresponding to a mixture of head groups, water, and
lipid tails due to model constraints requiring the layer
thickness to be greater than twice the interfacial roughness.
Although there is a high uncertainty associated with the GM1
distribution, the SLD distributions clearly identify the GM1
head groups extending 19.8 + 10.3 A from the lipid head
groups in D,0 and CMW. Assuming an average area per lipid
of 46.4 A” and a 1200 A® volume for the polar head group of
GM1,”” the layer corresponds to a 9 + 7 mol % GMI content
in the outer membrane leaflet and is consistent with the
maintenance of 10 mol % GMI1 content following LS
deposition.

Incubation with CTxB caused significant changes in the NR
signals (Figure 4A), most noticeably in the H,O and D,O
contrast conditions. The resulting SLD profiles obtained from
fits to the NR data are shown as solid lines in Figure 4B. CTxB
molecules bound to the outer leaflet of the lipid bilayer are
readily apparent in the SLD profiles, and the 42 + 4 A
thickness of this region is consistent with the CTxB crystal
structure and orientation of the toxin with the pore axis normal
to the membrane plane.*”** Volume fractions of the
components obtained from the SLD profiles before (blue)
and after CTxB binding (red) are shown in Figure 4C.
Notably, the binding of CTxB molecules to the PEG tethered
bilayer did not cause significant changes to the structure of the
hydrated tether region or the bilayer, suggesting that CTxB
binding to gel phase membranes does not generate significant
membrane curvature.”” While the GMI head groups can be
identified before protein binding, after toxin binding NR
cannot discriminate them from the bound CTxB protein and
the parameters describing the layer correspond to the
combination of both components. Since this layer is a mixture
of GM1 and CTxB, changes in protein SLD due to exchange of
labile hydrogens in the different solvents was not explicitly
accounted for in the model. To decouple the individual
contributions to the parameter values obtained from the
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model, the contribution of the GM1 volume fraction and SLD
in the mixed layer were determined as

r (Ze)Vs!
¢GM1 - ¢GM1' 2

mix

o = P P

where ¢damiy Zom and P are the volume fraction, thickness,
and SLD model parameters for the GM1 layer before binding,
Zmix and P are the model parameters for the layer
corresponding to a mixture of CTxB and GM1 after binding,
and @Gy and fGyare the GMI1 contributions to the volume
fraction and SLD of the mixed layer, respectively. The volume
fraction and SLD of CTxB in the mixed layer is then calculated
as

$ers = 1 = dopn

!
‘Bmix B ﬂGMl
¢CTB

yielding values of ¢crp = 0.4 & 0.04 and Berg = 243 + 0.3 X
107 A™2, The theoretical SLDs of CTxB at the three different
contrasts were estimated by approximating the protein volume
using the CTxB crystal structure and a rolling probe method
(Tprobe = 1.5 A Verg = 75,400 A%) and assuming that H-D
exchange with the solvent was limited to 90% of the labile
hydrogens.*®*” This approach resulted in theoretical SLD
values of 1.74 X 1075, 2.60 X 107 and 2.94 X 107° A™* in
H,0, CMW, and D,0, respectively. The average of these SLD
values, 2.43 X 107 A2, is in good agreement with the CTxB
SLD obtained from the model.

The CTxB volume fraction (¢crp) was used to approximate
the areal coverage of protein bound to the tethered membrane
surface (fcrp) after correcting for the difference in the
thickness of the modeled CTxB layer obtained from NR and
the projection of the CTxB crystal structure. A Voronoi
tessellation method was used to calculate the cross-sectional
area of CTxB as a function of distance, Z, along the long axis of
the protein’s central pore (Figure 5). Voronoi tessellations

borg =

3500 . . — .
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2500 | ;1 .
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= ,‘y 1 A=2178 A
@ 1500 L 15 1
o §
< 1000} i A ]
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& f i = z=2
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Figure S. Cross-sectional area of CTxB as a function of Z. Solid
symbols represent the areas obtained from Voronoi tessellations of
slices through the CTxB crystal structure, and open symbols represent
the areas after accounting for the membrane roughness (¢ = 11.2 A).
The dashed red line is a box function (z = 29 A) that best reproduces
the CTxB areas after accounting for membrane roughness (solid red
line). The shaded blue region corresponds to the CTxB distribution
from the NR model. Panels to the right show representative Voronoi
tessellations of slices through the CTxB structure.
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were calculated for a series of 1.5 A thick slices in Z by
projecting all atomic positions from the crystal structure falling
within the slice on the X—Y plane and bounding them by a 1 A
grid of points. The cross-sectional area of the slice was
calculated as the sum of the areas of all polygons with an
atomic position within 1.5 A of its perimeter. The total CTxB
volume calculated by the Voronoi tessellation method was
76,000 A3, within 1% of the volume calculated by the rolling
ball method. To account for the membrane roughness, the
distribution was convolved with a ¢ = 11.2 A Gaussian
function (Figure S, open symbols). An effective layer thickness
corresponding to the crystal structure was approximated by
convolving a rectangular function with a ¢ = 11.2 A Gaussian
function to match the roughness smeared distribution
determined by the Voronoi tessellation approach. This resulted
in an effective CTxB layer with thickness of 29 A and an
average area of 2600 A* (Figure 5, dashed line). Compared to
the effective CTxB layer thickness, the 42 + 4 A layer thickness
obtained from the NR model suggests either vertical
displacement or tilting of the proteins relative to the
membrane surface. In either case, accounting for the difference
and approximating the membrane surface as a plane, we
calculate the surface coverage of bound protein, O¢rp:

ZcTB

BCTB = ¢CTB.
Zeft

where zcrp is the thickness of the CTxB layer obtained from
NR and z. is the effective thickness of the CTxB protein
obtained from Voronoi tessellations of the crystal structure.
This approach yields a value of 0.58 + 0.08 coverage of bound
protein on the tethered membrane surface. Using twice the
receptor concentration, similar coverages of 0.51 + 0.02 and
0.56 + 0.7% were measured for CTxB binding to 20 mol %
GM1 in DPPE monolayers at the air—water interface.”**

While far less than either ideal periodic packing® (0.907) or
random close packing®® (0.82) of regular circles, the measured
protein coverage reported here and in previous work is
consistent with simulations of random sequential adsorption of
regular circles on a plane (0.547)."' This suggests that there
was insignificant lateral rearrangement of CTxB when bound
to receptors in a gel phase membrane to enable higher surface
coverage. However, measurements of the lateral diffusion
coefficient of GM1 in gel phase membranes’” and CTxB
bound to gel phase membranes*’ are on the order of D = 1
um?/s, which should provide sufficient mean square displace-
ment of bound proteins within the time scales of the
experiment to enable packing rearrangements and higher
surface coverage. The saturation of bound protein coverage at
values consistent with random sequential adsorption may
indicate significant inhibition of the lateral mobility of CTxB,
particularly under conditions of membrane crowding.

Bl CONCLUSIONS

Using NR, we investigated the structure of lipid bilayers
tethered to a quartz surface using triethoxysilane-functionalized
PEG lipopolymers. A simple one-step protocol was imple-
mented to functionalize the surface by dissolving the DSPE—
PEG,s—silane lipopolymers in 1:1 EtOH:MeOH and incubat-
ing the solution in contact with monocrystalline quartz.
Subsequent lipid deposition by Langmuir—Blodgett/Lang-
muir—Schaefer (LB/LS) deposition was used to complete
the tethered bilayer. When sufficiently long incubation times
(here >12 h) were used, the lipid bilayer was uniformly
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separated from the surface by highly hydrated PEG tethers. NR
results showed that the PEG tethers were 90% hydrated and
formed a ~95 A thick cushion, which supported a high
coverage bilayer with 10—15 A rms. roughness. Surprisingly,
capping the grafted PEG brush with a gel-phase lipid bilayer
has minimal impact on the brush’s conformation. Using
interactions between CTxB and its glycosphingolipid receptor
GM1, we demonstrate that the tethered lipid bilayer system
described here is well suited to be a platform for studies of
protein—lipid interactions. Efficient CTxB binding to GM1 in
the outer leaflet resulted in coverage of the CTxB protein layer
of Ocrg = 0.58 + 0.08, consistent with random sequential
adsorption of proteins to the membrane surface. Under the
conditions studied, binding resulted in minimal perturbation to
the tethered lipid membrane conformation, providing insight
into the limits of a CTxB-mediated mechanism in generating
membrane curvature.
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