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ABSTRACT: Retinoschisin (RS1) is a retina-specific secreted protein encoding a conserved discoidin domain
sequence. As an adhesion molecule, RS1 preserves the retinal cell architecture and promotes visual signal
transduction. In young males, loss-of-function mutations in the X-linked retinoschisis gene (RSI) cause
X-linked retinoschisis, a form of progressive blindness. Neither the structure of RS1 nor the nature of its
anchoring and organization on the plasma membranes is fully understood. The discoidin C2 domains of
coagulation factors V and VIII are known to interact with extracellular phosphatidylserine (PS). In this study
we have used atomic force microscopy (AFM) to stud; the interactions of murine retinoschisin (Rs1) with
supported anionic lipid bilayers in the presence of Ca”". The bilayers consisting of a single lipid, PS, and
mixtures of lipids with or without PS were used. Cons1stent w1th prev1ous X-ray diffraction studies, AFM
imaging showed two distinct domains in pure PS bilayers when Ca®" was present. Upon Rs1 adsorption, these
PS and PS-containing mixed bilayers underwent fast and extensive reorganization. Protein localization was
ascertained by immunolabeling. AFM imaging showed the Rs1 antibody bound exclusively to the calcium-
rich ordered phase of the bilayers pointing to the sequestration of Rs1 within those domains. This was further
supported by the increased mechanical strength of these domains after Rsl binding. Besides, changes in
bilayer thickness suggested that Rs1 was partially embedded into the bilayer. These findings support a model
whereby the Rsl protein binds to PS in the retinal cell plasma membranes in a calcium-dependent manner.

Retinoschisin (RS1)" is a cell-surface protein expressed exclu-
sively in the retina and pineal gland (/, 2). In the retina, RS1
functions as an adhesion molecule to preserve the structural
organization of the retinal cell layers, a critical factor for
promoting visual signal transduction. Loss-of-function muta-
tions in the X-linked retinoschisis gene (RS/) lead to a form of
early onset macular degeneration in young males known as
X-linked retinoschisis (XLRS) (3—5). XLRS disease is charac-
terized by schisis (splitting) of the central retina between light
sensing photoreceptor outer-cell layers and light processing
inner-cell layers with the appearance of cystic cavities in the
macular region, which leads to impaired visual-signal processing
and progressive vision loss with age. When retinal function is
assessed by clinical electroretinogram (ERG), XLRS patients
display markedly reduced inner retinal b-wave amplitudes rela-
tive to the photoreceptor a-wave, which implicates abnormal
synaptic signaling or neuronal processing. There is no cure for
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XLRS; however, RS gene-transfer studies in preclinical mouse
models of XLRS have shown therapeutic promise (6—38).

RS1 encodes two functional sites of conserved sequence
motifs, the N-terminus signal sequence (aa 1—21/23) (9, 10)
and a long and evolutionarily conserved sequence motif termed
the discoidin domain (DS; aa 64—219) implicated in cell adhesion
and regulatory signaling processes (17, 12). The signal sequence
guides protein translocation across the endoplasmic reticulum
(ER), and following secretion, RSI associates with the outer
leaflet of the plasma membrane of photoreceptor and bipolar
cells within the retina (/, 13, 14). The clinical pathology and
evidence in mouse models of XLRS suggest that RS1 mediates its
function through DS-dependent adhesive mechanism. In addi-
tion to these two functional domains, the mature protein has an
N-terminal, 39 amino-acid RSI domain of unknown func-
tion (10). X-ray crystal structures or nuclear magnetic resonance
(NMR) structures of several other proteins encoding the DS are
currently known, but not that of RSI1 (15, 16).

The biochemical nature of RS1 organization on the membrane
is not precisely known. DS domain-containing proteins are
known to bind phospholipids, carbohydrates, and other pro-
teins (11, 12, 17). For example, coagulation factors V and VIII
bind phosphatidylserine (PS), while various types of collagens
have been identified as potential ligands for the two mammalian
discoidin-domain receptor tyrosine kinases, DDR1 and DDR2.
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Proteins containing structures similar to the discoidin domain
(e.g., the C2 domain of protein kinase C) are also known to bind
anionic lipids (/6). The nature of the ligands that interact with
RS1 is not precisely known. Protein—lipid overlay assay experi-
ments point to direct binding of RSI, specifically to PS in the
presence of calcium (Ca®") (13). RS1 was also shown to associate
with the complex formed between Na™/K* ATPase and the
sterile alpha and TIR motif-containing protein, SARMI1(/8). In
the chicken retina, L-type voltage-gated calcium channel
(LVGCC) has been identified as a potential RS1 ligand (79).

Recent studies have discussed the shortcomings of coimmuno-
precipitation (co-IP) and pulldown assays used to identify protein
interactions and have argued for the application of biophysical
techniques to directly identify and validate protein interactions (20).
Here, we use atomic force microscopy (AFM) to directly visualize
and probe model anionic lipid bilayers and their possible interac-
tions with murine retinoschisin (Rsl). AFM provides real-time
monitoring of temporal changes in the lipid bilayers under
physiological conditions before and after the introduction of the
potential ligands (2/—23). It has allowed the visualization of
charged lipid domains as well as the lipid—protein interactions
such as electrostatic binding of synapsin to anionic PS-rich do-
mains (24) and synaptotagmin-induced phospholipid bilayer per-
turbation (25). Furthermore, AFM can assess the mechanical
properties of bilayers undergoing changes as a result of interactions
with the associated proteins. We examined the behavior of
supported lipid bilayers containing PS under the influence of Rsl
in the presence and absence of calcium cations. The results show
that Rsl induces a rather fast and extensive reorganization of the
PS-containing bilayer structure in the presence of Ca**. Rsl was at
least partially embedded in the bilayer, as we observe minimal
alteration of thickness of the bilayers. The changes in the bilayer
were further confirmed by the decreased fluidity of the regions of
the bilayer where Rs1 was adsorbed. The localization of Rs1 within
the lipid was ascertained by visualizing the binding of Rsl antibo-
dies to the bilayer containing the adsorbed Rs1. The interactions of
Rs1 with mixed bilayers were more complex but consistent with
those observed with PS alone.

MATERIALS AND METHODS

Construction and Expression of Recombinant Mouse
Rsl ¢cDNA Clone. Construction of recombinant mouse Rsl
cDNA clone for protein expression was performed using Bac-to-
Bac baculovirus expression kit reagents (Invitrogen, Carlsbad, CA).
The mouse Rsl ¢cDNA cloned into pFastBacHT A vector in
tandem with a six-histidine tag was a gift provided by Yong Zeng
(NIDCD/NIH). The Rs1 DNA-recombinant pFastBacHT A was
purified and used to transform DH10 Bac Escherichia coli cells by
heat shock for the site-specific transposition of the Rs1 DNA from
pFastBacHTa to bacmid DNA which is contained in DH10 Bac
E. coli cells. The transformed cells were plated onto LB agar contain-
ing kanamycin (50 ug/mL), gentamycin (7 ug/mL), tetracycline (10
ug/mL), Bluo-gal (100 ug/mL), and IPTG (40 ug/mL). The white
colonies were selected, and DNA was isolated by alkaline lysis using
the SNAP midiprep kit (Invitrogen). Rsl DNA in bacmid was
identified by PCR using M-13 forward and reverse priming sites.
The recombinant Rsl DNA was also confirmed by using Rsl
c¢DNA specific primers. The Rs1-DNA recombinant bacmid DNA
was transfected into Sf9 cells using cellfectin transfection reagent
(Invitrogen), and the cells were cultured for 72 h at 27 °C. The clari-
fied supernatant was collected as small scale low titer P1 viral stock.
This was further amplified to produce pFastBac-Rsl baculoviral
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stock with a titer of 1 x 10® pfu/mL. This high-titer viral stock was
used to infect Sf9 cells for expression of recombinant Rsl.

Typically, Sf9 cells were maintained on an orbital shaker in
250 mL polycarbonate Erlenmeyer flasks (Corning) with 50 mL
working volume at 27 °C. Sf/900 II SFM medium (Invitrogen) was
used for culture maintenance and baculovirus infection. Cells were
infected with viral stock at midlogarithmic phase of growth at
4 x 10° cells/mL. Briefly, S cells were spun down and resuspended
in fresh medium (one-fifth of final volume). An appropriate volume
of recombinant Rsl baculovirus was then added to achieve a
multiplicity of infection (MOI) of 1. After 1 h in reduced volume
with periodic agitation, fresh medium was added, and the flasks
were transferred to the orbital shaker (agitation rate, 100 rpm). Ten
micromolar leupeptin was added 24 h postinfection to reduce
proteolysis of the expressed protein in both the membrane fraction
and the supernatant. The media and the cells were harvested at 72 h
postinfection. The recombinant Rsl protein in the media was
detected by immunoblot analysis with rabbit polyclonal anti-Rsl
antibody (6). The media was further centrifuged at 10000g for 15
min and dialyzed against a buffer containing 50 mM Na,HPO, and
300 mM NaCl, pH 7.4. The media containing the soluble recom-
binant proteins were loaded onto a His Pur-cobalt resin (Thermo
Fisher Scientific, Rockford, IL) column. The resin-bound target
proteins were washed with three 5-bed volumes of wash buffer (50
mM Na,HPO,, 300 mM NaCl, 10 mM imidazole, pH 7.4) to elute
nonspecific bound contaminants. 6x-His—Rs1 protein was eluted
from the His Pur-cobalt resin with elute buffer (50 mM Na,HPO,,
250 mM NaCl, 250 mM imidazole, pH 7.4) and collected in 1.0 mL
fractions. The collected fractions were examined via SDS—PAGE,
Western blotting with Rsl antibody, and BCA protein assay
(Pierce) to identify the 6x-His—Rsl protein and determine con-
centrations. The Rsl positive fractions were polled and reloaded on
a fresh prewashed His Pur-cobalt column and eluted from the His
Pur-cobalt resin with elute buffer in I mL linear gradients. Only the
fractions that contained protein of highest purity were pooled. The
His tag was removed by TEV protease (Invitrogen) digestion
according to the manufacturer’s protocols. SDS—PAGE profile
of Rsl, LC-MS/MS analysis, and the MS/MS spectra of the
peptides corresponding to the sequence of Rsl are provided in
the Supporting Information I.

Supported Lipid Bilayer Preparation. The lipids 1-palmi-
toyl-2-oleoyl-sn-glycero-3-[phospho-L-serine] (PS), 1-palmitoyl-
2-oleoyl-sn-glycero-3-phosphocholine (PC), 1-palmitoyl-2-oleoyl-
sn-glycero-3-phosphoethanolamine (PE), and 1,2-dioleoyl-sn-
glycero-3-phosphoinositol (PI) were purchased from Avanti
Polar Lipids (Alabaster, AL), and cholesterol (Chol) was from
Sigma-Aldrich (St. Louis, MO).

For the supported lipid bilayers, PS lipid, PS-containing lipid
mixtures (with PC, PE, PI, and Chol), and other mixtures not
containing PS (PC alone and PC with PE, PI, and Chol) were
examined. The lipids in chloroform stock were mixed as appro-
priate, and the chloroform was evaporated under a stream of
nitrogen gas. The lipids were rehydrated and vortexed in 20 mM
HEPES and 150 mM NaCl, pH 7.5, buffer to give a total lipid
concentration of 1 mg/mL. Lipid suspensions in the appropriate
buffers were extruded (mini-extruder by Avanti Polar Lipids)
through 100 nm polycarbonate filters (Whatman, Piscataway,
NJ) to produce unilamellar vesicles. Typically, 10 4L of 0.4 mg/
mL (0.5 mM in case of pure PS) lipid concentration suspensions
were deposited onto freshly cleaved mica. Electrostatic forces
cause the vesicles to burst and spread on the mica. After
deposition, the solutions were incubated on mica for 15 min
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and washed with the buffer to remove unbound and unbroken
vesicles.

Atomic Force Microscopy. AFM imaging was performed
under the same buffer with commercial AFM instruments (either
Multimode or Bioscope with NS-V controllers; Veeco, Santa
Barbara, CA). With the Multimode, a flow-through fluid cell
design allowed us to inject the Rs1—protein solutions or change
the buffer conditions while imaging continuously. Real-time
temporal frame sequences were obtained in each experiment.
Nanoindentation experiments were performed to assess the
fluidity of the lipid bilayer by measuring the force required to
penetrate through the bilayer to the mica substrate. Nanometer
resolution mapping of the fluidity was obtained by indenting a
dense array of points across the supported bilayer. In all cases,
sharpened silicon nitride probes (SiNi by Budget Sensors,
Bulgaria) were used with nominal stiffness of 0.06 and 0.27
N/m. Both contact and noncontact AFM imaging were per-
formed. The typical scan rate was 1 Hz, and the image resolution
was ~0.6—6 nm/pixel, depending on the desired level of detail
and the required image acquisition speed. The AFM images were
preprocessed using the built-in instrument software and were
further processed with the NIH ImagelJ (version 1.38) software.
Custom Matlab software (Mathworks, Natick, MA) was written
to automatically detect and measure the bilayer break-through
force in the nanoindentation experiments.

RESULTS

Pure PS Lipid Bilayer: Adsorption of Rsl in the Pre-
sence of Ca®" Leads to Phase Reorganization. When the
lipid preparation buffer included 0.5 mM Ca®", pure PS vesicles
formed patches of varying shapes and sizes in lieu of a continuous
bilayer, even after long incubation times (over 1 h). Two clearly
defined domains (phases) were observed within these lipid
patches. Once equilibrated on the mica, the bilayer patches were
very stable, and the two domains remained robust and un-
changed under scanning for many hours (Figure 1A). As shown
in Figure 1A and the line section profile in Figure 1C, the two
phases had a height difference of 7 £ 1 A. In addition, we
frequently observed smaller lipid patches overlying larger ones
(white circular patches in Figure 1A and multilayered patches in
Figure 2A), and those stacked bilayers also exhibited phase
domains similar to those on the mica substrate (basal patches).
The existence of distinct phases in pure PS bilayers in the presence
of calcium cations was first observed by X-ray diffraction and
NMR studies (26, 27). However, this is the first time such phases
are directly visualized and their different properties probed at the
nanometer scale. Rapid and extensive changes were observed
when Rsl protein was introduced into the PS bilayer in the
presence of Ca®*". Initially, there was a brief period of bilayer
disruption, as evidenced by the difficulty of stable imaging right
after the introduction of the protein. Stable imaging was reestab-
lished within a few minutes, and the bilayer was observed under-
going extensive structural reorganization. Typically, the lower
fluid phase of the bilayer patches expanded and induced patches
to confluence (Figure 1B—D). Simultaneously, the second level
bilayers overlying those directly on the mica substrate (basal
bilayer) gradually dissolved, probably providing some of the
material for the expansion of the patches on the mica substrate.
The thicker, ordered phase domains exhibited less change during
this reorganization process. The two phases kept shifting and
reshaping until a new equilibrium was established. Until then, the
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lipids moved between the phases, which was primarily seen as an
expansion of the fluid phase. This movement could not have been
caused by the scanning forces as the bilayer configuration
eventually reached a final state, remaining unchanged even after
prolonged scanning. These effects are seen best in the image
animations in the Supporting Information II (movie 1). The
difference in height between the two phases did not change
appreciably. The ordered phase appeared to increase by only
about 1.5—2 A, which is within the instrument noise. These
observations suggest that the Rsl protein, which caused the
bilayer reorganization, was at least partially embedded in the
bilayer. The progression of the reorganization under the influence
of Rs1 is shown in Figures 1 and 2. In Figure 1 it is also noticed
that the small PS patches overlying those attached to the mica
substrate were quickly depleted after the injection of the protein.
In Figure 2 this action of Rsl is more striking. Figure 2A shows a
region containing multiple levels, shapes, and sizes of stacked
bilayers before the introduction of the protein. The protein
caused an orderly deconstruction of these multilayers over time
(Figure 2B—F) along with expansion of the basal bilayer and
reorganization of its phase domain structure (see also Supporting
Information II (movie 2). Additional images showing the pro-
gression of this bilayer toward equilibrium just prior to Rsl
injection are shown in the Supporting Information III (Figure
SIII-A). The findings were replicated more than ten times with
similar results and the speed of the bilayer expansion correlated
directly with Rs1 concentration.

PS Lipid Bilayer Transitions with Rsl Protein Require
Ca’™". In the absence of calcium cations, PS formed continuous,
uniform bilayers on the mica. The supported bilayer was
topographically featureless, and its presence was demonstrated
by indenting the surface with the sharp AFM probe to observe
bilayer penetration which appears as a discontinuity in the
force—distance curve during probe approach. When Rsl was
introduced to pure PS bilayers, it adsorbed randomly and weakly
as indicated by the ease with which the AFM probe could move
or remove the adsorbed Rsl particles (Supporting Information
111, Figure SIII-C).

We subsequently examined the role of calcium cations in Rsl
binding starting again with a bilayer obtained from vesicles
formed in 20 mM HEPES, 150 mM NaCl, and 0.5 mM CaCl,.
Once equilibrated on the AFM stage, these bilayers were washed
several times with the same buffer minus CaCl, to remove
calcium from the bilayer. The bilayers remained stable except for
a few of the fluid-phase domains that were desorbed (Figure 3A).
Some of the ordered phase domains were still present, which
possibly points to the strong binding of calcium to the PS lipid
heads. Following the buffer wash, the equivalent of 300 nM Rs1
was introduced. The bilayers remained unperturbed during
several scans, and no Rsl protein was seen on the surface of
either lipid domain (Figure 3B). Addition of another bolus of Rsl
solution similar to the first one (300 nM) did not result in any
obvious surface adsorption. Only small patches of additional
lipid bilayers appeared mainly as second level bilayers, and sparse
adsorption of protein on the mica substrate was seen (Figure 3B,
C), indicating that Rsl remains largely in the solution. Addition
of Ca>™, by 0.5 mM CaCl, buffer exchange, caused the patches
to gradually expand, and the top layers dissolved as before
(Figure 3D—F). Here, addition of the calcium caused the expan-
sion of the domains of ordered phase, but again, the fluid-phase
domains also expanded as seen in the upper, right quadrant of
Figure 3F (pointed at by arrows).
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FIGURE 1: Supported PS bilayer undergoes phase reorganization upon addition of Rsl. (A) Typical PS bilayer patches prepared in 20 mM
HEPES, 150 mM NaCl, and 0.5 mM CaCl, buffer. Following a brief period of equilibration, the patches and their phase configuration remained
stable over several hours; shown here is the bilayer structure after about 2 h of scanning. At the end of this period, the Rslsolution was injected into
the AFM fluid cell (four injections from initial concentration of 40 nM to the final concentration of 0.4 uM). The injection causes an imaging
disturbance seen near the top part of the image which is scanned from bottom to top. White, circular, patches are “second level” bilayer patches
overlying the bilayers attached to the mica (basal bilayers). (B—D) The same area 20 min, 2 h, and 2.5 h, respectively, after injection of Rs1. Note
that the contours of the phases in image D repeat the contours of patches in image B. Images are 3 x 3 um?. Line plots under each image show

section profiles along the lines drawn in yellow and indicated by the scissors in each corresgonding image above. The subnanometer phase domain
height differences are shown in these section profiles. The Ca>*-rich, ordered and the Ca®*-poor, fluid domains are respectively denoted by “O”
and “F” on the line plot under image A. The total thickness of the bilayers is approximately 4 nm.

Lipid Bilayers Containing PS Reorganize under the
Influence of Rsl. We explored the effect of including neutral
and other anionic moieties in the lipid bilayers by forming
mixtures of two lipids (PS:PC, 1:3), three lipids (PE:PS:PC,
5:3:2), and a lipid mixture mimicking in general a plasma/
synaptic membrane composition (41% PC, 32% PE, 12% PS,
5% PI, 10% cholesterol) (28). Unlike pure PS lipid, these mixes
tended to form continuous layers in the presence of Ca®* (Figure
4AT). Phases were also present but were quite different for each of
the mixtures. The two- and three-lipid mixes exhibited primarily
one phase along with small patches of a second lower fluid phase
as seen in Figure 4A1 for the two-lipid case. Upon Rsl injection,
the bilayer was disrupted (Figure 4A2) followed by a gradual
reestablishment of the continuous bilayer (Figure 4A3,A4). The
most visible interaction of Rs1 occurred with the five-component
mixture in the presence of Ca’". The bilayer exhibited a fractal-
like phase structure that remained very stable while scanning for

over 1 h (Figure 4B1). Additional images showing the progres-
sion of the five-component supported bilayer toward equilibrium
are shown in Supporting Information (Figure SIII-B). Immedi-
ately upon the addition of Rsl protein, the bilayer started
undergoing structural changes. Initially, we observed fast and
extensive disruption with holes appearing in a pattern similar to
the phase structure of the bare bilayer (Figure 4B2), indicating
that the protein preferentially interacted only with particular
phase(s) of the lipid. The initial phase configuration had fine
structure at scales too small to allow us to ascertain which part of
the bilayer was exactly disrupted. The observed holes were of full
thickness of the bilayer indicating selective transient desorption
of a particular phase of the lipid (Figure 4B2). Subsequently, the
holes gradually dissipated (“healing”) (Figure 4B3) until the lipid
bilayer re-formed as a continuous sheet (Figure 4B4). The
physical appearance of the final bilayer after Rsl adsorption
was different from the bare bilayer, while the fractal-like phase
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FIGURE 2: Rsl protein in the presence of Ca®* reorganizes stacks of multiple bilayers in favor of a single, expanded, 2D bilayer. (A) The top left image
shows stacked bilayer patches in equilibrium before Rsl injection. Up to five-level stacked patches are present. Rsl was injected after image A was
acquired. (B—F) The same 3 x 3 um? region was imaged continuously after Rsl injection. Notice the gradual depletion of overlying patches and the
simultaneous expansion of the basal bilayer. Also noticeable is the progressive reorganization of the phase configuration on the basal bilayer.

FIGURE 3: Roleof Ca”" in the PS bilayer expansion under the influence of Rs1. (A) Patches of PS bilayer were deposited onto mica from the buffer
solution of 20 mM HEPES, 150 mM NaCl, and 0.5 mM CacCl, and then washed with 20 mM HEPES and 150 mM NaCl; image A was acquired
after the wash. (B) Same region imaged after Rsl protein injection. (C) Small changes observed following second Rs1 injection. (D) CaCl, injected
to the final concentration of 0.5 mM and then additional Rs1 protein injected. (E, F) Same region asin (A)—(D) imaged at two different times after
CaCl, injection. Notice the characteristic stacked bilayer depletion, the simultaneous expansion of the basal bilayer (arrows marked with 1), and
the confluence of separate patches into a continuous layer (arrows marked with IT). The scan size: 6 x 2.8 um?.
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FiGuRrE 4: Effect of Rs1 on mixed bilayers containing PS in the presence of calcium. (A) Mix of PS:PC (1:3) in 20 mM HEPES, 150 mM NacCl, and
0.5 mM CaCl,. (A1) Defects are seen in the bilayer before protein injection. (A2) Protein injection causes a fast bilayer disruption. (A3, A4) The
disruption was followed by gradual reestablishment of continuity (healing). (B) Lipid mix mimicking synaptic membrane composition (41% PC,
32% PE, 12% PS, 5% PI, 10% cholesterol) in 20 mM HEPES, 150 mM NacCl, and 0.5 mM CaCl,. (B1) A complex pattern of phases is seen in the
equilibrated, multicomponent mixed bilayer before Rsl injection. (B2) Immediately after injection of Rsl the bilayers were disrupted and full
thickness holes appeared. (B3, B4) The continuity of the bilayers was gradually restored via continuing Rs1 action. (C) Line plots show the section
profiles of the bilayers along the lines drawn in (B). Notice the complex phase structure before protein injection (C1) and the changes in roughness
after Rsl injection. Primed numbers indicate time, in minutes, after Rsl injection. All images are 3 x 3 um-~.

structure before Rsl adsorption appeared as an undulation in
height about a mean value (Figure 4C1), distinct protrusions or
spikes were seen in the equilibrated structure after Rs1 adsorption
(Figure 4C4). Quantitatively, the difference was seen as an ~50%
increase in surface roughness and a significantly more skewed
height distribution after Rsl equilibration. There are probably pro-
tein molecules protruding from the bilayer, but the heights of the
protrusions (1—1.5 nm) indicate that the protein is, at least parti-
ally, embedded into the bilayer. A sequence of images following
Rsl adsorption to the five-component lipid bilayer is shown as an
animation in Supporting Information II (movie 2).

In the absence of Ca®" the above five-component lipid mix also
formed a continuous bilayer and exhibited complex phase
structure. The addition of Rsl, however, caused only minor
and temporary changes apparently because of very weak inter-
action. Images showing the progression of the lipid bilayer
toward equilibrium before and after Rsl protein introduction
are shown in Supporting Information III (Figure SIII-D).

We also performed a separate set of negative-control experi-
ments to examine the possible interactions between Rsl and
bilayers not containing PS. Rsl did not interact with pure PC
bilayers, and only at very high concentrations of Rsl did we ob-
serve random deposition of the protein onto the bilayers. This
points to nonspecific association of Rs1 with the neutrally charged
PC. PC vesicle solution deposition resulted in continuous substrate
coverage that was not disturbed by the introduction of the protein.
A mixture of PC, PE, PI, and cholesterol (all synaptic membrane
components minus PS) resulted in discontinuous bilayers with
parts of the substrate exposed. The protein preferentially ad-
sorbed to the exposed substrate rather than on top of such a bilayer

(data not shown). Note that the presence of another anionic lipid,
PI, did not favor Rsl association, in either the presence or absence
of Ca®". Collectively, these results demonstrate that Rs] specifi-
cally interacts with PS, the common element in all the lipid mixes
that exhibited bilayer reorganization with the concurrent rearran-
gement of Rsl within the lipid bilayer.

Rsl Binding and Embedding Enhances the Local Robust-
ness of the Lipid Bilayer Phase Where It Resides. We mea-
sured bilayer yield strength by AFM nanoindentation tests on the
supported bilayers. Using regular sharp probes, we measured the
punch-through forces required to penetrate the supported PS
bilayers, before and after introducing Rsl protein (Figure 5). In
the absence of Ca>" and before Rsl injection the punch-through
deflections were tightly concentrated around 2 nm with an ex-
tended tail of higher deflections reaching approximately 8 nm
(Figure 5A). Addition of Rsl protein did not affect these
properties, which is consistent with Rsl not binding to PS in
the absence of Ca®*. In the presence of calcium, two well-defined
phases were observed. The punch-through deflection showed two
distinct peaks (Figure 5B), one corresponding to the peak
observed in the absence of calcium and a second, broader peak
indicating a much less fluid bilayer with a punch-through deflec-
tion 5—6 times higher than the lower peak. Adding Rs1 protein
changed this further. The lower peak, presumably that of the
calcium-poor, fluid phase, remained unchanged, but the second
peak shifted to a much higher deflection value than that of the
ordered phase before protein addition (Figure 5C). This indicates
that adsorption of Rsl protein onto the calcium-rich, ordered
phase resulted in a significantly more robust bilayer structure.
Conversely, the absence of Rs1 protein would result in increased
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F1GURE 5: Effect of Rsl on membrane fluidity. PS bilayer indentations
were performed using the AFM cantilever, and the cantilever deflections
at which the bilayer ruptured were measured. The effect of Ca>" and of
Rsl on PS bilayer fluidity is reflected in the membrane yield strength.
(A) PS bilayer in 20 mM HEPES and 150 mM NaCl. Although
“phases” appear in PS even without Ca>*, punch-through forces differ
little in the two domains. (B) PS bilayer in 20 mM HEPES, 150 mM
NaCl, and 0.5 mM CaCls. In the presence of Ca>*, the punch-through
deflection shows two separate peaks with different yield strengths.
(C) PS bilayer in 20 mM HEPES, 150 mM NacCl, and 0.5 mM CaCl,
after injection of Rsl. Protein binding greatly enhances membrane
robustness of the ordered phase as opposed to the fluid phase that
remains unaffected. (D) A pair of force curves obtained by indenting the
PS ordered domain in the presence of calcium (red) and the same phase
after Rsl adsorption (blue). The discontinuities in the deflection curve
due to the bilayer break-through (yield) and the cantilever deflections at
which the bilayers are punctured are indicated.

membrane fluidity. In the retina, this would possibly disrupt the
integrity of cell-to-cell adhesion machinery.

Immunolabeling Localizes Rsl Embedded into the Or-
dered Domains of PS Bilayers. We observed that the addition
of Rsl protein caused lipid bilayer reorganization. However, the
Rsl protein could not be seen on the bilayer surface apparently
because it incorporates into the ordered lipid structure with exact
fit of size and conformation. While Rsl was apparently em-
bedded in the lipid bilayer and remained mostly invisible in the
regular AFM images, we did observe labile elevated patches on
top of the lipid bilayer at suitable imaging conditions
(combinations of tip geometry and appropriately adjusted inter-
action forces). However, these patches disappeared upon pro-
longed imaging. We used anti-Rsl antibody to ascertain the
presence of Rsl protein in those patches. We first injected the
protein onto the PS bilayer and allowed time for the usual
expansion of the fluid phase and the resulting confluence of the
lipid patches (Figure 6) until PS—Rsl equilibrium was estab-
lished. Imaging revealed additional 3 A thick, smooth patches
lying on top of the ordered phase of PS. We subsequently injected
Rsl antibody while continuously scanning. Shortly after the
antibody was introduced, several protrusions appeared exclu-
sively on the smooth, tallest patches hypothesized to be formed
by the protein partially embedded into the ordered PS phase.
Judging from their sizes, these protrusions are individual anti-
bodies and small antibody clusters (Figure 6B). These observa-
tions suggest that the Rsl protein initially binds to the calcium-
rich regions and then rapidly rearranges itself within the lipid
bilayer leading to the reorganization of the bilayer.
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The Interaction between the DS Domain-Containing
FVIII and PS. On the basis of the sequence alignment of RS1
with the C2 discoidin domain of coagulation factors, FV, and
FVIII, Wu and Molday (29) proposed a structural model for the
RS1 discoidin domain. The C2 discoidin domain of FVIII is known
to interact with PS, and this interaction does not require cal-
cium (30). Hence, to compare the nature of the interaction of FVIII
and Rsl with supported PS bilayers, we imaged PS bilayers before
and after FVIII introduction. FVIII indeed bound to PS bilayers
and formed patches. Although such binding does not require
calcium, we did observe FVIII patches on top of the ordered PS
phase (Figure 7). The taller (~1 nm) patches formed by FVIII
resembled those formed by Rs1. However, changes in neither the
shape of the lipid bilayer patches nor phase configuration were
observed after FVIII deposition. Prolonged imaging for several
hours showed no expansion of the lipid bilayer. In contrast to the
Rs1 patches, the FVIII patches on top of the bilayer appeared very
stable. The discoidin domain being the common element between
Rsl and FVIII structures, we infer that the Rs1 binding to PS is
mediated through the discoidin domain. In summary, these find-
ings demonstrate the direct and specific effect of Rsl on anionic
lipid bilayers containing PS in the presence of Ca*".

DISCUSSION

Using AFM, we imaged Rsl in association with the lipid
bilayers. The binding of Rsl to the bilayers required an anionic
phospholipid, phosphatidylserine, and Ca**. The results of this
study are consistent with biochemical observations, which demon-
strated that (a) Ca®" increases the affinity of Rsl binding to the
retinal cell membranes and (b) Rs1 exhibits selective affinity for
binding to anionic phospholipid, phosphatidylserine (/3). Together
with the biochemical findings, the AFM imaging provides strong
evidence of direct interaction between Rsl and the PS.

The AFM study provides biophysical evidence that Rsl causes
major reorganization of PS-containing supported bilayers in the
presence of calcium cations. This reorganization can be dissected
into different steps and possible mechanisms discussed. First, it is
interesting that calcium cations induce phase separation in a
single component bilayer. Calcium induced two distinct phases
on PS by selectively interacting with certain regions and not with
the others. The mechanism that underlies this is unknown. The
two domains equilibrate into robust structures that remained
unchanged even after prolonged imaging. The fraction of the
ordered, calcium-rich, phase correlates with the relative concen-
trations of PS and Ca*". It is known that calcium binds to PS by
bridging the carboxyl and phosphate moieties on the lipid head,
altering its configuration and leaving a net positive charge on the
amino group (37). As a result, PS bilayers consist of negatively
and positively charged patches. Rsl at pH 7.0 carries a net
negative charge of approximately —3 (p/ = 5.6) as calculated
from its primary structure (http://expasy.org/tools/pi_tool.html).
This would drive the electrostatic binding of the negatively
charged protein to the positively charged ordered phase of the
PS patches. Such binding would bring the putative hydrophobic
patches on the protein surface in close proximity to the hydro-
phobic core of the bilayer. The subsequent embedding of the
protein into the bilayer core leads to lipid bilayer reorganization.
This reorganization appears to displace and reposition lipid
material, with the protein probably displacing the bound calcium
from the PS causing a change in the configuration of the PS
headgroup and its transition into the fluid phase. This would
account for the observed expansion of the lower fluid phase that



7030  Biochemistry, Vol. 49, No. 33, 2010 Kotova et al.

ey
00 300
Distance [nm]

FIGURE 6: Immunolocalization of Rs1 on the PS bilayer. (A) Rs1 was injected over a PS bilayer formed in 20 mM HEPES, 150 mM NaCl, and 0.5
mM CaCl,. After Rs1—PS equilibration, Rsl antibody was introduced. The image shows the bilayer about 30 min after antibody injection. The
cross-section shows multiple height steps: “F”, fluid phase (Ca>"-poor); “O”, ordered phase (Ca*"-rich); “R”, Rsl protein; “Ab”, Rs1 antibody.
Note the antibody (single molecules and clusters) is present only on the elevated patches and nowhere else on the bilayer surface. These elevated
patches are, therefore, assigned to Rs1. Imageis 5 x 5 um?. (B) “Deflection” image of a 1.1 x 1.1 um? region clearly showing the antibody binding
only to the most elevated patches assigned to Rs1. All of the different components are indicated as noted in (A). (C) Magnified 1.1 x 1.1 gm?region
from image A showing the different regions. (D) Section profile along the line drawn in (C). Note that the Rs1 patch (“R”)is only 0.3—0.4 nm taller
than the ordered PS phase (“O”) and that, in turn, is taller than the fluid phase (“F”) by about 0.7 nm.
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FiGure 7: Association of FVIII with PSin the presence of calcium cations. FVIII formed smooth patches on top of the ordered PS phase. No lipid
phase reorganization or any other changes were observed on the bilayer. (A) A 1 x 1 gm? patch of PS bilayer formed in 20 mM HEPES, 150 mM
NaCl, and 0.5 mM CaCl, after injection of FVIII and equilibration. (B) Line section profile along the black line in (A). “F”, fluid phase (Ca>*-
poor); “O”, ordered phase (Ca>*-rich); “Cf”, FVIII protein. Recombinant FVIII (Kogenate(r) FS antihemophilic factor) was obtained from
Bayer Health Care, Tarrytown, NY.

was consistently seen upon introduction of Rsl to pure PS of the hypothetical steps of the PS—Rsl interaction in the
bilayers in the presence of calcium. A schematic representation presence of Ca>" is depicted in Figure 8.
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FIGURE 8: Schematic illustration of the hypothesized interaction of Rsl with PS in the presence of Ca*>". (A) Ca>"-controlled PS phases before Rsl
introduction. The PS bilayer exists in two phases, a fluid phase devoid of calcium (“F”) and a calcium-rich ordered phase (“O”). (B) Rsl adsorbs
randomly onto the ordered lipid phase. Electrostatic interactions lead the protein to preferentially adsorb to the ordered lipid domain. Adsorption is
followed by protein insertion toward the hydrophobic lipid core causing lipid disruption and apparent expansion of the fluid phase. (C) At this point the
protein assembles into labile patches. (D) These patches tend to diffuse toward a more homogeneous distribution over time. Anchoring of the protein to
the lipid enhances the membrane robustness significantly. This is consistent with the role of Rsl as an adhesion molecule that helps to maintain the
architectural integrity of the retina. “F”, fluid phase (Ca®*-poor); “O”, ordered phase (Ca>*-rich); “R”, Rsl protein.

The previously described structure of the PS bilayer in the
presence of Ca”" (27) also partially explains the enhanced
mechanical robustness measured with the nanoindentation tests.
In addition to the tighter packing of the carbon chains in the
ordered phase, the latter phase will attach electrostatically to the
negatively charged mica more strongly than in the fluid phase.
When Rsl is introduced to the Ca>"-modified PS bilayer, the
protein—lipid and protein—protein interactions, such as oligo-
merization before or after binding, would further act to reinforce
and enhance the bilayer robustness as seen in the punch-through
force histograms (Figure 5).

The nature of Rsl interactions with ligands other than PS
remains unclear. Membrane proteins often preferentially reside
and function optimally within lipid domains enriched in certain
types of lipids. The function of Na™/K* ATPase, for example,
has been shown to be regulated by acidic lipids, meaning that the
ATPase resides in lipid domains rich in anionic lipids. It is likely
that a lipid binding protein, such as Rsl, might be acting as a
stabilizer of membrane microdomains into which membrane
proteins, such as Na*/K* ATPase, SARM, and LVGCC,
assemble (30, 32). The associations of Rs1 with these complexes
combined with the findings in this study are consistent with a
hypothesis that Rsl has dual functionality, as a cell-adhesion
molecule and also as a regulatory accessory of several membrane
protein assemblies. The crystal structure of RS1 is not known,
but a homology model of the RS1 discoidin domain, based on the
3-D structure of the C2 domain of coagulation factor V, suggests
that RS1 has a lipid-binding potential (33). The model reveals
a probable hydrophobic patch exposed on the surface of the
protein, which is rich in aromatic amino acid residues, including
Tyr-89, Trp-92, and Phe-108. The patch would naturally be
directed to the hydrophobic core of a bilayer. The mechanism
by which calcium would regulate this binding remains to be
investigated.
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