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The trans-membrane protein — proteorhodopsin (pR) has been
incorporated into supported lipid bilayers (SLB). In-plane electric fields
have been used to manipulate the orientation and concentration of
these proteins, within the SLB, through electrophoresis leading to a
25-fold increase concentration of pR.

The cell membrane defines the boundary between the cell interior
and the extracellular environment and acts as an impermeable
barrier to the transfer of ions and small molecules and thus allows
the generation of electrical and chemical gradients. Further, it
acts as host to a wide variety of membrane proteins that regulate
a range of cellular processes and represent the targets of more
than 60% of modern pharmaceuticals." Membrane proteins are
difficult to study because of their inherent instability outside of
their membranous environment and this has led to a variety of
approaches being investigated, including the use of lipid discs;
droplet interface bilayers; and solid supported, or tethered, lipid
bilayer (SLBs).”>® The latter have potential for the study of
membrane protein function, peptide-membrane interactions
and for understanding the role of phase separation and domains
in lipid membranes.”® Typically, SLBs are formed via vesicle
adsorption, rupture and fusion at the surface.** This process is
effective for lipid-only vesicles and vesicles with low protein
content. Numerous studies have demonstrated the incorporation
of functional membrane proteins into such bilayers and those
involved in the photosynthetic process have recently been
reviewed."> However, at higher protein concentrations vesicles
tend to remain intact thereby limiting the amount of protein that
can be incorporated within the SLB.">'* It is therefore of interest to
develop methods to increase membrane protein concentration,
and orientation, post bilayer formation.>">> Approaches followed
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to date include the use of hydrodynamic drag, which relies on the
frictional interaction between a fluid flowing across the membrane
and protruding membrane components."”?* Jénsson et al, have
used this to demonstrate the accumulation and separation of
membrane associated proteins, streptavidin and cholera toxin,
coupled to receptors in lipid membrane." Alternatively, electric
fields can be used to induce electrophoretic and electro-osmotic
manipulation of charged species.'®'***” Pace et al recently
demonstrated the successful separation of four membrane-
associated species according to their different size/charge ratio."
Further, we have shown the possibility of moving and concen-
trating an integral membrane protein, Cyma, which has a single
membrane spanning o-helix.'” However, until now, there have
been no reports on the electric-field based manipulation of
larger integral membrane proteins within SLBs.

The light-activated proton pump, proteorhodopsin (pR), has
seven membrane spanning domains and charged hydrophilic
loops extending beyond the membrane with a molecular weight
of ~29 kDa. It can be expressed in E. coli and has broad
potential application from photovoltaic to data storage.*®°
Here we show that pRs reconstituted into lipid bilayers are
mobile and can be concentrated via the application of in-plane
electric field (Fig. 1).

SLBs were formed from ~ 50 nm diameter vesicles of DOPC,
containing 1 wt% Alexa488 labelled pR.*' Bilayer formation was
evaluated using fluorescence microscopy and AFM. Fluores-
cence recovery after photo-bleaching (FRAP) data for Alexa488
labelled protein (pR-Alexa488) shows that the pR is mobile with
a diffusion coefficient (D) of 0.39 & 0.03 pm® s~ " and the mobile
fraction 87 £+ 5% (Fig. S1, ESIt). This value for D is lower than
the 1 to 4 um® s~ typically observed for lipids in SLBs formed
on glass but similar to observations for other membrane
proteins in SLBs.**** For example haemolysin (M,, = 33 kDa)
has been observed diffuse 3-fold slower than lipids in the SLBs
on glass.* Since the pR has an extra-membranous region that
extends beyond the surface of bilayer by nearly 1 nm interaction
with the underlying glass substrate could also contribute to
reduced diffusivity and mobile fraction values.** ¢
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Fig. 1 Schematic showing the concentration of pR in a SLB using an in-plane
electric field. (a) Before, and (b) following the application of an E-field.

The force-distance curve obtained by AFM of pR-containing
lipid bilayers on glass (Fig. 2a) show typical a “punch-through”
profile found for SLBs and indicates a bilayer thickness of
~5.6 & 0.2 nm (n = 7).*” A particle density of ~12 + 9 per um”
(n = 19), was observed when imaging SLBs on glass (Fig. 2b).
Since the AFM scan speeds were only up to 10 um s~ " this does
not allow the observation of the mobile fraction of proteins and
these particles are likely to be immobile pRs oligomers, as
shown in Fig. S4c (ESIf). Control experiments on pure DOPC
lipid bilayers on glass didn’t show any particles, Fig. S3 (ESIT).
However, they did show the presence of some nanosized holes
(25 + 3 nm in diameter, 7 = 20) in both the case of pR-containing,
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Fig. 2 pR-Containing SLB formation. (a) The force-separation curve showing
"punch-through” to determine bilayer thickness; inset: schematic of the AFM
on a SLB. (b) AFM height image of pRs in SLB on glass (1 um scan). (c) AFM
height image of pRs in SLB on mica (1 pm scan). (d) The height profile along
the dotted line in (c). (e) The histogram of the pR height, on mica, with fits to
two peaks located at 0.8 and 1.3 nm respectively.
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and pure, lipid bilayers on glass (Fig. 2b and Fig. S2, S3, ESI}).
These holes are not found in bilayers formed on mica (Fig. S4 and
S5, ESIT). AFM imaging of the glass coverslips (no. 1 Menzel Co.,
Germany) indicated that these were in fact due to the defects in
glass substrate (Fig. S3, ESIT). AFM imaging of pRs in the SLB on
mica showed a greater proportion of immobile particles than that
on glass (Fig. 2¢ and Fig. S4, ESI{), presumably due to increased
interaction with the mica. The pRs protrude from the bilayer by
around 1 nm (Fig. 2d). From fitting the height data we observe two
populations of pRs that protrude on average by ~0.8 and 1.3 nm
(Fig. 2€). These values are close to the 0.9 nm reported by Klyszejko
et al. for pR crystals.*® The different the heights likely reflect the two
possible orientations of the pRs in SLBs and is supported by the
similar percentages of the two populations (49% and 51%, respec-
tively), which is expected from a nearly random formation of SLBs
via vesicle rupture. Single particle tracking (SPT) of these proteins
in SLBs on mica suggested pRs are immobile (Fig. S6, ESI}),
therefore, the density of pRs on mica should roughly represent
the density of pRs in the proteoliposome, as well as in the bilayer
on glass. Particle analysis suggests the density of pR in the lipid
bilayer is 50 + 10 um™~? (7 = 10). From the initial concentration we
would expect to observe ~350 pR molecules per um” suggesting
that the particles observed consist of oligomers of protein
(predominantly hexamers). This is consistent with the earlier
report of oligomer states of pR in the membrane of E. coli.*’

To demonstrate the possibility of controlling the concentration
of transmembrane proteins, bilayers containing 1 wt% pR-Alexa488
were formed by vesicle fusion of 50 nm proteoliposomes onto
non-fibronectin covered regions of the surface.'"” The fluores-
cence images of the patterned lipid bilayer for pR-Alexa488
are shown in Fig. 3. During the application of an electric field,
66 V cm ', the pR-Alexa488 within the SLB moved toward the
positive electrode and built-up as a function of time, as shown in
Fig. 3a and b. These show that most of pR-Alexa488 molecules
are concentrated in the trap regions. By increasing the length, L,
of the bilayer structures we are able to systematically control
the concentration of pR. The average fluorescence intensity for
pR-Alexa488 in the trap head region (defined by white dotted
line) for the longest device showed a ~7-fold increase in
intensity after application of the E-field. This value is lower than
the maximum possible value of ‘x18’ estimated from the area
ratio between the whole trap and the head region for corral 6 and
is possibly due to lower pR mobility in increasingly crowded
local environments, as indicated by the accumulation curves
shown in Fig. 3c.

The build-up of pR was followed by AFM of the bilayer after
electrophoresis, Fig. 4a. The density of pR in the head of the
longest trap (labeled by an asterisk in the corral 6 in Fig. 3b)
was ~1264 + 76 um > after electrophoresis (Fig. 4a) compared
to a density of ~50 um™2 prior to the application of the field
(Fig. 2¢) indicating a 25 fold build-up of pR concentration. We note
that comparison between AFM and fluorescence is not straight
forward as the AFM measures a local concentration within the trap
and we expect an exponential profile in the protein distribution
against the end of the barrier. Notwithstanding this, the AFM
indicates that a significantly increased concentration of pRs
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Fig. 3 Electrophoresis of pR-Alexa488 in the DOPC lipid bilayer (brighter
color regions) in “trap” structures of different lengths (labeled 1-6) formed
by microcontact-printing fibronectin (darker color region) on a glass
substrate. False-color fluorescence images of pR-Alexa488 using a FITC
filter: (a) before application of E-field; (b) after E-field applied forl80 min;
(c) accumulation curves of pR-Alexa488 in the trap heads (regions defined
by dashed lines in (a)) as a function of time. The star in (b) indicates where
the AFM images were taken following the application of E-field.

0.5

1.0 1.5 2.0
Height (nm)

Fig. 4 AFM image of pR-Alexa488 in the DOPC lipid bilayer, at the trap
head-region in the longest trap (trap 6, Fig. 3), after the application of an
E-field of 180 min. (a) Topology; (b) formation of regular oligomer clusters —
hexagonal (n > 105), triangular (n > 80) structures; insets: schematics show
the clustering state of pR oligomer (to the scale);*® (c) histogram of center
height of particles in the AFM image. (Scale bar is 20 nm in (b)).
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can be achieved. It should be noted that with AFM we will likely
only be “seeing” the immobile or low mobility proteins. This
suggests that the mobility of pRs in the trap head-region is
greatly reduced after concentration, which may be due to
crowding or to oligomer/cluster formation of pRs.”® Many of
the dots in AFM image appear triangular (n > 80) or hexagonal
(n > 105), Fig. 4b, and might indicate the occurrence of
clusters of pR oligomers. This emergence of clustering, at high
protein concentration, may be indicative that the proteins
retain their structural form and are not adversely perturbed
during the in-plane electrophoresis. The electric field experienced
by the pRs during our experiments (~66 V cm ') is several orders
of magnitude below those typically experienced in their native
environment (~10° V em ™). The height data of particles suggests
two populations of pRs that protrude on average by ~0.9 and
1.4 nm (Fig. 4c). These would be consistent with two orientations
of pR as mentioned above. Following the electrophoretic concen-
tration in the trap region we find that the ratio between these
populations changes from (1:1) (before E-field) to the (1:9)
(after E-field), with the proteins presenting higher protrusions
being the dominant population (89%). This suggests that pRs
with different orientations have different mobility and that the
PRs with higher protrusions move more readily in SLBs. There-
fore, our approach could also be potentially very useful for the
separation of the membrane proteins with different orientations.
This is important as, so far, little has been achieved in the
controlling the orientations of membrane proteins during or
after reconstitution process.*'"*?

In conclusion, this work demonstrates that integral membrane
proteins, such as proteorhodopsin (M,, ~ 29 kDa) with multiple
trans-membrane spanning domains can not only be incorporated
into SLBs but that they are able to diffuse freely. Further, under
the application of an electric field these proteins move via
electrophoresis and by patterning the SLBs into rectangular
corrals of different lengths we have been able to demonstrate
the controlled increase in protein concentration, following the
application of the electric field. The protein concentrations were
increased by over seven times, as determined by fluorescence
and AFM. The approach is scalable and should permit signifi-
cantly higher concentrations to be achieved by increasing the
size of the trap region thereby opening the possibility of 2D
crystallisation of membrane proteins within such bilayers. It also
suggests that electrophoretic separation of integral membrane
proteins, whilst still in their membranous environment should
be feasible, at least for some membrane proteins. Furthermore,
the change in the populations of the two different heights of pRs
suggests our method could be used to separate membrane
proteins according their orientation post SLB formation.
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1012060/1), the Wellcome Trust ISSF, and NIHR-HTC for Colorectal
Therapies for financial support. We also acknowledge Dr George
Heath and Dr Johannes R. Roth for helpful discussions.
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