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ABSTRACT

We form artificial lipid bilayers suitable for single-molecule fluorescence microscopy by contacting an aqueous droplet with a hydrogel support
immersed in a solution of lipid in oil. Our results show that droplet on hydrogel bilayers (DHBs) have high lipid mobilities, similar to those
observed in unsupported lipid bilayers. DHBs are also stable over a period of several weeks. We examine membrane protein diffusion in these
hilayers and report a decreased lateral mobility of the heptameric p-barrel pore-forming toxin  a-hemolysin versus that of its monomeric
precursor. These results corroborate previous models of the o-hemolysin insertion mechanism where the monomer binds to the lipid bilayer
without insertion.

Single-particle tracking (SPT) is a powerful technique for of the bilayert* Despite these drawbacks, supported lipid
measuring dynamics and heterogeneity in biological sys- bilayers offer the principle advantage of being straightforward
tems?! In particular, the ability to observe single fluores- to image.

cently-labeled molecules diffusing in and upon lipid bilayers  unsupported artificial bilayers have been used for single-
has greatly improved our understanding of membrane molecule fluorescence experiments; however, it is not easy
biology >~* Although the majority of SPT experiments have  accommodating single-molecule fluorescence imaging, using
been performed in vivo, it is also possible to study biomol- eijther total internal reflection fluorescence (TIRF) micros-
ecules in artificial bilayers, where the Complicating effects Copy10,150r epiﬂuorescence microscoW}eTechniques used

of the natural membrane environment are removed. To date,tg create such bilayers are sometimes difficult to work with
experiments on artificial bilayers have yielded information and experiments are often limited by short bilayer lifetimes.
about lipid dynamics on different supporting substrates  New methods for generating artificial membranes have
and the rates of lateral diffusion of proteir¥si® Artificial recently been reported where a lipid bilayer is formed by
lipid bilayers can be either supported or unsupported and contacting two aqueous phases immersed under a solution
are formed using a number of different techniques. For of lipid in oil.17-1° We have shown that artificial bilayers
fluorescence experiments, artificial bilayers are usually formed between an aqueous droplet and a hydrogel immersed
formed directly on a glass support (either by vesicle depo- jn 5 solution of lipid in oil are amenable to electrical
sition or the LangmuirBlodgett technique™) or on inter-  yecording of membrane chann@Shese droplet on hydrogel

mediate substrates such as gels or polyf&S: Experi-  pjjayers (DHBs) show high 100 GR) electrical seals,
ments studying artificial bilayer fluidity have shown that g jtaple for single-channel recording.

lateral mobilities of lipids in substrate-supported lipid bilayers
(SLBs) are in general considerably lower than those observed]c
for unsupported bilayersThe interaction between the solid
support and bilayer may hinder the lateral mobility of lipids
and hence could potentially affect protein function. Substrate-
supported bilayers are also often limited by inhomogeneity

Here, we show DHBs can be used for single-molecule
luorescence microscopy and apply the technique to char-
acterize the lipid bilayer and to probe the insertion mecha-
nism of thes-barrel pore-forming toxim-hemolysin. DHBs
also exhibit enhanced stability compared to other artificial
bilayer methods, with bilayers being stable over several

weeks. DHBs are created on thin hydrogel supports by
* Corresponding author. Email: mark.wallace@chem.ox.ac.uk.

T Physical and Theoretical Chemistry Laboratory, University of Oxford. depositing a layer O_f molten agarose, which after drying ce_\n
* Department of Physics, University of Oxford. be rehydrated, leaving an ultrathin planar gel support. A thin
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uiil 2 Figure 2. Mean MSD versus time lag for all experimental data

for each diffusing species studied. SLB lipid (solid circles) with
corresponding weighted linear fit (dotted line) shows the slowest
lateral diffusion coefficient@,; = 1.5+ 0.5um? s1). DHB lipid
Figure 1. A schematic diagram of TIRF microscopy on DHBs. A (open circles) with corresponding weighted linear fit (large-dashed
supporting substrate comprised of a thin layer of agares20Q line) shows the fastest lateral diffusion coefficieb,( = 26.8 +

nm in thickness) is formed on a glass coverslip. This thin substrate 7.1 um? s71). aHL, (solid squares) with corresponding weighted
film is rehydrated by filling a poly(methyl methacrylate) micro- linear fit (solid line) shows the fastest lateral diffusion coefficient
channel device with aqueous agarose. The device wells are filled of the two proteins Pi,r = 23.4 £ 6.4 um? s71). Finally, aHL;

with a solution of lipid in oil. An aqueous droplet (approximately  (open squares) with corresponding weighted linear fit (small-dashed
50 nL in volume) is placed on top of the hydrogel underneath the line) shows the slowest lateral diffusion coefficient of the two
oil. A lipid bilayer (approximately 20tm in diameter) forms at proteins Di = 16.84 4.2 um? s71). Error bars show the standard
the interface between the two aqueous phases. The evanescent fieldrror of the mean for the averaged data.

propagates into the DHB illuminating the lipid bilayer and

fluorophore-tagged biomolecules in the droplet. Table 1. Fitting Results for Probability Distributions in

supporting gel layer is critical for TIRF illumination through  Supporting Information, Figure 3

to the Iipid. bilqyer. A diagram of our experimental app_roach diffusing number of

is shown in Figure 1. Using TIRF microscopy and single- species  trajectories o r2/um?  re?/ um?
partlclel tr?%k'?gd vagdmea;u[)e the lateral .d'lflfu%'cm .Of Iﬂlglc—)[B A SLB lipid 1050  0.9440.02 0.11+0.02 1.78 + 0.65
rescently-labeled lipids and observe essentially identica B DHBlipid 844  0.08+0.04 0.65+ 111 7.25+0.19

lipid mobility as is observed in unsupported bilayers. We ¢ qp1,, 894 017 +0.07 1.64+1.05 7.15 = 0.30
examine the diffusion of th@-barrel pore-forming toxin, D oHL; 909 0.78 £ 0.16 3.21 £ 0.46 8.44 + 2.53
o-hemolysin, at two different stages of its assembly pathway.

o-Hemolysin is secreted by the human commei@aphy- in Figure 3. These data were found to fit to a gamma

lococcus aureuas a water soluble monom@iUpon binding distribution, as expected for two-dimensional Brownian
to target membranes it assembles to form a transmembranaliffusion 242> The mean values of which mirror the trend

B-barrel pore?? This spontaneous assembly makesemo- observed in the MSD versust, calculations.
lysin a useful system with which to study protein oligomer- Dy values are affected by the length scale and the temporal
ization andgB-barrel insertior3 resolution of the experimen€é Techniques used to measure

Droplet on Hydrogel Bilayer Charaterization. We have diffusion at smaller length scales than SPT yield considerably
characterized DHBs by calculating the lateral diffusion coef- fasterDiy values?® whereas experiments with longer length
ficients of lipids from averaged mean-square displacementscales yield slowebD,,; values’?® We see a similar trend
(MSD) versusAt plots. The average MSD versid for all whereupon a reduction in our lateral resolution we observe
tracks are shown in Figure 2 and these data were fitted with that the calculate®,,; values increase (data not shown). We
a linear function weighted by the standard deviation calcu- report a highebD), value for DHB lipids from an experiment
lated for each time lag. Data were fitted over all track lengths with a smaller length scale and with an increased time
(maximum 287.5 ms). Figure 2 shows the first 30 ms to resolution than prior SPT experiments on lipid diffusfon.
highlight the difference between species. DHB lipids show We also analyzed the track populations for multiple
considerably greater mobility than supported lipid bilayers mobility components. The probability of diffusion was
with an approximately 20-fold higher lateral diffusion calculated according to Schmidt and co-worRémsith the
coefficient. TheD\y value for DHBS Dot = 26.8+ 7.1um? fitting parameters given in Table 1. We see two mobility
s 1) is comparable to previous unsupported 1-palmitoyl components in all species observed. Ninety-four percent of
2-oleoyl phosphatidylcholine lipid bilayer SPT measurements SLB lipid displacements belonged to the slower mobility
(Diat = 20.6 + 0.9 um? s7%).7 The difference between our componentd;) in contrast with lipids in DHBs where only
SLB and DHB values is very similar to the ratioD§; values an 8% fraction belong to this slow component. This analysis
derived from comparison of other suppofteahd unsup- suggests that DHBs contain only a very small fraction of
ported lipid bilayer SPT measurements. slowly diffusing lipids in contrast to the much larger

Individual MSD versusAt, were also calculated for all  proportion of slower diffusing lipids in SLBs. This is likely
tracks with their resultanD,y values shown as histograms due to a reduction in surface interaction effects in the
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Figure 3. Histograms of individual track lateral diffusion coefficients with fitted probability density functions of the gamma distribution.
(A) SLB lipid < Dy > = 2.6um? 572, 2 = 2.1. (B) DHB lipid < Djg > = 90.0um? 52, 2 = 1.1. (C)aHL; < Djy > = 75.0um? 572,

%2 =0.8. (D)aHL; < Diy > = 42.7um2 s7%, y> = 2.3.

presence of a supporting hydrodeAlthough not entirely

monoexponential, which would indicate absolute homogene-

ity,®” this slow-moving fraction in DHBs is clearly far
smaller than in conventional SLBs.

We also attempt to quantify the stability of DHBs. In a
simple experiment with 20 DHBs, each forming within 1

min of contacting a planar 1% agarose gel made with ultra-

pure water, all were still intact 2 weeks later. The only
obvious difference was a shrinking of volume by approx-
imately 25%. This is likely due to droplet dehydration where
water partitions into the surrounding oil. MontéWiueller
bilayers are often fragile and difficult to crea&fewhereas
in our experiments we are able to rapidly form bilayers that

Experiments in model systems show that diffusional rates
of a protein weakly depend on the reciprocal of the radius
of the embedded portion of the protéfhAs a result, we
expect the major cause of the slowing of diffusion to be the
insertion of thes-barrel across the membrane. In the case
of a-hemolysin, theg-barrel is approximately 5 nm in
diameter? which interacts with the lipid bilayer to a much
greater extent than the monomeric precursor, for which it
has been postulated that it only transiently adsorbs to the
surface?® This model is consistent with the dramatic change
in a-hemolysin diffusion that we observe. Following the
approach of Sackmann and co-workengith the assump-
tions laid out by Tamnil it is possible to assess the degree

are extremely stable, enabling experiments over much longerof penetration through the lipid bilayer membrane frbm

time courses.

o-Hemolysin Analysis.Both the MSD versudt, analysis
and histogram oDy values show that the lateral diffusion
of fully inserted maturexHL - is lower than that shown for
aHL;. Eighty-three percent of thedHL; displacements
belong to the fast mobility components) with a Dy value
almost identical to the DHB lipidDy. This supports the
hypothesis thattHL; only interacts with the upper leaflet
of the bilayer?8 aHL; shows a much larger proportion (78%)
of displacements belonging to the slower componeny. (
We do not observe a similar slow componentiHL 7, as
seen inHL ;; instead, the two components have much higher

values. With the gross approximation that g value for
DHB lipids corresponds to zero insertion and thg value
for aHL; corresponds to complete insertion, we estimate that
oHL; penetrates less than 5% of the depth of the bilayer.
Without further supporting evidence, it is not possible to
more accurately gauge the degree of bilayer penetration, as
the radius of the membrane-interacting portion of the
monomer is unknown. Our results suggest that a water-facing
surface ofaHL, interacts by binding to the lipid bilayer
surface without significant protrusion of any protein domains
into the bilayer.

We show that it is possible to make single-molecule

mobilities. We attribute the fastest component to free dye fluorescence measurements on lipids and proteins diffusing
or noninserted heptamers diffusing in solution above the in DHBs using TIRF microscopy. We characterize the
bilayer, as a result of the purification procedure required for fluidity of SLBs and DHBs using a tracking procedure based
oHL7. We attribute the slower componernt;} in aHL; to around the astronomical algorithm CLEAN (see Supporting
the inserted heptamer and can hence compare its behaviomformation). Lateral diffusion calculations indicate that DHB
with that seen for the fast componeiot) in aHL;. lipid mobilities are similar to those reported for unsupported
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bilayers with negligible surface interactions, which are (8) Ichikawa, T.; Aoki, T.; Takeuchi, Y.; Yanagida, T.; Ide, Tangmuir
thought to typically hinder SLB lipid mobility. The enhanced 2006 22, 6302-6307.

b% ﬁp yd ibili f ISHB Y h h (9) Wagner, M. L.; Tamm, L. KBiophys. J.2001, 81, 226-275.
stability and reproducibility o S means that they aré (1) |de, T.; Takeuchi, Y.; Aoki, T.; Yanagida, Tpn J. Physiol2002
well suited to diffusion measurements on membrane bound 52, 429-434.
or embedded molecules in vitro. Given that DHBs are (11) Cremer, P. S.; Boxer, S. @. Phys. Chem. B999 103 2554~

; ) ; . 2559.
amenable to_smgle Chann6| eIECtrlcal. recordimg;?‘,' envis (12) Goennenwein, S.; Tanaka, M.; Hu, B.; Moroder, L.; Sackmann, E.
age that this techm_que may prowde_a straightforward Biophys. J2003 85, 646-655.
platform for reproducible simultaneous single-channel elec- (13) Tanaka, M.; Sackmann, Eature 2005 437, 656—663.
trical recording and single-molecule fluorescence experi- (14) Kihner, M.; TampeR.; Sackmann, EBiophys. J.1994 67, 217~

ments. Previous experiments by different groups have begun (15) Ide, T.. Yanagida, TBiochem. Biophys. Res. Comma99 265

to show that this simultaneous approach to biological mea- 595-599.
surements can yield insights into aspects of protein confor- (16) Borisenko, V.; Lougheed, T.; Hesse, J.réder-Kitzniller, E.; Fertig,
mational dynamics while monitoring their activit§16:32-3% géf 2;321%”20'25, J. C.; Woolley, G. A.; SttauG. J.Biophys. J2003
This woulq be of'partlcular interest in the study of bagterlal 17 Malmstadt, N.: Nash, M. A.: Pumell. R. F.: Schmidt, Nano Lett.
pore-forming toxin assembly such as thatoshemolysin. 2006 6, 19611965,
(18) Funakoshi, K.; Suzuki, H.; Takeuchi,Anal. Chem2006 78, 8169
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