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Protein–Protein Interactions
Diffusion and Interaction Dynamics of Individual 
Membrane Protein Complexes Confi ned in 
Micropatterned Polymer-Supported Membranes

  Sharon   Waichman  ,     Friedrich   Roder  ,     Christian P.   Richter  ,     Oliver   Birkholz  , 
    and   Jacob   Piehler   *   
 Micropatterned polymer-supported membranes (PSM) are established as a tool for 
confi ning the diffusion of transmembrane proteins for single molecule studies. To 
this end, a photochemical surface modifi cation with hydrophobic tethers on a PEG 
polymer brush is implemented for capturing of lipid vesicles and subsequent fusion. 
Formation of contiguous membranes within micropatterns is confi rmed by scanning 
force microscopy, fl uorescence recovery after photobleaching (FRAP), and super-
resolved single-molecule tracking and localization microscopy. Free diffusion of 
transmembrane proteins reconstituted into micropatterned PSM is demonstrated by 
FRAP and by single-molecule tracking. By exploiting the confi nement of diffusion 
within micropatterned PSM, the diffusion and interaction dynamics of individual 
transmembrane receptors are quantitatively resolved. 
  1. Introduction 

 The mechanistic complexity of transport and communica-

tion across biological membranes still poses a fundamental 

challenge for a quantitative, mechanistic understanding 

of these processes. Often, the subtle interplay of diffu-

sion, interactions and conformational changes involved in 

membrane protein function critically depends on the lipid 

environment. [  1  ]  A more detailed understanding of trans-

membrane protein functions in the context of biological 

membranes therefore requires  in vitro  reconstitution into 

membranes with a defi ned lipid composition. Giant uni-

lamellar vesicles (GUV) in combination with fl uorescence 

correlation spectroscopy have been successfully applied for 

probing diffusion and interaction of membranes proteins. [  2  ]  

Transmembrane protein reconstitution into GUV, however, 
wileyonlinelibrary.com © 2013 Wiley-VCH 

 DOI: 10.1002/smll.201201530 

  S. Waichman, F. Roder, C. P. Richter, O. Birkholz, 
Prof. Jacob Piehler
Department of Biology
University of Osnabrück
Barbarastr. 11 Osnabrück, 49076, Germany
 E-mail:  piehler@uos.de    
remains challenging. Moreover, individual protein com-

plexes cannot be followed over extended time periods and 

only very rapid interaction dynamics ( > 10 s  − 1 ) can be fol-

lowed. Solid-supported membranes provide elegant means 

for investigating membrane protein functions in a controlled 

lipid environment as they are compatible a broad spectrum 

of spectroscopic and microscopic techniques. [  3  ]  In particular 

single molecule fl uorescence imaging of lipids and proteins 

in solid supported membranes has promising prospects for 

simultaneously monitoring diffusion, interactions and con-

formational changes. [  3c  ,  4  ]  Functional reconstitution of trans-

membrane proteins, however, requires more complex surface 

architectures in order to maintain the structural integrity of 

reconstituted proteins and their uncompromised mobility 

in the membrane. [  5  ]  Polymer-supported membranes (PSMs) 

tethered by hydrophobic anchors have already proven suit-

able for functional studies of reconstituted transmembrane 

proteins by fl uorescence imaging techniques [  6  ]  down to the 

level of individual protein complexes. [  7  ]  However, owing to 

the high mobility of proteins in such PSM, individual pro-

teins and protein complexes can be assigned only for the time 

they can be reliably tracked. Effi cient long-term tracking 

not only requires a low density of labeled molecules, but 

also rapid image acquisition. Spatially confi ned PSM could 

allow for capturing and monitoring individual membrane 
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     Scheme  1 .     Strategy for membrane protein reconstitution into patterned polymer-supported 
membranes. (a) Surface chemistry based on photochemical polymerization of surface 
maleimides in presence of HDVE: (I) coupling of a PEG polymer brush after surface silanization; 
(II) functionalization with maleimide groups; (III) photochemical coupling of HDVE. The 
resulting radical will be quenched by reaction with the solvent or other molecules in the 
environment. (b,c) Membrane micropatterning: by illumination through a photomask, HDVE 
moieties for vesicle tethering are selectively coupled in the illuminated area (b). (Proteo)
liposomes are captured by the HDVE groups and subsequently fused into PSM by addition 
of PEG (c).  
proteins in fl uid membranes over 

extended time periods. While relatively 

simple methods for generating micropat-

terned solid-supported membranes have 

been reported, [  8  ]  functional reconstitution 

of transmembrane proteins into spatially 

confi ned PSM remains highly challenging 

and only few, specialized approaches have 

been pioneered so far. [  9  ]  Imaging diffusion 

and interactions of individual transmem-

brane proteins confi ned in micropatterned 

PSM with a defi ned lipid environment has 

to our knowledge not yet been achieved. 

 Here, we have developed a rugged 

approach for rapid functional transmem-

brane protein reconstitution in micropat-

terned PSM. To this end, hydrophobic 

tethers were photochemically attached to 

a high-density PEG polymer brush in a 

spatially resolved manner by maleimide-

based photopolymerization. [  10  ]  Trans-

membrane proteins reconstituted into 

proteoliposomes were selectively captured 

by the hydrophobic tethers and fused into 

contiguous membranes. These micropat-

terned membranes were successfully used 

for simultaneously probing diffusion and 

interaction dynamics of individual mem-

brane protein complexes in a quantitative 

manner.  

  2. Results and Discussion 

  2.1. Assembly of Continuous PSMs 

 Micropatterned PSM were implemented 

based on a high-density PEG polymer 

brush covalently attached on a glass 
substrate, [  11  ]  which was functionalized with maleimide 

moieties [  12  ]  ( Scheme    1  a). Photochemical coupling of hydro-

phobic tethers to surface maleimide groups was achieved 

by UV-illumination (280–400 nm) in presence of hexadecyl 

vinyl ether (HDVE). Thus, hexadecyl moieties were cova-

lently coupled to the surface for capturing proteoliposomes, 

which were subsequently fused by addition of a PEG solu-

tion (Scheme  1 b,c). Binding of very small unilamellar vesicles 

(VSUV, diameter  ∼ 25 nm) [  7  ]  generated by rapid detergent 

depletion with cyclodextrin [  13  ]  to surfaces illuminated for 

different times was probed by label-free detection using 

refl ectance interference spectroscopy (RIfS). [  14  ]  While no 

signifi cant vesicle binding was detected without illumination, 

increasing binding amplitudes were observed with increasing 

illumination times confi rming effi cient coupling of HDVE 

under these conditions ( Figure    1  ). A maximum amplitude of 

 ∼ 6 ng/mm 2  was obtained, similar to what has been previously 

observed for a PEG polymer brush functionalized with pal-

mitic acid by amide bond formation. [  7  ]    
© 2013 Wiley-VCH Verlag Gmsmall 2013, 9, No. 4, 570–577
 Vesicle capturing was fully reversible upon washing 

with detergent and the same amount of vesicle binding 

was observed in the next cycle. Upon incubation with PEG 

solution, effi cient vesicle fusion was observed as confi rmed 

by fl uorescence recovery after photobleaching (FRAP) 

experiments with Oregon Green 488-labeled 1,2-dihexade-

canoyl- sn -glycero-3-phosphoethanolamine ( OG488 DHPE) as 

a fl uorescence probe incorporated into VSUV (Figure  1 b,c). 

Rapid and complete fl uorescence recovery with a diffusion 

constant of 2.4  μ m 2 /s was observed, confi rming unhindered 

diffusion of lipids in these PSMs. Similar experiments were 

carried out with DY-649-labeled maltose binding protein 

fused to the transmembrane helix of the type I interferon 

(IFN) receptor subunit IFNAR1 ( DY649 MBP-TM1), which was 

reconstituted into proteoliposomes. After vesicle fusion, free 

diffusion was observed for about 60% of the reconstituted 

protein with a diffusion constant of 0.51  μ m 2 /s (Figure S1), 

which is in good agreement with previous studies. [  7  ]  The 

reduced mobile fraction of reconstituted proteins can 
571www.small-journal.combH & Co. KGaA, Weinheim



S. Waichman et al.

572

full papers

     Figure  1 .     Vesicle capturing and fusion on a HDVE-functionalized PEG polymer brush. (a) Binding of VSUV surfaces reacted with HDVE for illumination 
time periods of 10 s (magenta), 60 s (black), 100 s (red) and 300 s (green) as detected by RIfS. After binding, surfaces were regenerated with 
detergent solution (TX). The injection periods are marked by a grey background. (b) Lipid diffusion in PSM after fusing vesicles captured by a 
HDVE-functionalized PEG polymer brush as probed by FRAP. (c) Recovery of the fl uorescence in the bleached spot over time, and fi t of a diffusion 
model.  

     Figure  2 .     VSUVs capturing into micropatterns probed by fl uorescence 
microscopy. Top: fl uorescence image after capturing VSUV doped with 
 OG488 DHPE to micropatterned HDVE. Bottom: intensity profi le along the 
white line shown in the upper image.  
probably be ascribed to the fraction of MBP oriented towards 

the polymer cushion. [  7  ]   

  2.2. Characterization of Micropatterned PSM 

 Upon micropatterned surface functionalization with HDVE, 

vesicle capturing to HDVE-functionalized regions was 

observed with a very high contrast ( Figure    2  ). Fusion of vesi-

cles captured within micropatterns was monitored by atomic 

force microscopy (AFM,  Figure    3  ). Before addition of PEG, 

a mixture of vesicles and partially fused membranes could 

be discerned (Figure  3 a). After vesicle fusion, a contiguous 

membrane with uniform height of  ∼ 6 nm was formed, which 

is in very good agreement with AFM data of membranes 

obtained on planar substrates [  15  ]  (Figure  3 b). Diffusion of 

lipids and proteins in patterned PSM was confi rmed by FRAP 

( Figure    4  ). Rapid recovery of  > 80% of fl uorescent lipids was 

observed (Figure  3 a), while  ∼ 70% of the reconstituted pro-

tein was mobile (Figure  4 b). These results confi rmed that the 

excellent functional properties of the PSM were maintained 

upon micropatterning.     

  2.3. Confi ned Diffusion of Individual Transmembrane Proteins 

 Diffusion of transmembrane proteins confi ned in micropat-

terned PSM was explored in more detail by single molecule 

tracking. Upon reconstitution of  DY649 MBP-TM1 at highly 

dilute concentrations into PSM, diffusion of individual mole-

cules within areas covered with PSM was readily detected 

by total internal refl ection fl uorescence (TIRF) microscopy 

(Video 1 and  Figure    5  a). Next to the majority of rapidly dif-

fusing molecules, a number of immobile signals were observed 

not only outside, but also inside the PSM. While the former 

can be ascribed to non-specifi cally adsorbed proteolipo-

somes, the latter are probably due to irreversible interactions 

of proteins with surface defects. After localizing individual 

molecules within each frame, [  16  ]  immobile molecules were 
www.small-journal.com © 2013 Wiley-VCH V
removed by a spatio-temporal cluster analysis [  17  ]  in order to 

optimize tracking fi delity.  

 A super-resolution image of the patterned PSM was ren-

dered from individual diffusing molecules localized within 
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     Figure  3 .     Vesicle capturing and fusion probed by AFM. (a) Tapping mode images after vesicle capturing into micropatterns shown at different 
magnifi cations. (b) AFM image of a micropatterned PSM after vesicle fusion and a height profi le across the white line. Note that the multiple lines 
are due to movements of the mask during illumination.  

     Figure  4 .     Lipid and protein diffusion in micropatterned PSM probed by FRAP. (a) FRAP 
experiment with micropatterned PSM doped with  OG488 DHPE. (b) FRAP experiment with 
fl uorescence-labeled MBP-TM1 reconstituted into micropatterned PSM. (c,d) Recovery kinetics 
observed for  OG488 DHPE (c) and MBP-TM1 (d).  
10 000 consecutive frames (tracking and 

localization microscopy, TALM [  18  ] ). Homo-

geneous coverage within the lipid-covered 

surface area was observed. Moreover, the 

submicroscopic morphology of the mem-

brane at the borders obtained by this 

method was similar as observed by AFM 

(Figure  5 a), confi rming that the complete 

lipid-covered surface area is equally acces-

sible for the transmembrane protein. Sub-

sequent single molecule tracking yielded 

trajectories strictly localized within the 

micropattern (Figure  5 a). 

 Diffusion of  DY649 MBP-TM1 was ana-

lyzed within line-shaped PSM with dif-

ferent line-width (2.5, 4.4 and 11  μ m, 

respectively, Figure S3). For this purpose, 

the components of the motion along and 

vertical to the direction of the lines were 

analyzed separately by a 1D diffusion 

model. [  19  ]  The mean square displacements 

(MSD) of these components obtained in 

different line geometries (c.f. Figure S4) 

are compared in Figure  5 b. Along the 

direction of the line patterns, linear corre-

lation of the MSD with the lag time was 

observed in all cases as expected for free 

diffusion. An average diffusion constant of 

1.49  ±  0.09  μ m 2 /s was obtained ( Table    1  ), 

confi rming rapid diffusion of the trans-

membrane protein. The higher diffusion 

constant obtained by this method com-

pared to the FRAP data can be ascribed 

to the different length scales probed by 

these methods. [  7  ]  In contrast, the non-

linear MSD plots obtained for the motion 

vertical to the line showed strong confi ne-

ment in this direction. The confi nement 
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     Figure  5 .     Diffusion of individual transmembrane proteins reconstituted 
into micropatterned PSM. (a) Images from typical single molecule 
tracking experiments. From left: I. maximum intensity image from a 
single molecule experiment; II: super-resolution TALM image rendered 
from individual molecules localized within 10.000 frames. Immobile 
molecules were removed by a spatio-temporal cluster analysis; III: zoom 
into the boundary of the PSM as indicated in II. IV: overlay of single 
molecule trajectories obtained from this data set. (b) MSD analysis 
of the motion along (black) and vertical (green) to the line direction 
for line widths of 2.4  μ m (upper left) 4.4  μ m (upper right) and 11  μ m 
(lower left). For comparison the same analysis on a non-patterned PSM 
is shown (lower right).  
geometries obtained by fi tting a confi nement model to these 

curves were in good agreement with the actual line width 

(Table  1 ), while essentially the same diffusion constant of 

1.53  ±  0.05  μ m 2 /s was obtained. Within a non-patterned PSM, 

free diffusion was obtained for both components (Figure  5 b). 

Thus, micropatterned PSM allowed confi ning the motion of 

membrane proteins strictly to a defi ned geometry without 

affecting their local diffusion properties.   
4 www.small-journal.com © 2013 Wiley-VCH V

   Table  1.     Diffusion constants along ( D X  ) and vertical ( D Y  ) to the line 
direction as well as the confi nement geometries  L y   obtained for dif-
ferent line patterns 

Width 
[ μ m]

 D X   
[ μ m 2 /s]

 D y   
[ μ m 2 /s]

 L Y   
[ μ m]

2.5 1.58 1.60 2.46

4.4 1.36 1.53 3.93

11.0 1.52 1.48 11.51

No pattern 1.55 1.41 -

mean 1.50  ±  0.08 1.51  ±  0.07 -
  2.4. Quantitative Protein Interaction Analysis 

 We exploited these features for quantitative protein inter-

action analysis on the single molecule level with a trans-

membrane receptor freely diffusing in a confi ned PSM. 

To this end, the IFN receptor subunit IFNAR2 truncated 

after its transmembrane helix (IFNAR2-TM) was reconsti-

tuted into proteoliposomes. Uncompromised interaction of 

IFNAR2-TM reconstituted into HDVE-tethered PSM with 

its ligand interferon- α 2 (IFN α 2) was confi rmed by simul-

taneous total internal refl ection fl uorescence spectroscopy 

(TIRFS) and refl ectance interference (RIF) detection [  20  ]  

using site-specifi cally labeled IFN α 2 [  21  ]  (Figure S2). The 

kinetics of IFN α 2 interacting with reconstituted IFNAR2-

TM yielded a dissociation rate constant of 0.018 s  − 1  in very 

good agreement with the published data for this inter-

action. [  14  ,  21  ]  No signifi cant binding of IFN α 2 was observed 

on PSM without IFNAR2-TM. For probing ligand-receptor 

interactions on the single molecule level, IFNAR2-TM was 

reconstituted into micropatterned membranes at a concentra-

tion of  ∼ 1 molecule/ μ m 2  and binding of 1 nM  Dy647 IFN α 2 was 

probed by single molecule TIRF imaging (c.f.  Figure    6  a). Spe-

cifi c binding of  Dy647 IFN α 2 within the surface area covered 

with the PSM could be discerned (Figure  6 b and Video S2). 

Most of the IFN α 2 molecules binding to the PSM-covered 

area were highly mobile and could be tracked over multiple 

frames (Figure  6 b). Again, a signifi cant number of immobile 

molecules were detected (Figure S5), which was most likely 

due to non-specifi c binding events. For quantitatively ana-

lyzing the interaction from tracking with high fi delity, these 

immobile molecules were removed by the spatio-temporal 

cluster analysis (Figure S5). A super-resolution image ren-

dered from the remaining molecule localizations within 

40 000 frames showed highly uniform distribution within 

the PSM-covered area (Figure  6 c). We used this fi ltered data 

set for tracking individual binding events. Strict localization 

within PSM was observed for trajectories with more than 

20 steps (Figure  6 d). Since the maximum trajectory length is 

limited by the life-time of the interaction with IFNAR2-TM, 

we analyzed the distribution of the number of steps from a 

total of 15 476 trajectories (Figure  6 e). This analysis yielded a 

decay rate of 0.4 s  − 1 , i.e.  ∼ 20-times faster than the dissociation 

rate constant determined by ensemble binding assays. This 

observation suggested that the trajectory length was limited 

by photobleaching and by connection fi delity.  

 We therefore probed binding of the IFN α 2 mutant 

M148A, which dissociates from IFNAR2 by a factor of 

50 faster than wildtype IFN α 2. [  22  ]  For this mutant, a lower 

number of bound molecules as well as signifi cantly shorter 

trajectories were observed (Video 2, Figure S6 and inset 

in Figure  6 e), corroborating that the trajectory length was 

indeed limited by the lifetime of the protein complex. Trajec-

tory length analysis yielded a decay rate constant of 1.3 s  − 1 . 

After correction for photobleaching with the decay rate con-

stant obtained for wild-type IFN α 2, a dissociation rate con-

stant of 0.9 s  − 1  was obtained in very good agreement with 

previous single mole cules studies. [  12  ]  From the same trajec-

tories, the diffusion constant of the ligand-receptor complex 

was determined. For IFN α 2 wildtype and M148A, very 
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     Figure  6 .     Single molecule protein-protein interaction analysis in micropatterned PSM. 
(a) Cartoon of the binding assays: IFNAR2-TM (blue) reconstituted into micropatterned PSM 
interacts with fl uorescence-labeled IFN α 2 (red). (b) Time-lapse series showing binding and 
diffusion of individual  DY647 IFN α 2 M148A to IFNAR2-TM (scale bar: 2  μ m). Beginning and 
end of trajectories are indicated by arrows in green and violet, respectively. (c) TALM image 
rendered from individual  DY647 IFN α 2 molecules bound to IFNAR2-TM in a 20  ×  20  μ m 2  PSM 
(scale bar: 5  μ m). Immobile molecules were removed by a spatiotemporal cluster analysis. 
(d) Overlay of trajectories of individual IFN α 2 from the same experiment as shown in panel c. 
Only trajectories with more than 200 steps are shown. (e) Stability of individual protein 
complexes determined from the trajectory length compared for wild-type IFN α 2 and its 
mutant M148A. Inset: number of molecules detected in each frame for  DY647 IFN α 2 wild-type 
and M148A. (f). Local diffusion constant within a single, ~22 s trajectory (shown in the inset) 
obtained by MSD analysis within a time window of 0.68 s (scale bar: 5  μ m). The color-coding 
of the trajectory indicates the local diffusion constant. The average diffusion constant is 
indicated by the blue line.  
similar values of 1.1  ±  0.08  μ m 2 /s and 1.14  ±  0.01  μ m 2 /s were 

obtained. These 20% lower diffusion constant obtained for 

the IFN α 2/IFNAR2-TM complex compared to MBP-TM1 

may be ascribed to additional interactions with membrane 

lipids, which has been suggested to play a critical role for reg-

ulating the activity of similar transmembrane receptors. [  1f  ,  1g  ]  

 While these results were obtained from a large number 

of molecules, diffusion could also be analyzed on the level 

of individual trajectories. To this end, diffusion of a single 

IFN α 2/IFNAR2-TM complex within a 10  μ m  ×  10  μ m PSM 

over 20 s was evaluated (Video S3). The overall analysis of 

this trajectory (Figure S7) yielded a diffusion constant of 

1.1  μ m 2 /s for this molecule in good agreement with the entire 

ensemble. However, it was also possible to determine the 

local diffusion constant of the protein complex by using an 
© 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheismall 2013, 9, No. 4, 570–577
evaluation window of 0.68 s for an MSD 

analysis (Figure  6 f and Video S3). These 

analyses demonstrate that by confi ning 

them into a micropatterned PSM, long-

term observation of individual membrane 

protein complexes is possible.   

  3. Conclusion 

 Following the diffusion and interaction of 

individual membrane protein complexes 

reconstituted into a controlled lipid envi-

ronment remains challenging. GUVs are 

currently used for this purpose, but have 

limitations with respect to sample han-

dling as well as long-term single molecule 

tracking. To overcome these limitations, we 

have here established a simple and rugged 

method for spatial organization of PSM 

on solid supports in micrometer dimen-

sions. We demonstrate functional recon-

stitution of a transmembrane receptor in 

these micropatterned PSM, which freely 

diffuses within the spatially confi ned lipid 

bilayers. Strikingly, we succeeded to simul-

taneously probe the interaction and the 

diffusion dynamics of individual ligand-

receptor complexes in vitro in a quanti-

tative manner. In these proof-of-concept 

experiments, individual protein-protein 

complexes could be followed over a few 

seconds, which was mainly limited by 

photobleaching and the trajectory recon-

nection fi delity. While this is already suf-

fi cient for quantitative studies of many 

processes, further improvement of the 

tracking fi delity is possible by confi nement 

into smaller structures. PSMs covering an 

area of 1–4  μ m 2  can be readily achieved by 

this technique, which will allow tracking 

complexes with even higher fi delity at 

lower acquisition rate. This will also pro-

vide means for reducing photobleaching, 
as the imaging frequency can then be adapted to the kinetics 

of the process to be studied. This versatile platform will be a 

valuable tool for quantitatively probing the subtle interplay 

of protein-protein and protein-lipid interactions as well as 

conformational changes in a defi ned lipid environment, which 

is the basis for unraveling the molecular mechanisms of trans-

port and communication across biological membranes.  

  4. Experimental Section 

  Protein Production, Purifi cation and Labeling : Maltose-binding 
protein (MBP) with an N-terminal His 10 -tag was C-terminally 
fused to the transmembrane domain of IFNAR1 with a C-terminal 
cysteine residue (MBP-TM1) and to the model transmembrane 
575www.small-journal.comm
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helix K(ALA) 7 K (MBP-ALA 7 ) by insertion of the corresponding oligo-
nucleotide linker into the MCS of pMALc2x. These proteins were 
expressed in  E. coli  TG-1 cells at 37  ° C according to standard 
protocols and purifi ed from the membrane fraction solubilized 
in 20 mM Triton X-100 by immobilized metal ion affi nity chroma-
tography (5 ml HiTrap Chelating, GE Healthcare). Subsequently, 
MBP-TM1 was reacted with a 3-fold molar concentration of DY-649-
maleimide ( DY649 MBP-TM1) for 1 h at room temperature. Finally, 
labeled MBP-TM1 ( DY649 MBP-TM1) and MBP-ALA 7  were purifi ed by 
size exclusion chromatography. IFNAR2 truncated after its trans-
membrane helix (after Cys245) (IFNAR2-TM) was expressed in  Sf 9 
insect cells using a baculovirus expression system. IFNAR2-TM was 
purifi ed from the membrane fraction as described for MBP-TM1. 
IFN α 2 and IFN α 2-M148A carrying an N-terminal ybbR-tag (ybbR-
IFN α 2) for posttranslational labeling using phosphopantetheinyl 
transfer (PPT) from CoA derivatives [  23  ]  were expressed and purifi ed 
as described for wildtype IFN α 2. [  22  ]  YbbR-IFN α 2 and IFN α 2-M148A 
were site-specifi cally labeled with DY-647 ( DY647 IFN α 2) by means 
of the PPTase Sfp and CoA647 and further purifi ed by size exclu-
sion chromatography as described previously. [  21  ]  More details on 
protein production and purifi cation are provided in the Supporting 
Methods. 

  Surface Chemistry and Micropatterning : Modifi cation of glass 
surfaces by coating with a thin PEG polymer brush and further func-
tionalization with maleimide groups was carried out as described 
in detail previously. [  11  ]  Photolithographic patterning was performed 
in the presence of HDVE in acetonitrile (1:1, v/v) by irradiation for 
60 s through a photomask using a 75 W Xenon lamp refl ected by 
a 280–400 nm dichroic mirror (Newport Spectra-Physics). There-
after, the chemically modifi ed slides were carefully washed with 
acetonitrile, chloroform and absolute ethanol. Detailed protocols 
are provided in the Supporting Methods. 

  Preparation of Liposomes and Membrane Assembly : Liposomes 
and proteoliposomes were prepared from detergent solution by 
addition of cyclodextrin which was described previously. [  13a  ]  Incor-
poration of the fl uorescent lipids  OG488 DHPE into the vesicles was 
achieved by preparation of the lipid-detergent stock solution with 
fl uorescent lipid in a molar ratios of 1:10 2  ( OG488 DHPE:SOPC). 
Reconstitution of transmembrane proteins was achieved by incu-
bation of the lipid-detergent stock solution with the proteins for 
5 min, followed by a 20-fold dilution in HBS containing 50 mM 
EDTA (HBSE) and subsequent detergent removal by cyclodextrin. 
The fl uorescently labeled transmembrane proteins were added in 
molar ratios of 1:10 3  (labeled protein:SOPC) for ensemble meas-
urements. Ratios of 1:10 4  and 1:10 7  (labeled protein:SOPC) were 
used for single molecule measurements of diffusion and interac-
tions, respectively. Proteoliposomes for single molecule studies 
contained additional unlabeled MBP-ALA 7  at a ratio of 1:10 3  
(protein:SOPC) in order to minimize unspecifi c interactions of 
labeled protein with the surface. Liposomes and proteoliposomes 
were captured to surfaces at a total lipid concentration of 250  μ M. 
After washing off unbound vesicles, fusion was induced by incuba-
tion under 10% (w/v) PEG solution for 10 min. Surface were regen-
erated with 0.1% Triton X-100. 

  Solid Phase Binding Assays : Vesicle binding to photochemi-
cally functionalized surfaces was monitored in real time by 
RIfS. Label-free detection by RIfS is based on probing changes 
in optical thickness of a thin silica layer by white light interfer-
ence. [  24  ]  The measurements were performed under continuous 
6 www.small-journal.com © 2013 Wiley-VCH Ve
fl ow-through conditions in HBSE using a home-built set-up as 
described earlier. [  14  ]  After conditioning of the surface by injection 
of 0.1% Triton X-100 for 150 s, SUV (250  μ M SOPC) were injected 
for 400 s. Subsequently, the surface was regenerated by injecting 
0.1% Triton X-100 in HBS for 150 s. Reconstitution of IFNAR2-TM 
into PSM and the interaction with  DY647 IFN α 2 was probed in real 
time by simultaneous detection by total internal refl ection fl uores-
cence spectroscopy (TIRFS) and by refl ectance interference (RIF) in 
a fl ow-through system using a home-built set-up, which has been 
described before. [  20  ,  25  ]  Proteoliposomes containing IFNAR2-TM 
were captured to the surface and fused by injection of 5% (w/v) 
PEG solution for 485 s. Before injection of  DY647 IFN α 2, excessive 
lipid was washed off and the surface blocked with 10 mg/mL 
BSA solution to minimize unspecifi c binding. The IFN α 2 binding 
curve was fi tted using the BIAevaluation 3.0 software (BIACORE) 
by applying a 1:1 Langmuir model accounting for mass transport 
limitation. 

  Imaging and Tracking : Confocal imaging and FRAP experi-
ments were carried out in a confocal laser-scanning microscope 
(Olympus FluoView 1000) equipped with a multiline argon laser 
(458/488/515 nm) and laser diodes at 405 nm and 635 nm. 
 OG488 DHPE was excited with the 488 nm laser line (3  μ W) and fl uo-
rescence emission was fi ltered by a spectral grating and collected 
between 500–600 nm while  DY649 MBP-TM1 was excited with the 
635 nm laser line (25  μ W) and fl uorescence emission was collected 
between 650–750 nm. FRAP experiments are detailed in the Sup-
porting Methods. AFM imaging of captured vesicles and PSM was 
performed in tapping mode with a NanoWizard 2 (JPK Instruments) 
mounted on an inverted microscope (Olympus IX71) placed on an 
anti-vibration stage. Prior to use, the AFM probes were cleaned in 
fresh piranha solution for 15 minutes to get rid of oil contamina-
tions. The acquired images were further processed using the Data 
Processing software (JPK Instruments). Single molecule imaging 
was carried out by TIRF microscopy with an inverted microscope 
(Olympus IX71) equipped with a triple-line total internal refl ection 
(TIR) illumination condenser (Olympus) and a back-illuminated 
electron multiplied (EM) CCD camera (iXon DU897D, 512  ×  512 
pixel from Andor Technology). A 150 ×  magnifi cation objective with a 
numerical aperture of 1.45 (UAPO 150 × /1.45 TIRFM, Olympus) was 
employed for TIR illumination of the sample. A 642 nm laser diode 
(50 mW, CrystaLaser) for excitation, operated at an output power 
of  ∼ 0.5 mW at the objective and fl uorescence was detected using 
a 690/70 band pass fi lter (Chroma) with a time resolution of 22–
45 ms/frame. Single molecule binding experiments were carried 
out in presence of  DY647 IFN α 2 (1 nM) or  DY647 IFN α 2 M148A (2 nM) 
supplemented with 10 mg/mL bovine serum albumin for reducing 
non-specifi c binding. All experiments were carried out using 
media complemented with oxygen scavengers and a redox-active 
photoprotectant [0.5 mg/mL glucose oxidase (Sigma), 0.04 mg/
mL catalase (Roche AppliedScience), 5% w/v glucose, 1  μ M 
ascorbic acid and 1  μ M methyl viologene] to minimize photob-
leaching. [  26  ]  Individual fl uorescent molecules were localized and 
tracked using the multi-target tracing (MTT) algorithm. [  16  ]  Before 
subjecting the particle positions to the tracking algorithm the 
localizations of immobile particles were identifi ed by the  density-
based spatial clustering of applications with noise  (DBSCAN) [  17  ]  
algorithm and removed from the dataset. Evaluation of the trajec-
tories obtained from single-molecule images was carried out by a 
statistical step-distance analysis. [  19  ]  Data fi ltering and trajectory 
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