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S1 Microscopy setup 

The total internal reflection (TIRF) microscope used in our studies was based on an inverted 

microscope (IX71, Olympus Corp.,Japan) equipped with a 1.45NA apochromatic 60X 

microscope oil objective (PLAN-APO 60X TIRF, Olympus Corp., Japan), combined with a 

1.5X tube lens. Samples were excited with a 532 nm continuous wave laser (Compass 

315M, Coherent Inc., USA) with its beam expanded to reach a width of 7 mm at the back 

focal plane of the microscope. The size of the illuminated area at the sample plane was 

125x125 pixel, with an effective pixel size of 177x177 nm2. A synchronized electronic shutter 

(Uniblitz LS6T2, Vincent Associates, USA) was used to avoid photobleaching previous to 

measurements and to accomplish time lapse experiments. The collected fluorescence light 

was separated from the excitation by a dichroic long pass filter (dxcr532, Chroma 

Technology Corp., USA) and projected onto the chip of an electron-multiplying CCD camera 

(iXon3 897, Andor, Ireland). Data acquisition was performed using the Andor Solis software. 

Temperature control was realized by enclosing the microscope objective with a bronze 

hollow cylinder that could be either cooled or heated by a circulating water bath (RTE-111, 

Neslab Instruments Inc., USA). The sample was thermally isolated to reduce temperature 

exchange with the environment. The local temperature of the sample was determined by an 

inserted thermocouple (TP870, Extech Instruments, USA). 
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S2 Laser power dependence of measured rates  

An important property of single fluorophores is their irreversible photodestruction after a 

characteristic number of excitation and photoemission cycles [1]. Once photobleached, a 

fluorophore cannot serve as a reporter anymore, a liability which is often limiting. We tested 

the effect of photobleaching on the parameters retrieved in our analysis by repeating the 

experiment at different laser powers. Consider first the rate of transition from the slow 

diffusive mode to the dark state.  At low excitation intensities this rate is essentially 

independent of the laser power (see Fig. S2), which reinforces the identification of this 

transition with the escape of peptide molecules from the slow state to the buffer solution. The 

rate of this process is (2.3±0.4) s-1. At higher excitation intensities the rate of transition from 

the slow diffusive mode to the dark state slightly but clearly increases: An 18 times higher 

laser power leads to a doubling of this rate to (5.6±1.7) s-1, with a shorter mean dwell time of 

(103±44) ms. 

The rates of transition between the slow and the fast diffusive modes, as well as the rate of 

escape from the fast state to the solution did not show any power dependence within the 

measurement errors. The dwell time within the fast diffusive state was also constant within 

the explored intensity range. 

 

 

 

 

 

 

 

 

Figure S2: Laser power dependence of the transition rates from the fast diffusive mode to the dark 

state (blue) and from the slow diffusive mode to the dark state (red).  
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S3 Determination of the appropriate acquisition frequency 

We took care to select a time resolution for data acquisition that is commensurate with the 

typical dwell times in the two diffusive modes. Fig. S3 shows the relative diffusion coefficient 

of the fast diffusive mode as a function of the camera frame rate. The dwell time within the 

fast diffusive mode at 20°C is (46±1) ms. The graph shows that the lowest frame rate which 

still allows a correct determination of the fast diffusion coefficient is 50 Hz. In reality, data 

was acquired at frame rates of 50, 100 and 150 Hz. To verify the value of the slow diffusion 

coefficients determined at higher frequencies, an additional 10 Hz data set was acquired as 

well. 

 

Figure S3: Relative diffusion coefficient of the fast diffusive state as a function of acquisition 

frequency. The line is for illustration purposes only. 
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S4     Particle detection and tracking procedures 

In the following we describe the procedures used to trace the diffusion of single 

particles, which were included into a home written Program (Igor 6.0, Wavementrics). 

This program is available upon request from the authors.   

 

A) Particle detection 

1) The fluorescence intensity image was converted into a detection map, which 

compares the log-likelihood of two hypotheses H0 and H1:  

c(x,y)= L(H0(x,y))) − L(H1(x,y), 

where H0 defines the non-presence of particles and H1 the presence of a 

particle. The derivation and detailed structure of c(x,y) is described in detail in 

Appendix I of ref. [2].  

2)  All peaks where c(x,y) > cth were selected. The threshold value cth was 

optimized experimentally (best signal to noise ratio) and was set to 12 for all 

experiments. 

3) The (x,y)-position and the number of photons of each selected particle were 

determined by fitting a 2D Gaussian using a least-squares procedure to the 

initial intensity image. 

B) Particle connection 

Trajectories were built successively by a “frame by frame” particle linking 

procedure following ref. [3]. The maximum distance for connecting two 

positions, rcut , was iteratively increased until the derived diffusion coefficients 

were independent of it (rcut≈sqrt(3*4Dt), in agreement with ref. [4]).  The 

trajectories were terminated if no particle was found in a consecutive frame 

within the radius rcut from the last position. Each trajectory of at least 3 

connections was considered to describe a particle trajectory and included in 

the analysis routines described in section S5.  
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S5 Methods for analysis of SPT data  

a) Jump distance analysis and the cumulative probability function.  

Jump distance analysis (JDA) uses the probability function of Eq. (5) of the text to apply a 

least squares fit to the histograms of all single steps in respect to their jump distances [5]. A 

correction for a Gaussian noise can be added and leads to Eq. (7). as already discussed. 

Alternatively, the influence of the noise can be also removed by performing a deconvolution 

of the step size distribution with the expected noise distribution. We found that this procedure 

slightly overestimates the true diffusion coefficient. 

In principle, a two component fit can be also applied to the overall jump distance histogram of 

all steps to obtain two diffusion coefficients as in the case of the current experimental data. 

However, such an analysis cannot discern whether one particle is able to visit both diffusive 

modes or if two independent populations coexist. The application of the cumulative 

probability function (CPF) is an equivalent method that reduces the influence of  noise, which 

is especially important for poorly populated states. The integration of Eq. (7), leads to a 

modified cumulative probability of [6]: 
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in which  fi, is the  subpopulation of diffusive state i.     

 

b)    Mean squared displacement (MSD) analysis.  

This is the most popular method for analyzing SPT data. It depicts the development of the 

mean squared distance 
2r  of all particles by averaging over all pairs of positions that are n 

time steps apart [7]: 
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with k running over all Ntraj trajectories in the set, and i over the Nsteps steps in each. The 

variance of each data point is given by [8]: 

( ) ( ) ( ) ( )( )13124var 222 +−+= nNNnnDntr trajstepsn . (S 3) 

The diffusion coefficient D was determined from the slope of the plot of MSD vs. time. Since 

the exposure time texp of each camera frame during data acquisition is not infinitely small, 

fast-moving particles keep changing their positions also during this time. Yet, a particle is 

assumed to be localized to its mean position in the intensity-weighted image. Hence to obtain 
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correct absolute values the MSD has to be corrected by subtracting 1/3 texp from t (for a 

complete mathematical derivation see [9]): 

. 
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In addition, the random error in the determination of the particle position changes the MSD. 

An offset, which equates to  noiser ,02 , is added to the noiseless MSD of Eq. (10): 

2
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2 2² noisen rrr +=  (S 5) 
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S6   Noise characterization using gel-embedded fluorescent spheres 

 

 

FIGURE S6 : Experimental data of embedded latex spheres. Apparent Jump distance distribution 

(grey bars) with the fit function of Eq. (8) (red line) (A) and the MSD versus time (B) of gel embedded 

fluorescent spheres of an average photon number of 124±40. The overall dependency of noiser ,0  on 

the number of photons for trajectories containing 10 steps is plotted in (C). The black line marks the 

mean values, which are independent of the trajectory length, whereas the standard deviation 

sdev

noise

mean

noise rr ,0,0 +  (dotted, black) and 
sdev

noise

mean

noise rr ,0,0 2+  (solid, red) depend on the trajectory length. The 

dependency of the amplitude of 
sdev

noise

mean

noise rr ,0,0 2+  on the length of the trajectories is plotted in (D). 
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S7 Algorithm for trajectory simulation 

 Determination of the first state:  

rand=random number ∈[0, 1] 

if (rand<π1/(π1+π2))  

 state=1 

 D=D1 

 else  

 state=2 

 D=D2 

endif 

 

do  

Adding a new step 

  time=time+∆t 

  σdiff=4D∆t/sqrt(2) 

               xposition_new=xposition_last+gaussnoise(σdiff) 

  yposition_new=yposition_last+gaussnoise(σdiff) 

 

Adding noise to the last step (if not first step)  

  xposition_last=xposition_last+gaussnoise(σnoise) 

  yposition_last=yposition_last+gaussnoise(σnoise) 

  

Determination of the next state 

  rand=random number ∈[0, 1] 

  if (state==1) 

   if (rand<=a11) 

   state=1 

   D=D1 

  elseif (rand>a11 && rand≤(a11+a12)) 

   state=2 

   D=D2  

  else  

   state=3  

  endif 

   

 elseif (state==2) 

  if (rand<=a22) 

   state=2 

   D=D2 
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  elseif (rand>a22 && rand≤(a22+a21)) 

   state=1 

   D=D1   

   countstates+=1 

  else  

   state=3   

  endif   

 endif 

   

while (state<3) 

 

Adding termination sequence and adding noise to the  last diffusive step 

  time=time+∆t 

  xposition_new=dark state 

  yposition_new=dark state 

 

  xposition_last=xposition_last+gaussnoise(σnoise) 

  yposition_last=xposition_last+gaussnoise(σnoise) 
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S8   Simulation of a single diffusive mode (apparent transitions) 

 

FIGURE S8: (Simulated data).  Squared displacement as a function of time for a single particle 

diffusing with 1 µm²/s ( 0r  =200 nm). The trajectory shows apparent slower motions (red circles, A) 

and clustering (B). Both do not effect the results of HMM analysis, which gives only a single diffusive 

mode with a probability of more than 99% (C) even if noise is added (e.g. noiser ,0  of 50 nm. ). 
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S9 Lipid tracer molecules present a single diffusive mode. 

We tracked highly diluted fluorescently-labeled tracer molecules of LissRhod-PE embedded 

in the membrane (Fig. S6A-C). We found that 96% of all LissRhod-PE molecules are mobile, 

which agrees well with the results of similar experiments in the literature [11]. Furthermore, 

we did not observe any second slow diffusive mode and the MSD function was clearly linear 

with time. The diffusion coefficient extracted from MSD analysis, (2.0±0.02) µm2/s, matched 

quite well the value obtained by fitting the CPF, (2.29±0.01) µm2/s, and the value calculated 

by a JDA, (2.10±0.03) µm2/s.  

  

 

 

Fig S9: Analysis of lipid diffusion. Single molecules of LissRhod-PE in EPC membranes were traced 

at room temperature. (A) Jump size distribution. (B) Mean square displacement. (C) The cumulative 

probability function together with a single exponential fit confirms the occurrence of a single diffusive 

mode.  
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S10 Comparison of different analysis methods applied to HMM-derived jump 

distance distributions 

 

 

Fig. S10 (A) Jump distance histogram (grey bars) of FP16 molecules in data segments identified by the 

HMM analysis as belonging to the slow diffusive mode at room temperature, (B) Same as A for the  

fast diffusive mode. Diffusion coefficients obtained by different analysis methods applied separately to 

data assigned by the HMM analysis were then used to calculate the jump distance distributions, and 

the results are plotted. HMM: red line, MSD: blue, JDA: green, and MLE: yellow. In additiona, the jump 

distance distribution of the slow diffusive mode was deconvolved with the apparent distance 

distributions of the noise and the result is plotted in black in panel A and agrees quite well with the 

MSD result (See Table 2 in main text).  
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S11  The transition temperature of DMPC bilayers 

To find the transition temperature of supported DMPC membranes, we conducted SPT 

experiments on LissRhod-PE tracer molecules. The mean diffusion coefficient was extracted 

from temperature dependent measurements, and fitted to the power law approximation D~(T-

Tm)2, which is prescribed by the theory of critical phenomena, and is valid for temperatures 

close to the transition [12]. The transition Temperature Tm was thereby found to be 

(20.6±1.0)°C (Fig. S11), which is slightly lower than the known transition temperature of 

DMPC vesicles, 24°C .  However, deviations of the Tm of DMPC supported bilayers to both 

lower and higher values were previously reported in the literature [13]. The value might 

depend on the properties of the support and the preparation protocol. 

 

 

 

 

 

 

 

Figure S11: Determination of the transition temperature of DMPC bilayers by fitting the dependence of 

the diffusion coefficient on temperature (red, diamonds) to a power law D~(T-Tm) 
2 
(red,dotted)  
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S12 Diffusion properties of DMPC 

Figure S12:  Arrhenius plot of the diffusion coefficients of the LissRhod-PE within DMPC bilayer for 

temperatures T>> Tm  revealed an activation energy of (95± 11) kJ/mol. 
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S13   Concentration dependence of the slow diffusion coefficient 

 

 

 

 

 

 

 

 

Figure S13:  Dependence of the slow diffusion coefficient on the concentration of FP16 peptide 

molecules in the membrane. (A) Relative fraction of slow moving FP16 molecules (grey squares)  

(B) Diffusion coefficients of the slow (blue diamonds) and the fast (green diamonds) diffusive mode. 

The experiments involved 10pM labeled FP16 and increased concentrations of unlabelled FP16. 

A B 
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