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Methods 

Materials 
Chemicals were acquired from Sigma-Aldrich or Merck in analytical grade. We used deionized water from 

a Millipore system (> 18 MΩ, Milli Q).  

Protein purification 
Hsp90 (Hsp82 in yeast, UniProtKB ID P02829) was expressed as a fusion protein with a C-terminal coiled-

coil motif from the kinesin neck region of Drosophila melanogaster (DmKHC) that prevents dimer 

dissociation at picomolar concentrations in single molecule experiments1. Wild-type yeast Hsp90, 

containing no cysteines, was modified by site-directed mutagenesis (QuikChange Lightning, Agilent, Santa 

Clara, California) to attach exactly one fluorescent dye or gold nanoparticle per subunit of the Hsp90 dimer.  

For the plasmon ruler experiments, the T285C mutant with a non-cleavable N-terminal His-tag and a Strep-

tag at the far C-terminus was used. Single molecule FRET (smFRET) experiments were conducted with a 

N298C single cysteine variant which additionally carries a tag for in vivo biotinylation (AviTag) at the far 

C-terminus. The N-terminal His-SUMO-tag is cleaved during purification. 

The Hsp90 constructs are contained in pET28 vectors and expressed from Escherichia coli BL21 (DE3) or 

BL21 Star (DE3) cells in the case of AviTag constructs (Thermo Fisher Scientific, Waltham, 

Massachusetts). 

Standard expression was done in LB medium supplemented with 50 μg/mL kanamycin at 37°C and 

inoculation from an over-night culture (1:100). Cells were induced at an OD600 of 0.6 by addition of 1 mM 

IPTG. After 3 hours, the cells were harvested by centrifugation (20 min, 4°C, 3’000 rpm, JLA 8.1, Avanti 

JXN-26, Beckman Coulter), resuspended in phosphate buffered saline (PBS) and pelleted again (10 min, 

4°C, 4700 rcf Rotanta 460R, Hettich, Tuttlingen, Germany).  

For in vivo biotinylation, the biotin ligase (BirA) is co-expressed from pBirAcm (Avidity LLC, Aurora, 

Colorado) following the manufacturer’s instructions. Briefly, TB medium was supplemented with 0.5% 

glucose and 30 μg/mL kanamycin. Expression was induced at an OD600 of 0.7 by adding 1 mM IPTG and 

50 μM d-biotin (from a 5 mM stock, in warm 10 mM bicine buffer pH 8.3, filter-sterilized). After induction 

for 3 h at 37°C, cells were harvested by centrifugation, washed with PBS and pelleted again. 

For purification, the cells were re-suspended in approximately 30mL PBS and lysed with a Cell Disruptor 

(Constant Systems) at 1.6 kbar. Cell debris was pelleted by centrifugation at 30’000g at 4°C for 45 min 

(JA-25.50, Avanti JXN-26, Beckman Coulter) and the supernatant was cleared by additional filtration 

(Filtropur S 0.45, Sarstedt, Nümbrecht, Germany). 

To prepare the protein for the plasmon ruler experiment, the solution was applied to a gravity flow Strep-

Tactin column (IBA GmbH, Göttingen) and eluted according to the manufacture’s protocol. 

For the smFRET construct, 20 mM imidazole was added from a 1 M stock, the solution was applied to a 5 

mL HisTrap HP (GE Healthcare, Freiburg, Germany) and eluted by a linear gradient from 20 to 500 mM 

imidazole in 50 mM sodium phosphate pH 8.0, 300 mM NaCl at 8°C. Protein-containing fractions were 

pooled and dialyzed against the imidazole-free buffer overnight in the presence of 1/100 equivalent SENP 

protease. This protease cuts off the N-terminal His-SUMO sequence, leaving the native, tag-free protein2. 

The solution is again applied to the HisTrap column and the flow-through is collected and diluted 1:3 with 

MilliQ water to decrease the ionic strength. 

Both constructs were then applied to a HiTrap Q HP 5mL (GE Healthcare) and the protein was eluted with 

a linear gradient from 50 mM to 1 M NaCl in 40 mM HEPES pH 7.5. Hsp90 fractions were pooled and 

concentrated using centrifugal filters with a 50 kDa molecular weight cut-off (Amicon Ultra, Merck 

Millipore, Darmstadt, Germany). Finally, the protein was applied to a gel filtration column (HiLoad 16/600 

Superdex200, GE Healthcare) and eluted with 40 mM HEPES, 200 mM KCl pH 7.5. Peak fractions were 

again pooled and concentrated to 50-100 μM.  
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Fluorescence labelling and monomer exchange 
Typically, 50 μL of a 50 μM Hsp90 solution were reduced for 30 min at room temperature with 5–10 mM 

TCEP, added from a pH-adjusted stock solution. Buffer was exchanged to 1× PBS, pH 6.7 using an Amicon 

Ultra 0.5mL centrifugal filter (50 kDa MWCO, Merck Millipore) and an appropriate dilution factor. The 

sample were brought to a concentration range of 30–70 μM after the last centrifugation step. Maleimide 

derivatives of the dyes (Atto 550 or 647N, ATTO-TEC, Siegen, Germany) were added from a millimolar 

stock solution in DMSO in 1.2–1.5× excess and allowed to react for 60 min at room temperature in the 

dark. Free dye was removed using PD MiniTrap G-25 columns (GE Healthcare) with the spin protocol and 

smFRET measurement buffer (40 mM HEPES, 150 mM KCl, 10 mM MgCl2, pH 7.5). Potential aggregates 

were removed by centrifugation (4°C, 14’000 rpm, >30 min) and aliquots were snap-frozen in liquid 

nitrogen and stored at -80°C. 

 

To form hetero-dimers with one donor and one acceptor label, 250 nM of each labelled species was 

incubated at 47°C for 30 min in smFRET measurement buffer. This allows exchanging of the Hsp90 

subunits by destabilizing the C-terminal coiled-coil motif. Aggregates were removed by subsequent 

centrifugation in a benchtop centrifuge at 4°C for 60 min. 

Nanoparticle synthesis 
The gold nanoparticle size to choose depends on the range of interparticle distances to study. Both, particle 

diameter and interparticle distance determine the plasmon coupling strength. This dependency was well 

described by a single exponential decay with a decay length around 1/4 of the particle diameter.3,4 

Following this rule we chose 62.5 nm gold spheres as optimum for Hsp90.. The gold nanospheres used in 

this work were prepared as described in references 3 and 4.5,6 The particle sizes were determined by 

transmission electron microscopy (TEM). Figure S1 shows representative TEM image. From the image, 

we determined the mean and standard deviation of diameter (D=62.5±2.50 nm) for 127 gold nanospheres. 

These particles show single-particle plasmon resonance wavelength of 588 ± 8 nm when immobilized on a 

glass substrate (in buffer).  
 

 
 

Figure S1 | Characterization of gold nanospheres. a, Representative transmission electron microscopy image of the 

gold nanospheres used in this work. b, The diameter distribution of the nanospheres from 127 individual particle is 

62.5±2.5 nm.c, The resonance wavelength distribution of 2000 individual nanoparticles is 588 ± 8 nm. 
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Nanoparticle functionalization  

AuNP@PEG-Biotin. 500 µL AuNPs were centrifuged (5000 g, 5 min), the supernatant was removed and 

the pelleted nanoparticles were resuspended in 100 µL freshly prepared 2 mM PEG mixture (thiol-PEG-

OMe 2 kDa, thiol-PEG-biotin 3 kDa, thiol-PEG-NH2 3 kDa (Iris Biotech GmbH) with a molar ratio of 

87:10:3 and incubated for 24 hours under stirring at room temperature. To remove the excess of unbound 

PEG, we washed the nanoparticles (AuNP@PEG-Biotin) twice by centrifugation (5000 g, 5 min) with 400 

µL of Milli-Q water and stored at 4°C until use.  

AuNP@PEG-NH2. 500 µL AuNPs were centrifuged (5000 g, 5 min), the supernatant was removed and 

the pelleted nanoparticles were resuspended in 100 µL freshly prepared 2 mM PEG mixture (thiol-PEG-

OMe 2 kDa, thiol-PEG-NH2 3 kDa with a molar ratio of 97:3, Iris Biotech GmbH).The mixture was 

incubated under stirring for 24 hours at room temperature. To remove the excess of unbound PEG, we 

washed the nanoparticles twice by centrifugation (5000 g, 5 min) with 400 µL of Milli-Q water and stored 

at 4°C until use. 

 

Flow cell preparation 

The glass slides used to prepare our flow cell were pegylated and biotinylated as described in reference 5.7 

After the assembly of the flow cell, we incubated with a streptavidin solution (250 µg/mL in PBS, pH=7.4) 

for 15 min and then washed with PBS to remove unbound streptavidin. Thus, the inner surface of our flow 

cell is covered with streptavidin for the later attachment of the particles as explained below.  

Dimer formation 
We incubated a diluted AuNP@PEG-Biotin solution (in PBS) in our flow cell for 5 minutes. After the 

immobilization of approximately 1000 nanoparticles in our field of view, we rinsed our flow cell with PBS 

to wash away unbound nanoparticles (Figure S2a,b). Then, we incubated the immobilized nanoparticles 

with 1 mM SMCC (succinimidyl 4-(N-maleimidomethyl) cyclohexane-1-carboxylate) in PBS pH=7.4 for 

30 min. After a washing of the flow cell with PBS pH=6.7 for 5 minutes, we flushed in our flow cell a 

solution containing 0.24 nM Hsp90 and 200 nM TCEP in PBS pH=6.7. After an incubation time of 

30 minutes, the flow cell was washed again with PBS pH=6.7. Meanwhile, the second nanoparticle stock 

(AuNP@PEG-NH2) was incubated for 20 min with 1 mM SMCC, and washed by centrifugation four times 

with water. After the last centrifugation, the pelleted nanoparticles were resuspended in PBS pH=6.7, 

inserted into the flow cell and incubated for 30 min for the single-molecule plasmon ruler formation. 

Unbound particles were removed by HEPES buffer (40 mM HEPES, 50 mM KCl, 10 mM MgCl2, pH=7.4) 

(Figure S2a,b). 
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Optimization of the dimer assembly process 
To study and optimize the dimer formation in the flow cell, we varied the salt concentration of the buffer 

(Figure S2c) and the protein concentration (Figure S2d). We found that by using 50 mM KCl and 10 mM 

MgCl2 and for a protein concentration of 0.24 nM our conditions improved. Figure S2e shows the ratio 

between monomers, non-functional dimers and functional dimers.  

 
Figure S2 | Optimization of dimer (plasmon ruler) assembly process. a, Real color image of gold nanospheres in 

a dark-field microscope. Individual nanospheres (monomers) appear as green dots (left), some become orange after a 

second particle is bound (right side). Software picks up such cases (indicated by numbered circles) .b, Scattering 

spectra of these monomers and dimers, showing an increase of overall intensity as well as a red-shift of the plasmon 

maximum. c, Percentage of dimers fluctuating (violet). In lower salt concentration unspecific attachment of particles 

is hindered, but protein denaturation is more likely compared to higher salt concentrations. We observe the optimum 

salt concentration to be 50 mM KCl. d, Variation of Hsp90 concentration shows no significant change detectable. To 

decrease the probability for double-linker formation, we choose to use 0.24 nM Hsp90. e, Ratio between monomers, 

non-functional dimers and functional dimers. The ‘additional particles’ are small nanoparticle aggregates or impurities 

and defects of the flowcell. 

Measurement conditions 
We used for all the experiments the HEPES buffer containing 40 mM HEPES, 50 mM KCl, 10 mM MgCl2, 

at pH=7.4 supplemented with/without ATP as specified. After carrying out the experiment (with (5 mM) 

or without ATP) and observing the thermally-induced fluctuations, we incubated our plasmon rulers with 

the same buffer supplemented with 2 mM AMP-PNP. The non-hydrolizable ATP analog AMP-PNP is 

known to lock the Hsp90 complex in the closed state. After the complete exchange of the buffer in the flow 

cell, we started to record a new timetrace.    
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Microscope setup 
The dark-field setups used Plan–Apochromat 40x/1.3 Zeiss objectives and a SuperK EXTREME 

supercontinuum laser with a SuperK SELECT multi–line tunable filter (NKT Photonics) or fixed 

wavelength LED (623nm) as light source. For the automated data acquisition (Hamamatsu orca flash V4.0) 

and data analysis, we used a MATLAB–based software. After the data acquisition, we corrected the 

baseline of our time traces by low-pass filtering, and normalized the signal to its mean.  

Conversion of intensity to distance 
We estimate the equilibrium interparticle distance d0 for our Hsp90 plasmon ruler (PEG - Hsp90 - PEG) to 

be approximately d0 = 19 nm (16.9 nm in the closed state and 22 nm in the open using the known 

dimensions of Hsp90 (8.9 nm - 14 nm) and PEG linkers (4 nm)). By using Boundary Element Method8 

(BEM), we estimated the spectral response of our plasmon rulers to changes in the interparticle distance 

(Figure S3a). The scattering intensity Irel(d) at a given wavelength 0 (normalized to the intensity measured 

at the estimated equilibrium particle separation d0 = 19 nm) decreases with increasing interparticle 

separation d (Figure S3b). Around the equilibrium particle separation d0, the function Irel(d) shows a nearly 

linear relationship (purple line Figure S3b (inset)). Within the maximum range of expected interparticle 

distances (about 15-23nm), this linear approximation works well (Figure S3c (inset)). We use the slope of 

this line to convert relative intensity changes ΔIrel to interparticle distance changes Δd (Δd = w ∙ΔIrel). For 

three different wavelength 0 (615nm, 625nm, 635nm), we extract w = 27.6, w = 24.5 and w = 24.3, 

respectively. Given all of the uncertainties in this conversion (PEG linker length, exact sizes of the 

nanoparticles in a given dimer, etc.), we believe that w = 25 is a reasonable conversion factor to convert 

relative intensity to distance changes. We like to stress that it is much easier to interpret the time evolution 

of the (relative) signal intensities compared to the absolute values for the measured distances, which have 

a large systematic error, similar to most other single molecule techniques. 

 

Figure S3 | Conversion of scattering intensity to interparticle distance. a, Simulated scattering spectra for different 

interparticle distance d. In the simulations, the gold spheres had a diameter of 62 nm and were surrounded by a medium 

with a refractive index n = 1.34. We used tabulated optical constants for gold. b, Relative intensity changes at a fixed 

wavelength 0 as a function of interparticle distance d. At the equilibrium distance of our plasmon rulers (d0 = 19 nm), 

the relative intensity depends approximately linear on d with a slope of w = 25 (inset). 

 

 


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Setup performance and principal limits for plasmon rulers 
The measured fluctuations of the signal obtained from a single plasmon ruler are caused both by 

measurement noise (1) and by real interparticle distance changes (2): 

1. The light sources, optics and detectors lead to a fluctuating signal level, which we refer to as ‘setup 

noise’. The fundamental reason for this noise is the statistical nature of light which is made from a 

discrete number of photons. On top of this ‘photon shot noise’, there is noise in the detector and it 

is analog to digital converter. Also the light emission and collection efficiency might not be 

completely stable over time, for example by small changes in the focus position (‘drift’).  

2. When we measure plasmon rulers connected by Hsp90, we observe an increased fluctuation 

amplitude compared to the above mentioned setup noise. These fluctuations are ‘real’ in the sense 

that they are caused by changes in the interparticle distance d. Part of this additional fluctuation is 

due to the PEG spacers, the ‘linker contribution’, another part is due to the stiffness of the Hsp90 

linker itself, the ‘Hsp90 contribution’. On top of both of these additional fluctuation sources, the 

Hsp90 shows the distinct transitions between the open and closed conformation – the topic of this 

work. In this context, the above mentioned linker and Hsp90 contributions are ‘noise’, even though 

part of it contains information about molecular dynamics.  

We characterized the contribution of both the setup noise of our current setups (which is, of course, 

dependent on exposure time and the amount of available light) and the contribution from the linker (‘Linker 

contribution’) and the Hsp90 molecule itself. As a measure of the different contribution to the fluctuating 

signal, we use here the standard deviation of the signal over a given period of time (10 min). We estimate 

these contributions on several long (24 hours) timetraces and report the average of the obtained values and 

their standard deviation. 

If we try to estimate the resolution of the plasmon rulers for detecting conformational changes of 

macromolecules, we need also to consider the time-resolution and bandwidth of the measurement: On the 

other hand, longer measurements have additional sources of noise (‘drift’), on the other hand, reducing the 

time-resolution (increasing exposure time) decreases all statistical noise. In the section ‘distance 

resolution’ we give a few examples of the ability of plasmon rulers to report distance changes on various 

timescales. At the end, we discuss in the section ‘limits of plasmon rulers’ what causes noise on a 

fundamental level and how much the distance resolution could be improved. 
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Setup noise 
To estimate the setup noise, we measured gold nanorods with approximately the same scattering intensity 

as our plasmon rulers (Figure S4). These nanorods consist of a solid rod-shaped nanoparticle which 

prohibits any fluctuations coming from interparticle distance variations. The remaining signal fluctuations 

are therefore caused by the measurement process itself, probably because of noise in the camera and the 

light source. These rod-shaped particles have a fluctuation amplitude of around 0.28% ± 0.10% over 10min. 

Reducing the exposure time to 1s / 10s (by averaging 10 / 100 data points), the fluctuation amplitude reduces 

to 0.21% ± 0.10 % / 0.17% ± 0.08 %, respectively. 

 

 

Figure S4 | Time traces of nanoparticles without (soft) linker. These time traces were measured on particles that 

are not connected by soft linkers. On these particles, nothing should be changing over time, so that the signal variation 

is caused only by noise in the measurement itself. We show a zoom of 10 min in a, the entire 24 hours measurement 

in b. c, Additional traces of different gold nanorods. We evaluate the signal variation over 10 min. with the full time 

resolution (100ms, red line), with 1s time resolution (medium light red), and 10s time resolution (light red), c.f. 

histograms in a, right side. The observed signal variation of 0.4% is caused by setup noise.  
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Linker contribution 
To estimate the linker contribution, we substituted the Hsp90 protein dimer by a dithiol-Poly(ethylene 

glycol) , 5 kDa, Rapp Polymere GmbH. Figure S5 shows some examples of such PEG linked plasmon 

rulers measured with 100ms time-resolution. These PEG dimers have a fluctuation amplitude of around 

0.80% ± 0.62 % over 10min. Reducing the exposure time to 1s / 10s (by averaging 10 / 100 data points), 

the fluctuation amplitude reduces to 0.64% ± 0.58 % / 0.53% ± 0.49 %, respectively. 

 

 

Figure S5 | Time traces of PEG connected plasmon rulers. Time traces of plasmon rulers connected by PEG 

molecules, zoom of 10 min in a, the entire 24 hours measurement in b. c, Additional traces of different plasmon rulers. 

We evaluate the signal variation over 10 min. with the full time resolution (100ms, blue line), with 1s time resolution 

(medium light blue), and 10s time resolution (light blue), c.f. histograms in a, right side. The observed signal variation 

of 0.8% is caused, in part, by the PEG linkers.  
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Hsp90 contribution 
Plasmon rulers connected by Hsp90 show a larger fluctuation amplitude than PEG connected dimers, 

presumably due to the lower rigidity of Hsp90 compared to PEG (in the given buffer conditions), see Figure 

S6. This Hsp90 contribution is not caused by the opening or closing of the Hsp90 dimers, which show much 

larger and clearly distinct fluctuations. It is not clear to us why some (or most) of the Hsp90 linkers do not 

show the opening/closing behavior. In some cases, there could be multiple linkers between the two 

nanoparticles but it is unlikely that this is the only reason for this behavior. It is possible that our plasmon 

ruler preparation procedure denatures many Hsp90 molecules in a way that make them unable to show the 

opening/closing transition.  

These Hsp90 dimers have a fluctuation amplitude of around 1.98% ± 0.87 % over 10 min. Reducing the 

exposure time to 1s / 10s (by averaging 10 / 100 data points), the fluctuation amplitude reduces to  

1.85% ± 0.89 % / 1.69% ± 0.92 %, respectively. 
 

 
 

Figure S6 | Time traces of Hsp90 connected plasmon rulers. Time traces of plasmon rulers connected by Hsp90 

molecules that are not fluctuating between the open/closed conformations. A zoom of 10 min is shown in a, the entire 

24 hours measurement in b. c, Additional traces of different plasmon rulers. We evaluate the signal variation over 

10 min. with the full time resolution (100ms, green line), with 1s time resolution (light green), and 10s time resolution 

(gray), c.f. histograms in a, right side. The observed signal variation of 2% is caused, in part, by the Hsp90 molecule.  
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Examples of measurement resolution 
In the above control experiments, we have determined the fluctuation amplitude measured with different 

time-resolution and over different periods of time. The results are summarized in Table S1 below.  

 
Table S1 | Relative intensity fluctuations (standard deviation) measured at different time resolution/measurement time 

for the setup itself, the PEG linker and the Hsp90 molecule (without open/closed transition). 

 100ms over 10min 1s over 10 min 10s over 10 min 

Setup 0.28 ± 0.10 % 0.21 ± 0.10 % 0.17 ± 0.08 % 

PEG Linker 0.80 ± 0.62 % 0.64 ± 0.58 % 0.53 ± 0.49 % 

HSP90 1.98 ± 0.87 % 1.85 ± 0.89 % 1.69 ± 0.92 % 

 

We can convert the relative intensity fluctuation values in Table S1 to interparticle distance changes Δd = w 

∙ΔIrel using the linear conversion factor w = 25. These values give then the minimum distance change that 

can be resolved. We have summarized the result in the Table S2 below.  

 

Table S2 | Interparticle distance resolution 

 100ms over 10min 1s over 10min 10s over 10min 

Setup 0.88 ± 0.95 Å 0.70 ± 0.83 Å 0.58 ± 0.68 Å 

PEG Linker 2.00 ± 1.55 Å 1.60 ± 1.45 Å 1.33 ± 1.23 Å 

HSP90 4.95 ± 2.18 Å 4.63 ± 2.23 Å 4.23 ± 2.30 Å 

 

To measure conformational dynamics (as in this manuscript), the changes must be larger than those in the 

last row of Table S2. For example, to resolve conformational changes resulting in an interparticle distance 

change of d = 5Å are possible to observe at a time resolution of 100 ms. We would like to point out, that 

this includes already real fluctuations by the molecule under investigation (Hsp90). These fluctuations 

within one conformational state contain information of the molecule itself. 
 

Limits of plasmon rulers 
Our realization of the plasmon ruler technique, has not yet reached the maximum possible observation 

bandwidth. There should not be fundamental limit for the total observation time except for the lifetime of 

the molecule under investigation. On the other extreme, the data acquisition speed is fundamentally limited 

for two different reasons. Conformational dynamics faster than the gold sphere diffusion time cannot be 

measured. In our case, this time resolution would be 0.1 µs (calculated for a distance change x of 1 nm 

and spheres of 60 nm diameter).  

The other limit is the heating associated with the increase of illumination power necessary to yield an 

equivalent signal to noise ratio as in our measurements. If we tolerate a temperature increase of 1 K, we 

could reduce the time to about 7 µs (see below).  

Technical improvements like a more efficient light collection, detectors with higher quantum yield, or lower 

read-out noise could reduce this time further. Both calculations indicate that with sufficiently fast detectors, 

protein conformational dynamics can possibly be observed with µs time resolution. 

Estimation of temperature increase 

Our illumination (I = 1.1∙104 W/m2) heats9 the particles about T = cabs∙I / 4r = 7∙10-4 K. In this 

estimation, we assume the particles to be surrounded by water with a thermal conductivity 

 = 0.591 W/m∙K and no significant barrier for the heat transfer from the particles to water. The light 

absorption cross section of our gold spheres is approximately cabs = 1.5∙10-14 m2.  

For a temperature increase of Tmax = 1 K, we could therefore increase the illumination intensity by about 

1/7∙10-4, resulting in a time resolution of about 7 µs. 
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Additional time traces showing Hsp90 fluctuations qualitatively 
 

 
Figure S7 | Additional timetraces showing Hsp90 fluctuations. Timetraces of the dimers showing typical 

conformational transitions of Hsp90 complexes in the nucleotide-free protein (APO) and in the presence of ATP. The 

traces were recorded for 6, 12 and 24 hours with times resolutions between 10Hz to 50Hz. 

  



13 
 

Decay rates  
The table below shows the three decay rates for the open and closed state of Hsp90 obtained from a 

combination of all acquired traces. Under nucleotide-free condition (without ATP), we obtained 27700 

dwell times, for the nucleotide containing buffer (with ATP), we observed 33000 transitions. We used a 

double-exponential decay function to extract the first two fast decay rates (t1 and t2) from the cumulative 

dwell time distribution P(τ).1 The slow decay rate (t3) was extracted by linear regression to the cumulative 

occurrence – P(t>=) .  

Table S3 | Decay rates of sub-states within the open and closed configuration, determined from the dwell time 

distribution of plasmon ruler experiments in the presence and absence of ATP.  
Open  Closed 

t
1 
/ s t

2 
/ s t

3 
/ s  t

1 
/ s t

2 
/ s t

3 
/ s 

ATP free 1.63 ± 0.03 13.2 ± 0.06 337 ± 70  0.78 ± 0.02 4.30 ± 0.11 115 ± 9 

With ATP 0.39 ± 0.05 6.00 ± 0.48 250 ± 22  0.13 ± 0.02 2.10 ± 0.15 49.6 ± 2.0 

Hidden Markov Modelling 
The plasmon ruler and FRET data were analyzed with a Hidden Markov Model (HMM) based approach.10 

The HMM yields the optimal kinetic model including the rates for all transitions. The rates were compared 

for HMMs trained with the plasmon and FRET data, respectively. 

Overall, a good agreement of the rates is found for the transitions that occur most often in the data set (1→2 

and 2→1). The different size of the confidence intervals (error bars) between plasmon and FRET data 

reflects the different size of the two data sets (864000 time points for plasmon and 25200 for FRET).  

Even though the plasom data was recorded with a slightly higher sampling rate compared to the FRET data 

(10 Hz vs 5 Hz), transition rates are mostly smaller for the plasmon data. This reflects the fact that 

predominantly long dwells are missed with the FRET approach, thus overestimating the rate. 

 

Figure S8 | Rates from Hidden Markov Modelling. The transition rates from a Hidden Markov analysis yields very 

similar rates between a FRET experiment (gray bars) and plasmon rulers (red bars). 
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Variation between different single molecules 
We compared the total times spend in the open/closed configuration for different molecules to test if the 

ergodic principle and the assumption of molecular homogeneity is correct. In Figure S9, we show the time 

(in %) the molecule spends in the open configuration for different molecules, both for buffers containing 

ATP (pink triangles) and lacking ATP (blue circles). The molecules in buffers containing ATP are mostly 

locked in the open position (90% of the time on average). However, there is a large variation between 

different molecules, showing values between 43% and 96%, which means that either the molecules are not 

as homogeneous as thought or the observation time of 12-24 hours is not enough to ensure ergodicity.  
 

 
 

Figure S9: Time spend in the open configuration for different molecules.  The molecules shown by blue lines and 

blue circles are measured without ATP in the buffer, the molecules shown by pink lines and triangles in an ATP 

containing buffer. The former molecules spend 75% of their time in open states on average, the latter 90% of the time. 

All traces are measured for 6 - 24 hours. The large deviations between molecules shows either non-ergodic behavior 

or molecular inhomogeneity.  

Signal to noise for single molecule FRET and plasmon rulers 
 

 
Figure S10 | Comparison of single molecule traces from FRET and plasmon ruler measurements. FRET traces 

(upper row) are significantly shorter and noisier than plasmon ruler traces (lower row). Both traces are shown with 

the same timescale. The FRET traces show the FRET efficiency which is a measure of the intermolecular distance – 

however, there is more information in the donor-/acceptor fluorescence (not shown here) that is used to assign the 

open/closed conformation. The plasmon ruler trace in the bottom shows only 300s out of 86400s (24 hours). The dots 

show the actual data points, colored according the open (blue) and closed (red) conformation, the thin gray lines 

connecting adjacent points is a guide to the eye. 
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