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Abstract: For single-molecule studies in solution, very small concentrations of dye-labelled mole-
cules are employed in order to achieve single molecule sensitivity. In typical studies with confocal
microscopes, often concentrations in the pico-molar regime are required. For various applications
which make use of single-molecule Forster resonance energy transfer (smFRET) or two-color coin-
cidence detection (TCCD), the molecule concentration must be set explicitly to targeted values and
furthermore needs to be stable over several hours. As a consequence, specific demands must be
imposed on the surface passivation of the cover slides during the measurements. The aim to have
only one molecule in the detection volume at the time is not only affected by the absolute molecule
concentration, but also by the rate of diffusion. Therefore, we discuss approaches to control and to
measure absolute molecule concentrations. Furthermore, we introduced an approach to calculate
the probability of chance coincidence events and demonstrate that measurements with challenging
smFRET samples require a strict limit of maximal sample concentrations in order to produce useful
results.

Keywords: single-molecule Forster resonance energy transfer; burst analysis; Two-color coinci-
dence detection; confocal fluorescence microscopy; chance coincidence probability

1. Introduction

One major approach to investigate biomolecule conformations, dynamics or molec-
ular interactions on single molecule level is given by fluorescence based techniques which
make use of confocal microscopy. In this case a diffraction limited small detection volume
is created by an optical setup which allows to measure fluorescence emission from indi-
vidual diffusing molecules during a rather short time of the molecule’s transit through
this detection volume [1,2]. For medium sized proteins and confocal detection volumes in
the order of a few femtoliter, the dwell time of the diffusing molecule is in the millisecond
time regime. During this time, the emitted “burst of photons” from individual molecules
represents the essential feature of a single molecule [2,3]. With the help of powerful burst
analysis tools, the relevant data can be extracted from typical time trace measurements
[4,5]. In this way, up to a few thousand bursts can be measured within hours, which de-
livers reasonable counting statistics for a proper single molecule analysis [6,7].

An important prerequisite to achieve single molecule sensitivity by using this ap-
proach requires that the absolute molecule concentration has to be kept to a value, that
corresponds to the presence of not more than one molecule (or one type of molecule) at
the time in the confocal detection volume. Due to the stochastic character of the Brownian
diffusion the molecules perform in solution, it is typically assumed that this requirement
is fulfilled if the average number of molecules in the detection volume (~ few femtoliters)
is given by <N> ~ 10, see for example [8]. In most applications with diffraction limited
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detection volumes in confocal microscopy, this requirement is related to molecule concen-
trations of a few ten pico-molar. For two-color coincidence detection (TCCD) studies [7,
9], which are for example employed to measure bimolecular binding affinities, one need
not only to fulfill the mentioned requirement. In addition, also the absolute concentrations
of the two differently labelled species need to be set to targeted values. Furthermore, the
average number of molecules in the detection volume at the time depends not only on the
molecule concentration but also on the diffusion rate of the molecules. Here we discuss
specific single molecule Forster resonance energy transfer (smFRET) and TCCD applica-
tions for which even higher demands on sample properties are required in order to obtain
reliable results. In this respect methodical approaches are introduced which help to mon-
itor and control the molecule concentration. Finally, a reduced quality of the obtained re-
sults is demonstrated for data which is measured with samples of a sub-optimal concen-
tration regime.

2. Materials and Methods

2.1 Double-stranded DNA

Hybridization procedure and detailed sample preparation procedures were pub-
lished earlier [10]. Briefly, dSDNA samples were prepared by hybridizing a labelled
ssDNA strand 5'-GGA CTA GTC TAG GCG AAC GTT TAA GGC GAT CTC TGT TTA
CAA CTC CGA-3' with an unlabelled ssDNA strand 5-TCG GAG TTG TAA ACA GAG
ATC GCC TTA AAC GXT CGC CTA GAC TAG TCC-3' (IBA, Gottingen, Germany). The
labelled strand was either having an Alexa488 dye at 5" end and an Atto647N dye at 3’
end or just a single Atto647N dye at 3’ end to produce a double or a single labelled dsDNA,
respectively. After hybridization, samples were aliquoted and stored at —20° C. If not
stated otherwise, the dsDNA samples were measured in a DNA standard buffer: 20 mM
TRIS pH 7.5, 100 mM NaCl, 10 mM MgCl..

2.2 Phosphoglycerate kinase

Phosphoglycerate kinase (PGK) expression procedure was described in detail in [11].
Protein labelling and purification is described in [12]. Briefly, single cysteine mutant PGK
C975 Q135C was produced by site-directed mutagenesis. Protein samples were frozen in
liquid nitrogen and stored at —80° C. The single cysteine mutants, was labelled either with
maleimide functionalized Alexa647 or Alexa488 by incubating 10 uM PGK solution with
5-fold excess of dye. After labelling, the protein was purified from unbound dye excess
by size exclusion chromatography, using Sephadex G25 packed column. Labelled protein
samples were stored at 4°C for a maximum of a few days.

2.3 Ribosomes

Isolation and labelling of ribosomes is described in [7]. Ribosomes were isolated by
zonal centrifugation and incubated with 20-fold excess of Cy5-NHS-ester functionalized
dye (GE Healthcare Life Sciences, Little Chalfont, UK). Labeled ribosomes were purified
by pelleting the ribosomes through a 1.1 M sucrose cushion in Tico buffer: 20 mM HEPES
pH 7.6, 10 mM magnesium acetate (Ac2Mg), 30 mM ammonium acetate (AcNHs), 4 mM
[B-mercaptoethanol (3-ME). The concentration of Cy5 and ribosomes was determined
spectroscopically in a NanoDrop spectrophotometer (Thermo Fisher Scientific, Waltham,
USA) using the absorption coefficients ecys = 2.5 x 10° M' cm™! (at A = 647 nm) and e7os = 4.2
x 107M™ cm™ (at A = 254 nm), respectively. The label ratio was calculated to be ~6 Cy5
dyes per 70S ribosome.

2.4 Ribosome nascent chain of Calmodulin

Ribosome nascent chains (RNCs) of Calmodulin (CaM) were synthesized to full pol-
ypeptide chain length (149 amino acid residues) using a cell free protein synthesis system
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92 [13]. For keeping the nascent chain bound to the ribosome, an enhanced arrest peptide
93 sequence from E. coli protein SecM, named SecMstr (FSTPVWIWWWPRIRGPP) was used
94 [14]. The arrest peptide was introduced downstream of CaM connected via a linker com-
95 posed of a 30 amino acid long sequence of glycines and serines spanning the length of the
9% ribosomal tunnel. At the N-terminus, a twin strepll tag (WSHPQFEKGGGSGGGSGG-
97 SAWSHPQFEK) was also introduced for affinity purification. Two unique unnatural
98 amino acids (UAAs), namely CpK and AzF were incorporated co-translationally at deter-
99 mined positions (34 and 110). The side chains of these two UAAs have functional groups
100 that can react with functionalized dyes to produce double labelled RNCs, with an inter-
101 dye distance suitable to observe FRET [15]. The reactions were performed using an E. coli
102 high yield (Biotechrabbit) or a PURExpress (NEBiolabs) cell free system. The reaction was
103 stopped by adding two volumes of RNC buffer (20 mM HEPES pH 7.5, 50 mM Ac2Mg, 30
104 mM AcNH,, 0.5 mM TCEP, 0.005% Tween20). RNCs were purified using magnetic Strep-
105 TactinXT beads and labelled sequentially with 50 uM of red AF647-DBCO and blue
106 AF488-tetrazine (Click Chemistry Tools, Scottsdale, USA) dyes. After each labelling step,
107 the excess of dye was removed using Zeba columns (Thermo Fisher Scientific, Waltham,
108 USA), previously equilibrated with apo-buffer (10 mM EGTA, 50 mM MOPS, 150 mM
109 KCI, 0.005 % Tween20) [16], for subsequent smFRET measurements.
110 2.5 Confocal microscopy
111 Confocal measurements were performed using a MicroTime200 (PicoQuant, Berlin,
112 Germany). The fluorophores were excited using LDH-D-C 485B and LDH-D-C 640B lasers
113 with 485 nm and 640 nm emission (PicoQuant, Berlin, Germany) and a power of 21 uW
114 and 18 uW, respectively. For smFRET and BTCCD measurements, lasers were operated
115 in a pulsed-interleaved excitation (PIE) scheme, in which blue and red excitation is alter-
116 nated in order to directly excite both channels [17]. The excitation light was focused and
117 collected by a high numerical aperture water immersion objective (UPLSAPO 60x; Olym-
118 pus, Hamburg, Germany) and directed through a 75 pm pinhole. The emission signal was
119 separated by a dichroic mirror (T600lpxr, Chroma Technology, Olching, Germany) and
120 filtered by band pass filters of 535 nm (FF01-535/55-25, Semrock, Rochester, NY, USA) and
121 685 nm (ET685/80m, Chroma Technology, Olching, Germany) for the blue and the red
122 channel, respectively. Photons were detected by single-photon avalanche diodes (t-SPAD,
123 PicoQuant, Berlin, Germany; COUNT-T, Laser Components, Olching, Germany).
124 2.2 Sample preparation and data acquisition
125 Unless stated otherwise, all samples were measured on PEGylated cover slides. For
126 PEGylation procedure high precision cover glasses of 170 um thickness (Marienfeld, Ger-
127 many) were cleaned with Piranha solution, plasma cleaned, treated with silane and left to
128 react overnight with NHS-functionalized PEG (MW =750 Da, Rapp Polymere, Tiibungen,
129 Germany) solution. Concentration of all samples was first determined with FCS and then
130 samples were diluted to aimed single-molecule concentrations. Afterwards, the real sin-
131 gle-molecule concentration was determined with bursts analysis. Single-molecule sample
132 aliquots were measured within 10-20 min time intervals which were summed up after-
133 wards for the analysis. Typical data acquisition time was about 60-180 min for a dataset.
134 In order to maintain constant concentration and avoid evaporation during long measure-
135 ment time, sample holders were sealed with parafilm.
136 2.7 Burst analysis
137 The inter photon distance (IPD) trace was calculated for acquired intensity traces [18].
138 Single bursts in both, the red and the blue, channels were discriminated from the back-
139 ground by applying a suitable threshold (usually ~ 100 ps). Bursts that contain only one
140 photon were discarded because they would induce an artificially small dwell time and

141 low molecular brightness. The start time of each burst corresponds to the macro time tag
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142 of the first photon of that burst and, accordingly, the end time of a burst is defined as the
143 macro time tag of the last photon. The burst duration is defined as the difference between
144 its start and end time. Bursts with the duration time of more than 100-fold longer than the
145 average bursts duration time and bursts with the number of photons of more than 100-
146 fold more than the mean number of photons per bursts were considered as aggregates or
147 contamination and were removed from the analysis. Typical data sets contain 103-10*
148 number of accepted bursts.
149 2.8 Brightness-gated two-color coincidence detection
150 Brightness-gated two-color coincidence detection (BTCCD) is a method realized by
151 means of simultaneous single-molecule two-color confocal detection to quantify the frac-
152 tion of bound (coincident) molecules. In contrast to conventional two-color coincidence
153 detection (TCCD, see for example [9]), BTCCD overcomes the problem of coincidence frac-
154 tion underestimation, caused by incomplete detection volume overlap for different exci-
155 tation wavelength and lens aberrations. In order to estimate the coincidence fraction pre-
156 cisely, only molecules that diffused through both confocal volumes should be considered
157 for analysis. In practice, itis assumed that the corresponding molecule trajectories resulted
158 in bright bursts with high number of photons are more likely to touch both volumes,
159 whereas dim bursts with only small number of photons are more likely to touch one of
160 the volumes only slightly. For each accepted burst the burst intensity, i.e. number of pho-
161 tons detected between the start and end time and the mean number of photons per burst
162 is calculated. To perform a coincidence analysis, the brightness threshold nur, defined as
163 the number of photons in a burst, normalized to the mean number of photons, is continu-
164 ously increased. The coincidence is calculated for the red channel (frs) and the blue chan-
165 nel (fsr) independently with
166 — NRB (nbr) — NBR (nbr) 1

Jrs (1) N, (n,) s Ser(ny,) N,(n,) 1)
167 where Nre and Nk are the number of coincident bursts in the red and blue channel, and
168 Nr and Np are the total number of selected red and blue bursts, respectively. For each
169 value of the brightness threshold, only bursts that have more photons as defined by the
170 brightness threshold are considered for analysis. Two bursts are considered as coincident
171 if the start or end time tag of one burst is within the start and end time tags of the other
172 burst. Coincidence fraction increases with the increase of nir and eventually saturates once
173 all bursts considered for the analysis correspond to molecule trajectories though both vol-
174 umes. A complete description of the BTCCD method can be found in [7].
175 2.9 Single molecule FRET analysis
176 After selecting bursts by means of burst analysis, photon counts are calculated for
177 each accepted burst. The use of PIE excitation scheme allows to calculate photon counts
178 for acceptor emission after donor excitation (I4p), acceptor emission after acceptor excita-
179 tion (la4) and donor emission after donor excitation (Ipp) and eliminate donor-only and
180 acceptor-only populations from the analysis. For bursts with Iap + Ipp > 20 photon counts,
181 the energy transfer efficiency
182 = T )

Lip+v-1pp

183 was calculated, where y is a correction factor accounting for differences in dye quantum
184 yields and detection efficiencies in donor and acceptor channels. The stoichiometry pa-
185 rameter is given by
186 - Lt €©)

IAD +IDD +IAA
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187 Furthermore, E and S values were corrected for cross-talk and direct excitation as de-
188 scribed in [19]. In order to evaluate the quality of the obtained smFRET data, FRET effi-
189 ciency histograms and two-dimensional efficiency-stoichiometry histograms are plotted.
190 Finally, FRET efficiency histograms were fitted with Gaussians in order to characterize
191 individual subpopulations.
192 2.10 Concentration determination in single-molecule measurement
193 In order to calculate the molar concentration of a sample C = Nw/(Na-Vep) in a single-
194 molecule experiment, the average number of detected molecules Na (for simplicity from
195 now on depicted only by N) and the dimension of confocal detection volume
196 V,, =n""wz,need to be known (Na: Avogadro constant). The latter is directly accessible
197 from FCS calibration measurements. N can be calculated from the total number of de-
198 tected bursts, Bumes, and the duration time of detected bursts, T4, by considering total fluo-
199 rescence time ¢r [4]. Total fluorescence time is defined as the product of total measurement
200 time fmess and the probability to detect a molecule (1 — exp(-N)) or by the product of Bumess
201 and td
202 te =[1=exp(=N) |-ty = B .- @
203 This equation can now be used to determine the average number of detected molecules:
T
20t N= —ln[l—Bm ‘ j 5)
meas
205 Typical values for calculated molar concentrations as obtained from confocal measure-
206 ments with different pinhole diameters are shown in Table 1.
207 Table 1. Comparison of different molar molecule concentrations as determined from N for different
208 confocal detection volumes.

Pinhole @ 30 um 50 um 75 um 150 um
W=05fL V=1fL V=2flL V=4fL

N CIpMI]

0.001 1.66 0.83 0.55 0.33

0.005 8.31 4.15 2.77 1.66

0.01 16.61 8.31 5.54 3.32

0.02 33.22 16.61 11.07 6.64

0.03 49.83 24.92 16.51 9.97

0.05 83.06 41.53 27.69 16.61

0.1 166.11 83.06 55.37 33.22

209 1 Effective detection volumes depend on the excitation and fluorescence emission wave-
210 lengths. The values given here represent a mean value, as obtained by averaging from 485 nm and
211 640 nm wavelengths conditions.
212 2.11 Chance coincidence events
213 In order to perform single-molecule experiment, the probability to detect more than
214 one molecule must be negligibly low [20]. Knowing the probability of the multi-molecule
215 event detection (i.e., having a number of current molecules Nc> 1 in the detection volume)
216 allows to maintain a proper single-molecule concentration regime. As shown in [21], it is
217 calculated from Poisson distribution, with the probability to detect two molecules at a
218 time is given by
219 pm,_,(N)=exp(-2N)(1-exp(-N))- (6)
220
221 The probability to detect more than two molecules (N: > 2) is negligibly small for N << 1.
222 Therefore, we define chance coincidence events as the presence of two molecules at a time

223 in the detection volume.
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224 For BTCCD, chance coincidence only matters for cross-color multi-molecule events,
225 i.e. when a blue-labelled molecule enters the volume while the red-molecule is in the vol-
226 ume and vice versa. The probability to detect a blue-labelled molecule during the dwell
227 time of a red-labelled molecule will depend on burst duration time in red and blue chan-
228 nels, Tff and Tf , and on the average number of molecules in blue channel N5
R
229 Prs =1—exp (—(%jNBJ : )
d
230 Blue-labelled molecule can either already be in the detection volume or enter during the
231 dwell time of a red-labelled molecule, meaning that both probabilities need to be added.
232 Also, because only cross-color events should be considered, only red-only molecules will
233 cause a chance coincidence detection and a (1 — fzs)-factor should be introduced. The
234 chance coincidence fraction is then calculated as
R
235 fRCl;hance :(l—fRB)|:1—eXp(_NB (% +1]J:| . (8)
d
236 In the same manner, the chance coincidence fraction accounting for detecting a red-la-
237 belled molecule during the dwell time of a blue-labeled molecule is
B
238 BC];ham‘e :(1—fBR)|:1—eXp[_NR (% +1Jj:| (9)
d
239
240 3. Results and Discussion
241 In practice samples for confocal fluorescence spectroscopy often consist of a rather
242 heterogeneous ensemble of labelled molecules. This heterogeneity can originate from the
243 fact, that (i) the biological molecules of interest are present in different conformational
244 states or that (ii) individual biomolecules exhibit different degrees of labelling. For exam-
245 ple, in the case of FRET studies which require donor and acceptor double-labelled species,
246 donor only or acceptor only species might be present in the sample solution. In most sin-
247 gle-molecule studies, problems related to such a sample labelling heterogeneity can either
248 be avoided by highly productive sample preparation and purification procedures [22,23]
249 or circumvented by elaborated molecule sorting algorithms [17, 19]. However, in some
250 cutting-edge applications sample heterogeneity can still cause serious problems. In this
251 respect, we will focus here mainly on two types of samples: (i) Proteins that are produced
252 by cell-free synthesis systems allow the incorporation of unnatural amino acids for more
253 selective double dye conjugation. Although these smFRET samples offer the opportunity
254 for studying co-translational protein folding or multi-protein complex assembly, the ob-
255 tained proteins suffer often from rather incomplete labelling and low protein yields [15,
256 24]. As a consequence, the typically applied protein purification procedures (for example
257 to remove free dyes) also work less efficient. (ii) The strength of the BTCCD approach is
258 to determine bi-molecular binding affinities in the low pico-molar regime. This requires
259 also low molecule concentrations of the individual complementary single labelled binding
260 partners. For both mentioned types of samples, a rather low molecule concentration in
261 combination with a certain tendency for unspecific molecule attachment to the cover-slide
262 surface may cause problems and artifacts which will be discussed in the following sub-
263 chapters.
264 3.1. Unbalanced reduction of molecule concentrations during extended measurement times
265 In typical BTCCD studies, calibration measurements have to be performed in order
266 to validate that brightness-gating (the use of increasing ner values) reduces the effects of
267 the confocal detection volume mismatch (related to the two different excitation wave-
268 lengths) reasonably [7]. For this purpose, a double stranded DNA molecule labelled with

269 two different dyes is employed. Since the label ratio for each color (i.e. each dye with its
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270 respective absorption wavelength) is very high, typically larger the 95 %, we obtain very
271 high coincidence fractions frs and fsr, respectively (see subsection 2.8, eq. 1). In the case for
272 a dsDNA (length 48 bp) labelled with Alexa488 and Atto647N the expected high coinci-
273 dence fractions are visible for nr > 2 (see Fig. 1a, topmost panel). A closer look on the
274 panels in Fig. 1a demonstrates that the coincidence fraction frs (blue) decrease substan-
275 tially over a time span of 60 minutes, while the coincidence fraction fzr (red) remains more
276 or less unchanged during the same time span. This result is shown more clearly in Fig. 1c,
277 where fzr drops from 87% to 68 % and frs exhibits a constant value of about 90%. Such a
278 behavior can be explained by the following facts: (i) There is a small fraction of single
279 labelled species, 3-5 % only labelled with Alexa488 or with Atto647N. (ii) There is always
280 a certain, often rather small, fraction of molecules that nonspecifically sticks to the surface,
281 even in the case of PEGylated cover-slides. In our case, one fluorescent dye seems to show
282 a tendency for the stickiness and obviously, it is the Atto647N which exhibits this ten-
283 dency. As a consequence, the total molecule concentration of dsDNA molecules drops
284 down over time. Since the majority of the diffusing molecules is still double labelled, the
285 concentration for both colors is reduced from approximately 18-20 pM to 6-8 pM after 60
286 minutes (see Fig. 1b). However, a further consequence is that the single labelled Atto647N
287 molecules are systematically extracted from the solution, while at the same time the single
288 labelled Alexa488 molecules remain in the solution. Exactly this mismatch causes a de-
289 creasing frs (blue) and a constant fsr (red) over time.
a b
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290 o
291 Figure 1. BTCCD results of double-labelled dsDNA samples as obtained from measurements at
292 standard buffer conditions (only PEGylated surfaces). (a) Coincidence fractions, frs (blue) and fr
293 (red) are shown as a function of the brightness-gating parameter nr for different time intervals after
294 the measurements were started (from top to bottom). The measurements have been performed with
295 PEGylated cover-slides (see subsection 2.6) and in standard DNA-buffer (see subsection 2.1). (b) Based
296 on the data shown in (a), the time course of the dye-concentration in solution is given in terms of
297 “total number of bursts” as obtained in the respective time interval (see left y-axis) and in molar
298 concentration (see right y-axis). (c) Based on the data shown in (a), the time course of the individual

299 coincidence fractions frs (blue) and fsr (red) are shown.
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300 By adding a small amount of the detergent Tween20 to the buffer solution, the stick-
301 iness of Atto647N almost vanishes (see Fig. 2a,b). The corresponding results from meas-
302 urements with Tween20 exhibit nearly constant molecule concentrations for all species, as
303 well as stable and almost identical coincidence fractions frs and fsr (for nur values above a
304 certain threshold), as expected for this type of sample, see [7].
a) b)
T T T T T T 125 0.98
14000
0.96 4
- 13000 2]
® k120 ¥ 0844
3 12000 = 2
° S @092
2 11000 5 ¢
2 T Too
T 10000 - rms £ 2
o g Soss
S 9000 | S §
£ O Toss{ —=—AloB4TN
2 8000 ® Numberofbursts L 110 £ —=— Alexa488
® Concentration 0.04
20001 Attod7N Los
1000 4 —— Alexads88 0.02 4
0 T T T T T T 0.0 0.00 T T T T T T
10 20 30 40 50 60 10 20 30 40 50 60
time [min] time [min]
305
306 Figure 2. (a,b) For data which was obtained from measurements in buffers containing 0.005%
307 Tween20, the same type of graphs is shown as in Fig. 1b and c, respectively.
308 In another case we re-evaluate smFRET data from measurements, performed in a
309 multidomain protein folding study [12]. In this study the conformational structure of
310 phosphoglycerate kinase (PGK) was measured as a function of the chemical denaturant
311 GndHCI. As observed already in various studies, proteins typically undergo a structural
312 expansion upon increasing GndHCI concentrations which represents an unfolding tran-
313 sition [3,25]. The corresponding succession of smFRET histograms shows first a popula-
314 tion for the native state (compact high FRET state). With increasing GndHCI concentra-
315 tions a further population of the unfolded state shows up, while well above the GndHCl
316 half-transition concentration (for PGK Ci2~ 0.65 M) only the peak of the unfolded state
317 (expanded low FRET state) remains. Since GndHCl is not only an efficient chemical dena-
318 turant, but also a good solvent (for molecules that expose hydrophobic regions), the
319 GndHCI concentration determines not only the degree of unfolding, but also the tendency
320 of partly unfolded proteins to stick to the cover-slides during extended measuring times.
321
322 a)ZEUDD b) C)
; ' " ' " ' 2004 data from 0-30 min. 300 data from 30-60 min.
80505 [ tee ] _i:?s: 02,P, =045 i‘ée,:‘i 02,P, =045
323 jd e G T - - 180 <E,>=0.75,P, =055 250 <E,>=0.75,P,=0.55
a \ ~——a_ 2 1404 ——Cumulative curve —Cumulative curve
3 15000 - b e = 200
324 3 10000 T TS, 5%, .
% \.\.\-‘\\\. 42§ w0l 100
2 s ® gnﬁero{burs(s \' " Lo ]
325 > Cometete e @
326 * ” 3!‘i)me [mi:;J ” ” * DZ FﬂRAET Efflcioe:cy e " " ” FORAET Efﬁcioet:\cy ” "
327 Figure 3. Results as obtained from smFRET measurements with PGK at 0.65 M GndHCl denaturant
328 concentration. (a) The number of detected bursts and the related molar protein concentration is
329 given during the total measuring time (60 minutes) for time intervals of ten minutes. (b,c) The cor-
330 responding smFRET transfer efficiency histograms are shown for the first 30 minutes (b) and for the
331 last 30 minutes (c). In both histograms the unfolded state population (at <Ei> ~ 0.2) and the folded
332 state population (at <E2> ~ 0.75) have within the limits of error the same statistical weights P1 ~ 0.45

333 and P2~ 0.55 (area under the respective fitted Gaussian peaks).



Biomolecules 2022, 12, x FOR PEER REVIEW 90f13

334 In this respect we observed for proteins in buffers with GndHCI concentrations close to
335 Cip2 drastically reduced count rates during confocal smFRET measurements. A more de-
336 tailed inspection of the data measured at Ci, revealed that the number of detected bursts
337 and thereby the molecule concentration is reduced, mainly caused by unspecific protein
338 binding to the cover-slide surface (see Fig. 3a). Interestingly, we do not observe a similar
339 count rate reduction in other GndHCI concentration regimes (for example, 0-0.5 M for
340 mainly folded states and > 0.9 M mainly unfolded states). Since at Ci2we are dealing with
341 samples which include two different subpopulations (folded and unfolded states) the
342 question rises, whether one of the subpopulations is more prone for surface sticking and
343 thereby would bias the statistical weights of the obtained subpopulations. In order to an-
344 swer this question, we separated the data set which accumulated bursts over 60 minutes
345 into two parts. The first part includes bursts of the first 30 minutes (Fig. 3b) and a second
346 part that of the second 30 minutes (Fig. 3c). This rough estimate (a more finely subdivision
347 of the data was not possible due to the limited number of bursts per time interval) exhibits
348 more or less identical smFRET histograms. Importantly, the statistical weights (P1 and P2)
349 for the individual subpopulations do not vary during the total measuring time. This indi-
350 cates that both protein conformations have more or less the same tendency for surface
351 sticking. Therefore, at least in the case presented here, unspecific surface sticking of the
352 investigated biomolecules does not bias the obtained results.

353 3.2. Impact of chance coincidence on BTCCD and smFRET results

354 In studies with diffusing molecules targeting single molecule sensitivity, the mole-
355 cule concentration must be low enough to ensure that we detect only single molecules. On
356 the other hand, we would like to work with molecule concentrations as high as possible,
357 in order to obtain a high number of bursts within a certain time interval. For achieving a
358 reasonable trade-off between both requirements, it is worth to establish an approach to
359 identify optimal target concentrations, depending on the specific boundary conditions. In
360 confocal microscopy, in principle several freely diffusing molecules can be present in the
361 detection volume at the same time, also known as chance coincidence. Here, we make use
362 of mathematical terms for calculating fractions of chance coincidence, derived from some
363 basic principles (see subsection 2.11).

364 In order to quantify chance coincidence in a straight forward manner, we performed
365 BTCCD analyses with samples containing a pair of two distinct molecules which do not
366 exhibit an appreciable binding affinity to each other. The two involved molecules were
367 labelled with different dyes and the measured coincidence fraction can be interpreted as
368 a pure chance coincidence. In a first example, two PGK species were labelled either with
369 Alexa488 or with Alexa647, mixed in a certain stoichiometry and adjusted to different
370 sample concentrations. In Fig. 4a the measured coincidence fractions frs (solid lines) and
371 the corresponding calculated values (dashed lines, see eq. 7) are shown for three different
372 molecule concentrations (here the concentration is given for the Alex488 labelled species).
373 It is obvious from this figure, that only for a concentration of 30 pM the chance coincidence
374 fraction is below 0.1, while for higher concentrations frs values are larger than 0.2 (for 57
375 pM) or even larger than 0.8 (for 382 pM). The obtained results indicate, that only the 30
376 pM sample to some extend allows a reliable single molecule data interpretation (with ap-
377 proximately 90% of all bursts originating from single molecules). In the other cases (57
378 and 382 pM), too many of detected bursts contain photons from more than one molecule
379 (20-80 %). Furthermore, the presented analysis demonstrates a rather good agreement be-
380 tween measured and calculated frs values. According to equation 7 (see subsection 2.11)
381 the chance coincidence given by frs values depends not only on the molecule concentra-
382 tion (given by N), but also on the ratio of the involved burst duration timest" and ’Eg of
383 both diffusing species. Therefore, the relative sizes of the diffusing molecules have a clear
384 impact on the obtained chance coincidence. This leads to a more pronounced chance co-

385 incidence (i.e. larger frs values) if the red labelled molecules diffuse much slower than the
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386 blue labelled ones. A confirmation of such a behavior is illustrated in Fig. 4b, showing
387 data obtained from a molecule pair consisting of red labelled dsDNA and free Alexa488
388 (blue). In this case, even a molecule concentration of 23 pM gives more than 20% of all
389 bursts which contain photons from more than one molecule (i.e. a single molecule inter-
390 pretation of individual burst is no longer valid). Such a behavior is even more pronounced
391 for a sample with a very large red labelled ribosome and free Alexa488 (see Fig. 4c).
392
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393 Figure 4. Measured (solid lines) and calculated (dashed lines) frs values obtained from samples
394 with a pair of two distinct individually and freely diffusing molecules, one red
395 (Alexa647/Atto647N/Cy5) labelled and the other blue (Alexa488) labelled. The respective molecule
396 concentrations are given for the blue labelled species (including the parameter N, the corresponding
397 average number of molecules in the detection volume at the same time). The concentration of the
398 red labelled species (not given explicitly) is in the same regime as the blue ones. The presented
399 examples exhibit a clear variation in the relative sizes, and thereby in the corresponding burst du-
400 ration times 14, of the respective molecules in the mixed samples: (a) similar size of red and blue
401 labelled molecules, (b) lager red labelled molecule versus smaller blue label (i.e. only Alexa488) and
402 finally (c) very large red labelled molecule versus small blue label.
403 The last two cases exemplarily show, that only samples with a molecule concentration of
404 a few pM allow for a burst analysis with single molecule interpretation. It is noteworthy,
405 that for these conditions the required N value is below 0.01 (for smFRET studies often the
406 recommend N value is 0.01- 0.03). Furthermore, we observe a slightly lower agreement
407 level between calculated and measured frs values for the samples shown in Fig. 4b and 4c,
408 in particular for the higher chance coincidences probability.
409 Finally, we will analyze smFRET data from a special case study where the impact of
410 chance coincidence is clearly visible. In a challenging study to investigate protein confor-
411 mations of ribosome bound nascent chains (RNCs), smFRET data have been measured for
412 double labelled calmodulin (CaM) which remained bound to the ribosome during the
413 measurements. The respective samples were produced by using cell free protein synthesis
414 (CFPS). For a specific dye attachment of the donor and the acceptor only to the CaM pro-
415 tein, we made use of unnatural amino acids, in order to establish a dye binding chemistry

416 which is orthogonal to typically used cysteine based dye binding (see subsection 2.4). Due
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417 to the rather small protein yields of CFPS we obtained only a small fraction of double
418 labelled molecules (i.e. donor and acceptor). Furthermore, the sample purification meth-
419 ods did not work as efficient as compared to standard applications. The smFRET results
420 from a burst analysis (including PIE, for details see subsections 2.5 and 2.9) are shown for
421 a first sample in Fig. 5a. The obtained data was measured with a sample containing double
422 labeled molecules, incomplete labeled molecules, and free dye. For the donor color a con-
423 centration of 30 pM was measured, while for the acceptor color a concentration of 6 pM.
424 It is obvious that the corresponding transfer efficiency histogram (upper panel) does not
425 show any reasonable FRET population which would correspond to one of the known CaM
426 conformations (with dyes at positions 34 and 110, see for example [16, 26].
427
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434 Figure 5. Here stoichiometry versus FRET efficiency plots are shown for RNC samples as measured
435 with different molecule or dye concentrations. (a) At higher concentrations, the corresponding FRET
436 efficiency histogram (upper panel) shows only peaks at <E> ~ 1 and <E> ~ 0 which can be considered
437 as artifacts. (b) At lower concentrations, the corresponding efficiency histogram exhibits a meaning-
438 ful FRET population at <E> ~ 0.55 which represents the apo-CaM state.
439 For a second sample the labelled molecules were much more diluted (donor color
440 with 3 pM and acceptor color with 0.3 pM) and the corresponding smFRET histogram
441 differs significantly from the first one (see Fig. 5b). Although the number of detected
442 bursts is still low, we can now clearly identify a population centered at <E> ~ 0.55 which
443 represents a calcium-free state of calmodulin (apoCaM)[16,26]. This is in full agreement
444 with the buffer conditions used in these measurements (see subsection 2.4). This example
445 demonstrates that at higher molecule concentration the impact of chance coincidence can
446 cause artificial FRET populations in the efficiency histogram. In particular, the peak at <E>
447 ~ 0 (which is often denominated “donor only” peak, but should not appear here due to
448 the application of PIE sorting) is caused by the excess of free unbound donor dyes (which
449 could not be removed efficiently during the sample purification). As demonstrated in Fig.
450 4c this can cause a significant amount of chance coincidence with artificially too high do-
451 nor emission. Bursts exhibiting the correct transfer efficiency (i.e. <E> ~ 0.55) of the rather
452 few “really double labelled” molecules are hidden at these high molecule concentrations
453 and only become visible at much lower molecule concentrations, where chance coinci-
454 dence vanishes.
455 4. Conclusions
456 Single-molecule studies can give valuable and unique information about the ensem-
457 ble of molecules in a sample. By the identification and the separation of subpopulations,
458 detailed knowledge about properties of individual molecules is accessible. Furthermore,
459 the statistical weights of different subpopulations can be determined quite precisely.
460 However, unrealized sample conditions can cause artifacts which may bias the obtained

461 results significantly.
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Here, we have demonstrated in a BTCCD analysis that it is worth to determine the
absolute molecule concentrations for all different species present in the sample and to
monitor these values during extend measuring times. With this information at hand, un-
balanced nonspecific molecule attachment to cover-slide surfaces can be identified and
often prevented by slightly optimized environmental sample conditions. Furthermore,
this information gives direct access to the probability of chance coincidence appearance.
As shown in a smFRET study, the obtained results can suffer from chance coincidence and
only a reduction of the molecule concentration can help to overcome this problem for a
given sample. Following the presented approach is in particular helpful for cutting-edge
applications where the sample quality is well below that of standard applications (see for
example [27,28]). Compared to smFRET studies, in BTCCD analyses the situation is more
favorable. We introduced an approach to calculate chance coincidence probabilities ab
initio that exhibit a reasonable agreement with experimentally determined values. There-
fore, we can make use of these calculations in typical BTCCD applications, for example
the determination of binding affinities based of measured coincidence fractions [7,29].
Here the advantage is that we can tolerate chance coincidence in these kind of measure-
ments as long as we can quantify chance coincidence fractions accurately, because finally
we can subtract them from the measured coincidence fractions which determine the bind-
ing affinity in the given sample.
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