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ABSTRACT: Single-molecule Förster resonance energy transfer (FRET) is well suited
for studying the kinetics of protein conformational changes, owing to its high sensitivity
and ability to resolve individual subpopulations in heterogeneous systems. However, the
most common approach employing two fluorophores can only monitor one distance at a
time, and the use of three fluorophores for simultaneously monitoring multiple distances
has largely been limited to equilibrium fluctuations. Here we show that three-color
single-molecule FRET can be combined with rapid microfluidic mixing to investigate
conformational changes in a protein from milliseconds to minutes. In combination with
manual mixing, we extended the kinetics to 1 h, corresponding to a total range of 5
orders of magnitude in time. We studied the monomer-to-protomer conversion of the
pore-forming toxin cytolysin A (ClyA), one of the largest protein conformational
transitions known. Site-specific labeling of ClyA with three fluorophores enabled us to follow the kinetics of three intramolecular
distances at the same time and revealed a previously undetected intermediate. The combination of three-color single-molecule FRET
with rapid microfluidic mixing thus provides an approach for probing the mechanisms of complex biomolecular processes with high
time resolution.

■ INTRODUCTION

Molecular understanding of the biological machinery and its
mechanisms requires detailed knowledge of conformational
changes and biomolecular dynamics.1 Single-molecule Förster
resonance energy transfer (FRET) is a method that enables the
investigation of such processes via measurements of distances
and distance dynamics in biological macromolecules.2−10 Its
high sensitivity on the nanometer length scale can be used to
probe the mechanisms of conformational changes, dynamics,
and interactions on time scales from nanoseconds to hours.11

A particular strength of the technique is the identification of
individual conformational subpopulations, whose time-depend-
ent behavior often allows structural and kinetic heterogeneity
to be resolved. However, most single-molecule FRET experi-
ments are performed with one donor and one acceptor
fluorophore attached site-specifically to the protein or nucleic
acid of interest, so that only a single intra- or intermolecular
distance can be monitored. There have thus been considerable
efforts to extend single-molecule FRET to measurements with
more than two fluorophores.9,12−24

The large width of fluorescence emission spectra in solution
limits the number of dyes whose emission in the wavelength
range suitable for single-molecule detection can be separated
spectrally, but even one additional fluorophore in principle

enables three distances to be monitored simultaneously. Such
single-molecule three-color FRET (3c-FRET) experiments
have been used successfully to investigate correlations between
different distance changes and molecular mechanisms even in
large macromolecular complexes.25−27 However, owing to the
much greater challenges involved in coupling three fluo-
rophores site-specifically to a single protein, 3c-FRET studies
investigating conformational changes within a single pro-
tein18,24,28 have been rather limited. Some rapid processes have
successfully been resolved with 3c-FRET on immobilized
molecules under equilibrium conditions.22,28 However, many
processes occur too rarely at equilibrium to be observable and
require perturbation experiments. A versatile method for
probing rapid non-equilibrium kinetics combined with single-
molecule spectroscopy is microfluidic mixing.29−34 Here we
present the application of 3c-FRET to a large protein and
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combine it with rapid microfluidic mixing to investigate its
conformational changes under non-equilibrium conditions
down to millisecond time scales.
We study one of the most extensive structural rearrange-

ments known to occur in a protein: the monomer-to-protomer
conversion of the pore-forming toxin cytolysin A (ClyA)35−37

(Figure 1). ClyA is produced in bacteria as a soluble monomer

comprising a five-helix bundle with a small β-region, the β-
tongue.38 Upon binding to membranes or detergent micelles,
the β-tongue becomes α-helical, the N-terminal helix swings
out of the bundle, and the remaining core helix bundle
compacts and elongates.36 We have previously investigated the
conformational rearrangement of ClyA upon binding to
detergent using two-color FRET (2c-FRET) with a ClyA
variant labeled at positions 56 and 252 (ClyA2c) that allows
the transition of the core helix bundle to be probed.34,37,39,40 In
single-molecule experiments, the monomer-to-protomer con-
version can be uncoupled from pore formation by working at
picomolar ClyA concentrations, where no oligomerization
takes place.37 However, the largest structural change during the
monomer-to-protomer conversion occurs in the N-terminal
helix,36 which cannot be observed using the original variant.
Moreover, any modification of a protein can affect the
energetics and kinetics of conformational changes or folding;
even slight differences between the kinetics of different double-
labeled variants thus complicate a direct comparison of results
from dye pairs placed in different regions of a protein. Such
effects can be particularly important for systems such as ClyA,
where more than half of all residues are involved in the
conformational change.36 Thus, for a more detailed inves-
tigation of the monomer-to-protomer transition, monitoring
several distances simultaneously is a promising approach.
Based on variant ClyA2c, we thus designed ClyA3c, which
carries a third label near the N-terminus. With the combination
of the chosen fluorophores, the labeling positions are expected
to result in well-separated signals for the states we expect based
on the 2c-FRET experiments (Figure 1). From previous

work,37 we also know that conformational changes in ClyA
occur on time scales from milliseconds to minutes, which we
can access with rapid microfluidic mixing. Here we
demonstrate the feasibility of single-molecule 3c-FRET
measurements combined with rapid microfluidic mixing.

■ EXPERIMENTAL METHODS
Design of the 3c-FRET Variant ClyA3c. Based on variant

ClyA2c, which contains two engineered cysteine residues at
positions 56 and 252,37 we designed ClyA3c with an additional
labeling site at position 8. Position 8 was chosen because
given the Förster radii of the dye triple (see below)it allows
for a good separation of the three previously identified states of
the conformational conversion of ClyA:37 the monomer, the
protomer, and the unfolded intermediate (Table 1). Positions

closer to the N-terminus were not considered since the
residues preceding position 8 are not resolved in the crystal
structure.36 For the best separation of the different states, the
three dyes were assigned to the following positions: Alexa
Fluor 488 (B) to position 252, Alexa Fluor 594 (G) to position
56, and Biotium CF680R (R) to position 8. (Note that we use
“B”, “G”, and “R” to indicate the three labels in 3c-FRET
irrespective of their actual color.)

Properties of the Dye Triple A488/A594/B680. 3c-
FRET requires fluorophores with sufficient spectral overlap
between donor emission and acceptor absorption yet sufficient
spectral separation to minimize acceptor direct excitation and
detection channel crosstalk. An additional challenge is to
identify dye triples that can be handled well during preparation
and do not strongly perturb the protein when coupled. The

Figure 1. Structure of the ClyA monomer ((a), PDB: 1QOY38) and
of one pore subunit ((b), PDB: 2WCD36). Indicated are the N- and
C-terminus, the labeling positions of the dyes in the triple-labeled
variant ClyA3c (Alexa Fluor 488 (B) at position 252; Alexa Fluor 594
(G) at position 56, and Biotium CF680R (R) at position 8), and the
β-tongue, which becomes α-helical in the protomer. The transfer
efficiencies between the dyes expected based on the crystal structures
and the accessible volumes of the dyes conjugated to the protein
(colored surfaces)41 are indicated.

Table 1. Expected Mean FRET Efficiencies (E) and Photon
Number Ratios (F) Estimated for the ClyA Monomer,
Protomer, and Unfolded State, with Alexa Fluor 488 (B) at
Position 252, Alexa Fluor 594 (G) at Position 56, and
Biotium CF680R (R) at Position 8 (See Figure 1)

monomer38 Cα−Cα (nm) Ea Fb

BG 5.5 0.40 0.04
BR 1.6 0.98 0.94
GR 6.8 0.40 0.47

protomer36 Cα−Cα (nm) Ea Fb

BG 4.5 0.60 0.25
BR 11.0 0.01 0.41
GR 6.6 0.51 0.64

unfolded RMS Cα−Cα (nm)c E Fb

BG 12.2 0.13 0.06
BR 13.6 0.07 0.20
GR 6.0 0.63 0.67

aE values were calculated taking into account the expected
translational diffusion of the dyes in their accessible volumes41 as
described previously42 using the Förster radii shown in Table 2, a
mean fluorescence lifetime of the dyes B and G of 4.0 ns, and an
effective diffusion coefficient of 0.44 μm2/ms. bF values were
calculated according to eq 12a−12c with αBG = 0.055, αBR = 0.047,
and αGR = 0.138. cEstimated using the root-mean-squared end-to-end
distance of a Gaussian chain model with a persistence length of 1 nm
and a chain length corresponding to the segment between the labeling
positions plus 9 residues to account for dyes and linkers43 and
0.38 nm per residue.37
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triple Alexa Fluor 488 (Invitrogen)/Alexa Fluor 594
(Invitrogen)/CF680R (Biotium) (A488/A594/B680) used
here is based on the A488/A594 pair44 frequently used for
2c-FRET experiments with proteins, including ClyA.37 Key
properties of the dyes are listed in Table 2, and the absorbance
and emission spectra are shown in Figure 2.
Production of Triple-Labeled ClyA. For triple labeling,

an amber stop codon at position 8 was introduced into the
gene of the previously produced ClyA2c variant carrying an N-
terminal His6-tag encoded on a pET11a vector35,37 (number-
ing follows that of wild-type ClyA). The stop codon can be
used to introduce the non-natural amino acid p-acetyl-L-
phenylalanine (pAcF) via the pEVOL system.45,46 The TAG
stop codon was introduced by site-directed mutagenesis
(QuikChange, Stratagene) using the primer sequences 5′-
CACACTGAAA TCGTTGCAGA TTAGACGGTA GAAG-
TAGTTA AAAAC-3′ and 5′-GTTTTTAACT ACTTC-
TACCG TCTAATCTGC AACGATTTCA GTGTG-3′. For
expression, a combination of the protocols for expressing
ClyA35 and for the pEVOL system35 was used. E. coli Tuner
DE3 cells (Merck Millipore) were co-transformed with the
pET11a plasmid encoding for ClyA3c and the pEVOL plasmid
and grown in LB medium containing 100 μg/mL ampicillin
and 32 μg/mL chloramphenicol and used to inoculate the
expression culture, which was grown at 37 °C to an optical
density at 600 nm (OD600) of 0.5. Overexpression of the
aminoacyl-tRNA synthetase on the pEVOL plasmid was
induced with 0.02% (w/v) arabinose, the temperature
decreased to 20 °C, and growth continued to an OD600 of
0.7. Expression of the ClyA variants was then induced with
1 mM IPTG for 17 h at 20 °C, with pAcF (SynChem) added
to 1 mM. Initial protein purification was achieved by
immobilized-metal affinity chromatography via the N-terminal
His6-tag using Ni Sepharose excel resin (GE Healthcare).
Protein was bound to the resin in 50 mM sodium phosphate
buffer containing 500 mM NaCl and 5 mM dithiothreitol
(DTT) at pH 7.4, and eluted with the same buffer containing
250 mM imidazole and no reducing agents. After addition of
EDTA to 0.5 mM, glycerol to 10% (v/v), and DTT to 10 mM,
the solution was filtered through a 0.22-μm syringe filter, flash
frozen in liquid nitrogen, and stored at −80 °C.

The cysteine residues at positions 56 and 252 were labeled
essentially as described for ClyA2c.37 Before the first labeling
step, ClyA3c was reduced with 50 mM DTT to ensure
reactivity of the surface-exposed cysteine residues. DTT was
removed by rapid buffer exchange via size exclusion
chromatography (SEC) (HiTrap, GE Healthcare) into
50 mM sodium phosphate buffer (pH 7.3) containing 150
mM NaCl. The protein was then concentrated to 260 μM
using a VivaSpin centrifugal concentrator with a 10-kDa
molecular-weight cutoff membrane (Millipore) at 3000g. To
label the cysteine residue with the highest reactivity with Alexa
Fluor 594, 270 nmol protein were mixed with an equal molar
amount of Alexa Fluor 594 maleimide (C5 linker, dissolved in
dimethyl sulfoxide, DMSO, Invitrogen) and incubated at room
temperature for 2 h. The reaction was quenched by adding
DTT to a final concentration of 50 mM, and unreacted dye
was removed by SEC (HiTrap, GE Healthcare) in 10 mM
sodium phosphate buffer (pH 7.3). Single-labeled protein was
separated from unlabeled and double-labeled protein by anion
exchange (AIEX) chromatography on a MonoQ column (GE
Healthcare). Elution was performed with a gradient from 0 to
360 mM NaCl over 23 column volumes. The fractions
collected for the single-labeled protein were analyzed by mass
spectrometry. The mass of the intact protein showed only
single-labeled protein, and fragments of a tryptic digest showed
only protein labeled at position 56. Labeling of the cysteine
residue at position 252 was performed at a protein
concentration of 23 μM by mixing 46 nmol protein with an
80-fold excess of Alexa Fluor 488 maleimide (C5 linker,
dissolved in DMSO, Invitrogen). After incubation overnight at
4 °C, the reaction was quenched and the free dye removed as
before. Double-labeled protein was separated from single-
labeled protein by AIEX chromatography, using a gradient
from 0 to 360 mM NaCl in 32 column volumes.
pAcF at position 8 was labeled with the aminooxy derivative

of CF680R (Biotium). To maximize accessibility and reactivity
of pAcF, the reaction was performed in a 100 mM sodium
acetate buffer (pH 4.5, adjusted with HCl) containing 6 M
GdmCl and 100 mM aniline, 3 mM β-mercaptoethanol with
55 μM protein and 40 mM dye. The reaction proceeded for 2
days at room temperature, then the unreacted dye was
removed by SEC on a Superdex 75 column (GE Healthcare) in

Table 2. Wavelengths of Maximum Absorption and Emission (λAbs and λEm, Respectively), Extinction Coefficient (ε) at the
Absorption Maximum, Quantum Yield (Q), and Molecular Weight (MW) for the Three Dyes Useda, and Förster Radii (R0) for
the Three Dye Pairs

dye λAbs/λEm (nm) ε (cm−1 M−1) Q MW (Da) dye pair R0 (nm)d

Alexa Fluor 488 493/516 72 000 0.92 721 A488−A594 5.6
Alexa Fluor 594 588/612 96 000 0.66 909 A488−B680 4.7
Biotium CF680R 680/701 140 000 0.34 968b A594−B680 6.8

aAll values as provided by the manufacturer unless noted otherwise. bInferred from mass spectrometry results. dFörster radii were calculated from
the values in this table and the spectra in Figure 2.

Figure 2. Absorption and emission spectra (normalized to a maximum of 1) of Alexa Fluor 488 (A488), Alexa Fluor 594 (A594), and Biotium
CF680R (B680).
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50 mM sodium phosphate buffer (pH 7.4) containing 6 M
GdmCl. In contrast to previous reports using oxime ligation for
coupling fluorophores to peptides and proteins,18,45,47 we
achieved yields of only ∼4% (2 nmol, based on the relative
absorbance of the three dyes) even after several days of
reaction time, possibly caused by the local environment of the
reactive group in the ClyA peptide sequence. A yield of 0.7%
triple-labeled protein with respect to the initial amount of
unlabeled protein was obtained. To further separate triple-

labeled protein from doubly labeled protein, the buffer of the
sample was exchanged to 10 mM sodium phosphate (pH 7)
containing 8 M urea by SEC (HiTrap, GE Healthcare), the
sample loaded onto a MonoQ column (GE Healthcare), and
elution performed with a gradient of 0 to 0.6 M NaCl in 30
column volumes. No clear separation of double- and triple-
labeled material could be achieved, but single-molecule
measurements showed an enrichment in triple-labeled materi-
al. Electrospray ionization mass spectrometry confirmed

Figure 3. Data reduction scheme for 3c-FRET. (a) The measurement is time-gated according to the different excitation pulses. The signal after
Blue excitation is used for burst identification. The burst start and end times are then used together with the signal from the other channels to
obtain the photon counts after Green and Red excitation. The raw photon counts are corrected by the RCM and for background. (b) For further
analysis, the bursts are selected by their stoichiometry ratios. The graph shows where the different species are located in the stoichiometry plots; the
species of main interest is the one carrying all three dyes (BGR). (c) After having selected the bursts of interest, the photon number ratios (PNRs)
FXY for all available channels are plotted in 2D histograms. Here, the expected positions of the monomer (M) and protomer (P) according to the
distances in the crystal structures are indicated for ClyA 8/56/252. The gray areas indicate the regions of possible values for a 3c-FRET system
(direct acceptor excitation was not taken into account). (d) The 3D PNR histograms are fitted with 3D Gaussian functions to determine the mean
PNR values for each species. Shown are 1σ contours of 2D projections of fits indicating subpopulations (colored ellipses). (e) From the mean PNR
values obtained from the fits, the transfer efficiencies can be calculated according to eqs 13a−c.
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predominantly specific labeling (Table S1). The buffer was
exchanged to 50 mM sodium phosphate buffer (pH 7.4)
containing 6 M GdmCl by dilution, and the sample was re-
concentrated, flash frozen in liquid nitrogen, and stored at
−80 °C until used.
Instrumentation and Corrections for Single-Molecule

3c-FRET. For single-molecule 3c-FRET data acquisition, a
custom setup was used. On an inverted microscope (IX71,
Olympus) with a high-numerical aperture objective (UplanApo
60×/1.20 W, Olympus), laser excitation light is coupled into
the microscope via a side port. Fluorescent light from the
sample is guided out of the microscope along the same path
and directed to the detectors. Excitation light for the
instrument was provided by a 484 nm pulsed diode laser
(LDH-D-C-485, PicoQuant), a pulsed white-light continuum
source (SC-450-6, Fianium) with an excitation band-pass filter
(HC 546/6, Semrock), and a 635 nm pulsed diode laser
(LDH-D-C-635M, PicoQuant). The lasers were pulsed
alternatingly with a repetition rate of 20 MHz. The combined
laser light was guided to the microscope via a triple-band
mirror (HC BS R488-543-635, Semrock) and focused into the
sample by the objective. Fluorescence was collected by the
same objective, passed through a 100-μm pinhole and
separated into the different colors by dichroic mirrors (DC
1, zt 532 RDC; DC 2, T 635 LPXR, Chroma) and band-pass
filters (EF 1, HC 520/15; EF 2, HC 615/20; EF 3, HC 732/
68, Semrock). For detection in channels B and G, τ-SPAD
avalanche photodiodes (PicoQuant) were used, for the
detection in channel R, an SPCM-AQR-13 avalanche photo-
diode (PerkinElmer Optoelectronics).
The choice of the excitation wavelengths and optical filters

was optimized for the A488/A594/B680 dye triple. The
resulting direct excitation contributions (see eq 14) are
αBG(484 nm) = 0.051 and αBR(484 nm) = 0.057 for A594
and B680 at 484 nm, respectively, and αGR(546 nm) = 0.138
for B680 at 546 nm. Expected crosstalk values based on dye
emission spectra, dye quantum yields, and optical filter
transmission spectra are 7% for A488 in channel G and 21%
for A594 in channel R. To analyze a system with three dyes (B,
G, and R, in order of ascending absorbance and emission
maxima), we use an excitation scheme with pulsed interleaved
excitation23,48 with three lasers. From the excitation of B and
G, we obtain the necessary information to quantify FRET
between the dyes, and with the additional excitation of R, we
verify the labeling stoichiometry14 (Figure 3).
For analyzing a 3c-FRET measurement, the fluorescence

bursts originating from individual labeled proteins diffusing
through the confocal volume must first be identified, and their
photon counts corrected, and then these bursts must be filtered
for the presence of all three dyes and the absence of bleaching
(Figure 3a−c), which yields the final selection of bursts used
for data analysis (Figure 3d,e). For burst identification, the
measurements are time-gated so that only photons detected
after excitation with the blue laser are considered. Burst events
are then identified using the Δt method,49 which defines a
burst as a succession of photons with maximum inter-photon
time Δtmax and minimum number of successive photons bmin
(Figure 3a). Δtmax and bmin are chosen slightly differently for
each detection channel to compensate for differences in
quantum yields and detection efficiencies and avoid selection
bias.50 For our measurements, we used Δtmax = 0.1 ms and bmin
= 20. By time-gating the measurements for excitation with the
green and red lasers, we obtain the photon counts of the

identified burst events after these excitations. We thus get for
each event the uncorrected photon counts N′XY, where X
represents the excitation laser and Y the detection channel.
The photon counts NXY that are corrected for background and
differences in detection efficiencies and quantum yields of the
dyes are calculated from N′XY by subtracting the background
and multiplying with the route correction matrix (RCM):50,51
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where T is the burst duration and bgXY the rate of background
photons detected in channel X after excitation with laser Y,
calculated as the number of photons not within fluorescent
bursts divided by the measurement time minus the total
duration of all identified bursts. The RCM for our setup was

RCM
1.02 0.24 0

0 1 0.04
0 0 0.50

=
−

−
i

k

jjjjjjjjj

y

{

zzzzzzzzz (2)

where diagonal elements correct for relative differences in
detection efficiencies and quantum yields, and off-diagonal
elements correct for crosstalk between the detection channels.
All values are given relative to channel G. The RCM is
determined by measuring solutions of the different dyes with
their concentrations adjusted so that they have the same
absorbance at the laser excitation wavelength as described by
Hoffmann et al.50 Since B680 has very low absorbance at 484
nm, two pairs of solutions, A488 and A594 for excitation at
484 nm, and A594 and B680 for excitation at 546 nm, had to
be measured and the results normalized relative to channel G,
which both measurements have in common. The values found
for crosstalk are close to the expected ones. We note that
extinction coefficients and especially quantum yields of the
dyes can change upon coupling to the protein,52 so the RCM
measured with free dyes provides only an approximation.
However, the agreement of our measurements with the
distances inferred from the crystal structures and with previous
results (see below) indicates that the RCM provides
reasonable corrections. Moreover, our primary focus is on
the kinetics of the conformational change of ClyA and not the
accuracy of the distances.
The identified and corrected bursts are selected according to

their stoichiometry to ensure that only molecules carrying all
three functional dyes are included in the analysis. The
stoichiometry ratio (S) for two dyes X and Y is calculated
from the total number of photons after excitation of X (NX)
and Y (NY), with a correction factor cXY to account for
differences in the excitation rates of the different dyes14,48

(Figure 3b):

S
N

N c NXY
X

X XY Y
=

+ (3)

If both X and Y are present, then the mean value of S is 0.5;
otherwise it is 0 (X missing) or 1 (Y missing). Because of shot
noise, the actual values of S scatter around these mean values.
In 3c-FRET, three stoichiometry ratios are required (B/G,
B/R, and G/R), resulting in three two-dimensional histograms.
Figure 3b shows where the differently labeled species locate in
such 2D histograms. For further analysis, only bursts with
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stoichiometry ratios between 0.3 and 0.7 in all three 2D
histograms were included.
For the final selected bursts, the photon number ratios

(PNRs) FXY (where X represents the excitation laser and Y the
detection channel) are calculated according to

F
N

N N NBG
BG

BB BG BR
=

+ + (4a)

F
N

N N NBR
BR

BB BG BR
=

+ + (4b)

F
N

N NGR
GR

GG GR
=

+ (4c)

The three PNRs define a three-dimensional space:
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(5)

The data can be binned in three 3D histograms, of which we
show 2D and 1D projections (see Figures 3d, 5c, and 6d). The
2D histograms allow individual subpopulations to be identified.
To determine the mean PNR values, ⟨F⟩ = (⟨FBG⟩, ⟨FBR⟩,
⟨FGR⟩)

T, of these subpopulations, the PNR distributions are
fitted with 3D Gaussian peak functions (Figure 3e):

F R F F B R F FG A( ) exp ( ( )) ( ( ))3D
T= [− − ⟨ ⟩ − ⟨ ⟩ ] (6)

Here, F is the coordinate in PNR space and B is a diagonal
matrix containing the standard deviations σ1 to σ3:
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R is the classic Euler 3D rotation matrix formed by rotating by
ϕ around axis 3, then by θ around axis 2, and then by ψ again
around axis 3. The ⟨F⟩ values resulting from the fit can then be
used to quantify the transfer efficiencies between the different
dyes in the selected subpopulations (Figure 3e).
The photophysical schemes for 3c-FRET after the three

different excitations are depicted in Figure 4. Here we present
the mathematical treatment of such a 3c-FRET system to
obtain transfer efficiencies between the dyes according to the
formalism used in our previous work.51,53 Alternative
approaches have been published by several groups.14,17,18,23,54

The states and transitions shown Figure 4 are the most basic
set for a three-dye system; contributions such as triplet states
and two or more dyes being in the excited state simultaneously
are not considered since their population is low at the
excitation rates used here, and singlet−singlet and singlet−
triplet annihilation strongly reduce their effect on the observed
transfer efficiencies.55 The kinetics of these systems can be
described by the rate matrices KX (excited at λexX) (eqs 8a−8c)
and the corresponding vectors PX containing the steady-state
populations, i.e., KXPX = 0 and 1TPX = 1 (eqs 9a−9c):
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Here we defined kB
tot = kB + kBG + kBR, kG

tot = kG + kGR, and ΓXY
= kexX(kXY + αXYkX

tot). cB, cG, and cR are normalization constants.
This steady-state solution of the kinetic system yields the mean
photon rates n of the dyes for each of the three excitation
modes as a function of the rate coefficients,

Figure 4. Jablonski diagrams for a 3c-FRET system with dyes B, G, and R excited at λexB (a), λexG (b), and λexR (c). The asterisk (*) denotes the
excited state of a dye, λexX is the wavelength used to excite dye X, kexX is the excitation rate coefficient of dye X, kN is the rate coefficient with which
dye N reverts back to the ground state and is linked to photon emission, kXY is the rate coefficient of FRET between the dyes X and Y, and αXYkexX
is the rate coefficient for direct excitation of dye Y upon excitation at λexX.
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Note that differences in quantum yields and detection
efficiencies as well as cross-talk and background contributions
are not taken into account here. This is justified because we
want to compare to the photon counts NXY, which were
corrected for these effects as described above.
By substituting the transfer rate coefficients by

k k
E

E1XY X
XY

XY
=

− (11)

in eq 10, we can write the mean PNRs, ⟨FXY⟩, as a function of
mean transfer efficiencies and direct excitation coefficients,
αXY:
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Finally, eqs 12a−12c can be solved for the three mean transfer
efficiencies:
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with a = 1 + αBG + αBR. (For compactness, we omitted the
pointed brackets for FXY⟨ ⟩ in eqs 13a−13c.) With these
expressions for EBG, EBR, and EGR, we can calculate the transfer
efficiencies from the measured photon rates and obtain
distance information according to the theory of Förster.56

The direct excitation coefficients αXY are obtained from the dye
absorbance spectra and extinction coefficients εX and εY at the
excitation wavelength λexX:

k k/ ( )/ ( )XY exX exY X exX Y exYα ε λ ε λ= = (14)

The data were analyzed using Fretica, a user-extendable
Wolfram Mathematica package with a backend written in C++
for analyzing single-molecule fluorescence data (https://
schuler.bioc.uzh.ch/programs).

Single-Molecule Measurements and Microfluidics.
The design, fabrication, and operation of the microfluidic
continuous-flow mixer have been described previously.34 For
surface passivation, the device components (polydimethylsilox-
ane (PDMS) cast containing the microfluidic channels and
cover glass) were passivated to minimize surface interactions of
the protein: Following surface activation by air plasma for 85 s
at 30 W and an air flow of 90 mL/min (Femto low-pressure
plasma system, Diener), 0.5 mL of neat polyethylene glycol
(PEG) 400 was pipetted onto the surfaces. After incubation for
30 min, unbound PEG was washed off with double-distilled
water, the surfaces blown dry with filtered compressed air and
again plasma-activated for 40 s prior to bonding the PDMS
cast to the cover glass. The assembled device was then flushed
with 0.1 mg/mL poly(L-lysine)-PEG in H2O by applying a
vacuum of −13.8 kPa on the outlet channel, a pressure of 2.1
kPa on the sample inlet, and 3.2 kPa on the buffer inlet
channels. The applied pressures result in a 10-fold dilution of
the sample with the buffer within the device. The inlets were
then washed twice with 20 mM sodium phosphate buffer (pH
7.3) containing 150 mM NaCl and 0.001% (v/v) Tween-20
(buffer T), and the device was flushed with buffer T containing
1% (v/v) β-mercaptoethanol in the central sample channel and

Figure 5. Characterization of triple-labeled ClyA. (a) Absorption spectrum of ClyA labeled with Alexa Fluor 488, Alexa Fluor 594, and Biotium
CF680R. The vertical lines indicate the wavelengths for which the absorption coefficients are provided by the manufacturers (Table 2). (b) 2D
histograms of stoichiometry ratios, SXY, of triple-labeled ClyA (B, Alexa Fluor 488; G, Alexa Fluor 594; R, Biotium CF680R). The circled areas
indicate the regions where the corresponding single- (B, G, R), double- (BG, BR, GR), and triple-labeled species (BGR) are expected. (c) 2D PNR
(F) histograms of the monomer after refolding. The 1D histograms at the upper right show the projections of the data to the three PNR axes.
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buffer T containing 1% (v/v) β-mercaptoethanol and 0.11%
(w/v) of the detergent n-dodecyl-β-D-maltopyranoside
(DDM), which induces the structural changes in the
conformation of the protein,35,36 in the side inlets. For the
measurements, triple-labeled ClyA was refolded from 6 M
GdmCl by rapid dilution in buffer T containing 1% (v/v) β-
mercaptoethanol (48 mM GdmCl end concentration) and
applied to the sample inlet of the microfluidic mixing device at
a concentration of 39 nM. The applied pressures were 2.1 and
3.2 kPa at the center and side channels, respectively, and −13.8
kPa at the end of the observation channel to obtain a mixing
ratio of 1:10 and an average flow velocity of 1.0 μm ms−1 in the
observation channel. The excitation laser powers were 100 μW
at 484 nm (B), 100 μW at 546 nm (G), and 50 μW at 635 nm
(R), as measured after the triple-band mirror and before the
objective. Measurements of the refolded monomer and manual
mixing kinetics were performed in a fused-silica sample cell
coated with 0.1 mg/mL poly(L-lysine)-graf t-poly(ethylene
glycol) copolymer (PLL(20)-g[3.5]-PEG(2), Susos) as
described previously.37 After manual mixing, data were
recorded for one hour, and PNR histograms were generated
for different time intervals after mixing (60−1200 s, 60-s
intervals; 1200−1800 s, 75-s intervals; >1800 s, 240-s
intervals). To improve statistics, we repeated the manual
mixing experiment three more times, two times for 30 min, and
one time for 20 min. The bursts of these measurements were
added to the corresponding PNR histograms of the 1-h
measurement.

■ RESULTS AND DISCUSSION
The 3c-FRET dye triple we used here is an extension of the
widely used Alexa Fluor 488 (B)/594 (G) pair44 with the near-
infrared fluorophore CF680R (R) (Figure 5a). The dyes were
selected for their matching spectral properties and their
suitability for single-molecule measurements with proteins (see
Experimental Methods). In 2c-FRET, the permutation of
donor and acceptor usually leads only to minor differences in
observed transfer efficiency (although exceptions are
known53); site-specific labeling is therefore of secondary
importance in many 2c-FRET applications. For 3c-FRET, in
contrast, each of the three dyes will usually couple to the other
two; specific labeling in a unique arrangement is thus essential
for obtaining interpretable data of high quality. For site-specific
labeling of the three positions in ClyA3c, we exploited the
pronounced difference in reactivity57 of the two engineered
cysteine residues in the previously used ClyA2c,37 and
additionally introduced a non-natural amino acid with
orthogonal labeling chemistry in the N-terminal helix. Owing
to the large difference in reactivity between the two cysteine
residues, sequential labeling with maleimide-functionalized
dyes allowed us to target each dye to a unique position.
However, this approach could not be extended to a third
position with sufficient selectivity. Instead, we introduced the
non-natural amino acid p-acetylphenylalanine (pAcF) into the
N-terminal helix using the pEVOL system.45,46

The reaction of the keto group of pAcF with aminooxy-
modified dyes via oxime ligation is highly specific and
orthogonal to the reactivity of natural amino acids.58 Oxime
ligation is considerably slower than the reaction of thiols with
maleimides, has a pH optimum of ∼4.5, and can be catalyzed
by aniline.59 We labeled under denaturing conditions to be
able to perform the reaction at the required low pH, high
reactant concentrations, and in the presence of aniline without

complications from protein aggregation. Owing to the large
number of sequential labeling and purification steps, only a
yield of ∼0.7% of pure triple-labeled protein relative to the
unlabeled starting material was obtained. However, the
relatively low yields and the refolding of the protein are not
an issue for single-molecule FRET since the method requires
exceedingly small amounts of labeled sample, and protein
refolding in the absence of aggregation worked well at the
picomolar to low nanomolar concentrations used. The
instrumentation for measuring 3c-FRET is a straightforward
extension of a 2c-FRET instrument, similar to previous
reports;14,23 for the spectroscopic corrections, theoretical
description, and data analysis, we extended the general
approach we have previously employed for 2c-FRET to 3c-
FRET (see Experimental Methods).
Figure 5b illustrates the analysis of the final ClyA sample in

terms of stoichiometry ratios from pulsed interleaved
excitation23,48 in equilibrium single-molecule 3c-FRET meas-
urements. The expected locations of all possible single-,
double-, and triple-labeled species are indicated. The dominant
species is the triple-labeled sample with all three fluorophores
(BGR), indicating the success of the labeling strategy. The
tailing of the 2D histograms to species lacking active CF680R
(BG) or Alexa 594 (BR) is likely to be caused by incomplete
labeling of pAcF with CF680R (Table S1), resulting in small
populations of double-labeled protein that could not be fully
removed during purification, or by photobleaching of Alexa
594 or CF680R during the passage through the confocal
volume. For our further analysis, we focus on the triple-labeled
protein, which was separated from incompletely labeled species
by selecting only bursts with stoichiometry ratios between 0.3
and 0.7. The 2D and 1D histograms of the photon number
ratios (PNRs, see Experimental Methods and Figure 3) of the
triple-labeled population show predominantly a single species
(Figure 5c), with FRET efficiencies (Table 3) close to the

values expected based on the monomer structure (Figure 1,
Table 1). Some tailing to low values in FBR and a small
additional subpopulation at large values of FGR are detectable,
possibly owing to a slight destabilization of the interaction of
the N-terminal helix with the helix bundle. We note that the
conversion of F to E values can be error-prone for certain
distance constellations (e.g., for the BG distance in the
monomer, Table 3). In such cases, the analysis of the

Table 3. Measured Mean Photon Number Ratios (⟨F⟩) and
Corresponding Mean FRET Efficiencies (E) Calculated
from Eqs 13a−13c for the ClyA Monomer and Protomera

monomer ⟨F⟩ E

BG 0.07 0.65 ± 0.25
BR 0.89 0.96 ± 0.03
GR 0.44 0.37 ± 0.02

protomer ⟨F⟩ E

BG 0.4 0.75 ± 0.03
BR 0.38 0.06 ± 0.15
GR 0.51 0.44 ± 0.02

aThe errors on E were propagated assuming an error on the PNR
values of 0.02. The large error for EBG is primarily caused by the small
number of photons detected upon blue excitation relative to direct
excitation.
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Figure 6. Kinetics of conformational change from 3c-FRET. (a) Illustration of the mixing region of the microfluidic mixing device. Triple-labeled
ClyA in the sample channel (lower left) is mixed with DDM buffer from the buffer channels (top and bottom). Measurements are taken at several
positions along the observation channel (right). (b) Species fractions during the ClyA monomer-to-protomer conversion. Measured fractions (filled
circles) of monomer (M, blue), intermediate (I, light green), destabilized state (D, dark green), and protomer (P, red) are fitted with an off-
pathway kinetic model (solid lines). Microfluidic-mixing data were combined with manual mixing data (last three panels in (d)). (c) Illustration of
the kinetic model used to fit the data in (b) with the resulting rate coefficients and standard errors of the fit. (d) 2D PNR histograms from
measurements at different positions in the observation channel (first three rows) and for measurements during different time intervals after manual
mixing (last row). The time or time interval after the start of the reaction is indicated in the upper left of each measurement. The ellipses show 1σ
contours of the 3D Gaussian functions (projected to 2D) used to fit the species populations and the 1D histogram at the upper right show the
projections of the data and fits to the three PNR axes (blue, monomer; light green, intermediate; dark green, destabilized state; red, protomer). The
measurements where mainly the monomer (M, 0.04 s), the intermediate and destabilized state (I, 2.6 s), and the protomer (P, 59 s) are populated,
are highlighted by a cartoon in the lower right. Note that the 1σ contours indicating the locations of the subpopulations are identical in all 2D
histograms, whereas the projected peak functions in the 1D histograms show the relative amplitudes from the best fit. See Table S2 for peak
parameters.
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subpopulation lacking the third dye can be useful to obtain
more precise values.
To monitor the kinetics of the monomer-to-protomer

conversion of ClyA, we initiated the conformational change
by mixing the protein in the monomer state with DDM
detergent micelles in a microfluidic continuous-flow mixer
previously developed for nonequilibrium single-molecule
fluorescence measurements from milliseconds to minutes34

(Figure 6a). By positioning the confocal observation volume at
different distances from the mixing region in the observation
channel, 3c-FRET data can be acquired at different times after
mixing. For the analysis of the measurements, we again first
select the recorded events corresponding to molecules carrying
all three dyes based on the stoichiometry ratios and represent
energy transfer between them in terms of 1D and 2D PNR
histograms (Figure 6d). At the earliest times after the start of
the reaction, the signal is still dominated by the monomer
population, but additional populations emerge within
∼100 ms. The microfluidic mixer allows us to record kinetics
from a few milliseconds up to ∼60 s, a time range that was
chosen in the device design to provide overlap with the
shortest times accessible in manual mixing experiments.34 To
be able to access longer times and follow the reaction to
completion, we mixed ClyA and DDM manually in a sample
cell and recorded data on freely diffusing molecules for up to 1
h. Combining the data from microfluidic and manual mixing
allowed us to monitor the kinetics of protomer formation
across 5 orders of magnitude in time, from 40 ms to 1 h.
The PNR histograms recorded as a function of time can be

analyzed by fitting them with 3D Gaussian functions.
Projections in Figure 6d are indicated as colored ellipses in
the 2D histograms (showing the 1σ-boundaries) and
correspondingly colored Gaussian peak functions in the 1D
histograms. To prevent overparametrization, the 3D histo-
grams of all data sets are analyzed in a global fit60 where the
positions, the rotation angles, and the three widths of each
population are constrained to be identical throughout the time
series (peak parameters shown in Table S2). Integrating the
peak volumes yields the fraction of each population versus time
(Figure 6b). We note that the large widths of some of the
populations indicate underlying conformational heterogeneity
that we currently cannot resolve. For approximating the
asymmetric shape of the initial monomer population, we used
a combination of two Gaussian peak functions whose relative
amplitudes are also constrained to be identical throughout the
time series.
Adequately describing the entire time series required at least

three populations in addition to the monomer. The rapid
depopulation of the monomer occurs on a time scale of about
half a second, in a similar range but slightly faster than the
decay time of about 3 s we previously observed with 2c-
FRET.37 The slightly faster decay of the monomer may be
related to a slight destabilization of the 3c variant. Similarly, we
could identify the protomer (P) population not only by its
transfer efficiencies (Table 3) compared to the crystal structure
(Table 1) but also by its increase in population on the time
scale of about a minute, the maximum time range accessible
with the mixer under the flow conditions we used (Figure 6b),
and close to the ∼3 min rise time of P in the 2c-FRET
measurements.37 The slight differences in PNR values of the
protomer with respect to those calculated based on the pore
structure suggest that the conformation of the N-terminal helix
in the protomer differs from that in the crystal structure of the

pore owing to the lack of packing against the other monomers
in the oligomer.36 For one of the additional populations, the
kinetic behavior is similar to that of the intermediate (I)
identified by 2c-FRET, and its PNR values match those
expected for a denatured state of ClyA (Table 1), in agreement
with our previous interpretation of this intermediate as a
molten globule-like state.37 In contrast to the 2c-FRET
measurements, however, a fourth population (D) is required
to describe the time series, which illustrates a key strength of
the 3c-FRET experiment: D and I occur at very similar values
of FBG and FGR and could thus not be separated in the 2c-
FRET measurements, but their values of FBR are quite different
(Figure 6d), which enables the separation of all four
populations in the 3D space of PNRs.
To describe the data obtained in the microfluidic mixer

quantitatively, we fit the populations resulting from the global
analysis described above (Figure 6d) with a kinetic model
based on the corresponding rate equations60 (Figure 6b,c). In
a recent 2c-FRET study, we found that the conformational
change of ClyA in the presence of DDM can be best described
with a model where I is off-pathway rather than on-pathway in
the M to P conversion.37 The kinetics we observed here are
well described by a mechanism with D between the previously
identified off-pathway intermediate I37 and the monomer M. D
is populated on a similar time scale as I, so that it could neither
be distinguished from I kinetically nor in terms of its transfer
efficiency in the 2c-FRET measurements. The increased
proximity of positions 8 and 252 in D compared to I revealed
by 3c-FRET indicates the presence of residual intramolecular
interactions that may resemble interactions between the helices
in the monomer state, but large parts of the protein already
seem disordered, which is why we refer to this state as
“destabilized” (D). Further support for the existence of such a
destabilized state comes from recent equilibrium denaturation
studies of ClyA that indicated unfolding of the N-terminal helix
already at low denaturant concentrations.42 The N-terminal
helix αA1 has been suggested to play an important role for
membrane insertion of ClyA based on coarse-grained
simulations.61 In these simulations, membrane interactions
trigger detachment of helix αA1 from the helix bundle in an
intermediate step in the conformational change coupled to
membrane insertion. The intermediate D we observe here may
be related to this species.

■ CONCLUSIONS

In summary, we showed that the kinetics of a complex
conformational transition within a large protein can be
monitored by 3c-FRET in combination with a microfluidic
mixing device. By achieving site-specific labeling of three
different positions in a single protein with a selected dye triple,
we obtained information that was unresolved in previous 2c-
FRET experiments and identify an additional intermediate in
the conversion process. Combining single-molecule 3c-FRET
with microfluidic mixing devices has the potential to reveal
complex conformational changes and interactions in a wide
range of biomolecular processes.

■ ASSOCIATED CONTENT

*sı Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.jpcb.1c02370.

The Journal of Physical Chemistry B pubs.acs.org/JPCB Article

https://doi.org/10.1021/acs.jpcb.1c02370
J. Phys. Chem. B 2021, 125, 6617−6628

6626

https://pubs.acs.org/doi/suppl/10.1021/acs.jpcb.1c02370/suppl_file/jp1c02370_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.1c02370?goto=supporting-info
pubs.acs.org/JPCB?ref=pdf
https://doi.org/10.1021/acs.jpcb.1c02370?rel=cite-as&ref=PDF&jav=VoR


Supplementary Tables S1 and S2 of mass spectrometry
and fit results (PDF)

■ AUTHOR INFORMATION
Corresponding Authors
Daniel Nettels − Department of Biochemistry, University of
Zurich, 8057 Zurich, Switzerland; Email: nettels@
bioc.uzh.ch

Benjamin Schuler − Department of Biochemistry, University
of Zurich, 8057 Zurich, Switzerland; Department of Physics,
University of Zurich, 8057 Zurich, Switzerland;
orcid.org/0000-0002-5970-4251; Email: schuler@

bioc.uzh.ch

Authors
Stephan Benke − Department of Biochemistry, University of
Zurich, 8057 Zurich, Switzerland

Andrea Holla − Department of Biochemistry, University of
Zurich, 8057 Zurich, Switzerland

Bengt Wunderlich − Department of Biochemistry, University
of Zurich, 8057 Zurich, Switzerland

Andrea Soranno − Department of Biochemistry, University of
Zurich, 8057 Zurich, Switzerland; Department of
Biochemistry and Molecular Biophysics, Center for Science
and Engineering of Living Systems (CSELS), Washington
University in St. Louis, St. Louis, Missouri 63130, United
States

Complete contact information is available at:
https://pubs.acs.org/10.1021/acs.jpcb.1c02370

Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
We thank Peter Schultz for the pEVOL plasmid, Edward
Lemke for very helpful discussions regarding pAcF incorpo-
ration, and the Zurich Functional Genomics Center, especially
Serge Chesnov, for excellent mass spectrometry service and
discussion. This work was supported by the Swiss National
Science Foundation.

■ REFERENCES
(1) Mugnai, M. L.; Hyeon, C.; Hinczewski, M.; Thirumalai, D.
Theoretical perspectives on biological machines. Rev. Mod. Phys.
2020, 92 (2), 40.
(2) Hyeon, C.; Lee, J.; Yoon, J.; Hohng, S.; Thirumalai, D. Hidden
Complexity in the Isomerization Dynamics of Holliday Junctions. Nat.
Chem. 2012, 4 (11), 907−914.
(3) Haran, G. Single-molecule fluorescence spectroscopy of
biomolecular folding. J. Phys.: Condens. Matter 2003, 15 (32),
R1291−R1317.
(4) Joo, C.; Balci, H.; Ishitsuka, Y.; Buranachai, C.; Ha, T. Advances
in single-molecule fluorescence methods for molecular biology. Annu.
Rev. Biochem. 2008, 77, 51−76.
(5) Bartlett, A. I.; Radford, S. E. An expanding arsenal of
experimental methods yields an explosion of insights into protein
folding mechanisms. Nat. Struct. Mol. Biol. 2009, 16 (6), 582−588.
(6) Dimura, M.; Peulen, T. O.; Hanke, C. A.; Prakash, A.; Gohlke,
H.; Seidel, C. A. Quantitative FRET studies and integrative modeling
unravel the structure and dynamics of biomolecular systems. Curr.
Opin. Struct. Biol. 2016, 40, 163−185.
(7) Wang, Z.; Campos, L. A.; Munoz, V. Single-Molecule
Fluorescence Studies of Fast Protein Folding. Methods Enzymol.
2016, 581, 417−459.

(8) Schuler, B.; Soranno, A.; Hofmann, H.; Nettels, D. Single-
Molecule FRET Spectroscopy and the Polymer Physics of Unfolded
and Intrinsically Disordered Proteins. Annu. Rev. Biophys. 2016, 45,
207−231.
(9) Lerner, E.; Cordes, T.; Ingargiola, A.; Alhadid, Y.; Chung, S.;
Michalet, X.; Weiss, S. Toward dynamic structural biology: Two
decades of single-molecule Forster resonance energy transfer. Science
2018, 359 (6373), eaan1133.
(10) Chung, H. S.; Eaton, W. A. Protein folding transition path
times from single molecule FRET. Curr. Opin. Struct. Biol. 2018, 48,
30−39.
(11) Schuler, B.; Hofmann, H. Single-molecule spectroscopy of
protein folding dynamics-expanding scope and timescales. Curr. Opin.
Struct. Biol. 2013, 23 (1), 36−47.
(12) Hohng, S.; Joo, C.; Ha, T. Single-molecule three-color FRET.
Biophys. J. 2004, 87 (2), 1328−1337.
(13) Clamme, J. P.; Deniz, A. A. Three-color single-molecule
fluorescence resonance energy transfer. ChemPhysChem 2005, 6 (1),
74−77.
(14) Lee, N. K.; Kapanidis, A. N.; Koh, H. R.; Korlann, Y.; Ho, S.
O.; Kim, Y.; Gassman, N.; Kim, S. K.; Weiss, S. Three-color
alternating-laser excitation of single molecules: monitoring multiple
interactions and distances. Biophys. J. 2007, 92 (1), 303−312.
(15) Lee, S.; Lee, J.; Hohng, S. Single-molecule three-color FRET
with both negligible spectral overlap and long observation time. PLoS
One 2010, 5 (8), e12270.
(16) Gambin, Y.; Deniz, A. A. Multicolor single-molecule FRET to
explore protein folding and binding. Mol. BioSyst. 2010, 6 (9), 1540−
1547.
(17) Lee, J.; Lee, S.; Ragunathan, K.; Joo, C.; Ha, T.; Hohng, S.
Single-Molecule Four-Color FRET. Angew. Chem., Int. Ed. 2010, 49
(51), 9922−9925.
(18) Milles, S.; Koehler, C.; Gambin, Y.; Deniz, A. A.; Lemke, E. A.
Intramolecular three-colour single pair FRET of intrinsically
disordered proteins with increased dynamic range. Mol. BioSyst.
2012, 8 (10), 2531−2534.
(19) Gotz, M.; Wortmann, P.; Schmid, S.; Hugel, T. A Multicolor
Single-Molecule FRET Approach to Study Protein Dynamics and
Interactions Simultaneously. Methods Enzymol. 2016, 581, 487−516.
(20) Chung, H. S.; Meng, F.; Kim, J. Y.; McHale, K.; Gopich, I. V.;
Louis, J. M. Oligomerization of the tetramerization domain of p53
probed by two- and three-color single-molecule FRET. Proc. Natl.
Acad. Sci. U. S. A. 2017, 114 (33), E6812−E6821.
(21) Yoo, J.; Louis, J. M.; Gopich, I. V.; Chung, H. S. Three-Color
Single-Molecule FRET and Fluorescence Lifetime Analysis of Fast
Protein Folding. J. Phys. Chem. B 2018, 122 (49), 11702−11720.
(22) Kim, J. Y.; Chung, H. S. Disordered proteins follow diverse
transition paths as they fold and bind to a partner. Science 2020, 368
(6496), 1253.
(23) Barth, A.; Voith von Voithenberg, L.; Lamb, D. C. Quantitative
Single-Molecule Three-Color Forster Resonance Energy Transfer by
Photon Distribution Analysis. J. Phys. Chem. B 2019, 123 (32), 6901−
6916.
(24) Lee, T. C.; Moran, C. R.; Cistrone, P. A.; Dawson, P. E.; Deniz,
A. A. Site-Specific Three-Color Labeling of alpha-Synuclein via
Conjugation to Uniquely Reactive Cysteines during Assembly by
Native Chemical Ligation. Cell. Chem. Biol. 2018, 25 (6), 797−801.
(25) Kim, H.; Abeysirigunawarden, S. C.; Chen, K.; Mayerle, M.;
Ragunathan, K.; Luthey-Schulten, Z.; Ha, T.; Woodson, S. A. Protein-
guided RNA dynamics during early ribosome assembly. Nature 2014,
506 (7488), 334−338.
(26) Ratzke, C.; Berkemeier, F.; Hugel, T. Heat shock protein 90’s
mechanochemical cycle is dominated by thermal fluctuations. Proc.
Natl. Acad. Sci. U. S. A. 2012, 109 (1), 161−166.
(27) Wortmann, P.; Gotz, M.; Hugel, T. Cooperative Nucleotide
Binding in Hsp90 and Its Regulation by Aha1. Biophys. J. 2017, 113
(8), 1711−1718.

The Journal of Physical Chemistry B pubs.acs.org/JPCB Article

https://doi.org/10.1021/acs.jpcb.1c02370
J. Phys. Chem. B 2021, 125, 6617−6628

6627

https://pubs.acs.org/doi/suppl/10.1021/acs.jpcb.1c02370/suppl_file/jp1c02370_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Daniel+Nettels"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
mailto:nettels@bioc.uzh.ch
mailto:nettels@bioc.uzh.ch
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Benjamin+Schuler"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-5970-4251
https://orcid.org/0000-0002-5970-4251
mailto:schuler@bioc.uzh.ch
mailto:schuler@bioc.uzh.ch
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Stephan+Benke"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Andrea+Holla"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Bengt+Wunderlich"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Andrea+Soranno"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.1c02370?ref=pdf
https://doi.org/10.1103/RevModPhys.92.025001
https://doi.org/10.1038/nchem.1463
https://doi.org/10.1038/nchem.1463
https://doi.org/10.1088/0953-8984/15/32/201
https://doi.org/10.1088/0953-8984/15/32/201
https://doi.org/10.1146/annurev.biochem.77.070606.101543
https://doi.org/10.1146/annurev.biochem.77.070606.101543
https://doi.org/10.1038/nsmb.1592
https://doi.org/10.1038/nsmb.1592
https://doi.org/10.1038/nsmb.1592
https://doi.org/10.1016/j.sbi.2016.11.012
https://doi.org/10.1016/j.sbi.2016.11.012
https://doi.org/10.1016/bs.mie.2016.09.011
https://doi.org/10.1016/bs.mie.2016.09.011
https://doi.org/10.1146/annurev-biophys-062215-010915
https://doi.org/10.1146/annurev-biophys-062215-010915
https://doi.org/10.1146/annurev-biophys-062215-010915
https://doi.org/10.1126/science.aan1133
https://doi.org/10.1126/science.aan1133
https://doi.org/10.1016/j.sbi.2017.10.007
https://doi.org/10.1016/j.sbi.2017.10.007
https://doi.org/10.1016/j.sbi.2012.10.008
https://doi.org/10.1016/j.sbi.2012.10.008
https://doi.org/10.1529/biophysj.104.043935
https://doi.org/10.1002/cphc.200400261
https://doi.org/10.1002/cphc.200400261
https://doi.org/10.1529/biophysj.106.093211
https://doi.org/10.1529/biophysj.106.093211
https://doi.org/10.1529/biophysj.106.093211
https://doi.org/10.1371/journal.pone.0012270
https://doi.org/10.1371/journal.pone.0012270
https://doi.org/10.1039/c003024d
https://doi.org/10.1039/c003024d
https://doi.org/10.1002/anie.201005402
https://doi.org/10.1039/c2mb25135c
https://doi.org/10.1039/c2mb25135c
https://doi.org/10.1016/bs.mie.2016.08.024
https://doi.org/10.1016/bs.mie.2016.08.024
https://doi.org/10.1016/bs.mie.2016.08.024
https://doi.org/10.1073/pnas.1700357114
https://doi.org/10.1073/pnas.1700357114
https://doi.org/10.1021/acs.jpcb.8b07768?ref=pdf
https://doi.org/10.1021/acs.jpcb.8b07768?ref=pdf
https://doi.org/10.1021/acs.jpcb.8b07768?ref=pdf
https://doi.org/10.1126/science.aba3854
https://doi.org/10.1126/science.aba3854
https://doi.org/10.1021/acs.jpcb.9b02967?ref=pdf
https://doi.org/10.1021/acs.jpcb.9b02967?ref=pdf
https://doi.org/10.1021/acs.jpcb.9b02967?ref=pdf
https://doi.org/10.1016/j.chembiol.2018.03.009
https://doi.org/10.1016/j.chembiol.2018.03.009
https://doi.org/10.1016/j.chembiol.2018.03.009
https://doi.org/10.1038/nature13039
https://doi.org/10.1038/nature13039
https://doi.org/10.1073/pnas.1107930108
https://doi.org/10.1073/pnas.1107930108
https://doi.org/10.1016/j.bpj.2017.08.032
https://doi.org/10.1016/j.bpj.2017.08.032
pubs.acs.org/JPCB?ref=pdf
https://doi.org/10.1021/acs.jpcb.1c02370?rel=cite-as&ref=PDF&jav=VoR


(28) Yoo, J.; Kim, J. Y.; Louis, J. M.; Gopich, I. V.; Chung, H. S. Fast
three-color single-molecule FRET using statistical inference. Nat.
Commun. 2020, 11 (1), 3336.
(29) Dingfelder, F.; Wunderlich, B.; Benke, S.; Zosel, F.; Zijlstra, N.;
Nettels, D.; Schuler, B. Rapid Microfluidic Double-Jump Mixing
Device for Single-Molecule Spectroscopy. J. Am. Chem. Soc. 2017, 139
(17), 6062−6065.
(30) Gambin, Y.; Simonnet, C.; VanDelinder, V.; Deniz, A.;
Groisman, A. Ultrafast microfluidic mixer with three-dimensional
flow focusing for studies of biochemical kinetics. Lab Chip 2010, 10
(5), 598−609.
(31) Gambin, Y.; Vandelinder, V.; Ferreon, A. C.; Lemke, E. A.;
Groisman, A.; Deniz, A. A. Visualizing a one-way protein encounter
complex by ultrafast single-molecule mixing. Nat. Methods 2011, 8
(3), 239−241.
(32) Lipman, E. A.; Schuler, B.; Bakajin, O.; Eaton, W. A. Single-
molecule measurement of protein folding kinetics. Science 2003, 301
(5637), 1233−1235.
(33) Pfeil, S. H.; Wickersham, C. E.; Hoffmann, A.; Lipman, E. A. A
microfluidic mixing system for single-molecule measurements. Rev.
Sci. Instrum. 2009, 80 (5), No. 055105.
(34) Wunderlich, B.; Nettels, D.; Benke, S.; Clark, J.; Weidner, S.;
Hofmann, H.; Pfeil, S. H.; Schuler, B. Microfluidic mixer designed for
performing single-molecule kinetics with confocal detection on
timescales from milliseconds to minutes. Nat. Protoc. 2013, 8 (8),
1459−1474.
(35) Eifler, N.; Vetsch, M.; Gregorini, M.; Ringler, P.; Chami, M.;
Philippsen, A.; Fritz, A.; Muller, S. A.; Glockshuber, R.; Engel, A.;
Grauschopf, U. Cytotoxin ClyA from Escherichia coli assembles to a
13-meric pore independent of its redox-state. EMBO J. 2006, 25 (11),
2652−2661.
(36) Mueller, M.; Grauschopf, U.; Maier, T.; Glockshuber, R.; Ban,
N. The structure of a cytolytic alpha-helical toxin pore reveals its
assembly mechanism. Nature 2009, 459 (7247), 726−30.
(37) Benke, S.; Roderer, D.; Wunderlich, B.; Nettels, D.;
Glockshuber, R.; Schuler, B. The assembly dynamics of the cytolytic
pore toxin ClyA. Nat. Commun. 2015, 6, 6198.
(38) Wallace, A. J.; Stillman, T. J.; Atkins, A.; Jamieson, S. J.;
Bullough, P. A.; Green, J.; Artymiuk, P. J. E-coli hemolysin E (HlyE,
ClyA, SheA): X-ray crystal structure of the toxin and observation of
membrane pores by electron microscopy. Cell 2000, 100 (2), 265−
276.
(39) Roderer, D.; Benke, S.; Muller, M.; Fah-Rechsteiner, H.; Ban,
N.; Schuler, B.; Glockshuber, R. Characterization of Variants of the
Pore-Forming Toxin ClyA from Escherichia coli Controlled by a
Redox Switch. Biochemistry 2014, 53 (40), 6357−6369.
(40) Roderer, D.; Benke, S.; Schuler, B.; Glockshuber, R. Soluble
Oligomers of the Pore-forming Toxin Cytolysin A from Escherichia
coli Are Off-pathway Products of Pore Assembly. J. Biol. Chem. 2016,
291 (11), 5652−5663.
(41) Kalinin, S.; Peulen, T.; Sindbert, S.; Rothwell, P. J.; Berger, S.;
Restle, T.; Goody, R. S.; Gohlke, H.; Seidel, C. A. A toolkit and
benchmark study for FRET-restrained high-precision structural
modeling. Nat. Methods 2012, 9 (12), 1218−1225.
(42) Dingfelder, F.; Benke, S.; Nettels, D.; Schuler, B. Mapping an
Equilibrium Folding Intermediate of the Cytolytic Pore Toxin ClyA
with Single-Molecule FRET. J. Phys. Chem. B 2018, 122 (49), 11251−
11261.
(43) Aznauryan, M.; Delgado, L.; Soranno, A.; Nettels, D.; Huang, J.
R.; Labhardt, A. M.; Grzesiek, S.; Schuler, B. Comprehensive
structural and dynamical view of an unfolded protein from the
combination of single-molecule FRET, NMR, and SAXS. Proc. Natl.
Acad. Sci. U. S. A. 2016, 113 (37), E5389−E5398.
(44) Schuler, B.; Lipman, E. A.; Eaton, W. A. Probing the free-
energy surface for protein folding with single-molecule fluorescence
spectroscopy. Nature 2002, 419 (6908), 743−747.
(45) Brustad, E. M.; Lemke, E. A.; Schultz, P. G.; Deniz, A. A. A
General and Efficient Method for the Site-Specific Dual-Labeling of

Proteins for Single Molecule Fluorescence Resonance Energy
Transfer. J. Am. Chem. Soc. 2008, 130 (52), 17664.
(46) Lemke, E. A. Site-specific labeling of proteins for single-
molecule FRET measurements using genetically encoded ketone
functionalities. Methods Mol. Biol. 2011, 751, 3−15.
(47) Dirksen, A.; Hackeng, T. M.; Dawson, P. E. Nucleophilic
catalysis of oxime ligation. Angew. Chem., Int. Ed. 2006, 45 (45),
7581−7584.
(48) Müller, B. K.; Zaychikov, E.; Bräuchle, C.; Lamb, D. C. Pulsed
interleaved excitation. Biophys. J. 2005, 89 (5), 3508−3522.
(49) Eggeling, C.; Berger, S.; Brand, L.; Fries, J. R.; Schaffer, J.;
Volkmer, A.; Seidel, C. A. Data registration and selective single-
molecule analysis using multi- parameter fluorescence detection. J.
Biotechnol. 2001, 86 (3), 163−180.
(50) Hoffmann, A.; Kane, A.; Nettels, D.; Hertzog, D. E.;
Baumgärtel, P.; Lengefeld, J.; Reichardt, G.; Horsley, D. A.; Seckler,
R.; Bakajin, O.; Schuler, B. Mapping protein collapse with single-
molecule fluorescence and kinetic synchrotron radiation circular
dichroism spectroscopy. Proc. Natl. Acad. Sci. U. S. A. 2007, 104 (1),
105−110.
(51) Schuler, B. Application of single molecule Förster resonance
energy transfer to protein folding. Methods Mol. Biol. 2006, 350, 115−
138.
(52) Holmstrom, E. D.; Holla, A.; Zheng, W.; Nettels, D.; Best, R.
B.; Schuler, B. Accurate Transfer Efficiencies, Distance Distributions,
and Ensembles of Unfolded and Intrinsically Disordered Proteins
From Single-Molecule FRET. Methods Enzymol. 2018, 611, 287−325.
(53) Haenni, D.; Zosel, F.; Reymond, L.; Nettels, D.; Schuler, B.
Intramolecular distances and dynamics from the combined photon
statistics of single-molecule FRET and photoinduced electron
transfer. J. Phys. Chem. B 2013, 117 (42), 13015−13028.
(54) Watrob, H. M.; Pan, C. P.; Barkley, M. D. Two-step FRET as a
structural tool. J. Am. Chem. Soc. 2003, 125 (24), 7336−7343.
(55) Nettels, D.; Haenni, D.; Maillot, S.; Gueye, M.; Barth, A.;
Hirschfeld, V.; Hubner, C. G.; Leonard, J.; Schuler, B. Excited-state
annihilation reduces power dependence of single-molecule FRET
experiments. Phys. Chem. Chem. Phys. 2015, 17 (48), 32304−32315.
(56) Förster, T. Zwischenmolekulare Energiewanderung und
Fluoreszenz. Ann. Phys. 1948, 6 (2), 55−75.
(57) Jacob, M. H.; Amir, D.; Ratner, V.; Gussakowsky, E.; Haas, E.
Predicting reactivities of protein surface cysteines as part of a strategy
for selective multiple labeling. Biochemistry 2005, 44 (42), 13664−
13672.
(58) Young, T. S.; Ahmad, I.; Yin, J. A.; Schultz, P. G. An enhanced
system for unnatural amino acid mutagenesis in E. coli. J. Mol. Biol.
2010, 395 (2), 361−374.
(59) Sayer, J. M.; Pinsky, B.; Schonbrunn, A.; Washtien, W.
Mechanism of Carbinolamine Formation. J. Am. Chem. Soc. 1974, 96
(26), 7998−8009.
(60) Benke, S.; Nettels, D.; Hofmann, H.; Schuler, B. Quantifying
kinetics from time series of single-molecule Forster resonance energy
transfer efficiency histograms. Nanotechnology 2017, 28 (11), 114002.
(61) Giri Rao, V. V.; Desikan, R.; Ayappa, K. G.; Gosavi, S.
Capturing the Membrane-Triggered Conformational Transition of an
alpha-Helical Pore-Forming Toxin. J. Phys. Chem. B 2016, 120 (47),
12064−12078.

The Journal of Physical Chemistry B pubs.acs.org/JPCB Article

https://doi.org/10.1021/acs.jpcb.1c02370
J. Phys. Chem. B 2021, 125, 6617−6628

6628

https://doi.org/10.1038/s41467-020-17149-w
https://doi.org/10.1038/s41467-020-17149-w
https://doi.org/10.1021/jacs.7b02357?ref=pdf
https://doi.org/10.1021/jacs.7b02357?ref=pdf
https://doi.org/10.1039/B914174J
https://doi.org/10.1039/B914174J
https://doi.org/10.1038/nmeth.1568
https://doi.org/10.1038/nmeth.1568
https://doi.org/10.1126/science.1085399
https://doi.org/10.1126/science.1085399
https://doi.org/10.1063/1.3125643
https://doi.org/10.1063/1.3125643
https://doi.org/10.1038/nprot.2013.082
https://doi.org/10.1038/nprot.2013.082
https://doi.org/10.1038/nprot.2013.082
https://doi.org/10.1038/sj.emboj.7601130
https://doi.org/10.1038/sj.emboj.7601130
https://doi.org/10.1038/nature08026
https://doi.org/10.1038/nature08026
https://doi.org/10.1038/ncomms7198
https://doi.org/10.1038/ncomms7198
https://doi.org/10.1016/S0092-8674(00)81564-0
https://doi.org/10.1016/S0092-8674(00)81564-0
https://doi.org/10.1016/S0092-8674(00)81564-0
https://doi.org/10.1021/bi5007578?ref=pdf
https://doi.org/10.1021/bi5007578?ref=pdf
https://doi.org/10.1021/bi5007578?ref=pdf
https://doi.org/10.1074/jbc.M115.700757
https://doi.org/10.1074/jbc.M115.700757
https://doi.org/10.1074/jbc.M115.700757
https://doi.org/10.1038/nmeth.2222
https://doi.org/10.1038/nmeth.2222
https://doi.org/10.1038/nmeth.2222
https://doi.org/10.1021/acs.jpcb.8b07026?ref=pdf
https://doi.org/10.1021/acs.jpcb.8b07026?ref=pdf
https://doi.org/10.1021/acs.jpcb.8b07026?ref=pdf
https://doi.org/10.1073/pnas.1607193113
https://doi.org/10.1073/pnas.1607193113
https://doi.org/10.1073/pnas.1607193113
https://doi.org/10.1038/nature01060
https://doi.org/10.1038/nature01060
https://doi.org/10.1038/nature01060
https://doi.org/10.1021/ja807430h?ref=pdf
https://doi.org/10.1021/ja807430h?ref=pdf
https://doi.org/10.1021/ja807430h?ref=pdf
https://doi.org/10.1021/ja807430h?ref=pdf
https://doi.org/10.1007/978-1-61779-151-2_1
https://doi.org/10.1007/978-1-61779-151-2_1
https://doi.org/10.1007/978-1-61779-151-2_1
https://doi.org/10.1002/anie.200602877
https://doi.org/10.1002/anie.200602877
https://doi.org/10.1529/biophysj.105.064766
https://doi.org/10.1529/biophysj.105.064766
https://doi.org/10.1016/S0168-1656(00)00412-0
https://doi.org/10.1016/S0168-1656(00)00412-0
https://doi.org/10.1073/pnas.0604353104
https://doi.org/10.1073/pnas.0604353104
https://doi.org/10.1073/pnas.0604353104
https://doi.org/10.1385/1-59745-189-4:115
https://doi.org/10.1385/1-59745-189-4:115
https://doi.org/10.1016/bs.mie.2018.09.030
https://doi.org/10.1016/bs.mie.2018.09.030
https://doi.org/10.1016/bs.mie.2018.09.030
https://doi.org/10.1021/jp402352s?ref=pdf
https://doi.org/10.1021/jp402352s?ref=pdf
https://doi.org/10.1021/jp402352s?ref=pdf
https://doi.org/10.1021/ja034564p?ref=pdf
https://doi.org/10.1021/ja034564p?ref=pdf
https://doi.org/10.1039/C5CP05321H
https://doi.org/10.1039/C5CP05321H
https://doi.org/10.1039/C5CP05321H
https://doi.org/10.1002/andp.19484370105
https://doi.org/10.1002/andp.19484370105
https://doi.org/10.1021/bi051205t?ref=pdf
https://doi.org/10.1021/bi051205t?ref=pdf
https://doi.org/10.1016/j.jmb.2009.10.030
https://doi.org/10.1016/j.jmb.2009.10.030
https://doi.org/10.1021/ja00833a027?ref=pdf
https://doi.org/10.1088/1361-6528/aa5abd
https://doi.org/10.1088/1361-6528/aa5abd
https://doi.org/10.1088/1361-6528/aa5abd
https://doi.org/10.1021/acs.jpcb.6b09400?ref=pdf
https://doi.org/10.1021/acs.jpcb.6b09400?ref=pdf
pubs.acs.org/JPCB?ref=pdf
https://doi.org/10.1021/acs.jpcb.1c02370?rel=cite-as&ref=PDF&jav=VoR


 

Supporting Information 

 

 

 

Combining rapid microfluidic mixing  

and three-color single-molecule FRET  

for probing the kinetics of protein conformational changes  

Stephan Benke1, Andrea Holla1, Bengt Wunderlich1, Andrea Soranno1,2, Daniel Nettels*1, and 

Benjamin Schuler*1,3 

 

 

2 Pages 

Supplementary Table 1 

Supplementary Table 2 

 



S1 
 

Supplementary Table 1 

unl. m/z m/z + A488 m/z m/z + A594 m/z m/z + CF660R m/z m/z

mass (Da) (neg. mode) (pos. mode) mass (Da) (neg. mode) (pos. mode) mass (Da) (neg. mode) (pos. mode)  mass (Da) (neg. mode) (pos. mode)

LTTEIAAIGCIK 1231.68 1929.78 1928.69 1930.77 2117.94

MINTCNEYQK 1242.53 1243.69 1940.63 2128.79

KMINTCNEYQK 1370.63 2068.73 2256.89

MINTCNEYQKR 1398.64 1399.63 2096.74 2284.90

LKLTTEIAAIGCIK 1472.86 2170.96 2169.86 2171.95 2359.12

KMINTCNEYQKR 1526.73 2224.83 2412.99

QEYSCAASVLVGDIK 1581.77 2279.87 2468.03

MINTCNEYQKRHGK 1720.81 1722.06 2418.91 2607.07

EAAKKMINTCNEYQK 1769.84 2467.94 2656.10

KMINTCNEYQKRHGK 1848.91 2547.01 2735.17

MINTCNEYQKRHGKK 1848.91 2547.01 2735.17

FKQEYSCAASVLVGDIK 1856.93 1857.92 2555.03 2553.90 2743.19 2742.09 2744.16

EAAKKMINTCNEYQKR 1925.94 2624.04 2812.20

LTTEIAAIGCIKTETETTR 2050.06 2748.16 2749.13 2936.32

DIDAAKLKLTTEIAAIGCIK 2086.17 2784.27 2972.43

LKLTTEIAAIGCIKTETETTR 2291.24 2989.34 3177.50

ELSRFKQEYSCAASVLVGDIK 2342.19 3040.29 3228.45

MHHHHHHTEIVADpAcFTVEVVK 2444.15 2445.16 3410.45 3409.4 3411.44

QANKDIDAAKLKLTTEIAAIGCIK 2527.40 3225.50 3226.44 3413.66

Sequence

 

Supplementary Table 1. Relevant peptides identified after tryptic digest of ClyA3c and subsequent mass spectrometry. ClyA3c (MHHHHHHTEIVADpAcFTV EVVKNAIETA 

DGALDLYNKY LDQVIPWQTF DETIKELSRF KQEYSCAASV LVGDIKTLLM DSQDKYFEAT QTVYEWCGVA TQLLAAYILL FDEYNEKKAS AQKDILIKVL DDGITKLNEA 

QKSLLVSSQS FNNASGKLLA LDSQLTNDFS EKSSYFQSQV DKIRKEAYAG AAAGVVAGPF GLIISYSIAA GVVEGKLIPE LKNKLKSVQN FFTTLSNTVK QANKDIDAAK LKLTTEIAAI 

GCIKTETETT RFYVDYDDLM LSLLKEAAKK MINTCNEYQK RHGKKTLFEV PEV) was subjected to trypsin digestion at a protein-to-protease ratio of 10:1 for 4 h at 36 °C. The 

resulting peptide mixture was analyzed by electrospray ionization mass spectrometry in both positive- and negative-ion mode. The identified peptides were assigned to the calculated 

exact masses of unlabeled and fluorophore-modified peptides assuming an error of ±0.3 Da in the measured mass. Only the relevant peptides containing Cys or pAcF are shown in 

the table. Since the digest was not complete, peptides with one or more uncleaved protease sites also had to be considered. Peptides containing Cys56 are shown in green, those 

containing Cys252 in blue, and those containing pAcF8 in red. In addition, peptides depicted in brown include the buried Cys285. Peptides containing the buried Cys87 were not 

detected in this experiment, but it was shown in a previous experiment that Cys87 and Cys252 are not accessible for modification with fluorescent dyes under our labeling conditions. 

Owing to the complexity of the sample, we consider only modified peptides identified in both the negative and the positive mode to be reliable. pAcF8 is incompletely modified with 

CF680R, and Cys56 with Alexa 594, and there might be some modification with Alexa 488. Cys252 is only labeled with Alexa 488.
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Supplementary Table 2 

 

Supplementary Table 2. 3D-Gaussian fit parameters of the global analysis of the PNR histograms (Fig. 6). The 

two 3D-Gaussians that were used to fit the monomer population are labeled M1 and M2. 
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