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Abstract

Fluorescence spectroscopy techniques like Forster resonance energy transfer (FRET) and
fluorescence correlation spectroscopy (FCS) have become important tools for the in vitro
and in vivo investigation of conformational dynamics in biomolecules. These methods rely
on the distance-dependent quenching of the fluorescence signal of a donor fluorophore
either by a fluorescent acceptor fluorophore (FRET) or a non-fluorescent quencher, as used
in FCS with photoinduced electron transfer (PET). The attachment of fluorophores to the
molecule of interest can potentially alter the molecular properties and may affect the rele-
vant conformational states and dynamics especially of flexible biomolecules like intrinsically
disordered proteins (IDP). Using the intrinsically disordered S-peptide as a model system,
we investigate the impact of terminal fluorescence labeling on the molecular properties. We
perform extensive molecular dynamics simulations on the labeled and unlabeled peptide
and compare the results with in vitro PET-FCS measurements. Experimental and simulated
timescales of end-to-end fluctuations were found in excellent agreement. Comparison
between simulations with and without labels reveal that the r7-stacking interaction between
the fluorophore labels traps the conformation of S-peptide in a single dominant state, while
the unlabeled peptide undergoes continuous conformational rearrangements. Furthermore,
we find that the open to closed transition rate of S-peptide is decreased by at least one order
of magnitude by the fluorophore attachment. Our approach combining experimental and in
silico methods provides a benchmark for the simulations and reveals the significant effect
that fluorescence labeling can have on the conformational dynamics of small biomolecules,
at least for inherently flexible short peptides. The presented protocol is not only useful for
comparing PET-FCS experiments with simulation results but provides a strategy to mini-
mize the influence on molecular properties when chosing labeling positions for fluorescence
experiments.
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Introduction

Structural changes of biomolecules are often closely related to their function. For proteins,
usually large rearrangements of domains occur during the functional cycle. In the family of
intrinsically disorderd proteins (IDP) certain regions undergo continuous structural changes.
The transition from disorder to order is often part of the biological function mechanism of
these proteins but may otherwise be an artifact of the genetic evolution [1]. Due to the lack of
stable structure, they elude conventional structural biology approaches. Fluorescence spectros-
copy techniques provide a useful toolbox to investigate the dynamics and extent of structural
rearrangements of biomolecules in vitro and in vivo [2-6]. One of the most common
approaches is the use of Forster resonance energy transfer (FRET) between two fluorophores
attached to the molecule of interest [7]. The radiationless transfer of energy from the excited
donor dye to the red-shifted acceptor dye depends on the relative orientation and distance
between the fluorophores. Its high sensitivity in the range of 20-100 A renders the effect inter-
esting for experimental determination of distances on the molecular scale. Another example of
radiation-less energy transfer is photoinduced electron transfer (PET) [2, 3, 8-11]. The
excited-state energy may dissipate via electron transfer from the fluorophore to the quencher
or vice versa, depending on the redox potentials of the excited state fluorophore and quencher.
Relaxation to the ground state then occurs non-radiatively by charge recombination of the rad-
ical donor/acceptor ion pair. The timescale of the PET reaction resides in the range of femto-
seconds to picoseconds [12, 13] which is significantly faster than the fluorescence lifetime of
the fluorophores of typically a few nanoseconds [14, 15]. The efficiency of PET decays expo-
nentially with distance on the length scale of a few A, showing effectively an all-or-nothing
quenching behaviour.

PET enables the in vitro time resolved detection of closed and open contacts between fluor-
ophore and quencher in proteins and other biomolecules. Due to the on-off characteristics of
PET, it is commonly combined with fluorescence correlation spectroscopy (FCS) [16] to study
the timescale of the dynamic changes of the fluorescence signal. FCS is based on the analysis of
the time correlation of the detected signal and is thus sensitive to all processes that effect the
fluorescence signal. Most commonly, FCS is being used to study the diffusion properties of
molecules [17], but it is also a powerful tool to study conformational dynamics when com-
bined with FRET or PET [18, 19].

In biomolecules, the strongest fluorescence quenching of commonly used fluorophores for
PET (e.g. Atto655, MR121 and Atto Oxall) is observed for tryptophan in proteins and gua-
nine in nucleic acids due to their oxidation potentials that allow them to act as electron donors
[20, 21]. If tryptophan is not part of the protein sequence, PET experiments can be performed
by engineering a Trp residue in the region of interest by either mutation or the adherence of
an additional residue. On the other hand, Trp residues which might interfere in an undesirable
way with the fluorophore need to be deleted from the protein. The labeling of proteins with
fluorophores usually requires modification of the protein sequence. Typically, labeling is per-
formed by reacting a maleimide derivative of the fluorescent dye with cysteine residues in the
protein. To achieve specificity, this approach requires the removal of natural cysteine residues
or the introduction of additional cysteine residues by mutation. Other labeling approaches tar-
get amino groups or rely on bioorthogonal labeling strategies based on the addition of unnatu-
ral amino acids [22]. After attaching the fluorophore to the molecule of interest, careful
control measurements have to be performed to ensure that the photophysical properties are
not altered by the local environment, and that no sticking interactions occur which would
impair the rotational freedom of the fluorophore.
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Although fluorescence techniques have been applied successfully on a variety of systems [5,
23, 24], usually little information is available to what extent the structural or dynamical proper-
ties of the studied system are modified by the attachment of the fluorescence labels. Molecular
dynamics studies can help in the interpretation of experimental results and detection of poten-
tial artifacts introduced by the dye label [25-27]. As the fluorophores typically exceed the size
of naturally occurring amino acids, it is expected that at least the local diffusivity is modified.
Furthermore, many readily available fluorophores contain rigid ring systems which function
as light absorbing centers (e.g. oxazine derivatives MR121, Atto655 and Atto Oxall) and
potentially facilitate hydrophobic or 7-stacking interactions with other aromatic ring struc-
tures especially of the quencher. A significant influence of the fluorescent label on the local
structure, the conformational dynamics and the overall functionality of the protein can thus
usually not be excluded, and careful controls have to be performed to ensure the validity of the
experimental results.

In the present study we conducted a comparative in vitro and in silico study on the 14
amino acid long truncated S-peptide, which historically served as a model system for intrinsi-
cally disordered peptides [28-32]. S-peptide is a fragment of RN Ase-S formed after proteolytic
cleavage of bovine Ribonuclease A by the subtilisin protease [33, 34]. While S-peptide is intrin-
sically disordered in solution, it adopts a stable helical fold upon association to S-protein form-
ing the complex RNAse-S [32]. We N-terminally attached fluorophore Atto655 and added a
tryptophan residue to the C-terminus serving as a fluorescence quencher [2]. For the labeled
peptide, the fluorescence quenching autocorrelation was measured and analyzed with respect
to the dynamic contribution, which is a measure for the end-to-end dynamics of the peptide
chain. Additionally, we performed extensive, continuous molecular dynamics (MD) simula-
tions on S-peptide with and without the fluorescence labels, to provide atomistic insight into
the dynamics and sampled conformational regimes of the peptides.

Quantitative agreement of the experimental quenching autocorrelation of labeled S-peptide
and in silico results was obtained. Comparison of the simulations reveals, that the dynamical
and conformational regime of the flexible S-peptide was significantly altered by the attachment
of Atto655 and Trp15. This study sheds light on systematic modifications of macromolecular
properties introduced by fluorescence labeling and provides valuable insight for the design of
future fluorescence spectroscopy experiments.

Results
MD simulations

Extensive molecular dynamics simulations were performed for the labeled and unlabeled ver-
sions of the S-peptide over 30 ps for each trajectory. Both trajectories were started from
extended peptide configurations. To give qualitative insight in the folding dynamics of intrin-
sically disordered S-peptide, the evolution of the RMSD with respect to the starting structure
was calculated (Fig 1) and trajectories were visually inspected. To allow direct comparison
between RMSD regimes of both systems, the RMSD was only calculated for residues 1 to 14
(without Atto655 and Trpl5).

Unlabeled S-peptide rapidly fluctuated between conformational modes on the timescale of
several nanoseconds as expected for a intrinsically disordered peptide. Fluctuation of the
RMSD indicated no stable conformation surviving in the microseconds time regime through-
out the whole simulation. Labeled S-peptide, however, showed a significantly reduced band-
width of RMSD fluctuations with several plateaus in the RMSD evolution. Visual inspection
confirmed metastable states surviving for several microseconds during the trajectory. Many
configurations revealed close contacts between the two ring systems of terminal Atto655 and
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Fig 1. The RMSD of non-hydrogen (heavy) atoms of residues 1-14 with respect to the unfolded starting structure for
simulations with (lower panel) and without (upper panel) labels. The mean structures of the respectively four largest clusters are
shown and their cluster index is indicated (#). Additionally, the simulation time when the clusters mean structures were observed during
the simulation is indicated at the bottom right of each cluster structure.

https://doi.org/10.1371/journal.pone.0177139.9001
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Fig 2. The population size of the ten largest clusters in percentage of lifetime compared to the whole
trajectory from simulations without (left panel) and with (right panel) fluorescence labels. Clustering
was based on the RMSD and the single linkage algorithm [35] with a 0.25 nm cutoff was used.

https://doi.org/10.1371/journal.pone.0177139.9002

Trpl5 indicating a strong stacking interaction that traps the system in a quenched state. After
about 12 ps, the backbone locked into a stable S-sheet like configuration and remained in this
state until finally folding to a B-sheet structure after 29 ps (see Figs 1 and 2 and conformational
regime clusters #1 and #4).

Sampled conformational regimes

Conformations from MD trajectories were clustered for both systems separately to quantify
the impact of labeling on the relevant conformational regimes. Clustering along the RMSD
was performed with the single-linkage algorithm using a RMSD cutoff of 0.25 nm and 10°
frames from each trajectory [35]. Clusters were sorted and numbered by their frequency of
occurrence and the distribution of the ten biggest clusters is shown in Fig 2.

As expected from visual inspection of the trajectories, cluster sizes of unmodified S-peptide
reflect the typical conformational behavior of an intrinsically disordered peptide. The decrease
in probability with increasing cluster index is relatively moderate suggesting low free energy
differences between neighboring clusters. A total of about 4700 clusters was found and the S-
peptide adopted conformations belonging to the largest cluster only during 6% of the total
simulation time. The mean structures of the first four clusters are depicted in Fig 1 and give
insight into the variability of conformations.

With the attachment of Atto655 and Trp15 to the termini of S-peptide, the conformational
behavior however changed significantly. The variability of clusters narrowed down to about
1000 different clusters, with many showing stacked Atto655/Trp15 configurations. The largest
cluster, found between 12-29 us, dominates the accessible conformational regimes with a
probability of over 60% and indicates a shift from intrinsic disorder to a metastable folded pep-
tide, reducing the conformational variability significantly. Three out of four mean structures
of the largest clusters show strong stacking interaction between terminal labels (Fig 1). Inter-
estingly, the conformation of the largest cluster #1 was never adopted by the trajectory of S-
peptide without labels (according to the 0.25 nm threshold used for clustering). The closest
structure had a distance of RMSD = 0.30 nm. As it is unlikely that this finding is attributed to
insufficient sampling (see section conformational dynamics), it is a strong indicator that the
attachment of the labels creates a deep minimum in the conformational landscape that is not
present for the unlabeled peptide. Note, even within the first 12 ps, the sampled states of the S-
peptide with terminal labels showed only little overlap with the most populated clusters of the
S-peptide simulation without dyes. None of the sampled conformations approached the mean
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structure of the 10 most populated clusters of the S-peptide simulation without terminal dyes
to less than the cluster RMSD cutoff of 0.25 nm (smallest deviation 0.28 nm).

Conformational dynamics

To characterize the effect of the fluorescent labels on the conformational dynamics of the S-
peptide, we compare the simulations with and without fluorescence labels by defining a two-
state model (open/close) based on the end-to-end distance d of the peptide. The distance d was
calculated between C-f atoms of residues Lys1 and Asp14 again for both systems with and
without labels. We split the distance ensemble in two regimes, to characterize the switching
dynamics between a structured and disordered regime of S-peptide. Distances d < 1.3 nm
were assigned to a “close” regime while distances d > 2.5 nm were assigned to an “open”
regime. By counting the number of transition (N7) from one regime to the other and dividing
it by the total simulation time, a mean rate of opening and closing events of the peptide was
calculated. For the S-peptide without labels, a open to closed transition rate of 50.1 ps™" was
found (Nr = 1503 in 30 ps), while refolding dynamics for labeled S-peptide were slowed by
more then one order of magnitude to 6.6 us~* during the initial 12 ps (N7 = 80). Not a single
open to close transition event was observed in the simulation interval 12-30 us (Ny = 0) con-
firming the strong trapping of labeled S-peptide in this conformational regime.

Circular dichroism spectra

The MD simulations suggest that the labeled S-peptide adopts a metastable -sheet conforma-
tion induced by 7-stacking interaction between the termini. To investigate to what extent the
B-sheet conformation is part of the equilibrium regime and to quantify the modification in the
accessible conformational regimes by dye/quencher interactions, we measured circular dichro-
ism (CD) spectra of labeled S-peptide and compared it with the spectrum of S-peptide labeled
with Atto655 but without Trpl5 (Fig 3). Comparison with a previously published CD spec-
trum of native 20 residue S-peptide reveals qualitative similarity with the spectrum of labeled
S-peptide without Trp15 where both spectra exhibit a local peak at 220 nm [36, 37]. When
Trp15 is added to the peptide, however, the peak at 220 nm vanishes, consistent with the
increase in 3-sheet structure in our simulations, possibly induced by the 7-stacking interaction
between the terminal labels. The CD spectrum reveals that the relevant conformational regime
is not dominated by only 3-sheet structures but includes contributions of helical and random
coil conformations. This supports the results from the 30 ps simulation where the labeled S-
peptide adopted S-sheet conformation only during a fraction of the simulation time and
exposed random coil backbone configurations otherwise (Fig 1, cluster #1).

PET-FCS measurements

The dye/quencher dynamics of the labeled S-peptide can be adressed experimentally by
PET-FCS. The full PET-FCS correlation function is shown in Fig 4. Fluorescence correlation
spectroscopy (FCS) analyzes the fluctuations of the recorded fluorescence signal and is thus
sensitive to all processes affecting the fluorescence signal. Multiple phenomena spanning the
timescale from picoseconds to seconds can be observed in the autocorrelation curve (regimes
I-IV). Photon antibunching (I), a typical property of quantum emitters, occurs on the time-
scale of the fluorescence lifetime of ~ 2 ns for Atto655 [38]. Diftusion through the confocal
volume (IV) is observed on timescales between several tenths of ps to ms, depending on the
size of the observation volume and the diffusion coefficient of the molecule. The measured dif-
fusion time of the labeled S-peptide is 51 ps, translating to a diffusion coefficient of about

185 um?’s™" (based on the lateral size of the focal volume of 195 nm), as is expected for a small
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Fig 3. CD spectra of labeled S-peptide with and without Atto655 stacking partner Trp15. The peak at 220 nm
indicates residual a-helix formation and less 8-sheet contribution in the labeled S-peptide without Trp15.
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peptide. Most fluorescent dyes can undergo intersystem crossing from the excited singlet state
into a dark triplet state with lifetimes in the range of several ps (III). Here, we find a triplet
relaxation time of 2.4 us for Atto655. The amplitude of this triplet contribution is dependent
on the incident laser power (Fig A in S1 File). Any conformational dynamics are superimposed
onto these processes. The fast chain dynamics of intrinsically disordered peptides or unfolded
proteins usually occur on the submicrosecond timescale [39], while slower conformational
dynamics involving large conformational rearrangements usually take place in the range of ms
to s [40].

The quenching contribution to the correlation function is indicated in regime II (Fig 4). To
determine the timescales of the quenching dynamics, we fit the correlation function with a
model accounting for the listed contributions (Eq (3)). By careful inspection of the weighted
residuals between model and data, we find that the addition of a second dynamic contribution
to the model function improves the quality of the fit significantly (Fig B in S1 File and Table A
in S1 File). Because the length of the MD simulation is not sufficient to address the existence of
two dynamic contributions, however, we can not determine whether the second component
arises from an alternative conformational regime of S-peptide. Therefore, we limit our discus-
sion to the average timescale and overall amplitude of the two components. This result,
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Fig 4. Experimentally obtained FCS curve and model fit function for labeled S-peptide in the presence (black)
and absence (gray) of the quenching tryptophan. Indicated are the four main time regimes of the relevant processes.
(I) Photon antibunching: The lifetime of the excited state of the fluorophore determines the shortest temporal separation
between two photon emission events. This leads to a decrease in the correlation function for correlation times faster than
the lifetime of the excited state. (II) Timescale of the internal conformational dynamics that lead to quenching/
unguenching of the fluorophore and dominate the autocorrelation function. These timescales are to be compared with the
MD simulations. (lll) Photophysical artifacts: Intersystem crossing from the excited singlet state into a dark triplet state
with lifetimes in the range of several ys (IV) This correlation regime is dominated by the diffusion of labeled peptides
through the confined detection volume of the FCS setup.

https://doi.org/10.1371/journal.pone.0177139.9004

however, indicates that the conformational dynamics may be more complex than discussed in
this work. To directly compare the measured dynamics to the correlation functions obtained
from MD, we isolate the dynamic contribution by dividing the correlation function by the
contributions of diffusion, photophysics and antibunching (Fig 5B). We converted the
observed amplitude of 0.67 and relaxation time of 80 ns to off- and on-rates by Eqs (4) and (5)

yielding an off-rate k¢ = 5.0 us™' and an on-rate ko, = 7.4 ps .

Quenching dynamics from MD

The result obtained for the conformational dynamics of the S-peptide with labels based on the
classification into “unfolded” and “folded” states by means of the end-to-end distance
(2.7 us™") only roughly correlates with the rates of quenching contact formation as measured
in the PET-FCS experiment (average rate of 6.2 ps~'). The quenching on- and off-rates
describe the kinetics of quenching contact formation between the fluorophore Atto655 and
the quencher Trp15, which are different from the conformational dynamics. To compare the
experimental result with the simulations, a simple distance criterion between dye and
quencher is applied.

Configurations of Atto655/Trp15 from simulation were classified as “dark” state when the
distance between the geometric centers of their ring compounds was below a quenching dis-
tance of #* < 0.55 nm or as fluorescent otherwise [41-43]. The quenching autocorrelation
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Fig 5. Atto655/Trp15 fluorescence quenching autocorrelation data fitted with a two-state exponential model function. Data and fits are shown for
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overlayed with the fitted MD data collected after 12 ys (black).
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function was fit to a two-state kinetic model with single exponential kinetics (Eq (1)). Due to
the global conformational rearrangements of S-peptide during the initial 12 ps and the associ-
ated metastable states with lifetimes in the microsecond regime, the convergence of quenching
autocorrelation data was insufficient. This is especially visible at large correlation times 7 >
500 ns (Fig 5A). The long-lived metastable states however dominated the quenching dynamics
resulting in relaxation timescales of 7, = 391 ns (Table 1).

Because the S-peptide locked in a quasi-stable folded B-sheet like configuration after 12 ps
simulation time, we decided to treat the initial 12 s as equilibration time and recalculate the
quenching autocorrelation for only the second part of the simulation (Fig 5B). The resulting
quenching relaxation timescale of 7, = 72 ns was about 4-5 times faster as dye and quencher
could not diffuse far away from each other by the confined S-sheet like backbone structure. In
the investigated simulation time window (12-30 us), no global backbone rearrangements of S-
peptide were observed and lifetimes of quenching states of the fluorescence labels were found
in the range of hundreds of nanoseconds (see Fig 6). Omitting the initial 12 ps as equilibration
also led to a significantly better agreement between the single exponential fit model and the
simulation data especially for long relaxation times 7,. Similar to PET-FCS data treatment, we
also calculated the on- and off-rates by Eqs (4) and (5) from the correlation amplitude and

Table 1. Relaxation time scales (7,) and amplitudes (a,) of the fluorescence autocorrelation fitted with
a single exponential two-state model for the experimental PET-FCS measurement and MD simulations
over the total simulation (MD all) and discounting the initital 12 ps. For the PET-FCS result, the sum of
kinetic amplitudes and the average relaxation time of the two dynamic components are shown. Additionally,
relaxation times and amplitudes have been converted to microscopic on- and off-rates of the related quench-
ing process using the Formulas (4) and (5). The rates correspond well with the average opening and closing
frequency of quenching contact formation between dye and quencher in labeled S-peptide observed in the
MD simulation.

a, 1, [ns] Kon [us™'] Kot [us™1
PET-FCS 0.67 80.4 7.4 5.0
MD >12 s 0.65 72.1 8.4 55
MD all 0.71 391.3 15 1.1

https://doi.org/10.1371/journal.pone.0177139.t1001
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https://doi.org/10.1371/journal.pone.0177139.g006

relaxation time. Comparative data between experiment and simulation for fitted relaxation
parameters and rates are shown in Table 1. We find that the quenching dynamics for simula-
tion data after 12 pus are in good agreement with the experimental results of 80 ns.

Discussion

The interpretation of fluorescence spectroscopy measurements depends on the assumption
that the artificial attachment of fluorophores does not alter the conformations and dynamics
of the target molecule itself. To address this problem, one should whenever possible ensure the
functionality of the labeled molecule e.g. by biochemical assays probing specific interactions or
ATP turnover rates whenever possible. If such a test is not available, MD can provide impor-
tant insight with respect to the influence of the fluorescence labels. We performed comparative
MD simulations and PET-FCS measurements on fluorescently labeled 14 residue S-peptide,
serving as a model system of an intrinsically disordered peptide. Our results reveal that the
labeling strongly affects both the conformational and dynamical properties of the S-peptide,
shifting it from the disordered conformational regime to a semi-stable fold with -sheet
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content. This drastic change is caused mainly by the strong 7-stacking interaction between the
rigid ring systems of Atto655 and Trpl5, which traps the termini of the peptide to remain in
close vicinity. This effect may occur with many widely used fluorophores containing rigid ring
systems as their light absorbing centers that facilitate stacking interactions with other aromatic
ring structures.

The agreement between quenching correlation functions from MD simulations and
PET-FCS measurement is surprisingly good, although only when skipping the initial 12 ps of
the MD trajectory as equilibration time (Table 1). As the labeled S-peptide was started from an
arbitrary extended starting structure, we assumed that the system requires some time to reach
equilibrium and treated the initial 12 ps as equilibration time, thereby dividing the dynamic S-
peptide regime in two characteristic regimes. The first part of the simulation was dominated
by global backbone rearrangements and slow quenching dynamics as the peptide backbone
continuously stretched and refolded. During the second part of the simulation, the S-peptide
backbone locked into a meta-stable fold with only the label side chains stacking and unstacking
from time to time. Simulation time, however, is finite, therefore it remains unclear to what
degrees these two regimes contribute to the equilibrium regime. As we reproduce good agree-
ment between simulation and experiment for the second regime with faster quenching dynam-
ics, we assume that S-peptide preferably resides in this regime. However, the fit quality of
experimental PET-FCS data can be improved by adding an additional dynamic term with a
slower relaxation coefficient (Fig B in S1 File). We speculate, that this second dynamic term
might correspond to the regime of global rearrangements seen in the initial part of MD simu-
lations. It is interesting to note, that the PET-FCS method does not necessarily detect global
structural dynamics. As long as the global dynamics are not strongly coupled to the local
dynamics of dye and quencher, they might remain undetected in the experiment. Surprisingly,
such a scenario is possible even for short sequences as of the S-peptide. Our simulations reveal,
that stacking/unstacking dynamics occuring simultaneously with a stable backbone configura-
tion in one regime are difficult to distinguish with solely experimental data from another
regime with large conformational backbone rearrangements (Fig 6).

The good agreement between experiment and simulation is even more surprising as the
quenching state is judged only by a simple distance criterion, which was proposed earlier by
Vaiana et. al [41] and was based on a fit of fluorophore MD trajectories to correlation spectros-
copy data. Previous studies successfully demonstrated that the connection between atomistic
MD simulations and experimental PET-FCS measurements can be drawn with such a simple
criterion [42]. It should be noted that effects evolving from the photoinduced charge separa-
tion among Atto655 and Trpl5 are not included in the approach as the MD parameters repre-
sent only the neutral state. We speculate that the opposite charges could increase the
interaction between the dyes due to the coulomb attraction, a question that could in principle
be targeted by measurements at different salt concentrations. Gaining a more detailed under-
standing of the relation between dye/quencher orientation and fluorescence quenching would
require to derive redox potentials for single MD frames via quantum chemical calculations.
Here, we use the experimental PET-FCS measurements for the validation of our labeled S-pep-
tide simulations, whereas only the comparison between simulations with and without labels
reveal the stark influence of fluorescence labeling on the dynamics and sampled conforma-
tional regimes of the peptide. The circular dichroism measurements of labeled and unlabeled
S-peptide strongly support these findings.

When using fluorescence to study biomolecules, two major types of artifacts need to be con-
sidered. On the one hand, the properties of the fluorophore may be altered by the local envi-
ronment of the biomolecule, changing the quantum yield, leading to spectral shifts of emission
or absorption spectra or hindering the rotational motion through sterical hindrance or specific
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interactions. Our study, on the other hand, sheds light on the effect of the chemical modifica-
tion on the target biomolecule and shows that the fluorescence label can significantly affect the
conformational and dynamical properties. In particular, PET-FCS experiments, which intrin-
sically require that the fluorophore and quencher can come into close contact, suffer from pos-
sible interactions between them. The influence of specific dye-quencher or dye-dye
interactions on the conformational dynamics is especially pronounced when investigating
intrinsically disordered systems as presented here, for which PET and FRET are often the
method of choice. Although the effect of fluorescence labeling on the dynamics and conforma-
tions of the peptide in this study was found to be significant, other systems might be affected
to different degrees. Combined MD and FRET studies of labeled polyproline for example,
found only little impact of the fluorophores on the sampled conformational regimes. However,
polyproline is characteristic for its rigid structure with deep energy minima and slow trans/cis
isomerisation dynamics on timescales beyond minutes, which were not covered directly by
that study [27]. Nevertheless, it is very likely that especially small peptides with a large degree
of intrinsic disorder and a relatively flat energy landscape suffer most from fluorescence label-
ing artifacts. For larger and more stable proteins with clear conformational preferences, on the
other hand, we expect the artifacts induced by the fluorophores to be of reduced importance.

In summary, great care needs to be taken when designing and interpreting fluorescence
experiments. Especially when fluorescence labeling is used to study systems for which the size
of the dye is comparable to the target molecule, a single dye interaction can dominate the con-
formational properties and severely effect the results. The position for the fluorescent label
should be chosen in a well-structured and solvent-exposed part of the protein sequence to
minimize the influence of the fluorophore on the local structure and dynamics, especially
when partly disordered proteins are studied. We demonstrate that MD is a valuable tool that
complements PET-FCS experiments by offering an atomistic interpretation of the experimen-
tal result. Furthermore, simulations provide a useful strategy to predict the influence of label-
ing configurations on systematic properties when designing fluorescence experiments. On the
other hand, fluorescence experiments prove useful to validate in silico results by providing a
reference for dynamic parameters of the system.

Methods
Molecular dynamics

Two simulations of the S-peptide, one with and the other without labels, were started from
extended peptide conformations. The periodic box boundaries were set at a minimal distance
of 1 nm to the peptide. The peptide was parametrized with the Amber99sb-ILDN forcefield
[44]. Parameters for the Atto655 fluorophore were generated as follows. First two conforma-
tions of the fluorophore were geometry optimized at ab initio B3LYP/6-31G* level using the
Gaussian09 software [45-48]. Second the partial charges were generated by fitting the electro-
static potential derived from HF/6-31G* quantum mechanical calculations with the restraint
electrostatic potential protocol (RESP) [49]. Finally, atom types and bonded/nonbonded
parameters were assigned from the general amber forcefield (GAFF) [50]. The parametrization
protocol followed the guidelines of GAFF which was designed to be compatible with the
Amber forcefields. Both systems were energy minimized and equilibrated in NPT ensemble
(298 K, 1.01 bar) after the addition of explicit solvent Tip3P water molecules [51]. Respectively
four positive and negative counter ions were added to the solution keeping the box charge neu-
tral. The production run was performed at a time step of 3 fs with the GROMACS 5.0 MD soft-
ware suite [52, 53] using the velocity rescaling thermostat in the NVT ensemble (298 K) [54].
Bonds involving hydrogens were constrained with the LINCS algorithm [55].
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Peptide synthesis

The 14 amino acid truncated S-peptide (KETAA AKFER QHMD) was used as a model system
for an intrinsically disordered peptide [28-31]. To fluorescently label the S-peptide for
PET-FCS measurements, the fluorophore Atto655 was attached to the N terminus and an
additional tryptophan was added to the C terminus serving as a fluorescence quencher [3].
The resulting sequence of the labeled S-peptide was Atto655 KETAA AKFER QHMDW. Pep-
tide synthesis, labeling and purification was performed as described previously [56].

PET-FCS measurements

PET-FCS measurements were performed on a custom-built confocal single-molecule fluores-
cence microscope. The sample was excited with a diode laser (LDH-D-C-640, PicoQuant)
operated in continuous wave mode at an average laser power of 280 uW as measured before
the aperture of the objective. The fluorescence signal was passed through a pinhole and split
on two avalanche photodiodes (SPCM-AQR-14, Perkin Elmer Optoelectronics) by a 50:50
beam splitter to avoid detector dead time, connected to two independent channels of the time-
correlated single photon counting (TCSPC) hardware (HydraHarp400, PicoQuant). Fluores-
cence signal was passed through an emission filter (ET670/30, AHF Analysentechnik). The
range of the emission filter was chosen as to avoid detector crosstalk due to the breakdown
flash of the APDs [57]. Individual photon arrival times were recorded with 16 ps resolution. S-
peptide was dissolved in standard PBS buffer with 0.005% Tween-20 to prevent sticking to the
cover slide surface, and diluted to a final concentration of ~1 nM. FCS data was collected over
a time of 16 h at room temperature.

Quenching autocorrelation

Configurations of Atto655/Trpl5 from simulation were classified as “dark” state when the dis-
tance between the geometric centers of their ring compounds was below the quenching dis-
tance of r* < 0.55 nm, or as fully fluorescent otherwise [41-43]. To calculate the quenching
autocorrelation function, 10° frames from the 30 ps MD trajectory were analyzed. The quench-
ing signal autocorrelation data was fitted with a two-state model with a single exponential sig-
nal decay

Gyn(T) = a,e ™/ (1)

dyn

where a, is the amplitude and 7, the relaxation time constant of the quenching relaxation
autocorrelation.

FCS data analysis

The second order intensity cross-correlation function G;;(7) between two channels i and j is
defined by:

(2)

where I(t) is the intensity in channel i at time #, 7 is the time lag and () denotes time averaging.
Cross-correlation functions between the two detectors were computed using custom-written
software based on a multiple-tau correlation algorithm [58]. Error bars are determined by
splitting the measurement into ten segments of equal length and computing the standard error
of mean of the correlation functions. Fitting of the correlation function was performed in
MATLAB (The Mathworks, Inc.) using the non-linear least squares fit routine by minimizing
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the weighted residuals. Confidence intervals (95%) of determined parameters are computed
from the covariance matrix obtained from the fit procedure. FCS curves are fit using a model
accounting for photon antibunching, triplet kinetics and diffusion, as well as one or two addi-
tional bunching terms for the observed kinetics:

—1 -1/2
Y T T
= =|14+— 1
G(T) N ( + TD) < +pQTD> .

T = 3
(1 —A,e /) (1 + eﬂ) X G)

1-T
(1 —+ ar,l e*“/'{r.l —+ a772e*1/7r.2)

where 4,1/, are the amplitudes and 7, ;,, the relaxation time constants of the quenching relaxa-
tion autocorrelation [20], 7 is the diffusion time constant, N is the average number of particles
in the focus, y = 27*% is a correction factor accounting for the shape of the confocal volume, p
is the ratio of axial to lateral size of the confocal volume, 77 is the triplet time constant, T is the
triplet fraction, and 7, and A, are the photon antibunching amplitude and relaxation time.
The parameters of the dynamic quenching term are related to the off- and on-rates of the
quenching process by [59]:

1
T’ B kon + koff (4)
_ koff
ar - k_ (5)

In terms of the system at hand, k., and k¢ can be interpreted as the microscopic rate constants
of end-to-end contact formation and dissociation.

Circular dichroism

CD measurements were performed on a Jasco J-715 spectrophotometer at 25°C. Labeled S-
peptide with and without Trp15 was solvated at 1 mg ml™" concentration in DPBS buffer
(Sigma-Aldrich). The samples were measured in a quartz cell with 0.2 mm path length. Data is
expressed in terms of mean residue molecular elliptisity [0],. CD data was smoothed using a
Savitzky-Golay-Filter with order 3 and a window of 10 nm [60].

Supporting information

S1 File. The supporting information gives details on the PET-FVS dynamics, control
experiments and results on the PET-FCS measurements. Fig A, PET-FCS dynamics. Fit of
the experimental correlation function using a model accounting for one kinetic component
and two kinetic components. Fig B, Control experiments. Table A, Fit results for PET-FCS
measurement.

(PDF)
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