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A key question in the application of the single-molecule Forster resonance energy transfer (smFRET) technique to
study protein folding is how the dyes affect the protein behavior. Understanding of these effects is particularly
important for small proteins, for which the dyes, along with their linkers, can be comparable in size (mass) with
the protein. Using a coarse-grained model, we simulated folding of BBL protein and two of its FRET constructs.
The obtained results suggest that even for small proteins, such as the 45-residue BBL, the appearance of the
excluded volume in the protein conformation space due to the presence of dyes does not change the overall
picture of folding. At the same time, some deviations from folding of the original protein are observed, in

particular, the FRET constructs fold considerably slower than the original protein because the protein collapse in
the initial state of folding is slowed down due to the protein loading with relatively massive dyes.

1. Introduction

Protein folding is one of the fundamental challenges in molecular
biology. The complexity of the problem is mostly due to the diversity of
folding pathways, which are characterized by different sequences of
protein states, different probabilities to occur and different folding
times [1-9]. Particularly, experimental studies of folding dynamics and
kinetics are difficult to perform, because they require close monitoring
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of individual protein molecules. One of the possible solutions to this
problem is a single-molecule spectroscopy [10], in particular, the
single-molecule Forster resonance energy transfer (smFRET) [11-13].
In this method, the efficiency of energy transfer between two dyes,
donor and acceptor, depends on the inter-dye distance. By monitoring
the energy transfer from donor to acceptor, one can determine how the
distance between two loci of protein chain, to which the dyes are at-
tached, varies in the course of folding. Currently, two dyes are typically
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employed [14-18], although the smFRET experiments with three dyes
have recently been performed, which gave a more informative picture
of folding [19] (see also relevant multi-colour studies of conformational
transitions in nucleic acids [20]).

A key question in the application of the smFRET technique to study
protein folding is how the dyes affect the protein behavior.
Understanding of these effects is particularly important for small pro-
teins, for which the dyes, along with their linkers, can be comparable in
size (mass) with the protein. Some aspects of this problem have been
investigated using a coarse-grained model for a 86-residue four-helix
bundle protein (Im7) [21]. The attention was mostly given to equili-
brium properties, and it was found that, depending on the dye place-
ment, the effect of the dyes may be significant, although the overall
folding mechanism does not change. In the present paper, we also use a
coarse-grained protein model to perform simulations. The model is less
realistic than that in the above paper [21], but we study a wider
spectrum of protein folding characteristics, i.e., not only the equili-
brium properties, but also the folding kinetics and FRET histograms. As
a characteristic, small protein, we consider BBL, which has been ac-
tively studied with the smFRET technique [14-17]. To represent the
protein, a C,-model with a Go-like interaction potential was used, si-
milar to that in the previous study of this protein [22]. In contrast to
that study [22], the dyes and linkers were introduces explicitly, as the
chains of beads of smaller (linkers) and larger (dyes) size. The process
of protein folding was simulated with constant-temperature (Lange-
vin's) molecular dynamics.

To determine the dye-protein interaction, we note that the attractive
interaction, which accounts for possible dye sticking to the protein
body, is residue specific [23-27] and requires an atomic-level con-
sideration [23,27,28]. The repulsive interaction is not so specific and
leads to the appearance of the excluded volume in the protein con-
formation space, which is roughly determined by the dye size and
mobility, similar to the dye-accessible volume [29-31]. Therefore, due
to their unspecific nature, the excluded volume effects are expected to
be common for the FRET experiments. Motivated by this consideration,
we assumed that the dyes and linkers interacted with each other and
with the protein beads purely repulsively, similar to the previous
coarse-grained modeling of smFRET experiments [21,32].

Three systems have been considered: the original protein, as a
“baseline” no-dye model, and two FRET constructs. In the first con-
struct, the dyes were attached to the protein termini, which is most
common in the current smFRET experiments [14-17], and in the second
FRET construct, in order to reveal a possible (“maximum”) effect of the
dye placement on the process of folding, one of the dyes was attached to
the residue that formed critical contacts in the transition state. The free
energy surfaces, folding time distributions and FRET efficiency histo-
grams were constructed based on the simulated folding trajectories.
Overall, it has been found that despite the excluded-volume effect
produced by the dyes, the attachment of the dyes do not change the
overall picture of BBL folding, although some deviations from folding of
BBL protein exist, e.g., the FRET constructs fold slower than the BBL
protein.

The paper is organized as follows. Section 2 describes coarse-
grained models of the systems and simulation method, Sect. 3 presents
results and their discussion, and Sect. 4 summarizes the results and
gives some concluding remarks.

2. System and simulation method

BBL is a 45-residue protein (QNNDALSPAIRRLLAEHNLDASAIKGT-
GVGGRLTREDVEKHLAKA, 1w4h.pdb) [33], which consists of two
parallel a-helices and a short 3¢ helix between them (Fig. 1a). To si-
mulate FRET experiments, a coarse-grained model of the system was
constructed, where the protein residues, linkers and dyes were re-
presented by monomers (“beads”). The beads associated with the re-
sidues were centered at the C, atoms, based on the NMR structure of the
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Fig. 1. Coarse-grained, C,-structure of (a) the native structure of BBL
(1w4h.pdb [33]), and (b) of a transition state of the protein. The blue colored
bead is the N-terminal of the protein, and the yellow colored one represents the
residue at which the number of contacts in the transition state differs most
significantly from that in the native state (Fig. 3). (For interpretation of the
references to colour in this figure legend, the reader is referred to the web
version of this article.)

protein [33]. The linkers consisted of four beads of smaller size, and the
dyes were represented by single beads of larger size [21]. For the
protein, the interaction potential was chosen to be a Go-like potential
[34] in the form [35] that has been successfully used to simulate BBL
folding [22].
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where N is the number of residues in the protein, r; is the current
distance between monomers i and j, and ¢ is the attractive energy. The
first term of the right-hand side of the equation accounts for the rigidity
of protein backbone, with d,° = 3.84, k; = /A%, and k, = 100e/A%,
and the second and third terms determine the contributions of native
and non-native contacts, respectively. The monomers i and j were
considered to be in native contact if |j —i| > 1 and the distance be-
tween them was less than r.,, which was chosen to be large enough,
Teut = 91(’%, in order to take into account long-range native contacts that
are essential for the formation of the native state [36]. The total number
of native contacts in this case is equal to 193. In the second term
0;° = 27/d;, where d; is the distance between monomers i and j in the
native state, and in the third term dna = <dp, 0o = 27 "®dpa, and
A(rj — dpgy) is the cutoff function which is equal to 1 forr; < dpscand 0
otherwise. The linkers and dyes interacted with each other and with the
protein beads purely repulsively [21,32], specifically as

U= z [k (i1 = do)? + ko (141 — do)*]
+ ) e oyl

where in the first term of the right-hand side of the equation, the
summation is taken over the bonds that connect the dye, linker and the
protein residue to which the dye is attached, and in the second term, the
summation covers all pairs of the contacts between the dye and linkers
with the protein beads. To reproduce, by the order of magnitude, the
size difference between the dyes and protein residues, the radii of the
dyes were chosen to be f4,. = 1.7 times larger that those of the residues,
which corresponds to the difference in masses as 550 Da (dyes) to
110 Da (residues). The radii of the linkers were taken, rather arbitrarily,
to be fiink = 0.8 of the protein bead radii. Accordingly, in the above
equation, when the linkers interacted with the protein beads,
do = do®(1 + fink)/2 and 05 = 0;°(1 + fiink)/2, when with the dyes,
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do = do®(faye + fiim)/2 and 05 = 0;°(faye + fiink)/2, and when they in-
teracted with each other, dy = do’fiin and 0 = Uijoﬁink. Correspond-
ingly, for the interaction of the dyes with the protein beads, it was
do = do®(1 + faye)/2 and g = 0;°(1 + faye)/2, and for the interaction
with each other dy = do’fuye and o; = 0;faye.

The simulations were performed using a constant-temperature MD
based on the Langevin equation

2
mi% + V% = —%Z + ®(0)
where m; is the mass of i monomer, r; is its radius-vector, U is the po-
tential energy of the system, ®; are random forces from the surround-
ings, and v is the coefficient of friction with the surroundings to balance
random forces and dissipation. The dyes and linkers have, respectively,
masses faye>Mo and fiin Mo, where my = 110 Da is the characteristic
residue mass. The random forces have the Gaussian distribution with
zero mean and variance <®/(O®/ (t + 7)> = 2yT8;;8;;5(c), where T is
the temperature, which is measured in the energy units ¢ (i.e., the
Boltzmann constant is set to unity), the angular brackets denote an
ensemble average, the upper index at @ stands for the vector compo-
nent, and & and 8(r) are the Kronecker and Dirac delta functions,
respectively. The equation was numerically integrated [37] with the
time step At = 0.01257z and y = 50my/z [38]. With the length scale
[ = 9A and the characteristic attractive energy ¢ = 2.2kcal/mol [39],
the characteristic time scale 7 = (mol?/¢)'/? is = 3ps.

3. Results and discussion
3.1. The FRET constructs

Two different FRET constructs were considered. In one, the dyes
were attached to the beads corresponding to protein termini, as in
Fig. 2a, which is typical of the FRET experiments on protein folding
[14-18]. The other FRET construct was intended to reveal a possible
(“maximum”) effect of the dye placement on the process of protein
folding. To create it, the transition state conformations of BBL were
analyzed, and the key residue that formed critical contacts was de-
termined [40,41]. To find the transition state conformations, various
protein states were taken from the transition state region [42], which
served as the starting points to perform the pfold analysis [43]. Speci-
fically, 20 MD trajectories, with slightly different bead velocity dis-
tributions, were started in each state and run until a native-like state
(Opat < 2.5A) or an unfolded state (Opat > 8A) was achieved, where
Onat 1S the root-mean-square-deviation (RMSD) from the native state.
The current state was considered to be a transition state if the number
of trajectories reaching the native-like state varied from 9 to 11. In this
way, 50 transition states, very close to each other, were found (Fig. 1b).

Fig. 2. The extended conformations of the FRET constructs at which the si-
mulations were started: with the dyes attached (a) to the protein termini, and
(b) to the N-terminus and residue No. 33. The dark-gray beads represent the
protein residues (with the N-terminal residue shown in blue), the light-gray
beads are for the linkers, and the green and red beads represent the dyes. (For
interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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Fig. 3. The numbers of contacts that the residues have in the native state
(empty triangles) and in the transition state (solid triangles).

They were used to calculate the average number of contacts <N that
i residue has in the transition state (Fig. 3). The comparison of (NHTSE
with the corresponding numbers of contacts for the native state N
(Fig. 3) reveals that the key residue is the one of number 33, for which
¢; = <NPTSE/N is maximal (for the existing native contacts). Ac-
cordingly, in the second FRET construct, one dye was attached to the
bead for the N-terminus of the protein, and other to the bead re-
presenting the residue number 33, as in Fig. 2b.

3.2. Folding kinetics

The MD trajectories were started in unfolded states of the protein
and terminated upon reaching the natives state. The unfolded states for
the FRET constructs are shown in Fig. 2; the unfolded state for the
original protein (not shown) was the same, except that no dyes were
attached. The native state of the protein was considered to be reached
when the RMSD from the native state 0n,; < 1A. Folded structures of
the FRET constructs are depicted in Fig. 4. In each case, 10° trajectories
were run at a temperature T = 0.275 measured in the energy units &;
with e = 2.2kcal/mol [39], it is equal to approximately 300 K. Fig. 5
shows the protein state probability surfaces depending on the fraction
of native contacts (f,,) and the radius of gyration (R,), with the latter
calculated over the beads representing the protein. The surfaces are
presented in the form of free energy surfaces (FESs), which is a common
representation for protein folding studies. The free energy was calcu-
lated as.

F(fnat’Rg) = _TlnP(f;lat’Rg)

v

Fig. 4. Folded structures of the FRET constructs (a) with the dyes at the protein
termini, and (b) with the dyes at the protein N-terminus and residue No. 33.
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Fig. 5. Free energy surfaces for the first-passage folding trajectories: (a) no
dyes, (b) dyes at the protein termini, and (c) dyes at the protein N-terminus and
residue No. 33. The radius of gyration is measured in angstroms.

where P(fya,Rg) is the probability for the system to be found at the
point (fua, Rg). All FESs are very similar except that the radius of
gyration in the initial stage folding in the surfaces for the FRET con-
structs is larger than that in the surface for the original protein. This
suggests that the protein collapse is slowed down due to the dye
loading. All surfaces reveal two basins of attraction, one for semi-
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Fig. 6. First-passage time distributions in the form of survival probabilities: no
dyes (blue), the dyes at the protein termini (black), and the dyes at the protein
N-terminus and residue No. 33 (red). Time is measured in units of the char-
acteristic time 7 (Sect. 2). (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)

compact states (at f,c = 0.7), and the other for native-like states (larger
values of f,,.0), which suggests two-state folding kinetics. The basins are
separated by relatively low barriers, i.e., the BBL folding in our simu-
lations is marginally barrier-limited [15] rather than downhill [16,17].
This is confirmed by the first-passage time distributions, which are
single-exponential; they are shown in Fig. 6 in the form of survival
probabilities. The mean first-passage times (MFPTs) for the FRET con-
structs are very close to each other (equal to =1.1 x 10*) and larger
than the MPFT for the original protein (=0.7 X 10%. This is in
agreement with the above mentioned difference in the FESs for these
systems, i.e., that the larger values of radius of gyration for the FRET
constructs in the initial stage of protein folding indicate that the at-
tachment of the dyes slows the folding process.

3.3. Equilibrium folding and FRET histograms

To mimic equilibrium folding, one hundred MD trajectories were
run starting at the unfolded states of the system depicted in Fig. 2. The
trajectories were continued for 10° time steps, which was sufficient
[22] to reproduce the FESs obtained with all-atom simulations in ex-
plicit solvent [44,45]. At this lengths of the trajectories, approximately
75% (the FRET constructs) to 90% (the original protein) of folding
events were covered (Fig. 6). The ensemble of the trajectories was used
instead of one long trajectory in order to avoid a possible dependence of
the results on the initial (seed) random number when different systems
are compared. Fig. 7 shows FESs for the original protein (panel a) and
FRET constructs (panels b-c). The surfaces are similar to those for the
“first-passage folding” (Fig. 5). In particular, in that in the initial stage
of folding, the FRET constructs are less compact than the original
protein. The primary difference between Figs. 5 and 7 is that the basin
for native-like states that was situated at f;,, = 0.8 in the former case
shifts to larger values of f,,,. (=0.87), in good agreement with the FES
for all-atom simulations in explicit solvent [45]. This is because in the
latter case the trajectories were not terminated upon reaching the na-
tive state, allowing the protein to explore native-like states further.

Fig. 8 presents FRET efficiency histograms for the FRET construct
with the dyes attached to the protein termini, which is typical of the
FRET experiments on protein folding [14-18] and has been found most
informative in comparison with the other dye placements [22]. The
efficiency of energy transfer is determined as

E(r) =1/[11 + (r/Ro)°| @
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Fig. 7. Free energy surfaces for the equilibrium folding conditions: (a) no dyes,

(b) dyes at the protein termini, and (c) dyes at the protein N-terminus and
residue No. 33. The radius of gyration is measured in angstroms.

where r is the distance between the dyes, and Ry is the Forster radius, at
which the efficiency is 50%. Small values of the efficiency are asso-
ciated with unfolded states of the protein, because the inter-dye dis-
tances in such states are expected to be large, and large values of the
efficiency are associated with folded states, in which the inter-dye
distances are expected to be small. Since the FRET efficiency depends
on the ratio between the inter-dye distance and the Forster radius [Eq.
(1)1, the change of the range of the inter-dye distances is equivalent to
the change of the Forster radius. Then, taking into account that the
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folding kinetics are two-state (Fig. 6), i.e., only two characteristic states
were observed - unfolded and folded (Fig. 7), the variation of the For-
ster radius can be used to mimic how the population of these states
changes with the denaturant concentration [22]. Fig. 8 shows the his-
tograms for three values of the Forster radius. Ry = 45 represents an
“optimal” value of the Férster radius (Ro°?"); it is equal to one-half of
the maximum inter-dye distance, which is ~90A in the present simu-
lations. At this value of Ry, both unfolded and folded states are present
in the histogram, which are represented by peaks at low and large
values of E, respectively. If R, is taken to be smaller than Ry°, the
existing inter-dye distances are effectively enlarged in Eq. (1), as if the
protein would be mostly in unfolded state. Accordingly, the peak at low
value of E increases, and that at large value of E decreases. On the
contrary, if Ry is taken to be larger than R,°P, the inter-dye distances
are effectively shortened, as if the protein would be mostly in folded
state. This changes the histogram in the opposite way, i.e., the peak at
low value of E decreases, and that at large value of E increases. Based on
this reasoning, the pattern of the FRET histogram will change with
denaturant concentration as follows (Fig. 8). At high denaturant con-
centrations, the protein is mostly unfolded, so that the histogram will be
similar to that at R = 35, where the peak at E close to zero dominates.
At moderate denaturant concentrations, both unfolded and folded
states are expected to be present. Then, the histogram at Ry = 45 will
be more representative, where the peaks at small and large values of E
are comparable in value. Finally, when the denaturant concentration
becomes low, the protein will be found mostly in the folded state. In
this case, the histogram at R, = 55, in which one peak is observed at
E =1, will be characteristic. The present picture of evolution of the
FRET histograms with denaturant concentration is in good agreement
with the smFRET experiments on BBL folding [15,17] in that the in-
crease of the denaturant concentration (0 to 6 M GdmCl [15], and 0.2 M
to 8 M urea [17]) lowers the peak corresponding to the native con-
formations and raises the peak for the denatured states [15,17].

4. Conclusions

The goal of the present work was to examine how the dyes that are
attached to the proteins in the smFRET experiments influence protein
behavior during folding. This question is of particular importance for
small proteins, for which the dyes, along with their linkers, can be
comparable in size (mass) with the protein. In comparison to the pre-
vious studies, we have considered a wider spectrum of protein folding
characteristics, i.e., not only the equilibrium properties [21], but also
the folding kinetics and FRET histograms. As a characteristic system, we
employed BBL protein, which has been actively studied with the
smFRET measurements [14-17]. To be able to consider all properties of
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interest, a coarse-grained description of the original protein and two
FRET constructs were employed. Specifically, for the protein, a C,-
model with a Go-like interaction potential was used. The dyes and
linkers in the FRET constructs were introduced explicitly, i.e., the dyes
were represented by single beads of larger size (in comparison with the
beads representing the protein residues), and the linkers were modeled
by the chains of four beads of smaller size. The dyes and linkers in-
teracted with each other and with the protein beads purely repulsively.
The process of protein folding was simulated with constant-temperature
(Langevin's) molecular dynamics.

Three systems have been considered: the original protein, as a
“baseline” no-dye model, and two FRET constructs. In one construct,
the dyes were attached to the protein termini, as is usually done in the
FRET experiments [14-17]. The second construct was created in order
to reveal a possible (“maximum”) effect of the dye placement on the
process of protein folding. For this purpose, using a pfold analysis, the
key residue that formed critical contacts in the transition state was
determined (residue number 33), and one dye was attached to the N-
terminus of the protein, and the other to that residue. To study folding
kinetics, the MD trajectories were started at an unfolded state of the
protein and terminated upon reaching the native state. It was found, a
bit surprisingly, that the residence probability surfaces for the original
protein and FRET constructs are very similar. Not only each of the
surfaces, presented in the form of a free energy surface, has two char-
acteristic basins - one for semi-compact states, and the other for native-
like states - but also these basins are positioned very similarly on the
surfaces. It was also observed that the FRET constructs remain less
compact than the original protein in the initial (collapse) stage of
folding, which indicates that the dyes slow down folding. The three
systems produced similar, exponential distributions of the first-passage
times, which is in agreement with the observed structure of the FESs.
This suggests that the addition of the dyes does not change the folding
kinetics in general, i.e., the kinetics remain two-state, as for the original
protein. The MFPTs for the FRET constructs are very close to each other
and larger than that for the original protein (by approximately 1.6
times), which is in the line with the above mentioned dye mediated
collapse of the FRET constructs. The true FESs, obtained with quasi-
equilibrium simulations, have been found similar to the above “non-
equilibrium” ones, except that the basins for native-like states shifted
toward the native state. This is because the MD trajectories were not
terminated upon reaching the native state, which allowed the system to
explore the native-like states further. To mimic evolution of the FRET
efficiency histograms with denaturant concentration, the histograms for
different values of the Forster radius have been calculated and found in
agreement with experimental results in that the increase of the dena-
turant concentration lowers the peak corresponding to the native con-
formations and raises the peak for the denatured states [15,17].

In general, the obtained results suggest that even for small proteins,
such as 45-residue BBL, the appearance of the excluded volume in the
protein conformation space due to the presence of dyes does not change
the overall picture of folding, which is in agreement with the previous
study of the 86-residue protein Im7 [21]. At the same time, some de-
viations from folding of the original BBL protein are observed. In par-
ticular, the FRET constructs fold considerably slower than the original
protein because the protein collapse in the initial state of folding is
slowed down due to the protein loading with massive dyes.
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