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Abstract
Internal friction arising from local steric hindrance and/or the excluded volume effect plays an
important role in controlling not only the dynamics of protein folding but also conformational
transitions occurring within the native state potential well. However, experimental assessment of
such local friction is difficult because it does not manifest itself as an independent experimental
observable. Herein, we demonstrate, using the miniprotein trp-cage as a testbed, that it is possible
to selectively increase the local mass density in a protein and hence the magnitude of local
friction, thus making its effect directly measureable via folding kinetic studies. Specifically, we
show that when a helix cross-linker, m-xylene, is placed near the most congested region of the trp-
cage it leads to a significant decrease in both the folding rate (by a factor of 3.8) and unfolding
rate (by a factor of 2.5 at 35 °C), but has little effect on protein stability. Thus, these results, in
conjunction with those obtained with another cross-linked trp-cage and two uncross-linked
variants, demonstrate the feasibility of using a non-perturbing cross-linker to help quantify the
effect of internal friction. In addition, we estimate that an m-xylene cross-linker could lead to an
increase in the roughness of the folding energy landscape by as much as 0.4-1.0kBT.
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1. Introduction
Since the native state of proteins is stabilized by many weak forces and consists of well
packed and ordered structural elements, the process of folding is expected to contain a
certain degree of energetic and/or steric/topological frustrations.1-8 For energy landscapes
that give rise to a single free energy bottleneck (i.e., two-state folding), such frustrations,
which could arise from various local motions and interactions, typically manifest themselves
as an internal frictional force or drag acting on the conformational motion along the folding
coordinate.9-12 Theory and simulations have provided us with useful insights regarding how
internal friction affects protein conformational dynamics.13-24 While the frictional force
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exerted by the solvent can be experimentally evaluated by altering the bulk viscosity,13,25-30

quantifying the effect of various sources of internal friction on protein folding is
nevertheless more challenging. For example, when two chains (e.g., two α-helices) become
sufficiently close during folding, one expects that the further motion of one chain will be
affected by the other, due to various local attractive and/or repulsive interactions between
them, as well as the steric effect. This type of internal friction, which is prevalent in protein
folding and may also play an important role in controlling the dynamics of conformational
transitions occurring in or near the native potential well, has not, to the best of our
knowledge, been studied systematically. This is due, at least in part, to the fact that for any
naturally occurring proteins it is almost impossible to isolate and independently assess the
contribution of a specific structural element to the overall internal frictional effect. Herein,
we show that the local frictional effect arising from a nearby chain in proteins could be
estimated by using an external structural linker.

The most commonly used experimental method to determine or infer the effect of internal
friction on protein folding and conformational dynamics is to measure how the rate of the
dynamic event of interest varies with solvent viscosity.31-34 If the rate does not show a linear
dependence on the reciprocal of viscosity, as expected for a barrier crossing process in
solution, then the discrepancy is attributed to an additional friction term arising from the
protein itself. For example, Eaton and coworkers31 have utilized this strategy to show that
the conformational reconfiguration rate of myoglobin, in response to photodissociation of
the CO ligand, is subject to internal friction. Similarly, by assessing polymer chain dynamics
in solvents containing denaturant or different viscosities via either FRET or fluorescence
quenching measurements,32,35-38 Buscaglia et al.35 have shown that even loop formation in
simple polypeptides is affected by internal friction, and, Schuler and coworkers37 have
shown that it is possible to determine the relative amount of internal friction at different
points along the folding coordinate of two α-spectrin domains (i.e., R16 and R17).
Specifically, they found that the effect of internal friction is highly localized in the early
transition state, suggesting that there are particular interactions stemming from local
frustrations that contribute to the rate-limiting step of folding.37 In addition, by measuring
and analyzing the viscoelastic response of a single protein molecule, several groups have
demonstrated that force spectroscopy can also be used to characterize the internal friction
associated with the unfolding of several proteins.39-42 While these previous studies provided
significant insights into the effect of internal friction on the folding dynamics of the protein
systems studied, they were unable to disentangle the relative contributions of various
sources of friction, such as those stemming from a single chain element. Herein, we attempt
to use a structural cross-linker to help estimate how local friction, resulting simply from
local crowding or the excluded volume effect, affects the dynamics of protein folding.
Specifically, we employ the miniprotein trp-cage43,44 and a helix cross-linker to demonstrate
the feasibility of this method.

The use of a cross-linker to constrain the structural integrity of a specific fold and/or to
investigate protein folding mechanism is not new. For instance, disulfide45,46 and
dichloroacetone47 cross-linkers have been used, in conjunction with Φ-value analysis, to
characterize the folding transition state ensemble of proteins of interest. In addition,
photoresponsive cross-linkers, such as those based on an azobenzene48 or a tetrazine49

moiety, have been used to initiate a targeted folding or unfolding process.48-52 In this regard,
the study of Hamm and coworkers50-52 on helix-coil transition kinetics is particularly
relevant to the present work, as it demonstrates that an azobenene cross-linker could
increase the internal friction along the α-helix folding coordinate, due to interactions
between bulky side chains and the linker. Recently, Jo et al.53 have shown that m-xylene is
one of the most efficient helix staples for short peptides. Because of the structural rigidity of
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m-xylene, which will minimize its entropic effect on the folding dynamics of interest, herein
we chose to use it as a chain surrogate.

The miniprotein trp-cage was chosen for the following reasons: (1) the study of Qiu and
Hagen54 indicates that, despite its small size, the folding kinetics of this miniprotein are
subject to the influence of internal friction, (2) trp-cage contains only one α-helix, spanning
residues 1 to 9, which simplifies the choice of location for cross-linker incorporation, and
(3) more importantly, a number of experimental55-57 and computational58-78 studies have
shown that this α-helix is formed in the folding transition state, thus making trp-cage an
ideal candidate to interrogate the effect of local friction through the incorporation of an
appropriate helix cross-linker. Our hypothesis is that when the cross-linker is placed near the
hydrophobic core region of the trp-cage, its frictional effect will become large enough to be
observed in kinetic experiments. In particular, if the cross-linker is further designed to point
away from the interior of the protein, we expect that its interaction with the non-helical part
of the trp-cage will be minimized and, as a result, the incorporation of the cross-linker will
not induce a significant change in trp-cage stability, but will lead to a significant decrease in
the folding/unfolding rate, due to an increased frictional force.

2. Experimental Section
2.1 Peptide Synthesis and Cross-Linking

All peptides were prepared by standard 9-fluorenylmethoxy-carbonyl (Fmoc) solid phase
peptide synthesis methods and purified by reverse-phase high-performance liquid
chromatography (HPLC). The detail of the cross-linking method has been described
elsewhere.53 Briefly, a solution of the targeted trp-cage cysteine mutant (10 mg, 4.8 μmol)
in 50 mM ammonium bicarbonate buffer (20 mL, pH 8) was mixed with a freshly prepared
0.1 M solution of m-dibromoxylene in DMF (100 μL) and stirred for 2 hours at room
temperature. The reaction was then quenched by addition of 1 M HCl (1 mL), followed by
lyophilization. The cross-linked peptide product was further purified and characterized (see
details in Supporting Information). Residual trifluoroacetic acid (TFA) from the synthesis
was removed via three rounds of lyophilization against a 0.1 M DCl solution.

2.2 Peptide Cyanylation
Lyophilized peptide was first dissolved in 2 mM tris(2-carboxyethyl)phosphine (TCEP), 4
M guanidine hydrochloride, 100 mM phosphate buffer (pH 7) with a final peptide
concentration of 200 μM. This peptide solution was then mixed with a 45 mM 2-nitro-5-
thiocyanatobenzoic acid (NTCB) solution prepared in 100 mM phosphate buffer (pH 7) with
a final NTCB (Sigma Aldrich) to peptide concentration ratio of 6:1. The mixture was
incubated at room temperature for 30 minutes, allowing for cysteine cyanylation. The
targeted peptide product was purified by HPLC and verified by mass spectrometry.

2.3. Static and Time-Resolved Spectroscopic Measurements
Circular dichroism (CD) CD measurements were carried out on an Aviv 62A DS
spectropolarimeter (Aviv Associates, NJ) with a 1 mm cuvette. The peptide concentration
was approximately 40-60 μM in 20 mM phosphate buffer solution (pH 7). Infrared spectra at
a resolution of 1 cm-1 were collected on a Magna-IR 860 spectrometer (Nicolet, WI) using a
home built CaF2 sample cell with an optical path length of 52 μm.79 For both static and
time-resolved IR measurements, all peptide solutions had a concentration of approximately
4 mM, prepared in 20 mM phosphate D2O buffer (pH 7). Time-resolved experiments were
carried out on a home built laser-induced temperature jump (T-jump) apparatus79,80 using a
quantum cascade laser (Daylight Solutions, CA) as the IR probe. For the T-jump kinetics
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reported, the probing frequency was either 1665 cm-1 or 1620 cm-1, and the T-jump
amplitude was in the range of 10-15 °C.

2.3. Molecular Dynamics (MD) Simulation
MD simulations were carried out using the NAnoscale Molecular Dynamics (NAMD)
program (version 2.7)81 and the CHARM36 or CHARM22 force field. The peptide of
interested was immersed in 1692 TIP3P water molecules in a 40 Å cubic box.82 For
simulation of the cross-linked trp-cage variants, the force field parameters of the xylene
cross-linker were generated from those of phenylalanine and cysteine. For each simulation,
the temperature was gradually increased from 0 to 368 K with an increment of 20 K every
500 timesteps. The temperature was then held constant once it reached its final value, 368 K.
After energy minimization of the entire system, a production run of 10 ns was performed.
Full electrostatics were calculated every second step using the particle-mesh Ewald (PME)
method. A 2 fs time step was used to integrate the equations of motion and the structural
coordinates were saved every 1 ps for further analysis. During the simulation, the pressure
was maintained at 1 atm using the Nosé-Hoover Langevin piston method and the
temperature was controlled by Langevin dynamics. In addition, periodic boundary
conditions were used to reduce edge effects and a cutoff of 12 Å was used for nonbonded
interactions.

3. Results and Discussion
We chose the 10b variant (sequence: DAYAQWLKDGGPSSGRPPPS) of the trp-cage
miniprotein44 as our model system because its folding kinetics and mechanism have been
studied previously.55,83 To introduce the m-xylene cross-linker via cysteine alkylation,53 we
first synthesized two 10b cysteine variants, the first containing double cysteine mutations at
positions 4 and 8, with the second having double cysteine mutations at positions 1 and 5.
Incorporation of the m-xylene moiety into these peptides yielded two cross-linked 10b
variants (hereafter referred to as 4-8-CL-Trp-cage and 1-5-CL-Trp-cage, respectively). The
reason that we chose these positions is because, as shown (Figure 1), the m-xylene cross-
linker in both cases is expected to point away from the interior of the protein and, thus,
should not directly interact with the hydrophobic core and the key Asp9-Arg16 salt bridge in
the folded state. MD simulations indeed confirm this point (Figure S1, Supporting
Information). However, since the N-terminal Asp1 residue, which has been shown to be
critical to the α-helix stability in trp-cage,44 is altered in 1-5-CL-Trp-cage, we expect that its
stability will decrease. In contrast, we expect that the stability of 4-8-CL-Trp-cage will be
similar to that of the wild type. Furthermore, because the m-xylene moiety in 4-8-CL-Trp-
cage encloses two residues (i.e., Trp6 and Leu7) that are part of the hydrophobic core, we
expect that in this case the cross-linker will lead to an additional frictional force along the
folding coordinate, thus slowing down both the folding and unfolding rates. On the other
hand, for 1-5-CL-Trp-cage, because the cross-linker is moved away from the most
congested region of the protein, we expect that the frictional effect induced by the cross-
linker will be significantly reduced.

Effect of the m-xylene cross-linker on folding thermodynamics
The folding thermodynamics of 4-8-CL-Trp-cage and 1-5-CL-Trp-cage, as well as their
uncross-linked counterparts (hereafter referred to as 4-8-UC-Trp-cage and 1-5-UC-Trp-
cage), were examined by CD spectroscopy. For 1-5-UC-Trp-cage, we directly used the
mutated sequence for experiments, whereas for 4-8-UC-Trp-cage, to prevent any potential
interaction between the free cysteines and Asp9, we further modified the peptide by
cyanylating the cysteines as has been described previously.84 As shown (Figure S2,
Supporting Information), the far-UV CD spectra of 4-8-CL-Trp-cage and 1-5-CL-Trp-cage
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are consistent with that of the wild type,44,55,85 indicating that these peptides are folded at
low temperatures. Further CD thermal unfolding measurements monitored at 222 nm
confirm the role of the cross-linker, which effectively increases the thermal stability of the
trp-cage structure in comparison to the uncross-linked variants (Figure 2). To better quantify
the thermal stabilities of these trp-cage peptides, we globally fit their CD unfolding curves to
the following two-state model:

(1)

(2)

(3)

where θ(i,T) is the temperature-dependent mean residue elipticity of peptide i, Keq(i,T) is the
corresponding equilibrium constant for unfolding, Tm = ΔHm(i)/ΔSm(i) is the thermal
melting temperature, ΔHm(i) and ΔSm(i) are the enthalpy and entropy changes at Tm, and
ΔCp is the heat capacity change, which has been assumed to be the same as that (i.e., 176 J
K-1 mol-1) determined for 10b.55 In addition, the folded and unfolded CD baselines, θF(i,T)
and θU(i,T), respectively, are assumed to be linear functions of temperature, as follows:

(4)

(5)

where b, c, and d were treated as global fitting parameters and ai was peptide dependent and
treated as a local fitting parameter.

As shown (Figure 2), this model fits the data satisfactorily. In addition, the resultant
thermodynamic quantities for unfolding meet our expectations (Table 1). For example, in
both cases the Tm of the cross-linked peptide is much higher than that of the uncross-linked
variant, validating the role of m-xylene as a stabilizing α-helix cross-linker.53 To verify that
the cross-linker does not alter the trp-cage fold, we have performed MD simulations on both
cross-linked 10b variants for a length of 10 ns and at an elevated temperature of 368 K.
These simulation conditions were chosen to allow for the observation of any significant
structural changes in the folded state, arising from the cross-linker. As indicated (Figure S1,
Supporting Information), the overall structures of these cross-linked trp-cage variants are
comparable to that of the wild type.

More importantly, the Tm (∼54 °C) of 4-8-CL-Trp-cage is almost identical to that (∼55 °C)
of the wild type,44,55 which is not only consistent with our hypothesis but also indicates that
4-8-CL-Trp-cage is an ideal candidate to characterize the effect of local internal friction on
the conformational relaxation dynamics due to the added cross-linker. Specifically, this
result suggests that the thermodynamic role of the cross-linker is merely to compensate the
loss of stability due to the cysteine mutations and that any static interactions between the
linker and non- helical residues of the protein, if any, are minimal. Thus, changes in the
conformational kinetics, especially unfolding kinetics, between the wild type and 4-8-CL-
Trp-cage, can be attributed to changes in local friction. In addition, the finding that the 1-5-
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CL-Trp-cage exhibits a lower Tm (26.1 °C) compared to 4-8-CL-Trp-cage is consistent with
the fact that the N-terminus α-helical cap, Asp1, is critical to the thermal stability of the trp-
cage fold44 and also demonstrates that a helix cross-linker beginning at the N-terminus of a
peptide is less effective in stabilizing its α-helical structure. In support of this notion, our
MD simulations also show that the α-helix in 1-5-CL-Trp-cage becomes more extended in
comparison to that of the wild type (Figure S3, Supporting Information).

Effect of the cross-linker on the folding and unfolding kinetics
To determine the effect of the m-xylene cross-linker on the folding and unfolding rates of
trp-cage, we measured the conformational relaxation kinetics of all four peptides (i.e., two
cross-linked and two uncross-linked variants) using a T-jump IR technique.80 Our previous
T-jump study55 on the 10b trp-cage indicated that the 310-helix is populated only at
relatively low temperatures (i.e., below Tm) and its T-jump induced relaxation is detectable
at a probing frequency of 1668 cm-1. As shown (Figure S4, Supporting Information), the T-
jump induced relaxation kinetics of 4-8-CL-Trp-cage, probed at 1668 cm-1, also indicate
that the unfolding of the 310-helix occurs independently from the rest of the molecule. Thus,
this result further confirms that the incorporation of the m-xylene cross-linker in 4-8-CL-
Trp-cage does not change the folding mechanism of the trp-cage fold and therefore it serves
as a good mimic of a nearby chain that could lead to local crowding or friction, due to its
close proximity to the most congested region of the protein. Because the 310- helix unfolds
independently,55,65,86-88 below we only discuss the effect of the cross-linker on the global
folding/unfolding kinetics of the cage structure.

As shown (Figure 3), the T-jump induced relaxation kinetics of 4-8-CL-Trp-cage, probed at
both 1668 cm-1 and 1620 cm-1 (Figure S5, Supporting Information) and at a final
temperature of higher than 30 °C, can be fit well by a single-exponential function. However,
as shown (Figure 4), the conformational relaxation rates obtained in the temperature range
of interest are distinctively slower than that of the wild type (i.e., 10b). In fact, both the
folding and unfolding rates of 4-8-CL-Trp-cage become slower than those of 10b (Figure 4).
More specifically, for example, at 35 °C the folding rate of 4-8-CL-Trp-cage is decreased by
a factor of 3.8, whereas its unfolding rate slows down by a factor of 2.5 (Table 1). Since the
stability of the 4-8-CL-Trp-cage is almost identical to that of 10b, we believe that these rate
changes reflect at least partially, if not entirely, an increase in the frictional force along the
folding coordinate.89 This argument is based on the fact that a simple adjustment of the
transition state position in the current case cannot account for the different degrees of
decrease in the folding and unfolding rates. To further verify this assessment, we have also
measured the T-jump induced relaxation kinetics of 1-5-CL-Trp-cage wherein the cross-
linker is placed at the N-terminus of the peptide. In this case, as discussed above, we expect
that the linker-induced frictional effect will become less pronounced or even diminished as
the cross-linker is surrounding a less obstructed region of the protein. In other words, if our
hypothesis is correct, we expect that 1-5-CL-Trp-cage will exhibit a slower folding rate, due
to its lower stability, but a comparable unfolding rate, in comparison to 10b. As shown
(Figures 5 and 6), the T-jump induced relaxation process of 1-5-CL-Trp-cage also follows
first-order kinetics and is slower than that of the wild type. A further analysis indicates, for
example at 35 °C, that its folding rate is decreased by a factor of 5.3, whereas its unfolding
rate is, within our experimental uncertainties, identical to that of 10b (Table 1). Thus, these
results provide further compelling evidence in support of the above claim that the cross-
linker in 4-8-CL-Trp-cage induces an additional frictional force along the folding-unfolding
coordinate, due to its close proximity to several side chains that undergo relatively large-
amplitude motions upon folding or unfolding.
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It is well known that mutations can change the unfolding rate. Therefore, to ensure that the
slower unfolding rate of 4-8-CL-Trp-cage does not simply stem from the cysteine mutations,
we also measured the conformational relaxation kinetics of the two uncross-linked trp-cage
variants (i.e., 1-5-UC-Trp-cage and 4-8-UC-Trp-cage). In addition, the results of these
measurements will help further substantiate our previous study, which depicts a trp-cage
folding mechanism wherein the α-helix is either partially or completely formed in the
transition state.55 As shown (Figures 7 and 8), both peptides exhibit a slower conformational
relaxation rate than the wild type. However, as indicated (Table 1), this decrease in the
relaxation rate originates almost exclusively from a decrease in the folding rate for peptides.
Thus, taken together, these results not only corroborate our early conclusion55 that helix
formation is the rate limiting step in trp-cage folding, but also confirm that the slower
unfolding rate of 4-8-CL-Trp-cage arises explicitly from the cross-linker. Furthermore, it is
interesting to note that the unfolding rate of 4-8-UC-Trp-cage at 35 °C shows a measureable
increase from that of 10b. Because 1-5-UC-Trp-cage does not show any appreciable change
in its unfolding rate in comparison to that of 10b, this increase most likely arises from the
mutation at position 8. This notion is consistent with our previous study,90 which showed
that the native interactions involving the C-terminal region of the helix are developed at the
downhill side of the free energy barrier.

Quantifying the magnitude of internal friction and its effect on protein folding and
conformational dynamics has been the subject of a number of theoretical and computational
studies,1,2,4,91-95 and in particular, several studies have attempted to make a direct
connection between internal friction and the roughness of the underlying energy landscape.
For example, Zwanzig showed that the conformational diffusion coefficient of a protein on a
barrierless one dimensional free energy surface is a direct measure of the roughness of this
surface.91 Upon expanding this theoretical model, Thirumalai, Straub and coworkers92

further demonstrated that for a barrier-crossing process the roughness (U†) could be assessed
via the following relationship:

(6)

where γint represents the friction exerted by the solvent, whereas γ is the internal friction.
Below we apply this equation to provide an estimate of how much the helix cross-linker in
4-8-CL-Trp-cage increases the roughness of the trp-cage folding energy landscape,
assuming that the deviations of its folding and unfolding rates from those of 10b are due
entirely to increased internal friction, and that the value of γint can be approximated by that
of 10b. Using the rate equation of transition state theory and these assumptions, we can
easily show,

(7)

where kU(WT) and kU(CL) represent the unfolding rates of 10b and 4-8-CL-Trp-cage,
respectively. Using equations (6) and (7) and the rates at 35 °C for 10b and 4-8-CL-Trp-cage
(Table 1), we estimate the values of U† to be ∼0.4 kBT and ∼1.0 kBT for unfolding and
folding, respectively. The order of magnitude of these values is reasonable given that the
energetic roughness of a much larger protein, the α-spectrin domain R17, was estimated to
be ∼2.0kBT.
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The above analysis suggests that the friction along the free energy surface is asymmetric,
which is expected if we take into account the sequence of events in the trp-cage folding
mechanism. Given that the unfolded side of the free energy barrier involves side chain
interactions in close proximity leading to helix formation, we would expect more local
interactions with the cross-linker, resulting in a larger degree of internal friction. Indeed,
Hamm and coworkers have shown that a photo-switchable cross-linker on a monomeric α-
helix slows down its folding,50-52 due to the increased friction between the cross-linker and
side chains from a combination of steric and non-native interaction effects. In addition,
several simulations73,96 have suggested the presence of compact molten globule
intermediates in the unfolded ensemble, which can act as a kinetic trap and may be
stabilized by non-native hydrophobic interactions. Thus, it is also possible that the cross-
linker increases the friction of folding by decreasing the rate out of such kinetic traps.
Conversely, the folded side of the potential has a greater influence from intrinsic steric
effects as the polypeptide chain becomes more compact upon folding, and is presumably
less affected by the added frictional force of the cross-linker.

In summary, we employed an external linker to help assess the extent to which a local
structural element increases the friction along the folding coordinate of trp-cage. While the
current study only yielded a global view regarding this effect, future studies employing
linkers of different lengths and structures may help provide a more detailed picture
regarding the source of interactions that affect the folding-unfolding kinetics. In addition, we
believe that the current method is also a useful addition to the toolbox for mechanistic study
of protein folding and conformational dynamics. For example, it is possible to use a specific
cross-linker to manipulate the folding free energy barrier and to selectively increase/
decrease the flux of a particular folding pathway.

4. Conclusions
Because of chain connectivity and also the compactness of the native state, protein folding is
subject to a frictional force due to, for example, local steric effects. However, assessing the
frictional force arising from an individual structural element is difficult, if not impossible, as
conventional kinetics studies do not provide independent information regarding the
individual contributions to the overall effect of internal friction. To circumvent this
difficulty, herein we use a cross-linker to selectively increase the local mass density, and
thus the local friction, of a particular region of the protein of interest and to make the
internal friction thus induced detectable via kinetic measurements. We apply this strategy to
a well studied miniprotein, trp-cage, and find that a helix cross-linker (m-xylene) appended
between residues 4 and 8 on its α-helix can induce a significant decrease in both the folding
and unfolding rates, which is consistent with the notion that the cross-linker will result in an
increase in local crowding or internal friction. Using a simple theoretical model, we further
show that the cross-linker used, which could be thought as an individual chain segment in
proteins, could increase the roughness of the folding energy surface by as much as
0.4-1.0kBT.
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Figure 1.
Cartoon representation of the 4-8-CL-Trp-cage.
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Figure 2.
CD T-melts of the cross-linked and uncross-linked trp-cage variants, as indicated. The solid
lines are global fits of these data to a two-state model discussed in text.

Markiewicz et al. Page 15

J Phys Chem B. Author manuscript; available in PMC 2014 November 27.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 3.
Relaxation kinetics of 4-8-CL-Trp-cage in response to a T-jump from 29.3 to 42.1 °C,
probed at 1668 cm-1. The smooth line represents the best fit of this curve to a single
exponential function with a relaxation time constant of 2.7 μs. Shown in the inset are the
relaxation kinetics of the same peptide obtained with a probing frequency of 1620 cm-1 in
response to a T-jump of 29.1 to 43.4 °C. Fitting this relaxation curve to a single exponential
function yielded a relaxation time constant of 2.9 μs.
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Figure 4.
Temperature dependence of the relaxation rate constant (triangle), folding rate constant
(circle) and unfolding rate constant (square) of 4-8-CL-Trp-cage. The green smooth line
represents the relaxation rate constant of the wild type 10b trp-cage.55
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Figure 5.
Relaxation kinetics of 1-5-CL-Trp-cage in response to a T-jump from 20.5 to 36.4 °C,
probed at 1668 cm-1. The smooth line represents the best fit of this curve to a single
exponential function with a relaxation time constant of 2.8 μs.
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Figure 6.
Temperature dependence of the relaxation rate constant (triangle), folding rate constant
(circle) and unfolding rate constant (square) of 1-5-CL-Trp-cage. The green line represents
the relaxation rate constant of the wild type 10b trp-cage.55
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Figure 7.
Temperature dependence of the relaxation rate constant (triangle), folding rate constant
(circle) and unfolding rate constant (square) of 1-5-UC-Trp-cage. The green line represents
the relaxation rate constant of the wild type 10b trp-cage.55
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Figure 8.
Temperature dependence of the relaxation rate constant (triangle), folding rate constant
(circle) and unfolding rate constant (square) of 4-8-UC-Trp-cage. The green line represents
the relaxation rate constant of the wild type 10b trp-cage.55
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