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A crucial parameter in many theories of protein folding is the rate
of diffusion over the energy landscape. Using a microfluidic mixer
we have observed the rate of intramolecular diffusion within the
unfolded B1 domain of protein L before it folds. The diffusion-
limited rate of intramolecular contact is about 20 times slower than
the rate in 6MGdnHCl, and because in these conditions the protein
is also more compact, the intramolecular diffusion coefficient
decreases 100–500 times. The dramatic slowdown in diffusion oc-
curs within the 250 μs mixing time of the mixer, and there appears
to be no further evolution of this rate before reaching the transi-
tion state of folding. We show that observed folding rates are well
predicted by a Kramers model with a denaturant-dependent
diffusion coefficient and speculate that this diffusion coefficient
is a significant contribution to the observed rate of folding.
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The question of what determines the rate that a polypeptide
chain finds the lowest energy native state has been a long-

standing debate in the field of protein folding. Seminal work
by Baker and coworkers a decade ago showed a remarkable
correlation between the contact order of the native state and
the folding rate (1). This correlation is particularly strong among
two-state folders that have only one significant barrier between
the folded and unfolded states. The observation led to much the-
oretical work using Go models to generate a folding landscape
upon which the folding protein traversed with a certain rate of
diffusion (2, 3). The concept of diffusion over a landscape is
not new; Kramers showed the rate of crossing a 1-dimensional
reaction barrier also depended on the viscosity of the system
(4). However, neither type of model can directly determine
the rate of diffusion on an energy surface.

The search for the appropriate diffusion coefficient for these
types of models led several groups to investigate the intramole-
cular diffusion time of small loops in random polypeptides (5–8).
These peptides were typically very flexible and highly diffusive.
The typical observed diffusion coefficient, D ∼ 106 cm2 s−1, is less
than 10 times slower than the free diffusion of individual amino
acids (5–8). Kubelka et al. used this diffusion coefficient to cal-
culate the reconfiguration time of an unfolded protein to produce
the well-known estimate of the protein folding “speed limit” of
N∕100 μs (9). However, later work has shown that for real pro-
teins in denaturant, the unfolded state compacts and D decreases
as denaturant is reduced, but these studies were limited to con-
ditions in which a detectable population of unfolded molecules
is present in equilibrium (10, 11). In this work we present a un-
ique measurement in which intramolecular diffusion of a folding
protein is measured in a microfluidic mixer. This mixer allows
measurement of intramolecular diffusion of the true unfolded
state before the protein folds. We find that the diffusion coeffi-
cient of B1 domain of protein L is extraordinarily low, about
500 times slower than that measured in high levels of denaturant,
and we propose that this rate of search for native contacts is the
true protein folding speed limit.

Results
Measuring intramolecular diffusion in a protein or polypeptide
requires a long-lived probe whose lifetime is shortened by making
contact with an efficient quencher. The probe used in this work is
the naturally occurring amino acid tryptophan, which can be
excited to a long-lived triplet state with a pulse of UV light
and monitored by optical absorption near 450 nm. In water
the tryptophan triplet lives for ∼40 μs (7). The quencher is an-
other naturally occurring amino acid, cysteine, which has been
shown to quench much more efficiently than any other natural
amino acid (12). Thus the triplet lifetime of a polypeptide with
only one tryptophan and one cysteine will exhibit dynamics that
reflect intramolecular diffusion between these two points on the
chain. We assume that the observed decay rate reflects a two-state
process: intramolecular diffusion to a close-range encounter com-
plex followed by irreversible quenching. Therefore the observed
rate of triplet decay can be defined as

kobs ¼
kDþq

qþ kD−
[1]

where kDþ is the forward intramolecular diffusion rate, kD− is the
backward intramolecular diffusion rate, and q is the quenching
rate within a close complex. If q ≫ kD−, then kobs ¼ kDþ, but if
that condition does not hold then Eq. 1 can be rewritten as

1

kobs
¼ 1

qK
þ 1

kDþ
¼ 1

kRðTÞ
þ 1

kDþðT;ηÞ
[2]

where K ≡ kDþ∕kD− is the equilibrium constant for forming the
Trp-Cys encounter complex and kR ≡ qK . Lapidus and coworkers
have shown that at the intermolecular diffusion rate of small
molecules in water, cysteine is not a diffusion-limited quencher,
but the quenching mechanism is quite close-range (7, 13). We
assume that the reaction-limited rate, kR, depends exponentially
on temperature and the diffusion-limited rate, kDþ, depends on
both temperature and viscosity η (14). Therefore, a plot of 1∕kobs
vs. η (increased by the addition of sucrose) at a constant tempera-
ture is a line with the intercept equal to 1∕kR and the slope equal
to 1∕ηkDþ. This analysis has been successfully used to determine
reaction-limited and diffusion-limited rates of protein L in equi-
librium at high concentrations of denaturant and showed that as
denaturant decreased, kR increased and kDþ decreased (11).

Protein LY47W was mutated to include a cysteine at position
T57. This position was chosen such that the cysteine is close to the
tryptophan in sequence but very far in the folded structure
(>1 nm), which ensures that the contact quenching of the tryp-
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tophan triplet state is only possible when the protein is unfolded
and freely diffusing. The protein is unfolded in 5 M GdnHCl and
pushed through a microfluidic mixer where it is combined with
buffer without denaturant at a ratio of 35∶1 (see Fig. 1A). After
passing through a serpentine region that mixes the two solutions
through a chaotic advection mechanism (15), the protein enters a
wide exit channel in which the solution conditions have reached
equilibrium. Measurements made at different positions along this
channel probe the intramolecular dynamics at different points in
time after mixing. At a typical linear flow rate of ∼1 m∕s, the mix-
ing time is ∼250 μs and the time resolution of the mixer, set by the
measured lifetime of the tryptophan triplet, is typically 5–10 μs.

Fig. 1B shows the typical decay of the triplet state as a function
of time measured at a single position in the channel. The kinetics
for protein L (circles) can be well fit to two exponential decays.
The faster rate represents the contact quenching of the tryptophan
by cysteine, and the slower rate represents other, longer-lived
photophysical processes and optical artifacts, such as thermal
lensing that effectively decay with the rate that the molecules pass
through the probe beam, ∼20;000 s−1. Also shown is the triplet
state of N-acetyl-tryptophan-amide (NATA)measured in the mix-
er (triangles). These data are fit to a single exponential because
the natural lifetime of the triplet is indistinguishable from the
residence time of the molecules in the probe beam. This repre-
sents the long-time measurement limit of the instrument (see
SI Text for a discussion of sources of error).

Fig. 1C shows the fast rate of protein L as a function of time
after mixing based on the position in the channel. There is a very
small change in this rate within the first detectable 100 μs, which
is probably the tail of an exponential decay. Fitting this data to a
single exponential in which the amplitude at t ¼ 0 is fixed at the
contact rate at 5 M GdnHCl (450;000 s−1), yields a decay time of
216 μs, approximately the residence time of the protein in the

serpentine mixing region. Therefore we interpret the kinetics
as the collapse of the protein due to the dilution of denaturant
during mixing. The true rate of collapse is likely much higher than
observed because a measurement of protein L using FRET in a
different mixer showed that collapse was complete during the
mixing time of 2 μs (16).

Fig. 2 shows the contact quenching rate at long times after mix-
ing for various concentrations of GdnHCl. There is remarkable
agreement between these measurements and those made in equi-
librium for ½GdnHCl� > 2 M (11), suggesting that there is no
further relaxation of the unfolded protein before it begins to fold.
The shape of the curve in Fig. 2 is quite unusual, with a peak in
the rate at ∼3 M GdnHCl and a flat plateau at low and high
concentrations. This shape reflects the change in the relative con-
tributions of the reaction-limited and diffusion-limited rates to
the observed rate. As was shown by Singh et al., kobs is primarily
determined by kR at 6 M GdnHCl, but as denaturant decreases,
kR increases and kDþ decreases, with these two rates about equal
at 3 M GdnHCl (11). Below that concentration the kobs is primar-
ily determined by kDþ, which continues to decrease dramatically.
This implies that at low concentrations of denaturant the ob-
served rate is diffusion-limited, kobs ∼ kDþ. Fig. 3 shows this
to be the case. Measurements of 1∕kobs at various viscosities
(with the addition of sucrose) can be fit to a line with an intercept
at 1∕kobs ¼ 0 within error. Similar measurements at higher gua-
nidine concentrations show that kobs is diffusion-limited for
½GdnHCl� ≤ 2 M.

To extract an effective intramolecular diffusion coefficient
from these data, we use a theory by Szabo et al. (17), which
models intramolecular peptide dynamics as diffusion on a 1-di-
mensional potential that is determined by the equilibrium prob-
ability distribution of intramolecular distances. We calculated D
at low [GdnHCl] using measured kDþ (see Fig. 3B) and two dif-
ferent models for the probability distributions (see SI Text for de-
tails) and found the models differ by a factor of ∼5 (see Table S1).
Fig. 4A plots these diffusion coefficients, along with those calcu-
lated for higher concentrations of GdnHCl using a worm-like
chain model (11). These data illustrate an exponential decrease
in D below 3 M GdnHCl, with the D0.2M about 100–500 times
smaller than D6M. Intriguingly, recent molecular dynamics
simulations of protein L in implicit solvent have also observed
similarly slow intramolecular diffusion at 300 K by measuring
the mean-squared displacement as function of time (18).

Discussion
Much theoretical work has described protein folding as diffusion
on an energy landscape, so a detailed understanding of the fold-
ing pathway requires knowledge of how unfolded states intercon-
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Fig. 1. (A) Schematic of the mixing chip. Denatured protein and mixing
buffer enter from the left as separate streams and are progressively mixed
by chaotic advection as they turn the corners of the serpentine region. The
white circle represents the size of probe beam at the first observation
position. The radius of this circle, ∼30 μm, determines the time window of
observation of triplet decay, as shown in B. (B) Decay of tryptophan triplet
in NATA (triangles) and protein L (circles) mixed to 0.2 M GdnHCl and
exponential fits (solid lines). For protein L, the points are fit to two decays,
y ¼ A0 þ A1 expð−k1tÞ þ A2 expð−k2tÞ, where A1 ¼ 0.75, k1 ¼ 116;923 s−1,
A2 ¼ 0.24, k2 ¼ 21677 s−1. For NATA, the points are fit to 1 exponential
y ¼ A0 þ A1 expð−k1tÞ, where A1 ¼ 1.0 and k1 ¼ 18387 s−1. (C) Observed rate
of contact quenching as a function of time after mixing to 0.2 M GdnHCl
observed at various points along the exit channel. The solid line is a fit to
a single exponential and the dotted line is the observed rate at the concen-
tration of denaturant prior to mixing, 5 M GdnHCl.
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Fig. 2. Observed rates of Trp-Cys contact quenching of unfolded protein L at
room temperature. The black points were measured in equilibrium and were
taken from ref. 11. The white points were measured in the mixer after the
mixing time relaxation.
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vert and how many pathways to the folded state exist. Ellison and
Cavagnero have shown that if interconversion between unfolded
states is relatively slow, then the observed kinetics are particularly
sensitive to exactly how many unfolded states can quickly proceed
to the native state (19) and the magnitude of the interconversion
rate. A similar analysis by Ghosh et al. on observed folding rates
showed that fast folding proteins had more routes to the folded
state than slower folding proteins (20). More recently, Markov
models based on MD simulations of villin and NTL9 have shown
that the interconversion between unfolded states is actually
slower than folding to the native state (21, 22).

A set of experiments on the ultrafast folder BBL, a candidate
for downhill folding, have observed the rate of intramolecular dif-
fusion as a relaxation after T-jump.At low pH, collapse of the acid-
denatured protein after T-jump to 300 K occurs in ∼60 ns (23),
but in neutral pH a second relaxation occurs in∼15 μs (24). These
two relaxations are also observed by contact quenching (25).

In this work we have measured the rate of intramolecular
diffusion in an unfolded protein before it folds. Under folding
conditions, D ∼ 1 × 10−9 cm2 s−1 is about three orders of magni-
tude slower than the translational diffusion coefficient of the
entire folded protein. According to the formalism of Zwanzig,
this slowdown in diffusion is equivalent to roughness on an energy
landscape with local barriers ∼2.6 kBT (26). The slowly diffusing
unfolded state of protein L in low denaturant shows that the con-
ventional view of unfolded proteins as rapidly diffusing random
coils is incorrect. Clearly, there are many attractive interactions
within the chain that prevent rapid reconfiguration (this sequence
contains no prolines that might isomerize slowly). Hydrophobic
residues will certainly drive collapse as they seek to sequester
from water, but hydrophilic residues will also be buried within
the chain and contribute to the strength of interactions. Because
a collapsed chain will have many such interactions, each one will
contribute a small fraction to the total energy of roughness. Of
course, intramolecular attractions also drive compaction of un-
folded proteins but in a somewhat different way than diffusion.
For example, single-molecule FRET experiments at various
denaturant concentrations have shown a downturn in the size
of unfolded chains for several sequences, including protein L
(27–29), but at somewhat lower denaturant concentrations than
observed for D in this work. Also, acid-denatured BBL is as com-
pact as unfolded protein L in low denaturant but relaxes much
faster (23).

Fig. 4 shows that the diffusion coefficient changes relatively
little above the [GdnHCl] transition midpoint compared to
below, where the diffusion coefficient decreases dramatically.
This trend seems to agree with the prediction by Thirumalai
and coworkers that for efficient folding, the midpoint of folding
and collapse should be roughly the same (30, 31). Therefore, the
strength of intramolecular interactions appears to have a highly
nonlinear dependence on the solvent composition. In a similar

vein, Naganathan et al. have suggested an Arrehenius depen-
dence of D on temperature from analysis of T-jump data (32).
Also, we hypothesize that diffusion rates depend on the “foldabil-
ity” of the sequence. For example, in protein L the highly desta-
bilizing mutation F22A increases kDþ by a factor of 4 and D by at
least a factor of 10 compared to those measured in this work (18).
Therefore, deletion of just one core hydrophobe can significantly
increase intramolecular diffusion of the entire chain (18).

The rate of intramolecular diffusion should ultimately deter-
mine the rate of conformational search of native interactions
as the protein progresses toward the folded state, so the fact that
this rate is extraordinarily slow for protein L is significant. Single-
molecule measurements and molecular dynamics simulations
have shown that unfolded protein L under folding conditions
is only slightly more expanded than the folded protein, with a ra-
dius of gyration, Rg ∼ 12–20 Å (18, 28, 29). Therefore complete
reconfiguration of the chain would take place on a time scale for
one residue to diffuse across the diameter of the compact chain,
τ ∼ ð2RgÞ2∕4D ∼ 20 μs. The folding time at 0.2MGdnHCl, 27 ms,
is ∼1350τ. This is consistent with the estimate of Zwanzig et al. of
a biased search in which the mean first-passage time of folding is
τf≅ðτ∕NÞð1þ KÞN , where N is the chain length and K ∼ 0.2 is the
equilibrium constant of forming an incorrect contact versus a cor-
rect contact, and suggests that the energetic cost of an incorrect
contact is ∼2–3 kBT. Intriguingly, the relaxation of BBL at neu-
tral pH and 300 K is very close to the reconfiguration time of
protein L (24). Because BBL has little or no barrier between
the folded and unfolded states, this time should be dominated
by the conformational search time. The estimated reconfigura-
tion time is also consistent with the preexponential factor esti-
mated by Naganathan et al. for several other proteins, with
and without free energy barriers, with observed folding rates that
span more than six orders of magnitude (32, 33, 34).

What implications do these results have for the two-state
model of folding that has been successfully used to describe pro-
tein L folding kinetics? The stability of kobs over time after mixing
indicates no early intermediates are formed, and there is only one
barrier to folding. Scalley et al. measured folding and unfolding
rates in a stopped flow mixer as a function of [GdnHCl] and
found completely linear dependence on denaturant (35). They
used a conventional two-state model to fit the data,

k ¼ kH2O
f expð−mf ½GdnHCl�Þ þ kH2O

u expðmu½GdnHCl�Þ [3]

where kH2O
f ¼ 60.6 s−1, kH2O

u ¼ 0.02 s−1, mf ¼ 1.5 kcal∕mol∕M,
and mu ¼ 0.5 kcal∕mol∕M (35). However, in the formalism of
Kramers (4), the folding rate is given by k ¼ ωminωmaxD

2π kBT
expð−ΔGkBT

Þ
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Fig. 3. (A) Observed rates 350 μs after mixing into 0.2 M GdnHCl vs. viscosity
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4.2 × 106 s. (B) The reaction-limited (black points) and diffusion-limited
(white points) rates at 23 C and 1 cP of unfolded protein L vs. denaturant
concentration. The points above 2MGdnHCl were determined in equilibrium
at 20 C and 1 cP and are taken from ref. 11.
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Fig. 4. (A) Intramolecular diffusion coefficients of unfolded protein L deter-
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protein L as measured by stopped flow mixing and tryptophan fluorescence.
The line is the two-state model given in ref. 35 and the points are from the
diffusion-dependent model given in the text using D shown in A.

Waldauer et al. PNAS ∣ August 3, 2010 ∣ vol. 107 ∣ no. 31 ∣ 13715

BI
O
PH

YS
IC
S
A
N
D

CO
M
PU

TA
TI
O
N
A
L
BI
O
LO

G
Y

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1005415107/-/DCSupplemental/pnas.1005415107_SI.pdf?targetid=STXT


where ωmin and ωmax are the frequency of curvature in the
unfolded well and the barrier, respectively, kB is Boltzmann’s
constant, and T is the temperature. If we assume kH2O

f ¼
A �Dð½GdnHCl�Þ, where A is a fitting parameter that represents
the energetic prefactors and the contribution of the barrier at
½GdnHCl� ¼ 0 M, and Dð½GdnHCl�Þ are the measured diffusion
coefficients in Fig. 4A, the measured folding rates can be refit to
Eq. 3. Fig. 4B shows the values of k determined from this fit
(circles) in reasonably good agreement with the results of the
fit from Scalley et al. (line). The parameters from this fit using
both sets of D are given in Table 1 and are fairly similar. The un-
folding parameters are quite close to Scalley’s, but mf is signifi-
cantly larger. Thus, a two-state model of folding with denaturant-
dependent diffusion can still produce the typical chevron plot of
folding rates.

The conclusion that intramolecular diffusion is so slow stands
in stark contrast to the conclusions of Plaxco and Baker that in-
ternal friction is an insignificant contribution to the folding rate
of protein L (36). Plaxco and Baker’s conclusion is based on a set
of measurements made at constant folding stability in which
GdnHCl was added to counteract the stabilizing effect of sucrose
added to increase viscosity. Their plot of 1∕kf vs. viscosity yields a
straight line that passes through the origin with a large slope,
whereas folding rates of a protein dominated by internal friction
would have a small slope and a positive intercept, such as ob-
served by Wensley et al. with different domains of α-spectrin
(37). However, because our results show that D increases with
[GdnHCl], the effect of internal friction will be exponentially
small for most measurements.

These results are quite different from previous measurements
on various unstructured peptides and proteins in high denaturant
that generally find D ∼ 106 cm2 s−1 (5–7, 23, 38, 39), but they are
also quite different from a measurement of unfolded cold-shock
protein in low denaturant using single-molecule fluorescence
cross-correlation by FRET fluorophores. Over the same range
of [GdnHCl] used in this work, Nettels et al. observe only a factor
of 4 decrease in D (40). It is possible that this sequence is intrin-
sically more diffusive than protein L, but single-molecule FRET
and Trp-Cys quenching of both proteins show similar compaction
(27–29, 38), and both are two-state folders on the millisecond
time scale, so similar diffusivity is a reasonable expectation.
The discrepancies between these measurements might be due
to sensitivity of the experimental methods. Because FRET effi-
ciency saturates at short distances between the fluorophores,
the correlation measurement is only sensitive to relatively long
distances while Trp-Cys quenching is only sensitive to the shortest
distances. Furthermore, Trp-Cys quenching is sensitive to times
longer than about 100 ns due to the triplet formation time
and the pulse width of the excitation laser, while correlation mea-
surements may be most sensitive to times less than 1 μs due to
fluorophore triplet formation. Thus it is possible that intramole-
cular diffusion depends on the time and length scale over which it
is measured. This dependence was observed in simulations of
short peptides in which D varied by about a factor of three as
the time window decreased from 1 ps to 1 ns (14). It is possible
this range would be even larger for a highly collapsed protein in
which small motions of side-chains (or fluorophores on flexible
linkers) aremuch faster than largemotions of the entire backbone.

In conclusion, we have used a unique microfluidic mixer to
observe intramolecular diffusion of an unfolded protein during
folding. Our results show rapid collapse due to the change of
solvent is much faster than the folding phase and that the rate
of reconfiguration prior to the rate-limiting folding step is extra-
ordinarily slow, such that the entire unfolded chain may only
reconfigure a thousand times before reaching the transition state.
Furthermore, because we have shown intramolecular diffusion
changes significantly with denaturant, measured protein folding
chevron plots should not automatically be interpreted as evidence
of free energy barriers. We propose that slow diffusion may be a
general property of unfolded proteins that fold on the millisecond
(and perhaps longer) time scale. For example, Singh et al. showed
that the structurally similar protein G exhibited remarkably
similar diffusion coefficients to protein L in equilibrium for
½GdnHCl� > 2 M (11), so we might expect that other small milli-
second folders would have similar rates of intramolecular diffu-
sion. The estimated reconfiguration time of 20 μs in this work
is much longer than the protein folding speed limit estimate
proposed by Kubelka et al. of N∕100 μs ¼ 640 ns (9), but this
estimate is just an upper bound. Therefore, while N∕100 μs
may be a theoretical speed limit the true speed limit to folding
most proteins is much slower.

Materials and Methods
The protein was mutated, expressed and purified as described in ref. (11). The
purified protein was dissolved to a concentration of 1 mM in 5 M GdnHCl,
100 mM potassium phosphate buffer at pH 7 and 1 mM TCEP to prevent bi-
molecular disulfide formation. The mixing buffer was 100 mM potassium
phosphate at pH 7, 1mM TCEP and the appropriate concentration of GdnHCl.
This buffer is extensively bubbled with nitrous oxide to eliminate oxygen and
scavenge solvated electrons created in the UV laser pulse. Both solutions
were placed in gas-tight syringes and pumped through the mixing chip by
two computer controlled syringe pumps (KDS200, KD Scientific). The typical
mixing ratio was 35∶1 such that the final protein concentration during
observation was 30 μM.

The mixing chip used in these experiments was first described by Kane et
al. (15) and employed with synchrotron radiation circular dichroism (27). The
chip is fabricated from a 500 μm thick wafer of fused silica with channels
etched 35–40 μm deep. The chip is sealed by a thin (170 μm) fused silica wafer
bonded to the top surface. See SI Text for details on fabrication and mixing
efficiency.

The instrument is similar to that described by Singh et al. (11). Briefly,
the tryptophan triplet is excited with a 10 ns pulse of 289 nm UV light that
is focused to ∼5 μm inside the exit channel by a fused silica infinity cor-
rected objective (LMU-40X-UVB, OFR division of Thor Labs). The triplet is
probed by a 442 nm CW laser that is focused onto the back plane of
the objective, emitting from the front of the objective as a ∼60 μm wide
collimated beam collinear with the pulsed beam. After passing through the
mixing chip, the pulsed beam diverges and is blocked by a UV filter, and the
CW probe beam is focused onto a silicon detector (1621 Nanosecond Photo-
detector, New Focus). Prior to the mixing chip the probe beam is split and
half is focused onto a reference detector. The electrical signals from the
two detectors are combined by a differential amplifier (DA 1853A, LeCroy)
with up to two stages of a 350 MHz preamplifier (SR445A. Stanford Re-
search Systems). The total gain is either 50× or 250×. Finally, the output
is recorded on a 500 MHz digital oscilloscope (TDS 3032B, Tektronix) and
stored on a computer. Multiple measurements of the tryptophan triplet
lifetime are observed after mixing by scanning the mixer chip with encoded
translation stages (9066-COM-E, New Focus). See Fig. S4 for schematic of
the instrument.
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Table 1. Parameters of fit to folding rates with the following
equation k ¼ A � Dð½GdnHCl�Þ expð−mf ½GdnHCl�Þþ
kH2O
u expðmu½GdnHCl�Þ

A
(cm−2)

mf

(kcal∕mol∕M)
kH2O
u

(s−1)
mu

(kcal∕mol∕M)

D from MD 2.2 × 1011 2.6 .012 .56
D from Gaussian 3.2 × 1010 2.3 .015 .52
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