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Quenching of the triplet state of tryptophan by cysteine has provided a
new tool for measuring the rate of forming a specific intramolecular con-
tact in disordered polypeptides. Here, we use this technique to investigate
contact formation in the denatured state of CspTm, a small cold-shock
protein from Thermotoga maritima, engineered to contain a single trypto-
phan residue (W29) and a single cysteine residue at the C terminus
(C67). At all concentrations of denaturant, the decay rate of the W29
triplet of the unfolded protein is more than tenfold faster than the rate
observed for the native protein (~10*s™'). Experiments on the unfolded
protein without the added C-terminal cysteine residue show that this fas-
ter rate results entirely from contact quenching by C67. The quenching
rate in the unfolded state by C67 increases at concentrations of denaturant
that favor folding, indicating a compaction of the unfolded protein as
observed previously in single-molecule Forster resonance energy transfer
(FRET) experiments.
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A considerable body of structural information
regarding the denatured state of proteins has been
accumulating from nuclear magnetic resonance
spectroscopy,'® neutron* and small-angle X-ray
scattering experiments,”® and diffusion experi-
ments.” Much less is known about the dynamics.
Of particular interest are the kinetics of contact for-
mation between residues distant in the amino acid
sequence, since this process is believed to be an
important step in the mechanism of folding of
many proteins. Contact formation in disordered
peptides has been studied from measurements of
triplet—triplet energy transfer® and fluorescence
quenching®'® using extrinsic probes. We have
demonstrated that contact formation can be studied
in peptides using naturally occurring amino acids
from the quenching of the long-lived triplet state
of tryptophan by cysteine." ~'* Since cysteine is the
only naturally occurring amino acid that efficiently
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quenches the tryptophan triplet state," it should be
possible to use this method to study the dynamic
properties of a large number of peptide and pro-
tein sequences. Here, we report the first application
of the technique to measure contact formation in
the denatured state of a small protein (Figure 1).
CspTm, the 66 residue cold-shock protein from
the hyperthermophilic bacterium Thermotoga mari-
tima, was engineered to contain a single trypto-
phan residue at position 29, by changing the
tryptophan residue at position 7 to tyrosine, and a
single cysteine residue, which was added to the
C terminus (CspTm-C; see the legend to Figure 1).
CspTm was selected because it is robust to
mutations and contains only two (slowly exchang-
ing) populations of molecules under partially
denaturing conditions, folded and unfolded, as
determined in both ensemble and single-molecule
measurements.’®"® As controls, we studied the
modified protein sequence without the added
cysteine residue (CspTm) as well as the peptides
corresponding to residues 24—-35 and 28-67.
Figure 2(a) shows representative triplet decay
curves of the cysteine-containing CspTm-C at
different concentrations of guanidinium chloride
(Gdm(). In the absence of denaturant, where the
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Figure 1. Schematic of the quenching experiment. The
equilibrium population is labeled by exciting tryptophan
to its triplet state. The triplet is quenched in the unfolded
state by chain diffusion to form a close contact between
the tryptophan residue at position 29 and the cysteine
residue at position 67. The folding and refolding of this
protein at all denaturant concentrations is sufficiently
slow'® that there is no exchange of folded and unfolded
populations during the lifetime of the tryptophan triplet
state. The sequence of the cold-shock protein from Ther-
motoga maritima, CspTm, was modified from the native
sequence by substituting tyrosine for the tryptophan
residue in position 7 of the native sequence and inserting
a cysteine residue at the C terminus. The resulting 67
residue sequence:

MRGKV-KYFDS--KKGYG-FITKD--EGGDV-FVHWS--AIEME-GFKTL--KEGQV-VEFEI--OEGKK-GPOAA--HVKVV-EC

was cloned, expressed, and purified essentially as
described by Welker et al."” Concentrations were deter-
mined using the extinction coefficient of 8300 M ™' cm™!
at 276 nm. The graphical representation of folded
CspTm is based on the solution NMR structure' and
was prepared using MOLMOL.?

protein is completely in the folded state, the decay
curve cannot be described by a single-exponential
function. For this work, we have chosen to analyze
the decay curves using a (slightly) stretched expo-
nential function: p(t) = exp(—t/T)B with B =0.8
and 7=90 us. At 6 M GdmCl, where the protein
is completely in the unfolded state, the time-course

tThe origin of the complexity in the decays
is not yet clear. It should be noted that both the 24-
35 fragment, which does not contain a cysteine
residue, and CspTm exhibit a more nearly
exponential decay than that of CspTm-C. The 28-67
fragment, a non-folding sequence, also shows a
single-exponential decay (8 = 0.98; 7 =10 us) at 6 M
GdmCl, with a mean lifetime that is about 30%
shorter than that observed for the full 67 residue
protein.

is not exponential, and can be described by a
stretched exponential function ( = 0.7, 7= 10 ps)
with an average rate (i.e. the integral under the
decay curve) that is more than tenfold faster than
that for the folded protein.f When the C-terminal
cysteine residue is removed, the triplet lifetime for
the unfolded protein is much longer (~40 ps), and
is very similar to that for free tryptophan and for
the 12 residue fragment containing W29 and no
cysteine (Figure 2(b)). These results demonstrate
that the natural lifetime of the tryptophan triplet
in a disordered structure is ~40 ws (in the absence
of oxygen), and that the shortened lifetime of
10 ps is due entirely to quenching by contact with
the C-terminal cysteine residue (C67).

At intermediate concentrations of denaturant,
the decay curves for the protein (Figure 2(a)) can
be described by a linear combination of the decay
curves for the completely folded and completely
unfolded states, as expected for a two-state protein.
Figure 3 compares the populations of the folded
and unfolded states as a function of GdmCl con-
centration, calculated from the relative amplitudes
of the two processes, with those derived from
tryptophan fluorescence intensity measurements.
The agreement of the curves determined by the
two techniques is within the uncertainties of the
two-state analysis. This result shows that accurate
decay rates for the unfolded protein can be
extracted from the complex decay kinetics at con-
centrations of denaturant where the folded protein
is also present. The resulting rates are shown in
Figure 4.

The decay rate for the folded state exhibits no
significant dependence on the concentration of
denaturant. The interesting result is that the decay
rate for the unfolded state increases significantly
at low concentrations of denaturant. According to
the simplest model for triplet quenching, the pro-
cess takes place in two steps. In the first, trypto-
phan in its excited triplet state and cysteine
diffuse together to form a contact pair (Figure 1).
This diffusion-limited process is followed either
by quenching of the triplet or dissociation without
quenching. For cysteine, the quenching rate is
much closer to reaction-limited than to diffusion-
limited. That is, the probability of quenching in
the contact pair is relatively small, so the overall
rate depends almost entirely on the distribution of
tryptophan—cysteine distances and the rate of
quenching at contact.""'*'* Since there is little or
no change in the quenching rate for the free amino
acids with concentration of denaturant (M.B.,
unpublished results), the increase in rate reflects a
decrease in the average distance between the
tryptophan and cysteine residues. A decrease in
chain dimensions, presumably resulting from an
increase in attractive inter-residue interactions at
lower concentrations of GAmC], is consistent with
recent measurements of Forster resonance energy
transfer (FRET) between dye molecules attached
to the N and C termini of CspTm."® These single-
molecule experiments separately resolved the
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Figure 2. (a) Decay of the triplet state of CspTm-C at
different concentrations of GdmCl. The decay of
cysteine-containing CspTm-C in aqueous buffer (blue
points) is not described well by a single-exponential
relaxation but can be described as a slightly stretched
exponential, A(f) =A0exp(—t/"r)B with B=0.80 and
7 =87 us. The decay of the unfolded protein at 6.4 M
GdmCl (red points) is described well by a stretched
exponential relaxation (8 = 0.72; T = 9.3 ps) with about
17% of the amplitude decaying with a rate characteristic
of unquenched tryptophan. The data at 1.25M (cyan
points), 1.69 M (green points) and 2.12 M (orange points)
are shown as examples of decays at intermediate concen-
trations of GdmCl which were all fit using two relax-
ations: a rapid relaxation for the unfolded fraction,
having B =0.72, and a slow relaxation for the folded
fraction with B = 0.80. The broken black lines are the
fits to the data at times between 1077 and 2x107°
second. All samples were prepared at a concentration of
50 uM in a degassed solution containing 0.1 M Tris buf-
fer adjusted to pH 7.4 and the measurements were per-
formed at 20°C. To measure the triplet decay, the
tryptophan triplet state was excited by an 8 ns UV pulse
at 290 nm and its decay was measured by monitoring
the absorbance at 457 nm as described.” (b) Decay of
the triplet state of tryptophan in the absence of cysteine.
The cysteine-free protein CspTm (red points), its 24-35
fragment (green points) and N-acetyl tryptophan amide
(blue points) at the concentration of 50 uM in 6.2 M
GdmCl show nearly identical triplet decay curves. The
triplet quenching rates extracted by stretched exponen-
tial fits with B = 0.96 (see the legend to a) are, respect-
ively, 1/(39 ws), 1/(47 ps) and 1/(37 ps).
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Figure 3. Unfolding curves obtained using kinetic
amplitudes from tryptophan triplet quenching and
steady-state fluorescence emission spectra. The fraction
of the triplet absorbance decaying with the rate charac-
teristic of the unfolded state at 20 °C, plotted as a func-
tion of GdmCl concentration, is shown as the red
points. The broken red curve is the fit to these ampli-
tudes obtained using the expression f,=(1+
exp(—m(C — Cm)/RT))fl, resulting in values for m and
the mid-point C,, of 2.1J mol™* M " and 1.86 M, respect-
ively. The unfolding curve calculated by fitting the fluor-
escence intensity, shown as the broken black curve, is

described by the same expression for f, with
m=18]mol "M 'and C,, =197 M.
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Figure 4. Dependence of average tryptophan triplet
decay rates on concentration of GdmCl. The average
rates were obtained from the integral of the stretched
exponential curves used to fit the data in Figure 2. The
fitted values for the folded (blue) and unfolded (red)
states are shown only for conditions where the relaxation
associated with that state exhibited more than 5% of the
total change in triplet absorbance (see Figure 3). The
limits of the error bars represent the quenching rates for
the unfolded (folded) state at which the sum of squared
residuals increased by 50% when the other rate is held
fixed. The red dotted line is a third order polynomial fit
to the decay rates for the unfolded molecules shown as
a guide to the eye.

FRET efficiencies for the unfolded and folded pro-
tein, which increased below the mid-transition
concentration of denaturant, indicating chain com-
paction as we have observed in the present experi-

ments. A quantitative comparison will require
dissection of the measured rates into reaction-
limited and diffusion-limited components, which
can be done from studies of the viscosity dependence
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of the quenching rate, as has been done on small
peptides (our unpublished results, and see Lapi-
dus ef al.'*), as well as more detailed modeling.
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