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Single-molecule fluorescence spectroscopy and correlation methods are finding increasing applications in the
investigation of biomolecular dynamics, especially together witrsteo resonance energy transfer (FRET).
Here, we use the combination of stastop experiments and classical fluorescence correlation spectroscopy
(FCS) to obtain complete intensity auto- and cross-correlation functions from picoseconds to seconds for
investigating the dynamics of unfolded proteins and peptides. In combination with distance information from
single-molecule transfer efficiency histograms, we can analyze the data in terms of a diffusive process on a
potential of mean force to obtain intramolecular diffusion coefficients. This allows us to extend our previous
analysis of the time scales of chain dynamics into the low nanosecond range for peptides and into the
microsecond range for a small cold shock protein (Csp). Dynamics in short unstructured peptides can be
detected down to a time scale of about 10 ns, placing a lower limit on the time scales accessible with correlation
methods and currently used dye pairs. We find no evidence for microsecond fluctuations in unfolded Csp,
suggesting that its global chain dynamics occur predominantly in the tens of nanosecond range. We further
investigate the position dependence of these dynamics by placing donor and acceptor dyes at different positions
within the chain and find a decrease in the intramolecular diffusion coefficient by a factor of 3 upon moving
one of the dyes toward the center of the polypeptide. Obtaining dynamic information on a wide range of time
scales from single-molecule photon statistics will be of increasing importance for the study of unfolded proteins
and for biomolecules in general.

Introduction fluorescent donor and acceptor dyes via amino groups or
cysteine residues at specific positions of the chain. In the

denatured states, the starting point for the folding reaction, is aS|mpIest type_ of experlmen_t, freely diffusing molecules are
key prerequisite for a mechanistic understanding of protein observed during their transit through a confocal observation

folding. Correspondingly, there have been increasing recent0lume, where the donor chromophore is excited by the laser

efforts to address this question. Considerable information about?€am. Depending on the distancdo the acceptor, energy
the overall dimensions and residual structure of unfolded transfer results, with a rate that determines the relative prob-
proteins has been obtained, especially from methods such agbilities of photon emission from donor and acceptor. Cor-
small-angle X-ray scatteriddand NMR3-6 and a large number requndlngly, both distances and distance dynamics within the
of studies have investigated the dynamics of unstructured Protein can be measured from the detected donor and acceptor
peptides as models for segments of unfolded profeitsA photons via the transfer efficiency and its fluctuations. The
limitation of these methods is the averaging over a large Forster radii of currently available dye pairs suitable for single-
ensemble of molecules, which complicates the analysis of molecule experiments in the range of about 5 nm allow
distances and dynamics in heterogeneous systems, such ageasurements on relatively large distances, making this ap-
proteins under conditions where both unfolded and folded proach highly complementary to NMR, from which, typically,
molecules are populated at the same time. Recently, single-distance information and dynamics on shorter length scales have
molecule spectroscopy has emerged as a complementarjpecome available.
method! !> that allows the separation of subpopulations in  Here, we extend our analysis of conformational dynamics
heterogeneous mixtures. In combination withdter resonance  from single-molecule FRET experiments to the entire range of
energy transfer (FRET), it enables the measurement of intramo-time scales available from confocal experiments on freely
lecular distance;!’ distance distribution¥/~*° and confor- diffusing molecules. By combining conventional fluorescence
mational dynamics down to the nanosecond time sé&feven correlation spectroscopy (FCS) with stastop experiments, we
for individual subpopulations of molecul&sThe absence of  gptain correlation data from picoseconds to seconds. We use
averaging over many molecules allows spontaneous intramo-thjs approach to identify the time scales on which conformational
lecular distance fluctuations to be observed at equilibrium, gynamics occur in the unfolded state of the cold shock protein
Wlthou'g the need for perturbat|o_ns to synch_ronl_ze the ensem_ble.(CSp) fromThermotoga maritimaa small (7.5 kDa)3-barrel
For this approach, the protein or peptide is labeled with protein that exhibits two-state thermodynamics and kinétics,

* Part of the “Affila Szabo Festschrift" and to investigate the dependence of chain dynamics on the

*To whom correspondence should be addressed. E-mail: schuler@ position of the chromophores within the polypeptide. Moreover,
bioc.uzh.ch. we test the limits of the method for detecting dynamics in the
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short distance regime with unstructured and stiff peptides and This approximation is valid as long &< 7j;, wherer;; denotes

compare them to calculated correlation functions using a model the mean interphoton time. When the correlation functipn

that describes the distance dynamics as a diffusive process or(z) is symmetric with respect to= 0, 7;; can be obtained from

a free-energy surface. the measured histogram (interpolated by the funcfigti)) by
numerically minimizing the integral

Materials and Methods .
4 1/ (2to—t)/Tij\2
e — ¢ (2t — t)e hdt
Samples.Labeled Csp and polyproline peptides were pre- 0 @) m(2o 1) )
pared as described previoudRi824The unstructured peptide ) , o
with sequence G(AGQAGC was purchased from GL Biochem H.ere, the dellayo is, toa f|r§t 'apprOX|mat|on, taken from the
(Shanghai, China) and labeled analogous to the polyproline Nistogram bin with the minimum number of counts. The
peptides by reacting it sequentially via its amino and sulfhydryl "esulting zj are typically in a range of 1620 us, in good
groups, respectively, with Alexa 488 succinimidyl ester and 2greement with the mean interphoton time during the passage
Alexa 594 maleimide (Molecular Probes/Invitrogen, Eugene, of a labeled polypeptide thrOtl/.lgh the confocal volume. Multi-
Oregon), followed by size-exclusion chromatography (Superdex Plication of the raw data by“& then yields the correlation
Peptide HR 10/30, Amersham GE Biosciences, Piscataway, NJ)functlpn, except fqr a scaling factéy that is obtained from a
to separate the product from unreacted dye. All measurementscOmMbined global fit to the starstop data and the FCS data as

were performed in 50 mM sodium phosphate buffer adjusted d€scribed in the following section. The cross-correlatap-
to pH 7, containing 0.001% Tween 20 to prevent surface (7) iS, in general, not perfectly symmetric with respectrte-

adhesion of the polypeptides. High-purity GdmCl solutions O (Se€€ refs 28 and 29). The procedure described above can
(Pierce, Rockford, IL) were used for denaturation experiments. N€vertheless be applied since the asymmetry arising in the
Transfer efficiency histograms were recorded at peptide con- systems studied _here occyrs_mamly on the time scales of singlet-
centrations of 50 pM. Correlation experiments were performed Stéte photophysics, that is, in the nanosecond range.

at a 500 pM protein/peptide concentration to optimize signal _ Global Analysis of Start—Stop Data and FCS Data.The
contrast. start-stop data (corrected according to eq 1) and the FCS data

. . . represent the fluorescence correlation functions on different time
Single-Molecule Instrumentation. Single-molecule fluores-

. . . ; scales and have only a small overlap in the microsecond range.
cence was observed using a PicoQuant MicroTime 200 confocal o : .

i . . X . For combining and interpreting the two data sets, we globally
microscope equipped with a cw solid-state diode-pumped Iaserf_ h ith del f . G h
(Coherent Sapphire 488-200) operating at 488 nm (average ' thém with a mode unctiong;(t — t5"), (1] = A,D), where,
radiant power at the sample: 180), a 1.2 NA, 60 in thg case of the starstop data, the fgnctlon has an additional
microscope objective (Olympus UplanApos6.20W), anda ~ amPplitudeA; as a prefactor. Thg(7) is of the form
100um confocal pinhole. A dichroic mirror (Chroma 585DCXR)

separated donor and acceptor fluorescence. For é@uaeptor 9 @)=1+

cross-correlation measurements, the donor and acceptor fluo- (1 — ggeflfl’fab(‘i))(l + nge*‘f"fcd)(]_ + Wl
rescence is detected by a pair of two avalanche photodiodes 7] 7] |2 2)
(APDs, Perkin-Elmer Optoelectronics SPCM-AQR-15). For nij(l + = )(1 + —)

autocorrelation measurements, each fluorescence component was o SZTD

divided further randomly by a 50/50 beam splitter between a

pair of APDs. In both configurations, additional interference \yhere the three terms in the numerator describe photon
filters (Chroma HQ525/50 and Omega 525AF45 for the donor antibunching (ab), conformational peptide dynamics (cd), and
APDs, Chroma 600HQLP and HQ640/100 for the acceptor triplet blinking (T). The denominator describes the effect of
APDs) completed spectral separation of the sample fluorescencejyiffysion of the peptides through the confocal voluAgyhich

and served to suppress the mutual detection of APD breakdownjs assumed to be of Gaussian shape with a ratio of axial over
flashes in the infraredf. Each of the_ two APD pairs was |ateral radii ofs = wilw1; n;j is the average effective number
connected to a photon counter (two PicoHarp 300, PicoQuant). o¢ peptides in the confocal volume contributing dg(z), and

In their histogram mode, which we used for the measurements . g given by o = w?/4D;, where D; is the translational

at 500 pM Csp, the two input channels of th(_ese counters operat€yitsion coefficient. All parameters in eq 2 lacking the indices
as start and stop channels. The measured time intervals betwee[]i are assumed to be the samegb(t), gaa(r), and gao(2).

start and stop were histogrammed in 256 ps bins. To avoid €ross—hege parameters are the common fit parameters of the global
talk between the two channels at short time intervals and to analysis of the 3« 2 data sets presented in Figure 1. For the

simplify data analysis (see below), an electronic time dejay autocorrelationgi(z), the amplitudes are set to unity )
~ 500 ns was imposed onto the stop channel. For conventional _ 1), that is, the autocorrelation @ (r=0) = 1 at time zero
FCS measurements, the photon events on the four detectors werg tv(/o coinéidently emitted photons must originate from ’two

regorded by a T|.meHar|c_) 200 or a PicoHarp 300 counting card different fluorophores and are hence uncorrelated. The ampli-

(PicoQuant) equipped with a four channel router. FCS d|agramst descl iated with f tional d . .

were recorded by the data acquisition software SymphoTime '~ €SCqq, associated with conformational dynamics, are posi-
tive (correlated) in the case of the autocorrelation functions and

(PicoQuant) with 2230 min of integration time. . . ) .
P . f the Start-Ston Raw Data. The hist negative (anticorrelated) in the case of the cross-correlation
rocessing ot the sStart-stop Raw Data. The histograms functions. For the fitting of the cross-correlation in Figure 1,

recorded in startstop measurements represent unnormalized we setc® in eq 2 equal to zero since the flLOrescence cross-
interphoton time distributiong;(t) (i,j = A,D), which, in the Cr q<c€q

limit of low mean photon rates, can be related to the fluorescence gﬁrr]rz lr‘?t'(;rt' ;zv(vt%fgi?;tfgﬂp;ﬁ?gfenﬁlztulgliigﬁf,ﬂ)bypglrﬂeet p
correlation functiong;(z) by?* 9 ) ’

we note that, as indicated in the last section, the cross-correlation
- i 0ap(7) is asymmetric with respect to= 0 on the nanosecond
¢ (1) = Ae Mgt — t) (1) time scale relevant for photophysical proces$e8:3+33 This
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Figure 1. Measured intensity correlation functions for unfolded QsptiM GdmCI. The left panels (A,C,E) show the results from statbp
experiments (black data points), the right panels (B,D,F) the complete correlation functions from picoseconds to 1 s, obtained by combining the
start-stop experiments with conventional FCS measurements (blue data points). The result of the global fit is shown as a solid line in green for the
donor intensity autocorrelation (A,B), in red for the acceptor intensity autocorrelation (E,F), and in yellow for the cross-correlation (C,D).

asymmetry can be approximated by settifjfj = 7 for 7 > the donor dye was about 4 ns. Overlap between adjacent
0 andr/;k? = f;hA for 7 < 0, as we did in the fit ofgap(7) in excitation—emission cycles is hence negligible.

Figure 1. Deviations from this approximation may contribute ~ Two fluorescence decayky(t) andlw(t), were measured for

to the slight imperfections in the fit of the cross-correlation €ach sample with the analyzing polarizer in the vertical and in
functions (Figure 1c,d). horizontal orientation, respectively. From these decays, the

Time-Resolved Anisotropy. Anisotropy decay data were anisotropy as a function of time was determined&s

recorded with a custom-built fluorescence lifetime spectrometer. | e

The samples were 2M donor-only-labeled Csp under native r(t) = M (3)

and unfolding conditions (4 M GdmCl), both with 50 mM [, (1) + 2GI,4(Y)

sodium phosphate buffer adjusted to pH 7.0 and 0.001% Tween

20. The fluorophores were excited at 470 nm by vertically whereG is a correction factor compensating for the slightly
polarized laser pulses from a LDH 470 diode laser (PicoQuant). different instrumental detection sensitivity for vertically and
A high degree of linear polarization was achieved by using a horizontally polarized photons. We measufgd- 1.02 for our
Glan-Thompson polarizer (extinction ratfe 100 000:1). The instrument following standard procedufés®To the resulting
laser beam diameter was confinegdd 1 mmcircular aperture anisotropy decay data, we fit the functf®n

centered at the laser entrance opening of the cuvette holder (TLC

50F, Quantum NorthWest). A narrow cone of fluorescence light, r(t) = ((ro — r)e Tl 4 el (4)
emitted in the perpendicular direction with respect to the laser

beam, was collimated by a planoconyex leins @0 mm). The which models the decay as the combined effect of restricted
opening angle of the cone was defined by a circular 2 mm qye votation near the protein surface (decay constaitand
aperture positioned at a distance of 16 mm from the center of e rotational motion of the entire molecule, that is, the pretein
the cuvette. The collimated light passed an analyzing polarizer dye complex (decay constani). to is the time delay between
(of Glan-Thompson type) and a band-pass filter (Chroma, z 582/ e registration of the sync signal of the laser driver and the
15) before it was focused onto a microchannel plate PMT actyal fluorophore excitation at the sample site, anis the
(R3809U-50, Hamamatsu). The output pulses of the PMT were fyndamental anisotropy of the dye molecule. We meastyed
preamplified (by a PAM 102-M, PicoQuant) and recorded by a = (.38 for Alexa 488 in a matrix of 99% glycerol at
photon counting module (PicoHarp 300, PicoQuant), which —10°C, where rotational motion is negligible. in eq 4 is the
measures the times between laser pulses (as provided from theesidual anisotropy measured at long times in the absence of
synchronization signal of the laser driver) and the fluorescence rotation of the protein carrying the dye. For the fit, we
photon arrival times at the PMT, from which fluorescence decay considered only data with timeésthat approximately satisfy
histograms with 8 ps bin width were formed. The overall > ty + 2ARrr and usedy, r«, e, andzy as fit parameters.
instrument response function (IRF) of the system was measuredUsing this procedure, we avoid the error-prone deconvolution
to have a fwhm ofA\re = 80 ps. The repetition period of the  of the fluorescence decayis,(t) and Iy(t), before calculating
laser pulses was 50 ns, whereas the fluorescence lifetime ofeq 3.
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Results T T . T T . 1 : . .

Analysis of Fluctuations from Picoseconds to Seconds.
Distance dynamics within a FRET-labeled protein lead to
fluctuations of the transfer rate between the dyes, and thus of
the instantaneous photon emission rates of the donor and
acceptor, on the time scale of the dynamics. Consequently, chain
dynamics can be obtained from the corresponding photon
statistics using correlation metho#fdn practice, classical FCS
is typically limited to time scales above about:& because of
the dead time of detectors and counting electronics irrth@0
ns range. Shorter times become accessible with experiments
where two separate detectors are used to record consecutive
photong?:31.37-43 From such Hanbury Brown and Twiss experi- :
ments, mtt_arp_hoton times can _be determined with a time o 2 4 & 8 10 12 14 16 18
resolution limited only by the timing accuracy of the counting t (ns)
electronics (several picoseconds for latest-generation time-

_(_:orrelated single-photon counting (TCSPC). céfdy and the (red) and unfolded (green) Csp labeled only with a donor dye. While
J'tter_Of the detectors (several hundred plco_secon(_js for the the fluorescence emission for folded Csp indicates significant residual
Perkin-Elmer SPCM-AQR avalanche photodiotetypically anisotropy (. = 0.20,7y = 5.7 ns), the anisotropy of Csp unfolded in
used in single-molecule experiments). The resulting interphoton 4 M GdmClI can be well approximated by a single exponential decay
time distributions can be related directly to the intensity with a time constant of 0.74 ns, indicating rapid reorientation of the
correlation functior?l:3946 The combination of these two  fluorophore. Fits to eq 4 are shown as black lines.

methods thus enables access to time scales from picoseconds

up to the order of the length of the observation tithés In that can be detected in our system with single-molecule FRET
practice, the photon antibunching signature in the correlation are thus captured in the entire range of accessible times from
functior?®47 on the time scale of the fluorescence lifetime of Picoseconds to milliseconds.

the chromophores (typically a few nanoseconds) constitutes the Time Scales of Unfolded State Dynamics in Csgn the
lower end of the time window usable for extracting distance analysis of startstop experiments, we have identified fast
dynamics. (Dynamics on the time scale of the fluorescence Brownian dynamics of the polypeptide chain ends relative to
lifetime of the dyes can be investigated by analyzing fluores- each other in terminally labeled unfolded Csp on the time scale
cence lifetime decays with a model including diffusive distance of ~50 ns (see ref 21). The time scale of these dynamics is of
dynamics'®4849 The upper limit of the exploitable time range fundamental interest to a quantitative understanding of the
is about 1 ms, the maximum observation time for protein folding process because it is closely related to the effective
molecules freely diffusing through a diffraction-limited confocal diffusion coefficient underlying a description of protein folding
volume. (Longer times can be accessed by slowing down as a diffusive process on a free-energy surface, which is
diffusion or by observation of immobilized molecules.) frequently used in statistical mechanical modéf® The

A complete and robust way of analyzing such correlation data determination of such elementary time scales has gained even
is to combine the results from statop experiments and FCS ~ more relevance in view of the discovery of proteins folding in
and to utilize both donor and acceptor autocorrelation and Microsecond® and fastef close to the expected “speed
acceptor-donor cross-correlation measurements. The resulting limit” #>3>%f folding. A comparison with the time scales of
three complete correlation functions ranging from picoseconds chain dynamics found in unstructured model peptide& >
to seconds can then be interpreted in terms of a global fit with and the observation of dynamics on a similar time scale for a
a model including all relevant proces&egFigure 1). The series of other unfolded proteins (Nettels, Hillger, Wuttke, and
processes almost universally observed are singlet-state photoSchuler, unpublished observations) suggest that long-range chain
physics, resulting in pronounced photon antibunching in the dynamics in the nanosecond range are a universal feature of
range of a few nanoseconds, triplet-state photophysics in theunfolded proteins. The question remains, however, whether
microsecond range, and fluctuations originating from the dynamics on longer time scales also contribute, especially in
diffusion of molecules through the focus in the millisecond View of the microsecond phases frequently observed in protein
range. Rotational dynamics can also contribute to the correlationfolding kinetics?85°
functions3847but for the cases investigated here, the free rotation ~ The availability of the complete correlation functions now
of the chromophores dominates, with rotational correlation times allows us to address this question for Csp (Figure 1). Of
of a few hundred picoseconds (Figure 2). Especially important particular value for analyzing distance dynamics is the fact that
for our application of the method here is that in the presence of even though the component corresponding to distance dynamics
intramolecular distance fluctuations, an additional component must show up in all three correlation functions, it results in an
is expected in the correlation functions of a FRET-labeled amplitude of opposite sign for auto- and cross-correlatf8f$.
sample, which has been used to measure long-range dynamicd his difference allows us to distinguish distance dynamics from
in unfolded proteind! Figure 1 shows the three complete other processes, most importantly triplet blinking, which typi-
correlation functions for terminally labeled Csp unfolded in cally occurs in the microsecond ranfjefigure 1 shows this
4 M guanidinium chloride (GdmCI), fit globally with eq 2, characteristic signature for chain dynamics with a relaxation
which takes into account all of these components (see Materialstime of 40 ns; both donor (Figure 1a,b) and acceptor (Figure
and Methods). Rapid conformational dynamics of the unfolded 1e,f) autocorrelations exhibit a component with positive am-
chairt® result in a positive amplitude component in the auto- plitude, while the cross-correlation (Figure 1c,d) contains a
correlations and a negative amplitude component in the cross-component with negative amplitude that can be described with
correlation withzeg = 40 ns. The dynamics of all processes the same time constant. In contrast, however, the autocorrela-

Figure 2. Time-resolved fluorescence anisotropy decdyof folded
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Figure 5. (A) End-to-end distance probability density functir)
and (B) the resulting calculated acceptor (red) and donor (green)
intensity autocorrelation functions for Csp and ProR@) for Csp is

Figure 3. Cross-correlation functions for unfolded Csp (A,B) and for 4 ! ) 8
Pro20 (C,D) at different excitation rates. Whereas a residual triplet derived from experimental défeandP(r) for Pro20 from simulationS:
component is clearly visible at high laser power (A,C, 350), it is The distance dependence of the transfer efficidacy shown in (A).
absent at low power (B,D, @W). Fits including only translational

diffusion are shown in blue, and fits including an additional triplet

component are shown in green.
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of populating the triplet state in one dye on the emission of the
other dye is currently unknown for the chromophores used here.
In general, however, triplet states are increasingly populated at
high excitation rate8&! To further investigate the presence of a
microsecond component originating from distance fluctuations,
and in particular the possibility of accidental cancellation of
triplet and distance dynamics in the cross-correlation function,
we thus performed FCS measurements at different excitation
rates and compared them to measurements on Pro20, for which
microsecond distance fluctuations are not expected (Figure 3;
note that startstop experiments are not feasible at low
excitation rates because of the resulting low count rates). While
at high laser power (35QW) a residual triplet component is
visible, at the lowest laser power &8V), the cross-correlations
both for unfolded Csp and Pro20 show no evidence for a change
in the correlation amplitude in the microsecond range (and
clearly no component with negative amplitude, as would be
expected in the case of distance dynamics) and are well fit by
a correlation function taking into account only translational
diffusion. Within the accuracy of the method, we thus find no

Figure 4. Donor intensity autocorrelation functions measured for Pro20 €vidence for microsecond distance fluctuations in Csp at 4 M
(A) and the labeled unstructured peptide G(AGEBC in 8 M GdmCI GdmCl, suggesting that the dynamics in the unfolded state of

(B). The unstructured peptide shows rapid end-to-end distance dynamicsthis two-state protein are dominated by diffusive chain recon-
with a characteristic time of.q = 15 ns; the dynamics in Pro20 are figuration in the tens of nanosecond range.

too rapid to be detected, as expected from simulations. The inset in ; P ;
(B) shgws the transfer efficiencyphistogram of G(AGAEC with (EO Exploring the Ll.mlts O.f the Method n Fhe Nanosecond .
= 0.69 used for calculating the mean-squared end-to-end distance. Thé?ange.To further investigate the sensitivity of the method in
peak atE ~ 0 is due to molecules with an inactive accepfor. the nanosecond range, we present two examples of measure-
ments on peptides with previously characterized dynamic
properties. The first example (Figure 4a) is a polyproline peptide
tions exhibit a large change in amplitude in the microsecond (20 residues, Pgg), which we used earlier as a reference for a
range (Figure 1b,f), but not the cross-correlation (Figure 1d). polypeptide with negligible intramolecular distance dynamics
This is the typical signature found for triplet dynam$°and above the nanosecond rarfgé4 Molecular dynamics simula-
already indicates the absence of a strong contribution of distancetions have shown significant flexibility of polyproline pep-
fluctuations on that time scale. However, a slight influence of tides!”:62 and very recent simulations including the fluoro-
triplet dynamics on the cross-correlation cannot be excluded, phore§? give an even more detailed picture of the dynamics
first because of the slight overlap of the donor emission spectruminvolved. Despite the significant width of the distance distribu-
with the wavelength range for acceptor detection (effectively tion (Figure 5), the dynamics of the system remain undetected
resulting in a small contribution of the donor autocorrelation to in start-stop experiments (Figure 4a) because their characteristic
the observed cross-correlation) and second because the effedime scale is too close to the fluorescence lifetime of the
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fluorophores £2—4 ns) and thus coincides with the photon coefficient is inversely proportional to the viscosity of the
antibunching phase in the correlation function (Figure 5b). This solvent#®57.64we get a viscosity-corrected diffusion coefficient
observation is in agreement with molecular dynamics simula- of 0.64 nn#/ns. This result is close to the value of 0.53%ms
tions, which place the end-to-end dynamics of the peptide in for Csp in 8 M GdmCPE! suggesting that the chains’ dynamics
the 2 ns rangé’® A better characterization of all fast are very similar at these high concentrations of denaturant. The
photophysical processes involved might allow the deconvolution value found here is somewhat larger than the diffusion coef-
of dynamic information even in this time range, but our lack of ficients determined from viscosity-dependent tryptophan triplet
quantitative understanding of processes such as singjlaglet guenching experiments for the same AGQ-repeat seqbiefice
annihilation for the chromophores currently prevents a more (between 0.08 and 0.17 ffms). Even though a direct com-
complete analysis. However, polyproline peptides remain a parison is difficult because those measurements were not
valuable reference for correlation experiments because of theirperformed 88 M GdmCI, part of the difference could be caused
large stiffness and their lack of dynamics on longer time scales by relatively small deviations from the distance distributions
than a few nanoseconds. assumed in the analysis and the fact that the two methods probe
The second example is the unstructured peptide different parts of the equilibrium distribution.
(G(AGQ)AGC) of the kind previously investigated in much  Qverall, our measurements on this short unstructured peptide
detail in experiments employing the contact quenching of show the accuracy of correlation methods down-td ns. At
tryptophan triplet states by cystefiféto quantify the kinetics  shorter distances and smaller time scales, fluorophores with
of elementary loop formation in polypeptides. While we were smaller Foster radii and shorter fluorescence lifetimes would
not able to detect chain dynamics for this peptide in the absencepecome necessary to use this approach. On the time scale of a
a small mean distance located in the plateau region of th&tdfo  analysis of fluorescence lifetime decaj$9even faster dynam-

curve), we were able to observe peptide dynamics in the jcs require methods such as puspobe laser spectroscopy
presence ©8 M GdmCl, where the chain is sufficiently o NMR.

expanded (Figure 4b). To obtain an effective end-to-end
diffusion coefficient, we describe the relative motion of the chain ously, we have investigated the intramolecular dynamics of
ends as a diffusive process on the potential of mean force thatunfolaed Csp for a variant with the fluorescent labels at the
corresponds to the end-to-end distance distribution of the Iabeledtermini (residue 2 and 67) of the polypeptide chiitere, we
peptide. By combining these conformational dynamics with the xtend our analysis to variants where one of the chron’mphores
distance-dependent stochastic photon emission from the couple S located at the carboxy terminus (residue 67), the other at
dye pair, the complete photon statistics of the system can beposition 2,10, 21, 22, or 34 (Figure 6a), to probe thle dependence
obtainedt® We use a recgntly devel_oped theﬁrwat allows of intramolecular diffusion on the position within the chain.
us to calcula_te f[he intensity correlation functions of donor and Start-stop and correlation experiments were performed and
acceptor emission numerlcaIﬂ/Bnefly, if we assume fpr the analyzed as described above for the unstructured peptide. The
unfolded p“’te"; 6£he end-to-end distance distribution of a resulting fluorescence intensity correlation timggcorrespond-
Gaussian chaf” ing to chain dynamics in these variants are shown in Figure 6b
as a function of the sequence separation of the labeled residues.
We observe a steady increasergf upon moving the second
fluorophore from the terminus toward the middle of the poly-
peptide chain, from 40 to 67 ns. This increase is reminiscent of
recent triplet-triplet energy-transfer experiments on unstructured
-1 Gly-Ser peptides, where a continuous decrease of the contact
K= DOfOr pedr) 9/0r (Ped(r)) 1 + Ko(r) ©) rat)t/a WaspfoFL)Jnd with increasing length of the tail segn§ént.

whereD is the relative diffusion coefficient of the chain ends, _ An advantage of investigating intramolecular dynamics with
Ko(r) describes the distance-dependent kinetics of interconver-FRET is that both the distance distributi&hgvia measurements
sion between the electronic states involved, higlthe 4x 4 of the transfer efficiency) and dynamic information (via cor-
identity matrix. The time dependence of all electronic and relation function& or fluorescence lifetime decay analy$i$)
conformational transitions in the system is then described by ¢an be obtained. The use of single-molecule spectroscopy
the rate equationpidt = Kp, wherep is the vector of the additionally allows the separation of subpopulati§ig24:43.66
populations of the electronic states. By discretizing the diffusion necessary for performing such an analysis even under conditions
operator, the problem is reduced to matrix algebra, and the Where folded and unfolded molecules coexist. As explained
intensity correlation functions can be calculated to high accuracy above, the fluorescence intensity correlation tirggin com-
with numerical method%l All parameters needed to define the bination with the Shape of the end-to-end distance distribution
model in terms of our System are known; the photophysical rate can be used to extract intramolecular diffusion coefficients. As
constants of the FRET process were measured independently, for the unstructured peptide, we use the end-to-end distance
andpeq(r) is defined unique|y by the mean_squared end-to-end distribution of a Gaussian chain, which has been shown to be
distance2] which we calculaté21.24from the corresponding & good approximation for unfolded C$pBy adjusting the
mean transfer efficiency ¢EC~ 0.69 (Figure 4b, inset) as 4.8  intramolecular diffusion coefficierd such that calculation and
nm. We can thus determine the only remaining parameter, the€xperiment agred) can be determined. The chain reconfigu-
effective end-to-end diffusion coefficieB, by adjusting it such ~ ration time 7z, (the decay time of the end-to-end distance
that the calculated intensity correlation function fits the experi- autocorrelation function) is then obtained fram= [12[16.2D
mental result. (see ref 21).

From the decay time of the intensity correlation function of Figure 6b also shows the root-mean-square distancerjrms
15 ns (Figure 4b), we obtain an intramolecular end-to-end between the fluorophores in the unfolded Csp varightmd
diffusion coefficient of 0.27 niins. Assuming that the diffusion  Figure 6¢ shows the intramolecular diffusion coefficient as a

Position Dependence of Intramolecular DynamicsPrevi-

Pedr) = drr¥(27(1°018) 2 exp(—3r*/2%) (5)

protein dynamics can be combined with the photophysics of
FRET in the rate matrix
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A D, for the relative diffusion of the chain ends and tBatand
cz," N 4 D, were mutually independerid, could never decrease by more
{\‘8‘“\\7}; then a factor of 2, even if one residue was effectively
S Ao immobilized. Our observation of a decreasd>ay a factor of
AN g 3 suggests thdD; and D, are not independent and that both
\._ 9“319-’“3\_,3 the internal and the terminal residues are affected in their motion
hnad within the unfolded chain. One possibility is that the internal
B 7 residue is effectively shielded by the tail segment, resulting in
70 * -1 additional internal friction also for the terminal residue. Note,
however, that the reconfiguration time, which is the parameter
proportional to the preexponential factor in Kramers-like models
of protein folding267-68 and thus most relevant for the fast
formation of contacts within an unfolded protein, varies by only
wl o H about 50% for the different segments (Figure 6b). This suggests
il . s . s that the position dependence of chain reconfiguration has only
¢ ' ' ' ' a moderate effect on the overall time scales of protein folding,
i at least for all but the fastest folding proteins.

Tcp, Tr (NS)
[=)]
o
T
-
o
1
o
(>3 (nm

151 o 1 Discussion

1k o0 i Correlation methods are a versatile tool for analyzing dynamic
L processes and have recently gained increasing popularity
1 especially in combination with fluorescence detecfidie-
pending on the experimental setup, processes from picoseconds
to many hours are accessible, if the molecules are suitably
immobilized. Here, we focus on measurements on freely

Figure 6. Position dependence of intramolecular dynamics in unfolded diffusing molt_ecules, f'i common apprpach that h.as the advantgges
Csp (4 M GdmCI). (A) Schematic of folded (left) and unfolded (right) that surface interactions that could |nter]‘ere with the dynqm[cs
Csp with the sites for dye attachment foirEr resonance energy ~ can largely be excluded and that reliable photon statistics
transfer indicated by colored spheres. For every variant, one dye wasbecome available simply by waiting for a sufficient number of
reacted with Cys at position 67 and the second dye with a Cys at one molecules to cross the confocal volume. Of course, the acces-
of the other positions shown. (B) Decay timey of the intensity  sjple time scales are then limited by the diffusion time of a
correlation function, decay time; of the intramolecular distance molecule through the confocal volume, but many biomolecular

correlation function (the reconfiguration time), and root-mean-square . -
distanceld2¥2 between the probes as a function of their separation PFOCESSES OCCUr In the submillisecond range and can thus be

D (0.1 nm?/ns)

el

30 40 50 60 70

within the polypeptide chaim. The 232 as a function ofn was studied relatively easily over several orders of magnitude in
calculated from the apparent persistence length of 0.87 nm determinedtime.
previously for unfolded Cspni4 M GdmCI:¢ (C) Relative intramo- Taking our previous observations of unfolded state dynéafhics

lecular diffusion coefficienD as a fun(;tion of sequence separation \ith a Hanbury Brown and Twiss-type instrum#in the tens
calculated from the values in (B) both with (yellow) and without (black) ¢ 4 5second range as a starting point, we are now extending
viscosity correction, |nd_|cat|ng slowed _dynamlcs when one of the dyes the time scales used in our analysis to both shorter and longer
is moved toward the middle of the chain. The error bars in (B) are our . o ; . )
estimates of the experimental error. times. To probe the accessibility of shorter times, we investi-
gated two small peptides, a stiff polyproline peptide and an
unstructured peptide with the properties of a random coil. While
function of sequence separation. As expected, the mean distanc¢he polyproline dynamics expected on th2 ns time scale from
between the dyes decreases as they are moved closer togethesimulationd”:62 remain undetected, the dynamics of the un-
in sequence. For a diffusion coefficient independent of the probe structured peptide can be detected, at least in high concentrations
position, smaller sequence separation would be expected to resulof GdmCI, with a correlation time of 15 ns and a resulting
in faster chain reconfiguration, and thus to a decreasggin intramolecular diffusion coefficient that is in approximate
because of the smaller configuration space available. By contrastagreement with tryptophan triplet quenching studies. This
upon moving one of the dyes toward the middle of the chain, time scale places an approximate lower bound on the dynamics
we observe an increase gy from 40 to 67 ns, corresponding  accessible from correlation analyses with thesker radii and
to a decrease iD by a factor of 3 (Figure 6¢). This suggests fluorescence lifetimes of the typical dye pairs currently available
that the faster relaxation expected from the narrowing of the for single-molecule FRET. On shorter time scales, the analysis
distance distribution within the chain must be overcompensatedof fluorescence lifetime decal®s*®4% on the same type of
by slower chain dynamics. Note that Figure 6¢ contains both samples can be used to extract information on dynamics down
the diffusion coefficientsni 4 M GdmCl (black) and the to times of about 50 ps. Time scales above the typical dead
viscosity-corrected valué®®”.64(yellow) for direct comparison  times of detectors and counting electronics are easily accessible
with experiments at other denaturant concentrations. with classical FCS measurements. By combining them with the
One expected contribution to this decreasP is the increase  start-stop experiments, fluctuations from picoseconds to mil-
in length of the chain segments that need to move in order to liseconds become available and can be analyzed with a global
allow translational diffusion of one probed position with respect fit using a model that contains all dynamic processes in this
to the other. The relative intramolecular distance diffusion time window. Here, we used this information to investigate the
coefficient D can formally be regarded as the sum of two existence of slow unfolded state dynamics of the small two-
diffusion coefficientsD; and D, which describe the relative  state protein Csp.
diffusion of two positions in the chain, assuming that one or  The existence of submillisecond components in Csp folding
the other was fixed in space. If we further assume at= dynamics has been difficult to clarify. Previous pressifrand
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temperature-jumd experiments both on closely related cold reducing their probability of approaching each other. Second,
shock proteins and the FRET-labeled Csp used here (Kubelka,there could be dynamic effects resulting from additional viscous
J.; Schuler, B.; Eaton, W. A. Unpublished observation) with a drag of the tail segment or altered interactions within the chain.
time resolution in the microsecond range and below have not In our experiments, we change the distance distribution
lead to an identification of any kinetic components in the between the probed residues both by moving the dyes closer
submillisecond range. However, such kinetic ensemble experi- within the chain and by concurrently increasing the tail segment
ments require a change in volume or enthalpy connected to thelength. However, as we can obtain the resulting change in the
conformational change involved to allow a perturbation of the equilibrium distance distribution between the donor and acceptor
system. By contrast, single-molecule experiments monitor from measurements of the transfer efficiency and the fluores-
spontaneous fluctuations at equilibrium and thus lack this cence lifetime decay in the unfolded subpopulafibme can
requirement. This advantage has allowed us to identify the obtain direct information about the change in polypeptide
previously elusive unfolded state dynamics of Csp on the tens dynamics, that is, the relative diffusion coefficidbtbetween

of nanosecond time scalé.With the extended time scale the two points in the chain. We observe a decreade ith
available through the combination of stastop experiments  decreasing separation within the sequence (Figure Bc).
with FCS, we were now able to extend our analysis into depends both on the change in viscous drag, which would be
the microsecond range and find no indication for distance expected to increase with tail length, and on the details of the
fluctuations in unfolded Csp on time scales above the tens of interactions within the chain, that is, between the backbone and
nanosecond range. side chains of the polypeptide. As previous experiments have

The absence of microsecond components in the unfolded statdndicated a rather uniform collapse of the ch#isuggesting a
dynamics and the folding kinetics of Csp is indicative of a lack uniform distribution of interactions within the unfolded protein,
of specific interactions within the polypeptide before it crosses the increase in viscous drag appears to dominate the change in
the main transition state for folding, in contrast to observations D- It would of course be interesting to know whether there is a
on a wide range of larger proteins or proteins with cofactdrs, turnover of the position dependence bf for even shorter
where microsecond phases are frequently observed. While theS€duence separations, as expected from theory and as possibly
results presented here cannot exclude short-range interaction§Ug9ested by the nonlinearity of the dependenceDobn
in specific segments of the polypeptide leading to slow low- Seduence separation in ouro!ata (Figure 6c¢), but sh.orter distances
amplitude dynamics in the unfolded state, the observation of a €@nnot be probed reliably with our current dye pair because of
rather isotropic, random coil-like collapse of unfolded s its large Foster radius. . .
low GdmCI concentrations suggests that such interactions might A method that can be used for probing shorter distance
indeed be absent. In principle, conformational dynamics in dynamics is triplet state quenching, and it has previously been
denatured states of proteins can apparently occur on a very broad/Sed to investigate the effect of tallessegmen.t length on loop
range of time scales and might be highly specific for every formation in unstructured peptidé®> Experiments using
protein—even extremely slow dynamics cannot be excluded, tryptophan triplet state quenching by cysteine indicated a very
such as those on the 100 s time scale inferred from single- Strong effect already from adding a single amino acid to the
molecule experiments on RNas@%+but their structural basis ~ terminus, with not much change when the tail segment was
is often unclear. On the other hand, the nanosecond dynamicdengthened furthef® This result was interpreted in terms of the
that are dominant in the unfolded state of Csp are most probablydominance of the first residue in shielding the quencher, which
a universal characteristic of unfolded proteins, as suggested byiS reasonable in view of the fact that the cysteine side chain
comparison with the time scales of chain dynamics found in Must essentially make van der Waals contact with tryptophan
unstructured model peptide§4957 and the observation of to quench its triplet stat& and especially considering the small
dynamics on a similar time scale for a series of other unfolded Siz€ Of the thiol group. In a different study, where the larger
proteing? (Nettels, Hillger, Wuttke, and Schuler, unpublished 9roups xanthone and napthylalanine were incorporated into
observations). The corresponding process of elementary Chainpepﬂde; to investigate the formation of interior loops by.trlplet
reconfiguration thus provides a reasonable value for the diffusion 9U€nching, the contact rate was found to decrease continuously

of a polypeptide chain on its conformational energy landscape, With_ t‘?‘” Iength_up_to more _than 20 residu@aivhile thi_s result
or the “speed limit” for protein folding reactions. The current exhibits a qualitatively similar trend as we observe in unfolded

“record holders” in terms of fast protein folding, which probably Csp. _a_quantitative _comparison to the intramolecular diffusion
approach the “speed limf® expected for a “downhill” process, _coefhme_nts determmed here |s_compl|caFed_ by_ the_ lack of
are in the range of several hundred nanosecdndsa few mforma’uon on the interprobe distance distribution in these
microsecond§3-56.74similar to the preexponential factor of 0.4 experiments.
us estimated from the reconfiguration time of unfolded &sp. .

. . . . Conclusions

While our previous experiments were done on terminally

labeled Csp, an important question for protein folding is how  The analysis of single-molecule photon statistics has become
the relative position of residues within the polypeptide sequence an increasingly valuable tool for our understanding of biomo-
affects the time scale of intramolecular distance fluctuations lecular dynamics on a wide range of time scales. For molecules
between them. This issue of “external” versus “internal” loop freely diffusing in solution, the accessible time scales range from
formation has been addressed in a range of theorétié&and nanoseconds to the diffusion time through the confocal volume,
experimental work36581 especially in polymer physics, and typically in the range of several hundred microseconds. Using
more recently also for unstructured polypeptides. In general, complete correlation functions from picoseconds to seconds, we
two effects would be expected to influence the position showed that the dynamics of unstructured peptides labeled with
dependence of loop formation kinetics. First, the additional a FRET pair can be analyzed down to the low nanosecond range
residues of the “tail” segment will contribute excluded volume and found no evidence for dynamics slower than in the tens of
in the vicinity of the residues probed, thus changing the nanoseconds range for unfolded Csp. Upon moving one of the
underlying equilibrium distance distribution between them and fluorophores from the terminus of Csp toward the center of the
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sequence, we observed a substantial decrease of the intramo- (32) De Schryver, F. C.; Vosch, T.; Cotlet, M.; Van, der Auweraer, M.;

lecular diffusion coefficient, presumably resulting from the

Millen, K.; Hofkens, JAcc. Chem. Re005 38, 514.
(33) Bradforth, S. E.; Jinenez, R.; Vanmourik, F.; Vangrondelle, R.;

viscous drag of the tail segment. The methodology used heregjeming, G. R.J. Phys. Chem1995 99, 16179.

should be applicable to a large number of questions, especially

(34) Kapusta, P.; Erdmann, R.; Ortmann, U.; WahlJVFluoresc2003

for processes with heterogeneous kinetics, in complex environ-13, 179.

ments, or in cases where a synchronization of the ensemble by, ,
perturbation methods is difficult. Developments such as the

gentle immobilization of proteirid8384or the use of ratios of
correlation functions to eliminate the diffusive comporie#t
will help to extend the accessible time scales even further.
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In this work, we reported, among other aspects, results on the
chain dynamics in the unfolded state of the small cold shock
protein from Thermotoga maritima (Csp), determined using
nanosecond fluorescence correlation spectroscopy (FCS) in
combination with Forster resonance energy transfer (FRET).
Recent experiments in our laboratory have now shown that
some of the correlation times given in Figure 6b are not only
due to fluctuations in the FRET rate but contain a contribution
from static quenching of the donor and/or acceptor
fluorophores by the tryptophan residues within the chain.' As
a result, for some of the variants, the conversion of the reported
decay times of the intensity correlation functions, 7¢p, to decay
times of the intramolecular distance correlation time, 7,, and to
intramolecular diffusion coefficients, D (Figure 6c), are affected
significantly by this additional quenching component. Recent
measurements on Csp without tryptophan residues show that
Tcp and 7, increase with increasing sequence separation,1 as
expected for a Rouse chain,” but additional effects from internal
friction have to be taken into account to explain the behavior
quantitatively.! None of the other results are affected. Note also
that fluorophores positioned at the chain termini of Csp
(position 2 and 67) are not influenced by tryptophan
quenching, and the values of 7, reported for this variant are
unaffected, both here and in earlier work.> In that case, and in
all other published work where we use nanosecond FCS, the
absence of quenching by tryptophan was verified in experi-
ments employing, e.g., direct excitation of the acceptor and
samples labeled only with donor dye.
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