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INTRODUCTION

O
btaining information on the structure and dynamics

of biological macromolecules is of fundamental im-

portance in understanding their biological function

and mechanism. This is especially true for protein

folding, a process that involves a large dynamic

range in both length and time scales (see Figure 1). The

kinetics of many fundamental protein building blocks such

as a-helices, b-turns, and loops, and those of numerous pro-

teins have been resolved with sub-ls and ls time resolution

with a wide range of techniques.1–3 However, the structural

information often sought in these studies is on the margin-

ally stable states in the upper reaches of the folding energy

landscape. This information is generally difficult to access by

equilibrium methods, and one approach to populating these

states or basins is by monitoring refolding kinetics initiated

from an unfolded ensemble. The transient nature of these

states precludes many high-resolution solution methods for

obtaining quantitative geometric information. Additionally,

some of the subensembles are often composed of partially or
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completely disordered regions, and the language for describ-

ing these structures is framed in terms of distributions or

structural biases rather than specific structures. Small-angle

X-ray scattering (SAXS) is a versatile tool that fulfills many

of the requirements for quantitatively probing transiently

populated protein structures. In this minireview, we focus on

the use of time-resolved SAXS to obtain geometric insights

into the folding reactions of proteins. Recent developments

are highlighted in which continuous-flow mixers have

extended the time range of SAXS to gain structural insights

into early folding events.

Why SAXS?

SAXS has seen a tremendous increase in popularity in the

last decade as judged by the number of publications (ISI Web

of Knowledge [v.4.10], http://apps.isiknowledge.com). Quan-

titative information about the size, shape, and oligomeric

state of macromolecular complexes can be obtained from

SAXS without the need for extrinsic labeling.4 Synergistic

advances in hardware and software have also played an im-

portant role in this explosive growth. The quality of data

available at third-generation synchrotrons (e.g., APS, SSRL,

Spring8, and ESRF) has allowed unprecedented signal-to-

noise ratios, which has, in turn, motivated efforts at ab initio

modeling of macromolecular structures.5,6 The high-bril-

liance X-ray sources and new detectors have also made possi-

ble the time-resolved SAXS experiments reviewed here. These

developments are ushering in an era that brings us increas-

ingly closer toward our goal of obtaining structural snapshots

of macromolecular processes such as folding, ligand binding,

and association/oligomerization reactions on timescales from

microseconds to hundreds of seconds.

Comparison to Other Structural Probes

SAXS is an attractive complement to other probes of geomet-

ric structure such as Förster resonance energy transfer

(FRET),7,8 double electron-electron resonance (DEER),9 par-

amagnetic relaxation enhancement NMR,10–12 residual dipo-

lar coupling, and pulse field gradient NMR.13 Ab initio-based

bead modeling and ensemble optimization has allowed low

resolution structures (or more precisely, ensemble of struc-

tures) to be determined at a 6–15 Å resolution, making

solution SAXS an attractive alternative to cryoelectron

microscopy.4–6 This approach has also been implemented in

time-resolved experiments14 and forms the motivation

for obtaining structural insights into microsecond kinetic

FIGURE 1 Timescales for folding events and the techniques used to study them. The bottom

half of the log-scale timeline depicts the folding processes and the range of timescales over which

they occur. The most common experimental techniques and their applicable time ranges are

shown in the top half. The time range for all-atom molecular dynamics simulations are shown

in blue, illustrating the overlap with microfluidic mixing methods (red).
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folding events using SAXS. Low-resolution structural models

are possible from SAXS, because the scattering profile con-

tains contributions, weighted by their form factors, from all

pairs of electron density centers in the macromolecule. This

averaging is distinct from that in dipole–dipole-based dis-

tance readouts (e.g., FRET, DEER, and NOE) in which dis-

tances in an ensemble are 1/r6 weighted. A potential draw-

back of SAXS is that a weighted average is typically obtained

over many distances, yielding no specific information for res-

idue pairs. However, this limitation can be circumvented

with the use of gold nanocrystals and contrast matching, an

approach that shows great promise in equilibrium and time-

resolved studies owing to the significantly greater range of

distances that can be probed.15,16 It is worth noting that the

timescale over which SAXS probes structure is on the elec-

tronic timescale (\fs), orders of magnitude faster than mo-

lecular motion (�ps).4 In comparison, dipole–dipole-based

approaches (e.g., FRET) probe over much longer timescales

(�ns).17

With the dramatic improvements in computational

power, all-atom simulations with explicit solvent have

become possible on larger systems, �60 residues, to times

well beyond a microsecond (see Figure 1).18,19 Although

there is a paucity of experimental structural metrics to com-

pare with simulations, fast timescale SAXS measurements are

an excellent tool to fill this need. Calculated observables,

such as the radius of gyration (Rg), pair distribution function

of the dominant structural ensembles, and coarse-grained

structures obtained from hidden Markov models, can be

compared to experimental results. Although the folding

landscape is complex,20 an intriguing finding from recent

simulations is that a limited number of pathways govern the

accessibility of the native state.19 This suggests that inter-

mediates resolved in experiments can be related to those

from simulations. The label-free nature of SAXS measure-

ments and the robust global probes obtained from the tech-

nique are an advantage in that simulations are generally car-

ried out in the absence of extrinsic labels. Increasing the

overlap in timescales between simulation and SAXS is likely

to be important in this regard.

DEVELOPMENT OF FAST
TIME-RESOLVED SAXS

Historical Developments of Sub-ms SAXS

Design principles for microsecond continuous-flow turbu-

lent mixing devices were outlined nearly 25 years ago by

Regenfuss et al.21 and initially applied to folding studies by

the Roder, Rousseau and Eaton groups in the mid-1990s.22–24

The first integration with SAXS detection used a slight modifi-

cation of this design to achieve a 14-ms dead time.25 A sub-

stantial improvement in time resolution and the breaking of

the millisecond-barrier was achieved by Takahashi and co-

workers by using micromachined mixers to achieve complete

mixing within 70 ls.26 This design has been subsequently

adopted in most continuous-flow SAXS work. The X-ray

beam geometry, however, limited the time resolution of the

experiment to �160 ls, and this metric that has not been

improved.

Concurrent with application of turbulent mixers to pro-

tein folding studies, laminar mixing using hydrodynamic fo-

cusing was pioneered by the Austin group.27,28 Hydrody-

namic focusing offers the promise of significant savings in

sample consumption, and its physics is much more amenable

to computational fluid dynamics simulations than turbulent

mixing. Pollack and coworkers29 pioneered the merger of

laminar mixing devices with SAXS detection. The time reso-

lution of laminar-mixing SAXS methods has historically

trailed those achieved using turbulent methods (�1 ms vs.

�200 ls), primarily because of the slower flow speeds and

beam geometry as discussed below.

Comparison of Turbulent and Laminar Flow SAXS

Turbulence-based mixers use high-Reynolds number flow

(Re[ 103) in a micromachined channel to reduce the size of

the largest eddies to �0.1 lm (see Figure 2).2,21 The last and

rate-limiting step in mixing is diffusion over this distance,

which is determined by the diffusion time, td 5 k2/D, where
k is the diffusion length and D is the translational diffusion

coefficient (typically �1025 cm2/s for small molecules and

�1027 cm2/s for biological macromolecules). Small-solvent

molecules and additives, such as chemical denaturants and

metal ions, diffuse over this length scale within 10 ls. In con-

trast, laminar mixing is achieved using hydrodynamic focus-

ing of the solution containing the macromolecule of interest

(e.g., unfolded protein) down to a sheath that is 0.1–1 lm
wide. Mixing on the microsecond timescale occurs via the

rapid diffusion of solvent across this sheath, within 10 ls.
The biological macromolecules, which are considerably

larger, diffuse over a much longer timescale. In both meth-

ods, distance along the flow channel is converted to the reac-

tion time using the known flow rate and dimensions of the

channel.

Laminar and turbulent mixing-based continuous-flow

SAXS methods each have distinct advantages. The plug flow

in turbulent mixing gives rise to a relatively uniform reaction

time in the channel orthogonal to the flow direction, making

interfacing to SAXS relatively straightforward. This is further
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facilitated by the relatively large observation region, typically

having dimensions of 200 3 400 lm (see Figure 2). With a

well-focused X-ray beam, signal-to-noise ratios comparable

to those from static equilibrium experiments can be achieved

with a total acquisition time of �10 s/point. Sample concen-

trations down to 1 mg/ml have yielded good signal-to-noise

ratios (see Figure 3).30,31 Another advantage of turbulent

mixers is that the linear flow velocity is typically �4 m/s (or

�250 ls/mm), resulting in a small dead-time (�150–200

ls). The beam exposure times are also over an order of mag-

nitude below the onset of effects from radiation damage and/

or heating artifacts (�1–3 ms of beam exposure), essentially

eliminating this artifact. The trade-off is that large amounts

of sample are required for a successful experiment. Typically,

50–100 mg has been required for the acquisition of a single

time point with �15 3 1-s exposures. Significant increases

in duty cycle are likely to reduce this amount by well over an

order of magnitude (see Future Directions, below). Because

the flow-rate requirements are dictated by mixing times and

mixing efficiency rather than by the radiation damage

threshold, sample usage is far from optimal in current imple-

mentations.

Laminar mixing approaches, by contrast, can achieve

nearly perfect sample optimization, consuming significantly

less sample. However, laminar mixing is technically challeng-

ing because of the thinness of the sample containing sheath

(�1 lm) and the much larger beam dimensions at biological

SAXS beamlines (�50–100 lm). Consideration also needs to

be given to the parabolic flow in laminar mixers.27 Addition-

ally, the flow rate in laminar mixing systems is typically over

an order of magnitude slower than in turbulent mixers

(�100 mm/s vs. �4 m/s) making the size of the X-ray beam

a more significant factor in ultimate time resolution of the

experiment compared to turbulent mixers.29,32 For example,

for a 100 mm/s flow rate and 100 lm beam, the beam focus

limits time resolution to �1 ms, which has thus far also been

the time resolution in laminar continuous-flow mixing SAXS

experiments.29 This hurdle is likely to be overcome in the

near future, however, with improved focusing of X-ray

beams using microfocus setups or newer synchrotrons such

as NSLSII (http://www.bnl.gov/nsls2/sciOps/LifeSci/struct

Dynamics.asp). The excellent time resolution of laminar

mixers achieved using optical techniques33 is a goal for SAXS

measurements.

FIGURE 2 Schematics of turbulent and laminar flow mixers. In turbulent mixing, two solu-

tions are brought together at either a T-junction (shown in A) or at 458 angles at high flow rates.

The unfolded protein typically flowing at 1–2 ml/min is mixed at the intersection of the two

input channels with dilution buffer flowing at 10–20 ml/min. Mixing typically takes place within

the first 1 mm of the �20-mm long central observation channel. Distance along the channel cor-

responds to folding time at a conversion rate of �250–300 ls/mm. In laminar mixing (B), a

four-way junction is used, and the two side channels containing buffer focus the unfolded pro-

tein in the central input channel down to a sheath of �0.1–1 lm in width. The solvent molecules

diffuse nearly two orders of magnitude faster than the protein. The flow velocity along the chan-

nel is typically �0.1 mm/ms (�10 ms/mm).
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FOLDING STUDIES

Insights into the Unfolded Ensemble Under Native

Conditions from SAXS

Significant effort has been devoted to understanding the

unfolded ensemble of proteins and the biases in the energy

landscape that direct folding to the native state. Measure-

ments of the radius of gyration, Rg, of unfolded proteins

by SAXS have demonstrated that their overall geometry fol-

lows statistical scaling relationships expected for a self-

avoiding random coil under strongly denaturing conditions

(e.g., �6M GdnHCl).34 Despite obeying random coil statis-

tics overall, spectroscopic probes sensitive to local structure

have detected persistent biases in the unfolded ensem-

ble.10,35 The dimensions of the unfolded ensemble under

native conditions, however, have been the subject of some

debate.36 At low-denaturant concentrations (e.g., �1M

GdnHCl), the native state is thermodynamically strongly

favored, and the unfolded ensemble comprises a small frac-

tion of the population at a given snapshot in time. Single-

molecule FRET experiments are able to selectively probe

this small population under equilibrium conditions. Recent

single-molecule FRET studies of several two-state folding

proteins have brought into focus the idea that the unfolded

ensemble undergoes compaction under strongly folding

conditions.37–41 Rapid dilution kinetic experiments repre-

sent an alternative method of probing the unfolded ensem-

ble under native favoring conditions. The generality of the

finding from single-molecule FRET studies has been chal-

lenged by continuous-flow SAXS results showing that bar-

rierless compaction of the unfolded chain upon transfer to

a low-denaturant solvent environment may not be obliga-

tory.42 The earliest observable species at 2.5 ms for both

ubiquitin and common-type acyl phosphatase over a wide

range of denaturant concentrations in refolding was shown

to have dimensions comparable to the high-denaturant

unfolded ensemble. Access to low denaturant concentra-

tions in denaturant dilution refolding experiments requires

excellent signal-to-noise ratios because of the generally

high-final protein concentrations, 1 mg/mL or higher,

required in the 10-fold dilution. A recent study on barnase

also showed that the denatured ensemble is expanded

under native conditions (0.7M GdnHCl).43 A much earlier

stopped-flow study on protein L came to a similar conclu-

sion, although insufficiently low denaturant concentrations

may have prevented compaction.44

Because parallel SAXS and single-molecule FRET studies

have yet to be carried out on a protein with the same extent

of extrinsic labeling, it is not clear whether the conflicting

results obtained with these techniques is attributable to dif-

ferences in distance weighting between SAXS and FRET. The

Rg metric, for example, because of the r2-averaging, tends to

weight longer distances more heavily45 and does not preclude

local structure formation.46,47 A study currently underway

on monomeric superoxide dismutase48 (Kayatekin and Bilsel,

unpublished results), using both lifetime-resolved FRET and

SAXS, supports the hypothesis that chain contraction is not

obligatory. Furthermore, with one possible exception,30 the

unfolded baseline in unfolding denaturation titrations is

insensitive to denaturant when Rg is monitored (see Figure

4), consistent with an expanded unfolded ensemble at low

FIGURE 3 Representative continuous-flow SAXS data. Refolding

of dihydrofolate reductase following a 4.5M–0.45M urea jump is

shown at a final protein concentration of �1 mg/ml. Each scattering

curve corresponds to �15 3 1 s images acquired at a final flow rate

of 20 ml/min in a 200 3 350-lm2 flow channel. Although the sam-

ple consumption corresponding to this acquisition time is relatively

modest (20 ml/min 3 1 mg/ml 3 15 3 1 s 5 5 mg), the duty cycle

of the experiment is \10%, requiring [50 mg for each point.

Future optimizations are expected to bring the duty cycle to[95%.

The figure is reproduced from Ref. 30, with permission.
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denaturant concentrations.42–44 With the availability of

higher sample throughput via autosamplers at most beam-

lines today, higher resolution titrations can test these hypoth-

eses with greater accuracy on various point mutants with

large differences in stabilities. Recent optical studies have

highlighted the role of electrostatics in modulating the com-

pactness of the denatured ensemble in intrinsically disor-

dered proteins.38,50 As noted earlier, caution should also be

exercised in using a single parameter such as Rg, because it

can mask local structural changes that are readily apparent in

the full scattering curve, particularly at higher scattering

angles as shown in Figure 4.

Insights into Early Collapsed Intermediates

A series of continuous-flow SAXS experiments with submilli-

second time resolution were carried out by the Takahashi

group on four proteins of different structural class and chain

lengths.26,43,51–53 These studies have demonstrated an initial

collapse reaction in the burst-phase of continuous-flow

mixers with development of varying degrees of secondary

structure and tertiary interactions. Refolding was initiated

from either the acid denatured state (cytochrome c26, apo-

myoglobin,52 and heme oxygenase53) or the alkaline dena-

tured state (single-chain monellin54) by a rapid pH jump to

refolding conditions. Initiation of refolding by pH jump is

advantageous, because a lower dilution ratio can be used

compared to the typically 10-fold dilution needed for urea or

GdnHCl jumps. The drawback, however, is that the statistical

random-coil unfolded ensemble is not always achieved with

pH-induced unfolding.26 In all four proteins, large deviations

in Rg from the respective unfolded values are observed within

the dead time of the experiments (160–600 ls). Consistent
with the observed compaction, the size of the burst-phase

species scales with chain length as predicted for a poor sol-

vent by Flory (exponent of one-third).53 A scaling exponent

of one-third is expected for a sphere and is also observed for

the native states of proteins,34,45 suggesting that the burst

phase intermediates are, on average, compact solvent-exclud-

ing ensembles. A scaling exponent of 0.588 is expected and

observed for statistical random coil unfolded proteins.34 The

SAXS studies were complemented with submillisecond reso-

lution optical methods such as circular dichroism and infra-

red spectroscopy to monitor development of secondary

structure. Interestingly, the secondary structure content did

not correlate with the amount of compaction or with the

structural class of proteins. The results, extending the compi-

lation in Ref. 30, are summarized in Table I and Figure 5.

Refolding studies with �250-ls time resolution initiated

from the chemically denatured state were carried out on E.

coli dihydrofolate reductase (DHFR) and the a-subunit of

tryptophan synthase (aTS).30,31 For both proteins, significant

collapse is observed within the continuous-flow SAXS dead

time. Complementary lifetime-resolved FRET studies suggest

that collapse occurs within the �30-ls dead time of the fluo-

rescence-based instrument. In both proteins, some secondary

structure development is seen in the collapsed intermediates,

as suggested by continuous-flow CD, time-resolved anisot-

ropy and millisecond-timescale pulse labeling hydrogen

exchange and mutagenesis analyses.55–58 In both proteins,

FIGURE 4 Equilibrium unfolding titration of horse heart cyto-

chrome c. The equilibrium unfolding titration of cytochrome c

illustrates the quality and density of data currently available with

autosamplers at the BioCAT beamline. The data in panel (A) illus-

trates the insensitivity of the radius of gyration to denaturant con-

centration in the unfolded baseline. However, the Kratky curves in

panel (B) hint at local structural changes over the same denaturant

concentration range (green to red curves). These data, acquired in

the presence of 0.2M imidazole and at a protein concentration of 4

mg/ml, support the conclusions of Segel et al.49 The Rg in panel (A)

was calculated using the Guinier approximation, which uses the low

angle region of the scattering curve satisfying the relation Rg*q �
1.3. The Rg can alternatively be calculated from the pair distribution

function obtained by transformation of the full scattering curve.

However, because the Rg is a root-mean-square average over all pair-

wise distances, the Rg will be more heavily weighted by the longer

pairwise distances.
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the compact ensemble is heterogeneous with one tightly

packed region and another that is more loosely structured,

possibly extended. These regions correspond to the adeno-

sine binding domain (38–106) and disordered loop domain

(residues 1–37 and 107–159), respectively, in DHFR and an

N-terminal region (b1a1b2a2b3a3b4) and a C-terminal region

(b6a6b7a7b8a8), respectively, in aTS.31,59 The more locally

connected hydrophobic cluster of branched aliphatic side-

chains, in both cases, forms first, suggesting a prominent role

for hydrophobic ‘‘interactions’’ in early folding events. An in-

triguing observation in DHFR is that the size (i.e., Rg) of the

�300 ls burst phase species does not appreciably change

with final denaturant concentration between 0.45 and 2M

urea as the secondary structure melts away. Resolving the

kinetics of these processes, especially by SAXS, will provide

insights into the role of the hydrophobic effect and secondary

structure in guiding collapse and folding.

FUTURE DIRECTIONS

Enhancements to Current Approaches

The presence of a burst phase collapse for a number of pro-

teins (e.g., cytochrome c, DHFR, apomyoglobin, and aTS; Ta-
ble I and Figure 5) has provided a scientific motivation to

access faster timescales (�30 ls) using SAXS detection. An

important experimental parameter affecting time resolution in

both turbulent and laminar mixing methods is the beam focus

size. In previous experiments at BioCAT, a beam size of �50-

lm full-width at half maximum perpendicular to the flow

channel and 150 lm along the flow channel was used.30,31

These dimensions placed constraints on the width of the flow

channel, resulting in larger dimensions (200-lm channel

width) and greater dead times (150–300 ls) compared to fluo-

rescence studies using narrower channels (\50-lm beam size,

75-lm channel width, and �30-ls dead time). However,

recent continuous-flow measurements using a microfocus

setup at BioCAT demonstrate that beam dimensions of �10

lm can significantly reduce the dead time of turbulent mixing

experiments to an extent where time resolution is limited by

mixing time rather than beam dimensions.

A limiting factor in turbulent-mixing approaches has also

been the low duty cycle of the experiments imposed by detec-

tor constraints. The latest generation of photon counting

X-ray detectors, however, overcome these limitations and

will allow for high-duty cycle scanning measurements to be

recorded using SAXS, analogous to continuous-flow fluores-

cence methods with uninterrupted time-correlated-single-

photon counting.31,60 The increased data density will provide

more robust kinetic analysis, determination of species spectra

using singular value decomposition data reduction meth-

ods,61 and subsequent low resolution ab initio bead modeling

Table I Comparisons of Rg from Continuous-Flow SAXSa

Proteinb

SAXS Rg
c

Dead

Time

Unfolded

(Å)

Continuous-flow

burst phase (Å) Native (Å)

Ub42 26 25.936 0.03 13.9 2.5 ms

ctAcP42 31 28.416 0.23 14.6 2.5 ms

DHFR30 30.7 23.26 0.3 16.6 6 0.1 300 ls
aTS31 43 34 18.1 150 ls
cyt c25 24 20.56 1 13.9 160 ls
apoMb53 29.7 6 1.7 23.76 0.9 18.2 6 0.2 300 ls
SMN55 25.5 6 0.5 18.26 0.4 15.8 6 0.2 300 ls
HO54 37.8 6 1.2 26.16 1.1 236 1.2 600 ls

a Radii of gyration of the burst-phases of different proteins observed by

continuous-flow refolding kinetics. The sizes of the native and unfolded

states are also given for reference. The dead-time varies between 150 ls and
2.5 ms and is given for each protein.

b Ub, ubiquitin; ctAcP, common type acyl-phosphatase; DHFR, E. coli

dihydrofolate reductase; aTS, a subunit of tryptophan synthase; cyt c, horse

heart cytochrome c; apoMb, apomyoglobin; SMN, single-chain monellin;

HO, heme-oxygenase.
c When not explicitly given, estimates of the errors for unfolded and con-

tinuous-flow burst phase Rg are �61 Å and those of the native state are

�60.2 Å.

FIGURE 5 Secondary structure and Rg reaction coordinate. The

reaction coordinate obtained by comparing the relative change in el-

lipticity from CD measurements to the Rg from SAXS is shown for

globular proteins that have been studied by continuous-flow SAXS;

ubiquitin (red), common type acyl-phosphatase (green), E. coli dihy-

drofolate reductase (blue), a subunit of tryptophan synthase (ma-

genta), cytochrome c (cyan), apo-myoglobin (dark red), single-chain

monellin (dark green), and heme-oxygenase (dark pink). The values,

shown in Table I, are normalized between unfolded (0%) and native

(100%) states. The values for subsequent intermediates are also

shown where available. The profile for ubiquitin has been attributed

to the high-polyproline-II content of the native state.42 The Rg value

for the second intermediate of single-chain monellin is considered

within error of the value for the native state (15.4 vs. 15.8 Å), and

results in the percentage change slightly exceeding 100%.
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to obtain a coarse-grained structure.14 Significant reductions

in sample consumption and simultaneous SAXS/WAXS

detection, yielding increases in resolution for structural mod-

els, are also expected to accompany these improvements.

Promising advances in microfabrication and microdroplets

also present opportunities for reducing sample volume and

mixing times. A proof-of-principle study illustrating the use of

�80-lm diameter microdroplets (268 pl) with stroboscopic

SAXS detection using 3 3 3 lm2 X-ray beam has been applied

to cytochrome c.62 Mixing times are still in the millisecond

range, but microsecond mixing times are anticipated as the

technology matures. Novel microfabrication methods also pro-

vide strategies for significantly improving mixing efficiencies

for both turbulent and laminar flow-mixing approaches.63,64

Temperature-Jump Pump Probe Methods

Access to the shortest timescales will necessitate approaches

to initiation of the folding reaction other than by turbulent

or laminar mixing. Temperature-jump-initiated pump-probe

experiments have provided access to these faster timescales

using fluorescence and infrared spectroscopy, and their inte-

gration with SAXS has recently been published.65 An excel-

lent overlap in timescale between temperature-jump methods

and all-atom simulations would provide valuable validation

for all-atom simulations.

Site-Specific Information from Time-Resolved SAXS

A limitation of SAXS studies has been the lack of residue spec-

ificity in the structural information. For this reason, lifetime-

resolved FRET has been used in conjunction with SAXS to

obtain this information.31 However, comparisons between

SAXS and FRET have not been straightforward because of the

different weighting in the two techniques. For example, a

recent study on a TIM barrel using tryptophan-AEDANS as a

FRET pair noted that FRET was sensitive only to relatively

compact conformations with end-to-end distances \40 Å.31

However, these limitations can potentially be overcome with

the recent development of nanocrystalline gold particles for

site-specific labeling at exposed cysteine residues.15,16 This will

allow pairwise and triangulated distance measurements, with a

single type of extrinsic label that is comparable in size to an

organic fluorophore. Pairwise distance measurements using

SAXS are sensitive to a significantly broader range of distances

(limited by the q-range of the detection setup) without dy-

namical averaging, and the application of this technique to

time-resolved SAXS is a very promising quantitative tool.

Outlook

The combination of continuous-flow time-resolved SAXS

with other spectroscopic techniques to probe early folding

events has revealed that a strong bias is present in the

unfolded ensemble for many proteins. This bias rapidly

directs the formation of specific, in some cases, native-like,

contacts in heterogeneous compact conformations that

appear within 30 ls into the folding reaction. One of the

unresolved aspects of the folding problem is why this bias is

more pronounced in some proteins than in others. The lack

of collapse, for example, in ubiquitin and superoxide dismu-

tase, which maintain unfolded-like dimensions for millisec-

onds and longer into the folding reaction, is not clear. The

entropic and enthalpic solvation penalty for formation of

sufficiently large hydrophobic clusters offers a partial expla-

nation for these findings, as reflected in the strong correla-

tions with long range contact order within each class of

structure.66 Quantitative structural data are likely to play a

key role in our understanding of the guiding principle of

these early events, and ultrafast time-resolved SAXS is

expected to figure prominently in these efforts.
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