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The results of more than a dozen single-molecule Förster resonance energy
transfer (smFRET) experiments suggest that chemically unfolded poly-
peptides invariably collapse from an expanded random coil to more
compact dimensions as the denaturant concentration is reduced. In sharp
contrast, small-angle X-ray scattering (SAXS) studies suggest that, at least
for single-domain proteins at non-zero denaturant concentrations, such
compaction may be rare. Here, we explore this discrepancy by studying
protein L, a protein previously studied by SAXS (at 5 °C), which suggested
fixed unfolded-state dimensions from 1.4 to 5 M guanidine hydrochloride
(GuHCl), and by smFRET (at 25 °C), which suggested that, in contrast, the
chain contracts by 15–30% over this same denaturant range. Repeating the
earlier SAXS study under the same conditions employed in the smFRET
studies, we observe little, if any, evidence that the unfolded state of protein
L contracts as the concentration of GuHCl is reduced. For example,
scattering profiles (and thus the shape and dimensions) collected within
∼4 ms after dilution to as low as 0.67 M GuHCl are effectively
indistinguishable from those observed at equilibrium at higher denaturant.
Our results thus argue that the disagreement between SAXS and smFRET is
statistically significant and that the experimental evidence in favor of
obligate polypeptide collapse at low denaturant cannot be considered
conclusive yet.
© 2012 Elsevier Ltd. All rights reserved.
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Fig. 1. The dimensions of unfolded protein L have
been studied using both smFRET and SAXS. The results
of these studies, however, are highly discordant.
Specifically, time-resolved (open squares) and equilibri-
um (filled squares) SAXS studies by Baker et al.,
conducted at 2.5 °C and 5 °C, respectively, suggest
that the radius of gyration of the unfolded ensemble
transiently populated prior to refolding in 1.4 M GuHCl is
experimentally indistinguishable from the dimensions
observed at equilibrium at higher denaturant.22 In
contrast, smFRET studies by Sherman and Haran8 and
Eaton et al.9 suggest that, at least at 20 °C, unfolded
protein L contracts significantly upon being transferred
from high denaturant to lower denaturant. Here, we
explore this discrepancy in greater depth by performing
more detailed SAXS studies under solution conditions
mimicking those employed in the smFRET studies at both
5 °C and 20 °C. Of note, while the two smFRET data sets
differ quantitatively, perhaps due to differences in the
parameters used in the data analysis or due to a one-
residue difference between the two constructs employed
(see analysis in Ref. 28), both argue in favor of significant
collapse at low denaturant concentrations.
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Introduction

Imagine you have in your test tube a simple,
single-domain protein lacking disulfide bonds or
other cross-links. If you were to unfold this protein
at high levels of chemical denaturant (e.g., above
6 M guanidine hydrochloride, GuHCl), it would
likely expand to the dimensions expected for an
unstructured, random-coil homopolymer (e.g., Refs.
1 and 2). If you were to then gradually reduce the
concentration of denaturant, more and more of the
molecules in your test tube would fold. But what
happens to the (increasingly poorly populated) set
of molecules that remain unfolded? Do they also
contract as the denaturant concentration is reduced,
or do they remain expanded across a broad range
of denaturant concentrations? Resolution of this
simple—if fundamental—question in protein physics,
a question that speaks directly to both the
thermodynamics and kinetics of protein folding,
remains mired in controversy. Specifically, the two
experimental approaches that perhaps most directly
and quantitatively speak to this question, single-
molecule Förster resonance energy transfer (smFRET)
and small-angle X-ray scattering (SAXS), produce
highly discordant answers to this seemingly simple
question.
The controversywe are addressing revolves around

the behavior of the unfolded states of single-domain
proteins in response to changing levels of chemical
denaturant.3 To date, at least a dozen reported
studies have employed smFRET to monitor such
unfolded states, the results of which are universally
interpreted in terms of a significant, monotonic
contraction of the unfolded state as the concentration
of chemical denaturant is reduced (e.g., Refs. 4–15).
Corroboration of these studies is provided by
ensemble FRET studies, including, for example,
equilibrium FRET studies of simple (Gly–Ser)N
polymers16 and time-resolved FRET studies of
unfolded protein L prior to refolding,17 both of
which also suggest that their respective unfolded
states contract significantly as the denaturant con-
centration is reduced. In clear contradiction to this
picture, however, equilibrium SAXS experiments
find that the dimensions of the unfolded baseline
observed in equilibrium chemical melts are almost
always independent of denaturant concentration
(e.g., Refs. 18–27; for a rare potential counterexam-
ple, see Ref. 18). A series of time-resolved stopped-
flow SAXS experiments likewise suggest that, for
many single-domain proteins, the dimensions of the
transient state formed upon rapid dilution to low
denaturant are also indistinguishable from those
seen at higher denaturant.22,24,27 A significant
disagreement thus exists between SAXS, which, for
many proteins, fails to “see” significant contraction
of the unfolded state as the level of denaturant is
reduced, and smFRET studies, which universally
suggest a significant, steady contraction with de-
creasing denaturant.
The difference in the unfolded state behaviors

observed by smFRET and by SAXS is both real and
scientifically significant. That is, although much of
the discrepancy could simply reflect variations in the
behavior of different proteins, protein L, the single
protein that has been investigated by both SAXS and
smFRET, produces highly discordant results via the
two approaches (Fig. 1). In the first study of this
protein, Baker et al. employed SAXS to argue that the
unfolded-state dimensions of protein L are invariant
over a wide range of GuHCl concentrations.22

Specifically, they reported that, at 27.1±1.6 Å, the
radius of gyration (Rg) of the unfolded ensemble of
protein L transiently populated prior to refolding in
1.4 M GuHCl is experimentally indistinguishable
from the 26.0±0.3 Å Rg observed at equilibrium in
5 M GuHCl. More recently, however, Sherman and
Haran used smFRET to argue that the Rg of unfolded
protein L contracts from ∼24.5 Å to 18 Å as the
denaturant concentration is reduced over this same
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range.8 Following this, a similar article by Eaton et al.
reported contraction from 27 Å at 5MGuHCl to 24 Å
at 2 M.9 Finally, using a time-resolved ensemble
FRET approach, Lapidus et al. have observed a large
increase in FRET transfer efficiency across unfolded
protein L within microseconds of dilution from high
denaturant,17 further suggesting that the unfolded-
state ensemble of this protein collapses at low
denaturant.
We are thus faced with a significant disagreement.

Whereas SAXS suggests that the Rg of unfolded
protein L does not change measurably between high
and low denaturant, FRET suggests that it un-
dergoes a continuous, readily measurable 15–30%
contraction over this span of GuHCl concentrations.
This said, even this level of divergence could be due
to trivial experimental issues. For example, in order
to slow the folding rate of protein L (providing more
time for integration in the kinetic experiment), the
prior SAXS studies were performed at 2–5 °C, which
is well below temperatures at which the equivalent
smFRET experiments were conducted. In response,
we report here the results of expanded and more
detailed SAXS studies of the dimensions of unfolded
protein L at 22 °C, allowing us to more firmly
establish and better constrain this scientifically
important discrepancy.
Results

Two independently measured equilibrium SAXS
data sets and one time-resolved kinetic data set were
acquired to determine the apparent dimensions of
the protein L ensemble as a function of denaturant
concentration at pH 7.5, 22 °C. The kinetic data set
and one of the two equilibrium data sets were
collected at the Advanced Photon Source (APS) and
used a minimal, 64-residue construct with a desta-
bilizing N9H substitution chosen in part to facilitate
access to lower denaturant conditions (e.g., so that
the unfolded state baseline extends to lower GuHCl
concentrations). The second equilibrium data set,
collected at the Cornell High Energy Synchrotron
Source (CHESS), employed a 72-residue construct
(retaining a six-histidine affinity tag). The latter was
nearly identical with the sequences employed in the
smFRET studies of Sherman and Haran8 and Eaton
et al.,9 which differed only in that the latter each
contained two cysteine residues (for labeling). The
sequences of the two constructs employed here and
the three constructs employed previously are pre-
sented in Table S1.
Perhaps the most straightforward, assumption-

free method of monitoring a change in the shape or
dimensions of an unfolded polypeptide is to directly
compare X-ray scattering profiles over a range of
denaturant concentrations. In doing so, we find little
evidence in the equilibrium data sets at denaturant
levels well above the protein's folding transition
point that the mean dimensions or shape of
unfolded protein L change as a function of GuHCl
concentration. Specifically, when normalized for
differences in overall scattering intensity (due, for
example, to changes in beam intensity, sample
contrast, denaturant absorbance, or protein concen-
tration), we find that scattering profiles collected
between 3.5 and 7.4 M GuHCl are effectively
indistinguishable from one another (Fig. 2, top,
and Fig. S1). Only at much lower denaturant
concentrations—when a significant population of
the folded protein is present31—do the scattering
profiles diverge. Raw scattering profiles thus
strongly suggest that, at least at denaturant concen-
trations well above the unfolding transition, the
dimensions of chemically denatured protein L are
insensitive to changing denaturant levels.
The above analysis provides a relatively assump-

tion-free method of monitoring changes in molecu-
lar dimensions, but does not provide much in the
way of quantitative insights with regard to how
much contraction might be “hidden” in our data
sets. The Guinier approximation (Fig. 2, middle), in
contrast, provides a means of determining Rg from
scattering profiles and thus allows us to probe this
question in more quantitative detail (with the caveat
that artifacts at low scattering angles, such as
interparticle interference, aggregation, or poor back-
ground subtraction, can lead to systematic errors in
the estimated radius of gyration). To do so, we first
investigate the more comprehensive of our two
equilibrium data sets, which was taken at the APS
(the CHESS data set was too sparse to fit). This data
set covers denaturant concentrations ranging from 1
to 7.4 M GuHCl using a 24-mg/ml, 7.4-M GuHCl
stock solution serially diluted with protein- and
denaturant-free buffer to final denaturant and protein
concentrations of 1 M GuHCl and 3 mg/ml,
respectively. Over this range of conditions, we find
that the ensemble Rg increases monotonically from
14 to 26 Å (as determined via Guinier analysis of the
width of the Gaussian scattering profile at lower
scattering angles; e.g., RgQb1.1–1.3—see Fig. 2,
middle) as the population of unfolded protein in
the ensemble increases with increasing denaturant
concentrations (Fig. 3). The native and unfolded
baselines of this equilibrium melt exhibit minimal, if
any, dependence on denaturant concentration. In-
deed, fits to the standard two-state model,23,32 which
assumes that the slopes of the native and unfolded
baselines are zero, are excellent (R2=0.972). Relaxa-
tion of this assumption for the unfolded baseline
yields a best-fit slope, 0.33±0.35 Å M−1, within error
of zero. This said, one subset of the APS equilibrium
data set exhibits some baseline slope. That is,
although the APS data set does not exhibit any
evidence of baseline slope when taken in its entirety,
the APS equilibrium SAXS data were collected on
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two different days using two different batches of,
ostensibly, identical protein. Analysis of the unfold-
ed baselines of these subsets of our data shows that
one of them, collected in July 2010, exhibits a
statistically significant slope (as determined by an
ANOVA test), while the other data set does not
show a statistically significant slope (Fig. S3). A
comparison of the two data sets suggests, however,
that the observed slopes are due to systematic
experiment-to-experiment variation rather than due
to the physics of unfolded protein L (e.g., the best-fit
slopes for the two data sets are of opposite sign and
Fig. 3. A fit of the equilibrium SAXS data (APS data at
22 °C; see Fig. S4 for the equivalent CHESS data set) to
two-state equilibrium unfolding models does not produce
any statistically significant evidence of a sloping unfolded
baseline. Specifically, a model lacking baseline slope
(continuous line) fits the data well (R2=0.972), and the
addition of a sloped unfolded baseline (broken line)
produces only trivial improvement in the residuals
(R2=0.978) and estimates a best-fit slope, 0.33±0.35 Å M−1,
within error of zero. In contrast, the equivalent slopes
derived using smFRET (Fig. 1) are, at 0.98±0.14 and
1.64±016 Å M−1 for the data sets of Eaton and Haran,
respectively, highly statistically significant. The confidence
intervals on these slopes reflect 95% confidence ranges; the
error bars on the data represent standard errors estimated
from the fits to Guinier plots.
are their difference is statistically significant). Con-
sistent with this, the independently collected CHESS
equilibrium data set, while too sparse to constrain a
full two-state model, nevertheless fails to produce
any significant evidence of baseline slope (Fig. S4).
Fig. 2. (Top) The raw scattering profiles [I(0)—normal-
ized scattering intensity versus q] of protein L collected at
equilibrium at high denaturant are effectively indistinguish-
able over the range 3.5 to 7 M GuHCl, suggesting that the
dimensions and shape of the unfolded protein do not
change significantly over this range. At 1 M GuHCl, in
contrast, the protein folds into its compact native state,
dramatically altering its scattering. The profiles presented
here are fromourAPSdata set (see Fig. S1 for the equivalent,
independently collected CHESS results). CHESS data
acquired at both 5 °C and 20 °C are also indistinguishable
from one another (see Fig. S2), ruling out temperature-
dependent effects. (Middle) Guinier representations of the
scattering data likewise suggest that equilibrium unfolded
protein L undergoes little, if any, change in dimensions
down to at least 3.5 M GuHCl. (Bottom) Finally, analysis of
the fractal dimensions29,30 of unfolded protein L likewise
suggests that its unfolded state remains expanded from 7 to
3.5 M GuHCl, as the slopes of log(I) versus log (q) plots
(corresponding to the fractal dimension, Dm) collected
under these conditions all fall between 1.52±0.01 and
1.62±0.01. The observed slopes approximate the value of
1.7 expected for an excluded volume random coil and fall
far below the value of 3 expected for a compact globule.

image of Fig. 3
image of Fig. 2
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Taken together, these data suggest that the di-
mensions of unfolded protein L remain fixed above
the protein's denaturation transition.
The extent to which the scattering from an

unfolded polymer reflects an expanded, random-
coil state or a more compact conformation can also
be ascertained from the relationship between scat-
tering intensity, I, and scattering angle, q, at larger
scattering angles (qN1/Rg), where

I qð Þ / q−Dm ð1Þ

In this relationship, which holds for many particle
types, Dm is a constant that reflects the “fractal
dimension” of the scattering particle (see Refs. 29
and 30 and references therein). For polymers, Dm
ranges from unity for a fully extended, one-
dimensional chain to 3 for a compact globule. The
Dm of expanded, unfolded states falls between these
two extrema, with an idealized random coil pro-
ducing a Dm of 2 and an expanded, self-avoiding
random-walk polymer producing a Dm of 1.7.
Analyzing our protein L data using this approach,
we find that, between 3.5 and 7 M GuHCl, Dm
varies from 1.52±0.01 to 1.62±0.01 (Fig. 2, bottom),
suggesting that, by these arguments, the chain is
slightly more expanded than would be expected for
a self-avoiding random walk polymer.
The equilibrium, ensemble unfolded state of

protein L cannot be accessed without interference
from a significant population of folded molecules
below ∼3.5 M GuHCl. This limitation restricts the
precision with which equilibrium SAXS measure-
ments can be used to determine the extent of
unfolded state contraction. To broaden this range
and better examine the extent to which unfolded
protein L contracts as the denaturant concentration
is reduced, we have employed nonequilibrium,
time-resolved measurements to measure the di-
mensions of the unfolded state transiently populated
at low denaturant prior to refolding. To perform
such experiments, we have employed a conventional
rapid-mixing apparatus that, using a variety of flow
speeds and delay lines, provided access to sampling
times as short as 4 ms. In our protocol, the unfolded
protein in high denaturant concentration was
rapidly diluted, and scattering was measured during
and after the continuous-flow period. As the earliest
time points collected are rapid relative to the
protein's folding kinetics (tfoldN90 ms under the
conditions employed31), these measurements pro-
vide access to the unfolded state effectively without
“contamination” due to scattering from native
protein. This said, the transiently populated ensem-
ble observed under these nonequilibrium conditions
could differ from the unfolded state populated at
equilibrium under the same conditions. Ensemble
FRET measurements performed on protein L show,
however, that a high transfer-efficiency state forms
within a few microseconds.17 This result indicates
that unfolded protein L equilibrates to new solvent
condition well within the 4-ms dead time of our
experiments. These kinetic measurements thus pro-
vide an alternative strategy to smFRET for measur-
ing properties of the unfolded state under conditions
favoring the native state.
The unfolded state populated transiently prior to

refolding at low denaturant concentrations appears
indistinguishable by SAXS from the state observed
at equilibrium under more highly denaturing
conditions. Specifically, normalized scattering pro-
files collected within ∼4 ms of rapid dilution to
0.67 and 1.3 M GuHCl, conditions well below the
protein's denaturation midpoint, are effectively
identical with those of the equilibrium unfolded
state at 4 M GuHCl (Fig. 4, top). Consistent with
this, the radii of gyration determined via Guinier
analysis of these scattering profiles, 24.9±1.12 Å
and 23.5±2.1 Å at 0.67 and 1.3 M GuHCl,
respectively (Fig. 4, middle), are effectively indis-
tinguishable from the 23.7±0.4 observed at equi-
librium under the 4-M GuHCl initial conditions.
These values then decay to that of the native protein
with folding time constants within error (albeit
poorly constrained by the data) of those determined
using fluorescence (Fig. S5). Analysis of the fractal
dimensions of protein L under these conditions
(Fig. 4, bottom) likewise suggests that its unfolded
state remains expanded at low denaturant, with the
Dm of the unfolded states observed at equilibrium
at 4 M GuHCl and transiently at 1.3 and 0.67 M
GuHCl all falling between 1.63±0.07 and 1.55±0.03,
which is far below the Dm=3 expected for a
compact globule. Thus, at least as probed by
SAXS, the dimensions and fractal dimensionality
of unfolded protein L are independent of denatur-
ant concentration to as low as 0.67 M GuHCl, an
observation that contrasts sharply with the signif-
icant apparent contraction observed via smFRET.
Discussion

The SAXS profiles of unfolded protein L do not
change appreciably as the concentration of GuHCl is
reduced from 7.4 to 0.67 M, the lowest denaturant
concentration we have investigated. This implies, in
turn, that the shape and dimensions of the unfolded
protein remain effectively fixed over this broad
range of solvent conditions, and although this
conclusion is consistent with that of prior SAXS
studies of protein L,22 the apparent lack of unfolded
state collapse is, as noted above, significantly at
odds with the interpretation of prior smFRET
studies of this same protein.8,9

The results presented here speak to a signifi-
cant discrepancy in the literature. That is, while a
number of studies employing both FRET (e.g.,



Fig. 4. The dimensions of the unfolded state of protein L
transiently populated (prior to refolding) at low denaturant
are, as determined by SAXS, effectively indistinguishable
from those observed at equilibrium at higher denaturant.
Shown are (top) raw scattering profiles [I(0)—normalized
scattering intensity versus q] and (middle) Guinier plots for
protein L at equilibrium at 4 M GuHCl and 4 ms after
jumps from high denaturant to 0.67 or 1.3 M GuHCl. These
data were acquired at the APS at 22 °C. (Bottom) Finally,
analysis of the fractal dimensions of unfolded protein L
likewise suggests that its unfolded state remains expanded
at low denaturant as the slopes of log(I) versus log (q) plots
(corresponding to the fractal dimension, Dm

29,30) collected
at 4 M GuHCl at equilibrium and transiently at 1.3 and
0.67 M GuHCl all fall between 1.63±0.07 and 1.55±0.03.
The observed slopes approximate the value of 1.7 expected
for an excluded volume random coil and fall far below the
value of 3 expected for a compact globule.
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Refs. 1,2,4–7,10–13,16,17, and 33) and fluorescence
correlation spectroscopy34,35 suggest that chain
collapse at low denaturant is a near-universal
property of unfolded polypeptides, a large body of
earlier SAXS literature suggests such collapse is
uncommon among proteins of under ∼150 residues.
For example, kinetic measurements performed on
ubiquitin,24 acylphosphatase,24 superoxide dismu-
tase (C. Kayatekin and O. Bilsel, personal commu-
nication), and barnase27 suggest that, as is true for
protein L, these proteins do not measurably contract
during the burst phase of rapid-mixing experiments
to low denaturant conditions. A similar lack of
compaction is found in equilibrium SAXS studies of
reduced, non-folding analogs of RNase A26,30 and
hen egg white lysozyme21 at low pH; the dimen-
sions of these analogs, which were produced by
reduction of the two protein's disulfide bonds,
remain at their high denaturant values to 0 and
0.3 M GuHCl, respectively, the lowest denaturant
concentrations investigated. (At neutral pH, however,
changes in the scattering curve of RNase A are
observed, which may be consistent with a shift to
more compact conformations at lower denaturant.30)
Indeed, we are only aware of a handful of reported
counterexamples among proteins of less than ∼150
residues. One is a protein G variant that is reported to
undergo unfolded state contraction under equilibri-
um conditions.18 The wild-type protein, however,
which differs from this construct by only a single
residue, does not exhibit any significant evidence of
collapse. Additional examples are disulfide-intact
RNase and lysozyme, which are seen to collapse in
time-resolved SAXS experiments.19,36 These proteins,
however, fold with complex, multi-state kinetics and
thus may be distinct from the simple, two-state
protein investigated here. Indeed, the time resolution
of the relevant SAXS studies is poor relative to the
faster refolding processes of each protein, suggesting
that, for these proteins, the distinction between
unfolded state contraction and the formation of an
authentic, partially folded intermediate may be
semantic.
In contrast to the situation at low denaturant,

SAXS-based reports of collapse at zero denaturant
are somewhat more common. These include studies
of single-chain monellin (a 96-residue protein
created by the fusion of two normally unlinked
chains20), the 104-residue, heme-containing cyto-
chrome c,37,38 and the 153-residue apomyoglobin,25

all of which contract in the dead time of rapid pH
jumps under zero denaturant conditions. Likewise,
the drkN SH3 domain, for which the dimensions of
the unfolded state at zero denaturant were esti-
mated using equilibrium SAXS measurements
performed on a mixed population,39 and the
equilibrium-unfolded, truncated Δ131Δ variant of
staphylococcal nuclease40 are found to contract at
zero denaturant, although both proteins expand to

image of Fig. 4
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random-coil dimensions at the lowest non-zero
denaturant conditions that have been reported in
the literature (2MGuHCl and 8M urea, respectively).
Of note, however, the compaction of Δ131Δ is
abolished by a single point mutant, producing
dimensions that, in the absence of denaturant, are
within error of those reported in 8 M urea.40

Moreover, since this single point mutation shifts
Δ131Δ from a compact denatured (or intermediate)
state to an expanded, random-coil state (with no
change in solvent conditions), it serves as an
excellent control: for the low-denaturant unfolded
states of this protein at least, SAXS easily distin-
guishes collapse from non-collapse, an observation
that serves as an important control experiment for
the studies described here. Finally, although no
collapse is observed for ubiquitin at non-zero
denaturant concentrations at room temperature,24 a
significant, rapid collapse phase is seen when the
protein refolds at −20 °C in the presence of 45%
ethylene glycol.41

We recognize that the suggestion that the unfolded
state of protein L and, by extension, those of many
other single-domain proteins, remains expanded to
even quite low denaturant concentrations is contro-
versial. In particular, a large number of theoretical
and simulations-based studies suggest that chemical-
lyunfoldedproteins undergo (nonspecific) collapse as
the denaturant concentration is reduced (e.g., Refs. 9
and 42–44). More generally, the gradual equilibrium
collapse suggested by, to the best of our knowledge,
all prior smFRET studies is consistentwith the physics
of homopolymers,which are likely to collapse to form
a nonspecific globule if the solvent quality falls
sufficiently low (see detailed discussion in Ref. 28).
We note, however, that the lack of a well-populated
collapsed state suggested by SAXS is not inconsistent
with physical principles. In particular, the lack of
collapse may reflect important differences between
the physics of proteins, which are, of course,
sequence-specific heteropolymers containing both
hydrophilic and hydrophobic elements in close
concert, and the physics of simpler, more homoge-
neous polymers. To see this, consider the following.
All compact states, including the native state, are
stabilized by the burial of hydrophobic surface and
destabilized by a loss of chain entropy and backbone
desolvation. The native state, however, is also
stabilized by interactions that require intricate and
accurate spatial arrangement of the polypeptide
chain, such as backbone hydrogen bonding and
some specific side-chain interactions, which are likely
incompletely formed in other collapsed states. If the
thermodynamic balance is such that these interactions
are required in order to compensate for the chain
entropy loss and cost of backbone desolvation, these
other collapsed stateswill not be stable, and the native
state will be the only compact state that is stable
relative to the expanded, unfolded ensemble. Thus,
the lack of nonspecific collapse implied by the SAXS
results can also have a physically reasonable
interpretation.
What, then, is the origin of the discordant

interpretations of so many SAXS and smFRET
studies? A potential answer is that prior interpre-
tations of SAXS scattering data and/or FRET
efficiencies in terms of unfolded-state dimensions
are subject to some hitherto unrecognized source
(or sources) of systematic error. With regard to the
SAXS results, however, we have failed to identify
any experimental bias artifact that might account
for this discrepancy. Moreover, such an artifact
would have to exactly counterbalance a changing
scattering profile such that the dimensions of the
unfolded protein coincidentally appear unchanging
to within experimental error. Indeed, the relation-
ship between size, shape, and scattering involves
well-understood physics and requires no obvious
denaturant-dependent experimental variables other
than the subtraction of background scattering,
which is independently measured under each set
of experimental conditions. Consistent with this,
none of the several potential failings of SAXS
previously suggested to account for the observed
discrepancy appear to be valid. These include low
contrast,8 which, as shown here, does not signifi-
cantly degrade our ability to measure unfolded-
state dimensions, especially at the low denaturant
conditions where the signal-to-noise ratio of SAXS
is best and the SAXS–smFRET discrepancy is
greatest; interparticle interference leading to an
overestimation of Rg that perfectly cancels out the
putative collapse,9 which is ruled out by the
differing protein concentrations employed here;
and, finally, an inability to measure the dimensions
of the unfolded state under strongly native
conditions,43 which is overcome using the none-
quilibrium approaches applied here and previously
(e.g., Refs. 22 and 24).
In contrast to the situation with SAXS, the

interpretation of FRET efficiency in terms of
molecular dimensions depends on several parame-
ters that, at least in theory, are denaturant depen-
dent and thus could lead to the appearance of a
GuHCl-dependent change in dimensions when, in
fact, there is none. The relevant control experiments
have been performed, however, suggesting that
these effects are minimal. For example, although the
spectral overlap of the donor and acceptor, the index
of refraction of the intervening medium, the
quantum yield of the donor in the absence of
acceptor, and various orientational averaging ef-
fects, all of which contribute to the Förster distance,
are all at least weak functions of denaturant
concentration, smFRET studies of native proteins
and rigid polyproline constructs suggest that these
effects are too small to account for the observed
discrepancy (e.g., Refs. 8,9, and 45–47). Theory-
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based analysis likewise suggests that the GuHCl
dependence of conformational averaging in the
flexible, highly dynamic unfolded state, which
would be affected by denaturant-driven changes in
solvent viscosity, is similarly too small to account for
the observed change in transfer efficiency.48 Finally,
FRET spectroscopy is, in a sense, a perturbative
experiment—the approach requires the addition of a
donor/acceptor dye pair, which could, in theory,
associate with themselves or the polypeptide chain
due to interactions that are disrupted by denaturant.
Arguing against this, however, is the observation
that apparent collapse has been seen using several
chemically distinct dye pairs (e.g., Refs. 4–7,12,
and 33); indeed, in one example, the smFRET-
derived appearance of collapse has been observed
using two different dye pairs to study a single
protein.4,5 We are thus currently at a loss to explain
the substantive disagreement between the SAXS
results reported here and elsewhere and the results
of prior smFRET studies.
While we have not identified the source of the

SAXS–smFRET discrepancy, we nevertheless can
draw several important conclusions from this and
prior studies. First, there are many single-domain
proteins for which the SAXS data appear strongly
inconsistent with a denatured state that gradually
collapses with decreasing denaturant concentration.
Second, among the proteins that, by SAXS, do not
appear to undergo gradual collapse as the dena-
turant concentration is reduced is protein L, an
example for which the interpretation of its SAXS
and smFRET characterizations unambiguously
disagrees. The results presented here, which confirm
earlier studies of this same protein,22 thus argue that
the disagreement between SAXS and smFRET is
serious and unresolved and that suggestions that
stable collapsed states are an important step in the
rapid folding of proteins (e.g., Ref. 49) or that the
large majority of polypeptide sequences undergo
compaction at low denaturant (e.g., Refs. 16 and 35)
may be premature. In short, we caution that our
understanding of the physics of collapse of polypep-
tide sequences, particularly the factors that determine
whether an unfolded protein will collapse or not, is
far from being satisfactory and comprehensive.
Materials and Methods

Sample preparation

For measurements performed at the APS at the
Argonne National Laboratories, protein L (pseudo-wild
type—see Table S1) was expressed using Escherichia coli
BL 21 cells and was purified either by anion exchange
(Q Sepharose Fast Flow) or reverse-phase HPLC. For
equilibrium measurements, sample purity was N95%
with the minor product weighing an additional 64 Da
according to analytical HPLC coupled to an electrospray
time-of-flight mass spectrometry using an Agilent 1100
Series LC/MSD Trap. For the kinetic measurement, the
protein purity was ∼90% estimated from analytical HPLC
followed by matrix-assisted laser desorption/ionization
(PerSeptive Biosystems Voyager-DE Biospectrometry
Workstation), with the minor products weighing an
additional 20–62 Da. Protein concentration was deter-
mined using ɛ280 nm=9530 M−1 cm−1.
For measurements performed at CHESS, we used a

second protein L construct 72 residues in length contain-
ing a hexahistidine affinity tag (see Table S1). This protein
was expressed and purified as previously described50

with minor changes: lysis was performed by sonication,
and purification was carried out using a nickel column
(HiTrap Chelating HP 1 ml, GE Healthcare). Equilibrium
fluorescence emission spectra for the purified protein L
were measured in varying concentrations of guanidinium
chloride buffered with 50 mM sodium phosphate, pH 7.0,
with excitation at 280 nm. The denaturation curve was
constructed from the shift of the emission peak, showing a
very similar trend to that reported by Scalley et al.51
SAXS measurements

The equilibrium SAXS experiments performed at APS
were conducted on the BioCAT beamline at the Advance
Photon Source (APS) as previously described.52 Each
sample is loaded into a 1.5-mm capillary tube controlled
by a Hamilton titrator with the sample holder thermo-
statically controlled at 22 °C. Buffer data are collected
immediately prior to taking sample data under continuous-
flow conditions to minimize radiation damage. For the
series conducted from 1 to 7.4 M GuHCl, an automated
96-well protocol was used. Unless indicated, data were
collected at 22 °C in 50 mM Hepes, pH 7.5, and
100 mM NaCl.
The time-resolved SAXS experiments were performed

at the BioCAT beamline at APS using a Pilatus 100K
photon counting detector (Dectris). Starting conditions
were 13 mg/ml protein L in 4 M GuHCl. This sample was
diluted with GuHCl-free buffer to 0.67 and 1.3 M GuHCl
using a BioLogic brand SFM-400 stopped-flow mixer in
continuous-flowmode. A 4-ms dead timewas achieved by
installing a microvolume mixer (MEC 22998) in the device
and confirmed by time-resolved UV-absorption measure-
ments of the reduction of 2,6-dichlorophenolindophenol
by ascorbic acid.53 Data points at longer times were
obtained using delay loops. Separate measurements on
the native and unfolded protein did not exhibit measur-
able radiation damage at 7-fold slower flow speeds.
The equilibrium SAXS measurements performed at

CHESS covered a range of 0 M to 5.3 M GuHCl with
protein concentration fixed at 10 mg/ml. Protein and
matching buffer solutions consisted of 50 mM phosphate
buffer, pH 7.0. Prior to taking data, the samples were
centrifuged at 10,000 RPM for 10 min at 4 °C. SAXS data
were collected at the G1 beamline at CHESS at 10.5 keV
with a sample-to-detector distance of 1 m. Samples were
placed in 1-mm-thick parylene-coated aluminum cells
with silicon nitride windows to minimize background
scattering. The sample holder was held at constant
temperature (±0.2 °C) using a thermoelectric heat pump.
Data were acquired at both 5 °C and 20 °C.
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Data analysis

Radii of gyration were estimated from the raw scattering
profiles using standard Guinier analysis.54 Fractal dimen-
sions (Figs. 2 and 4) were determined as outlined in the
literature.29,30 The chemical melts (plots of equilibrium Rg
versus denaturant concentration; Fig. 3) were fit to standard,
two-state linear free-energy relationships except that they
were fitted to Rg

2 to capture the geometric averaging that
occurs when determining the averaged Rg of mixed
populations (see, e.g., Ref. 23).

Ensemble fluorescence measurements

The refolding of protein L (APS construct) was
performed using the same apparatus as for the SAXS-
monitored kinetic measurements but using a Biologic
micro-cuvette in place of the X-ray capillary. Fluorescence
of the tryptophan was measured using a 280- to 290-nm
excitation wavelength and a 300- to 400-nm emission filter
(Biologic MOS-200).
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