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Introduction

In recent years, there have been numerous and
compelling reports of residual denatured state structure in
even the most highly denatured protein. For example, the
significant formation of local secondary structure and
long-range hydrophobic clustering has been observed
in nonnuclear magnetic resonance (NMR)-based studies
of proteins denatured in high concentrations of urea
or guanidine hydrochloride (GuHCI) [1-5]. Similarly,
recent reports have suggested that even the most highly
denatured proteins exhibit residual long-range order
similar to the native topology [6, 7]. This residual
denatured-state structure is widely thought to play a
dsignificant role in the thermodynamics and kinetics of
protein folding [8]. Thus a better understanding of its
magnitude may be a key to understanding the folding
process.

Because it represents a deviation from purely random-
coil behavior, the significant residua structure should
affect the average dimensions of the unfolded ensemble.
A halmark of random-coil behavior is a simple power-
law relationship between a polymer's length and its
ensemble average radius of gyration (Ry):

Ry = RoN" (1)

where N is the number of monomers in the polymer chain;
Ry is a “constant” that is a function of, among other
things, the persistence length of the polymer; and vis an
exponential scaling factor that varies with solvent quality.
For the compact, globular state, v = 1/3. For an ided
(infinitely thin) random-coil chain in a “good” solvent,
v = 1/2. For an excluded volume polymer (i.e., a real
polymer with nonzero thickness and nontrivial
interactions between monomers) in a good solvent, Flory
has estimated that v expands to ~3/5, and more precise

follow-on estimates stemming from renormalization
group models indicate that v = 0.588. The formation of
persistent denatured-state structure, however, should lead
to perturbations from these ideal behaviors. For example,
given these arguments, the formation of hydrophobically
stabilized clusters should lead to net compaction and a
smaller exponent than the v = 0.588 proposed for an inert,
purely random-coil polymer. Similarly, the presence of
persistent local structure could increase (or decrease) the
polymer’s mean persistence length, leading to expansion
(or contraction) of the denatured state relative to unfolded
states lacking such structure. Differencesin the magnitude
of the residua denatured-state structure from one
unfolded protein to another would thus be expected to
obscure the otherwise systematic power-law relationship
between the dimensions and lengths across a diverse set
of unfolded proteins.

Methods and M aterials

We have determined the Ry's of nine new proteins
and peptides and remeasured the Ry's of five previously
characterized proteins under strongly  denaturing
conditions. We have aso collected the Ry's of
10 additional cross-link-free and prosthetic group-free,
chemically denatured proteins from the literature.

The Proteins

We have determined or redetermined the Ry's of
14 proteins and peptides under strongly denaturing
conditions (Table 1). Expression and purification of these
proteins are discussed elsewhere [9-12].

Excluding RNase A and the GCN4-p2' terminal dimer,
all cysteine-containing proteins were treated with 20 mv
iodoacetamide and 10 mM tris(2-carboxyethyl)phosphine
hydrochloride (TCEP) for 2 hours at room temperature



TABLE 1. Experimental conditions employed here.

Protein/Peptide | Flow Cell Beamline
Reduced RNase | 1.5-mm APS/Bio-CAT
Shase 1-mm APS/BESSRC
a-TS 1-mm APS/BESSRC
Creatine kinase 1-mm APS/BESSRC
GCN4-p2’ 1.5-mm APSBio-CAT
OspA 1-mm APS/BESSRC
CtAcP 1-mm APS/Bio-CAT
Ubiquitin 1-mm APS/Bio-CAT
Fyn SH3 1-mm APS/BESSRC
pI3K SH3 Static SSRL/4-2
pl3K SH2 Static SSRL/4-2

Cyt C peptide 1-mm APS/BESSRC
AK-16 peptide 1-mm APS/BESSRC
Angiotensin 1-mm APS/BESSRC

before being dialyzed exhaustively against 10 mM
ammonium bicarbonate and lyophilized. RNase A was
dissolved in 6 M GuHCI and 50 mM TRIS (pH 8) at a
concentration of ~40 mg/mL. After ~30 minutes, a
30-fold excess of TCEP was added as a reductant. After
an additional 30 minutes, the pH was reduced to 2.5 to
inhibit reoxidation. This sample was diluted with GuHCI
at various concentrations to a final protein concentration
of 2 mg/mL and 10 concentrations of GUHCI ranging
from 3.25 to 6 M in the presence of approximately
30-fold excess TCEP, 50 mM tris (pH 2.5).

Fyn SH3, a-TS, creatine kinase, Snase, and OspA were
denatured by dissolving the lyophilized powder to a
concentration of 10 mg/mL in 6 M GuHCI, 10 mM
EDTA, and 20 mM tris (pH 7). The radical scavenger
N-tert-butyl-a-(4-pyridyl)nitrone N'-oxide (Fluka, Inc.),
which reduces radiation damage, thus alowing for
increased x-ray flux, was also included at a concentration
of 5 mM. The proteins were incubated in this solution for
more than 24 hours at room temperature to ensure
complete equilibration.

Denaturation Conditions

Heteropolymer theory suggests that the dimensions of
an excluded volume random-coil polymer will change as
solvent quality improves [14-16]. How, then, can we
compare Ry's collected under a wide range of differing
solvent conditions? Empirical observations suggest
that once a protein is unfolded (i.e, at denaturant
concentrations well past the denaturation transition
midpoint), any increase in Ry with increasing solvent
quality is unmeasurable [16]. We have confirmed this
observation by monitoring the Ry's of ubiquitin, RNase A,
CtAcP, and GCN4-p2' over wide ranges of denaturant
concentration. We observed no statistically significant
variation in R, for any of these proteins as the denaturant

concentration was increased beyond the end of the
unfolding transition (Table 2). Similarly, previous reports
indicate that the Ry's of denatured states produced by high
levels of urea are indistinguishable from those produced
by high levels of GUHCI [16]. Thus it appears that we can
directly compare R;'s collected with either denaturant and
at any denaturant concentration that is well beyond the
end of the folding transition.

Scattering Experiments

Small-angle x-ray scattering (SAXS) experiments were
conducted on the BESSRC-CAT beamlines at the APS
and on beamline 4-2 a the Stanford Synchrotron
Radiation Laboratory (SSRL) (Table 1). All SAXS
experiments were conducted with the sample cuvette held
a 25 +1°C. Ry's were determined by using Guinier
analysis[13].

Resultsand Discussion

We have constructed a comprehensive and consistent
data set of the Ry's of 24 chemically denatured, cross-
link-free  and  prosthetic-group-free  proteins  and
polypeptides (Table 2).

We performed a weighted least squares regression by
using the inverse of the reported standard errors as case
weights. The log,, of Ry was employed as the dependent
variable, and the log,o of the peptide or protein length
(in residues) was used as the independent variable. Of
particular interest is the estimate for the slope, since
this parameter is predicted by theory to be 0.588. The
results of this weighted fitting are effectively identical to
the ones obtained from ordinary least squares regression
(v=0.598 £0.027) (Fig. 1).

Only the Ry of creatine kinase and angiotensin |1 fall
outside the 95% confidence intervals calculated for the
observed dimensional scaling. To determine whether
these measurements reflect dStatistically significant
deviations from the theoretically predicted scaling
relationship, we calculated 95% predictive intervas for
future observations (i.e., prediction intervals for Ry given
any arbitrary N; see Fig. 1, gray). The R, of both proteins
fall well outside this region, strongly suggesting that they
do not obey the expected power-law relationship. Formal
hypothesis testing, based on the assumption that data
points were observations stemming from the model,
yields p-values of 10° and 2 x 10, respectively. Thus the
Ry's of only 2 of the 24 chemically denatured, cross-link-
free and prosthetic-group-free peptides and proteins
deviate significantly from the predicted random-coil
behavior.

While the observation of random-coil dimensional
scaling across the large majority of chemically denatured
proteins is consistent with the results of previous
scattering studies that indicate the chemically denatured



TABLE 2. Chemically denatured, cross-link-free and prosthetic-group-free proteins.

Protein Length Ry (A)? Conditions Reference
GroEL 549 82+4 4 M urea 18
yPGK 416 71+1 2 M GuHCl 19
Creatine kinase 380 46.0+£1.5 6 M GuHCl This work
a-TS 268 47.7+2.3 6 M GuHCl Thiswork
Carbonic anhydrase 260 59 £(~2) 6 M GuHCI 20
OspA 257 50.4+2.5 6 M GuHCl This work
Apomyoglobin 154 40 +(~2) 6 M GuHCI 20
Snase 149 37.2+1.2 6 M GuHCI This work
Lysozyme, reduced 129 35.8+0.5 4 M GuHCI 21
CheY 129 38.0+1.0 5-7 M urea 2
RNase A, reduced 124 33.2+1.0 3.25-6 M GuHCI | Thiswork
pl3K SH2 112 20.6+3.3 3 M GuHCI This work
pl3K SH3 103 30.9+0.3 2.67 M GuHCl This work
mACP 98 30413 6.5-8 M urea 22
CtACP 98 30.5+04 5.5-6.8 M urea Thiswork
Protein L 79 26.0+0.6 4-5M GuHCI 23
Fyn SH3 78 25.7+0.5 6 M GuHCl This work
Ubiquitin 76 25.2+0.2 4.9-6 M GuHCl This work
GCN4-p2' 66 24.1+0.9 4.2-6 M GuHCI This work
drK SH3 59 21.9+0.5 2 M GuHCl 24
Protein G 52 23+1 2.3 M GuHCl 25
N-termcyt C 39 184+10 4 M urea Thiswork
AK-16 peptide 16 9.8 +0.6 4 M urea Thiswork
Angiotensin 8 9.1+0.3 4 M urea Thiswork
& Standard errors are indicated. These were derived by using a variety of approaches
and widely varying numbers of observations; therefore, they provide, at best, only a
gualitative indicator of experimental precision.
b Source for solvent conditions and approximate standard errors. G. Semisotnov,
personal communication.

ensemble is entirely unstructured, it is seemingly
inconsistent with compelling spectroscopic-based and
simulations-based studies that suggest that many, if not
all, chemically denatured proteins populate significant
residua structure.

Reconciliation of short-range (i.e., sequence-local)
order with near random-coil behavior may lay in the
observation that the R, of a denatured ensemble can be
surprisingly independent of the detailed structure of the
unfolded chain at the residue-to-residue level [16, 17]. For
example, while sequence-local structure would be
expected to alter a polypeptide’s persistence length,
atering R, and thus Ry, modest changes in such structure
might not be apparent if the dependence of R, on
persistence length is weak. We note, however, that classic
polymer theory predicts a 2/5 power dependence, and that
even this relatively weak dependence places seemingly
strong constraints on the population of sequence-local

residua structure. The observation that the majority of
proteins fall within 2.7% of the best-fit power law
suggests that if the 2/5 power dependence is correct, their
mean persistence lengths are identical to within just 7%
(i.e., 1.07%° = 1.027).
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FIG. 1. The Ry's of the large majority of chemically denatured unfolded proteins scale with polymer length N via the power-
law relationship Ry = RoN”. Two potentially significant outliers, creatine kinase and angiotensin 11, are plotted as open
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