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ABSTRACT: Defining the structural, dynamic, and energetic D119C 1 T —
properties of the unfolded state of proteins is critical for an in-

depth understanding of protein folding, protein thermody- W

namics, and protein aggregation. Here we analyze long-range

contacts and compactness in two apparently fully unfolded s -~
ensembles of the same protein: the acid unfolded state of the N )
C-terminal domain of ribosomal protein L9 in the absence of s - "/:4
high concentrations of urea as well as the urea unfolded state

at low pH. Small angle X-ray scattering reveals that the two

states are expanded with values of R, differing by <7%.

Paramagnetic relaxation enhancement (PRE) nuclear magnetic resonance studies, however, reveal that the acid unfolded state
samples conformations that facilitate contacts between residues that are distant in sequence while the urea unfolded state
ensemble does not. The experimental PRE profiles for the acid unfolded state differ significantly from these predicted using an
excluded volume limit ensemble, but these long-range contacts are largely eliminated by the addition of 8 M urea. The work
shows that expanded unfolded states can sample very different distributions of long-range contacts yet still have similar radii of
gyration. The implications for protein folding and for the characterization of unfolded states are discussed.
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uantitative characterization of denatured state ensem- proteins without disulfide cross-links follows a nontrivial power
bles (DSEs) of proteins, also termed the unfolded or law relationship, which scales with the number of amino acids
denatured state, is important for understanding the mechanism in the peptide chain, N, as N®°.'®'7?* Similar scaling behavior
of protein folding. The DSE is the starting point of protein is observed for polymers modeled as self-avoiding random
folding, the thermodynamic reference state for protein stability, walks.”® Observation of an R, value consistent with this scaling
and it can be targeted by rational protein design.'”” Studies of is often taken to mean a protein is fully unfolded; however, this
DSEs can also reveal factors that impact protein misfolding and scaling does not preclude the possibility of detectable, low-
modulate the tendency for protein aggregation in vitro and in likelihood native and non-native contacts within expanded
vivo and amyloid formation.* "> The exploration of the DSEs, even under strongly denaturing conditions.>~&%13:24736
mechanisms and biological function of intrinsically disordered However, it is unclear if different DSEs generated for the same
proteins (IDPs) largely depends on the characterization of the protein under different conditions, all with similar Ry values,
properties of unstructured and partially structured states and will exhibit similar patterns of and likelihoods of native and
therefore has much in common with studies of the DSE.'>'# non-native contacts. This issue is important because such
The properties of the DSE can vary considerably depending contacts might contribute directly to folding and might
upon the conditions used to populate it. Under near-native influence the tendency to aggregate. It is also important
conditions, the DSE can be compact with significant residual because it potentially highlights the need to go beyond
structure, while more expanded and less structured DSEs are measurements of Ry alone as an adjudicator of the degree of
usually populated under strongly denatured conditions. Small unfoldedness and as a descriptor of unfolded states.
angle X-ray scattering (SAXS) is frequently used to study the Here we examine the 92-residue C-terminal domain of

overall compactness of the DSEs and provides the radius of ribosomal protein L9 in the acid-induced DSE and in the low-
gyration (R;) and in favorable cases more information. 520 pH urea-induced DSE to determine if the conformational
DSEs that have the same value of R, are often assumed to be
similarly unfolded.'®'”*! Received: June 27, 2013
Under strongly denaturing conditions, the DSE expands to Revised: ~ November 15, 2013
make favorable interactions with the solvent, and the R, of Published: November 26, 2013
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ensembles are different between different DSEs that have
similar R, values. The domain, denoted as CTL9, has a mixed
parallel, antiparallel B-sheet, two loops with partial a-helix 3,,
turns, and two a-helices (Figure 1). CTL9 can be denatured by
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Figure 1. (A) Structure of the C-terminal domain of ribosomal protein
L9 (CTLY9), corresponding to residues S8—149 of L9, shown as a
ribbon diagram (Protein Data Bank entry 1DIV). The N- and C-
termini are labeled. (B) Primary sequence of CTL9. The sites used to
attach the spin-labels are colored red. A schematic representation of
the secondary structure elements of CTL9, using the same color
coding that was employed for the ribbon diagram, is shown above the
sequence. Helices are represented as rectangles and f-sheets as arrows.

lowering the 3pH, or by adding denaturant, and folds in a two-
state fashion.”’ ™" Previous studies have used nuclear magnetic
resonance (NMR) chemical shift analysis to show that the two
ensembles differ in their residual secondary structure but have
similar hydrodynamic radii, R,.*>*" In particular, more helical
structure was detected in the acid unfolded state.** R, is a
useful parameter for probing compactness, but it is determined
indirectly from NMR diffusion measurements, involves
comparison to an added internal standard, and requires
assumptions about the hydrodynamic properties of the
ensemble. R, measurements offer an alternative probe of the
compactness of the DSE, but involve assumptions different
from those of the diffusion measurements and are, in some
sense, a more direct measure of the ensemble. However, the
NMR studies and hydrodynamic measurements were unable to
define the nature of any long-range contacts. This information
is required for a full description of the DSE, and one might
expect that states that are equally expanded should have a
similar level of long-range contacts. We show that this is not the
case, and we also directly demonstrate that states that have very
similar values of Ry, which furthermore are consistent with the
scaling expected for expanded highly unfolded states, can differ
dramatically in the extent of detectable long-range contacts.
NMR paramagnetic relaxation enhancement (PRE) measure-
ments were used to detect long-range contacts, and the R, was
measured using SAXS for two different DSEs of CTL9. The
two ensembles have very similar R, distributions, but exhibit
significantly different patterns of long-range contacts. The urea
unfolded DSE contains few long-range contacts and is
described well by an excluded volume model, while the acid
unfolded DSE displays extensive long-range interactions.
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B EXPERIMENTAL PROCEDURES

Protein Expression and Purification. Wild-type '“N-
labeled CTL9 and its cysteine mutants were overexpressed in
Escherichia coli strain BL21 cells and purified as described
previously.”” The identity of the protein was confirmed by
matrix-assisted laser desorption ionization time-of-flight mass
spectroscopy and analytical high-performance liquid chroma-
tography (HPLC).

Small Angle X-ray Scattering (SAXS) Experiments and
Data Analysis. Experiments were performed on the acid-
induced DSE and on the urea-induced DSE. Samples of wild-
type CTL9 were prepared using the same buffers used for the
NMR PRE experiments. Scattering experiments were per-
formed at beamline X9 at National Synchrotron Light Source I
(Brookhaven National Laboratory, Upton, NY). Samples were
injected continuously into a 1 mm capillary during the
measurement at a rate of 0.67 pL/s to prevent radiation
damage. The exposure time for each measurement was 30 s.
Each sample was measured three times and then averaged
before data analysis. pyXS (http://www.bnl.gov/ps/x9/
software/pyXS.asp) was used for buffer subtraction, and the
data were then processed using standard procedures via
PRIMUS.* The scattering patterns were analyzed using the
ensemble optimization method (EOM) to determine the size
distribution for the DSE in urea and in acid. EOM creates a
pool of structures based on the protein primary sequence, and
then an ensemble of protein structures that best fits the
experimental data is selected.*

Circular Dichroism (CD) Spectroscopy. Thermal unfold-
ing experiments with wild-type CTL9 and the six cysteine
mutants were performed with an Applied Photophysics
Chirascan CD instrument, over the temperature range of 4—
92 °C with an interval of 2 °C. The absorbance of the spin-label
prevents CD-monitored unfolding studies of the derivatized
mutants. The protein concentration was 16—19 yM, in 10 mM
MOPS [3-(N-morpholino)propanesulfonic acid] and 150 mM
NaCl (pH 7.5). The signal at 222 nm was monitored. All
thermal unfolding curves were analyzed by nonlinear least-
squares fitting using SigmaPlot.

A pH titration curve was measured for wild-type CTL9 at 25
°C, in 10 mM sodium acetate and 150 mM NaCl, over the pH
range of 1.8—12.0. Urea unfolding data were collected at 25 °C
on wild-type CTL9, using an AVIV Instruments model 202SF
CD instrument. The native protein sample was titrated with
urea in 0.25 M increments until the final urea concentration
reached 10 M. The buffer was the same as that used for the
thermal unfolding experiments, and the urea concentration was
determined by measuring the refractive index.

Paramagnetic Relaxation Enhancement (PRE) Experi-
ments. Single-cysteine mutants of CTL9 were dissolved in 600
UL of NMR buffer, containing 10% D,0. An MTSL [(1-oxyl-
2,2,5,5-tetramethyl-3-pyrroline-3-yl)methyl methanesulfonate]
solution was added, and then the pH was adjusted to 2.0.
After being incubated at room temperature for 12 h, the sample
was loaded onto a Sephadex G25 column to remove the excess
MTSL. The completeness of labeling was assessed using HPLC
and by the intensity of the Cys NMR peaks. The Cys resonance
is bleached in the labeled sample because of the attachment of
MTSL, but is not bleached in the unlabeled sample.
Diamagnetic samples were prepared by adding TCEP [tris(2-
carboxyethyl)phosphine]. Urea-denatured samples were pre-
pared by adding urea to the samples immediately after the
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desalting process. The final urea concentration was 8 M,
determined by measuring the refractive index. The final protein
concentration was 250 yM.

"H—""N correlated heteronuclear single-coherence (HSQC)
experiments were performed on both samples for paramagnetic
and diamagnetic forms. The spectra were recorded at 25 °C,
using 1024 X 256 complex points with eight scans per
increment. The spectral widths were 6009.6 and 1517.8 Hz for
the 'H and '*N dimensions, respectively. Three-dimensional
TOCSY-HSQC spectra were recorded on the '*N-labeled
diamagnetic samples to confirm peak assignments. The mixing
time was 75 ms, and the data matrix was 1024 (direct 'H
dimension) X 128 (indirect 'H dimension) x 128 ("N
dimension). Spectral widths for the direct 'H dimension, the
indirect 'H dimension, and the N dimension were 6009.6,
6009.6, and 1500.0 Hz, respectively.

NMR Data Processing and Determination of PREs. All
spectra were processed using NMRPipe** and visulized via
NMRView.* The ratio of the intensity for a particular residue
was calculated as I,.,/Iy, where I, is the intensity of the
paramagnetic form, with spin-label MTSL; and Iy, is the peak
intensity for the diamagnetic sample, with the spin-label MTSL
reduced. Lower intensity ratios correspond to larger PRE
effects and indicate an interaction with the spin-label.

Two different models were used to calculate baseline PRE
effects for a highly unfolded chain: a Gaussian distribution
model and an excluded volume (EV) model.

Generation of the Gaussian Distribution Model. In this
model, a Gaussian distribution of root-mean-square end-to-end
distances is used to describe the distances between each residue
and the site of the spin-label:*>*

o = n12[1 +a  2a(l - a”)]

1-«a n(1 — a)?

(1)

where 7 is the number of residues between residue i and the site
of the spin-label, r is the end-to-end distance between a residue
and the site of the spin-label, I (3.8 A) is the link length of the
chain, and « is the cosine of the bond angle supplements for the
freely rotating chain model, which was taken to be 0.8, based on
experimentally determined estimates of the statistical segment
lengths in poly-L-alanine. R,p is the contribution of the
paramagnetic relaxation enhancement to the transverse
relaxation rate and was calculated using

K
3 4Tc+
r

R — 3z,
2P 1+ a)HZTC2 ()

where r is the distance between a given residue and the site of
the spin-label, K is a constant equal to 1.23 X 107 em® s, ,
is the effective correlation time (3.8 ns), and @y is the proton
Larmor frequency. The peak intensity ratios between the
paramagnetic and diamagnetic forms were calculated using

L _ Ry exp(—Rpt)

Iy Ryp + Ryp (3)

where R, is the transverse relaxation rate of the backbone
amide protons in the diamagnetic form. The average value was
determined to be 13.5 s™" using a one-dimensional NMR, and ¢
is set to 12 ms, equal to the total duration of the INEPT delays
in the HSQC pulse sequence.

Genration of the EV Ensemble. We used the CAMPARI
software package for Metropolis Monte Carlo (MC)
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simulations based on the ABSINTH implicit solvation model
and underlying force field paradigm,*® and parameters from the
OPLSS-AA/L molecular mechanics force field, specifically
parameters in abs3.2_opls.prm.*” The internal degrees of
freedom included the backbone ¢, y, and @ and side chain y
dihedral angles. Details regarding the MC moveset were
detailed by Meng et al.** Results were averaged over 10
independent simulations. Each simulation underwent 4 X 107
MC moves, not including an equilibration phase of 1 x 10°
moves. The radius of gyration over CTL9 was accumulated
every 1 X 10* MC moves.

B RESULTS

The folding of CTL9 has been characterized previously in
terms of its kinetics and thermodynamics, and the cold
denaturation of a destabilized mutant has been
probed.>”****75* The stability and folding rate of CTL9 are
strongly dependent on pH, due in part to the three His residues
in the protein, and the domain can be unfolded by a decrease in
pH, as well as by addition of a denaturant. CD-monitored
titration curves indicate the transformation from the native
folded state to the DSE is well fit by a two-state model (Figure
S1 of the Supporting Information). The acid unfolding
transition is complete by pH 2.8 in the absence of urea, and
the urea unfolding transition is complete by 5.5 M urea at pH
5.6 as judged by CD. The degree of secondary structure in the
two DSEs is difficult to determine from CD because the strong
absorbance of urea limits the accessible wavelength range. In
addition, the CD signal from short a-helices can differ from
standard spectra.®® However, previous studies used NMR to
probe residual secondary structure in both of these states.
C,'H, BC, and 13Cﬁ chemical shifts were analyzed and
revealed that in the acid unfolded state there is a modest, but
non-zero, propensity to preferably populate the helical region
of the Ramachandran plot for those residues that are helical in
the native state. In contrast, this propensity to form secondary
struc%re was significantly reduced in the low-pH urea unfolded
state.

SAXS Experiments Show That the Urea-Induced and
Acid-Induced DSEs Are Expanded. The R, measured for
the native state of CTL9 is 14.5 + 0.3 A.>" The values of R, for
the acid and urea DSEs, determined from the Guinier plot, are
30.8 + 1.6 and 329 + 15 A respectively. The difference
between the two R, values is 6% and is statistically insignificant
given the intrinsic uncertainty associated with each value. The
value of R, predicted for a fully unfolded 92-residue
polypeptide based on empirical scaling relationships is 28.9 +
46 A'S By this criterion, both ensembles are classified as
expanded unfolded states. We also fit the scattering patterns
using the ensemble optimization method (EOM).* The EOM
algorithm builds a pool of structures based on the primary
sequence of the target protein, and a series of theoretical
scattering curves are generated. A combination of the generated
structures is used to generate an ensemble of representative
structures that reproduce the experimental data. The average R,
of the DSE can be deduced from the EOM fitting of the
experimental data. The average R, values estimated using this
method are within 8% of each other, 30.8 and 33.5 A for the
acid- and urea-induced DSE, respectively (Figure 2), and the
widths of the distribution are 8.0 and 9.0 A, respectively.

PRE Studies Reveal Long-Range Contacts in the Acid-
Induced DSE but Not in the Urea-Induced DSE. We used

paramagnetic relaxation enhancement (PRE) experiments to
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Figure 2. Acid and urea unfolded states of CTL9 are expanded. (A)
SAXS scattering curve from a sample of CTL9 in 8 M urea at pH 2.5.
(B) SAXS scattering curve from a sample of CTL9 at pH 2.0. The
experimental data are shown as blue dots, and the fit using the
Ensemble Opitimiztion Method (EOM) is shown as a red line. (C)
Distribution of R, for the DSE in urea (red) and acid (blue), calculated
using the EOM. The average R, values are 33.5 and 30.8 A,
respectively.

obtain information about long-range contacts. PREyypg is
frequently applied in probing long-range interactions in the
DSE and is sensitive to distances of up to 20 A333948547¢
Spin-labels were attached to six sites using single-cysteine
mutants. The sites are all surface-exposed in the native state
(Figure 1): E61 near the N-terminus of the first a-helix, K74 at
the C-terminus of the same a-helix, K96 near the N-terminus of
the second a-helix, K109 and D119 in the loop region between
the second a-helix and the second f-strand, and K149, which
lies at C-terminus. The mutants are denoted E61C-CTLY,
K74C-CTL9, K96C-CTL9, K109C-CTL9, D119C-CTL9, and
K149C-CTLY, respectively. The CD spectra of the mutants are
similar to that of wild-type CTL9 (Figure S2 of the Supporting
Information). Comparison of the thermodynamic properties
determined from the thermal unfolding shows that the cysteine
mutants have similar values of T, and AH® with respect to
those of wild-type CTL9 (Table S1 and Figure S3 of the
Supporting Information), although the T,, of D119C-CTL9 is
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somewhat depressed compared to that of the wild type. The
peaks in the 'H—""N HSQC spectra of the acid- and urea-
induced DSE of the mutants do not shift their positions,
relative to those of the wild type, aside from the mutated
residue (Figures S4—S10 of the Supporting Information). Thus,
all of the available data suggest that the mutations do not alter
the properties of the native state or the DSE.

"H-""N HSQC spectra were collected for the six mutants
with spin-labels (paramagnetic state) and without spin-labels
(diamagnetic state), in 8 M urea. The cross-peak intensity ratios
(Ipm/ldia) were calculated and plotted against the correspond-
ing residue number (Figure 3). The expected PRE profile for a
random coil model was generated using two different models.
We used a Gaussian model, in which there is a Gaussian
distribution of distances between the spin-label site and each
residue of the protein,>** and an excluded volume (EV)
model. The Gaussian chain model has been widely used to
benchmark PRE studies of unfolded states because of its
simplicity. However, the model lacks any detail. Quantitative
descriptions of chain statistics for polymers in good solvents
rely on the so-called EV limit as an important reference state,
and this is true for denatured state ensembles, as well. 7€ The
EV model is generated using an all atom representation of the
chain with only excluded volume interactions, which also takes
into account the size and flexibility of the side chain-linked
spin-label. The EV ensemble corresponding to the wild-type
sequence was used.”” EV ensembles were generated for CTL9
using atomistic descriptions of proteins and all nonbonded
interactions except steric repulsions were ignored.

The observed PRE effects for all the mutants in 8 M urea
correlate very well with the random coil models, especially the
EV mode], indicating the urea-induced DSE of CTL9 in 8 M
urea at pH 2.5 behaves like a highly unfolded chain.

The same strategy was used to study the acid-induced DSE.
However, in this case, clear deviations from both models were
observed for four of the six spin-labeled mutants (Figure 3).
The two exceptions are the labels near the N- and C-termini.
The other four PRE profiles display significant differences
between the experimental and calculated profiles (Figure 3).
Significant PRE effects, defined here as a value of <0.5 for the
I ua/ Iy, atio, are detected for sites as many as 30 residues from
the spin-label. Even longer-range effects are observed for some
of the spin-labels, including residues 74 and 109.

B DISCUSSION

The acid- and urea-induced DSEs of CTL9 differ significantly
in the pattern of long-range contacts. The differences in the
intensity ratios between the PRE profiles for the two DSEs are
compared in Figure 4 as difference plots, where positive values
indicate stronger PRE effects in the acid-induced DSE of CTL9.
For the N- and C-termini, residues 61 and 149, respectively, the
difference in the intensity ratios is close to zero, indicating the
there are no obvious changes in the acid- and urea-induced
PRE profiles. Positions 74, 96, 109, and 119 display positive
values and clearly illustrate the deviations between the two
DSEs. The analysis of the acid-induced DSE of CTL9 clearly
shows that long-range contacts can form in a highly expanded
DSE.

There are also differences in the local secondary structure
propensities of the urea and acid unfolded DSEs of CTL9
despite their similar R; values. NMR studies have shown that
the urea-induced DSE of CTL9 contains very little residual
secondary structure, while in the acid unfolded DSE, there are
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Figure 3. Paramagnetic relaxation enhancement experiments show that there are significant deviations from random coil behavior for the acid
unfolded state, but not for the urea unfolded state. The histograms display the intensity ratio of the "H—'°N cross-peaks in the HSQC spectra. The
dark blue arrow (| ) indicates the site of attachment of the spin-label. The solid red curve represents the values predicted by the Gaussian model and
the solid blue curve the values predicted by the excluded volume model. Ribbon diagrams of CTL9 are shown for each mutant, indicating the site of
attachment of the spin-label. Experiments were conducted in 8 M urea at pH 2.5 and at pH 2.0 in the absence of urea.
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two regions that have a modest propensity to preferentially state.*” However, there is no obvious significant correlation
populate helical ¢ and y angles that are helical in the native between the regions of the polypeptide chain that exhibit an
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Figure 4. Plots of the differences between the PRE effects in the urea-induced DSE and the acid-induced DSE. Data are plotted as the PRE ratio in
the urea-induced DSE minus the PRE ratio in the acid-induced DSE. The dark blue arrow (|) indicates the site of attachment of the spin-label.
Positive values indicate larger PRE effects in the acid unfolded state. Data were collected at 25 °C, with the pH adjusted to 2.0, by adding HCl for the

DSE in acid and in 8 M urea at pH 2.5 for the DSE in urea.

increased propensity for helical ¢ and y angles and strong PRE
effects. This study, together with the previous work, shows that
DSEs with similar R, values can differ significantly in their
patterns of long-range contacts as well as their propensities to
form local structure.

The data obtained for CTL9 further demonstrate that R,
while a very useful measure of unfolded state dimensions,
should not be used as the sole criterion to judge if a protein is
“fully unfolded”, or if longer-range contacts are absent. This
may be relevant for SAXS and FRET studies of DSEs. There
are examples in which SAXS indicates a highly unfolded state
but FRET reveals apparent long-range contacts.”” Our analysis
together with other studies suggests that these observations can
be comparable.*®7>7+7%

The data collected on the urea-induced DSE of CTL9 show
that it lacks detectable long-range contacts, but this should not
be interpreted to mean that all expanded states that lack
secondary structure are devoid of long-range contacts. The N-
terminal domain of L9 provides a counter example.*® The urea-
induced DSE of that domain transiently populates long- and
medium-range contacts; however, the distribution of internal
distances is still consistent with N*° scaling, and the value of R,
is consistent with an expanded DSE. Reduced hen egg white
lysozyme offers another example. The urea-induced DSE
appears to contain transient clusters of hydrophobic residues,
as judged by "N NMR relaxation measurements, and they can
be modulated by mutation.** In contrast, "N NMR relaxation
measurements of the urea-induced DSE of other proteins
suggest that these sorts of contacts can be less populated in
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other proteins.”” Collectively, the available data in the literature
argue that the formation of long-range contacts in expanded
unfolded states depends on the protein primary sequence and is
not a generic property of all polypeptides. There is a
connection with emerging studies of IDPs. Recent work has
revealed that the patterning of residues, ie., the specific
distribution of polar and hydrophobic residues, significantly
influences the properties of IDPs and provides a more precise
description of their behavior than simple correlations based on
mean hydrophobicity and average net charge.*

B ASSOCIATED CONTENT

© Supporting Information

A table summarizing the AH®(T,,) and T, for wild-type CTL9
and its single-cysteine mutants (Table S1) and figures showing
the comparison of wild-type CLT9 and the six cysteine mutants
by CD and thermal denaturation curves monitored by CD, the
acid- and urea-induced unfolding of CTL9 monitored by CD at
222 nm, and 'H—""N HSQC spectra of wild-type CTL9 and six
cysteine mutants recorded at pH 2.0 in the absence of urea and
in 8 M urea at pH 2.5 (Figures S1—-S10). This material is
available free of charge via the Internet at http://pubs.acs.org.
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