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Abstract

Characterization of the conformational ensemble of disordered proteins is highly important for
understanding protein folding and aggregation mechanisms, but remains a computational and
experimental challenge due to the dynamic nature of these proteins. New observables that can
provide unique insights into transient residual structures in disordered proteins are needed. Here
using denatured ubiquitin as a model system, we show that NMR solvent paramagnetic relaxation
enhancement (sPRE) measurements provide an accurate and highly sensitive probe for detecting
low populations of residual structure in a disordered protein. Further, we present a new ensemble
calculation approach based on sPRE restraints in conjunction with residual dipolar couplings
(RDCs) and small angle X-ray scattering (SAXS) to define the conformational ensemble of
disordered proteins at atomic resolution. The approach presented here should be applicable to a
wide range of dynamic macromolecules.

Graphical Abstract

Making sense out of disorder: A novel approach based on NMR paramagnetic relaxation
enhancement from a soluble paramagnetic agent provides insights into the conformations of
disordered proteins. Residues in the protein that form residual structures are less exposed to the
solvent and give rise to low paramagnetic relaxation enhancements.

Supporting information for this article is given via a link at the end of the document.
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Intrinsically disordered proteins (IDPs) and disordered protein regions play a crucial role in
a variety of biological processes and are implicated in a number of human diseases such as
Alzheimer’s, Parkinson’s and cancer.[1] They are highly abundant in nature and their levels
typically increase with the organisms’ complexity. It is estimated that more than 30% of
eukaryotic proteins contain large disordered segments.[?] Because of their flexibility,
disordered proteins sample a large number of conformations and can interact with multiple
targets, forming dynamic regulatory networks. Moreover, post-translational modifications
and alternative splicing add to the diversity of their interactions and functions.[3]
Characterizing the structural properties of this class of proteins is, therefore, essential for
understanding mechanisms of IDP function, protein folding, misfolding and aggregation.
However, this task is quite challenging due to the enormous number of conformations that
disordered proteins adopt and the paucity of observables describing them.[4]

There is increasing experimental evidence that disordered proteins (IDPs and chemically
denatured proteins) can display non-random-coil features in the form of transient “residual”
structures.[5] NMR spectroscopy is the key method for characterizing these structures at
atomic resolution and several types of data, in particular residual dipolar couplings (RDCs)
[5e-9] and paramagnetic relaxation enhancements (PREs),[®¢ 8] have provided important
insights. However, for a detailed description of the conformational ensemble of disordered
states, additional observables that can provide complementary and independent structural
information are needed.

PRE is based on the dipolar interaction between the nucleus of interest and unpaired
electron(s) of a paramagnetic center with an r~6 distance-dependence. Due to the large
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magnetic moment of electrons, PRE is a highly sensitive method for detecting sparsely-
populated conformations.[”] Typically, the paramagnetic center is incorporated by site-
directed spin-labeling of the protein, which often also involves mutagenesis for introducing
single cysteines. However, attachment of a spin-label (such as MTSL) to a disordered
protein can, potentially, lead to artificial intramolecular interactions and perturb the
populations in the ensemble, as shown recently for the amyloid-p peptide (AB) both by
NMRI8] and computational studies.[®] Alternatively, PREs can be obtained from soluble
paramagnetic probes: a method referred to as cosolute or solvent PRE (SPRE) that reports on
the solvent accessibility of an atom.[10] In contrast to PRE obtained from covalently-attached
spin-labels, sSPRE is measured without modifying the molecule under study and is therefore
readily accessible. In addition to being a label-free measurement, sPRE has the advantage
that the relaxation rate enhancement can be tuned by the concentration of the paramagnetic
probe added to the sample. Given these advantages and the fact that disordered proteins have
large surface areas,[1] we reasoned that the solvent accessibility information provided by
SPRE would be a highly suitable NMR observable for characterizing the conformation of
residual structures in disordered proteins.

Previously, SPRE has been applied to studying of folded proteins,[*2] large protein
complexes[13] and RNA.[14] To test the suitability of the SPRE experiment for probing the
conformational ensemble of disordered proteins, we used urea-denatured ubiquitin, a model
system that has been studied extensively by NMR,[15] Forster resonance energy transfer
(FRET),[16] small angle X-ray scattering (SAXS)[27] and molecular dynamics (MD)
simulations.[18] We measured transverse amide proton sPRE rates (*HN-77) on urea-
denatured ubiquitin in the presence of increasing amounts of the paramagnetic probe Gd-
diethylenetriamine pentaacetic acid-bismethylamide (Gd-DTPA-BMA) up to 4 mM
concentration (Figure 1a). Gd-DTPA-BMA is an MRI contrast agent with high water-
solubility and no net charge, thus well-suited for SPRE measurements.[*22] Due to favorable
relaxation properties of disordered proteins, even at 4 mM concentration of the paramagnetic
probe, corresponding to more than 10-fold excess over the protein concentration, there is
only a small (~15%) reduction in the overall signal intensity (Figure 1b).

The high quality of the spectra allows accurate measurement of SPRE rates (Supporting
Information). Importantly, there are no detectable 1H and 1°N chemical shift changes
between the paramagnetic and reference spectra (Figure 1a, b), indicating that the probe
does not form a specific complex with the protein, but is likely homogenously distributed
around it. This is further confirmed by noting that the SPRE measured at two concentrations
of the paramagnetic probe are highly correlated (correlation coefficient 7= 0.99) and
consequently the increase in relaxation rates with increasing probe concentration is linear
(Figure 1c, d).

The sPRE data of denatured ubiquitin display differential solvent accessibilities in a residue-
specific manner (Figure 1d). Indeed, the lowest and highest sPRE rates in the protein differ
by more than two-fold: at 2 mM concentration of the probe, sPRE ranges from ~12 s to
~26 571 (Figure 2a). The large variation along the protein sequence illustrates that SPRE
rates are rich in structural information about the disordered ensemble.
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Interestingly, the variation in the SPRE data seems to correlate with the secondary structures
observed in the natively folded ubiquitin, i.e. residues in the loops, generally, exhibit higher
SPRE rates than those in the o/ regions (Figure 2a). To further assess the similarity of
denatured and native ubiquitin, we compared the experimental SPRE data of the two states
(Supporting Information Figure S1). The comparison shows that, as a function of sequence,
there is less variation in the sPRE and thus solvent accessibility in the denatured relative to
the native state, which is expected given their unfolded and folded conformations,
respectively. Surprisingly, however, the SPRE patterns of the two states show considerable
similarity, particularly in the first 35 residues, indicating that there is significant amount of
residual native-like structure in the denatured protein (Supporting Information Figure S1).
Notably, residues 12-16 (with the sequence: TITLE) in denatured ubiquitin display an
alternate high-low sPRE pattern where T12, T14 and E16 have higher solvent accessibilities
than 113 and L 15, resembling the alternate hydrogen-bonding pattern of amide groups seen
in this region (B2 strand) of the native ubiquitin structure (Figure 2b). This is consistent with
previous studies based on long-range proton RDCs and J-couplings that have reported
residual B-hairpin structure in this region of urea-denatured ubiquitin.[150: 15¢] |n addition,
the sPRE pattern corresponding to the a-helix (residues 22-35) coincides with the pattern
observed in native ubiquitin (Supporting Information Figure S1). In summary, our SPRE
analysis reveal that despite being unfolded, there is significant amount of native and non-
native structure in urea-denatured ubiquitin. Thus, sPRE data are highly sensitive to low
populations of residual structure in disordered proteins.

To interpret the SPRE data in a quantitative way, we have developed a new sPRE module and
energy potential (PSolPot) that is implemented in the structure calculation program Xplor-
NIH.[191 The PSolPot module enables calculation of SPREs from an ensemble of structures;
the SPREs back-calculated from the native ubiquitin structure (PDB:1D3Z[2%]) show an
excellent agreement to previously published experimental datal2P] (correlation coefficient r
= 0.95 and sPRE Q-factor = 0.17), confirming the accuracy of the approach (Supporting
Information Figure S2). In addition, PSolPot has several features that enable ensemble
calculations of dynamic systems based on sPRE data. First, it allows the direct use of sSPRE
as a restraint in simulated annealing calculations combined with other observables such as
PRE, RDC and SAXS. Second, it is computationally efficient, an important attribute in the
case of disordered proteins where thousands of structures need to be calculated for
extracting statistically significant information. Finally, it offers ensemble-averaging where
the sSPRE for each member of the ensemble is calculated and averaged. The “ensemble”
feature is essential for describing dynamic systems such as disordered proteins (Supporting
Information).

To assess the conformations of residual structures present in denatured ubiquitin, it would be
very informative to extract the structural information provided by sPRE by calculating an
ensemble of structures that are in agreement with the experimental data. Previously,
Grzesiek et al. have characterized the conformational ensemble of urea-denatured ubiquitin
by using an extensive array of NMR restraints including 253 PREs (from eight MTSL-
tagged samples) and 419 RDCs (nine sets).[15d: 16] As a proof of principle and to
demonstrate that SPRE-derived restraints can be integrated into structure calculations of
disordered proteins, we carried out calculations of denatured ubiquitin using a relatively
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limited set of restraints comprising three sets of RDCs (H-N, Ca-Ha and Ca-C),[15b]
SAXSI17] and sPRE. A single conformer representation (ensemble size = 1) fits poorly to the
experimental data, but by increasing the ensemble size the fit improves dramatically and
converges at ~5 (Figure 3). Note that a similar ensemble size was required for fitting a much
larger dataset of RDC and PRE restraints.[15d] With an ensemble size of 5 (equally weighted
members) there is an excellent agreement between experimental and calculated SPRE
(correlation coefficient > 0.9) and equally good fits to the RDC and SAXS data within
experimental error (Figure 3).

We next compared the ensembles calculated without and with SPRE/RDC/SAXS restraints.
In each case we calculated 10,000 conformers (2,000 structures with an ensemble size of 5)
and analyzed the ensembles in terms of Ca-Ca contact maps. The analysis shows that the
population of intramolecular contacts in the “restrained” ensemble is significantly enhanced
compared to the “unrestrained” one (Figure 4).

In particular, there are many i—i+4 Ca-Ca contacts, some of which are the same as in the
native ubiquitin structure (native contacts are encircled by green lines in Figure 4). These
contacts involve a fragment corresponding to the a-helix in native ubiquitin (residues 22—
35) and also throughout the C-terminal half of the protein including the region around
residues 40-60 that show contact populations as high as 16%. In addition, there are a large
number of longer range non-native contacts at lower populations, for example in the middle
portion and C-terminus of the protein. However, the most notable feature is a cluster of long-
range native contacts at the level of ~0.5% between residues 21-24 and 51-56 that
corresponds to the interaction of the N-terminus of the a-helix and a nearby loop in the
ubiquitin structure (Figure 4). Overall, many features of the denatured ubiquitin structural
ensemble calculated using a combination of SPRE/RDC/SAXS restraints are similar to the
ensemble calculated previously based on a much larger set of experimental restraints.[15d: 16]
Collectively, our results strongly support the idea that despite being unfolded, certain
characteristics of the natively folded protein are retained in urea-denatured ubiquitin.

To specifically evaluate the information content of the SPRE data, we compared the contact
map of the ensemble described above calculated using SPRE/RDC/SAXS restraints with that
of an ensemble calculated using only RDC/SAXS restraints (Figure 4). The comparison
reveals that addition of the SPRE restraints results in an enhanced population of Ca-Ca
contacts in the region around residues 40-60. Most notably, the number of long-range
native-contacts involving residues 21-24 and 51-56 is increased by addition of the SPRE
restraints (Figure 4). This demonstrates that SPRE restraints provide unique structural
information and highlights the importance of using a combination of experimental data to
characterize the conformational ensemble of disordered proteins.

In conclusion, we show that the solvent accessibility information obtained from sPRE is a
readily accessible NMR observable that is highly sensitive to low populations of residual
structure in disordered proteins. Further, the ensemble calculation approach presented here
allows direct refinement against SPRE restraints in a computationally-efficient manner. This
enables combining sSPRE with other experimental data such as RDC and SAXS to provide a
quantitative description of the conformational ensemble of disordered proteins at atomic
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resolution. We anticipate that SPRE will be an important addition to the NMR toolbox for
studying disordered proteins.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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SPRE studies on denatured ubiquitin. a) 1H, 1N HSQC spectra of ubiquitin denatured in 8
M urea at pH 2.5 in the absence (left, black) and presence (right, red) of 4 mM Gd-DTPA-
BMA. b) Overlay of 1D projections of the spectra shown in panel a. ¢) Correlation of SPRE
data measured in the presence of 1 mM and 2 mM Gd-DTPA-BMA. The correlation
coefficient (/) is shown. d) Transverse proton relaxation rates (*HN-R.) plotted against Gd-
DTPA-BMA concentrations for selected residues in urea-denatured ubiquitin. The plot
shows that the change in relaxation rate as a function of paramagnetic probe concentration is
linear. The slope of this line corresponds to the relaxivity for each residue (in units of mM
~1s71), which is defined as the change in relaxation rate normalized to the probe

concentration.
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Figure2.
SPRE reveals native-like structure in denatured ubiquitin. a) Transverse amide proton sPRE

rates (*HN-77) of urea-denatured ubiquitin obtained in the presence of 2 mM Gd-DTPA-
BMA plotted against the residue number. Secondary structure elements of native ubiquitin
are shown above the plot and the corresponding regions are shaded. b) The zoomed-in view
shows sPRE data points for residues T12-E16 (with the sequence TITLE) that correspond to
a B-hairpin in native ubiquitin (PDB: 1D3Z, shown as cartoon). Amide protons of residues
in the B2 strand that are involved in hydrogen-bonding with the opposite strand display
lower sPRE values than neighboring residues. Backbone atoms in the f2 strand are shown as
sticks with C, H, N and O colored as cyan, gray, blue and red, respectively.
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Convergence of the fit to experimental data by the increase in ensemble size. Data were

obtained by simulated annealing calculations of denatured ubiquitin at different ensemble
sizes using three sets of RDCs (H-N, Ca-Ha, Ca-C’), SPRE and SAXS data as structural

restraints. An ensemble size of ~5 (equally weighted members) is sufficient to satisfy all

experimental data within experimental error.
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Ca-Ca contact maps of urea-denatured ubiquitin from an ensemble of 10,000 conformers
(2000 structures with an ensemble size of 5) obtained from Xplor-NIH simulated annealing

calculations without experimental restraints (left), with RDC/SAXS (middle) and
SPRE/RDC/SAXS (right) restraints. Contacts are color-coded according to contact

population (probability), defined as the total number of Ca-Ca contacts within 8 A distance
cut-off divided by the total number of conformers. Native contacts, i.e. observed in the NMR
structure of ubiquitin (PDB: 1D3Z), are enclosed by green lines. For clarity, only contacts

between residues more than 3 residues apart (Ji-j|>3) are shown.
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