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Abstract

High-resolution characterization of the structure and dynamics of intrinsically disordered proteins
(IDPs) remains a challenging task. Consequently, a detailed understanding of the structural and
functional features of IDPs remains limited, as very few full-length disordered proteins have been
structurally characterized. We have performed microsecond-long molecular dynamics (MD)
simulations of Noxa, the smallest member of the large Bcl-2 family of apoptosis regulating
proteins, to characterize in atomic-level detail the structural features of a disordered protein. A
2.5-pus MD simulation starting from an unfolded state of the protein revealed the formation of a
central antiparallel B-sheet structure flanked by two disordered segments at the N- and C-terminal
ends. This topology is in reasonable agreement with protein disorder predictions and available
experimental data. We show that this fold plays an essential role in the intracellular function and
regulation of Noxa. We demonstrate that unbiased MD simulations in combination with a modern
force field reveal structural and functional features of disordered proteins at atomic-level
resolution.

Introduction

Intrinsically disordered proteins (IDPs) constitute a new class of proteins that lack a well-
defined structure. 14 The absence of ordered structure is an essential characteristic that
provides these proteins with several functional advantages over globular proteins.*-11 For
example, disordered proteins/regions can bind their partners with high specificity while
modulating binding affinity. Disordered proteins/regions usually undergo disorder-to-order
transitions upon binding, e.g., IDPs or IDRs adopt an ordered structure upon binding to their
biological partners.* 12-14 Thus, binding is what ultimately determines the conformation of
IDPs in the bound state.12 15 Binding-induced folding can occur in full length IDPs, or in
large or short disorder regions within partially folded IDPs. In other cases, IDPs retain
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structural disorder in the bound state, which is necessary to optimize their function in the
cell.16. 17

A high-resolution visualization of the structural characteristics of disordered proteins is
essential for understanding the function and mechanisms for regulation of IDPs in the cell.
The structural dynamics of IDPs have been studied using various experimental techniques
such as small-angle X-ray scattering (SAXS),18: 19 fluorescence resonance energy transfer
(FRET),20: 21 electron paramagnetic resonance (EPR)?2 23 and NMR spectroscopy. 2427
However, high-resolution structural characterization of IDPs in solution remains a challenge
because of the flexibility of these proteins in solution and the inherent limitations of
experimental techniques. For instance, although SAXS can provide quantitative information
on shapes, oligomeric states, and quaternary structures of folded proteins and protein
complexes, the low-resolution nature of the data necessitates its use in combination with
other methods (e.g., NMR) for the characterization of IDPs.2” Atomic-level characterization
of IDPs can be performed using various NMR strategies, such as residual dipolar couplings
and paramagnetic relaxation enhancements;24-26 however, high-resolution NMR studies of
intrinsically disordered proteins often suffer from inherently low signal dispersion, resulting
in signal overlap. In addition, the vast majority of published NMR studies have been limited
to isolated short domains of these proteins, often neglecting global structural properties of
full-length IDPs. Recently, molecular dynamics (MD) simulations have emerged as a
powerful technique to overcome these limitations.28 Despite the inherent limitations of
modern force fields and the time scales covered with standard methods, MD simulations are
uniquely positioned to characterize, at atomic-level resolution, the structure and dynamics of
IDPs in solution, thus providing crucial information that is currently unavailable through
experiments alone.

We have used microsecond MD simulations to characterize in atomic-level resolution the
structure of human Noxa, a 54-residue disordered protein. Noxa is a BH3-only protein and
the smallest member of the large Bcl-2 family.2? It interacts with Bcl-2 family member
Mcl-1 via its BH3 domain, through coupled folding and binding,3° to promote apoptosis. In
most epithelial cells, the Noxa protein is induced in response to stress stimuli such as DNA
damage and hypoxia;31: 32 however, the protein is constitutively expressed and
phosphorylated by a glucose-regulated kinase in leukemia cells. This phosphorylation, at a
single serine residue, regulates Noxa’s pro-apoptotic activity.33 We simulated Noxa because
(i) it belongs to a very important family of cancer-associated proteins, (ii) its size allows us
to study a full-length IDP in solution, and (iii) its structural properties have been studied
experimentally and computationally.3%: 3334 Qur MD simulations, starting from an unfolded
state of Noxa, revealed the formation of a central antiparallel 3-sheet structure flanked by
two disordered segments at the N- and C-terminal ends. We found that this topology is in
reasonable agreement with protein disorder predictions and available experimental data. MD
simulations allowed us to resolve structural features of Noxa at a level of resolution not
currently attainable through experiments, and demonstrate that unbiased MD simulations
resolve essential structural and functional features of a disordered protein under
physiological conditions.
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Methods

Prediction of structural disorder

We used five methods to predict structural disorder in human Noxa: (1) PONDR-FIT is a
consensus artificial neural network prediction method, which was developed by combining
the outputs of several individual disorder predictors.3® (2) 1UPred estimates pairwise
interaction energies using a statistical potential. The IUPred algorithm captures the essential
cause of protein non-folding in a more general way: if a residue in a protein is not able to
form enough favorable intrachain contacts, it will not adopt a stable position in the 3D
structure of the chain; if such residues are clustered along a segment of a protein or the
whole protein then this segment, or the entire protein, will be disordered.38 (3) DisEMBL,
predicts classic loops, flexible loops with high B-factors, missing coordinates in X-ray
structures, and regions of low-complexity that are prone to aggregation.3” (4) SPINE-D
makes a three-state prediction first (ordered residues and disordered residues in short and
long disordered regions) and reduces it into a two-state prediction later.38 (5) ESpritz is an
ensemble of protein disorder predictors based on bidirectional recursive neural networks and
trained on three different types of disorder, including a novel NMR flexibility predictor.3®

Modeling of Noxa structure

We constructed an extended model of Noxa using the full sequence of the protein. To
generate a random structural model, we performed a short 10-ns MD simulation of Noxa at
400K. The structure at the end of this simulation contained two short a-helices but was
mostly disordered (% secondary structure <20%). This structure was solvated using TIP3P
water molecules with a minimum margin of 2.5 nm between the protein and the edges of the
periodic box. Na* and CI~ ions were added to the system to neutralize the charge of the
system and to produce a NaCl concentration of approximately 150 mM. CHARMM36 force
field topologies were used for the protein, water and ions.*0: 41 We used this force field
because we have previously shown that it describes well the structural dynamics of an
functional disordered region in solution.*2

Molecular dynamics simulations

Results

We performed MD simulations using the program NAMD 2.9.43 Periodic boundary
conditions 44, particle mesh Ewald,*%: 46 a non-bonded cutoff of 0.9 nm and a 2 fs time step
were used. The NPT ensemble was maintained with a Langevin thermostat (310K) and a
Langevin piston barostat (1 atm). The system was first subjected to energy minimization for
1000 steps, followed by a warming up period for 200 ps. This procedure was followed by
equilibration for 0.01 ns with backbone atoms harmonically restrained using a force constant
of 100.0 kcal mol~1 nm=2. An unrestrained production MD simulation of Noxa was
continued for 2.5 ps.

Prediction of structural disorder in Noxa

Members of the Bcl-2 family are either intrinsically disordered or contain intrinsically
disordered regions that are critical to their function.*’ Disorder-promoting amino acids such
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as proline or serine prevent proteins from folding, thus allowing the protein to remain
disordered.*8 We found that strong disorder-promoting amino acids proline, glutamic acid,
serine, and lysine accounted for ~50% of Noxa’s sequence. We used several structure
disorder predictors to determine whether Noxa is partially or fully disordered (Fig. 1).
Analysis of disorder propensities revealed that, on average, 22 residues (41% of the total
sequence) are structurally disordered. Analysis of the structure disorder plots revealed that
that 86% of the unstructured regions are located at the N-terminus of Noxa. All five
algorithms predict a consensus disordered N-terminal region spanning residues M1-P18
(Fig. 1); this N-terminal segment contains the regulatory phosphorylation site $13.3% The
algorithms also predict a disordered C-terminus, although there is a large variability in the
length of this disordered region. For example, PONDR-FIT predicts residues 146-T54 to be
disordered, whereas ESpritz and 1UPred predict the C-terminus as a completely ordered
region (Fig. 1).

All five algorithms predict a consensus ordered region between residues A19-S47. This
ordered region includes the highly conserved BH3 motif (2°LRRFGDK3%). X-ray
crystallography studies have shown that this domain adopts an a-helix on binding to a
hydrophobic groove of Mcl-1.30 Secondary structure predictions using JJRED*® and
PSIPRED® algorithms indicate that A19-S47 exclusively populates an a-helical structure;
these algorithms predict that between 56-68% of Noxa is a-helical. However, circular
dichroism (CD) studies of the isolated BH3 domain of Noxa showed that this domain is
mostly unstructured in solution.3° Furthermore, CD analyses of full-length Noxa showed
that <18% of Noxa folds into an a-helix. Therefore, we simulated the dynamics of Noxa
using microsecond MD simulations to reconcile the apparent contradiction between
structural secondary structure/protein disorder predictions and available experimental data.

Energy landscapes of Noxa

We used dihedral angle principal component analysis (APCA) to measure the structural
space sampled by Noxa in our trajectory. We found that 90% of the structural space sampled
in the 2.5-ps trajectory can be reduced to 82 dimensions (principal components), indicating
that Noxa adopts a very heterogeneous structure even in this time scale. We also found that
the first 5 principal components could be used to describe ~50% of the total structural space
of Noxa. Therefore, we used these as reaction coordinates to construct free energy
landscapes of Noxa in solution (Fig. 3). In all cases, the plots represent rugged landscapes
that feature several energy minima; for example, the landscape constructed using principal
components 1 and 2 revealed the presence of at least 5 energy minima populated in the MD
trajectory, but the energy barriers separating these minima are relatively small (<3.5 kcal/
mol). Thus, the energy landscape of Noxa can be described as a weakly funnelled one,%! in
which the protein is inherently flexible but in which the backbone samples a limited number
of structural states.

Fluctuations in secondary structure

We analyzed the secondary structure evolution of Noxa to characterize the formation and
stability of secondary structure in the MD trajectory. Noxa is mostly disordered during the
first 0.12 ps (Fig. 2A). After this initial period of time, Noxa folds into two antiparallel -
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sheets (residues A19-V23 and L36-N40) connected by a 10-residue loop at residues C25-
K35 (Fig. 2A). Two disordered segments at the N- and C-terminus flank this p-sheet. We
found that this structure remains stable for the remaining 2.38 ps in the trajectory. We used
five-dimensional clustering based on the first five principal components obtained by dPCA.
Although we identified five distinct structural states in our trajectory (Fig. 2B), the central -
sheet present in all representative structure for each cluster. This indicates that the central -
sheet is an intrinsic structural feature of Noxa in solution. This finding is in excellent
agreement with disorder propensity algorithms predicting that residues A19-N40 are
natively folded (Fig. 1). We also detected the presence of three additional folded segments
that were either present in the initial model or folded during the trajectory: two a-helices at
positions V23-T27 and L45-C51, and a 31p-helix at positions R30-F32 (Fig. 2A). However,
we found that these helical segments unfold in the sub-microsecond time scale.
Nevertheless, we observed the spontaneous formation and breaking of 31g-helices at
positions L29-R31 and F50-S52, indicating that folding of these segments into short helical
segments occurs transiently.

We compared our trajectory against available experimental data. Linear fit of the CD
spectrum of Noxa had yielded 17.5% a-helix, 45.8% B-sheet and 36.7% coil.33 We
calculated the average secondary structure content of Noxa from the structures extracted
between 1-2.5 ps to avoid biasing due to the presence of a-helical segments in the initial
structure of the protein (Fig. 2A,B). We then calculated the percent of secondary structure
content using a combination of secondary structure assignments with STRIDESZ and (¢, )
dihedral angles for each residue. On average, our analyses yielded 5% a-helix, 29% [-sheet
and 33% coil. Although our simulation underestimates the overall secondary structure
content (particularly the percent of a-helix), the B/coil ratio of 0.88:1 in our simulation, is in
reasonable agreement with the 1.25:1 ratio observed in CD experiments. The discrepancy in
a-helical content between experiments and our trajectory is probably due to the possibility
that the helix-coil transitions occur slowly, e.g., in tens of microseconds. It is also possible
that the structural complexity of Noxa cannot be captured accurately by CD due to the
intrinsic limitations of this technique for protein structure analysis.>® Our simulation
captures the specific structural features of Noxa with reasonable accuracy, despite these
differences.

Amplitude of structural fluctuations in Noxa

We characterized the amplitude of structural fluctuations in Noxa by calculating the root
mean-square fluctuations (RMSF) of Ca atoms using the structures obtained between t=1 ps
and t=2.5. We superposed all structures onto residues A19-V23 and L36-N40 because these
are the only regions of the protein folding into a well-defined structure in our trajectory. In
agreement with our structure disorder predictions, we found that the N-terminal segment up
to residue A17 is very flexible in solution, with RMSF values between 0.5 and 2.3 nm (Fig.
4). Similar amplitude for structural fluctuations is also observed the C-terminus, in which
residues L45-T54 have RMSF values equal or larger than 0.5 nm (Fig. 4). Although the -
sheet motif is structurally stable (Fig. 2), the loop connecting the two p-strands is inherently
flexible. Nevertheless, the amplitude of structural fluctuation in this loop (0.5-1.0 nm) is
substantially lower compared to the rest of the N- and C-terminal segments, indicating that
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the structural flexibility of this domain is controlled by the formation of a -sheet motif.
Thus, this loop can be considered a flexible region within a folded region the protein, which
explains why disorder propensity algorithms predict structural order in this region of Noxa

(Fig. 1).

Mechanism for B-sheet formation

It has been proposed that B-nucleation is a local phenomenon resulting either from
sequential or topological proximity.>* The formation of the central B-sheet occurs rapidly in
our MD trajectory despite the fact that the region where B-nucleation initiates does not have
a predefined structure (Fig. 2A). It is possible that f-nucleation is driven by the formation of
non-native contacts between the helices present in the initial structure of Noxa (Fig. 2B).
Therefore, we analyzed potential non-native contacts between structured regions during the
first 0.12 ps of simulation. We found that during this period of time, the average centroid-
centroid distance between a-helices V23-T27 and L45-C51 is 2.2+0.5 nm, indicating that
these a-helices do not interact prior to 3-nucleation. Furthermore, we found no evidence of
transient contacts involving a-helix V23-T27. Our trajectories revealed the formation of a
transient salt bridge between residues E24 of a-helix V23-T27 and acidic residue K35 at
time interval t=0.01-0.03 ps. However, time-dependent changes in secondary structure (Fig.
2A) did not show evidence of B-nucleation during this time interval. These observations
indicate that f-nucleation of Noxa does not result from topological proximity of ordered
segments.

We analyzed initiation of B-nucleation through sequential proximity because the folded
segment of Noxa is rich in charged residues (38% of the folded [3-sheet). Our analysis
revealed two salt bridges, E22-R39 and E20-K41, which stabilize the folding module that
holds two stretches of coil close together to bring their backbones in close proximity for p-
nucleation. To quantitatively determine the role of E22-R39 and E20-K41 in f-nucleation,
we plotted the distances between Cg of glutamate and C; and N of arginine and lysine
respectively (Fig. 5). We found that the salt bridge E22-R39 forms at t=0.06 ps and remains
stable for the first 1 ps of simulation time. Salt bridge E22-R39 brings together the two
segments of Noxa where folding occurs, albeit not sufficiently close for -nucleation.
Instead, this salt bridge facilitates the formation of the salt bridge E20-K41, which stabilizes
the folding module and initiates 3-nucleation (Fig. 5). We found that the salt bridge E20-
K41 is present in most of the MD trajectory (Fig. 5, inset plot), indicating that it also plays a
central role in the structural stability of the central B-sheet.

Structural stability of the backbone hydrogen-bond network of the B-sheet

Experimental studies have shown that the 3-sheet we have characterized in this study folds
into an a-helix upon binding to Mcl-1.30 This suggests that the p-sheet of Noxa must be
adaptable to allow B-sheet unfolding and subsequent folding into an a-helix upon binding.
We calculated the percentage of time backbone hydrogen bonds are present at the strand-
strand interface of the central f-sheet (Fig. 6). We found that the hydrogen bonds near
residue pairs E20 and R39 are present for at least 35% of the simulation time, although the
hydrogen bond E20-R39y is present for ~70% of the simulation (Fig. 6). These results
indicate that while four hydrogen bonds are sufficiently stable to support the p-sheet fold,
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the interstrand hydrogen bond network is dynamic in the microsecond time scale. In
addition, we found that interstrand hydrogen bonds closer to the flexible loop are only
transient (<8% of the time). These observations suggest that, despite partial folding of Noxa
into a B-sheet, the interstrand hydrogen-bond network becomes less stable closer to the loop
where the BH3 motif is located. We suggest that this structural feature is necessary because
excessive structural ordering around the BH3 motif could result in energetically unfavorable
structural transitions upon binding to Mcl-1.

Discussion

We have used microsecond MD simulations to characterize the structural dynamics of Noxa,
a disordered protein. We found that the full-length human Noxa protein adopts a partially
folded structure characterized by a central f-sheet flanked by two flexible N- and C-terminal
segments. In addition, we found that functional sites in Noxa, such as the phosphorylation
site (residue S19) and BH3 motif (residues L29-F32) are located within flexible regions.
These structural characteristics are in reasonable agreement with available experimental
data,30 33 and indicate that our simulations capture the structural features of Noxa in
solution.

Folding and binding of disordered proteins/regions occur through a hierarchical mechanism
that involves several intermediates rather than a two-state condensation-propagation
model.®® Structural elements/molecular recognition features are inherently arranged in a
‘bound-like’ conformation which is suitable for the formation of the encounter complex with
the binding partners of IPDs.5® In the case of Noxa, there are three important structural
features that contribute to the formation of the encounter complex and the coupled folding
and binding. First, while the loop that contains the BH3 domain is inherently flexible, its
structural flexibility is partially restrained by the -sheet fold. We observed that more than
80% of the side chain area of the BH3 motif is exposed to solvent. This results in the
formation of a claw-like structure that exposes all residues in the BH3 motif (Fig. 7). This
structural arrangement is likely to serve as the recognition platform for binding to Mcl-1.
Second, a 31g-helix was observed to form transiently at positions L29-R31. This finding is
important because a 31¢-helix is an intermediate in the formation of an a-helix;>’ thus, this
transient structure might facilitate coupled folding upon binding to Mcl-1. This finding is in
line with previous studies suggesting that IDPs contain preformed structural elements/
molecular recognition features.® 58-60 Finally, the nature of the interstrand backbone
hydrogen-bond network possibly allows for a relatively low-energy unfolding of the -sheet,
e.g., the average activation energy for the rupture of the hydrogen bond in a B-sheet in water
is ~1.6 kcal/mol.61 Thus, the rupture of interstrand hydrogen bonds probably contributes to
the binding selectivity of Noxa for Mcl-1 by creating additional kinetic traps. We propose
that the exposure of the BH3 motif and the presence of a transient 3;p-helix reduce the
dimensionality of the structural search and facilitate the formation of the NoxasMcl-1
encounter complex, whereas the sequential rupture of interstrand hydrogen bonds and the
formation of a-helix upon binding contribute to the binding specificity to Mcl-1.

Previous studies have shown that members of the Bcl-2 family are fully or partially
disordered in solution, and that they undergo folding into ordered helical segments upon
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binding.#” Therefore, we expect that a substantial amount of preformed helical structure
must be present in Noxa to reduce the entropic penalty associated with coupled folding and
binding through populating bound-like structures prior binding. However, we found that the
region of Noxa that undergoes coupled folding and binding, folds into a B-sheet and has a
negligible amount of helical structure. Why does Noxa natively fold into a central B-sheet,
and not into a segmented a-helix? A recent study showed that phosphorylation of 4E-BP2,
the major neural isoform of the family of three mammalian proteins that bind elF4E, inhibits
binding though a mechanism that involves additional 3-sheet formation which partially
sequesters the binding motif.52 Noxa’s activity is regulated by phosphorylation on residue
13, which inhibits binding to Mcl-1.33 Based on the 4E-BP2 study, we propose that Noxa’s
[3-sheet fold is advantageous for regulation as it provides the phosphorylated motif a
structural scaffold to sequester the BH3 domain and inhibit binding to Mcl-1 in a rapid and
selective fashion.

Finally, another important question to consider is whether the B-sheet fold of Noxa poses
any toxicity to the cell. p-sheet proteins are usually soluble, but fragments or designs of 3
structure usually aggregate. In particular, regular -sheet edges are dangerous, because they
are already in the right conformation to interact with any other p-strand they encounter. To
overcome edge-to-edge aggregation, 3-sheets normally have charged residues or proline to
disfavor further p interactions.53 Indeed, we found that the f-sheet is rich in charged residues
(Fig. 6, inset cartoon), suggesting that Noxa does not form toxic oligomers under
physiological conditions. The inability of Noxa to undergo edge-to-edge aggregation due to
charged residues is supported by mass spectrometry experiments showing that Noxa
predominantly exists as a monomer.33

Conclusions

We have characterized the structure of human Noxa, a disordered protein, using
microsecond-long MD simulations. Our simulations showed that Noxa rapidly folds into an
antiparallel p-sheet flanked by two disordered segments at the N- and C-terminal ends. This
fold is in reasonable agreement bioinformatics analyses and available experimental data.
Our findings indicate that f-sheet folding is a functional structural state of Noxa in the cell.
We conclude that unbiased MD simulations in combination with a modern force field
resolves structural and functional features of disordered proteins at atomic-level resolution.
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Fig. 1. Disorder analysis of Noxa using multiple prediction algorithms
The plot shows the disorder propensity of each amino acid in Noxa. All prediction

algorithms use the same disorder scale: residues with values between 0 and 0.5 are
considered structurally ordered, whereas residues with disorder propensity values between
0.5 and 1 are considered structurally disordered. The sequence of Noxa is shown at the top
of the graph, and residues that are likely to be disordered based on disorder prediction
algorithms are shown in red.
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Fig. 2. Time-dependent structural fluctuations of Noxa
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(A) Evolution of the secondary structure of Noxa in the 2.5-s trajectory. Secondary
structure is colored as a-helix (pink), 31g-helix (blue), B-strand (yellow) turn (cyan), and coil
(white). (B) Snapshots illustrating the key structural features of Noxa as determined by 5-D

dPCA clustering analysis. Each cluster is indicated in Roman numerals; the location of each
cluster in the trajectory is shown with keys above panel A. The structure of Noxa is
represented in ribbons and colored based on secondary structure, and N- and C-termini are

shown as blue and red spheres, respectively.
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Amplitude of structural fluctuations in Noxa
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Fig. 3. dPCA-based free energy landscapes of Noxa
Free energy landscapes were obtained using combinations of principal components 1-2, 2—

3, 3-4 and 4-5 as reaction coordinates. In all cases, the free energy landscapes features
multiple minima separated by relatively small energy barriers.
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Fig. 4. RM SF values calculated for Noxa
RMSF values were calculated between 1-2.5 s by aligning the Ca atoms of Noxa onto

residues A19-V23 and L36-N40. A cartoon representation of the secondary structure content
of of Noxa is shown at the top of the plot. The shaded area in the plot indicates the location
of the BH3 motif.
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Fig. 5. Time-dependent changesin the distance distances E22-R39 and D20-K 41
We calculated the distances between Cg of glutamate and C; and N of arginine and lysine,

respectively. The formations of salt bridges at different times are shown as grey cartoons;
the residues involved in salt-bridge formation and f-nucleation are shown as sticks. The
main plot shows the distances calculated only for the first 1 s in the trajectory; the inset plot
shows the changes in interresidue distances for the entire 2.5 us of simulation time.
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Fig. 6. Occurrence of interstrand hydrogen bonds
% H-bond was calculated between t=1 us and t=2.5 us using individual structures at time

intervals of 0.04 ps. The cartoon shows the location of the hydrogen bond donors and
acceptors located at the interface of the p-sheet. Backbone atoms are shown as van der
Waals spheres and colored according to atom type: oxygen (red), nitrogen (blue), carbon

(cyan) and hydrogen (white).
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Fig. 7. Claw-like structur e of the BH3 motif
The structure of Noxa corresponds to the representative cluster V shown in Fig. 3C. Noxa is

shown as cyan ribbons and the side chain residues of the BH3 motif (residues L29-K35) are
shown as sticks.
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