1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
JAm Chem Soc. Author manuscript; available in PMC 2018 March 04.

Published in final edited form as:
JAm Chem Soc. 2017 July 05; 139(26): 8820-8827. doi:10.1021/jacs.7b00838.

-, HHS Public Access
«

Emerging B-sheet rich conformations in super-compact
Huntingtin exon-1 mutant structures

Hongsuk Kang?, Francisco X. Vazquezl, Leili Zhang?, Payel Das?, Leticia Toledo-
Sherman?, Binquan Luan?, Michael Levitt3, and Ruhong Zhoul4

1Computational Biology Center, IBM Thomas J. Watson Research Center, Yorktown Heights, NY
10598, USA

2CHDI Management/CHDI Foundation, Los Angeles, CA 90045, USA

SDepartment of Structural Biology, Stanford University School of Medicine, Stanford, CA 94305,
USA

4Department of Chemistry, Columbia University, New York, NY 10027, USA

Abstract

There exits strong correlation between the extended poly-glutamines (polyQ) within exon-1 of
Huntingtin protein (Htt) and age onset of Huntington’s disease (HD), however, the underlying
molecular mechanism is still poorly understood. Here we apply extensive molecular dynamics
simulations to study the folding of Htt-exon-1 across five different polyQ-lengths. We find an
increase in secondary structure motifs at longer Q-lengths, including B-sheet content that seems to
contribute to the formation of increasingly compact structures. More strikingly, these longer Q-
lengths adopt super-compact structures as evidenced by a surprisingly small power-law scaling
exponent (0.22) between the radius-of-gyration and Q-length that is substantially below expected
values for compact globule structures (~0.33) and unstructured proteins (~0.50). Hydrogen bond
analyses further revealed that the super-compact behavior of polyQ is mainly due to the “glue-
like” behavior of glutamine’s sidechains with significantly more sidechain-sidechain H-bonds than
regular proteins in the Protein Data Bank (PDB). The orientation of the glutamine sidechains also
tend to be “buried” inside, explaining why polyQ domains are insoluble on their own.

Introduction

Huntington’s disease (HD) is caused by the expansion of nucleotide CAG repeats in exon-1
of the HD gene, a mutation that encodes an elongated polyglutamine tract (polyQ) within the
N-terminal region of the Huntingtin (Htt) exon-1 protein 1. In adult-onset HD, the
pathogenic threshold polyQ length is above 36 glutamine (Q) repeats 2. Although a
negative correlation between polyQ length and the onset age of HD symptoms has been well
established 24, the mechanisms by which extended polyQ regions cause neuronal
dysfunction and cell death remain unclear. Mutant Htt (mtHtt) variants (here we call Q-
lengths above 36 as mutants, and Q22 as the “wild-type” wtHtt; more below) are known to
form oligomers that aggregate into large, insoluble protein complexes (such as amyloid
fibrils) that were previously believed to constitute the principle source of toxicity in HD °.
Recent /n situ immunocytochemistry assays, however, have revealed that monomeric and
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lightweight oligomeric forms of mtHtt are also associated with neuronal death 8. As these
experimental results emphasize, elucidating the relationship between polyQ length and
protein structure is crucial for understanding the driving forces behind mtHtt oligomer
formation and identifying the processes by which these oligomers and larger aggregates lead
to neural toxicity.

The Htt exon-1 protein is intrinsically disordered and, as a direct consequence, difficult to
characterize structurally. Exon-1 monomers can access a range of structures at physiological
temperatures, and it is not known which of these configurations form the basis for toxicity.
Previous studies have focused on determining the structures of individual exon-1 domains,
including 1) its 17-residue N-terminal region (N17), 2) its polyQ tract, and 3) its 38-residue,
polyproline-rich segment near its C-terminus (C38). Experimentally determined structures
suggest that N17 folds into an amphipathic a-helix when it is attached to protein tags or
placed in a micellar environment -9, Nuclear magnetic resonance (NMR) measurements,
however, indicate that N17 is intrinsically disordered in solution 19; however, it has been
suggested the N17 helices in solution may aggregate to initialize polyQ aggregation!!. The
polyQ region is also intrinsically disordered in solution, but collapses into a compact globule
when both N17 and C38 are absent and the Q-length is 20 or greater 512-16_ Notably, the
polyQ region within an Htt36Q3H variant of Htt (polyQ= Q;HQHQHQ,7) was found to
adopt B-hairpin configurations, which may play a role in the formation of mtHtt fibrils 1517,

Molecular dynamics (MD) simulations have well complemented experimental studies by
sampling ensembles of possible intermediate states 18-20, a scheme that is particularly
crucial for understanding the thermodynamics of intrinsically disordered proteins (IDPs). In
this regard, computational studies have provided fruitful insight into the structures of N17
and various polyQ domains 2124, However, due to the intrinsic complexity of these large
IDPs and limitations on computational resources, these early simulation efforts have yielded
mixed results (despite numerous attempts with different simulation techniques involving
discrete molecular dynamics engines, implicit solvents, low resolution coarse-grained (CG)
models, etc). Some of these computational studies have suggested that a-helices dominate
the secondary structural profile of monomeric Htt exon-1 2123 while others have reported
significant B-sheet formation in the monomer that increases with Q-length 24. These
contradictory observations highlight the need for more extensive simulations conducted with
higher resolution models, such as fully atomistic protein representations simulated in
explicit solvent.

In this article, we present the results from all-atom, explicit solvent MD simulations of the
“wild type” (Q22) and representative “mutant” (Q36, Q40, Q46, and Q56) Htt proteins. To
effectively capture the many configurations these IDPs adopt, we carried out extensive
temperature replica exchange molecular dynamics (T-REMD) simulations across 128
replicas for at least 500 ns per replica, a technique that substantially improves sampling
diversity while maintaining thermodynamic rigor. By leveraging this enhanced sampling to
estimate rugged conformational free energy landscapes over a large set of Q-lengths, we are
able to codify the Q-length-dependent structural and polymeric properties of Htt exon-1.
Intriguingly, we find that the propensity to form B-sheet content increases with increasing Q-
length, suggesting that mtHtt oligomerization and fibril formation might be influenced by
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this trend. This increase in B-sheet content within the polyQ region leads to a decrease in the
number of hydrogen bonds between the N17 and C38 domains, an observation consistent
with recent FRET experiments 2°. Our analysis of the polymeric properties of Htt reveals
that the wild type Htt (wtHtt) is more flexible than mtHtts, which favor more condensed
structures. The scaling behavior for the polyQ segment’s radius of gyration (/) implies that
at high Q-lengths, the polyQ region adopts super-compact structures not seen in other
globular proteins. This increased compactness at long Q-lengths suggests that extended
polyQ domains may lead to increased neurotoxicity both by inducing distinct morphological
changes throughout the entire exon-1 protein. One may also suspect that the augmented f3-
content within and suppressed radial extension of the polyQ domain would impact Htt’s
interactions with itself, nearby exon-1 monomers, and its distinct protein binding partners.

Secondary Structural Analysis

Experimental studies of polyQ chain aggregation have suggested that monomeric proteins
with B-sheet content associated with longer Q-lengths may play a role in fibril
formation14.26, Artificially constructed S-sheet motifs in polyQ domains have also been
shown to increase the rate of polyQ aggregation 27, suggesting that the appearance of 4
sheet structures in the polyQ domain represents a key step for the formation of exon-1
fibrils. Here, we have indeed found that the amount of B-sheet content in exon-1 increases
with Q-length, as Fig. 1A illustrates. The plot shows that, in general, all of the mtHtts (Q =
36) adopt structures with more residues in S-sheet conformations than are seen in the wtHtt
(Q22) structural ensemble. At the extreme, approximately twice as many residues assume S-
sheet conformations in the Q46 mutant as compared to the wtHtt. Helical structures are more
abundant in the mtHtts, as well.

Because of the transient nature of secondary structure in IDPs, we employed the continuous
secondary structure scoring functions developed by Pietrucci and Laio in our analysis 28.
These functions assign a continuous S-sheet or a-helix score based on the root mean square
deviation between the given structure and an ideal structure determined from the CATH
database (http://www.cathdb.info/). A value of 1.0 represents a sliding segment of six
residues having very high similarity to the idealized structure. The analog nature of these
scoring functions allows us to compare Q-length dependent trends with observed
experimental results. The secondary structure scores for a-helices and S-sheets within
polyQ domains of all Q-lengths are shown in Fig. 1B. Both a-helix and S-sheet contents
increase with Q-length inside the polyQ region. The increase in a-helix content is consistent
with the recent Time-Resolved Fluorescence Energy Transfer (TR-FRET) and Electron
Paramagnetic Resonance (EPR) data from Langen and co-workers 17. Fig. 1B shows a
monotonic increase a-helix content with Q-length that is similar to experimentally observed
trends?6:29, The observed increase in B-sheet content with increasing Q-length, however, is
greater than the increase in a-helix content, especially between Q22 and Q36. This rise in
content has been seen in polyQ studies that found that increasing Q-lengths lead to increases
in B-sheet transitions'26, In particular, the monotonic increase in secondary structure
content is manifested only when using a continuous measure of secondary structure (Fig.
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1B) and not a binary secondary structure measure (Fig. 1A). This indicates that the emerging
a-helix and B-sheet content in longer Q-lengths is transient rather than static.

By contrast, we find that secondary structural motifs within N17 and C38 do not change
significantly with increasing Q-length. Fig. 1B illustrates that both a.-helix and p-sheet
scores for N17 are low in the wild type and remain so in the mtHtts. These results suggest
that the N17 domain of the exon-1 monomer is mostly disordered in solution, an observation
consistent with previous NMR measurements 10. Compared to N17, C38 is relatively rigid
due to the polyproline chains that dominate its sequence. We assigned the left-handed
polyproline 11 helix (PPII) designation to any two sequential proline residues within C38 that
adopt backbone dihedral angles (¢, ) inside the range (—75°£15°, 150°+15°). C38’s
polyproline chains assume PPII secondary structures to a large and effectively constant

extent among wt and mtHitts (Fig. 1C) 39, a result also consistent with previous experiments
31

As noted above, S-sheet rich conformations, in particular, become more prevalent as Q-
length increases. To further illustrate this trend, Fig. 2 shows high-probability structures
derived from clustering analyses of three representative polyQ domains: Q22 (wtHtt), Q36
(mtHtt at the pathogenic threshold), and Q46 (mtHtt far above the pathogenic threshold).
Clusters were derived from the GROMACS 5.0.5 cluster analysis tool 32 based on the
algorithm developed by Daura er a/33, applying a 3.5 A RMSD cut-off. The images
highlighted in Fig. 2 represent the four most populated clusters within each Q-length’s
dataset. The wild type Q22 exhibits more propensity to form helical structures, although
these structures are transient, with the majority of sampled structures being disordered. A
recent solution NMR study found a propensity to form helical structures in an N17Q17P6
model of Htt exon-1 at low pH and disorder protein behavior at neutral pH34. Additionally,
we found that the Q22 variant features more elongated C38 configurations than seen in Q36
and Q46. The structures of Q36 are the most disordered among the three Q-lengths, though
some B-sheet motifs do start to appear within its polyQ domain. Q46 configurations,
however, feature pronounced p-sheet content, particularly within the third cluster wherein
four B-strands coalesce inside the polyQ tract. These types of B-sheet conformations may
represent structural motifs capable of seeding the oligomerization processes seen in some
polyQ aggregation studies 14:26:27 Although interactions between helical N17 have been
shown to be an important nucleation event in Htt exon-1 oligomerization and may be the
most kinetically favorable process?%:35, competing pathways have been suggested where the
Htt exon-1 monomer misfolds into a B-sheet conformation that then aggregates via p-sheet
interactions32-37. Although these B-sheet dependent oligomerization pathways may be much
less kinetically favorable, they may contribute to the polymorphic nature of the Htt exon-1
aggregates and may play an important role in its toxicity.

Intra- and interdomain tertiary contacts

In order to characterize the tertiary contacts between the different domains of the exon-1
monomer, we calculated the average number of hydrogen bonds occurring among all residue
pairs (Fig. 3A) and in summation within and among various domains (Fig. 3B). In general,
we did not see any persistent contacts among individual residues (Fig. 3A). When examining
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the average total numbers of hydrogen bonds, however, the polyglutamine region displays an
unusually high hydrogen bonding propensity in relation to typical proteins (Fig. 3B, left
panel). To conduct this comparison, we calculated the total number of hydrogen bonds
within all standard globular a./p proteins in the Protein Data Bank (PDB), limiting our
computation to structures that have at least 20% a-helical and 20% B-sheet content.
Strikingly, the number of hydrogen bonds within the polyQ region of exon-1 increases much
more rapidly than it does in globular proteins, as a function of chain length (Fig. 3B, left
panel). These greatly enhanced hydrogen bonding characteristics likely result from a higher
propensity for glutamine residues to form hydrogen bonds among themselves rather than
with water. The mid panel of Fig. 3B shows that sidechains of the polyQ form more
sidechain-sidechain and sidechain-backbone hydrogen bonds than general structured
proteins with comparable sizes from PDB. Interestingly, the number of sidechain-backbone
interactions within the polyQ follows a trend similar to the number of backbone hydrogen
bonds found in structured proteins. This observation demonstrates glutamine sidechain’s
“glue”-like property (glutamine acting as “glue”), caused by strong hydrogen-bonding
tendency with backbones as well as other GLN sidechains. Furthermore, when only buried
glutamines are considered, defined as amino acids having less than 4 water molecules within
3A, the increase in sidechain-sidechain hydrogen bonds becomes even more prominent (Fig.
S1), which implies strong intra-hydrogen bonding propensity of polyQ. Because of this
strong intra-hydrogen bonding, the sidechains of glutamine residues are more likely to point
inward to the center of polyQ. In contrast, in general structured proteins, the sidechains of
glutamine residues mostly point outward (right panel of Fig. 3B). To further illustrate this
point, we analyzed the average number of sidechain-water and sidechain-protein hydrogen
bonds for surface GLN residues in polyQ and in globular proteins (Table. S1). Surface GLN
residues were defined as having at least 6 water molecules within 3A of the residue. As
expected, we did find that polyQ surface GLN residues have more sidechain-protein
hydrogen bonds than the globular proteins; while the sidechain-water hydrogen bonds are
significantly less, approximately 1.3 less on average, as compared to globular proteins (Table
S1). This suggests that surface GLN residues in polyQ have a lower propensity to interact
with water and a higher propensity to face inward than GLN residues in globular proteins.
This helps to explain the insolubility of polyQ chains without flanking domains. The less
“intrusive” surface GLN sidechains to the first solvation shell are also beneficial to the
overall folding free energy due to the less disruption of water hydrogen bonding network by
the GLN planar sidechain amide groups38:39,

Figure S2A shows the average total numbers of hydrogen bonds between N17 and polyQ
and C38 and polyQ. Both sets of interdomain hydrogen bonds also increase as Q-length
increases, indicating augmented interactions between N17 and C38 with the central polyQ
domain. Interestingly, hydrogen bonding between the N17 and C38 regions actually
decreases to a small extent as Q-length increases (Fig S2B).

Recent FRET experiments by Caron et a/. indicated that the N17 and C38 domains of exon-1
are spatially proximate in Htts of Q <36 but distant in mutants at Q= 36 2°. As a result,
Caron et al. surmised that the polyQ region in wtHtt favors disordered states whereas the
polyQ in mtHtts tends to form S-sheets. Such a secondary structural shift in polyQ should
result in a decrease in contacts between N17 and C38, as we indeed observed in our MD
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data. To further confirm this correlation, we plotted 2D histograms of N17-C38 hydrogen
bond counts against a-helix or B-sheet scores for the polyQ region (Fig. S3), and we
estimated correlation coefficients using simple linear regression. These calculations clearly
demonstrate that the number of hydrogen bonds between N17 and C38 is inversely
correlated with B-sheet content in the polyQ region (Fig S3A). The negative correlation
coefficients between S-sheet content and N17-C38 hydrogen bonding, though moderate,
seem to generally increase with Q-length (Q56 being a notable exception). By contrast, a-
helix scores show very little correlation with hydrogen bonding between N17 and C38 (Fig.
S3B).

Wild-type Htt exhibits more diverse conformations than mutant Htts

We also computed potentials of mean force (PMFs) for the full exon-1 monomer at all Q-
lengths, projected onto radius of gyration (/) and end-to-end distance (Ree) order
parameters (Fig. 4). Specifically, the PMFs were calculated as Ry, Ree) = —kpT [In ARy,
Ree) = In P min (Ry Reg)ls Where kg is the Boltzmann constant, 7is room temperature, ARy,
Ree) is the probability of a given (R, Ree) bin, and Apin is the non-zero minimum value in
the 2D probability distribution. Put in simple terms, the PMF for Q22 covers a much wider
area than any of the other PMFs corresponding to mtHtts. This wide range is partially due to
Q22 being able to sample structures that include an extended C38 domain (Fig. 4 Q22),
which is not seen in longer Q-lengths (Fig. 4, Q56). This observation also suggests that
wtHtt is more flexible and adopts a more diverse set of conformations than the longer polyQ
mutants, which favor more compact structures.

Scaling behavior of polyglutamines

Intrigued by this striking compactness in mtHtts, we next investigated the scaling behavior
of polyQ packing density as a function of Q-length.. For purposes of comparison, we
calculated the average Ry, as a function of chain length, for both polyQ domains studied
here and globular protein structures taken from the PDB. Interestingly, we find that as Q-
length increases, the compactness of each polyQ domain (as evaluated by £,) increases at a
much faster rate than expected for standard proteins or polymers (Fig. 5A). The power-law
scaling exponent for the R, of a structured globular protein is expected to be 0.33 40 while
the scaling exponent for a relatively unfolded (well-solvated) protein is expected to be ~0.5
(0.60 for an ideal polymer in good solvent) 4142, Our calculation shows that the proteins
from PDB meet these theoretical expectations (Fig. 5A, dashed brown line); however, the
scaling exponent for polyQ is estimated at a surprisingly low 0.22, despite that glutamine
itself is hydrophilic. These scaling data indicate a Q-length dependent super-compactness in
polyQ, a phenomenon that most likely results from the strong internal hydrogen bonding
between glutamine residues (Fig. 3B).

Along with this super-compactness, we also find that the shape of the polyQ tract becomes
more spherical as the Q-length increases. In order to assess such a change, we estimated the
relative anisotropy parameter, x, which measures the shape anisotropy of a polymer. For
perfect spheres, x=0; for a perfectly straight polymer, x=1. Fig. 5B shows that x generally
decreases with increasing Q-length, indicating that the polyQ changes from a rod-like
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morphology to a spherical shape at longer Q-lengths. The polyQ structural ensembles shown
in Fig. 5C — each generated from 40 random snapshots — illustrate this trend.

DISCUSSION

In this work, we performed the first systematic, all-atom MD study of the full Huntingtin
exon-1 protein across five different polyglutamine segment lengths. These simulations have
provided new insights into the effects of elongated polyQ tracts on Htt’s structure, hinting at
the molecular basis for the relationship between CAG repeats and Huntington’s disease
pathology. As Q-length is increased, the Htt exon-1 proteins exhibit more S-sheet content in
general, which acts to reduce contact between the flanking N17 and C38 domains and results
in enhanced compactness in the polyQ region. As such, the toxicity of the elongated polyQ
tract can perhaps be partially attributed to two sources: aggregation that is aided by an
increase B-sheet propensity and an increase in compactness that likely changes the ways in
which Htt interacts with itself, other Htts, and distinct protein binding partners.

Our clustering analysis highlights the emergence of S-sheet rich conformations with
increasing Q-length. We find that the Q22 polyQ tract does not contain any S-sheet content
in its most populous clusters, instead favoring very helical structures. Contrastingly, the
elongated polyQ tracts (especially Q46) feature structures that are rich in B-sheet content.
Such B-sheet rich conformations are typical of the motifs sometimes associated with
oligomer and fibril formation, suggesting that these configurations might contribute to the
increased aggregation of the mtHtt.

Our findings also demonstrate how the elongation of the polyQ segment alters interactions
between the N17 and C38 domains. While the number of hydrogen bonds within the polyQ
region itself increases with Q-length (in fact, at a much faster rate than expected for globular
proteins), the number of hydrogen bonds between N17 and C38 decreases with increasing
Q-length. The reduction in N17-C38 hydrogen bonds is correlated with an increase of -
sheet structures in the polyQ region. This observation confirms previously reported
experimental FRET results and a proposed model by Truant and co-workers 25,

As the polyQ-length increases, the overall conformational flexibility of the protein is
diminished, and the exon-1 mutants adopt increasingly compact structures. Along with the
appearance of B-sheet rich conformations, increased compactness and reduced flexibility
appear to represent key differences between the wild type and pathogenic Htt variants. It is
important to emphasize, however, that even though extending the Q-length leads to reduced
conformational flexibility, the exon-1 protein remains disordered and does not adopt a native
folded state.

Ultimately, this loss of flexibility stimulates a surprising finding: the radial scaling behavior
of polyQ domains is very different from that of standard globular proteins, such that the
polyQ region adopts super-compact structures at longer Q-lengths. The R, scaling exponent
for polyQ was estimated to be 0.22, a considerably smaller value than the exponent typical
of globular proteins (0.33). Super-compactness is an astonishing characteristic for an IDP to
possess: based on conventional wisdom, one expects IDPs to abide by a scaling exponent of
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approximately ~0.5. This unanticipated scaling behavior likely results from the explosion in
internal hydrogen bonding seen with increasing Q-length. The resultant reduction in
flexibility and super-compactness should impact the way individual mtHtts interact with
other proteins, possibly inducing a loss of function and thereby accessing an orthogonal
mechanism of toxicity. One possibility is that the enhanced compactness and resulting
mechanical stability may alter the proteolysis mechanism of mtHtts (e.g., exceeding the
capability of proteasome to digest them), thus suppressing the degradation of these mutant
proteins and leading to their accumulation in vivo*3.

Although our findings suggest these possible origins for the toxicity of mtHtts, further work
is needed to discover just how these changes in structure affect protein-protein interactions
and what roles the N17 and C38 regions play in mediating those downstream effects.
Additionally, comparison of Htt with other disease-causing polyglutamine proteins may
provide useful insights into the role of the flanking domains play in modulating the
pathogenic Q-length. While a long road lies ahead with respect to comprehending the
molecular underpinnings of Huntington’s disease, the Q-length-dependent perturbations to
Huntingtin exon-1 monomer structure identified here represent encouraging early steps
toward that direction.

Materials and Methods

Molecular dynamics simulations were conducted on Htt exon-1 proteins
(MATLEKLMKAFESLKFSQ,P11QLPQP3QAQPLLPQPQP,() featuring five different Q-
lengths: Q22, Q36, Q40, Q46, and Q56. All simulated exon-1 proteins included both the N-
terminal (N17) and C-terminal (C38) domains flanking the central polyQ tract. Due to the
intrinsic disorder of the Htt exon-1, we used temperature replica exchange molecular
dynamics (T-REMD) #4 to enhance the sampling of the conformational free energy surface.
Furthermore, to remove biases from any known structural motif, we prepared initial
structures for T-REMD using the following procedure?>-47: polypeptide chains with fully
extended conformations were constructed, collapsed /n vacuo through minimization and
equilibration at 700K, solvated with a 2.0 nm buffer of TIP3P water, and neutralized with
NaCl to a concentration of 200 mM. To obtain fully randomized conformations, the system
was heated from 298K to 600K and maintained at that high temperature for 400 ns. Over the
final 128 ns of this trajectory, 128 initial conformations for T-REMD seeding were selected
at a rate of one per 1 ns.

After a 1 ns equilibration, we carried out standard T-REMD simulations with 128 replicas at
constant volume for c.a. 500 ns per replica, using temperature ranges from 298K to 600K.

The replicas were allowed to exchange temperatures every 1000 time steps and the resulting
acceptance ratio was in the range of 0.25-0.3. A time step of 4 fs with virtual sites was used.

All simulations were performed with GROMACS 5.0.5 32 using the OPLS-AA/L force field
48

The total aggregate simulation time for our dataset reached 320 is. We recorded atomic

coordinates at every 0.1 ns and analyzed the trajectories at temperatures ranging from 298K
to 315K, after discarding the first 100 ns of each run. Secondary structure analyses were
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carried out using STRIDE 49 and the PLUMED software package 3. Convergence checks
(Fig. S4-S5) and further analysis can be found in the Supplementary Information. Molecular
structures were visualized and rendered using VMD 51 (http://www.ks.uiuc.edu/Research/
vmd/)

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figurel.
Secondary structural analysis shows that the p-sheet content of Huntingtin (Htt) increases

with Q-length faster than the a-helical content. (A) Absolute secondary structure content of
the full Htt exon-1 for Q22, Q36, Q40, Q46, and Q56 (B) The average secondary structure
scores of first 17 residues near N-terminus (N17) and polyglutamine (polyQ) regions of Htt
for all Q-lengths. A sharp increase in B-sheet content emerges between Q22 and the
pathogenic threshold Q-length, Q36. The estimated errors are less than 3%. (C) Absolute
secondary structure content of the proline-rich segment near C-terminus (C38) for all Q-
lengths. Because the content of the polyproline Il (PPII) helices is so high, the inset shows
other secondary structural motifs on a reduced scale.
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&

Representative structures determined from clustering analysis of Q22, Q36, and Q46
datasets. The populations of each cluster, as a percentage from sampled conformations, is
shown above each structure. In general, as the Q-length increases, the p-sheet content of the
polyQ region increases. The N17 domain can also form more p-sheet structures as the Q-
length increases. The N17 region is shown in tan, the polyQ in red, and the C38 in cyan. The

proteins are rendered using the New Cartoon representation.
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Figure 3.
Hydrogen bond analysis shows that the contacts between N17 and C38 are reduced as the Q-

length is increased. Panel (A) Pairwise residue hydrogen bonding probability map for all Q-
lengths. Panel (B) (Left) Average number of hydrogen bonds in the polyQ region for all Q-
lengths (orange circles). For comparison, the average numbers of hydrogen bonds in
globular proteins selected from PDB structures are also plotted (brown crosses). The dashed
line is a power-law fit with the scaling exponent of 1.28. As seen in the figure, the number of
hydrogen bonds within the polyQ region increases at a faster rate than in other globular
proteins. (Middle) Average number of sidechain-sidechain (blue square), backbone-
sidechain (green triangle) and backbone-backbone (red circle) hydrogen bonds for polyQ
and PDB proteins. The sidechains of polyQ show more hydrogen-bonding propensity than
the PDB proteins with comparable sizes. (Right) Sidechain orientation with respect to
protein surface. 0 is an angle between a vector from center of mass of a protein to C, atom
and another vector from C, to Cg. Sidechain of GLN in polyQ tends to point inward as
compared to general PDB proteins, suggesting that the GLN residues will not be available to
form favorable interactions with the solvent.
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Two-dimensional PMFs projected onto Ree and R for the full exon-1 across all Q-lengths.
The PMFs are plotted as differences from a global PMF maximum. Q22 has much wider

distributions of Ry and Ree values than the other Q-lengths, indicating a more flexible

structure. The reduction in the sampled Rq and Ree regions indicates that increases in Q-
length lead to more compact structures. For Q22, the overlaid representative structures from
the highlighted regions show that the maximum Rq values can be sampled from both the
minimum and maximum Rge Values, indicating that the extended C38 region is very flexible.
On the other hand, the representative structure highlighted in Q56 shows that the protein is
relatively compact with the end-end distance less variant even for maximum Ry structures.
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Increasing Q-length leads to super-compact conformations in the polyQ region. (A) Radii of
gyration for the polyQ region (orange ©) and structured proteins from the PDB (brown x),

as a function of chain length. The dashed lines indicate power-law fitting. The scaling

exponents are displayed in the figure, showing that the polyQ will adopt super-compact

structures at longer Q-lengths. (B) Relative anisotropy, x, for all Q-lengths. x roughly

decreases as Q-length increases except for Q40, which indicates that the chain becomes
more spherical. (C) Ensemble of polyQ structures. 40 randomly selected polyQ structures
are rendered together to illustrate the morphological change in polyQ with increasing Q-
length. Q22 has a more aspherical shape than the other mtHtts, and the shape of the protein

becomes more spherical as Q-length increases.
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