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Abstract

The conformational preferences of polyglutamine (polyQ) sequences are of major interest because
of their central importance in the expanded CAG repeat diseases that include Huntington’s disease
(HD). Here we explore the response of various biophysical parameters to the introduction of -
hairpin motifs within polyQ sequences. These motifs (trpzip, disulfide, D-Pro-Gly, Coulombic
attraction, L-Pro-Gly) enhance formation rates and stabilities of amyloid fibrils with degrees of
effectiveness well-correlated with their known abilities to enhance B-hairpin formation in other
peptides. These changes led to decreases in the critical nucleus for amyloid formation from a value
of n* = 4 for a simple, unbroken Q,3 sequence to approximate unitary n* values for similar length
polyQs containing p-hairpin motifs. At the same time, the morphologies, secondary structures, and
bioactivities of the resulting fibrils were essentially unchanged from simple polyQ aggregates. In
particular, the signature pattern of SSNMR 13C GlIn resonances that appears to be unique to polyQ
amyloid is replicated exactly in fibrils from a p-hairpin polyQ. Importantly, while B-hairpin motifs
do produce enhancements in the equilibrium constant for nucleation in aggregation reactions,
these Kn* values remain quite low (~ 10710) and there is no evidence for significant embellishment
of B-structure within the monomer ensemble. The results indicate an important role for p-turns in
the nucleation mechanism and structure of polyQ amyloid and have implications for the nature of
the toxic species in expanded CAG repeat diseases.

In Huntington’s disease and nine other expanded polyglutamine (polyQ) diseases, a genetic
expansion of the polyQ sequence in a disease protein into a pathological repeat length range
typically above 35 residues increases disease risk and decreases age-of-onset 1. One
hypothesized biophysical explanation for this dramatic repeat length effect is that expanded
polyQ sequences populate an alternative monomer conformation that triggers a
dysfunctional and/or toxic response in the cell 2. However, the observations of polyQ
aggregates in disease brain tissue 3 and of a repeat length dependence of aggregation both 7
vitro® > and in cell and animal models 6 suggest an alternative hypothesis featuring a strong
role for polyQ aggregation ’. For this reason, particular emphasis has been placed on
understanding the mechanisms of polyQ amyloid nucleation and how this might be affected
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by repeat length, sequence context, and cellular environment 8. Although flanking sequences
can clearly have a major impact on aggregation rates and mechanisms 8-10, it is likely that
some fundamental aspects of polyQ amyloid formation deduced from studies on simple
polyQ sequences will apply to polyQ behavior in disease proteins.

Mature aggregates of polyQ disease proteins and model peptides exhibit many features of
amyloid structure, including a filamentous architecture in electron micrographs 4 and g-rich
secondary structure by CD 11, FTIR 10, X-ray diffraction 1214 and SSNMR 1°:16 |
contrast to a number of relatively well-characterized polypeptide amyloids, which exhibit
secondary structures dominated by in-register, parallel p-sheet 17-19, polyQ amyloid appears
more likely to possess anti-parallel B-sheet architecture 13-16.20. 21 Twg basic models for
how polypeptide sequences might be accommodated into such anti-parallel p-sheet
structures have been delineated by Kajava and Steven 22, In the first, the chain remains
within a single sheet by undergoing a series of intramolecularly H-bonded B-turn/B-hairpin
chain reversals (Fig. 1). In the second, the chain undergoes reverse turns (“p-arcs”) that
connect adjacent B-sheets in a conformation that has been referred to as a p-arch 22 (Fig. 1).
Such chain reversals are reminiscent of polypeptide conformations found in a number of
parallel, in-register B-sheet amyloids, including fibrils of A 22,

Previously, our lab found that all simple polyQ peptides tested with the sequence format
K,QnKo spontaneously form amyloid viaa classical nucleated growth polymerization
mechanism without forming any required, on-pathway non-amyloid intermediates 1. 23, At
the same time, nucleation efficiencies varied considerably within this series, such that
peptides with polyQ repeat lengths of 23 or lower exhibited a critical nucleus (n”) of 4,
while those with repeat lengths of 26 or above had n™ = 1 23, We interpreted these data to be
consistent with B-hairpin formation playing a critical role in nucleus structure, based on the
hypothesis that longer polyQ sequences can form more stable p-hairpins 23. It seems also
possible, however, that the chain reversal required for enhancing polyQ amyloid nucleation
is the B-arc 22 in which the reverse-turn conformation is stabilized by side chain interactions
rather than main-chain H-bonding (Fig. 1a). Indeed, some have argued that the anti-parallel
B-sheet architecture of polyQ amyloid may feature such p-arc connectivity 16.

A number of recent studies have interpreted a variety of biochemical and biophysical data to
indicate that longer, monomeric polyQ sequences in solution are enriched in p-hairpin like
structures (compared with shorter polyQ sequences), which would thus be prime candidates
for the toxic species in expanded polyQ disorders 24-27_ In contrast, other experimental and
computational studies have indicated that monomeric polyQ sequences of all repeat lengths
longer than ~ 10 Gln residues exhibit similar conformations that are compact but at the same
time disordered 5 8 11, 28-31

To address some of these fundamental issues concerning polyQ folding and cytotoxicity, we
designed and analyzed a series of mutated polyQ sequences containing various well-
characterized B-hairpin encouraging sequence elements. Our results provide a number of
insights into nucleation mechanism and amyloid structure for the polyQ homopolymer, and
place stringent limits on the ability of polyQ monomers in water to populate B-hairpin
conformations.

A number of sequence motifs have been described that highly favor p-hairpin

formation 3242, One class of motifs encourages -hairpin formation from the center of the
peptide (e.g., L-Pro-X 32 and D-Pro-Gly 32 35). Another class encourages the close
association of chain termini in orientations compatible with p-hairpin formation (e.g.,
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disulfide crosslinks 41, “tryptophan zippers” (trpzips) 42, and favorable Coulombic
interactions 36: 38), We set out to explore the effects of both classes of motif on the
aggregation kinetics of sequences in the Q»,—Q23 repeat length range.

A survey of this series of mutated polyQ peptides (Table 1) shows that p-hairpin
encouraging mutations consistently enhance aggregation kinetics (Fig. 2a). The L-Pro-Gly
motif, which is compatible with B-hairpin conformation without greatly favoring it 32,
modestly enhances aggregation kinetics under these conditions (Fig. 2a, 4) compared with
a KyQ»3K5 peptide (Fig. 2a, H). In contrast, the D-Pro-Gly motif, known to be more
effective at encouraging p-hairpin formations than L-Pro-Gly in monomeric peptide model
studies 32 35, dramatically enhances aggregation kinetics (Fig. 2a, ¥). Peptides containing
either an intramolecular disulfide bond 41 (Fig. 2a, A) or a “trpzip” motif (Fig. 2a, H)
consisting of N-terminal N -Ac-Trp and C-terminal WTG 42 also exhibit dramatic rate
increases. In addition, a D,Q23K peptide, engineered for the potential to undergo
intramolecular Coulombic attraction between Asp and Lys residues at chain termini, exhibits
a relatively modest rate enhancement (Fig. 2a, @).

We also found that the aggregation enhancing abilities of these p-hairpin mimetics are
additive. The peptide AcWQ11pGQ11WTGKj5 (Fig. 2a, %) combines two motifs, one that
encourages pB-hairpin formation from the chain termini and one that facilitates p-turn
formation from the center of the sequence. (The design of this peptide has conformational
features that are conceptually similar to that of a GIn-rich, D-Pro-Gly/disulfide peptide
previously described by the Fairman group 43.) We found that this peptide aggregates so
rapidly at ~100 M that the kinetics could not be accurately determined by our methods. We
therefore repeated the analysis at lower concentration. Figure 2a shows that even at a mere ~
15 uM, AcWQ11pGQ11WTGK, aggregates more rapidly than the disulfide or trpzip
mutants at ~100 .M. We then compared this peptide to the two corresponding indvidual -
hairpin mutants at this lower concentration of ~15 uM (Fig. 2b, B). The results show clearly
that the double B-hairpin mutant ACWQ1,pGQ11WTGK, (M) aggregates more rapidly than
both the single D-Pro-Gly (¥) and trpzip (A) mutants. Moreover,, the figure also shows that
all of these p-hairpin mutated versions of short (Q,3) polyQ peptides aggregate nearly as fast
or faster than an equivalent concentration of a much longer simple polyQ peptide with a
pathological repeat length, K,Q37K> (@). The K>Q,3Ko peptide, at this concentration, does
not detectibly aggregate (not shown). We monitored aggregation of the double mutant
AcWQ11pGQ11WTGK; by CD and obtained a random coil to B-sheet transition (Fig. 2¢)
very similar to data previously reported for simple polyQ aggregation 11,

Detailed nucleation kinetics analysis of KoQ10pGQ11K2

To investigate how these mutations lead to aggregation rate enhancements, we carried out
nucleation kinetics analysis 11: 23 44 For example, we studied the concentration dependence
of the initial aggregation of the D-Pro-Gly peptide K»Q19pGQ11K> (Fig. 3a). As previously
carried out for other polyQ peptides 11: 23.44 these data were plotted vs. time? (Fig. 3b) and
the resulting rates plotted vs. starting concentration in a log-log plot (Fig. 3c, l). From the
resulting slope of ~ 2.7, we obtain a value for the critical nucleus (n”, the number of
molecules involved in nucleus formation) of 0.7 using the relationship n* = slope -

2 11.23,44 This contrasts strongly with the n* of 3.9, based on a log-log slope of 5.9 (Fig.
3c, @), previously reported for KoQ,3K, 23. Thus, the rate enhancement effect of replacing
two GlIn residues in the center of a Qo3 sequence with D-Pro-Gly is due at least in part to a
dramatic reduction in the size of the critical nucleus fromn* ~ 4ton™ ~ 1.

To complement the nucleation kinetics analysis, we also determined the second order
elongation rate constant, k.. From the measurement of an aggregate preparation’s pseudo-
first order elongation rate constant (Fig. 3e) and its molar concentration of fibril growth

J Mol Biol. Author manuscript; available in PMC 2014 April 12.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Kar et al.

Page 4

points (Fig. 3f) we determined a k; of 0.17 x 10* M~1s71 for K,Q10pGQ11K>. In contrast,
we previously determined ky to be 1.24 x 10* M~1s71 for K,Q,3K5 23. Thus, while
nucleation of amyloid formation is greatly facilitated by the B-hairpin encouraging D-Pro-
Gly insertion, we find that amyloid elongation is actually somewhat retarded by this change.

Two measures of the energetics of fibril assembly were determined for this peptide from the
aggregation data. First, the equilibrium constant for nucleation, K,*, was calculated from the
y-intercept of the log-log plot (Fig. 3c) and the k. value . This yields a value of K* = 0.93
x 10710 for the monomeric folding reaction responsible for nucleus formation, dramatically
illustrating the high energetic barrier to nucleus formation for even a rapidly aggregating
peptide containing a B-hairpin enhancing mutation. (Unfortunately, a comparable analysis
cannot be conducted for K>Q23K, because its critical nucleus is not monomeric.) Second,
the thermodynamic contribution of the D-Pro-Gly to the stability of the fibril product was
obtained by determining C,, the concentration of monomer when fibril association/
dissociation reaches equilibrium 46: 47 The C, was obtained by separately monitoring both
fibril assembly and disassembly (Fig. 3d), and the corresponding free energy change
calculated (see Methods). For KoQ19pGQ11K2, we obtained C; = 0.35 + 0.02 uM (Fig. 3d;
Table 2), corresponding 46 47 to a AGgjong Of =38.3 kd/mol (Table 2). In contrast, the C and
AGejong for KoQo3K; are 2.9 £ 0.5 uM and -32.9 ki/mol (Table 2). Thus, fibrils are
stabilized relative to the monomer state by 5.4 kJ/mol when GIn-GIn is replaced with D-Pro-

Gly in a Qo3 peptide.

Kinetics analysis of other mutated polyQ peptides

Similar analyses were conducted for the other peptides shown in Figure 2a (Fig. 4; Table 2).
The results show that, in every case, B-hairpin favoring mutations in a Q22 or Qa3
background reduce n* from ~4 to ~1 (Fig. 4, a—e; Table 2). Consistent with the trends in the
aggregation kinetics at 100 M, n”* for the moderately effective L-Pro-Gly mutation and for
the D,/K, Coulombic attraction mutation give n* values perched between 1 and 2, which
may indicate a mixed mechanism for nucleation for these peptides. At the same time, strong
B-hairpin favoring mutations such as the trpzip motif and the covalent disulfide, both of
which at 100 M produce more rapid spontaneous aggregation than the D-Pro-Gly mutant,
yield n” values of 0.7 to 0.8, in the same range as the D-Pro-Gly peptide (Table 2). The
variations in aggregation kinetics within those peptides that exhibit similar n* values are
presumably due to an interplay between K,* and/or k; values.

Displaying a similar correlation, mutations known to provide modest enhancement of -
hairpin stability provide relatively low stabilization to the amyloid fibril, as assessed by C,
value, while motifs that strongly enhance B-hairpin formation provide greater fibril
stabilization. Thus, the L-Pro-Gly mutation yields a AGgjong Value of —34.3 kJ/mol, only 1.4
kJ/mol more stable than the K;Q,3K; peptide, and the Do/K; pair yields a AGejong 0f —=35.3
kJ/mol for a stabilization, compared to the K,Q23K> sequence context, of only 2.4 kJ/mol
(Table 2). In contrast, the disulfide and trpzip mutations give AGejong Values of —38.3 and
—39.6 kd/mol, for A AGgjong Values, compared with K;Q23K5, of 5.4 and 6.4 k/mol,
respectively.

Analysis of the double B-hairpin mutant AcWQ11pGQ11WTGKj5, yielded data consistent
with the comparative analysis shown in Figures 2a and b. The log-log plot of this peptide
(Fig. 4e) yields a value for n* of 0.9 (Table 2), and the C, determination (Fig. 4j) led to a
value of ~ 0.11 M (Table 2), i.e., more stabilizing than either of the “individual p-hairpin”
mutations.
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Aggregate structure and properties in vitro

The above results suggest that p-hairpin formation is not only easily tolerated as part of the
nucleation mechanism, but also actually enhances the efficiency of nucleated growth by
reducing the value of n*. Nonetheless, the results do not formally prove that amyloid
nucleation within simple, unbroken polyQ sequences also occurs v/a p-hairpin formation. To
gain insight into this important question, we compared the aggregates that are obtained from
B-hairpin mutants to the amyloid fibrils generated by normal polyQ peptides. We found that
the EM morphologies of the aggregates formed by the above mutated polyQ sequences (Fig.
5b—g) are very similar to amyloid-like aggregates from simple polyQ peptides in both the
Qo3 (Fig. 5a) and Q4 (Fig. 5h) ranges. Thus, all these aggregates exhibit morphologies built
upon unbranched monofilaments of diameter 3.2—4.5 nm that appear to associate into rigid-
looking non-twisted ribbons or tapes consisting of multiple filaments. For some peptides
these ribbons tend to be relatively short, in the 200-400 nm range (Fig. 5a, c—g), while for
other peptides the ribbons are over 0.5 um in length (Fig. 5b,h). These aggregate
morphologies are distinct from more typical amyloid fibrils that exhibit more uniform
diameters in the 8-12 nm range. We also conducted FTIR analysis of the aggregates (Fig.
6). In all cases we obtained spectra dominated by a triplet of strong peaks reporting on -
sheet and on ordered Gln side chains 48 that is characteristic of polyQ amyloid and identical
to a sample of K»Q,3K, amyloid.

As a more detailed probe for changes in the core structure of the resulting amyloid fibrils we
also conducted magic-angle-spinning (MAS) ssNMR experiments on these fibrils. Previous
reports from our labs and others 15 16 have established that GIn residues within the core of
normal polyQ fibrils feature two sets of reproducible NMR signatures. Such 13C chemical
shifts are sensitive to the local structure as well as dynamics 4°, and are therefore sensitive
probes of the structure within the amyloid fibril core. Indeed, amyloid fibrils in different
polymorphic forms are often identified based on their chemical shifts, which in turn reflect
variations in their internal structure 59-53. To probe for any disturbance of the amyloid core
structure in mutant fibrils, we introduced a specifically 13C,15N-labeled GlIn into
K2Q11PGQ11D, a peptide that combines two sequence motifs (PG and Ky/D5) found to
independently enhance aggregation and decrease n* (Table 2). The label was placed in the
eighth GlIn in the first Q17 segment (i.e., residue Q10). Using 2D 13C-13C MAS ssNMR
spectroscopy, we determined this GIn’s NMR signals, resulting in the 13C NMR data in Fig.
7a. Again, this single labeled GIn residue yields a doubled set of resonances, indicating two
distinct conformations. These are the same doubled resonances, populated in approximately
equal amounts, previously found in amyloid fibrils of both simple polyQ and the polyQ
portion of huntingtin fragments 1° 16, The 13C line widths for the labeled Q10 vary from
~180-225 Hz, depending on the atomic site (1.2-1.5 ppm at 600MHz 1H frequency). These
line widths are the same as those in our previously published 1° data on K,Q3K5 fibrils in
which the fourth GIn of the polyQ track was isotopically labeled (Fig. 7b). Although these
line widths exceed those recently observed for certain amyloid fibrils with particularly high
structural homogeneity, they are typical of the range of line widths seen for the variety of
amyloids studied by MAS ssNMR (e.g., 51 54-56),

To examine the likelihood that these chemical shifts are reproduced by chance, without
preservation of structure, we extracted the 13C shifts of >10,000 Gln residues reported in the
Biological Magnetic Resonance Data Bank (BMRB; http://www.bmrb.wisc.edu) of proteins
studied by NMR. Protein NMR signals for the Cp and C+y of GIn are typically well
separated in chemical shift (Fig. 7c). In contrast, in each of the two observed polyQ GIn
conformers ‘form a’ (indicated in red) and ‘form b’ (marked in blue) there is an unusually
small shift difference between CB and Cvy (see Fig. 7 and refs 15 16). Figure 7d summarizes
the (small) subset of GIn in the BMRB that do have a similarly small CB/Cry shift
difference, and reveals that only 0.5% (form a) and 0.4% (form b) of GIn match either of the
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observed chemical shift values. The unlikelihood of the observed shifts is also apparent from
inspection of the actual shift values in Figure 7c, as the CB shift of “form a’ is in itself very
unusual, and both the Cp and C-y shifts of ‘form b’ are atypical. Thus, the consistent and
reproducible observation of both sets of resonances in polyQ amyloids (here and
elsewhere 15 16.57) seems exceedingly unlikely to occur by chance. We also note that both
the separation between the two sets of peaks (Fig. 7), and the differences between the
observed and ‘typical’ Gln shifts (Fig. 7¢) significantly exceed the width of the peaks.
Further studies of this seemingly unique polyQ structure will be required to fully
characterize the nature of the two co-existing forms, necessitating further MAS ssNMR
experiments that provide site-specific structural insights into these complex and composite
amyloid fibril structures 52 53, 56. 58 Nonetheless, it is clear that the incorporation of these
B-hairpin-promoting mutations does not appreciably modulate these key indicators of the
internal amyloid core structure.

Aggregate structure and properties in cells

Another measure of the relation of our -hairpin-peptide amyloid fibrils to fibrils made of
simple polyQ sequences is their respective behavior in cell assays. Previous work with
simple polyQ aggregates showed that finely dispersed aggregates can enter mammalian cells
in culture, and that, if the constituent peptides are fitted with a nuclear localization signal
(NLS), the aggregates are both extremely toxic > and can recruit GFP-tagged polyQ
sequences within the cell 89, We obtained the peptide NVLS-GGQ11PGQ12CK>, modified the
Cys residue with the fluorophore Cy5, prepared aggregates from the labeled peptide, and
exposed PC12 cells in culture to these aggregates in growth media (Methods).

Similar to normal polyQ counterparts, these mutant aggregates are taken up by PC12 cells in
culture (Fig. 8b) and, in cells producing a huntingtin (htt) exon1 fragment with Q5 fused to
EGFP, the aggregates stimulate the formation of GFP puncta (Fig. 8d), many of which co-
localize with the Cy5 labeled internalized aggregates (Fig. 8e). Quantitation of the number
of cells with puncta shows that PC12 cells without internalized aggregates exhibit only
diffuse GFP fluorescence consistent with low molecular weight species, and that GFP
puncta formation is equivalent in cells taking up either simple polyQ aggregates or p-hairpin
mutant aggregates (Fig. 8f). In addition, we find that the cytotoxicity of the NLS-B-hairpin
aggregates is equivalent to similar, simple polyQ aggregates >° (Fig. 8g).

Solution structure of B-hairpin polyQ monomers

Since the conformational flexibility and preferences of monomeric polyQ peptides are of
great interest to the HD field, we wanted to investigate the monomeric state of peptides with
installed B-hairpin motifs. We employed CD to assess the extent to which B-hairpin
encouraging mutations force measureable levels of intact B-hairpin structure in monomers in
solution. In contrast to their B-hairpin enhancing effects on other peptides 32 36. 42, we found
no indication of a substantial amount of B-hairpin structure in the native ensemble of these
B-hairpin motif polyQ peptides. Thus, the CD spectrum of monomeric K,Q19pGQ11K> (Fig.
2d, red) is similar to the spectrum of K,Q25K> (Fig. 2d, black), both spectra exhibiting
random coil characteristics. The inability of the installed B-hairpin encouraging mutations to
enhance B-sheet content is emphasized in the difference spectrum generated by subtracting
the spectrum of the K,Q»5K> peptide from that of KoQ19pGQ11Ko. This difference spectrum
is weak and without typical B-strand or turn features (Fig. 2d, green).

DISCUSSION

The results reported here support and extend our model for the nucleation of amyloid
formation by simple polyQ sequences. We previously hypothesized that polyQ sequences in
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the Q15—-Q23 length range are precluded from operating viaa monomeric nucleus due to
their energetically restricted abilities to fold, even transiently, into a monomeric nucleus,
which we modeled as a B-hairpin type structure 23. In our studies described here, we
attempted to overcome this hypothetical energy barrier by introducing mutations that are
well-known to generally enhance pB-hairpin formation. The success of this approach, in
generating short polyQ sequences with greatly enhanced aggregation rates (Fig. 2a)
controlled by a monomeric nucleus (Table 2) provides additional support for our models for
the structure of the critical nucleus and resulting amyloid fibril, and also places severe
restrictions on the concentration of p-hairpin-like conformations that are normally populated
within the monomer ensemble.

Detailed kinetics analysis of one of these peptides, K,Q10pGQ11K>, shows that this -
hairpin mutation not only confers an n* ~ 1 but also a nucleation equilibrium constant (K),*;
see Methods) in the range of 10710, similar to values obtained for other rapidly aggregating
polyQ peptides & 2345 Somewhat surprisingly, the second-order elongation rate constant
(k) for the D-Pro-Gly peptide is about an order of magnitude smaller than the rate constant
we obtained previously for K»Q3K» 23. Although our model predicts that facilitating p-turn
formation should favor both nucleation and elongation, it is conceivable that the D-Pro-Gly
sequence provides an unfavorable configurational constraint onto the multi-step fibril
elongation mechanism 61-64, The fact that K»,Q19pGQ11K> undergoes amyloid formation
much more rapidly than K,Q23Kj, in spite of a less favorable elongation rate constant, is a
dramatic illustration of the large benefit of a small nucleus. Using other methods, similar
overall aggregation rate enhancement, albeit with different underlying parameters, was
recently reported for a D-Pro-Gly containing short polyQ sequence °: 66, Introduction of
regularly spaced D-Pro-Gly insertions was previously reported to also greatly enhance
aggregation rates for longer polyQ sequences 29, and introduction of D-Pro-Gly into a
predicted turn location in the AB sequence greatly enhances its aggregation rate 67,

Several lines of experimental evidence suggest that amyloid fibrils from simple, unbroken
polyQ contain chain reversals that are predominantly p-turns and not p-arcs. If the normal
aggregation pathway did not involve B-hairpin structures, then the introduction of such
mutations into polyQ would be expected to disrupt the normal aggregation process, reducing
aggregation kinetics and potentially significantly altering aggregate morphology in an
example of mutation-dependent amyloid polymorphism 68. 69 However, we found that p-
hairpin motifs uniformly enhance aggregation kinetics, and EM, FTIR and SSNMR data all
suggest that the structures of the amyloid fibrils formed by p-hairpin motif-containing polyQ
peptides are very similar to aggregates of unbroken polyQ. In particular, the doublet of 13C
resonances observed for Gln in simple polyQ amyloid fibrils 1> 16, which are shown here to
be at chemical shift positions that are highly unusual for Gln residues in other proteins, are
replicated in amyloid fibrils of a polyQ containing p-hairpin enhancing motifs. In addition,
data from cell studies show that the aggregates from these modified polyQ peptides behave
analogously to normal unbroken polyQ molecules in both their cytotoxicities and
intracellular polyQ recruitment activities (Fig. 8).

Finally, the C, data and derived AG values (Table 1) suggest modest stabilizations of fibril
structure in B-turn motif polyQ peptides that are are quantitatively consistent with their
abilities to stabilize B-hairpin structures in non-polyQ monomeric peptides 2. For example,
a disulfide bond between chain termini was previously shown to provide about 4 kJ/mol
stabilization in the folding of a monomeric B-hairpin 41, while we found a 4.4 k/mol
contribution to polyQ amyloid stability (Table 2, compare KoCQ2,CK> to K»Q23K)).
Similarly, Coulombic effects at chain termini provide 1.5 — 2.5 kJ/mol in the folding of
monomeric B-hairpins 42 and we found a 2.4 kd/mol effect on polyQ amyloid stability
(Table 2, compare D2Q23K> to KyQ23K)).
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Thus, our preliminary conclusions are that (a) polyQ peptides containing B-hairpin
encouraging mutations aggregate in such a way that the structures of both the nucleus and
final amyloid involve B-hairpin structures, and (b) that simple polyQ peptide aggregation
involves similar structures except where energetically unfavorable (i.e., short polyQ peptides
like K»Q23K>). Further studies, including more detailed SSNMR evaluations and
comparisons, should provide a deeper look into the structures of these B-hairpin polyQ
amyloid fibrils.

Although these p-hairpin encouraging mutations make monomeric nucleation viable, CD
analysis (Fig. 2d) shows that they do not work well enough to allow spectroscopic detection
of enhanced B-sheet/B-turn in the monomer ensemble. This appears counter-intuitive but in
fact is consistent both with the nucleation data and with what we know about polyQ
structure in water. Monomeric polyQ in water exists as a compact coil 30 70: 71 jn which
backbone amides appear to favor H-bonding to Gln side chains rather than being exclusively
H-bonded to solvent water 2°. This may place a significant barrier on B-hairpin formation,
since the monomer already possesses stabilizing intramolecular H-bonds, and the entropic
cost of ordering the backbone into stable B-turn structures is unlikely to be effectively
compensated by “zero-sum” rearrangements within this H-bonding network 22, These
considerations are consistent with our model that the B-hairpin conformation serves as a
nucleus for aggregation. Our K,* measurements show that the fraction of monomers in the
ensemble that is present as (p-hairpin) nuclei is expected to be well below the levels of
spectroscopic detection, in the range of 10710, even for the efficiently aggregating D-Pro-
Gly mutant.

This analysis may have implications for recent suggestions that the toxic species responsible
for expanded polyQ pathology are monomers that are “misfolded” into -hairpin
conformations 24-27_ (Such “toxic conformation” models are distinctly different from one in
which the intrinsically disordered polyQ molecule engages a specific folding pattern in the
process of forming a “toxic complex” with some cellular target 8.) Our inability to detect
even in difference spectra any enhanced B-structure in a polyQ containing a strong B-hairpin
encouraging motif (Fig. 2d) suggests a very low propensity for simple polyQ peptides to
adopt such conformations as isolated monomers in solution. If we are correctly interpreting
our data to suggest that the critical nucleus for amyloid formation consists of just such (-
hairpin structures, we can put a value on the extent of p-hairpin formation within the
monomer ensemble. Thus, at 1 M (a liberal estimate for the steady-state concentration of
disease-related polyQ fragments in the cell) and at a Kgq of 10719, the concentration of
monomeric polyQ with pB-hairpin conformations in the steady state is calculated to be in the
range of 10716 M. It is not clear how such a vanishingly low concentration of B-hairpin
polyQ molecules could elicit a toxic cellular response, other than perhaps by nucleating
amyloid growth.

MATERIALS AND METHODS

Most peptides were synthesized at the Small Scale Synthesis facility at the Keck
Biotechnology Resource Laboratory of Yale University (http://keck.med.yale.edu/) and
supplied crude. The peptide Ko,CQ2,CKj, was oxidized by incubating a solution of the
peptide in 6 M Gdn.HCI, 10 mM Tris.HCI, 10 uM CuCl,, pH 8.0 at 24 °C for 2 hrs,
followed by purification of the crosslinked product.

Peptide AcWQ11pGQ11WTGKK was synthesized by microwave-assisted Fmoc solid-phase
methods on a MARS microwave reactor (CEM) using H-Lys(Boc)-HMPB NovaPEG resin
(Novabiochem) as the solid support. Couplings were carried out in A-Methyl-2-pyrrolidone
with a 2 min ramp to 70 °C and a 4 min hold at that temperature using 4 equiv of Fmoc-
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protected amino acid, 4 equiv of HCTU [2-(6-Chloro-1H-benzotriazole-1-yl)-1,1,3,3-
tetramethylaminium hexafluorophosphate], and 6 equiv of diisopropylethylamine.
Deprotections were performed with a 2 min ramp to 80 °C followed by a 2 min hold at that
temperature using 20% 4-methylpiperidine in dimethylformamide. Resin was washed three
times with dimethylformamide between each cycle. N-terminal acetylation was carried out
on resin by treatment with 8:2:1 v/v/v dimethylformamide/diisopropylethylamine/acetic
anhydride. Peptide was cleaved from resin by treatment with 94% trifluoroacetic acid, 2.5%
water, 2.5% ethanedithiol, and 1% triisopropyl silane. The cleavage mixture was
precipitated into cold ether, centrifuged, and the supernatant drained to afford the peptide as
a crude pellet.

All peptides were purified and disaggregated as described 23 46, Aggregation reactions were
initiated, and monitored by an HPLC-based sedimentation assay, as described 2346, In
particular, in addition to HFIP/TFA treatment and high speed centrifugation of aqueous
stock solution, all PBS solutions of peptides were filtered through a 20 nm membrane filter
(Anotop 10, Whatman) 23 before incubation for monitoring aggregation. Fibril dissociation
reactions for confirming C, were initiated by PBS dilution of a late-stage fibril formation
reaction, as described 23, Electron micrographs and FTIR were carried out as described
previously 23, Far-UV CD measurements were performed on 20 — 30 M peptide solutions
in 20 mM Tris.HCI, pH 7.4, on a JASCO J-810 spectropolarimeter using a 0.1 cm path
length cuvette. CD spectra were analyzed using the CONTINLL program from the CDPro
package (lamar.colostate.edu/~sreeram/CDPro) in which the SP37A reference set (ibasis 5)
was used to estimate the amount of secondary structure /2,

Preparation of labeled aggregates for cell experiments

For the labeling, a solution of ~24 mM Cy5 maleimide Mono-Reactive dye (GE Healthcare,
Life Sciences) in ~50 I DMSO was added to a solution of ~ 200 .M peptide in 6 M
GdnHCI, 20 mM Tris.HCI, pH 7.5 and 2 mM Tris-(2-carboxethyl) phosphine (TCEP), and
the mixture stirred at 25 °C and monitored by analytical HPLC. When the reaction was 90%
complete (~ 2 hrs) the labeled peptide was purified by HPLC. For aggregate preparation,
monomer solutions (1 part labeled peptide to 15 parts of the same sequence but lacking Cys)
of approximately 150 .M in PBS were snap frozen in liquid N», then incubated at —20 °C
until aggregation was at least 90% complete (~24 hrs) 6. Thawed, aggregated samples
contained long, single filament fibrils which were then subjected to multiple rounds of
sonication with the reduction in average particle size monitored by DLS. Typically, 10
rounds, each consisting of 30 secs sonication followed by 30 secs rest, were performed using
a micro-probe sonicator (Sonic Dismembrator Model 500-Fisher Scientific (20kHz)) with
amplitude control knob set at 40%, with the sample cooled on ice. The resulting aggregate
suspension was then filtered using a 0.2 pm filter (VWR), yielding a final stock suspension
with a 40-65 nm size range by DLS. The concentrations of the aggregate suspensions were
determined as described 46,

Analysis of nucleation kinetics, fibril stability and simulated aggregation curves

Aggregation kinetics data were treated as described previously 1. 23. 46 ysing the equation

A=1/2(k.>)(K,#)c(n = +2)#%, in which A is the molar concentration of monomers that has
been converted to aggregates at time t, and k. is the second order elongation rate constant
for nucleus elongation and aggregate elongation, c is the molar concentration of monomers
at the start of the reaction, n* is the critical nucleus size, and K,;* is the nucleation
equilibrium constant. The slope of the log-log plot (Figure 3C) = n" + 2. The y-intercept of
the plot = log [#(k+2)(K 7+ )]. Calculation of K,*and AhGp* from the y-intercept has been
described 23: 45, 46,
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Critical concentrations (C,) were determined by the convergence of the fibril formation and
fibril dissociation curves (Figs. 3d and 4f—j) 46:47. 73, Amyloid formation reactions were
followed until the residual monomer concentration after centrifugation remained constant. In
parallel, late in the fibrillization reaction, a portion of the reaction mixture was removed and
diluted with PBS in such a way that the total polyQ concentration (fibril plus monomer)
after dilution remained above the forward plateau value. This reaction was incubated under
identical conditions and aliquots removed to determine residual monomer concentration
after centrifugation. Ideally, this value should converge with the value from the forward
reaction (Figs. 3d and 4f—j). Where convergence did not occur (probably because of very
slow rates), the mean value of the association and dissociation values was calculated as the
C,. Free energies of elongation (AGgjong) Were determined from these C, values using the
expression AGgjong = ~RTIN(L/Cy) 47

Solid-state NMR experiments

SSNMR was generally performed as described previously 1°. Mature fibrils were pelleted
into a 3.2 mm zirconia MAS rotor (Bruker Biospin, Billerica, MA) by centrifugation and
were kept hydrated and unfrozen during and between experiments. SSNMR was done with a
wide-bore Bruker Avance | spectrometer operating at 600 MHz 1H Larmor frequency (14.3
T) and a Bruker standard-bore 3.2 mm MAS EFree HCN probe (Bruker Biospin, Billerica,
MA). A spinning rate of 10 kHz was maintained throughout all experiments while cooling
with pre-cooled N, gas at 2°C. Assignments were based on 2D 13C-13C experiments, which
used 1H-13C cross polarization (CP) followed by dipolar-assisted rotational resonance
(DARR) "4 mixing for the 13C-13C transfers and 83 kHz two-pulse phase modulation
(TPPM) 1H decoupling 7> during acquisition and evolution. The data in Figure 7a (7 mg
K2Q11PGQq1D;, fibrils) were acquired in approximately 11.5 hours, whilst the smaller
sample (4 mg peptide) in Figure 7b necessitated an acquisition time of ~44 hours 15, The
NMR data were referenced, processed and analyzed as described previously 1°.

Cell culture experiments

Cells (WT or transfected PC12 “Schweitzer morph A cells” 76) were maintained in
Dulbecco’s modified Eagle’s media (DMEM) containing 25mM HEPES (Cellgro), 5%
supplemented calf serum (Hyclone), 5% horse serum (Hyclone), 2 mM L-glutamine,
penicillin and streptomycin on collagen IV coated plates (Trevigen) at 37°C in 9.5% CO2.
Cell media was changed every 3 days. Medium for transfected (Htt-exon1-Q,5-EGFP) cells
also included 0.5 mg/ml G418 (Mediatech) and 1 LM ponesterone. For aggregate
internalization 9, freshly sonicated aggregates, prepared as described above, were diluted
into OptiMEM (Gibco) medium supplemented with antibiotics. Cell toxicity was assessed
by LDH release using the CytoTox-ONE™ Homogeneous Membrane Integrity Assay
(Promega).

For confocal microscopy analysis of cellular aggregates, cells were plated in collagen coated
glass chamber slides (Nunc). Htt-exon1-Qo5-EGFP PC12 cells were incubated with
aggregates and simultaneously induced for exonl expression with 1.M ponasterone. At
specific times, cells were fixed with 4% paraformaldehyde (Cytofix, EB) and the nuclei
stained with Hoechst 33342 (Invitrogen). Confocal images were collected using an Olympus
Fluoview 1000 confocal microscope (x100 oil immersion lens) at room temperature.
Random fields were scored (=200 cells per condition over 3 experiments) for the percentage
of cells presenting EGFP and Cy5 puncta using ImageJ software (NIH).

Data analysis and statistics

For the in vitro aggregation assays, error bars are standard deviations from analyses in
duplicate. Data sets were fit in Origin 7.5 software (OriginLab). Most reaction profiles were
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fit to B-spline curves. Semi-log plots for heavily seeded elongation reactions used to
determine elongation rate constants were fit by linear regression. Growing end titration data
were fit to one site saturation ligand binding curves using Sigma Plot 10.0.

Cellular puncta counts and toxicity data were analyzed by GraphPad PRISM. Significance
was determined using post-hoc analysis (Student’s t-tests with Bonferroni correction) using
P <0.05.
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B-turn B-arc

Figure 1.

Reverse turn models of polyQ peptides and their amyloid fibrils. Schematic anti-parallel p-
sheet models for a segment of amyloid fibril showing two fundamental ways that fibrils
might accommodate longer peptides requiring reverse turns for optimal involvement in fibril
structure. In the left panel, monomers are folded into B-hairpins mediated by B-turn chain
reversals. In the right panel, monomers are folded into p-arches mediated by B-arc chain
reversals. Red dotted lines denote backbone intra-strand H-bonding.
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Figure2.

Aggregation kinetics of polyQ peptides with varying B-hairpin propensity. (a) Aggregation
kinetics (HPLC sedimentation assay) showing rates of monomer disappearance for
approximately 100 M solutions of different polyQ peptides; (b) aggregation of various
polyQ peptides incubated in the 10-20 uM range in PBS at 37 °C; (c) aggregation of
AcWQ11pGQ11WTGK, monitored by CD spectroscopy; (d) circular dichroism spectra of
20-30 M freshly disaggregated monomers: K>Q19pGQ11K> (red); KoQosKo (black);

K2Q10pGQ11K7 — K2Q25K; (green).
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Figure 3.

Detailed nucleation kinetics analysis for KoQ19pGQ11Kj. (&) Concentration dependent
aggregation kinetics. (b) Time? plots of the data from panel a. (c) Log-log plot of the rates
from panel b vs. starting concentration for KoQ19pGQ11 K> compared to similarly obtained
data 23 for K,Q,3K>. (d) Determination of the equilibrium position for fibril elongation (i.e.,
the C, value) from fibril association (i.e., growth) and dissociation curves. (€) Pseudo-first
order elongation kinetics from a solution of 59 uM monomer seeded with ~ 12 % weight/
weight amyloid. (f) Titration of the growth points on the amyloid preparation used in the
panel e experiment, using biotinyl-K,Q3gK> (Methods); the plateau (~ 60 fmol) indicates the

molar amo

unt of growth sites in the sample tested.
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Kinetics analysis of other B-hairpin mimetic peptides. Shown are the log-log plots (a—e) and

the C, plots (f—j) for the peptides KoQ19PGQ11K> (a,f); oxidized K,CQ22CK5 (b,g);

D,Q23K5 (c,h); ACWQ2oWTGK; (d,i); AcWQ11pGQ11WTGKS5 (e,)). For values resulting
from these plots see Table 2.
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Figure5.
Electron micrographs of final aggregates. (a) K»Q,3K> (from reference 23); (b)

K2Q10PGQ11Ky; () D2Q23K2; (d) oxidized KaCQ22CKy; () K2Q10pGQ11K2;
(HACWQ11pGQ11WTGKy; (g) AcCWQ2oWTGKSy; (h) KoQ41Ko. The 50 nm scale bar in part
a applies to all panels.
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Figure6.

Secondary structures of amyloid fibrils. Second derivative Fourier transform infrared spectra
of isolated amyloid fibrils. The three major bands in these spectra are typical for polyQ
aggregates and are assigned to NH, deformations in the Gln side chains (~ 1605 cm™1), B-
sheet (1625-30 cm™1), and C = O stretching in the GIn side chains (1655-1660 cm™1) 48,
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Figure7.

Solid-state NMR on fibrils. (a) Doubled cross-peak patterns of a single labeled Gln in fibrils
prepared from [U-13C, 1°N-Q10] K»,Q11PGQ11D, reproduce the Gln peaks in fibrils (b)
from [U-13C, 15N-Q6] K,Q30K peptide that lacks B-hairpin encouraging motifs 1°. Red and
blue lines mark peaks of the two distinct conformers. Asterisks mark spinning side bands.
Spectra were obtained at 600MHz (for 1H), using 10 kHz MAS and 8ms or 25ms DARR
mixing, respectively. (c) For the >10,000 GIn in the Biomolecular NMR database (bar
graphs) the GIn Cp (light bars) and Cvy shifts (dark bars) are generally well-separated. In
each of the two polyQ conformers ‘form a’ (red bracket) and “form b’ (blue) there is instead
small shift difference between Cp and C-y. The Cp shift of ‘form a’ is highly unusual, and
the CB and Cry shifts of ‘“form b’ are both atypical. (d) The average shifts of the few BMRB
GlIn that feature CB/C-y shifts very close together (within 1 ppm). The particular shifts of
conformer a (red) or b (blue) are seen in 0.5% and 0.4% of all GIn, respectively.
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Figure8.

Cell activities of aggregates. (a—e) Confocal fluorescence microscope images of PC12 cells
stably transfected to express a Huntingtin exon-1 fragment containing a Q5 repeat and
fused to green fluorescent protein, 24 hrs after induction with 1 LM ponasterone with
(a,b,d,e) or without (c) treatment with tagged amyloid fibrils. (a) Blue only, Hoechst 33342
(Invitrogen) stained nuclei; (b) red only, Cy5-labelled NLSGGQ1,PGQ12CKK amyloid; (c)
blue-stained nucleus and diffuse green showing non-aggregated exonl in cells not treated
with exogenous aggregates; (d) green only, showing aggregate formation from exonl
protein in cells treated with exogenous aggregates; (e) merge colors in aggregate-treated
cells showing that aggregates outside the cell remain red, while aggregates within the exonl-
producing cell are mostly overlapping red + green. (f) cellular recruitment, as percent PC12
cells with EGFP inclusions, after 16 hrs of expressed (1 tM ponasterone induction) Qo5
exonl-EGFP by polyQ fibrils internalized from a 2.5 oM (monomer equivalent) suspension
in the growth medium; control data is for similarly induced cells not treated with aggregates.
(9) cell death, assessed after 24 hrs by LDH release assay, in PC12 cells treated with
different concentrations of aggregates in the growth medium; control data is for cells grown
without aggregates.
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