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The N-terminal region of the huntingtin protein, encoded by exon-1 (htt™') and con-
taining an expanded polyglutamine tract, forms fibrils that accumulate in neuronal
inclusion bodies, resulting in Huntington’s disease. We previously showed that revers-
ible formation of a sparsely populated tetramer of the N-terminal amphiphilic domain,
comprising a dimer of dimers in a four-helix bundle configuration, occurs on the micro-
second timescale and is an essential prerequisite for subsequent nucleation and fibril for-
mation that takes place orders of magnitude slower on a timescale of hours. For
pathogenic htt™', such as htt™' Q55 with 35 glutamines, NMR signals decay too rapidly
to permit measurement of time-intensive exchange-based experiments. Here, we show
that quantitative analysis of both the kinetics and mechanism of prenucleation tetrame-
rization and aggregation can be obtained simultaneously from a series of "H-">N
band—selective optimized flip-angle short-transient heteronuclear multiple quantum
coherence (SOFAST-HMQC) correlation spectra. The equilibria and kinetics of tetra-
merization are derived from the time dependence of the N chemical shifts and
"H-">N cross-peak volume/intensity ratios, while the kinetics of irreversible fibril for-
mation are afforded by the decay curves of "H-""N cross-peak intensities and volumes.
Analysis of data on htt™'Qss over a series of concentrations ranging from 200 to
750 pM and containing variable (7 to 20%) amounts of the Met’O sulfoxide species,
which does not tetramerize, shows that aggregation of native htt™'Qs5 proceeds via
fourth-order primary nucleation, consistent with the critical role of prenucleation tetra-
merization, coupled with first-order secondary nucleation. The Met”O sulfoxide species
does not nucleate but is still incorporated into fibrils by elongation.
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CAG expansion within exon 1 of the huntingtin gene (H77) is responsible for Hun-
tington’s disease, a fatal, autosomal dominant neurodegenerative condition (1-3). H77T
exon-1 encodes a polypeptide, htt™'Q,, comprising a 16-residue N-terminal amphi-
philic domain (NT), a polyglutamine (polyQ) repeat of variable length 7, and a proline
rich domain (PRD) comprising two polyproline repeats separated by 17 residues (3).
Extension of the polyQ repeat beyond about 35 residues results in clinical disease with
an age of onset that is approximately correlated with the length of the polyQ repeat
(4-6). Proteolysis of the huntingtin protein (7) or incomplete messenger RNA splicing
of HTT (8) results in N-terminal fragments with long polyQ repeats that aggregate
and fibrillize to form neuronal inclusion bodies (9, 10). Solid-state NMR studies have
shown that het™' fibrils comprise a central rigid B-hairpin/B-sheet polyQ core that
stacks from one layer of the fibril to the next via interdigitated hydrogen bonds
between the glutamine side chains (11, 12), with NT helices of intermediate dynamics
and highly mobile PRD domains on the outside of the fibril (13-19). This structural
picture of htt™" fibrils is also supported by cryo-electron tomography (20, 21). In
a series of quantitative exchange-based NMR studies on constructs of hte™!, we showed
that htt™'Q, (22, 23) as well as a shorter construct, hte™'Qs, lacking the PRD domain
(24), undergo transient tetramerization of the NT region on a timescale of 50 to 70 ps
to form a sparsely populated four-helix bundle with D, symmetry comprising a dimer
of dimers (24). The dimer consists of an anti-parallel helical coiled-coil with C, sym-
metry formed by residues 3 to 17 of the NT region (24). The NT tetramer increases
the local concentration of the polyQ tracts and provides a template that promotes
nucleation of the polyQ region. Although aggregation/fibril formation occurs on a
timescale of minutes to hours, the importance of submillisecond prenucleation tetrame-
rization for subsequent fibril formation is evidenced by the fact that reduction of the
population of tetramers by a number of mechanisms effectively blocks fibril formation
(22, 24-27), thereby providing a link between two processes whose timescales are
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separated by many orders of magnitude. Inhibition of fibril for-
mation can be achieved by three mechanisms: sequestration of
the het™' monomer by binding of chaperonins to the NT
region (206), thereby decreasing the concentration of free mono-
mer below the critical concentration required for nucleation
[since the population of tetramers is proportional to the third
power of the free monomer concentration (24)]; modification
of NT residues at the dimer and/or tetramer interface, such as
oxidation of Met” to a sulfoxide, that inhibits productive
dimerization or tetramerization (24, 25); and lastly, long-range
allosteric inhibition of the monomer < dimer and/or dimer «
tetramer transitions by binding of cellular factors, such as profi-
lin and the Fyn SH3 domain, respectively, to the PRD domain
(22, 27). These in vitro data are supported by in vivo observa-
tions that deletion of the NT region or introduction of muta-
tions within the NT region that are predicted to decrease
helical propensity, reduce the formation of cellular inclusion
bodies, and decrease neuronal toxicity (28).

In our previous work on htt™'Q,, tetramerization, we made
use of a construct comprising only seven glutamine repeats that
remained monomeric over a prolonged period of time, only
forming fibrils over a period of weeks, thereby permitting
detailed analysis of the exchange dynamics of tetramerization
by time-intensive NMR experiments, including concentration
dependence of chemical shifts, transverse relaxation in the
rotating frame (R;,) at multiple spin-lock fields, and relaxation
dispersion measurements (22-24). For htt™'Qss, however,
such NMR experiments are not feasible since NMR signals aris-
ing from the monomer decay rapidly as a result of aggregation
over a period of hours, even at a temperature of 5°C (27).
Here, we show that quantitative analysis of both the kinetics
and mechanism of aggregation/fibril formation and tetrameriza-
tion occurring on the timescale of hours and microseconds,
respectively, can be obtained simultaneously from a series of
"H-""N band-selective optimized flip-angle short-transient het-
eronuclear multiple quantum coherence (SOFAST-HMQC)
correlation spectra (29, 30), recorded as a function of time.
The kinetics of fibril formation is afforded by quantitative anal-
ysis of the decay curves of "H-""N cross-peak intensities and
volumes, while the kinetics and equilibria involving the mono-
mer < dimer <> tetramer transitions are derived from the time
dependence of the N chemical shifts and cross-peak volume/
intensity (V7)) ratios (Fig. 1). We show that tetramerization of
native htt™ Q35 occurs on the same microsecond timescale as
the shorter htt™'Q, construct, but the stability of the htt™' Q5
tetramer is enhanced fourfold relative to that of htt™'Q, (23),
thereby reducing the critical concentration of htt™' Q35 mono-
mer required for nucleation. We further show, using the
formalism developed in ref. 31, that fibrillization of native
htt™*'Qs5 involves a fourth-order primary nucleation process
coupled to monomer-dependent first-order secondary nucle-
ation. The Met’O sulfoxide form of htt™'Qss, on the other
hand, does not tetramerize and does not undergo either pri-
mary or secondary nucleation, but it can still be incorporated
into fibrils formed via nucleation of native htt™'Q 5.

Results and Discussion

Experimental Design. Even at 5°C, aggregation of htt™'Qss
occurs in a matter of hours at the concentrations appropriate
for NMR experiments (~0.1 to 1 mM). As a result, it is not
feasible to record triple-resonance backbone correlation experi-
ments for assignment of backbone resonances; however, assign-

ment of the htt™'Qs5 "H-""N correlation spectrum (S7 Appendix,
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Fig. 1. Simultaneous determination of the kinetics and mechanism of tet-
ramerization and fibril formation of htt®'Qss from serially recorded "H-'°N
SOFAST-HMQC spectra. The kinetics and equilibria of tetramerization are
derived from the time dependence of the "N chemical shifts and "Hy/'"°N
cross-peak V/I ratios, which provide the dependence of these spectral
parameters on the concentration of free monomer, while the kinetics and
mechanism of fibril formation are determined from analysis of the decay
of "Hy/"°N cross-peak intensities and volumes. Inhibition of tetramer for-
mation, either directly by modification of residues within the NT region (24,
25) or sequestration of the monomer by binding of the NT region to chap-
erones (26) or indirectly via an allosteric mechanism by binding of cellular
proteins such as profilins and SH3 domains to the C-terminal polyproline
rich domain (22, 27), blocks fibril formation.

Fig. S14 and Table S1) could easily be made with reference to the
previously published 'Hy/"’N assignments of the shorter htt™'Q,
construct, which remains monomeric for many days (22), as there
are only minor chemical shift differences between the two con-
structs for residues in the NT and PRD domains. "Hy/">N cross-
peaks that belong to the glutamines of the polyQ domain display
extensive chemical shift overlap, with the exception of Gln*® and
Gln®', which are immediately adjacent to the N-terminal end of
the first polyproline tract of the PRD domain.

Likewise, the relaxation-based NMR experiments previously
used for htt™'Q; to probe submillisecond processes at equilib-
rium (22), including relaxation dispersion and concentration
dependence of transverse relaxation in the rotating frame (23),
can also not be applied.

Our strategy to quantitatively analyze the kinetics of tetrame-
rization and fibrillization of htt™'Qss simultaneously therefore
entailed following the intensity, volume, and chemical shifts of
cross-peaks arising from NMR-visible, monomeric htt™' Q35 as
a function of time using serially acquired SOFAST-HMQC
correlation spectra (29, 30), where each spectrum could be
readily recorded with reasonable signal-to-noise over a period of
6 min (S Appendix, Fig. S1B). The SOFAST-HMQC experi-
ment permits high repetition rates with short interscan delays by
combining a small number of radiofrequency pulses, Ernst-angle
excitation (32), and longitudinal relaxation optimization (33, 34).
Cross-peaks from immobilized residues within htt™'Qss fibrils are
not visible, however, as they are too broad and are therefore bur-
ied within the baseline (owing to their very large transverse relaxa-
tion rates on account of their high molecular weight and hence
slow rotational tumbling).

Qualitative Picture of Aggregation and Tetramerization
Monitored by NMR. Fig. 24 shows examples of the time depen-
dence of cross-peak intensities and/or volumes from residues in
the NT, the last residue of the polyQ repeat, and four residues
within the PRD, for a sample comprising a total initial concen-
tration of 750 pM htt™'Qs5 at 5 °C. Aggregation was complete
in about 10 h, at which point no cross-peaks were visible for
residues in the NT and polyQ regions (Fig. 2B and S/
Appendix, Fig. S1B). Residual cross-peak intensity, however,
was apparent for residues within the PRD, with increasing
intensity toward the C terminus. Thus, one can conclude that
while the NT and polyQ regions were fully immobilized in the
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Fig. 2. Overall aggregation profiles of 750 uM "°N-labeled htt®*'Qss monitored by acquisition of serial "H-'>"N SOFAST-HMQC spectra at 5°C and 800 MHz.
(A) Time courses of normalized cross-peak intensities (red circles) and volumes (blue circles) for residues in the NT, polyQ, and PRD domains. The data are
normalized to the first (reference) experiment recorded immediately upon dissolution and pH adjustment (t ~0 h). (B) Domain organization of htt®'Qss
(Top) and residual "H-">N cross-peak intensities after 15 h (Bottom). No cross-peaks are detectable above the noise level for residues in either the NT or
polyQ regions, indicating that these regions are fully immobilized within the htt®'Qss fibrils. "H-'>N cross-peaks attributable to residues in the PRD, how-
ever, are present with the intensity increasing toward the C terminus, indicative of significant mobility/disorder of the PRD within the htt®'Qss fibrils. The
error bars represent the SDs for the cross-peak intensities determined from three "H-'>N SOFAST-HMQC spectra recorded at 14.8, 15.0, and 15.2 h. Note
that no cross-peaks can be detected for the two proline repeats (shaded in green) in a "H-">N correlation spectrum since the proline nitrogen atom is not
bonded to a proton. (C) Correlation between the normalized average 'H-'°N cross-peak intensities for residues within the PRD (x axis) and the average nor-

malized '

fibrils/aggregates, residue C-terminal to the first polyproline
exhibited significant mobility and hence disorder in the fibrils,
consistent with previous solid-state NMR studies (16, 18).

In the absence of a concentration-dependent exchange pro-
cess resulting in exchange line broadening, cross-peak intensity
(height) will be linearly correlated to cross-peak volume, which
is directly proportional to the concentration of monomeric,
NMR-visible htt™'Qss. The average intensity of cross-peaks
within the PRD was linearly correlated to the average volume
of cross-peaks within both the NT (correlation coefficient,
r=0.95) and PRD (r = 0.97) regions (Fig. 2C); likewise, the
average intensity of the overlapping cross-peaks comprising the
polyQ region was linearly correlated to the average volume of
the NT cross-peaks (r = 0.98) and average intensity of the
PRD cross-peaks (» = 0.97) (8] Appendix, Fig. S2). One can
therefore conclude that fibril formation occurs cooperatively
and that all residues of htt™'Qss follow the same aggregation
kinetics.

For residues in the NT region, it is clear that cross-peak
intensity and volume do not track initially; specifically, while
cross-peak volume decreases from ¢ = 0, cross-peak intensities
increase, reaching a maximum at 2 to 3 h, depending on the
residue, before decreasing (Fig. 2A4). This phenomenon can be
attributed to chemical exchange line broadening arising from
submillisecond tetramerization accompanied by significant "°N

PNAS 2022 Vol. 119 No.29 2207690119

H-">N cross-peak volumes (y axis) for residues in the NT (Top) and PRD (Bottom) domains. corr. coeff., correlation coefficient.

and 'Hy chemical shift differences between monomeric and
transient dimeric/tetrameric species (22, 24). The fractional
population of tetramers (E4) is proportional to the third power
of the monomer concentration. As the concentration of mono-
mer decreases initially, exchange line broadening is reduced and
the concomitant increase in cross-peak intensity due to line
narrowing is larger than the decrease in intensity resulting from
the reduction in monomer concentration.

Modification of Met’” to a Sulfoxide Blocks Tetramerization
and Nucleation But Stills Allows Incorporation into Fibrils.
During expression and purification of htt™'Qjs, there is invari-
ably a small fraction in which Met” is oxidized to a sulfoxide
(Met’O). Out of the 16 residues comprising the NT domain
of htt™'Qss, the only visible cross-peaks arising from the
Met’O sulfoxide form belonged to Ser'? and Ser'® (Fig.
3A4). Ser'? had a distinct and very well-isolated cross-peak
for the Met’O species, suitable for quantitative kinetic analysis,
while the "Hy/PN cross-peaks for Ser'® in the reduced and oxi-
dized species were partially overlapped (Fig. 34). In the batch used
to make the 750-pM sample, 20 (+2)% was present in the
Met’O sulfoxide form (Fig. 3A4). In all the other samples (200 to
500 pM) used in the current work, obtained from a separate
preparation, the fraction Met’O form was much reduced and
comprised only 7 to 8%. Fully Met’O-oxidized htt™'Qs5 did not
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Fig. 3. Impact of the oxidation of Met” to a sulfoxide (Met’O) on prenu-
cleation tetramerization and fibril formation. (4) Ser'?/Ser'® region of the
"H-">N SOFAST-HMQC spectrum of 750 yuM '°N-labeled htt®*'Qss. Cross-
peaks arising from native (reduced) and Met’O oxidized forms are labeled
in black and red, respectively. In this sample, the fraction of the Met’O sulf-
oxide form is 20 + 2%. (B) 100% Met’O oxidized htt®'Qss (150 pM) does
not aggregate as monitored from the time course of the integrated inten-
sity (from 7.9 to 8.5 ppm) of the amide proton envelope (obtained from the
first increment of a 'H-""N SOFAST-HMQC spectrum. The inset shows a
one-dimensional spectrum of the amide proton envelope recorded at 0
(red) and 10 (blue) h. (C) Concentration dependence of N exchange-
induced shifts (">N-5.,) for Ser12 in the native reduced (black) and Met’O
oxidized (red) forms of htt®'Qss referenced to the shifts of a 10-uM sam-
ple. The total concentration of htt®'Qss at t = 0 h was 750 uM, correspond-
ing to 600-uM native and 150-uM Met’O oxidized forms, and the shifts are
followed by serial 'H-">N SOFAST-HMQC spectra as the concentration of
monomeric htt®'Qss decreases. The concentration is determined from the
time dependence of the average cross-peak intensities for residues within
the PRD domain. (D) Time dependence of the 'H-">N cross-peak intensities
for Ser'? in the native reduced (black) and Met’O oxidized (red) forms
observed for a 750-uM sample of '>N-labeled htt®'Qss with 20% in the
Met’0O oxidized form. All NMR data were recorded at 5°C and 800 MHz.

aggregate (Fig. 3B), consistent with our previous work on the two
shorter constructs, ht™'Q, and he™'Q;q, lacking the PRD
domain (35). Further, cross-peaks within the NT region attribut-
able to the Met’O form did not exhibit exchange-induced shifts as
a function of concentration, in contrast to the corresponding cross-
peaks of the native reduced form (Fig. 3C), indicating that the
Met’O form did not undergo transient homo- or hetero-
tetramerization, even in the presence of the native reduced form.
However, the cross-peaks attributable to the Met’O form
decreased with time as the sample fibrillized (Fig. 3D), indicating
that while the Met’O form did not undergo primary nucleation, it
was incorporated into fibrils formed via nucleation of the native
reduced form. Further, the halflife (#,,) for incorporation of the
Met’O form into the fibrils was ~4 h, about ~30% slower than
for the native reduced form (#,, ~3 h) (Fig. 3D).

Transient Tetramerization of the Native Reduced Form of
htt®'Qszs. The concentration dependence of the BN exchange-
induced shifts (Fig. 44) and V/[ ratios (Fig. 4B) for cross-peaks of
residues within the NT region is shown in Fig. 3 4 and B, respec-
tively. The concentration of monomeric native (reduced)
htt™'Qss as a function of time, 72.q(d), was readily obtained
by directly recasting the average normalized cross-peak intensity
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(<Iprp>) of the PRD residues (Fig. 44) as med(?) = fimno
[< [pRD(f) > —< [pRD(OO) >]/[< ]PRD(O) > —< [pRD(OO) >],
where m,,, is the total monomer concentration at # = 0 and
fis the fraction of sample in the native reduced form (f=
0.8 for the 750-pM sample). These data display the typical
curvature expected for submillisecond tetramerization pre-
viously observed and quantitatively described for htt™'Q, and
he™TQ, (22-24).

We previously showed that prenucleation oligomerization
involves a branched pathway (22, 24): an on-pathway leading to
a tetramer (dimer of dimers) via a productive coiled-coil helical
dimer of the NT region associated with large secondary shifts
within the NT region, and an off-pathway branch resulting in
the formation of a nonproductive, partially helical NT dimer
(with much smaller secondary shifts) that does not undergo fur-
ther self-association and probably comprises an ensemble of
states in the incorrect register. The contribution of off-pathway
dimerization to both exchange-induced shifts and exchange-line
broadening is small compared to that of on-pathway dimeriza-
tion and tetramerization (23) and, for the purposes of the pre-
sent analysis, can be ignored (see Experimental Procedures). While
the exchange-induced shifts report solely on the on-pathway
monomer > dimer « tetramer equilibria, the V/[ ratios also
contain information on the rates of these processes.

The calculation of V// ratios in our analysis, apart from account-
ing for the reduction of NMR signal from monomeric htt™'Qss as
a result of aggregation, also eliminated the effects of homonuclear
'H-'H couplings (predominantly three-bond T iNa couplings) in
the acquisition period of the "H-""N SOFAST-HMQC experi-
ment, as both volumes and intensities (heights) are expected to be
affected by these couplings in the same manner. Under conditions

where ¢ B8 « 1 and IQ%Q e /2< 1, and hence

1—e‘RfDQ/zQ’i““*/2)zR;%Q/ZQt{““/L the V/I ratio in a

"H-">N SOFAST-HMQC experiment, processed with no apodiza-
tion of the time-domain data, can be expressed as
Vo Rl

—ra : , 1
I 2+ e‘_k);,ffDQtlrmx + e_RgffZQtlmax 1

where o is a fitting parameter, #™ and £™* are the acquisition

times in the indirect (*°N) and direct ("H) dimensions, respec-

tively; the effective transverse relaxation rates R§flf3Q, RgffZQ, and

R;flf-l are equal to (RZ,DQ + Rex)DQ)) (RZ,ZQ + RCX,ZQ)’ and
(o + Reyn)s respectively; Ropq, Rozq, and Ry are
N-THy double-quantum (DQ), zero-quantum (ZQ), and
amide proton single-quantum (H) transverse relaxation rates,
respectively; and R, , values are the contributions to the rate of
each type of coherence 7 (n € ‘DQ’, ZQ’, ‘H’) from chemical
exchange, calculated from the largest (real) eigenvalue of the
appropriate NMR Liouvillian given by the Bloch-McConnell equa-
tions (36). The derivation of Eq. 1 is provided in S/ Appendix.

A global fit of the kinetic scheme for tetramerization (Fig.
40 to the PN exchange-induced shift data and V// '"H->’N
cross-peak ratios shown in Fig. 3 A and B, assuming the same
N chemical shift differences between monomer and dimer/
tetramer for htt™'Q, (S/ Appendix, SI Methods), yield values of
0.06 + 0.01 M and 11 + 5 pM for the equilibrium dissociation
constants from dimer to monomer ([(ldiss) and tetramer
to dimer (sziss), respectively, and values of ~3.8 (+1.0) X
10* s and 6.2 (+1.8) X 10° M~ 's™! for the dissociation and
association rate constants, respectively, for the monomer <
dimer transition. In the case of the dimer <« tetramer
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Sex) and "H-°N cross-peak V// ratios. (A-C) ">N-6ex (A) and "H-">N cross-peak (B) V// ratios as a function of the concentration of native monomeric htt®*'Qss at
5°C and 800 MHz. The concentrations are derived from the time dependence of the average cross-peak intensity for residues within the PRD. The total sam-
ple concentration is 750 pM, but only the native reduced form, corresponding to 600 uM, undergoes prenucleation oligomerization. The experimental data
are shown as circles, and the best fits to the tetramerization scheme in (C) are represented by the continuous solid lines. The '°N-8. data report only on
the monomer « dimer and dimer « tetramer equilibria, while the cross-peak V// ratios also report on the dissociation rate constant from dimer to mono-
mer (k_4) and provide a lower limit on the dissociation rate constant from tetramer to dimer (k_5). (C) Kinetic scheme with values of equilibria and rate con-
stants (E, monomer; E,, dimer; E4, tetramer). The populations listed above the species correspond to those at the highest concentration (600 uM at t = 0 h)
of native htt™'Qss. For errors of 0.5 Hz and 1 a.u. for "N-8¢, and "H-">N V/I, respectively, the value of the reduced y? for the global fit is 0.86. a.u., arbitrary units.

transition, only lower limits of £, (>2 X 10% s71) and there-
fore £, (>1.8 x 10° M~ s ) can be established (S/ Appendix,
Fig. S3). The values of the equilibrium and rate constants
(Kldiss, k; and %_,) for the monomer < dimer transition are
the same within error as those reported previously for the
shorter htt™' Q- construct (22, 23). The same is true for the
lower limit for 4 ,. However, the equilibrium dissociation
constant szi“ for the dimer < tetramer transition is two- to
threefold smaller for htt™' Q35 than ht™'Q, (22, 23), corre-
sponding to an increase of ~0.4 to 0.6 kcal.mol™" in stability
of the htt™'Qss tetramer relative to the htt™'Q, tetramer. At
the highest concentration (0.6 mM, close to the solubility
limit) of the native reduced form of htt™'Qss employed here,
the populations of dimer and tetramer are ~2% and 2.5%,
respectively. Extrapolated to 1.2 mM, the limit of solubility for
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the shorter htt™'Q, construct (22), the population of htt™' Q35
dimer and tetramer would be ~3.5% and 16.5%, respectively,
compared to ~3% and 5%, respectively, for htt™' Q..

Quantitative Analysis of the Kinetics and Mechanism of
htt®*'Qzs Aggregation. The time dependence of the disappear-
ance of monomeric htt™' Qs at initial concentrations of mono-
mer ranging from 200 to 750 pM is shown in Fig. 54. The top
panel displays the average cross-peak intensity of residues
within the PRD, while the bottom panel displays the cross-
peak volume and intensity of Ser'” in the native reduced and
Met’O oxidized forms, respectively, for the 750-uM sample,
which contained 20% of the oxidized form. The quantitative
global kinetic analysis of the data in Fig. 54 follows the formal-
ism described in refs. 31 and 37, with the differences that we
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Fig. 5. Quantitative analysis of the mechanism and kinetics of htt®"Qs5 aggregation probed by serially acquired 'H-">N SOFAST-HMQC spectra. (4) Time
dependence of the average 'H-"°N cross-peak intensities for residues in the PRD domain (Top) and of the "H-'>N cross-peak volume and intensity of Ser'?
the native reduced and Met’O oxidized forms, respectively, (Bottom) of htt®'Qss. The total concentrations of monomeric htt®'Q35 at t = 0 are indicated.
For the 750-uM sample, the percentage of the Met’O oxidized form is 20 (+2)%; for the other samples, the percentage of the Met’O oxidized form is 7 to
8%. The experimental data (shown as circles, with the bars equal to 1 S.D.) were recorded at 5°C and 800 MHz and normalized to the first time point (at t
~0 h). The best-fit curves are shown as black continuous lines and were obtained from a global fit to the kinetic scheme described by the set of differential
equations in Eq. 4, which incorporates fourth-order primary nucleation (nc = 4), elongation, and first-order secondary nucleation (n2 = 1) for the native
reduced form and elongation for the Met’O oxidized form. (B) Schematic depiction of primary nucleation, elongation, and monomer-dependent surface-catalyzed
secondary nucleation. [myeq] and [Moy] are the concentrations of free monomer in the native reduced and Met’O oxidized forms, respectively; [M] is the total fibril
mass in monomer units; [P] is the number concentration of extendable ends of the fibril chain; k,, k,, and k, are the rate constants for primary nucleation, elonga-
tion, and secondary nucleation, respectively; and nc and n2 are the order of primary and secondary nucleation, respectively. (C) Grid search showing the depen-
dence of the reduced 2 on the order of primary nucleation (nc). The minimum % is obtained for nc = 4, consistent with prenucleation tetramerization. Although the
value of y2 for nc = 3 is only slightly higher than that for nc = 4, nc = 3 can be excluded as unrealistically high values of the initial fibril number concentration, P(0),
about 20-fold higher than for nc = 4, are required to fit the data (S/ Appendix, Fig. S4). (D) Log-log plot of aggregation t;,, versus concentration of htt®'Qss monomer
(red) and population (pietramer) Of tetramer (black, calculated using the equilibrium dissociation constants listed in Fig. 4C). corr. coeff., correlation coefficient.

150 = A1 — aMig(1)/ fimol [2.1]

Ayl — aMosi(2) /(1 = £) mior) [2.2]

followed the disappearance of the monomer species rather than
the appearance of fibrils and that the incorporation of mono-
meric htt™' Q35 into fibrils had to be treated separately for the

oxi __
calc

native reduced and Met’O oxidized forms.
The NMR signal intensities of natlve reduced (/! “’d) and
Met’O oxidized (7°%) forms of htt™' Q55 are calculated from

calc
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where f is the fraction of reduced species and (1 — f) is the
fraction of oxidized species in the NMR samples; the super/
subscripts “red” and “oxi” pertain to reduced and oxidized
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forms of httCXIQgs, respectively; @ is a scaling factor that takes
into account that NMR intensities for the PRD do not decay
to zero for fully aggregated samples; and Ay is an overall scaling
factor that accounts for possible errors in normalization of
NMR intensities. Since the cross-peaks for the reduced and oxi-
dized forms of the PRD are completely superimposed, the total,
normalized calculated NMR signal intensity for the PRD
domain, [CI;ED, is given by

Lae = Age+ (L= f) I (3]
while for Ser12, the cross-peak volume of the reduced species
and the cross-peak intensity of the oxidized species are given by
Egs. 2.1 and 2.2, respectively, with a set to 1 since these curves
decay to zero.

The simplest kinetic scheme that incorporates both reduced
and oxidized species of htt™'Qs5 and can fit all the data in Fig.
5A simultaneously is a model involving primary nucleation for
the reduced form only, secondary nucleation, and elongation

(Fig. 5B) (37), described by a system of three coupled ordinary
differential equations

dap ne re 0
— Miea(D)" + {5 [fomor — Mrea(2)]

Z = /en[ﬁﬂtot
+ (L~ ) o — Mot} [Moea(£) + Moi(2)],

[4.1]
AM,
= 2k oo, — Miea (D)(P(2), [4.2]
dMoxi i
P 2671 = f) o — Moyi(2)] P(2), [4.3]

where M(#) is the (mass) concentration of the fibrils (in mono-
mer units); (#) is the (number) concentration of extendable
ends of the fibril chain; nc is the order of primary nucleation
(where the optimal value is 4; see below); 72 is the order of sec-
ondary nucleation (assumed to be 1); 4, is the primary nucle-
ation rate constant (in units of MU ~"h™1); 4, is the secondary
nucleation rate constant (in units of M~ "*h™1); £, is the chain
elongation rate constant (in units of M~ 'h™Y); and m, is the
total concentration of monomers (of both oxidized and reduced
forms). The first term in Eq. 4.1 describes the process of pri-
mary nucleation of the native reduced species (as discussed
above, the Met’O oxidized species does not undergo primary
nucleation; see Fig. 3); the second and third terms in Eq. 4.1
describe first-order secondary nucleation involving reduced
(/eé‘“‘d) and oxidized (kg"i) species; and Egs. 4.2 and 4.3 describe
chain elongation by addition of a reduced and oxidized subu-
nit, respectively. First-order secondary nucleation is dependent
on the concentration M(#) of fibrils (aggregates), as well as the
monomer concentration, 7, — M.q(?), and hence assumes
some interactions between the monomers and fibrils as
described in ref. 31 and refs. 37-42. Specifically, secondary
nucleation from monomers is catalyzed on the fibril surface and
may result in branched fibrils or new fibrils (41).

Some residual seeding, manifested by nonzero values of (0)
at the start of the NMR experiments, was inevitable, and the
values of (0) were therefore optimized for each value of the
nucleation order 7c by an initial pass of minimization with A
in Eq. 2 set to 1 and the values of the rate constants optimized;
in the second pass of minimization, the values of (0) were
held fixed, and the values of A, were optimized together with
the rate constants. Further, in the initial calculations, the value
of the secondary nucleation rate constant £ for the oxidized
species optimized to a small and ill-determined value and was
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subsequently set to zero; that is, secondary nucleation only
involved the reduced species, and the oxidized species only par-
ticipated in chain elongation. If the contribution of the Met’O
oxidized form to elongation was omitted completely (i.e., fwas
set to 1 in Eqs. 4.1-4.3), the experimental data could no longer
be adequately reproduced owing to the presence of a significant
amount (20%) of the Met’O species in the 750-uM sample (87
Appendix, Fig. S5).

A grid search of the value of the primary nucleation order,
ne, yielded a minimum x> value at nc = 4 (Fig. 50). Although
a solution with only a slightly higher ¥* could be obtained with
nc = 3, the values of (0) required to fit the data were unrealis-
tically large (SI Appendix, Fig. S4), ~20-fold higher than those
obtained with 7c = 4 (at 750 pM htt™'Q3s, P(0) has a value of
~60 nM for nc = 4 vs. ~1.2 pM for nc = 3). The value of
ne = 4 is fully consistent with transient tetramerization (Fig. 5)
as a prerequisite for primary nucleation. Further, a log-log plot
of the 7/, of monomer disappearance versus the population of
tetramer at = 0 was linear with a slope of ~ —0.56 (Fig. 5D,
black), corresponding to a scaling exponent y ~ —1.7 for the
initial (# = 0) concentration of monomer (Fig. 5D, red).
Numerical simulations of the scaling exponent y for different
combinations of the orders of primary (7¢) and secondary (72)
nucleation for the rate constants reported in Table 1 show that
the deviation of y from a value of —2.0 (—#n¢/2) predicted for a
model with primary nucleation only (43) is indicative of (a) the
presence of a lower order (72 < 2) secondary nucleation process
and (b) that the order of primary nucleation, 7, is higher than
2, indirectly demonstrating the optimality of the choice of
nec = 4 in our modeling.

The kinetic model described by Eqs. 4.1-4.3 yields excellent
agreement between observed and calculated decay curves with a
reduced y* of 1.8 (Fig. 5 A and C and Table 1). In contrast,
the best fit to a simpler kinetic model involving only primary
nucleation (the first term in Eq. 4.1) and elongation (Eqs. 4.2
and 4.3) (37, 43) but lacking any type of secondary nucleation
(the second term in Eq. 4.1) yields a reduced ¥ of >16 for any
choice of P0), clearly not satisfying the experimental data.
Invoking more complicated kinetic models of aggregation
potentially applicable under acquiescent conditions of NMR
measurements, including multistep secondary nucleation (44),
saturating elongation (37), or reversible elongation (with the
rate proportional to —k,g/X?), where kg is the rate constant of
the reverse process) (37) did not prove warranted to reproduce
the experimental data for htt™'Qss in Fig. 4. These findings
are consistent with the linear log-log plots of #,, for aggrega-
tion versus concentration of monomer and population of tetra-
mer (Fig. 5D) (37).

The optimized values of the rate constants are listed in Table 1.
The rate constant for elongation, £, is about 30% slower for
the Met’O sulfoxide species than the native reduced form. The
concentration of extendable ends of the fibril chain at # = 0,
P0), is proportional to the total concentration of htt™'Qss
and ranges from ~2.5 nM at the lowest concentration of
htt™' Q35 employed (200 pM) to ~60 nM at the highest con-
centration (750 uM) (87 Appendix, Fig. S4, Left for nc = 4).
Plots showing the time evolution of M(#), 1), and the M(2)/
P(#) ratio, which is proportional to fibril length, is shown in
Fig. 6. Although values of the individual rate constants are
obtained from the fits (Table 1), the exact values of the rate
constants are dependent on the choice of P0) as a conse-
quence of strong correlations between the rate constant for
elongation, k4, and the initial number of extendable ends,
P(0) (37). It is therefore also useful to report the values of
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Table 1. Rate constants for aggregation of htt®*'Qss incorporating primary nucleation,

elongation, and secondary nucleation

Rate constant

Native reduced Met’O oxidized

Primary nucleation (nc = 4), k, (M—3h™")
Elongation, k. (M~"h™")
Secondary nucleation (n2 = 1), k, (M~'h™")
Products of nucleation and elongation,
kak, (M™% h72)
kok, (M™% h™2)

3.4 (+0.4) x 10° 0*
7.8 (+0.3) x 10° 5.7 (+0.3) x 10°
0.50 + 0.02 of
2.7 (+0.04) x 10" 0
3.9 (+0.3) x 10° 0

The reduced »? for the global fit to all the data in Fig. 4 is 1.8. The optimized values of the coefficients « in Eq. 2, which account for the presence of residual
cross-peak intensity for the PRD in the htt®™'Qss fibrils, are 0.79 + 0.01, 0.92 + 0.01, 0.90 + 0.91, 0.94 + 0.01, and 0.98 + 0.01 at sample concentrations of 200,
300, 375, 500, and 750 pM, respectively. As expected, the values of « tend to increase slightly with sample concentration, likely reflecting higher viscosity (and
hence higher relaxation rates and lower residual NMR signal intensities) of the fibrillized/aggregated samples at higher htt™'Qss concentrations.

*Set to zero since the Met’O oxidized form does not undergo transient homo- or hetero-tetramerization and does not form fibrils on its own (see Fig. 3).
k$¥' optimized to a small value that was not defined by the data (0.09 + 0.10 M~'h~"). It was therefore set to 0 in subsequent calculations.

the products bk, and kk,, 2.7 (£0.04) x 10" M *h~?
and 3.9 (+0.3) x 10° M~ h 2 respectively, which are
much less affected by the set of initial conditions (37). Given
that the units of 4,4, and k4, are related as M2, the values
above imply that at the sample concentrations employed in
this study, the primary and secondary processes contribute
approximately equally to the nucleation stage of aggregation,
with secondary nucleation dominating slightly. The concen-
tration of native monomer (.4 at which the secondary
nucleation rate exceeds the primary nucleation rate can be
obtained from the rate expressions for these two processes
shown in Fig. 5B by solving the cubic equation
/enmfed:kzM, where the concentration M of fibrils (in
monomer units) is given by (Mo — Med — Moyx), and the
concentration of the Met’O species (m,,) is given approxi-
mately by s ~ mreg(1 — F)6 /4. For the 750-pM
sample (where f'= 0.80), the cross-over point after which sec-
ondary nucleation dominates is reached when the monomer
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Fig. 6. Simulated time dependence of htt®'Qss fibrillization at 5°C calcu-
lated using the optimized values of the rate constants given in Table 1. The
fibril concentration in monomer units (M,eq and Moy), the concentration of
extendable ends (P), and the ratio of total fibril concentration (Myeq + Moxi)
to extendable ends (P) are displayed. The latter ratio is proportional to fibril
length. Assuming a separation of ~4.8 A (the distance between strands in a
p-sheet) between monomer units along the length of the fibril, the fibril
length reaches a maximum of approximately ~1 pm, consistent with nega-
tive stain electron microscopy images of htt®'Qss fibrils (after 70-h incuba-
tion of 40 pM htt®'Qss at 5°C), shown in the Inset.
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concentration falls to ~540 pM; for the 500-, 375-, 300-, and
200-yM samples (where f = 0.93), the cross-over point is
reached when the monomer concentration falls to 440, 345,
240, and 195 pM, respectively.

The ratio of M(#)/P(?) reaches a maximum of ~2,000 at
~8 h for the 300- to 750-pM samples and at ~20 h for the
200-pM sample (Fig. 6, Lower Right). Assuming that the sepa-
ration between polyQ P strands along the long axis of the fibril
is ~4.8 A, each monomer unit comprises a two-stranded anti-
parallel B-sheet connected by a -hairpin (12, 19), and elonga-
tion occurs from both ends of the fibril, one can deduce that
the fibrils reach a limiting length of ~1 pm, consistent with the
electron microscopy image shown in Fig. 6 (/nser in lower right
panel). The limiting fibril length is likely largely determined by
secondary nucleation generating either branched or new fibrils.

Concluding Remarks. In an aggregating system where the
NMR-visible monomeric species disappears completely over a
period of hours, it is no longer feasible to carry out time-
intensive exchange-based NMR experiments to unravel micro-
to millisecond processes involving sparsely populated transient
oligomeric states. Here, we show how a series of SOFAST-
HMQC correlation spectra, each acquired in a few minutes,
can be used to not only quantitatively analyze the mechanism
and aggregation kinetics of the pathogenic htt™' Q35 construct
but can also simultaneously provide quantitative information on
the interconversion kinetics and equilibria between NMR-visible
monomer and NMR-invisible sparsely populated dimers and tet-
ramers that take place on the microsecond timescale (Fig. 1).

While the timescale of the monomer-dimer-tetramer inter-
conversion (50 to 70 ps) and the monomer-dimer equilibrium
(K& ~60 mM) for htt™' Q35 are very similar to those previ-
ously found in the shorter htt™'Q, construct that remains
largely monomeric over a period of weeks, the stability of the
htt™' Q35 tetramer (K3 ~11 pM) is enhanced two- to three-
fold relative to that of htt™'Q; (22, 23). Although the popula-
tion of tetramer is only ~2.5% at a concentration (600 pM)
close to the solubility limit of native htt™'Qss, tetramerization
is essential for subsequent primary nucleation, and indeed the
Met’O sulfoxide species that does not tetramerize also does not
aggregate on its own (Fig. 3).

Nucleation and fibril formation occur cooperatively with res-
idues in the N-terminal amphiphilic region, the polyQ tract,
and the PRD domain, all following the same kinetics (Fig. 2
and 87 Appendix, Fig. S2). Global quantitative analysis of the
decay of NMR-visible species, over a range of concentrations
spanning 200 to 750 pM, using a modification of the
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formalism developed in ref. 31 that takes into account the pres-
ence of both native and Met’O-oxidized species in the sample,
shows that fibril formation involves three steps. For the native
(reduced) htt™'Qss species, primary nucleation is a fourth-
order process (nc = 4) dependent on the population of tran-
sient tetramers, while elongation and secondary nucleation are
both monomer-dependent, first-order processes (72 = 1). The
Met’O oxidized species, on the other hand, does not undergo
either tetramerization or nucleation (both primary and second-
ary), but it is still incorporated into fibrils with an elongation
rate constant k, that is only 25% smaller than that for native
htt™'Qss. It should be noted that dissection of the contribu-
tions of the native and Met”O species can only be achieved by
NMR, as these species give rise to separate signals in the NMR
spectra, for example, in contrast to thioflavin T fluorescence
assays of aggregation (31), which cannot distinguish between
incorporation of chemically different components into fibrils.

How do the data on the kinetics of prenucleation tetrameri-
zation and aggregation of htt™'Qss relate to what is known
about the structure and topology of the fibrils deduced from
solid-state NMR, negative stain electron microscopy, and cryo-
electron tomography (11-14, 16-21)? All these data suggest
that the filamentous fibril comprises a rigid p-hairpin/p-sheet
polyQ core extending along the long axis of the fibril. Both the
partially ordered NT helices and the intrinsically disordered
PRD domains lie on the outside of the fibril core, and the NT
helices can be observed in subtomogram-averaged cryo-electron
tomography images as a pseudoperiodic pattern of repeating
lumps (21). Irrespective of whether neighboring p-hairpin/
f-sheet subunits are oriented parallel or anti-parallel to one
another (and both arrangements can presumably occur), the
NT helices protruding on each side of the fibril must all be par-
allel to one another. The NT tetramer facilitates fibril nucle-
ation by bringing the polyQ tracts into close proximity, thereby
providing a template for polyQ self-association. The NT
domain tetramer is a dimer of dimers: the dimer is an anti-
parallel helical coiled-coil that assembles into a tetramer with
the two dimers oriented approximately orthogonal to one
another (24). The shortest distance between C-terminal ends of
the NT domains, marking the beginning of the polyQ tract,
occurs between dimer units in the tetramer (24). Thus, it
seems likely that once fibril nucleation and elongation are initi-
ated, dissociation of the NT domain tetramer takes place,
leaving behind two interacting parallel coiled-coil helices that
stabilize the stacking of successive layers of polyQ p-sheets on
top of one another. The NT domain tetramer could potentially
persist to generate wider fibril polymorphs by bridging two
polyQ cores. In addition, serial addition of htt™ Qss
monomers upon binding in an anti-parallel orientation to a
preexisting, parallel NT helical dimer on the outside of a
monofilament fibril will lead to secondary nucleation and sub-
sequent branching.

Finally, we note that the approach used here to quantita-
tively analyze fast prenucleation oligomerization events simulta-
neously with the relatively slow kinetics of fibrillization should
be widely applicable to many aggregating systems comprising
intrinsically disordered or misfolded regions of proteins that
form amyloid-like fibrils.

Experimental Procedures

Expression and Purification of htt™'Qss. htt™'Qss was
expressed as fusion protein with the immunoglobulin-binding
domain of streptococcal protein G, GBI, attached to the N-terminal
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end separated by a factor Xa cleavage site (27). Uniform
""N-labeling and cleavage of factor Xa to remove GB1 were car-
ried out as described previously (22). Following the last step of
purification, consisting of reverse-phase high performance liquid
chromatography, the lyophilized htt™'Qss fractions were dis-
solved in a 1:1 (vol/vol) mixture of trifluoracetic acid (TFA) and
hexafluoroisopropanol. As previously described by Chen and
Wetzel (45), the latter procedure ensures removal of the vast
majority of preexisting aggregates that can accelerate the aggrega-
tion of htt™'Qj3s. The solvent mixture was then removed under
a stream of N, gas, and the resulting peptide film was further
lyophilized for 16 h to ensure complete removal of both solvents.
Prior to final lyophilization, the protein film was dissolved in 0.1
mM TFA. Protein identity and completion of the cleavage reac-
tion were checked by liquid phase chromatography coupled with
electrospray mass spectrometry.

Oxidation of Met” to a sulfoxide was carried out by incubat-
ing the GB1-htt™' Qs fusion protein with 4% (vol/vol) H,O,
for ~2 h (35). Complete removal of H,O, was achieved by
exhaustive dialysis against a 50 mM Tris-HCI buffer, pH 8.0,
and 100 mM NaCl (overnight at 4°C), prior to factor Xa
cleavage to remove GB1. Oxidation of Met’ to a sulfoxide
results in a +16 Da addition to the molecular mass of
hee™' Q35 as verified by mass spectrometry.

NMR Sample Preparation. All NMR samples of htt™'Qss
were prepared by first dissolving an aliquot of purified pro-
tein in 13.8 mM monobasic sodium phosphate buffer, pH
4.6, containing 50 mM NaCl and 10% D,0/90% H,O (vol/
vol). Upon resuspension, the protein solution was centri-
fuged at 20,000 X g for 25 min to remove any preformed
insoluble aggregates. The pH of the buffer was subsequently
adjusted to 6.5 by adding dibasic sodium phosphate for a
final sodium phosphate concentration of 20 mM. Peptide
concentrations were determined by ultraviolet absorbance at
205 nm (46) since htt™'Qss does not contain any trypto-
phan or tyrosine residues (24). Although the procedure of
Chen and Wetzel (45) was implemented during purification
to remove the majority of preexisting aggregates (see above),
we found that some seeding was inevitable at the start of the
NMR experiments. For this reason, following the formalism
described in refs. 31 and 37, the concentration of extendable
ends of the fibril chain, ”(0) present at # = 0, was initially
optimized (together with the rate constants) in a first pass of
minimization, as described in the main text.

NMR Spectroscopy. All NMR experiments were recorded at
5°C using a Bruker 800 MHz Avance-IlIl spectrometer,
equipped with a TCI triple resonance z axis gradient cryogenic
probe. All NMR data were processed using the NMRPipe/
NMRDraw software suite (47) and analyzed with the program
Sparky (48).

Fibrillization/aggregation of '>N-labeled htt™' Q35 was mon-
itored by following '"H-">N cross-peak intensities (I, peak
height) and peak volumes (V) from serially acquired two-
dimensional (2D) 'H-">N SOFAST-HMQC spectra (see Figs. 1
and 4) using the pulse sequence of Schanda and Brutscher (29).
Each 2D NMR spectrum was acquired using eight dummy scans,
a recycle delay of 0.3 s, and a total of 100* X 2,048* complex
data points in the indirect ("N) and direct ("H) dimensions with
respective acquisition times of 44 and 104 ms. The number of
scans (ns) used in all 2D 'H-P°’N SOFAST-HMQC experi-
ments was 16, with the exception of the data acquired for
the lowest concentration sample (200 pM) where ns = 32.
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The total measurement time for each 2D '"H-">N SOFAST-
HMQC spectrum was either ~6 or 12 min for ns = 16 or 32,
respectively.

Measurement of Concentration-Dependent '>N Exchange-
Induced Chemical Shifts (Sex). Concentration-dependent
changes in "°N chemical shifts were measured on the 750-pM
N- htt™'Qss sample from a series of 2D '"H-'>N SOFAST-
HMQC spectra acquired over 15 h. At = 0 h, the concentra-
tion of htt™'Qss, 7o, was 600 pM of native reduced
htt™'Qs5 (f = 0.8) and 150 pM of the Met’O oxidized
form. The concentration of monomeric native htt™'Qss as a
function of time, m,.4(#), was directly recast from the average
normalized cross-peak intensity (</prp>) of the PRD residues
as mred(t) :ﬁﬂmt[< [PRD(t) > —< ]pRD(OO) >}/[< [pRD(O) >
— < Iprp(0) >]. For a given time-point # °N-8, is calcu-
lated as Sey () = Sobs(#) féffbfs, where S,(?) is the observed
chemical shift at a native monomer concentration m,.4(?), and
8 is the chemical shift at a concentration of 10 pM
htt™'Qss. The errors in peak positions were determined as
described previously (24, 49).

5N-R, and "Hy-R; Relaxation Rates. Intrinsic (exchange-free)
15 N-R;, (with a 3-kHz spin lock) and N-R, rates for the
htt™!' Q35 monomer were measured on a 10-uM sample using
the pulse sequences and procedures described previously (22,
50). A two—time point measurement was employed for R,
Ri, = (1/A9In(L/ ), where At is the difference in the two
relaxation delays (2 and 60 ms) and 7, is the peak intensity at
the corresponding relaxation delay (#z =1 or 2). The maximum
relaxation delay was adjusted such that the NMR signal inten-
sity was attenuated by ~50% of the initial intensity. The
intrinsic "’N-R, values were calculated as (Rp — R,cos’0)/
sinZ0, where 0 is the angle between the effective spin-lock field
and the external magnetic (Bp) field. The two relaxation delays
used for the "’N-R, measurements were 40 and 320 ms. Free
precession 'Hy-R, relaxation rates for the htt™'Qss monomer
were also obtained using a two—time point measurement (relaxa-
tion delays of 4 and 24 ms) on the 10 pM sample using
standard procedures (51). The intrinsic values of BN-R, and
"Hy-R, for the monomer are provided in the S/ Appendix, Table S2.

Global Fitting of Concentration Dependence of '“N-6., and
"HN-®N Cross-Peak V/I Ratios. The experimental concentration
dependence of "’N-6,, and 'H-""N cross peak V// ratios were
fit simultaneously by minimization of the error function

6obs,i,/e _ 5calc,[,/e> 2

ik
Os

F:a12<

(V/[)obs,],k _ (V/])calc,],k

ik

O-ZV/ I)

where the first and second terms correspond to the differences
between the observed (obs) and calculated (calc) "’N-§., and
V11 values, respectively, for residues 7 or j measured at each con-
centration /4 of the monomer; 6 values are the experimental
errors; and the coefficients o; and o, are empirically deter-
mined weighting factors set to 1 and 0.05, respectively. The set
of global variable parameters in the minimization of the target
function comprised { K% K55 £} (see Fig. 3C and the main
text for definitions). The space of local (residue-specific) parame-
ters included {Aw"; Aw™(F10), ’; @™}, where Aw" values are
the differences between the chemical shifts of the dimer/

+(X22 > [5]
J
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tetramer and the monomeric species for "Hy; Ao™(F10) is
the difference in chemical shift of the dimer/tetramer and
monomeric species for N of Phel0 (which was not previ-
ously determined for htt™'Q, (22); o is a scaling factor (see
Eq. 1); and " is an offset that accounts for small errors in
the reference value of the chemical shift, 8, (measured for
10 pM het™'Q35). The other Aw™ values were set to those
previously determined from httNTQ7 (22) on the reasonable
assumption that the structure of the helical coiled-coil tetra-
mer formed by the NT domain is not affected by the length
of the polyQ domain. Since concentration-dependent '°N-
Ry, measurements (23) are not feasible on a rapidly aggregat-
ing system, a lower limit on 4_, was established using angid
search (SI Appendix Fig. S3). The values of Ao™ and Aw'™ are
listed in ST Appendix, Table S3.

The 3 X 3 matrix R for monomer < dimer « tetramer
interconversion that enters into the calculation of ’N-§,, and
the 'H-'’N cross-peak V/I ratios (Eq. 1) is given by

R= ]NQCS + ]?rel + R, where 1~?CS, kmand R are the chemical

shift, intrinsic relaxation, and chemical exchange contri-

butions, respectively, given by R® = (0 0 0; 0 Aw®? 0;

)
rel

00 Ao™), R" = (R 0 0; 0 RP> 0; 0 0 RY), and
R = (—F™ ko OB —ky — B by 0 B — k).
Aw values are expressed in rad/s; the superscripts E, E2, and
E4 stand for monomer, dimer, and tetramer, respectively; R:*
and RE4 are assumed to be equal to 2RY and 4RE, respectively;
and £ and £ are apparent pseudofirst-order rate constants
given by 24 [E] and 24 k[E]2/k_;, respectively. 8., values were
calculated from the imaginary part of the smallest (by absolute
magnitude) eigenvalue of the relaxation matrix R: 8, (Hz) =
[m(min[eig{i?}])&n, where ez'g{i? } is a vector of complex eigen-
values of R.

With regard to the calculation of V// ratios from Eq. 1,
>N-R, and '"Hyp-R, are used for the '°N (indirect) and 'H
(direct) dimensions, respectively, of the "H->N SOFAST-
HMQC experiment. Further, the intrinsic '’N-"H double
quantum (ISN-RLDQ) and zero-quantum (ISN-RZEZQ) trans-
verse relaxation rates are assumed to be equal to the single-
quantum °N-R, values measured experimentally, as
described in the previous section (also see SI Appendix).

The uncertainties in the values of the optimized parameters
corresponding to confidence intervals of +1 SD were deter-
mined from the variance-covariance matrix of the nonlinear
fit. Uncertainties in the rate constants recalculated from the
optimized parameters (4, and 4,) were determined by standard
procedures for error propagation. All calculations were per-
formed using an in-house program written in MATLAB
(MathWorks Inc) (53).

As discussed previously (22, 24), prenucleation oligomeriza-
tion involves a very fast on-pathway (., ~20 to 50 ps) leading
to formation of a tetramer via a productive helical coiled-coil
dimer and an order of magnitude slower off-pathway (7., ~750 ps)
leading to a nonproductive dimer (E2*) that does not oligomerize
further. To ascertain that omission of the slower off-pathway does
not affect the above analysis or the values of the on-pathway rate
and equilibrium constants, we also fit a branched four-state
scheme to the experimental 8¢, and V// data in Fig. 3 A and B
with the values of the rate (k-3 = 1350 s~' and equilibrium
([(3diSS = 0.23 M) constants and ""N-A@™* held fixed to those
determined previously (22) and with '"H-Aw™* = "H-Aw™ /2.
The values of £_, Kldiss, and K;ﬁss obtained for the branched
four-state model are 4.0 (+1.1) X 10% s7!, 67 + 15 mM, and
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10 & 5 pM, respectively, Wthh are identical within error to the
values of 3.8 (+1.1) X 10* s™', 62 + 12 mM, and 11 + 4 pM,
respectively, obtained for the three-state monomer < dimer <
tetramer scheme with the nonproductive pathway omitted. Fur-
ther, the lower limit for £_, for both three- and four-state models
is 2 x 10% 57", Thus, the concentration dependence of V/1, like
that of Ry, (23), is not affected by the presence or absence of
slower off-pathway dimerization.

Global Fitting of Fibrillization/Aggregation Kinetics. The decay
profiles of averaged normalized NMR signal intensities, 7,
measured at multiple total protein concentrations, 7., were
analyzed by the minimization of the sum of squares target func-

tion, F = zz Lps —

experlmental and calculated normalized intensities, respectively;
o is the SE (assumed to be equal to one-half of the SD of the
distributions of peak intensities for the 11 PRD residues used);
the index j in the inner sum of F runs over all time points, and
the index 7 runs over all sample concentrations analyzed. The
differential equations describing the kinetics of aggregation
(Eq. 4) were integrated numerically using an explicit Runge-
Kutta [1,4] formula implemented in the Matlab “ode45” solver
for nonstiff ordinary differential equations (52), with integra-
tion steps corresponding to the time points in the NMR
experiments.
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Visualization of htt®*'Qgs Fibrils by Negative Stain Electron
Microscopy. Complete aggregation of 4- or 40-pM htt™' Qss
was achieved in an Eppendorf tube at 5 °C in ~70 h. Following
fibrillization, ~10 pL htt™'Qss solution was blotted onto car-
bon grids (carbon-coated copper grids; Ultrathin Carbon Film/
Holey Carbon; Ted Pella) and left for 1 min. The grids were
quickly rinsed with deionized H,O and stained with 2% uranyl
acetate for 20 s. Electron microscopy images were recorded
using a FEI Tecnai T12 electron microscope at 120 kV
equipped with a Gatan US 1000 CCD camera.

Data Availability. Expenmental NMR data (concentration dependence of "*N-
exchange-induced shifts and 'H-"N crossgeak VIl ratios and aggregation kinet
ics data from the time dependence of 'H-"N cross-peak” intensities and
volumes) in digital format, together with the MATLAB scripts used in global fit-
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