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Protein aggregation via polyglutamine stretches occurs in a number of
severe neurodegenerative diseases such as Huntington's disease. We have
investigated fibrillar aggregates of polyglutamine peptides below, at, and
above the toxicity limit of around 37 glutamine residues using solid-state
NMR and electron microscopy. Experlmental data are consistent with a
dry fibril core of at least 70-80 A in width for all constructs. Solid-state
NMR dipolar correlation experiments reveal a largely p-strand character
of all samples and point to tight interdigitation of hydrogen-bonded
glutamine side chains from different sheets. Two approximately equally
frequent populations of glutamine residues with distinct sets of chemical
shifts are found, consistent with local backbone dihedral angles
compensating for p-strand twist or with two distinct sets of side-chain
conformations. Peptides comprising 15 glutamine residues are present as
single extended PR-strands. Data obtained for longer constructs are most
compatible with a superpleated arrangement with individual molecules
contributing p-strands to more than one sheet and an antiparallel
assembly of strands within p-sheets.
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A variety of diseases involving proteins with
expanded glutamine repeat stretches are known,
including Huntington's dlsease and various types of
spinocerebellar ataxia.'™ While the proteins in-
volved are usually unrelated except for the presence
of polyglutamine regions, there is always a critical
length of the glutamine stretch above Wthh disease
occurs, usually around 37 residues. #* Disease
progression is correlated with the accumulation of
neuronal intranuclear 1nclu51ons of amyloid fibrils
formed by these proteins.>>” Polyglutamine pep-
tides alone can also form fibrils that bear the
characteristic features of amyloid, that is, a linear
and unbranched appearance in electron microscopy
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(EM), a cross-p X-ray diffraction pattern, and
staining by the dyes Congo red and thioflavin T.°
Polyglutamine aggregation kinetics and age of onset
of Huntington's disease have been shown to corre-
late with the glutamine repeat length.” However,
toxicity has recently been attributed to monomeric or
oligomeric polyglutamine species.>” Flanking se-
quences in the host protein have also been shown to
influence kinetics and mechanisms of aggregation as
well as t0x1c1ty of polyglutamine-containing pro-
teins.'”"" Nevertheless, polyglutamine expansions
are necessary for aggregation and toxicity of the
respective proteins, and aggregation in all cases
leads to amyloid fibrils with the polyglutamine
stretch in the fibrillar core.'”

In addition to the role of polyglutamine-containing
proteins in human disease, regions rich in glutamine
and asparagine have been found in a number of yeast
prions. Here, they mediate aggregation to amyloid
fibrils as a mechamsm of epigenetic regulation and
inheritance.'” Evidence also emerges for a role of
glutamine- and aspara{gme—rlch regions in protein—
protein interactions. While a large number of
biochemical, structural, and molecular dynamics
studies have investigated aggregates of proteins
and peptides with polyglutamine stretches, their
structural arrangement is still a matter of debate.
Crystal structures of short asparagine- and gluta-
mine-rich peptides related to amyloid fibrils have
been reported,'”'® exhibiting extended strands in a
parallel cross-p arrangement with densely packed
side chains. For longer peptides, various models
have been proposed. Many of these involve extend-
ed R-strands of varying length, connected by short
turns within the plane of a p-sheet or by longer
B-bends between stacked sheets.!”?° The latter
arrangement has also been postulated for gluta-
mine- and asparagine-rich fragments of yeast
prions.”"** In contrast, Perutz et al. have developed
a water-filled p-helix model believed to be in better
agreement w1th some features of the fibril X-ray
diffractogram.”> However, it has been shown that a
B-hairpin structure with B-sheets stacked tightly on
top of each other may account for these features as
well.** Moreover, molecular dynamics simulations
have indicated that water—fﬂled circular p-helix
structures are unstable””*” and suggested triangular
B-helices instead, with 1nward—p01ntmg side chains
forming a dry fibril core.”® Some of these models
also allow for parallel or antiparallel arrangement of
p-strands within a sheet and between the sheets.

Solid-state NMR (ssNMR) allows for the investi-
gation of insoluble, noncrystalline materials and has
become a leading method for structure elucidation
of amyloid fibrils (see Refs. 26-32). Here, we have
used ssNMR and EM to study fibrils formed by
polyglutamine peptides of varying length, below, at,
and above the disease threshold. The peptides
investigated comprised charged residues flanking

the polyglutamine stretch, which has been shown to
increase their solubility and slow down aggregation
kinetics, while leaving fibril morphology un-
affected.® We have investigated both overall fibril
arrangement and local structure by ssNMR and EM
techniques, leading to a structural model of poly-
glutamine fibrils.

Results

Electron microscopy

Figure 1 shows electron micrographs of aggre-
gates grown from the three peptides investigated.
All of them form fibrillar aggregates whose length
and degree of order appear to increase with the
length of the construct In agreement with EM data
from an earlier study, D»Q15K; does not form the
highly ordered, long filaments that are characteristic
for typical amyloid fibrils (Fig. 1a). Rather, smaller
fibrillar aggregates of around 70 A in width and few
hundreds of angstroms in length that cluster
together laterally and longitudinally to form
higher-order aggregates are visible. GK,Q33K, ag-
gregates (Fig. 1b) are in the order of 100-200 nm in
length, with a broader, ribbon-like appearance and
widths up to about 200 A, likely due to lateral
clustering of individual protofilaments. Minimal
fibril widths observed are around 70-80 A.
GK,Qs54K, forms fibers several hundred nanometers
in length (Fig. 1c) that often exhibit an intertwined
appearance. In this construct, various fibril widths
up to about 160 A can be found, while the minimum
width is again about 80 A. In several samples and
constructs, some additional unfibrillized protein is
present.

The EM data agree well with earlier studies on
length-dependent properties of polyglutamine ag-
gregates, which indicated that only aggregates from
peptides with a glutamine repeat length above the
disease threshold of around 37 residues exhibit all
features of classical amyloid fibrils.® They also agree
with observations that polyglutamine peptides of
intermediate length (in the range of 20-40 repeats)
tend to form broader, more ribbon-like aggregates
than longer constructs, which appear to assemble in
a more typical amylo1d -fibril-like fashion with
diameters around 80 A.® Nevertheless, also the
shorter peptides form fibrillar aggregates, which are
known to exhibit a cross-p X-ray diffraction pattern
and bind thioflavin T similar to bona fide amyloid
fibrils.***** The observed fibril widths indicate that
the minimal fibrillar unit of polyglutamine aggre-
gates is about 70 to 80 A wide. Thus, at least the
longer constructs have to be folded instead of fully
extended. The distribution of fibril widths in our
samples indicates that there may be more than one
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Fig. 1. Electron micrographs of D,Q15K; (a), GK,Q35Ks
(b), and GK,Qs4K; (c) fibrillar aggregates. Scale bar in
panel (c) represents 200 nm, in inset 30 nm.
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Fig. 2. FSLG-HETCOR ('H,"N) (a) and (*H,*C) (b)
correlation spectra of GK;Q35K5. The correlations between
glutamine nuclei giving rise to the individual cross peaks
are indicated in the labels. Red labels denote likely inter-
sheet or intermolecular correlations (see the text).

overall fold accessible to polyglutamine monomers
within fibrils, apart from different levels of lateral
aggregation of protofilaments.

Overall fibril organization

We initially conducted ssNMR experiments to
investigate the overall arrangement of polygluta-
mine fibrils. In order to probe h}ldrogen-bonding
interactions, we performed 'H-N and 'H-C
heteronuclear correlation (HETCOR) correlation
experiments on GK,QssK, fibrillar aggregates
under proton decoupling [frequency-switched Lee—
Goldburg decoupling (FSLG)]*? (Fig. 2). At the short
cross-polarization (CP) times used, one- and two-
bond correlations from rigid fibril regions dominate
the spectrum. Interestin1glzy, a major fraction of
glutamine side-chain H*?'/?? proton resonances are
found shifted downfield to 8 ppm and more,
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Fig. 3. Buildups of water-edited CP intensity in the
aliphatic spectral region for the three polyglutamine
constructs (open symbols).
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Fig. 4. Intra-residue correlation spectra. (a—) (@) spin diffusion correlation spectra (150 ms mixing time) of
D,Q45K; (black) and GK;Qs4K; (blue). (a) shows an overlay of the carbonyl region of both constructs, while (b) and (c)
display the aliphatic regions individually. Bracketed numbers in assignments refer to the different glutamine populations
(see the text). (d—fg Intra-residue NCACB correlation spectra of the same two constructs, with color code as in (a) to (c).

Note the longer (*

C,2Q) mixing time used in the GK,Qs4Kj; spectrum [blue, (d) and (f)] after the (**N,3C) transfer step,

explaining the correlations of the backbone amide nitrogen with side-chain carbonyl resonances for GK,Qs4K5 in (d).

indicative of side-chain hydrogen-bonding inter-
actions.’*° In addition, cross peaks that can only
be explained by interactions between backbone H®
protons and side-chain N** and C® resonances are
found (red labels in Fig. 2). These observations
strongly speak in favor of a tight interdigitation of
side chains from adjacent p-sheets that brings side-
chain termini of one p-sheet and the p-strand
backbone of the next sheet into close contact, as
proposed by “steric zipper” models of fibril
structure.'>?* Such interactions may also account
for the considerable deviation of "N side-chain
chemical shifts from their average value in the
Biological Magnetic Resonance Data Bank.””

To complement these data, we performed water-
edited ssNMR experiments (see Refs. 38-40) that

provide information about the water accessibility of
biomolecules and polymers. Data from water-edited
buildup experiments on the three polyglutamine
constructs are shown in Fig. 3 and Table 1 in
Supporting Information. Assuming compact, dry
fibrils with no water inside, our analysis (see
Supporting Information) yields average fibril
widths of about 70 A for D,Q;5K;, 110 A for
GK,Q35K,, and 85 A for GK,Qs54K,. These values
correspond well to the widths most commonly
found in electron micrographs and are in line with
the different width distributions and levels of lateral
aggregation seen in EM. In contrast, a water-filled
fibril structure® yielding the same buildup charac-
teristics in ssNMR experiments would require a
fibril width much larger than seen in EM images.

Table 1. List of average chemical shifts (in parts per million) observed for the three glutamine populations across the

different polyglutamine samples investigated

GlIn population or

D,Q;5K; residue N C CA CB CG CD CE NE2
Q1) 118.0 175.9 55.9 34.2 33.9 178.5 107.9
Q(2) 1154 174.0 54.0 31.6 29.8 177.4 104.4
Q@) 174.0 55.7 29.9 33.9 180.2

D2 177.6 54.6 40.9 180.0

K18 118.6 174.8 55.1 33.5 24.7 29.5 42.1

Glutamine populations Q(1) and Q(2) constitute p-sheets; glutamine population Q(3) corresponds to residues in turn regions or
unstructured molecules. For completeness, assignments for residues Asp2 and Lys18 of D,Q;5K; are also given.
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Thus, our data favor a model in which polygluta-
mine fibrils have a dry, tightly packed fibrillar core
similar to that of other types of amyloid.'>*"2*-314!

Residue-specific ssNMR analysis

Two-dimensional (**C,"*C) ssNMR spectra of
D2Q15K2, GK2Q33K2, and GK2Q54K2 fibrillar aggre-
gates reveal striking similarities indicative of a
common structural organization. In Fig. 4, spectra
are shown for the Q;5 (black) and Qs; (blue)
constructs. Most prominently, in all constructs and
across different types of spectra selecting for more
rigid parts of the sample, two major populations of
glutamine residues whose resonance signals fall into
distinct spectral regions are apparent [from now on
referred to as Q(1) and Q(2)]. These two main
populations of glutamine residues appear in
ssNMR spectra with approximately equal intensities
in all constructs, suggesting a distribution close to
1:1. Resonances of all Q(1) nuclei are consistently
shifted to higher frequencies with respect to Q(2)
resonances (Table 1), an observation previously also
made for a glutamine residue in fibrils formed by an
asparagine- and glutamme—rlch peptide from the
yeast prion Sup35.*> Compared to average C* and
C" chemical shift values for glutamine, both popula-
tions exhibit a strongly negative secondary chemical
shift of about —5 ppm, indicating that both groups of
glutamme residues participate in p-sheet secondary
structure.” Polyglutamine fibrillar aggregates are
hence largely composed of p-sheets, consistent with
their cross-p X-ray diffraction pattern. Notably, we
also found cross peaks corresponding to Q(1) and Q
(2) glutamines in the spectra of lyophilized poly-
glutamine samples after addition of water or buffer
solution (Fig. 1, Supporting Information), even
though no fibrils but only small spherical or
elongated aggregates can be detected in such
samples by EM (Fig. 2, Supporting Information).
Thus, the local organization leading to the occur-
rence of two distinct glutamine populations appears
to form independent of or before bona fide fibril
formation. Compared to ssNMR spectra of other
amyloid f1br1ls, the spectral linewidths of around
2 ppm in *C and 3 ppm in '°N dimensions indicate
structural heterogeneity in all samples, consistent
with ssNMR data on fibrils from the asparagine- and
glutamine-rich protein Ure2p.”! Apparently, gluta-
mine-rich sequences can assume slightly different
molecular conformations within fibrillar aggregates,
as also suggested by the distribution of fibril widths
observed in EM for our Qsg and Qs4 constructs.

Additionall lly, a third glutamine population [Q(3)]
is seen in (*°C,'*C) correlation spectra at longer
mixing times, likely due to enhanced mobility 1n
these residues. The corresponding Q(3) C* and C"”
chemical shifts are close to random-coil values. These
residues could thus constitute turns or unstructured

regions within the fibrils or occur in unstructured,
immobilized monomers. Evidence for even larger
molecular mobility within polyglutamine fibrils was
seen in a complementary set of scalar-based ssNMR
experiments** (Fig. 3, Supporting Information) for
GK,Q3sK; and GK;Qs4K, constructs. Compared to
CP-type ssNMR experiments that select for rigid
regions, lysine signals are strongly enhanced with
respect to glutamine signals in scalar-based spectra,
indicating that chiefly the lysine-containing N- and
C-termini of otherwise rigid molecules are repre-
sented in these spectra. These data suggest that the
N- and C-termini of the longer polyglutamine
constructs are not part of the fibril core.

Spectral resolution, uniform isotope labeling, and
the dominant presence of only one residue type
preclude residue-specific sequential resonance as-
signments in the longer polyglutamine constructs.
In the selectively labeled D,Q;5K; construct, on the
other hand, sequential peaks from three residue
pairs can be expected (Fig. 5a). The labeled residues
Asp2 and Lys18 can be identified unambiguously in
the spectra based on their chemical shifts, although
Asp2 resonances are usually weak (Fig. 4b). The
strongest peaks in the NCOCA (N;,C;_;) correlation
spectrum of D,Q;s5K, (Fig. 5a) correspond to
correlations between two Q(2) residues as well as
to Q(2)-D2 and K18-Q(1) correlations. These find-
ings, along with the labeling pattern of our Qs
construct, suggest that GIn17 belongs to glutamine
population Q(1) and GIn3, GIn9, and GIn10 belong
to glutamine population Q(2). However, smaller
peaks in the NCOCA spectrum reveal that all these
residues may, in principle, belong to either the Q(1)
or Q(2) population, and the K18-Q(1) correlation
may also contain a contribution from two sequential
Q(1) glutamines (i.e., GIn9 and GIn10). These results
indicate that the different chemical shifts of Q(1) and
Q(2) glutamines reflect local geometry and not
necessarily specific positions within the peptide
sequence. Importantly, the main signals in the
D,Q;5K; NCOCA spectrum do not contain a
sequential correlation between Q(1) and Q(2) gluta-
mines, and the sequential correlation between two Q
(2) glutamines [labeled Q(2)N-CA in Fig. 5a] can
only be explained by the GIn9-GIn10 residue pair.
This means that two consecutive central glutamines
exhibit chemical shifts corresponding to an extended
B-sheet conformation; that is, they cannot form a
bend or a turn.

In line with the Q;5 case, sequential NCOCA (N;,
C;_4) correlation spectra of the longer constructs
(Fig. 5b and c) exhibit spectral intensity predomi-
nantly at the same positions as seen in intra-residue
NCACB (N;,C;) correlation spectra, suggesting that
glutamine residues of the two major p-sheet
populations are mostly flanked by residues of the
same population within the amino acid sequence.
However, sequential correlations between Q(1) and
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Fig. 5. Inter-residue correlation spectra. (a—c) Inter-
residue (N;C;_1) NCOCA correlation spectra of (a)
D2Q15K2, (b) GK2Q38K2, and (C) GK2Q54K2‘ Gray lines in
(a) indicate chemical shifts of Lys18 N and Asp2 C*
important for assignment; their most likely correlation
partners are labeled. Red assignments in (b) and (c)
indicate sequential correlations between different gluta-
mine populations. (d) Section representmg C*-C" corre-
lations of a sequential (**C,">C) spin diffusion spectrum of
GK;Q35K; recorded under weak coupling conditions with
a 150 ms mixing time. Sequential correlations between
different glutamine populations are indicated.

Q(2) residues exist in GK,Q33K, and GK,Q54K5, as
also confirmed by (*C,'°C) correlation spectra
recorded under weak coupling conditions*> (Fig.
5d). Thus, glutamine residues of different chemical
shift populations do occur within the same mono-
mer but appear to be clustered in stretches of several

residues of one population, as seen from sequential
(N;,C;_1) correlation spectra.

Through-space correlations

In order to probe intramolecular and intermole-
cular through-space contacts, we recorded N/
CHHC***” spectra and (**C,"*C) spin diffusion
spectra with long mixing times (Fig. 6). A variety
of cross peaks between different glutamine popula-
tions are readily seen and indicated in red. For the
selectively labeled D2Q15K2 sample, an NHHC
spectrum with a (*H,'H) mixing time of 100 ps is
depicted in Fig. 6a (upper panel) in black, overlaid
with the same spectrum recorded on a D,Qi5K;
sample diluted in unlabeled material before fibrilli-
zation (blue). Peaks observable only in the spectrum
of the undiluted sample consequently correspond to
mtermolecular contacts. While the relatively short
(‘H,'H) mixing time of 100 us leads to the dominant
presence of intra-residue and sequential
correlations,*® cross peaks that are not present in
NCACB or NCOCA correlation spectra or in the
NHHC spectrum of diluted D,Q;5K, can be identi-
fied. Already at this mixing time, weak intermole-
cular correlations between side-chain amide
nitrogens of one glutamine population and side-
chain as well as backbone carbons of the respective
other glutamine population become apparent. This
observation points to a well-ordered, rather rigid
arrangement of glutamine side chains in the fibrillar
aggregates. Moreover, the distance between a side-
chain amide proton and a backbone C* proton in a
neighboring strand within the same p-sheet should
be on the order of 5-6 A (assuming extended side
chains and a standard interstrand separation of
4.8 A) and would thus most hkelY be too long to be
observed with the short ("H,'H) mixing time
employed here.*” These correlatlons are thus best
explained by a close proximity of glutamine side-
chain amides and the next B-sheet layer stacked
above or below. Together with the observed side
chain-backbone correlations in FSLG-HETCOR
spectra (Fig. 2), these results support the presence
of tightly stacked p-sheets with interdigitated side
chains in polyglutamme aggregates, as proposed by
steric zipper models.'>?

In addition, a peak in the backbone amide
nitrogen region confirms intermolecular contacts
within the p-sheet plane between Q(1) and Q(2)
glutamines or between Lys18 and a Q(2) glutamine.
Although the labeled glutamine residues in D,Q;5K;
cannot unambiguously be assigned to the two shift
populations, the main inter-residue NCOCA cross
peaks suggest that GIn3, GIn9, and GIn10 mainly
belong to the Q(2) population and GInl7 mainly
belongs to the Q(1) population. This intermolecular
cross peak thus gives an indication that D,Q;5K;
monomers may assemble into fibrils in an


image of Fig. 5

Characterization of Polyglutamine Fibrils 127
(a) NHHC (C) CcC
_.100 G — %% acaan)ca Q(2)CA-CB
E A ] Q(2)NE2-Q(1)CB/CG —, @o E A Q(2)CA-Q(1)CB 7
;_‘5110 gngZ- v B quNez-a2)ca ﬁ /“ g 54
3 | Q(1)NE2-Q(2)CB : o
;5120 o é‘ 58 Q(1)CA-Q(2)CA
Q(1)/K18N-Q(2)CB
130 ] ’
60 50 40 30 60 50 40 30
50
,EJUU Slersei i Q(2)NE2-Q(1)CBICG £ |e@caamca Q(2)CA-Q(1)CB  Q(2JCA-CB
a (Gl a )
= 110{Q(2)N-Q()GAT (= ATINE2-Q(2ICA > 54
5 Q(2)N-Q(1)CB/ICG &
~120 < - Q(1)CA-Q(2)CA ty b
i 58
= Q(1)N-Q(2)CA avaics| Q(1)CA-CB Q(1)CA-Q(2)CB
130
60 50 40 30 60 50 30

o, - *C (ppm)

40
w, - 13C (ppm)

(d) CHHC
50 ]
€ Q(2)CA-Q(1)CA Q(2)CA-Q(1)CB Q(2)CA-CB
Es4 %
598 QUICAQERICA  aiq)calB a)cA-Q(2)CB
60 50 40 30
50
= Q(2)CA-CB
£ .
254 f é ]
Q ?a
358 Q(1)CA-CB
60 50 40 30
o, - 13C (ppm)

Fig. 6. Long-range and through-space correlations. Cross peaks between different glutamine populations are labeled in
red. (a) Top: overlay of NHHC spectra (100 ps mixing time) of undiluted, selectively labeled D,Q;5K; fibrils (black) and
selectively labeled D,Q;5K; diluted in 2.5 parts of unlabeled material before fibrillization (blue). Bottom: NHHC spectrum
(250 ps mixing time) of uniformly 15N, 3C-labeled GK,Qs4Ko fibrils. (b) Scheme illustrating the contacts seen in NHHC

spectra in a hypothetical arrangement of stacked antiparallel 3-sheets. (c) Cutouts from (

1 C,BC) spin diffusion spectra

with a 500 ms mixing time of uniformly BN, 13C-labeled GK,QsgK, fibrils (top) and of GK,Q3sK; fibrils consisting of a 1:1

mixture of °N- or !

C-labeled monomers (bottom). (d) Cutouts from CHHC spectra (250 ps mixing time) recorded on

uniformly BN, 2C-labeled GK,Q5sK, fibrils (top) and on GK,Qs3sK, fibrils consisting of a 1:1 mixture of BN- or 1¥3C-

labeled monomers (bottom).

antiparallel fashion. An NHHC spectrum with a
longer mixing time of 250 ps, recorded on uniformly
5N, ¥*C-labeled GK,Qs4K, fibrils, is depicted in the
lower panel of Fig. 6a. Here, the through-space
correlations between different glutamine popula-
tions are equally well represented as the correlations
within individual residues or populations. Especially
the side chain-backbone correlations between the
populations further confirm a tight stacking of p-
sheets as assumed in steric zipper models. Figure 6b
illustrates the NHHC contacts seen in the spectra of
Fig. 6a in a hypothetical arrangement of closely
stacked antiparallel 3-sheets.

Further constraints on the orientation of poly-
glutamine monomers in fibrils were obtained from
( 3C,lS'C) spin diffusion and CHHC spectra recorded
on GK,Q3K, and GK,Qs54K, fibrils. In order to

differentiate between intramolecular and intermole-
cular correlations, we compared the spectra of
uniformly '°N,"’C-labeled fibrils with the spectra
of fibrils prepared from a 1:1 mixture of either "’N-
or '?C-labeled monomers. Figure 6¢c shows a
comparison of (**C,'>C) spin diffusion spectra
recorded with a long mixing time of 500 ms on
uniformly °N,"*C-labeled (top) and mixed *N- or
13C-labeled GK,QssKo fibrils (bottom). Correlations
between glutamine residues of populations Q(1) and
Q(2) are strong in the uniformly labeled sample and
attenuated with respect to the intrapopulation cross
peaks in the mixed-labeled sample. This observation
shows that the interpopulation cross peaks contain
an intermolecular contribution. In order to clearly
differentiate between intermolecular contributions
and magnetization transfer along the carbon—carbon
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bond network dominant in (**C,"*C) spin diffusion
spectra 7 we recorded CHHC spectra with a 250 ps
mixing time on the GK,Q3sK, samples (Fig. 6d).
Whereas correlations between glutamine popula-
tions 1 and 2 are clearly visible in the uniformly
labeled sample, they are virtually absent in the
mixed-labeled sample. This indicates that these
cross peaks originate from intermolecular contacts
and is consistent with our previous finding that
most sequential contacts occur between glutamine
residues of the same population. Since the distance
between backbone atoms of residues in stacked
sheets should not be smaller than about 8 A,?** it can
be assumed that especially C*~C* contacts between
different populations occur chiefly between neigh-
boring strands within the same B-sheet. The fact that
they are not visible in the spectrum of the mixed-
labeled sample strongly suggests that GK,Q3sK»
does not fold back within one (-sheet as an
antiparallel hairpin. Individual monomers rather
appear to fold in a superpleated B-sandwich
fashion® where one molecule contributes strands
to different p-sheets stacked on top of each other. In
this arrangement, all contacts between strands
within one sheet are intermolecular, consistent
with our CHHC data.

In addition, one of the CHHC cross peaks between
C® nuclei of different glutamine populations ap-
pears with an intensity comparable to that of intra-
residue or intrapopulation cross peaks in the
spectrum of uniformly labeled GK;Q3sK, (Fig. 6d,
upper panel). This suggests that p-sheets in
GK,Q3sK; fibrils are mainly arranged in an antipar-
allel fashion, since the distance between H* protons
in neighboring strands is much shorter in antipar-
allel p-sheets gabout 2.3 A) than in parallel sheets
(about 4.8 A) Data on GK,Qs4K, fibrils confirm
these conclusions (Fig. 4, Supporting Information).

A model of polyglutamine fibril structure

Our data suggest that the polyglutamine fibrils
investigated consist of mainly antiparallel 3-sheets
with glutamine side chains hydrogen bonded along
the fibril axis within a sheet and tightly interdigi-
tated between the sheets, forming a steric zipper.
Monomers of the longer constructs appear to be
folded back between different sheets that are
stacked on top of each other in a superpleated
arrangement. EM and water-edited ssNMR data
point to a dry fibril core with a width of at least 70~
80 A in all constructs. For D,Q;5K,, this width
corresponds nearly exactly to the length of a fully
extended strand of this 19-residue peptide, assum-
ing a typical B-strand-like extension of around 3.5 A
per residue. As mentioned, chemical shift data
indicate that, at least in a considerable fraction of
D,Q45K; molecules, two consecutive central gluta-
mines must be in a standard extended p-sheet

conformation, such that there cannot be a turn in the
middle of these molecules. Additionally, water-
edited ssNMR experiments indicate that Lys18 is
exposed on the fibril surface (data not shown).
While earlier investigations assumed the D,Q;5K,
peptide to fold into a hairpin-like structure in
fibrillar aggregates,®'®** our data thus strongly
suggest that it is rather present as a single extended
strand. This leads to a model of D,Q5K, fibrillar
aggregates as depicted in Fig. 7a.

With a similar -strand length as in D,Q;5K; and
minimum fibril widths as found in electron micro-
graphs, GK;Q35K; would form two p-strands and

70 A

(a)

(b)

Fig. 7. Sketches of the proposed polyglutamine fibril
model derived from ssNMR data. An approximate scale
bar is indicated at the top. (a—c) Minimal repeat units of
D>Q15K; (@), GK;Qs38K; (b), and GK;Qs4K; () fibrils,
assuming similar p-strand lengths, viewed down the fibril
axis. (d) Illustration of the superpleated antiparallel cross-
B arrangement of monomers (here, corresponding to
GK;Q35K5) in polyglutamine fibrils, viewed down the
fibril axis. Different monomers are shown in different
colors. The fibril repeat unit consists of one GK;Q3sK,
molecule that forms two p-strands and contributes to two
stacked p-sheets.
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GK;Qs54K; would form three p-strands in a super-
pleated fold (Fig. 7b and c). Observed variations in
fibril width, however, suggest not only lateral
aggregation of individual protofilaments but also a
polymorphic nature of the longer constructs in terms
of p-strand length.

Discussion

We have investigated the structural arrangement
of polyglutamine fibrils. Electron micrographs show
that the length of the fibrillar aggregates increases
with the length of the construct. Different fibril
widths likely reflect different levels of lateral
aggregation of protofilaments as well as different
B-strand lengths. Water-edited spectroscopy shows
that polyglutamine fibrils possess a dry fibrillar core
of 70 to 80 A diameter or larger, depending on the
construct. Our data are thus 1ncompat1ble with
water-filled, p-helical nanotubes,? in agreement
with molecular dynamics studies suggesting their
limited stability.2%2> In an earlier ssNMR study,
evidence for side-chain hydrogen bonding in the
glutamine-rich 3yeast prion protein Ure2p was
deduced from "*C-'"N dipolar couplings.2® Here,
we have conducted a combined analysis of chemical
shifts and through-space correlations suggesting
that glutamine side chains in fibrillar polyglutamine
aggregates are well ordered and tightly interdigi-
tated as postulated by steric zipper models of
amyloid fibrils. 122% In particular, downfield shifts
in glutamine side-chain proton resonances and
through-space side chain-backbone correlations
support the notion of glutamine side chains being
hydrogen bonded within each sheet and interdigi-
tated between sheets.

Local sequential and spatial organization appears
to be similar in the different constructs. Despite
rather large spectral linewidths, indicating structur-
al variability, two distinct, approximately equally
frequent main populations of glutamine residues
constituting the p-sheet fibrillar core were identified
in all samples. Residues belonging to these two
populations are discernible by their chemical shift
and can be found within individual monomers,
clustered in stretches of several residues of one
population. The findings of an increased spectral
linewidth and of distinct chemical shift populations
are in agreement with other studies on fibrils from
asparagine- and glutamine-rich peptides.”!**°!
While residue groups with different chemical shifts
have usually been assumed to constitute different
fibrils in such samples,”* we demonstrate here that
they can also occur within individual fibrils and
monomers.

Through-space NHHC data and secondary chem-
ical shifts reveal that both major glutamine chemical
shift populations are in P-sheet conformations.

Distinct backbone chemical shift sets could reflect
peptide segments that exhibit different backbone
dihedral angles. Since Q(1) and Q(2) glutamines
occur in a ratio of about 1:1, their dihedral angles
may, for example, mutually compensate each other,
thus reducing R-strand twist. Indeed, it has been
demonstrated by cryo-EM and Fourier transform
infrared spectroscopy that p-sheets in amyloid
fibrils are more planar than those in globular
proteins, which allows for the assembly of long
filaments with little or no filament twist.>25% A flat,
planar p-sheet requires p-strands with only a small
degree of strand twist along the polypeptide chain.
Such flat p-strands have already been found or
postulated for amyloid fibrils in X-ray and ssNMR
studies,'”***°**> where they are assembled from
residues with narrow dihedral angle distributions
centered around the ¥ =-® diagonal of the Rama-
chandran plot.

To investigate a possible correlation between
chemical shift population and backbone conforma-
tion of glutamine residues, we conducted an in silico
grid search for glutamine backbone conformatlons
with optimal agreement between predicted®® and
experimental chemical shifts (see Supplementary
Methods). In addition, we searched the Biological
Magnetic Resonance Data Bank database for gluta-
mine residues with assignments corresponding to
the more unusual population Q(1) values, for which
no good fits could be obtained in the grid search (see
Supplementary Methods for details). The dihedral
angle distributions thus determined for the two
B-sheet populations exhibit considerable scatter and
overlap, preventing assignment of distinct backbone
dihedral angle regions to the two residue groups
(Fig. 5, Supporting Information). Nevertheless, the
average values of the distributions are different,
indicating that different average backbone dihedral
angles may indeed partly account for the presence of
the two groups of p-sheet glutamine residues.

Alternatively, the occurrence of two distinct sets of
glutamine chemical shifts may be related to different
side-chain rotameric states in the corresponding
residues. It is well known that side-chain dihedral
angles, especially x;, can affect side-chain and
backbone chemical shifts to an extent comparable
to the shift differences observed here®”” ™ (see Fig.
6, Supporting Information). In a steric zipper
arrangement, individual side-chain conformations
are likely strongly constrained by side-chain hydro-
gen bonding and tight stacking of p-sheets.'>**
Using simulated annealing in CNS,*’ we assembled
a model exhibiting the core features of a polygluta-
mine fibril with a steric zipper arrangement (see
Supplementary Methods). The model shows that
enforcing close stacking of p-sheets and side-chain
hydrogen bonding is indeed sufficient to yield a
well-ordered side-chain arrangement (Fig. 7a, Sup-
porting Information) with side-chain x; angles
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clustered in certain regions of dihedral angle space.
In particular, it appears that the orientation of the
side-chain carbonyl group can influence the x; angle
(Fig. 7b and ¢, Supplementary Information, and
Supplementary Methods). This hypothesis thus
offers an alternative explanation for the presence of
populations of residues with distinct sets of chemical
shifts. Certain side-chain hydrogen-bonding pat-
terns may then lead to a clustering of similar X
angles along the peptide sequence, consistent with
the clustering we observe for the chemical shift
populations. This explanation would also well
account for our findings that side-chain chemical
shifts are distinct between the populations as well
and that only few such shift populations are
observed.

Interestingly, the two chemical shift populations
can also be detected in polyglutamine aggregates
that do not constitute bona fide fibrils, as well as in
proline mutants (data not shown), where long-range
order and side-chain hydrogen bonding appear less
developed. Possibly, the steric constraints that lead
to the development of preferred side-chain orienta-
tions are also present under these conditions, while
the appearance of side chain-backbone cross-signals
in ssNMR spectra may require a higher degree of
order that is only achieved in fibrils and in the
absence of R-strand-breaking residues. Direct mea-
surement of side-chain torsion angles via chemical
shift anisotropy correlation spectroscopy®"®* may
help to clarify this issue.

Similar distinct sets of chemical shifts, also within
individual fibrils, were found in a recent ssNMR
study of fibrils formed by a peptide derived from the
human islet amyloid polypeptide.®> There, larger
chemical shift differences were attributed to resi-
dues with side chains pointing inside or outside the
fibrils, respectively. However, this explanation
would not account for our observations that Q(1)
and Q(2) glutamines are clustered within the
sequences of the peptides investigated here. More-
over, lateral aggregation of polyglutamine proto-
filaments, as suggested by EM data, should lead to a
majority of side chains being buried within the
fibrils. The 1:1 distribution of Q(1) and Q(2)
glutamines can thus not be explained by side-chain
exposure. Furthermore, the build-up characteristics
of Q(1) and Q(2) in water-edited spectroscopy of Qsg
constructs are identical (data not shown). However,
the side-chain rotameric state was also identified as
a source for chemical shift differences in that
study,®® in agreement with our hypotheses.

Another recent ssNMR study, published while
our work was under review, investigated fibrils
formed by the N-terminal region of the huntingtin
protein (httNT).5 In excellent ag{eement with our
results, glutamine residues in htt"" fibrils were also
found to be in a rigid and hydrophobic fibrillar core
as well as to give rise to two distinct sets of chemical

shifts. Notably, this result was the same for fibrils
formed ]:%y simple polyglutamine peptides as well as
for htt"" fibrils. That study also found that the
chemical shift populations are independent of
sequence position and that an antiparallel arrange-
ment of the B-sheets is likely. However, our study
also explicitly investigates fibril structure and
addresses the question of the occurrence of gluta-
mine residues with different chemical shifts within
single molecules and fibrils.

Our data indicate that D,Q5K; peptides aggregate
as single extended (-strands. Fibrils of the longer
constructs appear to contain p-strands of similar
length; however, variations in fibril width suggest a
polymorphic nature. The question of P-strand
length in polyglutamine fibrils was also investigat-
ed in an earlier mutation study of polyglutamine
peptides containing turn-inducing proline-glycine
pairs. Such peptides aggregated as rapidly as
polyglutamine homopolypeptides of equal length,
provided the spacing of proline—glycine moieties
still allowed for formation of p-strands at least
seven residues in length.** This agrees well with our
ssNMR data, since the finding that D,Q;5K; does not
form a turn or bend indicates that B-strands in
polyglutamine fibrils should be at least seven or
eight residues long. However, in the absence of such
mutations, longer P-strands appear to be the
preferred arrangement of polyglutamine peptides
in fibrils. This is indicated, on the one hand, by
minimum fibril diameters observed in our EM data,
which are always about 70-80 A. In addition, in a
preliminary mutational study on GK,QssK,, we
have introduced single proline mutations at posi-
tions that, according to our model, should be within
long p-strands (residue 14 or 33 of the peptide
sequence). These mutations should break p-strand
secondary structure without necessarily enforcing
turns. Fibril formation in these constructs was less
efficient, and through-space backbone-side chain
correlations indicative of a well-ordered side-chain
arrangement were absent, indicating that these
mutations indeed interfered with formation of the
B-sheet fibrillar core (data not shown). However,
another mutation study found reduced aggregation
levels in proline mutants of polyglutamine peptides
even if the proline residues were inserted at positions
that should be within loop regions according to our
model.”” Further mutational studies will be neces-
sary to resolve this issue and delineate the exact
influence of residue position and type on fibril
formation. Possibly, however, these results simply
indicate that there is not a single well-defined loop
region shared by all molecules in polyglutamine
fibrils, again highlighting the possibility of polymor-
phism in folding and aggregation of glutamine
homopolypeptides.

Our data thus cannot provide a definitive answer
to the question of p-strand length in the longer
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polyglutamine constructs. However, the conclusion
that uninterrupted polyglutamine peptides form
relatively long p-strands upon aggregation is well
in line with recent data pubhshed while our
manuscript was under review.?® For a K,Q»:K,
peptide, an aggregation nucleus consisting of four
molecules was found, which was interpreted to
comprise four extended strand peptides.®® Such an
arrangement, which should translate to the mature
fibril as well, would in principle allow for even
longer {3-strands.

Neighboring strands within p-sheets of all poly-
glutamine constructs analyzed appear to belong to
different monomers. This finding is best explained
by a superpleated B-sandwich-like organization®” in
which individual monomers are folded in a plane
orthogonal to the fibril axis and contribute strands to
more than one -sheet. A similar type of fold has also
been postulated for several other types of amyloid,
such as fibrils formed from the prion domains of
Ure2p,”® Sup35p,** and the amyloid B peptide.”” In
the case of amyloid B, a staggering of strands from
different monomers has been assumed,”” which
would also be consistent with our data. The
aforementioned mutation study on polyglutamine
peptides with interspersed proline-glycine residue
pairs suggested the presence of hairpin-like turns,
entailing monomers folded within the plane of one
B-sheet. However, proline—glycine pairs could also
be accommodated within p-bends connecting
strands between different sheets.”***

The N/CHHC data presented here indicate that
the polyglutamine fibrils investigated consist main-
ly of antiparallel R-sheets, in line with structural
studies on shorter peptides that were also observed
to adopt an antiparallel organization.®®”* These
findings may be a direct consequence of electrostatic
interactions that favor an antiparallel arrangement
of the charged peptide termini.

Apart from a superpleated R-sandwich structure,
a triangular P-helical arrangement with a tightly
packed hydrophobic core might be envisioned for
polyglutamine fibrils, as suggested by some molec-
ular dynamics studies.>>”® Such structures, have
been found in a large number of proteins™* and,
similarly, in a recent ssNMR study of a 1yloid
fibrils from the HET-s(218-289) yeast prion.”” The
presence of random-coil-like population Q(3) chem-
ical shifts in the spectra of D,Q;5K, might be
consistent with a triangular arrangement of this
molecule. However, we rather attribute these
signals to the loose, unstructured material visible
in some electron micrographs. Triangular fibrils
would have a smaller width (no more than about
30 A) than observed in EM images (Fig. 1).
Additionally, the side chain-backbone contacts
seen in NHHC and HETCOR spectra are best
explained by a regular pattern of interdigitated side
chains from adjacent p-sheets, which is more

difficult to achieve in a triangular arrangement of
side chains with equal length, as in a homopoly-
peptide. A triangular p-helical structure would also
not account for the 8.3 A reflection in fibril X-ray
diffractograms.** Finally, our data for the longer
polyglutamine constructs indicate that neighboring
strands within a R-sheet originate from different
monomers arranged in an antiparallel fashion,
which would be incompatible with B-helical
models. Thus, we consider the antiparallel super-
pleated -sandwich structure with tightly stacked
sheets and interdigitated side chains to be most
likely for the polyglutamine fibrils investigated
here. This type of structure has also been shown
to be stable in molecular dynamics simulations.”

Our data provide no clear indication for a
structural basis of the toxicity limit of polyglutamine
stretches around 37 residues. In agreement with a
biophysical study,”” our ssNMR spectra indicate
that the local structural organization of fibrillar
aggregates from constructs of different lengths is
highly similar, although EM micrographs demon-
strate increasing long-range order with increasing
monomer length. This may be related to the
presence of more B-strands per monomer in the
longer constructs, that is, a larger aggregation
surface. With a P-strand length of around 15
residues as apparent for D,Q;5K5, about 40 residues
would be the minimum length for a single poly-
glutamine peptide to assume a conformation as
postulated here for the aggregated state, that is, two
B-strands folded back on top of each other with
interdigitating side chains. However, in view of the
varying minimal lengths of polyglutamine stretches
necessary for toxicity in different diseases,” the
conformational transition leading to toxicity may
not only be accessible for glutamine repeats above
the 37-residue limit. Length-dependent differences
in thermodynamics or kinetics of the folding
reaction might be suff1c1ent to explain the different
degrees of tox1c1ty

While aggregation kinetics and, in the case of
Huntington's disease, age of onset have been shown
to correlate with glutamine repeat length,” some
studies have suggested that the toxic polyglutamine
species are monomeric or oligomeric rather than
fibrillar.>” This issue is still under debate,”® and it
has been shown that polyglutamlne aggregates can
also have toxic effects on cells.” Toxicity in mono-
mers, however, seems to occur only after a confor-
mational transition to a B-sheet-rich state.® It is thus
possible that toxic monomeric or oligomeric species
of polyglutamine peptides exhibit similar structural
features as the monomers within the fibrils investi-
gated in this study. This notion would also agree
with the claim that the rate-limiting step in aggrega-
tion is an unfavorable conformational transition
within a single molecule’””” and with our finding
that the characteristic two P-sheet chemical shift
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populations also appear in small spherical or
fibrillar aggregates that do not constitute fibrils.
However, it is not known whether toxic monomeric
or oligomeric polyglutamine species or the small
aggregates in our study are on- or off-pathway to
fully formed fibrils. The observation of toxicity in
polyglutamine monomers and oligomers certainly
points to the need for more detailed structural
investigation of these species. In addition, recent
evidence suggests that flanking and distant se-
quences in the host protein and the cellular context
are crucial for toxicity and disease progression as
well as aggregation mechanism.!911.7879 This
means that a complete picture of polyglutamine
aggregation and toxicity will likely not be obtained
if only the polyglutamine stretches per se are
considered.

Despite the presence of only a single dominant
amino acid type and fibril polymorphism, a consis-
tent structural view of polyglutamine fibrils
emerges from our study. Our data indicate that the
polyglutamine fibrils investigated here are antipar-
allel, superpleated cross-p structures with B-sheets
stacked tightly on top of each other. Experimental
evidence supports a steric zipper arrangement with
side chains hydrogen bonded along the fibril axis
within each sheet and closely interdigitated between
adjacent sheets. In contrast, -helical structures,
especially if assumed to be water filled, are
disfavored. Our data provide novel insight into the
structural organization of polyglutamine aggregates
and provide the basis for further studies investigat-
ing, for example, monomeric and oligomeric poly-
glutamine species and effects of inhibitors of fibril
formation.

Materials and Methods

Peptide synthesis and expression

For synthesis of the peptide D,Q;5K; with residues
Asp2, GIn3, GIn6, GIn9, GIn10, GInl7, and Lys18
uniformly 13C,'5N-labeled, 9-fluorenylmethyloxycarbonyl
(Fmoc)-protected amino acids Fmoc-Asp(t-butyl)-OH,
Fmoc-Gln(trityl)-OH, and Fmoc-Lys(t-butyl)-OH were
purchased from Merck Biosciences. Labeled amino acids
were obtained from Cambridge Isotope Laboratories.
D,Q15K; was synthesized on 217 mg (0.05 mmol) Tenta-
Gel SRAM (Rapp Polymers) by manual solid-phase
peptide synthesis with a 2-(1H-benzotriazole-1-yl)-
1,1,3,3-tetramethyluronium hexafluorophosphate activa-
tion protocol. The Fmoc group was removed by 20%
piperidine/N,N-dimethylformamide (2x10 min). Unla-
beled amino acids were coupled using 5 eq of amino acid,
5 eq of 2-(1H-benzotriazole-1-yl)-1,1,3,3-tetramethyluro-
nium hexafluorophosphate, 5 eq of N-hydroxybenzotria-
zole, and 10 eq of N,N-diisopropylethylamine with a
coupling time of 30 min. Labeled amino acids were
coupled with 1.2 eq of amino acid, 1.3 eq of 2-(7-aza-1H-

benzotriazole-1-yl)-1,1,3,3-tetramethyluronium hexafluor-
ophosphate and 2.6 eq of N,N-diisopropylethylamine and
a coupling time of 18 h. All washing steps after coupling
and deprotection and all coupling steps were carried out
with N,N-dimethylformamide. After the final Fmoc
deprotection, the N-terminus was acetylated with acetic
anhydride (Ac;O). The peptide was cleaved from the resin
by treatment with trifluoroacetic acid (TFA)/ethane-
dithiol / triisopropylsilane/water (in a 85/5/5/5 ratio)
for 6 h. The crude peptide was precipitated with diethyl
ether, washed, and lyophilized. The peptide was purified
on a Jasco HPLC system and analyzed by electrospray
ionization mass spectrometry.

The DNA sequences coding for the other polygluta-
mine constructs were assembled from six different
oligonucleotides. The first oligonucleotide pair was
flanked by a BamHI restriction site and encoded for a
tobacco etch virus protease cleavage site. The middle
part, which was translated into 15 glutamine repeats, was
used to vary the length of the glutamine stretch. This
oligonucleotide pair was phosphorylated with T4 poly-
nucleotide kinase (Fermentas) for 2 h at 37°C to enable
length variations during the subsequent hybridization.
The last oligonucleotide pair encoded for eight glutamine
residues and had both a stop codon and an EcoRI
restriction site. The oligonucleotides were hybridized,
whereas the ratio of the second oligonucleotide pair was
varied, resulting in different lengths of the glutamine
coding sequence with at least eight repeats. The
hybridized constructs were cloned into the BamHI and
EcoRI sites of a pGEX-2T plasmid vector (Amersham
Pharmacia). The vector itself contained Schistosoma
japonicum glutathione S-transferase to increase protein
solubility during expression and to facilitate protein
purification.

Uniformly '°C,"”N-labeled polyglutamine constructs
were recombinantly expressed in Escherichia coli strain
BI21 as glutathione S-transferase fusion proteins and
purified by affinity chromatography using glutathione
agarose beads (Amersham Pharmacia). Subsequent tobac-
co etch virus protease cleavage resulted in GK,Q3sK; and
GK5Qs54K5 constructs, which were solubilized as described
elsewhere.” Solubilized peptides were purified on a
preparative RP-C18 HPLC column (250 mmx20 mm;
Bishoff Chromatography) with a 5-70% acetonitrile
gradient. Peptide masses were determined by electrospray
ionization mass spectroscopy on an LCQ Advantage Max
(Finnigan) operating in positive ion mode. Fractions
containing the desired product were lyophilized and
subsequently solubilized in water with 0.1% TFA for
peptide fibrillization.

Peptide fibrillization

For fibrillization, either the lyophilized peptide
(D2Q15K;) or the peptide in water with 0.1% TFA at
pH 3 (GKyQ35K;, GK;Qs54K;) was dissolved in or
transferred to Tris-buffered saline buffer (10 mM Tris/
HCI and 150 mM NaCl) at pH 7.4 in a concentration of
100 uM and stored at 37 °C for 4 days. Alternatively,
prolonged incubation for 12 weeks in 0.1% TFA was used
(GK,Q54K5), which also leads to fibrillization.*® Then,
aggregates were harvested by ultracentrifugation at
208,000g for 1 h.
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Electron microscopy

EM samples shown in Fig. 1 and Fig. 2 in Supplemen-
tary Information were evaluated with a CM 120 TEM
instrument (FEI, Eindhoven, The Netherlands). Pictures
were taken with a 2048x2048 TemCam 224A camera
(TVIPS, Gauting, Germany) using 52,000x-fold magnifi-
cation at —1.15-um defocus. Amyloid fibers, resuspended
from the pellet, were prepared on a glow-discharged
carbon foil and stained with 1% uranyl acetate.

Solid-state NMR

Experiments were conducted using 2.5-mm, 3.2-mm, or
4-mm triple-resonance 'H, ">C, >N magic-angle-spinning
(MAS) probeheads at static magnetic fields of 9.4, 14.1,
16.4, 18.8, or 20.0 T corresponding to proton resonance
frequencies between 400 and 850 MHz (Bruker Biospin,
Karlsruhe, Germany). Effective sample temperatures were
calibrated using nickelocene® and varied from about
-10 °C for (*°’N,"*C) correlation spectra at high field to
about +7 °C for (**C,'*C) correlation spectra. MAS
frequencies used were 11 kHz for (*°N,"*C) spectra and
11.2 or 12.5 kHz (at an 800 MHz proton resonance
frequency) for (**C,"°C) spin diffusion spectra conducted
under weak coupling conditions.*® Mixing times of 20, 150,
or 500 ms were used to obtain intra-residue, sequential, or
long-range (°C,"*C) correlations, respectively. 'H field
strengths for 90° pulses and SPINAL64 decoupling®” were
around 80 kHz. Initial (*H,**C) or (*H,'>N) CP times were
set to 700 ps. (*°N,'®C) spectra were recorded using
SPECIFIC-CP®®* as the ( N,13C) transfer step, using
contact times of 3-4.5 ms, followed by homonuclear
(®C,"*C) spin diffusion mixing of up to 50 ms. N/
CHHC***” spectra used short CPs bracketin% the longitu-
dinal ("H,"H) mixing block [80-100 ps for ("H,'*C)-CPs and
150 ps for (*H,'>N)-CPs] to limit transfer to directly bonded
nuclei. ("H,"H) mixing times in N/CHHC spectra were 100
or 250 ps. Frequency-switched homonuclear Lee-
Goldburg™ decoupling at a 'H field strength of 83 kHz
was used for the indirect "H evolution period of the
HETCOR correlation spectra in Fig. 2. The proton
dimension of these spectra was calibrated using standard
'H-"3C and '"H-""N HETCOR experiments as a reference.
The CP times used for the '"H-"°N and 'H-"*C FSLG-
HETCOR spectra shown in Fig. 2 were 40 ps and 120 ps,
respectively. Water-edited one-dimensional CP buildup
experiments*’ were recorded on 400 or 850 MHz in-
struments at 6.5 or 10 kHz MAS and +7 °C effective sample
temperature. A 3-ms Gaussian pulse and a T, filter
containing two delays of 1 ms each were used for selective
water excitation before longitudinal (*H,"H) mixing and
(*H,"3C) CP transfer of 700 ps. Two-dimensional spectra
were typically acquired using 1280 data points in the direct
dimension and 375, 34, or 25 data points in the indirect
dimension of (13C,13C), (15N,13C), or NHHC correlation
spectra, respectively, for measurements at an 800 MHz
proton resonance frequency. CHHC spectra were recorded
using 1024 and 60 data points in direct and indirect
dimensions, respectively, at a 600 MHz proton resonance
frequency. Spectra were processed in XWinNMR or
Topspin (Bruker Biospin), using 1024 x1024 processing
data points, and analyzed with Sparky (T. D. Goddard and
D. G. Kneller, SPARKY 3, University of California, San

Francisco). Evaluation of ssNMR water-edited buildups
was performed as described elsewhere® and is described
in further detail in Supporting Information.
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