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We describe a distant homologue of the fungal HET-s prion, which is found
in the fungus Fusarium graminearum. The domain FgHET-s(218-289), which
corresponds to the prion domain in HET-s from Podospora anserina, forms
amyloid fibrils in vitro and is able to efficiently cross-seed HET-s(218-289)
prion formation. We structurally characterize FgHET-5(218-289), which
displays 38% sequence identity with HET-s(218-289). Solid-state NMR and
hydrogen/deuterium exchange detected by NMR show that the fold and a
number of structural details are very similar for the prion domains of the
two proteins. This structural similarity readily explains why cross-seeding
occurs here in spite of the sequence divergence.
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Introduction

Pr1ons are infectious particles composed solely of
protein.' In addition to the disease-causing mam-
malian prions, prions have also been identified in
yeast and fungi. These prions represent interesting
model systems to study the process of prion
propagation.” The [Het-s] prion of the filamentous
fungus Podospora anserina is involved in a non-self-
recognition process termed heterokaryon incompat-
ibility that operates when strains of unlike geno-
types fuse and which leads to cell death of the fusion
cell.’ The het-s gene locus has two alternate incom-
patible alleles designated het-s and het-S that encode
for the proteins HET-s and HET-S, respectively.
Strains expressing HET-s in its soluble form are
termed [Het-s*]; strains expressing the fibrillar prion
form of HET-s are designated [Het-s]. It is the prion
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form [Het-s] that shows the heterokaryon incom-
patibility reaction with [Het-S].

HET-s represents an attractive model to study the
sequence-structure relationship in amyloidal prions.
Fibrils formed in vitro from the prion domain HET-s
(218-289)* feature a highly ordered, triangular amy-
loid core of which an atomic resolution structure has
been determined.’ It can be described as a B-solenoid
(see Ref. 6 for definition) where one molecule forms
two windings. In addition to the rigid, highly ordered
core region, HET-s(218-289) also contains a dynam-
ically disordered flexible loop, comprising residues
250-259.”° This fold of the isolated prion domain is
maintained in the context of the full-length prion.”

In this article, we describe a distant homologue of
the fungal prion HET-s found in the filamentous
euascomycete Fusarium graminearum, which is a
prominent wheat, barley, oat, and maize pathogen. "’
As HET-s, the homologue, which we denote by
FgHET-s, comprises 289 amino acid residues but
both proteins display a sequence identity of only
about 50% for all residues and 38% for the prion
domain (residues 218-289). While FgHET-s has not
been tested for prion activity in its native host, we
show below that recombinant FgHET-s(218-289) can
form amyloid fibrils in vitro. These fibrils are able to
efficiently cross-seed HET-s(218-289) fibril forma-
tion (and vice versa).

In the following, hydrogen/deuterium (H/D)
exchange and solid-state NMR data from FgHET-s
(218-289) are found to be remarkably similar to
those of HET-s(218-289) fibrils, despite the rather
low sequence identity. Based on these data, we
propose a structural model based on HET-s, which

shares important features, such as the hydrophobic
core and lattices of water-exposed salt bridges. Our
findings provide a structural basis for the observed
efficient cross-seeding of the amyloid form.

Results

Sequences homologous to the HET-s prion
domain exist in various Fusarium species

Searching the available fungal genomic databases
at the National Center for Biotechnology Information
and Broad Fungal Genome Initiative with the HET-s
prion domain as query in Basic Local Alignment
Search Tool Proteins searches, we identified homol-
ogous sequences in various Fusarium species, namely,
F. graminearum (Gibberella zeae), F. verticillioides
(Gibberella moniliformis), F. oxysporum, and Nectria
haematococca (Fusarium solani). An alignment of the
sequences of the C-terminal region of Fusarium
proteins showing homology to HET-s(218-289) is
given in Fig. 1. The closest homologue is found in F.
graminearun. The predicted protein FG10600 was
considered as the F. graminearum HET-s based on the
reciprocal best hit method'* and will be referred to as
FgHET-s in the following. Overall HET-s and
FgHET-s show 50% identity (55% in the globular
domain and 38% in the region corresponding to the
prion domain). The C-terminal region of FgHET-s
[FgHET-s(218-289)] is the closest homologue to the
HET-s prion domain identified in this search and was
chosen for further characterization.
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Fig. 1. Sequence alignments of the C-terminal region of HET-s and homologues from different Fusarium species. The
primary structure of HET-s(218-289) is compared to (a) FgHET-s(218-289) only and to (b) known HET-s homologues.
Residues hlghhghted in green or yellow are identical or have preserved physicochemical properties (BLAST positives),
respectively.'' The sequence designation of the Fusarium homologues corresponds to the GenBank accession numbers.
FG10600 and FG08145 are from F. graminearum, FOX17314 and FOX14669 from F. oxysporum, FVE13490 from F.
verticillioides, and EEU42351, EEU47148, and EEU38121 from N. haematococca (Fusarium solani). On top of the alignment, the
secondary-structure elements described in the HET-s(218-289) R-solenoid structure in Ref. 5 are given.
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Recombinant FgHET-s(218-289) forms amyloid The stability of FgHET-s(218-289) fibrils against
fibrils in vitro denaturation by both GuHCI and urea was probed
by measuring tryptophan fluorescence at different
In order to analyze the properties of the FgHET-s  concentrations of the respective denaturant. We
prion domain, we expressed the region corres-  found that FgHET-s(218-289) fibrils were denatured
ponding to the HET-s prion domain FgHET-s(218—  at significantly lower concentrations of both urea
289) as previously described for HET-s(218-289) with ~ and GuHCI than HET-s(218-289) fibrils (Fig. 2c),
a C-terminal histidine, tag and purified 1t under  indicating that FgHET-s(218-289) fibrils are less
denaturing conditions from inclusion bodies.” Similar ~ stable than HET-s(218-289) fibrils.
to HET-s(218-289), FgHET-s(218-289) remained sol-
uble at acidic pH (175 mM acetic acid, pH 2.5) but  In vitro FgHET-s(218-289) fibrils seed HET-s
spontaneously aggregated into amyloid fibrilsatpH7  (218-289) fibril formation and vice versa
at 20 pM. Similar to HET-s(218-289) fibrils formed
under the same buffer conditions, FgHET-s(218-289) Preformed HET-s(218-289) fibrils are able to
formed bundles of laterally associated individual  suppress the lag phase observed during in vitro fibril
fibrils of about 5 nm width (Fig. 2a). In contrast to  formation. #13 We set out to determine whether cross-
HET-s(218-289) fibrils, which were reported not to seeding between FgHET-s(218-289) and HET-s(218-
induce thioflavin T (ThT) fluorescence,'”> FgHET-s  289) is possible in vitro and observed that preformed
(218-289) fibrils do induce a robust ThT fluorescence =~ FgHET-s(218-289) fibrils are able to accelerate HET-s

(Fig. 2b). (218-289) fibril formation and that, vice versa, HET-s
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Fig. 2. FgHET-s(218-289) forms amyloid fibrils. (a) Electron micrograph of FgHET-s(218-289) and HET-s(218-289)
fibrils (scale bars represent 25 nm). (b) ThT-induced fluorescence of FgHET-s(218-289) fibrils. Note that in contrast to
FgHET-s(218-289) fibrils, HET-s(218-289) fibrils do not induce ThT fluorescence. The excitation wavelength was 450 nm
and emission was recorded from 470 to 570 nm. ThT and protein concentrations of 25 and 10 pM, respectively, were used.
The measurement was performed at both pH 4 and pH 7 and yielded basically identical results (see Supplementary Fig. S5).
(c) GuHCI (top panels) and urea (bottom panels) induced chemical denaturation of FgHET-s(218-289) and HET-s(218-289)
fibrils measured by shift in the maximum emission wavelength of the W287 residue at pH 7. Note that FgHET-s(218-289)
are more sensitive than HET-s(218-289) fibrils to both chemical denaturants. As previously reported, no denaturation of
HET-s(218-289) fibrils was detected in the presence of urea in these buffer conditions. For the actual UV absorption spectra,
see Supplementary Figs. 56 and S7.
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Fig. 3. Inwvitro cross-seeding between FgHET-5(218-289) and HET-s(218-289) fibrils. (a) Aggregation of HET-s(218-289)
and (b) aggregation of FgHET-s(218-289) under the influence of different seeds (see legend to the figure). In the top panels,
the time courses of the absorbance at 400 nm (raw data) during the fibrillization process are given. The two bottom panels
show the normalized data. Note that all FgHET-s(218-289) fibril formation experiments were performed at pH 4.5 to
increase the lag phase in spontaneous FgHET-s(218-289) fibril formation.

(218-289) fibrils accelerate FgHET-5(218-289) fibril
formation (Fig. 3). Amyloid fibrils from the unrelated
heterologous polypeptide amylin were used as a
control and did not show a detectable effect on
neither the HET-s(218-289) nor the FgHET-s(218-
289) fibril formation rate. Also, seeding with fibrils of
full-length Ure2p and Sup35 did not accelerate Het-s
(218-289) or FgHET-s(218-289) fibril formation (data
not shown). We conclude from these observations
that in vitro cross-seeding between FgHET-s(218-289)
and HET-s(218-289) readily occurs.

Quenched H/D exchange indicates the location
of B-sheets in FgHET-s(218-289) fibrils

In order to determine whether the observed cross-
seeding between HET-s(218-289) and FgHET-s(218-
289) in vitro is related to a similarity in the three-
dimensional (3D) structures of the two fibrils, we
performed quenched H/D-exchange experiments
detected by NMR on FgHET-s(218-289) fibrils. H/D
exchange is a sensitive tool for the sequence-specific
identification of secondary-structure elements, as
backbone amide protons involved in H-bonds are
protected from exchange with the solvent and
particularly slow exchange is observed for R-sheets.
Dimethyl sulfoxide (DMSO) can be used to solubilize
amyloid fibrils into monomers, while preserving the
protonation state that was present in the fibrils. This
makes the H/D-exchange experiment amenable to a
solution NMR analysis by recording fast heteronuclear

multiple quantum coherence spectra of the '°N-labeled
protein. This technique has been successfully
employed for the structural analysis of amyloid fibrils
formed by HET-s(218-289) as well as a number of
other amyloidogenic proteins."*'® Hydrogen ex-
change in D,O buffer was followed over 12 weeks.
After 4 weeks, the intensities of about 40% of the
resonances were significantly reduced in the spectrum
(Supplementary Fig. S1). This demonstrates that the
corresponding amide protons had undergone ex-
change with solvent deuterons and were therefore no
longer detectable in the NMR experiment. The
approximately mono-exponential decay observed for
all residues displaying significant hydrogen exchange
during the analyzed time interval suggests a well-
defined and homogenous structure of the fibrils.

The resulting exchange-rate constants are shown
in Fig. 4c. The backbone amides of the five N-
terminal residues, the seven C-terminal residues,
and residues 246-258 exchanged quickly (>1.5h™");
that is, they are only weakly protected or not
protected at all against the solvent. These residues
seem to be not involved in any regular secondary-
structure elements. We identified four segments
displaying very slow exchange rates in the range of
10°h ' to 102 h™! in good agreement with the
exchange-rate constants determined for the 3-sheet
regions of HET-s(218-289).'"* The four segments
with protected amide hydrogen atoms comprise
residues 223-234, 237-245, 259-270, and 273-282,
which are thus considered to be involved in
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Fig. 4. H/D-exchange data and secondary-structure prediction. (a) Sequences of HET-s(218-289) and FgHET-s(218-
289) with TALOS secondary-structure prediction.'” Residues in dark and light blue show typical p-sheet backbone angles
in 9 to 10 and 6 to 8 out of 10 predictions, respectively. (b) Difference of C* and C* secondary chemical shifts for residues
with both C* and C" resonances assigned. Negative and positive values are typical for 3-sheet and a-helical con-
formations, respectively.”” (c) Red and gray bars give the H/D exchange rates for FgHET-s(218-289) and HET-s(218-
289), respectively. For residues marked with a red or black asterisk, no H/D exchange data are available for FgHET-s

(218-289) or HET-s(218-289), respectively.

hydrogen bonds. In HET-s(218-289), the protected
stretches were identified as B-sheets. Within these
highly protected regions, residues 243, 265, and 279
show fast exchange. These observations are similar
to what has been found in HET-s(218-289), where
three of the arcs between the sheets were character-
ized by a single unprotected residue.”'*

Solid-state NMR chemical shifts of FQHET-s
(218-289) fibrils reveal high structural
similarity with HET-s

To characterize the rigid parts of the FgHET-s
(218-289) fibrils, we recorded solid-state NMR
experiments employing an initial adiabatic-passage
cross-polarization (CP) step”"** (from protons to
either '*C or N) under magic-angle spinning
(MAS). The CP transfer is mediated via the dipolar
coupling between the involved nuclei and therefore
most effective for rigid parts of the sample, while
motion averages out this interaction and therefore
quenches the transfer. For example, for HET-s(218-
289), this kind of spectrum is almost exclusively
sensitive for the core region of the amyloid fibrils,
that is, residues 226-249 and 260-282. A CP-MAS
solid-state NMR spectrum of U-['°C,"’N] FgHET-s
(218-289) amyloid fibrils, a 13C-13C correlation
experiment with a 100-ms dipolar-assisted rotational
resonance (DARR)**** mixing period, is shown in
Fig. 5a (the carbonyl region is shown in Supplemen-
tary Fig. S2). The spectral resolution is not as good as

in HET-s(218-289) (Fig. 5b), with *C linewidths in
the range of 100-200 Hz. For HET-s(218-289), the
linewidth ranged between 40 and 100 Hz (compar-
ison at By=20.0 T; only resolved peaks in the 100-ms
DARR spectra of both samples were taken into
account). The increase in linewidth, obtained under
otherwise identical conditions, points to a somewhat
increased structural heterogeneity of the FgHET-s
(218-289) fibrils. Nevertheless, by employing 3D
correlation spectroscopy to overcome spectral over-
lap, we could sequence-specifically assign the
resonance frequencies of almost all visible peaks.
Heteronuclear correlation spectra, namely, NCACX and
NCOCX, were recorded with both two-dimensional
(2D) and 3D acquisition schemes® >’ and were most
useful in the assignment process. An example of
the assignment process is shown in Fig. 6. Addi-
tionally, a 100-ms DARR spectrum was used to
verify backbone assignments and for the assighment
of some side-chain atoms. Figure 7 shows the 2D N
(CO)CX spectrum; both 2D I N-"3C correlation
spectra with the assigned peaks labeled are shown
in Supplementary Fig. S3. Essentially all peaks in the
spectrum can be explained by the resonance assign-
ment given in Supplementary Table S1. The details of
the resonance assignment process are described in
the Supplementary Information. Using all recorded
spectra jointly, the resonance frequencies of 95% of
the '°N and 13C backbone atoms (N, C’, C*, and C")
within the rigid stretches E223-5246, D258-Y281,
and W287 could be assigned sequence specifically
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Fig. 6. Strip plots of the 3D NCOCX (blue contours) and 3D NCACX (red contours) spectra® used for the sequential
assignment. The displayed sections illustrate the sequence-specific backbone-resonance assignment for the fragment
V231-5236. The spectra were recorded at 850 MHz 'H resonance frequency, 19 kHz MAS frequency, 4 ms N-C CP, 50 ms
DARR/MIRROR C-C mixing, and 100 kHz SPINAL64 decoupling during #,, ¢, and f3.

(Fig. 4a; see Supplementary Table S1 for a complete
list of assignments).

Due to the strong dependence of the chemical shifts
on the polypeptide backbone conformation, these can
be used to deduce information about the dihedral
angles ® and ¥ and to predict the secondary
structure. To this aim, we applied the program
TALOS" to the FgHET-s(218-289) chemical shifts
(see Fig. 4a) and it yielded clear predictions for 3-sheet
conformation (9 or 10 out of 10 database matches) for
residues H225-E229, V231-E234, A237-V241, N243-
F245 and R259-T270, R274-V277,N279, and V280, and
strong indications (6 to 8 out of 10 predictions) for -
sheet conformation for F230, G235, 5236, Q272, S273,
and G278. For residues G224, G242, and N271, the
results were ambiguous. Note that TALOS cannot
predict the conformation of E223, 5246, D258, and
Y281, as one neighboring residue of these is not
assigned. No residue was predicted to have an a-
helical conformation. Additionally, the secondary

chemical shifts, meaning the deviation of the chemical
shifts from their random-coil value (taken from Ref.
30) were evaluated, which are also indicative for
secondary-structure elements. In particular, the dif-
ference of the C* and C" secondary chemical shift,
which is positive if a residue is in an a-helical
conformation and negative if it is in a P-sheet
conformation,”” has been calculated and analyzed.
This value, Adc,—Adcp is negative for all residues
except F230, T260, T266, and N271 (Fig. 4b, only
residues with both C* and C" atoms assigned were
taken into account). This confirms that FgHET-s(218-
289) amyloid fibrils contain almost exclusively -
sheets as secondary-structure elements. From the
analysis of the chemical shifts and structure of HET-s
(218-289),” it is known that a single residue with a
positive value Adc, — Adcy (e.g., K229 and E265) most
likely designates the position of a p-arc.

To test for highly dynamical residues, we per-
formed NMR experiments employing an initial H-C

Fig. 5. Aliphatic regions of a PDSD spectrum of U-[**C,">N]-labeled samples of (a) FgHET-s(218-289) and (b) HET-s
(218-289) with 100 ms DARR mixing.>>?* For these short mixing times, short-range (intra-residue and sequential)
correlations are dominant. Spectrum (a) was used together with the NCACX and NCOCX spectra (Figs. 6 and 7 and
Supplementary Fig. S3) for sequence-specific assignments. Both spectra were recorded at 850 MHz 'H resonance
frequency, 19 kHz MAS frequency, and with 100 kHz SPINAL64 decoupling during ¢, and ¢,. Both aliphatic and carbonyl
regions of the DARR spectrum of FgHET-s(218-289) are given in Supplementary Fig. S2.
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Fig. 7. Aliphatic region of the 2D N(CO)CX solid-state NMR spectrum.”” The spectrum was recorded at 19 kHz MAS,
Bp=20.0 T, and 50 ms DARR for the C—C mixing period. This spectrum and the N(CA)CX with peak labels are shown in

the Supplementary Information.

insensitive nuclei enhanced by polarization transfer
(INEPT) step‘%l’32 and detection on '*C.>*** In contrast
to the CP-type experiments described in the previous
section, the INEPT is expected to transfer polarization
exclusively for very dynamic moieties that possess
sufficiently long transversal relaxation times (T5). For
HET-s(218-289), dynamic residues that most proba-
bly belong to either the N-terminus, a stretch
comprising about residues 250259, or the C-terminus
could be detected.” The chemical shifts of the
observed cross-peaks indicate a random-coil confor-
mation for these parts of HET-5(218-289).

An H(C)C INEPT and an (H)CC INEPT experi-
ment, both with additional homonuclear *C-*C
total through-bond correlation spectroscopy
(TOBSY) transfer steps35'3'6 after the initial INEPT,
were recorded to facilitate the assignment of the
resonances to amino acid spin systems (Fig. 8 and
Supplementary Fig. S4). The INEPT spectra of
FgHET-s(218-289) feature only a few detectable
resonances that could be assigned to atoms in the
side chains of the amino acids Nor D, L, K, M, T, and
V. Backbone resonances were only found for two H
spin systems, most likely arising from the C-terminal
Hg-tag. In comparison to HET-s(218-289),”* signif-

icantly fewer signals are observed for FgHET-s(218-
289), which indicates that less residues are flexible
enough to show up in this type of experiments. The
chemical shifts of the assigned resonances closely
resemble the random-coil values.™

Cross-seeded fibrils adopt a similar structure as
unseeded

The electron micrograph fluorescence of the seeded
fibrils has very similar features as those of the
unseeded fibrils for both HET-s(218-289) and
FgHET-s(218-289) (Supplementary Fig. S8), and the
FgHET-s(218-289) showed florescence with ThT, also
if seeded with HET-s5(218-289). The 100-ms DARR
solid-state NMR spectrum of FgHET-s(218-289)
fibrils was seeded by preformed HET-s(218-289).
The spectrum (Supplementary Fig. S9) shows that the
seeded fibrils exhibit the same chemical shifts as the
unseeded ones and therefore also have the same
structure. Nevertheless, some differences are found,
in particular a broader lineshape for seeded sample,
indicative of an increased disorder or polymorphic
behavior (Supplementary Fig. S9). Detailed investi-
gations of this phenomenon are presently under way.
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Discussion and Conclusions

Structural comparison to HET-s(218-289)

The secondary chemical shifts as a function of the
primary structure, as extracted from the solid-state
NMR assignment of FgHET-s(218-289), closely
resemble that of HET-s(218-289) (Fig. 4b). This
implies that FgHET-s(218-289) contains B-sheet
elements in almost the same positions as HET-s
(218-289). The few residues with positive secondary
chemical shift differences Adc,—Adcp (F230, T260,
T266, and N271) most likely indicate the positions of
B-arcs connecting sequentially adjacent p-strands [as
also seen in HET-s(218-289)].>'* The lower protec-
tion from H/D exchange of these residues confirms
this and indicates p-arcs at G235-5236, N243, R265,
N271-Q272, and N279. The H/D-exchange data are
more complete as no chemical shift analysis was
performed for glycine residues that happen to be
particularly abundant within (or just before) a 3-arc.
The fact that each of the B-arcs has a partner at +36
residues [(F230, T266), (G235, N271), (N243, N279)]
suggests that the two pseudo-repeats 223-245 and
259-281 form parallel p-sheets with one another as
seen in HET-s(218-289).

The most obvious difference to HET-s(218-289) is
the appearance of additional rigid residues in
FgHET-s(218-289), namely, 223, 224, and 258-260,
which could form a very short p-sheet and maybe a
connecting B-arc (green boxes in Fig. 4). The reason
for this might be found in the two oppositely charged
residues E223 and R259, separated by exactly 36
residues’ in the FgHET-s(218-289) sequence and
therefore partners in a hypothetical additional N-
terminal pB-sheet. The side chains of these two
residues may form a salt bridge and thereby stabilize
the p-sheet. For HET-s(218-289), no such interaction
is conceivable as valine and glutamine are the
respective residues at positions 223 and 259 and
accordingly residues 222-225 and 258-262 are not in
a R-sheet. This finding is supported by the fact that
H/D exchange is very fast here.'*

In HET-s(218-289), residues 247 to 261 are only
weakly protected from H/D exchange and only the
beginning and end of this stretch are visible in CP-
type solid-state NMR experiments, indicating a high
degree of dynamics for residues in the center of the
loop.7 Indeed, these residues in HET-s(218-289) are
observable in INEPT experiments. For FgHET-s(218-
289), on the other hand, no residues flexible enough
to show backbone atoms in INEPT spectra were
detected in the loop pointing towards a shorter, less
flexible loop. All residues detected in the INEPT
experiment show nearly the average chemical shift
values (according to the Biological Magnetic Reso-
nance Data Bank;>” except for one His, which may be
located in the C-terminal Hise-tag), which indicates

that these residues are indeed flexible and not part of
a highly dynamic but folded domain.

A remarkable difference between FgHET-s(218-
289) and HET-s(218-289) occurs in the core region
that otherwise seems to have a highly conserved
structure between the proteins. The first R-arc is
positioned at residues K229-D230 and E265-T266 for
HET-s(218-289).° In FgHET-s(218-289), the position
where the secondary chemical shifts deviate signif-
icantly from the values expected for a p-sheet is
shifted by one residue, while the H/D exchange data
show fast exchange at the same positions (see
discussion below). This behavior could be explained
by the fact that multiple types of two-residue p-arcs
exist. Whereas a so-called ab arc® occurs at this
position in HET-s(218-289), a bl arc, the most
abundant form, could be present in FgHET-s(218-
289). This arrangement would show basically iden-
tical side-chain arrangement (inside versus outside)
but different backbone angles for E229 and F230
(R265 and T266), that is, a change in the consecutive
dihedral angles Wy0 and ®y30 (Waes and Pyee) of
about 180°. This arrangement could explain the
observed differences in the secondary chemical
shifts.”

The finding that E229, positioned at this p-arc, is
highly protected from H/D exchange, while the
expected partner R265 has a high H/D-exchange
rate can only be explained by differences in the H-
bonding pattern occurring in the R-arcs at these
positions. A similarly high protection of a residue
within a p-arc has been observed for HET-s(218—
289), where N243, connecting 32a and 2b, displays
relatively fast hydrogen exchange, while the
corresponding residue N279 connecting p4a and
B4b is fully protected. A more detailed explanation
has to await the full structure determination.

Another notable difference between the two fibrils
is observed at the end of the first pseudo-repeat,
around residues 246-249. In HET-s(218-289), three
alanine residues occupy positions 247-249 that,
despite being unprotected from H/D exchange, are
visible in CP-type spectra and exhibit chemical shifts
typical of a-helices."* In FgHET-s(218-289), already
the primary structure of this part, as well as of the
whole flexible loop, does not bear any resemblance
to HET-s(218-289). Also, there is no evidence in the
CP spectra of the corresponding residues E247,
K248, and F249, and therefore, these are likely to be
dynamically disordered.

In addition to the two pseudo-repeat regions,
there is only a single additional amino acid residue
assigned in the CP-type spectra of FgHET-s(218-
289). W287 is a conserved residue in most HET-s
homologues (Fig. 1b) and is also present in HET-s
(218-289) itself. The tryptophan side chain has been
found to make contact with residues in p2a and p4a,
one of the R-sheets confining the hydrophobic core
region in HET-s(218-289) (H. Van Melckebeke et al.,
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unpublished results) and this residue is necessary
for the prion infectivity and in vivo aggregation of
HET-s (S. Cescau and S.]J.S., unpublished results).
This residue, except for a few resonances of the side
chain of the neighboring F286 in HET-s, is the only
observable moiety of the C-terminus in CP-type
NMR spectra of both FgHET-s(218-289) and HET-s
(218-289). Therefore, it has to be at least partially
immobilized in both protein fibrils underlining its
importance for fibril formation.

Assuming the same fold for the core region 226-
244/262-280 of FgHET-s(218-289) and HET-s(218-
289) as depicted in Fig. 9, the resulting organization
of hydrophobic and hydrophilic side chains in
FgHET-s(218-289) is quite similar to HET-s(218-
289). In detail, the hydrophobic core of FgHET-s
(218-289) has to accommodate only 1 polar but 11
non-polar (2 polar and 10 non-polar in HET-s)
amino acid side chains, whereas those pointing
outside are, except for one (F230), either polar or
charged, making the model rather appealing.

Another stabilizing feature observed for HET-s
(218-289) fold is the possible formation of three
inter-B-strand salt bridges between the oppositely
charged side chains of K229-E265, E234-K270, and

HET-s(218-289) core
structu re244

Layer |

B1b

Layer Il

R236-E272 that may form both intra- and inter-
molecularly.® Only one of these is reproduced in
the FgHET-s(218-289) homology model (Fig. 9),
namely, between E229 and R265, with the charges
inverted compared to HET-5(218-289). An addition-
al pair of oppositely charged residues, E223-R259,
may form a second salt bridge and might be the
stabilizing element leading to the prolongation of -
sheet 1a/3a or the addition of a short p-sheet in
FgHET-s(218-289). Whether the reduction of stabil-
ity of the FgHET-s(218-289) fibrils (Fig. 2c) is indeed
a direct consequence of the lower amount of possible
salt bridges remains to be determined. The broader
spectral lines in the solid-state NMR spectra of
FgHET-s(218-289) could be attributed to a higher
degree of conformational disorder, which might be
related to a lower fibril stability or the smaller
number of specific interactions that must be met by
the structure to avoid significant energetic penalties.

The comparison of the structural models for HET-
5(218-289) and FgHET-s(218-289) also allows to
propose an explanation for the different behavior of
the two proteins regarding the induced ThT
fluorescence. It has been proposed that ThT binds
amyloids in the “channels” running along the fibril

FgHET-s(218-289) core
mode|

Fig. 9. Schematic representation of the two layers of the structure of the well-ordered hydrophoblc core of HET-s(218-
289) amyloid fibrils® (left half). This fold would explain all currently available data and is compatible with the primary
structure of FgHET-s(218-289) as well (right). Circles representing positively or negatively charged residues are colored
blue or red, respectively; polar but uncharged residues are green and non-polar residues are white.
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axis delimited by the side chains of the i and i+2
residues of each p-strand.”” ThT is positively
charged, and thus, positively charged residues
hinder ThT binding. All “channels” formed in
HET-s(218-289) are lined by at least one positively
charged residue, while, in contrast, in the FgHET-s
(218-289) model, several of the accessible “chan-
nels” are free of basic residues. This observation
might explain why, in spite of their overall
structural similarity, FgHET-s(218-289) fibrils ro-
bustly induce ThT fluorescence while HET-s(218-
289) fibrils fail to do so.

Evolutionary conservation of the B-solenoid fold

We have shown that FgHET-s(218-289) has the
ability to form amyloids that are structurally highly
similar to the HET-s(218-289) p-solenoid fold. The
apparent structural similarity of the FgHET-s(218-
289) and the HET-s(218-289) fibrils may seem
surprising given the relatively low sequence iden-
tity of the two constructs (38%). A closer look
however reveals that most of the conserved regions
lie within the rigid and well-defined parts, the two
pseudo-repeat regions 222-247 and 258-283, which
have 43% sequence identity (green in Fig. 1a). Non-
conserved residues with similar physicochemical
properties (BLAST “positives”, yellow in Fig. 1) are
however scattered over the whole sequence. The
sequence alignment shown in Fig. 1b reveals that
the conservation of residues that play a key role in
the R-solenoid fold of HET-s(218-289) extends to
other identified het-s homologues in Fusarium
species. For instance, the asparagine residues,
which form two ladders along the fibrils axis in
HET-s(218-289) (N226, N243 and N262, N279), are
conserved in all homologues. The same is true for
the G240 and G278 residues, allowing the forma-
tion of the pB-arc leading into the fourth strand
pointing away from the triangular hydrophobic
core. Inward-facing hydrophobic residues in each
p-strand of HET-s(218-289) (A228/V264, 1231/
V267, V239/V275, 1.241/1277) also show conserva-
tion in all Fusarium homologues. Finally, the C-
terminal glycine-rich loop containing W287, which
has been found to make contact with residues in
B2a and p4a (H. Van Melckebeke et al., unpub-
lished results), is also conserved in many homo-
logues (with the exception of two Nectria sequences).
These observations strongly suggest that a selective
pressure to maintain the ability to form this R-
solenoid structure, including the C-terminal resi-
dues, is operating. The estimated divergence time
between P. anserina and F. graminearum is roughly in
the range of 400 MYrs. During this period, the
sequences of HET-s and FgHET-s have highly
diverged, but in a way that allows to conserve
amino acid positions important for the formation of
the p-solenoid fold.

Structural similarity explains amyloid
cross-seeding between HET-s(218-289)
and FgHET-s(218-289)

Amyloid cross-seeding between HET-s(218-289)
and FgHET-s(218-289) occurs in spite of a consid-
erable divergence of the primary sequence. Our
structural analysis provides a simple explanation for
this cross-seeding ability: the actual structural
similarity between HET-s(218-289) and FgHET-s
(218-289) fibrils. This result suggests that amyloid
templating is possible at moderate levels of sequen-
tial identity if structural similarity is ensured. Some
indications of an increase in structural disorder are
found for the seeded fibrils, and this observation
will be followed up.

Summary

We conclude that, on a structural level, FgHET-s
(218-289) is closely related to HET-s(218-289). In
particular, hydrogen exchange and NMR chemical
shifts indicate that the triangular hydrophobic core
is conserved and that the major elements that
additionally stabilize the core of the fibrils in HET-
5(218-289), namely, at least 21 hydrogen bonds per
molecule and one of the three salt bridges in HET-s
(218-289), are conserved. The similarity of the
structural models could explain the observation
that in vitro cross-seeding is possible, even though
the HET-s(218-289) and FgHET-s(218-289) proteins
only exhibit moderate levels of sequence identity.
On a more general level, our study illustrates the fact
that two amyloid proteins sharing 38% sequence
identity can adopt highly similar structures. It is
largely documented that homology levels in the
range of 30% can lead to similar structures in soluble
proteins.*"** Here, we present an example in which
the same principle is applicable to amyloid struc-
tures despite the known tendency of amyloids to
form different polymorphic forms and the fact that
even point mutations have been shown to lead to
completely different structures, for example, parallel
and antiparallel 3-sheets.*

Materials and Methods

Plasmids and strains

The F. graminearum het-s homologue has been cloned by
PCR on genomic DNA of strain PH-1 (NRRL 31084)
(genomic DNA prep was a generous gift of Jin-Ron Xu,
Purdue University) using the following primers: 5’
TTCCAACAATAGCTAACCGC3’ and 5'ATTCAACA-
CAGCCAACCGGC3'. The PCR fragment was cloned in
the pGEM-T vector (Promega). The pET-24a-FgHET-s
(218-289) plasmid was constructed by amplifying the
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region encoding for the C-terminal part of the protein
(residue 218 to 289) by PCR using primers 5’ ATCATAT-
GAAGTTGAACATGATCGAGG 3’ and 5’ATAAGCT-
TAATGGTGATGGTGATGGTGATCTTCCCA-
GATGCCTCTGCC3'. The PCR fragment was restricted by
Ndel and HindIIl and cloned into the pET-24a vector
(Novagen).

Protein expression

For expression of HET-s(218-289)** and FgHET-(218-
289), 2 1 DYT medium was inoculated with an overnight
culture of BL21(DE3) pLysS cells bearing the plasmids to
be expressed at 37 °C. When an ODgq (optical density at
600 nm) of 0.6-0.8 was reached, the bacteria were induced
with 1 mM IPTG. After 3 h at 37 °C, the cultures were
centrifuged and the cell pellets were frozen at —20 °C.

Protein purification

HET-s(218-289) and FgHET-s(218-289) proteins ex-
pressed as a C-terminal histidine-tagged construct were
purified under denaturing conditions [50 mM Tris/HCI
(pH 8), 300 mM NaCl, and 6 M GuHCl buffer] by affinity
chromatography on Talon histidine-tag resin (ClonTech).
Buffer was exchanged by gel filtration on Sephadex G-25
column (Amersham) for 175 mM acetic acid (pH 2.5) and
the proteins were conserved at 4 °C.

Amylin peptide (QRLANFLVHSSNNFGAILSS) was
obtained from EZ Biolab Inc. (Carmel, IN, USA). A 5-mM
stock solution was prepared in 1,1,1,3,3,3-hexafluoro-
2-propanol, which had been sonicated two times for
30 min and dried at 4 °C and then had been centrifuged
at 15,000g for 15 min, and was finally filtrated by Millex-
GV 0.22-um filters in order to remove possible residual
quantities of large aggregates. After drying, the solution
was incubated at room temperature for 10 min. Stock
solutions were divided into aliquots (20 pl per eppendorf)
and 1,1,1,3,3,3-hexafluoro-2-propanol was removed by
evaporation under a gentle stream of nitrogen, leaving a
slight film; finally, the samples were stored at —80 °C.
When required, the samples were resuspended in 50 ul of
anhydrous DMSO and were sonicated for 10 min. Sonica-
tion was crucial to remove any traces of non-dissolved
seeds that may resist solubilization. This preparation
yielded amylin in monomeric form. Aliquots of amylines
were added to 100 pM acetate buffer (pH 5.5) and 850 uM
miliQ water, obtaining a final peptide concentration of
100 pM. Peptide aggregation from soluble monomer was
monitored by measuring the transition from non-aggre-
gated to aggregated state by relative ThT fluorescence at
480 nm when exciting at 445 nm. Amylin aggregation was
carried out at 37 °C with a soluble monomer concentration
of 15 uM.

ThT-binding determination

ThT binding with HET-s(218-289) or FgHET-s(218-289)
was recorded using a Perkin-Elmer LS50 fluorescence
spectrometer with an excitation wavelength of 450 nm and
an emission range from 470 to 570 nm, and the emission at
480 nm was recorded. ThT and protein concentration of 25
and 10 uM, respectively, at pH 7 and 37 °C were used.

Electron microscopy

For electron microscopy, 400-mesh copper electron
microscopy grids coated with a plastic film (Formvar)
were used. A fraction of the protein suspension (at 1 mg/
ml) was put onto the grid and sedimented during 10 to
30 min in a moist Petri dish to avoid rapid desiccation.
Grids were then rinsed with 15-20 drops of freshly
prepared 2% uranyl acetate in water and filtered with
0.22 pm Millipore, dried with filter paper, and observed
with a Phillips TECNAI 12 Biowin electron microscope at
80 kV.

Aggregation assays

HET-s(218-289) and FgHET-s(218-289) aggregation
from soluble monomers was monitored by measuring
the transition from non-aggregated to aggregated state by
UV/Vis absorbance at 280 nm (tryptophan—tyrosine peak
plus scattering) and 400 nm (scattering of the sample). All
experiments were carried out with 10 uM soluble
monomer at 25 °C and agitation every 5 min (by brief
vortex pulse) in order to homogenize the samples. HET-s
(218-289) fibrillations were realized at pH 7 (in a 1:1
mixture of 175 mM acetic acid and 1 M Tris/HCl, pH 8).]3
Fusarium fibrillations were realized at pH 4 (in a 3:1
mixture of 175 mM acetic acid and 1 M Tris/HCI, pH 8) in
order to avoid the spontaneous aggregation of FgHET-s
(218-289). For seeding and cross-seeding aggregation
assays, 1 pM (representing 10% of total protein concen-
tration) of the respective other, preformed fibrils was
added to an initially 10 uM protein solution. In addition, in
order to confirm the seeding and cross-seeding capacity,
we tested 0.1 uM (1% of total protein concentration) HET-s
(218-289) and FgHET-s(218-289) fibrils.

Chemical denaturation curves

FgHET-s(218-289) and HET-s(218-289) stabilities in
the presence of guanidine hydrochloride and urea were
studied at pH 7. The fraction of denatured protein (fp)
was calculated from the fitted values using the equation
fo=1-((yp—y)/(Yp—yn)), where yp and yy are the
fluorescence maximum wavelengths or the relative
fluorescence (RF) at a fixed wavelength of the dena-
tured and native protein, respectively, and y is the
fluorescence maximum wavelength or RF at a fixed
wavelength of protein as a function of denaturant
concentration. A nonlinear least-squares analysis was
used to fit the denaturation curves to y={(yn+mn'[D])
+(yo+mp[D])exp[A-(D] — my;2)/RT]}/(1+explA([D]
— my,2)/R-T]), where y represents the observed fluores-
cence maximum wavelength or RF at a fixed wave-
length, yN and yp are the intercepts, my and mp are the
slopes of the pre- and post-transition baselines, [D] is
the chemical denaturant concentration, my,, is the
denaturant concentration at the midpoint of the curve,
and A is a constant generated by the fitting.*>*

H/D exchange

U-["*C,"°N] and ["°N] FgHET-5(218-289) were recombi-
nantly expressed in Escherichia coli and amyloid fibrils
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were prepared as described for HET-s(218-289)."* °N-
labeled FgHET-s(218-289) fibrils were used for H/D
exchange studies relating to the backbone amides.'®**
The fibrils were pelleted at 20,800g for 4 min to start the
exchange reaction and then washed in 50 mM Tris/HCI,
pH 7.3, comprising 150 mM NaCl and D,O as the solvent,
pelleted again, and resuspended in the same buffer for
incubation up to 12 weeks. Hydrogen exchange was
quenched at suitable intervals by pelleting the fibrils at
20,800g for 4 min and freezing the pellet on liquid nitrogen.
For NMR analysis, the fibrils were solubilized in perdeut-
erated DMSO (dg-DMSO) containing 0.05% deuterated
trifluoric acid (d;-TFA). Afterwards, a series of 80 2D ['°N,
'H] correlation spectra were recorded for 4 h (3 min per
spectrum) on a Bruker AVANCE III 600 spectrometer
equipped with a CryoProbe unit. The amount of residual
D,0O in DMSO was about 4%. Residues displaying fast
exchange in the fibrils as well as residues with high
intrinsic exchange rates in DMSO result in absent peaks in
the ['°N,'H] correlation spectrum. To identify the latter, we
measured a second series of 80 2D spectra after the
addition of 4% H,O. Using identical solvent conditions as
for hydrogen-exchange NMR analysis, we carried out
triple-resonance HNCACB* and HNH nuclear Over-
hauser enhancement spectroscopySO experiments on
U-['°C,'°N] FgHET-s(218-289) to achieve the sequence-
specific resonance assignment of the backbone amide
moieties. All residues except for R252 could be assigned.
['°N,"'H] correlation spectra (Supplementary Fig. S1) were
used to quantify the residual protonation depending on
incubation time by integrating the peak volumes. To
determine the specific exchange rates, we fitted these data
to a mono-exponential decay. The data were analyzed by
using the programs PROSA>! and CARA*” and a specially
written Visual Basic program.'” The resonances of N243
and N279 overlapped strongly. Since both residues
displayed fast exchange and are located at identical
positions within the repeat units, an average exchange
rate for both residues was calculated.

Solid-state NMR

U-[*C,"°N] FgHET-s(218-289) was recombinantly
expressed in E. coli, and amyloid fibrils were prepared
as described for HET-s(218-289)."* These were washed in
pure water and centrifuged into a 3.2-mm NMR rotor at
200,000g.”* All solid-state NMR experiments were carried
out on a Bruker AVANCE II+ wide-bore spectrometer
with 850 MHz proton frequency (Bp=20.0 T) equipped
with a 3.2-mm triple-resonance MAS probe. The MAS
frequency was stabilized at 19.00 kHz, the sample
temperature was ~3 °C, and small phase incremental
alternation (SPINAL)64 proton decoupling of ~100 kHz
was applied for all spectra. 2D and 3D NCACX and 2D
and 3D NCOCX spectra®?’ and a 2D C-C homonuclear
correlation spectrum with 100-ms DARR /mixed rotation-
al and rotary resonance (MIRROR) mixing™** (simply
called DARR in the following text) were recorded. Each of
the two 3D experiments was acquired within 4 days of
measurement time, the 2D N(CA)CX and N(CO)CX
within 3 days each, and the DARR spectrum in 14 h.
The "*C~'3C polarization transfer in between carbonyl and
aliphatic carbons was found to be optimal for a 'H RF field
irradiation of about 15 kHz during the mixing period

(neither exactly at the DARR nor the MIRROR condition).
A length of 50 ms was chosen for these homonuclear
transfer steps.

While the 2D spectra exhibit a higher signal-to-noise
ratio, the resolution of peaks is superior in the 3D
experiments. Most of the sequence-specific assignments
were made using the NCOCX and NCACX 3D-correlation
spectra while the >C-"*C DARR spectrum was primarily
used for verification and side-chain assignments.

In order to detect highly flexible residues, experiments
employing an initial INEPT*'** with detection on '*C*
were carried out at 17 kHz MAS, a sample temperature of
~20 °C, and SPINAL64 proton decoupling of ~50 kHz at
a static magnetic field of 20.0 T. In order to accomplish the
spin-system resonance assignment, we added a B3¢
transfer step to the initial "H-'">C INEPT. This homonu-
clear transfer was realized by a 5-ms TOBSY mixing
period employing the P9;' sequence® with an RF field of
102 kHz on "*C. Topspin 2.0 (Bruker Biospin) was used to
process all spectra and Sparky 3.113 (T. D. Goddard and
D. G. Kneller, University of California, San Francisco) for
the sequence-specific resonance assignment.
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