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The sequences appended to the amyloid core region
of the HET-s prion protein determine higher-order

aggregate organization in vivo
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Summary

The [Het-s] prion of the fungus Podospora anserina
propagates as a self-perpetuating amyloid form of the HET-
s protein. This protein triggers a cell death reaction termed
heterokaryon incompatibility when interacting with the
HET-S protein, an allelic variant of HET-s. HET-s displays
two distinct domains, a N-terminal globular domain and a
C-terminal unstructured prion-forming domain (residues
218-289). Here, we describe the characterization of HET-
s(157-289), a truncated form of HET-s bearing an extensive
deletion in the globular domain but retaining full activity
in incompatibility and prion propagation. In vitro, HET-
s(157-289) polymerizes into amyloid fibers displaying the
same core region as full-length HET-s fibers. We have
shown previously that fusions of green fluorescent protein
(GFP) with HET-s or HET-s(218-289) form dot-like
aggregates in vivo upon transition to the prion state. By
contrast, a HET-s(157-289)/GFP fusion protein forms

elongated fibrillar aggregates in vivo. Such elongated
aggregates can reach up to 150m in length. The in vivo
dynamics of these organized structures is analysed by time
lapse microscopy. We find that the large elongate structures
grow by lateral association of shorter fibrillar aggregates.
When co-expressed with HET-s(157-289), full-length
HET-s and HET-s(218-289) can be incorporated into such
elongated aggregates. Together, our data indicate that
HET-s(157-289) aggregates can adopt an organized higher-
order structure in vivo and that the ability to adopt this
supramolecular organization is conferred by the sequences
appended to the amyloid core region.
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Introduction P. anserina is involved in a genetically controlled
Prions are infectious proteins that are able to propagate #fiogrammed cell death phenomenon termed heterokaryon
altered conformational state (Prusiner, 1982). The term wdscompatibility. Heterokaryon incompatibility is very common
coined to designate the infectious elements responsible féit filamentous fungi and occurs when two fungal strains of
spongiform encephalopathies in mammals, a group of fatalinlike genotype fuse (for a review, see Glass and Kaneko,
neurodegenerative affections that include Creutzfeldt-Jaco®003). Heterokaryon incompatibility constitutes a self versus
disease in humans and mad-cow disease in cattle (Prusine@n-self discrimination system preventing cytoplasmic mixing
1998). In the protein-only model, these diseases are caused lbgtween genetically unlike individuals. Cell death by
the infectious propagation of an altered conformation of théhcompatibility is triggered by genetic differences at particular
PrP protein. Prion diseases are related to a large group loti, termedhetloci. Thehet-slocus is one of ten heterokaryon
human diseases, all characterized by the systemic d@rcompatibility loci ofP. anserina Two distinct alleles of this
intracerebral deposition of fibrillarB-sheet-rich protein gene have been described and terimes and het-S(Rizet,
aggregates termed amyloids (Taylor et al., 2002). Howevel,952; Beisson-Schecroun, 1962; Turcq et al., 1990).hEhe
unlike prion diseases, others amyloid diseases (such a@&ndhet-Salleles encode cytosolic proteins of 289 amino acids
Alzheimer's and Parkinson’s diseases) do not display athat differ by 13 residues and display no homologs of known
infectious character. The prion phenomenon is not limited téunction in other species (Turcq et al., 1991; Coustou-Linares
mammalian PrP. Proteins that can propagate an altered al., 2001). The HET-s protein can (unlike HET-S) exist in
conformation have also been discovered in lower eukaryotebpth a normal form and an infectious prion form (Coustou et
including yeast (Wickner, 1994; Uptain and Lindquist, 2002)al., 1997). Strains carrying the protein in its normal form are

and the filamentous funglRodospora anseringCoustou et
al., 1997).

designated [Het-s*], whereas strains carrying the prion form of
HET-s are designated [Het-s]. It is the prion form of HET-s that

The HET-s prion protein of the filamentous ascomycetés active in heterokaryon incompatibility. A fusion between a
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[Het-s*] and a [Het-S] strain is normal, whereas a fusiorsites of the Litmus 28 vector (Biolabs). The LitmusGSGFP vector was
between a [Het-s] (prion-infected) strain and [Het-S] is lethalthen amplified by inverse PCR (oligonucleotidesCBTGC-

In other words, the [Het-s] prion is not detrimental per se bUeATGGGCGAGAAAATAGTCGACCAGG and SCATGCCATG-
only becomes toxic when interacting with HET-S. The [Het-s[STGATGTCTGCTCAAGC-3). The PCR product was digested with
prion can appear spontaneously at a low frequency and Td and circularized by ligation.

: . : : For construction of the pET-het-s(157-289) allowing expression of
rea<_jlly transmitted from one strain to another by simple Coma‘fllne HET-s(157-289) protein tagged with six histidine residues at the
(Beisson-Schecroun, 1962).

S . .., C-terminus, the region coding for the C-terminal part of HET-s was

Transition to the [Het-s] prion state correlates withampiified by PCR (oligonucleotides-BTCATATGCTCGAGAA-
conversion of the HET-s protein to an aggregated StalRATAGCGACC-3 and B-ATAAGCTTAGTGATGATGGTGATG-
(Coustou-Linares et al., 2001). Recombinant HET-s proteitGTGATTATCCCAGAACCC-3), the PCR product was then cloned
forms amyloid fibrils in vitro (Dos Reis et al., 2002). Theseas aNdd-Hindlll fragment into the pET-21a vector (Novagen).
HET-s amyloid fibers generated in vitro were found to display

[Het-s] infectivity when reintroduced into [Het-s*] fungal cells fion br tion. incompatibilit nd Pod ;
using a biolistic procedure (Maddelein et al., 2002). We hav%e?ho%sc’paga on, incompatibility assays and Fodospora

thus proposed that [Het-s] propagates as a self-perpetuati b anserinastrains used in this stud

- - . idt-S het-sandAhet-9 are
amyloid form of the HET'S. p.roteln. We. have recently rePort('l(lglsogenic except for thieet-slocus. Indhet-s thehet-sgene has been
that HET-s (_1|splays tWO distinct QOmalns, an N-terminal We”"lnactivated by gene replacement (Turcq et al., 1991). In this strain, the
folded, mainly a-helical, domain and a unstructured C- nromoter region and the part of thehet-sgene have been deleted
terminal domain (residues 218-289) (Balguerie et al., 2003gnd replaced by thera5 marker. The [Het-s*] strains are obtained as
This C-terminal flexible tail is essential for prion propagationthe progeny of &et-Sx het-scross.
and incompatibility in vivo and amyloid formation in vitro.  Incompatibility phenotypes were determined by performing
When fused to green fluorescent protein (GFP), the C-terminhirrage tests on cornmeal agar medium as previously described
domain of HET-s is able to propagate the [Het-s] prion but dog@/addelein et al., 2002). In brief, strains are confronted on solid
not display normal incompatibility function. Hence, whereastornmeal medium and, after 2 days of growth, a characteristic dense
the C-terminal prion-forming domain (PFD) alone allows"“e appears in the confrontation region between the two mycelia if

) . P .y strains are incompatible. This dense line termed the ‘barrage’
{r?férﬁ%aaﬁ{ﬁlﬁ?ﬂiﬁ%ﬂbnﬂ s not sufficient to perform the corresponds to the macroscopic manifestation of the cell death

. reaction.

Here, we show that a truncated version of HET-S [jet.q] prion propagation was assayed as the ability to transmit the
encompassing the 133 C-terminal residues (157-289) retaifget-s] prion from a [Het-s]-donor strain to a [Het-s*] prion-free
[Het-s] activity in terms of both prion propagation andtester strain. To that end, transformants were first confronted to a
incompatibility. We have analysed in vitro and in vivo wild-type [Het-s]-strain and then subcultured twice and confronted
polymerization of this protein. In contrast to full-length HET- with a [Het-s*] prion-free tester strain. The tester strains were then
s or the HET-s(218-289) PFD, this functional truncated forn@ssayed for their [Het-s] status in barrage tests as described here
polymerizes into very large elongated aggregates in vivo. W&PoVe. _ ) _
use this system to explore the mechanisms that govern higherP2NA-mediated transformation &bdosporzstrains was performed
order prion protein aggregate organization in vivo. as described (Be_rges and_ Barreau, 1989). .Plasmlds were introduced

in co-transformation experiments using a 10:1 molar ratio between the
plasmid of interest and the pCB1004 vector carryinghygRgene
. used as selective marker (Carrol et al., 1994). Transforming DNA
Mater‘|als and Methods integrates in the genome mainly by non-homologous recombination,
Plasmids so all transformants display a distinct genetic constitution. Thus, in
In all Podosporavectors, expression of the HET-s constructs waseach experiment, from 12 to 24 individual transformants were
driven by the GPD promoter dispergillus nidulangPunt et al., analysed.
1988). For construction of the pGPD-het-s(157-289) plasmid, the
region encoding the C-terminal part of HET-s (residue 157 to 289 )
was amplified using the polymerase chain reaction (PCR) (oligoProtein methods
nucleotides 5SATCCATGGAGAAAATAGTCGA-3' and 5TAA- The histidine-tagged HET-s(157-289) protein was expressed and
GATCTTTTAGTGATGATGGTGATGGTG-3) and cloned asldcd- purified from inclusion bodies under denaturing conditions as
Bglll fragment into theNcd andBanH]| sites of the pAN52.1 vector previously described for full-length HET-s (Dos Reis et al., 2002).
(Punt et al., 1988). For construction of the pGPD-het-S(157-289)his procedure yielded ~2-4 mg of peptide per liter of culture.
plasmid, the pGPD-het-S vector (Coustou-Linares et al., 2001) wakhe peptide was pure as judged by sodium-dodecyl-sulfate
amplified by inverse PCR (oligonucleotides Ncol37CATGC- polyacrylamide-gel electrophoreses (SDS-PAGE) followed by
CATGGGCGAGAAAATAGTCGACCAGG-3and NcoGPD 5CAT- Coomassie-Blue staining. To eliminate urea, the peptide was then
GCCATGGTGATGTCTGCTCAAGC-3. The PCR product was submitted to gel filtration on Sephadex G-25 using 50 mM Tris-HClI,
digested byNcd and cloned into thdlcd site of the pAN52.1 vector pH 8, 150 mM NaCl, 1 mM DTT as eluent.
(Punt et al., 1988). For construction of the pGPD-het-s(157-289)-GFP For spontaneous and seeded aggregation assays, protein solutions
plasmid, the 5Sregion of thehet-sORF allowing expression of HET- were incubated at room temperature in 50 mM Tris-HCI pH 8.0, 150
s(157-289) peptide was amplified by PCR (oligonucleotide€C mM NacCl. Protein precipitation was analysed at various time points
CTCATGATGGAGAAAATAGTCGACCAGGTC-3 and 3-CCCT- by centrifuging 5Qul aliquots for 15 minutes at 10,0@0Supernatant
CATGACATTATCCCAGAACCCCTTAC-3). The PCR product was and pellet fractions were analysed by SDS-PAGE followed by
cloned as 8spHI fragment into théNcd site of pAN52.1-GFP vector Coomassie-Blue staining and protein concentration in the supernatant
(Pinan-Lucarre et al., 2003). For construction of the pGPD-het-S(155ractions was measured using the BioRad protein-assay reagent and
289)-GFP plasmid, theBglll-Xba fragment of the pGSGFP determining absorbance at 280 nm. For seeding assays,ud 25
(Coustou-Linares et al., 2001) was introduced intdBtil and Xba protein solution in 50 mM Tris-HCI pH 8.0, 150 mM NaCl was
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inoculated with 2.51M aggregated protein. The aggregated proteinResults
sample was sonicated briefly before inoculation. Protein precipitatiofyyncated HET-s(157-289) protein displays [Het-s]-
was analysed as described above. incompatibility function

Circular dichroism (CD) spectra were recorded at 20°C using . .
Jasco 810 spectropolarimeter with a quartz cell of 0.1 cm path length/e have previously reported that the HET-s PFD (residues

For limited proteolysis of HET-s(157-289) with proteinase K, a 30218-289) fused to GFP allows [Het-s] prion propagation but
UM solution of soluble and aggregated HET-s protein was treated fdloes not display wild-type incompatibility function (Balguerie
various times at 37°C with gg mt? proteinase K in 50 mM Tris- et al., 2003) (Fig. 1A). Macroscopically, the incompatible
HCI pH 8.0, 150 mM NacCl. Reactions were stopped by addition ointeraction betweerhet-s and het-S alleles leads to the
one volume of SDS-PAGE loading buffer and heated at 100°C for formation of a barrage when strains are confronted on solid
minutes. SDS-PAGE was performed using 16.5% Tricine precast gelgedium and undergo cell fusion. A strain expressing HET-

(Biorad). s(218-289)/GFP displays only an attenuated incompatibility
reaction_ Wh_en confronted to a [Het-S]_tester and a strain

Mass spectrometry of HET-s(157-289) proteinase-K digestion expressing just the HET-s(218-289) peptide shows no barrage

products reaction at all (Fig. 1B). The HET-s PFD is necessary but not

A 30 “M solution of aggregated HET—S(157-289) was digested for 4§Uﬁ|c|ent fOI’ the Incompatlblhty funCtlon. ThIS |nd|CateS

minutes at 37°C with Rg mt? proteinase K in 50 mM Tris-HCI pH that sequences upstream of the PFD are required for full
8.0, 150 mM NacCl. The reaction mixture was centrifuged for 10incompatibility function. We thus asked whether a truncated
minutes at 10,00@¢) and the pellet fraction resuspended iBOH  form of HET-s retaining part of the sequence corresponding to
The matrix-assisted laser desorption _ionization (MALDD massthe globular domain could display normal incompatibility

spectrometer was a Reflex Il (Bruker) instrument equipped with gnction. A vector designated pGPD-het-s(157-289) allowing
337 nm laser sourcea-Cyano-4-hydroxy-cinnamic acid (Sigma) Waso}he expression of roughly the C-terminal half of the HET-s

used as a matrix [saturated solution in 50% acetonitrinile in 0.1 : : ) ; ;

aqueous trifluoroacetic acid (TFA)]. The dried droplet method wa?rmhe”: (retS|que§|_157 f289) W?s Construct?d apddlr;troducHeq[ Into
used for sample loading on stainless steel targets. Average masse&dfNet-s strain. Transformants were confronted to a [Het-s]
proteinase K digestion products were measured in the linear modrain and then analysed for their ability to propagate [Het-s]

using an internal calibration with a mixture of two bovine proteins,2nd for the incompatibility function. Transformants expression
insulin (theoretical mass 5734.60 Da) and cytochrarftaeoretical HET-s(157-289) were able to propagate [Het-s] and to produce

mass 12361.09 Da) (Sigma). a normal barrage reaction when confronted to a [Het-S] tester
(Fig. 1B).
Mi To confirm that HET-s(157-289) is active in incompatibility,
icroscopy we introduced the pGPD-het-s(157-289) vector intbe&S

For fluorescence microscopy, synthetic medium containing 2% (w/vg)

agarose was poured as two 10 ml layers of medRinanserina ackground. If HET-s(157-289) is active in incompatibility,

hyphae were inoculated on this medium and cultivated for 16-24 hou?sUCh transformants should grow very poorly. We found, as
at 26°C. The top layer of the medium was then cut out and thexpected, that transformants expressing HET-s(157-289) in a

mycelium examined with a Leica DMRXA microscope equipped withnet-S background are drastically affected in their growth.
a Micromax CCD (Princeton Instruments) controlled by MetamorphRadial growth rate on solid medium was strongly reduced (Fig.
5.06 software (Roper Scientific). The microscope was fitted with 4C). Hyphae displayed extensive vacuolization, a cytological
standard FITC filter set (Leica L4) and a Leica PL APOx100 manifestation characteristic of the incompatibility reaction
immersion objective. (Dementhon et al., 2003) (Fig. 1D). By contrast, the pGPD-
For time-lapse microscopy, samples were mounted as follows iRet-s(157-289) transformants ludt-sor Ahet-sstrains grew as

order to prevent desiccation. A glass slide was overlaid with thregye wild type (Fig. 1C). These results further confirm that HET-
pieces of soft PVC of 1 mm thickness (REVOL et SOLNIER, Vaux-S(157_289) displays [Het-s]-incompatibility activity.

en-Velin, France) in which a well of aboutx@3 mm was cut. : S 3 )
Synthetic medium containing 2% agarose was poured into the W\%%Together, these experiments indicate that the HET-s(157

and immediately flattened by covering it with a glass slide. The to 89) protein can b? convert_ed_ _to the |n_fect|ous prion state and
slide was removed, leaving a flattened agarose plug. A preculture wi@ins the [Het-s]-incompatibility function.

grown on cellophane film laid on solid medium for 16-20 hours at

26°C. For inoculation, a square of cellophane film of about 2 cMpacombinant HET-s(157-289) is converted to amyloid

was cut out from the preculture and laid on the agarose plug. T ers in vitro

agarose plug was then overlaid with a coverslide and sealed wi . . . )
Vaseline. In order to investigate the structural properties of this

Electron microscopy of fibrils generated in vitro was performed agunctional truncated version of the HET-s prion protein, we
previously described (Dos Reis et al., 2002). For electron microscopgxpressed this protein iBscherichia coliwith a C-terminal
on hyphae, a modification of the chemical fixation techniquehistidine tag. The HET-s(157-289) protein was purified from
described by Chang and Tanaka was used (Chang and Tanaka, 197f¢lusion bodies under denaturing conditions. Upon exchange
Podosporamycelium cultivateq on cellophane was fixed for 4 hoursgf the 8 M urea buffer for a non-denaturing buffer, the protein
in 2.5% glutaraldehyde solution in 0.1 M sodium phosphate buffeg, o intially soluble but formed aggregates over time (Fig. 2A).

pH 7.2. After several washes, samples were post-fixed overnight i\tt 20°C without agitation and at a concentration of 0.2 mg

0°C with 1% Os@in 0.1 M phosphate buffer, pH 7.2. After rinsing = 7 .
in water and dehydration in acetone, the fixed mycelia were staindlll -+ half of the protein was aggregated after about 10 hours.

in 2% uranyl acetate in acetone for 2 hours at 4°C in a darkroon]."€ aggregation rate of HET-s(157-289) is thus considerably
Specimens were then embedded in Araldite resin. Ultrathin sectiondgher than that of full-length HET-s and is comparable to that
were contrasted with lead citrate and examined in a Philips Tecnai T# the HET-s(218-289) prion domain alone (Dos Reis et al.,
Biotwin (120 kV). 2002; Balguerie et al., 2003). We then determined whether
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Fig. 1. Activity of HET-s deletion constructs. (A) On the left, various deletion constructs of HET-s are depicted. Numberings dagespon
amino acid positions. The prion-forming domain is shown in gray. For each construct, the abilities to propagate [Hethsieta paorrage
reaction towardhet-S(incompatibility function) and to aggregate into amyloid fibrils in vitro are listed. For the 218-289 construct, the results
are for the 218-289 peptide fused to GFP. (B) Barrage test with various HET-s deletion condiaieBtester strain (central line) was
confronted on solid medium with strains bearing various HET-s deletion constructs. Confrontation between incompatitdadsrtorthié
formation of a dark, dense contact line termed the barrage (black, arrowed). Compatible strains display normal cleaesdmbiteli

arrowed). The strains that do not produce a barrage reactiet-8are grouped on the top line; the strains producing a barrage reaction to
het-Sare on the bottom line. Notice the attenuated barrage reaction obtained waigh-#(218-289)GFRonstruct. (C) Strains were cultivated

for 5 days on solid medium. Notice that expression of HET-s(157-28%)étr8background strongly affects growth, whereas strains
expressing HET-s(157-289) irhet-sor Ahet-sbackground display normal growth. (D) Microscopic examination of a transformant expressing
HET-s(157-289) in &et-Sbackground and of an untransforntezt-Scontrol strain. Notice the extensive vacuolization of the hyphae in strains
expressing HET-s(157-289). Scale baud.

aggregates of HET-s(157-289) can catalyse aggregation of th@0 nm) (Fig. 3A). Such fibers are formed of bundles of

full-length HET-s protein. After inoculation with an aliquot of individual fibrils ~2 nm wide that associate laterally (Fig. 3B-

aggregated HET-s(157-289), full-length HET-s aggregatioD). The bundles separate into individual fibrils (Fig. 3C,D).

was complete after just a few hours (Fig. 2A). By comparisonThese fibers were large enough to be observed by conventional

spontaneous aggregation of the same full-length HET-s samgight microscopy (Fig. 3E) or fluorescence microscopy after

mock inoculated with buffer alone took more than 48 hoursstaining with Congo red (Fig. 3F).

indicating that HET-s(157-289) aggregates can catalyse We conclude from these analyses that recombinant HET-

aggregation of full-length HET-s. s(157-289) undergoes a transition from a soluble to an
In order to gain information on the secondary structur@ggregated amyloid state in vitro.

content of the soluble and aggregated forms of HET-s(157-

289), we have recorded the far-ultraviolet CD spectra of the ) .

protein under both conditions. The CD spectra of the solublBroteinase-K-resistant amyloid core of HET-s(157-289)

and aggregated forms differ greatly, indicating that theand full-length HET-s aggregates

protein undergoes a substantial structural rearrangement upbimited proteolysis has been used to gain insight into the

aggregation (Fig. 2B). The CD spectrum of the soluble fornprocess of amyloid formation (Kheterpal et al., 2001; Polverino

displays a minimum at 198 nm, suggesting a high content ide Laureto et al., 2003; Baxa et al., 2003). We have previously

random coil structures. The spectrum of the aggregated fordefined the proteinase-K-resistant amyloid core of full-length

displays a minimum around 218 nm and a positive signdiET-s aggregates as a peptide spanning residues 218-289

around 196 nm, suggesting an increas@-gheet secondary (Balguerie et al., 2003). In order to delineate the amyloid core

structures. of HET-s(157-289) aggregates, we submitted HET-s(157-289)
When observed by electron microscopy, HET-s(157-2890 limited proteolysis (Fig. 2C). Soluble HET-s(157-289) was

aggregates appeared as typical amyloid fibers (Fig. 3). Fiberapidly degraded and produced a pattern with three discrete

were often more than 3@m long and of variable width (~15- bands only visible for very short digestion times. Digestion of
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Fig. 2. Aggregation and formation of a proteinase-K-resistant core in recombinant HET-s(157-289). (A) Recombinant HET-s(157-289)
aggregates in vitro and catalyses the aggregation of full-length HET-s. (top) Time course of aggregation at-¢.atr2g°a@l (bottom)
Aggregation of recombinant full-length HET-s protein at 3 mgtinbculated with an aliquot (0.1 mg ™ of aggregated HET-s(157-289)
(triangles) or buffer alone (squares). (B) Circular dichroism spectra @ff2@combinant HET-s(157-289) at pH 8 in the soluble (black
triangles) and aggregated (white squares) states. (C) Time course of limited proteinase-K digestion of soluble (top)atad éuuteq)
recombinant HET-s(157-289) protein analysed by SDS-PAGE followed by Coomassie-Blue staining. Digestion times are gives.iif imeinut
last lane (218-289) corresponds to the recombinant HET-s(218-289) peptide. Size of molecular weight markers (M lane)kDgiv@) i
Mass spectrum of the proteinase-K-resistant materialy Bxés gives intensity in arbitrary units, tkaxis gives mass-to-charge/g) ratios in
Daltons per unit charge. The peak at 8650.81 Da (*) corresponds to an internal control (recombinant 218-289 peptiddistitiaesix-
extension). The major peak at 8520.07 was identified as the 218-289 fragment (with six histidines). The 130.74 Da differeneasared
average mass between the control recombinant 218-289 peptide (*) and the major peak is caused by the recombinant yépgide displa
additional N-terminal methionine residue (theoretical mass difference 131.20 Da).

aggregated HET-s(157-289) produced a radically differentaverage mass). This major peak was unambiguously identified
pattern characterized by a single major digestion product @fs the 218-289 fragment with the six-histidine extension
about 8 kDa. This fragment had the same electrophoretitheoretical average mass of 8520.44 Da). Two minor peaks of
mobility as the histidine-tagged HET-s(218-289) peptide usedmaller mass at 8382.32 Da and 8245.12 Da (average masses)
as a control (Fig. 2C). The resistant fragment was found to bindatched the expected mass for a 218-289 fragment lacking
nickel nitrilotriacetic acid horseradish peroxidase (Ni-NTArespectively one or two C-terminal histidines (respective
HRP) conjugate in western-blot experiments (data not showntheoretical average masses of 8383.32 Da and 8246.16 Da). A
indicating that it retains the C-terminal histidine tag of HET-third minor peak of higher mass at 8718.72 Da matched the
s(157-289). Together, these experiments suggest that tegpected mass for the 216-289 fragment with six histidines
amyloid core of HET-s(157-289) encompasses the same regi@imeoretical average mass of 8719.65 Da). To assess the
as in full-length HET-s amyloids (residues 218-289). In ordernccuracy of average mass measurements, we used an internal
to characterize this proteinase-K-resistant material preciselgtandard corresponding to the recombinant 218-289 peptide
we analysed the HET-s(157-289) digestion products by magwith a six-histidine extension and an N-terminal methionine
spectrometry. residue), which was mixed with the proteolysis products. The
This analysis revealed a major species at 8520.07 Daeasured average mass for this peptide was 8650.81 Da for a
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Fig. 3. Amyloid fibrils of recombinant HET-s(157-289). (A-D) Electron microscopy of HET-s(157-289) aggregates. (B,C) Tightly compacted
fibrils and more loosely organized bundles fringing out into individual fibrils. (D) The well-ordered lateral associationdafahfilbrils.

Scale bars, 1Am (A), 500 nm (B), 200 nm (C), 100 nm (D). (E) light microscopy of HET-s(157-289) fibrils. Scale Ipan,. 1B)

Fluorescence microscopy of HET-s(157-289) stained with Congo red. Scale par, 10

theoretical average mass of 8651.63. This indicated amggregates (Coustou-Linares et al., 2001; Balguerie et al.,
accuracy of abouttl Da in average mass measurements2003), HET-s(157-289)/GFP formed elongated aggregates.
Together these experiments are fully consistent with the SDHET-s(157-289)/GFP aggregates often reached considerable
PAGE characterization of the proteinase-K-resistant materiagizes (more than 15@m long) (Fig. 4C). The longest
and confirm that the resistant region corresponds to the 218ggregates were systematically found in the apical region of
289 fragment although a minor product spanning residues 218ie hyphae. In this region, the hyphae are not septated and this
289 could also be detected. presumably allows aggregates to become very long. By
We conclude that upon aggregation of HET-s(157-289) aontrast, in mature septated hyphae, fibril extension was often
proteinase-K-resistant amyloid core is formed. This amyloidlocked by the septa (Fig. 4D). In the apical regions, fibril did
core encompasses the same region as in full-length HETh®t extent to the very tip of the filament (Fig. 4C). In the apex,
amyloids, namely residues 218-289. the cytoskeleton is known to be highly organized in order to
allow polarized tip growth (Geitmann et al., 2000). It is
. possible that this cytoskeletal structure prevents fibril
HET-s(157-289)/GFP forms elongated aggregates in elongation into that region. In most filaments, the elongated
VIVO aggregates are straight but they were not totally rigid because
In order to study HET-s(157-289) aggregation in vivo, a vectothey were capable of bending (Fig. 4D-G). This occurred in
allowing the expression of a C-terminal HET-s(157-289)/GFRparticular when they are submitted to a mechanical constraint,
fusion protein was constructed and introduced in into dor instance when blocked by a septum (Fig. 4D), when
Ahet-srecipient. Strains expressing HET-s(157-289)/GFP wergrowing in a lateral hyphal branch (Fig. 4F) or extending
found to exist under two distinct phenotypes. They were eithgéhrough an anastomosis bridge (Fig. 4G). Elongated aggregates
neutral in incompatibility and unable to induce the [Het-s*]were also readily detected in microconidia (male reproductive
to [Het-s] transition ([Het-s*] phenotype) or active in cells) (Fig. 4H).
incompatibility and able to propagate [Het-s] ([Het-s] Time-lapse microscopy analyses were performed to
phenotype). Inhet-s(157-289)/GFP[Het-s*] strains, the study fibril dynamics. Fibrils moved freely within the
fluorescence was diffuse and cytoplasmic (Fig. 4A)filaments, apparently as a consequence of intrahyphal
Conversely, inhet-s(157-289)/GFHHet-s] strains, the GFP cytoplasmic flow [Fig. 5; see supplementary movie 1
signal corresponded to cytoplasmic aggregates (Fig. 4Bjhttp://jcs.biologists.org/supplemental/)]. It appears that
When [Het-s*]het-s(157-289)/GFRtrains displaying diffuse aggregates grow by the lateral association of fibrils that become
GFP were infected with [Het-s] (i.e. confronted with a [Het-s]entangled to form larger ones. The sequence in Fig. 6 illustrates
strain), the transformants turned to the [Het-s] phenotype artlis process (see also supplementary movies 2, 3). Fibrils have
the HET-s(157-289)/GFP fusion protein formed aggregates strong tendency to self-associate, which readily explains why
Transition to the [Het-s] phenotype also occurredin most fungal ‘cells’ (delimited by two septa) only a single,
spontaneously when cultures aged or during subculturing. Weery large aggregate is found. Thinner fibrillar aggregates are
concluded that addition of the GFP tag did not alter the activitglso occasionally observed (see supplementary movie 1).
of HET-s(157-289) in prion propagation and incompatibility The elongated aggregates could deteriorate in various ways.
function. Upon prolonged exposure to ultraviolet light during
In contrast to full-length HET-s/GFP or HET-s(218- microscopy or in aging hyphae, elongated aggregates
289)/GFP fusion proteins which produce small dot-likesometimes collapsed or retracted into curly structures (Fig.
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Fig. 4. HET-s(157-289)/GFP forms
elongated fibrillar aggregates in vivo
upon transition to the prion state.

(A) Strains expressing HET-s(157-
289)/GFP were analysed by fluorescence
microscopy. In the [Het-s*] state, the
fluorescence signal is diffuse and
cytoplasmic. (B) Upon transition to the
[Het-s] prion state, HET-s(157-289)
forms fibrillar aggregates. (C) In apical
regions, in which septa are absent,
fibrillar aggregates grow very large.
(D,E) Aggregates are not rigid and are
able to bend when blocked by septa.
(F) Aggregates are able to pass through
an anastomosis bridge. (G) Aggregate
extending into an hyphal branch. (H)
HET-s(157-289) are incorporated into
microconidia. Scale bar, j4m.

7A; see supplementary movies 4, 5 (http://jcs.biologists.ordffbrillar aggregates. This organization is unique to HET-s(157-
supplemental/). Also, the fibrils appeared to get peeled apart 289), because both full-length-HET-s/GFP and HET-s(218-
deteriorated when passing through septal pores (Fig. 7B; s289)/GFP form only dot-like aggregates in vivo (Coustou-
supplementary movie 6). Finally, when cellular integrity wasLinares et al., 2001; Dos Reis et al., 2002).
disrupted by mechanical or osmotic cell lysis, the aggregates
maintained their fibrillar state but dispersed into smaller fibrils
(Fig. 7C). This also occurred in cells undergoing cell deattrull-length HET-s and HET-s(218-289) form elongated
(data not shown). This suggests that cellular integrity i@ggregates when expressed with HET-s(157-289)
required to maintain these large elongated aggregates. Full-length HET-s and HET-s(157-289) form aggregates of
Strains expressing HET-s(157-289)/GFP in its aggregatedistinct high-order organization in vivo (dots versus elongated
form were also analysed by electron microscopy. Such strairstructures). We have shown above that HET-s(157-289) can
were found to contain cytoplasmic fibrillar structures about 208eed the aggregation of full-length HET-s in vitro, suggesting
nm wide formed by the lateral association of individual fiberghat HET-s and HET-s(157-289) can co-aggregate. This
with an estimated width of about 20 nm (Fig. 8). Suchprompted us to analyse the effect of co-expression of HET-s
structures were not observed in untransformed control straimsid HET-s(157-289) on aggregate organization in vivo. To that
(not shown). end, we have transformeddaet-sstrain with a vector driving
We conclude from these observations that the HET-s(15%&xpression of HET-s/GFP and also with a vector driving
289) protein is able to form highly ordered elongated structuresxpression of untagged HET-s(157-289). In both vectors,
in vivo that are composed of lateral association of smallegxpression is driven by the same promoter. In such co-
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transformants, the HET-s/GFP fluorescence was detected aggregates when expressed with HET-s(157-289). The fact that
elongated aggregates (Fig. 9). In addition, dot-like aggregatégll-length HET-s/GFP is detected as fibrillar elongated
were also observed that were sometimes associated with thggregates strongly suggests that HET-s/GFP and HET-s(157-
elongated aggregates. This experiment indicates that fulk89) co-aggregate in vivo. The fluorescence signal of the
length HET-s can organize into ordered elongated fibrillanbserved elongated aggregates was comparable to that

Fig. 5. Intracytoplasmic movement of HET-s(157-289)/GFP aggregates. (Triangle) A HET-s(157-289)/GFP aggregate as it moves within the
filament through the analysed field. Notice the absence of septa in the analysed region. The sequence is taken from supphaméntary
(http://jcs.biologists.org/supplemental/).

Fig. 6. Association of HET-s(157-289)/GFP aggregates. Notice the coalescence of the aggregates into a single fibrillar aggredate once at
minutes and again at 11 minutes. The sequence is taken from supplementary movie 2 (http://jcs.biologists.org/supplesreatal/) (se
supplementary movie 3).
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t +4 min

t 32 min

Fig. 7. Deterioration of HET-s(157-289)/GFP aggregates. (A) HET-s(157-289) aggregates retract into curly structures upon aging. The
sequence is taken from supplementary movie 4 (http://jcs.biologists.org/supplemental/) (see also supplementary moviésisil6). (B
deterioration as an aggregate passes through a septal pore. (C) Upon hyphal lysis, aggregates dissociated into marig s8tlertfdr

4 pm.

We then performed the same experiment using the HET-s
PFD (residues 218-289) tagged with GFP. When expressed
alone, HET-s(218-289) forms only dot-like aggregates (Fig. 9)
(Balguerie et al., 2003) but, when HET-s(218-289)/GFP was
expressed with HET-s(157-289), elongated aggregates were
observed. Elongated aggregates co-existed with dot-like
aggregates. Again, as in the case of full-length HET-s, HET-
s(157-289) is able to modify the higher order organization of
HET-s(218-289)/GFP.

We conclude that the ability to organize into large, elongated
fibrillar aggregates is a specific feature of HET-s(157-289) and
that this truncated protein is able to impose this higher-order
organization on both full-length HET-s and HET-s(218-289).

Deletion in the globular domain of HET-S leads to a

specificity switch to the [Het-s] phenotype

We decided to determine the effect a deletion of the N-terminal

region on the activity of the HET-S protein. Vectors allowing

the expression of HET-S(157-289) and HET-S(157-289)/GFP

proteins were constructed and introduced intoAfzet-s

_ o recipient strain. HET-S(157-289) differs from HET-s(157-289)

Fig. 8.HET-s(157-289) aggregates formed in vivo observed by by five residues (positions 165, 186, 235, 253 and 274).

electron microscopy. HET-s(157-289) aggregates are marked by Transformants expressing HET—’S(157,—289)’ or HET-S(157-

arrowheads. Scale bar, 500 nm. 289)/GFP lacked the [Het-S] phenotype and did not produce a
barrage reaction toward [Het-s] strains. Instead, they displayed

observed using HET-s(157-289)/GFP, suggesting that thée [Het-s] phenotype. They were able to propagate [Het-s] and

aggregates contain a significant proportion of full-length HETproduced an incompatibility reaction when confronted with a

s. In the reciprocal transformation experiments using HET-fHet-S] tester (Fig. 1B).

and HET-s(157-289)/GFP, elongated aggregates were alsoln HET-S(157-289)/GFP transformants expressing the [Het-

detected (data not shown). s*] phenotype, fluorescence was diffuse and cytoplasmic,
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HET-s-GFP heterokaryon incompatibility. In vivo, this truncated version of
HET-s-GFP + HET-s(157-289) HET-s forms elongated aggregates. Such fibrillar aggregates
formed in vivo by fungal prion proteins have been reported
previously. In yeast, the Ure2p protein was found to form a
fibrillar network in the cytoplasm (Speransky et al., 2001).
Formation of elongated and ring-like Sup35p-GFP aggregates
has also been reported (Zhou et al., 2001). However, here,
owing to the particular cellular organization of filamentous
fungi, growth of such elongated fibrillar structures is not
restricted to a single cell as it is in yeast. The aggregates
observed inPodosporacan thus grow to considerable sizes.
These structures grow by lateral association of shorter fibrillar
aggregates. Considering that the HET-s(157-289) protein
forms amyloids in vitro, it is reasonable to assume that these
HET-s(218-289)-GFP aggregates are composed of amyloid or amyloid-like
+ HET-s(157-289) structures. Several human neurodegenerative disorders are
characterized by accumulation of amyloid aggregates in the
brain. It is, however, becoming increasingly clear that the large
amyloid aggregates themselves are not the neurotoxic species
in these diseases (Bucciantini et al.,, 2002; Caughey and
Lansbury, 2003). Consistent with this current view on amyloid
toxicity is the fact that strains containing large amounts of
HET-s(157-289) aggregates showed normal growth rates and
viability. The present study indicates that massive
intracytoplasmic accumulation of large amyloid-like
aggregates irPodosporadoes not affect cell viability to a
significant extend. HET-s(157-289) only becomes toxic when

Fig. 9.HET-s/GFP and HET-s(218-289)/GFP form elongated fibrillarexmes’Sed with HET-S.
aggregates when expressed with HET-s(157-289). In the prion state,
HET-s/GFP and HET-s(218-289)/GFP form dot-like aggregates whe L T
expressed alone (left) lgut fibrilla)r aggregates when eggre_gsed with RET-5(157-289) fibril organization in vitro
HET-s(157-289) (right). Notice that dot-like aggregates co-exist withCurrent models of the structure of filaments of the fungal
fibrillar aggregates in strains expressing either HET-s/GFP and HETprion proteins propose the existence of a central amyloid core
s(157-289) or HET-s(218-289)/GFP and HET-s(157-289). Scale barin a 3-sheet structure surrounded by globular portions in a
4 pm. native or near-native fold. This view is supported by strong
experimental evidence in the case of Ure2p (Baxa et al.,
2003). The available data on HET-s fibril architecture are also
whereas fluorescence appeared as aggregates in HET-S(18#ly consistent with this model (Balguerie et al., 2003;
289)/GFP transformants of the [Het-s] phenotype (Fig. 10Nazabal et al., 2003). The extensive deletion in the N-
Like HET-s(157-289)/GFP, HET-S(157-289)/GFP organizederminal globular domain in HET-s(157-289) is likely to
into elongated fibrillar aggregates that were often not as regularevent proper folding of this region and, indeed, the CD
as those observed with HET-s(157-289)/GFP (Fig. 10). Faspectrum of soluble HET-s(157-289) suggests that this
instance, in various aggregates, the width appeared to Ipeptide is poorly structured. It was therefore conceivable that
variable along the aggregate. Also, at the extremity of the vegdditional unfolded regions might be incorporated into the
long aggregates typical of the apical region, aggregates becamayloid core of the fiber, but this appears not to be the case.
curly and disorganized, and circular ring-shaped aggregatd$ie amyloid core of HET-s(157-289) is the same as that of
were often detected (Fig. 10). Such structures were ndull-length HET-s, suggesting that the region from 157 to 218
observed with HET-s(157-289)/GFP. is not competent to adopt the amyloid fold. In the amyloid
We conclude from this experiment that a deletion in the Neore model, the 157-218 region protrudes from the amyloid
terminal region in HET-S leads to a specificity switch to thecore in HET-s(157-289) fibrils. We have previously reported
[Het-s] incompatibility type. In addition, we conclude that thethat, in electron microscopy, full-length HET-s fibrils appear
five amino-acid differences between HET-s(157-289) andwisted and ‘ropey’, whereas HET-s(218-289) fibrils (which
HET-S(157-289) are responsible for modest but significantontain only the PFD) are smooth (Balguerie et al., 2003).
differences in higher-order aggregate organization. This difference was attributed to the fact that, in full-length
HET-s fibrils, the globular domain protruding from the
. . amyloid core imposes spatial constraints on fibrils
Discussion organization. We find here that HET-s(157-289) fibrils are
HET-s(157-289) aggregates are not toxic per se also smooth, which suggests that the short portion of the
Here, we have shown that the HET-s prion protein of the funguglobular domain decorating the amyloid core in HET-s(157-
P. anserinatruncated of its N-terminal 156 residues still 289) aggregates does not impose a significant constraint on
displays activity in terms of both prion propagation andfibrils organization in vitro.

HET-s(218-289)-GFP
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[Het-s*]

[Het-s]

Fig. 10.HET-S(157-289)/GFP
aggregates upon transition to the
[Het-s] state. Upon transition to
the [Het-s] prion state, HET-
S(157-289)/GFP forms fibrillar
aggregates. Notice that fibrillar
aggregates are often not as regular
as HET-s(157-289)/GFP
aggregates (left). In apical regions
(right), donut-shaped circular
structures are detected. Scale bar,
2 pum.

Supramolecular organization of HET-s(157-289) (Glover et al., 1997; Baxa et al., 2002; Balguerie et al., 2003;
aggregates in vivo Baxa et al., 2003). Our data now clearly indicate that the nature
We find that HET-s(157-289) forms very large elongatedf the N-terminal sequence appended to the PFD of HET-s
aggregates in vivo. In contrast to HET-s(157-289), full-lengttstrongly affects the supramolecular organization of the prion
HET-s-GFP and HET-s(218-289) do not reach that level ofrotein aggregates in vivo. Subtle amino acid differences such
supramolecular organization and instead coalesce into discreie those existing between HET-s(157-289) and HET-S(157-
dot-like structures (Coustou-Linares et al., 2001). Still, eve289) can also influence aggregate morphology in vivo. In
these dot-like aggregates are likely to be composed of amylogghrticular, circular aggregates were obtained with HET-S(157-
or amyloid-like fibrils, because full-length HET-s aggregates289) but not with HET-s(157-289).
formed in vivo were found to induce amyloid polymerization
of recombinant HET-s in vitro (Maddelein et al., 2002). Our _ o
time-lapse-microscopy experiments suggest that HET-s(15How are the [Het-s] and [Het-S] incompatibility types
289) aggregates have a strong tendency to stick together agRecified?
to associate laterally. It appears that the HET-s(157-289) has been shown previously that the [Het-s] and [Het-S]
construct specifically promotes such lateral associationmcompatibility types are defined by the polymorphisms at two
between short fibrils to form very long bundles. This laterabliscrete amino acid positions in the N-terminal globular
association presumably involves the 157-218 region protrudingomain (residues 23 and 33) (Deleu et al., 1993). We report
from the amyloid core. It is possible that hydrophobic stretchelsere that most of the region corresponding to the N-terminal
of the 157-218 region that are normally buried within theglobular domain (encompassing these polymorphic positions)
protein are exposed in the fibrils and cause the fibrils to selfs dispensable for the [Het-s] incompatibility function. In
associate laterally. The large, elongated organized structuraddition, deletion of this same region in HET-S leads to a
formed by HET-s(157-289) are not maintained in damagedpecificity switch to the [Het-s] incompatibility type. The
cells, raising the possibility that the cellular machinery ispresent observations are not consistent with a simple model in
required for their build up and maintenance. which the N-terminal regions of HET-s and HET-S are involved
It has been previously reported that the nature of than a protein-protein interaction process allowing specific
sequence attended to the PFD can affect amyloid morphologgcognition between either similar or unliketgene products.
of the Ure2p, Sup35p and HET-s fungal prion proteins in vitrdnstead, integrity of the globular domain appears to be required
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to specify the [Het-S] incompatibility type, whereas alterationsCoustou, V., Deleu, C., Saupe, S. and Begueret, (1997). The protein
of this domain by deletion or mutation lead to expression of product of thehet-s heterokaryon incompatibility gene of the fungus
the [Het-s] incompatibility type. The mechanism that causes g’gd;’??grgﬁ%se””“ha"es as a prion analégoc. Natl. Acad. Sci. USA
death in C(_EIIS éxpressing bOth, HET-s and_ HET'S I’ema'r‘éous’tou-Linares, V., Maddelein, M. L., Begueret, J. and Saupe, S. J.
largely elusive. Our current working hypothesis is based on the (2001). In vivo aggregation of the HET-s prion protein of the fungus
emerging models on amyloid toxicity in human disease Podospora anserinaMol. Microbiol. 42, 1325-1335.

(Bucciantini et al., 2002; Caughey and Lansbury, 2003). It j®eleu, C., Clave, C. and Begueret, §1993). A single amino acid difference

. . : . ._is sufficient to elicit vegetative incompatibility in the fungBedospora
now generally believed that cell death in amyloid diseases is_ o ..~ Genetics135 45.52.

caused by OHQQmeriC aggregation interme_diates, _Wheres_ls lar§@menthon, K., Paoletti, M., Pinan-Lucarre, B., Loubradou-Bourges, N.,
‘mature’ amyloids are harmless. These oligomeric species areSabourin, M., Saupe, S. J. and Clave, G2003). Rapamycin mimics the
thought to affect membrane integrity by forming pore-]ike incompatibility reaction in the fungu®odospora anseringEukaryot. Cell
structures. We have proposed that HET-S might inhibit the 2 238-245- .

lymerization process of HET-s, leading to the accumulation Reis, S., Coulary Salin, B., Forge, V., Lascu, I, Begueret, J. and
poly ) p T T g e Saupe, S. J(2002). The HET-s prion protein of the filamentous fungus
of HET-s oligomers blocked in their polymerization process podospora anserinaggregates in vitro into amyloid-like fibrils. Biol.
(Coustou-Linares et al., 2001). One possibility is that, once a Chem.277, 5703-5706. _ _ _

HET-S monomer has been incorporated into a HET-s aggregéf@LﬁeJAﬂ}s?’sKo(Vfé'é% S setden fhers ormes “ﬂ'yMs'ut%% L apnr?)tein
via its C_termm‘?‘l P.FD’ the. globular dom‘.”un of HET_S hinders determinant of [PSI+], a heritable prion-like factorSofcerevisiaeCell 89,
further polymerization. This model readily explains why the g11.g19.

deletion in C-terminal PFD abolishes both [Het-s] and [Het-Skheterpal, I., Williams, A., Murphy, C., Bledsoe, B. and Wetzel, R(2001).
function (Balguerie et al., 2003), whereas a deletion in the Structural features of the Ab amyloid fibril elucidated by limited proteolysis.

; _ ; Biochemistry40, 11757-11767.
gIObUIar domain affects Only the [Het S] function. Maddelein, M. L., Dos Reis, S., Duvezin-Caubet, S., Coulary-Salin, B. and

The present analysis provides novel insights into the s, e s 3(2002). Amyloid aggregates of the HET-s prion protein are
mechanisms that govern higher-order prion protein aggregateinfectious.Proc. Natl. Acad. Sci. US89, 7402-7407.
organization in vivo. It also contributes our understanding oRNazabal, A., Dos Reis, S., Bonneu, M., Saupe, S. J. and Schmitter, J. M.
the way the HET-s prion triggers cell death when interacting (§003). Conformational transition occurring upon amyloid aggregation of
the

. . 3 . HET-s prion protein of Podospora anserina analysed by
with the antagonistic HET-S protein. hydrogen/deuterium exchange and mass spectroniibghemistry42,

_ o 8852-8861.
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and is essential for differentiation in the filamentous fungodospora
anserina Mol. Microbiol. 47, 321-333.
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