
between 0.2 and 1.0 in nestlings. As not all individuals were typed with the same set of
microsatellite markers, we calculated standardized individual heterozygosity10

(proportion of heterozygous loci/mean heterozygosity of typed loci). This measure is used
in all analyses and is referred to as ‘individual heterozygosity’ for simplicity. We also
calculated two other, previously suggested measures of individual genetic diversity:
internal relatedness10 and mean d2-value29 where d 2 is the squared length difference
between the alleles at a locus. Heterozygosity, standardized heterozygosity and internal
relatedness were highly correlated (all r . 0.89, P , 0.0001) and all three measures led to
similar conclusions (data not shown). Mean d 2-values were weakly correlated with the
other measures (r ¼ 0.24–0.32, all P , 0.0001) and explained comparatively little
variation in individual fitness.

The assumption that heterozygosity measured at a limited number of loci reflects
genome-wide heterozygosity can be questioned30. Any relationship between average
heterozygosity and fitness might be due to close linkage between a microsatellite locus and
loci coding for fitness-related traits. To check whether the effect of overall heterozygosity
on fitness depended on one or a few of the microsatellite loci, we repeated all analyses for
each locus separately (data not shown). Heterozygosity at six out of seven loci significantly
affected at least one fitness measure, and different fitness measures were predicted by
heterozygosity at different loci, so we only present data on overall heterozygosity.

We calculated pairwise relatedness between partners using Relatedness 5.0 (http://
www.gsoftnet.us/GSoft.html). The average relatedness between adult males and females
(expected r ¼ 0) in our study population was 20.0007 (s.e.m. calculated by ‘jack-knifing’
over loci ¼ 0.0009). In a random sample of 100 broods, the average relatedness among full
siblings (expected r ¼ 0.5) was 0.47 (s.e.m. ¼ 0.02). The mean inbreeding coefficient of
our population (F is), calculated from the microsatellite data using Fstat V2.9.3, equals
20.006. The observed level of inbreeding was 3.3%: two of 61 local recruits (with known
parents) mated with close relatives (r ¼ 0.5 and 0.125).
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D. Kaulfuss, H. Kunc, K. Peer, A. Pösel and A. Türk for help with field and laboratory work;

S. Andersson for computing the colour variables; and H. Winkler (Konrad Lorenz Institute for

Comparative Ethology) and R.-T. Klumpp and A. Fojt (Institute of Silviculture, University of

Agricultural Sciences, Vienna) for logistic support.

Competing interests statement The authors declare that they have no competing financial

interests.

Correspondence and requests for materials should be addressed to B.K.

(b.kempenaers@erl.ornithol.mpg.de).

..............................................................

RNA molecules stimulate prion
protein conversion
Nathan R. Deleault, Ralf W. Lucassen & Surachai Supattapone

Department of Biochemistry, 7200 Vail Building, Dartmouth Medical School,
Hanover, New Hampshire 03755, USA
.............................................................................................................................................................................

Much evidence supports the hypothesis that the infectious agents
of prion diseases are devoid of nucleic acid, and instead are
composed of a specific infectious protein1. This protein, PrPSc,
seems to be generated by template-induced conformational
change of a normally expressed glycoprotein, PrPC (ref. 2).
Although numerous studies have established the conversion of
PrPC to PrPSc as the central pathogenic event of prion disease, it is
unknown whether cellular factors other than PrPC might be
required to stimulate efficient PrPSc production. We investigated
the biochemical amplification of protease-resistant PrPSc-like
protein (PrPres) using a modified version3 of the protein-mis-
folding cyclic amplification method4. Here we report that
stoichiometric transformation of PrPC to PrPres in vitro requires
specific RNA molecules. Notably, whereas mammalian RNA
preparations stimulate in vitro amplification of PrPres, RNA
preparations from invertebrate species do not. Our findings
suggest that host-encoded stimulatory RNA molecules may
have a role in the pathogenesis of prion disease. They also provide
a practical approach to improve the sensitivity of diagnostic
techniques based on PrPres amplification.

We previously showed that PrPres amplification in vitro shares
many specific features with the pathogenic process of prion propa-
gation in vivo, including strain and species specificity3. In a typical
amplification reaction, diluted prion-infected brain homogenate
(0.1% w/v) is mixed with either 5% (w/v) normal brain homogenate
or buffer control and incubated overnight at 37 8C. Hamster Sc237
PrPres is amplified about sixfold under these conditions (Fig. 1a,
compare M with Sc). While characterizing the biochemical require-
ments of PrPres amplification reactions, we were surprised
to discover that treatment of such reactions with DNase-free,
heterogeneous pancreatic RNase abolished PrPres amplification in
a dose-dependent manner (Fig. 1a, first panel). In vitro PrPres
amplification was also abolished by treatment with purified pan-
creatic RNase A, RNase T1, micrococcal nuclease, or benzonase
(Fig. 1a). In a control experiment, we found that addition of
RNase A for 1 h after overnight incubation did not reduce the
recovery of PrPres already amplified (Supplementary Fig. S1).

By contrast, PrPres amplification was not affected by addition of
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RNase V1, which degrades only double-stranded (ds)RNA mol-
ecules5, or RNase H, which specifically cleaves RNA:DNA hybrids6

(Fig. 1b, first and second panels). Taken together, these results
suggest that single-stranded (ss)RNA is required for PrPres ampli-
fication in vitro, but that dsRNA and RNA:DNA hybrids are not.
Addition of DNase or the restriction enzyme EcoRI did not decrease
PrPres amplification, showing that DNA is not required for the
process (Fig. 1b, third and fourth panels). Addition of the enzymes
apyrase and heparinase III also had no effect on PrPres amplifica-
tion, suggesting that neither high-energy nucleotides nor molecules
containing heparan sulphate are required for PrPres amplification
in vitro (Fig. 1b, fifth and sixth panels). In control experiments, we
confirmed the degradation of the target molecules in each of these
reaction mixtures by using appropriate analytical assays for these
structures (Supplementary Fig. S2).

To ensure that the commercial nuclease preparations we used
were not contaminated with proteases, we measured the levels of
PrPC and PrPres after overnight incubation with various nucleases.
These measurements confirmed that levels of PrPC (Fig. 2a) and
input PrPres (Fig. 2b) were both unperturbed by addition of
enzymes that inhibited PrPres amplification.

As a control to confirm that abolition of PrPres amplification
depends on the stimulatory activity of each inhibitory nuclease, we

added benzonase, micrococcal nuclease and RNase A to PrPres
amplification reactions in enzymatically inactive states. Both benzo-
nase and micrococcal nuclease require divalent cations for enzy-
matic activity, so we inactivated these nucleases by addition of 5 mM
EDTA. The active site of RNase A contains a critical histidine residue
that can be covalently modified by diethyl pyrocarbonate (DEPC).
Therefore, we pre-treated RNase A with DEPC to inhibit its RNase
activity, and removed excess DEPC by dialysis. Our results show that
none of the three nucleases inhibits PrPres amplification in their
inactive states, supporting the hypothesis that intact RNA molecules
stimulate this process (Fig. 2c).

To test whether inhibition of PrPres amplification might be
mediated by end products of RNase digestion, we measured directly
the effect of cyclic 2 0 ,3 0-guanidine monophosphate (GMP) and 3 0 -
cytidine monophosphate (CMP) on PrPres amplification. Neither
of these nucleotides inhibited PrPres amplification in vitro at
concentrations up to 1 mM (Fig. 2d). Our control experiments
rule out the possibility that contaminating proteases, steric hin-
drance, or digestion end-products account for the inhibition of

 

 

 

Figure 1 Effect of various enzymes on PrPres amplification. Immunoblots of PrPres

amplification reactions. Samples include mixtures of normal and diluted scrapie brain

homogenate (M), diluted scrapie brain homogenate control (Sc), and mixtures of normal

and diluted scrapie brain homogenate incubated with various enzymes in a dilution series.

The values of X (manufacturer’s U ml21) for enzymes are: DNase-free RNase ¼ 0.5;

RNase A ¼ 0.005; RNase T1 ¼ 50; micrococcal nuclease ¼ 0.005; benzonase ¼ 2.5;

RNase V1 ¼ 0.01; RNase H ¼ 1; RNase-free DNase ¼ 1; EcoRI ¼ 1; apyrase ¼ 0.1;

heparinase III ¼ 0.025.

  

 

Figure 2 Nucleases do not cause proteolytic, steric or end-product inhibition of PrPres

amplification. a, Effect of DNase-free RNase on PrPC levels. Standard amplification

mixtures were incubated overnight with RNase. Serial dilutions of each sample are shown.

b, Effect of nucleases on PrPres levels. Samples of diluted scrapie brain homogenate were

treated with specified nucleases at concentrations designated ‘X’ in Fig. 1. c, Effect of

inactivated nucleases on PrPres amplification. Samples include mixtures of normal and

diluted scrapie brain homogenate (M) and diluted scrapie brain homogenate control (Sc).

d, Effect of nucleotides on PrPres amplification.
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PrPres amplification by specific nucleases. Taken together, these
experiments indicate that RNA is required for PrPres amplification
in vitro.

We next sought to determine whether a preparation of isolated
RNA molecules could reconstitute the ability of nuclease-treated
normal brain homogenate to amplify PrPres. Remarkably, total
RNA isolated from hamster brain successfully reconstituted the
ability of benzonase-pre-treated brain homogenate to amplify
PrPres in a dose-dependent manner (Fig. 3a). By contrast, purified
heparan sulphate proteoglycan (HSPG) failed to reconstitute PrPres
amplification (Fig. 3a). Other polyanions, such as ssDNA (Fig. 3b),
polyadenylic acid, heparan sulphate, pentosan sulphate and poly-
glutamic acid (data not shown) also failed to stimulate PrPres
amplification. In this and other reconstitution experiments, benzo-
nase-treated control lanes have a greater level of PrPres amplifica-
tion than the diluted scrapie brain homogenate control samples,
indicating that the benzonase pre-treatment reactions were incom-
plete. Empirically, we found that it was necessary to perform
benzonase pre-treatment reactions at 4 8C to avoid denaturing
PrPC before the addition of polyanions.

To estimate the molecular size of the RNA species capable of
reconstituting PrPres amplification, we fractionated our prep-
aration of total hamster brain RNA by ultrafiltration through a
filter with a relative molecular mass cutoff of approximately 100,000
(M r 100K). Using agarose gel electrophoresis, we detected all of the
ribosomal RNA bands in the retentate and all of the transfer RNA in
the filtrate (data not shown). Using these samples, we discovered
that the filter retentate was capable of reconstituting PrPres ampli-
fication to a level slightly lower than unfractionated total brain
RNA. By contrast, the filtrate was not able to reconstitute PrPres
amplification (Fig. 3c). These data indicate that most of the
reconstitution activity is conferred by RNA molecules .100K in
size (.300 nucleotides).

There is currently a need to develop more sensitive diagnostic
tests for prion disease—this might be achieved by increasing the
efficiency of PrPres amplification techniques. We therefore investi-
gated whether addition of total hamster brain RNA could increase
the efficiency of PrPres amplification in vitro in brain samples not

pre-treated with nuclease. We mixed a more dilute homogenate of
prion-infected brain (0.02% w/v) with 5% (w/v) normal brain
homogenate overnight without sonication, and measured PrPres
amplification. Our results show that addition of total hamster brain
RNA to this mixture of intact brain homogenates significantly
stimulates PrPres amplification over baseline (Fig. 4a). As a control,
we confirmed that addition of RNA did not alter the level of input
PrPres or PrPC in these samples (Supplementary Fig. S3). Densito-
metric measurements indicate that PrPres in 0.02% (w/v) prion-
infected brain homogenate samples is amplified about sixfold after
overnight incubation, similar to the PrPres amplification level
previously reported for 0.1% (w/v) prion-infected brain homogen-
ate3. By contrast, PrPres in samples amplified with RNA is amplified
about 24-fold, indicating that addition of RNA increases the
efficiency of in vitro PrPres amplification about fourfold. Addition
of RNA also increased the efficiency of PrPres amplification of
sonicated protein-misfolding cyclic amplification (PMCA) reac-
tions (Supplementary Fig. S4).

To assess the specificity of RNA-mediated stimulation of PrPres
amplification, we isolated total RNA from several sources, including
Escherichia coli, Saccharomyces cerevisiae, Caenorhabditis elegans,
Drosophila melanogaster, and mouse and hamster brain. Agarose gel
electrophoresis analysis of these preparations revealed the expected
band patterns for each species and confirmed that each preparation

 

 

Figure 3 Reconstitution of PrPres amplification with RNA. Immunoblots of PrPres

amplification reactions. Samples include mixtures of normal and diluted scrapie brain

homogenate (M) and diluted scrapie brain homogenate control (Sc). Indicated samples

were pre-treated with benzonase before reconstitution assays as described in Methods.

a, Reconstitution with total hamster brain RNA or HSPG. b, Reconstitution with

0.5 mg ml21 total hamster brain RNA or 0.5 mg ml21 random, synthetic 23-base DNA

oligonucleotide. c, Reconstitution with 0.5 mg ml21 total (T), filtrate (F), retentate (R) and

50% formamide retentate (R*) samples from RNA fractionated by ultrafiltration.

 

Figure 4 Stimulation of PrPres amplification with RNA. a, Immunoblot of PrPres

amplification reactions. Samples include mixtures of 5% (w/v) normal and 0.02% (w/v)

scrapie brain homogenate (M) and diluted scrapie brain homogenate control (Sc).

Indicated samples contained 0.5 mg ml21 total hamster brain RNA (þ). b, Agarose gel

electrophoresis of total RNA prepared from various species. c, Immunoblot of species-

specific stimulation of PrPres amplification with RNA. Total RNA (0.5 mg ml21) prepared

from various species was added to PrPres amplification reactions.
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contained high-quality, non-degraded RNA (Fig. 4b). Furthermore,
each of these preparations was substantially free from contaminants
as judged by optical spectroscopy (A 260/A 280 . 1.9; where A
indicates absorbance and subscript numbers indicate wavelength).
Notably, among the six preparations of RNA tested, only hamster
and mouse brain RNA could stimulate PrPres amplification in vitro
(Fig. 4c). This apparent species specificity cannot be attributed to
tissue specificity because total hamster liver RNA also stimulated
PrPres amplification (data not shown). This argues that mice and
hamsters express specific RNA molecules required for PrPres
amplification. Additional experiments show that the RNA stimu-
lation activity within the Trizol-extracted hamster brain RNA
preparation was irreversibly destroyed by glyoxylation, but not by
deproteination, heating to 60 8C, or transient exposure to 50%
formamide for 1 h (Supplementary Fig. S5).

If PrPres amplification studies accurately model PrPSc formation
in vivo, the results presented here represent a significant advance in
our understanding of the mechanism of prion conversion. Pre-
viously, it has been shown that purified PrPC can be converted
into protease-resistant PrPres in vitro in the absence of cellular
cofactors7. However, the fact that a 50-fold molar excess of purified
PrPres is required to drive conversion of purified PrPC suggests that
efficient PrPres formation may depend on the presence of cellular
factors other than PrPC (ref. 8). On the basis of the results presented
here, we propose the hypothesis that specific RNA molecules
are cellular cofactors for PrPSc formation. Consistent with our
hypothesis that specific RNA-converting factors stimulate PrPSc

formation, nucleic acids bind avidly to and promote conformation-
al change of recombinant PrP (refs 9–14). However, it is important
to note that full-length, refolded recombinant PrP lacking post-
translational modifications cannot undergo stoichiometric conver-
sion to PrPres (Supplementary Fig. S6), and therefore the results of
biophysical studies using recombinant PrP cannot be directly
related to the results described here. It has been proposed that
PrPSc molecules might bind to specific host RNA molecules to
generate strain diversity15. Whether the RNA-converting factors we
describe are also involved in generating strain diversity remains to
be determined. Finally, it is important to emphasize that the
existence of RNA-converting factors is fully consistent with the
protein-only hypothesis proposed previously1, because the nucleic
acids we describe are host-encoded and not contained within the
infectious agent. A

Methods
Animal and reagent sources
Specific-pathogen-free female golden Syrian hamsters at 3 weeks old were purchased from
Charles River Laboratories. Apyrase, DEPC, cyclic 2

0
,3
0
-GMP, 3

0
-CMP, heparinase III,

heparan sulphate proteoglycan (M r .200K), polyadenylic acid (M r 200–2,000K) and
polyglutamic acid (M r 50–100K) were obtained from Sigma; RNase-free DNase,
micrococcal nuclease, RNase A and DNase-free RNase were obtained from Roche; RNase
T1 was obtained from Epicentre; recombinant benzonase nuclease was purchased from
Novagen; EcoRI was obtained from Gibco BRL; and RNase H and RNase V1 were obtained
from Ambion.

In vitro PrPres amplification
In vitro PrPres amplification3 and PMCA4 were performed as previously described, except
that normal brain homogenates were prepared with EDTA-free complete protease
inhibitors (Roche) to facilitate experiments involving metal-dependent enzymes. Two
millimolar MgCl2 was added to reactions with benzonase and 2 mM CaCl2 was added to
reactions with micrococcal nuclease and apyrase. All amplification and control reactions
were performed at 37 8C for 16 h. For PrPres detection, protease digestion was performed
with 50 mg ml21 proteinase K for 1 h at 37 8C and immunoblotting was performed with
3F4 monoclonal antibody (Signet). For PrPC detection, samples were not subjected to
proteinase K digestion before immunoblotting. All protein electrophoresis experiments
shown were performed on 12% SDS polyacrylamide gels and reference M r for such
experiments are shown.

Nuclease inactivation
Micrococcal nuclease and benzonase were inhibited with 5 mM EDTA. RNase A (50 mg)
was incubated with 1% DEPC in 100 ml at 25 8C for 2 h. After incubation, the reaction was
dialysed twice against 1 l 10 mM Tris pH 7.2 at 4 8C using a Pierce 3500 MW Slide-A-Lyzer

minidialyis unit to remove free DEPC. Control samples containing active RNase A were
dialysed in parallel. Protein recovery .90% was confirmed by BCA assay (Pierce). Active
and inactivated nucleases were added to amplification reactions at concentrations
designated ‘X’ in Fig. 1. ‘No enzyme’ control samples were processed in parallel.

Reconstitution assays
Nuclease digestion before reconstitution was performed by incubating a batch of
normal brain homogenate (10% w/v) with benzonase (final concentration of 2.5 U ml21)
and 2 mM MgCl2 for 16 h at 4 8C in the absence of detergents. Benzonase was then
inactivated by the addition of 5 mM EDTA before reconstitution with RNA or other
polyanions.

Preparation and measurement of RNA
RNA was isolated from animals ,5 min after death using rotor–stator homogenization,
extraction with Trizol reagent (Invitrogen) for 5 min at 25 8C, and isopropanol
precipitation according to manufacturer’s instructions, using RNase-free reagents,
containers and equipment. For yeast, cell walls were disrupted during extraction as
previously described, using Trizol in place of phenol16. All RNA solutions were alcohol
precipitated, washed and resuspended in RNase-free water before use. The concentration
and purity of each solution was determined by spectroscopic measurement of absorbance
at l1/l2 ¼ 260/280 nm and confirmed by electrophoresis on 1% agarose gels stained with
ethidium bromide.

RNA size fractionation
Total hamster brain RNA (0.4 mg) was diluted into 0.8 ml RNase-free water, loaded in
0.2-ml batches onto four separate Schleicher and Schuell Centrex UF-05 (100K cutoff)
ultrafiltration devices, and centrifuged for 15 min at 3,000g. The devices were then washed
with an equal volume of water. The filtrates were pooled and retentate fractions collected
by briefly centrifuging the ultrafiltration devices upside down into new microcentrifuge
tubes. Parallel samples of denatured retentate were prepared in 50% formamide to disrupt
all intra- and intermolecular interactions.

Reverse transcriptase polymerase chain reaction
RT–PCR was performed using the One Step RNA PCR kit (AMV) from Takara/Fisher
following the manufacturer’s instructions, using the PrP-specific primers 5

0
-CGAACC

TTGGCTACTGGCTGCTG-3 0 and 5 0 -GCTTGATGGTGATATTGACGCAGTC-3 0 , and
the following parameters: reverse transcription at 50 8C for 15 min, heat inactivation of
reverse transcriptase at 94 8C for 2 min, £25 PCR cycles (94 8C for 30 s, 55 8C for 30 s, 72 8C
for 90 s). Products were run on a 1% agarose gel and stained with ethidium bromide.
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