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Sowing the Protein Seeds of
Prion Propagation

Mick F. Tuite

ccording to the “protein-only” hy-
Apothesis, an “infectious protein”
(prion) adopts an altered conforma-
tion, forming a seed that induces normal
cellular versions of that protein to adopt the
aberrant form. In this way the infectious
protein can be propagated and transmitted
to other cells in the
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content/full/289/5479/556 been invoked to ex-
plain the transmission
of a group of neurodegenerative diseases
that include Creutzfeldt-Jakob disease in
humans and scrapie in sheep. In these dis-
eases, cells appear to have both a normal
cellular version of the prion protein (PrP),
which can be readily digested by proteolyt-
ic enzymes, and an infectious form (PrP),
which has a P sheet-rich conformation and
is protease-resistant. Although it has been
possible to generate a variety of mam-
malian protease-resistant forms of PrPS in
the test tube (/), none of them are infec-
tious even though they have all of the
physico-chemical properties of prions iso-
lated from infected animal brain tissue (2).
To prove the protein-only hypothesis, a pu-
rified soluble form of the prion protein
must be shown to form an infectious agent
spontaneously in vitro. Although mam-
malian prions have not yielded the neces-
sary proof, Sparrer et al. (3) report on page
595 of this issue that yeast prions have been
a lot more cooperative. They show that the
prion form of the normal yeast protein,
Sup35p, effectively seeds a self-propagat-
ing conformational change in normal
Sup35p of living yeast cells. Their demon-
stration provides the finishing touches to an
extensive body of data that supports the
protein-only hypothesis.

Normal Sup35p (encoded by the SUP35
gene) is one of at least two, and possibly
up to 20, proteins in'yeast that can acquire
the self-propagating properties associated
with mammalian prions (4). The normal
form of Sup35p is essential for decoding
mRNA, ensuring that ribosomes terminate
correctly at the end of the coding region.
The functionally inactive prion form of
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protein-only hypothesis has come from in-
duction experiments in which parts of the
prion forms of either of these proteins are
transiently overexpressed in yeast cells. In
some cases, such overexpression resulted in
a 1000-fold increase in the rate of appear-
ance of the prion form. The normal soluble
form of Ure2p or Sup35p can be “seeded”
with a small amount of the corresponding

" prion (7, 8). Microscopic
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analysis of the resulting ag-
gregates reveals that they
are ultrastructurally very
similar to the fibrillar poly-
mers formed by mam-
malian prions and other
amyloid-like proteins. The
- relevance of this in vitro
conversion to the prionlike
behavior of Sup35p in vivo
is highlighted by studies
with mutant forms of
Sup35p (9). Several mu-
tants that are unable to
propagate the [PSI*] phe-
notype in vivo are also less
efficient at seeding the con-
version of the normal pro-
tein to the prion form in
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vitro. The Sparrer study
now unequivocally demon-
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A soupcon of prion seeds. Liposome delivery of the Sup35p
prion seed. A fragment of Sup35p (Sup35pNM) in the prion form
can “seed” the adoption of the prion conformation by normal
Sup35p. New seeds are then generated from the accumulating
aggregates of prion Sup35p and are transmitted to daughter

cells, thus propagating the [PSI*] phenotype.

Sup35p confers the so-called [PSI*] pheno-
type on yeast cells. In such strains, Sup35p
is found almost exclusively as a protease-
resistant, high molecular weight aggregate.
The other well-characterized yeast prion is
the nitrogen regulatory protein Ure2p.
Strains with the prion form of Ure2p have
the [URE3*] phenotype, characterized by
an inherited alteration in nitrogen
metabolism. Until now the only way to
transmit the [PSI*] and [URE3*] pheno-
types between yeast cells has been through
fusion of the cytoplasm of two cells (cyto-
duction) either with or without concomi-
tant nuclear fusion. Spontaneous appear-
ance of the aggregated prion form of these
two proteins does occur (albeit at a rate of
<1076 in most strains) as long as the corre-
sponding nuclear genes—URE2 and
SUP35—are present (5).

In 1994, Wickner first proposed that the
non-Mendelian inheritance of the [URE3*]
and [PSI*] genetic determinants could be
explained by the prionlike behavior of the
Ure2p and Sup35p proteins (6). So far, the
most convincing evidence in support of the

strates that the establish-
ment of the [PSI*] pheno-
type in yeast in vivo is a di-
rect consequence of seed-
ing by an altered conforma-
tion of Sup35p.

These investigators
selected an amino-termi-
nal fragment of Sup35p (Sup35pNM) for
their experiments because this region is es-
sential for [PSI*] propagation (0). They en-
capsulated into liposomes a recombinant
form of the Sup3S5pNM fragment that ag-
gregates in vitro. They then fused the lipo-
somes with yeast cells that had the normal
(but not the prion) form of Sup35p (see the
figure). To demonstrate successful delivery
of Sup35pNM to yeast cells, the authors in-
cluded a plasmid marker. Less than 1 in 10°
of the cells that were mixed with the loaded
liposomes acquired the plasmid marker; but,
of these, approximately 2% became [PST*].
The rate of acquisition of the [PSI*] pheno-
type was about 10-fold higher than that for
yeast cells fused with control liposomes that
did not carry Sup35pNM. The increased ap-
pearance of [PST*] cells did not seem to be
a consequence of a dramatic increase in the
amount of Sup35pNM in the yeast cells af-
ter fusion. Sparrer et al. calculated that the
amount of Sup35pNM delivered by each li-
posome represented less than 10% of the
endogenous amount of Sup35p in the yeast
cells after fusion. Clearly, some of the lipo-
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somes delivered an infectious agent that
provided a seed, enabling endogenous
Sup35p to convert to the self-propagating
prion form. This form was subsequently
transmitted from the original yeast cells to
daughter cells through cell division, and
was then propagated over a number of gen-
erations of growth. Two variants of the
Sup35pNM fragment known to be defec-
tive in seeding conversion of normal
Sup35p to the prion form (9) were unable
to seed this conversion when delivered by
liposomes to yeast cells.

These experiments prompt the ques-
tion, What is the nature of the Sup35p seed
that catalyzes Sup35p conversion? Sparrer
and co-workers show that only a small per-
centage of the Sup35pNM-loaded lipo-
somes contain, or at least are able to deliv-
er, seeding activity. This hints that it is not
simply aggregated Sup35p that acts as the
seed. Fibrils of Sup35p formed by conver-
sion of the normal protein to the prion form
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exist for the most part as amyloid-like fib-
rils (7), although there has been no direct
demonstration that these fibrils are the
seeds that initiate the normal-to-prion con-
version. Tellingly, agitation (and the pre-
sumed consequent fragmentation of
Sup35p fibrils) greatly increases their seed-
ing activity in vitro (7, 9). In vivo, the pic-
ture is even less clear. Sedimentation analy-
sis of Sup35p has confirmed that it is found
primarily as part of an aggregate (that can
be pelleted by centrifugation) in [PSI*]
cells. But there is no evidence that these ag-
gregates consist of fibrillar polymers of
Sup35p even though they can seed prion
conversion in vitro.

Fibrils of Sup35p formed in vitro and
the high molecular weight Sup35p aggre-
gates found in vivo may simply be “dead-
end” products of the polymerization pro-
cess. The prion-forming seeds may be
lower molecular weight, possibly
monomeric, forms of Sup35p that have ac-

quired a new and inheritable conforma-
tion. We know from studies of chemically
induced [PSI*] loss in yeast that there are
at least 60 seeds per haploid cell (/7). Un-
til the identity of these seeds has been es-
tablished, we can only speculate about the
mechanism of protein-mediated inheri-
tance in yeast and the transmission of pri-
ons in mammals.

References

. D.A. Kocisko et al., Nature 370, 471 (1994).

. A.F.Hill et al, J. Gen. Virol. 80,11 (1999).

. H.E. Sparrer et al., Science 289, 595 (2000).

. N. Sondheimer and S. Lindquist, Mol. Cell 5, 163
(2000).

. R.B.Wickner and Y. O. Chernoff, Prion Biology and Dis-
eases, S. B. Prusiner, Ed. (Cold Spring Harbor Laboratory
Press, Cold Spring Harbor, NY, 1999), pp. 229-272.

. R.B.Wickner, Science 264, 566 (1994).

. J.R.Glover et al, Cell 89,811 (1997).

. C.Thaul et al,, J. Biol. Chem. 274, 13666 (1999).

. A. H. DePace et al.,, Cell 93, 1241 (1998).

. M.F.Tuite, Cell 100, 289 (2000).

. S.S. Eaglestone et al, Proc. Natl. Acad. Sci. U.S.A. 97,
240 (2000).

v HWN =

20 LVLONO

-

How to Be Truly Photonic

E.Yablonovitch

al (3D) dielectric structures with a

forbidden gap for electromagnetic
waves, analogous (I) to the electronic
band gap in semiconductors that lies at the
heart of silicon technology. A photonic
band gap allows light to be trapped in the
tiniest volumes and optoelectronic de-
vices, which interface optical and elec-
tronic components, to reach their ultimate
limit of miniaturization.

The dream of photonic integrated cir-
cuits—microchips for light—remains yet
to be fulfilled, and many believe that tiny
photonic crystal devices will hold the key.
The Internet is demanding more and more
communications capacity that will require
vast numbers of such optical components.
As reported on page 604, Noda ef al. (2)
now bring these devices one step closer to
reality by creating a photonic crystal with
unprecedented performance.

The first photonic crystals were report-
ed about 10 years ago (3, 4), but they were
hardly photonic at all. They were large
structures and had gaps at microwave fre-
quencies and centimeter wavelengths.
Since then, the race has been on to shrink
the structures down to optical wave-
lengths. This has not been an easy task,
not least because photonic crystals are in-

Photonic crystals are three-dimension-
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tricate 3D objects that must be created
with nanometer precision.

Among the variety of optical materials,
only those with a refractive index greater
than roughly 2.0 are capable of supporting
a photonic band gap. For fully functional
optoelectronics, the classic III-V semicon-

Stacking assembly of photonic crystals. Just eight layers
make a respectable photonic crystal. With the strategy of
Noda et al. (2), this requires only three stacking and align-

ment steps.

ductors, such as GaAs, will ultimately be
preferred, because they combine both opti-
cal and electronic function. Although there
has been considerable progress with other
substances, such as TiO, and silicon, the
III-V semiconductors remain the preemi-
nent materials of choice.

The ideal structure for photonic band
gaps must recreate, at the optical wave-
length scale, the beautiful valence bond
structure of diamond crystals at the atomic
scale. Diamondlike connectivity or geom-

etry in photonic crystals has provided the
widest photonic band gaps observed to
date even for relatively low refractive in-
dex contrast. Other crystal structures are
easier to make. For example, face-centered
cubic (fcc) crystals will self-assemble
from microspheres in many types of col-
loidal solutions. But these fcc crystals
have a relatively feeble gap that requires a
refractive index greater than 2.8. These
materials are likely to have other optical
applications but are unlikely to provide
full optoelectronic function,
wherein electricity directly cre-
ates light.

Strategies for meeting the ex-
acting set of requirements for a
3D, diamondlike nanostructure,
with a III-V material base, for
photonic crystals have long been
sought. There have been some
mildly successful efforts in the
past (3, 6). A figure of merit has
emerged to measure their suc-
cess, with the rejection of opti-
cal intensity within the forbid-
den band gap becoming the ac-
cepted gauge. For a photonic
band gap to be interesting, a rejection fac-
tor of 10 is deemed rather inadequate. Op-
tical rejection should be much higher, at
least 100 and up to 10,000 or more accord-
ing to need.

The excellent report by Noda et al. (2)
represents a watershed in photonic crystal
research. The authors demonstrate unprece-
dented optical rejection >10,000 in a GaAs
photonic band gap structure. All of the key
requirements for photonic crystal-based op-
toelectronics are demonstrated in this work.
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