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Abstract
been suggested to be an additiona factor. A large body of intriguing features of scrapie and prion diseases have

Owing to the high oxygen-respiration in the brain of mammals, oxidative damage to prion protein has

provided multiple lines of indirect chemistry evidence, suggesting that the infectious agents may be putative forms of
sequence-specific prion radicals (SSPR) and /or their immediate precursors in the transmissible spongiform encepha-
lopathies (TSE).
prion free-radical processes, consonant with “protein-only” hypotheses is proposed. This new theory may not only

Here a molecular mechanism corresponding to the self-replication of scrapie protein mediated by

aid our understanding of the occurrence of prions, but also provides new insight into the possible chemistry principles
It is anticipated that future studies based on this suggestion and chem-
istry principles of genetic diseases may allow us to determine an effective approach to stop mad cow disease and its

underlying the neurodegenerative disorders.

human version, new variant of Creutzfeldt-Jakob disease (v CID).

August 2003

Keywords

Sequence-specific prion radicals (SSPR), Transmissible spongiform encephal opathy (TSE), Genetic

diseases, Creutzfel dt-Jakob disease (CJD), Reductive zipper motif, Protein-radical process

CLC numbers R373, R742

1 Introduction

Recently, a multi-disciplinary suggestion of
“prion radicals’ as a putative and opportunistic
pathogent™? promoted research on the chemistry of
prion and spur attempts to emulate it in severa labo-
ratories, meanwhile, more recent studies demonstrated
that the octarepeats may be oxidized by both copper
ion (11) and reactive oxygen species.*”

But how to draw an equation between prion
pathogen in biology and a protein free radical process
in chemistry, here is a multi-disciplinary discussion.

2 The old question: prion diseases and
scrapie

Prion diseases are mammalian neurodegenerative
disorders caused by prions, a notable subvira patho-

gen that is believed to be devoid of nucleic acids.®?!
The diseases occur as three types of incidences, i.e.,
gporadic, inherited and infectious, and includes
scrapie in sheep, transmissible bovine spongiform
encephalopathies (BSE or mad cow disease) in cattle
and Creutzfeldt-Jakob Disease (CJD) in humans.[**®
Over the past decades, there has been a renewal of
interest in this subject, since both epidemiological
study and laboratory experiments suggest a strong
linkage between BSE and a new variant of human
Creutzfeldt-Jakob disease (v CID),"™ which is re-
garded as a human form of BSE. More recently, a
dramatic increase in both British and French BSE has
been observed, with up to over 90 cases of v CID
found in UK and meanwhile, up to 5 people in France
succumbed to v CJD. It is therefore of particular im-
portance to elucidate the molecular mechanism in
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prion pathogenesis and define the causative factor
before preventative measures and effective therapeutic
intervention could be taken.

Scrapie in sheep has been observed for more than
250 years. A mathematician™@ initially postulated
“protein-only” as a highly speculative hypothesis to
explain scrapie replication, and it has since been a
prevailing view. Since prion research has emerged
as a multi-disciplinary subject, there has been little
dispute over the central role of prion protein in the
disease. Three major research camps, i.e., biologists,
molecular geneticists, and protein misfolding scien-
tists, have focussed their research efforts on the un-
known molecular mechanism how a normal prion
protein (PrP°) is structurally converted to the diseased
form (PrP>).3%33 Byt until now, progress in deline-
ating the unknown pathogenic mechanism has been
hampered in several aspects. First, protein misfold-
ing theory, supported by presumably equivoca evi-
dence in prions, is contradictory to the
long-established Anfinsen’s protein folding hypothesis,
in which it states “one protein, one conformation”
under a certain physiological condition.*¥ Second,
misfolding theory is inconsistent with the phenome-
non as more than 20 types of prion strains, together
with alarge discrepancy in the correlation between the
amount of diseased protein (PrP™) and infectivity titer,
have been observed."®* Third, a “virino” or uncon-
ventional virus hypothesis'®*® as an alternative, is
not supported by any data for an involvement of vi-
rus-associated nucleic acids.®

3 Biochemistry of prions—it isnot just the
folding

Whereas prion has been a subject of intense scru-
tiny, a clearer understanding of its molecular patho-
genic mechanism has been hindered mainly by the
unknown structures of infectious prions, which isin a
non-homogeneous, insoluble and multimeric form of
protein aggregates!® The findings of more than 20
types of infectious prion strains (structures), as men-
tioned previously, together with coexistence of three
types of prion disease incidences and many intriguing
features of prions prompt us to have examined prion
puzzle from a different angle.! Facing the prion pro-
tein sequence which contains multiple reductive

amino-acid residues, a physical organic chemist will
be immediately interested in whether the prion protein
structural transformation is a biochemical or bio-
physical process, as it is known that a biochemical
process involves covalent bond-breaking and/or for-
mation while a biophysical process does not involve
any covalent bond modification.!™

Recall that earlier work indicated that prion in-
fectivity would not be lost even after the prion agent
in dried brain had been allowed to stay in air for up to
two years.'” Besides, it is well known that the prion
agent is unusually resistant to gamma and UV (250
nm) irradiation, heat (80~100 °C) and harsh chemical
treatment which normally kill viruses™® Recent in-
vestigation revealed that solubilization of prion solid
is always accompanied by the loss of infectivity.!” To
free-radical mechanistic chemists, these unusua fea-
tures of the transmissible agent may imply that infec-
tious portion in prions may be protein free radicals or
their precursors such as some oxidized forms of a
protein. Protein free radicals or oxidized forms of a
protein can be very stable when occluded in scrapie
solid and may be capable of function only in the
brains of mammals, where some vital and unique fac-
tors shall facilitate their infectious process. One of the
most likely factors may be the high oxygen-respiration
in brains.

Using modern molecular biology technique,
scrapie protein has now been excellently identified
and sequenced.®™® |t is interesting, to mechanistic
chemists, whether a protein molecule comprised of
more than 10 Tyr, more than 10 His, and multiple Trp
residues are chemically stable towards reactive oxida
tive species (ROS). In fact, it has been widely demon-
strated that side-chains of all these three amino-acid
residues are predisposed to oxidative damage by
ROS!™%2 | brain tissue there is a remarkably high
oxygen-respiration, for instance, the human brain
constitutes only about 2% of the adult body mass, but
about 20% of its resting oxygen consumption of the
whole body, independent of the state of mental activity.
Accordingly, a protein free-radical reaction mecha-
nism was recently suggested in prions, indicating that
sequence-specific prion radicals (SSPR) together with
protein cross-link may play a pivota role in the infec-
tious diseases*?*¥ Consequently, “protein-only”
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notion without virus-associated nucleic acids in the
infectious process may have been theoreticaly vali-
dated. However, classical biologists may have had
difficulties in understanding the essential free-radical
chemistry principles, | here describe a more detailed
picture, for the importance of neurochemistry and
chemistry basis of genetic diseases in the post-genome
era

4 A new approach to the old question: free
radical oxidative damageto proteins

A free radical species is usualy a short-lived
chemical intermediate, defined as an identity (a
molecule or an atom) which carries an unpaired elec-
tron.? 1t normally attacks other labile molecules via
hydrogen-atom abstraction or free-radical addition to
unsaturated (double or triple) bonds.®?*" Free radi-
cals such as hydroxyl radical (HO.) can therefore be
very damaging towards labile biomacromolecules
such as proteins.**® The resulted protein radicals, as
primary intermediates, may subsequently attack others
both inter- and intramolecularly in an autocataytic
manner.®* Small free radicals such as hydroxyl
radicals will exhibit no sequence-specificity in attack-
ing other molecules, but it is conceivable that macro-
molecular free radicals, for example, a protein radical,
is capable of displaying partial sequence-specificity in
damaging other  biomacromolecules, for a
pre-requirement of sequence-specific protein-protein
interaction prior to the free-radical attack.*?

Free radical oxidative damage to proteins has
long been implicated in the pathogenesis of many
neurodegenerative disorders including Alzheimer’s
disease.[**%313¢ The pathogenic oxidative-damage is
presumably mediated via rapid attack on proteins by
ROS such as hydroxyl radicals, which are generated
by Fenton-type reactions. Recently, a consensus “i-4, i,
i+4" (chemical) reductive zipper motif has been iden-
tified from both prion protein sequence, beta-amyloid
peptide sequence and free radical enzyme proteins,
suggesting a possibly common molecular mechanism
underlying the initiation stages of sporadic Alz-
heimer's disease and both sporadic and genetic prion
diseases.®” Moreover, biophysical study revealed a
tight and co-operative binding of the norma mam-
malian prion protein with copper (I1) ion,®® implying

its feasibility in generating ROS, via a number of
metal ion-mediated redox chemical processes under
certain physiological conditions.

5 Prion radicals — a vital and opportunis-
tic subviral pathogen

5.1 Initiation of scrapieprion radicals

A prion protein free radical is formed via hydro-
gen-atom abstraction from a prion protein molecule by
a hydroxyl radical, presumably at the tyrosine residues.
Due to the reactive properties of free-radical interme-
diates, these protein radicals may subsequently dam-
age the oxidatively labile prion protein both in-
tramolecularly and intermolecularly, presumably ac-
companied by cross-link and production of secondary
(new) protein radicals. Based on the unusual stabil-
ity of the prion infectious properties, it may reasona-
bly be suggested that putative forms of se
quence-specific prion radicals may be responsible for
the infectivity of prion particles™? In other words,
the immediately causative factor may be in a
free-radical form, or the precursor of the free-radica
form of scrapie prion protein, which would be physi-
cally impossible to be separated from the neutral form
of scrapie prion. This prion radical may be expected
to be sequence-specific in both binding and damaging
other normal prion proteins.™ The difference between
PrP> and PrP™ radica, i.e, PrP*., is one hydro-
gen-atom or one electron. Shown below is the for-
mation of simple forms of prion radicals without dis-
cussion of their detailed three-dimensional structures:

[PrP-H] + [HO.] — [PrPs] + H,O
(hydrogen-atom abstraction by ROS)
[PrP] - e — [PrP."]
(one-€electron oxidation reaction by ROS)

5.2 Prion radical-mediated replication and
one-electron difference puzzle

The requirements for establishing a free-radical
reaction mechanism mainly include supportive evi-
dence for a chain propagation, and inhibition of the
reactions by free radical inhibitors or scavengers.***"
Interestingly, it seems that these major requirements
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are available from prion research, including the re-
nowned autocatalytic propagation of the diseases and
inhibition of prion by electron-rich molecules includ-
ing dye Congo red, polyanions and poly aromat-
ics.[%9' In addition, prion replication and a free radi-
cal chain reaction display kinetic similarity.”

Hence, an infectious mechanism underlying
prion structural transformation via the proposed
transmissible agent, prion radicals (PrP™.), is as fol-
lows, where A represents a human species, and B
represents cow, respectively (also see Fig.1).

[PP*OT4[HO. —===[PP*®]+H,0
(PP PP — PP PP

freeradicd transfer >[Prp:(A) .] /[ PrPSc(B)] structurd change

[PrPSc(A) .]/[ PrPSc(B)] dissocietion [R.PSC(A) .] +[PrF)Sc(B)]

In this prion radical chemistry mechanistic model,
r = k [PrP°][PrP*][-OH], where r is disease propaga-
tion rate (i.e. rate of infectious prion propagation); k,
propagation constant; [PrP“], concentration of normal
(cellular) prion protein; [PrP™], concentration of dis-
eased prion protein; [«OH], a level of endogenous re-
active oxidative species (ROS). A corresponding
schematic free energy diagramis shown in Fig.2.

The diseased form of a prion protein, PrP~*® is
initially activated by ROS in vivo, to its free radical
form, PrP* ®.. This prion radical then binds with a
normal prion, PrP°®, of the infected host, to form a
prion heterodimer [PrP°®] / [PrP>®.]. Subsequently,
afreeradical transfer reaction may take place between
PrP°® and PrP™®. within the dimers to form new
dimers [PrP°@.)/[PrP*®)], depending on the se-
gquence-compatibility between the two protein mole-
cules. The feasibility of this free-radical-transfer reac-
tion is reflected by a species barrier and crossing the
barrier in mad cow disease. This newly formed dimers,
[PrP“®.]/[PrP*®)], may then undergo an irreversible
free radical-induced structural transformation to form
structurally damaged dimers, [PrP>®.]/[PrP™®)],
which are thermodynamically more stable. In the
structurally transformed dimers, [PrP~®.]/ [PrP™®)],
both of the protein molecules are in their scrapie

forms:. one is a neutral scrapie prion, the other is
scrapie prion radical. The newly formed scrapie prion
radical, PrP*®., may further induce other normal
prion proteins to scrapie prion proteins.

gl
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Fig.1 A putative molecular mechanism for a structural trans-
formation from normal prion protein (PrP°) to diseased prion
protein aggregates (PrP~), mediated by both ROS (reactive
oxygen species) and prion protein radicals.
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Fig.2 A schematic free energy diagram for going from normal
prion protein to diseased prion protein aggregates.

Thus, it can be understood that prion disease oc-
currence may be initiated by both ROS and acquired
scrapie prion radicals, PrP¥®.. And the disease is
promoted by several variables, which include amounts
of acquired infectivity, i.e. scrapie prion radicals
PrP>.; appropriate sequence compatibility between
PrP°® and PrP*®.; and levels of ROS in host.

53 Why it is difficult to accept a free-radical
mechanism

Systematic understanding the pivotal role of a
free radical process in biological system is often con-
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strained by limited visualization ability in laboratories.
Moreover, strictly speaking, a molecular mechanism
can never be proven and it can only be disproved.
Nevertheless, a free radical reaction mechanism in-
volved in a molecular transformation process can be
supported by collective evidence. Fortunately, EPR
(electron paramagnetic resonance) technique has been
widely employed to visualize freeradical species.
But an observable EPR signal would not necessarily
mean that the observed free radical species is unques-
tionably involved in the right pathway leading to the
interested molecular transformation process, con-
versely, absence of EPR signal can not always be used
to argue against the likely participation of free radica
species.  Returning to the molecular transformation
mechanism in prions, therefore, a prion radical con-
cept is developed by invoking of a free radical
mechanism through a multi-disciplinary consideration
of the disease features, and this mechanistic consid-
eration has since been supported by distinct evidence
including self-catalytic chain-like polymerization and
inhibition of prion chain propagation with elec-
tron-rich molecules.

6 Why bio-macromolecular free-radical
processes are important — new tricks
from an old dog: oxygen

The major focus of intensive research on prion
diseases aims to promote understanding of the under-
lying mechanism in order to develop successful treat-
ment and precautionary measures.**'? In fact, se-
quence-specific protein radical processes are impor-
tant in ribonucleotide reductases and have also been
proposed as reactive intermediates in site-specific
DNA cleaving agents.!* The presumed production of
prion protein radicals requires participation of oxygen
and oxidative damage to proteins, which may have
theoretically but ironically unraveled a possible con-
nection between the fatal prion pathogen and oxygen,
which is necessary for life. According to a
multi-disciplinary study, it appears that many lines of
observation to date may have supported a contention
that oxidative damage to prion proteins in brain is re-
sponsible for the infectious process of the elusive sub-
viral pathogen, i.e., scrapie and prions.!*®

7 Crossing a concept barrier: from a se-
guence-specific protein-radical process
to the elusive subviral pathogen

A general relationship between oxidative prion
chemistry and “protein-only” notion has been ex-
plored. The idea of prion protein-radical chemistry
may have received support from the following argu-
ments, in which | present evidence from clinical, bio-
chemical and physiological aspects of the disease.

1) Ageing has been believed to be associated
with oxidative stress*? and the average age of
classical CJD patients is normally above 60,**¥ im-
plying that ageing and hence high levels of oxidative
damage in host may facilitate prion disease occur-
rence;

2) Scrapie prions multiply mostly in the
brains,*®? and it is known that brain cells consume
very high amount of oxygen, implying that reactive
oxidative species in brain may be crucial to prion dis-
eases,

3) Experiments revealed that elimination of the
PrP gene made experimental mice totally resistant to
scrapie infection,™ and cerebellar cells lacking PrE®
were more sensitive to oxidative stress and underwent
cell death more readily than wild-type cells*® indi-
cating that oxidative damage to PrP has the great po-
tential to play an important role in the disease;

4) It can be suggested that PrP protein molecule
with multiple oxidizable amino-acid residues is sus-
ceptible to oxidative attack; >

5) It is known that some protein radicals such as
protein tyrosyl radicals are efficient in facilitating
protein cross-link reactions, and oxidized prion pro-
teins can be very stable in the solid aggregates.
Moreover, free radical initiators can be transmissible,
since free radical reactions can often be initiated by
appropriate initiators;

6) It may be suggested that a sequence-compati-
ble protein radical may be very damaging, sequence-
specifically, to redox labile molecules such as PrP;

7) Prion radicals are unable to be chromato-
graphically separated from the neutral form of pri-
ons;®

8) The kinetically autocatalytic pattern of prion
disease is consistent with a protein radical-mediated
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chain reaction:™

9) A prion protein radical process may be inhib-
ited or quenched by antioxidants such as phenol and
other electron-rich molecules, as is demonstrated by
experiments.[**

Therefore, the assumption that prion functions as
viruses via prion protein radical reactions has led to a
remarkable scenario, where most of the unusual fea-
tures of prion diseases may be satisfactorily inter-
preted by invoking the prion free-radical chemistry.
These features include prion strain diversity, i.e, mul-
tiple structures of the (damaged) diseased prion pro-
teins, species barrier and the possibility of crossing
the barriers.

More than a dozen of natural amyloidogenic
proteins have been identified to be critically associ-
ated with human disorders including prion disease and
Alzheimer’'s disease. A general mechanism is sug-
gested here in Fig.3 to help understand their molecular
structural transformation of the relevant amyloid pro-
teins. Evidently, the riddle of the prion disease ori-
gin is becoming one of the multi-disciplinary chal-
lenges. While a detailed mechanism for ROS and
prion radicals-mediated prion structural damage re-
main to be determined, nevertheless, it may be con-
ceivable this one-electron difference between scrapie
prion protein and its free-radica form has generated
debate over the past many decades. However,
whether the suggestion of prion radicals and chemistry
principles of genetic diseases alow us to develop po-
tential therapies and preventative strategies to stop
mad cow disease and v CJID remains to be explored.
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Fig.3 A postulated general mechanism underlying the mo-
lecular structural transformation from protein monomer (white
rectangle) to damaged protein aggregates (black rectangle) of
amyloid proteins associated with amyloid diseases. In the
scheme, two intermediates are protein aggregate (grey rectan-
gle) formed via a mis-folding pathway as a physical process,
and oxidized protein (grey €ellipse) resulted from oxidative
chemical damage to the protein molecule.
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