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Inactivation of Prions by Acidic Sodium Dodecyl Sulfate
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Prompted by the discovery that prions become protease-sensitive after exposure to branched polyamine
dendrimers in acetic acid (AcOH) (S. Supattapone, H. Wille, L. Uyechi, J. Safar, P. Tremblay, F. C. Szoka, F. E,
Cohen, 8. B. Prusiner, and M. R. Seett, J. Virel. 75:3453-3461, 2001), we investigated the inactivation of prions
by sodium dodecyl sulfate (SDS) in weak acid. As judged by sensitivity to proteclytic digestion, the disease-
cansing prion protein (PrP) was denatured at room temperature by SDS at pH values of 4.5 or 210,
Exposure of §c237 prions in Syrian hamster brain homogenates to 1% SDS and 0.5% AcGH at room temper-
ature resulted in a reduction of prion titer by a factor of ca. 107; however, all of the bioassay hamsters
eventually developed prion disezse. When various concentrations of SDS and AcOH were tested, the duration
and temperature of exposure acted synergistically to inactivate both hamster Sc237 prions and human sporadic
Creutzfeldt-Jakob disease (sCJD) prions. The iractivation of prions in brain homogenates and those bound
to stainless steel wires was evaluated by using bioassays in transgenic mice. sCJD prions were more than
100,000 times more resistant to inactivation than 5¢237 prions, demonstrating that inactivation procedures
validated on rodent prions cannot be extrapolated fo inactivation of human prions. Seme procedures that
significantly reduced prion titers in brain homegenates had a limited effect on prions bound to the surface of
stainless steel wires. Using acidic SDS combined with autoclaving for 15 min, human sCJD prions bound to
stainless steel wires were eliminated, Our findings form the basis for a noncorrosive system that is suitable for

inactivating prions on surgical instruments, as well as on other medical and dental equipment.

Prions are infectious proteins that cause fatal neurodegen-
erative ilinesses, including Creutefeldt-Takob disease (CID)
in humans, bovine spongiform encephalopathy (BSE), and
scrapie in sheep (37, 60, 97). In mammals, prious are com-
prised solely of the disease-causing isoform of the prion pro-
tein (PrP), designated PrP®, PrP*® is formed from the cellular
precursor PrPC by a process involving a profound conforma-
tional change. While PrP® is a protein with three o-helices and
little 3-sheet, PrSe is rich in B-sheet structure. It seems likely
that the infectious prion monomer consists of a trimer of Prpse
molecules based on an ionizing radiation target size of 55 kDa
and electron crystallography studies (3, 7, 30, 99). Limited
proteolysis of PrP%¢ results in N-terminal truncation to form
PrP 27-30, which retains infectivity and polymerizes into amy-
loid fibrils {49, 67). Electron crystallography combived with
molecular modeling suggests that both PrES¢ and PrP 27-30
contain a B-helix (30, 993, The conformation and extraordinar-
ily small size of the prion are probably responsible for its
extreme resistance to inactivation.
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Reports in the mid-1960s on the resistance of prions to
inactivation by both ijonizing and UV radiation served to ac-
cenfuate the mysterious nature of the infectious agent causing
scrapie of sheep (2, 3). Two decades earlier, the resistance of
the scrapic agent to inactivation by formalin was recognized
when more than 1,500 sheep, immunized against looping-ill
virus with a formalin-treated vaccine contaminated by the
scrapie agent, developed scrapie several years after vaccination
(29). With the transmission of the scrapic agent to mice and
later Syrian hamsters (16, 46), studies were undertaken to
define conditions for inactivation. The results of numerous
studies designed to probe the molecular nature of the scrapie
agent and define conditions for inactivation concluded that
protein denaturants were effective at reducing infectivity titers
bul that complete inactivation required extremely harsh con-
ditions, such as 3 h of autoclaving at 134°C or treatment with
2 N NaOH (65, 66). It is important to note that these condi-
tions, on which current guidelines are based, were detennined
for the rodent strains, before it was known that prion straing
may exhibit different stabilities to denaturation by heat, as well
as chaotropes (56, 91). Defining conditions for inactivation of
prions is an important undertaking in view of the human forms
of prion disease that were elucidated by studies demonstrating
the experimental transmission of prions from patients who
died of kuru or CID to apes and monkeys (26, 27). Radiation
inactivation of CID prions and studies of human PP argue
that human prions, like those causing scrapie and BSE, are
resistant 1o inactivation (10, 28). More recently, the number of
cases of iatrogenic CID; the transmission of BSE prions from
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catile to humans, causing variant (v) CID {97, 98); and the
probable transmission of vCID by blood transfusion (45, 55)
highlight the pressing need for effective prion decontamina-
fon. /

In the course of studies on the expression of PrP genes in
prion-infected cultured cells, we found that branched poly-
amine dendrimers rendered PrP®° susceptible to degradation
(83). This enhanced susceptibility to degradation could be
mimicked in vitro by incubating prions with polyamine den-
drimers at pH ~3.5 (84). Intrigued by the ability of weak acids
such as acetic acid (AcOH) in combination with dendrimers to
render prions susceptible to proteolytic degradation, we ex-
plored prion stability upon exposure to a variety of protein
denaturants under weakly acidic conditions. Of all the deter-
gents and chaotropes examined, sodium dodecyl sulfate (SDS)
combined with AcOH proved to be the most potent reagent for
the inactivation of prions. This finding was unexpected since
SDS at neutral pH exhibits only a modest ability to inactivate
prions in our experience (63). The experiences of others are
noteworthy: 3% SDS at neutral pH has been reported to destroy
prion infectivity in brain homogenates wheu samples were boiled
or autoclaved (36, 87, 88). However, prion infectivity in macer-
ated brain samples survived beiling for 15 min in 5% SDS at
neutral pH (90). These findings sugpest that SDS solutions at
neutral pH, even when exposed to high temperatures, cannot
be used for the complete inactivation of prion infectivity.

As described here, acidic SDS was superior to all other protein
denaturants examined. The PrP% molecule or a higher-order
multimer sech as a trimer is susceptibie to denaturation by
acidic SDS. To study the inactivation of prions by acidic SDS,
5¢237 and sCID prions from Syran hamsters and humans,
respectively, were used. Sc237 prions originated in sheep with
scrapie and were isolated on passage from rats to Syrian ham-
sters (46). sCID prions were from a patient who did not have
any PRNP gene mutations and appeared fo have developed
prioa disease spontaneously. Both immunobletting and bioas-
says in rodents were used to assess the inactivation of prions in
brain homogenates by acidic SDS, as well as those adhering to
a steel surface (100). Our studies identified conditions under
which it is possible to inactivate all detectable prion infectivity
by a combination of acidic SDS and 15 min of autoclaving.

MATERIALS AND METHODS

Inocula, 5CTD was confirmed by hisiopathology, immunohistochemistry, and
detection of human PrPS¢ by Western blotiing, Genomic sequencing of the open
reading frame revealed no mutations and methionine homozygosity at position
129, The $¢237 humster prion strain was a gifl rom Richard Marsh and was
repeatedly passaged in golden Syrian hamsters (LVG:Lak) purchased from
Charles River Laboratory (Wilmington, MA),

Preparation of brain homogenates ond acidic buffers. Crude brain homoge-
nates (10% [wiivot]) in calcium- and magnesivm-free phosphate-buffered saline
(PBS) were preparcd by repested extrusion through syringe needles of sucees-
sively smaller size, s previously described (78). Nuciei and debris were removed
by centrifugation at 1,000 X g for 5 min. Incubatiens of brain hemogenates with
various soluions were performed with continnous shaking at 100 cycleshnin.
Glycine buffer was made as a 1 M stock titrated to pH 3.0, whereas AcOH and
peracetic acid were added directly without adjustment. In other experiments,
10% (wtfvol) brain homogenates were prepared in caleinm- and magnesium-free
PRS with two 3.2.mm stainless siec] beads using the Mini-BeadBeater-8 appa-
ratus (BioSpec, Bartlesville, OK) for two cydes of 45 s cach and then placed on
ice. Homopenates were either precleared at 500 X g for 3 min (see Fig. 2B) or
used without centrifugation, and the protocol was performed withoot shaking
{see Fig. 1C and 2.4 and Table 1 10 Toble 4}, The final pH valve for eath sample
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was measured directly on parallel, uninfected samples with a calibrated pH

" eleetrade (Radiomerer, Copenhagen, Denmark) during each experiment and is

provided in the appropriate figure legends.

PrP®c detection by immanoblotting. PrP*° in ncutralized samples was mea-
sured by Timited proteinase ¥ {(PK) digestion znd immunoblotting as described
previously (83). After incubations, an equal volume of 4% Sarkosyl-100 mM
4-(2-hydroxyethyl)piperazine-1-ethanesulfonic acid (HEPES; pH 73)-200 mM
NaCl was added to neutralize each sample. Protease digestion was performed
with 20 pg of PKiml (Invitrogen, Carlshad, CA) for 1 h at 37°C. Digestions were
tenminated by the addition of & pl of 0.5 M phenylmethylsulfonst fluoride in
absolute ethanol (Roche, Indianapolis, TN). Digested samples were then mixed
with equal volumes of 2X SDS sample buffer, All samples were boiled for 3 min
prior to clectrophoresis. SDS-polyacrylamide gel electrophoresis (PAGE) was
performed on 1.35-mm 12% polyacrylamide gels (39). After electrophoresis,
Western blotting was performed as previously described (78). Membranes were
blocked with 5% nonfat milk protein in PBST (ealcium- and magnesiuns-free
PRS plus 0.1 Tween 20) for 1 h at room temperature. Blocked membranes
were incubated with 1 pg of recombinant, humanized antibody fragments (Fab)
D13 (Fig. 1 and 2) or D18 (Fig. 1BY/ml. After incubation with the primary Fab,
membranes were washed 3 X 10 min in PBST, incubated with horseradish
peroxidase-labeled, unli-human Fab secondary antibody (ICN) dijuged 1:5,000 in
PRST [or 45 min at room temperature, and washed again four times for 10 min
each time in PBST. After enbanced chemiluminescent (ECL) detection {Amer-
sham Bioseience. Piscataway, NJ) for 1 to 5 min, blots were sealed i plastic
covers and exposed to ECL Hypermax film (Amersham). Films were processed
automatically in a Konica film processor,

Prepatatior and bioassay of prion-ceated stainless steef wires. Four-miflime-
ter segments of 3-0 stainfess steel suture wire (Ethicon. Cornelia, GA) were
coated with prions and bioassayed by a modification of a procadure deseribed
previously (100). Wire segments wene incubated with 10% prion-infecied brain
bomogenate in PBS at room temperature for 16 h in a 10-cm petri dish, washed
five times for 10 min each time al room lemperature with PBS, Iollowed by 2
10-min wash with I, O, and air dried in a ducted class 11, type B2 biosafery
cabinet (Baker, Sanford. ME) overnight. Coated wires (10 10 15) were incubated
with 1 ml of H,O, S8, AcOH, or an SD5-AcOH solution at different temper-

" atures for various durations, After incubation, wires were washed briefly in PBS

and implanted into the right cerebral hemisphere. Mice were premedicated with
huprenorphine hydrochioride (Buprenex; Reckitt Benickiser Healthcare. Berk-
shire, United Kingdom), anesthetized using isoflurane (AErrane; Baxter Health-
care, Deerfield, TL), and kept immobilized in a slereotaxic apparatus. A l-om
skin incision was performed under aseptic cunditions and a .9-mm bore hole
was drilled through the skall, ca. 1 mm caudal and 1.2 mm right of the skull
reference point bregma. The stainless steel wire was inserted into the brain with
foreeps. The skin was then closed by using surgical glue (Nexaband; Abbott
Luboratories, Abbott Park, TL). The wires remained embedded in the brains of
the mice for the duration of the experiment.

Bivassay for prion infectivity in brain homogenates. Brain komopenates were
diluted 1:10 into stetile, caleium- and magnesium-free PBS plus 5 mg of bovine
serum albumin/ml. Brain homogenates treated with various solutions, at finat
concentrations of 2.5%, were diluted [:10 (see Tables 1 and 3) or 1:25 (see
Tablics 2 and 4). New, sterile, individually packaged needles, syringes, and tubes
were used, All work was carried out in laminar flow hoods 1o avold cross-
contamination.

Bruin kiomnpenates containing hamster $c237 prions were hivassayed in ham-
sters or (ransgenic (Tg) mice expressing Syrian hamster (SHa) PrP, designated
Tg7 mice. Brain homogenates containing human sCID prions were bioassayed
inmice expressing a chimeric mouse-human PrP transgene desipnated
MHu2M(M165V, E167Q), in which the miost rapid incubation times are ca. 120
duys {38); for simplicity, these mice are designated Tg22372 mice. For negative
controls, brain homogenates of uninocelated Pmp®® mice were used. Hamsters
and weanling mice were inoculated intracercbrally with 50 and 30 pl, respec-
tively, of diluted samples. Inoculation Was carried out with a 26-gauge. disposable
hypodermic needle inseried into the right parietal lobe, After inoculation, mice
were examined daily for neurologic dysfunction. Standard diagnostic criteria
were used to identify animals affected by prion disease (13, 62). Animals whose
deaths were imminent were sacrificed, and their brains were removed for histo-
logical and biochemical analysis.

Survival analysis. Prion incubation periods in experimental models have been
reporled historically a5 the mean incubation period = the standard error of the
mean. This zpproach assumes that the data are normally distributed, which s a
reasonable approximation for high-titer samples. When prion titers are low, as in
prion inactivatien studies, the distribution of incubation periods becomes asym-
matric, and not 2l animals succuinh 1o disease. In such cases, the calculation of
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a mean underestimates the incubation period because mice that do not become
ill are excluded, Applying survival analysis methods overcomes these issues and
also incurporates previously censored data om animals that die without showing
clinical signs of prion disease (asymptomatic on the lust inspaction). We catcu-
lated median incubation periods and their standard ersor based on survival
curves calculated by the method of Kaplan and Mefer (34).

The effects of a treaiment protocol on two different prion strains were ana-
Iyzed by separate Cox models (39) with terms for fog, , dilution and insctivalion
and compared by stratification (33}, All caleulations were performed with Stata
8 (Stata Corp., College Station, TX).

RESULTS

Prions in SHa brain homogenates were chosen for our initial
inactivation studies for three reasons: (i) SHa prions are the
most well characterized with respect to physical properties, (ii)
the titers of prions in SHa brain are 10- to 100-fold higher than
those found in the brains of other species, and (iii} high-titer
samples produce disease in ~70 days in hamsters and 45 days
in Ta7 mice. The high titers of prions in SHa brain homoge-
nates and sbort incubation fimes create a large range over
‘which measurements can be made, and thus, provide the most
sensitive system available for evaluating low fevels of infectivity.

Acidic SDS denatures PrP%. To examine whether solutions
of 1 to 4% SDS could denawure PrPS more effectively at
different pH values, we used 50 mM sodium acetate and Tris
acetate buffers to maintain the pi between 3.3 and 10.0 for
homogenates prepared from the brains of Syrian hamsters
infected with S¢237 prions. Our studies demonstrated that
agueous solutions of =1% SDS could denature PrP% com-
pletely at pH values of =4.5 or =10.0, as judged by immuno-
blotting for PrP after the samples were subjected to limited
proteolysis (Fig. 1A). We also found that acidic solutions other
than AcOH enzble SDS to denature PrPS¢ in Sc237-infected
brain homogenate: PrP5® was denatured in the presence of 1%
SDS plus either 0.5% AcOH (pH 3.6), 50 mM glycine (pH 3.7),
or 0.2% peracetic acid (pH 3.4) for 15 min at 37°C {Fig. 1B).

Acidic SDS depatured PrP®c in $c237-infected brain homog-
enate in 30 min at room temperature, as judged by Western
blotting (Fig. 1C, paired lanes 1). We next investigated whether
dilute acid in the presence of detergents other than SDS could
also denature PrP5%, We incubated $c237-infected brain ho-
mogenates wilh various detergents, in the presence or absence
of AcOH, for 30 min at room temperature. The detergents
cholic acid, deoxychalic acid, Trton X-100, NP-40, Tween 20,
CTAB (cetyltzimethylammonium bromide), Zwittergent, and
CHAPS  {3-{(3-cholamidopropyl)-dimethylammonio]-1-pro-
panesulfonate} failed to denature PrP*° at low pH (Fig. 1C,
paired lanes 2 to 9, respectively). We next tested the ability of
alkyl sulfates and alkyl sulfonates of various alkyl chain lengths
to denature PrP5° in the presence of 0.5% AcOH. Alkyl sul-
fates with alkyl chains of 9 to 12 carbon atoms and alkyl
sulfonates with alkyl chains of 10 to 13 carbon atoms denatured
PrP5° substantially in the presence of dilute acid (Fig. 1D).

Physicochemical properties of PrP® treated with acidic SDS.
To investigate whether the inactivation of prions by acidic SDS
is reversible, we added a neutralization buifer containing the
nonionic detergent NP-40 to a sample of Sc237-infected brain
homogenate initially exposed to 1% SDS and 0.5% AcOH for
15 min at 37°C, We then dialyzed the neutralized sample con-
taining mixed micelles for § h at 4°C to remove the SPS. This
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FIG. 1. Western blots of prion-infected brain homogenates treated
with different detergents and at different pH values. For all panels,
apparent molecular masses based on the migration of protein stan-
dards are 30 and 27 kDa (top and bottom markers, respectively).
{A) Samples of 1% brain homogenate containing Sc237 prions were
incubated for 15 min at 37°C with the indicated detergent at the
following pH values: 3.5 (lane 1}, 4.0 (lane 23, 4.5 (lane 3), 5.0 (lane 4),
6.0 (lage 3), 7.0 {lane 6j, 8.0 (lane 7}, 9.0 (lane 8), and 10.0 (ane 9).
Sodium acetate buffers (50 mM) were used to maintzin pH valoes 3 (o
6 (lanes 1 to 5), and 50 mM Tris acetate buffers were used to maintain
pH values 7 ta 10 (Janes 6 to 9). After incubation, all samples were
neutralized by the addition of an equal volume of 4% Sarkosyl-100
mM HEPES (pH 7.5)-200 mM NaCl and subjected to limited PK
digestion (20 pg/mi for 1 h at 37°C). (B) Samples of 1% brain homog-
enate containing Sc237 prions were incubated for 15 min a1 37°Cin 1%
SDS plus 50 mM Tris acetate (pH 7.0) (paired lane 1), 0.5% AcOH
(pH 3.6) (paired lane 2}, 50 mM giveine (pH 3.7) (paired lane 3), or
0.2% peracetic acid (pH 3.4) (paired lane 4). After incubations, sam-
ples were neutralized and then left undigested (—) or digested with PK
{+) as described in panct A. (C) Samples of 2.5% brain homogenate
containing Sc237 prions were incubated with 2% detergent cither
alane (—) or with (-+} 1% AcOH at room lemperature for 30 mimn.
Anjonic (paired [anes 1 to 3), nonjonic (paired lanes 4 to 6), calionic
(paircd lane 7), and zitterionic (paired lanes 8 to 9) detergents were
used, Lane assignments are as follows: lane 1, SDS; lane 2, cholic acid;
jane 3, deoxycholic acid; lane 4, Triton X-100; Iane 5, NP-40; lane 6,
Tween 20; lane 7, CTAB; lane 8, Zwitlergent; lune 9, CHAPS. All
paired samples (lanes 1 to 9) were neutralized by the addition of 280
pl of 2% Sarkosyl-200 mM HEPES (pH 7.5)~100 mM NaCl and
subjected to limited PX digestion (4 pg for 1 h at 37°C). C, undigested
control. (D) Samples of 1% brain homogenate containing Sc237 prions
were incubated with 0.5% AcOH (pH 3.6) and cither 1% alkyl sulfates
(lanes 1 to 10), NP-40 (lanes 11 and 12), or alkyl suifonates (lanes 13
1o 19) for 2 h at 37°C. Alkyl sulfate detergents with backbones of 5 to
14 carbon atoms (lanes 1 to 10, respectively) were tested. Alkyl sulfo-
nate detergents with backbones of 6 (lane 13), 7 (lane 14), and 9 to 13
carbon atoms (Janes 15 to 19, respectively) were used, All samples
were subjected to limited PK digestion.
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FIG. 2. Physical characterization of 5c237 prions denatured by
acidic SPS. {A) A 0.5-ml sample of 19 prion-infected brain homog-
enate was incubated in 1% SDS-0.5% AcOH (pH 3.6) for 15 min at
37°C and then neutralized by the addilion of 0.5 m) of 2% NP-40-100
mM HEPES {pH 7.5)-200 mM NaCl. A 50-j aliquot was removed for
analysis, and the remainder of the sample was dialyzed two times
against 2 liters of 1% NP-40-50 mM HEPES (pH 7.5}-100 mM NaCl
for 8 h at 4°C (molecular mass cutoff of 10 kDa). Sampie before
(paired lane 1) and after (paired lane 2) dialysis. Samples were undi-
gested (—) or subjected (+) to limited PK digestion (20 jg/mi for 1 b
at 37°C). The apparent molecular masses based on the migration of
protein standards are 30 and 27 kDa. (B) Samples of 1% prion-
infected brain homogenate were incubated at room temperature for 15
min with PBS (fanes 1, 4, 7, and 10), 50 mM Tris (pH 7.0) with 1% SDS
(lanes 2, 5, 8, and 11), or 1% SDS-0.5% AcOH (Janes 3, 6, 9, and 12).
After incubation, sampies were centrifuged at 100,060 X g {or T h at 4°C.
Supernatant fractions (Janes 1 (o 6) were removed and nentralized with an
equal volume of 2X neutralization buffer (200 M NaCl, 4% Sarkosyl,
400 mM HEPES [pH 7.5]) and subjected to limited PK digestion (PK-
protein [1:50], for 1 h at 37°C) as indicated. Pellet fractions (lancs 7 1o 12)
were resuspended in 1X neutralization buffer and subjected to limited PX
digestion as indicated. All samples were mixed with an equal volume of
2% SDS sample buffer. The apparent molecular masses based on the
migration of protein standards are 36 and 29 kDa,

procedure did not restore the protease-resistance of PrP®e that
had been denatured by acidic SDS (Fig. 24, paired lanes 2).

To investigate further the biophysical changes in PrP5® mol-
ecules induced by exposure 10 acidic SDS, we performed ul-
tracentrifugation. We found that PrP5¢ molecules become sol-
uble in acidic SDS (Fig. 2B).

Inactivation of Syrian hamster prions by acidic SDS. To
determine whether denaturation of PrPS® caused by acidic SDS
correlates with a reduction in prion infectivity, we incubated
Sc237-infecied brain homogenates for 2 b with different buffers
at various temperatures and inoculated the treated samples
intracerebrally into Syrian hamsters. Inoculation of a control
brain homogenate containing ~10% 1D, units/ml {one IDg,
unit is the infections dose causing illness in 50% of inoculated
animals) at neutral pH without detergent caused disease in all
animals in 84 * 04 days (Fig. 3). Animals inoculated with
samples exposed to either (.5% AcOH or 1% SDS alone for
2 I at room temperature developed disease in 79 = 0.9 days
and 91 & 0.4 days, respectively (Fig. 3). In contrast, exposure
of the inoculum {0 a solution of 1% SDS and 0.5% AcOH for
2 h at room temperature prolonged the median incubation
time to 200 * 2.3 days (Fig. 3). Similar results were cbtained
when samples were incubated at 37°C (data not shown).

The prolonged incubation times found after acidic SDS
treatment of hamster brain homogenates indicate that the
prion titers were reduced from ~10° ID,, units/m] to <100
IDg, umits/ml. These titers were calculated from standard
curves that relate the incubation time to the dose of prions in
the inoculum (61, 63). That the prions were not completely
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FIG. 3. Effect of acidic SD5 and temperature on prion infectivity.
Samples of 19 brain homogenate infected with $¢237 prions contain-
ing ~10° ID;, units/mi were incubated with continuous shaking for 2 h
in the specified solution at room temperature. After incubation, sam-
ples were diluted 1:10 into calcium- and maguesium-free PBS plus 3
mg of bovine serum albumin/ml, and 50-pl aliquots were inoculated

- irito eight Syrian hamsters each, and survival curves were calculated.

Symbols: A, 50 mM sodium acetate (pH 7.0); @, 0.5% AcOH (pH 3.6);
A, 1% SDS and 50 mM sodium acetate (pH 7.0); C, 1% SDS and 0.5%
AcOH (pH 3.6).

inactivated by the procedure used is clear from the survival
curves: all of the hamsters used for bioassay eventually devel-
oped disease (Fig. 3). Although the data argue that SDS and
ditute acid act synergistically to diminish prion infectivity, com-
plete inactivation necessitated modification of the protocal,

Bioassays in transgenic mice. Although these initial studies
proved promising, we were concerned that extensive bioassays
in hamsters would be complicated by the relatively short life
span of these animals (69); we therefore turned to Tg mice
expressing high levels of SHaPrP, designaled Tg7 mice (70,
78). Uninoculated Tg7 mice remain healthy for more than 500
days, while those inoculated with ~10° 1D, unitsfm} of prions
develop neurclogic dysfunction in approximately 45 days. To
niake our studies more clinically relevant, we used ¢rude brain
homogenates, rather than homogenates precleared by low-
speed centrifugation.

A 10% (wtivol) Sc237-infected brain homogenate was seri-
ally diluted, and cach dilution was inoculated into Tg7 mice. As
the infected brain homogenate is diluted, the percentage of
mice succurnbing to prion disease decreases (Fig, 4A) and the
median incubation period fengthens, These median time points
were interpolated with an exponential decay curve to highlight
this relationship (Fig. 4A). A similar curve was developed
relating the length of the incubation time and the size of the
inoculum dose for bioassays of human sCID prions with
Te22372 mice (Fig. 4B).

Inactivation of Syrian hamster prions by acidic SDS at
elevated temperatures. In an attempt to destroy the residual
prion infectivity found by initial bioassay (Fig. 3), we increased
the concentrations of SDS to 2% and of AcOH o 1% and
raised the treatment temperature to 65°C (Table 1). A solution
composed of 4% SDS and 2% AcOH was added directly to
an equal volume of sample containing a 5% (wt/ivol) prion-
infected crude brain homogenate, mixed, and incubated with-
out additional agitation.
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FIG. 4. Proportion and incubation period of transgenic mice suc-
cumbing to disease with each dilution of inoculum, Ten percent brain
homopenates were serially dituted 10-fold, and each dilution was inocu-
lated into 12 mice. Bars represent the percentage of mice that showed
clinical signs of discase when inpculated with the indicaied log,, dilution
of brain homogenate. The incubation period, the number of days from
inoculation to the manifestation of clinical symptoms, was also measured
for these mice. When at least half of the animals became i, the median
incubation period was determined by Kaplan-Meier statistics and plotted
agaiust log,, dilution (datum point * the standard etror). Values were
interpelated with the best fit to an exponentizl decay curve. (A) 5c237
prions bioassayed in Tg(SHaPrP)7 mice; (B) sCID prioas bioussayed in
Te(MHu2M, M165V, E167Q)22372 mice.

Inoculation of a control Sc237-infected brain homogenate at
neutral pH without detergent produced disease in Tg7 mice
with a median incubation time of 46 days (Table 1). Although
uninoculated Tg7 mice remained healthy for 500 days, some
animals can develop a nontransmissible neuromyopathy after
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this time (96). Since mice are inoculated at 8 10 10 weeks of
age, bioassays in Tg7 mice were ferminated after 400 days to
exciude the possibility of illness not caused by prions. After
exposure of Sc237-infected brain homogenates to 2% SDS and
1% AcOH at 65°C for 30 min, the inoculum produced prion
disease in some of the mice, with significantly prolonged incu-
bation times. Increasing the exposure time of the inoculum to
2 h or 18 h resulted in no animals becoming ill 400 days after
inoculation.

Acidic SDS inactivates Syrian hamster prions bound o steel
wire. To study the inactivation of prions on surfaces (100), we
soaked stainless stecl wires in 10% brain homogenates con-
taining Sc237 prions for 16 h at room temperature. The prion-
coated wires were implanted into the parietal lobes of Tg7
mice and produced disease in 52 = 0.3 days. Treatment of the
wires at 65°C for 30 min with 2% SDS and 1% AcOH in-
creased the incubation time to 82 + 0.7 days after implantation
into the brains of Tg7 mice; treatment at 65°C for 2 h further
lengthened the incubation time, but most of the animals still
developed disease in fewer than 400 days. Only treatment at
65°C for 18 h resuited in no animals succumbing to disease
before 400 days (Table 1).

Inactivation of human prions by acidic SDS. Because dif-
ferent prion strains exhibit distinct resistances to inactivation
by chaotropic salts and heat (56, 57, 81, 89, 91), we investigated
the inactivation of sCJD prions by acidic SDS. Brain homog-
enates were prepared from an sCID patient homozygous for
methionine at residue 129, who carried no mutations in the
PRNP gene and whose unglycosylated PrP 27-30 migrated at 21
kDa on SDS-PAGE (53). These human prions, designated
sCID(MM1I), are the most common strain found in sCID pa-
tients (52, 53). We either inoculated brain homogenate con-
taining sCJD{MM1} prious intracerebrally or implanted wires
that were coated with the homogenate into Tg22372 mice (38).
It is noteworthy that, like the human PrP®* inoculum, the PrP
transgene in Tg22372 mice encodes methioning at position 129,

Sporadic CID{MM]1) prions in brain homogenates or on
steel wires were treated with 2% SDS and 1% AcOH at 65°C
(Table 1). For brain homogenates, acidic SDS treatment for 30
min at §5°C prolonged the incubation times from 131 = 0.7
days to 260 = 8.5 days. Increasing the time of exposure (2 h or
18 h) to acidic SDS at 65°C lengthened the incubation time
(>500 days) and decreased the proportion of Tg mice devel-
oping disease (~25%]). Studies of sCTD-coated steel wires pro-
longed incubation times only slightly, and removal of infectivity
on these surfaces was less efficient than in brain homogenates.

TABLE 1. Inactivation of prions by 2% SDS plus 1% AcOH at 65°C"

Hamster Sc237 prions in Tg7 mice

Human sCID prions in Tg23372 mice

Condition(s) Homogenate Wire Homogenate Wire
TP (days) % (n = 10) IP (days) % (n = 10) 1P (days) % (n = 10) IP {days) % (n = 10}
Negative control =400 0 =400 0 =500 0 =500 0
Positive control 46+02 160 32+£03 100 131 £ Q.7 100 215+ 09 160
2% SDS-1% AcOH, 30 min =400 26 B2+07 100 266 = 8.5 74 354+106 86
2% SDS-1% AcOH, 2 h >400 0 269 £ 3.2 68 >500 26 >300 44
2% SD5-1% AcOH, 18 h =400 -0 >400 0 =500 25 =500 25

< Median incebation period (IP) = the standard error and percentage of animals succumbing to prion discase were calcufated by using Kaplan-Meier analysis.
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TABLE 2. Inactivation of prions by 4% SDS plus 192 AcOH ar 65°C"

Hamster S¢237 prions in Tg7 mice

Human sCID prions in Tg23372 mice

Condition(s) Homogenate Wire Homugenate Wire
TP (days) % (n = 24) IP (days) % (n = 24} 1P (days) 9 (n = 29) 1P (days) % (n = 24)
Negative control >400 Y >400 0 >500 0 =500 0
Positive control 55%00 100 63 =01 100 130+ 04 100 181 =12 100
ddH,0, 18 h 5501 100 6702 94 179+ 45 62 0838 100
19 AcOH, 18 h 60 £ 04 100 6301 100 12+0.8 100 196 £ 1.9 100
4% SDS, 18 h 7704 100 106 = 3.1 62 =500 32 225+ 1.8 79
4% SDS~1% AcOH, 30 min >400 0 >400 14 >500 5 2718+ 15 71
4% SDS-19 AcOH, 2 h =400 0 >400 25 >500 13 259 + 6.4 64
4% SDS-1% AcOH, 181 >d00 LY >400 0 >500 0 379 = 30 60

@ Median incubation period (IP} * the standard ervor and percentage of animals succumbing to prion disease were calcnlated by using Kaplan-Meier analysis.

The same treatment protocol (exposure to 2% SDS and 1%
AcOH for 30 min at 65°C) resulted in large differences in the
Ievel of inactivation for the two prion strains studied (Table 1.
Because the titer of Sc237 prions is 10- to 100-fold higher than
sCJD prions in brain homogenates (Fig. 4), data were analyzed
by a stratified Cox regression (33) in order to quantify differ-
ences between hamster and human prions. Taking the ratios of
coefficients in the Cox model, it is possible to telate the effect
of an inactivation procedure to an approximately equivalent
dilution. Applying the stratified Cox regression to the 30-min
exposure to acidic SDS, we estimate a 9.0 log,, reduction in
infectivity for Sc237 prions and a 3.8 log,, reduction for sCID
prions. The difference in inactivation between the two prion
strains is 5.2 log,q (95% confidence intervals, 3.7 to 6.8 log,,)-
This analysis argues that sCID prions in human brain homog-
enates are 10°-fold more resistant to inactivation than Sc237
prions in SHa brain homogenates.

Two-step inactivation protocol. Concerned that exposure to
acid results in the aggregation of proteins and hat such aggre-
gates might protect PrP%® from acidic SDS-mediated denatur-
ation, we developed a two-step protocol: SDS at neutral pH is
used to disperse proteins prior to exposure to AcOH. In these
studies, exposure to 4% neutral SDS was performed at 63°C
for 30t min, followed by acidic SDS (4% SDS and 19% AcOH)
at 65°C for 30 min, 2 h, or 18 b (Table 2). All two-step inac-
tivation studies were completed in three independent sets (n =
8) and, since no significant differences were observed, the sets
were combined for analysis.

SHa brain homogenates (10% [wtfvol]) containing Sc237
prions were treated by using the two-step acidic SDS protocol.
Untreated homogenates produced neurologic dysfunction af-
ter 55 days in Tg7 mice (Table 2), whereas the two-step pro-
cedure at 65°C for 30 min completely abolished prion infectiv-
ity. In experiments with 5c237 prion-coated wires, untreated
control wires produced disease in 63 * 0.1 days alter implan-
tation. In contrast to homogenates, exposure of prion-coated
wires to the two-step procedure at 65°C for 30 min did not
completely inactivate prion infectivity.

Human brain homogenates (10% [wifvol]) containing sCID
(MM1) prions were (reated by using the two-step acidic SDS
protocol as described above. Untreated homogenates pro-
duced newrologic dysfunction in 139 * 0.4 days in Tg22372
mice (Table 2). Exposure of these homogenates to the two-step
procedure at 65°C for 30 min substantially reduced prion in-

fectivity, while extending the time to 18 h completely abolished
infectivity. In three separate experiments with sCID prion-
coated wires, untreated control wires produced disease in
181 =+ 1.2 days after implantation. In contrast to homogenates,
exposure of prion-coated wires to the two-step procedure at
65°C, even for 18 h, did not inactivate prion infectivity, with the
majority of Tg22372 mice still succumbing to disease.

Acidic SDS and aufoclaving abolish prion infectivity. Al-
though exposure of 5¢237 and sCTD{MM]1) prions to 2% SDS
and 1% AcOH at 65°C for 2 h was sufficient to destroy more
than 99.99% of the infectivity in brain homogenates, complete
inactivation was not achieved (Table 1). Also, although the
two-step procedure using 4% neutral SDS, followed by a com-
bination of 4% SDS and 1% AcQDH, further diminished infec-
tivity levels, residual infectivity could still be measured, partic-
ularly on the surfaces of stecl wires coated with sCTD(MM1)
prions (Table 2).

To determine whether autoclaving for a brief time in the
presence of acidic SDS could eliminate prion infectivity, we
exposed S5¢237 and sCID(MM1) prions in brain homogenates
or on wire surfaces to 121°C in the presence or absence of
acidic SDS (Table 3). Neither §c237 nor sCID{MM1) prions in
brain homogenates or on wire surfaces were detectable by
binassay in Tg mice after exposure to 121°C for 15 min in the
presence of 2% SDS and 19 AcOH (Table 3). Similarly, sam-
ples first exposed to 4% neutral SDS followed by a combina-
tion of 4% SDS and 1% AcOH at 134°C were devoid of prion
infectivity {Table 4). The efficacy of acidic SDS-mediated in-
activation of prions is strikingly documented by how many
prions survived autoclaving at 121°C or 134°C for 15 min, 30
min, or 2 h in the absence of acidic SDS (Tables 3 and 4). The
survival of sCITD(MM1) prions bound to steel wires after au-
toclaving for 2 h at 134°C is especially alarming (Table 4).

To quantify the log,, reduction in prion titer from these
procedures, we used a Cox proportional-hazards model based
on the serial dilution data (Fig. 4) and derived partial-tikeli-
hood ratios based on 95% confidence intervals. Treatment of
sCID prions in brain homogenate for 30 min ai 121°C
(Table 3) results in a 6.8 log,, reduction (lower 95% confi-
dence interval, 5.3 log, ). If no animals succumb Lo disease, the
extent of inactivation cannol be quaniified. However, it is still
possible 10 determine a lower 95% confidence interval. For
example, treatment of sCID prions in brain homogenate with
the two-step protocol for 15 min at 134°C (Table 4) gives a
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TABLE 3. Inactivation of prions by 2% SDS plus 1% AcOH at 121°C*

Hamster §c237 prions in Tg7 mice

HFuman sCID prions in T23372 mice

Cordition(s} Homogenate Wire Homogenate Wire
TP (days) o (n=10) TP (davs) % {n = 10} TP (days) % {n = 10) 1P (days) % (n =10
Pogitive control 46 %= 0.2 100 6203 100 146 = 0.4 100 207 £ 1.1 100
Untreated, 15 min 344 %220 73 o 16073 100 221+ 1.0 100 >500 2
Untreated, 30 min =400 12 =400 20 >3500 0 >500 0
Untreated, 2 h >400 12 =400 0 =500 a 414+ 15 73
2% SDS-1%% AcOH, 15 min >400 0 =400 0 =300 0 >500 ]
2% SDS-1% AcOH, 30 min >4010 0 >400 0 >500 12 >500 0
2% SDS-1% AcOH, 2 h =400 0 =400 0 =500 0 >500 ]

¢ Median incubation period (IP) = the standard ervor and percentage of animals succumbing to prion disease were calcutated by using Kaplan-Meier analysis,

lower 95% confidence interval of 6.1 log,, reduction in infec-
tivity.

The incubution periods for prion-coated wires cannot be
converted into titers since the prions seem to be bound tightly
10 the surface of the wire (95) and it is not possible to remave
them for mcasurement.

DISCUSSION

The differences in the inactivation profiles of prions and
viruses provided the first clues that the scrapie agent was not a
slow virus as had been widely thought (6, 23, 41, 48, 58, 59, 80).

Mechanism of acidic SDS inactivation. From the results of
the studies described here, exposure to acidic SDS appears to
denature PrP5e (Fig. 1). Although SDS between pH 4.5 and pH
10.0 at room temperature is a poor denaturant, jt becomes an
excelient denaturant at a pH of =4.5 and =10 (Fig. 1). More-
over, weak acids are poor denaturants for PrP%¢ except in the
presence of SDS. .

Denaturation of PrP** by SDS at pH 4 was dependent on the
concentration of SDS, the time of exposure, and the {emper-
ature. Equivalent levels of denaturation seemed to be achieved
by inversely varying the time and temperature; the time of
exposure for complete inactivation of prions was 15 min when
a temperature of =121°C was used (Tables 3 and 4).

In our initial experiments, denaturation of PrP5° was mea-
sured by the loss of protease-rosistance of PrP 27-30 and a
decrement in prion infectivity. Immunodetection of PrP 27-30
by using Western blotting has a dynamic range of ~100-fold,
whereas bioassays measure prions over an ~10"-fold range as
described above. In determining the mechanism of acidic SDS-

mediated denaturation of PrP¥%, immunoassays are useful but
only prolonged bioassays are adequate to assess whether or not
complete inactivation of prion infectivity has been achieved.

Stabilities of different prion strains. The strain phenotype of
the prion is enciphered in the conformation of PrPS° (9, 43,57,
94), and different strains display distinet conformational sta-
bilities as reflected in their resistance to denaturation by chao-
tropes and heat (36, 43, 57, 77, 81, 91). Besides the strain of
prion, the sequence of PrP, determined by the last host in
which the prion was passaged, influences the conformation of
PrP% and hence its stability (79). The passage of prions
through different species may lead to new prion strains with
properties different from those of the parental strain (21, 35,
38, 54, 57, 72).

Conformational stability profiles, as measured by sensitivity
to denaturation by GdnHCI gave half-maximal (Gdn, ;) values
of 1.5 and 1.8 M for Sc237 prions (56, 57) compared fo a
Gdn,, value of 1.8 M for sCID{MM1) prions (161). However,
the resistances of these strains to depaturation by acidic SDS
are significantly different (Table 1 (o Table 4}, implying that
inactivation protocols validated on one strain cannot be ex-
trapolated to another. Exploring the spectrum of strain con-
formations with respect to inactivation by acidic SDS should be
facilitated by the availability of synthetic prions, especially
since the MoSP1 strain is the most stable strajin studied to date
(42, 43).

Limitations on the measarement of prion infectivity. Bioas-
says for prions are most effective when high-titer samples are
being assessed. Under \hese circumstances, the incubation
times arte the shortest and the variance among the animals is

TABLE 4. Tnactivation of prions by 4% SDS plus 1% AcOH at 134°C”

Hanister $¢237 prions in Tg7 mice

Human sCID prions in Tg23372 mice

Condition(s} Fomogenate Wire Homogenate Wire
IP (days) 9 (n = 24} P {days) % = 24} IP {days) % (n = 24} 1P (days) % {n=24)
Positive control 55 £ 0.0 100 63 £ 0.1 100 13905 100 181 £ 1.2 100
Untreated, 15 min >4080 5 96 = 0.6 &7 =500 o 218+ 4.1 3
Untrezted, 30 min >400 0 262 10 35 =500 0 2424 2.8 63
Untreated, 2 h >400 0 >400 9 >500 0 >500 46
4% SDS~1% AcOH, 15 min >400 & - =400 0 =500 0 >500 ]
4% SDS-1% AcOH, 30 min >400 i} >400 4 >500 0 »>500 0
4% SDS-1% AcOH, 2 h =400 0 >400 o >3500 0 >500 0

? Median incubation periog (IP) = the standard error and percentage of animals succumbing 1o prinn dissase were caloulated by wsing Kaplan-Meier analysis,
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the smallest. As the incubation times lengthen, the variance
increases. In studies of prion inactivation, it is possible to
measure a reduction in titer over a range of ~10°-fold with
S¢237 prions using either Syrian harosters or Tg(SHaPrP)
mice. Inactivation studies performed with sCTD(MM1) prions
using Tg mice permit measurements of prion infectivity over a
range of ~10%-fold.

It is clear that the best measurements can be obtained when
the incubation times are short, as is the case for high-titer
samples. For example, Tg7 mice develop neurologic dysiunc-
tion ~45 days after inoculation with high-titer samples of
S¢237 prions (Fig. 4A).

Prion inactivation with acidic $DS. From the foregoing
studies, acidic SDS provides for the first time a means of
completely inactivating prions under relatively gentle condi-
tions. The need for noncorrosive inactivation of prions is
clearly illustrated by cases of iatrogenic CJD in which prion-
contaminated neurosurgical equipment seems to have spread
prions from one patient to another (8, 11, 14, 15, 20, 31). This
concern has been heightened in Britain, where the finding of
high titers of vCID prions in lymphoid tissues worries author-

ities that any surgical procedure could result in the spread of -

prions from one patient to another (18, 32). In Britain, 15
young people, all of whom later developed vCID, donated
blood that was transfused into 48 recipients. Recently, two of
these recipients have been identified, in whom it is likely that
vCID prions were transmitted from the blood of the young
donors (45, 55).

Conventional hospital disinfectants including ethylene ox-
ide, propriolactone, hydrogen peroxide, jodophors, peracetic
acid, chaotropes, and phenolics have little effect on prion in-
fectivity (89), although some modified cleaning reagents have
been suggested to have utility in diminishing prion titers (25,
71). In addition, prions are tesistant to inactivation by UV
irradiation, aldehyde fixation, boiling, standard gravity auto-
claving at 121°C, and detergent solubilization (1, 5, 22, 24, 40,
64. 89).

Although prolonged proteolytic digestion diminishes prion
titers (17, 47, 68), complete inactivation of prion infectivity is
difficult to achieve enzymatically. As with any enzymatic reac-
tion, protease-catalyzed hydrolysis of PrPS° becomes increas-
ingly less efficient as the concemration of the substrate PrP>
decreases (44, 50). Morcover, one or more substances in crude
suspensions may inhibit an enzyme or mixture of enzymes used
to digest PrPe,

Currently recommended protocols Tor prion decontamina-
tion include either (1) >2% available chlorine of sodivm hy-
pochlorite for 2 h, (ii) 2 M NaOH for 1 h, or (iii} auioclaving
at 134°C for 4.5 h {4, 12, 63, 66, 73, 74, 76, 82, 92, 93). Each of
these protocols has important limitations: sodium hypochlorite
and NaOH are corrosive al the concentrations required (o
imactivate prions; NaOH did not inactivate CID prions com-
pletely in some reports (85, 86); and extended autoclaving at
high tempcrature is deleterious te many materials. Currently,
some high-risk surgical instruments are soaked in 2 N NaOH
for 1 h, rinsed with water, and autoclaved at 134°C for 1 h (75),
while many other such instruments are discarded.

In the studies reported here, sCID(MM1) prions on steel
wires were not completely inactivated by autoclaving at cither
121 or 134°C in the absence of acidic SDS (Tables 3 and 4); this
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contrasts with Sc237 prions that were completely inactivated by
autoclaving alone {Tables 3 and 4). It is noteworthy that the
prion-coated wires were not subjected to any procedures that
might reduce the level of prious, such as washing, shaking, scrub-
bing, and sonicating. Such cleaning procedures are known to
reduce substantially the titers of many different pathogens (74).

The data presented here document the efficacy of acidic SDS
combined with zutoclaving for complets inactivation of human
and hamster prions in brain homogenates and on the surface of
steel wires (Tables 3 and 4). Acidic SDS combined with auto-
claving should supplant routine autoclaving used to sterilize
medical and dental equipment. For equipment such as fiber
optic instruments that cannot be autocizved, submerging such
equipment in acidic SDS at 65°C will substantially reduce prion
infectivity but not completely eliminate it (Table 2). Acidic
SDS at room temperature may also find application in the
inactivation of equipment and surfaces. 5¢237 prion infectivity
was reduced more than 99.99%% in studies conducied at room
temperature (Fig. 3).

Concluding remarks. The results of inactivation studies de-
scribed bere argue that acidic SDS combined with autoclaving
be applied immediately for sterilization of surgical and dental
instruments. Because SDS it hoth a detergent and a proiein
denaturant, it should prove especially apt for sterilizing instru-
ments with complex shapes, serrations, locks, bores, and crev-
ices. Whether other compounds such as urea that are known to
denature PrP®e (51, 63, 64) will prove useful in combination
with a weak acid is unknown.

In addition to inactivating prions on the surfaces of surgical
instruments and diagnostic equipment, acidic SDS may prove
useful in the sterilization of dental and ophthalmologic instru-
ments, as well as the cleaning of operating theaters and invasive
diagnostic suites. Acidic SDS is likely to find use in the cleansing
and sterilization of equipment used in the production of biophar-
maceuticals. In addition, acidic SDS might be applied in the
cleaning of abattoirs, meat-processing plants, butcher shops,
kitchens, and wherever imammalian products are prepared for
human consumption. Acidic SDS might also be uscd on equip-
ment used in the rendexing of offal. Whether acidic SDS ora
biodegradable formulation such as acidic urea can be incorpo-
rated into some products derived from rendered offal remains
to be determined.

In summary, it is important to recognize that procedures
routinely used in medical and dental settings do not inactivate
prions. That being the case, it may be prudent to institute
acidie-SDS protocols as configured in the studies presented
here. Acidic SDS combined with autoclaving completely inac-
tivated prion infectivity, even on steel surfaces. Inactivation of
human and hamster prions mediated by acidic SDS occurs
rapidly and can be achieved without boiling or autoclaving,.
Acidic SDS is noncomosive and offers other practical advan-
tages that make it suitable for widespread use.
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