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Abstract

Since variant Creutzfeldt-Jakob disease (vCJID) has been suspected to be attributable to the infectious agents associated with bovine
spongiform encephalopathy (BSE), it is important to prevent the transmission of pathogenic forms of prion protein (PrP¢) through con-
taminated feeding materials such as meat and bone meal (MBM). Here, we demonstrate that the Maillard reaction employing a formu-
lation of glucose in combination with sodium hydrogen carbonates effectively reduced the infectivity (approximately 5.9-log reduction) of
a scrapie-infected hamster brain homogenate. In addition to a bioassay, a protein misfolding cyclic amplification (PMCA) technique, in
which PrP5¢ can be amplified in vitro, was used as a rapid test for assessing PrPS¢ inactivation. The PMCA analysis also indicated that the
PrP%¢ level in the infected material significantly decreased following the Maillard reaction. Therefore, the Maillard reaction can be

employed for the decontamination of large amounts of byproducts such as MBM.
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Prion diseases or transmissible spongiform encephalop-
athies (TSEs) are neurodegenerative disorders that have
been described in humans as Creutzfeldt-Jakob disease
(CJD), in sheep and goats as scrapie, and in cattle as
bovine spongiform encephalopathy (BSE) [1]. A character-
istic of TSE is the accumulation of a protease-resistant,
misfolded prion protein (PrP5), which is a pathogenic var-
iant of the host-encoded prion protein (PrP<) [2,3]. Since
PrP%¢ retains its infectivity after undergoing routine steril-
izing processes, harsh physical or chemical sterilization
procedures are required for its inactivation [4,5].

BSE is an emerging disease that first appeared in the
United Kingdom after 1986 [6]. It appears that the cause
of the BSE outbreak was feeding PrP>-contaminated meat
and bone meal (MBM) acquired from rendered carcasses
of BSE- or scrapie-infected ruminants to healthy cattle
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[7,8]. It is thought that the recycling of BSE-infected bovine
tissues augmented the concentration of PrP% in commer-
cial MBM, thus causing the subsequent BSE epidemics
[9]. Thus, in order to ensure that byproducts such as
MBM can be safely used in the future, the development
of a technology that can be used for treating large amounts
of byproducts at low costs is required.

In the present study, we report a novel method for prion
inactivation by chemical modification of proteins based on
the principle of the Maillard reaction [10-13]. The Maillard
reaction is a very complicated reaction between reducible
carbohydrates and reactive amino acid residues of proteins
such as lysine, arginine, and tryptophan [14-16]. The reac-
tion products consist of a large variety, for example, brown
protein polymers called “melanoidins.” Since the Maillard
reaction irreversibly modifies the proteins, the structural
changes in PrP%¢ induced by the Maillard reaction are
expected to be effective for reducing the infectivity. We
therefore investigated the efficacy of the Maillard reaction
in scrapie prion inactivation by a bioassay that examined
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the remnant infectivity in the treated samples. In addition,
a protein misfolding cyclic amplification (PMCA), which is
a highly sensitive method for detecting minute amounts of
PrP5° [17,18], was employed for the detection of residual
PrP>¢ following the Maillard reaction.

Materials and methods

Maillard reaction. The hamster-adapted scrapie prion strain Sc237 was
propagated in hamsters. The brains of hamsters in the terminal stage of
the disease, titrating 5 x 1083 lethal dose (LDs) per gram by bioassay [19],
were pooled and homogenized at a concentration of 20% (w/v) in PBS.
The homogenate (250 pl) was mixed with an equal volume of 0%, 10%,
20% or 40% (w/v) of glucose-PBS solution in the presence of 2% (w/v)
sodium hydrogen carbonate. Since the kinetics of the Maillard reaction
depend upon the pH and temperature conditions and the maximum
reaction velocity can be obtained in pH ranges of 9-10 [20-22], sodium
hydrogen carbonate was added to the reaction buffer as a pH-controlling
reagent. After incubation for 30 min at room temperature, the samples
were heated to 100 °C and kept for 3 h. After the above treatment, the
samples were cooled down to the ambient temperature and the resultant
materials were stored at —80 °C until further use.

Western blotting and sequential PMCA. The samples treated by the
Maillard reaction and a control sample were mixed with an equal volume of
2% SDS sample buffer and incubated at 100 °C for 5 min. The samples were
separated by SDS-PAGE and transferred onto a polyvinylidene fluoride
membrane (Millipore, Bedford, MA). After blocking, the membrane was
incubated for 1 h with horseradish peroxidase-conjugated 3F4 (1/2500;
Signet Laboratories, Dedham, MA) or SAF32 (1/2500; Cayman chemical,
Ann Arbor, MI) monoclonal antibodies. After washing, the blotted mem-
brane was developed with the ECL + Plus Western Blotting Detection
System (Amersham Biosciences, Buckinghamshire, England) according to
the manufacturer’s instructions. The chemiluminescence signals were ana-
lyzed using the Light Capture System (ATTO, Tokyo, Japan).

We used the PMCA procedure described in our previous study [19].
Briefly, normal hamster brains were homogenized at 10% (w/v) in PBS-
containing complete protease inhibitors (Roche Diagnostics, Mannheim,
Germany), 1% Triton X-100, and 4 mM EDTA. The supernatant was
separated by brief centrifugation and used as the PrP€ source. The sample
was diluted 1:10 in normal brain homogenate, and one round of the
PMCA reaction was carried out by performing 40 cycles of sonication
followed by incubation at 37 °C for 1 h. Next, the process of dilution
(1:10) of the PMCA product and its subsequent amplification was repe-
ated two times. In the case of PMCA products, before and after each
round of amplification, samples (10 pl) were mixed with 10 pl of pro-
teinase K (PK) solution (100 pg/ml) and incubated at 37 °C for 1 h. The
digested materials were analyzed by Western blotting using the 3F4
antibody as described above.

Bioassay. The inactivated samples were ultrasonicated immediately
before inoculation. In the preliminary experiments, convulsions developed
in the mice inoculated with the samples containing 5% or 10% glucose at
final concentration, and some mice died within 15 min. Therefore, the
samples with 20% glucose at final concentration and those without glucose
(temperature control) were injected intracerebrally into five or six
Tg52NSE mice (20 pl per mouse) that exhibited over expression of ham-
ster PrPC in their nerve system [23]. All animal experiments were per-
formed according to the guidelines of the National Institute of Animal
Health.

Results
Characterization of PrP5¢ after the Maillard reaction

Fig. 1 illustrates the results of Western blotting follow-
ing the Maillard reaction. The signal intensities of both
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Fig. 1. Western blot analysis of prion protein in the Sc237-infected
hamster brain homogenate following the Maillard reaction. A 20% brain
homogenate and 0-40% of the glucose solution were mixed in equal
quantities: the mixture was then incubated at 100 °C for 3h in the
presence of 2% sodium hydrogen carbonate. The samples were separated
by SDS-PAGE, and the blotted membranes were then incubated with 3F4
(A) or SAF32 (B) antibodies. The lanes labeled “C” were the controls in
which no glucose was added to the mixture before heating. The positions
of molecular-weight standards (15-250 kDa) are also shown.
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3F4 (A) and SAF32 (B) epitopes of prion protein did not
differ greatly in the samples before (lane “C”) and after
heating in the presence of sodium hydrogen carbonate
alone. The 3F4 epitope (MKHM) could no longer be
detected following the Maillard reaction in the presence
of 5-20% of glucose. The chemical modification of the
lysine residue located in the epitope by glucose is probably
responsible for this observation. On the other hand, the
SAF32 epitope within the octapeptide repeat region
(WGQPHGGG) could be detected as broad signals follow-
ing the Maillard reaction. The epitope did not consist of
reactive amino acid residues; therefore, the antigenicity
was maintained after the Maillard reaction. The molecular
weight of the prion protein detected by the SAF32 anti-
body was significantly increased, indicating that the addi-
tion of glucose to the reactive amino acid residues
located outside of the epitope proceeded to various extents
during the reaction. These results suggested that the molec-
ular structure of prion protein was considerably altered by
the Maillard reaction.

Assessment by the bioassay and PMCA

The control mice inoculated with the untreated samples
developed the disease after an average period of
45 + 2 days (average + SD, n = 5, Fig. 2). The mice inocu-
lated with the heat-treated (100 °C for 3 h) control sample
died after an average period of 49 + 2 days (n=15). The
onset of the disease in the mice inoculated with the sample
containing 20% glucose at final concentration treated by
the Maillard reaction was significantly delayed; however,
they died after an average period of 115+ 30 days
(n =6). The reduction in infectivity was estimated to be
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Fig. 2. Survival curves of Tg52NSE mice inoculated with the infected
brain homogenates. Dotted line, no treatment; broken line, heat treatment
(100 °C, 3 h) alone; solid line, the Maillard reaction with 20% glucose at
final concentration.
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Fig. 3. PMCA of the sample containing 20% glucose at final concentra-
tion following the Maillard reaction. The sequential PMCA was
performed according to the procedure described in our previous report
[19]. The samples were analyzed before (—) and after (+, in duplicate) each
round of amplification by Western blotting following digestion with PK.
The lanes labeled “NS”* were the controls in which the uninfected brain
homogenate (PrP© only) was treated in the same manner. No signals were
detected in these samples. The lanes labeled “Heat treatment™ denote the
controls in which the infected brain homogenate was subjected to only
heat treatment (100 °C, 3 h). The arrows indicate the positions of the
molecular-weight markers corresponding to 30 and 20 kDa. nt, not tested.

107> on the basis of the incubation time obtained from
the previous study [19].

Fig. 3 shows the results from the amplification of the
samples treated by the Maillard reaction. In the first and
second rounds of amplification, no protease-resistant PrP
(PrP™®) signals were detected in the samples. However,
after three rounds of amplification, the PrP™® signals could
be detected in both the duplicated samples. These results
suggested that a minute amount of PrP% remained unmod-
ified in the sample treated by the Maillard reaction.

Discussion

The Maillard reaction has been considered to be the
chemical reaction responsible for the browning and the loss
of nutritive value of foods. The reaction involves the

formation of CO, from the carboxyl group of the amino
acid residue of proteins and the development of brown pig-
ments (melanoidins), which might be nitrogen-containing
polymeric substances of proteins. There are numerous
reports describing the chemistry of this complex reaction
to identify its various pathways, including reaction param-
eters such as pH, temperature, time, sugar reactivity, con-
centration of the reagents, water content, and glass
transition temperature [21,22,24]. In the present study, we
assessed various concentrations of glucose in the presence
of sodium hydrogen carbonate for the ability to reduce
infectivity and decrease PrP>° levels by the bioassay and
the PMCA, respectively.

Since PrP%° is resistant against physicochemical inactiva-
tion procedures, very harsh treatments are required for
complete inactivation of PrP%. A majority of chemicals,
that are strong protein-modification agents may cause sec-
ondary damage such as environmental pollution and are
not suitable for MBM treatment. On the other hand, the
advantages of the Maillard reaction are the low corrosive
impact and chemical toxicity. The reactants are nontoxic
reducible carbohydrates such as glucose; further, the prod-
ucts appear to be harmless because the Maillard reaction
generally occurs during the manufacturing processes of
heat-treated foodstuffs.

In conclusion, the present study demonstrated that the
Maillard reaction induced a strong modification of PrP%
resulting in an effective reduction of the infectivity. Since
PMCA was capable of amplifying unmodified PrP> fol-
lowing the Maillard reaction and three rounds of PMCA
required only 6 days, the PMCA technique would be very
useful for further improvements in the process of prion
decontamination by using the Maillard reaction. Studies
are now in progress to validate glucose formulation as an
effective yet routinely applicable reprocessing procedure
for prion decontamination.

Acknowledgments

This study was supported by a Grant-in-Aid from the
BSE Control Project of the Ministry of Agriculture, For-
estry and Fisheries of Japan.

References

[1] S.B. Prusiner, Molecular biology of prion diseases, Science 252 (1991)
1515-1522.

[2] B.W. Caughey, A. Dong, K.S. Bhat, D. Ernst, S.F. Hayes, F.S.
Caughey, Secondary structure analysis of the scrapie-associated
protein PrP27-30 in water by infrared spectroscopy, Biochemistry
30 (1991) 7672-7680.

[3] K.M. Pan, M. Baldwin, J. Nguyen, M. Gasset, A. Serban, D. Groth,
1. Mahlhorn, Z. Huang, R.J. Fletterick, F.E. Cohen, S.B. Prusiner,
Conversion of a-helices into B-sheets features in the formation of the
scrapie prion proteins, Proc. Natl. Acad. Sci. USA 90 (1993) 10962—
10966.

[4] P. Brown, E.H. Rau, B.K. Johnson, A.E. Bacote, C.J. Gibbs, D.C.
Gajdusek, New studies on the heat resistance of hamster-adapted
scrapie agent: threshold survival after ashing at 600 degrees C



248 K. Suyama et al. | Biochemical and Biophysical Research Communications 356 (2007) 245-248

suggests an inorganic template of replication, Proc. Natl. Acad. Sci.
USA 97 (2000) 3418-3421.

[5] D.M. Taylor, Resistance of transmissible spongiform encephalopathy
agents to decontamination, in: H.F. Rabenau, J. Ciantl, H.W. Doerr
(Eds.), Prions. A challenge for science, medicine and public health
system, Karger, Basel, 2001, pp. 58-67.

[6] G.A. Wells, A.C. Scott, C.T. Johnson, R.F. Gunning, R.D. Hancock,
M. Jeffrey, M. Dawson, R. Bradley, A novel progressive spongiform
encephalopathy in cattle, Vet. Rec. 121 (1987) 419-420.

[7] JW. Wilesmith, G.A.H. Wells, M.P. Cranwell, J.B. Ryan, Bovine
spongiform encephalopathy: epidemiological studies, Vet. Rec. 123
(1988) 638-644.

[8] J.W. Wilesmith, J.B.M. Ryan, M.J. Atkinson, Bovine spongiform
encephalopathy: epidemiological studies on the origin, Vet. Rec. 128
(1991) 199-203.

[9] J.W. Wilesmith, J.B.M. Ryan, W.D. Hueston, L.J. Hoinville, Bovine
spongiform encephalopathy: epidemiological features 1985 to 1990,
Vet. Rec. 130 (1992) 90-94.

[10] J.W. Baynes, S.R. Thorpe, M.H. Murtiashaw, Nonenzymatic glu-
cosylation of lysine residues in albumin, Methods Enzymol. 106
(1984) 88-98.

[11] K.M. Biemel, O. Reihl, J. Conrad, M.O. Lederer, Formation
pathways for lysine-arginine cross-links derived from hexoses and
pentoses by Maillard processes, J. Biol. Chem. 276 (2001) 23405-
23412.

[12] M. Akagawa, T. Sasaki, K. Suyama, Oxidative deamination of lysine
residue in plasma protein of diabetic rats. Novel mechanism via the
Maillard reaction, Eur. J. Biochem. 269 (2002) 5451-5458.

[13] S.R. Thorpe, J.W. Baynes, Maillard reaction products in tissue
proteins: new products and new perspectives, Amino Acids 25 (2003)
275-281.

[14] M. Akagawa, D. Sasaki, Y. Kurota, K. Suyama, Formation of a-
aminoadipic and y-glutamic semialdehydes in proteins by the
Maillard reaction, Ann. N. Y. Acad. Sci. 1043 (2005) 129-134.

[15] O. Frank, T. Hofmann, On the influence of the carbohydrate moiety
on chromophore formation during food-related Maillard reaction of
pentoses, hexoses, and disaccharides, Helv. Chim. Acta 83 (2000)
3246-3264.

[16] P.H. Lowy, H. Noak, Preparation of N-substituted 1-amino-1-deoxy-
D-arabino-hexuloses of arginine, histidine, and lysine, J. Am. Chem.
Soc. 78 (1956) 3175-3179.

[17] G.P. Saborio, B. Permanne, C. Soto, Sensitive detection of patho-
logical prion protein by cyclic amplification of protein misfolding,
Nature 411 (2001) 810-813.

[18] P. Sad, J. Castilla, C. Soto, Ultra-efficient replication of infectious
prions by automated protein misfolding cyclic amplification, J. Biol.
Chem. 281 (2006) 35245-35252.

[19] Y. Murayama, M. Yoshioka, H. Horii, M. Takata, T. Yokoyama, T.
Sudo, K. Sato, M. Shinagawa, S. Mohri, Protein misfolding cyclic
amplification as a rapid test for assessment of prion inactivation,
Biochem. Biophys. Res. Commun. 348 (2006) 758-762.

[20] M. Takagi, N. Morita, Lysine-catalyzed Maillard browning of sugar-
related compounds smaller than tetrose, in neutral and alkaline
solution, Dev. Food Sci. 13 (1985) 49-57.

[21] C.H. Lea, R.S. Hannan, The effect of activity of water, of pH, and of
temperature on the primary reaction between casein and glucose,
Biochem. Biophys. Acta 3 (1949) 315-325.

[22] J.C. Underwood, H.G. Lento, C.O. Willets, Browning of sugar
solutions. 3. Effects of pH on the color produced in dilute glucose
solutions containing amino acid with amino group in different
positions in molecule, J. Chem. Soc. 1959 (1959) 181-184.

[23] R.E. Race, S.A. Priola, R.A. Bessen, D. Ernst, J. Dockter, G.F. Rall,
L. Mucke, B. Chesebro, M.B. Oldstone, Neuron-specific expression of
a hamster prion protein minigene in transgenic mice induces
susceptibility to hamster scrapie agent, Neuron 15 (1995) 1183-1191.

[24] P.A. Finot, Historical perspective of the Maillard reaction in food
science, the Maillard reaction—chemistry at the interface of nutrition,
aging and disease, Ann. N. Y. Acad. Sci. 1043 (2005) 1-8.



	Prion inactivation by the Maillard reaction
	Materials and methods
	Results
	Characterization of PrPSc after the Maillard reaction
	Assessment by the bioassay and PMCA

	Discussion
	Acknowledgments
	References


