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We report here the transmission of human prions to 18 new transgenic (Tg) mouse lines expressing 8 unique chimeric human/
mouse prion proteins (PrP). Extracts from brains of two patients, who died of sporadic Creutzfeldt-Jakob disease (sCJD), con-
tained either sCJD(MM1) or sCJD(VV2) prion strains and were used for inocula. Mice expressing chimeric PrP showed a direct
correlation between expression level and incubation period for sCJD(MM1) prions irrespective of whether the transgene en-
coded methionine (M) or valine (V) at polymorphic residue 129. Tg mice expressing chimeric transgenes encoding V129 were
unexpectedly resistant to infection with sCJD(VV2) prions, and when transmission did occur, it was accompanied by a change in
strain type. The transmission of sCJD(MM1) prions was modulated by single amino acid reversions of each human PrP residue
in the chimeric sequence. Reverting human residue 137 in the chimeric transgene from I to M prolonged the incubation time for
sCJD(MM1) prions by more than 100 days; structural analyses suggest a profound change in the orientation of amino acid side
chains with the I¡M mutation. These findings argue that changing the surface charge in this region of PrP greatly altered the
interaction between PrP isoforms during prion replication. Our studies contend that strain-specified replication of prions is
modulated by PrP sequence-specific interactions between the prion precursor PrPC and the infectious product PrPSc.

Human prion diseases have spontaneous, genetic, and infec-
tious etiologies and are uniformly fatal. In all cases, the sole

disease-causing agent is an aberrantly folded isoform of a normal
cellular protein, termed the prion protein (PrP). Spontaneous PrP
misfolding, assumed to be a stochastic event, results in sporadic
Creutzfeldt-Jakob disease (sCJD); mutations in PrP make this
conversion more likely to occur, giving rise to inherited prion
diseases. Transmission from an exogenous source, such as inges-
tion of prion-infected human (kuru) or bovine (variant CJD) tis-
sue, can initiate the misfolding cascade, resulting in an infectious
etiology (31).

The transmissibility of prions enables an experimental para-
digm for studying these devastating diseases. Initially, chimpan-
zees were used in laboratory studies (10, 11), but such experiments
were extremely costly and time-consuming. Human prion trans-
missions to rodents led to alternate models; however, transmis-
sion of prions between species can lead to changes in the charac-
teristics of the prion strain (12, 17). The introduction of
transgenic (Tg) mouse models susceptible to human prions has
enhanced the study of human prion diseases (3, 13, 16, 20, 43, 46).

Human PrP (HuPrP) is expressed as a 253-amino-acid poly-
peptide, with an N-terminal signal peptide for translocation, a
C-terminal signal sequence for addition of a glycosylphosphatidyl
inositol (GPI) lipid anchor, and two consensus sites for glycosyla-
tion. The resulting cellular glycoprotein (PrPC) has a predomi-
nantly �-helical structure and is localized to the outer leaflet of the
cell membrane by the GPI moiety. In prion diseases, PrPC un-
dergoes a major structural transformation, converting to
�-sheet-rich, disease-causing PrPSc. This process is autocata-
lytic, with PrPSc driving the refolding of PrPC in a template-
dependent manner.

A polymorphism at residue 129 in HuPrP encodes either a
methionine (M) or valine (V) residue and has a major impact on
susceptibility to prion disease (24). While homozygosity (MM or

VV) at codon 129 occurs in approximately half the population, it
accounts for almost 90% of the sCJD cases (26). This polymor-
phism also plays a role in the resultant strain type. Prion strains
can be differentiated by biochemical and neuropathological anal-
ysis of PrPSc. Approximately 95% of sCJD(MM) cases exhibit an
�21-kDa, unglycosylated protease-resistant PrP band on immu-
noblots, or “type 1” PrPSc; conversely, �95% of sCJD(VV) cases
have an �19-kDa, unglycosylated PrP band, or “type 2” PrPSc.
The different protease-resistant cores of type 1 and type 2 strains
are believed to represent alternative conformations of PrPSc (41)
and result from limited proteolysis at residues 82 and 97, respec-
tively (27).

The first Tg mouse models expressing HuPrP were unexpect-
edly resistant to infection with CJD prions (42). This transmission
barrier was abrogated by backcrossing Tg(HuPrP) mice to mice
lacking expression of endogenous mouse PrP (MoPrP) (Prnp0/0)
(43). Although the mature sequences of MoPrP and HuPrP are
more than 90% identical, wild-type (wt) mice are largely resistant
to infection with human prions, suggesting that a small number of
residues must be responsible for prion susceptibility. In earlier
studies, we found that mice expressing chimeric mouse/human
PrP had abbreviated incubation periods for human prions (43),
and reverting two or three additional human residues to mouse
further shortened the incubation times (13, 20). Starting with this
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chimeric line expressing a construct that differs from MoPrP at
seven residues, we investigated the role of expression level, the
importance of the residue at polymorphic position 129, and the
function of each remaining HuPrP residue, generating 18 novel
Tg lines of mice. By inoculation with sCJD(MM1) and sCJD(VV2)
prions into these mouse lines, we identified residues that are crit-
ical for the transmission of different human prion strains.

MATERIALS AND METHODS
Construct nomenclature. The chimeric mouse/human construct, previ-
ously denoted MHu2M(M129), contains N- and C-terminal regions of
MoPrP, with the central portion between residues 96 and 167 encoding
the HuPrP sequence (with methionine at polymorphic position 129). This
construct differs from MoPrP at nine residues: 96, 108, 111, 137, 142, 144,
154, 165, and 167 (43). For simplicity, this construct is here referred to as
MHu(M129), and transgenic lines derived from this construct are re-
ferred to as Tg(MHu,M129). Reversion of human residues 165 and 167
from the MHu construct, previously denoted MHu2M(M165V,E167Q),
led to transgenic mice with shorter incubation periods for sCJD(MM1)
prions (20). Here, this construct is referred to as MHu#2, where #2 refers
to the two reverted residues. This transgene was used as the base construct
for all subsequent Tg mouse lines reported here. Subsequent reversion of
HuPrP residues to the MoPrP sequence are denoted as additional muta-
tions (Fig. 1).

CJD inocula. Both sCJD(MM1) and sCJD(VV2) brain tissues were
obtained from neuropathologically confirmed cases. In both instances,
the full PrP open reading frame was sequenced. Strain typing was per-
formed by immunoblotting as described below.

Generation of transgenic mouse lines. All animal procedures were
performed under protocols approved by the Institutional Animal Care
and Use Committee at the University of California San Francisco.

Tg mouse lines were created as described previously, using the Cos.tet
vector (34, 35). DNA constructs were generated by site-directed mutagen-
esis with the QuikChange II kit (Stratagene, La Jolla, CA). Constructs were
then cloned into the Cos.tet vector and microinjected into Friend virus
B/Prnp0/0 zygotes. Potential founders containing the transgene were iden-
tified and bred into Tg lines. The transgene sequence was confirmed for all
new lines developed.

Homozygous Tg(HuPrP,V129�/�)152 mice on the FVB/Prnp0/0

background were produced by backcrossing Tg(HuPrP,V129)152/
Prnp0/0 mice on a mixed C57BL/6;129/Sv background (43) to FVB/
Prnp0/0 mice for 10 generations and then intercrossing the resulting mice.
Potentially homozygous mice were selected by quantitative dot blot of
genomic DNA and confirmed by backcrossing.

Expression levels were performed by sandwich enzyme-linked immu-
nosorbent assay (ELISA) or immunoblotting. For the ELISA, 96-well Im-
mulon 4HBX plates (Nunc, Rochester, NY) were coated with the anti-PrP
Fab R1 antibody at a dilution of 1:10,000 in carbonate buffer (0.1 M
NaCO3, pH 8.6) overnight at 4°C. The plates were washed 5 times with
TBST (100 mM Tris, 65 mM NaCl, 0.5% Tween 20, pH 8.0) and then
blocked with 1% nonfat dry milk in TBST. Two-fold serial dilution of
brain homogenates from 2% to 0.0156% were incubated onto these plates
and then washed with TBST. Horseradish peroxidase (HRP)-conjugated
Fab HuM-P was used as the detection antibody, with tetramethylbenzi-
dine as the substrate, and read at 450 nm using the Spectramax Plus plate
reader (Molecular Devices). Imunoblot analyses were performed as de-
scribed below but using the F20-108a monoclonal primary antibody (38)
and an HRP-conjugated anti-mouse secondary antibody. Samples were
measured in triplicate from two to four brains. Mean values are reported
relative to wt FVB brains.

Bioassay of CJD prions. Eight- to ten-week-old mice were intracere-
brally inoculated with 30 �l of 1% brain homogenate in phosphate-buff-
ered saline (PBS) containing 5% bovine serum albumin. Mice were mon-
itored daily for health and twice a week for neurological signs
characteristic of prion disease, as previously reported (5).

Statistical analysis. For survival analysis, median incubation periods
and 95% confidence intervals (CI) were determined as reported previ-
ously (12). Glycoform proportions were compared using seemingly un-
related regressions to perform joint regressions of monoglycosylated and
diglycosylated values (the unglycosylated proportion being defined by the
other two). Levels of significance (P values) were two-sided based on the
Wald test combining effects in the two seemingly unrelated regressions.
All calculations were performed with Stata 11 (Stata Corp., College Sta-
tion, TX).

Immunoblotting. Samples were prepared as described previously
(13); briefly, frozen mouse brains were homogenized using a Precellys 24
beadbeater (MO BIO, Carlsbad, CA) to 10% (wt/vol) in PBS. Before being
loaded onto 10% NUPAGE precast gels, samples were treated with 100
�g/ml of proteinase K (PK) for 1 h at 37°C and then resuspended in 2�
lithium dodecyl sulfate sample buffer and boiled for 10 min. Immuno-
blotting was performed using the iBlot dry blotting system (Invitrogen)
for 7 min and then blocked with 10% nonfat milk in Tris-buffered saline
with Tween 20, pH 7.5. Results were visualized by enhanced chemilumi-
nescence (Amersham, Piscataway, NJ) using the HRP-conjugated HuM-P
Fab. Un-, mono-, and diglycosylated PK-resistant PrP bands were quan-
tified with ImageJ (33).

Neuropathology. Brains were immersion fixed in 10% (vol/vol) buff-
ered formalin, paraffin-embedded, sectioned, and then stained with
hematoxylin and eosin or processed by immunohistochemistry as de-
scribed previously (23). Four sections were reviewed for each brain, cor-
responding to caudate nucleus, hippocampus/thalamus, hippocampus/
midbrain, and cerebellum/pons, from at least three mice for each strain
type, when available.

FIG 1 (A) Structure of MHu#2(M129) based on that of mouse PrP (green;
dashed line indicates unstructured region), with human PrP residues shown as
orange spheres. (B) Schematic representation of mouse (green) and human
(orange) PrP sequences, with human PrP residues (orange bars) highlighted in
the chimeric sequences. Asterisk in human PrP sequence identifies the position
of polymorphic residue 129 denoted methionine (M) or valine (V) in the
chimeric sequences.
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Analysis of protein structure. The most complete and comparable
data sets were those of the structured region (residues �120 to 231) of
MoPrP (identifier [ID] 1XYX) (14) and HuPrP (ID 1QM3) (47), which
were available from the Protein Data Bank as ensembles of 20 structures.
The backbone root mean square deviation of residues 125 to 225 from all
the ensemble structures was calculated using MOLMOL (19). Surface
potential was calculated in a 10-Å box with 0 as the boundary condition,
assuming simple charge, with dielectric constants of 80 and 2 for the
solvent and molecule, respectively; the salt concentration was assumed to
be 150 mM, and the salt radius was 2 Å.

RESULTS
New transgenic lines expressing chimeric mouse/human PrP.
The Tg22372 mouse line expresses the MHu#2(M129) trans-
gene, which encodes a chimeric mouse/human PrP that differs
from MoPrP at seven positions. These mice express the chime-
ric transgene at approximately the same level of PrP in wt FVB
mice and had mean incubation periods of �110 days when
inoculated with sCJD(MM1) prions (20). To determine
whether we could further reduce the incubation period, we
constructed additional lines of Tg mice. We began by produc-
ing Tg lines expressing higher levels of the MHu#2(M129) con-
struct. Next, we investigated strain susceptibility in mice ex-
pressing the same construct but with the polymorphic residue
129 changed to valine: MHu#2(V129).

Finally, we examined the role of the other residues on the in-
cubation period. Because there are 125 possible combinations of
chimeric PrP with seven or fewer differences, we chose to study
those that differ by a single residue from MHu#2. In studying the
effects of single mutations, we cannot exclude the possibility that
mutations may act synergistically. Reverting residue 96 from ser-
ine to asparagine was previously found to increase the incubation
periods for sCJD(MM1) prions (20). We therefore reverted each
of the six remaining HuPrP residues to the corresponding
MoPrP residue and generated at least one Tg line for each
construct (Fig. 1).

Mice from each line were monitored for onset of spontane-
ous disease. The Tg17062 line expressing MHu#2(M129) at
4.9� developed an ataxic phenotype at �300 days, and two Tg
lines expressing the MHu#2(M129,Y144W) transgene showed
circling behavior, tremor, and ataxia at �550 days. However,
none of these mice had any PK-resistant PrP in their brains,
and neuropathological examination showed no abnormalities.
All other lines remained healthy for at least 600 days (Tables 1
and 2).

Direct correlation of incubation time and expression level.
We inoculated sCJD(MM1) prions into four Tg lines expressing
MHu#2(M129) at different levels and paradoxically found longer
incubation times for mice expressing higher levels of chimeric PrP
(Table 1). Hemizygous Tg22372 mice, expressing MHu#2(M129)
at 0.8� that of MoPrP in wt FVB mice, demonstrated median
incubation times of 111 days. Tg17103 mice expressing the same
transgene product at 1.2� exhibited a median incubation time of
103 days. Homozygous Tg22372 mice expressing chimeric
MHu#2(M129) at 1.6� showed incubation times of 124 days.
Finally, Tg17051 mice expressing the same transgene product at
2.8� had a median incubation time of 167 days. Incubation times
plotted against PrP expression levels from these four different
lines of Tg(MHu#2, M129) mice showed a strong correlation (Fig.
2; R2 � 0.91). This direct relationship was observed previously
with Tg mice expressing the original chimeric MHu(M129) con-
struct (20).

A similar direct correlation was also observed when
sCJD(MM1) prions were inoculated into 4 lines of Tg mice ex-
pressing MHu#2(V129) at different levels (Table 1, Fig. 2), be-
tween 1.1� and 2.4� that of wt FVB mice. Tg10355 and Tg7104
mice, expressing MHu#2(V129) at 1.1� and 1.3�, respectively,
exhibited median incubation times of 125 and 133 days, respec-
tively. Tg6550 and Tg7110 mice expressing the same transgene
product at 1.8� and 2.4� had similar incubation times of 209 and

TABLE 1 Influence of the codon 129 polymorphism on the susceptibility to sCJD(MM1) and sCJD(VV2) prions in transgenic micea

Mouse line
Expression
level

Uninoculated sCJD(MM1) prions sCJD(VV2) prions

No. of days (95% CI) until
spontaneous disease n/n0

Incubation period,
days (95% CI) n/n0

Incubation period,
days (95% CI) n/n0

Tg(HuPrP,M129)440b 2 �600 0/9 162 (159, 170) 33/33 �600 6/21e

Tg(MHu#2,M129)22372b 0.8 �600 0/12 111 (107, 112) 49/49 �600 1/19f

Tg(MHu#2,M129)17103 1.2 �600 0/6 103 (99, 104) 7/7 ND
Tg(MHu#2,M129�/�)22372c 1.6 �600 0/17 124 (123, 126) 34/34 ND
Tg(MHu#2,M129)17051 2.8 �600 0/7 167 (165, 194) 8/8 ND
Tg(MHu#2,M129)17062 4.9 289 (226, 312) 6/6 244 (235, 255)d 18/18 ND
Tg(HuPrP,V129�/�)152 4 �600 0/7 211 (193, 214) 7/7 193 (167, 208) 8/8
Tg(MHu#2,V129)10355 1.1 �600 0/7 125 (117, 148) 8/8 �600 0/6
Tg(MHu#2,V129)7104 1.3 �600 0/7 133 (130, 134) 8/8 �600 0/7
Tg(MHu#2,V129)6550 1.8 �600 0/7 209 (193, 227) 8/8 �600 1/5g

Tg(MHu#2,V129)7110 2.4 �600 0/7 207 (196, 214) 8/8 �600 4/16h

a PrP expression level in brain relative to FVB mice, reported as mean fold expression from two to four brains. Spontaneous disease from time of birth and incubation periods from
time of inoculation are reported as median time to onset of clinical signs in days, with 95% confidence intervals, calculated using Kaplan-Meier statistics. n, number of mice with
clinical signs of disease; n0, number of mice monitored; ND, not determined.
b Includes data previously reported in reference 20.
c Includes data previously reported in reference 28.
d When recalculated from date of birth, durations not significantly different from spontaneous disease in uninoculated mice.
e Individual mice showed clinical disease at 329, 336, 339, 339, 482, and 535 dpi.
f One mouse showed clinical disease at 449 dpi.
g One mouse showed clinical disease at 476 dpi.
h Individual mice showed clinical disease at 473, 494, 509, and 540 dpi.
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207 days, respectively. As with lines expressing the MHu#2(M129)
construct, there was a direct correlation between incubation pe-
riod and expression level of MHu#2(V129) (Fig. 2; R2 � 0.80).

Susceptibility of Tg mice to sCJD(MM1) prions. Immuno-
blotting of the brain homogenates from ill mice expressing
HuPrP(M129), HuPrP(V129), MHu#2(M129), or MHu#2
(V129) all resulted in a type 1 PrPSc banding pattern (Fig. 3A).
Each construct led to a similar proportion of monoglycosylated
PrP (�35%), but proportions of unglycosylated and diglycosy-
lated PrP varied with each construct (Fig. 3B). However, com-
pared to the inoculum, only glycoform proportions for the
MHu#2(M129) construct were significantly different (P 	 0.01).
Neuropathological analysis of Tg(MHu#2,V129) lines inoculated
with sCJD(MM1) prions showed moderate vacuolation, finely
granular PrPSc deposition, and astrocytic gliosis (Fig. 3C to E),
analogous to that previously reported for Tg(MHu#2,M129) mice
(20). Together, these observations suggest that there was minimal
change to the sCJD(MM1) strain type after transmission to Tg
mice.

Susceptibility of Tg mice to sCJD(VV2) prions. In previous
studies, Tg mice expressing HuPrP(V129) were highly suscep-
tible to sCJD(VV2) prion strains (3, 8, 43), whereas mice ex-
pressing HuPrP(M129), MHu(M129), or MHu#2(M129) were

TABLE 2 Susceptibility of Tg mice expressing chimeric mouse/human PrP to sCJD(MM1) prionsa

Line
Expression
level

No. of days (95% CI) until
spontaneous disease n/n0

Incubation period,
days (95% CI) n/n0

Tg(MHu#2,M129,M108L)1208 0.3 �600 0/7 193 (189,194) 7/7
Tg(MHu#2,M129,M108L)1284 0.3 �600 0/5 187 (179, 201) 8/8
Tg(MHu#2,M129,M111V)1014b 2.8 �600 0/6 77 (74, 81) 20/20
Tg(MHu#2,M129,I137 M)10027 1.8 �600 0/5 237 (224, 292) 6/6
Tg(MHu#2,M129,I137 M)10025 2.0 �600 0/8 239 (214, 253) 4/4
Tg(MHu#2,M129,S142N)3018 1.1 �600 0/7 118 (106, 123) 22/22
Tg(MHu#2,M129,S142N)3061 1.5 �600 0/6 152 (134, 152) 7/7
Tg(MHu#2,M129,Y144W)16914 	0.05 550 (508, 585) 6/7 558 (419, �600)c 4/4
Tg(MHu#2,M129,Y144W)17421 	0.05 555 (548, �600) 3/6 553 (438, �600)c 6/6
Tg(MHu#2,M129,H154Y)4561 0.3 �600 0/4 231 (200, 249) 5/5
Tg(MHu#2,M129,H154Y)5099 0.1 �600 0/4 391 (201, 439) 7/7
a PrP expression level in brain relative to FVB mice, reported as mean fold expression from two to four brains. Spontaneous disease from time of birth and incubation periods from
time of inoculation are reported as median time to onset of clinical signs in days, with 95% confidence intervals, calculated using Kaplan-Meier statistics. n, number of mice with
clinical signs of disease; n0, number of mice monitored; ND, not determined.
b Includes data previously reported in reference 13.
c When recalculated from date of birth, durations not significantly different from spontaneous disease in uninoculated mice.

FIG 2 Incubation periods for sCJD(MM1) prions plotted against expression
levels in Tg mice expressing chimeric MHu#2. Tg(MHu#2,M129) lines (filled
symbols) show a strong, direct correlation between expression level and incu-
bation period (solid line; R2 � 0.91). Similarly, mouse lines expressing the
MHu#2(V129) construct (open symbols) also show a direct correlation
(dashed line; R2 � 0.80). Points indicate median incubation period, and error
bars indicate 95% confidence intervals.

FIG 3 Characterization after transmission of sCJD(MM1) prions to Tg mice
expressing human (Hu) or chimeric (MHu#2) PrP with methionine (M) or valine
(V) at polymorphic codon 129. (A) Immunoblot of brain homogenates: lane 1,
inoculum; lane 2, Tg(HuPrP,M129)440; lane 3, Tg(MHu#2,M129)22372; lane 4,
Tg(HuPrP,V129�/�)152; and lane 5, Tg(MHu#2,V129)6550 mice. Samples were
treated with 100 �g/ml of PK for 1 h at 37°C prior to being loaded on gels and
probed with the anti-PrP HuM-P antibody. Apparent molecular masses of mi-
grated protein standards are shown in kilodaltons. (B) Proportions of unglycosy-
lated (black), monoglycosylated (gray), and diglycosylated (white) PK-resistant
PrP for each construct from multiple samples: 1, sCJD(MM1) (1 sample; 18 rep-
licates); 2, HuPrP(M129) (5 samples; 8 total replicates); 3, MHu#2(M129) (6 sam-
ples; 11 total replicates); 4, HuPrP(V129) (1 sample; 4 replicates); 5,
MHu#2(V129) (8 samples; 10 total replicates). Bars represent means, and error
bars represent standard deviations; statistical difference from inoculum (lane 1)
indicated above each bar: n.s., not significant; **, P	0.01. (C to E) Micrographs of
the hypothalamus of ill Tg Tg(MHu#2,V129)7110 mice stained with hematoxylin
and eosin (H&E) (C) and stained immunohistochemically for PrPSc (D) or glial
fibrillary acidic protein (E). Bar in panel E represents 100 �m and applies to all
micrographs.
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not (1, 3, 20). To test whether our novel Tg lines expressing
chimeric MHu#2,V129 were susceptible, we inoculated them
with sCJD(VV2) prions (Table 1). Among four Tg lines ex-
pressing MHu#2(V129) and injected with sCJD(VV2) prions,
only 5 of 34 mice developed signs of neurologic dysfunction,
after extended incubation periods (�470 days; Table 1). Bio-
chemically, only passage to Tg(HuPrP,V129�/�)152 retained
the type 2 strain, characterized by the same-sized unglycosy-
lated PrP band (Fig. 4A). The glycoform ratio of this brain
homogenate also closely paralleled that of the inoculum (Fig.
4B). Neuropathologically, this strain was characterized by se-
vere vacuolation, coarsely granular PrPSc deposition, and in-
tense astrocytic gliosis (Fig. 4C to E).

For other constructs, when transmission did occur, brains
of the resulting mice had a larger unglycosylated fragment.
Immunoblot analysis of the brain homogenates from ill
Tg(MHu#2,V129) mice showed that an intermediate band ap-
peared between type 1 and type 2 (Fig. 4A), which was consis-
tent for all 5 mice analyzed. Neuropathological analysis showed vac-
uolation predominantly in the neocortex and piriform cortex, an
intense degree of PrPSc staining, and moderate astrocytic gliosis (Fig.
4F to H), differing from that of Tg(HuPrP,V129) mice. This differ-
ence in strain type between sCJD(VV2) passaged in mice express-
ing HuPrP(V129) versus MHu#2(V129) was also supported by
the vacuolation profiles throughout the resulting brains (Fig. 4I
and J).

Brain homogenates from sick Tg(MHu#2,V129) mice injected
with sCJD(VV2) prions were prepared and inoculated into the
same Tg lines for serial passage. Two mice from the Tg7110 line,
sick at 494 and 509 days postinfection (dpi), resulted in efficient
transmission to other Tg7110 mice, with median incubation times
of 320 and 386 days, respectively (Fig. 4K). Brain extract from the
Tg6550 mouse, which developed clinical disease at 476 dpi, trans-
mitted to all Tg6550 mice with a median incubation period of 389
days (Fig. 4L). For all second passages, incubation periods were
shorter than for the initial transmissions. This phenomenon is one
indication that a strain barrier was posed (36).

Role of individual residues in transmission of MM1 prions.
Because increasing the expression level did not reduce the incuba-
tion period for Tg(MHu#2,M129) mice, we investigated the role
of the remaining HuPrP residues in MHu. Since previous studies
showed that the S¡N reversion at residue 96 lengthened the in-
cubation times (20), we examined the remaining six human resi-
dues and reverted each one to the mouse sequence in the MHu#2
transgene.

Tg mice with MHu#2 constructs containing reverted residues
108 or 154 had low expression levels (	0.3�) of chimeric PrP. Tg
mice with MHu#2 constructs containing reverted residues 111,
137, or 142 expressed chimeric PrP at �1 to 3�. In Tg mice with
reverted residue 144, protein expression levels could not be de-
tected despite a high copy number of transgene integration; most
of these Tg(MHu#2,M129,Y144W) mice developed spontaneous
disease at �550 days of age. All 11 Tg lines were inoculated with
sCJD(MM1) prions (Table 2). In the 2 Tg lines with the residue
144 reversion, all infected mice died in �550 days. Given that
this duration is similar to onset of spontaneous disease, we
conclude that these Tg(MHu#2,M129,Y144W) mice developed
spontaneous illness rather than prion disease. Reverting resi-
due 142 had little effect on the incubation periods in the
Tg(MHu#2,M129,S142N) lines compared to in Tg mice ex-

pressing MHu#2(M129): incubation times were �120 to 150
days. Tg lines with reverted residue 108 and 0.3� expres-
sion levels showed slightly longer incubation periods for
sCJD(MM1) prions (�190 days). Reversion of residue 137 in
Tg10027 and Tg10025 mice expressing MHu#2(M129,I137M)
resulted in an �70% increase in the incubation period com-
pared to that for Tg(MHu#2,M129) mice with a similar expres-
sion level. Tg lines expressing reverted residue 154 also dem-
onstrated extended incubation periods, from 230 to 390 days;
however, these lines had low expression levels, making direct
comparison difficult. As reported earlier, restoring residue 111
in the Tg(MHu#2,M129,M111V)1014 line reduced the incuba-
tion time to 77 days, a �50% decrease compared to in
Tg(MHu#2,M129) mice with a similar expression level (Table
2) (13).

Immunoblotting of the brain homogenates from ill Tg mice
showed type 1 PrPSc (Fig. 5A). The ratio of the glycosylated forms was
slightly different for each construct, with the proportion of diglyco-
sylated PrP increased and that of unglycosylated PrP reduced com-
pared to the inoculum (Fig. 5B). These differences were significant for
the MHu#2(M129,M108L) (P 	 0.01), MH#2(M129,I137M) (P 	
0.05), and MHu#2(M129,H154Y) (P 	 0.01) constructs but not sig-
nificant for MHu#2(M129,M111V) and MHu#2(M129,S142N)
constructs, suggesting that residues differing between HuPrP and
MHu#2 can impact glycosylation.

Brains of ill Tg22372 (Fig. 5C), Tg1014 (Fig. 5D), and Tg3018
(Fig. 5E) mice were inoculated into the same lines for second
passages. Second passage of sCJD(MM1) prions reduced the in-
cubation periods in Tg22372 and Tg3018 mice. For Tg22372 mice,
the median incubation time diminished from 111 days to 96 days
(95% CI of 89, 99); for Tg3018 mice, the incubation time de-
creased from 118 days to 91 days (95% CI of 85, 98). In contrast,
serial passage of sCJD(MM1) prions in Tg1014 mice showed no
shortening of the incubation time: on initial passage, the median
incubation time was 77 days, and on second passage, it was 76 days
(95% CI of 74, 82).

Structural analysis. To determine why Tg mice expressing chi-
meric PrP that differs from MoPrP at only six or seven residues are
susceptible to sCJD(MM1) prions, while wt mice are largely resis-
tant to human prions, we compared the structures of HuPrP and
MoPrP (14, 47). In all PrP structures determined to date, the N
terminus is largely flexible and the region from residue �120 to
the C terminus has a well-defined structure. As expected from the
high degree of sequence similarity, the three-dimensional (3D)
structures of HuPrP and MoPrP are globally similar, with a back-
bone root mean square deviation of 1.02 Å for all ensemble mem-
bers from the two structures. Of the seven residues that differ
between MHu#2 and MoPrP, four are in the structured region.
These residues delineate an area on one face of the PrPC molecule
(Fig. 1A).

For residues 137, 142, 144, and 154 (MoPrP numbering), we
compared the orientations of the side chains for all members of
the nuclear magnetic resonance (NMR) structural ensembles.
MoPrP N142 and W144, as well as the corresponding HuPrP res-
idues S143 and Y145, occupy similar regions of space, and all
ensemble members have similar orientations. In structural deter-
minations at pH 4, HuPrP H155 has a slightly different orienta-
tion from MoPrP Y154: H155 is charged and repelled by R156. At
physiologic pH, H155 would be neutral. In a structure determined
at pH 7 (4), H155 occupies a similar position to that occupied by
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FIG 4 Characterization after transmission of sCJD(VV2) prions to Tg mice expressing human (Hu) or chimeric (MHu#2) PrP with methionine (M) or valine
(V) at polymorphic codon 129. (A) Immunoblot of brain homogenates: lane 1, inoculum; lane 2, Tg(HuPrP,M129)440; lane 3, Tg(MHu#2,M129)22372; lane 4,
Tg(HuPrP,V129�/�)152; and lane 5, Tg(MHu#2,V129)6550 mice. Samples were treated with 100 �g/ml of PK for 1 h at 37°C prior to being loaded on gels and
probed with the anti-PrP HuM-P antibody. Apparent molecular masses of migrated protein standards are shown in kilodaltons. (B) Proportions of unglycosy-
lated (black), monoglycosylated (gray), and diglycosylated (white) PK-resistant PrP for each construct from multiple samples: 1, sCJD(VV2) (1 sample; 13
replicates); 2, HuPrP(M129) (3 samples; 7 total replicates); 3, MHu#2(M129) (1 sample; 6 replicates); 4, HuPrP(V129) (1 sample; 4 replicates); 5, MHu#2(V129)
(5 samples; 14 total replicates). Bars represent means, and error bars represent standard deviations; statistical difference from inoculum (lane 1) indicated above
each bar: n.s., not significant; **, P 	 0.01. (C to H) Micrographs of brain tissue from ill Tg mice, showing the most dramatic neuropathological changes: the
thalamus of Tg(HuPrP,V129)152 mice (C to E) and piriform cortex of Tg(MHu#2,V129)7110 mice (F to H). Samples were stained with H&E (C, F) and stained
immunohistochemically for PrPSc (D, G) or glial fibrillary acidic protein (E, H). Bar in panel H represents 100 �m and applies to all micrographs. (I, J)
Vacuolation score histogram, an estimate of the brain area occupied by vacuoles, for Tg(HuPrP,V129)152 mice (I) and Tg(MHu#2,V129)7110 mice (J). NC,
neocortex; Pir, piriform cortex; Hp, hippocampus; Th, thalamus; Hab, habenula; Hy, hypothalamus; Cd, caudate nucleus; Cb-G, cerebellar cortex, granular cell
layer; Bs, brainstem. (K, L) Kaplan-Meier survival graphs for first (black) and second (gray) transmissions of sCJD(VV2) prions in Tg(MHu#2,V129)7110
(second passages of two independent brains shown) (K) and Tg(MHu#2,V129)6550 (L) mice.
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Y154 in MoPrP at pH 4. The orientation of MoPrP Y154 is un-
likely to be influenced by pH. The most marked difference be-
tween the structures of MoPrP and HuPrP is the orientation of
MoPrP M137 compared to that of HuPrP I138; they occupy dif-
ferent regions of space (Fig. 6A and B). Further analysis showed a
large difference of side chain orientation between the two se-
quences for the conserved arginine residue at position 135/136,
due to steric hindrance from I138 in HuPrP (Fig. 6A and B).
Changes in the location of the charged residues on the surface of
PrP impact the electrostatic potential of the protein (Fig. 6C and
D). This analysis correlates closely with the incubation periods of

the various transgenes in which the reversion I137M had the big-
gest extension of incubation period at the same PrP expression
levels.

DISCUSSION

A wealth of evidence argues that the sole component of mamma-
lian prions is the conformational isoform PrPSc. To account for
the different properties of prion strains, one of us (SBP) suggested
that variations in the conformation of PrPSc might be the site
where biological information for the prion is enciphered (30).
Over the past 2 decades, numerous findings support the conten-
tion that the characteristics of both mammalian and fungal prion
strains are enciphered in the conformation of the prion protein (2,
6, 7, 9, 21, 22, 29, 40, 41, 44).

Relationship between incubation period and expression
level. In Tg mice expressing full-length PrP from various species,
an inverse relationship exists between expression level and incu-
bation period (32, 37, 39). However, this relationship is not linear
over the full range of expression levels but is asymptotic: increased
expression level shortens the incubation period to a minimum
value characterized by the particular strain. Very high expression
levels frequently lead to spontaneous disease, which has rarely
been shown to correspond to infectivity and likely reflects cellular
malfunction due to protein overexpression.

In the chimeric transgenes reported here, we observed a direct
relationship between expression level and incubation period.
However, we do not expect this relationship to be linear: very low
expression levels are unlikely to yield very rapid incubation peri-

FIG 5 Passage of sCJD(MM1) prions to Tg mice expressing MHu#2(M129) and
an additional reversion to the HuPrP sequence. (A) Immunoblot of brain homog-
enates: lane 1, inoculum; lane 2a, Tg1208 mice expressing MHu#2(M129,M108L);
lane 2b, Tg1284 mice expressing MHu#2(M129,M108L); lane 3, Tg1014 express-
ing MHu#2(M129,M111V); lane 4a, Tg10027 expressing MHu#2(M129,I137M);
lane 4b, Tg10025 expressing MHu#2(M129,I137M); lane 5a, Tg3018 expressing
MHu#2(M129,S142N); lane 5b, Tg3061 expressing MHu#2(M129,S142N); lane
6a, Tg4561 expressing MHu#2(M129,H154Y); and lane 6b, Tg5099 expressing
MHu#2(M129,H154Y). Samples were treated with 100�g/ml of PK for 1 h at 37°C
prior to loading on gels and probed with the anti-PrP HuM-P antibody. Apparent
molecular masses of migrated protein standards are shown in kilodaltons. (B)
Proportions of unglycosylated (black), monoglycosylated (gray), and diglycosy-
lated PK-resistant PrP for each construct from multiple repetitions: 1,
sCJD(MM1) (1 sample; 18 replicates); 2, MHu#2(M129,M108L) (4 samples; 10
replicates); 3, MHu#2(M129,M111V) (4 samples; 8 total replicates); 4,
MHu#2(M129,I137M) (8 samples; 17 total replicates); 5, MHu#2(M129,S142N)
(8 samples; 17 total replicates); and 6, MHu#2(M129,H154Y) (8 samples; 15 total
replicates). Bars represent means, and error bars represent standard deviations;
statistical difference from inoculum (lane 1) indicated above each bar: n.s., not
significant; *, P 	 0.05; **, P 	 0.01. (C to E) Kaplan-Meier survival curves for first
(black) and second (gray) passages of sCJD(MM1) prions in
Tg(MHu#2,M129)22372 (C), Tg(MHu#2,M129,M111V)1014 (D), and
Tg(MHu#2,M129,S142N)3018 (E) mice.

FIG 6 Structural analysis of MoPrP and HuPrP, in same orientation as that in
Fig. 1A. (A, B) Diagrams of the regions around helix 1 in MoPrP(131–158) (A)
and HuPrP(132–159) (B), showing all side-chain conformations from the
structure ensembles of the residues differing between the two species, plus the
conserved arginine residue 135/136 shown in cyan. (C, D) Molecular surface
diagrams of the most stable conformer for MoPrP (C) and HuPrP (D), for the
same regions shown in panels A and B, colored by electrostatic potential. Red
indicates negative charges; blue shows positive charges.
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ods. Rather, the relationship may be parabolic, with a particular
transgene expression level related to a minimum incubation pe-
riod, and lower and higher expression levels leading to longer
incubation times. Such a phenomenon could be explained biolog-
ically by a stoichiometric relationship with a cofactor, such as the
postulated “protein X” (43). However, why chimeric transgenes
are more susceptible to such a mechanism remains to be deter-
mined, and studies to address this are under way.

Transmission characteristics of sCJD(MM1) and sCJD(VV2)
prions. Prion strains can be characterized in a number of ways,
including incubation period in certain hosts, intensities of PK-
resistant PrP glycoform bands, and vacuolation profile and PrP
distribution throughout the brain. A growing body of data sup-
ports the concept that the six potential sCJD subtypes (MM1,
MM2, MV1, MV2, VV1, VV2) represent four distinct strains,
termed M1, M2, V1, and V2 (3, 15, 25, 45). Here, we studied the
two most common forms of sCJD, MM1 and VV2, representing
strain types M1 and V2.

Transmission of the M1 strain was not hindered by the poly-
morphism at residue 129 in mice expressing HuPrP constructs.
Conversely, transmission of the V2 strain to Tg(HuPrP,V129)
mice was efficient, but transmission to Tg(HuPrP, M129) mice
was inefficient and accompanied by change in strain proper-
ties, identifying the expression of V129 as essential for the
transmission of the V2 strain. Other recent studies on the
transmission of human prion strains have similarly observed a
change in strain phenotype following transmission of V2 pri-
ons to mice expressing HuPrP(M129) (3, 18).

The chimeric constructs reported here offer additional insight
into the transmission of M1 and V2 strains. Because the M1 strain
transmitted efficiently to mice expressing HuPrP(M129) and
MHu#2(M129) transgenes, and the V2 strain transmitted effi-
ciently to mice expressing the HuPrP(V129) transgene, we gener-
ated mice expressing the MHu#2(V129) transgene and inoculated
them with V2 prions. We found that only 5 of 34 mice among four
Tg lines expressing chimeric MHu#2(V129) developed clinical
signs of prion disease. Moreover, when transmission did occur, it
was accompanied by a change in the strain type, as determined
both biochemically and neuropathologically (Fig. 4). This novel
strain type was retained upon serial passage.

Our findings show that the differences in transmission between
V2 and M1 prions into Tg mice expressing MHu#2 are not a
function of the polymorphic residue in the host but rather the
conformation of the two prion strains and how they interact with
PrPC. While V129 is mandatory for propagation of the V2 strain, it
is not sufficient, and other human PrP residues in the N- and/or
C-terminal regions are required. Our data argue that the confor-
mations of sCJD(VV2) and sCJD(MM1) prions differ in their
abilities to bind to PrPC during the propagation of nascent prions.

Our studies contend that strain-specified replication of prions
is modulated by PrP sequence-specific interactions between the
prion precursor PrPC and the infectious isoform PrPSc.

Impact of chimeric transgenes on incubation periods. Re-
verting human-encoded amino acid residues to mouse in the chi-
meric MHu transgene had profound effects on the length of the
incubation time and the strain-specified properties of PrPSc. For
example, reverting residues 165 and 167 from human to mouse
decreased the incubation time from �200 days to �110 days for
sCJD(MM1) prions (20). Reverting a third residue at 111 reduced
the incubation time still more, to �75 days (13).

The conservative substitution of isoleucine for methionine at
residue 137 in the chimeric transgene resulted in an �70% in-
crease in incubation period. Structural analysis suggested that this
may result in an alteration to the electrostatic charge distribution
on the protein surface (Fig. 6). A similar argument was used to
explain the impact of the E200K mutation associated with familial
CJD, since the overall structure of PrP remained largely un-
changed (48).

In all cases, transmission of sCJD(MM1) prions resulted in a
type 1 strain that produced similar neuropathological changes,
suggesting that these mutations affected the kinetics of prion rep-
lication.

Conclusions. The Tg mice described here that express chime-
ric mouse/human PrP genes provide a novel set of tools with
which to study strains of prions. These same mice provide a means
of evaluating human prion infectivity relatively rapidly; such bio-
assays may play a pivotal role in the development of therapeutics
for treating patients dying of CJD.
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