The FASEB Journal  Research Communication

Serl170 controls the conformational multiplicity of the
loop 166-175 in prion proteins: implication for
conversion and species barrier
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ABSTRACT The self-perpetuating conversion of cel-
lular prion proteins (PrP€) into an aggregated B-sheet
rich conformation is associated with transmissible spon-
giform encephalopathies (TSE). The loop 166-175
(L1) in PrP€, which displays sequence and structural
variation among species, has been suggested to play a
role in species barrier, in particular against transmis-
sion of TSE from cervids to domestic and laboratory
animals. L1 is ordered in elk PrP, as well as in a
mouse/elk hybrid (in which L1 of mouse is replaced by
elk) but not in other species such as mice, humans, and
bovine. To investigate the source and significance of L1
dynamics, we carried out explicit solvent molecular
dynamics simulations (=~0.5 ps in total) of the mouse
prion protein, the mouse/elk hybrid, and control sim-
ulations, in which the mouse sequence is reintroduced
into the structure of the mouse/elk hybrid. We found
that the flexibility of L1 correlates with the backbone
dynamics of Serl70. Furthermore, L1 mobility pro-
motes a substantial displacement of Tyr169, rupture of
the Aspl178-Tyr128 and Aspl78-Tyr169 side chain hy-
drogen bonds, as well as disruption of Tyr169-Phel75
mr-stacking interaction. The simulation results go be-
yond the available experimental data because they
highlight the dependence of this network of interac-
tions on residue 170 and L1 plasticity.—Gorfe A. A.,
Caflisch A. Ser170 controls the conformational multi-
plicity of the loop 166-175 in prion proteins: implica-
tion for conversion and species barrier. FASEB J. 21,
3279-3287 (2007)
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THE CELLULAR FUNCTION OF THE PRION PROTEIN (PrP)
remains elusive (1, 2), despite extensive investigations
spurred by the association of PrP with fatal diseases
called transmissible spongiform encephalopathies
(TSEs) or “prion diseases” (1, 3, 4). TSEs include
bovine spongiform encephalopathy (BSE), Creutzfeldt—
Jakob disease in humans, feline spongiform encepha-
lopathy, scrapie in sheep, and chronic wasting disease
(CWD) in cervids. The protein-only hypothesis states
that the major component, if not the only one, of the
infectious particle causing TSE is the aggregated
“scrapie” isoform (PrP%%) (1, 4-6). The transition from
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the cellular a-helical PrP¢ to the infectious B-sheet-
enriched PrP® occurs by conformational change, and
subsequent propagation arises from the ability of PrP>
to transmit its conformation to the neutral isoform. In
support of the protein-only hypothesis, structural mod-
els of PrP are providing useful insights into how
seeded B-sheets organize to the disease-causing fibril
(7-10).

The incubation time for onset of TSEs from cross-
species infection is prolonged as compared to the
transmission of infectious material within the same
species, indicating species barrier (11-15). The heter-
ogeneity and low availability of purified infectious
material considerably limits structural investigations of
PrP%¢ from diverse species. As a result, little is known
about how the apparently sequence-dependent species
barrier occurs. On the other hand, analysis of NMR
structures of recombinant PrP® from several species
helped identify structural features that may play a role
in species barrier (16-22). The overall structure of
PrP¢ is similar across species with the first 120 amino
acids being disordered and the second half of the
protein adopting a globular domain that has three
a-helices and an 8-residue two-stranded antiparallel
B-sheet (Fig. 1, left). Nonetheless, localized structural
variations have been observed (1621, 23, 24).

Considering the stringency of the barrier against the
transmission of CWD from cervids (including elk) to
domestic mammals (25, 26), the availability of the elk
prion protein (ePrP) NMR structure (19) and the
structure of other PrPs has been particularly useful.
Such a comparison revealed that the loop connecting
B2 and a2 (residues 166-175, L1) is precisely defined
in ePrP, while it exhibits pronounced structural disor-
der in PrP€¢ of other species, such as mice, humans,
bovine, cats, and dogs (18-20).

The ePrP has two amino acid substitutions at posi-
tions 170 and 174 of L1 when compared to the mouse
(mPrP) and bovine (bPrP) sequences (Fig. 1, right).
Introduction of the L1 sequence of ePrP into mouse
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Figure 1. Left: Ribbon representation of the NMR structure of
the mouse/elk hybrid S170N/N174T. The short B-sheet
comprising strand B1 (residues 128-131) and B2 (residues
161-164) is at the back, whereas helices al (residues 143—
153), a2 (residues 172-191) and a3 (residues 199-227) are in
front. The definition of structural elements is as described in
ref. 19. Right: Amino acid sequences of the loop 166-175
(L1) in human (hPrP), bovine (bPrP), Syrian hamster
(shPrP), elk (ePrP) and mouse (mPrP) prion proteins. Con-
served amino acids are represented by solid circles (the hPrP
is used as a reference). The binding sites for the hypothetical
chaperone “protein X” are shown by arrows.

(= mouse/elk hybrid, mPrP[S170N,N174T]) (19) re-
sulted in a structured loop that exactly mimics ePrP,
showing that the structured loop in ePrP relates to
these two local amino acid exchanges. Furthermore,
Syrian hamster prion protein (shPrP) (22), which car-
ries an Asn at position 170 and a designed S170N
variant of human PrP (19), have a partially stabilized
L1. The structure of L1 in the mouse N174T variant is
characterized by the same slow conformational ex-
change as in the wild-type mPrP (19). Thus, Serl70,
especially in conjunction with Asnl74, appears to dic-
tate the structural stability of L1 in PrPC. Interestingly,
in this context, L1 residues 168 and 172, together with
residues 215 and 218 at the C-terminal half of a3, are
proposed to form a disease-related epitope for the
binding of the hypothetical “protein X” (27). These two
segments are also the binding sites for a monoclonal
antibody (28). Furthermore, the two regions experi-
ence the largest sequence variation among mammalian
species (16), as well as between mammalian and avian
PrPs (18).

To investigate the origin and consequence of L1 dy-
namics, we carried out explicit solvent molecular dynam-
ics (MD) simulations of the mPrP (residues 120-232), the
mouse/elk hybrid (mPrP[S170N,N174T), and control
simulations in which the mouse sequences were rein-
troduced into the structure of the mouse/elk hybrid.
We observe that the flexibility of L1 is a result of the
backbone conformational dynamics of Ser170. Further-
more, L1 mobility results in Tyr169 side chain displace-
ment, rupture of Aspl78Tyrl28 and Aspl78-Tyrl169
side chain hydrogen bonds, as well as loss of Tyr169-
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Phel75 m-stacking interaction. We also observe dy-
namic interactions between Ser170 and the C-terminal
end of o-helix 3 in the context of flexible L1. The
implications of the results to conformational conver-
sion and species barrier are discussed.

MATERIALS AND METHODS

Explicit solvent molecular dynamics simulations at physiolog-
ical temperature (310 K) were performed for a total of 0.5 ps
(Table 1). The charge assignments reflect the moderately
acidic (pH=4.5) condition of the NMR experiments; based
on calculated pK,s averaged over all the NMR conformers
(29), all aspartate, glutamate, histidine, arginine, and lysine
residues were in their charged forms. The CHARMM force
field (30) and TIP3P water model were used in all simula-
tions. The programs CHARMM (31) and NAMD (32) were
used for setup (minimization and equilibration) and dynam-
ics, respectively. The simulations were carried out following
the protocols described before (33), using particle mesh
Ewald treatment of electrostatics and a cutoff of 12 A for van
der Waals. The “species” studied here include the wild-type
mouse (mPrP, PDB code 1XYX (19)), mouse/elk chimera in
which L1 of mouse has been substituted by that of an elk
through S170N/N174T double mutation (mPrPel, PDB code
1Y16 (19)), and reverse-mutations (mPrPmb) in which simu-
lations are started from the structure of the mouse/elk hybrid
with the two amino acids of the elk sequence (Asn170 and
Thr174) mutated back to the wild-type mouse sequence
(Ser170 and Asn174). For each species, that is, mPrP, mPrPel,
and mPrPmb, two simulations were run, differing only in the
assignment of initial velocities, to improve sampling. Note
that long simulations were preferred (Table 1) over multiple
short runs in order to reduce the dependence on the initial
NMR conformer, in particular for the mutants with modeled
side chains.

RESULTS

Values of the root mean square deviation (RMSD)
averaged over the last 20 ns of each simulation are
listed in Table 1. As observed in previous simulations
(e.g., (34)), the all-residue RMSDs are somewhat high
due to the substantial conformational changes at the
terminals and loops. When only the regular secondary
structure elements are considered, the RMSD reduces
by up to 65%, especially in simulations started from the
mouse/elk hybrid PrP, which has a better defined NMR
structure. To illustrate this relative flexibility, superpo-
sition of snapshots collected at 100-ps intervals along
the 150-ns simulation of mPrPmb is shown in Fig. 2,
top. The displacements at the termini and loops f1-al,
B2-a2 (L1) and a2-a3 (L2) account for a large part of
the total deviation from the starting structure, while
helix al undergoes a mainly rigid-body motion. A
similar rigid-body displacement of a1 was observed first
in MD simulations (35) and then by NMR analysis (18).

The root mean square fluctuations are similar in all
simulations (Fig. 2, bottom). The largest difference is at
L1, where a substantially increased mobility is observed
in one of the two mPrP runs and one of the two
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TABLE 1. Simulations performed and L1 flexibility analysis

Ca-RMSD D178
[AT* interactions®
L1 sequence PDB Length L1
Name (166-175) code [ns] all Sec.str. Y128 Y169 fluctuation®
o '_I"”.LfUlAJ,JmﬂuUﬂ,%__r_
mouse 41 28202 24202 - - @l= 7]
mPrP 1XYX .
VDQYSNQNNF 100 3.2+0.1 2.5£02 +  + odf-r---- 4]
%2520 40 60 80 100
] R
mouse/elk hybrid 1 23:03 1602+ 4 gl
mPrPel VDQYNNQNTE 1Y16 . ' i
40 27403 19:02 +  + Sibbe-coo oo
92 2‘0 4‘0
osf J,_l[L
04 :
. 150 23402 15£02 &  — oS :
mouse (back mutation) 030 60 90 120 150
mPrPmb 1Y16 05
VDQYSNQNNF 120 19302 13202 + = SPSEIEEAR]

0.2

0 20 40 60 80 100120

*Ca-RMSD of residues 125-227 and regular secondary structure elements (see Fig. 1, left, for definition of a-helices and B-sheet). Values
of Ca-RMSD are averages over the last 20 ns of each simulation. "Presence (+), absence (—), or fluctuation (%) of hydrogen bonding
interactions (donor-acceptor distance cutoff 3.5 A) between side chain functional groups of Asp178 with Tyr128 or Tyr169. “ Time evolution of
the root mean square fluctuation (RMSF, y-axis) computed over each nanosecond and averaged over residues 166-175. The dashed line at
RMSF = 0.4 A helps in defining the loop 166-175 (L1) as flexible (above line) or rigid (below line). RMSFs were calculated after optimal

superposition of L1 Ca atoms only.

mPrPmb runs. Interestingly, the simulations suggest an
anticorrelation between the flexibility of L1 and the
stability of a hydrogen bond network involving side
chains of residues Tyr128, Tyr169, and Asp178 (Table
1). As will be shown below, these interactions, together
with a Asp178-Argl164 salt bridge and a Tyr169-Phel75
w-stacking interaction, stabilize long-range contacts be-
tween the N-terminus of B1 (Tyr128), the C-terminus of
B2 (Argl64), the middle of L1 (Tyrl69), and the N-
terminal part of a2 (Phel75 and Asp178). Independent
of the structural definition of L1 in the starting confor-
mation (compare simulations mPrP and mPrPmb), dy-
namics and/or conformational change of L1 led to a
meltdown of these interactions.

Another interesting observation is that in the simu-
lations in which LI is stable, the C-terminal region
comprising residues 222-232 is also less mobile (Fig. 2,
bottom). This finding suggests that the amino acid
exchanges at L1 modulate the structure and/or dynam-
ics of the two so-called conformational markers, 166—
172 and 215-230 (17, 27). To further examine the
correlation between the motion of L1 and helix o3, the
cross-correlation coefficients between the displace-
ments of each pair of residues were calculated. A
correlated motion between L1 and helix a3 is observed
in all simulations, excluding the N-terminal part of

CONFORMATIONAL MULTIPLICITY OF A CRITICAL LOOP IN PRION PROTEINS

helix a3 (residues 199-210) in simulations with or-
dered L1 (Supplemental Fig. S1).

DISCUSSION

Loop 166-175 is flexible in mouse PrP but not in
mouse/elk hybrid PrP

The mobility of L1 in the nanosecond time scales is
smaller in the mouse/elk hybrid (PrPel) than in the
mouse (mPrP and mPrPmb) simulations (Table 1 and
Fig. 2, bottom). In half of the mPrP and mPrPmb runs,
the L1 loop was very flexible. That L1 is ordered for up to
100 ns in the other half (eg, cyan in Fig. 2, bottom)
indicates existence of at least two conformations slowly
exchanging with one another. This is consistent with the
slow conformational exchange for mPrP as suggested by
NMR (19, 24). Further, in the case of mPrPmb, it is to be
expected that the reintroduced amino acids would need
time to locally rearrange. Thus L1 did not undergo a
substantial conformational change until 120 ns but expe-
rienced an enhanced mobility in the range 120-150 ns in
the longer simulation. On the other hand, one of the
mPrP simulations quickly converted into the stable Ll
geometry and remained ordered for the 100ns duration
of the simulation.
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Figure 2. Backbone fluctuations. Top: Snapshots collected at
100-ps interval along simulation mPrPmb are superposed
(lines) onto the equilibrated starting conformation (car-
toons, PDB code 1Y16). Structures were fitted using all Ca
atoms, except the terminal five residues. The loop 166-175
(L1) is shown in orange. Residues (clockwise from the arrow)
Tyrl28 (green), Argl64 (blue), Tyrl69 (green), Phel75
(gray), and Aspl78 (red) are shown in a stick model. All
except Phel75 side chains are involved in a hydrogen bond
network in PrP structures having an ordered L1, while
Phel75 contributes to the stability of L1 through m-stacking
interaction with Tyrl69. For a better view of these residues,
the figure was slightly rotated relative to Fig. 1A. Bottom: Ca
root mean square fluctuation (RMSF) calculated at 1-ns
interval and averaged over the last 20 ns of the simulations.
The RMSF for run 2 of mPrPel and mPrPmb are similar to
run 1 of mPrPel.

Ser170 is responsible for the conformational
dynamics of loop 166-175

Ser170 is a “hot spot” in all of the simulations contain-
ing the wild-type L1 sequence (Fig. 34), but there is no
sign of Asnl70 mobility in mPrPel (not shown). A
closer inspection of Fig. 2B and Fig. 3A reveals that the
backbone dynamics of Ser170 extends to residues 166—
169. Furthermore, the time evolution of the fluctua-
tions suggests that it takes tens of nanoseconds for the
motion to propagate from the hot spot Serl70 to the
N-terminal part of L1 (i.e., residues 166-169), as is the
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case in the longest simulation (Fig. 3A). Residues
172-175 are less mobile, with Asn174 becoming only
slightly flexible following a conformational change in
L1 (Fig. 3A). In fact, there is no significant difference
between the flexibilities of Asn174 in mPrP and Thr174
in mPrPel (not shown), consistent with the NMR data,
which indicated that in contrast to the double mutant,
the N174T mutation alone did not alter the structural
definition of L1 in mPrP (19).

How does the conformation of Serl70 backbone
change? Fig. 3B shows Ramachandran plots (i.e., the
¢/ dihedral angles) of Ser170 for snapshots sampled
every 100 ps of simulations mPrP and mPrPmb. Con-
formational exchange is observed for mPrP and one of
the two runs of mPrPmb between regions of the
(generously defined) right handed o-helix and ex-
tended conformations. In contrast, the dihedral angles
of Asnl70 in mouse/elk hybrid populate only the
a-helix region of conformational space (not shown).
The same plots for the NMR conformers from the
protein databank (PDB) indicate that the ¢/ angles in
mouse/elk hybrid (mPrP[S170N,N174T], mPrPel) and
ePrP populate only the a-helical conformation. The
lack of disorder is in contrast with the distribution in
the NMR conformers of hPrP, bPrP and mPrP, which
scatter in a similar manner as in simulations of mPrP
and mPrPmb. The dihedrals in shPrP have an interme-
diate structural variation.

The L1 flexibility increases significantly when Ser170
switches from the a-helical to the extended region of
the Ramachandran map. In the NMR structures, L1 is
structured in ePrP and mPrPel, partially structured in
shPrP and disordered in hPrP, bPrP, and mPrP (19).
Thus, in both the simulations and the NMR structures,
the Ser170 dihedral angle distribution directly reflects
the mobility of L1. Taken together, the simulation
results and NMR conformers indicate not only the
existence of, and slow exchange between, multiple
conformations of L1 in mammalian PrPs that carry a
Ser at position 170 but also that the L1 flexibility is
governed by the conformation of Ser170 itself. Further-
more, the effect of an Asn/Ser exchange depends on
the exact location in LI, as the pig prion protein
(scPrP)—which has a Ser at position 173 instead of
Asn—has an ordered L1 (20). It is worth noting here
that the distance between the proposed “Protein X”
binding surface residues at L1, Q168, and Q172 (27),
increases by ~2 A upon the conformational change of
L1. The energetic consequences of Serl70 conforma-
tional change and its major interactions will be dis-
cussed in a later section.

Using sequence comparison and analysis of available
NMR structures, Dima and Thirumalai suggested that the
C-terminal segment of a2 is frustrated in the helical state
and might play a role in the a-to§ transition (36).
Although it is difficult to relate their analysis with the
present simulation study, it has to be noted that residues
170 and 174 were identified by the same authors among
the residues with unsatisfied buried hydrogen-bond do-
nors/acceptors in mammalian prion proteins (36).
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Rupture of hydrogen bonding and hydrophobic
interactions

Several hydrogen bonding and hydrophobic interac-
tions are disrupted as a result of the L1 conformational
change; specifically, Tyr128-Asp178 and Tyr169-Asp178
side chain hydrogen bonds and Tyr169-Phel75 m-stack-
ing interaction are invariably broken (Fig. 4).

The loss of the hydrogen bond involving Tyr169 is
concomitant with the conformational change of Ll
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Figure 3. Fluctuation of L1 residues. A) Density plots of Ca
RMSF in A calculated every 1 ns. Arrows indicate position of
Ser170. B) Ramachandran plots for Ser170 backbone calcu-
lated using structures sampled in the simulations of mPrP and
mPrPmb (left, magenta box, the two runs are separated by a
dashed vertical line), and NMR structures (right) of mPrPel
(PDB code 1Y16), ePrP (1XYW), shPrP (1B10), hPrP (1QLZ),
bPrP (1IDWZ), and mPrP (1XYX).

(compare Figs. 3A and 4A). Because Tyrl69 lies in the
middle of L1, it is reasonable that its side chain
orientation is affected by the structure of L1. Indeed,
analysis of NMR structures of several species shows that
with the possible exception of shPrP, the structural
definition of LI is proportional to the number of
conformers having the side chains of Tyrl69 and
Asp178 in contact (Fig. 4B), an important observa-
tion so far overlooked. Furthermore, the Tyr1690m-
Asp178Cry distance is greater than 10 A in all of the

occupancy
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APy

Figure 4. Conformational change in loop 166-175 dis-
rupts side chain interactions. A) Time evolution of
Aspl178081/082-Tyr1280m,  Aspl178081/082-Argl64-
Nn1/Nm2, and Aspl178081/082-Tyr1690n distances de-
rived from run 1 (left) and run 2 (right) of simulations
mPrP (top), mPrPel (middle), and mPrPmb (bottom). B)
Normalized number of conformers in the NMR structures
of mammalian PrPs having Asp178Cy-Tyr1690n distances
less than 4 A (black), between 4 and 10 A (red) and greater
than 10 A (green). C) Scatterplot of the angle between the
ring planes against the distance between the ring centroids
of Tyr169 and Phel75 in simulation mPrPmb. The data
can be grouped into four clusters in which the rings are
either tightly bound (black), undergoing a slow (red) and
fast (green) sliding motions, and completely separated
(blue). D) Snapshots along simulation mPrPmb where the
L1 backbone is represented in tubes and its residues in thin
lines. Shown in stick models are (clockwise from bottom)
Tyr128, Argl64, Tyr169, Phel75, and Aspl178.
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mPrP NMR conformers, consistent with the substan-
tial displacement of Tyr169 side chain in the simula-
tions. The other interaction that has a direct corre-
lation with the motion of L1 (or Serl70, Fig. 3A) is
the Tyr169-Phel75 m-stacking interaction. As an ex-
ample, the relative position of the two aromatic rings
in simulation mPrP, as measured by the distance
between the ring centroids, as well as by the closest
distance between relative carbon atoms, is shown in
Fig. S2. When compared with the equivalent values
R ., and R, obtained from a representative set of
high-resolution X-ray structures (37), there exists a
strong w-stacking interaction until ~4lns, which
then gets weaker and eventually lost. The scatterplot
of the angle between the two vectors connecting the
ring center with the C{ atom against the distance
between the centers of the rings shown in Fig. 4C
indicates a stepwise Tyr169/Phel75 unstacking; such
as tight (~4.5 A) to intermediate (~6.5 A) interac-
tion between the rings, followed by sliding motions
(~6.5-10 A) to complete separation.

The snapshots in Fig. 4D illustrate the concerted
displacements: Tyr169 and Phel75 phenyl rings slide
and rotate relative to each other but remain close as
long as the orientation of Tyrl69 side chain is
maintained by its hydrogen bond with Aspl78 (up
to ~41 ns, Fig. 4A, D). Thus, the latter helps stabilize
the relatively malleable hydrophobic interaction be-
tween the rings. However, these interactions are
apparently not strong enough to withstand the LI
conformational change induced by the rotation of
Ser170.

“Allosteric” effect of loop 166-175 in its extended
conformation

While the van der Waals and electrostatic interactions
of the Ser170 side chain with the rest of the protein do
not change significantly, the electrostatic interaction
energy of its backbone improves by ~2 kcal/mol upon
the conformational change in L1 (Fig. 5, dashed and
solid lines).

To investigate the reason for the enhanced electro-
static interaction of Ser170 backbone on the conforma-
tional change, i.e., the a-to- transition in the Ram-
achandran plot (Fig. 3B), the heavy atoms dynamically
approaching residues 170 and 174 were identified
(cutoff 4 A). Examples are displayed in Fig. 6 from
mPrPmb. Interestingly, besides the sequence neigh-
bors, Serl70 in its extended conformation interacts
with atoms at the C-terminal half of helix a3. Perhaps
the most important is the proximity and occasional
hydrogen bonding between Tyr218 hydroxyl and Ser-
170 backbone carbonyl. The interaction is rather dy-
namic, reflecting the mobility of both segments, but
since residue 218 is part of the protein X epitope (27)
and is involved in antibody binding (28), its interaction
with L1 may have implications in the structural prop-
erties of both the cellular and scrapie forms of PrP.
Furthermore, the fact that helix a3 is better defined in

3284  Vol. 21 October 2007

The FASEB Journal

energy (kcal/mol)

0 20 40 60 80 100 120 140

time (ns)

Figure 5. Interactions of Serl70. Time evolution of the
electrostatic interaction energy between the backbone atoms
of Serl70 and the rest of the protein is shown. The dashed
lines roughly demarcate the range in which the energy
fluctuates in an ordered L1. Gray lines represent the second
trajectory of a pair.

the ePrP than in mPrP (and other mammals with Ser at
170) may be partly explained by a flexibility-based
“allosteric” effect of L1 on a3.

Implications of loop 166-175 dynamics to species
barrier and PrP“—PrP5° conformational change

The current understanding of species barrier is limited
because the heterogeneity and low availability of the
infectious species generated in vivo or in vitro consid-
erably restrict structural investigations of PrP%. How-
ever, useful insights have been gleaned from compara-
tive analysis of PrP® structures derived from a variety of
sources (16-21, 23, 24).

The role of L1 in species barrier becomes apparent
when considering the transmission of chronic wasting
disease (CWD) between cervides and other mammals
(38). CWD affects captive and free-ranging elk (Cervus
elaphus nelsoni) (39—-41), captive mule deer (Odocoileus
hemionus), and white-tailed deer (O. virginianus) (38,
42, 43). It appears to be propagated through direct or
environmental contamination (26, 44, 45). However,
unlike BSE, the transmission of CWD to domestic
animals, such as cattle, goats, and laboratory animals,
was found to be inefficient, suggesting that there is a
rather stringent species barrier (25, 26). On the other
hand, cell-free conversion experiments predicted simi-
lar transmission efficiency of TSE from cervids to hu-
mans as from cattle to humans (46). Notably, L1 is part
of the hypothetical “protein X” epitope (27), polymor-
phism at positions 168 and 171 in ovine PrP causes a
varying level of scrapie susceptibility (47, 48) and that
peptides corresponding to residues 166—179, as well as
200-223, inhibit PrP“~PrP% conversion (49). There-
fore, the higher flexibility of loop 166-175 in the

GORFE ET AL.
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Figure 6. Dynamic contacts of helix a3 side chains with L1. Snapshots at 0, 100, and 150 ns along simulation mPrPmb showing
(in sticks) side chains in helix a3 that are within 4 A of any heavy atom of Ser170 or Asn174. Hydrogen bonds of Asn171 are

emphasized in thick lines.

mouse than mouse/elk hybrid, which strongly suggests
existence of two or more conformational states of L1
slowly exchanging with one another, might play a role
in species barrier between mouse and elk, or between
cervids and other mammals in general. Structural and
dynamic alterations caused by the conformational
change at L1 may have additional implications. For
example, the network of interaction Tyrl28-Argl64-
Tyr169-Phel75-Asp178 connects far flung sections of
the structure, including the N-terminal residues 120-
176—a segment likely to be involved in the conforma-
tional change to the fibril forming B-sheet (7)—to the
rest of the protein. The loss of the network could
facilitate the conformational conversion. Notably, it has
been suggested that the electrostatic interaction be-
tween Asp178 and Tyr128 side chains inhibit conforma-
tional changes of PrPC, its loss facilitating addition of
another strand to the P-sheet (50). Note also that
polymorphisms at positions 129 and 178, such as the
D178N, are associated with the variant Creutzfeldt—
Jakob disease (51).

To summarize, the MD simulations identify in the
Asn170Ser substitution the origin of the destabilization
of L1 in mPrP compared with the mouse/elk hybrid,
and the generality of the results was demonstrated by
analyzing the NMR structures of several species, includ-
ing humans. Taken together, the results indicate that
Ser170 backbone dynamics causes L1 mobility, which is
associated with the rupture of side chain hydrogen
bonds between Aspl78 and Tyr128/Tyr169, as well as
loss of Tyrl69-Phel75 m-stacking interaction. These
interactions contribute to the structural stability of the
L1 loop in the elk sequence. Thus, the simulation
results extend the available experimental observations
not only by providing details inaccessible to experi-
ments, but also by directly connecting the structural
mobility at L1 to disturbances of networks of atomic
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interactions, as well as side chain displacements. The
resulting implications for the PrP“—PrP% transition
suggest that L1, and residue 170 in particular, is a
crucial target for future investigations of species
barrier.
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