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ABSTRACT. Transmissible spongiform encephalopathies are a class of fatal neurodegenerative diseases
linked to the prion protein. The prion protein normally exists in a soluble, globular stat€) (fri
appears to participate in copper metabolism in the central nervous system and/or signal transduction.
Infection or disease occurs when an alternatively folded form of the prion protei#f(BoRverts soluble

and predominantlg-helical PrP® into aggregates rich ifi-structure. The structurally disordered N-terminus
adoptsp-structure upon conversion to PfRat low pH. Chemical chaperones, such as trimethylamine
N-oxide (TMAO), can prevent formation of P¥An scrapie-infected mouse neuroblastoma cells [Tatzelt,
J.,etal. (1996)EMBO J 15, 6363-6373]. To explore the mechanism of TMAO protection of PaPthe

atomic level, molecular dynamics simulations were performed under conditions normally leading to
conversion (low pH) with and withaul M TMAO. In PrP* simulations at low pH, the helix content

drops and the N-terminus is brought into the small nafiv@heet, yielding a P like state. Addition of

1 M TMAO leads to a decreased radius of gyration, a greater number of prgieitein hydrogen bonds,

and a greater number of tertiary contacts due to the N-terminus formiS2rlanp and packing against

the structured core of the protein, not due to an increase in the level of extended structure as with the
PrP° to PrP¢ simulation. In simulations beginning with the “FfRike” structure (derived from PP
simulated at low pH in pure waterhil M TMAO, similar structural reorganization at the N-terminus
occurred, disrupting the extended sheet. The mechanism of protection by TMAO appears to be exclusionary
in nature, consistent with previous theoretical and experimental studies. The TMAO-induced N-terminal
conformational change prevents residues that are important in the conversiofi taf PrP¢ from assuming
extended sheet structure at low pH.

Prion diseases affect the central nervous system and are aften leading to prion protein-based plaques 2). In
result of a conformational change in the prion protein (PrP), humans, these diseases can be sporadic, inherited, or infec-
tious disorders3, 4). PrP is responsible for the following
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Ficure 1: Model of the soluble hamster prion protein. Residues
125-228 are from the NMR structure2@) modeled with carbo-
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triggeredin vitro (35) and how it is believed to occun

vivo (30). Such an approach can provide atomic-resolution
information about the conversion process as well as possible
PrP¢ models. The term PfPis used to denote the scrapie,
infectious form of the protein or more loosely the misfolded,
p-rich conformer in the absence of information regarding
infectivity. Here we use the term to denote a misfolded
species of PrP that shares characteristics with PrP in
aggregates (both soluble and insoluble; i.e., we do not know
if our conformations are infectious). In a previous MD study
(32), we observed the conversion of the NMR structure of
Syrian hamster (SHa) PfRFigure 2, A— B). ShaPrP under
low-pH conditions adopts morg-like structure and loses
helical structure, consistent with FTIR and CD spectroscopy
experiments with P fibrils (29, 31).

A previous study by Tatzelt and co-workers showed that
trimethylamineN-oxide (TMAQ) and other protective os-
molytes prevent scrapie formatian wzitro (36). TMAO,
glycerol, and dimethyl sulfoxide (DMSO) were added to
PrP%infected mouse neuroblastoma cells. These osmolytes

hydrates (space-filling representation, background), the unstructuredreduced the extent of P¥Pformation, with TMAO being

N-terminal region (residues 9@24) (yellow), and the GPI-
membrane anchor (space-filling representation, foreground). The
structured domain of PrP contains three helices (blue), helix A
(residues 144156), helix B (residues 172193), and helix C
(residues 206227), 5-strands (orange), S1 (residues $291),

and S2 (residues 161163). For further information regarding FrP
glycoforms, see re21. This figure was produced using VMB3§).

the most effective (75% reduction of PfRvith 120 mM
TMAO). However, deleterious effects on cellular function
were noted for both DMSO and TMAO at higher concentra-
tions. Glycerol was well tolerated but required higher
concentrations (1 M) for the same effect. A later study of
the effects of DMSO on scrapie-infected hamsters showed
prolonged incubation times and a lower level of ®rP

infectious diseases in that the pathogen is a proteinaceousiccumulationin zivo (37). Nandi and co-workers 3@)

particle, lacking nucleic acids; thus, the “protein-only”
hypothesis was proposef, (9).

PrP° is a monomeric, glycosylated, GPI-linked extracel-
lular protein that appears to play a role in signal transduction
(10) and/or in the maintenance of the proper copper ion
concentration{1—18) (Figure 1). Other possible functions
include a role in DNA metabolism and RNA binding9).

In contrast, the form linked to disease, the scrapie prion
protein (PrPcor PrPes, for protease-resistant form), can adopt
an oligomeric arrangement that has no known function, and
it has yet to be structurally characterized by high-resolution
methods. While the propagation of non-neuronalPisnot
necessarily pathogeni@2), the toxicity of neuronal Pi®

has been establishe®d). PrP¢is chemically indistinguish-
able from the normal, cellular prion protein (Prér PrPen,

for the protease-sensitive forn4); however, their second-
ary and tertiary structures diffee%—30). Fourier transform
infrared (FTIR) and circular dichroism (CD) spectroscopy
studies indicate that PfRs highly helical (42%) with little
B-sheet structure (3%29). In contrast, Pre® contains a large
amount off-structure (43-54%) and less helical structure
(17—30%) @9, 31). The difference in secondary structure
between PrPand PrBcis a useful parameter for discrimi-
nating between PrP species in both experimental and
theoretical studies.

To address the lack of detailed structural information
regarding the conversion process of the prion protein, we
have undertaken molecular dynamics (MD) simulations to
model the conversion pathway of PrPBeginning with a
111-residue fragment of P¥Rresidues 109219, which
contain the region known to convert; unfortunately, residues
90108 are unstructured in PYR we destabilize the protein
by lowering the pH 82—34), which is how conversion is

reported detectable structural destabilization of soluble mouse
and sheep PfPin the presence of the “stabilizing” anion,
SO, Interactions of sulfate with the 30 glycine residues

at the N-terminus of the protein were posited to be the cause
of the destabilization3g).

Our previous work looking at the effect of the stabilizing
osmolyte TMAO on model peptides suggests that the effects
of TMAO are mainly indirect at low concentration39). In
the same study, we showed through both experiment and
MD simulations that the driving force of TMAO-induced
stability is the unfavorable enthalpic interactions of TMAO-
influenced water with the peptide backbone. A later study
of the effects of TMAO and urea on chymotrypsin inhibitor
2 supported the water-mediated stabilizing effect of TMAO
(40). These results led us to examine the stabilizing effects
of TMAO on other proteins, especially those relevant to
protein unfolding and/or misfolding diseases.

In this work, we employ MD to determine the effects of
TMAO on the dynamics and structure of the prion protein
at the atomic level. We show that the misfolded, ¥Re
prion protein obtained via MD simulation under acidic
conditions (which we call Pf® can be restored to a more
globular structure upon additiori ® M TMAO. Furthermore,
in MD simulations of PrP under acidic conditions with 1
M TMAO, the N-terminal portion of the protein minimizes
its level of solvent exposure by making additional contacts
with the main body of the protein and conversion to ¥rP
is prevented.

METHODS

MD simulations were performed using ENCAB1) and
associated protocols published elsewhdiz-44). In total,
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FiGure 2: Snapshots from molecular dynamics simulations of the hamster prion protein in ribbon and space-filling representattons: A
B, conversion simulation of the prion protein;A C, protection simulation of the prion protein; andBD, reversion simulation of the

prion protein. (A) Minimized Syrian hamster NMR structure of Rr8) PrP after MD simulation for 10 ns at low pH yielding a PxRke
structure rich in extended structure. (C) Snapshot of the 10 ns structure from MD simulation (first protection simulation) at low pHin 1 M
TMAO, which used the NMR structure (A) as the initial coordinates. (D) Snapshot of the 10 ns structure from MD simulation (first
reversion trajectory) at low pHhil M TMAO using panel B as the starting structure. Common epitopes used to experimentally characterize
PrP are shown in the space-filling model and include antibody binding sites for ICSM 35 (yellow), 3F4 (red), ICSM 18 (magenta), 6H4
(cyan), and D18 (blue). The dynamic N-terminus (residues-1128) is colored green in the ribbon diagrams. Protein structure images
were produced using MIDASPLUS (University of California, San Franscisco, 68)) (

one PrP (native state), one P¥P— PrP¢ (conversion simulations converged; after this point, there was little change
simulation), two PrP+ TMAO (protection simulations), and  in the protein’s properties over time.

two PrP¢+ TMAO (reversion simulations) simulations were

run at 25°C for 10 ns each. The native state (neutral pH) RESULTS

and the PrP— PrP¢ (low pH) simulations of the hamster
prion protein were described previouslg$2f. The 10 ns
structure from the PifP— PrP¢ simulation was used as the
starting point for the reversion (F¥P+ TMAO) simulation. SN, Y-
Residues 109219 of NMR structure 4 of the hamster prion sion); Pr> + 1 M TMAO (protection); and Pr¥* + 1 M

protein [PDB entry 1B10Z0)] were used as the starting point TMAO (rgvgrsmn). )
for the protection (PP + TMAO) simulation. Both the A qualitative assessment of conformational change and

protection and reversion simulations were conducted at low 'S Piological relevance was achieved by monitoring known
pH by protonating all histidine, aspartate, and glutamate &ntioody binding epitopes for accessibility and/or continuity
amino acids. First, a box of water was constructed giving a over the course of each simulation. To assess qu_antltatwely
distance of at lea$ A around the protein. TMAO was then the changes to th_e 'overaII structure of the protein, se\_/e_ral
added to the system by randomly swapping waters for general characterlstlcs were measured: solvent_accessml'llty
TMAO until the mole fraction (0.02) equivalenbta 1 M (SASA), radius of gyration, secondary structure, intraprotein

TMAO solution was reached4f). The swapping resulted ~ CONtacts, and proteirprotein hydrogen bonds.

in 81 molecules of TMAO and 3969 water molecules being ~ Since TMAO has been shown to exert its effect on model
in the protection simulations. The reversal simulations Peptides and proteins indirectly through its interactions with
contained 91 TMAO molecules and 4471 water molecules. Water at this concentratiod(, 44), water self-diffusion and
The density of the system was set to the experimental density hydrogen bonding properties of the solvent were also
0.9996 g/mL (M. Auton and W. Bolen, personal com- monitored.

munication), by adjusting the volume of the simulation box. ~ Corwersion. As seen previously3?), the Pr® — Prpse
The microcanonical ensemble (NVE) was used in our MD simulation at low pH showed significant motion at the
simulations so that the volume remained constant throughoutN-terminus asg-strand-like secondary structure formed
each trajectory. Periodic boundary conditions and the mini- (Figure 2, A— B). In PrP, five segments of stable secondary
mum image convention were employed in the energy structure are present: threehelices and twg-strands (S1
calculations. The nonbonded interaction list was updated and S2). During the conversion process, S1 and S2 nucleated
every fifth step of dynamics, and structures were saved everythe growth of new extended structure and HA partially
0.2 ps for analysis. Duplicate trajectories were calculated unfolded to accommodate the new conformation. We term
by altering water and TMAO positions within the simulation this new conformation PfPto denote that the protein has
boxes. Within 3 ns, the first protection and both reversion misfolded over the course of the simulation and that the

Several independent simulations were performed to in-
vestigate the influence of TMAO on the prion protein: PrP
at low pH in water, yielding Pr*-like structures (conver-
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Ficure 3: Tertiary contacts for the (A) NMR structurg@), (B) final structure from a previous P¥P~ PrP¢ conversion simulation in pure
water @2), (C) native and non-native contacts in the first protection ¢PrPTMAO) simulation, and (D) first reversion (P¥P+ TMAO)
simulation. In panels C and D, contacts that persisted for greater than 80% of the analysis time are colored blue, contacts formed between
60 and 80% of the analysis time are colored green, and contacts lasting less than 60% of the analysis time are colored red. For panels C
and D, contacts remaining from the NMR structure (C) and conversion simulation (D) are plotted in the top left half of each plot. New
contacts formed during the simulations are plotted in the bottom right half of each plot. Tertiary contacts were counted when heavy atom
distances were<5.4 A for carbor-carbon contacts and4.6A between carbon and polar heavy atoms for residues that were at least one
residue apart in sequence. Only the first interaction was counted as a contact, whereas additional contacts between the same residues at the
same time point were ignored. The 10 ns structure is shown above its respective panel in ribbon format. Protein structure images were
produced using MIDASPLUS56).

misfolded species shares some of the physical characteristics The level of tertiary contacts decreased slightly in the
of PrP found in aggregates (i.e., increased extended structuresimulation (Figure 3). Further examination of the contacts
content and decreasedhelical content). on a per residue basis showed that many native contacts were
The conversion trajectory showed a decrease in SASA (aslost during conversion as compared with the original NMR

the sheet structure formed); the level of side chain exposurestructure (Figure 3A,B). As the N-terminus moved, new non-
decreased by~400 A2, while the level of main chain  native contacts were formed between residues 125 and 129
exposure increased by100 A2. The N-terminus was very  and between residues 109 and 111 (Figure 3B). A second
dynamic and began extending out into the solution. As this set of non-native contacts also formed at the C-terminus
extension proceeded, the protein became less globular.  between residues 195 and 208 (Figure 3B).



Accelerated Publications Biochemistry, Vol. 43, No. 41, 2004.2959

Table 1: Average Structural Properties of the Prion Protein at LowrpH M TMAQO?

solvent accessible main chain solvent radius of tertiary protein—protein
surface area (A° accessible surface area3& gyration (A¥ contact8 hydrogen bonds
initial® finalf initial® finalf initial® final' initial®e  final® initial®  finalf

Pric —PrPc  conversion 8457 (270) 8065 (214) 1098 (45) 1179 (46) 14.8(0.2) 14.5(0.1) 353(5) 344(8) 66(4) 61 (4)
Pr° + TMAO protection 1 9095 (219) 9136 (120) 1238(48) 1220 (27) 15.5(0.2) 14.8(0.1) 315(7) 318(6) 55(5) 60 (3)
protection 2 8735 (141) 8727 (149) 1192(69) 1246 (26) 15.0(0.1) 15.2(0.1) 328(7) 333(7) 63(4) 64 (4)
PrPc+ TMAO reversion 1 9568 (103) 8018 (126) 1339 (28)  1175(25) 14.9(0.1) 13.9(0.1) 310(5) 342(7) 54(4) 63 (4)
reversion 2 9665 (184) 8139 (112) 1399 (43)  1123(24) 14.9(0.1) 14.1(0.1) 301(8) 354(8) 52(5) 66 (4)

aFor each property, the average value was determined from either the initial 100 ps or the final 2 ns of each trajectory. Standard deviations of
average values are given in parenthe8@#e total solvent accessible surface area was calculated using an in-house version of NAGQESS (
¢ The radius of gyration was calculated by dividing the sum of the squared, pairwise distances batvegem€by the total number ofcCatoms.
d See the text for a definition of a tertiary contatAverage over the first 100 ps. Differences in initial values were a result of differences in system
preparationf Average over the last 2 ns of the simulatior-@® ns).

Protection. Simulations of PrPin 1 M TMAO demon- helical structure formed in that region. The ovefafitructure
strated some interesting structural features. In the first of content decreased due to the loss of S1 and large fluctuations
these protection simulations, the N-terminus packed againstin S2, which oscillated between 20 and 8@%tructure. The
the protein in ar2-loop (Figure 2C)Q-Loops are regions  S1—S2 sheet remained native-like, but fhstructure content
of nonregular secondary structure formed by a sequence thatlecreased as thé and W angles of the nativgs-sheet
follows an Q-shaped path4). In the first protection residues drifted outside of our strigtconformation range.
simulation, an-loop formed in the sequence from residue  Reversion.Strikingly, both simulations starting with PP
111 to 124. The opposing “strands” in the loop were closely in 1 M TMAO resulted in reversion from a misfolded species
packed with nonrepeatingb(and W) angles characteristic  to one with more native-like structural characteristics. In the
of an Q-loop. While noQ-loop formed during the course  two trajectories, the non-native extended structure ofPrP
of the second protection simulation, the dynamic behavior dissolved to form ar2-loop at the N-terminus (Figure 2).
of the N-terminus was similar to the early events in the first The Q-loop formed over residues 13122 in the first
simulation. This suggested that the second simulation wassimulation and over residues 12128 in the second (the
following a similar pathway. In both simulations, the native latter loop being less compact). Both loops formed at the
secondary structure of the structured region of “PnRas surface of the protein and maintained interactions with helix
stabilized. h a 1 M TMAO solution at low pH, helix A B. These N-terminal motions and other changes in the
remained helical and rigidly packed against helix C, contrast- proteins in the presence of TMAO caused the protein to
ing with the conversion simulation (pure water) in which become more globular.
low pH destabilized helix A. In the first reversion simulation, the trajectory began with

To compare simulation to experiment, we inspected the the 3F4 epitope being partially obstructed by the extended
accessibility of various PrP antibody binding epitopes. In sheet at the N-terminus (Figure 2B). Over the course of the
Figure 2, common epitopes are colored and displayed onsimulation, the extended sheet dissolved and the 3F4 epitope
the surface of the protein for Prthe NMR structure), P, re-formed at the protein surface (Figure 2D).
and final structures from the TMAO trajectories. All epitopes Both reversion simulations showed a significant decrease
were still accessible to the solvent (Figure 2) after simulation in SASA (Table 1). The decrease in SASA for the reversal
for 10 ns. While the N-terminal PfPselective 3F4 epitope  simulations was mostly due to burial of nonpolar side
remained accessible, it was in a conformation different from chains: from 5483 to 4427 (reversion 1) and from 5563
that in the NMR structure (Figure 2). to 4530 & (reversion 2). A significant decrease in the main

The two protection simulations showed little deviation in  chain SASA occurred in both reversion simulations for an
total SASA throughout the simulation. Changes in the radius average drop from 1369 to 11492Ain contrast to the
of gyration in the presence of TMAO were modest and simulation of PrP in pure water at low pH. Reversion
correlated with the dynamics of the N-terminus (Table 1). trajectories displayed the greatest decrease in radius of
Contact analysis data were in agreement with the very slightgyration (Table 1), correlated with the burial of nonpolar
changes in conformation of PrP in both simulations as a residuesQ-loop formation, and improved packing (Table 1
majority of native contacts were preserved. In the first and Figure 2).
simulation, a small number of contacts were lost (i.e., residue  Many native contacts that were lost in the conversion
129 to residues 110118), a few shifted by one or two simulation were restored in the reversion simulations. For
residues (residues 13940 to residues 209215), and non- example, native contacts between residues—189 and
native contacts (residues 12032 to residues 112115) 128-168 were re-formed in the reversion simulations (Figure
appeared as a result of tlé&-loop (Figure 3C). 3D). Other native contacts were gained and/or strengthened

The helical content increased approximately 10% in at the N-terminus (residues 12729 to 109-119) in the
the presencefdl M TMAO, while the -content dropped  presence bl M TMAO (Figure 3D). Some residual non-
10-15%. All three of the native helices became stronger native Pri¢contacts persisted in the presence of TMAO (for
(based on propensities of residues to be in helical conforma-example, residues 12328 to residue 110 and residues
tions over the course of the simulation) and longer. Several 183—189 to residues 2060209). Overall, the reversion
residues in the N-terminus, particularly residues-1184, structures regained native helical structure in helix A, restored
also showed stronger helical tendencies, while no regularnative packing of helix A to the hydrophobic core, and
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REV (2)

5ns

Ficure 4: TMAO molecules (space-filling) surrounding PrP

(ribbon). Images are from the 5 ns structures from the first (A)
and second (B) reversion trajectories and show only TMAO
molecules within 3.5 A of any protein atom. N-Terminal residues

109-128 are colored green, and helices are colored blue. This figure

was produced using VMD56).

converted the non-native extended structure in the N-terminus

to an Q-loop.

The behavior of th@-structure in the reversion simulations
was similar to the protection simulations described above;

Accelerated Publications

(N—H::-O=C distance= 1.2—1.6 A) in the 1 M TMAO
solutions was 32% greater than in the pure water solution.
The same trend was observed in the hydration shell: 666
strong hydrogen bonds in pure water compared with 770 such
hydrogen bonds in the presenceloM TMAO.

DISCUSSION

Work by Tatzelt and co-workers36) showing a reduced
level of PrB® — PrP¢ conversion in the presence of
osmolytes is intriguing and warrants study at the atomic level.
Our previous studies with TMAO and urea suggest that
relatively low concentrations of TMAQO affect protein
structure and dynamicg(). Furthermore, we have been able
to simulate the PrP— PrF¢ conversion triggered by low
pH (32—34). Here we build on these previous studies to
explore the effect of TMAO on the conformational behavior
of the prion protein.

In general, the solvent accessible surface area of PrP either
remained constant or decreased in the presence of 1 M
TMAO (Table 1). The helical content in the presence of
TMAO increased as a result of the strengthening of the native

S1 dissolved, and S2 fluctuated between 30 and 90% helices. No new helices formed, which is consistent with

[-structure. The overall helicity remained a60%, while
the averages-strand content decreased 5%. Helix A re-
gained some but not all of its native helix from its unwound
starting point in PrP. The helicity in helices B and C

the previously reported behavior of TMAO not inducing non-
native helical structure4(?). In simulations beginning with

a PrP¢like conformation, TMAO led to increases in the
number of native intraprotein contacts and hydrogen bonds

remained constant throughout. There were also residues in(Tab|_e 1), .suggt.esting t_hat TMAO can rescue .misfoIQed
the N-terminus that adopted helical character, although nospecies by inducing PfRike structural characteristics. This

well-structured non-native helices formed.

Sokent PropertiesWater dynamics and structure were
analyzed for simulations with and without TMAO to explore
the effects of TMAO on the solvent environment. The water
self-diffusion coefficient was calculated by the Einstein
method 44) and was slower in the simulations with 1 M
TMAO present (0.16:0.17 A2/ps) when compared to values
for simulations in pure water, i.e., the conversion simulation
(0.22 RJps). These data are in agreement with previous
simulations 40, 44) and experiment4®). Our previous work
has shown that the distribution of watewater distances is
affected by the presence of a cosolvetti @4). The average

observation is consistent with experimental reports of the
effect of TMAO on other systems, such as its ability to
restore the enzymatic activity of enzymes in the presence of
urea @8, 49). The consistent loss of S1 and erratic fluctua-
tions of S2 in the presence of TMAO were not expected
and suggest that these elements of secondary structure are
sensitive to conformational change in the N-terminus and
solvent environment. Since S1 can act as a template from
which new extended strands can “grow” in conversion
simulations 82—34), the disruption of S1 could be creating

a barrier to Prf* formation.

In our previous PrP— PrP¢ simulations, the N-terminal

number of hydrogen bonds per water molecule was measurecdportions of the 3F4 epitope disappeared as the N-terminus

in the hydration layer and was 3.06 in both the conversion
simulation and TMAO (protection and reversion) simulations.

adopteds-structure (Figure 2), in agreement with the lack
of binding of the 3F4 antibody to P¥Pin uitro (50).

The number of hydrogen bonds per water in the bulk was However, in the protection simulations, TMAO preserved

similar (3.30).

Approximately 10% of the TMAO molecules interacted
directly with the protein (Figure 4) in hydrogen bonds with
Arg, Lys, and His residues. The average TMAS&Ide chain
bond length was-1.6 A. These hydrogen bonds were fairly
long-lived (~1 ns), although exchange did occur during the

the 3F4 epitope under conditions (low pH) that normally
disrupt or bury the epitope. Furthermore, Tatzelt and co-
workers B34) reported that D13, an antibody binding to
residues 94105 (61), did not bind to the prion protein in
the presence of TMAO. Although our simulations did not
include the N-terminal residues that comprise the D13

course of the simulations. Hydrogen bonds with the peptide €pitope, large conformational changes at the N-terminus in

backbone were sporadic and minimal, involving only three
to four TMAO molecules during the 10 ns simulations.
Nonpolar contacts between TMAO methyl groups and

our TMAO simulations suggest these changes are responsible
for the “disappearance” of the D13 binding site. It would be
interesting to monitor antibody binding in the presence of

hydrophobic surface residues were also observed and in-TMAO for other antibodies. These experiments could provide

volved an additional 10% of the total TMAO present. The
number of waters in the hydration layer was similar in both
the conversion and TMAO simulations-260 waters). We
also monitored the distribution of watewater hydrogen
bond lengths for the water in the hydration shell and in
bulk. The number of very strong bulk watewater bonds

more information about the conformation of the prion protein
in TMAO.

Studies have suggested that the exclusion of the peptide
backbone from the TMAO-affected solvent accounts for its
stabilizing effect 44, 52, 53). In our previously published
PrP* — PrP¢ simulations 82—34), the N-terminus exposed
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a large number of amide groups to the solvent, which began Misfolded Oligomer

to populates-strand-like conformations. However, in the PrP

presence ol M TMAO, the N-terminus was excluded from low pH ?

the solvent, and made more contacts with the structured core _)E C —_— @

of the protein to reduce the nonpolar surface area. These TMAO res
observations are consistent with the peptide exclusion

hypothesis. Given that there is an observable decrease in the S -/

main chain SASA and that our construct contains only 15

residues (109124) of the possible 34-residue unstructured Prpsc

N-terminus (residues 960124) usually included in experi- FIGURE 5: Schematic representation of the prevention and rescue
mental constructs, researchers may observe a more dramati€f Misfolded PrP, or Prixlike conformations, by TMAO.

change in SASA.

TMAQO'’s effects on the solvent environment are signifi-
cant, as indicated in the current work and in previous studies.
The extent of water self-diffusion in the protection and
reversal simulations decreasedb$0% in the presence of

TMAO, in good agreement with our previous wolkdf and g cqure is conversion resistant. The formation ofafoop
experiment47). The reduction in the level of water diffusion ¢ the hydrophobic N-terminus allows partial burial of a

inhibi_ted the exchangc_a of water from the surface of the potentially aggregate prone region. TEeloop may also
protein and bulk. Earlier, we showed that the “sphere of gi,pilize the structured region of FrBy interacting with
influence” for each TMAO molecule extends ou6 A (44). helix B. It has been proposed that in cases wi@f®ops
Water in the shell of TMAO was highly ordered but make many hydrogen bonds or, as in our case, many
optimized interactions with itself so that it is has a slightly hyqrophobic interactions, they confer stability on the protein
higher number of hydrogen bonds per water molecule than(54) Our results provide evidence that TMAO not only
pure water 44). Introduction of diglycine cyclic peptides  jnhibits Prie formation but also can rescue early misfolded

decreased the number of hydrogen bonds per water in thegpecies along the conversion pathway (Figure 5).
hydration layer and in bulk. The opposite occurred when

cyclic dialanine was solvateail M TMAO. Water thus ACKNOWLEDGMENT

altered may not fully interact with the protein and the peptide - _ )
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