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ABSTRACT. Although the mechanism of the conformational conversion from the cellula“RoPthe

scrapie (Prf) form of animal prion proteins has yet to be elucidated, evidence is accumulating that may
provide insight into the conversion process at atomic resolution. Here we show critical aspects of the
slow fluctuation dynamics of the recombinant hamster prion protein, rPrZ30), based on NMR
relaxation analysis using Carr-Purcell-Meiboom-Gill (CPMG) experiments, and compare them in detalil
with results from high-pressure NMR. Residues exhibiting slow fluctuations on the time scale of
microseconds to milliseconds are mainly localized on helices B and C11I92 and 206-227), which

include locally disordered regions in an intermediate conformer, PrP*, identified previously by high-
pressure NMR [Kuwata, K., et al., (200Bjochemistry4l, 12277#12283]. Moreover, chemical shift
differences between two putative exchanging conformers obtained by the CPMG relaxation analysis and
the linear component of the pressure-induced chemical shift changes are reasonably correlated at individual
residue sites. These observations suggest that both the CMPG relaxation and the pressure shifts reflect
slow conformational fluctuations and that these slow motions it Rr@related to the trajectories leading

to the transition to PrP*.

Prions cause neurodegenerative diseases, such as scrapstructures for bovine9) and human X0) species were
in sheep, bovine spongiformencephalopathy (BSE) in cattle, elucidated. While there are some species-specific differences,
Creutzfeldt-Jakob disease (CJD), GerstmanritSsier- the structures are similar in that residues-1281 constitute
Scheinker syndrome (GSS), fatal familial insomnia (FFI), a globular fold with threen-helices, a small, imperfectly
kuru, and a new variant of CJD in humark—@3). These formed and conformationally flexibl8-sheet composed of
diseases are associated with conversion of the normal cellulaantiparallel strands S1 and S2, an N-terminal segment up to
form of the prion protein (Pr® to a pathogenic scrapie form  residue 113 completely disordered and, at least in the hamster
(PrP9, which is apparently the infectious agent in transmit- species, a hydrophobic cluster (residues -1138) with
ted forms of the diseas®,(4). The sequences of P¥Pand multiple interconverting conformerd.y).
the noninfectious precursor PrBre identical §). Although NMR studies of dynamics in the P¥Rstructure were
both isoforms are chemically identical, they possess very reported 11, 12) using heteronuclear NOHj, T, and off-
different physicochemical properties. Pri8 substantially  resonancdy, relaxation time measurements. The results
helical, but PrP° has~40% f3-sheet ). are consistent with the static picture of PrRe., the central
The three-dimensional structure of PrRas first eluci-  portions of helices B and C form a relatively rigid core, but
dated for the mouse, Mo PrP (12231) (7), and the hamster  the remainder of the globular domain and helix A are more
species, SHa PrP (9@31) @), by NMR. Subsequently,  flexible on a picosecond-to-nanosecond time scale. Slow
T Supported in part by Grants-in-Aid for Scientific Research from qonformaﬁuonal fluctuations ‘on the microsecond-to-mil-
the Ministry of Education, Culture, Sports, Science and Technology lisecond time Scale_Were observed only for the sifiaheet
of Japan (14380314, 14037224) and by the Gifu Prefecture Brain @nd the hydrophobic clustetl, 12).
Research Foundation. However, our recent results for conformational fluctuations
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further detailed analysis of the high-pressure NMR results.
All of these data pertaining to prion protein dynamics are
examined in the context of biological and clinical observa-
tions (15).

MATERIALS AND METHODS

SamplesExpression, isotopic labeling, purification, and
considerations for proper refolding of recombinant Syrian
hamster prion protein rPrP (9@31) have been described
previously (1, 13). Purified rPrP (96-231), labeled uni-
formly with N, was lyophilized before refolding. Samples

Kuwata et al.

The apparent transverse relaxation rate with two-site
chemical exchange can be expressedld} (

wigz) o

wherezg, is the delay between 18(ulses in the CPMG
sequence, andw is the difference in chemical shift of the
nucleus in the two conformational states.(= 7-1f1 = 71 )

is the exchange time constafit.andf, (= 1 — f;) are the
fractions of populations of the two conformational states,

Tex

R* =R, + 7of; f(Aw))1 —

Tep

were analyzed by mass spectroscopy, circular dichroism, andand r; andz_; are forward and the reverse exchange time
Fourier transform infrared spectroscopy to ensure the refoldedconstants, respectivelfR; is the pure transverse relaxation

rPrP (96-231) resembles PfPi.e., is largelya-helical.

NMR MeasurementsThe online high-pressure NMR
system contains the protein solution in a quartz tube cell
that endures pressures»2500 bar. The cell was connected
to a high-pressure line via frictionless Teflon pistons that

rate due to the molecular motion on the time scale of
picoseconds to nanoseconds without the slow exchange
contribution on the microsecond-to-millisecond time scale.
Numerical calculation using the exact equati@3)(shows

that eq 1 is accurate within 5% wheé\w < 4 ppm andrey/

separate the protein solution from the pressure mediatorre, < 1072 In our case, f{f;)?Aw ~ 0.1 kHz, andrex ~
(kerosene) in a separator cylinder (BeCu). The cell body 0.002 s. However, since the exact equation is still a

(inner diameter 1 mm, outer diameter 3 mm) is positioned
in a commercial 5-mm NMR probe (Bruker). Pressure was

monotonic function ofAw and 7., We may be able to
characterize these parameters qualitatively rather than quan-

regulated to a desired value between 1 and 2500 bar with atitatively, even whenf(f,)?Aw > 0.1 kHz, andrex > 0.002
remote hand-pump and maintained at that value during signals. This is illustrated by representative examples of nonlinear
accumulation. For 1D and 2D NMR measurements, samplesfits that are shown in Supporting Information.

were dissolved in 95%H,0/5% ?H,0O containing 20 mM
sodium acetate, pH 5.2, to mala 1 mMprotein solution.
As chemical shift references, trace amounts of sodium
3-trimethylsilyl-(2,2,3,3*H)-tetradeuteriopropionate (TSh)

High-Pressure NMR Analysil general, the conformation
of a protein molecule in solution may consist of an
equilibrium mixture of conformers differing in topology of
folding (e.g., between the native conformer N and an

and dioxane were added to the solution. The dioxane intermediate partially folded conformer 1), in partial molar
resonance remains unchanged with pressure (3.750 ppm fronvolumeV, as well as in thermodynamic stabilityG. In this
TSP at 1 bar). Relaxation time measurements were performedsituation, the equilibrium constait between N and | may

in standard Shigemi tubes with 11.7 T (Varian Inova 500)

and 18.8 T NMR spectrometers (Bruker Avance 800).
Reduced Spectral Density MappirtgN longitudinal (T;)

and transverseTg) relaxation times and'H}-5N hetero-

nuclear NOEs were measured using two different magnetic
fields, 11.7 T (500 MHz proton frequency) and 18.8 T (800 Ag =G () — G(N) =
MHz). Several peaks are overlapped and are not presented

here. For residues 16@31, the Ry (=1/T;) rates are
relatively invariant around 1.5%at 11.7 T. At 18.8 T, for
residues 128231, they are all approximately 1.0's For
residues 106110, R, values are about 1.5% indicating
the relative invariance to the magnetic field strength, which
is commonly observed for natively unfolded protel,(17).
The reduced spectral density functid(w), provides insights
into the motion of the N-H bond vector at five frequen-
cies: 0,wn: (0.32 gigaradian (grad)/syynz (0.51 grad/s),
0.87ww; (2.73 grad/s), and 0.8%, (4.37 grad/s), where 1
and 2 denote angular velocities at 11.7 and 18.8 T,
respectively. The largest value df0) is~6 ns at 11.7 T
and~5 ns at 18.8 T. The differer{0) values at 11.7 and
18.8 T demonstrate the inherent limitation of deriving
absolute)(0) values from first-order reduced spectral density
mapping. TheJ(0) values at 11.8 T are used in Figure 6a
(vide infra).

Slow Fluctuation Analysid/alues of the exchange lifetime
Tex Were calculated from the dependence of the signal
intensities on interpulse spacing in the CPMG experiment
(13, 14). The pulse sequence for measuringieR; values
(18—20) was used with modifications for averaging in-phase
and antiphase coherenc2l 22).

change with pressure according to the relation:

K =[I/[N] = expAG/RT) )

where
AGy+ AV(p — py) — (L/2)ABV
(P—py* (3)

AG andAGy are the Gibbs free energy changes from N to
| at pressure andp, (= 1 bar), respectivelyAV is the partial
molar volume changeAps is the change in compressibility
coefficient, R is the gas constant, antl is the absolute
temperature 13).

The pressure dependence of the chemical shifts was
analyzed according to

o=a+bp+cp’ (4)

whered; is the chemical shift for théh residue, andy, by,
andc are independent linear and nonlinear coefficients of
the pressure-induced shift, respectively.

Curve fitting was performed using SigmaPlot2001 (SPSS
Science, Chicago, IL) on all observed data.

RESULTS

Spectral Densitiedrirst, we measured the reduced spectral
density function 18), J(w), for almost all residues of PP
which would provide insights into the motion of the-¥
bond vector at five frequencies 0, 0.32, 0.51, 2.73, and 4.37
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bond vector is shown for different regions of PrRt five F 3 Int ted intensiti £ amid in HSOC
frequencies: Opns (0.32 grad/s)wns (0.51 gradss), 0.8 (2.73 IGURE 3: Integrated intensities of amide resonances in HSQ

grad/s), and 0.87, (4.37 grad/s), where subscripts 1 and 2 denote spectra as a function of pressure. The transition profiles are divided
angular‘ veloci.tiestat 11.7 and 18.8 T respectively. into nine groups according to secondary structure elements f PrP

The multiple values at each pressure correspond to different residues
within a structural region. Lines are from curve fitting using eq 2.

HC.S1 A S2 B o} The transition from the native conformation varies from site to site,
] :-:-] showing that the pressure stability of rPrP{3B1) is site-
1.0000 dependent.

a

T 0.1000 - - .
00100 - T L“ M‘ | ‘ H M— difference in chemical shifte\w), shown in Figure 2b, were
oo I J]I HJILI T : calculated using eq 1. Thg, values are on the microsecond-
0.0001 Tl HM i ‘ﬂi geql. The
b

o (56C

to-millisecond time scale, and the relatively larye values
08 - . o are mainly found in thg-strands S1 and S2 and helices B
and C. Specifically, residues withy larger than 0.01 s are
M129, G131, N159, V161, Y162, D178, C179, T183, 1184,
L185, H187, T190, G195, E196, E200, D202, 1205, E211,
C214, Q217, Y218, Q223, and Y225. They are mapped by
] yellow in Figure 4a.
Residue High-Pressure NMRUnder high pressure, the population
FIGURE 2: (a) Slow exchange lifetimesd) obtained using the  of the native state is generally decreased and, if present at
CPMG dispersion methodl4) plotted as a function of residue 5 “that of an intermediate state is increased, because the
number. (bY fif2} 2Awex plotted as a function of residue number. - . - ’
Awe, is the difference in chemical shift of the nucleus in the two partial molar volume of the native structure is generally larger
conformational states; andf, (= (1 — f,)) are the populations of  than that of the intermediate structure, since it is presumably
the two conformational states. less tightly folded. Pressure-induced conformational transi-
tions are generally less cooperative than those of other
perturbations, such as temperature or denaturant concentra-
gigaradian (grad)/s using two static magnetic field strengths, tion, because, in the native conformation, each affected
11.7 and 18.8 T. As shown in Figure J(0) values for the  residue is adjacent to a cavity with specific volume.
N-terminal and hydrophobic cluster are relatively low and Therefore, pressure-induced disorder of the native conforma-
rather dispersed, while those for residues in S1 and S2tion often varies from site to site, showing that the thermo-
p-strands and helices B and C are comparatively high. Largedynamic stability of rPrP(96231) is site dependent. We
J(0) values reflect the global tumbling motiohd). We note categorized the behaviors of the integrated intensities of
thatJ (4.37 grad/s) values are also quite heterogeneous foramide residues in HSQC spectra as a function of pressure
N-terminal regions and helices B and C, suggesting a largeinto nine groups according to secondary structure elements
degree of flexibility. of the protein, as shown in Figure 3. Lines are theoretically
Slow Exchange Dynamicé/e obtained evidence of slow generated by fitting eq 2, in Materials and Methods, to the
conformational exchange from the, dependence of the experimental data points. Cross-peak intensities from the
CPMG dispersion experiments. By assuming two-site ex- N-terminus and the hydrophobic cluster were essentially
change, we apply eq 1 (see Materials and Methods) to theinvariant with pressure, while intensities for residues-128
CPMG relaxation dispersion data. Figure 2a shows lifetimes 231 dramatically decreased with pressure, almost disappear-
corresponding to the slow exchange rates obtairief). (  ing by 2500 bar. This indicates that the major conformational
Values for the slow exchange time constant, and the changes are occurring. The relative inertness of spectral

(f,£) "Ao,,

100 120 140 160 180 200 220
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features to pressure is a general property of a disorderedDISCUSSION

conformer. There is substantial heterogeneity in pressure . . .
stability among the secondary structure elements. The S1-A_ Dynamic Features of the Nagly Unfolded N-Terminal
loop and helix A were most stable with pressure change, R€gion.Since regions in the hydrophobic cluster (+1128)
and their transitions occurred uniformly over their constituent '€ Only transiently foldedL{l), no significant slow dynamics
residues. Pressure-induced transitions of helix B residues alsg!©r @ny significant conformational transition was observed
occurred rather uniformly, with the exception of F175 and (Figures £3). However, the hydrophobic cluster is appar-
Q186. The pressure stability is determined mainly by two ently necessary for PrP to convert into PrfFor example,

" ; transgenic mice with removal of N-terminal residues beyond
factors, the stability at 1 bar\Go) and AV, neglecting the ; . . :
A contribution (eq 3). By extrgpolating eq 3 to 1 bar and residue 93 did not support Fiformation. Interestingly, Tg

neglecting data for F175 and Q186, we obtain average mice expressing PrP(l’_ﬂZSl} developacere_.bellard|sorder
thermodynamic stabilitieAGy of helix A and helix B at 1 in the neonata_l period |mply|ng that much, if not all, of the
bar to be 5.2 and 3.0 kcal/mol, respectively. The results N-terminal moiety of PP is necessary for normal function
clearly indicate that helix B has much less stability than helix (24).' Deleplon of t_he C-terminal helices also causes a
A. Other secondary structure elements were even less stablgerltable disorder with severe nerve cell la8§)( Therefore,

against pressure, and their transitions were more heteroge

we may assume that the hydrophobic cluster functionally
neous. Transitons of residues fstrands S1and S2, the "2 0y I TR2E TR FUC SERTEEE SN O
S2-B loop and helix C occurred quite heterogeneously at s other conformational diseas@$)( on the condition that
pressures between 500 and 2500 bar. Transitions were mosk.. L ible to other pertinent molecules
varied for helix C. They are roughly categorized into three IS region IS accessible fo o e_ pertine olec ‘
groups (see Figure 3); group D{ composed of most Hydrogen bonds apparently exist between M129 and Y163

residues), group I¢; V210, M213, Q217, K220), and group in the small, unstablg-sheet 11), so it is not surprising to
Il (O: K204, 1205, Q219). see in Figure 3 that M129 and Y163 together exhibit a

pressure-induced change. The polymorphism of residue 129,
' being a valine in many humans, results in different disease
gaveAGy values of 3.4 kcal/mol for group | and 2.1 kcal/ phenotypes expressed by the D178N mutation shown in

mol for.group . Th_e group |l residues are located es_sentially Figure 6f, which can be understood in terms of the structure
at the interface wittp-strands S1 and S2, suggesting that (,q) " pifferent clinical manifestations and different prion

the apparent low stability arises from increased conforma- yiseases may result from different conformations ofSPrP
tional disorder of these residues relative to strands S1 andbeing present. The pressure study further indicates that the
S2. K204, 1205, Q219 in group Il of helix C, Y162 of S2,  yaqion of the S1 strand with methionine at residue 129 is
N171 of the S2-B loop and F175 of helix B were exception- inperently unstable. Residue 129 is near D178, with some
ally _unstable and underwent transitions below 1000 bar. oyidence that the D178 carboxylate is hydrogen bonded to
Residues M129, Y163, D167, N170, F175, V210, M213, e v128 ring hydroxyl 1), so conformational fluctuations
Q217, and K220 exhibited moderate instability and undergo i, helix B can propagate into the S1 strand and proximal
transitions around 1500 bar. They are mapped in magentanygrophobic cluster. Some amides in the ill-formidheet
and yellow, respectively, on the NMR structufiel)in Figure undergo very slow fluctuations (Figures 2 and 6a,b) and are
4b. Although residues with pressure-induced instability are 550 affected more readily by pressure (Figures 3 and 6c).
distributed mainly around the interface between S2 and helix That is not surprising, as multiple NMR signals were

C as shown in Figure 4b, those with any significant slow pserved for somg-strand residuesi(l). Both observations
fluctuations withze, more than 0.01 s are distributed more  emphasize that thg-sheet in PrP is not very stable.

widely and cover S1, S2, helices B and C, as shown in Figure conceivably, the pressure instability of F175 in helix B is

Thermodynamic analysis, extrapolated to 1 bar via eq 2

4a. also related to comparatively low stability of S2 and S2-B
Correlation between Fluctuation-Induced and Pressure- loop.
Induced Chemical Shift Changedle have compared the Slow Dynamics and Stability of the C-Terminal Helical

fluctuation- and pressure-induced chemical shift changes, Region PrP* was first observed as a metastable intermediate
since the measurements are not a priori related. Figure 5a ijuring the unfolding process of SHa rPrP{®B1) with

the plot of the chemical shift changes of amidl nuclei guanidinium chloride 7). Other observations have sup-
induced by fluctuation{f; f2} "2AwexWith ey larger than 1 ported the existence of intermediate forms of pric28; 29).

ms, against the linear components of the pressure dependencRecently, we characterized some structural features of PrP*
of the **N chemical shifts 13). Although the amplitudes of  (13). A small amount of PrP* coexists with native Prihder

the former are about 10 times larger than the latter, they arenearly physiological conditions (pH 5.2, 3@, 1 bar) with
reasonably well correlated. On the other hand, there is nothe pressure-dependence studies, suggesting that PrP* has
evident correlation between the chemical shift changes of disordered B and C helices, while helix A is largely intact
amide N nuclei induced by slow exchange fluctuations, (13). From the pressure dependence of the signal intensities
{f1f2} 2Awex With 7ex larger than 1 ms, and any (total or of individual residues for Pi® the stability difference of
nonlinear) component of the pressure dependence éfthe  AGo = 2.1 kcal/mol was obtained for group Il residues. This
chemical shifts (data not shown). Correlations between theindicates that as much as-8% of PrP exists as PrP* at
chemical shift changes of amidéN nuclei induced by ambient temperature and pressure. Assuming that the signals
fluctuation, {f;f} ?Awex With 7ex On the time scale of  observed are all from PFPthe present relaxation analysis
microsecond and any pressure dependence of tNe indicates that PrfPundergoes millisecond fluctuations par-
chemical shifts are not evident. ticularly in the vicinity of helices B and C.
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Ficure 4: In the context of the PrP(9€231) structure, comparison of CPMG conformational dynamics and high-pressure-induced
conformational changes. (a) Residues withlarger than 0.01 s are M129, G131, N159, V161, Y162, D178, C179, T183, 1184, L185,
H187, T190, G195, E196, E200, D202, 1205, E211, C214, Q217, Y218, Q223, Y225, and are mapped in yellow on the NMR 4ttucture (

Red represents the helical region, and blue represents other regions. (b) Exceptionally unstable residues that undergo transitions below
1000 bar (K204, 1205, Q219 in group Il of helix C, Y162 of S2, N171 of the S2-B loop and F175 of helix B), and moderately unstable
residues that undergo transitions around 1500 bar (M129, Y163, D167, N170, F175, V210, M213, Q217, and K220) are mapped in magenta
and yellow, respectively, on the NMR structurgL).

The unstable residues of helices B and C are near a clustedefined by NMR data but is disordered in Mo PrP (321
of cavities (L3), suggesting that the slow dynamics and 231). It should be also noted that Q219 corresponds to the
selective disorder of helices B and C may be related to region exhibiting the dominant negative inhibition of prion
instability of these cavities. In particular, the HSQC cross- replication 6) (Figure 6d) and also belongs to the protein
peak intensity reduction observed at relatively low pressures X binding epitope 80) (Figure 6e). Four residues, Q168 in
(<500 bar) for group Il residue Q219 on helix C is the S2-B loop, Q172 at the beginning of helix B, and T215
remarkable. As noted previouslg), the hamster species, and Q219 on helix C, form an epitope that interacts with
SHa PrP(96-231), and the mouse species, Mo PrP&21 the putative protein X30), which may well be something
231), differ in that the latter exhibits a break in the helix at other than a protein. Q168, as part of the helical turn, is not
Q219. Also, the S2-B loop in SHa PrP (9031) is well- in close proximity to the other three residues (Figure 6e).
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namic picture derived from pressure-induced unfolding is
not expected from the static NMR structure, nor from the
dynamic picture on the picosecond-to-nanosecond time scale,
which emphasizes the difference between unstructured N-
terminal and structured C-terminal regiorisl(12). Logi-
cally, millisecond time scale fluctuations may be qualitatively
different from picosecond-to-nanosecond time scale motions
(31—33). The overall coincidence between the stability and
the slow dynamics suggests that the slow fluctuations of PrP
occur along the reaction surface of the protein foldigg) (
However, the fast motions may just entail low energy

induced by slow fluctuations versus pressure dependencies of thefluctuations of the native structure. The curvature of the

amide 5N chemical shift {3). Symbols ©) and @) indicate
residues in helices and fitsheets, respectively, and lines represent
the result of regression analyses. (a) Pldtfdb} Y2Awey for residues
with e larger than 1 ms against the linear component of the
pressure-dependent chemical shift change of afiiieesonances.
(b) Plot of{ f1f,} Y2Awex for residues withre larger than 1 ms against
the total pressure-dependent chemical shift change of atfiitle

resonances.

Te> 0.01 y0)>37

Low

inhibition  stability

negative

Factor X Dominant
site

Causative binding

mutation

100 120 140 160 180 200 220

Residue

Ficure 6: Plot of residues whose (d]0) values are larger than
3.7 ns, obtained via reduced spectral density mapping, and{b)

reaction surface for protein folding may not necessarily
correspond to the local energy surface around the native PrP
structure.

Correlations between Slow Fluctuations under Physiologi-
cal Conditions and Pressure-Dependent Conformational
ChangesThe NMR relaxation analysis gives residue-specific
amide chemical shift differences between two putative
conformers that are considered to be mutually interconvert-
ing. These differences should reflect the amplitude of the
conformational fluctuation at individual residue sites. On the
other hand, from the relation between volume fluctuation
and compressibility, pressure-induced chemical shift changes
are also correlated with the amplitude of fluctuation at
individual residues. As shown in Figure 5a, the chemical
shift changes of amidé&N nuclei induced by fluctuation,
{f1f} Y2Awex With 7ey larger than 1 ms, are correlated with
the linear component of the pressure dependency ofthe
chemical shift £3). This may suggest that slow fluctuations
at ambient pressure are occurring within the basic folded
subensemble3d). The basic folded subensemble is the
“ensemble” of the native conformations with essentially the
same compressibility exhibiting the linear pressure-dependent
chemical shift changes. When they exhibit any nonlinear
behavior, we presume it to be a transition from the basic
folded structure to the low-lying excited stat@5y.

The amplitudes of the chemical shift fluctuations are about
10 times larger than those of the pressure-induced chemical
shift changes. The averadé&\ chemical shift difference
between 1 and 2.5 kbar 0.1 ppm, which corresponds to
a1y angle of~0.4° (36). On the other hand, the fluctuation
of they angle obtained by the CPMG relaxation experiment
is ~4°, which is basically consistent with the results of many
MD simulations 87). The Gibbs free energy of a protein is
generally defined as a function of pressurg énd temper-

values are larger than 0.01 s, obtained using the CPMG method.ature {T). In a thermal denaturation process under constant

(c) Residues with low stability detected by high-pressure NMR.
(d) Residues with polymorphisms exhibiting dominant negative
inhibition of prion replication 26). (e) Residues mapped as the
protein X binding epitope30). (f) Residues whose mutations cause

neurodegenerative diseases in humans.

We can speculate that conformational flexibility in the region

facilitates factor X binding.

In Pr, slow fluctuations are evidently not connected to

pressure, the entropic chang@g) is the main driving force,
while in pressure denaturation at constant temperature, the
volume change{PAV) is the major driving force. However,
under approximately physiological conditions, a fluctuation
may occur along a direction between them, as shown in
Figure 7. The pressure-induced conformational changes
emphasize the intermediate conformers with lakye while
temperature-induced conformational changes emphasize those

observed fast (picosecond-to-nanosecond) fluctuations. Aminowith large AS. However, if a protein could fluctuate in a
acid residues predominantly fluctuating on the millisecond P/T plane freely during fluctuations, a small population may
time scale mainly exist in helices B and C, which are also have a chance to reach a conformation with higher energy

locally disordered in the PrP* intermediate stat8)( This

along the trajectories. This dynamic event may occur rarely,

coincidence suggests that the slow dynamics of the prion either because of the high energetic barrier (fast motion but
protein includes trajectories from the native state to the with low probability) or by following a winding pathway
thermodynamically distinct substate, PrP*. The thermody- along the rugged surface (slow motion). Either way, populat-
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FiGurRe 7: A sketch of the free energy landscape of a protein as a
function of pressureR) and temperatureT]. Arrows on the right

and left indicate the pressure and the temperature dependence,
respectively, of the Gibbs free energy within the basic folded
subensemble. The central arrow shows the effect of a fluctuation
under physiological conditions occurring in a P/V plane.

ing the higher energy state occurs slowly.

Many intermediates in various proteins have been detected
using high-pressure NMR34). Why is pressure perturbation
so sensitive for detecting intermediates compared to tem-
perature perturbation? One reason may be that many
intermediates are better defined in terms of volume than
entropy. As long as protein folding occurs hierarchically with
distinct volume changes, high-pressure NMR is quite useful
to observe it. However, if an intermediate conformation has
a volume similar to the native conformation, it may not be
detected. Second, it must be noted that oligomers or
aggregates, including amyloids, tend to dissociate into
monomers under high pressure, while proteins generally tend
to aggregate at high temperature. High-pressure NMR may
prove advantageous for study of such intermolecular interac-
tions.

CONCLUSIONS

Interaction between the C-terminal helical region and the
hydrophobic cluster region of PfRvas previously observed
(11, 13), and both regions are required for the infectivity
(38). As noted, the pressure-induced collapse of cavities
probably accounts for the observed NMR signal changes in
helices B and C and in the S2-B loop and fhstrand S2.
Because the hydrophobic cluster is also in contact with S2
and helix B (1), as shown in Figure 4, conformational
transitions in this region can transduce a switch to possibly
involve most of the structural elements identified in rPrP-
(90—231) in promoting the PiP— PrP* transformation.
Pathogenicity itself must be directly related to the intermo-
lecular interaction around the hydrophobic cluster regions,
and the C-terminal helices may naturally prevent this
intermolecular interaction. Modeling of Piftructure using
electron microscopy has yielded models with intramolecular
f-sheets while maintaining some helix structu3g)( While
progress on this difficult project is admirable, it is not
possible at this stage to know with certainty whether the
helices in Prf* correspond precisely to those in PriPrP*
presumably corresponds to an intermediate in the conversion

process. Therefore, disease-causing mutations can increasel?.

the population of PrP*, which enables access to the hydro-
phobic cluster via the local conformational disorder of helices
B and C. This may promote the conformational conversion
process by intermolecular interaction at the hydrophobic

Biochemistry, Vol. 43, No. 15, 20041445

cluster, resulting in the intermoleculd@-sheet formation
characteristic of Pri®.

SUPPORTING INFORMATION AVAILABLE

Representative examples of the nonlinear curve fits of the

1.

10.

11.

12.

13.

14.

15.

16.

relaxation dispersion data. This information is available free
of charge via the Internet at http://pubs.acs.org.
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