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ABSTRACT. The role of conformational intermediates in the conversion of prion protein from its normal
cellular form (PrP) to the disease-associated “scrapie” form BrRemains unknown. To look for such
intermediates in equilibrium conditions, we have examined the unfolding transitions &f frifarily

using the chemical denaturant guanidine hydrochloride (GuHCI). When the protein conformation is assessed
by NMR, there is a gradual shift of NMR signals in the regions between residueslf85and 186

196. The denaturant dependence of these shifts shows that in aqueous solution the native and locally
unfolded conformations are both significantly populated. Following this shift, there is the major unfolding
transition to generate a substantially unfolded population. However, analysis of NMR chemical shift and
intensity changes shows that there is persistent structure in the molecule well beyond this major cooperative
unfolding transition. Residual structure within this state is extensive and encompasses the majority of the
secondary structure elements found in the native state of the protein.

Prion diseases are fatal neurological diseases associatedf the unfolded state but also of partially folded intermediate
with the deposition of host-encoded prion protein (PiR) states 7—10). In the case of PrP, although no definite link
aggregates which may form amyloid fibril§)( This disease-  between PrPstability and disease has been established, all
associated form of the protein, termed the scrapie form, or fully penetrant pathogenic mutations show significant de-
PrPc, differs from the normal cellular form (PfPthrough stabilization, whereas nonpathogenic mutations do 1t (

a conformational change, resulting in a significant increase Further, in vitro experiments have shown that destabilization
in the 8-sheet content and protease resistance of the proteinof the native state of prion through the use of chemical
(2—4). No covalent modifications between the two isoforms denaturants, or DNA-binding, also favors the formation of
have been consistently identified to date. According to the protease-resistant and/or fibrillar conformatiod®-(14),
protein-only hypothesisj, the infectious agent is composed some of which have been claimed to be associated with the
of a conformational isomer of prion proteifi)(that is able disease proces4 ). Numerous studies have therefore been
to convert other isoforms to the infectious isomer in an undertaken in order to identify and characterize nor=PrP
autocatalytic manner. The most coherent and general modekconformers of PrP, under both equilibrium and kinetic
proposed thus far is that PrPfluctuates between the conditions. PrP has a largely-helical conformation 15,
dominant native state and minor conformations, one or a set16), for which the urea denaturation is well described by a
of which can self-associate in an ordered manner to producetwo-state equilibrium between folded and denatured states
a stable supramolecular structure composed of misfolded PrR(13). However, PrP can be converted to a variety of other,
monomers. intermediate, conformations, usually with enhanfesheet
Amyloid formation in a number of proteins is associated content, by changing the pH, temperature, and/or redox
with destabilization of the native protein through somatic conditions {7—19), several of which appear to be associated
mutations, increasing the steady-state concentration not onlywith oligomerization of non-native forms of the protelt3(

20, 21).
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disulfide-bonded proteins studied to da?d-{26). These data  (**N/*H = 0.101329118'3C/*H = 0.25144953). NMR data
indicate that routes to form intermediate states involving were processed and analyzed on Silicon Graphics and Linux
regions outside of this hyperstable core region should be Workstations using Felix 2000 (Accelrys, San Diego, CA)
favored over those that require the core of the protein to be and NMRview softwareZ8).

disrupted. An inherent limitation of the hydrogen exchange  Backbone Resonance Assignments of the Unfolded States
technique, however, is that it only provides information for of Prion Protein. Backbone resonance assignments were
those regions in proteins which otherwise display measurableachieved using the standard suite of triple-resonance experi-
protection from exchange from the folded form. Typically, ments [HNCO, HN(CA)CO, HNCACB, CBCA(CO)NH]
these are regions that are structured within the folded state.(29—32). Peak picking was performed semimanually. The
The implication of this is that the extent of any intermediate backbone assignment methodology used the “asstools” set
state found within PrP may be severely underestimated andof assignment program8g). The default option and values
biased toward secondary structure elements. within the program were used, with the standard table%f C

To characterize more fully the conformational possibilities and @ chemical shifts replaced with a table containing
available to PrP, its behavior as a function of the chemical ranges 0.5 ppm from random coil values. Sequential assign-
denaturant guanidine hydrochloride (GuHCI) was monitored. ments were achieved mainly through linking of preceding
Recently, variable behavior of both the native and denaturedand intraresidue carbonyl chemical shifts, as the 161
states as a function of urea concentration has been reported@nd™N T relaxation times allowed lonfC' (180 ms) and
where the dimensions of each species increased with increas-"N (69 ms) acquisition times, giving good resolution in these
ing denaturant concentratiori3). Here we analyze the dimensions in the HNCO and HN(CA)CO spectr&. &hd
conformational heterogeneity underlying these changes within O’ matches were used mainly for residue type and preceding
both the folded and the denatured state ensembles, primarilyesidue-type identification.
using heteronuclear NMR methods. The folded state en- GUuHCI Titration of Prion Protein Monitored by NMR
semble shows evidence of fraying of the C-termini of helices SpectroscopyA 1.1 mM sample of°N-labeled PrP in 20
Il and I1l, and a perturbation of the loop connecting these MM sodium acetate, 3 mM sodium azide, and 1 mM TSP,
helices, with chemical shift data consistent with the N- PH 5.5 [10% DO (v/v)], was titrated with aliquots of 8 M
terminal region of the folded domain (residues +236) GuHCl in the same buffer to a final concentration of 6.4 M
spending a proportion of time detached from the folded core GUHCI. Following each addition of denaturant, the sample
of the protein. The denatured state ensemble contains a sowas allowed to equilibrate for 60 min at 298 K before being
called pre-molten globule componer®7j, which encom-  placed in the magnet. The 1 and 2D'H—"N HSQC
passes many of the residues corresponding to the foldedspectra were acquired at the same temperature!fThé>N
C-terminal domain of PiPand which is considerably larger HSQC spectra were acquired using sensitivity-enhanced
than the hyperstable core surrounding the disulfide bond Pulsed field gradient coherence selectid¥,(35) with
identified by hydrogen exchange. This state is distinct from acquisition times of 138 and 87.5 ms in thd and **N
previously described monomeric intermediates, which are dimensions, respectively. The intensities of resolved HSQC
essentially perturbations of the native state conformation resonances were measured and normalized to the intensity
rather than largely unfolded species. Similar denaturing of the backbone resonance of residue A117, whose intensity

conditions have been used to generate prion protein fibrils 'emained approximately constant throughout the titration.

and putative synthetic prion infectivitgt®). In other proteins, Calculation of Denaturant Actity. Due to the nonlinear
such pre-molten globule states have been proposed previously€lationship between denaturant concentration and the free
to be important in amyloid and fibril formatior2Q). energy for folding, GUHCI concentration ([GUHCI]) is
converted to molar denaturant activity to obtain a more
MATERIALS AND METHODS reliable extrapolation of data at high denaturant concentra-

tions. The equation used is
Protein Expression, Purification, and Preparatiomhe

protein construct used in this study comprises residues 91 D = [GUHCI](7.5 M/(7.5 M+ [GUHCI)))
231 of human prion protein (P¥P23Y). Expression and

purification of **N- and **C/**N-labeled protein for NMR  (36), whereD is the molar denaturant activity. In this paper,
study were carried out as described previous).(Samples  denaturant activities will be used, with the corresponding
were storedn 6 M GuHCI concentration and 100 mM  denaturant concentrations following within square brackets.
EDTA, pH 8.0 at—20 °C, prior to use. Protein samples for  pH Titration of Prion Protein Monitored by NMR Spec-
the backbone assignment of the unfolded state of PrP wereyrgscopy. The pH titration of PrP was carried out in an
buffer-exchanged by repeated concentration/dilution in Ami- analogous manner to the GuHCI titration, kit 1 mMZSN-

con 50 pressure cells into 20 mM sodium acetitend 3 |abeled PrP sample titrated with 0.1 M HCI, from an initial
mM sodium azide, pH 5.55 [10% D (v/v)], containing 4 pH of 5.5 to a final pH of 3.85.

M GuHCI concentration. Protein concentrations were-0.6 Equilibrium Denaturation Data Monitored by CDThe

1.2 mM. amide CD absorption of ZM PrP1~231in 20 mM sodium
NMR SpectroscopyNMR spectra were acquired at 298 acetated; and 2 mM sodium azide, pH 5.55, was recorded

K on Bruker DRX-600 and DRX-800 spectrometers equipped in varying concentrations of GUHCI as previously described

with 5 mm C/5N/H triple-resonance probes. Proton (16, 22). The ellipticity signal () was converted to the

chemical shifts were referenced to 1 mM TSP added to the proportion of molecules in the native statg according to

samples!®N and*3C chemical shifts were calculated relative the relationshimw = (0 — 6u)/(On — 0y), wheredy and by

to TSP, using the gyromagnetic ratios &, *°C, and'H are the ellipticity signals for the unfolded and native states,
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respectively. Data were fitted to the function:

2.6 N
oy = [K(N/U) exp(mD)]/[1 + K(N/U)] 2.1M |
8N
wherem represents the sensitivity of the unfolding transition 1
T6 M|

to denaturant an® is the denaturant activity3).

RESULTS

The equilibrium denaturation of P#P?3! as a function
of guanidine hydrochloride (GuHCI) concentration was
monitored using a combination of NMR and CD spectros- VIR TN ‘
copy. A selection of 1BH NMR spectra is shown in Figure \yk \ /\ / -
la. As denaturant is added, loss of chemical shift dispersion, (a) Vb i
characteristic of loss of specific tertiary structure, is observed. I139H5+ +I182H'Y 20N
This loss occurs in a largely cooperative manner, with a ' T
midpoint of approximately 1.5 M GuHCI activity{{1.9 M 0.9 05 (ppm) 00
GUuHCI]; see Materials and Methods), and corresponds well
with the major unfolding transition, as monitored by far-
UV (amide) circular dichroism (far-UV CD) (Figure 1b).
These data are consistent with previous chemical denaturant
studies of PrP 13) and, to a first approximation, can be
described by a two-state unfolding transition; i.e., no
resolvable population of intermediate states with conforma-
tions largely dissimilar from either the native or the denatured
states is observed. By 1.9 M GuHCI activity~2.5 M
GuHCI]), almost complete loss of chemical shift dispersion
is observed in the NMR spectra, indicating that the protein
is predominantly unfolded. However, outside of the transition ]
region, both the folded and the denatured states show o T T T s s
nonuniform behavior as a function of GuHCI concentration, Denaturant Activity (M)
consistent with their nonuniform dimensions as a function ) I ) . .

. .~ Ficure 1: Equilibrium denaturation of PPP-231, Shown in (a) is

of urea (3), and are more accurately described as native e pfield-shifted methyl region of 1D NMR spectra at increasing
and denatured state ensembles. GUHCI activities. Movement of NMR peaks prior to the major

Perturbation of the Natie State Ensembl&ome change  unfolding transition, for example, 1139°%#nd 1182 H, indicates
in the nature of the folded state ensemble prior to the major changes in the tertiary structure of the Prtive state ensemble.

- I, - . _In contrast, intensity and chemical shift changes at elevated
unfolding transition is revealed by the substantial pretran denaturant activities 1.5 M GuHCl) (1.9 M GuHCI]; see

sition baseline slope seen in the far-UV CD signal (Figure \aterials and Methods) indicate changes in the denatured state
1b), similar to that reported previously for ured3). ensemble. Shown in (b) is the equilibrium unfolding profile
Inspection of thelH NMR chemical shifts prior to the  monitored by far-UV circular dichroism (open circles). The solid
unfolding transition region reveals marked changes as aline represents the nonlinear least-squares fit to a model with pre-

. . and post-transition baseline slopes, with the dotted line representing
function of denaturant concentration. For example, the proton e same tyo-state model with the pre- and post-transition baselines

resonances corresponding to 1139 &hd 1182 H (Figure  yemoved. The solid circles show data points corrected for the pre-
1a) shift substantially prior to unfolding, indicating that the and post-transition baselines.

tertiary structure surrounding these residues is being dis-

turbed. Using 2DH—1N HSQC spectra, the regions where helix Ill show some correlation with those seen in the major
denaturant-induced changes in conformation within the native unfolding transition (Figure 3 c), indicating that the direction
state ensemble occur can be mapped onto the tertiaryof the conformational shift for this region of the protein is
structure. Although the large majority of peaks exhibit little the same as the major unfolding transition, the majority of
change in chemical shift prior to unfolding, a distinct subset shift changes are not due to the native-to-unfolded state
of resonances within the protein are subject to a GuHCI- transition, since there is no strong correlation between the
dependent effect at low GuHCI concentrations (Figure 2 a,b). *®N chemical shift changes observed on addition of low
It is possible to follow the movement in peaks, as the concentrations of GUHCI with those observed upon unfolding
conformational transitions that are taking place in the protein (Figure 3c). This indicates that the changes observed at low
are fast relative to the NMR chemical shift changes, leading denaturant are not due to a simple two-state transition from
to the averaging of the NMR signals (the fast exchange the folded to unfolded state. In addition, they are not due to
regime). The chemical shift movements at low denaturant some form of multimerization, as no discernible differences
concentration are localized in three main regions, the in chemical shift changes are observed at reduced #8500
N-terminus of the folded domain up to the N-terminus of protein concentration.

helix | (residues 125146), the C-terminus of helix Il and Comparison of Low-Denaturant and Acid pH StafElse

the loop linking it to helix 11l (residues 182, 186196), and GuHCl-induced changes in chemical shift within the native
the C-terminus of helix Il (residues 22@29) (Figure 2a,b).  state ensemble mirror closely, in both distribution and
Although the chemical shift changes at the C-terminus of amplitude, a number of the changes observed upon acidifica-

Percentage native signal at 222nm
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— ) ) N GuHCl-induced chemical shift movements occur. A com-
= B af « o parison of the solution structure of HUPrP at pH 7.0 with
E £ 02 that at pH 4.5 found that the pH-induced chemical shift
2= 00 changes correlated with relatively minor, and strictly local-
O =
xH 02 (a) ized, conformational difference87), mainly associated with
< L04brrrrr————r————— the fraying of helices at acidic pH. By analogy, it appears
s 20 that the addition of GuHCI is also causing a perturbation of
§ E 40 the C-termini of helices Il and Ill, prior to the global
§§ 00 unfolding transition, and that these chemical shift changes
zE ’ b are reflecting a local perturbation of structure rather than
o 10 ( ) PP ———————pr—_——" the formation of a grossly perturbed intermediate state.

The region adjacent to the C-terminus of helix Il provides
= 04 the hinge in a 3D domain-swapped dimer of HUP88)(
£E o2 which often reflects some localized conformational strain
g2 o0 within the monomeric state that is released on formation of
gﬁ 0.2 the dimer 89, 40). However, in HUPrP, domain swapping
2% 04 (c) e is also associated with intermolecular disulfide formation,
= 20 using cysteine residues on either side of the hinge region,
2E L, which complicates any analysis of the driving force for the
E\& ' reaction.

SE 00 Perturbation of the 125146 RegionThe acidification-
ﬂq o 10| (d) and the GuHCI-induced chemical shift changes correlate less
100 120 140 160 180 200 220 well in the N-terminal region of the folded domain (residues
Residue 125-146), where the GuHCIl-induced changes are wide-

Ficure 2: Chemical shift changes in the prion protein native state spread, indicative of a significant perturbation of this entire
ensemble prior to the major ulr51fold|ng transition. (a, b) Effect of region. Size exclusion chromatography (SEC) and light
GuHCI. Chemical shift{H and**N) changes between 0 and 0.95  gcaitering experiments indicate that the native state increases

M GuHCI activity ([0.0-1.1 M GuHCI]). In this and following . ; - .
figures, secondary structure elements of theCRritive state are I Volume as it approaches the denaturant-induced unfolding

drawn witha-helices represented by cylinders and fasheets by~ transition (L3) or as the pH is reducedt]). However, the
arrows (6). (c, d) Effect of acidification on the prion protein native magnitudes of thé®N chemical shift changes observed here

state. Chemical shift't and**N) changes upon reduction of pH  prior to unfolding are on average only approximately 10%
from 5.5 to 3.9. of those expected on denaturation (Figure 3c). This suggests
e ) e — that full detachment or unfolding of these regions from the

8.0 B% B % % remainder of the protein is not occurring. Hence, given the
4.0] molecular volume measurements, species within the native
0.1 state ensemble where residues 1286 or the C-termini of

T helices II/11l are perturbed must be significantly expanded,
4.0+

since the small magnitude of the chemical shift changes
suggests they are only populated for a few percent of the
time. Hence, chemical shift data suggest that the native state
ensemble is likely to contain a population of conformers

AS 13Ca
(ppm)

4.0,
2.0

A3 13CO
(ppm)

_:'Z_ ®) where parts of the folded domain become detached from the

i S — core region. This view is supported by the sensitivity of these

4.0 regions to high hydrostatic pressure and by implication to

2~ 00 volume changes4@, 43). Further, hydrogen exchange data
2 E 0] show that each of these regions is largely unprotected from

e 30 solvent exchange, even in the absence of denat2ari2).
12,0 (',’) e The N-terminal region of the folded domain contains strand
100 120 140 160 180 200 220 | of the 5-sheet (residues 129.31). The second strand of

Residue the -sheet (residues 16064) has measurable hydrogen

Ficure 3: Chemical shift differences\0) of backbone resonances czxchange protection factors. Rationalization of the hydrogen

between the prion protein native state ensemble and the denature : .
state ensemble at 2.6 M GuHCI activity ([4.0 M GuHCI]))—@ xchange, chemical shift, and SEC data leads to two

C», carbonyl (CO), and'®N (amide) chemical shift changes, PoOssibilities: first, that theS-sheet is maintained at low
respectively. Thé3C nuclei show a very strong correlation between denaturant concentrations and the loop region (residues 125
carbon chemical shift and native state secondary structure elements] 28, 132-145) detaches, or second, that the residues
involved in hydrogen bonding within th&sheet are involved

tion of the protein from pH 5.5 to pH 3.9 (Figure 2c,d). Upon in hydrogen bonding with other hydrogen bond acceptors.
acidification, chemical shift changes occur for residues within ~ The apparent absence of sigmoidal behavior in the
the N-terminus of helix | and the C-termini of helices |, I, transition observed at low denaturant concentrations indicates
and lll. The similarity in behavior between acidification- and that the free energy aneivalue changes associated with
GuHCl-induced chemical shift changes is most apparentthese perturbations are relatively small; however, the dif-
around the C-termini of helices Il and Ill, where the largest ficulty in estimating the signal for the fully folded state
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£ o5 40 123 123
g% 0.0 FIGURE 5. Behavior of representatividi—15N HSQC peaks as a
u,g -4.0 function of GUHCI activity. Data obtained from residues N153 and
== .80] V209 are shown. (a) and (b) show changes in the denatured state
N"(“s)_w ol () ensemble as a function of GUHCI activity (M); (a) shows the change
T TI00 120 140 160 | 180 . 200 | 220 in 15N chemical shift (ppm) and (b) shows the change of intensity.
Residue In the case of V209, the rapid loss of peak intensity at lower

denaturant concentrations precluded measurement of data below

FIGURE 4: 15N chemical shift changes within the denatured state 2.1 M GUHCI activity. (c) shows changes ¥N chemical shift of
ensemble of prion protein. Chemical shift changes between (&) 3.4 4 1 qed €1.5 M GUHCI) and unfolded state ensemblesi(5
2.6 M GuHCI activity ([6.4-3.9 M GuHCI]) and (b) 2.62.1 M M GUHCI) as a function of GUHCI activity.

GUuHCI activity ([3.9-3.0 M GuHCI]). Approximately 32 residues

were unobservable at 2.1 M GuHCI activity because of line . .
broadening of resonances caused by conformational fluctuations The denaturant dependence of the population of this
in the denatured state ensemble, precluding measurement of dataresidual structure is low, indicating that this is not associated
(c) shows™N chemical shift differences between the denatured state wjth a large-scale burial of hydrophobic groups, and is

ensemble at 2.6 M GuHCI activity and the predicted chemical shifts : ;
for the F-state ensemble at 2.1 M GuHCI activity assuming a linear detectable over a wide range of denaturant concentrations

extrapolation of the predenaturation chemical shift changes. This (Figure 5a). Between 2.6 and 3.4 M GuHClI activity ([3.9
takes into account the predenaturation chemical shift movements6.4 M GuHCI]), the population of the native state ensemble

within the folded state ensemble and provides a better indication is less than 0.1% (as estimated from far-UV CD), but
of the native to denatured state ensemble chemical shift changeshemical shift changes of greater than 10% of the denatured
state to native state transition occur (Figure 4a,c). These

pr_ecludes a_fu!ly guantitative evaluation_. This is cc_msistgnt changes equate approximately with the amount of residual
with the rapid interchange of conformations that gives rise ellipticity observed from the denatured state ensemble

to the averaging of the NMR chemical shifts of the different (~10%) (at~2.2M GUHCI activity) @2) and are consistent

conformers and is also consistent with the absence of it the reduced hydrodynamic volume reported for dena-
hydrogen exchange protection in the 2516 region of the  yreq prion protein at elevated denaturant concentrations

protein. L _ compared with that expected for the fully unfolded protein
Structure within the Denatured State of Prion Protédm (13).

the high denaturant concentration side of the major unfolding

transition of HUPTP, a denaturant-dependent loss of a residual - °F much of the region that is structured within the native
far-UV CD response and an increase in molecular volume state ensemble, the sign and distribution of the chemical shift

have been identified for the denatured state ensenide ( changes within the denatured state ensemble (Figure 4b,c)

22). The residual structure present in the denatured state'Ndicate that most of the residues that adephelical
ensemble is apposite, given the denaturing conditions usegconformations in the native strl_Jcture are_alsc_) helical in the
to generate putative synthetic prion infectivity3]. denatureql state' ensemblg. This gonclusmn is suppprted by
To assess the conformational properties of the denatured C chemical shift data which confirm that th& chemical
state ensemble, a full backbone and &signment was shift data provide an accurate |nd|cat|on of the protein
obtained for denatured P¥P?1in 2.6 M GuHCI activity ~ Secondary structure (data not showi))( This tendency to
([4.0 M GUHCI]). The chemical shift differences for@nd be in a nativelike conformation also applies to the second
C resonances (Figure 3a,b) between the native and denature§rand of theB-sheet, though to a lesser extent. However,
state ensembles (0.0 vs 2.6 M GUHCI activity) illustrate the the région corresponding to the first strand of theheet in
expected strong correlation with the backbone torsional angleth® native state ensemble shows less evidence of being
distribution (and thus the backbone secondary structureNativelike, as does the loop linking this strand and helix |
content) of the native statd4, 45). The chemical shifts of ~ @nd the loop connecting helices Il and 1l (Figure 4 ).
the C and carbonyl resonances in 2.6 M GuHCI activity =~ Together, this points to the distribution of species in the
are broadly within the ranges previously reported for random denatured state ensemble containing a sizable population that
coils (46). has conformations reflecting the native state backbone
Changes in the Unfolded State Ensemble Charigespite torsions, but which is expanded. Assuming the generally
the above, chemical shift changes '8l resonances over observed linear dependence of the free energy cha&de (
the range 2.£3.4 M GuHCI activity ([3.6-6.4 M GuHCI]) associated with this residual structure in the denatured state,
indicate that the denatured state ensemble is changingin the absence of denaturant the proportion having a
markedly in conformational distribution as the denaturant backbone conformation that resembles the native state would
concentration is increased (Figures 4 and 5). be at least 50% (Figure 5c).
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__ 500 § (a) ensemble, rather than due to the presence of paramagnetic
g 4004, o metal ions, as the addition of the metal chelator EDTA fails
E 0 B o ) ; o ; .
o . % % f to result in the recovery of signal in this region of the protein
Z 200 {FE ke oo o% ¢
S 100 | RO T (data not shown).
0 drrrrrrrr———— The observation of a residual contribution of more
~ 25, structured species to the resonance intensities at very high
x8 99 ] denaturant concentrations is consistent with the relatively low
lﬂs . .
e3> 15 4 denaturant dependence of the population of these species
8'% 10 within the denatured state ensemble, as reported by changes
%’g 5 in chemical shift changes, far-UV CD, and hydrodynamic
properties (Figures 5a,c and 1KHgJ. The decrease itH—
. 08 15N HSQC cross-peak intensities as the denaturant concentra-
§ 0.4 ] tion is reduced over the range 3:2.6 M GuHCI activity
> 0 ([6.4—3.9M GuHCI]) mirrors the other methods, but the
= 04 nonlinearity of the resonance intensity with population makes
< 038 1 ‘ uantification of the slope unachievable (Figure 5b).
S ——— q p “lgure
100 120 140 160 180 200 220 However, at lower denaturant concentrations [in the range
Residue 2.6-2.1 M GuHCI activity for example ([3.93.0 M

FiGURe 6: Dynamics of the denatured state ensemble and the effect GUHCI])], the reduction in the intensity of cross-peaks in
of the prion protein disulfide bond. (&N T, relaxation rates of 1H—15N HSQC spectra is noticeably more severe. For some

the denatured state ensemble at 3.4 M GuHCI activity ([6.4 M ogjqes, attenuation of peak intensities at lower denaturant

GuHCI]). (b) Filled bars show the intensity of HSQC peaks of prion . Its i ble d fi .
protein with an intact disulfide bond also at 3.4 M GuHCI activity ~Concentrations results in measurable decreases of intensity
(arbitrary intensities). Open circles show the intensities following Of over 8-fold between narrow denaturant concentration

reduction of the disulfide bond. (c) show&N chemical shift ranges (e.g., K194). This rate of loss of signal intensity is
changes in backbone amide groups at 3.4 M GuHCI activity gyfficient to render a number of resonances (32) below the
following reduction of the disulfide bond. limit of detection at 2.1 M GUHCI activity (Figure 4b). There
was no substantial correlation observed between the reduction
Intensity Changes within the Denatured State Ensemble.of NMR resonance intensities and the chemical shift differ-
In line with the chemical shift changes, changes in the ences¥H chemical shift!>N chemical shift, or the modulus
relaxation properties of nuclei within the denatured state of *H and*®>N chemical shift difference) between the folded
ensemble of HuPrP indicate the population of partially and denatured ensembles, indicating that the observed loss
structured species. Changes in the conformational distributionof peak intensities in this range of GuHCI concentration
of the denatured state ensemble are reflected in the intensitycannot be attributed solely to interconversion between the
of cross-peaks itH—'N HSQC spectra as a function of denatured and folded states. Instead, the loss of NMR signal
denaturant concentration (Figures 5b and 6b). Even at theintensity again reflects the increased population of a struc-
highest denaturant concentration used here, 3.4 M GuHCItured intermediate state within the denatured state ensemble.
activity ([6.4 M GuHCI]), residues that make up much of This loss of signal, resulting from resonance line broadening,
the structured domain in the native state have significantly is a common feature of highly collapsed, partially folded
reduced signal intensities compared with other regions of but non-native states, including the acid-denatured (molten
the protein (Figure 6b). This is similarly shown by the globule) state ofa-lactalbumin 61—54). Lack of fixed
individual >N relaxation rates of the denatured state en- tertiary interactions in these states results in a fluctuating
semble at 3.4 M GuHCI activity (Figure 6a). Broadening of ensemble of structures, which interconvert on a millisecond
NMR signals, resulting in less intense peaks, can arise into microsecond time scale.
heterogeneous systems due to insufficient time averaging of Relationship of Persistent Structure to Disulfide Bond.
sampled chemical shifts, because of restricted mobility Residues that are most susceptible to the reduction of signal
(typically because of conformational fluctuations on a intensities at lower denaturant concentrations (1784,
millisecond to microsecond time scale). This is the so-called 214—218) are clustered around the disulfide bond, the so-
intermediate exchange regimé8]. The regions that experi- called “hyperstable” region of the protein that is most
ence the greatest attenuation of intensity include thoseresistantto hydrogen exchan@®(23) (Figure 6a), implying
corresponding to the second strand of fheheet and helices  that this loss is due to increased population of a state
II'and 1lI. In line with the chemical shift data, the regions containing this region. This observation is consistent with
preceding helix | in the native state ensemble (residues-115 the relatively high denaturant dependence of the hydrogen
146) and to the C-terminal region (residues 2281) are exchange Z3) for the hyperstable core, which means that

less affected. its population is relatively small at high denaturant concen-
There is also a clear but less dramatic reduction in intensity trations ¢2.5 M GuHCI activity).
in the N-terminal region (residues 9314) in the denatured At elevated levels of denaturant, reduction of the disulfide

ensemble (Figure 6b). This region of the protein is unstruc- bond results in the intensities of these residues recovering
tured in the native state of the protein and contains a high- broadly to the level of the remainder of the C-terminus of
affinity transition metal binding site4Q, 50). Intriguingly, the protein (Figure 6b). The regions of the protein affected
this reduction in peak intensity appears to be due to this by reduction of the disulfide bond are much more extensive
region of the protein exchanging between presumably morethan suggested by the hydrogen exchange data, encompassing
structured or collapsed species within the denatured statethe majority of helices Il and Il of native PfA(residues
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State 3 is a species with the hyperstable core identified
by solvent hydrogen exchange from the native state. The
extreme broadening of NMR resonances surrounding the
disulfide bond appears to be due to restricted conformational
exchange caused by the disulfide bond.

State 4 has the hallmarks of a molten globule species on
the basis of NMR line width behavior and its hydrodynamic
properties 13). In comparison to state 3, this state is a less
folded species, containing nativelike conformational char-
acteristics, with similar free energies to the fully expanded
denatured protein. The structured region within this state
encompasses the three helices and second strand of the

pB-sheet. State 5 is the fully unfolded random coil state.

Implications for the Study of Prion Protein Foldin@ne
school of thought on the nature of unfolded states in proteins
is that there is much residual nativelike secondary structure.
The existence of this structure reduces the conformational

FIGURE 7: Schematic representation of secondary structure elementssearch required to establish the native state and dominates

in the native (1), perturbed native (2), hyperstable-containing (3),
molten globule (4), and unfolded (5) states of prion protein
(PrP1=23)), This figure was created using MOLSCRIP3Y.

172—190 and 206-223, respectively). Indeed, changes in
15N chemical shift (Figure 6c) indicate that the majority of
residues beyond 180 are affected, further confirming the
extensive nature of persistent structure within the denatured
state ensemble.

It has been shown in a number of proteins that althoug
disulfide bonds can constrain the unfolded st&®,(their
presence within collapsed structures can increase the exten
of line broadening by generating additional barriers to
conformational fluctuations5@). Restricted conformational

h

the folding process5@, 56, 57). Given the strong correlation
between secondary structure elements within the prion
protein native state and structured elements within the prion
protein intermediate state, it appears that the folding of
oxidized prion protein may be strongly guided by nativelike
conformational propensity in the denatured state. The data
presented here are consistent with residual structure in the
denatured state ensemble acting as a seed or template for
the folding process, a factor that might explain the extremely
fast folding rate of prion proteinsg).

It is also interesting to note that the highly denaturing
gonditions in which this residual structure predominates are
very similar to those conditions in which prion protein fibrils
have been generated. Fibrils grown in these conditions have

exchange in these highly denatured states appears to be duB&€n reported to induce a prion-like disease in transgenic
to the inherent properties of the polypeptide chain. For MiCe overexpressing a truncated PrP, and it is possible that
example, the prion protein homologue, doppel, does not such partially ordered or pre-molten globule states may the

exhibit decreased hydrogen exchange around its two disulfide
bonds 23).

DISCUSSION

In this study, we have used the denaturant concentration
dependence of various NMR parameters to examine the
folding transitions of PrP at equilibrium, to help understand-
ing of the conversion of PAPto PrE¢ The behavior of
HuPrP as a function of denaturant concentration provides
evidence for at least five forms of the protein. Extrapolating
the stability of these states to conditions where there is no
denaturant present gives a free energy profile, as illustrated

in Figure 7. The free energy values associated with each state

are approximations since none of the transitions can be
individually resolved. State 1 represents the native protein
conformation present at neutral pH. State 2 is a perturbed
native, where there is a conformational rearrangement or
fraying of the C-termini of helices Il and Ill and a

perturbation of the loop connecting these helices. This is

similar to the changes in the native state associated with the

lowering of pH to 4.0 87). Also in state 2, it appears that
the N-terminal region of the folded domain (residues-125
146) spends a proportion of time detached from the
remainder of the protein. This latter fluctuation leads to low

protection against solvent amide hydrogen exchange and,

most likely, the increase in hydrodynamic radius.

principal precursor in the formation of ordered fibrillar
structures 27).
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