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Polymorphism at Residue 129 Modulates the Conformational Conversion of the
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ABSTRACT. One of the arguments in favor of the protein-only hypothesis of transmissible spongiform
encephalopathies is the link between inherited prion diseases and specific mutation®RNRgene.

One such mutation (Asp178 Asn) is associated with two distinct disorders: fatal familial insomnia or
familial Creutzfeldt-Jakob disease, depending upon the presence of Met or Val at position 129, respectively.
In this study, we have characterized the biophysical properties of recombinant human prion proteins
(huPrP90-231) corresponding to the polymorphic variants D178N/M129 and D178N/V129. In comparison
to the wild-type protein, both polymorphic forms of D178N huPrP show a greatly increased propensity
for a conversion tg-sheet-rich oligomers (at acidic pH) and thioflavine T-positive amyloid fibrils (at
neutral pH). Importantly, the conversion propensity for the D1738N variant is strongly dependent upon the
M/V polymorphism at position 129, whereas under identical experimental conditions, no such dependence
is observed for the wild-type protein. Amyloid fibrils formed by wild-type huPrP281 and the D178N
variant are characterized by different secondary structures, and these structures are further modulated by
residue 129 polymorphism. Although on the basis of dnlyitro data, this study strongly suggests that
polymorphism-dependent phenotypic variability of familial prion diseases may be linked to differences
in biophysical properties of prion protein variants.

Prion diseases or transmissible spongiform encephalopa-characteristics of amyloid fibrils. Furthermore, spectroscopic
thies (TSES)are a group of fatal neurodegenerative disorders data indicate that PFHs rich in a-helix structure, whereas
that affect humans and animal$—<5). The human forms  PrP¢is characterized by a relatively high contenffe$heet
encompass Creutzfeldflakob disease (CJD), Gerstmann  structure {0—12).

StrausslerScheinker disease (GSS), fatal familial insomnia,  According to the “protein-only” hypothesidl(13), the

and kuru, whereas the animal diseases include scrapie inransmission of prion diseases does not require nucleic acids,
sheep, bovine spongiform encephalopathy in cattle, andand Pricitself is the infectious pathogen that self-propagates
chronic wasting disease in elk and deer. The human diseasegy a mechanism involving binding to cellular prion protein
are unique in that they may arise sporadically, be inherited, and catalyzing its conversion to the PtBtate. The molecular

or acquired through the exposure to infectious prions. details of this conformational conversion remain poorly
Regardless of the primary etiology, these diseases areunderstood. Nevertheless, the central role ofSPi® the
associated with the conversion of the cellular prion protein, disease propagation and pathology is supported by a wealth
PrF°, into a misfolded form, PrP (1-7). This conversion  of biochemical and genetic datik<7, 14). In a more general
occurs by a post-translational process that appears to involvezontext, the notion that proteins can act as infectious agents
no covalent modifications8). PrF can be distinguished  that replicate by self-perpetuating conformational conversion
biochemically from PrP by its increased resistance to g strongly supported by recent studies on protein-based
proteinase K digestion, insolubility in nonionic detergents, inheritance in yeast and fungl%—17).

and a very strong tendency to aggregate into insoluble |5 5qdition to biochemical data, the key piece of evidence
plaques 1-7, 9). In many cases, these aggregates have g,5norting the protein-only hypothesis of TSEs is the link
between familial prion diseases and mutations in the gene
T This work was supported by National Institutes of Health Grants encoding human prion protein_ Over 20 such mutations have
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Euclid Avenue, Cleveland, OH 44106. Telephone: 216-368-0139. process in individuals carrying these mutations seems to
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nker disease; GdnHCI, guanidine hydrochloride; PrP, prion protein; of genetic and infectious forms of prion diseases within the

PrF=, cellular PrP isoform; P, scrapie PrP isoform; huPrP9@31, . .
recombinant human prion protein fragment2&B1; AFM, atomic force framework of the protein-only modell§). In addition to

microscopy; CD, circular dichroism; FTIR, Fourier transform infrared; pathqgenic_mUtati0n$a the susceptibility to and the phenotype
ThT, thioflavine T. of prion diseases is strongly dependent upon the M/V
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polymorphism at residue 129,(2, 18—22). The molecular phosphate at pH 6.4. After 30 s of incubation, the fluores-
basis of these effects is, however, unknown. A detailed cence of ThT was measured at 482 nm upon excitation at
understanding of how disease-associated mutations andd50 nm. The final protein concentration in the ThT buffer
residue 129 polymorphism affect the structure and biophysi- was 0.5uM. The lag phases reported in the text represent
cal properties of prion protein is of fundamental importance, average values based or& independent experiments.

because it may provide clues regarding the mechanism of = Foyrier Transform Infrared (FTIR) SpectroscofBamples
prion propagation as well as the molecular basis of pheno- for infrared spectroscopy were converted to amyloid fibrils
typic variability of TSEs. Of particular interest in this respect as described above. BecausgdHand GdnHCI have very

is the D178N mutation. Depending upon the M/V polymor-  strong absorbance in the amide | region and thus interfere
phism, this mutation segregates with two distinct disorders: with FTIR measurements, the aggregated protein was then
fatal familial insomnia or familial CJD 23). Here, we  washed several times with,D by low-speed centrifugation
describe the effect of the D178N substitution and residue in an Eppendorf centrifuge. Samples were placed between

129 polymorphism on the biophysical properties and con- two calcium fluoride windows separated by a & Teflon

formational conversion of human prion protein. spacer, and FTIR spectra were obtained at room temperature
on a Bruker IFS 66 instrument. For each spectrum, 256 scans
EXPERIMENTAL PROCEDURES were collected and Fourier-transformed to give a resolution

| i . q . ificatiofihe ol of 2 cmL. Spectra were corrected for residual absorption of
Plasmid Construction and Protein Purificatiolhe plas- ) e 1y interactively subtracting the spectrum of buffer

mid encoding huPrP96231 with a N-terminal linker 5,500 il 4 flat baseline was obtained between 1700 and
contalnlng.polyhlstu;ilne tag and a thrombin cleavage site 1850 cntl. Overlapping bands in the amide | region were
was described previously24). The D178N huPrP96231  oqqyeq by Fourier self-deconvolutio?d) in the Opus 4.0
variants Wlth methionie 129 and \_/al|ne 129 were constrgcted software package, using a Lorentzian band shape and
by site-directed mutagenesis using a Quick Change kit and 52 meters equivalent to a 15 chmhalf-width and a

the appropriate primers. All proteins were expressed, digested,oso|ution enhancement factor of 1.6.

with thrombin, and purified according to the previously
reported protocold4, 25). The concentration of proteins was
determined spectrophotometrically using the molar extinction
coefficient €27¢) of 21 640 Mt cm™L. The purified protein
was dialyzed against 10 mM acetate buffer at pH 4.0,
concentrated to approximately 5 mg/mL, and stored &0

Atomic Force Microscopy (AFM)The converted (oligo-
meric) protein samples were applied to a freshly cleaved mica
substrate. After 30 s, the surface was extensively rinsed with
ultrapure water to remove salts and unbound protein. The
preparation was then dried in a stream of nitrogen and
°C. In our experience, PrP9®@31 in acetate buffer has very mounted on a microscope scanner. The images were recorded

little tendency to self-associate. Nevertheless, to remove anyltgracéar?]?é?gsr:;d::nu? Dlegc;t\?\/li tlrr: S;\tgr:gizgs g?&'gﬁgﬁgg}c 4
potential aggregates, immediately before each experiment,a tvoe E scanrr:er qAIIpiF;na es were ac FL)JiI‘ed using sinale-
the protein solution was centrifuged for 20 min at 15§00 yp ' 9 d g sing

followed by filtration through a 100-kDa cutoff membrane. beam silicon _prob(_es W't.h a nominal spring constant of 40
. - : . ~ N/m and nominal tip radius of 10 nm. Data were processed
Analysis by dynamic light scattering (Dyna Pro; Protein

Solutions, Inc.) confirmed that the protein prepared in this by interactive planefitting and Gaussian low-pass filtering

manner was monomeric, with no detectable presence of hi h_using the Nanoscope SPM software package. Average fibri
) T P 9 height and axial periodicity were measured from processed
molecular-weight oligomers.

. ] i o AFM height images using Nanoscope offline analysis
Corversion to Oligomerig-Sheet Structure at Acidic pH  routines 9).

The proteins from a stock solution described above were
transferred to 50 mM sodium acetate buffer containing 1 M
GdnHCI at pH 5.0 (final protein concentration of 60 or 150

Equilibrium Unfolding in UreaThe urea-induced unfold-
ing curves were obtained using an AVIV 215 CD spectrom-
. . o . eter equipped with an automatic titrator and a Peltier
#M) and incubated without agitation at 26. Thea-helix temperature control system. The measurements were carried

; f-;heetégansition was mor_litored Ab\%\;azrigv circular o+ at 25°C in 50 mM sodium acetate buffer at pH 5.0 or
ichroism (CD) spectroscopy using an SPECIropo- 100 mM Tris-HCI buffer at pH 7.0. Native protein (1.4V)

larimeter and a 0.2 mm path-length cell. The progress of in one of the above buffers was titrated, using urea
protein oligomerization was followed by analytical size- i, rements of 0.£0.2 M, with a 9 Mbuffered urea solution
exclusion chromatography on a Bio-Sil SEC-250 column ¢ jjentical protein concentration. Upon each addition of
(Bio-Rad) as described previouslgq). urea, the mixture was incubated for 15 s and the extent of
Corversion to Amyloid Fibrils at Neutral pHThe proteins protein unfolding was monitored by changes in ellipticity at
from a stock solution were diluted to a final concentration 222 nm. The unfolding curves were analyzed using a two-
of 50 uM in 50 mM Tris-HCI buffer at pH 7.5, without or  state transition model as described previous).(Earlier
in the presence of 1rc2 M GdnHCI. The samples were studies have shown that the unfolding/refolding of the prion
placed in 1.5 mL conical tubes filled to the volume of 0.8 protein is fully completed within milliseconds and that the
mL and incubated at 37C with continuous rotation at 8  unfolding and refolding reactions are fully reversibil(
rpm (Barnstead Thermolyne Labquake rotator). The forma- 32). The urea used in this study was deionized by treatment
tion of amyloid fibrils was followed by a fluorometric  with a mixture of anion-exchange (trimethylbenzylammo-
thioflavine T (ThT) assayZ7). To this end, 5uL aliquots nium) and cation-exchange (Dowex MR-3) resins. The
of each sample were withdrawn at different time points and concentration of the denaturant was determined by refractive
transferred to a quartz cell containing A® ThT in 50 mM index measurements.
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Ficure 1: Time-dependent transition of huPrP92B1 to the o T T T T —
p-sheet structure at acidic pH as monitored by CD spectroscopy. % -1
Spectra for M129 huPrP9@31 (150u4M) in 50 mM sodium o "
acetate buffer at pH 5.0 in the absence of GdnHeJlgnd recorded e B
2h @), 4 h @), and 10 h ©) after the addition b1 M GdnHCI. x, % o B n
®Ri | i _|
RESULTS 7
Previous studies have shown that, depending upon ex- ]
perimental conditions, the recombinant prion protein-90 e
231 (PrP96-231) can be converted into a variety of
oligomeric -sheet-rich structures with different physico- 7
chemical properties. Under mildly acidic conditions (pH 5 -9
or below) in the presence of low concentrations of GdnHCI i
(or urea and NacCl), the protein fornissheet oligomers that 10
show little affinity for ThT dye 83—36), whereas at neutral s
pH, it can be converted to highly ThT-positive amyloid ]
structures with fibrilar morphology36, 37). Here, we have M A
probed the effect of the D178N mutation and residue 129 0 5 10 15 20 25
polymorphism on these two distinct conversion pathways of Time, hours

human prion protein.

Polymorphism-Dependent Cgarsion to -Sheet-Rich
Oligomers under Acidic Condition€onsistent with the
previous paper33), incubation of huPrP96231 in 50 mM
acetate buffer (pH 5.0) in the presené¢d. &1 GdnHCI results

FiIGURE 2: Time course of thex-helix — f-sheet transition for
huPrP96-231 variants in the presencé bM GdnHCI at pH 5.0.
(A) Time course of conformational transition for D178N/M129
variant ©), D178N/V129 variant @), wild-type with M129
polymorphism [J), and wild-type with V129 polymorphismiK)

; e . ; ; as followed by changes in ellipticity at 222 nm at a protein
In a time-dependent transition from the natielical form concentration of 6«M. The apparent half-times of the reaction,

to -sheet structyre. This reqctlpn can b?, monitored by CD on the basis of three independent experiments, ate 32and 130
spectroscopy (Figure 1). A similar transition was observed + 10 min for the D178N/M129 and D178N/V129 variants,
for the D178N variant, although for the latter protein, the respectively. 4&) Kinetics of D178N/V129 huPrP96231 oligo-
reaction occurred within a much shorter time scale. As shown Merization as monitored by size-exclusion chromatography. The
in previous studies33, 34), the rate of the conversion percent decrease in the area of the peak corresponding to the protein

reaction can be readilv followed by monitoring chan in monomer is plotted as a function of the incubation time (right axis).

actio y Oy monitoring changes IN- (g) Time course of conformational transition for the M129)(

ellipticity at 222 nm. Representative kinetic data at a protein and V129 @) polymorphs of wild-type huPrP9€R31 at increased

concentration of 6@M are shown in Figure 2A. These data protein concentrations of 150M. The reaction was followed by

clearly shows that the conversion rate for D178N huPrP90 Cha“t_ges in fr']“pgc'ty a ch22 nm. The gpptare”t ha'f't'{“es ﬁ‘?fltlhse
: : .reaction, on the basis of three independent experiments, ar:

.23.,1 strongly depends ypon the polymorphism at residue 129’12 and 110+ 15 min for the M129 and V129 polymorphs,

it is approximately 6 times faster for the M12.9 polymorph respectively.

than for the V129 polymorph (apparent half times of 22

5 and 130+ 10 min, respectively). Analogous to previous

observations for the wild-type huPrP9231 33, 34) and

the F198S mutani2g), the a-helix — S-sheet transition for

of the reaction. Nevertheless, the rapid drop in the intensity
of the monomeric peak was fully consistent with the CD
data.

D178N variants was invariably associated with protein
oligomerization. Indeed, when followed by size-exclusion
chromatography, the kinetics of oligomer formation by the

Under identical experimental conditions (pH 5, 1 M
GdnHCI, protein concentration of 6M), the conversion
rate for the wild-type huPrP9€231 was much slower than

D178N/V129 variant (as assessed by monitoring the decreasehat for the D178N variant, with little changes in CD spectra
in the area of the peak corresponding to the protein monomer)seen even after 24 h of incubation (Figure 2A). To assess
was indistinguishable from that of changes in CD spectra whether the M/V polymorphism at residue 129 affects in a
(Figure 2A). Detailed kinetic analysis of oligomer formation similar manner the conversion rate of the wild-type huPrP,
by size-exclusion chromatography for the D178N/129M experiments for the latter protein were repeated at a higher
polymorph was not feasible because of a much faster rateprotein concentration, i.e., under the conditions expected to
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accelerate the rate of the reacti®3,(34). Indeed, at a protein No GdnHCI 1 M GdnHCI
concentration of 15M, wild-type huPrP96-231 converted 10JA o8 ¢ | [C G P
to S-sheet-rich aggregates within several hours (Figure 1). D178N . LD178N o
However, in sharp contrast to the D178N variant, the reaction 0.81 & P i © A
rates for the wild-type protein were essentially identical for 0.6 © . . ©

both polymorphic forms, regardless of the nature of the 4l Q -

amino acid residue at position 129 (apparent half-times of ' o i ©

115 + 12 and 1104+ 15 min for the M129 and V129 0.2 1 8 ¢

polymorph, respectively; Figure 2B). Thus, while the M/V
polymorphism at position 129 strongly modulatesdhkelix
— oligomeric-sheet conversion of D178N huPrP9231,

I .
o.OﬁéoJ 0800 %000 on

0 20 40 60 80 O 4 8 12

ThT Fluorescence

it appears to have no effect on this conversion in the absencelz 1.04B -D L5 s

of the D178N mutation. 0.8 |Wild-type [Wild-type g
Polymorphism-Dependent Cegrsion to Amyloid Fibrils 0.6 L o

at Neutral pH.Prompted by the observations under mildly - .

acidic conditions, we next examined the effect of residue 0.4 i &'

129 polymorphism on the conversion propensity and bio- 0.2 - E

physical properties of D178N huPrP9231 at neutral pH. 00 mm NG 5 | [ag®

Incubation of both polymorphic variants of the D178N ' -I — ———

mutant (protein concentration of %) at 37°C in 50 mM Y 50 100 150 0 20 40 60

Tris-HCI buffer at pH 7.5 for a period of-34 days resulted Time, hours

in a gradual aggregation and precipitatipn of the protein. Ficure 3: Time course of amyloid fibril formation for huPrP90
These aggregates appeared in electron micrographs as largety31 variants as monitored by ThT fluorescence. (A and C) D178N
amorphous structures and, when examined by fluorescencenuPrP96-231 with M129 ) and V129 ®). (B and D) Wild-type
spectroscopy, showed very little affinity for the ThT dye. huPrP96-231 with M129 () and V129 W). The proteins (S@M)

: LT : were incubated at 37C under the condition of gentle rotation (8
However, upon incubation in the same buffer with gentle rpm) in 50 mM Tris-HCI buffer at pH 7.5 in the absence of any

rotation (8 rpm), a time-dependent increase in ThT fluores- genaturant (A and B) and in the presenéd & GdnHCI (C and
cence was observed, indicating that under the latter condi-D). Data are expressed as a fraction of the maximal ThT

tions the protein self-assembles into amyloid-like structures. fluorescence increase in a given experiment. Under the present
Importantly, in contrast t@-sheet-rich oligomers formed at experimental conditions (final protein concentration ¢f\d in 50

. P Son mM potassium phosphate buffer, containin ThT at pH 6.4),
mildly acidic pH, the kinetic curves for the assembly of ThT- o t}epically obgervepd a 2630-fold increasg?r? the Th'? quorc)as-

positive structures were characterized by well-defined lag cence. The lag phases of the conversion reaction in the absence of
and growth phases (Figure 3A), with the features typical for GdnHCI (A) are 14+ 2 and 30+ 3 h for the D178N/M129 and
a nucleation-dependent polymerization react@s).(Similar D178N/V129 variants, respectively. In the presenice o GdnHCI
to the polymorphism-dependent conformational transition of (&): the 1ag phases for these two variants are&5 and 9.2+

. . 0.8 h, respectively. The lag phases for the conversion of wild-type
D178N huPrP98231 at acidic pH, also the conversion of p,prpgg-231 with M129 and V129 polymorphisms are 222
the mutant protein to amyloid structures (at neutral pH) was and 22+ 3 h, respectively (D). These lag phases and standard
much faster for the M129 polymorph than for the V129 deviation values are based or4& independent experiments.

variant (lag phases under present experimental conditions - : .
of 14 &+ 2 and 30+ 3 h, respectively). It should be noted the wild-type huPrP99231, with both polymorphic forms

i e formation of T posiive stctures at neutal pH *"'Srd SSSentaly dencelag phasesof 221 Gloure 30)
was gccompamed by a substantial Increase in SampleThe morphology of the self-assembled ThT-positive struc-
turbld!ty. This precluded CD measurements S'm'lf"‘r. t0 those y, o5 formed by D178N huPrP90231 was examined by AFM.
described for the conformational transition at acidic pH. AFM images of protein converted under the conditions of
Under identical experimental conditions (50 mM Tris-HCl mild rotation (8 rpm) at neutral pH in the presence of
buffer at pH 7.5; protein concentration of 30/), wild- GdnHCI revealed the network of well-separated amyloid
type huPrP96-231 was much less prone to convert to fibrils. These fibrils are of variable length and have an
amyloid structures, with no ThT response seen even afteraverage height of-56 nm (Figure 4A). Higher magnification
150 h of incubation (Figure 3B). Therefore, under these images of individual fibrils clearly show an axial periodicity
experimental conditions, we could not assess whether theof 70—-80 nm (Figure 4B). Within the resolution limits of
129 M/V polymorphism has any effect on the conversion of our AFM measurements, no significant morphological dif-
the wild-type human prion protein. However, such a com- ferences were seen between the fibrils formed by two
parison became feasible when experiments were performeddifferent polymorphic variants of D178N huPrP9R31. It
in a buffer containing denaturing agents such as GdnHCI. should be noted that protein samples converted to ThT-
As shown in Figure 3C, analogous to the trend observed in positive structures in the absence of the denaturant had a
a denaturant-free buffer, the conversion rate for D178N very strong tendency to clump into large aggregates; this
huPrP96-231 in the presencefol M GdnHCI is ap- precluded acquisition of high-quality AFM images.
proximately 2-fold faster in the case of the M129 polymorph  The secondary structure of oligomers formed by poly-
than the V129 polymorph (lag phases of 4:3.5 and 9.2 morphic variants of huPrP9€231 at neutral pH was probed
+ 0.8 h). However, in contrast to the mutant protein, residue by FTIR spectroscopy. This method is especially well-suited
129 polymorphism has no effect on the conversion rate of for studying aggregated proteins because high-quality FTIR
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Ficure 5: Infrared spectra of different forms of D178N/M129
huPrP96-231. (A) Monomeric protein. (B) Aggregated protein after
3 days of incubation at 37C under nonperturbing conditions (no
rotation) in 50 mM Tris-HCI buffer at pH 7.5. (C) Fibrilar form of
the protein after 2 days of incubation at 32 with gentle rotation
(8 rpm) in 50 mM Tris-HCI buffer at pH 7.5.

Ficure 4: AFM images of D178N/M129 huPrP9@31 amyloid
fibrils. (A) Low magnification image illustrating the abundance and allow direct comparison of fibrils formed by D178N and
incvidual iorls. Identoal i were obsewed for DL7eNfvize /Id-Ype NUPrOG:231, this analysis was performed on
huPrPSL;(}ZSL Fibrils were obtained upon incubation of the protein spectra of pr_Otelr.‘S converted in the presericetd GdnHCI.
at 37°C in 50 mM Tris-HCI buffer containig 2 M GdnHCI. As shown in Figure 6A, deconvolved spectrum of the
D178N/M129 variant shows a major band at 1627 tand
spectra can be acquired for light-scattering samples and theadditional relatively well-resolved bands at 1650 and 1662
spectra are very sensitive fiesheet structures. The positions cm™™. The 1627 cm® band is highly characteristic of the
of infrared amide | bands associated with these structuresf-sheet structure, whereas bands at 1650 and 1662 cm
depend upon many factors, including the strength of hydro- likely correspond to thew-helix structure and turns, respec-
gen bonds and molecular packing/®strands 28, 39, 40). tively (28, 39). The spectrum of the V129 polymorph of
Figure 5 shows original FTIR spectra for D178N/M129 D178N huPrP96231 is somewhat different, with a major
huPrP96-231 in a native monomeric form and in two S-sheet band shifted to 1628 cfrand thea-helical band at
different aggregated states. Consistent with previous data forl652 cm. Furthermore, the spectrum of the M129 poly-
the wild-type protein26), the spectrum of a freshly prepared morph shows an additional band at 1638 énThe latter
sample of monomeric D178N/M129 variant has a maximum band, missing in the spectrum of the V129 polymorph, is

at 1648 cm?, characteristic of a native-helix-rich confor- also in the frequency range usually assigneg &iructure
mation. An identical spectrum was observed for the V129 (28, 39). Although small, the spectral differences depicted
polymorphic form (not shown for brevity). Upon-3 days in Figure 6A were highly reproducible in many independent

of incubation at 37C under nonperturbing conditions (no experiments (i.e., bands in the spectra recorded for multiple
rotation), the FTIR spectrum of the aggregated protein was samples of each protein were always present at the same
quite different, showing two well-resolved bands at 1620 and position), indicating subtle differences in the secondary
about 1640 cm'. Another spectrum, characterized by a structure of fibrils formed by the two polymorphic forms of
maximum at 1625 crt and a shoulder around 1662 ch the D178N mutant of human prion protein.

was observed upon protein conversion to ThT-positive Fourier self-deconvolved spectra of fibrils formed by the
amyloid fibrils (incubation with a gentle rotation). Both the wild-type protein (Figure 6B) were substantially different
1620 and 1625 cmt bands are characteristic ffsheets 28, from those of D178N huPrP9231 amyloids, with a major

39, 40). However, different positions of these bands clearly S-sheet band appearing at a considerably lower wavenumber
indicate nonequivalence in molecular organizationfof  (1622/1623 cm?). The frequency of this band was slightly
strands in the ThT-negative and ThT-positive D178N hu- (one wavenumber) lower for the M129 polymorph than for
PrP90-231 aggregates. the V129 polymorph.

To explore whether the secondary structure of amyloid pH-Dependent Thermodynamic Stability of the Wild-Type
fibrils is affected by the M/V polymorphism at residue 129, and D178N Variants of huPrP9&231.The thermodynamic
FTIR spectra were further analyzed using the procedure of stability of huPrP96-231 variants was studied by equilibrium
band narrowing by Fourier self-deconvolution. This math- unfolding in urea (Figure 7). In contrast to GdnHCI at acidic
ematical procedure increases the resolution of overlappingpH, urea under present experimental conditions does not
bands that contribute to broad amide | contou#8).( To promote the conversion of prion protein to oligomeftisheet
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Ficure 7: Normalized equilibrium denaturation curves in urea for
huPrP96-231 variants.©) D178N/M129 variant,@®) D178N/V129

I I I I I variant, ) wild-type with M129, and M) wild-type with V129.
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Ficure 6: Infrared spectra after band narrowing by Fourier self- Table 1: pH-Dependent Thermodynamic Stability of Residue 129
deconvolution for fibrillar (ThT-positive) forms of D178N variants  Polymorphic Variants of the Wild-Type and D178N huPrP231
(A) and wild-type huPrP96231 (B). Black traces, variants with ; a b

M129; Red traces, variants with VV129. Proteins were converted to PH huPrP96-231 variant Co (M) AG® (kd/mol)

amyloid fibrils in 50 mM Tris-HCI buffer ad 1 M GdnHCI at pH 5.0 wild-type M129 4.4 18.405
7.5. All spectra were Fourier-deconvolved using identical param- wild-type V129 4.3 18.5: 0.6
eters as described in the Experimental Procedures. D178N/M129 35 142 0.4

D178N/V129 3.4 14.3:0.5
structure 81, 41—43). The unfolding curves in urea show 7.0 V\/_lllg-typey112299 55$ 22;3'% 8-673
no dependence on the protein concentration, indicating that gb&%ug 18 24006
the protein stays monomeric throughout the unfolding process D178N/V129 47 235£05

(44). Thus, as shown in a number of previous studi&s ( aMidpoint unfolding urea concentratioh Free-energy difference

41-43), this denaturant is well-suited for probing the petween the native and unfolded state. The reported mean values and
thermodynamic stability of prion protein and variants thereof. standard deviations are based on three independent experiments.

Although recent kinetic measurements detected an inter-
mediate in prion protein folding3(, 44), the population of
this intermediate is well below the detection limit of the DISCUSSION
present equilibrium experiments. Therefore, equilibrium  One of the key arguments in favor of the protein-only
unfolding data were analyzed according to a two-state model of TSEs is the link between mutations in the gene
transition model, providing information about the global encoding prion protein and familial forms of CJD, GSS, and
stability (free-energy difference between the native and fully fatal familial insomnia {—4, 18). Importantly, in contrast
unfolded states) of prion protein variants. As summarized to prion diseases acquired by infection, the pathogenic
in Table 1, both under neutral (pH 7) and mildly acidic process in individuals carrying these mutations appears to
conditions (pH 5), the D178N variants displayed much lower develop spontaneously, i.e., without requiring exogenous
thermodynamic stability than the wild-type huPrPXB1. PrPc. Therefore, understanding how familial mutations affect
The present data for huPrP9@31 at neutral pH are the mechanism of PHP— PrP¢ conversion should provide
consistent with those reported previously for mouse PrP important clues regarding the molecular basis of the disease.
variants @1). Under all conditions studied, the unfolding While it has been originally proposed that familial mutations
curves were only marginally affected by the nature of the promote the conversion of the prion protein by decreasing
amino acid residue at position 129, indicating that the M/V the global thermodynamic stability of PrR45), direct
polymorphism at position 129 has no significant effect on thermodynamic measurements revealed that many of the
the global thermodynamic stability of the wild-type prion disease-associated mutations produce negligible thermody-
protein or the disease-associated D178N variant (Table 1).namic destabilization of the native state relative to the
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unfolded state41, 46). A better correlation was found in a from those described previously by Baskakov et 3, 87).
recent study showing that the majority of disease-associatedwhile previous experiments required very vigorous shaking
mutations increase the population of monomeric folding (600 rpm) and high concentrations of denaturing age38s (
intermediates in prion protein foldingi4). However, the 37), the conversion of PrP to amyloid structures in this study
model based on mutation-induced stabilization of partially was accomplished under much milder and thus physiologi-
folded intermediates is also not universal, suggesting thatcally more relevant conditions of very gentle rotation (8 rpm)
simple thermodynamic concepts cannot explain all hereditary and little or no denaturants. A detailed study describing the
forms of prion disease and that there might be multiple mechanism of this autocatalytic conversion is currently in
mechanisms by which mutations facilitate the pathogenic progress.

process in TSEs4@). The molecular nature of these  Regardless of the pathway, the conformational conversion
mechanisms remains unknown. was found to be much faster for the D178N variant than
One of the most intriguing disease-related mutations is that for wild-type huPrP96231. This mutation-induced
the aspartic acid to asparagine substitution at position 178.increase in the conversion propensity is similar to the effect
Depending upon the polymorphism at position 129, this reported in our previous study with F198S huPrP, a variant
mutation leads to different phenotypes of human prion associated with familial GS26). In both cases, the greater
disease; the D178N mutation with Met129 is associated with conversion propensity of the mutant proteins could be
fatal familial insomnia, whereas the same mutation with rationalized within the context of a “thermodynamic model”
Vall29 correlates with hereditary CJR23). The Met/Val because both the F198S and D178N substitutions greatly
polymorphism at position 129 is also crucial to the etiology decrease the thermodynamic stability of the native state,
and neuropathology of prion diseases in the absence of theincreasing the population of the unfolded state as well as
D178N mutation; it is associated with propagation of distinct that of a partially folded intermediate4).
human prion strains, affects the susceptibility to iatrogenic  The most intriguing finding of the present study is that
CJD, and appears to control the susceptibility of humans 10 tne conversion tendency of the D178N variant of huPHP90
vgriant CJD, a disc_ease believed to be acquired by infection»3q js strongly modulated by the polymorphism at position
with bovine spongiform encephalopathyg(-22). 129, with the M129 polymorph undergoing a much faster
The present study set out to establish whether polymor- conversion than the V129 polymorph. Importantly, under
phism-dependent phenotypic variability of familial prion igentical experimental conditions, the residue 129 polymor-
diseases with the D178N mutation can be correlated with phism did not have any measurable effect on the conversion
differences in biophysical properties and the conversion ginetics of wild-type huPrP96231. It should be noted that
propensity of the recombinant prion protémuitro. AS a  oyr findings regarding similar fibrillization kinetics of two
control, we have also examined the effect of residue 129 o1ymorphic forms of wild-type PrP are generally consistent
polymorphism on the behavior of the wild-type prion protein. ith recent data of Tahiri-Alaoui and Jame48], even
Like most previous studies with the recombinant prion though these authors used harsher experimental conditions
protein, the experiments were performed using the N- of very vigorous shaking and substantially higher concentra-
terminally truncated protein encompassing residuesZl. tions of denaturing agentsThus, the polymorphism-de-
This region of PrP is of special importance because it hengdent differences in the conversion propensity of the
encompasses the entire sequence of proteinase K-resistary17gN variant found in the present study appear to be related
brain PrP>, contains all known point mutations associated tg an interplay between residues 178 and 129 and the effect
with fam_lllal prion dl_sorders, and is sufficient for the o this interplay on biophysical properties of the prion
propagation of the disease. However, most recent datapotein, From the structural perspective, a recent NMR study
indicates that the aggregation properties of the full-length yeyealed that the 129 M/V polymorphism has no measurable
PrP may be also modulated by the unstructured N-terminal gffect on the native structure of wild-type Br@2). No high-
region 23-90 (47). The key findings of the present study yesolution structural data is yet available for prion protein
are (i) in comparison to the wild-type recombinant PrP90  ith the D178N mutation. Riek et al. pointed out that in the
231, the D178N variant is characterized by a greatly \jjd-type PrP Asp178 forms a salt bridge with Arg164 and
increased propensity to undergo a conformational conversiong hydrogen bond with Tyr128, a residue sequentially adjacent
to oligomericp-sheet-rich forms; (ii) for the D178N variant, g position 129 49). These authors also proposed that
the conversion propensity is strongly dependent upon the asp178-Asn replacement would affect this hydrogen-bonding
M/V polymorphism at position 129, whereas no such petwork differently depending upon the nature of the amino

dependence is observed for the wild-type protein; (iii) acid residue at position 129, providing a rationale for
amyloid fibrils formed by wild-type huPrP9e231 and the

D178N variant are characterized by different secondary

structures, and these structures are further modulated by thEt'experimental conditions, the methionine 129 variant of wild-type

residue 129 'p0|ym0rphi5r_n- o recombinant human prion protein (with unremoved poly-His tails)
The experiments described in this study were performed aggregates mor&9) or less 60) rapidly than the valine 129 variant.
under experimental condition leading to two distinct conver- However, all of these observations were made under the conditions of

. ] . protein refolding from &ully unfolded statg6 M GdnHCI) and, in
sion pathways: one (acidic pHL M GdnHCI, and no ¢, cases@), at a very high protein concentration (80 mg/mL).

agitation) resulting in5-sheet oligomers with little affinity ~ The present study addresses the effect of residue 129 polymorphism
for ThT dye and one (neutral pH and gentle rotation) on prion protein conversion {8-sheet oligomers and amyloid fibrils

resulting in ThT-positive amyloid fibrils. It should be noted from the physiologically more relevanative a-helical conformation
Furthermore, the main focus of the present work is on polymorphism-

that the conditions established here for the conversion of thegependent conversion propensity of the disease-associated D178N PrP
recombinant PrP to amyloid fibrils are significantly different variant. None of the previous studies dealt with the latter variant.

2In other recent studies, it was reported that, depending upon
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polymorphism-dependent phenotypic variability of familial
prion diseases with the D178N mutation. This is a plausible
scenario, consistent with some molecular dynamic simulation
studies $0—52). However, it should be noted that the original
model of Riek et al. 49) was based on the NMR-derived
structure for mouse PrP12231. Inspection of available
NMR data for human prion proteirb8—55) provides less
convincing evidence for such a hydrogen-bond network in
the latter protein. Clearly, high-resolution NMR or crystal-
lographic data are needed for D178N PrP variants to properly
assess the structural consequences of 129 M/V substitution
on the background of the D178N mutation. In the absence
of direct structural data, any attempts to rationalize the
polymorphism-dependent behavior of D178N PrP in terms
of specific side-chain and/or backbone interactions remain
highly speculative. For example, a recent dynamic simula-
tions study (on the basis of NMR data for the wild-type PrP)
concluded that the conversion fhsheet structure should
occur more readily for prion protein with Val129 than for
the Met129 variant§6). This theoretical prediction is not
supported by the present experimental data.

While the atomic-level insight is still missing, it should
be noted that the greater conversion propensity of D178N
PrP9G-231 with Met129 than Vall29 as observed in the
present study correlates well with recent data on mutation-
dependent stability of a monomeric intermediate in prion
protein folding é4). The population of this intermediate was
found to be almost 2-fold higher for D178N/M129 as
compared with the D178N/V129 variant. As discussed
previously (1, 44), the folding intermediate represents a
likely candidate for a direct monomeric precursor of the

aggregated state(s) that eventually leads to the pathogenic

PrP¢ isoform. In addition to the differences at the level of
a monomeric folding intermediate, the effect of residue 129
M/V polymorphism on the phenotype of familial prion
disease with the D178N mutation may also be related to
polymorphism-dependent differences in the conformation
and/or stability of intermediate oligomeric structure(s) on the
PrP — PrP¢ conversion pathway or the structure of PYP
itself. Indeed, the FTIR data point to conformational non-
equivalence of amyloid fibrils formed by D178N huPrR90
231 with Met and Val at position 129. Although the
differences in fibril conformation appear very small at the
global level reported by infrared spectroscopy, they may be
much more substantial at the local level. It is worth noting
that the spectral differences between the D178N/M129 and
D178N/V129 variants are reminiscent of, although not
identical to, those observed previously by Caughey et al. for
different strains of hamster P¥P(57). For example, the
infrared spectrum of PfPfrom the hyper hamster TSE strain
is characterized by amideftsheet bands at 1626 and 1636
cm, whereas the spectrum of the drowsy strain shows a
major band at around 1629 ctn

A full understanding of the molecular basis underlying
polymorphism-dependent variability of prion diseases with
the D178N mutation will require further studies, both at the
structural and metabolic leveéb®). Nevertheless, the present
data strongly suggest that there might be a link between
disease phenotype and biophysical properties of polymorphic
variants of human PrP, providing a foundation for future
work.
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