EAGBE R M ERIERBE TR EE (B MR BRI EE)
T VAR T DRSS F Uy~ u U IRREORE oEMRREE

P3 a2z BT B 7Y AV BRI L ~DIRERIKERNE S - i
B OV BEEL B

SHERTEE SREZEEE MSATEIEAERSBRMETEREEREM L &4 — T v=7 MiEA

MEER Z7uAfY7zVb - ¥adRwikle2E07 ) 30Kk, £ OBBEHERZREINTNS,
REBDRIBERESEISA TR, BSFTv_urP092%2 7Y IV BHRSE-<7 R I2E
Lict A, BEREMODEMIEREONZZ D, MT VA UEEREE LTREESh T3,

FIZT, B MZEWFLVERWET Y FURETMZL B P02 DFHEERBZ RS> Lz, U A
VIRDOUNE DT H BHFUERIRE (BSE) 7V AU ITBER L3 % 38, DIRY 10 » B B ORIER]
DOREEZBB U RERRER) | 2RI 16 » AEORERORELB L (RESR
KE) | 2) FEREES 2HIIOT. BRERAOEEZITo/, ZORR. FFRER LB L T, BE
BIEREEO 2 R O RERBRIRFED 1 FHIZBW T, BEREROA L MRBENED b, P092iX,

BWMEST Y A UBRIZBER R TV TV REETH I e BRRREINT,

A. BFEE®

BT P92 % 77V A (18I 18K)
BGe~ U ATIEENEZR 5T 5 &, FERIEMNE
DRI TWD, RIFFETIE, BSEZ Y # v
(C-BSE) T/ L=V Iz BT HP09273,
MV F R EFTDHON, TOFEMIMEERS
MEA T 5 72012, C-BSERE 7 o MeLA &
fl, BIE LT =7 A4 FLOEA (A BIE
BSEZ' U # ) #M$EfE L7 C-BSERE Y LV %
BREITAr T, BIERTHRERE, BIEBRRIERE, IR
PR CEEAR B O i 21T - 72,

B. BFRGIE

1) HEREY

FHARFZCRBINTHEL=0 AN 6 B
(1.3~2.3m) ZRAWIAEREIL, EIEEE
FEREAERZNE Y ¥ — D P3 EBRENWE
BOT A L—F—NAT L ARy — I8
WTHIE, fagte, BREEREZRMB LI, 71V

L— & —NEREEIZEIR 23-27°C FEXHZEE 50-60%,

12 RFfHPRER (7 BE~19 BF) TR EL, 71 Y L—
A — D2k OMAEITERIC 2> TRY, o7
AV L—F—NTEHEINTNDILOEE, &
ERUHZEDOTEDIREL L, £/, A ML
AW O T=DIZr—VRIa T A EE2 AN
7=, FRHIE R &R (CMK-2; CLEA Japan, Inc.)
70g &V >=100g% 1 H 1EKGEELT,

2) HEREAE

Wler 2 I XV TV DRBAREBETON
= AP NVOBEHEREL, 4 VP THEE.
SERZFEYIRA L, AMEEMEEERICER 2 mm D%
FLESZ ERL L, C-BSE (E%! BSE JP/8  Fndkili)
R VML A N - IE L= A
JLH#HTD 10%MEA) 0.2 mL ZHREMEICIEA L,
FEA%, REZES L, FiTE LY 3 HETAEYD
B ROSRAZHRNES %2 Lz,

3) MBHERA A

EfER. TR, FR. MER K OB RRIR
(CSF) ZHHL7-, BRIMITER, ¥ 2 VRREET
TRERERIR L 0 1T o 7=, CSF |3t Be 7 & 3 o BREL
TTEHHEL, 4P THER, B 3~5 E
MEMERI L W BB L 7=,
DEICIIIERR 7 ¥ 2 U HANK ST X DR
%, Xy RV E S — VBRI 512 X D GRRREE
TR\, MunEER O~ b e s —
BaliTolz, LEFE, MKk OCEE RO D
—EREEH L, BERTER ORI ) VBREET

77,

4) P092 &I Ik

C-BSE BfEV /L% 3 BRI 431 7=, DIRERTIEER
B 28H (#3,#4) 13, BIERIOERE 10 » AR X
Y P092 A & 8 10 mg/kg TIRTEFFIRE 721
AR S D SR EE L7z (100 mL/h), BEFE

-2054 -



137 A B LVIEE 10 mgkg (2, #fE 14 » A B
FVIRE2 mgkg o, #fE 16 r ABLVEHE 2
mg/kg [ZEEALE Uiz, IDRIEXIREE . 288

(#1, #5) 1%, FIERTIRERE & FRROBEIER 7
2 — )L CERE 10 » A B & 0 ABEBE KO S
EZATV, BIEZR OB 16 » HE LV P092 &
WaEiHE 2 mg/kg CHRBEFEZRLG L, 1D 3E
BEEERE 0 2 B (#2, #6) (X, FIERTRERRE L Rl
DWEAR 72—V T 10 » AB XV AHER
WK D S ERE % BAs LTz,

4) MRI #&#&

P3 B EBRKIBEAN TEER I N T 283 4E
FLIEE SEEXIENA~OIHN TE RN 20,
MRI BB T LRILERIIT o 12, BRI L=V
WEE = 7 HICE LA T MRIZE I LT,
RIE LT =7 APV 7 ¥ I A2k D E
g, ~ U U RERARNTES U2 s MR O BEE R
EZ2ITo%, X bV EZ—bF N U 7A@
R 5L VBB T T, T2 ) VEgEER
a T FICEYERE LT MRI fEE~DBE
4T > 7=, MRI %1% 3T MRI % &

(MAGNETOM Allegra [Siemens f1:]) # AW
Teo A= AT NLOMRGICE L, 25 #F

BE - IR Z BT 212D RERE 2/ I L,

M SIN 2FORBEFLBREL, & M~y
FaA o CPR=A Lz MAnTT1-3D, T2, 7
m hiRERER, Flair R 2HRE LT,

(G EEE ~DELE)

C-BSE BV MIT X THBERMOPIT A VL
—H T —TUNIINE LT, KT A Y L—&iZH
NVENEESHEM TH D L EEELT, T4
VU —HNTHERE, BERICEIHEAEOH-EH =
Rz —varEARETDHILIKE LR,
F72. MEHRRIC RO TRFRER T2 W T EM
LTz, BERIERFERZITERIIEC T, BER
BE & HERF 9 X< FREE T IR O IS B ORI R R &
WX DHERFEEEZIT- T,

LAHILIXIERE 7 7 I ISk HEHR, BREE
D2y hNLE R —F B T ARSI
L1772,

B EROEMICY > Tid, (B0 E#EK
OEHEICET 515, [EREY DR K OMRE
BT AR [EAEFEE OFTET 5 LS
BT 2B EBRMOERICRE T 5 EAREE) &
B5F L, ERLBIEEM EREZESORR L
BTIT- 72, WEREEOTHRIZ OV T, EREE
WA, =TT 4 —EBEOEBREET
1To7,

C. HFERER

1) BEAEOER
FIERTIRFERECIE, B 10 » AB LV P092
AR %= FH 10 mg/kg TRIEFHEZIED -, &
E3rABLD, 28 A L— FOEIRED
Z O M BB OB, ARELV— b O
ERE LS o, BE4 »rABLVEEE
FEICEE Lo, £/, FOESEEREELE
L BEL - ABLVEBREEZ 2mgkg AR L
Too BEEZHEDO LIHER, BIREOZEOEDD
BEALIXEIE L, §RARO S — b OGRS HED
Lo ote, TO%, BERICHEIFTEEZN 2
Mol=DT, #Ee6 » AR LV BREEIEZTE
BEIEICEE Lo, BIERREEOEHE 2 mg/kg
R OGRS B O ABBHE KO SHEHETIL. AF
FERIIEZ o7,

2) ERERIEIR

Y 15~16 » A B L0, FERERR ORIER
PEERBEDE 4 BHMIEIE LIED -, F O E THRIE
AT EREED 208 (#3., #4) 13, BEERITIZE A
EELTWhoto, Dk, FEFRIETE 2 78 (#2.
#6) M OSEZRBRIERO 136 #1) OBREERT
BL, PRABRICLD, 3EEE LR 19 2 A B
WCEBEIT -T2, FIEDOEENZED HNT-RIE
AT R OBE R R SRR D 1 BRICRE L Tig, #
D%, EERFETDBIRITET LT,

3) M4 MRI Ei{& 2T

HEICEHZD MRI fRBlzBWT, FBIELR 3
BHE B MEIVEIC L AMOBMREOFR L | Flair
B CIX KM E D&, EE., /I TEE B
RmHonz (K1) .

D. B8

C-BSE Bgeh =7 A Pz vy, P92 DAL
Pl ReMa i Lz, B 15~16 » AB LV,
IR #H2, #6) RUIER IR #1, #5)
THIE LIRD 1208, # OFR S CERIE TR EEEE (#3.
#H4) IFFEAERELTELT, D L LRIE
PAERIN D OFIEIZ LY | FIE OB RS RIE
S, BIEGREHON, 188 #5) 1IREE
B DFRERE AR LTS, FIERTHR R & Rk
BIEORBIESNRIRBE I N, LOLARRG, 5
TERBEBEDOD 9 18 @) 1 3IRBIC LD I8R
DHEVBONT., FERERELF CHEAREE 2
L7z, TV EEA B U= R A RIEE % Tl
el BIEHZ 1 RIEERE, iV A 0RE
RN DRI N, o T, BEREF
HNEEELEZOND, BIEOEBENRD LI
FEIERTR SERE W3 #4) R ORIER B FERE O 1 58 (#5)

- 2055 -



B LTk, 0%, BERERMNEBRICETLE
Z b, P092 [IERICHRIELZIGEITH I LT
LW R EINT,

A%, TRERMRNTORREFAICEREL L 7 (IE Y
TIVOEN S 2B U, P092 %IR|Z & A RIEERE
EEMTDT—2EH LT LERD D,

L), P92 O 10 mg/kg /AMEFE T, A
T — b CTh DR M BE K ON% O ML &I
OFENTFEL T A2ERNE L0, FO%, &BE
2% 2mgkglZHO LTERREELEZI END,
WEEICL I EHOFEEG LRI, 2
B, MoV~D P092 HEEEGERIZLY, 2
mg/kg FREZEEG TH+oRMARE ZH RS
DI ENTEEINTND,

P092 % 7'V A ke~ v R CIEENEE T 5
&L BERIEMENR SN TV, C-BSE
Bedi =7 AP ZEBNT Y, BERE L IERIERED
EERBGBOE L v P092 BT U R0
B RIE S iz,

E. #%

C-BSE RJEN = 7 A PIL~DIJERTP092 3L
2LV, BEZEOCEDIHMENTEBINT, o
T, P092 1%, BMRECT" U 4 U BRICEER 2 <,
T VA B E/TD I L RB I N, PO92
OFLT ) A B E L COBERGAPGFSN
Do

F. REAERIER
Bz L,

G. 3%+
Bz L,

H. M EO HEE - B&R
1. %S
7L
2. ERHEEH
7L
3. =D
7L

- 2056 -



1, TVAVIRBIED =7 A P OREFKER O MRI B
ESF N OFERNL T2 5B, AR Flair B, (A) FERREFED =27 FAM (B) %
TERBIME 1) BIED =27 A PV, (C) IEERER #2) BIEN =27 A F/UM, (D) FAE
RIRIERE (H6) FREN =7 A PV,

- 2057 -




[III] AFFERCRDHATIZE 5 —F kK



WFIERCR O FIATICE T 5 —&%

HEEE (EURE)
HEKEK4EL |Honda RP, Kei—ichi Yamaguchi, Kuwata K
1 S AARILE |Acid-induced Molten Globule State of a Prion Protein: Crucial Role of Strand 1-Helix 1-Strand 2 Segment
REEL I::n;{‘;}c‘:;‘a' of biological se 289(44) | ~R—  [30355-30363  HHERZE 2014
¥FKEKSL |Hattori T, Orimo S, Hallett M, Wu T, Inaba A, Azuma R, Mizusawa H
2 | XHAILA |Relationship and factor structure in multisystem neurodegeneration in Parkinson’ s disease.
RS  |Acta Neurol Scand ] 130(6) R—2 347-53 HARAE 2014
FHETHKSA |Nishina T, Numata J, Nishina K, Yoshida-Tanaka K, Nitta K, Piao W, Iwata R, Ito S, Kuwahara H, Wada T, Mizusawa H, Yokota T
3 | XA AL |Chimeric antisense oligonucleotide conjugated to @ —Tocopherol
FREED  |Mol Ther Nucleic Acids. B 4 R= 220 HihRE 2015
HEHIKSL |Nakamaura Y, Ae R, Takumi I, Sanjo N, Kitamoto T,Yamada M, Mizusawa H
4 | XA AILE |Descriptive Epidemiology of Prion Disease in Japan: 1999-2012.
FFREE  |J Epidemiol. &S 25(1) R= 8-14 HRE 2015
REERL Qina T, Sanjo N, Hizume M, Higuma M, Tomita M, Atarashi R, Satoh K, Nozaki I, Hamaguchi T, Nakamura Y,
Kobayashi A, Kitamoto T, Murayama S, Murai H, Yamada M, Mizusawa H
5 | X AAFILE [Clinical features of genetic Creutzfeldt—Jakob disease with V180l mutation in the prion protein gene.
FFREEL  |BMJ Open 5 4(5) =T 004968 HRE 2014
HFTHEKSA |Akasaka K, Maeno A, Murayama T, Tachibana H, Fujita Y, Yamanaka H, Nishida N, Atarashi R:
6 | BrarLE Pressure—assisted dissociation and degradation of “proteinase K-resistant” fibrils prepared by seeding with
g scrapie—infected hamster prion protein.
KRR |Prion A5 8(4) R—T 314-318 Hi R E 2014
HFEEKEL |Sano K, Atarashi R, Ishibashi D, Nakagaki T, Satoh K, Nishida N
7 | BxaArLE Conformational properties of prion strains can be transmitted to recombinant prion protein fibrils in real-time
A quaking—induced conversion.
RS |J Virol HE 88(20) R—= [11791-11801  HIRRE 2014
REERE Yu Mizuno, Yasuhisa Sakurai, Izumi Sugimoto, Keiko Ichinose, Shoichiro Ishihara, Nobuo Sanjo, Hidehiro Mizusawa,
Toru Mannen
8 | X FZAFILA |Delayed leukoencephalopathy after carbon monoxide poisoning presenting as subacute dementia
HRER  lInternal Medicine = 53 R= 1441-1445 bR 2014
REREBEKE Fumiko Furukawa, Satoru Ishibashi, Nobuo Sanjo, Hiroshi Yamashita, Hidehiro Mizusawa
9 | mxraqrLg Serial magnetic resonance imaging changes in sporadic Creutzfeldt—Jakob disease with valine homozygosity at
it codon 129 of the prion protein gene
3554 |JAMA Neurology &#E 71 R 1186-1187 H kR 2014

- 2059 -



REERA

Temu Qina, Nobuo Sanjo, Masaki Hizume, Maya Higuma, Makoto Tomita, Ryuichirc Atarashi, Katsuya Satoh, Ichiro Nd

10 | SRR AL % |[Clinical features of genetic Creutzfeldt—Jakob disease with V180l mutation in the prion protein gene
FERESH  |BMJ Open #E 4 R 004968 HH R4 2014
FHREFKSDL |Yosikazu Nakamaura, Ryusuke Ae, Ichiro Takumi, Nobuo Sanjo, Tetsuyuki Kitamoto, Masahito Yamada, Hidehiro Mizu
11| $XZAILE |Descriptive epidemiology of prion disease in Japan: 1999-2012
R Journal of Epidemiology BE 25 =T 8H14A H R 2015
REEEL Kokoro‘Ozaki, Nqbuo Sanjo, Kinya. Ishikawa, Miw§ Higéshi, Takaaki Hattori, Naoyuki Tanuma, Rie Miyata, Masaharu
Hayashi, Takanori Yokota, Atsushi Okawa, Hidehiro Mizusawa
12 | BXAAILE |Elevation of 8~hydroxy—2" —deoxyguanosine in the cerebrospinal fluid of three patients with superficial siderosis
gRE | ourolesy and Clinica 55 A= | inpress | tiRE | 2014
HEKAKL |Kimura N, Okabayashi S, Ono F.
13 | /XA AILE |Dynein dysfunction disrupts B ~amyloid clearance in astrocytes through endocytic disturbances.
RREA Neuroreport. E=3=1 7:25(7) R 514-20 HARE 2014
HKEREKSL Murayama Y, Masujin K, Imamura M, Ono F, Shibata H, Tobiume M, Yamamura T, Shimozaki N, Terao K, Yamakawa Y,
14| BxAARLE S;g:;;grs:;i\éi::;E:Ezzt‘;‘iiﬁéid in the cerebrospinal fluid and blood of macaques infected with bovine
FREH  [J Gen Virol. A5 95(Pt 11)|  R—T 2576-88. HihREF 2014
HERE (Fnoriean)
HEEERSE |BEBMEIL. KERE
1| WXAALE [TUFUR
REREL ;@é%{ﬁ?ﬁ"iﬁﬂg:/u —X &5 %ﬁf_g R=D 415—417 HhRE 2014
REERS |SiEEBXKERE
2 | WXAARLE VI TUAUGRE.
BRI ﬁ%ﬁ%@ﬁ%méﬁga*l BE R— 278-285 |  HHKE4E 2014
REERS |SHEEXKEXEE
3 | XML E |BEEBET ARSIV EFEREDOZEE TUF VR
R ﬁf&ﬁﬁfégg)&ﬁ;a?l 58 R—2 352-354 HiRE 2014
REHEKS |GERE, FE BRI
4 | WXAANILE [TV ROFLLEHE
FERFEHL  |Dementia Japan =5 28(2) R 189-196 HRREE 2014
RRERG |=EEE

- 2060 -



5 | WXEAMLE

PO 2

SERRA

MEARTHE/—k

372—375

HiRREF

2014

I
Ei)

L

- 2061 -




LIV] #rFERCROTATY) - Bk



THE JOURNAL OF BIOLOGICAL CHEMISTRY VOL. 289, NO. 44, pp. 3035530363, October 31, 2014
© 2014 by The American Society for Biochemistry and Molecular Biology, Inc.  Published in the USA.

Acid-induced Molten Globule State of a Prion Protein
CRUCIAL ROLE OF STRAND 1-HELIX 1-STRAND 2 SEGMENT"

Received for publication, February 25, 2014, and in revised form, August 20, 2014 Published, JBC Papers in Press, September 12, 2014, DOI 10.1074/jbcM114.559450

Ryo P. Honda*, Kei-ichi Yamaguchi®, and Kazuo Kuwata

511

From the *School of Medicine and the "Department of Gene and Development, Graduate School of Medicine, Gifu University,
Yanagido 1-1, Gifu 501-1193, Japan and the SUnited Graduate School of Drug Discovery and Medical Information Sciences, Gifu

University, Yanagido 1-1, Gifu 501-1194, Japan

Background: The oligomerization mechanism of a prion protein is not fully understood.
Results: We found an acid-induced molten globule state (A-state) as a pre-oligomer state, in which the Strand 1-Helix 1-Strand

2 segment was unfolded.

Conclusion: The A-state formation is the initial step of the oligomerization.
Significance: This work may offer a clue for understanding the prion’s pathogenic conversion mechanism.

The conversion of a cellular prion protein (PrP€) to its path-
ogenic isoform (PrP5) is a critical event in the pathogenesis of
prion diseases. Pathogenic conversion is usually associated with
the oligomerization process; therefore, the conformational
characteristics of the pre-oligomer state may provide insights
into the conversion process. Previous studies indicate that
PrPC€ is prone to oligomer formation at low pH, but the confor-
mation of the pre-oligomer state remains unknown. In this
study, we systematically analyzed the acid-induced conforma-
tional changes of PrP€ and discovered a unique acid-induced
molten globule state at pH 2.0 termed the “A-state.” We charac-
terized the structure of the A-state using far/near-UV CD, 1-ani-
lino-8-naphthalene sulfonate fluorescence, size exclusion chro-
matography, and NMR. Deuterium exchange experiments with
NMR detection revealed its first unique structure ever reported
thus far; i.e. the Strand 1-Helix 1-Strand 2 segment at the N
terminus was preferentially unfolded, whereas the Helix 2-Helix
3 segment at the C terminus remained marginally stable. This
conformational change could be triggered by the protonation of
Asp'*, Asp'*, and Glu'®®, followed by disruption of key salt
bridges in PrP€. Moreover, the initial population of the
A-state at low pH (pH 2.0-5.0) was well correlated with
the rate of the B-rich oligomer formation, suggesting that the
A-state is the pre-oligomer state. Thus, the specific confor-
mation of the A-state would provide crucial insights into the
mechanisms of oligomerization and further pathogenic con-
version as well as facilitating the design of novel medical
chaperones for treating prion diseases.
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Prion diseases (1, 2) are a group of fatal neurodegenerative
diseases that includes Creutzfeldt-Jakob disease and kuru in
humans, as well as scrapie and bovine spongiform encephalop-
athy in animals. The conversion of the cellular prion protein
(PrP©)? to its pathogenic conformational isoform (PrP%°) is a
crucial event in the pathogenesis of prion diseases (1, 2). PrP©
contains three a-helices (Helix 1 (H1), Helix 2 (H2), and Helix 3
(H3)), where H2 and H3 are connected by a disulfide bridge
between Cys'”® and Cys*'#, and a small B-sheet (Strand 1 (S1)
and Strand 2 (S2)) (3). In contrast, PrP*° is mainly composed of
a B-strand structure, as revealed by Fourier transform infrared
spectroscopy (4), and it was reported that the infectious parti-
cles in prion diseases (PrP*) include oligomers (5, 6). Thus, the
B-sheet formation and oligomerization process may be a crucial
step during the formation and/or stabilization of PrP%¢. To
understand and further regulate these complex processes, it
would be beneficial to clarify the conformational characteris-
tics of the pre-oligomer state that may exist immediately before
the B-sheet and oligomer formation.

Initially, B-rich oligomers were reported to be formed at a
mildly acidic pH (pH 2.5-5.0) in the presence of denaturant
(7-10) or at a higher temperature (11), and recently it was also
reported that they were generated at a highly acidic pH (pH 2.0)
without denaturant (12, 13). Unfortunately, the detailed physi-
cochemical studies at pH 2.0 were mainly on the salt-induced
aggregates (13~16), and the monomer state was only observed
at the pH range from 5.2 to 3.0, in which a large chemical shift
perturbation was observed in the C-terminal region of H2 and
the H2-H3 loop (residues 185-195) (17). Thus, overall confor-
mational characteristics of PrP< at a highly acidic pH within the
monomer ensemble essentially remain unknown, especially at
the residue level resolution.

In the present study, we systematically analyzed the acid-
induced conformational change in mouse prion protein frag-
ment 90-231 (mPrP(90-231)) by reducing the pH down to 2.0
within the monomeric state and detected a previously unre-

2 The abbreviations used are: PrP<, cellular prion protein; PrP%¢, prion protein
pathogenic isoform; mPrP, mouse prion protein; H1-H3, Helix 1-3, respec-
tively; S1 and S2, Strand 1 and 2, respectively; ANS, 1-anilino-8-naphtha-
lene sulfonate; HSQC, heteronuclear single quantum coherence.
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ported thermodynamically stable state of the PrP<. Far-UV CD,
near-UV CD, size exclusion chromatography, l-anilino-8-
naphthalene sulfonate (ANS) fluorescence, and NMR revealed
that the conformational properties of this state were similar to
those of the acid-induced molten globule state (“A-state”) (18).
We subsequently performed a conformational analysis of the
A-state using deuterium exchange coupled with NMR and
found that the S1-H1-S2 segments were almost completely
unfolded, whereas the H2-H3 segment was still weakly pro-
tected. The A-state in this report is the only monomeric inter-
mediate ever reported thus far, which is characterized by its
markedly high tendency to B-rich formation. The A-state is
easily aggregated into B-rich oligomer at pH 2.0 by increasing
the ionic strength. Moreover, the initial population of the
A-state at low pH (2.0 —5.0) was well correlated with the rate of
the B-rich oligomer formation, suggesting that the A-state is
the pre-oligomer state. We further discuss the detailed confor-
mational properties of the A-state based on pH titration analy-
sis, which provides insights into the detailed mechanism of the
oligomerization process.

EXPERIMENTAL PROCEDURES

Acid Titration—A recombinant mPrP(90-231) with an
N-terminal linker containing His, was prepared according to a
protocol described previously (19, 20).

In the acid titration experiments, the pH was adjusted by
slowly adding drops of 0.1-12 m HCI to the native mPrP(90 -
231) solution, which contained 20 mm sodium acetate at pH 4.6
at 20 or 37 °C. 10 and 70 um of mPrP(90 —231) were used for the
far- and near-UV CD measurements, respectively. 10 um
mPrP(90-231) solution and 100 um ANS were used for ANS
fluorescence analysis. Far-/near-UV CD was monitored by a
quartz cell with a light path of 1 or 10 mm using an AVIV model
215s spectropolarimeter (AVIV Biomedical, Lakewood, NJ)
and by ANS fluorescence using a Hitachi F-7000 fluorescence
spectrophotometer (Hitachi High-Tech, Tokyo, Japan) with
excitation at 385 nm and emission at 400 —600 nm.

The acid titration data obtained from the far-/near-UV CD
observation were fitted globally using the theoretical curve gen-
erated by assuming a two-state model (Equations 1 and 2) (21)
with the nonlinear least squares methods using the software
Igor Pro (Wave Metrics Inc., Lake Oswego, OR),

o H)=(aN+mNX pH) (a4 + m, X pH) Ky, Ea1)
P 1+ Kus 1+ Kys @
Al
Kna = %\ﬁ = 108w+ X (PHmia —pH) (Eq.2)

where a,, m,, oy, and m, are the intercepts and the slopes of
the native state and A-state baselines, respectively; pH, ;4 and
Awy,, represent the midpoint of the transition and the steep-
ness of the transition (or the number of bound or released H™),
respectively; and K, represents the equilibrium constant of
the N-to-U transition.

The secondary structure contents of PrP< were estimated
from far-UV CD spectra using SELCONS3 (22). The pK, values
for charged residues were predicted theoretically from the
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three-dimensional structure of native PrP< (Protein Data Bank
entry 1AG2) based on the continuum electrostatics model
using H++ (23).

Urea Titration at Variable pH Values Monitored by Far-UV
CD—A solution of mPrP(90 —231) with a protein concentration
of 10 uM was titrated with 10 M urea solution containing the
same protein and buffer at 20 °C and monitored by far-UV CD.
The buffers utilized were 20 mm glycine (pH 2.0-3.1), 20 mm
sodium citrate (pH 3.2-3.9), or 20 mm sodium acetate (pH 4.0 -
4.6). The urea concentration was measured using the refractive
index values. The far-UV CD spectra were measured according
to the same protocol described above. The mean residue ellip-
ticities [0] obtained as a function of the urea concentrations
were fitted using the theoretical curve generated by the follow-
ing two-state model (Equations 3 and 4),

(6] = (61w [0]y X Kyy €03
T+ Ky | 1+ K o
[U]  In(=AGyy + my, X Urea)
KNU = = (Eq4)

TN RT

where [],and [] , represent the mean residue ellipticity of the
native (N) and unfolded state (U) at 0 M urea, respectively; Ky,
represents the equilibrium constant of the N-to-U transition;
M, represents the m value (or cooperativity) of the transition;
and AG,,, represents the Gibbs free energy difference between
the N and U states in the absence of urea.

Size Exclusion Chromatography—The hydrostatic properties
of mPrP(90-231) were studied using a gel filtration column,
TSKgel G3000SW, which was connected to an AKTA chroma-
tography system (GE Healthcare). Further, pH 4.6 buffer (pH
4.6, 20 mM sodium acetate buffer, and variable NaCl concentra-
tions) and pH 2.0 buffer (pH 2.0, 20 mm glycine, and variable
NaCl concentrations) were used for the native and A-state con-
ditions, respectively. The column was equilibrated using the
buffer with 4 column volumes before the experiment. To pro-
tect the column, the injected solutions were passed through
0.2-um filters before their application. All of the experiments
were performed at a flow rate of 0.5-1.0 ml/min at 25 °C. The
molecular weight was estimated from a standard curve
obtained using standard proteins.

NMR Measurements and Analysis—To acquire both the 'H
one-dimensional NMR and **N-'H HSQC data, an *N-uni-
formly labeled mPrP(90-231) solution was prepared at a con-
centration of 0.5 mM at pH 4.6 or 2.0 in 5 mm acetate-d, buffer
with 95% H,O, 5% D,O. The NMR spectra were recorded at
20 °C using an Avance 600 spectrometer at Gifu University.

For the line shape analysis, the peaks in HSQC spectra were
assigned based on the chemical shifts for mPrP(23-231) and
mPrP(121-231) (3, 24). An exponential window function with
8-Hz line broadening was used for this analysis. The "H one-
dimensional slices were extracted at the maximum of each peak
from the **N-"H HSQC spectrum, and the intensity as a func-
tion of the proton frequency was fitted to a Lorentzian function
(Equation 5),
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where T,*, wg, and C, represent the apparent T, relaxation
time, the frequency of resonance, and the normalization con-
stant, respectively.

Deuterium Exchange Coupled with NMR—We performed a
deuterium exchange experiment according to a procedure
described previously (25, 26). Briefly, for the hydrogen
exchange study of the native state, lyophilized mPrP(90 -231)
was dissolved in 20 mM sodium acetate at pD 4.6 with 100%
D,O (27) at a final protein concentration of 5.0 X 1.0~ ! mm.
This solution was incubated at 20 °C for up to 4 weeks, and the
HSQC spectra were acquired at the desired incubation times.
For the hydrogen exchange study of the A-state, lyophilized
mPrP(90-231) was prepared in 20 mum glycine at pD 2.0 with
100% D,O solution at a concentration of 50 um and stored at
20 °C. Samples were collected after incubation periods (0 min,
7.5 min, 15 min, 1 h, 2 h, 4 h, 8 h, and 16 h) and washed three
times with 20 mum sodium acetate at pD 4.6 and with 100% D,O
buffer prepared using Millipore Ultra 3K concentrators at 5 °C.
Further, the samples were concentrated until the final concen-
trations of mPrP(90-231) and pD were 5.0 = 1.0 X 1.0 ! mm
and 4.6 * 0.2, respectively, for acquiring the HSQC spectra.

We assigned 51 peaks on the HSQC spectra at pD 4.6 (i.e. 3 of
3 for S1 (residues 129-131), 6 of 7 for H1 (residues 147-153), 3
of 3 for S2 (residues 161-163), 7 of 20 for H2 (residues 174 —
193), 20 of 24 for H3 (residues 203-226), and 12 of 36 for the
hydrophobic core (residues 132—146, 154 -160, 194-202, and
227-231)). The volume of the assigned peaks was obtained
using the software TOPSPIN3 (Bruker), and values were nor-
malized as per the protein concentration. The volumes of the
normalized peaks as a function of time were fitted to a single
exponential curve using the nonlinear least squares methods to
obtain the rate constants of deuterium exchange (k,,). The pro-
tection factors were obtained based on the ratio of the intrinsic
rate constants of random coil (k,,,) to those observed experi-
mentally (k,,). The k,,, value was predicted using SPHERE,
which was developed by Prof. Heinrich Roder’s laboratory at
Fox Chase Cancer Center.

Kinetics of B-Rich Oligomer Formation—The mPrP(90-231)
was incubated with a protein concentration of 70 uMm, 10 mm
glycine, 10 mM sodium acetate at various pH values (2.0 -5.0) in
an ionic strength of 160 mm (~150 mm NaCl) at 37 °C, and the
B-rich oligomer formation was monitored using size exclusion
chromatography. The fraction of monomer was calculated by
dividing the area of the monomeric peak (9.5-11.5 ml) by the
total area in the elution profile. The fraction of the monomer as
a function of time was fitted using the theoretical curve gener-
ated by assuming a second-order reaction (Equation 6),

I(v) =

(Eq.5)

1
M1 = 7w, — T + ko X €

+ [M].. (Eq.6)

where [M], and [M]., represent the fraction of monomer at
time zero and infinity, respectively, and k,,, represents the
apparent rate constant.
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FIGURE 1. Acid titration monitored using far-/near-UV CD. A, acid titra-
tion monitored as the mean residue ellipticity at 230 (red circles), 225
(orange squares), 220 (green triangles), 215 (light blue inverted triangles),
210 (blue left-pointing triangles), and 205 nm (purple right-pointing trian-
gles). B, acid titration monitored as the mean residue ellipticity at 288 (red
circles), 281 (orange squares), 274 (green triangles), 267 (light blue inverted
triangles), and 260 nm (blue left-pointing triangles). The solid curves repre-
sent the global fits to the two-state unfolding model (Equations 1 and 2).
The pH ;4 and Ay, values obtained were 2.44 = 0.06 and 2.28 * 0.47,
respectively. C, far-UV CD spectra of the native state at pH 4.6 (solid curve),
non-native state at pH 2.0 (dotted curve), and unfolded state at pH 2.0 with
8 M urea (dashed curve). D, near-UV CD spectra of the native state at pH 4.6
(solid curve), non-native state at pH 2.0 (dotted curve), and unfolded state
at pH 2.0 with 8 M urea (dashed curve).

RESULTS

Molten Globule-like Partially Unfolded State at pH 2.0—We
performed acid titrations to examine the conformational
changes of PrP“ when the pH ranged from 4.6 to 1.2 at 20 °C.
The mean residue ellipticities as a function of the pH in both the
far-UV (Fig. 1A) and near-UV CD region (Fig. 1B) were fitted
well by the theoretically generated curves according to Equa-
tions 1 and 2, which assumed a two-state transition with a
PKniq0f2.44 £ 0.06and a Avy;, 0f2.28 = 0.47. All of the curves
shown in Fig. 1, A and B, were fitted simultaneously using the
common variables, pK_,, and Av; . in Equations 1 and 2
except for a,, m,, o, and m,. Overall, the transition of PrP<
obtained by reducing the pH from 4.6 to 1.2 can be described by
a two-state model, which indicated the formation of a non-
native state at pH 2.0. The far-UV CD spectrum indicated that
the secondary structure content (a-helix (%), B-sheet (%), and
turn (%)) estimated using SELCONS3 for the non-native state at
pH 2.0is 26, 19, and 20%, whereas that of the native state at pH
4.6 is 39, 13, and 15% (Fig. 1C). Thus, the non-native state
largely retains o-helical native-like secondary structure. In
addition, the near-UV CD spectrum of the non-native state was
distinct from that of both the native and unfolded state (Fig.
1D). For example, the peak at 288 nm in the non-native state
was relatively close to that of the unfolded state, whereas the
peak at 275 nm was relatively close to the native state (Fig. 1D),
suggesting that the tertiary structures of the non-native state
retained the characteristics of both the native and unfolded
states.
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FIGURE 2. Acid titration monitored with ANS fluorescence. A, acid titra-
tion monitored with ANS fluorescence at 490 nm. The perpendicular solid
line represents the midpoint of the two-state transition observed during
the near- or far-UV CD monitoring. B, ANS fluorescence spectra of the
native state at pH 4.6 (solid curve), non-native state at pH 2.0 (dotted curve),
and unfolded state at pH 2.0, with 8 m urea (dashed curve). a.u., arbitrary
units.
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The acid titrations were also monitored with ANS fluores-

cence (Fig. 24). In contrast to the far-/near-UV CD, ANS fluo-
rescence as a function of pH did not exhibit a two-state transi-
tion, partially because of the acid quenching of the fluorescence
below pH 2.0 (Fig. 2A4). Even above pH 2.0, it was poorly fitted to
the two-state transition equation (data not shown), but it was
clear that the ANS fluorescence at pH 2.0 was much higher than
that of both the native and unfolded states (Fig. 2B), indicating
the increased hydrophobic surface area after the formation of
the non-native state at pH 2.0.

Overall, the non-native state at pH 2.0 was characterized by
its “molten globule-like” properties (i.e. a native-like secondary
structure (Fig. 1C) and increased hydrophobic surface area (Fig.
2B)) (18). In addition, the native-like tertiary structure was
found to be retained relatively well, even in the non-native state
at pH 2.0 (Fig. 1D), which was similar to the molten globule
state of equine lysozyme (28). Thus, we conclude that the non-
native state at pH 2.0 can be considered as an acid-induced
molten globule state (A-state).

Furthermore, the NMR data supported the molten globule
characteristics of the non-native state at pH 2.0. The 'H one-
dimensional NMR spectra at pH 2.0 indicated the loss of peaks
in both the methyl and aromatic regions (Fig. 3, A and B), which
are characteristic for the molten globule state (18). In **N-'H
HSQC spectra of the prion protein at pH 2.0 (Fig. 3D), peaks at
~7.5 and ~9.0 ppm were almost absent but number of peaks
at ~8.5 ppm were increased compared with the HSQC spectra
at pH 4.6 (Fig. 3C). The varied peak intensities and shapes in
HSQC at pH 2.0 indicate that the non-native state is not fully
unfolded (Fig. 3D). Intriguingly, the apparent T, relaxation
times of peaks in the N-terminal unfolded domain (residues
90-119) at pH 2.0 were approximately the same as those at pH
4.6 (Fig. 3E), suggesting that the flexibility in this domain is
conserved in the A-state. Thus, the A-state probably maintains
a monomer conformation, satisfying one of the prerequisites
for molten globule states.

Low m Value and Stability of PrP¢ in Highly Acidic pH
Conditions—To investigate the stability of the PrP< in acidic pH
conditions, we next performed urea titration at various pH val-
ues by monitoring mean residue ellipticity at 220 nm ([6],,,). At
the pH values tested, [6],,, as a function of urea was well
described by the two-state model (Fig. 4A4). At mildly acidic pH
levels (3.5-4.5), the m values were relatively independent of
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FIGURE 3. A and B, 'H one-dimensional NMR spectra of the native state at pH
4.6 (black) and the A-state at pH 2.0 (red) in the methyl (A) and aromatic
regions (B). C and D, "*N-"H HSQC spectra of the native state (C) and the
A-state (D). Most peaks from the C-terminal domain (7.0-7.8 or 8.6-9.0 ppm
of 'H) were lost in the A-state. E, apparent T, relaxation time of the amide
protons in the N-terminal unfolded region (amino acids 90-119) in the native
state (black) and A-state (red).
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FIGURE 4. Urea titration monitored as the mean residue ellipticity at 220
nm. A, urea titrations at pH 4.6 (purple right-pointing triangles), 4.0 (blue left-
pointing triangles), 3.5 (light blue inverted triangles), 3.1 (green triangles), 2.5
(orange squares), and 2.0 (red circles) were monitored as the mean residue
ellipticity at 220 nm. The dotted lines represent the mean least squares fits to
the two-state unfolding model (Equations 3 and 4). B, m value (red circles, left
axis) and AG (blue squares, right axis) at various pH values obtained from Fig.
4A. Error bars, S.D.

pH, and they almost corresponded to the theoretical 7 values
or 0.96 = 0.15, which were calculated based on the ASASA
(where ASASA indicates changes in solvent-accessible surface
area) between the native and unfolded states of PrP€ (29),
implying that PrP“ forms a native structure under these condi-
tions. However, at highly acidic pH (2.0 —3.0), the 2 values were
substantially low, indicating a significant decrease in coopera-
tivity of unfolding. AG also decreased significantly in highly
acidic pH conditions (Fig. 4B) and reached ~0.3 kcal/mol at pH
2.0. This change in m values and AG under highly acidic pH is
well explained by the formation of the A-state (Fig. 1, A and B),
which is generally characterized by low cooperativity of unfold-
ing as well as low stability (18).

Measurement of the Molecular Size of the A-state by Size
Exclusion Chromatography—Next, We performed size exclu-
sion chromatography to investigate the molecular size of the
A-state. We initially measured the elution volumes of native
state at pH 4.6 in the presence of various concentrations of
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FIGURE5. Size exclusion chromatography of native state and A-state with
varying NaCl concentrations. A, elution volumes of native state at pH 4.6
(filled triangles) and the A-state at pH 2.0 (empty circles) as functions of the
NaCl concentration. The elution volume as a function of NaCl was fitted to an
exponential function, y, + A X exp(invTau X [NaCl], where y,, A, and invTau
are1.0+£0.1X 10", -54+ 1.4 X 10~ ',and 7.4 = 0.6 X 102, respectively, for
the native stateand 1.0 £ 0.2 X 10", = 1.8 = 0.3 X 10°% and 1.2 * 0.5 X 1073
for the A-state. B, elution profiles of the A-state at pH 2.0 with different NaCl
concentrations. The gray asterisks represent the elution peaks of the A-state.
The peak around ~5.7 ml represents the elution of the B-rich oligomer irre-
versibly transformed from the A-state (see also Fig. 7B).

NaCl (Fig. 54). The elution volume of the native state were
increased gradually by increasing the NaCl concentration. We
estimated the elution volume of native state without NaCl as 9.7
ml (Fig. 54), which corresponded to a molecular mass of 28
kDa. This mass is much larger than that predicted from the
amide acid sequence in the folded domain (residues 90-231)
(19 kDa), assuming a spherical shape because of the N-terminal
unfolded domain of PrP< (residues 90 —~120). Actually, after the
NaCl concentration was increased to >300 mwm, the elution
volume almost reached a constant value of 10.3 ml, correspond-
ing to a molecular mass of 19 kDa. The decrease in the apparent
molecular mass can be explained by the decrease of electro-
static repulsions within the unfolded domain caused by the
shielding effect of NaCl.

The elution volume of the A-state at pH 2.0 also increased
gradually with increasing NaCl concentration (Fig. 5, A and B).
We estimated the elution volume of the A-state without NaCl
as 8.4 ml (Fig. 5A), which corresponded to a molecular mass of
65 kDa. This value is larger than that of the native state or 28
kDa; therefore, the A-state of PrP< is significantly expanded
rather than the native state just like a typical molten globule
state (18). In contrast, the elution volume of the A-state at high
NaCl concentrations was comparable with that of the native
state (Fig. 5A), suggesting that the expansion in the A-state is
caused by intramolecular electrostatic repulsions. Note that the
secondary structural content was not affected by increasing
NaCl concentration (data not shown); therefore, the change in
the apparent molecular weight is not attributed to a conforma-
tional alternation of the A-state.

Structural Characterization of the A-state Based on Deute-
rium Exchange—To characterize the conformational proper-
ties of the A-state at amino acid resolution, we performed a
deuterium exchange coupled with NMR detection at pD 2.0.
15N-uniformly labeled PrP< was initially dissolved with pD 2.0
buffer and incubated with variable times and then returned into
a native condition (pD 4.6) to assign the NMR peaks. Overall
protection factor of the A-state was much less than those of the
native state, by 4 orders of magnitude (Fig. 6, A and B, and Table
1). The protection factor profile (Fig. 64 and Table 1) showed
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FIGURE 6. A and B, protection factors of the A-state at pD 2.0 (A) and native
state at pD 4.6 (B). The solid horizontal lines represent the average protection
factor within each secondary structure (S1,H1,52, N-terminal H2,and H3). See
also Table 1. C, schematic structure of the A-state, where the H2-H3 region
forms a relatively stable folded structure (red solid rods), whereas the
S1-H1-S2 region is highly unstable (black line). D, schematic structure of the
native state based on the three-dimensional structure of PrP® (Protein Data Bank
entry 1AG2). H1, H2, and H3 are shown as red solid rods, and the antiparallel
B-strands are shown as blue arrows. Error bars, S.D.

TABLE 1
Protection factors of each structure in the A-state and the native state
A-state (pD 2.0) Native state (pD 4.6)

Strand 1 1.2 66

Helix 1 2:1 1058
Strand 2 2.7 1171
Helix 2¢ 16.3 >9056
Helix 3 17.6 >32,650
Tertiary hydrogen bond 27 561
Overall 10.2 >14,422

“N-terminal H2 (amino acids 174 —-185).

that the amide protons of H2 (residues 176 —185) and H3 (res-
idues 203-226) were strongly protected as compared with
those of S1 (residues 129 -131), H1 (residues 147-153), and S2
(residues 161-163). We also observed weak protection factors
of the protons even in the hydrophobic core regions (residues
139, 154-160, 164, 166, 173, and 199-202), suggesting the
loose packing characteristics of the A-state. Therefore, it is con-
sidered that the A-state forms a molten globule-like structure,
where the H2-H3 region is marginally stable while the
S1-H1-S2 region is largely unstable. Notably, even in PrP< at pH
4.6 (Fig. 6B and Table 1), the protection factors of the S1-H1-S2
region and hydrophobic core were 1 or 2 orders of magnitude
less than those of the H2-H3 region. Fig. 6, C and D, depicts a
model of conformational exchange between the A-state and
native state structures.

The B-Rich Oligomer Formation at pH 2.0 —The B-rich olig-
omer formation was observed at pH 2.0 with a high salt concen-
tration (150 mm NaCl) at 20 °C. Immediately after the start of
incubation, the secondary structure of the A-state was almost
the same as that in pH 2.0 solution without salt (Fig. 74), and
most of the PrP“ formed the monomer (Fig. 7B). With a few
h of incubation at 20 °C, the oligomerization and a-to-f3
transition occurred (Fig. 7, A and B). The secondary struc-
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FIGURE 7. B-Rich oligomer formation at pH 2.0. A, far-UV CD spectra at pH
2.0 in the absence of 150 mm NaCl (solid curve) in the presence of 150 mm
without incubation (dotted line) and in the presence of 150 mm after 4 days of
incubation (dashed line). B, elution profiles after variable times of incubation
at pH 2.0, 150 mm NaCl. The pH 2.0 buffer (pH 2.0, 20 mmglycine, 150 mm NaCl)
was utilized for the elution buffer. This experiment was performed at 20 °C
with a protein concentration of 10 um. a.u., absorbance units.

ture content of the oligomer after 4 days of incubation,
which was estimated using SELCON3 (a-helix (%), B-sheet
(%), and turn(%)), was 16, 34, and 21% (Fig. 7A) in contrast to
the a-rich A-state (26, 19, and 20%) (Fig. 1C). Thus, the
A-state is stable and monomeric without added salt but is
easily aggregated into the B-rich oligomer by increasing the
NaCl concentration to 150 mm.

The Rate of B-Rich Oligomer Formation Was Strongly Corre-
lated with the Initial Fraction of A-state—The oligomerization
kinetics at various pH values (pH 2.0-5.0) was monitored with
the change of the monomer fraction using size exclusion chro-
matography. This experiment was performed at 37 °C in the
presence of ~150 mm NaCl, which mimics the physiological
acidic conditions. The oligomerization kinetics at every pH
value was approximately described by a second-order reaction
(Equation 6) (Fig. 8A). It was clear that the oligomerization was
gradually accelerated by lowing the pH from 5.0 to 2.0. This
acceleration may be explained by the increase of the initial frac-
tion of the A-state at low pH (Fig. 1, A and B) because the
A-state has a tendency to form the B-rich oligomer (Fig. 7, A
and B). In fact, the logarithm of the apparent rate constant
(k,pp) was lineally correlated with the logarithm of the initial
fraction of the A-state (R*> = 0.98) (Fig. 8B). Although the
detailed mechanism underlying the oligomerization process is
under investigation, this linear correlation strongly suggests
that the A-state is a pre-oligomer state just prior to the oligo-
merization reaction. Thus, the A-state is considered to be a
pre-oligomer state and to play a physiologically important role
in the oligomerization process occurring under physiological
acidic conditions, such as in the endosome.

DISCUSSION

Characterizations of the A-state Structure—In the present
study, we identified the A-state of PrP< at pH 2.0 and clarified
its structure using far-/near-UV CD, ANS fluorescence, and
deuterium exchange. The deuterium exchange analysis
revealed that the S1-H1-S2 region of the A-state was signifi-
cantly fragile (Fig. 6A). Previously, a synthetic H1 peptide was
shown to retain its native-like structure even at pH 2.0,
although its a-helicity was decreased by 41% compared with
that at pH 4.5 (30). Thus, the S1-H1-S2 region may undergo
rapid exchange between the folded and unfolded structures. In
contrast, the H2-H3 region should retain a relatively stable
folded structure because its backbone protection factors are
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FIGURE 8. pH dependence of the oligomerization process. A, oligomeriza-
tion process at various pH values (pH 2.0-5.0) monitored by the change of the
monomer fraction using the size exclusion chromatography. The pH 4.6
buffer (pH 4.6, 20 mm sodium acetate, 150 mm NaCl) was utilized for the elu-
tion. The solid lines represent the least squares fits to a second-order reaction
(Equation 6). [M], and [M].. values (0.87 = 0.01 and 0.10 = 0.01, respectively)
were commonly used for the fitting. This experiment was performed at 37 °C
with a protein concentration of 70 umin the presence of ~150 mm NaCl. B, the
logarithms of the apparent rate constant (k, ;) plotted against pH (top axis)
and the logarithm of the initial fraction of the A-state (bottom axis), which was
calculated using Equations 1 and 2 based on an acid-titration experiment at
37°C(2.58 and 2.28 of pH,,,;,; and A, respectively). The solid line represents
the least squares fit to a linear function (0.73 = 0.04 and 2.22 = 0.11 of the
slope and the intercept, respectively).

significantly high (Fig. 6A). The large difference in stability
between the two regions may be attributed partly to the disul-
fide bond that connects H2 and H3 (Cys'”?-Cys*'*). Although
the protection factors at the fully unfolded state have not been
obtained for PrP<, those for an unfolded B-lactoglobulin (31)
around the disulfide bond region (Cys'°®~Cys''?) were shown
in Fig. 5C in Ref. 31. Although the orders of magnitude of the
protection factors in the unfolded B-lactoglobulin were similar
to those of the A-state, residues with relatively high protection
factors span only several residues from the Cys'® or Cys''°. On
the other hand, in the A-state, residues with the high protection
factors span more than 10 residues from Cys®**, as shown in Fig.
6A, suggesting that H3 regions are stabilized by interactions
other than the disulfide bond, which may also stabilize the over-
all secondary structure of the A-state.

The A-state of PrP“ was also characterized based on its
native-like tertiary structure (Fig. 1D) similar to the molten
globule state of equine lysozyme (28). In the molten globule
state of equine lysozyme, the native-like tertiary structure was
located in the region where the backbone protection factors are
relatively high. Thus, the native-like tertiary structure of the
A-state may be localized mainly at the H2-H3 region. More-
over, the synthetic H2-H3 peptide retained its native-like
tertiary structure (32), implying that this region can maintain
its native structure almost independently of the structure of the
S1-H1-S2 region.

Effects of the Protonation of Charged Residue(s) on A-state
Formation—The acid titration experiments (Fig. 1, A and B)
showed that the pH, ;4 and Ay, values of the N-to-A transi-
tion were 2.44 * 0.06 and 2.28 * 0.47 at 20 °C, respectively,
indicating that this transition is triggered by the protonation of
two or three charged residues with pK, values of ~2.5. We
identified 4 carboxyl residues where the pK, value corre-
sponded to the pK,,,;4 value of the N-to-A transition within an
error of 1.0 using H++ (23) (Asp***, Asp'*’, Glu'*? and
Glu'®®) (Table 2). These residues are located on the interface
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TABLE 2

Predicted pK, values of the side chain carboxyl groups
Residue pK,
Asp'** 2.37
Glu'*® 393
Asp™” 245
Glu**? 3.30
Asp*®” 3.61
Asp'”® 0.65
Glu**® 209
Glu?® 4.07
Asp®? 0.64
Glu>” 3.66
Glu?** 3.63
Glu?* 4.17

FIGURE 9. Charged residues whose protonations may trigger A-state for-
mation. The charged residues with pK, values of 2.5 = 1.0 are shownin red in
the three-dimensional structure of native PrP© (Protein Data Bank entry 1AG2)
(Asp™*, Asp'7, Glu'®2, and Glu'®%). The salt bridges between these residues
and neighboring residues are represented as green dotted lines (Asp'*4-
Arg'*® Asp'¥’-Arg'®!, and Arg'*-Glu'®¢). The S1-H1-S2 region is shown as a
blue ribbon diagram, whereas the H2-H3 region is shown as a white surface
diagram.

between the S1-H1-S2 and H2-H3 region (Glu'*®) or within the
S1-H1-S2 region (Asp'**, Asp'*’, and Glu'*?) (Fig. 9). Thus,
protonation of these residues can destabilize the S1-H1-S2
region and initiate the N-to-A transition. Moreover, three of
these residues probably form a salt bridge with the neighboring
residues (Asp'**—Arg!s, Asp'*’—Arg'®!, and Arg'*°-Glu'®®)
(Fig. 9) (33), which is expected to contribute significantly to the
stability of native PrP<. Thus, the protonation of charged resi-
due(s), especially Asp***, Asp'*’, and Glu'®, may trigger the
N-to-A transition.

Biological Role of the A-state—The A-state is characterized
by a high tendency to B-conversion (Fig. 7A) and oligomeriza-
tion (Fig. 7B). Early studies suggested that PrP“ transformed
into a B-rich partially unfolded state at acidic pH values in the
presence of salt (9). However, subsequent extensive studies
revealed that this state is not monomer but oligomer (8, 10, 13)
and found that high ionic strength is required to convert an
a-rich monomeric PrP€ into the B-rich oligomer (10, 13, 14).
These studies coincide well with our current results, in which
PrP< forms the A-state or a stable a-rich monomer with low
ionic strength (Fig. 7B), whereas it is rapidly converted into the
B-rich oligomer by adding 150 mm NaCl (Fig. 7, A and B). In
addition, we showed that the rate of oligomerization at low pH
(pH 2.0-5.0) in the presence of salt was strongly correlated with
the initial fraction of the A-state (Fig. 8, A and B). Thus, our
current study suggests that the A-state is a pre-oligomer state at
low pH and that the destabilization of the S1-H1-S2 region (Fig.
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6, A and C), which may be triggered by the disruption of key salt
bridges (Fig. 9), is crucial to understand the oligomerization
process of PrP<,

Interestingly, it has been suggested that critical interactions
in H1 are involved in the pathogenic conversion mechanism
(34), which has been further verified experimentally (35). An
R148H mutation that disrupts the Asp'**~Arg"*® hydrogen
bond causes symptoms similar to the sporadic Creutzfeldt-Ja-
kob disease MV2 subtype (36). In addition, a E196K mutation is
aphenotype of inherited prion disease, which typically presents
a rapidly progressive dementia and ataxia (37). Thus, it is pos-
sible that the A-state, where these salt bridges are lost, is
actively involved in the conversion mechanism. Actually, it has
been suggested that the pathogenic conversion occurs at low
pH in the endosome pathway (38). It might also be interesting
to pursue whether or not the A-state corresponds to an inter-
mediate state toward PrP5¢, such as PrP* (39).

Although conformational change of the A-state into the
B-rich oligomer was not clarified in the present study, the fol-
lowing two models were suggested as the initial process based
on the A-state conformation (Fig. 6, A and C): (a) refolding of
the highly unstable S1-H1-S2 region into a B-sheet structure
and their subsequent intermolecular interactions (40) and (b)
intermolecular interaction between the H2 and H3 regions,
where the hydrophobic core is probably exposed to the solvent
in the A-state because of the unstable S1-H1-S2 region (32, 41,
42). Recently, B-sheet conversion of residues 118 -122 in the
crystal structure of the human prion protein has been observed
(43). Thus, mechanism a might be also plausible.

Drug Design—This information about the A-state structure
could also facilitate drug design by stabilizing the PrP< confor-
mation and further regulation of the conversion process (44).
The A-state of the PrP< described in the present study shows
that the salt bridge between Arg*®® and Glu'®® is crucial for
maintaining the PrP< conformation and for preventing further
oligomerization. It should be noted that Glu'®® undergoes a
slow fluctuation of the time scale between submilliseconds and
milliseconds (45), which suggests that Glu**® might be actively
involved in a kinetic intermediate formation. In addition,
Glu'®® is one of the major binding sites of GN8 (19). The inter-
action between Glu*®® and GNS prevents the major structural
breakdown of the PrP€ into the A-state. A medical chaperone
(44) that stabilizes the PrP© conformation should include
Glu'®® in the binding region. The involvement of Asp'** and
Asp'*” in the binding site would further strengthen the anti-
prion efficiency of the medical chaperone in terms of the struc-
tural stabilization of PrP<.
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