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Proc. Natl. Acad. Sci. USA
Vol. 96, pp. 2042-2047, March 1999
Biophysics

Copper binding to the prion protein: Structural implications of
four identical cooperative binding sites

(octarepeat peptides /nuclear magnetic resonance/circular dichroism/electron spin resonance)

JouN H. VILEs*, FRED E. CoHENT#8T, STANLEY B. PRUSINERYI, DAVID B. GOODIN*, PETER E. WRIGHT*>** 1,

AND H. JANE Dyson*1T

Department of *Molecular Biology and **Skaggs Institute for Chemical Biology, Scripps Research Institute, La Jolla, CA 90237; and Departments of 'Neurology,
TPharmaceutical Chemistry, ¥Cellular and Molecular Pharmacology, $Medicine, and YBiochemistry and Biophysics, University of California,

San Francisco, CA 94143

Contributed by Stanley B. Prusiner, December 29, 1998

ABSTRACT Evidence is growing to support a functional
role for the prion protein (PrP) in copper metabolism. Copper
ions appear to bind to the protein in a highly conserved
octapeptide repeat region (sequence PHGGGWGQ) near the
N terminus. To delineate the site and mode of binding of
Cu(II) to the PrP, the copper-binding properties of peptides
of varying lengths corresponding to 2-, 3-, and 4-octarepeat
sequences have been probed by using various spectroscopic
techniques. A two-octarepeat peptide binds a single Cu(II) ion
with K4 ~ 6 uM whereas a four-octarepeat peptide coopera-
tively binds four Cu(Il) ions. Circular dichroism spectra
indicate a distinctive structuring of the octarepeat region on
Cu(II) binding. Visible absorption, visible circular dichroism,
and electron spin resonance spectra suggest that the coordi-
nation sphere of the copper is identical for 2, 3, or 4 octare-
peats, consisting of a square-planar geometry with three
nitrogen ligands and one oxygen ligand. Consistent with the
pH dependence of Cu(II) binding, proton NMR spectroscopy
indicates that the histidine residues in each octarepeat are
coordinated to the Cu(Il) ion. Our working model for the
structure of the complex shows the histidine residues in
successive octarepeats bridged between two copper ions, with
both the Ne2 and N&1 imidazole nitrogen of each histidine
residue coordinated and the remaining coordination sites
occupied by a backbone amide nitrogen and a water molecule.
This arrangement accounts for the cooperative nature of
complex formation and for the apparent evolutionary require-
ment for four octarepeats in the PrP.

Prion diseases are a novel class of neurodegenerative diseases,
including scrapie in sheep, bovine spongiform encephalopathy
in cattle, and Creutzfeldt-Jacob disease in humans (1). A new
variant form of Creutzfeldt-Jacob disease has been reported
that is thought to be caused by the ingestion of infected beef
(2, 3). A variety of biochemical, biophysical, cell biologic, and
transgenetic experiments have indicated that the critical patho-
genic event in prion disease is the misfolding of a benign
cellular prion protein (PrPC) to form the infectious disease-
causing isoform, the scrapie isoform of PrP (4-7).

Until recently, little has been known about the normal
function of PrP¢ in the brain. There is now a body of evidence
to indicate a role for PrPC in copper metabolism. Mice
deficient in PrPC showed a >10-fold reduction of copper in a
microsomal fraction from brain relative to wild-type mice and
a reduction in activity of Cu/Zn superoxide dismutase (8). It
also has been shown that cerebellar cells from mice deficient
in PrP€ are more sensitive to copper toxicity and oxidative
stress (9).

The publication costs of this article were defrayed in part by page charge

paym ,T E‘;s.a ust therefore be hereby marked “advertisement” in
accor l’g g%#tHSEdM’C this fact.
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Mature Syrian hamster PrP€ is a glycoprotein containing
two N-linked carbohydrates and one disulfide bridge. Post-
translational processing results in the cleavage of a 22-residue
leader sequence and the C-terminal tail after the attachment
of a glycosylphosphatidylinositol anchor to serine 231. The
solution structures of the mouse prion protein fragment,
PrP(121-231) (10, 11), and of Syrian hamster PrP(90-231)
(12) have been reported. The sequence of PrP(90-231) cor-
responds to the protease-resistant core of the scrapie isoform
of PrP (PrP27-30), which can mediate prion disease.

The secondary structure of the full length Syrian hamster
PrP(29-231) has been determined, and the dynamic properties
of the protein backbone have been measured (13). The sec-
ondary structural elements of the full length apo PrP(29-231)
are identical to those of PrP(90-231). The N-terminal half of
the apoprotein, residues 29-124, is unstructured, with consid-
erable backbone flexibility (13). Residues 51-91 contain an
unusual glycine-rich repeat every eight residues; this sequence
is termed the octarepeat region. Residues 60-91 consist of four
octarepeat sequences (PHGGGWGQ)4, and residues 51-59
have a homologous sequence but lack the histidine residue

2042
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Abstract.
MNineteen arabica coffee infrogression lines (BC1F4) and two accession vad frorm a spontane
interspecific cross (i.e. Timor Hybrid (TH)) between Coffea arabica (2n = 4 = 44) and C. canephora (2n =
2% = 22) were analysed for the infrogression of C. canephora genetic material. TH-derived genotypes were
evaluated by amplified fragment length polymaorphism (AFLP), using 42 primer combinations, and
compared to 23 accessions of C. arabica and 8 accessions of C. canephora. A total of 1062 polymorphic
fragments were scored among the 52 accessions analysed. Some 178 markers consisting of 109
additional bands (i.e. introgressed markers) and 69 missing bands distinguished the group composed of
the TH-derived genotypes from the accessions of C. arabica. AFLP therefore seemed to be an extremely
efficient technique for DNA marker generation in coffee as well as for the detection of infrogression in C.
arabica. The genetic diversity observed in the TH-derived genotypes appeared to be approxirnately double
that in C. arabica. Although representing only a small proportion of the genetic diversity available in C.
canephora, TH obviously constitutes a considerable source of genetic diversity for arabica breeding.
Analysis of genetic relationships among TH-derived genotypes suggested that introgression was not
restricted to chromosome substitution but also involved chromosaome recombinations. Furthermare,
TH-derived genotypes varied considerably in the number of AFLP markers attributable to introgression. In
this way, the introgressed markers identified in the analysed arabica coffee infrogressed genotypes were
estimated to represent from 9 to 29% of the C. canephora genome. MNevertheless, the armount of alisn
genetic rmaterial in the introgression arabica lines remains substantial and should justify the development of
adapted breeding strategies.
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E-mailing Records(L & — KD A — /L&)

E-Mail Marked Records from CAB ABSTRACTS

Piease note that 3ome e-mail systems cannot receive igrge fies. You may experience probiems if you try to
send large numbers of records.

BT A —ADEREENRs AT LEMILIEN
FHA, BIA—NT FLREZANTAEX 1T
HEELTEE N,

E-Mail the records to:

Iresearchers@ institution.org

Your e-mail address (optional):

Ilibrarian@institution.org — :EE’@%%%*‘/V? FI/X% ’—;IJ:'E‘H:IIAJ @$%(:§§
RCEEY, 2L, EFA—LOa—dkES

Notes {enter up to 250 characters): nNEEA,

Here are the results of the search:| —

Topic = coffe® and (breed* or cultiv®)

Author = bertrand b =

4 }I

CLEAR FORM SEND E-MaIL

Printing Records (L == — KD HIRI)

1. Marked List ~<—’2>5, Author, Title, Source publication & & %2, Hlill L
72T — )L REEIR L TLF &V, L a— R% Latest Date. First Author &
HUMZE Source Title TY— F L TL 7S,

2. FormatforPrint "% %227 Vw7 45&, 74—V RO~—27 OffW ol
OTFFAMgHRicva—RE 74—~y N TEXET,

3. UV T T IV —DT 7 ANSHRIA T a v E N, T —vy Iz
La— REHERL T 7ZE0,

4. BT DMNNTWRWTHFARELTLa— RERETIHIE. V2T T Tv
P—DTZ 7 AN RIEF T a 2L TSN,
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Saving Records (L =1 — RD{RTE)

ISIDZ Jft& 7 7 A AR TL a2 — FERMFET HITIE,. Marked List O~X— T
ZEIEZMTITRERZ 27V v 7 LT &N, Z7ANV 1 RIEODF AT 1

TRy 7 AT, BRIFTHEE T 7 ANVAZRELTLIEIY, VA RTy—7
HOFleva—REGHRT7 7 A VBRIFESIL. 74—V KD 23FDH 7Tkl
SINFET, ZOT7F—~vy MNIEEEFREH T 0 /7 L0V —T7 0V 7 MIA v~
AR—FTDHZENTEET,

W Microsoft Word - (Juorn

”@ File Edit Yiew I[nsert Format Tools Table Window Help ;[iliﬂ
0= 5 @Rt oo e BEOE:
“ Plain Text ~ Caurier Mew ~10 | B F O H_E = = | = 1= &= = - & - é -
I R S R i a5 A o
L 1 ' 1 ' 1 ' 1 1 O
FT J
AT Gordon, C.
Thomasz, 3. :z"blj:\ Microsoft Word ® T
Griffen, 4. —
- N -
e ., PV 7z & SRR SIS,
Trinei, i. P. J. ISIOE TFr& 7 7 A LD
Wiebe, M. G. y7°/1/~/c—§—
TI Cowbined use of growth rate correlated and growth rate °©
independent promoters for recombinant glucoamylase production

in Fusariwmn vensnatin.

30 FEMS Microbiology Letters

VL 194

I8 2

PS 229-234

BF Z29

EFP 234

PYT Z0OO1

Li English

DT Journal article

AR Fusarium wenenatuwn JeR3 325, a strain which produces
recombinant glucoamylase [1,4-alpha-glucosidase] under control %4

Ry

Exporting Records to Bibliographic Management Software

(CCEREHE Y 7 F~DTZ 7 AR—})

Marked List D_X— 05 Export RZ > &7 Vw7 L, 77 A NE#EY 2T AT
7V HHWVNET = X=RRAFT D0, BUEOKRITH L THICT — 2~ —
A& AER LT 72 &V, EndNote, ProCite, & %\ X Reference Manager (Z[E.#2 L
a— R&Ex= 7 AR— I\?“Zo X, Y72 ISI/RIS Web Capture Utility & & 12,
EndNote, ProCite. & %\ % Reference Manager 2 > A h—/L L TEBL LE R H
VEFT, 2O 2—FT 4 VT 42X TR — R AV AN=ATHHDOHN
I%. “Exporting Records”~/L- 7" ~— D ISI/RIS Web Capture Utility U > 7 % 7 U
v 7 LTLTEENY,

THOIVISON
—— "
ISI RESEARCHSOFT
ISI ResearchSoft 72 & D& FHRIZ-DOVWTliX, http://www. isiresearchsoft. com/
P TELTEEN,
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Saving Queries (BB R DRTE)
BT U< T8 ST — 4 AR DRI HAT L, O LR & IO
ZinTcEEd, mBERNIe—h T 0 AT ITRIFEL E 9,

BREXEZRGFT DL, UTORAT v > TLEE W,

I fRfFLIEWVERRAEZ AN LET,

2. Save Query R¥ %7V v 7 LET,

3. Fu 7 NEMEMN TR L, IRIFHET 4 L7 MU EEIRL, NERDLNL T 7
ANGL BT, Save RZ %7 ) v 7 LET,

ADDRESS: Enter wor i 21x]
I Save jh: Ia 151 Saved Queries j - £k ER-
{&]apop
DESCRIFTORS: Entel & internet privacy ssarch
@_» I"meat analogues"™ CR @tBSt strategy
CABICODES Enter th EICS
|
CAS REGISTRY WOk
|
Search us ; File name: Imeat analogues| x j Save I
@—W Save the ¢ | N Savesstpe  [HTMLFiles = Cancel /|
— %
Clear all search terms entered above.
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Running Saved Queries

(RTFE L TR R D FEAT)

CAB Abstracts Database Selection D-<2— %2 F R LET, LD 7 7 A NV LT
— X HFHETEIR L, MBEEZEITLET, ~—ID FIT Using Saved Queries & \»
AV I RBHVET, 22, ZORE Y ZIZETLIAVT SR TE LT,

BRGF LB EFTTHIE, UTORT v A>T EE0,

1L BREFLIEMERADOGTE 7 7 A NG & NS D0y, 7T D X/Browse R
ST EEW,

2. AT RIT Ry 7 APHEET, MRAEREFELEZTZ A NVT =00, 77 A
VIR L T, Open 75:7 Vw7 LET, ZHICXY, RREIO TIZHD
Using Saved Queries ([Z357T & 7 7 A /L4, (Wz i¥ C:\My Saved Queries\meat
substitute.html 72 &) S A1 SV ET,

3. OpenQuery R¥ > %#=7 Y v 2732 & Search [z &R~ LET,

4. B EFITLCSearch 227 U v 7 LTL &V,

[[CAB ABSTRACTS® Powered by ISI Web of Knowledge s

. : T MARKED

Database Selection
File Upload
Look in: Ia 151 Saved Quernies ;I = E‘F Ed-

& ]apop
@internet privacy search

« CAB AB:

 |atest [ssu
 |Latest 2 |s¢
 |Latest 4 |s¢

< -limeat analogues
{E ) test strategy

@ Al Years
© Year Selec
2002 © 11993
o192 1983
198z «— 11973
. File name: Imeat analogues LI Open ! |
! Files of type: |HTML Files =l Cancel [\
25
Using Saved Queries: Instructions for editing and running saved queries.
En‘rerfull pa‘rhname of saved query (e. g chmyqueriesiguenryl) ar use Browse. \@
Bmww Open Cuery |

BN Ol

Using Saved Queries: Instructions for editing and running saved queri
Enter full pathname of saved query (e g chmygueriesigueryl) or use B

Is\.meat analogues. htm Browse... Open Cuery |1\Q
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Appendix A — Topic Fields

The fields listed below are included in the Topic/Subject search. Some of the fields listed
below are also separately searchable (see Appendix B).

Field Description Example
Title Title of the source article, book, or volume Enter bovine leukemia same
in a book series. If the source document was | detect* to retrieve:
not originally published in English, both the
original-language title and the English title Comparison of primer sets for the
(translated) are searchable detection of bovine leukemia virus
' by polymerase chain reaction.
Abstract The abstract is a summary of the content of | Enter fungicid* and tuber* to

Descriptors

Broad Descriptors

Geographic Location

Identifiers

the source publication. Many abstracts are
written by subject specialists at CAB
International. If the author abstract is used,
it is often supplemented with additional
information derived from the source
publication.

Descriptors from the CAB Thesaurus
assigned by a subject specialist at CAB
International.

A Broad Descriptor is an Organism
Descriptor or a Geographic Location term
that has one or more subordinate descriptors
in the CAB Thesaurus hierarchy.

Broad descriptors are automatically
assigned to records that contain descriptors
in the Organism Descriptors and
Geographic Location fields. For example, a
record containing Orthoptera in the
Organism Descriptors field will
automatically have insects as a Broad
Descriptor. A record containing Siberia in
the Geographic Location field will
automatically have Russia as a Broad
Descriptor.

Country or region discussed in the source
document. Terms in this field are
descriptors from the CAB Thesaurus and
are allocated at the appropriate level of
specificity for the concept being discussed.
All broader level terms in the thesaurus
hierarchy are automatically added to the
Broad Descriptors field.

Identifiers are keywords that are non-
preferred terms and therefore are not found
in the CAB Thesaurus.

This field is used for concepts that do not

CAB Abstracts 1.0 X F—+ A

retrieve information about
treating tuberous plants with
fungicide.

Choose Nitrogen fertilizers or
Calcium fertilizers from the
CAB Thesaurus to retrieve
records that are about those
specific classes of fertilizer.

Use Asia and Equidae to
retrieve:

Equidae; Perissodactyla; mammals;
ungulates; West Asia; Asia;

For information on riparian
vegetation in a specific location,
enter riparian veg* and
tennessee.

For information on red-
shouldered or broad-winged
hawks, enter Buteo lineatus or
Buteo platypterus.
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Organism Descriptors

Cabicode Names

yet have controlled terms, including new
species and new chemicals.

Descriptors from the CAB Thesaurus for
CABI preferred organism names at the
appropriate level of specificity for the
concept discussed. All broader level terms
in the thesaurus hierarchy are automatically
added to the Broad Descriptors field.

CABICODES are classification codes that
indicate the broad subject areas addressed
by source documents. Every record in CAB
Abstracts has at least one CABICODE. A
CABICODE consists of two letters
followed by three numbers. Every code has
a name. For example, the name for code
JJ200 is Soil Chemistry and Mineralogy.
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For information on the genus
Buteo or broad information about
hawks, choose the CAB
Thesaurus terms Buteo or
hawks.

Enter Soil Physics to retrieve
items that have been classified
under JJ300 Soil Physics.
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Appendix B — Other Search Fields

Field
Author/Editor

Source Publication

Address

CABICODES

CAS Registry Number

Description

Names of authors and editors in CAB
ABSTRACTS appear surname first,
followed by initials. The names of all
authors (up to 100) of a multi-authored
publication may be searched and will
appear in a record.

Asian names may appear in the database
with initials or spelled out in full. It is
advisable to search for Asian names by
surname, followed by initial.

Enter the full title or truncate. To be
comprehensive as well as accurate in
searching by source title, consult the list of
publications. You can cut a title from this
list and paste it in the field box. If you want
to search for multiple titles, separate the
titles by the operator OR.

CAB ABSTRACTS includes the address of
the first author or the corporate author. In
general, only one address appears in the
Address field of a record.

CABICODES are classification codes that
indicate the broad subject areas addressed
by source documents. Each code is
accompanied by a name. Click the
CABICODE list link on the Search page to
go to the list of CABICODES where you
can search for CABICODES and select
them for your search

A CAS Registry Number® is a unique
numeric identifier assigned to a chemical
substance in the CAS Registry database. In
CAB ABSTRACTS, a Registry Number is
automatically assigned to this field if the
record has been indexed with a chemical
term (Descriptors field), which has an
associated Registry Number.
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Example

For complete retrieval, truncate
after the first initial whenever
possible:

Alpert J retrieves
Alpert J

Alpert J.E.

Alpert J.S.

Xu C* retrieves:

XuC.C.

Xu CuiLing

Xu ChengKai

Enter responsible marine aqua™
to retrieve items from the journal
Responsible Marine Aquaculture.

Enter (Isu or louisiana state
univ*) same health to retrieve
records related to the Louisiana
State University Health Science
Center.

For information on health care for
patients in rural areas, use the
CABICODE VV550 Rural
Health.

CABICODES can be truncated to
include narrower concepts. Use
VV* to retrieve records in
VV000 Health and Human
Hygiene (general) and all
narrower headings.

To search for all records dealing
with the chemical substances
arsenic or lead, enter the CAS
Registry Numbers, including the
hyphens, connected by a Boolean
operator:

7440-38-2 or 7439-92-1
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Contacting ISI

Addresses Technical Help Desks Customer Education
ISI A AEH T Phone: +81-3-5218-6530 Phone: +81-3-5218-6530
RAYVYa—HFL— g ke Fax:  +81-3-5218-6536 Fax:  +81-3-5218-6536
BT X — V16 1-1-1 Email: jphelp@isinet.com Email: jphelp@isinet.com

RUAYA RE/L5HE

ISI HARGER —LR—T % TEL 72XV,
http://www.isinet.com/japan

AR NER, B#Ema— A, Pl —=U~vma T DX U0
— R ENTEET,

KRN A MIZH 5 TY, http://www.isinet.com
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Contacting CABI Publishing

North American Office UK Office
CABI Publishing North America

44 Brattle Street CABI Publishing

CAB International

4th Floor .
. Wallingford
Sgn;brldge, MA 02138 Oxfordshire
0OX10 8DE
UK
Tel: +800 528 4841 (Toll Free from Tel: +44 1491 832111
US/Canada) Fax: +44 1491 829292
Fax: 617 354 6875
E-mail: cabi-nao@cabi.org E-mail: orders@cabi.org

For more information about CAB Abstracts, visit:

http://www.cabi-publishing.org
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