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The N-terminal region of the prion protein from human and mouse contains five tandem
repeats with the consensus sequence of PHGGGWGQ. NMR studies were performed in
water for two cyclic peptides, cyclo-[C1R2Q3P*HsG6G7S8W9G10Q11RuD18CM] (CD and cyclo-
[C1RxD3P4H8G8G7G8W9G10Q11PuH13G1*G1»G18W17GI8Q19R80D21C2rl (C2), which are cyclized by
a disulfide bridge between the Cys residues at the N- and C-termini, and for their corre-
sponding linear peptides (LI and L2) which are formed by reduction. The patterns of
the CaH chemical shift difference of these four peptide mimetics were very similar to
those observed for the tandem repeats of human prion protein reported by other re-
searchers. The medium-range NOE connectivities were found between the CpH of the H5
and the proton of the W9 side chain for LI. The corresponding NOEs were also observed
in H5-W9 and H13-W17 of L2 with ambiguity. These observations indicate that histidine
(i) is in close proximity to tryptophan (i+4). daN (i,i+2) NOE connectivities were ob-
served between W9 and Q l l of LI and L2, and d^ (f,i+l) NOE connectivities were also
observed for G10-Q11 of LI and L2 and for G18-Q19 of L2. Significantly lower tempera-
ture coefficients of amide proton chemical shifts were obtained for Ql l and Q19 of L2
and C2. Structure calculations for LI showed that HGG<G/S)W and (G/S)WGQ adopt a
loop conformation and a 3-turn, respectively. These results strongly suggest that the
tandem repeats within prion protein adopt a non-random structure.

Key words: JJ-turn, histidine-tryptophan interaction, N-tenninus, octapeptide repeat,
prion protein.

The "prion hypothesis" holds that an aberrant conformation teins (2-4) and studies of synthetic peptides (5-8) have
of a normal cellular protein is the essential, perhaps sole, shown that prion proteins can bind copper ions at an N-ter-
component of infection agent responsible for several fatal minal site containing five tandem repeats of the octapep-
neurodegenerative diseases, including bovine spongiform tide PHGGGWGQ (Fig. 1).
encephalopathy (BSE), sheep spongiform encephalopathy Recent NMR studies of full-length PrP revealed that the
("scrapie"), and the human genetic disease Creutzfeldt- N-terminus including the tandem repeats is highly flexible,
Jakob disease (CJB) (1). Although it is not certain that the while the remainder adopts a globular shape (9-11). Se-
prion protein is their agent of these diseases, it is a primary quentdal assignments of the tandem repeats were impossi-
component of infectious brain fractions, and infection ble because of overlapping resonances. Furthermore, the
occurs only in hosts expressing the prion protein. In the assignment of NOE connectivities and the value of V ^ ^
course of disease, the normal 20 kDa cellular prion protein were ambiguous. This situation has apparently hindered
(PrP) is converted into a form with modified secondary any detailed investigation of the structure of the tandem
structure (PrP60). repeats within the prion protein, hi contrast, spectroscopic

Little is known about the normal cellular role of the data show that membrane binding of PrP results in a sig-
prion protein. Although no enzymatic activity is associated nifirant ordering of the N-terminal part of the molecule
with the protein, both in vivo results with mnmrnfllinn pro- (12). Circular dichroism study suggested that a synthetic

octapeptide repeat adopts a non-random, extended confor-
1 This work was supported in part by a Special Grand-in-Aid for Pro- mation with properties similar to the poly-L-proline type II
motion of Education and Science in Hokkaido University provided left-handed helix (13). Raman spectroscopy suggested that
by the Ministry of Education, Science, Sports, and Culture (to K.H.) the binding of copper to octapeptide PHGGGWGQ induces
and by a Grant-in-Aid for Scientific Research from the Ministry Ed- formation of ^ a.nelical structure in the GWGQ segment
ucation, Science, Sports and Culture of Japan (to N.M.). ,—. T, ., , ,, ,.
* To whom correspondence should be addressed. Tel: +81-11-611- (7 )" U *??**** timt * * ? *"* 8mne discrepancies among
2111, Fax:+81-612-3617, E-mail: matustma@6hs.sapmed.ac.jp these observations on the structure of the octapeptide

repeats.
© 2000 by the Japanese Biochemical Society. The flim of this study is to obtain more reliable informa-
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91

92 GGGTHSQWNKPSKPKTNMKHMAGAAAAGAWGG 124

Fig. 1. Sequence of the flexible N-terminus of human prion
(59).

tion on the preferred structure of the tandem repeats of
PHGGGWGQ. Here we performed NMR studies of cyclic
and linear peptides containing one or two repeat units
within the prion protein to obtain NMR parameters reflect-
ing folded structure. The cyclic peptides may be less flexible
and adopt more stable structure than linear peptides. Com-
mon structural features of all tandem repeat units in pep-
tides with different repeat numbers (one and two) are
likely to reflect a potential structure of tandem repeats in
the prion protein. Cyclic peptides were successfully used in
NMR studies to identify p-turns in YSPTSPS repeats of the
CTD within RNA polymerase II (Kumaki et al., unpub-
lished results) and in PGQGQQ repeats of high molecular
weight gluten proteins (14).

MATERIALS AND METHODS

Peptide Design—We designed the following cyclic pep-
tides for this study.

Cl : cyclo-[C1R2Q3P4H6G6G7S8W9G10Q11R12D13C14]
C2:cyclo-[C1R2D3P4H5G6G7G8W8G10Q11P12H13G14G15G16-

Cyclic peptides C l and C2 contain one and two PHGG(G/
S)WGQ repeats, respectively. The PHGGSWGQ segment is
found in mouse prion protein. These peptides are cyclized
through a disulfide bridge between the Cys residues at the
N- and C-termini. Hydrophilic amino acids Arg and Asp are
also introduced at both sides of the tandem repeat in order
to enhance the solubility in water. These cyclic peptides
were prepared by Science Tanaka (Ishikari).

The cyclic peptides (Cl and C2) were reduced by adding
19-20 mM dithiotiireitol (DTT) to yield the corresponding
linear peptides (LI and L2).

LI: C1R2Q3P4H5G6G7SsW9G10QnR12I)13C1'1

L2: C1R2D3P4H5G6G7GsW9G10Q11P12HI3G14G16G18W17G18-

Complete reduction was achieved since the signals gave
only one set for respective LI and L2 after 12 h.

Sample Preparation—Purified peptides were dissolved in
water containing 50 mM KC1 and 0.02% sodium azida LI
and C l were completely dissolved without precipitation
and thus dissolved at high concentration. The peptide con-
centrations of LI and C l were 6.7 and 7.9 mM, respec-
tively, and the pH values were 6.6 and 6.2 in KfifD2O
(90%: 10%), respectively. The solubility of L2 and C2 (espe-
cially C2) was not so high at this range of pH in spite of the
introduction of hydrophilic amino acids. The peptide con-
centrations of L2 and C2 were less than 3.7 mM. Their pH
values were 6.6 in PLJO/DJO (90%: 10%), respectively. Com-

parison of the ID spectra obtained at two different concen-
trations of LI (0.2 and 7.9 mM) and of L2 (0.2 and 3.7 mM)
at 298 K indicated no concentration dependence of reso-
nance. TSP was added to the solutions as an internal refer-
ence (0.0 ppm).

NMR Measurements—All NMR experiments were per-
formed on a JEOL alpha 500 and 600 spectrometers, and
the NMR data processing was done on a SGI 02 worksta-
tion using NMRPipe software. NMR experiments were per-
formed at 278 K except for experiments of temperature co-
efficients of amide proton resonances. The temperature was
maintained within ±0.1 K The temperature dependence of
the amide proton chemical shifts was determined from
measurements at 278, 283, 293, 303, and 313 K for all pep-
tides studied here.

NOESY experiments were also performed at 100, 200,
300, 400, 500, and 650 ms in order to assess NOE buildup
profile for L2. The NOE buildup rates about cross-peaks
within Tip ring indicated that the buildup is fairly linear
from 100 to 400 ms. Sequence-specific assignments of pro-
ton resonance were obtained by 2D NOESY (mixing time =
300 ms), TOCSY (mixing time = 70 ms), and DQF-COSY
experiments. Water signal was suppressed by DANTE pre-
saturatdon. The V ^ ^ coupling constants were also deter-
mined.

Structure Calculations—For LI, 38 unambiguously as-
signed NOE correlations were used to calculate structure.
NOE cross-peaks corresponding to fixed distances between
aromatic ring protons (Tip C^i-C^H) were used as inter-
nal standards. NOEs were assigned as strong, medium,
weak, and very weak. Lower boundary limits were set at
1.8 A for all NOEs, and upper boundary limits were set at
3.5 A for strong, 4.5 A for medium, 5.0 A for weak, and 5.5
A for very weak. The 4> angle of His5 of which VJJH,, cou-
pling constants were >8 Hz was restricted' to -120 ± 30".
No hydrogen bonding restraints were used in any of the
calculations.

Structures were calculated using the program X-PLOR
version 3.851 (15). The standard files parallhdg.pro and
topallhdg.pro were used to define the force constants and
residue topologies, respectively. Random coordinate files
were generated using generatetemplate.inp. One hundred
substructure embedded coordinate files were generated
using the dg_sub_embed.inp protocol (16, 17). Distance
geometry and simulated annealing were performed on the
100 subembedded structures using the dgsa.inp protocol
(16-18). This protocol performs initial energy minimization
using the conjugated gradient method, followed by 6,000
steps of restrained molecular dynamics at 2,000 K and
3,000 steps of simulated annealing to 100 K for a total of 33
ps of dynamics. These structures were then subjected to a
final step of minimization. The resulting 100 coordinate
files were refined using the protocol refine.inp. Dynamics
were begun at 1,000 K and consisted of 2,000 cooling steps
to ] 00 K for a total of 10 ps of simulated annealing. A final
stage of minimization was performed using a repel value of
0.75 to define the VDW potential.

Using a cutoff of 0.1 A for upper bound NOE violations
and 5" for dihedral angle bound violations, 42 structures
were left from the 100 refined structures. The 15 lowest
energy structures were used to represent the final accept-
able ensemble for LI.
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RESULTS

NMR Resonance Assignments—Table I describes the
amino acid assignments for the four peptdde mimetics (LI,
L2, Cl, and C2) in KfifDfi (90%:10%) at 278 K Identifi-
cation of their individual amino acid residues was com-

pleted unambiguously by TOCSY experiments (Fig. 2). Se-
quential assignment of the proton resonances for LI and
Cl was completed by sequential NOE connectivity
dM ( M + D except for Cl or R2.

CJI Chemical Shift Difference—CaH chemical shifts are
sensitive to peptide backbone conformation. The chemical
shift deviations of C H resonance from random coil values

TABLE I. Resonance assignments for two linear peptides (LI and L2) and two cyclic peptides (Cl and
C2). 'The chemical shifts for each amino acid at 278 K The chemical shifts are reported in parts per million.
h '̂ HNHQ i3 three-bond scalar coupling between the backbone amide proton and the a proton. 'Jf^m, is reported in
herz. • -AS/AT is the temperature coefficient of the amide proton chemical shifts. The coefficients measured
between 278 and 298 K are included {.-AppblAK). d The chemical shifts of C^i on Gin are 6.95/7.70 and 7.00/7.57
ppm. The number of residues was not determined because of overlapping. * The chemical shifts of (C^IL CjjH) on
Trp are 6.95/7.70 and 7.00/7.57 ppm. The number of residues was not determined because of overlapping. ' The
chemical shifts of CjjH on Gin are 6.97/7.62 ppm and 6.96/7.68 ppm. The number of residues was not determined
because of overlapping.

C h e m i c a l sh i f t
Residue HN Ha H/? H r ' Other 3JHNH

b c
-A3/AT

(a) L1 : CRQPHGGSWGQRDC

C1
R2
Q3
P4
H5
G6
G7
S8
W 9

G10
Q11
R12
D13
C14

N D
8.65
8.72

8.55
8.54
8.44
8.36
8.38

8.40
8.22
8.50
8.62
7.97

4.06
4.34
4 59
4.34
4.62
3.97
3.95
4.47
4.66

3.77/3.86
4.31
4.37
4.66
4.37

2.97/3.05
1.78/1.83
1.89/2.06
1.78/2.17
3.14/3.14
-
-
3.80/3.80
3.28/3.33

-
1.97/211
1.78/1.87
2.66/2.73
£94/2.94

-
1.64
2.37
1.94

-
-
-
-

-
2.33
1.62/1.62
-

-
t : 3.17/3.17, e : 7.26
12: 7.00/7 59
i : 3.62/3.74
.52:7.07, 11:8.05
.

-
<J1:7.25, t 1 10.18, t 3 : 7 61,
f2-7.47, J3 . 7.14, 7 2 : 7.23

-
c2: 6.94/7.70
S: 3.16/3.16, t : 7.22
-
_

ND
ND
6.9
-
8.1
-
.
7.9
6.8

-
72
7.7
72
72

ND
9.60
9.60
-
7 67
6.90
7.15
7.46
6.92

6.18
5.57
6.71
6.42
5.11

(b) L2 : CRDPHGGGWGQPHGGGWGQRDC

C1
R2
D3
P4
H5
G6
G7
G8
W 9

G10
Q11
P12
H13
G14
G15
G16
W17

G18
Q19
R20
D21
C22

N D ND
N D N D
8.64 4.81

4.31
8.52 4 66
8.21 3.97
8.46 3.92
8.41 3.87
8.20 4.59

8.44 3.75/3.80
8.09 4.53

4.27
8.54 4.59
8.52 3.95
8.46 3.92
8.39 3.87
8.22 4.61

8.48 3.77/3.81
8.20 4.30
8.48 4.34
8.60 4.64
7.96 4.37

ND
N D N D
£58/2.70 -
1.73/2.14 1.92
3.08/3.19 -

323/3.30

1.83/2.02 2.28
1.73/2.12 1.91
3.11/3.11

3.22/3.30

1.94/2.08
1.73/1.84
Z64/2.73
£92/2.92

£30
1.58/1.58

S : 3.09/3.09, c : 7.19

* : 3.75/3.83
<J2:7.04, c 1:8.07

<M:7.22, 11:10.17, (3:7.58,
?2:7.45, f3 : 7.12, 7 2 : 7.21

(2:6.96/7.61
d : 3.58/3.71
<J2:7.04, c 1:8.03

<M:7.22, d : 10.17, c3:7.58,
f2:7.45, J3: 7.12, 72:7.21

(2:6.94/7.69
S : 3.09/3.09, t : 7.19

N D
N D
6.3

8.5

6.8

7.7

8.7

6.8

7.4
73
7&
73

N D
N D
9.44

5.05
3.51
6.95
721
6.40

6.57
4.98

7.95
7.08
6.95
6.15
6.36

6.53
5.19
6.17
N D
4.69
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(19) [A5CaH = 5COH (observed) - 8CaH (random coil)],
where the random coil value of Gin/Asp preceding Pro is
corrected by taking account of nearest-neighbor effects (20),
are shown in Fig. 3.

The main feature is that the COH resonance of G10 in all
of the four peptide mimetics (LI, L2, Cl, and C2) shows
significantly larger upfield shifts than those of all other res-
idues. The same is observed for G18 of L2 and C2. More-
over, values of A8 CaH of P4 and H5 for the four peptide
mimetics and of P12 and H13 of L2 and C2 are larger than
those of the other residues except for G10 or G18. Such
behaviors of CaH chemical shift difference are very similar
to those calculated from CaH chemical shifts of the tandem
repeats within human prion, as shown in Fig. 3c {11). This

suggests that the peptide mimetics used here adopt a simi-
lar backbone conformation to that of the tandem repeats of
human prion protein.

The chemical shifts of the two CaH resonances for G10
and G18 are also different from each other (Fig. 3). Thus,
their dihedral angles (<}>, 9) are denned.

Identification of Cis I Trans Isomers of Gin-Pro Peptide
Bonds—The peptide bond X-Pro (X means arbitrary resi-
due), such as Gin-Pro seen in QPHGGGWGQ, has two dis-
tinct preferred conformations, trans and cis (21-23). Cis-
trans isomerization is slow on the NMR time scale. There-
fore, it is expected that X-Pro peptide bonds will give two
sets of resonances corresponding the trans and cis isomers.
The sequential daBjro (i,i+l) NOE connectivities, which are

TABLE I (continued)

Resriue HN
C h e m i c a l s h i f t
Ha H/3 H7 Other

(c) C1 : cyclo-[CRQPHGGSWGQRDC]

C1
R2
Q 3
P4
H5
G6
G7
S8
W 9

G10
Q11
R12
D13
C14

8.04
N D
8.55
-
8.54
8.52
8.43
8.36
8.40

8.41
8.25
8.48
8.53
8.18

4.41
N D
4.59
4.31
4.67
3.94/4.00
3.95
4.47
4.66

3.83/3.88
4.31
4.34
4 67
4.41

3.05
N D
1.86/2.05
1.75/2.14
3.19
-

3.60/3.80
3.80/3.80

-
1.97/2.11
1.75/1.84
Z61/2.72
3.05/3.19

-
N D
2.33
1.92
-
-
-
-
-

-
2.34
1.61/1.61
-

-
3 : 3.16/3.16,
c2:d

3 :3.62/3.70
<J2:7.16, d :
-
-
-
<J 1:7.25, d :
f 2: 7.48, f3 :
.
t2:"

3 : 3.13/3.13,
-

t • 7.25

8.25

10.18, c3:7.61,
7.15, 72:7J23

c 722

N D
N D
7.3
-
8.2
-
-
7.3
6.4

-
7.4
6.7
7.3
6.8

5.63
N D
8.31
-
5.69
5.53
6.31
6.68
6.47

5.83
5.63
7.15
5.53
7.15

(d) C2 cyclo-[CRDPHGGGWGQPHGGGWGQRDC]

C1
R2
D3
P4
H5
G6
G7
G6
W 9

G10
Q11
P12
H13
G14
G15
G16
W 1 7

G18
Q19
R20
D21
C22

N D
N D
8.61
-
8.54
8.20
8.46
8.43
8.25

8.48
8.07
-

8.55
8.52
8.46
8.39
8.24

8.54
8.16
8.41
8.57
8.20

N D
N D
4.81
4.27
4.67
3.98
3.94
3.91
4.59

3.77/3.83
4.56
4.30
4.63
3.98
3.94
3.89
4.61

3.80/3.84
4.33
4.33
4.72
4.45

N D
N D
£58/2.73
1 75/2.13
3.08/3.25

-
-
3.23/3.30

-
1.84/2.05
1.69/2.13
3.13/3.13

-
-
3.23/3.30

-
1.94/2.09
1.75/1.83
2.64/2.75
3.03/3.31

-
N D
-
1.92
_
_
-

-

-
230
1.89
-

-
-

-
2.30
158/1.58

-
3 :3.08,
-

t :7.19

3 :3.58/3.72
52:7.12,

-

< M : \
f 2: 7.45,
-

C2:'

c1: 8.20

d : '.
r3: 7.12,

S : 3.75/3.82
<J2:7.06,

-
-

3^••'.

f 2: 7.45,
-
t2: '

3 :3.08,

c 1:8.10

d : \
f 3: 7.12,

cK 7.19

13: 7.57
72:7.21

13: 7.57
72:7.21

ND
N D
7.5

82

6.7

7.8

8.8

6.8

6.8
7.3
7.3
7.8

N D

8.43

3 47
2.84
6.91
725
6.33

6.51
4.58

8.92
6.06
6.91
5.15
6.33

6.46
3.80
4.88
5.93
7.16
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Fig. 2. The fingerprint-regions of the TOCSV spectra of two lin- WsGI0Q11P1!HlaG14G15GlsW17GiaQlllR20D21Ca]). The TOCSY spectra
ear peptides (LI and L2) and two cyclic peptides (Cl and C2). were measured at 278 K. Each intraresidue spin system is connected
(a) LI (C1R2Q3P4H5G»G7SsW«Gl0Q11R1!Bl:'C"); (b) L2 (CIR2D3P4HSG6- by a solid line and annotated by standard one-letter symbol for the
G7GsW»G10Q11P1JH13G1<G15G15W17G"Q18R20r)21Csl); (c) Cl (cyclo-[C'R2- amino acid and residue number in the sequence
QsP4HBG'G7SsWG10Q11RuD"C1<]); (d) C2 (cydo-[C1R2I>!rMH6G'G7G8-

expected for trans jjeptide bonds, were observed for the
Gin-Pro segment (Q3-P4) of LI and the Asp-Pro (D3-P4)
and Gin-Pro (Q11-P12) segments of L2. The d ^ (i,i+l)
NOE cross-peaks were also observed for the cyclic peptides
(Cl and C2). These NOEs indicate that Gln/Asp-Pro pep-
tide bonds in the four peptdde mimetics are all trans.

Vicinal Coupling Constants 3JHNHa—The V ^ ^ coupling
constant for each residue of the four peptidemimetics is
given in Table I. We find that the Vpo^ values of H5 in LI,
L2, and Cl, and of H13 of L2 are significantly larger than
8.0. This indicates that the 4> angles of these His are
denned.

NOE Connectivities—We found NOE cross-peaks be-
tween the protons of tryptophan side chain and the CpH of
histidine side chain; there are medium-range NOE connec-
tivities (Fig. 4, a, b, and c). For LI, NOEs are observed
between H5 and W9 (1, 2, and 3 in Fig. 4a). These cross-
peaks are not W9-R12 NOE, as indicated in Fig. 4b. L2 has
cross-peaks at corresponding positions to those observed for
LI (1, 2, 3, 4, 5, and 6 in Fig. 4c). It is likely that the cross-
peaks (1, 2, and 3 in Fig. 4c) are attributable to H5-W9

NOE.
Moreover, there are NOE cross-peaks between the pro-

tons of tryptophan or histidine side chains and the ox-proton
of glycine. For LI, G6/G7-W9 NOE and G6/G7-H5 NOE are
observed (4, 5, and 6 in Fig. 4a). It is likely that, for L2,
there are G7-W9 NOE and G15-W17 NOE (4, 5, and 6 in
Fig. 4c) with ambiguity.

Further, there are NOE cross-peaks between the protons
of the tryptophan aromatic ring and the a-protons of other
residues. S8-W9 NOE and W9-G10 NOE were observed for
LI without ambiguity. For L2, G8-W9 NOE, W9-G10 NOE,
G16-W17 NOE, and W17-G18 NOE were observed with
ambiguity. The W9-Q11 NOE was observed for LI and
W17-Q19forL2.

NMR Parameters Reflecting a P-Turn Structure—-The fol-
lowing three NMR parameters are considered to be a diag-
nostic tool of a p-turn conformation: (a) The d^, (3,4) NOE
connectivity is observed (24). A weak d^ (2,4) NOE may be
also observed (24). The d^ (2,3) connectivity is expected for
type I p-turns and the strong d^ (2,3) connectivity for the
type II turns (24). (b) The temperature coefficient of the

Vol. 128, No. 2,2000

 at Peking U
niversity on O

ctober 1, 2012
http://jb.oxfordjournals.org/

D
ow

nloaded from
 

http://jb.oxfordjournals.org/


276 H. Yoshida et al.

amide proton chemical shift (-A&AT) of the residue at posi-
tion 4 is less than 4.5-5.3 ppbK"1 (25-33). (c) The a protons
of a p-turn are in general shifted upfield (30, 31). Using
these criteria, we examined the NMR data obtained for the
four peptide mimetics in water.

(a) NOE connectivities: The da}j(iJ.+2) NOE connectivities
were observed between W9 and Q l l for LI and L2 without

(a)

If"" DP I

C1 R2 03 W K5 G« G7 S» W9 G10 011 R12 01} C14

Residue

ambiguity (Fig. 5), while they were not observed for Cl and
were unclear for C2. The d^ (ij.+2) NOE connectivities
between W17 and Q19 of L2 were unclear because of an
overlapping peak. The d^ (ij+1) NOE connectivities were
observed between G10 and Ql l for LI, Cl, and L2, while
C2 did not show such an NOE. The dm (ij+1) NOE con-
nectivities were observed between G18 and Q19 for L2 and
C2. These NOEs are expected for a p-turn at G/SWGQ.

(b) Temperature coefficients of the amide proton chemical
shifts: The temperature coefficients of the amide proton
chemical shifts (-AS/AT) for each residue of the four peptide
mimetics (LI, L2 and Cl and C2) are given in Table I.
Remarkable reduction in —AS/AT is observed for Ql l and
Q19 for C2. Such significantly lower temperature coeffi-
cients are also observed for Q l l and Q19 in the correspond-
ing linear peptide (L2). The low temperature coefficients for
the above Gin residues are indicative of hydrogen bonding
and are compatible with those at position 4 in a (3-turn. The
present results support the presence of a p-turn at GWGQ
in each unit of L2 and C2.

(c) CJ1 chemical shift difference: As noted, all residues of
the PHGGKG/S)WGQ segment in the four peptide mimetics
are shifted upfield (Fig. 3). The a protons of G10 of LI, L2,
Cl, and C2 were also shifted mgnifir.flnt.ly upfield. The
same was observed for G18 of L2 and C2. The present ob-
servation provides qualitative evidence for a non-extended
conformation consistent with a p-turn at GWGQ.

(b)

D1

11 IF
J

C1 R2 DJ W US OH G7 O8 W» GtO Oil P « HI] 014 015 018 W17 OK 018 R20 021 C22

Residue

(C)

I

* -oio
• I I I

LJU
I I I ! !n 1 III! 1IIIIJ

W -
PQGGOOWOQ PHOOOWOQ PHOOOWOQ

Fig. 3. C ^ chemical shift deviation from the random coil
value in the two linear pcptides (LI and L2), two cyclic pep-
tides (Cl and C2), and the octapeptide repeats of human
prion protein (21). (a) LI and Cl; (b) L2 and C2; (c) the octapep-
tide repeats (P51 to Q91) of human prion protein. The white bar in-
dicates deviation of the linear peptide (LI or L2), and gray bar
indicates deviation of the cyclic peptide (Cl or C2). In (c) the left and
right parts indicate the P51-Q59 segment and the P84-Q91 segment,
respectively. The middle part also indicates the segments P60-Q67,
P68-Q75, and P76-Q83, of which the C.H chemical shift deviations
are consistent with each other. The GWG segment of P60-Q67, P68-
Q75, and P76-Q83 could not be individually assigned due to other
resonance degeneracies (60). Individual assignments of the QPHGG
segments in P60 to Q91 could not be achieved because of extensive
resonance degeneracy (60).
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Fig. 4. The NOESY spectra of the two linear
peptides (LI and L2) containing connectiv-
ities between the protons of tryptophan
side chain and the p-proton of histidlne
ride chain or the a-proton of giycine. (a)
and (b) LI (C1RIQ3P<H5GI>G7S»W»G1OQ11R11D1!1-
C14); (c) L2 ( C 1 R W H W G 1 W t G 1 0 Q " P 1 1 H ' ) -
G1<G15G"W"G18Q19RMDI1Ca). The circled cross-
peaks for LI are as follows: 1, H5 C,,H-W9 C^H/
C,,H NOE; 2, H5 CpH-W9 C ^ NOE; 3, H5
C,,H-W9 C t lH NOE; 4, G6 CaH/G7CoH-W9 C^H/
C,,H NOE; 5, G6 C.H/G7 CoH-H5CclH; 6, G6
CaH/G7 CnH-W9 C t lH. The circled cross-peaks
for L2 are as follows: 1, H5 CpH-W9/W17 C^H/
C,,H NOE; 2, H5 C^i-Vf9Tffn C^H NOE; 3, H5
C,,H-W9AV17 C t lH NOE; 4, G7 C.H/G15 COH-
W9AV17 C^H/C81H NOE; 5, G7 CaH/G15 CnH-
H5/H13 C^H; 6, G7 C H/G15 C H-W9/W17
C,,H.
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Conformation of LI Peptide—All distance constraints
used for structure calculation are shown in Table II. Figure
6 shows superposition of 15 calculated structures of LI
using distance-geometry and SA protocols with NMR-
derived constraints. The ensemble displays a low RMSD for

the segment P4-Q11 (Table EH). The structure calculation
indicates that the imidazole side chain of His5 is in close
proximity to the aromatic ring of Trp9. Consequently, the
HGGSW segment adopts a loop structure. The distance
between the a protons of S8 and Ql l is less than 7 A in the
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Fig. 5. NH-NH a n d NH-C^H reg ions of t h e NOESY spec t ra of t he two l inear pep t ides (LI a n d L2). (a) L I (C1R2Q3P4H5G{IG7S8-
WG10Q11R11D11C"); (b) L2 (C1RT>^H6Gl!G7GsWBG1<)QuP12H13G14G16G16W17G18Q18RaiD21C2!).

15 calculated structures (34). The turn structure at the
SWGQ segment is defined as a p-turn. Table H summarizes
the statistics for the structures shown in Fig. 6.

DISCUSSION

Structure of LI and 12 Peptides~The NOE data indi-
cate that the p proton of His5 is in close proximity to the
aromatic ring of Trp9 (Fig. 4). The structure calculation of
LI indicates that the imidazole side chain of His5 is in
close proximity to the aromatic ring of Trp9 (Fig. 6). Similar
contacts (H5-W9 and H13-W17) are also suggested in both
the first unit and the second unit of L2. The structure of LI
indicates that the HGG(G/S)W and (G/S)WGQ segments
adopt a loop structure and a p-turn, respectively (Fig. 6).

Many short linear peptides have been found to adopt
preferentially denned structures in rapid equilibrium with
extended-chain conformations of a random coil (35,36). The
NOE peaks are proportional to the inverse of internuclear
distance to the sixth power (37), so that it is possible to
detect transient structures that do not occupy a large popu-
lation but have short inter-proton distance. Thus, it
appears that there is uncertainty with regard to the popu-
lation occupied by the denned structures as deduced from
NOE data, due to the strong bias of this technique towards
short distances. However, the ensemble of structure calcu-
lation indicates a low RMSD for P4-Q11 of LI (Table II).
This result and the following observations suggest that the
HGGGWGQ segment predominantly populates one confor-
mation which may be in fast exchange with the random coil
state.

As noted, circular dichroism spectra suggested the pres-
ence of an extended conformation with properties similar to
polyproline II (13). At this stage we can not understand the
difference between the CD and our NMR results.

Structure of Cl and C2 Peptides—Cyclic peptides have
been used commonly to characterize turn structures (14,
38). In Cl and C2 peptides, the presence of a p-turn at
GWGQ was suggested, as discussed later. However, the
NMR data of Cl and C2 peptides did not suggest the close
proximity of the imidazole side chain of His to the aromatic
ring of Trp, which was observed in LI and L2 peptides.
This would be a result of the low peptdde concentration
used here, conformational restriction due to cyclization, or
both.

Histidine-Tyrptophan Interaction in the PHGGGWGQ
Repeats—A recent statistical survey of protein crystal
structure has shown that the frequency of aromatic amino
acids in proximity to histidine is higher than random.
Many examples of such juxtaposition are found in the liter-
ature (39-49). A search through the Protein Data Bank
(PDB) was made for the HGGGW sequence. A homologous
sequence, HSGAY (residues 398-^02) from cytolysin (50),
was found to adopt a loop structure in which His (H398) is
in proximity to Tyr (Y402).

The histidine-tryprophan/phenyalanine interaction has
been mainly explained by cation-rr interaction (43, 44, 51,
52). In barnase, Trp94 interacts strongly with the proto-
nated form of Hisl8 (43). At the pH value (pH = 6.6) used
here, the solution contains half-protonated His, because the
ipKK of the unpertubed His residue is 6.6 (58). Thus, we sug-
gest that the histidine-tyrptophan interaction in the PHG-
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G7 G7

Fig. 6. Three-dimensional structures of
linear peptide LI. Fifteen superimposed
structures for CIRrD»P4Hl>G(IG'GBWsG10Q11-
RUD^C" calculated with constraints derived
from NMR experiments in aqueous solution.
Only the segment P4-Q11 is displayed.

TABLE II. NOE constraints used for the structure calcula-
tion of LI peptide.

TABLE HI. Structural statistics and rmsd for 15 structures of
LI peptide.

Atom 1 Atom 2 Upper limits (A)

R2 p
R 2 7

Q 3 a
Q 3 N
Q 3 N
P4P
P4 0
P 4 7

H 5 N
H 5 a
H5p
H5P
H5p
H5P
G 7 a
W 9 a
W9el
W9el
W9e3
W 9 a
W 9 a
W9p
G10N
Qlla
Q11N
Q11N
Q11N
Q11P
Qll-y
R12N
R12N
R12N
R12P
R127
D13N
D13N
D13P
C14N

Q 3 N
Q3N
Q 3 7
Q3P
Q 3 7
H5 52
H5N
H5 82
H5P
H5 52
W9el
H5 82
H5el
W9e3
W9el
Q11N
GlOa
Qlla
GlOa
W9el
W9e3
W9el
Q11N
Q l l 7
Qlip
Qll7
R12N
R12N
R12N
R12P
R127
D13N
D13N
D13N
D13P
C14N
C14N
C14p

4.5
4.5
3.5
5.0
5.0
5.0
5.5
5.5
4.5
5.0
5.5
4.5
5.5
4.5
5.5
5.5
5.5
5.5
4.5
5.5
4.5
5.0
5.0
3.5
4.5
4.5
5.0
5.5
5.5
4.5
4.5
5.0
5.0
5.0
5.0
4.5
5.0
5.0

GGWGQ repeats is strengthened by the cation-ir inter-
action.

Interestingly, the tryprophan is four residues distant
from the histidine in the PHGGGWGQ repeats. It might be
assumed that the HGGGW segment adopts an a-helix,
since the spacing is consistent with that in an a-helix (45,
47, 52, 53, 54). However, glycine-rich segments do not pref-
erentially form an a-helix. In addition to the H5-W9 NOEs,
the medium-range NOEs between G7 and W9 of LI and
be-tween G14 and W17 of L2 are observed. Thus, the for-
mation of an a-helix is unlikely. As indicated in Fig. 6, the
HGGGW segment adopts a loop conformation.

Structural statistics Value
Number of distance constraints

Intraresidual
Sequential
Medium

Number of dihedral-angle constraints
Average total energy (kcal/mol)
RMS deviations of the ensemble of structures
on the average structure (A)

Backbone, residue 1-14
Heavy atom, residue 1-14
Backbone, residue 4—11
Heavy atom, residue 4-11

38
17
16
5
1

15.907±0.038

3.8O±1.13
4.90±1.07
1.40±0.61
2.21±0.65

It is of interest to note the hexapeptide repeats, (PHN-
PGY)8> of chicken prion protein (55). The disposition of the
four-residue interval between histidine and tryprophan in
the PHNPGY repeats is in agreement with the PHGGG-
WGQ repeats. Thus it is expected that PHNPGY may
adopt a loop conformation similar to PHGGGWGQ.

P-Turn of(G/S)WGQ in the PHGGGWGQ Repeats—The
secondary structure algorithm of Gamier et al. (56) indi-
cates that GWGQ prefers P-turns (not shown). The present
NMR data and the structure calculation of LI (Fig. 6) sup-
port this prediction. The NMR data including (i) remark-
ably reduced temperature coefficients of the amide proton
chemical shifts of Gin at position 4 of |3-tum, (ii) strong d^
(3,4) NOE connectivities of Gly-Gln, d^ (2,4) NOE connec-
tivities of Trp-Gln, and (iii) very large CaH chemical shift
difference of Trp at position 2 and of Gly at position 3, all
indicate a p-turn at GWGQ. In the structure of LI, the
hydrophobic side chain of tryptophan is located on the turn
part (Fig. 6). The upfield shift of the a proton of G10 (Gly at
position 3) would be intensified by the ring-current shield-
ing of the tryptophan aromatic moiety (Fig. 3). Thus, the
tryptophan side chain seems to contribute to the stabiliza-
tion of the turn structure at (G/S)WGQ. A search through
the PDB was made for the (G/S)WGQ sequence The
GWGQ segment (residues 235-238) from folypolygluta-
mate synthetase was found to adopt a turn-like structure
(57).

Interestingly, the temperature coefficient of the amide
proton chemical shifts for Ql l and Q19 of C2 is lower than
those of L2 (Table I). Thus, it is likely that cydization of
model peptides promotes stabilization of the turn structure
at (G/S)WGQ.

The Structure of Tandem Repeats within Prion Pro-
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teins—NMR studies of full-length PrP revealed that the N-
terminus including the tandem repeats is highly flexible
{9-11). However, it does not necessarily follow that the flex-
ible tail does not form part of a stable secondary structure
or tertiary folded structure. The present results suggest
that the HGG(G/S)WGQ segment in the tandem repeats
within prion proteins adopt the preferred structure found
for the peptide mimetics.

The octapeptide repeat region has been reported to be
the binding site of Cu(II) (2, 3, 5-8). The loop structure at
HGG{G/S)W appears to facilitate copper binding to the
PHGGGWGQ repeats.

CONCLUSION

The NMR data of the model peptides indicate that histi-
dine at the j-th position is in close proximity to tryptophan
at the t+4-th position, and (G/S)WGQ prefers a £-turn.
Structure calculation for LI indicates that HGG(G/S)W
and (G/S)WGQ adopt a loop structure and a (J-turn, respec-
tively. The present results suggest that the tandem repeats
within prion proteins adopt such a preferred structure,
which would play an important role in the function of prion
protein.
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