oJ. Biochem. 128, 271-281 (2000)

NMR Studies of Model Peptides of PHGGGWGQ Repeats within the
N-Terminus of Prion Proteins: A Loop Conformation with Histidine

and Tryptophan in Close Proximity’

Hitoshi Yoshida,” Norio Matsushima,** Yasuhiro Kumaki,! Mitsuo Nakata,” and
Kunio Hikichi’

*Division of Biological Sciences and "High-Resolution NMR Laboratory, Graduate School of Science, Hokkaido
University, Kita-ku, Sapporo, Hokkaido 060-0810; and *School of Health Sciences, Sapporo Medical University,
Chuo-ku, Sapporo, Hokkaido 060-8556

Received April 13, 2000; accepted May 29, 2000

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-[C'R*}QP*H*G*G'S*W°G"Q'"RYD'*C"] (C1) and cyclo-
[C'RID°P'HG G’ G*WG'Q!'PEHBEGHG IS G W' G*Q'*R¥D*'CZ] (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 (L1 and L2) which are formed by reduction. The patterns of
the C,H 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 C H of the H5
and the proton of the W9 side chain for L1. The corresponding NOEs were 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). d_y (i,i+2) NOE connectivities were ob-
served between W9 and Q11 of L1 and 1.2, and d, (i,i+1) NOE connectivities were also
observed for G10-Q11 of L1 and L2 and for G18-Q19 of L.2. Significantly lower tempera-
ture coefficients of amide proton chemical shifts were obtained for Q11 and Q19 of L2
and C2. Structure calculations for L1 showed that HGG(G/S)W and (G/S)WGQ adopt a
loop conformation and a B-turn, respectively. These results strongly suggest that the

tandem repeats within prion protein adopt a non-random structure.

Key words: f-turn, histidine-tryptophan interaction, N-terminus, octapeptide repeat,

prion protein.

The “prion hypothesis” holds that an aberrant conformation
of a normal cellular protein is the essential, perhaps sole,
component of infection agent responsible for several fatal
neurodegenerative diseases, including bovine spongiform
encephalopathy (BSE), sheep spongiform encephalopathy
(“scrapie”), and the human genetic disease Creutzfeldt-
Jakob disease (CJB) (I). Although it is not certain that the
prion protein is their agent of these diseases, it is a primary
component of infectious brain fractions, and infection
occurs only in hosts expressing the prion protein. In the
course of disease, the normal 20 kDa cellular prion protein
(PrP*) is converted into a form with modified secondary
structure (PrP%).

Little is known about the normal cellular role of the
prion protein. Although no enzymatic activity is associated
with the protein, both in vivo results with mammalian pro-
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teins (2—4) and studies of synthetic peptides (5-8) have
shown that prion proteins can bind copper ions at an N-ter-
minal site containing five tandem repeats of the octapep-
tide PHGGGWGQ (Fig. D).

Recent NMR studies of full-length PrP revealed that the
N-terminus including the tandem repeats is highly flexible,
while the remainder adopts a globular shape (3-11). Se-
quential assignments of the tandem repeats were impossi-
ble because of overlapping resonances. Furthermore, the
assignment of NOE connectivities and the value of 3%/,
were ambiguous. This situation has apparently hindered
any detailed investigation of the structure of the tandem
repeats within the prion protein. In contrast, spectroscopic
data show that membrane binding of PrP results in a sig-
nificant ordering of the N-terminal part of the molecule
(12). Circular dichroism study suggested that a synthetic
octapeptide repeat adopts a non-random, extended confor-
mation with properties similar to the poly-L-proline type II
left-handed helix (13). Raman spectroscopy suggested that
the binding of copper to octapeptide PHGGGWGQ induces
formation of an a-helical structure in the GWGQ segment
(7). It appears that there are some discrepancies among
these observations on the structure of the octapeptide
repeats.

The aim of this study is to obtain more reliable informa-
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23 KKRPKPGGWNTGGSRYPGQGSPGGNRYP 50
51 PQGGGGRGQ 59
60 PHGGG¥GQ 67
68 PHGGGNGQ 15
76 PHGGGYGQ 83
84 PHGGG¥GQ 9i

92 GGGTHSQWNKPSKPKTNMEKHMAGAAAAGAYYGG 124

Fig. 1. S8equence 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 B-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.

C1: cyclo-[C'R*Q*P*HEGSG"SSWPG°Q 'R D 3CH]

C2: cyclo-[C'RDPP*HG G GFWPG Q! 'PPH 3 GG G8-

WYGQUERZDXCH]

Cyeclic peptides C1 and C2 contain one and two PHGG(G/
SYWGQ repeats, repectively. 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 (C1 and C2) were reduced by adding
19-20 mM dithiothreitol (DTT) to yield the corresponding
linear peptides (L1 and L2).

L1: C'R*QPP*HGSG'S*WPGIQUR 12D CM

L2: C'RD°P*HGAG'GPWPGI'Q PP H 3G UG GISWTG8-

QI R®DCE
Complete reduction was achieved since the signals gave
only one set for respective L1 and L2 after 12 h.

Sample Preparation—Purified peptides were dissolved in
water containing 50 mM KCI and 0.02% sodium azide. L1
and C1 were completely dissolved without precipitation
and thus dissolved at high concentration. The peptide con-
centrations of L1 and C1 were 6.7 and 7.9 mM, respec-
tively, and the pH values were 6.6 and 6.2 in H,0/D,0
(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 H,0/D,0 (90%:10%), respectively. Com-

H. Yoshida et al.

parison of the 1D spectra obtained at two different concen-
trations of L1 (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 O2 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 Trp 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 msg), TOCSY (mixing time = 70 ms), and DQF-COSY
experiments. Water signal was suppressed by DANTE pre-
saturation. The 2J,,y, coupling constants were also deter-
mined.

Structure Calculations—For L1, 38 unambiguously as-
signed NOE correlations were used to calculate structure.
NOE cross-peaks corresponding to fixed distances between
aromatic ring protons (Trp CH-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 boun 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 ¢ angle of His5 of which 3J,, 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 generate template.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 100 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 L1.

J. Biochem.
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RESULTS

NMR Resonance Assignments—Table 1 describes the
amino acid assignments for the four peptide mimetics (L1,
1.2, C1, and C2) in H,0/D,0 (90%:10%) at 278 K. Identifi-
cation of their individual amino acid residues was com-

273

pleted unambiguously by TOCSY experiments (Fig. 2). Se-
quential assignment of the proton resonances for L1 and
Cl was completed by sequential NOE connectivity
d.x (ii+1) except for C1 or R2.

C_H Chemical Shift Difference—C H 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 (L1 and L2) and two cyclic peptides (C1 and
C2). * The chemical shifts for each amino acid at 278 K. The chemical shifts are reported in parts per million.
® 3%\ 18 three-bond scalar coupling between the backbone amide proton and the a proton. *J,ny,, is reported in
herz. < —A&AT is the temperature coefficient of the amide proton chemical shifts. The coefficients measured
between 278 and 298 K are induded (-Appb/ AK). ¢ The chemical shifts of C,H on Gln 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,,H, C,H) on
Trp are 6.95/7.70 and 7.00/7.57 ppm. The number of residues was not determined because of overlapping f The
chemical shifts of C,H on Gln are 6.97/7.62 ppm and 6.96/7.68 ppm. The number of residues was not determined

because of overlapping.

Chemical shift®

b c

Residue HN Ha Hp Hy Other Minn.  —ASIAT
(a) L1 : CRQPHGGSWGQRDC
c1 ND 406 297305 - - ND ND
R2 8.65 4.34 1.768/1.83 164 3:3.17/317, ¢:7.26 ND 9.60
Q3 8.72 459 189208 237 €2:7.00/7 59 6.9 9.60
P4 - 434 1768217 194 2:3.62/374 - -
H5 855 462 3.14/314 - 82:7.07, ¢1:8.05 8.1 767
G6 854 397 - - - - 6.90
G7 8.44 395 - - - - 7.15
s8 8.36 447 3807380 - - 79 7.48
wo 8.38 4.68 328333 - 31:7.25 ¢1°10.18, ¢3:7861, 6.8 6.92

{2747, [3. 7.14, p2:7.23
G10 8.40 3.77/386 - - - - 6.18
Q11 8.22 4.31 1977211 233 ¢2:6.94/7.70 7.2 5.57
R12 8.50 4.37 1781187 1621162 &:3.16/3.16, ¢:7.22 7.7 6.71
D13 862 466 2668273 - - 72 6.42
c14 797 437 294294 - - 72 5.11
(b) L2 : CRDPHGGGWGQPHGGGWGQRDC
c1 ND ND ND - - ND ND
R2 ND ND ND ND 2:3.09/3.09, ¢:7.19 ND ND
D3 8.64 4.81 25870 - - 6.3 9.44
P4 - 431 173214 192 3:3.75/383 - -
HS 852 466 308319 - 32:7.04, ¢1:8.07 85 5.05
Gé 821 397 - - - - 3.51
G7 8.46 392 - - - - 6.95
Gs8 8.41 387 - - - - 7.21
w9 8.20 459 323330 - 81:7.22, €1:10.17, ¢3:7.58, 68 6.40

£2:7.45, ¢3: 712, p2:7.21
G10 8.44 375380 - - - . 6.57
Q11 8.09 453 18%202 228 ¢2:6.96/7.61 77 4.98
P12 - 427 173212 191 3 :3.58/3.71 - -
H13 8.54 459 3B - 32:7.04, ¢1:8.03 87 7.95
Gi4 8.52 395 - - - - 7.08
G15 8.48 392 - - - - 6.95
G16 8.39 387 - - - - 6.15
w17 822 461 3221330 - 21:7.22, ¢1:10.17, ¢3:7.58, 8.8 6.38

£2:7.45, ¢3: 712, p2:7.21
G18 848 377381 - - - - 6.53
Q19 820 4.30 194208 230 €2:6.94/7.69 74 5.19
R20 8.48 4.34 173184 158158 5:3.093.09, ¢:7.19 73 6.17
D21 860 464 264273 - - 78 ND
c22 7.96 4.37 292292 - - 78 4.69
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(19) [ABC.H = 8C_H (observed) — 3C_H (random coil)],
where the random coil value of Gln/Asp preceding Pro is
corrected by taking account of nearest-neighbor effects (20),
are shown in Fig. 3.

The main feature ig that the C_H resonance of G10 in all
of the four peptide mimetics (L1, L2, C1, 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 A3 C_H 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 C_H chemical shift difference are very similar
to those calculated from C_H chemical shifts of the tandem
repeats within human prion, as shown in Fig. 3¢ (11). This

TABLE I (continued)

H. Yoshida et al.

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 C H resonances for G10
and G18 are also different from each other (Fig. 3). Thus,
their dihedral angles (¢, ¢) are defined.

Identification of Cis/Trans Isomers of Gin-Pro Peptide
Bonds—The peptide bond X-Pro (X means arbitrary resi-
due), such as Gln-Pro seen in QPHGGGWGAQ), 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 d,,,, (i,i+1) NOE connectivities, which are

Chemical shift?

c

Residue HN  Ha H8  Hy Other NVunn. —O8AT
(c) C1 : cyclo-[CRQPHGGSWGQRDC]
C1 8.04 4.41 3.05 - - ND 563
R2 ND ND ND ND 3:3.16/3.16, ¢ 7.25 ND ND
Q3 8.55 4.59 1.867205 2.33 e2:° 7.3 8.31
P4 - 4N 175244 192 3:3.62/3.70 - -
H5 854 4.67 3.19 - 32:7.18, €1:8.25 8.2 5.69
Gé 8.52 394400 - - - - 5.53
G7 843 395 - - - - 6.31
S8 8.36 4.47 3B80/380 - - 7.3 6.68
we 840 4.66 380380 - 31:7.25, ¢1:1018, £3:7.61, 6.4 6.47

£2:7.48, [3: 7.5 22:7.23
G10 841 3.83/388 - - -, - 5.83
Qn 825 4.31 197”11 234 €2: 74 5.63
R12 848 434 175184 161161 3:3.13/313, ¢ 7.22 8.7 7.15
D13 8.53 467 261272 - - 7.3 5.53
c14 8.18 4.41 305319 - - 68 7.15
(d) C2  cyclo-[CRDPHGGGWGQPHGGGWGQRDC)
c1 ND ND ND - - ND ND
R2 ND ND ND ND 3:3.08, c:7.19 ND
D3 861 4.81 25873 - - 75 8.43
P4 - 4.27 175213 192 3:3.58/372 - -
H5 854 467 308325 - 32:7.42, €1:8.20 82 347
G6 820 388 - - - - 284
G7 846 3.94 - - - - 6.91
G8 843 391 - - - - 725
w9 825 459 323330 - d1:%, €1:°%  £3:7157, 6.7 6.33

£2:745, [3:712, p2:7.21
G10 848 377383 - - - - 6.51
Q11 807 4.56 184205 230 e2: 78 458
P12 - 4.30 169213 189 4 :3.75/3.82 - -
H13 B55 463 313313 - 32:7.08, ¢1:8.10 88 892
G14 852 398 - - - - 6.08
G15§ 848 394 - - - - 6.91
G16 8.39 389 - - - - 5.15
w17 824 461 323330 - a1 «1:% £3:757, 6.8 6.33

{2:745, $3:712, 52:7.21
G18 8.54 380/384 - - - - 6.46
Q19 8.16 433 1.94/209 230 e2: ! . 6.8 3.80
R20 841 433 175183 158158 3:3.08, «H 7.19 7.3 488
D21 857 4.72 264275 - - 73 5.93
c22 820 445 303331 - - 78 7.16
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Fig. 2. The fingerprint-regions of the TOCSY spectra of two lin-
ear peptides (L1 and L2) and two cyclic peptides (C1 and C2).
(a) L1 (C'RE®QP*HSGSG'S*WPGQRZDYCH); (b) L2 (C'RDPP*H?*G?-
G'GSWGIQUPPHBIGUGIGEWIGQIRZD3ICB); (c) C1 (cyclo-[C'R*
QPHG'G'SEWPGQURIEDBECYH)); (d) C2 (cyclo-[C'R*D*P*HG G'GE-

expected for trans peptide bonds, were observed for the
Gln-Pro segment (Q3-P4) of L1 and the Asp-Pro (D3-P4)
and GIn-Pro (Q11-P12) segments of L2. The d,,,, (,i+1)
NOE cross-peaks were also observed for the cyclic peptides
(C1 and C2). These NOEs indicate that Gln/Asp-Pro pep-
tide bonds in the four peptide mimetics are all trans.

Vicinal Coupling Constants °Jyp,,—The 3J,nq,, coupling
constant for each residue of the four peptidemimetics is
given in Table I. We find that the %/, values of H5 in L1,
L2, and C1, and of H13 of L2 are significantly larger than
8.0. This indicates that the ¢ angles of these His are
defined.

NOE Connectivities—We found NOE cross-peaks be-
tween the protons of tryptophan side chain and the C;H of
histidine side chain; there are medium-range NOE connec-
tivities (Fig. 4, a, b, and ¢). For L1, 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
L1(1,2, 8, 4,5, and 6 in Fig. 4¢). It is likely that the cross-
peaks (1, 2, and 3 in Fig. 4c) are attributable to H5-W9

Vol. 128, No. 2, 2000
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WEGIPQUPPH P GMG PG WGEQYR™D*' C®]). The TOCSY spectra
were measured at 278 K. Each intraresidue spin system is connected
by a solid line and annotated by standard one-letter symbol for the
amino acid and residue number in the sequence.

NOE.

Moreover, there are NOE cross-peaks between the pro-
tons of tryptophan or histidine side chains and the a-proton
of glycine. For L1, 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 G15W17 NOE (4, 5, and 6 in
Fig. 4¢) 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
L1 without ambiguity. For 1.2, G8-W9 NOE, W9-G10 NOE,
G16-W17 NOE, and W17-G18 NOE were observed with
ambiguity. The W9-Q11 NOE was observed for L1 and
W17-Q19 for L2.

NMR Parameters Reflecting a B-Turn Structure—The fol-
lowing three NMR parameters are considered to be a diag-
nostic tool of a B-turn conformation: (a) The dyyy (3,4) NOE
connectivity is observed (24). A weak d_ (2,4) NOE may be
also observed (24). The dy, (2,3) connectivity is expected for
type I B-turns and the strong d_, (2,3) connectivity for the
type II turns (24). (b) The temperature coefficient of the
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amide proton chemical shift (—~A¥AT) of the residue at posi-
tion 4 is less than 4.5-5.3 ppbK™! (25-33). (c) The a protons
of a B-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 d_(i,i+2) NOE connectivities
were observed between W9 and Q11 for L1 and L2 without

(a)

ol O o d

qﬂu? 1

85CH(ppm)
—

-0.10
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ambiguity (Fig. 5), while they were not observed for C1 and
were unclear for C2. The d_, ({i+2) NOE connectivities
between W17 and Q19 of L2 were unclear because of an
overlapping peak. The dy (i,i+1) NOE connectivities were
observed between G10 and Q11 for L1, C1, and L2, while
C2 did not show such an NOE. The dyy (i,i+1) NOE con-
nectivities were observed between G18 and Q19 for L2 and
C2. These NOEs are expected for a B-turn at G'SWGQ.

(b) Temperature coefficients of the amide proton chemical
shifts: The temperature coefficients of the amide proton
chemical shifts (-A&AT) for each residue of the four peptide
mimetics (L1, L2 and C1 and C2) are given in Table I
Remarkable reduction in ~A&AT is observed for Q11 and
Q19 for C2. Such significantly lower temperature coeffi-
cients are also observed for Q11 and Q19 in the correspond-
ing linear peptide (12). The low temperature coefficients for
the above Gln residues are indicative of hydrogen bonding
and are compatible with those at position 4 in a 8-turn. The
present results support the presence of a B-turn at GWGQ
in each unit of L2 and C2.

(¢) C H chemical shift difference: As noted, all residues of
the PHGG(G/S)WGQ segment in the four peptide mimetics
are shifted upfield (Fig. 3). The a protons of G10 of L1, 12,
C1, and C2 were also shifted significantly 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 B-turn at GWGQ.
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Fig. 3. C_H chemical shift deviation from the random coil
value in the two linear peptides (L1 and L2) , two cyclic pep-
tides (C1 and C2), and the octapeptide repeats of human
prion protein (11). (a) L1 and C1; (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 (L1 or L2), and gray bar
indicates deviation of the cydic peptide (C1 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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Conformation of L1 Peptide—All distance constraints
used for structure calculation are shown in Table II. Figure
6 shows superposition of 15 calculated structures of L1
using distance-geometry and SA protocols with NMR-
derived constraints. The ensemble displays a low RMSD for
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Fig. 4. The NOESY spectra of the two linear
peptides (L1 and L2) containing connectiv-
ities between the protons of tryptophan
side chain and the B-proton of histidine
side chain or the a-proton of glycine. (a)
and (b) L1 (C'R*Q*P*H*GG'S*W*G'°Q!'RD*-
C!); (c) L2 (C'RDP*HG*G’G*W*G°Q!'P*H™-
GUGIEGIWIGEQURPD?IC®), The circled cross-
peaks for L1 are as follows: 1, H5 C;H-W9 C_H/
C,H NOE; 2, H5 C,H-W9 C,H NOE; 38, H5
C,H-W9 C,,H NOE; 4, G6 C.H/G7C,H-W9 C_H/
C,,;H NOE; 5, G6 C . H/G7 C H-H5C,H; 6, G6
C H/G7 C,H-W9 C, H. The circled cross-peaks
for L2 are as follows: 1, H5 C,H-Wy¥W17 C
C,,H NOE; 2, H5 C,H-W9/W17 C,H NOE; 8, H5
C,H-W9/W17 C H NOE, 4, G7 C H/G15 C H-
Wo/W17 C_H/C, H NOE; 5, G7 C,H/G15 C_ H-
H5H13 C,H; 6, G7 C.H/G15 CH-W9/W17
C.H.

ppm

the segment P4-Q11 (Table IIT). 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 Q11 is less than 7 A in the
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Fig. 5. NH-NH and NH-C_H regions of the NOESY spectra of the two linear peptides (L1 and L2). (a) L1 (C'R2@*P*H°G*G S5
WFGIQURMDICH); (b) L2 (C'R?DPPHPGS G’ GPWPG Q! PUH BGHUGISGISWIGIEQIRPDRICE),

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

DISCUSSION

Structure of L1 and L2 Peptides—The NOE data indi-
cate that the B proton of His5 is in close proximity to the
aromatic ring of Trp9 (Fig. 4). The structure calculation of
L1 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 L1
indicates that the HGG(G/S)W and (G/S)WGQ segments
adopt a loop structure and a B-turn, respectively (Fig. 6).

Many short linear peptides have been found to adopt
preferentially defined 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 defined 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 L1 (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 C1 and C2 Peptides—Cyclic peptides have
been used commonly to characterize turn structures (14,
38). In C1 and C2 peptides, the presence of a B-turn at
GWGQ was suggested, as discussed later However, the
NMR data of C1 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 L1 and L2 peptides.
This would be a result of the low peptide 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 (3949). A search through the Protein Data Bank
(PDB) was made for the HGGGW sequence. A homologous
sequence, HSGAY (residues 398—402) 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-w interaction (43, 44, 51,
52). In barnase, Trp94 interacts strongly with the proto-
nated form of His18 (43). At the pH value (pH = 6.6) used
here, the solution contains half-protonated His, because the
pK, 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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TABLE II. NOE constraints used for the structure calcula-
tion of L1 peptide.

279

Fig. 6. Three-dimensional structures of
linear peptide L1. Fifteen superimposed
structures for C'RTD*P*H’GSG’GEW*G!Q!!-
R¥D®CH calculated with constraints derived
from NMR experiments in aqueous solution.
Only the segment P4-Q11 is displayed.

TABLE III. Structural statistics and rmsd for 15 structures of
L1 peptide.

Atom 1 Atom 2 Upper limits (A) Structural statistics Value

R2B QN 45 Number of distance constraints 38

R2 vy QN 45 Intraresidual 17

Qa Q3y 3.5 Sequential 16

Q3N Q3B 5.0 Medium 5

Q3N Q3 y 5.0 Number of dihedral-angle constraints 1

P4 H5 82 5.0 Average total energy (kcal/mol) 15.907+0.038
P4 H5 N 5.5 RMS deviations of the ensemble of structures

P4y H5 82 5.5 on the average structure (A)

H5 N H5 B 45 Backbone, residue 1-14 3.80+1.13
H5 a H5 52 5.0 Heavy atom, residue 1-14 4.90+1.07
H58 W9 el 5.5 Backbone, residue 4-11 1.40+0.61
H5B H5 82 4.5 Heavy atom, residue 4-11 2.21+0.65
H58 H5 el 5.5

H5p W93 45

3,79‘; (\3’191815 gg It is of interest to note the hexapeptide repeats, (PHN-
W9 el G10 5.5 PGY),, of chicken prion protein (55). The disposition of the
W9 el Qlla 5.5 four-residue interval between histidine and tryprophan in
W9 e3 G10 a 45 the PHNPGY repeats is in agreement with the PHGGG-
gg L &,Vg g ig WGQ repeats. Thus it is expected that PHNPGY may
W9 B W9 el 5.0 adopt a loop conformation similar to PHGGGWGQ.

G10N QIIN 5.0 B-Turn of (G/S)WGQ in the PHGGGWGEQ Repeats—The
Qlla Qlly 35 secondary structure algorithm of Garnier et al. (56) indi-
QI1N Qll1p 45 cates that GWGQ prefers B-turns (not shown). The present
81} 115 31121;1 ‘;g NMR data and the structure calculation of L1 (Fig. 6) sup-
Qi1p R12 N 55 port this prediction. The NMR data including (i) remark-
Qlly RI1ZN 5.5 ably reduced temperature coefficients of the amide proton
R12N R12 B 45 chemical shifts of Gln at position 4 of B-turn, (i) strong dyy
R12N R12 y 4.5 (3,4) NOE connectivities of Gly-Gln, d  (2,4) NOE connec-
g}g? S o tivities of Trp-Gln, and (iii) very large C_H chemical shift
R12 v D13 N 5.0 difference of Trp at position 2 and of Gly at position 3, all
D13 N D13 B 5.0 indicate a B-turn at GWGQ. In the structure of L1, the
gig g gi: g gg hydrophobic side chain of tryptophan is located on the turn
S Cl4p s part (Fig. 6). The upfield shift of the a proton of G10 (Gly at

GGWGQ repeats is strengthened by the cation-m 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 «-helix. In addition to the H5-W9 NOEs,
the medium-range NOEs between G7 and W9 of L1 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.
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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
b67).

Interestingly, the temperature coefficient of the amide
proton chemical shifts for Q11 and Q19 of C2 is lower than
those of L2 (Table I). Thus, it is likely that cyclization of
model peptides promotes stabilization of the turn structure
at (GS)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(Il) (2, 3, 5-8). The loop structure at
HGG(G/S)W appears to facilitate copper binding to the
PHGGGWGAQ repeats.

CONCLUSION

The NMR data of the model peptides indicate that histi-
dine at the i-th position is in close proximity to tryptophan
at the i-+4-th position, and (G/S)YWGQ prefers a B-turn.
Structure calculation for L1 indicates that HGG(G/S)W
and (G/S)WGQ adopt a loop structure and a B-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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