Communications

. DOI: 10.1002/anie.200903771
Protein Structures /

Unfolded-State Structure and Dynamics Influence the
Fibril Formation of Human Prion Protein™**

Christian Gerum, Robert Silvers, Julia Wirmer-Bartoschek, and Harald Schwalbe*

Angewandte
Chemie

S WILEY
0452 =@ InterScience* © 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. Int. Ed. 2009, 48, 9452 -9456



Transmissible spongiform encephalopathies are characterized
by the accumulation of the abnormal “scrapie” form (PrP5)
of the endogenous cellular form (PrP®) of the prion protein
(PrP) in the brain. The conversion of soluble PrP¢ into the
pathogenic form involves large-scale rearrangement of the
tertiary structure to convert the native benign state of the
protein into a highly ordered fibril aggregate. The cellular
protein PrP¢ and the abnormal isoform of the protein PrP*
have very different three-dimensional structures. While PrP¢
has substantial amount (40 %) of a-helices,'! models of PrP
suggest a B-sheet superstructure in the fibrillar state.”! PrPC is
a soluble monomer and sensitive to proteases, whereas PrP%
builds up insoluble oligomeric amyloid structures and is
partially protease resistant.”! The native structure of the C-
terminal domain (amino acid 121 to 230) of human PrP
(hPrP) contains three a-helices and a short antiparallel f3-
sheet.[! The N-terminal domain (amino acid 23 to 120) is very
flexible with no ordered structure.*®! Native structures of
disease-related point mutants and of prion proteins from
other species have identical overall fold with only very
localized differences in the structures.”* Besides the amyloid,
a second oligomeric structure with significant p-sheet struc-
ture, the so called f3-oligomer, can be formed at pH 3.6 in the
presence of 1m urea or GdmCL.!

The conversion of PrP¢ into PrP% occurs posttranslation-
ally.'"? It was long speculated that the B-oligomer is an on
pathway intermediate for the formation of the amyloid.
However, it was shown that the $-oligomer has to disassemble
completely to a monomeric species before forming an
amyloid.!'V Therefore, intermediates that are at least partially
unfolded are present during fibril formation, but the detailed
mechanism of this conversion including the influence of
disease-related mutations remains unknown.

We investigated the unfolded state of the prion protein as
the third important conformational state besides the native
state and the fibril aggregate. Structure and dynamics of the
urea-denatured states of the C-terminal domain of the human
prion protein hPrP(121-230) both in the oxidized (hPrP*)
and in the reduced form (hPrP™%) have been investigated
using NMR spectroscopy. The unfolded state is monomeric as
is the unknown intermediate on the pathway to prion
formation. Circular dichroism (CD) and NMR spectroscopic
data reveal that urea-denatured states of hPrP** and hPrP™
(8M urea, pH 2.0, 25°C) are largely unstructured. We observe
the typical decreased dispersion of chemical shift values and
narrow line width in ['H,”"N]-HSQC NMR spectra for

[*] C.Gerum,R.Silvers, Dr. J. Wirmer-Bartoschek, Prof. Dr. H. Schwalbe
Institute of Organic Chemistry and Chemical Biology

Center for Biomolecular Magnetic Resonance

Johann Wolfgang Goethe-Universitit, 60438 Frankfurt (Germany)
Fax: (+49)69-798-29515

E-mail: schwalbe@nmr.uni-frankfurt.de

The work has been supported by the EU-funded projects UPMAN
and EU-NMR and by the DFG-funded Cluster of Excellence:
Macromolecular Complexes. The Center for Biomolecular Magnetic
Resonance is funded by the state of Hesse. The authors acknowl-
edge valuable discussion with S. Hornemann and V. Détsch.

@ Supporting information for this article is available on the WWW
under http://dx.doi.org/10.1002/anie.200903771.

[7‘: £

Angew. Chem. Int. Ed. 2009, 48, 9452-9456

© 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Angewandte

unfolded proteins (see Figure S1 and S2 in the Supporting
Information). Urea-induced denaturation of hPrP° at pH 2.0
proceeds with a relative broad transition (Supporting Infor-
mation, Figure S3). The midpoint of denaturation of hPrP® is
at a urea concentration of 3.3 M, denaturation is complete at
8M urea.

Figure 1 shows chemical shift differences from random
coil chemical shifts!'>"® and secondary structure propensi-
ties"!! obtained from C, and *C; chemical shifts for hPrP™
and hPrP™ in 8M urea. The analysis reveals structural
preferences in the unfolded state that are different compared
to the locations of secondary structure in the native state of
hPrP. While the native state contains a high fraction of a-
helical structure elements, the propensity for residual o-
helical structure is very low in the urea denatured protein,
both in the oxidized and reduced state. The region (Tyr,s;,-
Proys) of the second B-strand present in native PrPC (B,:
Val,5—Arg,s,) reveals B-strand propensity of around 10%. In
addition, the region between the amino acids comprising the
[, region and the a, region of the native state (Ser;35-Gly,4,)
shows 10 % P-structure propensity. A third area with marked
chemical shift deviations from random coil values in all
chemical shifts is found at the terminus of the second a-helix
(Ile,5,—Val,g9) With propensities around 7 %. The SSP-formal-
ism also predicts B-propensity for the very C-terminus of the
protein, arising from the large deviation of the last residue
from random coil values. This deviation is due to the terminus
of the protein, rather than to real structural preferences of the
residues before the last one.

We investigated the conformational dynamics by measur-
ing “N transverse (R,) and rotating-frame spin-lattice (R,,)
relaxation rates of hPrP** and hPrP™* (Figure 2).

No differences are observed between R, and R,, rates
revealing that ps dynamics are largely absent in the unfolded
states of hPrP. Based on the differences between experimen-
tal and predicted relaxation rates, regions in the polypeptide
backbone can be identified that are more rigid than expected
for an ideal random polypeptide chain undergoing segmental
motions.”! In hPrP%, the largest deviations occur around the
two cysteine residues, Cys;;o and Cys,y,, involved in the
disulfide bridge. We conclude that the native disulfide bridge
imposes motional restrictions to the regions around the
cysteine residues. These deviations are larger than the
decrease of flexibility expected by the formation of a covalent
bond between the cysteine residues, which is depicted by the
gray line in the graph (Figure 2)."! In addition, four clusters
of deviating R, relaxation rates are found consistently for
both hPrP** and hPrP™; 1)between Gly,,, and Glys
centered around Met,, 2) between Ser,3s and Gly,,, around
isoleucine residues Ile;s3 and Ile,s, 3) between Ser,,; and
Arg,ss around the two hydrophobic aromatic residues Tyry
and Tyr,s,, and 4) between Asn,;s, and Tyr,4 around tyrosines
Tyry,, and Tyrie;. The most pronounced differences in
dynamics between hPrP™ and hPrP™ are observed around
the two cysteine residues, Cys,;;9 and Cys,;,. In the reduced
form, loss of motional restrictions leads to increased dynamics
around these two cysteine residues and additional hydro-
phobic clusters remain as indicated in Figure 2: these clusters
are 5)between Asn;;; and Thry;, 6) between Phejys and
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Figure 1. Secondary structure propensities (SSP)"” and normalized secondary chemical shifts for a) hPrP* and b) hPrP™ as a function of residue
number recorded in the denatured state at 8 M urea, pH 2.0, 25°C. Deviations in chemical shifts were calculated by subtracting the measured
chemical shifts from sequence corrected random coil values™'™ for all the residues in urea-denatured hPrP** and hPrP™, respectively. Significant
Cq» Cp and CO (| AS|>0.35 ppm by 1 unit, |Ad|>0.7 ppm by 2 units and |Ad|>1.05 ppm by 3 units), and significant H, and H"

(|AS6|>0.1 ppm by 1 unit, | Ad|>0.2 ppm by 2 units and | Ad|> 0.3 ppm by 3 units) secondary chemical shifts are indicated by vertical bars.
Black bars indicate -structural preferences, white bars indicate a-structure. Regions of increased B-propensities are labeled I-Il1, the native
secondary structure elements and the sequence are indicated on top of each figure.

Met,,5, and 7) between Ile,;s and Gln,,,. The locations of the
clusters agree only in part with predictions made by
AABUF!"! and could therefore not have been predicted
from the primary sequence.

We tested whether the differences in conformational
dynamics in the unfolded state of hPrP*™ and hPrP™ lead to
differences in the fibril formation behavior monitored by
thioflavin T (ThT) fluorescence (Figure 3). For the oxidized
hPrP*, ThT fluorescence intensity increases immediately
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after adding the fibril-formation buffer indicating fibril
formation of hPrP* occurs monoexponentially.'>') Analysis
of fluorescence kinetics at several hPrP** concentrations
ranging from 5 um to 15 uM reveals second-order kinetics (see
Figure S4 in the Supporting Information). By contrast,
incubation of hPrP™! does not influence the ThT fluorescence
signal, no fibrils are formed. To our knowledge, this behavior
has not been reported for human prion protein, but similar
results were found for another amyloid forming protein, (3,-
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protein. Using chemical shift analysis, three
areas with propensities (ca. 10%) to form -
structure (region I: Ser;35-Gly,4,, region II:
Tyrs-Proygs, region ITI: Tleg,-Valg) were
identified, both in the oxidized and in the
reduced protein. Not revealed by analysis of
chemical shifts, dramatic differences in the

T

R3 and RY, / Hz

conformational dynamics localized around the
disulfide bridge exist for the oxidized and
reduced state of hPrP. These differences in
conformational dynamics are linked to the
observation that only hPrP** forms fibrils.

The propensity to form f-strand structural
elements in the unfolded state coincides with
the B-multimer, in which (-sheet character-
istics were found using CD spectroscopy,” as
well with the 3-sheet architecture of the human
prion protein amyloid.”*?! The NMR spec-
troscopy investigations presented herein allow
the location of the region in the urea denatured
state which has {3-strand structural preferences.
Interestingly, the first area with -propensity

AABUF

(Ser35-Gly,4,) contains the bulky, apolar, and
highly  surface-exposed  Ile ss-Ile 3-Hisyo-
Phe,,; sequence considered as an ideal
anchor-point for initial intermolecular contacts
leading to oligomerization and aggrega-
tion.”>?! The third area with B-sheet propen-

T

sity (Ile;g,—Val;g9) moreover is found in the
recently identified core of the amyloid, com-
prising residues Gln,4—Lys,,, made of parallel
in register P-sheets.”?! This core agrees
remarkably well with the area around the
disulfide bridge, where motions are drastically
restricted in the oxidized protein and large

R7* and R’ / Hz

differences in the relaxation rates are observed

Residue ——»

Figure 2. Dynamics of hPrP* and hPrP™’. N R, (black circles) and Ry,
relaxation rates (white circles) of hPrP* (upper picture) and hPrp™
(lower picture) in 8 M urea, pH 2.0, 25°C are shown. Relaxation rates
(RF) expected for a random coil (R%=0.17s7, A%=7, R®=0.155"

and A4 =7) and fitted relaxation rates are shown by a gray and black

line, respectively (for detailed information, see Supporting Information).

The average area buried upon folding (AABUF),!" native secondary
structure elements (N), residual structures found here (U), and point
mutations associated with diseases are shown.”®? Additional disease-
related point mutations exist in the truncated part. (1)—@) indicate
clusters or residues discussed in the main text.

microglobulin, in which the disulfide bond has been reported
to be essential for amyloid fibril formation.”™ Our observa-
tions for the unfolded states of hPrP are supported by
previous reports indicating that preservation of the disulfide
bond is important in the conversion of PrP¢ into Prp%,[2!?

In summary, we have investigated the urea denatured
state of the cysteine oxidized and reduced state of hPrP as
model of the fibril-forming intermediate of the human prion
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compared to the non-amyloid-forming re-
duced state of the protein. We therefore
propose that the unfolded state with intact
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Figure 3. ThT aggregation kinetics of hPrP™ and hPrP™. Experiments
monitoring time-dependent fibril formation were carried out at 25°C in
a solution containing 0.5Mm urea, 0.5M GdmCl, 25 um ThT, pH 2.0, and
a final protein concentration of 15 um. The black line indicates the
aggregation behavior of hPrP™, the gray line of hPrp™,
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disulfide bond has features resembling the amyloid-forming
intermediate, particular in the region most likely central to
amyloid formation. This notion is further supported by recent
¢-value refolding studies by Hart et al. identifying the same
region as the folding nucleus in the formation of the native
state of the protein, which is drastically perturbed by certain
mutations leading to the formation of aberrant conforma-
tion.””! The location of the native disulfide moreover
correlates with a hotspot of inherited human prion disease-
related mutations (see Figure 2):?! 17 out of the 25 disease-
related mutations are found between residue 178 and residue
217 of the protein. We propose the following hypothesis:
differences in the conformational dynamics around the
disulfide bridge in the unfolded state of the protein could
modulate the tendency of hPrP® to form fibrils, investigations
to test this are ongoing.
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