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ABSTRACT. The infectious agent of transmissible

comprise, at least in part, the prion protein (PrP).

spongiform encephalopathies (TSE) is believed to
Other molecules can modulate the conversion of the

normal PrP into the pathological conformer (P¥®, but the identity and mechanisms of action of the

key physiological factors remain unclear. PrP can bind to nucleic acids with relatively high affinity. Here,
we report small-angle X-ray scattering (SAXS) and nuclear magnetic resonance spectroscopy measurements
of the tight complex of PrP with an 18 bp DNA sequence. This double-stranded DNA sequence (E2DBS)
binds with nanomolar affinity to the full-length recombinant mouse PrP. The SAXS data show that formation
of the rPrP-DNA complex leads to larger values of the maximum dimension and radius of gyration. In
addition, the SAXS studies reveal that the globular domain of PrP participates importantly in the formation
of the complex. The changes in NMR HSQC spectra were clustered in two major regions: one in the
disordered portion of the PrP and the other in the globular domain. Although interaction is mediated
mainly through the PrP globular domain, the unstructured region is also recruited to the complex. This
visualization of the complex provides insight into how oligonucleotides bind to PrP and opens new avenues
to the design of compounds against prion diseases.

The cellular PrP (PB! is constitutively expressed in all
mammals g, 2). The conversion of PfRinto a pathological
conformer (PrP) leads to formation of #-sheet-rich protein

Interaction of PrP with nucleic acids (NA) has been shown
to occur both ex vivo (in cellular assays) and in vit@ (
13—23), displaying some sequenc® 23) and structuralX9,

at the expense of regions that are flexibly disordered and 20, 22, 23) selectivity. Depending on the conditions of the

rich in o-helix (3, 4). This process is promoted by PfR5,
6) and can be modulated by additional macromolecules (
13), in a poorly understood way.
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reaction, the PrPENA complex may become proteinase
K-resistant and undergo amyloid oligomerizatidr8)(and
conversion to g-sheet-rich structuredj. We have proposed
that host nucleic acids may catalyze the conversion between
Pr/= and PrP¢ by reducing the protein mobility and by
making the proteirrprotein interactions more likely9].
Depending on the relative concentration of protein and
nucleic acid, binding of DNA to recombinant PrP can
promote or inhibit PrP aggregatior®, (13, 14). Several
synthetic nucleic acids increase the level of in vitro PrPres
amplification (L3, 21). These results are consistent with the
hypothesis that endogenous polyanions (such as nucleic
acids) may accelerate the rate of prion disease progression
by acting as scaffolds or surfaces that facilitate interaction

" Centro Nacional de Ressonancia Magnetica Nuclear, Universidade between PrPand PrP¢ molecules, as previously proposed

Federal do Rio de Janeiro.
Ynstituto de Biogimica Medica, Universidade Federal do Rio de
Janeiro.

(21). Although all these in vitro experiments suggest that
nucleic acids might be active in the Pr#® PrP* transition,

#Nucleo de Pesquisa de Produtos Naturais, Universidade Federalthere is no definitive proof that these molecules may act on

do Rio de Janeiro.

® Unicamp.

* NIAID.

! Abbreviations: PrP, prion protein; Fip prion scrapie; rPrP,
recombinant prion protein; ShaPrP, Syrian hamster prion protein;
E2DBS, E2 DNA-binding sequence; SAXS, small-angle X-ray scat-
tering; NMR, nuclear magnetic resonance; NA, nucleic acid; HSQC,
heteronuclear single-quantum coherence.

the in vivo conversion.

In addition to a still open possibility that nucleic acids
(especially from the host) may act on the conversia4),(
the characterization of a prion proteinucleic acid complex
may be highly relevant for the development of new thera-
peutic and diagnostic strategies. The recent description that
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degenerate phosphorothioate oligonuclotides (PS-ON) have Fluorescence Spectroscopill experiments were per-
potent anti-scrapie activitie22) highlights the importance  formed in 10 mM Tris-HCI (pH 7.4) and 100 mM NacCl, at
of obtaining structural information about PrBligonucleo- 22 °C, in an ISS-PC1 spectrofluorimeter (ISS, Champaign,
tide complexes. The authors have also envisaged the use oflL) as described previously28). For the anisotropy measure-
PS-ON as prophylactic compounds to be added to blood ment at pH 5.2 (in 20 mM NaAc buffer and 100 mM NacCl),
products prior to transfusion to reduce the risk of TSE we used rhodamine-labeled E2DBS. Dissociation constants
transmission 22). Takemura et al.Z3) identified another (Kq) were calculated accordingl2®), considering a simple
relevant application of prioAnucleic acid interaction by  two-state reversible equilibrium between PrP and DNA (PrP
demonstrating the use of selected DNA aptamers that bind+ DNA = PrP—DNA).
SpeCifica”y to PrP for PrP¢ enrichment and as diagnostic Sma||_Ang|e X_ray Scattering Measurements, Data Ana]y_
tools in double-ligand assay systems. RNA aptamers that bindsjs, and Structural ReconstructionSAXS data were col-
selectively to disease-associaj@eheet-rich forms of the  |ected at the D11SAS small-angle scattering beamline of the
prion protein have also been isolat@®) The authors found  National Synchrotron Light Laboratory, Campinas, Brazil
that these aptamers inhibit the accumulation of protease-(29) using a one-dimensional position-sensitive detector,
resistant forms of PrP in a prion-seeded, in vitro conversion with a quartz Capi”ary Samp'e holder and a Wave'edwﬁ
assay. They suggest the use of synthetic aptamers for they 1488 nm, at 22C. Experiments were conducted in 20 mM
detection of abnormal forms of Pri2q). Tris, 50 mM NaCl (pH 7.5), and 7M DNA. Data
Another interesting finding was that an anti-DNA antibody acquisition was performed by taking several 600 s frames
could capture P, suggesting that PFPforms a complex of each sample. The modulus of scattering veciowas
with nucleic acid {8). The authors pointed out the relevance calculated according to the relatign= (4-7/2) sin 20, where
of their results for the development of new strategies for the 1 is the wavelength used and & the scattering angle. The
study, detection, and treatment of prion diseases. All thesemonodispersity of the samples was confirmed by Guinier
studies point out the relevance of obtaining structural plots of the data30) and molecular weight calculations using
information about PrPNA complexes. hen egg lysozyme as a standard (not shown). Data were
Here we describe the first structural characterization of corrected properly and fitted using GNOBO], and the low-
prion protein (PrP) complexed to a small double-stranded resolution ab initio particle shape was restored using DAM-
oligonucleotide (E2DBS) that we previously found that binds MIN (31). Several runs of ab initio shape determination with
PrP with high affinity @). Although small aptameric RNAs different starting conditions led to consistent results as judged
have been shown to bind PrRLY 20) they are less by the structural similarity of the output models, yielding
appropriate for the structural characterization of the complex, nearly identical scattering patterns and fitting statistics in a
because of the much higher degree of complexity and stable and self-consistent process. The final models are a
conformational flexibility of ss-RNAs as compared to ds- result of an average of five independent calculations,
DNAs. We show how a prion and a NA molecule wrap each performed using DAMAVER 32).
other, a picture made possible by the use of two different NMR Experiments.The H—'N HSQC spectra of

structural techniques (SAXS and NMR). ShaPrB?-231were assigned as described previousB).(The
IH—15N and'H—'C HSQC NMR spectra were acquired at
EXPERIMENTAL PROCEDURES 30°C on a Bruker Avance DRX 600 spectrometer, with 0.18

mM uniformly labeled °N,**C]ShaPrP’23! in 20 mM
sodium acetate buffer (pH 5.2), 100 mM NaCl, and a 10%
D,0/90% HO mixture. The sample for the spectra of the
ShaPrB?-231-DNA complex was prepared by adding 85!
DNA to the sample of pure ShaPPP?3, and the pH was
checked after the addition of DNA. The spectra were
processed using NMRPIPB4), and the assignment was

isotopically labeled ShaPP2% E. coli BL21(DE3) cells performed using NMRVIEW 35) based on data from the

harboring the recombinant plasmid were grown in M9 BMRBA307 star file §3).
minimal medium supplemented with 0.1% (w/IN-labeled RESULTS
NH4CI (99%15N) and 0.4% (w/v)*C-labeled glucose (99%
*C). The labeled protein was purified to homogeneity by  Small-Angle X-ray Scattering Reals a Tight Prion-
using nickel affinity chromatography as a principle step Nucleic Acid ComplexTo acquire the structural features of
according to the procedures reported previou&I).( the prion-DNA complex, we used NMR and small-angle
Reagents and Protein Samphdl reagents that were used  X-ray scattering (SAXS). Because of the high concentration
were analytical grade. NMR measurements were conductedof protein and nucleic acid used for both experiments,
in 20 mM NaAc buffer (pH 5.2), 100 mM NaCl, and 10% preliminary experiments were performed to make sure that,
D,0O, in the presence or absence of DNA at 3D. The at a DNA:PrP concentration ratio af1:1, the complex
synthetic 5fluorescein-labeled and unlabeled single-stranded remained soluble. Small-angle X-ray scattering (SAXS)
5-GTA ACC GAA ATC GGT TGA-3 (E2DBS) oligo- analysis was used to obtain structural information about rPrP
nucleotide was purchased from Integrated DNA Technologies and the rPrP-DNA complex. This technique provides direct
(Coralville, 1A). Annealing, confirmation of complete hybrid-  information about the size, shape, and oligomeric structure
ization, and determination of its concentration were per- of biomolecules in solution. The experimental results for
formed as described elsewhes) intensity as a function of the modulus of scattering veqgtor

Construction, Expression, and Purification of rRrP
rPrPelsz-121 was obtained as described previoust,(26).
The plasmid for expression of Syrian hamster PrP residues
90—231 (ShaPr®-23)) in Escherichia coliwas created by
cloning the DNA coding region for ShaP¥P?! into the
Novagen pET23af) expression vector. Both rPrPs were
expressed and purified as described elsewl®rd ¢ prepare
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Ficure 1: Scattered intensity decay obtained by SAXS and pair distance distribution functions calculated from SAXS measurements of

(A) free rPrP3-231 (B) free rPrPeldz-121 gnd (C) the rPri®32-12_DNA complex. The solid line was calculated from the desmeared
GNOM fit. Error bars were propagated from the experimental error.

Table 1: Overall Particle Parameters for Free and DNA-Bound
rPrP3-231 gand rPr@el32-121 Obtained by SAXS Measurements

anisotropy
PrP construction measurements SAXS measurements
radius of  maximum
Kg (NM) DNA gyration (A) distance (A)
rPrE3-231(pH 7.4) 4804 160 - 24+ 2 90
rPrpiel3z-121(nH 7.4) 5204 220 - 21.24+2 80
rPrE23-231(pH 5.2) 90 + 32+2 120

are shown (Figure 1). We obtained overall dimensional
parameters for free rP#2231 and DNA-bound rPrfe32-121
(Table 1). Determination of rP#P23—DNA complex

From the Fourier transformation of the scattering data, we
calculated the pair distribution functiop(r), which gives
direct information about the particle shape and size. We could
observe a characteristpgr) of a prolate structure3() for
both constructs, with the P##2-121 being less elongated than
Pre3-23L |t is also possible to confirm formation of a
complex from thep(r) behavior for the rPrPDNA complex
(Figures 1A-C and 2), which leads to larger values of the
corresponding maximum dimension and radius of gyration.

Restoration of ab initio models from SAXS data can give
important insight into macromolecular complexes and struc-
tural assemblies3g). The modeling procedure based on

parameters by SAXS measurements was not possible, sincelummy atom models and simulated annealing optimization
the large oligomers that formed could not be completely (31) yields a low-resolution three-dimensional model ar-
removed, probably due to the high concentration required rangement of a set of spherical beads that gives the best fit

for SAXS measurements.

of the experimental data. The final low-resolution shapes of
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0.30+ of fluorescein-labeled DNA (Figure 4B). The steep depen-
AT dence of complex dissociation on the NaCl concentration
0251 TN —a—PPEE indicates an extensive involvement of electrostatic contacts
0204 g’o %&% *\ :;:BEQ:P"’ in DNA recognition by PrP. Other types of chemical inter-
El \f¢¢ \ Normalized by Mw actions are expected to be involved in nucleic acid recogni-
g 0.15- ? 'ﬁ%e? ** tion, which might be revealed by the high-resolution structure
= \Ll b, $+ of this complex.
& 0107 llki % % ++ NMR llluminates Amino Acid-Specific Information about
0.054 ‘\lll ¢¢¢¢¢ the PrP—0Oligonucleotide Complex.o further characterize
ii % the PrP-DNA complex and map precisely the amino acids
0.00 , . h.% %fm, that interact with the DNA molecule, we performed nuclear
0 20 40 120 magnetic resonance (NMR) experimeritd—15N andH—
r [A] 13C heteronuclear single-quantum coherence (HSQC) spectra
FiGURE 2: Pair distance distribution function calculated from SAXS were obtained for free and DNA-bound Syrian hamster prion
measurements for free rPFP2121 (a), the rPripei32-121-DNA protein (SharPrP-23)) in a 90% HO/10% DO mixture at

complex (- - -), and free DNAQ). Error bars were propagated from 30 °c. The HSQC spectra (Figure 5) were assigned on the
the experimental error. basis of the published NMR assi t for thi truct
publishe assignment for this construc
(33). In essence, most of the differences it and 5N
chemical shifts between free and DNA-bound ShapP#t
samples were small, indicating that the ShaP! overall
fold was maintained. In addition, the minimal chemical shift
deviations for most of th&C* and H* resonances confirmed
that the overall secondary structure arrangement of the PrP
complexed to DNA is similar to that of the free protein.
However, we identified substantial changes in localized areas
of the protein, with several amino acid residues showing
changes in chemical shift values fét and**N equal to or
greater than 0.020 ppm (12 Hz) and 0.10 ppm (6 Hz),
S i ) o respectively (Figure 6). These values were on the same order
domain in nucleic acid recognition, we measured DNA ot naqnityde as the chemical shift changes observed in the

binding affinity for rPr* 2% and for the mutant lacking the e raction of prion protein with the C-terminal SH3 domain
N-terminal domain (rPiP'32-12). DNA binding was assessed ¢ srp2 38) and with quinacrine39).

by incubating PrP with fluorescein-labeled DNA and mea- he ch . | di .
suring fluorescence anisotrop38). Analysis of equilibrium The changes in HSQC were clustered in two major

binding isotherms at pH 7.4 gives apparent dissociation regior_ls: one in the disor_dered portion of the PrP and the
constants of 486 170 nM for rPrP%231 and 525+ 217 other in the globular domain. Smaller changes were observed

nM for rPrPe32-121 (Table 1 and Figure 4A), which are in the -strands and loops (Figure 6A and Table 2). The

essentially the same within error. DNA binding curves residues that exhibit the larger modifications are indicated

determined at pH 5.2 also show that the full-length prion N Table 2.
protein displays high DNA binding affinity (Table 1). At~ Except for M213, all large HSQC changes are in amino
lower salt concentrations (no added NacCl), the affinity was acids that display universal preferences for interactions
even higher, with a dissociation constant of 30 r8fl This ~ between side chains and DNA base0)( The main
high affinity is close to those of several other DNA-binding systematic pattern observed is that most amino acids that
proteins, including the E2c DNA-binding protein, which display significant changes in HSQC are directed to the same
specifically recognizes the DNA employed in this work. The side (Figure 7), which is a typical design of helical DNA-
nucleic acid binding of PrP lacking part of the disordered binding motifs.
domain confirms the participation of the globular domain  Taken together, NMR and SAXS data indicate an inter-
(residues 121231) @7) in the formation of a tight complex.  action between the globular domain and DNA. Nevertheless,
However, it does not rule out an influence of the disordered the NMR data reveal significant changes in the disordered
amino acid terminal region in establishing the final DNA-  domain, which demonstrate a contribution of this region in
bound conformation. the formation of the consolidated complex. Other significant
Protein—nucleic acid interaction is based on many chemi- chemical shifts occur in the neighborhood of amino acid
cal principles, such as electrostatic interaction, van der Waals,residues corresponding to the region where major changes
hydrophobic, and hydrogen bonding. The apparent affinity in secondary structure from PrB PrB¢have been reported
in such a type of complex can be modulated by different to occur @). The SharPrP-23 (not shown) and SharPiP23!
variables such as temperature and salt concentration. Theuniformly labeled with*>N and*3C show corresponding local
latter interferes in the electrostatic component of this inter- changes in chemical shift when bound to DNA, as deter-
action; i.e., an increase in salt concentration decreases thenined by NMR HSQC spectra (Figure 5). The involvement
affinity through a counterion shielding effect over both the of structural organization and/or DNA binding by the
protein and NA. An equimolar amount of the PrfBNA disordered region of wild-type PrP is suggested by the
complex was incubated in different concentrations of NaCl, absence of several peaks corresponding to this portion in
and dissociation was monitored by fluorescence anisotropythe 'H—'°N HSQC spectra of the ShaPfP3-DNA

full-length rPrP3-231 and the truncated form, rP{##s2-121,
obtained by modeling from the scattering data indicated an
elongated particle, with two distinct domains (Figure 3A).
The shape of the molecular models allowed the identification
of the globular region of the protein (Figure 3B) as the known
murine PrP high-resolution structure (PDB entry 1AG2). In
Figure 3C, the rPr"32-122—-DNA complex envelope can be
visualized. Our results clearly indicate a 1:1 stoichiometry
of binding and provide evidence that DNA binding involves
the globular domain (Figure 3C).

To further investigate the involvement of the globular
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FiGURe 3: Three-dimensional reconstruction of rPrP from SAXS measurements. (APTP#Rlight gray) and rPr®¥2121 (dark gray).

(B) Superposition of the rPPP32-121 model and the NMR structure of the murine prion protein globular domain (PDB entry 1AG2). (C)
rPrRiei32-121 enyelope and crystal structure of a 16 bp DNA (PDB entry 2BOP) superimposed onto #84P#P-DNA complex envelopes.

Since the DNA used in this superposition is smaller than the one we used in our measurements and since it is also bent in the crystal
structure, complete superposition was not realized.
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Ficure 4: Binding of DNA to PrP monitored by fluorescence anisotropy. (A) Free?P#P (black) and rPri®i32-121 (white) were assayed

for DNA binding at 25°C for 72 h in 10 mM Tris-HCI with 100 mM NaCl (pH 7.4). (B) Salt dissociation isotherms were determined by
incubating 2uM rPrP23-231with 5 nM F-DNA at 22°C for 7 days in the presence of varying NaCl concentrations, and the anisotropy was
measured.

complex (Figure 5), presumably due to binding-induced peak by NMR spectroscopy and SAXS. Prions seem to have other
broadening. accomplices that chaperone their activity in converting the
normal, cellular form into the disease-causing isoform;
DISCUSSION among chaperone candidates, a nucleic acid is the most likely
Here, we provide the first structural characterization of (9, 12—17). The structural identification of a specific site
the prion protein complexed to a nucleic acid, as determined for NA binding will shed light on how PrP interacts with
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Ficure 5: 1H—1N HSQC spectra of ShaPP23% Expanded region
of the superimposeéH—1°N HSQC spectra of free (black) and
DNA-bound ShaPr-231 (red) showing differences in chemical
shifts.
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Ficure 6: Characterization of the ShaPrP structure achieved by
DNA binding. Modulus of'H (A) and >N (B) chemical shift
changes after binding of DNA to ShaP?P3L The gray bars
indicate the position of the Syrian hamster Rrfhelices 83).

other molecules, which may affect the conversion to the
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Table 2: Amino Acid Changes in Chemical Shift upon Nucleic
Acid Binding by PrP

ShaPrP 1H A6 ShaPrP 5N AS

residué regior? (ppm) residug regior? (ppm)
N97 N-terminus 0.021 W99 N-terminus —0.133
H111 N-terminus 0.016 S103 N-terminus 0.143
M112 N-terminus —0.024 K110 N-terminus 0.158
Al113 N-terminus —0.026 H111l N-terminus 0.184
Al116 N-terminus 0.022 M112 N-terminus 0.136
D147  helix1 —0.025 G131 extended strain-0.132
Y157 loop —0.026 R136 loop —0.115
V161 extended strain—0.015 F141 loop 0.147
T193 helix 2 —0.019 E146  helix1 —-0.133
K194 helix 2 —0.025 N174 helix 2 0.100
G195 loop —0.015

V209 helix 3 —0.030

M213 helix 3 —0.032

Q217 helix 3 —-0.023

A224 helix 3 -0.015

aThe amino acid residues selected in this table were those that
displayed chemical shift changes in thé—5N HSQC spectrum of
DNA-bound ShaPr#®231 of >0.020 and>0.10 ppm for*H and >N,
respectively. Residues N97, Q98, F141, G142, R151, R156, R164, and
Q217 exhibited undersized peaks. Residues N170 and E221 did not
exhibit peaks in thelH—'>N HSQC spectrum of DNA-bound
ShaPrB%-231 b Secondary structure assignment of each amino acid
residue from ShaPPP23 (33).

components, their results are consistent with the hypothesis
that endogenous polyanions (such as nucleic acids) may
affect the rate of prion disease progression by acting as
scaffolds or surfaces that facilitate interaction betweer¥ PrP
and PrP° molecules, as previously proposed). (

The importance of nucleic acid binding by PrP was
recently strengthened by the findings that degenerate phos-
phorothioate oligonucleotides at hanomolar concentrations
act as conversion inhibitors with strong anti-scrapie activities
in vivo (22). The maximum activity was obtained with
oligonucleotides with 2630 bases, consistent with our
results which show that oligonucleotide interaction is steri-
cally defined 22). Another potential application of DNA
binding is in the diagnostics of TSE®J). The authors
generated a panel of DNA aptamers that bind to recombinant
and mammalian PfPand not to Prf=. They also proposed
that PrP-specific aptamers could be applied as therapeutic
tools 23).

The globular domain of the PrP protein is the binding site
of the antimalarial drug quinacrine, as also demonstrated by
NMR spectroscopy 39). The disordered portion is also
intrinsically involved in thes-sheet content resulting from
DNA recognition, as observed by circular dichroiséh énd
the changes in HSQC spectra. This could be explained by
the interaction of DNA with an extended form of the rPrP
N-terminal region.

It is noteworthy that several residues, which experience
significant chemical shift changes, are in the proximity of
histidine residues (Table 2). The changes observed in the
unstructured portion of prion protein are centered upon the
histidine residues that make up the high-affinity metal-
binding site of Pr®-231 (H96 and H111)41). Also, residues
141 and 157, which experience significant shift changes, and
a large number of the undersized peaks observed in the

scrapie conformation. In fact, it has recently been revealed HSQC spectra (residues 97, 98, 141, and 142) are all in the

that NAs and other polyanions increase the level of in vitro
PrPres amplification A1). Because they used purified

proximity of histidine residues (ShaPrP residues H96 and
H140), suggesting the possible involvement of histidines in
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B

Helix-2

Ficure 7: (A and B) Ribbon representation of ShaPrP residues 2228 (PDB entry 1B10) showing the location of the amino acids
that displayed perturbation upon DNA binding: red for residues withO2 ppm changes itH chemical shift, orange for residues with

>0.1 ppm changes itPN chemical shift, magenta for residues that exhibit undersized peaks, and yellow for residues that do not exhibit
peaks.

these effects. However, when the pH is changed from 7.4 to cell membrane distributiorlj. Collected evidence suggests

5.2, there is an only~5-fold increase in affinity, which  a possible functional role in the transport of NA across the

indicates that the participation of His residues is important cell milieu, placing prion protein in a class of nucleic acid

but not crucial for the interaction. pattern recognition receptors. The fact that NAs can bind
Binding of PrP protein to a nucleic acid molecule is PrP and variably affect its conformation and aggregation state

expected to occur with a substantial decrease in the level ofraises the additional possibility that PfRA interactions

hydration. When DNA binds, the changes in the HSQC might influence neurodegenerative processes associated with

spectra were in both polar and nonpolar residues (Table 2TSE diseases.

and Figure 7). The globular domain of the prion protein

presents a significant number of backbone H bonds that areACKNOWLEDGMENT
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