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ABSTRACT: Transmissible spongiform encephalopathies have been observed exclusively in organisms
expressing the host-encoded prion protein (PrP). The function of the cellular isoform of PrP found in
healthy organisms has so far not been identified, although there are indications of a role in signal
transduction in neurons. To gain further insight into the functional properties of cellular PrP, this paper
investigated the binding of the C-terminal SH3 domain of the murine growth factor receptor-bound protein
2 (Grb2) to the murine PrP, using NMR, fluorescence, and circular dichroism spectroscopy. The SH3-
binding site in murine PrP was thus found to be in the highly conserved region of residue4d3)0
which contains prolines in positions 101 and 104. The pretpiotein interaction, with &p value of 5.5

uM, is abolished when either of these two prolines is replaced by leucine. In humans, two corresponding
Pro — Leu exchanges are found in patients who present with the Gerstngirassler-Scheinker
syndrome. The results of the present study thus indicate a possible mechanism by which amino acid
exchanges could influence a specific protgmotein interaction in a complex signal transduction cascade,
which might be of functional significance in health and disease.

Transmissible spongiform encephalopathies (TSkg important role of PrP for the susceptibility of mammalian
fatal neurodegenerative diseases in man and other mamorganisms to outbreak of TSEs, the physiological role of PrP
malian species, which are transmissible both in nature andin healthy organisms remains unknown, although PrP is
in the laboratory 1). In these neuronal disorders, an highly conserved among mammals and other higher animals
aggregated isoform (“scrapie isoform”, P#Pof the prion (10, 11). Thereby, a segment of about 25 amino acid residues
protein (PrP) is accumulated primarily in the brain. When (113—137 in mPrP) is particularly highly conserved. The
compared with the solution structures available for the first 12 residues of this segment are part of the flexible tail
“cellular form” found in healthy organisms (PYP(2-5), of PrP, and the remainder is incorporated in the globular
cryoelectron microscopy pictures of PFR6) indicate that domain.
an important difference between the three-dimensional Evidence has been published that Pnfight have a role
structures of PrPand PrP¢ is located in the segment of in signal transduction, and in particular it has been suggested
residues 96120 preceding the C-terminal globular domain. that Pr® might be important in neuronal cell differentiation
This polypeptide segment, which is flexibly disordered in (12) and that it has a downstream effect on the phosphory-
PrF= (7), seems to account at least in part for the significantly lation of the tyrosine kinase Fynl®). Spielhaupter and
increaseds-sheet content in PAP amyloid fibrils, when Schazl (14) showed through a yeast two-hybrid assay that
compared to Pr(6, 8). PrP° binds to the growth factor receptor-bound protein 2

Through transgenic mouse experiments it has been shown(Grb2), which is a highly abundant, well-characterized
that expression of the host prion protein is required for the adaptor protein in neurons. The PriRteraction site of Grb2
onset of a TSE, which has never been observedrimp’° was then further shown to be in the C-terminal SH3 domain
mice ©). In contrast to this clear-cut implication of an (“Src homology domain 3”) of Grb2 (Grb2_cSH3).

Grb2 is a signaling molecule mostly known through its
 Financial support was obtained from the Schweizerischer Nation- INvolvement in the Sos/Ras signaling cascade, which is

alfonds and the ETH Zich through the National Center of Competence ~ critical for the control of cell proliferation and differentiation

in Research (NCCR) Structural Biology. (15, 16). Since its discovery, many additional protein
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L Abbreviations: NMR, nuclear magnetic resonance; CD, circular Wiskott—Aldrich syndrome protein (WASP), which plays a
dichroism; Grb2, growth factor receptor-bound protein 2; SH3, Src role in cytoskeletal regulation. Grb2 is made up of a central

homology domain 3; Grb2_cSH3, carboxy-terminal SH3 domain of SH2 domain flanked by two SH3 domains. The binding
murine Grb2; PrP, prion protein; mPrP, murine prion protein; mPrP- . . . . .
(90—-231), recombinant mouse prion protein containing residues 90  INtéractions with partner proteins have been extensively

231; mPrP(96-231)[P101L], variant of mPrP(90231) with proline investigated 18—20). Similar to all other SH3 domains,
101 replaced by leucine; mPrP(9231)[P104L], variant of mPrP(99 Grb2_cSH3 binds its ligands in a polyproline 1I (PPII) helix

231) with proline 104 replaced by leucine; PrRellular isoform of : ; P ; _
PrP; PrP¢, scrapie isoform of PrPPrnp, gene coding for PrP; GSS, conformation, with a binding strength in the rangekef

Gerstmanr Straussler-Scheinker sydrome; TSE, transmissible spongi- 1—1004M (21). The binding site on the SH3 surface is made
form encephalopathies. up of three pockets, of which two are sufficiently large to
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Mouse “N K P S K P K T N L K H NacCl, and 0.05% sodium azide (PB buffer) to give a final
Chicken ®q K P W K P P K T N F K protein concentration of 3 mM.

Tutle g K P W K P D K P K T N Grb2_cSH3 was purified in the same way as the PrP
Xenopus *N K Q W K P P K S K T N fragments, except that 0.1 mM DTT was added to the eluted
Fugu v K P K S P S T A K K A protein to keep the free cysteine in the reduced state. An

: : : additional gel filtration chromatography step (HiLoad 26/
Ficure 1: Amino acid sequence alignment for the presently g0 Superdex, Pharmacia Biotech) was used to remove

identified SH3-binding motif of prion proteins from different : : " ; ;
species. Amino acid residues-9910 of mPrP, which correspond residual impurities of Grb2_cSH3 dimers and other proteins.

to residues 100111 of hPrP, are representative of all mammalian The Grb2_cSH3 solution was lyophilized, redissolved in
PrPs (0, 11). Prolines are shown in bold, positively charged amino water, and dialyzed against PB buffer to give a final protein
acids are in italics, and negatively charged residues are underlinedconcentration of 5 mM.

The sequence number of the first residue is indicated. H NMR spectroscopy was used to check that the proteins
were properly folded. mPrP(9231) was also prepared in
uniformly ®N-labeled form. The protein concentrations were
determined by absorbance spectroscopy according to Gill and
von Hippel @0).

NMR ExperimentsSteady-staté®N{H}-nuclear Over-
hauser enhancements (NOESs) were measured according to
'Dayie and Wagner31) on a Bruker DRX500 spectrometer
equipped with a cryoprobe, using a saturation period of 4 s.
The NMR samples contained 1 mM mPrP{%B1) and
either 0, 0.4, 0.8, or 1.0 mM Grb2_cSH3 in PB buffer
containing 5% BRO.

Chemical shift changes i#°N-labeled mPrP(96231)
upon addition of 1 equiv of Grb2_cSHA&y, were measured
using [°N,'H]-COSY spectra recorded on a Bruker DRX500
spectrometer equipped with a cryoprobe. In three different
experiments, the mPrP(9@31) concentration in the NMR
samples was 0.02, 0.05, or 1 mM in PB buffer containing
5% D,O.

The NMR data were processed with the program PROSA
32), and the resulting spectra were analyzed with the

rogram XEASY 83).

Fluorescence Spectroscopipue to the proximity of
tryptophans to the binding sites in both proteins (Grb2_cSH3,
W197 and W198; mPrP(9231), W99), fluorescence
spectroscopy could be used to determine the binding constant
Kp for the complex between Grb2_cSH3 and various mouse
PrP fragments (Figures 3 and 4). All fluorescence spectra
were recorded at 28C on a Hitachi F-4500 fluorescence
spectrophotometer in a 18 2 mm quartz cuvette. The
samples were excited at 290 nm, and measurements were
taken at 350 nm in intervals of 0.2 s and averaged over 10
s. The samples contained eithex mPrP(96-231), mPrP-
(90—231)[P101L], or mPrP(96231)[P104L] and from O to
EXPERIMENTAL PROCEDURES 20uM Grb2_cSH3. For a more precise determination of the

binding constanKp for the interaction of mPrP(96231)

Cloning, Expression, and Purification of the Proteirfhe with Grb2_cSH3, a second set of experiments was started
protein fragments mPrP(9231), mPrP(96-231)[P101L], with a solution of 5uM Grb2_cSH3, and from 0 to 16M
mMPrP(96-231)[P104L], mPrP(122231), and Grb2_cSH3  mPrP(96-231) was added in a stepwise fashion.
were cloned into the vector pRSETA, which contains asHis Al fluorescence experiments were performed in PB buffer.
tag and a thrombin cleavage site between the tdig and Calibration curves for the fluorescence signal intensity of
the protein fragment. The proteins were expressed inall proteins at 350 nm were recorded and subtracted from
Escherichia coliBL21 cells. the data used to calculate the binding constiGisAfter

The PrP fragments were purified according to Zahn et al. initial measurements at &M concentration of one protein,

(3, 29). Modifications of the previously published protocol the second protein was added in small steps to give changes
were that thrombin was removed witkaminobenzamidine in the final concentration either of Ou8M [addition of mPrP-
Celite (Sigma, A-5825), that an additional centrifugation step (90—231) to Grb2_cSH3] or of 2.5uM [addition of

was used to remove the Celite, and that no ion-exchangeGrb2_cSH3 to mPrP(96231), mPrP(96-231)[P101L], or
chromatography step was used. The protein solutions weremPrP(96-231)[P104L]]. The results were corrected for the
lyophilized, redissolved in water, and dialyzed in a buffer small volume changes and the intrinsic filter effect. The
containing 50 mM sodium phosphate at pH7.0, 20 mM change of the fluorescence intensity, which is due to the

accommodate a prolyl residue and the third one can accom-
modate a positively charged residue at the end of the binding
ligand 22). SH3 domains are also known to interact with
GPIl-anchored protein28). SH3 domains target their partner
proteins to the cell membrane or other cellular compartments
activate or inactivate their function, or regulate their local
concentration41).

Mammalian PrP sequences include a highly conserved
potential SH3-binding motif comprising residues 104
(Figure 1) (the murine prion protein numbering is used
throughout this paper). In this study we wanted to further
investigate, with physicochemical and structural biology
techniques, whether Grb2_cSH3 could really act as a
physiologically relevant partner for PfRand, thus, more
firmly establish a role for Pi¥in signal transduction. Added
interest in this study comes from the observations that the
PxxP motif of residues 101104 in mPrP corresponds to
polypeptide segment 16205 in hPrP, of which the two
variants P102L and P105L have been related to increase
susceptibility to the GerstmantBtraussler-Scheinker syn-
drome @4, 25). It has also been shown by immunofluores-
cence microscopy that Grb2 and Pidlocalize on the cell
surface duringBrucella abortusswimming internalization,
which itself is promoted by PfP(26). A potential physi-
ological role of the PrP-Grb2 interaction is also indicated
by recent investigations of the localization of PiR living
cells. Immunomicroscopy pictures revealed that, in the
hippocampus, the neocortex, and the thalamust RsP
predominantly located in the cytos@4®). These new studies
also indicate that, in contrast to earlier repo8)( cytosolic
PrP does not seem to be neurotoxic in these c2lfs (
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change in hydrophobicity of the environment of the tryp-
tophans 84), was plotted against the amount of the titrated
protein. The program ORIGIN was used to fit tig curves
and determine the binding constants via the equation:

| ,[protB]

Kp + [protB] @)
where [protB] is the concentration of the added protaih,
the measured fluorescence changethe maximum fluo-
rescence change at full complex formation, agfg the
binding constant.

Circular Dichroism Spectroscop¥tar-UV circular dichro-
ism (CD) spectra were measured at Z5on a Jasco 810
CD spectropolarimeter in 0.1 cm quartz cuvettes. Twelve

traces were accumulated and averaged, the data were

corrected for the effect from the buffer, and the signal of
Grb2_cSH3 was subtracted from the signal of the pretein
protein complex. The samples contained M protein or
protein—protein complex, 2.5 mM sodium phosphate at pH
= 7.0, and 1 mM NacCl.

Molecular Modeling.The three-dimensional structure of
the PrP—Grb2_cSH3 complex was modeled using the
coordinates of the solution structure of Grb2_cSH3 [PDB
entry 1GFC 18)] and of the ligand in the crystal structure
of the Abl tyrosine kinase SH3 domain by Musacchio et al.
[PDB entry 1ABO B5)] as a starting platform. The ligand
from the latter reference was then remodeled with the
program Sybyl 6.6 (Tripos) to represent the polypeptide
fragment with the sequence of mPrP(d®9). This de-

capeptide was interactively positioned into the binding pocket

of Grb2_cSH3, with its sequence running from left to right
[“class Il ligand” 21)]. (The final result from this calculation

is shown in Figure 6.) The resulting structure of the complex
between Grb2_cSH3 and mPrP(10109) was then opti-
mized with the subroutine FlexiDock implemented in the
program SYBYL 6.6. All side chains of Grb2_cSH3 and the
complete structure of mPrP(16Q09), including the elec-
trostatic charges, were kept flexible during this two-step
docking procedure. The resulting complex was energy-
minimized with the program Sybyl 6.6, using the Amber
force field. The procedure was repeated with mPrP{100
109) oriented in the opposite direction in the binding pocket
[“class | ligand” 1)].

RESULTS

Identification of the Sequence Location of the SH3 Binding
Site on Pr® by Circular Dichroism (CD) Spectroscopy.
After addition of 1 equiv of Grb2_cSH3, the CD spectrum
of mPrP(96-231) shows an increase of about 15% in the
molar ellipticity of the minima near 210 and 222 nm (Figure
2A). This change in the signal intensities is indicative of a
transition of a random coil polypeptide segment to a helical
conformation when Grb2_cSH3 binds to Pr®e attribute
this transition to mPrP(96231) for the following two
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Ficure 2: Circular dichroism spectra of 1M solutions of four
different PrP fragments in the absence (black squares) and presence
(open circles) of 1quM Grb2_cSH3: (A) mPrP(96231); (B)
mPrP(121-231); (C) mPrP(96-231)[P104L]; (D) mPrP(96231)-
[P101L]. The molar ellipticity,® (in degcnm?-dmol), is plotted
versus the wavelength (in nm).

absence and presence of Grb2_cSH3. No change in the CD
spectrum of mPrP(124231) was observed (Figure 2B).
Comparison of the data in the Figure 2A,B thus indicates
that the interaction site between PrBnd Grb2_cSH3 is
between residues 90 and 120 in the flexible N-terminal tail
of mPrP(96-231).

Residues 102104 of mPrP form a PxxP motif, which is
known to be an SH3-binding sit®1, 22). As a second-
level attempt to locate the SH3-binding site, CD measure-

reasons. First, there is evidence that SH3 domains do notments were also performed with mPrP{#B1)[P101L] and
undergo extensive conformational changes upon ligand mPrP(96-231)[P104L]. Neither of these two mPrP variants

binding (36). Second, polypeptide segment9IR5 in mPrP-
(90—231) is known to be flexibly unstructured in the absence
of interactions with other proteing

In a first-level attempt to more precisely locate the
interaction site, mPrP(121231) was measured in the

showed a significant change in the CD spectrum upon
addition of Grb2_cSH3 (Figure 2C,D). Comparison with the
data of Figure 2A then implies that the interaction between
mPrP(96-231) and Grb2_cSH3 involves quite specifically
the region of residues 161104 and that this interaction is
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FiGure 3: Fluorescence intensitl, from 320 to 450 nm of mPrP- 1 ° *
(90—231) (solid line), Grb2_cSH3 (broken line), and the complex ~ 2°7 °
of mPrP(96-231) and Grb2_cSHS3 (dotted line). The dasheddtted 104 A ° A
line is the sum of the fluorescence intensities of mPrP(281) j ° ° a
and Grb2_cSH3. 0 r .
o 0 5 10 [Grb2_cSH](1M) 20
abolished by either of the amino acid substitutions P101L | (©)
and P104L. Fp. e
Consevpation of the SH3 Binding Site in the Known Prnp | . EgE
Genes.Comparison of the known vertebraRrnp genes 054 e ]
reveals a conserved SH3-binding motif, which slightly varies ! - "'

only in the Xenopus lais Prnp gene (Figure 1). It is also 0.4+
quite striking that there are four lysines in the dodecapeptide .
segment corresponding to residues-290 in mPrP (Figure 0.3 i Kp = 5.5 (+/- 0.5) uM

1). The position of the lysines varies only slightly among >
the different species, and a strongly positive overall charge 02+ .,-'
of this polypeptide stretch seems to be conserved within all 1 =
known PrPs. ik
Determination of the Binding Affinity of Wild-Type
and Variant Pr® for Grb_cSH3.There are three trypto- 00 1 d v Y H Y 8 [mPrP(90-231)](uM) 10

phans near the presumed interaction site of mPrPe31) FicurRe 4: (A) Fluorescence titration curves manifesting the bindin
and Grb2_cSHS3, i.e., W197 and W198 of Grb2_cSH3 and of Grb2_c(SI-)|3 with mPrP(96231) (filled squares). Plgtted is theg
W99 of mPrP(96-231). It was therefore not unexpected that change in fluorescence intensitg, versus the concentration of
the fluorescence signal reflects the binding of mPrP(90 Grb2_cSH3 added to a solution of mPrP{@®B1). The prion
231) and Grb2_cSH3 (Figure 3) and could thus be used toprotein concentrations at the start and the end of the titration were
investigate t_he binding affinity .between the two proteins. %r?gr:gf é;gg‘_'\él’s,r_le; F\:\?;st'\;%lzéé%)o%&S{Sﬁ%{ggﬁﬁsﬁ;gy)’
The combined fluorescence signal of mPrP and Grb2_cSH3 iy cjes) and mPrP(96231)[P104L] (open triangles). (C) Reverse
was partially quenched when Grb2_cSH3 was added step-fluorescence titration used for verification of the binding constant,
wise to mPrP(96-231). These data could be fitted with a Kp, for mPrP(96-231) interacting with Grb2_cSH3 [see (A)].
binding conslankiy = 105 (5.8 M (FigUre 4. In e T ks o Cong S scor
contrast, the same expenmen_t with mPrP{QG;)[PlO_lL] The Grb2_cSH3 concentrations at the start and at the end of the
showed only a small increase in fluorescence intensity UpOnyjration were 5.00 and 4.95M, respectively.
addition of Grb2_cSH3 (Figure 4B), indicating an upper limit
for the binding affinity between mPrP(9@31)[P101L]and  stepwise addition of unlabeled Grb2_cSH3, thN[H]-
Grb2_cSHS, witKp = 60uM. An identical experimentwith  COSY spectra of uniformly*>N-labeled mPrP(96231)
mPrP(96-231)[P104L] showed no significant change in the showed a monotonic increase of chemical shift changes, and
fluorescence signal upon addition of Grb2_cSH3 (Figure 4B), no splitting of resonances was observed. This demonstrates
indicatingKp 2 150 M as an upper limit for the binding  that the mPrP(96231) exchange between the free form and
affinity. the PrP—Grb2_cSH3 complex is rapid on the chemical shift
To verify the value for the binding affinity of mPrP(90 time scale; i.e., it has a value kf; = 1000 s™.
231) for Grb2_cSH3 given in Figure 4A, the fluorescence  The flexibility of the polypeptide chain in PfPwas
signal change was also recorded during stepwise additionassessed on the basis'&f{'H}-NOE measurements. The
of mPrP(96-231) to Grb2_cSH3. By recording a larger N{'H}-NOE data are complete except for residues 168,
number of data points, a significantly more precise deter- 170-173, and 175, for which the amiel@roton resonances
mination of the binding affinity was achieved, wiy = are not detectable presumably due to conformational ex-
5.5 *0.5) uM (Figure 4C). change 2), and of course for all proline residues. Overall,
Structural and Dynamic Aspects of the Grb2 _cSH3 the >N{'H}-NOEs manifest the structured C-terminal do-
mPrP(96-231) Interactions from NMR Spectroscopjpon main of residues 128231, with somewhat increased flex-
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Ficure 5: NMR studies of the mPrP(9231)/Grb2_cSH3 interac-
tion. (A) Heteronucleal®N{ H}-NOE intensities of uniformly*N-
labeled mPrP(96231) in the absence of Grb2_cSH3 (black
squares) and after addition of 0.4 equiv (open circles), 0.8 equiv
(open triangles), and 1.0 equiv (black triangles) of unlabeled
Grb2_cSH3. (B) Expanded plot of the data in (A) for residues 90
120. In the experiments in (A) and (B) the mPrP{3B1)
concentration was 1.0 mM in 50 mM phosphate at pH 7.0
containing 20 mM NacCl, 0.05% NajNand 5% BO. (C) Chemical
shift changesAd (in ppm), of the backbone amide protons of mPrP-
(90—231) upon addition of 1.0 equiv of Grb2_cSH3. The mPrP-
(90—231) concentration was 2eM in the same buffer as used for
(A) and (B). Both thé">N{'H}-NOE and the amide proton chemical
shift data for mPrP(96231) are complete, except for residues 168,
170-173, and 175, for which the amigg@roton resonances are
undetectable?).

ibility of the polypeptide chain toward the C-terminus, and
the presence of a flexibly disordered N-terminal tail of
residues 96128. Along this tail, the flexibility increases
from its attachment point to the globular domain toward the
N-terminus, except that locally restricted flexibility around
residues 99115 was detected (Figure 5A,B). This observa-
tion is indicative of residual structure for this segment within
the otherwise flexibly disordered tail. Upon the stepwise
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addition of Grb2_cSH3, th®N{'H}-NOEs show evidence

of reduced flexibility for fragment 106105 (Figure 5A,B),
since the intensity of thé&N{'H}-NOEs for these residues
increases monotonically with the increase of the Grb2_cSH3
concentration (Figure 5B).

Amide—proton chemical shift changes upon addition of
1 equiv of unlabeled Grb2_cSH3 were measured,}H]-
COSY spectra of 0.02 mM®°N-labeled mPrP(96231)
(Figure 5C). These data confirm the implication from CD
spectroscopy (Figure 2) and tH&{*H}-NOE data (Figure
5A,B) that the primary interaction site of mPrP(9P31) with
Grb2_cSH3 involves mPrP residues 5, since signifi-
cant chemical shift changes are seen only for residues in
this polypeptide segment. We repeated the experiment of
Figure 5C at higher protein concentrations (data not shown).
Even at 1 mM mPrP(96231) the selectivity of the interac-
tion seen in Figure 5C was no longer apparent, since
comparable values @&d were obtained for selected residues
in the regions 112150 and 176185. At higher protein
concentrations the amielgoroton chemical shift changes thus
appear to manifest multiple lower affinity interaction sites
on the PrP surface, in addition to the primary contacts in
segment 108115. This would appear to be compatible with
previous reports on nonspecific protein contacts with other
SH3 domains 7).

Molecular Modeling of the Complex of Grb2_cSH3 and
mPrP(101110).In an attempt to rationalize the protein
protein interaction data of Figures=3 on the molecular
structure level, this section supplements the experimental
studies with modeling of the intermolecular interaction. The
starting platform for this part of the project was the previous
observation in several crystal and solution structures that SH3
domains bind their proline-rich ligands in a polyproline I
(PPII) conformation 22). Since the solution structure of
Grb2_cSH3 18) does not show the bound ligand, a de-
capeptide with the sequence of mPrP(2Q09) (Figure 1)
was generated in the PPIl conformation and then docked into
the binding pocket of Grb2_cSH3. In the resulting complex
of mPrP(106-109) and Grb2_cSHS3 (Figure 6), the binding
pocket on Grb2_cSH3 is highly negatively charged (Figure
6B), whereas mPrP(160L09) is positively charged (Figure
6C,D). The two protein surfaces thus bear strikingly comple-
mentary electrostatic charges (Figure 6B,D), with mPrP-
(100-109) having four lysines and no aspartates or glutamates
among the 10 amino acids (Figure 1). There is thus a strong
indication also from this modeling approach that electrostatic
forces are responsible for the high affinity of the two proteins
toward each other, when compared with other known-SH3
ligand interactionsZ1).

DISCUSSION

Experiments with yeast two-hybrid systems and immu-
noprecipitation had previously shown that Préhd Grb2
interact in vitro (4), and immunofluorescence microscopy
showed that PiPand Grb2 colocalize in vivo26, 27). The
present paper supplements these earlier observations with
physicochemical data on this proteiprotein recognition
process in vitro and with molecular modeling of the structure
of the PrP—Grb2 complex.

Thermodynamics and Kinetics of the PrFGrb2 Complex
Formation.Overall, the data obtained with NMR, CD, and
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polypeptide segment of residues D5 of mPrP(96-231)
as a specific binding site (Figure 5A,B).

Evolutionary Considerationsln view of the molecular
model of Figure 6, the evolutionary conservation of the SH3-
binding site in PrP (Figure 1) gains added interest. All
vertebrate species retain the PxxP motif, with the sole
exception ofX. laevis (Figure 1). Furthermore, birds and
reptiles have even an additional proline in the binding region.
In X. laevis the loss of Pro in position 71 (Figure 1) might
be compensated with the addition of a second proline in
position 75, which is next to the binding site. In addition to
Grb2_cSH3 the conservation of the two prolines, the high conservation
of lysines is striking. In all species, the dodecapeptide
segments in Figure 1 contain four lysines, the lysine in the
mPrP position 100 is strictly conserved, and all species
contain one lysine in the dipeptide corresponding to mPrP-
(102—103). The turtle prion protein is the only known
vertebrate to have a negatively charged amino acid in the
segment corresponding to mPrP{aB10), but it nonetheless
maintains a positive overall charge for this segment.

Assuming that in addition to the positive charge of the
mPrP(100-109) segment, the negative surface of Grb2_cSH3
is also conserved in the different species, the °PrP
Grb2_cSHS interaction driven by the presence of a PPII
conformation of PrP(100104) and the opposite electrostatic
charges might relate to an early acquired function of°PrP
The interaction of Grb2_cSH3 and Pri8 of physiologically
relevant strength (Figure 4C), and it involves a molecular
region of PrP that is sterically inaccessible in FiPThis
all would be expected in connection with a role of PiR
signal transduction, and it is tempting to speculate that this
function might be lacking in patients with prion diseases.

Relations with GSS-Related Mutations in the Human Prion
Proteins.The protein-protein interaction between Prand
Grb2 gains further interest because one of the most thor-
oughly investigated mutations of the PrP gene relating to
familial TSEs in humans, P102L (P101L in mPrP), lies
within the observed PfPhinding site to Grb2_cSH324,

25). There have been several reports that a second mutation
in the PxxP binding motif, P105L (P104L in mPrP), has been

mPrP100-104

Ficure 6: Molecular model of the complex formed by Grb2_cSH3 ; ; ; ;
and the mPrP fragment with residues d®9. In the surface found in patients presenting with GSS8J. The fact that

representations, negative charges are shown in red and positive one@V0 mutations re_latin_g 'FO the Gerstm_ai 'ﬁ_ tfajssleFSchei-
in blue. (A) Surface representation of Grb2_cSH3 with mPrP¢00  Nnker syndrome lie within the Grb2 binding site of Prénd
109) in the binding pocket. (B) Same as (A), with mPrP00 that they abolish Grb2 binding thus implies that the Grb2

109) shown as a yellow stick drawing. (C) and (D) show PprpC interaction or, more precisely, the loss thereof might

mPrP(106-109) in the bound polyproline 1l conformation: (C) ; ;
same orientation as in (A); (D) after rotation by 80ith respect ha;)/e aiE?erOIIet:nr:h(\alvﬁr?tg?éog)lgﬁf ?Sls ?atllinrts' o
to (C) around the axis indicated, showing the surface that is in ossible Relations er Physiological Procesges.

contact with Grb2_cSHS3. recent publication presented evidence that Grb2 colocalizes
with PrP° during the swimming internalization &. abortus
fluorescence spectroscopy (Figuress) convincingly show  with its host cell 26). Considering that PfPis needed for
that the Grb2_cSH3 interaction involves the flexible tail of theB. abortusinternalization into macrophages, it has been
residues 96120 in mPrP(96-231) and then narrows down suggested that the bacterium hijacks an existing signal
the identification of the binding site to the intact -Pro101- transduction pathway2g). The interaction between Frand
Ser-Lys-Pro104- segment (Figure 1). The fluorescence dataGrb2 during swimming internalization d@. abortuscould
of Figure 4C also reveal that the affinity of mPrP{9231) thus, for example, lead to cytoskeletal rearrangement and
for Grb2_cSH3 is near the upper end of the range of complex generalized membrane ruffling®), perhaps via the Grb2
stabilities reported for other SH3-binding ligan@4); NMR WASP interaction along the way of the internalization of
experiments further indicated that the complex formed the bacterium39).
between mPrP(906231) and Grb2_cSH3 is short-lived on
the chemical shift time scale, with a lifetime shorter than ACKNOWLEDGMENT
about 102 s. Finally,'>N{'H}-NOE data provide additional We thank Prof. D. Kohda for providing the chemical shift
support for the identification by the CD experiments of the lists for Grb2_cSH3, Prof. H. M. S¢tA and Dr. C.



Prion Protein Interaction with SH3 Domain

Spielhaupter for the Grb2 gene, and Dr. H. Eberl for the
constructs of the two variant mouse PrP genes.
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