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ABSTRACT: A fragment corresponding to the putative membrane-associating domain of the prion protein
(residues 116136) was analyzed in phospholipid bicelles. Prion(2186) associated with bicelles and
exhibited a lipid- and pH-dependent conformational dimorphism between unstructured (pH 4.5) and
o-helical (pH 7.5). Mutational analysis indicated that the charge state of a single histidine residue was
largely responsible for the dimorphism. Amidipid NOEs and amidewater chemical exchange
measurements revealed that the helical conformation of prior{(136) spanned the bilayer, and were
corroborated by solid-state deuterium NMR experiments indicating that the helical axis rested°at a 16
angle with respect to the bilayer normal.

The prion protein is a 35 kDa glycoprotein which has been ing to residues 118136 (Ac-KHMAGAAAAGAVVG-
implicated in a variety of neurodegenerative diseases, includ-GLGGYMLGSAMSR-NH,) in phospholipid bicelles. This
ing Creutzfeldt-Jakob disease, Gerstmann-Straussler-Scheipeptide lacks the high number of hydrophobic residues (lle,
nker disease, and bovine spongiform encephalopathy ( Leu, Val, and Phe), and is more soluble than typical
Even though the normal function of the prion protein is transmembrane domainS)( Therefore, on the basis of its
unknown, neurodegenerative disease has been implicated irsequence, it is difficult to predict if and how it will associate
the buildup of an abnormal isoform (FPin the brain (). with a membrane.

Furthermore, Pri®is thought to facilitate the conversion of Bicelles are discoidal lipid aggregates comprised of two
normal prion (PrP), which is protease-sensitive, to PtP  types of phospholipids: DMPC and DHPC. The long chain
which has a highef-sheet content and is protease-resistant lipids (DMPC) form a nativelike planar bilayer in the center
(2). Although most prion molecules are attached to the of the bicelle, while the short chain lipids (DHPC) occupy
membrane by a glycolipid anchor, two transmembrane the rim where they shield the long chain lipid tails from water
isoforms of the prion protein have been identified in thé¢ ER  (6). In addition, bicelles possess a unique phase behavior
(3). Interestingly, the two isoforms appear to span the which allows for studies under both aligned and unaligned
membrane at the same residues,-2185, but pass through  conditions ¥, 8). Aligned conditions allow for the examina-

in different directions ). In particular, the isoform in which  tion of peptide and lipid order using solid-state NMR
the C-terminus resides in the lumen of the ER'®PrP) has techniques, while unaligned conditions are suitable for high-
been proposed as another key player in the transmission ofresolution solution NMR techniques as well as other solution
prion diseased). More recently ©™PrP has been shown to  spectroscopies. On the basis of the size of unaligned bicelles,
have a glycolipid anchor in addition to its transmembrane a very long correlation time (170 ns) is predicted and
segment4). consequently poor NMR line width8), However, previous

To investigate the behavior of this region in the presence studies have shown that peptides tightly associated with the
of a phospholipid bilayer, we studied the peptide correspond- bicelle have suitable line widths, afid values of~15 (8,

9). This is likely due to the high degree of motion of the
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! Abbreviations: NOE, nuclear Overhauser effect; NMR, nuclear this conformational dimorphism was due to the charge state
magnetic resonance; ER, endoplasmic reticulum; DMPC, 1,2-dimyris- of a single histidine residue located near the N-terminus.
toyl-snrglycero-3-phosphocholine; DHPC, 1,2-dicaprepglycrero-3
phosphocholine; NBD, 7-nitrobenz-2-oxa-1,3-diazole; NOESY, nuclear MATERIALS AND METHODS

Overhauser effect spectroscopy; FHSQC, fast heteronuclear single- . . . . .
quantum coherence; MALDI-TOF, matrix-assisted laser desorption Materials. Isotopically labeled amino acids and deuterium-

ionization time-of-flight. depleted water were purchased from Cambrige Isotopes
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Laboratories (Cambridge, MA). DMPC, DHPC, and their 1000
chain-perdeuterated counterparts (DM&and DHPCel,,) »

were purchased from Avanti Polar Lipids (Alabaster, AL). - 800 a2 E

Peptide Synthesis and PurificatidPeptides were prepared S 600 & .
according to previously published methods using isotopically > 1
labeled amino acids5]. The fluorescently tagged peptide g 40 E
was labeled at the N-terminus with a NBD moiety). The = o0 ~
crude peptide was purified by reverse phase high-perfor- b T L .
mance liquid chromatography using a Phenomenex Jupiter 520540 560 580 600
C4 column and a linear gradient from 80% water and 20% Wavelength (nm)

acetic acid to 80% 1-butanol and 20% acetic acid. Peptide rgyre 1: Fluorescence emission spectra of prion(186) with
purity was verified by MALDI-TOF mass spectrometry. an N-terminal NBD moiety (pH 4.5). The solid line is for a bicellar
Although previous studies showed that the transmembranesolution and the dotted line for water.
domain of the prion protein encompassed residues-186 o
(3), we felt that the full transmembrane domain was Magnetizations. Thg*H} —*N steady-state NOEs were
encompassed in residues H1IB6 which added an additional  determined as previously describefl).(Data sets were
Arg residue at the C-terminus. Furthermore, positively Processed using Felix 97.0 (Molecular Simulations) with a
charged residues located at the ends of transmembran@C°-shifted squared sine-bell apodization and zero filling by
helices have been postulated to play an important role in@ factor of 2, prior to Fourier transformation and phase
membrane stabilization by interacting with the phospholipid correction. _
headgroupsi(1). Solid-StateH NMR Spe_ctroscopi])euterlum quadrupole-
Sample PreparationBicellar samples were prepared by €cho spectra were acquired at 55.3 MHz using a Chemag-
dissolving the peptide in water (deuterium-depleted water Netics CMX-250/360 spectrometer as previously described
was used for solid-state samples) ang®Romitted in solid- (9) Data processing included fracuona_l left shifting, zero
state samples), adding DMPC or DMRIg; and vortexing f!II|ng, and mplt|pl|cat.|o.n by an exponentlal (25 and 50(_) Hz
until a homogeneous suspension was obtained. Next, a 2504in€ broadening for lipid and peptide spectra, respectively)
(w/w) solution of DHPC or DHPQ» in water was added, of the seco_nd half of the quadrupole echo prior to Fourier
and the solution was vortexed until it was clear. Last, 1 M transformation.
buffer (acetate for pH 4.5, MES for pH 6.0, and HEPES for
pH 7.5) was added followed by mixing and mild centrifuga- RESULTS AND DISCUSSION
tion to remove bubbles from samples. For solution NMR  Prion(110-136) Binds to MembranesTo assess the
samples, final concentrations of constituents in the samplesaffinity of binding of prion(116-136) to phospholipid
were 15% (w/w) total lipid (0.5 DMPC:DHPC molar ratio), bicelles, we used a peptide that was tagged with a NBD
5% (viv) DO, 25 mM buffer, and a 1:100 peptide:DMPC  moiety at the N-terminus. In water, the fluorescence emission
ratio. For solid-state samples, final concentrations of con- maximum was 536 nm and the intensity was low. In the
stituents in the samples were 15% (w/w) total lipid (3.5 prescence of bicelles, the emission maximum was blue-
DMPC:DHPC molar ratio), 25 mM buffer, and a 1:50 shifted to 527 nm and the intensity increased dramatically
peptide:DMPC ratio. For circular dichroism and fluorescence (Figure 1), revealing that the peptide was in a more apolar
samples, final concentrations of constituents in the samplesenvironment. The emission maximum remained constant
were 4% (w/w) total lipid (0.5 DMPC:DHPC molar ratio), even when the bicelle concentration was increased by 5-fold
5 mM buffer, and a 1:100 peptide:DMPC ratio. or decreased by 2-fold, indicating that the peptide was
Fluorescence Spectroscodypectra were obtained at 37 completely bound. Moreover, peptide binding was not
°C on a Perkin-Elmer LB50B luminescence spectrometer dependent on pH (from 4.5 to 7.5) as both the intensity and

using an excitation wavelength of 468 nm. the emission maximum remained constant.

Circular Dichroism Spectroscopspectra were obtained The interactions between the peptide and the bicelle were
at 37°C on an Aviv circular dichroism model 202 spec- further investigated using amigdipid NOEs from band-
trometer. selective NOESY spectra at pH 7.%6]. Experiments in

Solution NMR Spectroscopill NMR experiments were  which either one or both phospholipids were chain perdeu-
carried out at 37C on a Bruker DRX-600 NMR spectrom- terated allowed us to disentangle which NOEs were due to
eter operating at &H resonance frequency of 600.13 MHz amide-peptide, amiderim, and amide-planar region in-
and equipped with pulsed fieldy,z-gradients. Amide-lipid teractions (Figure 2). The absence of NOEs arising from the
NOEs were measured using a NOESY experiment in which DHPC when compared to the presence of NOEs from the
a double band-selective pulsed field gradient spin echo wasDMPC confirmed that prion(110136) was associated
inserted after the NOE mixing period and prior to acquisition primarily with the planar region which is the more biologi-
(12). Specifically, a phase-modulated 1.8 ms REBURP pulse cally relevant portion of the bicelle. Similarly, at pH 4.5,
was used for selection of a frequency band centered at 3.10NOEs were observednly to DMPC. However, the signals
ppm @3). FHSQC experiments were used to observe were less disperse, and the NOEs to the aromatic ring protons
secondary structural changes with pHl), Amide—water were very weak. This is consistent with the fluorescence
chemical exchange was monitored using a two-dimensional experiments which indicated that prion(+1036) was bound
NOESY-FHSQC experimentrix = 90 ms) (5). In all to the bicelles at both high and low pH.

NOESY-type experiments, an interscan repetition delay of  Prion(110-136) Adopts a Transmembrane Orientation.
2 s was used to allow for the recovery of the lipid and water To probe the solvent accessibility of prion(:1D36),
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. . . . . Ficure 3: Quadrupolar splittings of prion peptides in aligned
FiGUurRe 2: One-dimensional horizontal slices taken at 1.31 ppm bicelles: (a) A117ds, (b) A118ds, and (c) AL20gk.

(resonance frequency which contains contributions from the me-

thylene protons of the lipid chains) from various band-selective ; ; ; ; ;
NOESY specira of prion(116136) (1.0 mM). (a) Bicelles prepared residues located in the solvent inaccessible hydrophobic core

with DMPCds; and DHPCel, (amide-peptide cross-peaks). (b) ~ ©f the membrane. _

Bicelles prepared with DMP@s, and DHPC [amiderim cross- To obtain the orientation of prion(1+136) at pH 7.5
peaks, spectrum acquired with 2.88 times as many scans to equalizevith respect to the bilayer, solid-state deuterium NMR in
the intensity discrepancy arising from differences in the number aligned bicelles was carried out on three separately labeled

of methylenes between DMPC and DHPC as well as differences : :
in the concentrations of the two lipids (twice as much DHPC as peptides (A117#;, A118ds and A1206;) (9, 18). Solid-

DMPC)]. (c) Bicelles prepared with DMPC and DHRig-(amide- state’H Iipid_ spectra of both_ chain-perde_:uterated DMPC and
planar region cross-peaks). Spectramas subtracted from spectra  DHPC confirmed that the bicelles remained well-aligned and

b andc to eliminate contributions from amigeeptide cross-peaks.  stable in the presence of peptide, while a circular dichroism
spectrum revealed that prion(1:2036) was highlyo-helical
Table 1: Values for Glycine Residues in arHelical Conformation (Figure 5b) (9). Furthermore, high heteronuclear NOE

(pH 7.5) values for the glycine residues (Table 1) showed that the
H BN s _ helix was conformationally stable9Y, The quadrupolar
Ch;:?f'tca'Ch;:?f'tca'h‘{at;}o;ué\l'ear ther‘;rt?;'ca' Obrzzrc‘)’e‘j splitting obtained from each peptide (Figure 3 and Table 2)
residue (ppm)  (ppm) NOE  (ISN:14HsN)a (1aN:16+5\)a was ma.tched with pos§|ble peptide tilt angles using a program
114 8859 10457 038006 015 017 written in house 9). Since the resultant-€D bond vector
119 855 10305 07% 016 0.25 0.24 lies at a 58 angle with respect to the helical axis in the case
123 920 105.63 0.8% 0.24 0.40 0.44 of Ala-ds residues, the observed quadrupolar splitting
124 8,69 110.66 0.78& 0.08 0.55 0.50 depends not only on the tilt but also on the specific rotation
gg g-gg igg-gz 8-% 8-% g-gg 8-;2 of the peptide in the bilayer. Motional averaging about the
131 905 10668 O07%006 10 10 helical axis is excluded because it would collapse the

a A peptide was prepared in which each glycine residue contained a splittings to~0 kHz (18). The only tilt angle consistent with
different15N:14*15N ratio. An HSQC of this peptide was compared to aIL_thr:e_e Iabe|§ was :E.ar’]wth respgct to the bII._ayer r!orma_l,
another peptide in which each glycine residue ha@\al*+15N ratio which is consistent with a membrane-spanning orientation,
of 1. The observed ratios were obtained by taking the ratio of the and matches the results obtained from the solvent acces-
intensity of the peaks in the partialtfN-labeled peptide to that of the  sibility studies. In addition, this orientation was consistent
uniformly labeled peptide. Each residue fell within0.05 of its  jth molecular modeling studies of prion protein residues
theoretical ratio. 105-132 in which transmembrane insertion was predicted

amide-water chemical exchange cross-peaks were analyzed(zo)-
at pH 7.5 for each of the glycine residues which were — - —
assigned using a strategy based on varying the percentagé‘?‘b'e 2: Quadrupolar Splittings of Prion(11036) in Aligned
of 5N (Table 1) (7). A *N-edited NOESY-FHSQC  >icelles

spectrum showed that all of the glycine residues had an residue splitting (kHz)
amide-lipid NOE, but only a very weak amidewvater A117 8.2+ 15
chemical exchange cross-peak. This indicated that the peptide All8 8.7+ 15

was likely in a transmembrane configuration with the glycine A120 12.6+15
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FiIGURE 4: FHSQC spectra of prion peptides in bicelles with each of its seven glycines labeletPWitiia) prion(116-136) at pH 4.5,
(b) prion(116-136) at pH 6.0, (c) prion(1106136) at pH 7.5, (d) prion(110136) His111GIn at pH 4.5, (e) prion(13136) His111GIn at
pH 6.0, and (f) prion(116136) His111GIn at pH 7.5.

Lipid- and pH-Dependent Rersible Conformational at pH 4.5 showed mainly random coil chemical shift values
Change The HSQC spectrum of prion(13136) in bicelles (Figure 4a) 21). There was, however, a second set of well-
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Ficure 5: Circular dichroism spectra of prion peptides: (a) prion-

(110-136) in water, (b) prion(11:6136) in bicelles (c) prion(116

136) His111GIn in water, and (d) prion(11@36) His111GIn in

bicelles. The solid line is for pH 4.5, the dotted line for pH 6.0,

and the dashed line for pH 7.5.

dispersed weak resonances indicative of a structured con
formation. When the pH was increased to 6.0 (Figure 4b)
and then to 7.5 (Figure 4c), the intensity of the well-dispersed
chemical shifts increased dramatically along with a con-
comitant decrease in the intensity of the random coil
resonances. Although circular dichroism spectra (Figure 5a)
showed that the peptide was unstructured at all three pHs in
aqueous solution, in the presence of bicelles (Figure 5b) a
dramatic increase in the-helical content with increasing
pH was observed. At pH 4.5, there was a small population
of apparently helical conformers consistent with the weak
signals observed in the HSQC spectrum (Figure 4a). Thus
prion(110-136) exhibited a pH-dependent conformational
dimorphism from predominantly unstructured to predomi-
nantly o-helicalonly in the presence of a lipid environment.
This conformational dimorphism was independent of the
peptide:DMPC ratio when it was varied from 1:200 to 1:50.
While not definitive, the lack of concentration dependence
suggests that it is the peptidépid interaction, rather than
oligomerization, that is driving structure formation.

Mutational Analysis.Since the conformational change
occurred around the Ky of a histidine side chain, we
postulated that His111 may play an important role in the
conformation of prion(116136). Figure 5¢ shows that the
His111GIn mutant is unstructured in water at all three pHs,
but shows aru-helical structure at all pHs in the presence
of bicelles (Figure 5d). Importantly, the helical content of
the mutant, unlike that of the wild type, ot pH-dependent.
This is corroborated by HSQC spectra of the His111GIn
mutant (Figure 4ef) which show that the intensity of the
o-helical resonances doemt change with pH. A small
quantity of signal at the random coil chemical shift is present,
and decreases in intensity at pH 7.5. We attribute this to the
higher amide-chemical exchange rates and buffer conditions
at this pH, particularly in view of the unchanging circular
dichroism spectra (Figure 5d). Similar results were observed
for a His111Phe mutant. Since His111 is located near the
N-terminus, the strong structural effects of the His111 charge
state are likely due to the interaction between the charge on
the histidine and the helix dipol@2). At low pH, the positive
charge on His111 interacts destructively with the helix dipole,
destabilizing the helical structure.

Biochemistry, Vol. 40, No. 44, 200113141

CONCLUSIONS

We have shown that prion(13@36) binds to lipid
bilayers, and exhibits a reversible conformational change
from a predominantly unstructured form at pH 4.5 to a
predominantlya-helical form at pH 7.5. Furthermore, when
in an o-helical conformation, prion(110136) adopts a
transmembrane orientation. The presence of a helical con-
formation for prion(116-136) is notable considering the high
number of “structure-breaking” glycine residues, and ac-
centuates the powerful role that lipid interactions can play
in protein structure. Furthermore, the dependence of the
prion(110-136) conformation on the charge state of one
histidine residue reveals that a single amino acid can dictate
peptide structure. Taken together, these results suggest that
the conformation of the prion protein may be highly
dependent upon the cellular compartment in which it resides.
In fact, the observed lipid association, conformational
dimorphism, and transmembrane orientation observed in the
prion(110-136) help to support the membrane disposition
observed for the prion protein as a whole. In addition, the

induction of a transmembrane helical conformation as a result
of the deprotonation of Hislll is consistent with the

increased levels of transmembrane prion protein found for
the Lys110lle/His111lle double mutarg, (4, 23).
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