Structural insight into the interaction of amyloid- peptide
with biological membranes by solid state NMR.
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I ntroduction

Alzheimer's disease (AD) is a dronic dementia, affeding an increasingly large
number of old people worldwide [1-3]. AD together with mature onset diabetes and
prion-transmissble sporgiform encephalopathies, belongs to a caegory of amyloid
diseases, which are dl caegorized by an abnama folding of a normally soluble
protein into neurotoxic aggregated structures [3-5]. The key event in AD is the
metabolism of amyloid precursor protein to amyloid-s -peptide (Ae ) and the
following deposit of Ae as plagues in the brain of patients. This 39-42 amino acid
long peptide has been linked to the gpoptosis of neuronal cdls, and its neurotoxicity
seans to be asciated with its ability to convert from a nontoxic monameric form
into toxic aggregates [5-7]. However the cellular mecdhanism invalved in mediating
the toxic dfed of AR peptide remains unclea [6-11]; and aso the process of
transformation into insoluble, neurotoxic peptide aygregates. Due to the complexity
and dependency of this process from physiologicd parameters, various models for
fibril formation are studied at present including aggregation in solution [7,§], lipid-
mediated aggregation d AR in contad with cdl membrane surfaces [10-13], and
formation d transmembrane ion channel-like structures in neuronal membranes
[9,14,15. Structural and physiologicd studies of the self-assembly of AB-peptide into
fibrill ar structures foundthis process $rongly depending on the physicad condtions
present [5,6-8,1. While ealier studies proposed antiparallel-3-shed structures for
the amyloid fibrils [6], more recent work indicaes ain register, parale organization
of B-sheds propagating and twisting along the fibrillar axis [5,17]. However, there is
growing evidence that not mature fibril s are the toxic agent itself but their precursors
socdl ed diffusible “protofibrils’ [3,4,§.

Various experimental evidence indicates, that nonspedfic interactions of A3 with
cdl membranes may play an important role [9-15]. Since AP peptide comprises an
extracdlular and transmembrane (2842 paition) domain, its association with
membranes has been shown to induce and accelerate formation d prefibrillar and
fibrillar structures. It also can insert into lipid bilayers and form caion-seledive
channels [9,14,19. The medhanism of self-assembly of Ae on membrane surfaces or
as ion-channels into membranes is not understood yet, primarily due to the lack of
structural information at an atomic level. However, to extrad this information is very
challenging since any structural biology method including NMR has to ded with a
very complex, noncyrstalli ne, and disordered system.



Here, we report a strategy for structure determination where first, lipid-moduated
structural and aggregational feaures of AP and its interadions with membranes are
characterized by circular dichroism (CD) and 3P MAS NMR spedroscopy; and
secondy, rotational resonance (RR) **C CP MAS NMR reauping techniques [19-22]
give afirst first insight into the membrane-boundsecondary structure of the peptide,
before major aggregation accurs. In this context aso limits and future prospeds of
solid state NMR methods for structure determination onthese systems are discussed.

Methods

Materias. L-a-Dimyristoylphasphatidylchdine (DMPC) and Dimyristoylphospheati-
dylglycerol (DMPG) were obtained from Sigma (UK), DMPC-ds7 from Avanti Polar
Lipids (US). AB1.40 Was g/nthesized by standard solid-phase FMOC chemistry (NSR
Centre, Nijmegen, Netherlands), subsequently purified by HPLC and quality chedked
by MALDI MS. AB1.40 containing 1-*C-1les; and 2**C-Glyas (Promochem, UK) was
prepared in the same way. To oltain a monameric, soluble form of the peptide, 10 mg
peptide were dislved in 500ul TFA (trifluoroacdic acid). After removal of TFA by
nitrogen strean, TFE (trifluoroethandl) was added to resuspend the protein film and
then evaporated under fine vacuum to remove ay traces of addic TFA. For binding
studies of AR to membrane surfaces, peptide was added to vesicles of various
DMPC/DMPG compasitions to give afina 30:1 P/L molar ratio. The mixture was
incubated for 30 min at 31K, three times freeze-cycled and pelleted. For
reconstitution trials, incorporation d A into various DMPC/DMPG hilayers at 30:1
L/P molar ratio, was carried ou as described before [20]. For incorporation d A3
peptide in a noneggregated state into membranes at a 20:1 L/P molar ratio for NMR
experiments, 15 mg peptide film was dislved in TFE (2 ml) subsequently mixed
with DMPC-dg7, dried as a lipid/peptide film and resuspended in bufer (10 mM
NaH,PO,4, 0.2mM EDTA,140mM NaCl, pH 7.8). After sucrose density purification,
vesicles were pell eted into MAS NMR rotors and kept frozen prior to measurements.

CD-measurements. Samples were sonicated under coodling using a probe-type
sonicaor and metal debris removed by centrifugation. CD-spedra (Jasco, USA) were
obtained using a Imm path length quartz cdl (Hellma, Germany). CD-spedra were
corrected for the lipid vesicle background and analyzed using the k2d software [23].

NMR experiments. *'P MAS NMR experiments were caried ou under efficient
proton ceoouding (30 kHz), a 81 MHz phosphaous frequency on a 200 MHz
Infinity (Chemagnetics, USA) using doule resonance 7 mm MAS NMR probe
(Bruker, D). *C MAS NMR experiments were performed at 25.18MHz, 100.6MHz
and 125.7MHz *3C frequencies on Chemagnetics and Bruker spectrometers using
doulderesonance 7 mmand 4mm MAS Robes. Crosspadarization (CP) contad time
was 0.6 ms for solids and 1.0ms for membrane samples. Demugding power varied
between 60-80 kHz. The Cq-glycine 1*C resonance was slectively inverted by apply-
ing a DANTE pulse sequence [20], followed by a variable mixing time (0.5 ms — 30
ms).




Results and Discussons

The secondary structural features and aggregation properties of AB-peptide ae very
sensitive to the physicd condtions, espedaly to the kind d interaction between the
peptide and its membrane-environment. CD- and **P MAS NMR experiments were
caried ou using lipid vesicles of various compaosition to study the structural changes
in the peptide as afunction d its interadions with membranes either by contact to the
surface or by incorporation. In this way suitable starting condtions were found to
perform first *C RRCP MAS NMR experiments to explore structural feaures in the
transmembrane part of the AB1-40 peptide before major aggregation accurs.
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Figure 1. Left: CD-spectra for ABy.40 peptide at RT: @) AB in TFE; b) AB bound to mixed
DMPC/DMPG (2:1 PC/PG ratio) membrane surfaces at 30:1 L/P molar ratio; c) AB
incorporated into mixed DMPC/DMPG (2:1 PC/PG ratio) at 30:1 L/P molar ratio by dialysis
reconstitution; d) AB incorporated into DMPC membranes by cosolubilization at 20:1
li pid/peptide molar ratio. Right: Lipid-induced fraction of 3-shee and a-helix structures for
AB addedto (+ ) or incorporated into (» ) mixed bilayers at 30:1 L/P molar ratio. Membrane
surfacecharge \aried between 50% and 17%.

CD-Measurements:

How the different lipid-peptide interadions affed the structure of A-peptide can be
sean in Figure 2 where results are shown for CD-measurements caried ou on A;1.40
either boundto various membrane surfaces or incorporated into them under different
condtions. In Figure 2 (left), CD spectraare displayed for the spedral region between
200 — 240 m at RT. Trace areveasatypicd a-helicd structure of AR, prepared as a
monamer in TFE after HPLC purification. Trace b) reveals a significant amourt of 3-
structures for A3 added to charged membrane surfaces (33mol% negatively charged
DMPG) at a30:1 P/L molar ratio. A similar situationis sen in Tracec) when A3 was



incorporated at the same ratio into the same membrane matrix by reconstitution via
diadysis. To the mntrary, recmnstitution o the peptide into DMPC bilayers by
cosolubili zation wsing the membrane mimicking solvent TFE showed daminantly
helicd features (Trace d). These results are not surprising since TFE is gabili zing
helicd structures while in agueous condtions a wnversion from an initially randam
coil form into 3-shed state can easily take place[10]. Occuring interadions of AP in
agueous environment with charged membrane surfaces accel erate then this conversion
as described in detail by Terzi et. a. [10] and ahers. The spedrum obtained for A3
uponincorporation via dialysis (Trace ¢ is therefore not unexpeded. Reconstitution
trials using neutral DMPC alone fail ed to incorporate A[-peptide, probably due to the
missng stabili zation o the positively charged peptide in the micdlar detergent
system by negatively charged li pid headgroups.

To study in more detail the relationship between the structural properties of AP and
the relevant lipid-peptide interadions, comparative binding and incorporation studies
were performed under a systematic variation d the lipid environment. The anourt of
negatively charged DMPG lipid in the DMPC bil ayer was varied between 50 mol%
and 17 mol%. The analyis of the CD-studies of A3 either added or incorporated into
these membranes are displayed in Figure 2 (right). Adding AB1-40 to mixed li posomes,
reveds a strong relationship between the anount of [3-shed aggregates and bil ayer
surface dharge density. In contrast, AB1.40 incorporated into liposomes of the same
compasition shows an oppaite behaviour.

3lp MASNMR:

Since CD-spedroscopy does not provide adetailled view at a moleaular level for the
interactions of the peptide with membrane surfaces, P MAS NMR was used
complimentary to study the nature and spedficity of interadions of Ap with the
various lipid comporents when boundto charged membrane surfaces. Samples were
prepared as for CD-spectroscopy except for sonicaion, and the crrespondng NMR
lineshapes are shown in Figure 3 together with the spedra obtained for pure vesicles
of different PC/PG content. Two resonances correspondng to DMPG and DMPC
lipids can clealy be resolved with the intensity ratio changing from 1:1 to 5:1 PC/PG
compasition as expeded. Upon addition o AP peptide, no spedfic interadion
between the peptide and a lipid comporent were observed, only effeds sen in bah
resonances in the same way. Line narrowing occurs for bath resonances, most likely
reflecting an increased fluidity of the system. A close inspedion d the isotropic
chemicd shift values shows two detedable dfeds as simmarized in Figure 3 (right)
where the dhemical shifts are plotted against the lipid composition before and upon
binding of peptide. First, the chemica shift values change for bath lipidsin relation to
the contents of charged lipids. Secondy, upon Ibnding, AR induces a diange in the
chemicd shift values for both resonances in the same direction, identicd to the one
observed when lowering the anourt of charged vesicles. This effed reflects a partial
compensation d membrane surface dharge and suggests a mainly eledrostatic binding
of A to the membrane surface

The CD and *'P MAS NMR studies clealy show that a predse ontrol over the
occurring lipid-peptide interadions and related parameters are essential to extrad by



any biophysica method high resolution structural information for this complex,
disordered system, where the wnwersion from a monameric form into toxic
aggregates has srious neurotoxicologicd implicaions.

Figure 2. Left: *'P MAS NMR spectra (2kHz sinning speed, RT) of DMPC/DMPG vesicles
before (top trace of each panel) andupon adlition o AB;. 4 peptide at 30:1 L/P ratio (bottom
trace). DMPC/DMPG nolar ratios: 1:1 &); 2:1 b); 3:1 c); 4:1 d); 5:1 €). Right: Isotropic
chemical shift values at RT for DMPG (a) and DMPC (b) as a function of DMPC/DMPG
molar ratios of the membrane before (+ ) andupon aldition of peptide (¢ ).

3C CPRRMASNMR

To get first high resolution structural data for membrane-bound AR, it was
incorporated in a predominantly a-helicd form into membranes with the purpose to
study the secondary structure of the transmembrane part of the peptide before major
aggregation accurs. *C CP RR MAS NMR experiments were carried out on ABi.40
spedficdly labellél asindicated in Figure 3, and reconstituted into DM PC-ds7 bil ayers
at a20:1 lipid/peptide molar ratio by cosolubili zation.

In Figure 4 *C CP MAS NMR spedra ae shown for labelled A1.40 peptide before
(100.6 MHz) and after incorporation into membranes (125.7 MHz), respectively. In
the spedrum for the solid peptide & 293K (Trace g the resonance a 175 ppm can be
assgned to the labelled 1-"*C-lles; position and the resonance & 44 ppm to the 2-°C-
Glyss pasition, bdh situated in the transmembrane part of the peptide. The spectrum
of labelled AB uponincorporation into DMPC bilayers obtained at RT and 5 kHz
spinning spedad is $own in Traceb) of Figure 4. It isimmediately obvious that the use
of perdeuterated DMPC reduces the natural abundance signa arising from lipid
cabon atoms drasticdly due to the misang CP condtions and reveds otherwise
hidden resonances from the peptide and a few signals from the lipid glycerol
badkbore carying protons [19,27. In the membrane the resonance of the carbonyl



