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ABSTRACT. To structurally characterize the nonaggregated state of the anf/fwéghtide, which assembles
into the hallmark fibrils of Alzheimer disease, we investigated the conformation of the N-terminal
extracellular peptide fragmentfA-,sin DO at acidic pD by utilizing combined FTIR and isotropic and
anisotropic Raman spectra measured between 1550 and 17%0Reptide aggregation is avoided under
the conditions chosen. The amiddand was found to exhibit a significant noncoincidence effect in that

the first moment of the anisotropic Raman and of t

he IR band profile appears red-shifted from that of the

isotropic Raman scattering. A simulation based on a coupled oscillator model involving all 27 amide |
modes of the peptide reveals that the peptide adopts a predominantly polyproline 1l conformation. Our
results are inconsistent with the notion that the monomeric formBf A is a totally disordered, random-

coil structure. Generally, they underscore the not
unfolded state of proteins and peptides.

The main component of plaques found in human patients
suffering from Alzheimer's disease is a small peptide,
amyloid (AB)*, comprised of 3943 amino acids derived
from the amyloid 4G precursor protein (APP) by proteolytic
cleavage 1). APP is a membrane glycoprotein that exists in
various isoforms with a consensus length of 694 amino acids
(1, 2, 3). The extracellular A(1—42) peptide contains the
amino acids 597638 of the consensus APP sequente (
Several studies have established that the aggregatiof of A
peptides is a prerequisite for the pathogenesis of Alzheimer’s
disease §). Because of its extreme insolubility and high

ion that polyproline Il is a characteristic motif of the

A final assessment of this issue is of utmost importance for
the understanding of the initial phase of Aggregation.

The PPII helix exhibits a nearly perfect 3-fold rotational
symmetry for its canonical conformation witly,(y) =
(=78, 146€). Its relevance for the initial phase of the
amyloid plaque formation of various proteins has recently
been reported on the basis of Raman Optical Activity (ROA)
measurements. For human lysozyme, Blanch et al. showed
that its partially unfolded state exhibits a significant PPII
fraction and practically nop-sheet contents1(). The
respective protein conformation is assignable to a prefibrillar

propensity to aggregate, only a few attempts have been madéntermediate from which the protein forms amyloid fibrils.

to identify the solution conformation of the full-lengjh
peptide 6, 7). It is generally thought that A_43 and its
major fragments are unstructured in an aqueous solution in

Moreover, the brain proteins synuclein and, which were
generally considered as being naturally disordered, exhibit
a significant PPIl content1Q). Both proteins have a

absence of membrane mimetic and helix-forming reagents propensity for fibril formation. It was therefore hypothesized
(7, 8). This notion was recently challenged by Jarvet et al., that PPIl might be a “killer conformation” in the development
whose CD and NMR spectra offi_»g were interpreted as  of neurodegenerative diseas&$)( However, as pointed out
indicating that a substantial fraction of the peptide adopts aby Syme et al. 12), interpeptide association also requires
polyproline 1l (PPII) conformation at room temperatu. ( specific residue properties such as a low net charge and high
However, similar CD spectra of #;-40 dimer—trimer net hydrophibicity as demonstrated by recent experiments
mixture and of shorter, monomeric fragments were inter- of Dobson et al. 13).
preted by others as reflecting an “irregular” structuté)( In this paper, we present a structural analysis of monomeric
Ap1-28 in @an agqueous solution based on a novel analysis of
T Financial support was provided from the NHCOBRE Il Grant the amide_'l band p_ro_f_ile of its IR an.d Raman spectra. .The
for the Center for Research in Protein Structure, Function, and conformational flexibility of the5 peptide reflects, to a major
Bylr;]?/gct:% gz‘lzg gﬁﬁgﬁg{voelr)sﬁgi IrgTetrr:g E?géjc()zs Olnosgtgc;%ngllis) para ?xt;-znt,hth?] cgnfo;]mgtiozal propensitieshof thehre?]iduezal
. Vemem[670L%). 14). The hydrophobic B29-42 Segment has a high intrinsic
o D T e ey erasl i PropenSy or g-srand corformation. s il capable
* Department of Biology, University of Puerto Rico. of forming amyloid-like fibrils in vitro, which morphologi-
ﬁgSeE(?arlml]ﬁir:/te?;i?hemiStry' University of Puerto Rico. cally resemble fibrils of natural amyloid in vival§, 16),
! Abbreviations: )IQTIR, Fourier transform infrared spectroscopy; .even though they lack the toxicity of t.he latter. This plaque
incompetent fragment serves as a suitable model system for
elucidating the structure of the nonaggregated amyloid

ECD, electronic circular dichroism, /A Amyloid 5 peptide; PPII,
Polyproline Il helix.
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peptide, because it contains key structural features that ared; can be used to calculate the isotropic and anisotropic

important in mediating amyloid fibrillogenesis by electro-
static interactionsl(7). Earlier studies reported a monomeric
random-coil conformation at pH< 4 (8). Our present

analysis, however, strongly indicates that the structure of

Api1-2s can be described as a mixture of local PPIl and
p-strand conformations.

THEORETICAL BACKGROUND

In this paper, we measured and simulated IR and isotropic

and anisotropic Raman spectra 0fA.s to determine its

predominant conformation. Here, we solely outline the basic

principles of the applied theory, which with respect to

underlying concepts is just an extension of what is described

in detall in ref18. A more detailed version will be published
separately.

As described in earlier studie$8, 19, 20), our approach

Raman intensity
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The IR-intensity profile is calculated correspondingly. The
local vector of the transition dipole moment of ffile peptide

Pi 5)

is based on the excitonic character of the amide | modes ofgroup is written as

polypeptides, which results from through-bond and transition
dipole coupling 21). As shown by Choi et al.2R) this can

be accounted for by a coupled oscillator model, which
describes excitonic coupling within a basis set of the
vibrational states of local vibrations. Hence, the Sdimger
equation can be written as

(Ho + H™)ly C=Elx'O (1)
where [y'Uis the state vector comprising the 27 excitonic
amide | states of A1z, Ho is the Hamiltonian of the
uncoupled local modesH® accounts for the excitonic
coupling between the modes, afdrepresents a set of
excitonic eigenenergies. As shown by recent ab initio

Hoj COSV
1i; = |Hg; SinY
0

(6)

where is the orientational angle @i in the x,y plane of

the local reference systerh). After the local dipole vectors
have been transformed into a common reference system (of
the C-terminal peptide), the transition dipole moment of the
ith excitonic mode can be calculated by utilizing

27
=) gl (7)
le i

calculations, only nearest-neighbor and second-neighborMATERIALS AND METHODS

coupling have to be taken into accoufl(22). Therefore,
we assume that®y = A for j =i + 1,i £ 2, while all
other matrix elements are zemp (= 1, 2, 3, ..., 2).

Materials. Af31—25 was obtained from Ana Spec, Inc. The
commercial peptides usually contain a small amount of
trifluoroacetic acid (TFA) used in HPLC purification, which

The Raman tensors of the excitonic states are written as agjyes rise to a band at1674 cnt! that contaminates the

linear combination of the local mode tensors

27

N N

o= Zaijaj
]:

where the coefficients; are obtained from the solution of
eg 1. In the present context, we assumed identical Rama
tensors for the local modes written &3)

()

a* c* 0
a=|cc1 0
0 0 d*

3

whereo,y = 1 and the elementa*, c*, andd* are thus
expressed in units ad,y. Equation 1 describes the Raman
tensor in the earlier described molecular frarh® (9). The
element* andd* are linearly dependent. The use of eq 2

n

amide | region, particularly of the IR spectrum. To remove
the residual TFA, the peptide was dialyzed extensively at
pH 1.0 by using Spectra/Por Cellulose Ester Float A Lyzer
dialysis membraned\,, cut off of 500). The peptide was
directly dissolved in BO solution. The corresponding
concentration was 3 mM. The pD was adjusted by adding
small aliquots of NaOD or DCI. Electrode readings were
corrected for the deuterium effect®4). The success of the
purification step was confirmed by the absence of the very
intense IR band at 1674 crhand of a weaker, but clearly
identifiable, 1610 cm' band in the isotropic Raman spectrum
(25).

Methods: Spectroscopie®/e used the same equipment
and experimental set ups described in earlier publications
(20). The Raman spectra were obtained with the 514-nm (400
mW) excitation from a Lexel 95 argon ion laser. The
vibrational circular dichroism instrumental description is the
same as the previous papeff)

requires that all Raman tensors be transformed into a Spectral AnalysisTo reduce the noise of the Raman

common reference system. In our case, we select a coordinatspectra caused by a significant fluorescence background, we
system associated with the C-terminal peptide group. Detailscarried out some smoothing by averaging a set of nine
are described in earlier papefs3( 23). Thus, the obtained  spectra, which were created by shifting the original spectrum
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by +£0.5, 1, 1.5, and 2 cm. These shifts are negligible

compared with the apparent spectral bandwidth, and the

averaging has therefore a limited affect on the overall band
profiles. All IR and Raman spectra were analyzed using
MULTIFIT (26). They were normalized to the internal
standard, i.e., the @ band at 1207 cnt. Our commonly
used internal standard, the 934 ¢nband of the CIQ ion,

could not be employed, because the perchlorate ion causedx

substantial aggregation of fA-,s. To eliminate solvent

contributions, we measured the solvent reference spectra for

both polarizations, which were then subtracted from the

corresponding peptide spectra. The intensities of the normal-

ized polarized Raman bands were derived from their band

areas. These and the corresponding IR spectrum were self-

consistently analyzed in that they were fitted with a set of
identical frequencies, half-widths, and band profiles. The

isotropic and anisotropic Raman intensities and the depo-

larization ratiosp were calculated as

4

lio =l = 3ly

iso

ansio y
1
Iy

(8)

It should be mentioned that in principleniso Should be
written as 2.38. As discussed in our earlier papef9),

we prefer to identify it withly in the depicted figures so that
the polarization properties of different lines can be better
inferred.

RESULTS AND DISCUSSION

Figure 1 depicts the FTIR and isotropic and anisotropic
Raman spectra of £ _,s between 1550 and 1650 cfn The
amide [ region can heuristically be decomposed into two
Gaussian bands at 1647 (Aland 1675 cm? (Al’,) with
half-widths of 38 and 35 cnt and depolarization ratios of
p1 = 0.26 andp, = 0.14, respectively. The respective
intensity ratios, Al/Al’,, areRg = 3.0, Rs, = 0.55, and
Raniso= 1.3. Qualitatively, the spectra can be interpreted by
assuming that only 2 of the 27 excitonic amide modes
contribute significantly to the observed band profil@g)(

One of them can be described as the in-phase combination

of the local modesA mode). The other one is a 2-fold
degeneratelf; mode and involves out-of-phase combinations
of adjacent vibrations. In principle, this simple model is only
suitable for infinite helices, but it provides some principal
guidance for the interpretation of spectra of even very short
peptides 21). On the basis of their depolarization ratios, we
assign Al; to E; and Al; to A. Our experimental data suggest
that A3:1_,s adopts an extended conformation assignable to
the upper left square of the Ramachandran plot, for which
Torii and Tasumi predicte®g > 1 andRraman < 1 (21).

To obtain a more precise determination of the peptide
structure, we utilized the above outlined excitonic coupling
algorithm, which explicitly considered all 27 amideriodes
of AB1-2s For the sake of simplicity, we assumed that all
on-diagonal force constants of the local modes of the
nonterminal peptides were identical. As recently shown by
Choi et al., this is approximately justified for extended
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Ficure 1: FTIR (upper panel) and isotropic and anisotropic Raman
spectra fexc = 514 nm, laser power 400 mW, and slit width=
100um) of A51—-28 after TFA removal measured at pD 1.0. The
solid lines and the band profiles arise from the fitting procedure
described in our previously published articles.

conformations 22).2 Eigenvectors and eigenenergies were
calculated by diagonalizing the excitonic HamiltoniagH
which accounted for nearest-neighbor and second-nearest-
neighbor coupling. The coupling energies for the investigated
conformations were obtained from our recent studies on tri-
and tetrapeptides (nearest neighbB @0) and by explicitly
calculating the transition dipole coupling for second neigh-
bors @1). For the wavenumber of the unperturbed modes,
we assumed a value of 1657 chfior the nonterminal peptide
groups as obtained for the central residue of tetra-alanine
(18). For the N- and C-terminal peptides, we employed
wavenumber values of 1648 and 1674 énrespectively,
which can be considered as representative values for a variety
of earlier investigated tripeptide$g 27). The IR and Raman
intensity profiles of amide 'l were then calculated by
superimposing the contributions of all 27 delocalized vibra-
tional states. We modeled the individual Raman and IR bands

2 This paper does not report the local wavenumbers for PPII, but
Dr. Cho’s group provided us with the results of a calculation for a
canonical PPIl conformation, which suggest wavenumber variations
of +£2 cn? for the central residues of a hexapeptide.



6896 Biochemistry, Vol. 43, No. 22, 2004

Eker et al.

0.06 0.04
IR IR
0.05
0.03 A
2 0041 =y
e 2
D 003 S 0.02
£ c
E 002 x
0.01 -
0.01 4
0.00 0.00
2400 | 1sotropic 2400 4 Isotropic
1600 - 1600
800 - 800 - !‘"\
/
= > ) .
- b
= = N o S
0:) 8 ———// g 8 i Vg
L 150 - - & 150
e anisotropic c anisotropic
c c A
(] © I3
£ £ ® e
o © LY
o 1000 o 1000 o
<3
* 3 00
* \ V1560 1600 1650 1700 1750
[J
: 3 0 Wavenumber [cm]
500 - 500 A N
H
3
0 0 M///
1600 1620 1640 1660 1680 1700 1550 1600 1650 1700 1750
Wavenumber [cm'1] Wavenumber [cm'1]

Ficure 2: Amide I band profiles of a 28-residue-containing peptide FiGure 3: Comparison of calculated amideband profiles with
for different extended conformations, i.e., PRI= —75°, ¢ = the respective experimental spectrum. The calculatioh Was
150 (blue line), antiparallep strandg = —14C, 1 = 135 (green performed by assuming a mixture of local PPIl afiestrand
line), and extendeg strand,¢ = —165, v = 150 (red line), conformations as described in the text.

obtained from a coupled oscillator model described in the text.

] ) ] ) ] is qualitatively different fop3-strand conformations and PPII.
by using Gaussian profiles with a total half-width of 22¢m  The former exhibits a dominant intensity at the'Alosition,
which is represengatl\(e of what we obtained for many hijle the latter also depicts a substantial intensity at.A
tripeptides 0, 27).° Figure 2 depicts the result of our  comparison between Figures 1 and 2 reveals that the PPII
simulation for three secondary structures, namely, PPII (blue sjmylation is very similar to the experimentally observed
line), an antiparallel sheef strand (green line), and an profile. This clearly indicates that a substantial fraction of
extendegb §tra_1nd (red line). For all structures, we reproduced AB12s exhibits a PPIl-like conformation. All simulations
the noncoincidence between the first moments of IR and o not account for the asymmetry of the isotropic and IR
diagnostic of an extended conformation located in the upper- yifferences
left square of the Ramachandran pidthe three conformers In the next step, we have performed a more realistic
could hardly be distinguished solely by comparing their IR gimylation in that we utilized results of the recent NMR study
and (_|sotrop|c and totall) Ram.an band prpflles with thg of Zagorski et al. 7), which suggests that thé -A2! section
experimental data. The isotropic band proflles of t'he arm— of AB peptides adopts &-strand conformation. Figure 3
parallel sheet and the extgnded conformation are |dent|cal,Compares the calculated band profiles with the experimental
because the same coupling constants were used for thgpacira. The agreement with the anisotropic scattering profile
simulation. The anisotropic scattering distribution, however, g nearly quantitative. The calculated IR and isotropic Raman
profiles show the asymmetry depicted by the experimental

$We thus neglected the much smaller Lorentzian contribution to data. The A — E; difference is well-reproduced. The
what is normally a Voigtian profile.

4 As a test of our program, we also calculated the spectra for a right-
handeda helix. As expected, we found a coincidence of isotropic
Raman and IR absorption.

5 For the sake of convenience, we continue using this notation even
though a two-mode approach is certainly an oversimplification.
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20 observed for amyloid-forming proteins. Our observation of
a substantial PPII fraction fits into that picture and is in line
with the hypothesis that PPII is the killer conformation as
20 - suggested by Blanch et alL1). In more specific terms, the
present result and those of Barron and co-workgfs {2
suggest that it is the high stability of PPII with respect to an
60 4 o-helical conformation and a classical random-coil state that
gives rise to the high propensity for aggregation. As pointed
801 out by Syme et al.12), a real random-coil conformation
would lead to amorphous aggregates rather than to ordered
fibrils. The admixture of structurally well-defined hydro-
1204 phobic segments L}7F20 and 131V36 (7) significantly
increase the propensity f@rsheet aggregatiord3{, 38). We
190 200 210 220 230 240 250 like to emphasize, however, that PPII formation cannot be
Wavelength (nm) considered as a necessary condition for the formation of
amyloid plaques as demonstrated by the absence of any PPII-
like intermediate in the aggregation process of the prion
scrapie fragment PPP223 (35).
simulation also accounts for the depolarization ratio in the  Besides exploring the structure oA s, this paper, for
E;-band region (inset in the lower panel of Figure 3). All the first time, reports a detailed and quantitative analysis of
this suggests, considering a mixture of PPII grstrand, is vibrational spectra, which demonstrates the combined use
a more realistic structural model. The still existing discrep- of IR and isotropic and anisotropic Raman spectra for the
ancies between the theory and experiment are likely to reflectstructural analysis of peptides. Generally, researchers confine
the inadequacy of our assumption that the Raman tensorghemselves to solely using FTIR on a much less-quantitative
and transition dipole moments of all peptide groups are level. As an exception from this rule, Carey, Anderson, and
identical. A more refined model based on the IR and Raman co-workers recently reported a visible Raman studyoon
measurements of XA and AX peptides is currently underway synuclein 89). For the respective agueous solution of the
in our laboratory. However, the present level of theory is protein, they obtained an asymmetric Raman band profile
sufficient to provide substantial evidence for the notion that at 1674 cm?, which is very similar to the isotropic Raman
PPIl is the predominant conformation of monomerjé; Avs. band in Figure 1. They somewhat tentatively assigned it to
This conclusion is consistent with the increasingly accepted PPII, guided by the results of Barron and co-worker®).(
interpretation of the ECD spectrum of the peptide shown in While we agree with their assignment, we like to emphasize
Figure 4 @8, 29). that an interpretation just based on unpolarized Raman is
Additionally, we performed several simulations for other problematic. This paper shows that polarized Raman mea-
possible conformations assignable to the upper-left quadrantsurements provide much more useful information. Addition-
of the Ramachandran plot to explore the possibility that the ally, it is somewhat problematic to decompose asymmetric
observed spectra reflect a mixture of different conformers bands into different Gaussian profiles and assign them to
including PPII as suggested by the classical random-coil different secondary structures. As demonstrated in this paper,
model @0, 31, 32). Thus, we found that the experimentally excitonic coupling yields a delocalization of amide | states
obtained anisotropic scattering distribution is reproduced only and thus an asymmetric band shape. We will deal with this
in a very restricted range of dihedral angles around the issue in more detail in a separate paper.
classical PPII coordinate. Moreover, it became apparent that
many conformations witk angles betweer 60° and— 140 ACKNOWLEDGMENT
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