4434 Biochemistry2005,44, 4434-4441

Hydrogen-Deuterium (H/D) Exchange Mapping ofA-40 Amyloid Fibril
Secondary Structure Using Nuclear Magnetic Resonance Spectrbscopy

Neil A. Whittemoret$ Rajesh Mishrd;® Indu Kheterpal, Angela D. Williams! Ronald Wetzel,and
Engin H. Serpersu®

Department of Biochemistry and Cellular and Molecular Biology, the Center of Excellence for Structural Biologgrditgiof
TennesseeKnoxiille, Knoxille, Tennessee 37996, and Graduate School of Medicineydusity of Tennessee,
Knoxville, Tennessee 37919

Receied August 9, 2004; Resed Manuscript Recegéd January 24, 2005

ABSTRACT. We describe here details of the hydrogeleuterium (H/D) exchange behavior of the
Alzheimer’s peptide &1-40, While it is a resident in the amyloid fibril, as determined by high-resolution
solution NMR. Kinetics of H/D exchange in/A-4 fibrils show that about half the backbone amide
protons exchange during the first 25 h, while the other half remain unexchanged because of solvent
inaccessibility and/or hydrogen-bonded structure. After such a treatment for 25 h y@hfibrils of
15N-enriched A8 were dissolved in a mixture of 95% dimethyl sulfoxide (DMSO) and 5% dichloroacetic
acid (DCA) and successive heteronucl#ds!>N HSQC spectra were collected to identify the backbone
amides that did not exchange in the fibril. These studies showed that the N and C termini of the peptide
are accessible to the solvent in the fibril state and the backbone amides of these residues are readily
exchanged with bulk deuterium. In contrast, the residues in the middle of the peptide (resieh3& 16

are mostly protected, suggesting that that many of the residues in this segment of the peptide are involved
in a3 structure in the fibril. Two residues, G25 and S26, exhibit readily exchangeable backbone amide
protons and therefore may be located on a turn or a flexible part of the peptide. Overall, the data substantially
supports current models for how thes Aeptide folds when it engages in the amyloid fibril structure,
while also addressing some discrepancies between models.

The structures of amyloid fibrils and related protein of aggregates using X-ray crystallography or solution-state
aggregates are currently of great interest. These aggregatesultidimensional NMR spectroscopy has been slow and
are now recognized as constituting important alternative fraught with difficulties @). However, key features of the
folded states of globular proteins and peptide fragments peptide and protein conformations within the supramolecular
whose assembly processes and structures are providing newvarchitecture of & amyloid fibrils have been revealed by a
insights into the fundamental rules of protein folding. In variety of techniques. X-ray fiber diffraction shows that many
addition, these alternative folding pathways are of significant amyloid fibrils including A8 fibrils possess a crogs-
biological consequence. It has been estimated that up to 50%structure in which theg-extended chains are oriented
of the polypeptide chains emerging from the ribosome do perpendicular to the fibril axis, while the hydrogen bonds
not mature into native, folded states but rather become that connect these strands irftsheets are oriented parallel
degraded by mechanisms that recognize fatal misfolding stepgo the fibril axis @). Limited proteolysis studies revealed
that may otherwise lead to aggregatidi). (The ability of that the N-terminal 1615 residues of A are not involved
some proteins to aggregate either inside or outside the cellin the rigid, hydrogen-bonded core of amyloid fibrils).(
has been linked to a wide variety of human diseases, This result was supported by hydrogeteuterium (H/D)
including important neurodegenerative disea®s ( exchange studies, monitored by mass spectroscopy (MS),

Despite the importance of non-native protein aggregateswhich showed that 50% of the 39 backbone amide hydrogens
such as the A amyloid fibrils associated with Alzheimer's  of Af1-4 are not involved in protective hydrogen bonds
disease, progress toward the high-resolution structure analysisssociated with & sheet when this peptide is incorporated
into the fibril structure §, 7). Although a antiparalleb sheet
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Ficure 1: Schematic diagram summarizing the exchange experiment. Fibrils grown from protortateg ae exposed to a O buffer

allowing exchangeable protons to exchange with deuterium at rates controlled by the solvent exposure and hydrogen-bonding state of the
protons. After removal of most of the;D, fibrils are brought up in DMSO/DCA, which dissolves the fibrils to monomers while minimizing
further exchange with the residuab®D,O carried over with the fibrils from the aqueous exchange reaction. This solution is quickly
analyzed to determine the H/D content of each identifiable backbone amide proton. In theory, this sample is susceptible during dissolution
and analysis to both forward (with the deuterium component of the solvent) and back (with the hydrogen component of the solvent) exchange.
These rates appear to be relatively small under these conditions, however, and are ignored in the analysis (see the text).

sheet in which residues on adjacent strands are in registewas obtained from the Keck Biotechnology Center (Yale
within the hydrogen-bonded core of the fibril. University, New Haven, CT), and the recombinantly prepared

The next level of structure determination is how thg A U-*N Af;1_4 peptide was obtained from rPeptide (Athens,
chain folds on itself within the fibril. Conformational and GA).
proximity information is revealed directly in solid-state NMR Synthesis and H/D Exchange ofA4 and Fibrils. A
spectra {0). Conformational flexibility can also be inferred  typical fibril preparation was performed as previously
by scanning proline mutagenesis linked to stability analysis described in detail; 6). Briefly, AB;_40 or U-*N-enriched
(12). Portions of the £ peptide involved in hydrogen  ApB;_,, peptide was treated with TFA and HFIP to remove
bonding within the fibril have been revealed by segmental any pre-existing aggregates, lyophilized, and then dissolved
H/D exchange protection analysis using proteolysis coupledin 2 mM NaOH and % PBS (20 mM phosphate, 276 mM
with MS (13). These techniques broadly agree with the sodium chloride, and 5.4 mM KCI containing 0.1% sodium
limited proteolysis data5) in suggesting an exposed and azide at pH 7.4) in an equal volume ratio. Fibril formation
flexible N terminus and also agree with each other in was started by the addition of sonicated fibrils [1:1000 (w/
indicating two major segments of a rigitistructure. There  w)] from a previous fibril preparation followed by incubation
are also a number of differences among models derived fromof these solutions at 37C for 5—7 days. Fibril growth was
these various approaches, such as whether the extreme Gnonitored by thioflavin T fluorescence, and the quality of
terminus of AB1—4 is or is not involved in an extended the fibrils was monitored by electron microscopy.
B-sheet structure, indicating that further studies are in order. g5, H/p exchange experiments, fibrils were isolated by

Single-residue resolution protection factors from H/D centrifugation at 13009 for 30 min, resuspended with a
experiments would greatly contribute to our knowledge of gentle vortex in DO, and incubated for 25 h at room
the exact folding pattern of the/Apeptide within the fibril  temperature in 2.5 mM deuterated Tris-HCI buffer at pH 7.5.
structure. H/D exchange monitored by NMR has been usedThjs time was selected based on H/D exchange kinetics of
for decades to identify backbone amide protons involved in Ap1_40 fibrils monitored by MS, which show that exchange
protective secondary structure within globular proteins at of hackbone amide hydrogens with deuteriums is relatively
single-residue resolutionl4, 15). More recently, several  glow after 24 h §). After the DO treatment, fibrils were
groups have described H/D NMR experiments on amyloid again collected by centrifugation and were carefully dried
fibrils synthesized fronf-2 microglobulin, transthyretin, and using strips of filter paper to wick off the residual®.
fragments of the & peptide (residues 2335) and prion  Fipyils were then dissolved in 250 of 95% DMSO/5%
protein (16-19). Here, we describe the application of similar  pca (DMSO/DCA) mixture under nitrogen and immediately
techniques to the analysis of amyloid fibrils of full-length  transferred to Shigemi NMR tube to start the data acquisition.
A1~ to reveal those residues involved in highly protective The time from the start of fibril dissolution to the start of
hydrogen-bonded structure2(). The data are broadly  NMR experiments was 14 min. Concentration of the peptide
consistent with models of the Afibril derived from the was checked by HPLC after NMR experiments. Upon the
experimental approaches listed above. At the same time, thecompletion of this series of experiments, @5of deionized
data address previously reported differences, in particular,\yater was added to the Shigemi tube and was used to acquire
the position of turns within the Apeptide and the status of  gata for the fully protonated dissolved monomer peptide
various sequence elements in the C-terminal portion of the (separate control experiments showed that the spectra were
molecule. identical to the spectrum of the fibril dissolved in the same
MATERIALS AND METHODS solvent mlxtu.re without the. D treatment). .

A schematic representation of the experimental strategy

Materials. Shigemi NMR tubes (Shigemi, Inc., Allison for the H/D exchange in the fibril state and after the
Park, PA) that were matched to DMSdg-were used in all dissolution of fibril is shown in Figure 1. In this context,
of the experiments. DMS@; and D,O were obtained from  the “dissolved fibril” indicates the Bs—40 peptide obtained
Cambridge Isotope Laboratories (Andover, MA), and dichlo- by dissolution of the fibrils in the DMSO/DCA mixture. The
roacetic acidd, (DCA) was purchased from Aldrich Chemi- term forward exchange is used to indicate the continued
cal Co. (Milwaukee, WI). 1,1,1,3,3,3-Hexafluoro-2-propanol exchange of amide protons with deuterium after the dissolu-
(HFIP) was obtained from Acros Organics (Morris Planes, tion of fibrils in DMSO/DCA. The back exchange refers to
NJ), and trifluoroacetic acid (TFA) was purchased from reprotonation of already exchanged amides because of
Pierce (Rockford, IL). Chemically synthesize@,A4o peptide solvent composition in the dissolved fibrils.
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NMR Spectroscopyor the NMR studies of the wild-type Processing and Analysis of the Dat&ll data are
(WT) ApBi1-40 monomer and solution after dissolving the processed using the Felix software (Accelrys, Carlsbad, CA).
fibrils in DMSO/DCA, 250uL solutions (76-180 uM in Analysis for the assignment of th#H resonances was
equivalent monomer concentration) were placed in a Shigemiperformed using Sparky (Tom Goddard, UCSF, San Fran-
NMR tube. The transfer of the solution to the Shigemi NMR cisco, CA). In the H/D exchange studies, thesignmodule
tube was performed under an inert atmosphere of dry of Felix was used to assign theN resonances. The volume
nitrogen in a polyethylene glovebag (Aldrich Chemical Co., of the peaks in the HSQC spectra was measured by using
Milwaukee, WI). NMR experiments were performed on a the Felix software package.

600 MHz Varian INOVA (Varian, Inc., Palo Alto, CA) RESULTS

instrument that was equipped with a single gradient axis and
atriple resonance probe for the observation of proton, carbon, Selection of a Suitable Sant for H/D Exchange Mapping
and nitrogen nuclei. Two-dimensional NMR data were Studies The nature of the experiments described here is to
acquired in phase-sensitive mode using the Stdtieberko- determine the amount of H/D exchange that has occurred at
rn method for quadrature detection in the indirect dimension each exchangeable position in the peptide, when the peptide
(22). The residual water was saturated with low power before is resident in the fibril. However, amyloid fibrils are not
data acquisition. The DMSO peak was referenced as 2.49amenable for high-resolution, solution-phase NMR studies.
ppm in all spectra. Two-dimensional homonuclear nuclear Thus, to obtain interpretable NMR spectra allowing an
Overhauser effect spectroscopy (NOESX))(spectra were evaluation of the degree of deuterium incorporation, it is
recorded with mixing times of 75, 100, 150, and 200 ms. Nnecessary to perform the analysis indirectly on the dissolved
Total correlation spectroscopy (TOCSY23j spectra were monomeric peptide obtained by dissolution of fibrils in a
recorded using the decoupling in the presence of scalarsuitable solventi6—19, 27) (for a cartoon of the approach,
interaction (DIPSI) spin-lock sequence ki 8 kHz RField refer to Figure 1). The H/D exchange map of the original
and mixing times of 25 and 60 ms. Typically, spectra were AB1-s0 amyloid fibril is obtained indirectly from the H/D
acquired with 256t; increments, 2048 data points, a €xchange characteristics of the soluble monomer after
relaxation delay of 1 s, and a spectral width of 8500 Hz. dissolving the deuterated amyloid fibril in an appropriate
Spectra were recorded with 64 scans per increment forSOlvent. To obtain an accurate H/D exchange map of the
NOESY and 32 scans per increment for TOCSY. In all @myloid fibril once the fibrils are dissolved, the continued
NOESY and TOCSY spectra, the data are multiplied by a €xchange of protons/deuterons between the dissolved fibril

60—90° phase shifted stwindow function in both dimen- ~ @nd the bulk solvent should be either eliminated or signifi-
sions before Fourier transformation. cantly reduced. In Figure 1, the two modes of H/D exchange

. - after the dissolution of the fibril are shown, forward and back
A 250 uL sample of U->N-enriched A8;—40 fibrils 1SS ol W

. ; . exchange. Forward exchange is the transfer of a deuteron
dissolved in DMSO/DCA (50&M in monomer concentra- J g

: dtod ine th " h . from the bulk solvent (or another molecule of monomer) to
tion) was used to determine the extent of H/D e;c 'aNnge 1N an amide or amino proton. Conversely, the term back
fibrils treated with RO. A sensitivity enhancedH-™N exchange is the transfer of a proton from the bulk solvent

heteronuclear single-quantum coherence spectroscopy (HSQC). other molecule of monomer to an amide or amino
spectru_m 24), from the BioPack set.of pulse sequences for geuteron. The optimal solvent for H/D mapping of the
the Varian spectrometer, was acquired from the solution of 5myioid fibril is one that efficiently dissolves the fibrils to
dls_solved monomeric peptide in the phase-sensitive mOdetheir monomer units, suppresses as much as possible the
using t_he _States_Haber_korn method for qua_drathe_ detecpon forward- and back-exchange reactions that occur after fibrils
in the |nd|rec'F dimension2(1). The_dataset is obta!ned With  have been dissolved, and promotes good dispersion of the
a spectral width of 10 000 Hz in théH dimension and  NMR signals in the appropriate region of interest in the NMR
2127.55 Hz in thé®N dimension, and 56 scans of 640 real-  gpectrum. A solvent completely lacking exchangeable protons
time points for each of 128 increments were recorded for  js jdeal, because that should completely inhibit back ex-
approximately 33.5 min. The data are processed using thechange with the solvent. However, in practical terms, because
Felix processing software package. Thedimension was  water cannot be completely excluded when fibrils are
zero-filled to 1024 points with the sensitivity enhancement dissolved in polar, aprotic solvents, some solvent water
option selected on the left half of the spectrum (effective contamination is likely to be observed.

sweep width of 5000 Hz). The center frequency of the  DMSO is shown to be an excellent solvent for H/D
spectrum in each dimension was referenced according to theexchange studies of different amyloid fibrils, because it has
vo 'H and vy N that was determined using a sample of no exchangeable protons and different types of amyloid
2,2-dimethyl-2-silapentane-5-sulfonate sodium salt (DSS) in fibrils easily dissolve in solutions with a high percentage of
DMSOI/DCA, 2.51 ppm for the 1024 point and 116 ppm for DMSO (16—18, 28). Our initial efforts focused on dissolving
the 64 point, for'H and >N dimension, respectively26). the AB1-40 fibrils in pure DMSO. However, unlike amyloid
Critical in assignment of the”N resonances was the fibrils generated from a fragment of3 4 (17), fibrils of
acquisition of 3D HNHA and HNHB 26) spectra. Both  full-length AB1-40 did not dissolve in neat DMSO. The
experiments were acquired in the same phase-sensitivepresence of dichloroacetic acid (DCA) was necessary to
manner: spectral widths &H, *H, and'>N were 8000, 6400,  dissolve the fibrils. DCA and other solvents in DMSO have
and 1800 Hz, respectively, with 16 scans of 512 real-time been used to dissolve various fibrils for H/D exchange studies
points for each of the 32 and 1% and t, increments, by NMR (16, 18, 27). A mixture of 2% DCA in DMSO
respectively. These spectra also aided in the assignments ofolution was capable of dissolving thgsA 4 fibrils within

the N-H fingerprint region. several minutes; however, for complete dissolution of fibrils
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within a few seconds, it is necessary to use 5% DCA in
DMSO. In these solvent trials, complete dissolution of the
fibrils to soluble monomers (dissolvedSA-4 fibrils) was
confirmed by thioflavin assay, HPLC, and ultracentrifugation.
Additionally, observation of sharp peaks in the NMR spectra
confirmed that the original By— 4 fibrils had been converted
to small molecular weight species. Close examination of the
NOESY and TOCSY spectra of the freshly dissolves} Ao
monomer in this solvent mix showed the same spectral a2
pattern as the dissolved A 4 fibrils, with only small o
differences in the intensities of some of the side-chain NOEs.
Therefore, this mixture of 95% DMSO and 5% DCA was
selected as a suitable mixture and will be referred to as
DMSO/DCA. '
2D NMR Spectroscopy of the Dissetl AS1-4o Fibrils. 8.6 8.
Initial studies were performed with fibrils that were formed
from the WT AB1-4 monomer. Two-dimensional NMR
spectra, acquired of such fibrils dissolved in DMSO/DCA,
showed that there is a reasonable dispersion in the fingerprint
region that shows the intraresidue and sequential NH-H
correlations of both spectra, which allowed the assignments
of the backbone resonances of all but V40 to be made based
on standard scalar and NOE connectivity analy28 80)
(Table S1 in the Supporting Information). The NHxH )
regions of TOCSY and NOESY spectra are shown in Figure
2 with several of the assignments marked. There were a
number of sequential NFHNH;+; NOE cross-peaks in the
NOESY spectrum of the dissolved monomeric peptide.
Especially, the stretch spanning residues-26 showed
continuous NHNH;;; NOEs. This suggests that, although
completely exposed to the solvent, this section of the peptide 8.6
in DMSO/DCA may form an open loop, or the peptide may
have an overall structure containing several turns. We do Ficure 2: Fingerprint regions of TOCSY (top) and NOESY

not know the significance of this observation to the confor- g’&té%% ;DSCCUA&( Sﬁggﬁgév:)h fi_lgr:”S OfﬂhotdiSSOl}/Zg in 351"/50

H H R P : 0 with a mixing time o an
mation of AB1-40 in fibrils, but it is interesting to note that ms, respectively. Several NHeHassignments are shown in the
Mikros et al. @1) also observed consecutive NNH;; TOCSY spectrum.

NOEs between residues 9 and 26 in HR-MAS studies of
intact AB1-g fibrils. Another plausible explanation for the (V24, V36, and V40, Table S1 in the Supporting Informa-
observation of these NOEs is the presence of helical regionstion). Nevertheless, most of the assignments were made, and
which was previously reported by Craik and co-workers for the cross-peaks itH-®N HSQC spectra allowed identifica-
ApB1-40in a water-micelle environment32). This is however  tion of the residues with protected backbone amides in fibrils.
less likely in our conditions, and naN;;j+s NOEs were H/D Exchange Mapping of thefA_4 Fibrils. One- and
observed to support this possibility. In any case, the nature two-dimensional NMR experiments revealed that when the
of the conformation of & in the analysis buffer is only a  WT ApB;_4 fibrils are dissolved in DMSQl/DCA-d,
technical issue within the context of this paper. Because themixture the amide protons of the dissolved monomers
hydrogen exchange information of interest is what is exchange almost completely with the bulk deuterium within
established when Afibrils are exposed to exchange in native 120 min after dissolution. Therefore, data must be collected
buffer, any possible conformations of thgg Anonomer in rapidly, necessitating H/D exchange experiment&JotiN-
the DMSO/DCA analysis buffer do not influence the critical enriched A8;-4 fibrils. The U->N-enriched fibrils were
structural interpretations of the data. Likewis¢d mionomer prepared as the WT /R4 fibrils used in this study. Electron
conformation in DMSO/DCA does not have any implications micrographs confirmed that the structure of te®N-
for the conformation of the peptide in the aqueous phase inenriched fibrils was similar to the WT fibrils (Figure S1 in
native buffer. the Supporting Information). THg-'*N-enriched fibrils were

For reasons detailed in the following sectiod;*>N- treated for 25 h in a 2.4 mM Tris-HCI deuterated buffer at
enriched fibrils were required for the H/D exchange mapping pH 7.5 as described in the previous work from our group,
study. The'H-15N HSQC spectrum of these fully protonated, and the 25 h sampling point was selected based on data from
dissolved AB1-4o fibrils revealed that the complete assign- the same H/D MS study (Figure 3j)( As shown in Figure
ments of the N-H (amide) cross-peaks would require ad- 3, amides with fast and intermediary exchange rates are
ditional data. Therefore, 3D HNHA and HNHB experiments completely exchanged and only the protected core amides
were also performed with this sample to aid in resonance remained protonated at this time point. Therefore, the fibrils
assignments2p). Despite the availability of 3D HNHA and  were treated with BOD for a 25 h period and then a series of
HNHB spectra, a few assignments still remained tentative 'H-'5N HSQC spectra were collected in succession to
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Ficure 3: Number of amide protons exchanged versus the H/D
exchange time in B4 fibrils incubated in a 2.5 mM deuterated
Tris-HCI buffer at pH 7.5. Data are similar to what has been
previously published ), except here it has been corrected for
forward and back exchange.

40

determine not only the identity of the protected amide protons
in fibrils exposed to treatment with deuterated Tris-HCI
buffer but also to monitor their forward and back exchange
rates in DMSOds/DCA-d, mixture after the dissolution of
the fibrils.

Figure 4 shows thred#H-15N HSQC spectra, acquired with
dissolved 4814 fibrils in DMSO-ds/DCA-d,. Figure 4A is
the fully protonated spectrum shown with some of the
resonance assignments, and Figure 4B represents the firs
spectrum acquired after dissolution of the fibrils (data
acquisition started 14 min after dissolution). Figure 4C shows
the spectrum of the same sample in Figure 4B aft8rh.
Scrutiny of these spectra indicates that all of the amide proton
chemical shifts are withia 1 ppm range antN chemical
shifts for all glycines and serines are more upfield than the
rest, which indicates that thefA 4 monomer is unfolded
under these conditions. The first spectrum acquired after the
exchange (Figure 4B) shows that some of the amide protons

d

and all of the exchangeable side-chain protons are already(g) spectrum representing data acquisition started 14 min after

Whittemore et al.
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FiIGURE 4: HSQC spectra acquired with)-15N AB1—4o fibrils
issolved in DMSO/DCA. (A) Fully protonated dissolved fibrils.

exchanged with bulk deuterium. Some of the amide protons, dissolving the fibrils in DMSO/DCA. (C) Same sample in B after

however, are still strongly present in this spectrum.

3 h. All spectra were processed with identical parameters and shown

The percent protection of the each residue compared toWith the same contour levels.

the intensity of the corresponding signal observed under fully
protonated conditions is determined by the ratio of their
intensity. The intensities are determined by integration of

the volume of the spectral signals. The results are shown as

a bar plot in Figure 5. In this plot, no volumes for residues
V24, V36, and V40 are shown because of overlap and
ambiguity in their N-H cross-peak assignments. Also, the
apparent~10% protection observed with several residues
represent the final H/D ratio in the solvent mixture and not
a fractional protection for these residues. This plot highlights
a few significant features of the structure ofA fibrils.

The first noticeable feature of the plot is that the N and C
termini of AB1-40in fibrils have more exchangeable protons

than the central portion of the peptide. Also, the amide
protons of residues X&23 represent the most protected

region of the peptide in fibrils; the only exception in this

region is the low protection of A21. Another feature of the
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Ficure 5: Bar plot showing the residue-specific protection of the
backbone amides of A4 fibrils. No information is available on
residues 24, 26, and 40, which have ambiguous resonance assign-
ments. Unprotected residues appear to hat@% protection, which

is due to the final HO/D,O composition of the solvent.

data is the very low protection observed in residues G25
and G26 in the central part of the sequence. A particularly
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100 other biophysical measurements. In particular, the relatively
\ free exchange within the fibril of the amide protons from
residues +14 is consistent with a variety of experiments
suggesting that this portion of the peptide is not involved in
the hydrogen-bonded core of the fibrib,(10—12). In
addition, the new H/D exchange NMR data are consistent
with two expanses of the protective structure, one centered
in residues 1523 and the other centered at residues-28
35, consistent with the Apeptide folding back on itself to
0 100 200 300 400 500 form an enclosed structure exhibiting at least two elements
Time (min) of 8 structure. The existence of thextended structure
Ficure 6: Exchange of the residual backbone protons §f-A¢ around residues 1—?_20_ar_1d 36-35 is another common
after the dissolution of fibrils in deuterated DMSO/DCA mixture. feature of A8 amyloid fibril models (0-12). The NMR-
Curves represent fitted lines of the measured peak volumes to abased H/D data described here are also in good overall
single-exponential decay with plateai)(A30, (O) K28, () F19, agreement with H/D exchange data on the same fibrils as
:23 (2)) éig Two unprotected residues are also showh 42 evaluated by mass spectrometry. When previously obtained
' (6) HX-MS kinetics data on fibrils of f&;-40 are corrected
for back exchange3@), one obtains the kinetics shown in
Figure 3 consistent with 54% (21:39) of the backbone amide
protons being protected in the first 25 h of exchange time.
If, in Figure 5, any residue protected at a minimum level of
30% is counted as one protected amide proton and if two of
the three unresolved amide protons are also protected (as
expected from their sequence context), then the NMR-based
H/D exchange experiment yields 46% (18:39) protection.
While the results of the two approaches (conducted within
the same research consortium on identical fibrils) do not
. : . o
in the solvent. The time dependence of this artifactual 2??;%;35;2’620;%?;; C;rgizgerge\?vr:g] Zgglrl:)é(érgaftﬁ)lymS?hg

forward exchange plotted for three types of protons, fully ) :
protected ¢ 80%), somewhat protected-60%). and un- 2??&:29,2; fﬁ;)rﬂded structure, as predicted by current models

protected £20%), is shown in Figure 6. The curves observed
with protected protons (full or partial) with well-resolved
peaks can be fitted to a single-exponential decay with plateau.
The rate constants are within a factor of 2, regardless of the
level of protection in the fibril (however, it is clearly not
possible to monitor a significant amplitude of forward
exchange in the amide protons that were not protected). To
determine these artifactual exchange rates, the initial 14 min
delay was added to the midpoints of spectral data acquisition
to estimate the time points. This is done to account for the

differential effects of saturation transfer on the intensity and recent H/D data analvzed by protease fraamentation and MS
line width of signals during the data acquisition because each y yp gme
that also clearly shows the fA 4 C terminus to be

H rum w. ired in 33.5 min, which represen ;
mﬁ?ectr?gr? CZtSLf%) ofatigcg:tirzdexcizgge p,eriog. Tﬁgsiszai‘:;unprotected in the amyloid fibril (Khetgrpal, -, Chen, M.,
suggest that the residues of the monomer obtained by fibril Cook, K., ar_ld Wetzel, R., m_anuscrlpt n preparation). Th_e
dissolution are exposed to the solvent approximately equally source of this discrepancy with the solld-_sta_te NMR dgta IS
and that therefore the strong cross-peaks in the inftial not evident but.may nedueio Q|ﬁerent .f'br'l preparations.
15N HSQC spectra are not due to a rapid back exchange inlt is also pos_S|bIe that Cjtermmal regldugs may gxh|b|t
the dissolved fibril but rather represent the protons that are e>§tended chain confgrmatlon and chatthain proximity
protected from exchange when fibrils are incubated i®D without actually forming sta_ble hydrpgen bonds, _perhaps
Also, separate experiments performed with thzrAonomer because_ of structL_JraI constraints required for_ amyloid forma-
showed that all or most of the protons of the peptide are tion. T_h|s lack of involvement .Of the C terminus 0184_3;40
readily exchanged upon treatment with@under similar fibrils in stable hydrogen bonding is not in cpnfllcj[ W't.h the
conditions (Figure S3 in the Supporting Information). This Well—documenteq Importance O.f t_he c termmus n dlsgase—
observation lends further support to our conclusions that datarelated aggregatior8f) and tox'c'?y 6.5)' First, the toxic
observed in HSQC spectra represent H/D exchange Characgggregate may not be an a_myI0|_d fibrBg 3.7)’ and the
teristics of the fibril. structural role of the C terminus in alternatl\{e aggrgggted
structures of & may be different from that in the fibril
DISCUSSION [However, recent studies suggest that the C terminus of the
Ap1-40 peptide is also not in a rigid structure in the protofibril
The exchange data shown in Figure 5 are broadly (Williams, A., Sega, M., Kheterpal, I., Chen, M., Cook, K.,
consistent with previous models of th¢ Abril derived from and Wetzel, R., manuscript submitted)]. It is also possible

75

50

% Protection

254

surprising aspect of the data is the protection pattern of the
residues between 28 and 35, which exhibit an almost perfect
pattern of alternating exposure and protection, with K28,
A30, 132, L34, and M35 being highly protected, while the
intervening residues are much less protected.

The *H-15N HSQC spectra acquired after the dissolution
of fibrils showed that strong cross-peaks also lost their
intensity as a function of time and, aftefl20 min, all cross-
peaks reach the same basal intensity (Figure 6), which
represents the equilibrium level of residual H/D ratio present

One area that is clearly different in variougAs models
is the C terminus. Solid-state NMR data suggests that the
C-terminal residues of Ay_40 lie in the § structure in the
fibril ( 10). However, proline scanning/stability analysis shows
that fibril stability is not affected by proline replacements
in the C terminus, suggesting a more flexible structure in
that region. The H/D NMR data reported here show that the
backbone amide protons of residues-3B are essentially
as unprotected from exchange as are the amide protons in
the flexible N terminus of &. This is also consistent with
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that the role of the C terminus in fibril formation may be
different in the more toxic £42 form of AS.

Different techniques also indicate different roles for
residues in the 2230 region of AS:1-40. Scanning proline

Whittemore et al.

at determining the orientations and contacts of individual
amino acid side chains within the packed fibril cod®)(as

well as outside the core, the role of the flexible, extruded
portions of polypeptide chain in the fibril structure, and the

mutagenesis and stability analysis suggested turns centeretbasis of protofilament packing.

at residues 22, 23 and 29, 30, with residues24 in a rigid
structure presumed to befasheet 12). Solid-state NMR

experiments, however, have been interpreted to indicate that

the first element of th@g sheet in the fibril includes residues
22 and 23, with a turn occupying residues-28 (10). The

H/D NMR data shown in Figure 5 is more supportive of the
latter model, although it remains possible that residues 22
and 23 might occupy a bend that is sensitive to Pro
replacement but not sufficiently deformed to prevent hydro-
gen bonding to adjacent strands. It is also possible that the
destabilization of fibril structure by proline substitution in
this A3 segment might also reflect the existence of rigid,
proline-incompatible geometries other than thextended
chain.
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SUPPORTING INFORMATION AVAILABLE

Table S1, théH and*®N resonance assignments qfA4o
fibrils dissolved in DMSO/DCA,; electron micrographs of
the fibrils formed by WT and®N-enriched 48;—4 mono-
mers, shown in Figure S1; the entli¢-'>N HSQC spectrum
with all of the cross-peaks labeled, shown in Figure S2;

The source of the unusual and unprecedented alternatingFigures S3 and S4, 184 NMR spectra obtained with 4D-

pattern of protection and exposure seen in the region 28
34 is difficult to explain. All fibril models posit that this
segment exists predominantly in an independérgheet
within the amyloid fibril, packed against the sheet formed
by residues 1#20. This requires all of the backbone amide
protons to be involved in hydrogen bonds with neighboring
strands in the sheet. The alternating pattern shown in Figure
5, if confirmed by future experiments, will require a radical
rethinking of the role of this segment in the amyloid structure.
One possible interpretation is that the-336 region is
involved in af sheet that is surface-exposed, allowing the

sheet to breath and hence undergo more facile exchange; it

remains unclear why this exchange would be alternating
rather than global. However, one implication of this inter-
pretation is that the dominafitsheet interface betweensA
peptides within the fibril would then most likely involve the
15—-21 segment, rather than the-387 segment. Involvement
of the 15-21 segment iff-sheet-packing interactions in the
fibril both within the folded monomer and between folded
monomers might help explain the dominant role of this
sequence element in fAamyloid fibril formation and
stability, as indicated by a wide variety of published
experiments 12, 398).

While this paper was under review, a new report was
published 89) describing solid-state NMR analysis ofsA
(1—40) fibrils grown without agitation, conditions presum-

ably analogous to those used in the analysis described here.

Some new structural details from this latest solid-state NMR
analysis are in agreement with the H/D NMR protection data,
in particular the lack of evidence for hydrogen bonding in
residues 29, 37, and 38, and the positive evidence for the
non{3-sheet structure in residues 25 and 33. Discrepancies
persist, as well, including the structural roles of residues 10
14 and 23.

The studies presented here represent the first example of

H/D NMR experiments on amyloid fibrils where there is
substantial independent data on the fibril structure from other
techniques. Overall, the comparison of these data with that
of other methods is encouraging and suggests that future
experiments by a variety of techniques should continue to
solidify our knowledge about the amyloid fibril structure.
Further knowledge will be gained from experiments aimed

treated A81—40 monomer and B4 fibrils. This material is
available free of charge via the Internet at http://pubs.acs.org.
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