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Abstract: The S-amyloid proteins (4), especially the variant £L—42, are the primary constituent of the amyloid
plagues which are characteristic of Alzheimer’s disease (AD). The C-terminug baé been identified as crucial

for rapid amyloid formation. A 9-residue C-terminal fragment off Adesignateds34—42, with sequence
LMVGGVVIA) forms a structured aggregate which is classified as an amyloid fibril based primarily on its
morphological and solubility properties and the classic cfbfiber diffraction pattern it displays. We have adopted
this aggregate as a model of thd-Alominated amyloid plagues associated with AD. Previous results from a series
of internuclear'3C—13C distance measurements along the peptide backbone indicate th384hd2 backbone
conformation differs considerably from that of the clagsisheet, possibly including an unuswi amide bond in

the peptide’s central glycylglycyl region. Here we report evidence which demonstrates the presenceanfsa
configuration at the peptide linkage between these residues. The evidence derives from solid-state NMR static echo
andn = 2 rotational resonance experiments which probe the orientation &fGhearbonyl chemical shift anisotropy
(CSA) tensor of the peptide bond with respect to the dipolar tensor connecting the carbonyl carboR3@®- the
labeleda-carbon on the succeeding residue.

Introduction fragment of A31—42 (labeled334—42, with sequence LMVG-
GVVIA, see Figure 1) forms a structured aggregate which is

Alzheimer’s disease (AD) is the most common of the o S -2 .
amyloidoses, a class of diseases which is characterized by theclassmed as amyloid primarily on the basis of its morphological

gradual accumulation of proteinaceous aggregates in variousand solubility properties and the classic crgsiber diffraction

tissues of the body. The detailed molecular structure of this pattern it di._c,play§. We have adopted the aggregate formed by

fibrous, insoluble nbncrystalline material (termed amyloid) re- this Q-termlnal fragment of A1—42_ as a model of the /A
o i . dominated amyloid plaques associated with AD.

mains an open question, although the antiparAlstheet model

proposed foBombyx morisilk? has (with slight modification The results of a series of intemucle#C—C distance
to account for a crosS-alignment) been widely adopted as a measurements along f34-42 peptide backbone (reported

structural modet:3 More precise and detailed structural infor- previ_ousI)}O) indicate that the backbone confqrmation differs_
mation may prdvide insight into both how and why these considerably from the fully extended conformation of the classic

aggregates form pB-sheet, possibly including an unusu@a$ amide bond in the
. ida’ ionll _edi
The primary constituent of the amyloid plaques characteristic peptide’s central glycytglycyl region:* Isotope-edited FTIR

. ; - . spectra of $34—42, which suggest an antiparall@sheet
Of AD are a fa_ml_ly O.f 39-43 residugg-amyloid proteins (), conformation for most of the peptide backbone, also indicate a
where the variation in length occurs at the C-terminal £fitle

. . ; e deviation from that conformation in the glyeyglycyl region??
longer variants of,ﬁ,'pamcular.ly p 1_4.2’ have bgen |dent|f|.ed. The internuclear distance information we have reported for
as _crumal eI_ements |nthe rapid f%rmatlon of the |nsoluble_f|brlls the 434—42 peptide aggregate was obtained using the solid-
which constitute amyloid plaque® The 9-residue C-terminal state nuclear magnetic resonance (NMR) technique of rotational
T Francis Bitter Magnet Laboratory, Massachusetts Institute of Technol- fésonance (R.13715 This and related solid-state NMR tech-

ogy. , . niques® provide a method for examining the detailed molecular
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AB1-42: H,N-DAEFRHDSGYEVHHQKLVFFAEDVGSNKGAIIGLMVGGVVIA-CO,H

(A) P34-42: H oN-Leu-Met:Val-Gly-Gly-Val-Val-lle-Ala-CO,H
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Figure 1. AB1—42 andB34—42 sequences anéC labeling schemes.
(A) Central segment g834—42 showing the four relevaftC; labeling
schemes. The37—38n = 1 R? distance measurement leaves in doubt
the configuration of the 3738 peptide bond, while the detailed
examination of 37a38 described here demonstrategans config-
uration. The 36—37 distance measurement reported previously
indicates that the 3637 peptide bond israns, so that the 36037
sample serves as a control for the experiments described here-(B) 1
labeling scheme in glycylglycinelCl (GG-HCI), and (C) in diketopip-
erazine (DKP).
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Figure 2. Diagram of carbonyl carbon CSA (solid vectors) anto®
dipolar (dotted vector) tensor orientation as a function of peptide con-
figuration. The carbonyl CSA tensor axes ando; point as indicated;

the o33 axis (not shown) is perpendicular to the page. The dipolar axis
(dotted vectors) points along the internuclear vector.

structure of solid-phase material lacking the long-range order
necessary to apply single-crystal X-ray diffraction techniques.
Measurements dfC—13C distances of up to-56 A are feasible
using the R techniquel”!® and the results of a series of

measurements can be combined to examine structural feature

on a larger scale.
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Synthesis of a series dfC,-labeled peptides, followed by
processing of each to form ordered amyloid aggregates, provides
samples in which the embeddé® nuclei are separated by
distances that depend upon both peptide conformation (intramo-
lecular distances) and packing (intermolecular distances) within
the aggregate. Dilution 3fC,-labeled material with unlabeled
(natural abundance) material before aggregation reduces the
number of intermolecula®C—13C dipolar interactions, so that
the intramolecular interaction can be studied in isolatiort. R
experiments are then performed by spinning the samples about
the magic angle (thereby increasing spectral resolution) at a
frequency that matches the isotropic chemical shift difference
between the labeletfC nuclei (thus satisfying tha = 1 R?
condition: 6 = nwy, whereo is the isotropic chemical shift
difference,w; is the sample spinning speed, ands a small
integer representing the order of the resonance). Matching the
spinning speed to the appropriaté éndition in this manner
avoids attenuation of the select&€—13C dipolar interaction
which occurs at other spinning speeds.

The resonance effect is exploited to measure internuclear
13C—13C distances by creating longitudinal difference polariza-
tion and following its time-dependent decay due'6—13C
dipolar evolution. Detailed analysis of the “magnetization
exchange trajectory” obtained in this manner from dilute samples
in which intermolecular effects are sufficiently attenuated allows
(in principle) extraction of the intramolecular, internuclear
distance because of the strong dependence of the decay rate on
the dipolar coupling strength, and through it the internuclear
distance. However for weakly coupled spin pairs corresponding
to 13C nuclei separated by A, the magnetization exchange
trajectory is damped by zero-quantum (ZQ) line shape effects
which must be accurately quantified to allow accurate extraction
of the distanc¥® (note that new R techniques have been
introduced which eliminate this probléf#°).

Uncertainty in estimates of the relevant ZQ line shape
parameters and the possibility of residual intermolecular effects
made it difficult to extract an accurate internuclear distance from
exchange curves obtained frorg24—42 sample witHC labels
at the a-carbon of Gly(37) and the carbonyl of Gly(38)
(compound denoted.37—38, see Figure 1A). Initial experi-
ments performed on undilute and 1:5 (labeled:unlabeled) dilute
material did not detect a change in magnetization exchange rate
with dilution (indicating no intermolecular interaction even in
the undilute sample), and the 4.0 A distance extracted from the
data was interpreted to imply the possibility ot configu-
ration at the glycytglycyl peptide linkag#* (distances of under
4.2 A betweeru- and carbonyl carbons on succeeding residues
require either &is configuration at the intervening peptide bond
or a severely distortettans configuration). The development
of a new data analysis protocol that explicitly includes the effects
of the inhomogeneous ZQ line shapyielded a longer distance,
on the order of 4.24.5 A. Repetition of the initial experiment
reproduced the original data in the 1:5 dilute sample but
uncovered a strong dilution effect (a significantly faster
exchange rate was observed in the undilute saniplé)he
proposed packing of the peptide within the aggregate has the
glycyl—glycyl region of adjacent peptides in close proximity,

o that a dilution effect of this magnitude is not unexpected.

urthermore, the size of the measured dilution effect suggests
that, even at a 1:5 dilution, intermolecular contributions to the
observed magnetization exchange rate are not fully attenuated,
making the 4.2-4.5 A distance a lower bound. Preliminary
results of a measurement made on 1:10 diluted material which

(19) Costa, P. R.; Sun, B. Q.; Griffin, R. G. Am. Chem. Sodn press.
(20) Costa, P. R.; Sun, B. Q.; Griffin, R. G., manuscript in preparation.
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indicate further attenuation of intermolecular effects are dis-
cussed below.

Although the 4.2-4.5 A lower bound makes @s configu-
ration unlikely, the uncertainty raised by earlier experiments,
together with the fact that much of the analysis just described
was not made until the latter stages of our efforts, led us to
develop solid-state NMR experiments to directly examine
peptide bond configuration. Relative tensor orientation mea-
surements, which have a long history in solid-state NMR,

provide a means to extract structural parameters which are an
alternative to internuclear distance measurements. The experi-

J. Am. Chem. Soc., Vol. 119, No. 43, 193/89
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ments presented here correlate the orientation of the chemicalFigure 3. Pulse sequences for (A) static echo and (B)dRgitudinal

shift anisotropy (CSA) tensor associated with the carbonyl
carbon in the peptide bond with the dipolar vector connecting
the carbonyl carbon to the-carbon on the succeeding residue.
This requires a “1a2” 1°C labeling scheme, where 1 indicates
the3C carbonyl-labeled residue an@ indicates the succeeding
13C a-carbon-labeled residue. Experiments on appropriately
13C,-labeled modelrans and cis compounds (glycylglycine
HCI (Figure 1B) and diketopiperazine (Figure 1C), respectively)
demonstrate that both static echo ameé= 2 R? experiments
can distinguish between the two configurations. Application
of the techniques to 360.37-labeledf34—42 confirms their
reliability in amyloid material (the peptide bond between
residues 36 and 37 ifi34—42 is known to betrans from a
previously reportedi36—37 distance measureméhisee Figure
1A)). Finally, these techniques applied to-3¥38-labeled
p34—42 clearly indicate arans configuration at the peptide
bond in question.

Experimental Section

13C,-Labeled Peptide Synthesis.[1-13C]glycyl[2-1%C]glycine (label-
ing scheme denoted—2 where 1 represents ths-terminal 13C
carbonyl-labeled residue an@ represents the C-termin&C o-carbon-
labeled residue) was synthesized as follows.*3Z(tert-butoxycar-
bonyl)glycine was synthesized from the labeled glycine precursor
(obtained from Cambridge Isotope Labs (CIL), Cambridge, MA)
following standard procedurés. This compound was then coupled to
the Kaiser oxime resin using standard protottsafford a substitution
level of approximately 0.4 mmol/g resin. After standard deprotection
and neutralization, tBoeGly (1-'3C) was coupled as the hydroxysuc-

mixing experiments.

of pyridine in dichloroethane for 2 #. Fmoc-protected amino acids
were coupled sequentially using a standard meth@H#C-labeled
Fmoc-amino acids were synthesized frdft-labeled precursor amino
acids obtained from CIL). The resin-bound peptide was deprotected
with piperidine in dimethylformamide and cleaved from the resin using
5% thioanisole in trifluoroacetic acid. The product was purified and
characterized according to published procedéres.

All samples were 100% labeled, i.e., not diluted in natural abundance.
The intermolecular contributions to the spin dynamics which dilution
would attenuate are expected to be small, given the size of the
intramolecular coupling~+4500 Hz) relative to typical intermolecular
couplings €100 Hz). Supporting this assumption is the fact that 3-spin
calculations for the G&ICl sample which include the effects of the
closest3C-labeled intermolecular spin to the intramolecular spin pair
of interest show little difference from 2-spin calculations which do not
include intermolecular effects (results of these calculations are not
shown).

General 1*C NMR Methods. Experiments were performed either
at7.4 T (79.9 MHz fot3C) or 9.4 T (100.0 MHz fof*C) using custom-
designed spectrometers and data acquisition and processing software
courtesy of D. Ruben. Custom-built double-resonance probes of
conventional design were outfitted with either 5 mm (spinning
experiments) or 7 mm (static experiments) Doty (Columbia, SC)
spinning assemblies. For the static experiments, the rotor was
immobilized within the spinning assembly, and the spinning gas was
turned on to allow for cooling to low temperature where necessary
(described below). For the spinning experiments, the spinning speed
was maintained withint2 Hz of the set value with a Doty spinning
speed controller. Both static and spinning experiments were performed

cinimide ester in methylene chloride using standard procedures. TheWith recycle delays of £3 s (this is substantially shorter than thé

product was cleaved from the resin usiNghydroxysuccinimide, and
the resultant ester was reductively cleaved using zinc in aceticacid.
The tBoc protecting group was removed by treatment with trifluoro-
acetic acid in methylene chloride. The product was purified by HPLC
and crystallized as the HCI salt (GI&Cl) according to published
conditions??

The first steps of the (a2)-labeled glycylglycine diketopiperazine
synthesis were identical to those for glycylglycine described above.

T1 in DKP; however, experiments with longer recycle delays of up to
1 min yielded identical results).

Static Echo Experiments. An echo sequence (Figure 3A) was used
in the static experiments to differentiate betweeis and trans
configurations. After cross polarizati®(CP) from*H to 13C (typical
rf field strengths 36-40 kHz; 2 ms duration), thC magnetization is
allowed to evolve in the transverse plane for a perit@l A 18C
pulse is applied on thé*C channel, a second2 evolution period

The oxime resin-bound, tBoc-protected dipeptide was deprotected with €nsues, and the resulting echo is then detectéigh-power CW'H

trifluoroacetic acid in methylene chloride (24 h at 25) to remove
the tBoc protecting group, and it was then treated with 5% diisopro-
pylethylamine in methylene chloride to catalyze cyclization off the
resin?® The product diketopiperazine (DKP) was purified by HPLC
and crystallized from water according to published conditfns.
(36—a37)- and (37 0.38)-labeled334—42 peptides were synthesized
using fluorenylmethoxycarbonyl (Fmoc) chemistry. Fmdda (resi-
due 42) was shaken with 0.5 equiv of Wang resin in dimethylformamide
containing 1.5 equiv of pyridine and 1.0 equiv of 2,6-dichlorobenzoyl
chloride for 20 h. The derivatized resin was washed with methylene
chloride and shaken with 3.5 equiv of benzoyl chloride and 6.3 equiv

(21) Itoh, M.; Hagiwara, D.; Kamiya, Tletrahedron. Lett1975 4393~
4397.

(22) Koetzle, T. F.; Hamilton, WActa Crystallogr., Sect. B: Struct.
Sci. 1972 b28 2083.

(23) Anderson, T.; Hellgeth, J.; Lansbury, P. TJJAm. Chem. Soc.
1996 118 6540-6546.

(24) Degeilh, R.; Marsh, R. FActa Crystallogr.1959 12, 1007-1014.

decoupling (with a field strength of 80 kHz) is applied throughout the
experiment after CP. Typically, 1066000 shots were acquired, and
FIDs were processed with 6:8.75 kHz of exponential line broadening.

R2? Experiments. A longitudinal mixing sequence (Figure 3B) was
used in spinning experiments to detect the enhanced rate of magnetiza-
tion exchange between coupled sites atrthel, 2 rotational resonance
conditions (i.e., with the sample spinning speed set equal to, or half
of, the isotropic chemical shift differenc®). After CP (parameters
similar to those listed above), a short period of transverse evolution
occurs to create transverse difference polarization. Although best
applied at high spinning speeds where side bands are absent from the
spectrum, this inversion technique remained effective imthe2 R?
experiments described here. A°9fulse is then applied to create

(25) Sieber, R.Tetrahedron. Lett1987 28, 61476150.

(26) Sigler, G.; Fuller, W. D.; Chaturvedi, N. C.; Goodman, M;
Verlander, M.Biopolymers1983 22, 21572162.

(27) Pines, A.; Gibby, M. S.; Waugh, J. $. Chem. Phys1973 59,
569-590.
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Table 1. *3C,—3C=0 Isotropic Chemical Shift Differenced CSA tensor and the dipolar vector. Static powder experiments

and Carbonyl CSA Parameters (in ppm, Relative to Glyéie in a series of G-X dipeptided! indicate a range foo in the

Carboxyl at 177 ppm) trans configuration of 10, with the value measured for the
compound A ou 022 033 GG-HCl sample (19) near one extremeans= 15+ 5°). Other
GG-HCI 127.38 245 176 87 13C carbonyl carbon CSA tensor orientation measurements
DKP 124.29 242 185 80 roughly agree with this rang&34 Calculating the value oft
37-038 12518 240 172 98 for the cis configuration by a 180rotation about the peptide

36-037 129.29 243 180 9 bond yields the valueis = 75 £ 5°.

Static Echo Experiments. The 180 pulse in the center of
longitudinal difference polarization, and dipolar mixing ensues. After the echo period serves to refoctfC spin evolution due to
mixing, a second J0pulse is applied and the resulting FID is detected. chemical shift and heteronuclear dipolar couplings (particularly
Again, *H decoupling is applied throughout the experiment after CP g 14N, although this is only effective given a long enougN
(with a typical field strength of 80 kHz). The decay of longitudinal T,3536). The remaining interaction of significance during this
difference polarization as a function of mixing time is measured by nejoq in 1-02 labeled peptides is tH&C—13C dipolar coupling,
repeating the experiment at a series of mixing times spanning the desired, . " 1« ' o< Sillation of3C polarization between detectable

range. Residual difference polarization is calculated at each time point _. | ¢ d detectabl tioh tat ¢ ¢
from integrated peak intensities, followed by a natural abundance single-quantum and undetectable antuphase stales at a rate

subtraction on the order of-5L0% of the overall intensity. determined by the magnitude of the coupling. Because the
Spin System Parameters and Dynamics Calculations.The strength of the dipolar coupling between spins depends on the
relevant spin dynamics for both static and spinning experiments were oOrientation of the dipolar vector relative to the magnetic field,
calculated by numerical integration of the equations of motion derived in powder samples (which by definition have an isotropic
from the rotating frame HamiItonia%*I,inter_Ieaved with relaxation. Time  distribution of orientations) detectable single-quantum polariza-
steps were 13 us. Powder averages included 560000 randomly  tion will evolve to the undetectable antiphase state at different
selected crystallite orientations. _ _ rates in different spin pairs. When the acquired signal is
The relevant spin system parameters for the simulations were processed after a substantial echo period, we observe varying
measured as follows. CSA tensor components were extracted from . nts of signal loss across the broad static spectrum in a
sideband patterns in slow-spinning speétralhe resultingo-carbon . . - .
pattern that depends upon the relative orientation of the dipolar

tensors in all four +a2-labeled compounds can be roughly character- . . .
ized by the parameteis = —19.9 ppm and; = 1.0. The isotropic and CSA tensors. Note that the correlation of chemical shift

chemical shift differencesA) and carbonyl CSA tensor components  and dipolar tensors has been described previclisind static

for the four compounds are listed in Table 1. TRE—3C dipolar dipolar-chemical shift experiments analogous to those described
coupling constant for the-1o2-labeled scheme is fixed by molecular here have been used particularly to extract structural information
geometry and was assumed to be 3000 Hz. The *-a2 dipolar to regarding directly-bondetfC—1H38 and 15N —1H3° spins.

carbonyl CSA tensor orientation is described by the Euler angfes (0 Powder patterns calculated for the carbonyl carbor-in2-
—90°, o). For R experiments, homogeneous and inhomogeneous ZQ |apeled peptides as a function of relative tensor orientation
line shape parameters were determined from singlse Hahn echo 56 shown in Figure 4. The solid lines indicate the powder
experiments well away from rotational resonance using published spectra obtained with a very short echo periodt 6¢ 50 s.

methods® Note that the large size of the coupling in these experiments Thi tch th hortest . tal mixi fi
makes the dynamics relatively insensitive to ZQ line shape parameters, | IS matches the shortest experimental mixing times (see

as compared to the more weakly coupled spin pairs which have beenP€loW). A mixing period of this length is short enough to
examined extensively in amyloid to extract numerous distance con- Preclude significant dipolar evolution while still canceling the

straints. transient pulse effects that are often observed experimentally.
The gray lines indicate the difference between that spectrum
Background and the one obtained with = 750 us. The variation in the

Relative Tensor Orientation. The relative orientation of  difference spectrum obtained after a substantial echo period as

the carbonyl carbon CSA and carbonyl decarbon dipolar a function of relative tensor orientatianis clearly sufficient
tensors in a2 13C,-labeled peptides, as a function of peptide to dlstlngu_lsh betweertis _and trans_conf_lgurat!ons. (Small
bond configuration, is shown in Figure 2. The carbonyl carbon (=30°) déviations from amide planarity (simulations not shown)
CSA tensor is asymmetric and requires three axes to characteriz&l0 not strongly affect the calculations.)

its spatial dependence. The orientation of this tensor in Rotational Resonance.At spinning speeds much larger than
glycylglycineHCI (GG-HCI) has been measured directly from the relevant 2CSA mggnltudes (a condition Wthlh often holds at
single-crystal NMR experimer&(combined with the neutron ~ theé n = 1 R* condition for a-carbon-carbonyl ’Czlabeled
diffraction-derived crystal structu#® and serves as the model ~ PePtides), magnetization exchange dynamics in two-spin systems

for carbonyl carbon CSA tensor orientation: thg and oz, at rotational resonance are primarily determined by the mag-
axes are directed as indicated in Figure 2 relative to the nitude of the dipolar coupling constant and the nature of ZQ
molecular backbone, anghs (not shown) points into the page. (31) Oas, T. G.; Hartzell, C. J.; McMahon, T. J.; Drobny, G. P.; Dahlquist,
The dipolar tensor is symmetric and can be represented as &. W.J. Am. Chem. Sod987 109, 5956-5962.

single vector connecting the coupled atoms. Fotrans — (32)Harzell C.J; Pratum, T. K.; Drobny, G. Am. Chem. S0a.987
configuration, the dipolar vector lies closest to the carbonyl ’(33) Separovic, F.; Smith, R.; Yannoni, C. S. Cornell, BJAAM. Chem.

carbon CSA axis, while for ais configuration it approaches  Soc.199q 112, 8324-8328.

the o2, direction. In both cases, the dipolar vector is expected (34)5262329, Q.; Igbal, M;; Cross, T. Al. Am. Chem. Sod 992 114,
to lie within 1—2° of the plgne formed an andozz, SO th{?lt (35) Sacﬁleben, J. R.; Frydman, V.; Frydman]LAm. Chem. So¢996
we can adequately describe the relative tensor orientation by119 9786-9787.

the single anglex between ther;; axis of the carbonyl carbon 84&%6) Weliky, D. P.; Tycko, RJ. Am. Chem. Sod 996 118 8487-

(28) Abragam, A.The Principles of Nuclear MagnetismOxford (37) Waugh, J. SProc. Natl. Acad. Sci. U.S.A976 73, 1394.
University Press: Oxford, 1961. (38) Stoll, M. E.; Vega, A. J.; Vaughn, R. W. Chem. Physl97§ 65,

(29) Herzfeld, J.; Berger, A. El. Chem. Phys198Q 73, 6021-6030. 4093-4098.

(30) Stark, R. E.; Jelinski, L. W.; Ruben, D. J.; Torchia, D. A.; Griffin, (39) Munowitz, M.; Huang, T. H.; Griffin, R. GJ. Chem. Phys1987,
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Figure 5. Calculatedn = 2 R? exchange curves for-1a2-labeled
peptides as a function of relative tensor orientation. With the dipolar
vector along the least-shielded carbonyl C8A axis, magnetization
exchange is minimized; as it moves to the most-shieldgdaxis,
exchange is maximized. For comparison, the curve without CSA (thick
line) is also displayed.

30°

60°
the presence of the CSA interaction increases the dipolar
exchange rate because it foldsir= 1, 2 dipolar components.

In the absence of relaxation effects, polarization transfer
efficiencies exceeding 90% are possible given the appropriate
orientation.) As illustrated in Figure 2, th#ans and cis
configurations have the dipolar vector approximately along the
o011 and g, CSA axes, respectively, and so have different
magnetization exchange dynamics at the= 2 R? condition

that can be used to distinguish between the two orientations.

90°

Results and Discussion

n = 1 R? Distance Measurements om37—38. Magnetiza-

Figure 4. Calculated carbonyl static echo powder spectra foo.2- tlon.exchange curves obtained at me:,l R? condition for
labeled peptides as a function of the relative tensor orientation angle Undilute and 1:5 (labeled:unlabeled) dilut7—38 samples
o. Solid lines indicate the spectrum obtained with essentially no echo Show very different exchange rates. The much accelerated rate
period ¢ = 50 us); gray lines indicate the difference between that Of exchange obtained from the undilute sample presumably
spectrum and the one obtained with= 750 us. comes from intermolecular dipolar interactions due to packing,
in addition to the single intramolecular interaction. This is
damping effects. The ZQ line shape parameters which are supported by the proposed alignment of peptide monomers in
necessary to characterize the damping can be extracted fromthe aggregate, which yields intermolecular interspin distances
single z-pulse Hahn echo experiments away from resonance, on the order of 4.55.5 A for thea37—38 spin pair. Recent
so that the remaining unknowtihe dipolar coupling constant  attempts to quantitatively simulate the data obtained from the
(and hence the internuclear distaneean be extracted with  1:5 dilute sample, assuming only two interacting spins and using
some accuracy from the?Rexchange dat¥.2° a series of interspin distances spanning the possible range, have
At spinning speeds which are not larger than the CSA been unsuccessful. The exchange rate at early tim#68-15
magnitudes, there is additional dependence of the magnetizatiorms) is relatively rapid and suggests a distance in the-4.3
exchange dynamics on the relative orientation of the relevant A range, while the rate at later times (85 ms) is slower and
CSA and dipolar tensofd:4° For a-carbon-carbonyl 13C,- suggests a distance of 4:.4.6 A.
labeled peptides this typically occurs at the 2 R? conditions. The distortion in the shape of the exchange curve can arise
Because the dipolar coupling constant ind2-labeled peptides  from several causes, including inaccurate estimates of the
is approximately fixed 500 Hz) by molecular geometry, relevant ZQ line shape parameters. Recent experiments in
relative tensor orientation becomes the unknown variable which model and amyloid systems indicate that our methods for
we can then attempt to extract in experiments of this type. Figure estimating these parameters are corfé¢t. A more likely
5 shows the calculated variation in the magnetization exchangeexplanation is that the 1:5 dilution does not sufficiently eliminate
curves for am = 2 experiment as a function of dipole-to-CSA intermolecular contributions to the exchange dynamics. Mul-
orientation in an idealized-102 system where the relatively  tispin simulations support this conclusion by showing a similar
smalla-carbon CSA has been ignored. With the dipolar vector distortion of the exchange curv@n overall increase in the
aligned along the; axis, the slowest exchange rate is observed; exchange rate at all times that is largest at early times. The
alongoyy, an intermediate rate; and alongs, the fastest rate.  size of the dilution effect on going from the undilute to the 1:5
The trend can be stated as follows: the magnetization exchangedilute sample and the proximity of37—38 spin pairs on
rate increases as the carbonyl CSA shielding along the axisadjacen{334—42 monomers in the proposgdsheet? are also
defined by the dipolar vector increases. (A similar trend is seen consistent with this explanation.
in 7 = 0 tensors and can be explained by close analysis of largest Preliminary experiments in a 1:10 diluted samples8#—
two sideband products in the appropriate CSA and dipole 42 were performed in parallel with the tensor orientation
convolution. Itis interesting to note that for many orientations, experiments described here to ascertain whether significant

300 250 200 150 100 50
PPM

(40) Tomita, Y.; O'Connor, E. J.; McDermott, Al. Am. Chem. Soc. (41) Costa, P. R.; Sun, B. Q.; Kocisko, D. A.; Lansbury, P. T., Jr.; Griffin,
1994 116, 8766-8771. R. G., unpublished results.
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(A) © (E) a large rotation ¥ 30°) of the 033 axis away from its assumed
perpendicular direction with respect to the amide plane (defined
trans cis 37-038 here by the carbonyl C and O atoms and the amide N) was

confirmed by comparison of the experimental data to additional
simulations including this effect (not shown).

Identical experiments were applied to twWeéC, $34—42
compounds, one with labels spanning the glyalycyl peptide
linkage in question (labeling scheme-3a38) and, as a control,

. one with labels spanning the previous peptide linkage—(36
' ' ) ) 037), known to betrans based on previous Rdistance

T T T T

T
300 ZB%M 190 300 ZB%M 190 300 Zg?:M 10 measurement(Figure 1). At room temperature, the difference
spectra (not shown) showed excess intensity spanning all
frequencies. This likely indicates the presence!df relax-
atior®>36 and/or small-scale molecular motion on a relatively
(B) (D) (F) short (0.11 ms) time scald? Chemical exchange experi-
ment$? (results not shown) with mixing times spanning the
GGeHCI DKP 36-037 range 0.1-30 ms indicate that what motion is present (if any)

must occur on the 0-11 ms time scale mentioned and have
small amplitude (too small to accurately quantify using these
techniques, i.e., corresponding to a rotationcaf0—30° about
some axis).

Experiments conducted at sufficiently low temperature will

- : : . : : i : freeze out motion and increase 4 T, eliminating distortions
300 200 100 300 200 100 300 200 100 arising from either effect. Repeating the experiments at low
PPM PPM PPM temperature yielded the results shown in Figure 6E for 37

Figure 6. Calculated and experimental static echo powder spectra for a38 (T = —110°C), and in Flg_ure 6F for 36a.37 (T = —170
1-02 labeled peptides. Solid lines indicate the= 50 us powder ~ C)- [N both cases the experimental data more closely match
pattern; gray lines indicate the difference between that spectrum andtrans thancis simulations (Figures 6A and 6D, respectively).
the one obtained at = 750 us. (A) Calculated spectra for theans The slightly elevated central peak in the difference spectrum
configuration. (B) Experimental spectra for @&l (the rising edge obtained for the 37a38 compound at low temperature (Figure
on the right side of the spectrum is thecarbon peak). (C) Calculated  6E) might indicate (i) a dipolar-to-CSA orientation closerto
spectra for theis configuration ¢ = 65°). (D) Experimental datafor = 30°, (ii) a combination ofcis andtrans patterns due to the
DKP. (E) Low-temperatureT(= —110 °C) experimental spectra for - presence of both configurations in the amyloid fibril, or (jii) a
87—a38-labeled f34-42. (F) Low-temperature (T= —170 °C) temperature that is not sufficiently low to fully eliminate the
experimental spectra for 3&37-labeled34-42. distortions observed at room temperature. Close examination
of the experimentally obtained powder pattern (Figure 6E)
indicates that the first explanation is incorrect since the overall
shape of this difference spectrum does not match that expected
for a approaching 30(see Figure 4). The second explanation
Wwould require that multiple conformations also be present at
room temperature, although motion between them that is not
evident at low temperature might occur at this higher temper-
ature. The absence of line shape distortions (splittings, etc.) in
the room-temperature high-resolution (MAS) chemical shift
spectra of3C nuclei all along the peptide backbdfenakes it
unlikely that more than one motionally averaged conformation
is present in detectable amounts at room temperature. The
absence of significant motion at room temperature (such as that
necessary to move betweais and trans configurations) is
demonstrated both by the chemical exchange experiments
‘described above and by the fact that the room-temperature
carbonyl CSA tensor magnitudes closely match those obtained
at low temperature. The third explanation is the most likehe
temperature is not low enough to fully remove the distortions
present at room temperature.

n = 2 R? Relative Tensor Orientation Measurements.
Longitudinal exchange experiments at the= 2 R? condi-
tion were made in each of the four {&2) 13C,-labeled
samples-GG-HCI and DKP adrans and cis models, respec-
tively, and 36-037- and 37 a38-labeled334—42. The ex-
perimental exchange curves (open circles) are shown in Figure
7A—D, along with simulated exchange curves for batiins
o = 19°; solid lines) andcis (o = 65° dotted lines)

intermolecular couplings are present in this sample at a 1:5
dilution. The data indicate that a further reduction in the
exchange rate has occurred, suggesting that the intramolecula
distance is longer than our previous estimates. This experimen
makes the existence ofas amide highly unlikely.

Static Echo Experiments. Static echo experiments per-
formed at room temperature &#C,-labeled GGHCI and DKP
(1-02 labeling scheme) yield the results in parts B and C,
respectively, of Figure 6. The solid lines in each plot indicate
the powder spectrum obtained with essentially no dipolar mixing
(a 50us echo period was used to avoid transient pulse effects),
and the gray lines indicate the difference between that spectrum
and the one obtained with a mixing time of 766. Simulated
curves for GGHCI (Figure 6A) were calculated using the
measured CSA tensor magnitudes, the estimated dipolar cou
pling constant, and the carbonyl CSA-to-dipolar tensor orienta-
tion calculated from the single-crystal experinf@ift. = 19°).

For DKP, no single-crystal NMR study exists fixing the
carbonyl carbon CSA tensor in the molecular frame. If one
assumes that theis configuration can be derived from the
known trans configuration of glycylglycine solely by a 180
rotation about the peptide bond, then the expected dipolar-to-
CSA orientation should be characterizeddy 75°. A series
of simulations about this value indicate that= 65° (Figure
6D) provides a better fit; we therefore use this as the canonical
cisvalue in what follows. The distortion of the carbonyl carbon
CSA tensor orientation in DKP relative to that in @&Cl that
this implies is small and does not materially affect our ability (

to distinguish betweewis andtrans configurations using the (42) Schmidt-Rohr, K.; Spiess, H. Wiultidimensional Solid State NMR
techniques described here. That the distortion does not involveand PolymersAcademic Press: London, 1994.
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to simulation suggests@s configuration for the DKP sample
andtransfor the others. This is in agreement with the results
from the static echo experiments.

1.0 1'07
(A)

GGeHCl

054 A Conclusion

Previous measurement of the distance between tle and
38 carbonyl carbons along t384—42 peptide backbone yielded
an anomalously short value (4.0 A) that was interpreted to imply
either acis or a severely distortettans configuration at the
intervening peptide bont. Subsequent modification of theR
simulation technique and the observation of strong intermo-
lecular interactions in this sample indicated that a longer
internuclear distance was likely. The experiments detailed here
demonstrate that the peptide bond between residues 37 and 38
is in thetrans configuration.

This eliminates from the proposed family 884—42 struc-
tured? those with a glycytglycyl cis peptide bond (15 of
178 structures). The remaining structures are all characterized
by two regions of highly pleate@-strand structure flanking

0.5+

007 the central glycyl-glycine sequencelC isotope-edited FTIR
o 10 20 30 o 10 20 30 datd? and peptide aggregation experiments on amide-to-ester
Mixing Time (ms) Mixing Time (ms) variants of334—42*3 continue to suggest unusual structure in

Figure 7. Calculated and experimental= 2 RZ exchange curves for  this central region, which may be critical for intermolecular
1—a2-labeled peptides. Open circles indicate experimental data; solid packing.
lines indicatetrans simulations; dotted lines indicatgs simulations.

(A) GG-HCI; (B) DKP; (C) 37-0.38-labeleds34—42; (D) 36-037- Acknowledgment. This work was supported by grants from
labeledf34—42. the National Institutes of Health (GM-23403, NS-33366,
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configurations. The set of three simulations for each config-

uration takes into account the unknown orientation of the JA9714948

a-carbon tensor, indicating the expected results for three extreme™ 43) may, C.; Weinreb, P. H.; McGuinness, B.; Lansbury, P. T.,
orientations of that tensor. Comparison of experimental data unpublished results.




