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Peptide Torsion Angle Measurements: Effects of Nondilute Spin Pairs
on Carbon-Observed, Deuterium-Dephased PM5-REDOR
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Reintroducing dipolar coupling between spin-1/2 nuclei (e.g.,
BC, ®N) and spin-1 *H, using phase-modulated deuterium
dephasing pulses, provides a simple and efficient basis for obtain-
ing peptide backbone torsion angles (¢, ¥s) in specific stable-
isotope enriched samples. Multiple homonuclear spin-1/2 interac-
tions due to isotopic enrichment can arise between neighboring
molecules or within a multiply labeled protein after folding. The
consequences of *C homonuclear interactions present during *C-
observed, *H-dephased REDOR measurements are explored and
the theoretical basis of the experimentally observed effects is
investigated. Two tripeptides are taken to represent both the
general case of H*-alanine (in the tripeptide LAF) and the special
case of *Hs-glycine (in the tripeptide LGF). The lyophilized tri-
peptides exhibit narrowed spectral linewidths over time due to
reduced conformational dispersion. This is due to a hydration
process whereby a small fraction of peptides is reorienting and the
bulk peptide fraction undergoes a conformational change. The
new molecular packing arrangement lacks homonuclear **C spin
interactions, allowing determination of (¢, y) backbone torsion
angles.  © 2001 Academic Press

Key Words: solid-state NMR; CPMAS; *H REDOR,; rotational
resonance; dipolar coupling.

INTRODUCTION

Solid-state NMR is a unique tool for obtaining molecul

and in most cases the REDOR decay signals can be analy
with the help of a simple master curve. Internuclear distan
measurements between spin-1/2 and spin-1 deuterfitth (
nuclei can be accurately measured using variations of stand
spin-1/2 REDOR §-12. The method of PM5-REDORLQ)
uses optimized phase-modulated pulses to obtain effiéiént
dephasing.

PM5-REDOR was recently used with specific stable-isotoj
labeling to determinep and ¢ peptide torsion anglesl®).
Three peptide torsion angles define the backbone conformat
of a protein, ¢, ¥, w). A number of solid-state NMR ap-
proaches exist to measure peptide backbone torsion angles
provide definitive information of local protein structurg4(—
22). PM5-REDOR determines peptide backbone conform
tional angles ¢, ) by reintroducing*C—H or **N-°H dipolar
couplings during MAS using the labeling scheme shown
Fig. 1. Site-specific stable-isotope labeling can be obtained
starting with commercially available enriched amino acids fi
solid-phase peptide synthesis or for growth medium supp
ments in bacterial biosynthesi®3). The torsion anglep;, can
be measured by reintroducing the dipolar coupling betweer
nonexchangeable deuterium at th@roton position {H;*) and
a*C-enriched — 1 carbonyl carbon. The torsion angje is
determined in a separatéN—"H;* PM5-REDOR experiment

apetween’H; and a*N-enrichedi + 1 amide nitrogen. As in

level structural details of a wide variety of compounds witholfEDOR, every resolved peak in the observed spectrum can
inherent restrictions to size or molecular ordering. Specifihalyzed from one experimental run.

stable-isotope labeling is an effective strategy for obtain

ing This scheme works well for both two-spin (e.gH"-ala-

local structural information in biological systems (reviewspine) and three-spin’fis-glycine) cases. The two-spitiN—

(1-4). An advantage of magic-angle spinning (MAS) solid?H* PM5-REDOR experiment to obtaiiy; is sensitive to
state. NMR among sophisticated high-resolution structurglsheet vsa-helical conformations even when signal-to-nois
methods is the flexibility in preparation state of the samplgs relatively low. Comparing experimental data and theoretic
crystalline, lyophilized, precipitated, membrane-bound, flasBalculations results in two possible values feamino acid
frozen, or frozen solutions are all viable options. torsion angles or four degenerate values of glycine torsi
One of the most powerful and widely used MAS methods @hgles. Readily available constraints from Ramachandran pl
modern solid-state NMR is rotational echo double resonangg *C—'*N REDOR measurements on the same sample c
(REDOR) 6), which determines heteronuclear distances bgasult in unique torsion angle43).
tween spin-1/2 nuclei. The experiments are easy to performrhe labeling scheme shown in Fig. 1 is advantageous
extracting multiple structural constraints from a single sampl
1 To whom correspondence should be addressed. Far2-8-934-4123. Four different nuclei can be observed, providing compleme
E-mail: civega@wis.weizmann.ac.il. tary spectroscopic information. The presence of multiple sg
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O H 0 after a period of time on the order of weeks after preparatic
,_:NH Bﬂ o v lle )L - LAF e @nd LG have significantly different REDOR
TN ™~ NH decay curves (Fig. 2, open circles) than the after peptides ¢
theoretical decay curves (solid curves). This difference is mc
i O pronounced in the three-spin case of glycine (Fig. 2b). Ti
Leu-Ala-Phe LAF yei0e and LGRerore °C{°H} PM5-REDOR decay curves do
not decay to zero; they level off at approximately 0.2 on tt
O g M H o normalizedS(t)/Sy(t) y-axis of Fig. 2.

+ I 1 ‘ The torsion anglep is the only free parameter of the calcu
PNH; LN - lated **C{?H} PM5-REDOR decay curves. Other parameter
| necessary for the calculations are identical to the previou:
™ H 0 published description1@). The experimental decay curves
T Leu-Gly-Phe which best match the after samples are indicated by the thi
retical curves shown in bold. The data for the peptide L{GF

is new and givespg, = =70 = 10°. Values for LAFRg, were

FIG. 1. Site-specific enriched tripeptides were synthesized following stap—reviougy published1@); the bold curve in Fig. 2a is for the

dard FMOC chemistry using Rink amide resin and commercially availab . -
site-specific deuteratedH{*) amino acids 13). A *C,_,—°H PM5-REDOR (fownfleld peak at 170.7 ppm and correspondsdig, =

distance measurement results in the conformational atglesimilarly a +175 * 15°.

N, ,—*H{ distance measurement resultsyin
“N{*H} REDOR Decay Curves

pairs can be problematic and complicates analyses, althougifne PN{*H} PMS-REDOR decay curves of LAEq. and
new experimental procedures were recently developed tow&f@Fseoe (OPeN circles) and of LA, and LGF. (filled
multiple and simultaneous REDOR distance measuremefifd/ares) are given in Fig. 3. The data of Fig. 3a are smoott
(24, 25. Unexpected or unavoidable neighboring spin interatith five-point adjacent averaging. The torsion anglds the
tions may occur in unordered, nondilute samples or in labeled
proteins, particularly if the folded structure is not known.
Interference front°N—""N interactions between enriched back
bone amides is unlikely due to the low gyromagnetic ratio of
N and very weak homonuclear interaction strength. However,
unexpected homonucleaiC interactions may be sufficiently
strong to interfere with other measurements.

Our aim is to describe the effects BC homonuclear inter
actions on"*C{*H} PM5-REDOR experiments for two differ
ent tripeptides, L-leucylalanylphenylalanine (LAF) and
L-leucylglycylphenylalanine (LGF), labeled according to the
scheme in Fig. 1. We demonstrate qualitative agreement be-
tween experimental data and simulated PM5-REDOR decay
curves with*C homonuclear coupling interactions. The theo
retical basis of the experimentally observed effects due to
multiple spins is investigated. We also determine backbone
torsion angles in the absence of additional spin-1/2 couplings,
due to separation of the peptides in an environment of reori-
enting molecules.

o
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RESULTS AND DISCUSSION
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C{’H} REDOR Decay Curves
FIG. 2. “C-Observed,’H-dephased PM5-REDOR decay curves of (a

The *C{’H} PM5-REDOR decay curves of Fig.show two LAF and (b) LGF. Experimental dephasing of the before samples is shown
experimental dephasing curves for each labeled tripeptide. Tipgn circles. Filled squares represent the experimental decay of the &
data represented by filled squares are dubbed L ABNd samples. Simulated decay curves (solid curves) mark the limits of possi

al

13, 2 qa i i i « i i
“ " . C,_,—"H* dipolar couplings: the two-spirfi{i“-alanine) case varies from 127
LGF... Presence of a "before” suffix indicates the state of ”18 290 Hz; the three-spirfis-glycine) case varies from 146 to 234 Hz. The

samples shortly following purification by preparative HPLGeyeling-off at~0.2 (open circles) is clear despite the decreased signal to no
and lyophilization. The “after” subscript refers to the samplester 15 ms resulting in experimental scatter.
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FIG. 3. N-Observed?’H-dephased PM5-REDOR decay curves of (a) LAF and (b) LGF. Experimental dephasing of the before samples is shown :
circles. Filled squares represent the experimental decay of the after samples. Simulated decay curves (solid curves) mark the limits°f;pggsibidipolar
couplings: the two-spin’H*-alanine) case varies from 51 to 125 Hz; the three-sfii-glycine) case varies from 59 to 94 Hz. The experimental points in (
are smoothed by five-point adjacent averaging.

only free parameter of the simulatétN{’H} PM5-REDOR Sy(t) experiment (Table 1)The chemical shift differences
decay curve (solid curves) and is determined by comparisagygest a conformational change.
with the experimental decay. The after samples can be deThe *C CPMAS spectrum of LAR,, is interesting for the
scribed by the theoretical decay curves shown in bold. Tappearance of two peaks with different chemical shifts corr
LGF., data are new and givéss, = £80 £ 10°. Values for sponding to two differentp,, angles {3). The N CPMAS
LAF .. are reported elsewher&3); the data shown in Fig. 3a spectra show two well-separated peaks, one from ‘the
give Yy, = +120 + 20°. labeled backbone amide of Phe and the other from'iNe
The ®N{?H} PM5-REDOR dephasing of the before samplesnriched terminal amino group of Leu (Fig. 1). If peptids
is within the range of the theoretical curves, yet does not follolaydrolysis was responsible for the changes between the bef
any single curve. The decay curves of the before samples namgd after peptides, it would be apparent in tiid CPMAS
be described by linear combinations of curves correspondingsieectra as a loss of signal intensity at the amide backbone pe
multiple torsion angles arising from a sample of conformatiorsome hydrolysis may have occurred in the LAFsample, but
ally disperse peptides. It is not simple to deconvolute suthere is no evidence of peptide hydrolysis in the LgF
curves. In particular the glycine residue can take on nearly asgmple.
value. The torsion angles energetically allowed fesmino
acids are restricted by the amino acid side chains whi€i¢ptide Dynamics

sterically prohibit conformations in a manner described 145 check for peptide dynamics, low-temperatdie{?H}
by Ramachandran plots2§, 27. It was previously shown pyis REDOR experiments at200 K were performed on
that correlating permltteqj/E angles and corresponding P.M5-LAFbefore- The linewidths (and PM5-REDOR decay curves
REDOR decays place-helices at the top of the graph with &, ere indistinguishable from those of the room temperatu
slow decay curve an@-sheets at the opposite extreme with @xperiment (data not shown). The broad LAE sample ap
relatively rapid decay curvel®). Many of the intermediate pears to be rigid.

curves are sterically prohibited. A linear combination of mul- 14 staticH spectrum of the LGE. sample contains only
tiple decay curves would thus contain torsion angles charggsiq molecules while the LGE., spectrum indicates a mobile
terlsfuc of botha-helix and B-_sheet conformations, Wh_|ch IS fraction (Fig. 5). Although there is a dynamic fraction in the
feasible for tL‘e before peptides based on the chemical shiffe; heptides, most of the sample is rigid. The breadth of t
values of the"C CPMAS spectra2s). powder pattern is 120 kHz. The fine features could origina
C/N CPMAS Spectra from a superposition of two species or a small anisotropy of t

guadrupolar tensor.

The CPMAS spectra of before and after samples differ both'H spectra also demonstrate differences between the bef
in linewidths and in chemical shifts (Fig. 4). The linewidths ofind after samples. Shatd spectral components are present i
the before peptides are all much broader than the after peptide&E .., and LGy, but are absent in the before samples (Fi
suggesting that the before peptide samples are conformatiéh- — experiment showed that only the

ing that the bef id I f i6h-A 2D *C—'H HETCOR i howed th ly th
ally disperse. The CPMAS peaks correspond to a faster frémeoad linewidth (rigid) protons participate in CP excitatiol
induction decay than thE, relaxation times measured with the(data not shown). The sharp (mobifé) peaks extend across a
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FIG. 4. A sum of 32 spectra obtained aftéC or N CPMAS-m—echo-+AQ. Spectra were acquired withof 4—64 rotor periods, an fis (°C) m-pulse
or a 16us (®°N) m-pulse, 65-kHz TPPM decoupling, and 5-kHz MAS. (& LAF e (broad) and LAE, (narrow), (b)**N LAF e (broad) and LAR;,
(narrow), (€)**C LGP (broad) and LG, (narrow), (d)**N LGF e (0road) and LGE,, (narrow).**N LAF ., is a single spectrum of 7000 scans using fou
rotor periods. The relative intensities of the backbone amide and the free amide peaksiin dudfgest that a fraction of the sample may be hydrolyzed. The
is no evidence of hydrolysis in the LGE sample.

10-ppm range (Fig. 6, insets). A rapidly decaying peak8 the mobile fraction at the relatively low MAS frequency of Z
ppm appearing in théH spectra of the after peptides could bé&Hz due to motional averaging of the chemical shift aniso
a water line. The presence of a water peak of similar magnitudipy. The*C 90° pulse excitation spectrum was acquired wit
to the other peaks would be consistent with the adsorption afepetition time between signal accumulations greaterthan
molecular quantities of water. thus the mobile fraction can be estimated by comparing ini
To probe for mobility at thé®C- or **N-labeled sites, direct grated peak areas. This results in approximately 20% of t
90° pulse excitation was compared to CP excitation expepeptides in the LGk, sample being mobile, consistent with
ments in the LGE,, peptide (Fig. 7).Both *C and N 90° the 'H data.
pulse excitation spectra reveal peaks not present in the CPrhe N 90° pulse excitation spectrum of LGE shows two
excitation spectra. These spectra can be explained by #ugitional lines not present in the CPMAS spectrum (Fig. 7t
presence of a mobile peptide population in the after samgteom the two different chemical shifts for each labeteéd we
which does not participate in cross-polarization. can deduce two peptide populations of different conformatior
The relative intensities of thEC center bands are differentinterestingly, the chemical shifts of the mobile fraction appea
between the two experiments (Fig. 7a). The data are consistegtin the™N 90° pulse excitation spectrum match the CPMA!
with mobile and rigid peptide populations that have the sanckemical shifts of LGE. (Fig. 4d). The®N chemical shift
3C isotropic chemical shift. Spinning sidebands are absentdata of Figs. 4 and 7 suggest that the LGF sample was initia

TABLE 1
Linewidths, T,’s, and Chemical Shifts of before and after Peptides
130 15N

(mAv) ™ T, Carbonylo (mAv) ™ T, Amide o Amino o
Tripeptide (ms) (ms) (ppm) (ms) (ms) (ppm) (ppm)
LAF perore 1 10.8 170.5 1 14.5 118.0 38.7
LGFretore 1 8.2 171.4 1 9.8 118.4 36.9
LAF ster 6 13.8 170.7 7 22.6 119.1 423
LGF .ter 5 10.6 172.0 10 40 111.0 41.1

Note.All linewidths are broader than thg,’s calculated from thes, (Hahn echo) experiments.
®There is also a shoulder at 173.6 ppm.
® This peak is plotted in Fig. 2. The upfield peak resonates at 170.0 ppm.
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" JL
150 160 5IO (I)
-100 0 100 13C chemical shift (ppm) I5N chemical shift (ppm)
*H chemical shift (Hz) FIG. 7. 90° pulse excitation (top) vs CP excitation (bottom) of LGF

0 peptides. (a)"*C spectra acquired with 2-kHz MAS and (B)N spectra
acquired with 10-kHz MAS. The 30-s repetition delay of the 90° puls
excitation experiment was not sufficiently long to get the full intensity of th
111-ppm™N peak.

FIG.5. Static’H spectra of (a) LGRe and (b) LG A total of 28,00
transients were taken using a solid echo of two 90° pulsesy&.8ach) and
an echo delay of 10@.s.

static with multiple small variations in conformation. Withsamples contain a mobile fraction. However, PM5-REDO

time, a minor fraction became mobile and most of the samplgperiments are acquired with CP excitation and only the rig
changed to a new static conformation. The lohg of the population is observed.

111-ppm peak results in a reduced intensity in the direct
excitation experiment and estimates of the mobile fractic®C Homonuclear Interactions

cannot be made. _ Lo
It is clear from the’H, *H, °C, and™N spectra that the after Plotting the “C{"H} PM5-REDOR decay curves of the
individual Sy(t) (reference) and(t) (PM5-REDOR) decays

revealed unexpected results. The before and after peptides t

a very similar S(t) decays while significant differences are ap
parent in theSy(t) decay (Figs. 8a and 8b)he reference

experiment is simply CP excitation followed by a Hahn ech
o Assuming the samd, for before and after®C peaks and

L VN taking the ratiadS,(t) perord So(t) are: FESUILS iN @N experimentalC
e e a o v decay curve which can be accounted for by homonucf&r
LAF 'H chemical shift (ppm) dipolar couplings and is independentTof relaxation (Figs. 8a
and 8b, open triangles).

_ — Only intermolecular**C dipolar interactions are possible ir

T T the undiluted isotopically enriched peptides since each pept

b contains only one™C specifically labeled carbon (Fig. 1).

: Reintroduction of homonuclear dipolar coupling during magic

! angle spinning occurs at the rotational resonance conditi

. oy A, = Mg, Where the difference in isotropic chemical shift:
N N

PaAWAY Va petween the_ two signals to be_ re(_:ouple!dsob is equal to an
TR e 0 , integer multiple () of the spinning frequencyaz) (29).

LGF 'H chemical shift (ppm) Dipolar interactions betweetC pairs with the same isotropic

JL chemical shifts but different orientations of the principal CS.

— o~ T tensors fulfill anm = 0 rotational resonance condition. Unde

—_— J m = 0 conditions homogeneously broadened linewidths gra

L B S B e B B e N B ually narrow with increasing MAS frequency until they are
200 150 100 50 0 -50  -100 -150 -200 completely averaged with very fast spinning.

'H chemical shift (ppm) The spinning frequency dependent behavior at the rotatiol

resonance condition ah = 0 of **C—°C dipolar broadened

FIG. 6. 'H 90° pulse excitation spectra of (a) LAF and (b) LGF at 5"‘H4inewidths was exploited to experimentally obserie_3c
MAS. The broad lines correspond to the before samples. The after pepti

spectra have narrow features which cover a chemical shift range approximafi'@o'ar coupllngs In LAEefO’e_SO(t) (CPMA_S_‘T_]'SO_T_AQ_)
0-10 ppm (enlarged in inset). The narrow peaks account20% of the total  Values were recorded at different spinning speeds (Fig.
integrated area of the after spectra. Experimental decay values at 12 ms were divided by tl
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FIG. 8. Normalized decay curves of (a) LAF, (b) LGF, and (c) theory. The experimental data (a) and (b) are plott®d)with = open squares(t) ., =
filled squaresSy(t) perre = OpeN circles, an®;(t) . = filled circles. The ratidSy(t) perord So(t) aner (OPEN triangles) is independent ©f, assuming the samg,
relaxation for both samples. The theoretical decay curves (c) are calculated using the LAF experimental parameters. DeEayetieatmn is not included
in the simulations. Plotted a&t) (bottom set of filled symbols§,(t) (top set of filled symbols), an§(t)/S,(t) (open symbols). The theoretical model allows
one **C-"H moiety to rotate around the,, axis of its**C CSA tensor relative to an otherwise identi€@-"H spin pair. Relative rotations are plotted for 20°
= circles, 40°= squares, 60%= diamonds, and 80% triangles. See the text for comparisons between experimental and theoretical curves.

10-kHz MAS value to remové, effects. Simulations using Conformational Dispersion

SIMPSON @0) show that the data could be described by a o
single*C—3C pair interaction with~100-Hz dipolar coupling 1 ne before powders were prepared by lyophilization
(Table 2). The simulations assumed the only interactions wdfaSh-frozen peptide solutions. It is conceivable that multip
between a central carbon and one, two, or three carbons eg@iution-state conformations of the peptide are trapped in st
distant to it. The carbons were all given the same chemical sttPOWder. Itis known that lyophilized samples can have mu
and CSA value. Simulations were run at a fixed distancgfoader solid-state NMR linewidths than precipitated solutiol
allowing only relative changes in CSA tensor orientation&31> 39 and that hydration can reduce conformational distr

Aligned tensors have no decay. Table 2 gives a distribution Bftions 83). Each observed nucleus located in a slightly a
values at the maximum extreme. tered magnetic environment will resonate at a slightly diffe

ent, unresolved chemical shift and produce broad lines.
It is expected that the putative trapped conformations of t
peptides are not in their lowest energy states. LAF and LC

. linewidth changes over time could result from the collapse
multiple unstable conformations to a single lower energy co
oo 08 formation. The conformationally equivalent molecules woul
= share the same magnetic environment and resonate at a si
-% 06 chemical shift. Either this rearrangement itself or/and the e
E vironment of reorienting molecules observed in the after spe
2 tra as~20% of the sample destroys clo$€—°C contacts.
0.4 Narrow linewidths 1 ppm) and the absence 6IC home
nuclear interactions result iC{’H} PM5-REDOR dipolar
o dephasing decays which can be analyzed simply. It may alsc

P possible to combine PM5-REDOR with multiple-pulse decot
time (ms) pling (34) to extract quantitative results in the presence

FIG. 9. Normalized ®C S,(t) (CPMAS——echo+AQ) spectra from additional spin-1/2 couplings.

LAF ,e10re @t three different spinning speeds: square®.5-kHz MAS; trian

gles= 5-kHz MAS; circles= 10-kHz MAS; solid lines are only to guide the Theoretical Background and Simulations
eye. The spinning speed dependent decay is due tman O rotational

resonance betweentermolecular®C carbonyl carbons. Table 2 compares the The REDOR evolution of a single= 1 (ZH) tol =1 (13(:)

|nten§|t|es, normallged to'lo kHz at 12 ms to remﬁy@ontrlbutlons, between coupled spin pair is complicated by the presence of hom
experiments and simulations. One or méi@ pairs with~100-Hz coupling

. . . | T,
can account for the observed homogeneous line broadening. An equivalré}‘ilt_Clear mter‘?‘cnons _betV\_Ieé_?C ”Hc'e' of nelghbormd C—H
experiment observing™N did not display spinning speed dependent decaR@irs. To gain physical insight into the effect of these adc
curves (data not shown). tional nuclear interactions on the experiment&—"H PM5-
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TABLE 2
Normalized Experimental and Simulated **C Intensities at 12 ms
Simulationg
Coupling strength Experimental 119 Hz (4.0 A) 90 Hz (4.4 A)
BC interactions N/A 1 2 3 1 2 3
1° 0.53 0.49 0.41 0.35 0.68 0.57 0.52
e 0.78 0.82 0.74 0.67 0.90 0.83 0.77

* Experimental values are from Fig. 4.

® Euler angles are optimized to give maximum decay values using SIMPSQN (

¢ Extent of peak intensity decay after 12 ms with 2.5-kHz MAS normalized to the decay at 10-kHz MAS to rémeffects.
¢ Extent of peak intensity decay after 12 ms with 5-kHz MAS normalized to the decay at 10-kHz MAS to r@meffects.

REDOR decay curves, we consider a small spin system of twe carbons; anHi;” is the time-dependent homonuclear MAS
interacting™C—"H pairs. The influence of th€C—"C dipolar interaction Hamiltonian between the carbons

coupling on the PM5-REDOR decay of this system will be
discussed without attempting to derive analytical expressions
for the decay functions.

The spin system under consideration consists of four spins:
two **C spins (* = 1* = 3) and two deuteronsY = S* = 1).  All of these terms are considered in our numerical calculatio
The system is restricted to magnetically equivalent carbopg the (*S')(1?S?) spin system. For our discussion we ca
with identical isotropic chemical shifts and principal chemicadpproximate the total Hamiltonia(t) by transforming it to a

shift tensor parameters. Consistent with the general casenqiitispin interaction frame and considering only the zero-ord
*H°-amino acids, each carbon atom is directly coupled to onBart of the resulting Hamiltonian.

one deuteriumi’ to S" and|® to S°. The internuclear distances This was done in a recent publication for a single carbor
within these pairs are equal. The deuterium quadrupolar intgleuterium spin pairl(2). There we transformed the dipolar par
action parameters are also equal. The magnitudes of the vectgrshe Hamiltonian to an interaction frame defined by th
connecting the carbon and deuterium atoms in each pair gigadrupolar and RF Hamiltonians. Here we do the same -

equal, as well as their relative orientations with respect to thejgth spin pairs and define transformation operators starti
own quadrupolar principal axis system (PAS). The only pefith the S-spin subspace:

mitted differences between tH&C—"H spin pair moieties will
be their relative orientations around a fix€—"C distance.

Hi?= 200112 - 300052 +1512).  [3]

For our discussion this simple model is sufficient to obtain e L
insight into coherent evolution duringC{?H} REDOR experf Us() = Texp —i | dr(Hg(7)
iments. 0
The Hamiltonian of this system includes RF pulses only on
the S-spins and can be written schematically as + HiL) + HE(r) + H2((m) L. [4]

H(t) = Hie + HG + His + Hisa + H P

+ Hia+ Hs + HE + HEp [1] An additional transformation operator can be defined in tt
I-spin subspace,

where the first and the last termsg?, represent the RF pulses

on S, andS,, respectively;Hg? are the time-dependent qua ¢

drupolar MAS HamiltoniansH 4? are the time-dependent het U,(t) = expl —i J dr(Hésa(n) + HEsa()) b, [5]
eronuclear interactions between the carbon and deuteron for o

each of the two pairs

defined by the CSA Hamiltonians. Whilés(t) commutes with
Hesa + Hi? + Hésa the U (t) operator commutes with all
parts of the total Hamiltonian excepi;’>. The interaction
H¢s, indicate the time-dependent CSA MAS Hamiltonians dflamiltonian defined by both transformation operators,

Hig" = oig(1)17°57%
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o) 1B of each crystallite in the powder, is presented in Fig. 10. T
@) —y g, 1 2 3 1 2 3 zero order, without a homonuclear interaction eE®hpin pair
N contributes three cosine frequency terms of equal intensity
B2 A ] the REDOR signal of thé-spins. Thus, the two spin pairs
By Ll Ay contribute six frequencies for each crystallite. The two sp
___________________ 1 A pairs have the same normalized REDOR powder deca
/2 o S"*(nTg)/Sg*(NTR). The powder signal of the two spin sys
3 T 1 tems becomes
l02) T+ & Ay
s SYnTg) + ST 1 22
BL -3 (nTe) (nTe) _ J dQ > > cosAL(Q)nTg,

Si(nTr) + Si(nTy) 2472 :
FIG. 10. An example of energy levels of an isolate®s' spin pair (left i=1p=1

side), which illustrates the six eigenvalues of the diagonalized zero order [9]
HamiltonianH s (right-hand side). The three frequency components compris
ing PM5-REDOR decays are indicated. where the orientational dependent eigenva&mﬁz(ﬂ) are a

function of the initial orientatior{) of the crystallites.

. 3 . ) , b To show the validity of the zero-order approximation twe

H(t) = U (OUs (D (H s+ His + Hi)Us()U, (1) simulated REDOR curves, one obtained from a zero orc

= A(t) + B, () [6] average Hamiltonian calculation in the interaction frame ai

'S e one with a full stepwise integration in the rotating frame, a

has two terms, the heteronuclear and homonuclearinteractio%osmparEd In Fig. 1.1' .AIthough the t\.NO curves do not full

. ovérlap, they are similar enough to justify a zero-order a
respectively, . X :

proach to understanding the spin evolution.
The presence of thé coupling requires that we combine the

™ — 2 2Q2
His(t) = 0is(t)IZS:() + oD zS;() two eigenvalue schemes of the tW8 spin pairs. The total
H,(t) = 2w i(t)1 11 2 number of states becomes 36,
_ 1 .12 1 2 1 2
FolfOOLOIZO +1EOROL 71 a2k, [« 8750, |8, [8'870'q),

The time dependence of the operators is a result othét) [10]
transformations. As long as the dipolar interaction coefficiengherep,q = 1, 2, 3. Their undisturbed energy levels for eac
are smaller than the spinning frequency and the detectioncigstallite are+ TANQ) = AXQ)).

synchronous with the spinning, it should be sufficient to de- The form of the zero-order time-independéhtinteraction
scribe the REDOR experiments by a zero-order average HaqQkmiltonian becomes

iltonian,
H, :%alz(ﬂ)(|l+|2—+ |1—|i)- [11]
TR
H=J drH(7) = His + H,, [8]
O T T T T Bl T
1.0
whereTyg is the time needed for one revolution of the rotor. 08
When the first termHK ) is diagonalized in the manifold of =
spin states of each spin pair separately, the 12 eigenstates with KR 06
eigenvalues (energies) are of the foaai’p*?) with 3 A+? and S
|B*%p"? with — 3 ;% for the threeS-state indicep = 1, 2, 7 04

3 (12). The magnitudes of these eigenvalues are determined by
the quadrupolar and dipoldr°S"? tensor parameters in the
rotating frame and depend on the shape and phases of the 0.0 . . 1 ‘ .
REDOR pulses on th&-deuterium spins. 0 5 10 15 20 25

Recently, we showed that PM5-REDOR pulses result in t (ms)
eigenvalues that increase the REDOR decay of powders con- _ . _
taining **C—"H spin pairs 12). A schematic representation of HIG. 11 Simulated PM5-REDOR decays of 48 spin palr. The solid

. ; . . curve was calculated using an approximate Hamiltonian while the dast

the eigenvalues of one of the spin pairs, together with the thrgfye is a full calculation. The zero-order and full calculations are simil
transition frequencies that determine the REDOR oscillatioasough to justify a zero-order assumption.

o
N
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fo'alp'a?) Ja'Bp'a?) [Blap'a?) [B'Bp'a’)

lo'o?p'q?)
AR )
1/ ‘aleplq2> 12 | 12 2 12 2
2 ‘Bl . 7> Akpq [AXWJJF[d ]
o’p'q’ =
42
IB'#*p'q™

FIG. 12. Scheme of the zero-order HamiltoniaHs:s1 + H 22 + H,, of a four-spin system in the manifold of product spin states that diagonalize (le
The transition frequencies of one of nine sets of energy levels with and without influence of the homoHhuicieEaaction are shown on the right.

The value of its coefficient is proportional to the carbonspin system will require numerical calculations to evalua
carbon dipolar interaction and is thus proportional tar ()7, the A-values and the effective carbon dipole—dipole cot
with r,, the distance between the carbons. Furthermore, tlpiings.

coefficient is a complicated function of the CSA tensor param- The effect of thisll coupling on our REDOR decay curves
eter of the spins, and in our case of their relative orientation i§ determined by the ratio between tmi(()) — )\g(Q)) and
each crystallite. In practice, only numerical calculations cafied,,(() values and can result in a quenching of the effecti
yield the actual values af,,((2), taking into account all CSA homonuclear interactiort!, by the effective heteronuclear
parameters. When the principal values of the CSA tensors MeeractionH s. The ratio 81(nTx) + SANTR))/(SHnTR) +
equal, the coefficients depend strongly on the relative orieng(nTR)) of the simulated curves (Fig. 8, open symbols) mimn
tion of the two tensors and become zero when these tensors;atge experimental leveling-off of LAE,. (Fig. 2). Calcula
aligned. In fact, an expression fdi,({}) was derived earlier 4« for the four-spin systenfH—*C—*C-?H) used the full
for them = O rotational resonance conditioB5). equation of motion of the density matrix.

The ll interaction in Eq. [11] has mat.rix e'e”?e"“s _only Figure 8c plots theoretical curves as a function of tf
between elgenstat?szm Eq. [110]2that are dlagqnal wSEbpm_ relative orientation of the CSA tensors between interactir
states and conneft B with |Be )- There are nine such pairs, .o o neighboring®C—"H spin systems. The calcula
in the 36 X 36 matrix representation of the zero-order Han}—ions of SH(nTy) + SY(nTw), (SKnTy) + S¥nT.), and

lltonian (Fig. 12), (SY(NTx) + SA(NTR))/(SH(NTx) + S2(nTx)) were made with
a fixed ®*C-°C distance (4.2 A= 100 Hz). One®C-H
moiety of the®*C—"*C pair was rotated relative to the othe|
1/A dy, around theo,, axis of its *C CSA tensor in steps of 20°
> <a12 _/\>, [12] (20-80°). The parameters used in the simulations are tal
from the LAF,.. €Xperiment shown in Fig. 8a. What result:
is relatively little change in the'(nTg) + S*(nTg)) decay

A%(Q)) and dy, = di,(Q). The off-diagonal elements will curves (bottom set of solid symbols), whereas the Hahn ec

change the eigenvalues of the Hamiltonian and thus the ove%lCay signal of the interacting carbonsSy(nTe) +
REDOR signal. The six oscillation frequencies of the REDORe(NTr)) without REDOR pulses on the deuterons i
signal of each crystallite will therefore change according to tférongly influenced by the homonuclear interaction (top s
shifts of the eigenvalues to six different frequencies. of solid symbols).

When the off-diagonal elements are much smaller than The calculated curves do not include relaxation. Taking
the differences between the eigenvalues of the individu@tios of experimental curves with the sarife relaxation
carbon—deuterium spin pairs, their influence will be neglremovesT, effects. The experiment&h(t) verord So(t) arer CUTVES
gible. In general, the diagonal elements of these submatri¢sg remarkably similar to the theoretic&(nTg) + Sg(nTg))
are nonzero. Only when the twi&-spin pairs are aligned decay with an 80° difference betweeiC CSA tensor orien
can we expect that;(Q) = A3(Q). In this case the PAS of tations. Similarities to the experimental curves are limited -
the CSA tensors are also aligned and tthg({)’s will qualitative interpretations, however, because of the complex
become zero. In general, however, the complexity of tha the system.

|a132p1q2>|31a2p1q2>

where theX’s are differences of the form = (A;(Q) —
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CONCLUSIONS A Bruker DSX-300 spectrometer was used for all exper

ments.'H (300.13 MHz) spectra were calibrated to an extern

The presence ofntermolecular “*C—C interactions pre adamantine sample at 1.8 ppHC (75.47 MHz) spectra were

vents the"C{*H} PM5-REDOR curves from decaying to zero.calibrated to an external glycine carbonyl chemical shift

It is seen experimentally and theoretically that homonuclear6.04 ppm.**N (30.41 MHz) spectra were calibrated to ar
"C spin interactions only significantly perturb t8g(t) (ref- external solid NHCI sample at 38.5 ppntH (46.07 MHz)

erence) experiments while effects on @) (PM5-REDOR) dephasing used phase-modulated (PM5) pulses. Acquisit

decays are small. A theoretical description of quenching phrameters for the PM5-REDOR measurements under 5-k

relatively weak™C—°C interactions by the reintroduction ofMAS and numerical simulations of the data were identical 1

3C—"H heteronuclear dipolar couplings in tBét) experiment the previously published descriptioh3).
was developed.

The broad lines of the lyophilized powderSG, ~4 ppm; ACKNOWLEDGMENTS
N, ~10 ppm) appear to originate from conformational-dis
persion. A slow conformational change of the entire sampleThis work was supported by a grant from the German-Israeli Scien
(on the order of Weeks) can explain the narrowed linewidtf§undation. I.S. was supporte_d by the MINERVA fo_undation. We thank Ge
(13C, 1N, ~1 ppm). Disruption of molecular packing by con Buntkowsky and Asher Schmidt for helpful discussions.
formational rearrangements in an environment of reorienting
molecules in the after peptides appears to remptemolec-
ular *C-C ||jteract|ons, aII0W|nd3C{2H} PMS_REDO,R dr .1. J. R. Garbow and T. Gullion, Measurement of internuclear dis-
polar dephasing curves to decay to zero. The peptide tOrsion ances in biological solids by magic-angle spinning 13C NMR, in
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PM5-REDOR. man, Ed.), pp. 65-115, Academic Press, San Diego, 1995.
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