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Abstract: Magic angle spinning (MAS) NMR structure determination is rapidly developing. We demonstrate
a method to determingH—13C distancescy with high precision from LeeGoldburg cross-polarization
(LG-CP) with fast MAS and continuous LG decoupling on unifordf@-enriched tyrosin¢iCl. The sequence

is y-encoded, andH—13C spin-pair interactions are predominantly responsible for the polarization transfer
while proton spin diffusion is prevented. When the CP amplitudes are set to a sideband of the Hartmann
Hahn match condition, the LG-CP signal builds up in an oscillatory manner, reflecting coherent heteronuclear
transfer. Its Fourier transform yields an effecti¥€ frequency response that is very sensitive to the surrounding
protons. This!3C spectrum can be reproduced in detail with MAS Floquet simulations of the spin cluster,
based on the positions of the nuclei from the neutron diffraction structure. It is symmetric avosr@ and

yields two well-resolved maxima. Measurement of CH distances is straightforward, since the seperation
127t between the maxima for a singhel—1°C pair is related to the internuclear distance according:ito=
a(Aw/2m)~ 13, with a = 25.864 0.01 A HZ". For thelH directly bonded to &3C, the magnetization is
transferred in a short time of100us. After this initial rapid transfer period, the COOH, OH, or NtHat are

not directly bonded to a3C transfer magnetization over long distances. This offers an attractive route for
collecting long-range distance constraints and for the characterization of intermolecular hydrogen bonding.

Introduction One way to determine heteronuclear dipolar couplings with
MAS is to perform separated local field spectroscopy. In this
technique the dipolar interaction is separated from the chemical
shift interaction, resulting in 2-dimensional (2-D) spectra with
the chemical shift of each nucleus in one dimension correlated
with its dipolar coupling to neighboring spins in the second
dimension®~11 However, this high-resolution method requires

Magic angle spinning nuclear magnetic resonance (MAS
NMR) techniques for structure determination of uniformly
enriched compounds or multispin clusters in solid-type biologi-
cal systems without translation symmetry are rapidly develop-
ing.! The measurement of heteronuclett13C) intermolecu-
lar distances is potentially an important tool in structure . . . . -
determination of solids, since it can provide restraints that can slow MAS to ensure suff|C|ent s_ldeband intensity to obtain the
be used for structure refinement by modeling. Information about stre.ngth of the dlpolar.lntgracuoﬁé.On. the o.ther. hand., to
the internuclear distance between two spins can be deduced frorﬁaCh'?Vef a good resoll_Jtlon in the_ch_emlcal shift dimension f(_)r
the strength of the heteronucleaH(-13C) dipolar interaction. multl_spm clusters at high magnetic field strengths, fast MAS is
For a static sample, the dipolar interaction between the two Spinsrequwe_d to suppress the CSA. .
of a heteronuclear spin-pair yields a symmetric Pake dodblet, !N this paper we present a method that can be applied to
in which the separation between the two maxima provides a extract heteronuclear distances in uniformiC-enriched

direct measure for the heteronuclear dipolar coupling strength, ({U-**C) compounds with good precision from cross-polariza-
MAS, however, averages the heteronuclear dipolar interactions!ion (CP) build-up curves, recorded at high MAS rates 10 kHz

and gives rise to a pattern of spinning sidebands, with the : w21 <| 15 k_HZI uqder simultaneﬁus sup.pressior} othHef h
relative intensities of the spinning sidebands determined by both "omonuclear dipolar interactions. The Fourier transform of the

the_ dipola_lr interaction and the chemical sﬁiﬁ_or sm_a_ll shift (4) Munowitz, M. G.; Griffin, R. G.; Bodenhausen, G.; Huang, T.H.
anisotropies, the envelope of the sideband intensities reflectsAm. Chem. Sod981, 103 2529.
the static Pake pattern at low spinning speed@r < 3 kHz, (5) Munowitz, M. G.; Griffin, R. G.J. Chem. Phys1982 76, 2848.

while at high MAS rateg»,/27 > 10 kHz the dipolar interaction 165(3%). Munowitz, M.; Aue, W. P.; Griffin, R. GJ. Chem. Physl982 77,

is substantially reduced by the sample spinning, like the  (7) Munowitz, M. G.; Griffin, R. G.J. Chem. Phys1983 78, 613.

chemical shift anisotropy (CSA). (8) Kolbert, A. C.; de Groot, H. J. M.; Levitt, M. H.; Munowitz, M. G.;
Roberts, J. E.; Harbison, G. S.; Herzfeld, J.; Griffin, R.Multinuclear
T Leiden University. Magnetic Resonance in Liquids and Solids-Chemical Applicatidhsver
*Weizmann Institute. Academic Publishers: The Netherlands, 1990; p 339.

(1) van Rossum, B.-J.; Boender, G. J.; Mulder, F. M.; Raap, J.; Balaban, (9) Kolbert, A. C.; de Groot, H. J. M.; Griffin, R. Gl. Magn. Reson.
T. S.; Holzwarth, A.; Schaffner, K.; Prytulla, S.; Oschkinat, H.; de Groot, 1989 85, 60.

H. J. M. Spectrochim. Acta A998 54, 1167. (10) Wu, C. H.; Ramamoorthy, A.; Opella, SJJMagn. Reson. A994
(2) Pake, G. EJ. Chem. Phys1948 16, 327. 109, 270.
(3) Roberts, J. E.; Harbison, G. S.; Munowitz, M. G.; Herzfeld, J.; Griffin, (11) Ramamoorthy, A.; Opella, S.Solid State Nucl. Magn Resdi95
R. G.J. Am. Chem. S0d.987 109, 4163. 4, 387.
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time-oscillatory magnetization build-up curves provides dipolar with 6 = Giwqg sin(@m). The factor sin@,) in H scales the
broadened response profiles reflecting the heteronuclelar ( heteronuclear dipolar interaction.
13C) dipolar coupling strengths that can be related to internuclear

. - ) Following excitation of thed spins, the density operator at
distances between the coupled spin-pairs.

the beginning of the LG-CP period in the interaction frame can
be written aspp = —Z " 1BLwoll, with L = 1/kgT. The time-
evolution of p underH;" can be calculated using(t) = exp

In this work the time-evolution of the signal intensity of a  _ ii#, exn(iH*). which leads to the following expression
13C spinSduring CP/MAS with Lee-Goldburg (LG) irradiation i(n matlrilfi?]otzfti(onl |)n the product basisyme_ gexp ’

applied to a number of spins {H) is analyzed. The LG
irradiation significantly suppresses the homonuclear dipolar

Theoretical Background

interactions and relies on the application of an off-resonance p(s) ———Z ﬂLw(,,

RF field to the'H spins, in such a way that the effective field \

in the rotating frame is inclined at the magic an@lg= 54.7 la 0 0 0 I++)
with respect to the static magnetic figith along thez-axis12 0 —’/2 0 0 ==
We rgstrict the t_heoretical description to_atwo-spin_syste_m that| o Y cos'/.ot —'/2exp(i¢)sin'/2c5t [+-)
consists of a spis coupled to a single spihand rotating with Lo 2T 1 s —+
w27r. The description of spin systems containing more than 0 0 —/exp(~ig) sin 1,0t /,cos 1,0t [=+) (5)

onel spin is treated numericalfy.
The spin Hamiltonian in the doubly rotating frame for the The S-spin signalS(t) can be evaluated by calculation of the
two-spin system during the mixing time of the L.e@oldburg expectation value d&, according td$,(t)[= Tr(p(t)S,), which

CP (LG-CPj01214.15experiment can be represented as leads to
H=wyl,+ 0SS + Aw,l,+ bt Q)
b @asS Aol TROLS S =~ 2 BLa(1 ~ cos of] =
wherewy = —yHy andwis = —ysHis are the RF fields on 1 1 i
the | andSspins, respectively, and whefes; = wgrr — |woil, 2 Z‘lﬁme(l ~5 ex;{%— Eét) - = exp(— —6t)) (6)

with wor = —vyHo), is the frequency offset of the RF irradiation

of thel spin. For LG irradiation, the condition taH |w1|/Aw\]

= 6 holds. The last term in eq 1 represents the heteronuclear
dipolar interactionH,s between the two spins, with

An identical expression is found for thees — wis =
—w; HH condition. Hence, during the LG-CP, th&spin
signal oscillates with angular frequentyd around the average

b(t) = 2w [G,Co8@,t + ¢) + G,cos(v,t + 2¢)] value —Y,Z BLwq, and Fourier transformation of(t) +
Y4Z71BLwo results in a spectrum with two singularities at
1o 71y @) frequenciesy = +Y,0 = = £Gywq Sin Oy,
Wq =~ A r The expectation value foig(t)0has been evaluated for a
1S single crystallite. For a powder sample, it should be integrated
In the tilted frame, defined by the transformation £x{iOmly} over all crystallites. With &= %/, sin(2m) sin(2;),*® and 6
exp{ —i(/2)S}, the tilted spin Hamiltonian can be written as the angle between the internuclear vector connecting spins
Hr = Ho + Ha(t), where andj and the rotor axis, we can write(6) = Y200 sin(29;),
with 0g = 3/4wq SINEm) SIN(2m) = wq cosP). The powder
Ho = e, + 0155, average can be evaluated usi{g) = P(0;)/|d0;j(w)/dw|, with
®) P(65) the angular distribution functiot. Since the interaction
H,(t) = b®)(sin(@,,)1,S, — cos,)1,S) is axially symmetric, we simply have(6;) = sin 6;,1” which
] ) ] ) ’ ) leads to
with the effective fieldwerry = — (w7, + Awi)Y2 The time

independent patty can be removed from the Hamiltonian by
transformation to t_he interaction frame, accord_inng;)= \/1-_ /1 _ (w/60)2+ \/1-+ /1 (w/60)2
exp{iHot}H; exp[—iHqt}. The resulting expression can be o) = 2 4 2 4

simplified if the n = +1 Hartmana-Hahn (HH) matching 1 )

condition is fulfilled, that is, whemen; — wis = +w;, and if 24/ 7~ (@/o)

oscillating terms of the form cast, cos vt etc., are neglected (7

compared to the time-independent term. For the condibign
— wis = twy this leads to the following expression for the with —0¢/2 < w < 6¢/2.

Hamiltonian representing the heteronuclear dipolar interaction TheS(w) is plotted in Figure 1. It represents the LG-SRBpin
spectrum for thdS spin-pair, which is obtained after Fourier

H'= 2 [1.S_exp(¢) + I_S, exp(=ip)] (4) transformation of the tlme-oscnl_atw@spln signal build-upg8
The shape resembles a static Pake-pateaithough the
(12) Lee, M,; Goldburg, W. IPhys. Re. A 1965 140, 1261. characteristic high-frequency “ears” are missing. The frequency
(13) Ray, S.; Ladizhansky, V.; Vega, $.Magn. Resorl99§ 135 427. gplitting between the two maxima equalg which is related
(14) Caravatti, P.; Bodenhausen, G.; Ernst, RCRem. Phys. Letl982 . . .
89, 363. to the heteronuclear distancg via wq in eq 2.
(15) van Rossum, B.-J.; Prytulla, S.; Oschkinat, H.; de Groot, H. J. M.
Magnetic Resonance and Related Phenomérechnische Universita (17) Schmidt-Rohr, K.; Spiess, Multidimensional Solid-state NMR and
Berlin, 1998; Vol. 1, p 38. Polymers Academic Press: London, 1994.
(16) Bennet, A. E.; Griffin, R. G.; Vega, 3IMR-Basic Principles and (18) Bertani, P.; Raya, J.; Reinheimer, P.; Goneon, R.; Delmotte, L.;

Progress Springer-Verlag: Berlin, 1994; Vol. 33, p 1. Hirschinger, JSolid State Nucl. Magn. Resoh999 13, 219.
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Figure 1. Powder pattern of the LG-C8spin spectrum according to B MEEEM
eq 7, representing the Fourier transform of the time oscillatory signal 1 acaalc Loch [T
build-up during LG-CP. H TF;'T“I"
XX X _|+Y Y
The eq 7 is the same as rotational resonance recoupling v e
sequencé? Here we start with a dipolar Hamiltonian (1) in the 13
doubly rotating frame with a time-dependent dipolar interaction C cp
b(t) given by eq 2. The matching of thxt) gives rise to modes
that oscillate with frequenciesw,. Thel, andS, rotate in the ty
interaction frame and when the LG-CP is set to a first sideband w2 b
of the HH match conditiomes; — w1s = twy, the difference c Y [2r 2nT]Y
in rotation frequency matches tlhe mode of theb(t). This is H kargl-atafl | Lecp []TLF!“L
similar to the rotational resonance recoupling. There the [T11
oscillating modes of a dipolar Hamiltoniat) in the normal el I
rotating frame are matched to the rotation fregeney of the t
S in the RF interaction frame. This leads to a similar effective 13
Hamiltonian and the same powder spectr8fm).1° C RAMPCE
P
Material and Methods 2

. ) Figure 2. Pulse programs used to study heteronucléar—{C)
The solid-state CP/MAS spectra were recorded with a DMX-600 polarization exchange in two (A) and three dimensions (B), and for

and a DMX-750 spectrometer, equipped with 4 mm double resonance 5 iy ) G decoupledH—3C heteronuclear dipolar correlation spec-
CP/MAS probes (Bruker, Karlsruhe, Germany). For the experiments troscopy with LG-CP (C)

with the DMX-600 instrument, a home-built spinning speed controller
was used to stabilize the spinning spé&dihe pulse sequences for the
2-D and 3-dimensional (3-D) heteronuclear polarization transfer experi-
ments are shown in Figer2 A and B, respectively. The 2-D sequence
starts with a magic angle preparation pulse that putdHimolarization

at the magic angle with respect to thaxis and parallel to the direction

of the effective field in the rotating frame during the LG-&pP214.15
Alternatively, a 90 proton preparation pulse can be applied, which
improves elimination of probe ring-down via phase cycling, at the
expense of @a20% reduction of the signal. The 2-D dataset presented
in this paper was recorded with a magic angle preparation pulse, while
the 3-D experiment discussed below effectively makes use of the variant
with a 9C preparation pulse. FollowingH excitation in the 2-D
experiment, LG-CP is applied to transfer the magnetization from the
protons to the carbons during a variable timeérhe LG-CP spin-locks
theH signal along the effective field, while tHéC spins can be locked
on-resonance in they-plane. In this way, heteronuclear spin-locking

is achieved, while simultaneously thd homonuclear dipolar interac-
tions are significantly suppressed. Fourier transformation with respect
to t; provides the'*C heteronuclear dipolar interaction dimension of
the correlation experiment. A moderate proton RF power corresponding
with an 'H nutation frequency of 60 kHz was used for the LG-CP.
The 13C free induction decays (FIDs) were recorded in théomain,
using proton decoupling with the two-pulse phase modulation (TPPM)
schemé&! The HH matching profile during MAS was mapped by
sweeping thé3C RF power while following thé3C signal intensity in

nuclear dipolar correlation spectroscopy tinand t; with the *H
excitation and LG-CP evolution ity of the pulse program shown in
Figure 2A. After'H excitation, the protons are allowed to evolve for

a timet, with FSLG irradiation to suppress thie homonuclear dipolar
couplings?223 The plane of precession is perpendicular to an axis
that is inclined at the magic angle with respect to #reis, and the
magic angle/-pulse at the end df rotates components of tAel signal

into thexy-plane. The phases of the proton preparation pulse, the FSLG
sequence and the magic angle pulse are varied according to a time
proportional phase incrementation scheme to simulate phase sensitive
detection int,.2* The LG-CP selects and spin-locks the component of
the H signal that is parallel to the effective field. Following the
heteronuclear polarization transfer duriagthe3C FIDs are recorded

in t3 with TPPM decoupling. The resulting 3-BH—'H—-13C dataset

can be represented as a series of heteronuclear correlation spectra
recorded with different LG-CP contact timestin The contributions

of the various protons in the vicinity of #C to the magnetization
exchange can be studied separately in‘thdrequency domain after
Fourier transformation iry.

Figure 2C shows the pulse program for 24B—°C heteronuclear
dipolar correlation spectroscopy. The protons evolve dutingnder
suppression of theH homonuclear dipolar interactions with the FSLG.
LG-CP was used to establish selective heteronuclear polarization
transfer during a long CP mixing time of 1.5 rftsyhile a ramped CP
t. In this way, then = +1 HH matching conditions for the LG-CP spin-lo_ck puls_e on the carbon nuclei was applied to broaden the CP
can be determined experimentally. matching profile at high MAS rate¥.

The pulse program for the 3-D experiment in Figure 2B combines __ |n @ convenient way to determine the scaling factor for a HE

frequency-switched LeeGoldburg (FSLG) decouplelti—13C hetero- 13C heteronuclear dipolar correlation spectrum, the slope was determined
(19) Levitt, M. H.; Oas, T. G., Griffin, R. Glsr. J. Chem.1988 28, (22) Bielecki, A.; Kolbert, A. C.; Levitt, M. HChem. Phys. Letf.989

271 155 341.
(20) De Groot, H. J. M.; CopieV.; Smith, S. O.; Allen, P. J.; Winkel, (23) van Rossum, B.-J.; Fster, H.; de Groot, H. J. Ml. Magn. Resan

C.; Lugtenburg, J.; Herzfeld, J.; Griffin, R. @. Magn. Resonl988 77, 1997, 124, 516.

251. (24) Marion, D.; Withrich, K. Biochem. Biophys. Res. Cofr883 113

(21) A. E.; Rienstra, C. M.; Auger, M.; Lakshmi, K. V.; Griffin, R. G. 967.
J. Chem. Physl1995 103 6951. (25) Metz, G.; Wu, X.; Smith, S. Ql. Magn. Reson. A994 110, 219.
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Figure 3. The chemical structure of tyrosirtdCl with IUPAC
numbering scheme.

of a plot of scaled -tyrosineHCI proton chemical shifts obtained from

a FSLG experiment against the corresponding nonscaled proton

chemical shifts obtained from a correlation spectrum recorded with the

CP/WISE technique in a high magnetic field and with fast MAS.
Simulations of LG-CP MASSC signals are performed using an IBM

SP2 computer following the method described by Ray et al.

Coordinates for carbon and hydrogen atoms-tyrosineHCI (Figure

3) were taken from the high-resolution neutron diffraction structire.

Results

The aim of this paper is to demonstrate that the time-
oscillatory build-up of the carbon signal during CP for fast MAS
directly provides the heteronucledi(—13C) dipolar coupling
strength, which can be related to a distangg To this end,
interactions other than the heteronuclear dipolar coupling should
be removed from the spin Hamiltonian. The locking of the
and?3C spins during CP suppresses the chemical shift evolution
of both spin types, while th®C homonuclear dipolar couplings
average to zero at high MAS rates. Therefore, the two major
remaining interactions that determine the time-evolution of the
spin system are th&H homonuclear and thtH—13C hetero-
nuclear dipolar couplings, ignoring the wealerouplings. The

vanRossum et al.

The Fourier transforms of the LG-CP build-up curves of the
2-13C (Figure 5C) and the %C (Figure 5D) carbons yield
effective carbon responses in the frequency domain. Prior to
Fourier transformation, the data were corrected for the vertical
baseline offset. The LG-CP carbon spectrum for the CH moiety
in Figure 5C is very similar to the theoretically predicted
response in Figure 1 for an isolated CH spin-pair, and is
modulated with spectral intensities at integral multiples of the
rotor speedw/2r = 12 kHz. It appears that the major
contribution to this spectrum originates from dipolar transfer
within the CH spin-pair, while the lower frequency intensities
can be attributed to transfer from weakly coupled remote
protons. From the peak-to-peak distanke®/27r between the
maxima, a LG-CP dipolar coupling frequenaw/2r = 12 070
Hz is estimated for the CH pair. The LG-CP carbon spectrum
for the CH, group is more complicated and exhibits a doublet
structure that gives rise to a total of four maxima (Figure 5D).
The splitting for the interior pair of maxima equals to a
frequencyAw/2x = 12 040 Hz.

In the virtual environment of the computer, an ideal LG
decoupling is easily mimicked by omitting thl homonuclear
dipolar interactions in the simulations. In addition, fixe-13C
heteronuclear dipolar interaction is scaled in the simulations by
a factor sin@,) = 0.817. To follow the experiment, the
simulations were performed for the = —1 HH matching
condition. The simulations for the CH moiety were done for a
two-spin cluster that consisted of%C spin coupled to a directly
bonded proton and for a six-spin cluster of& spin coupled
to a total of five protons, taking into account the coordinates of
the five nearest protons according to the neutron diffraction

'H homonuclear dipolar interactions can be removed success-structure?® Likewise, for the CH group the simulations were

fully from the spin Hamiltonian by application of the LG-CP.
This will prevent'H homonuclear spin diffusion during CP,
while IH—13C polarization exchange can proceed mediated by
the heteronuclear dipolar interactions.

Figure 4 shows a 2-D experiment recorded with the pulse
sequence in Figure 2A from [EEC] L-tyrosineHCI with an
1H frequency of 600 MHz using/27t = 12 kHz. The LG-CP
was adjusted for then = —1 HH matching condition. An
experiment using then = +1 matching condition yielded
virtually identical results (data not shown). The= 0 condition
should not be chosen, since this results in a reduction of the
effective heteronuclear dipolar interactions, which will lead to
a much less efficient polarization transfér.

The data in Figure 4 were processed with a Fourier transform
in the 13C dimension only. In this series dfC spectra the
isotropic carbon chemical shifts are correlated with the variation
of the signal intensity during the LG-CP mixing time. In this
way the LG-CP build-up curves are separated according to their
carbon shifts. Figure 5 shows the F1 slices correlated with the
2-13C response at 56.3 ppm (Figure 5A) and with th&’G-
signal at 36.6 ppm (Figure 5B). The CP signal builds up in
time in an oscillatory mannéf. Since theH homonuclear
dipolar interactions and the chemical shift evolution of both
spin types are suppressed during the LG-CP, the oscillations
reflect evolution of thé3C magnetization and coherent transfer
of IH polarizationt®14

(26) Schmidt-Rohr, K.; Clauss J.; Spiess, H. Macromolecule€992
25, 3273.

(27) van Rossum, B.-J.; Boender, G. J.; de Groot, H. JJMMagn.
Reson. AL996 120, 274.

(28) Frey, M. N.; Koetzle, T. F.; Lehmann, M. S.; Hamilton, W. L.
Chem. Phys1973 58, 2547.

(29) Marks, D.; Vega, SJ. Magn. Reson. A996 118 157.

(30) Miller, L.; Kumar, A.; Baumann, T.; Ernst, R. Rhys. Re. 1974
32, 1402.

performed for &3C spin with its two covalently bonded protons,
and for a spin cluster containing three additional remote protons.
Powder spectra were constructed by adding the spectral intensi-
ties of a total of 1154 different crystal orientations.

Simulations of the LG-CP carbon spectra for the 2-CH and
3-CH, moieties are shown in Figar5 E and F, respectively.
The LG-CP carbon spectra for the spin systems comprising five
protons are indicated with dotted lines. Since all relaxation
processes were ignored in the simulations, the simulated spectra
have been artificially broadened in order to allow for a straight
comparison with the experimental data. From the envelope of
the experimental magnetization build-up curve of th€Q-in
Figure 5A, a pseudo transverse relaxation tifae~ 0.4 ms
was estimated. From this, a Lorentzian line widithz 800 Hz
was derived according tb = (7 T2)~1, which was used in an
Lorentzian apodization of the simulated build-up curves in the
time domain.

The overall similarity between experimental and simulated
responses is encouraging and many essential features of the LG-
CP carbon spectra in Figa's C and D can be recognized in
the MAS Floguet simulations of the heteronuclear spin clusters
spinning with 12 kHz (Figue 5 E and F). For the CH moiety,
the characteristic powder pattern envelope in Figure 1 transpires
(Figure 5E). Additional intensity is present in the form of narrow
lines at integral multiples of the MAS rate. The simulations
confirm that the main broad contribution to the spectrum arises
from the dipolar interactions with the directly bonded proton,
while a weaker and narrower response in the center around 0
Hz is associated with dipolar transfer from the remote protons.
It was observed during the course of the simulations that the
dipolar couplings to remote protons do have a minor effect on
the shape of the response from the strongly coupled CH spin-
pair. Adding an increasing number of distant protons in the
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Figure 4. 2-D LG-CP build-up curves recorded from 3] tyrosineHCI in a magnetic field of 14.1 T. A spinning speed2z = 12 kHz was
applied. The LG-CP was adjusted for the= —1 HH matching condition.

simulation leads to a gradual broadening of the LG-CP responsewhich can be assessed most accurately by taking the second
and to a shift of the maxima to higher frequencies. The LG-CP derivative of the data. This is illustrated in Figure 6C, from
dipolar frequencied\w/2x for the spin-clusters with one and  which the splittingsAw/2r = 2100 £+ 25 Hz andAw/2r =
five protons in Figure 5E are 12 780 Hz and 12 920 Hz, 1150+ 100 Hz are obtained. A relatively large uncertainty in
respectively. These values compare well with the splitdgg Aw/27 of ~100 Hz is estimated for the lower frequency
= wq CO0SPm) predicted from the theory. This value equals to component, since the value depends on the baseline correction
do = 13 100 Hz, for the same distancey = 1.1 A that was during the data processing.
used in the simulations. According to the neutron diffraction data, there are four
The major contribution to the doublet structure in the protons in the vicinity of the '4C .28 The shortest intramolecular
simulation of the LG-CP response for the £¢toup in Figure distances are to thé-©H phenolic proton (1.982 A), and the
5F can be attributed to polarization exchange within thee CH two aromatic protons'aH (2.150 A) and 5H (2.148 A). In
moiety. Just as for the CH, the remote protons contribute mainly addition, the oxygen of the'4hydroxyl group forms an
to the central part of the spectrum, and they have a small intermolecular hydrogen bond to the 1-OOH of a neighboring
broadening effect on the GHshape. For a simulation of an  molecule in the crystal, with the hydrogen bonding proton
isolated CH pair, the LG-CP dipolar frequencw/2r = located at a distance of 2.521 A from the@ (Figure 7).
13 240 Hz is defined as the separation between the maxima. Interestingly, we have observed that thé3€ predominantly
For a simulation of a spin system containing five protons this receives its LG-CP polarization through intramolecular transfer
increases ta\w/2r = 13 310 Hz. In the simulations the interior ~ from the 4-O'H proton and intermolecular transfer from the
doublet is more intense than the exterior part. This is in good 1-OC'H proton, while the 3'H and 3-'H predominantly
qualitative agreement with the experimental data. Other featuresexchange polarization with’-3%C and %-13C and appear to
are also qualitatively reproduced, for example, the intensity contribute little to the initial 43C signal build-up. Figure 8
around=+16 kHz, which was not observed for the CH moiety, shows a contour plot of a heteronuclear dipolar correlation
and high-frequency shoulders &t7300 Hz. The agreement spectrum recorded with the pulse scheme in Figure 2C from
between the experimental and simulated splittings/2 in [U-13C] L-tyrosineHCI. The spectrum was obtained with FSLG
Figure 5 will be discussed in the next section. IH homonuclear dipolar decoupling during the proton evolu-
Figure 6 shows the polarization build-up for thelaC and tion,2223 at a MAS ratew,/2r = 15 kHz and using a high
its Fourier transform. The'43C is a quaternary carbon and magnetic field strength of 17.6 T corresponding with 1&h
therefore only weakly dipolar coupled to protons (Figure 6A). NMR frequency of 750 MHz. Selective magnetization transfer
In the Fourier transform of the slow oscillations in the time was achieved by applying a LG-CP contact time of 1.5ns.
domain signal in Figure 6B, three frequency components appear,By using the procedure described in the Materials and Methods,
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Figure 5. LG-CP build-up curves and the Fourier transforms for the
2-CH (A,C) and 3-CH (B,D) moiety, extracted from the 2-D experi-
ment in Figure 4. MAS Floquet simulations of the LG-CP carbon
spectra for spin systems consisting of*& spin with its covalently
bonded protons only (solid lines) or&C spin with its five nearest
protons (dotted lines) are shown for 2-CH (E) and 3.@F), apodized
with a 800 Hz exponential broadening.
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Figure 6. LG-CP build-up curve (A), the Fourier transform (B), and
the second derivative of the Fourier transform (C) for thé3g,
extracted from the 2-D experiment in Figure 4. MAS Floquet simulation
of the LG-CP carbon spectrum for a spin system consisting of 'the 4
13C, the 4-OH and the 1-O¢H (D).
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Figure 7. Arrangement of crystalline-tyrosineHCI according to the
neutron diffraction structur®. The dashed line indicates the intermo-
lecular hydrogen bonding network of 1-OOH t6@H.
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Figure 8. Contour plot of a 2-D FSLG decoupled heteronuclésir<

13C) dipolar correlation spectrum from [€]-L-tyrosineHCI. The data
were recorded in a magnetic field of 17.6 T using a spinning speed
wd2r = 15 kHz. A LG-CP time of 1.5 ms was applied.

improvement of the resolution may be reached by fine-tuning
of the LG offset frequencies. However, we felt no need for
additional parameter optimization, for the reason that the lines
are already fully resolved in the proton dimension in this dataset.

As can be observed from the 2-D spectrum, thé3@
response has a strong heteronuclear correlation with' {4
proton and a weaker correlation with the 1-&Dproton,
indicated with a small arrow in the plot in Figure 8. The
correlation with the 1-O@H provides unambiguous evidence
for intermolecular magnetization transfer, from the hydrogen-
bonded proton (Figure 7). In contrast, the dipolar correlations
with the nearby aromatic 3H and 3-1H protons are very weak,
beyond the limit set by the contours in Figure 8.

Since predominantly the'4D'H and the 1-O@H appear to
contribute to the initial polarization build-up of th&-%C signal,
we performed a MAS Floquet simulation for a spin system that
consisted of the '413C, the 4-O'H, and the 1-OCH (Figure
6D). The simulated LG-CP carbon spectrum was broadened by
means of a Lorentzian apodization of 800 Hz, the same value
that was used in the calculations of the CH and,@$ponses
in Figure 5. The higher frequency part of the experimental
spectrum in Figure 6B is closely reproduced in the simulated
response in Figure 6D, which corroborates our findings that

a scaling factor of 0.50 was found for the FSLG decoupled mainly two protons appear to be involved in the polarization
heteronuclear correlation experiment. This is somewhat lower transfer to the 4'3C. The shape of the higher frequency part

than the theoretical factor ca®() = 1//3 = 0.57712 and

of the LG-CP carbon spectrum is similar to the one in Figure
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Figure 9. LG-CP build-up curves associated with tHe-¥C, extracted 1.0 12 14 16 18 20 22 24 26
from a 3-D experiment recorded in a field of 14.1 T with the pulse Fon (A)

program in Figure 2B. A MAS speed,/2r = 12 kHz was applied. ) ) ) . . .
The LG-CP was adjusted for the= —1 HH condition. The slices Figure 10. Simulated curves to investigate the relationship between

allow for a separate study of the magnetization exchange between theth€ SPIitting Aw/2z and the CH distancecy. The simulations were
4-13C and 40, 1-OO0H, 5-'H and 3-H. The slices are added (thick performed for an isolated CH spin-pair without apodizatiarn énd

solid line) and compared with the build-up of the'®C signal intensity ~ With @ 600 Hz exponential apodization). The solid line represents
extracted from the 2-D experiment in Figure 4 (thin solid line). a linear computer fit.

6B. On the other hand, there are also differences, like the Discussion

presence of a narrow component centered around 0 Hz in the The LG-CP carbon spectrum of a CH moiety (Figure 5C) is
experimental response, which is absent in Figure 6D. In addition, symmetric aroune» = 0 and yields two well resolved maxima.
the experimental response has wings extending to higherThe splitting Aw/27 between the maxima provides a direct

frequencies. This may reflect the interactions of th&3€ with measure for the dipolar coupling strength and can be used to
the relatively close '3'"H and 3-H, which may also take part  resolve internucleafH—13C distances. To translate thev/27

in, for instance, relayed transfer processes of the forhi3—~ into a heteronuclear distanaen, a set of simulations was
3-18C — 3-1H — 4'-15C. performed for an isolated CH spin-pair, and a calibration line

To disentangle the contributions from the various protons Was produced, in a way similar to that discussed for a
involved in each heteronuclear dipolar transfer process, a 3-Dhomonuclear spin-pair on rotational resonance by Verdegem et
spectrum was recorded with the pulse program of Figure 2B at al*" In this set,rciy was varied in steps by shifting the proton
600 MHz 'H frequency, usingy,/2r = 12 kHz. The combina- away from the carbon along the direction of the internuclear
tion of 2-D heteronucleafti—13C) FSLG decoupled correlation ~ Vector connecting the spin-pair. Figure 10 shows a plotef/(
spectroscopy with variable LG-CP times in a third dimension 27)"versusicy for the spin system Xw/27)"3 varies linearly
allows for a separation of the polarization transfer events in the With rcx (Figure 10, ‘O”), which can be used to extract CH
carbon and proton chemical shift dimensions. From the build- distances from the data with good accuracy. The dipolar
up of the intensities of the heteronuclear correlations with coupling strength diverges fogn approaching zero and a linear
increasing LG-CP contact time, individual carbgproton least-squares fit yieldsen = a(Aw/27) 13, with a = 25.86+
couplings can be characterized. Figure 9 shows several slice®-01 AHZ® (Figure 10, solid line). When an exponential
that are extracted from the 3-D experiment. Thel3C apodization is applied to the data in the time domain (Figure
magnetization build-up is associated with heteronuclear dipolar 10, “A”), Aw/27 decreases slightly. For instance, a 600 Hz
interactions of 413C with 4-OH, 1-OCH, 5-H or 3-1H exponential apodization yields a shift of about 50 Hz, while an
(Figure 9, dashed lines). The¥C has the strongest interaction ~ apodization of 1000 Hz produces a shift of approximately 85
with the 4-O'H proton, which gives rise to a frequency Hz. Inthese cases for largen small deviations from linearity
componenAw/2 = 2100 Hz. The initial polarization transfer ~ ¢an be observed.
from the 1-OOH proton is faster than the transfer from the Correlations between quaternary carbons and protons that are
nearer 5H and 3-'H and is weakly oscillating with a period ~ hot directly bonded to a carbon are remarkably easy to detect
of about 2.0 ms, which can account for the observed wiaak in the uniformly 3C enriched system. Apparently, for &H
27 = 1150 Hz component in Figure 6B. The thick solid line in  directly bonded to a'3C, the magnetization is transferred
Figure 9 is obtained by adding the separate slices and is verycoherently to its adjacent carbon in a short time~&0-100
similar to the signal build-up of the'43C extracted from the s (cf. Figue 5 A and B). After this initial rapid transfer period,
2-D experiment (Figure 9, thin solid line). This means that the the 'H that are not directly bonded to&C, for instance ¢H

4'-13C accepts its polarization predominantly from thelt3, or N'Hs", can transfer magnetization over relatively long
4-O'H, 5-1H and 1-OCQH. The Fourier transforms of the distances. For quaternary carbons, CP will be predominantly
polarization transfer from'8tH and 3-1H to 4-1%C yield LG- from protons that are not strongly coupled té% spin, like

CP carbon spectra that are centered around 0 Hz, hence thdlydrogen bonded protons. This offers an attractive route for
narrow response in the center in Figure 6B can be assigned tocollecting heteronuclear intermolecular distance constraints in

couplings with the 31H. anq 8-'H and probably involves (31) Verdegem, P. J. E.; Helmle, M.; Lugtenburg, J.; de Groot, H. J. M.
relayed transfer of polarization. J. Am. Chem. S0d.997, 119 169.




3472 J. Am. Chem. Soc., Vol. 122, No. 14, 2000 vanRossum et al.

a multispin cluster. In favorable cases such polarization transfer NMR is good and that the procedure can be applied to extract
can already be detected without any multipulse decoupling rcy from the time-oscillating CP build-up curves. This should
scheme, as was demonstrated previously for the 1-COOH andbe particularly useful to characterize hydrogen bonded protons
4'-COH with the CP/WISE techniqué. in a wide range of solids, including biological preparations.

The two high-frequency components observed for the@
build-up provide information about the heteronuclear dipolar
couplings of the 413C with the 4-O'H and 1-OCGH protons. In this work it is shown that the time-oscillatory polarization
The relationship betweefAw/27 andrcy according to Figure  transfer during LG-CP can be analyzed to determine hetero-
10 can be exploited to estimate the CH distance from the nuclear distances with good accuracy. Fourier transforms of the
experimentally observed maxima in the LG-CP carbon spectrum. LG-CP build-up curves provide effective carbon spectra that
We have noted above that the effect of remote protons on theresemble heteronuclear dipolar powder spectra for nonspinning
LG-CP response of a strongly coupled CH spin pair is a samples. The LG-CP carbon spectra can be closely reproduced
broadening and a slight increase/d/2z. Since the relation-  with MAS Floquet simulations. A set of simulations was
ship betweem\w/2 andrcy was obtained for an isolated spin-  performed with differentcy, to provide an empirical relation
pair, the frequency shift due to coupling to remote protons in between the dipolar coupling strengtkw/27 and the CH-
the experiment will introduce an uncertainty in the estimated distance. We have demonstrated that this relation can be utilized
CH distances. For a strongly coupled spin-pair, this uncertainty to determinercy from experimentally observed coupling
will be small. For instance, for the CH moiety in Figure 5E, strengths.
the differences imMw/2x for the spin-clusters containing one The pulse sequences are remarkably sturdy. An accurate
and five protons translate in deviationsrig that are less than ~ measurement of distances is possible in a straightforward manner
1%. On the other hand, the effect of remote protons may be and we did not observe a pronounced sensitivity to RF mismatch
larger on weakly coupled CH pairs. Artificial broadening of or other experimental settings. The measurement of hetero-
the simulated response will not help, since this will shift the nuclear distances sets the stage for yet another roate n@o
maxima to lower frequencies, that is, in the opposite direction. structure determination using uniformly enriched compounds
Hence the best results will be obtained if we work with the or multispin clusters in ordered systems without long-range
straight line in Figure 10. A second uncertainty may be translation symmetry, for instance biological systems such as
introduced by the scaling of the dipolar coupling in the membrane proteins. In addition, a 3-D version of the technique
experiment. The coupling strengtkw/27 obtained from the  enables an analysis of the polarization exchange within indi-
experimental data is slightly lower than thew/27 in the vidual CH spin-pairs, offering exciting prospects to study the
simulations. A possible origin for this discrepancy may be an coherent cross-polarization dynamics and hydrogen bonding
experimental scaling factor that is lower than the theoretical environments in detail on a microscopic scale.
factor sinf,). Comparing the experimental and simulated/

27 for the 2-CH moiety in Figug 5 C and E, respectively, a
correction factor of~1.07 can be estimated for the scaling
factor. The effect of this factor is small and it may result in a
2% deviation in the distance.

Taking the uncertainties incy into account in the experi-
mental error, the 2106 25 Hz frequency component yields
rew = 2.02+ 0.04 A, while the 115G+ 100 Hz component
gives a CH distance of 2.4% 0.07 A. These distances compare
very well with thercy = 1.982 A andrcy = 2.521 A obtained
from the neutron diffraction structure (Figure 2#)It demon-
strates that the accuracy in the distancgsobtained with the JA992714]

Conclusions
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