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The proton—carbon polarization exchange in Lee—Goldburg cross-polarization magic angle
spinning (LG-CP MAS) nuclear magnetic resonance experiments on uniforhi-labeled
compounds at high spinning frequency is studied. It is shown that the multiple carbon labels in the
samples greatly influence the spin dynamics during the LG-CP mixing times. The zeroth order
effective LG-CP MAS spin Hamiltonian is a sum of zero quantum dipolar interaction terms. These
pairwise dipolar terms generally do not commute with each other, making it impossible to factorize
the evolution operator. Consequently, the frequencies of the dipolar oscillations as well as the
polarization transfer amplitudes become strongly dependent on the configuration of the spins
involved in the multiple heteronuclear couplings. The strong carbon—proton couplings usually
attenuate polarization transfers between weakly coupled spins. In practice, this implies that except
for strongly coupled or isolated heteronuclé3€—H spin pairs, it is difficult to unambiguously
extract structural constraints from experimental data. To better understand the complexity of the
LG-CP processes, experiments on simple three- and four-spin systems are simulated and analyzed.
More specifically, it is shown that iFCH-*CH and'*CH,—*3C spin systems, a significant amount

of the proton polarization can be transferred to both carbons, despite the fact that the individual
proton—carbon heteronuclear couplings between each proton and the carbon spins are very different.
The dependence of the polarization transfer on the position of the proton carrier frequency is
analyzed and it is shown that by an appropriate choice of this frequency, specific polarization
transfer pathways can be selected. Experimental results [ftbat®C] tyrosine.HCI and U-°C,

15N] histidine.HCI.H,O samples are in satisfactory agreement with simulations2083 American
Institute of Physics.[DOI: 10.1063/1.1517299

I. INTRODUCTION protons’ Signal enhancements were evaluatday follow-
ing the spin dynamics in these multispin systems under mod-

Cross polarizatioh(CP) is one of the main components erate and fast sample spinning, and the results agreed well
of almost all solid state NMR experiments. The combinationwith experimentally observed signafst?
of the CP methodology with magic angle spinfifgMAS) This approach proved to be particularly valuable for in-
and high power heteronuclear decouplfrig, particular, two  terpreting the Lee—Goldburg decoupled version of the cross-
pulse phase modulatioffPPM) decoupling; makes it pos- polarization experiment(LG-CP). In this experiment,
sible to obtain high resolutioF’C and'*N spectra. proton—proton interactions are largely suppressed by apply-

Historically, the cross polarization exchange process ifng an off-resonance RF field that results in an effective field
static solids has been described from a thermodynamic poitfointing along an axis tilted by the magic angle with respect
of view.” This description was extended to high spinningto the direction of the external field.At the same time, the
CPMAS experiments by MeiérRecently, a different ap- heteronuclear carbon—proton dipolar interaction is reintro-
proach for analyzing the cross polarization process has beejyiced via a Hartmann—Hahn condition imposed on the ef-
investigated, based on the coherent time evolution of a spifective RF fields experienced by the nuci&iin particular,
system consisting of a single carbon spin coupled to manyan Rossunet al** applied LG-CP to measure C—H interac-
tions in a uniformly**C-labeled tyrosine sample by analyz-
dpresent address: Francis Bitter Magnet Laboratory, Massachusetts Institil@d CH buildup curves. An easy interpretation of such data is
of Technology, NW 14-4115, Cambridge, Massachusetts 02139. only possible for strongly coupled or spatially isolated CH

PPresent address: Forschungsinstituter Molekulare Pharmakologie ; ; ; ;
(FMP), Robert-Rosle Str. 20, D-13125 Berlin, Germany. spin pairs. In other cases the spin dynamics are more com

9Author to whom correspondence should be addressed. Electronic maiF.’IICated and should be analyzed by considering larger spin
shimon.vega@weizmann.ac.il clusters.
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The LG-CP spin dynamics in naturally abundant alanine a
is described in Ref. 12, where it is shown that for the suc-
cessful interpretation of the experimental carbon signal en-
hancements, it was indeed necessary to consider multiple

'H | ecp TPPM

carbon—proton interactions. However, a relatively small
- : Ke lLG-CPh
number of protons was sufficient to describe the carbon— Ao~
T—V

proton spin dynamics. By and large six protons coupled to
one carbon are enough to adequately characterize the polar-
ization of carbons at natural abundance.

The situation becomes much more complicated in uni- b
formly *C-labeled systems, where the spin system becomes z 8.%-0,
a continuous network of dipolar-coupled heteronuclear-spins. %
Strongly coupled®C—H spin pairs can be in proximity to 'H [ PMLG ]| LG-CP TPPM
each other, and the time-dependent growth of each carbon ’ %%

®,

5
13
C | LG-CP |\ ~

tl_-» T—»V vt ——

signal can be influenced by proton—carbon interactions with
adjacent spin pairs. Effects of this type were first observed
experimentally by van Rossuret al’* and are analyzed
theoretically here. FIG. 1. Pulse sequences for 2D LG-CGi#f and 3D LG-CP(b) experiments.
Note that some of the effects observed in these experithe phases of the 3D LG-CP experiment warg=X, ¢>=Y, @¢3=-Y,
ments, as well as in Ref. 12, are a manifestation of dipolaf+=X*. andes=x. The phases of the pre-LG-CP pulsg) and the LG-CP
truncation previously observed in homonuclear recoupling[)roton locking pulse ¢,) were incremented according to the TPPI scheme.
experiments®*° This truncation causes a reduction of the
polarization transfer efficiency between weakly coupled
homonuclear spin pairs, when at least one of the interactin

spins is strongly coupled to a third spin. These and simila Idbura(PMLG) field and th llowed t ive duri
effects were observed and analyzed by Costajowhy oldburg( ) field and then allowed to evolve during a

time t, according to their scaled chemical shift values. Dur-
16 H 17 18 : 1
2: ::"19 Brinkmannet al,™* Glaseret al,™ and Hodgkinson ing this evolution the homonuclear proton—proton dipolar

couplings are suppressed by either PM{R&efs. 20—22ir-
radiation with 9 pulses per half a cycl®MLG-9) or fre-
uency switched Lee—Goldbu(gSLG) irradiation?*?* Fol-
wing the evolution in the t;-domain, the proton
agnetizations are brought first to tkg-plane and then one

2

tizations are first flipped down by a 90° pulse to a direction
erpendicular to the effective phase modulated Lee—

Herein, we will focus on the multispin dynamics occur-
ring during LG-CP experiments.At sufficiently high spin-
ning frequencies the proton—carbon polarization transfer ca
be adequately described by an effective time-independe%

zero-'quantum(ZQ) 'heteronuclear dlpolgr Hamﬂtoméﬁ. of their components is locked in the direction of the effective
Fourier transformation of the carbon buildup results in CP g proton field. During the LG-CP periodthe LG RF field
line-shapes with spectral singulariti_es that_are c_haracteris_tif:narkedly suppresses the homonuclear dipolar couplings and
for the strongest carbon—proton interactions in the SPhe growth of the carbon polarization is solely governed by

1
system. . . . . _the heteronuclear proton—carbon dipolar interaction.

We will show that the behavior of the carbon signals is a The spectra were acquired on a DSX-300 and a DRX-
manifestation of the coherent nature of the polarization transs 5 gruker spectrometer equipped with 4 mm double reso-
fer processes during the LG-CP process. Although all experihance Bruker probes. The experiments at 300.13 MHz proton
mental data are analyzed using simulations, the main featurqi%ld were performed on a sample dU-13C, I5N]

of the ;pin dynamics are retgined in s'mgll thr.ee-spin an(fgistidine.HCI.I-lzo, and the PMLG-9 sequence was used for
four-spin systems. Our analytical description will thereforethe homonuclear decoupling. The experiments at 600.13

mainly concentrate on analyzing small spin systems that CafY 1z were performed on a sample [df—%C] tyrosine.HCl

be solved either precisely or with some reasonable appProX{yith ESLG as the decoupling scheme. The spinning frequen-
mations. The details of the theoretical calculations are pre-

. M ~cies used during the experiments were 10 kHz on the DSX-
sented n the EPA.PS mgterf‘&lwhereas the results are dis- 300 spectrometer and 12 kHz on the DRX-600 spectrometer.
cussed in the main text in the context of the experiments.

For achieving betteB, homogeneity, the samples were con-
fined to the middle part of the rotor by spacers.
The experimental parameters for the measurements on
The pulse sequences used for our 2D and 3D experithe DSX-300 spectrometer are as follows. The proton power
ments are shown in Fig. 1. Figurdal represents the pulse for the PMLG-9 homonuclear decoupling was 81 kHz and
sequence of the basic LG-CP experiment. Here, the firghe pulses had a length of 1. The phases of these pulses
“magic” pulse aligns the proton magnetizations in the direc-are given elsewher®. The proton and carbon RF powers
tion of the LG effective field. These magnetizations are therused for the LG-CP experiments were 78.77 kHz and 85.9
locked along that direction, while a RF field is applied to thekHz, respectively. The experimental parameters for the mea-
carbons satisfying the first Hartmann—Hahn condition. Asurements on the DRX-600 spectrometer were reported
schematic representation of the 3D LG-CP MAS experimenpreviously™
is shown in Fig. 1b). In this experiment the proton magne- The phases of thépre-LG-CB 90°—#6,, pulse and the

Il. EXPERIMENTAL AND SIMULATIONS
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LGCP proton-locking pulse were varied according to theteractions. However, this does not have an appreciable effect
standard time proportional phase incrementati@PPl) on the LG-CP buildup curves at high spinning frequencies,
schemé® C LG-CP buildup curves were deduced from as was shown earliéf. It is therefore reasonable to ignore
Fourier transformed 2D experimental spectra by evaluatiothe proton—proton interactions in E@.). It is impossible to
of the volume integrals of individudiH—°C cross peaks.  satisfy the Hartmann—Hahn condition for all protons at the
The numerical simulations were performed using thesame time, since the effective fields experienced by protons
sIMPSON (Ref. 26 and SPINEVOLUTION (Ref. 27 software  with different chemical shifts are dissimilar. As will be dis-
packages. For the analysis of the experimental data theussed later, these mismatched conditions will have a signifi-
atomic coordinates of histidine.HCI.2B and tyrosine. HCI  cant effect on the signal enhancement of carbons in weakly
were downloaded from the Cambridge Database, and theoupled heteronuclear spin pairs. To describe these effects,
chemical shift values were taken from the 1D proton andwe introduce an average offset vallie = w4, tan * 6,, that

carbon spectra. is determined byw,, according to the exact LG condition,
and a set of off-resonance deviatiof®;=Aw;—Aw. The
lll. THEORY average effective proton field.g points in the direction of

A. The zero order spin Hamiltonian the magic angle in thfe\.w-rotatlng frame and satisfies the
Hartmann—Hahn condition,
In our discussion we will use the operatdgsand S,

with p=x,y,z, denoting proton and carbon spin operator Voi,+ Aw?= o= 15+ Nog. 3

compongnts, res'pectively.. The rotating framg LG'CP IVIAS’Thus, the deviation from the exact matching condition for
Hamiltonian, which describes the cross-polarization procesg, ., proton is solely determined by #®; value. Assuming
i .

in an 1, Sy, system ofk protons|=1/2 andm carbonsS ¢ the 5w, off-resonance deviations are much smaller than
=1/2, can be written as the average\w offset value, the protons with specifitw;
values will be mismatched from the HH condition by an
H(t) = — oyt 2 Awili,— 0155+ 2, bij()1,S;,. amount~ cosf,dw; .
' " (1) In the doubly tilted frame of the off-resonance val\ie,
) ) o ] where the average effective fields are pointing in the
The first two terms represent the RF irradiation field andz-direction, the Hamiltonian has the form
the off-resonance values of the protons, respectively, and the
third term is the RF field on the carbons at resonance. Th :
last term describes the heteronuclear proton—carbon interai':'O(t):iZ;‘ ~ et 2i~ 0155~ 6wi(SIN Ol ix = COS Ol i7)
tions with coefficients that are time-dependent due to sample
spinning. Assuming that the homonuclear carbon—carbon in- +8in 0 (1)1 Sjx — COS b (1) 1S - (4)
teraction terms are small compared with the carbon RF fielery gerive a zero-order average Hamiltonian from &g, we

and are averaged by the sample spinning, and that the carb@ps (ransformH (t) to the interaction frame, defined by the
offset terms are also much smaller than this RF term, thesgansformation operator

two interactions can be omitted from the Hamiltonian. The _
bi;(t) coefficients are proportional to the heteronuclear dipo- U (1) =exp{—i(wes |+ 0155t} )
lar coupling parameterso{"=(uo/4m)(ycyuhir;)) and

In this interaction representation all dipolar terms oscillate
can be expressed s

with frequenciesnwr* wis OF NWR™E (W Fw1g), the iy
-2 N off-resonance terms oscillate withy¢, and thel;, terms stay
bij(h=2w{" > G explinwgt} (2)  time-independent. At one of the Hartmann—Hahn conditions,
N n=-2 weif | —w1s=Nwgr, some of these terms become time-
with Gﬂ") geometric coefficients depending on polar anglesndependent and take the form
¢;; of the distance vectar;;, connecting the positions of the
interacting spins in the rotor frame, and on the magic angle H:Z Hi; +E Sw; COSOyl iy,
0n=54.7°. i [
The wy; and w5 values in Eq(1) must fulfill two con-
ditions: the LG condition, requiring that the proton off- ﬁ_,:—me(i,j)[ﬁsf exp(ing;)
resonance value i w;= w,, tan ! 4,,, assuring suppression N 4 noer '
of the homonuclear proton—proton dipolar couplings, and the -t .
Hartmann—Hahn condition, requiring that the effective field i S exp=ing)]. ©
weﬁi=\/w21|+Aw2i on the protons is different from the RF The spin dynamics of thé,S,, system will primarily
field on the carbons by an integer numipetimes the spin- be governed by this average Hamiltonian as long as the
ning frequencywes;— w;s=Nwg, with n=—2,—1,1,2. This  spinning frequency is sufficiently highpr> (|G|
enables an efficient polarization transfer between proton ani)siné,,, and Sw;<Aw. Thus during the LG-CP mixing
carbon spins. However, these conditions cannot be fulfilledime 7 of the 3D LG-CP experiment, the Hamiltonian of Eq.
simultaneously for all protons due to their chemical shift(6) can be used to estimate the flow of polarization between
dispersion. A slight deviation from the LG condition reintro- the spins. For each value a 2D*C—'H chemical shift
duces some small effective homonuclear proton—proton ineorrelation spectrum can be generated with cross peaks at

0§ sing
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(o}, ®), wherew! and »; are the chemical shifts of the  assume that the dipolar coefficients; are real. At one
andS-spins, respectively. These 2D spectra allow us to sepasf the Hartmann—Hahn conditions this Hamiltonian for
rate the contributions of different protons to the initial den-{*CMHM_13C2)} can be written as

sity matrix at=0. The buildup of the cross peak{, o), B . B .
governed by the effective Hamiltonid in Eq. (6), corre- H=Hyt+Hip=dyy(17S +178)) +di(17S, +17S5), (9)
sponds to the polarization transfer from the protoio the
carbon j. For each r value the integrated intensities
S;(w,w};7) of the cross peaks at positions|(, }) in the
2D spectra are equalfo

whered,; andd,, denote the effective heteronuclear dipolar
couplings between the proton and carbon-1 and carbon-2,
respectively. To conveniently represent this Hamiltonian, we
rewrite it in terms of the fictitious spin-1/2 operatots’ de-
fined in the basis set of eight product states,

(7) |1>:|aHa1(12> |2>:|aH,316Y2> |3>:|5Ha16¥2>

where the integral is over all possible crystal orientations. |4)=|anaiBz)  |5)=[BuaiB2) [6)=|anB1B2)
These intensities form the individual proton—carbon LG-CP _ _

buildup curves. The sum of these curves along the proton 7)=1Bupraz) 18)=|Bubfa). (19
chemical shift dimension, i.e., the sum of all buildup curvesand Eq.(9) becomes

originating from different protons and contributing to the _

same carbon, corresponds to tBesignals measured in 1D H=2dy,(122+ 139+ 2d (1 14+ 15). (11
LG-CP MAS experimentst(=0) as

SHE ,sz;r)=y,J dQ tr{exp{—iH 7}l;, exp(iH 7}S;,},

The exact diagonalization of this Hamiltonian and the calcu-
lation of the carbon signals are carried out in the EPAPS
material®® It is, however, more instructive to transform the
. o _ — _ _ Hamiltonian into a frame in which one of the two-spin terms

‘The spin pair interaction ternts;; of the dipolar Hamil-  pecomes diagonal. When the proton is closer to carbon-1
tonian in Eq.(6) with one common spin index do not com- than to carbon-2, we can expect that in most of the crystal-
mute W|th one another. As a result, the propaggtor governingyes 4. ~d,,. It is then convenient to diagonalize,; first
the polarization transfer between theand S; spins cannot — .

i — o ) and treatH, as a perturbation.
be factorized and the ful Hamiltonian must be diagonal- The diagonalization off.. is readily accomplished
ized to calculate E(.7). In natural abundance samples these 1ag : 1L y P
l?y applying a rotation defined by an operatd

proton—carbon polarization cross-peak intensities of powder- o 23 5 . N
samples can be evaluated by considering only a small numfez(ri{he' Z‘Zfr(r:y +|Y6)}' In this new frame the Hamiltonian

ber of%he nearest neighboring protons of each carbon. I8

fully ¥C-enriched compounds, the situation is more compli- 7 _ 23, |56 34, (67 24, (57

cated, and a comprehensive description of the multispin dy- H=2d(127 129+ V2du 1 LD, (12

namics may require calculations involving large spin clus-where the state?),|3) and|5),|6) become the linear com-

ters. It turns out, however, that in this case the main featureinations of the product spin statesv2{|2)+|3)} and

of the LG-CP polarization transfer process can still be ex1n2{|5)+|6)}, respectively. Thed,; part of the Hamil-

plained considering small spin systems and can be evaluatednian becomes diagonal, whereas all elements proportional

analytically or with the use of perturbation theory. to d,, remain off-diagonal. The energy levels of this Hamil-
In the following sections we will discuss some LG-CP tonian are shown schematically in Fig. 2, wBh=E,=E,

experiments on small spin systems. First we will consider the=E;=0 andE,=Es=—E3;=—Eg=d;;. In this new repre-

three-spin systerft3CH-3C}, and then highlight some sig- sentation the operator corresponding to proton polarization,

nificant changes in the spin dynamics, when a proton igsepresenting the initial state of the system, becomes partially

added as in th§"*CH-"*CH} and {**CH,—%C} spin sys- off-diagonal

tems. Finally, the influence of the off-resonance term in the

Hamiltonian in Eq.(6) will be discussed. The forthcoming =151 =183+ 158, (13

calculations are presented in some detail in order to IorOVid%md so does the operator representing polarization of the first
basic insight into the LG-CP spin-dynamics. For simplicity, P P 9p

sj<w,-s;r>=2 Sj(w], ;7). (8)

we have assumed that all interactions in the Hamiltonian incarbon

Eq. (6) are real. The actual experimental results will, how-  gf =18, 1472356 (14)
ever, be analyzed by numerical simulations, taking into ac-

count all experimental parameters. The contributiond 2%, 13° do not commute with the diagonal

part of the Hamiltonian and will lead to the oscillation terms
B. The three-spin system {13CH—13C} detgrmined by thel,; d_ipolgr coupling aloqe. '_I'his is sche-
) s matically represented in Fig(&. The polarization operator
~ Let us consider &% atom next to &°CH group and  of the second carbon commutes with the transformation op-
ignore the proton off-resonance term in the three-spin avergratorD, and therefore remains the same
age HamiltonarH in Eqg. (6). The influence of this term will T
be discussed at a later stage. For simplicity we will also Sz =I; +177+1;7— 17" (15
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b .
a |, ) ) ) with
W Y 1A Al 4 — d
1 Sz 2 d(Q)= \/d'fl+ dfz and tanp(Q)= 2 (18
14 Pl o up 9/ - I 8 <\ dyq
s, i | s d | T 1 sil s - The signals are normalized with respect {8 ‘Sthe intensi-
: : Sz 22 ties of the carbon signals after a singtlé2 excitation pulse.
v iy y ¥ H 4 Both signals oscillate with the same frequency. The impor-
2 18) 1) 18 tant feature of Eq(17) is that not only the signal frequencies

FIG. 2. An energy level diagram demonstrating the perturbation theor)ﬂepend_on the dipolar COUpling§ but their amplitudes as well.
treatment of the three-spin systeffCHM-13C(2 with a Hamiltonian ~ The ratio between these amplitudBs=(1+ cos 2p(€2))/(1
given in Eq.(11). The energy level diagram shown {a) represents the  —cos 2p((2))= d3,/d?, is a function of the relative magni-
Hamiltonian in the eigenbasis set of the strdig™—H" interaction. The  {,4es of the effective dipolar interactions for a given crystal-

solid and dashed arrows show off-diagonal elements of the prigt@md line orientation. When the spin confiquration corresponds to
carbonS;, polarization operators, as explained in the main text, respectively. ' P 9 P

13 3
The direction of the arrows corresponds to the sign of the represented el@ C (carbon-2 weakly coupled to a°CH group(carbon-3,
mentd At this stage, the weaker dipolar interaction is neglected and nowith d{;>d;,, ¢({)) tends to zero and almost all polarization
1c(@ signal is generated. Ib) this weaker dipolar interaction is treated as goes to the first carbon. This leaves the second carbon only

a perturbation. The energy levels shift according to the Hamiltonian in Eq : : :
(16), and the polarization operators acquire corrections of the order o%Neakly p0|anzed’ as predlCted by perturbanon theory. In the

(d12/d19)% In particular, theS), operator acquires coherences shown by the intermediate case whety,~d, the total intensity is shared
double arrows. Signals of both carbons will oscillate with the same fre-almost equally between the two carbons. In a powder sample
quency 2(y;+d7y2d;y) and the amplitudes will be proportional to the ratio between the leveling-off values of the carbon sig-
~(dg/dy;)” The state$l) and|8) are not coupled to any other states and na|s js a function of its structural conformation. It has a
therefore are not shown in the diagram. .
complex dependence on the proton—carbon distances and the
relative orientations of the dipolar vectors. In a collinear con-
formation this ratio is proportional to the sixth power of the
Obviously, it commutes with the dominant diagonal part ofdistance ratio, whereas for other conformations this power is
the Hamiltonian in Eq(12) and no polarization is generated <6.
on the second carbon. The proton polarization oscillates during the mixing time
The off-diagonal terms in Eq12) have a minor influ- according to
ence on the diagonalization of the Hamiltonian w = S
<dy;. Taking intg account only the first nonvanishi%cor- S(7)/Sy=Tr(exp{ ~iH 7}, expliH 7})

rection, the Hamiltonian can be approximated by _ 1(1+c0527((2)r) (19)
=1 )
2
H=2 dyyt di (|§3+ | ge)_ (16) This signal is indepe_ndent of the-angle and oscillates with
2dyy the same frequencyd{(}) as the carbon signals.

This same perturbation creates corrections to all three polar- 1he time dependence of the carbon LG-CP signals in Eq.
ization operators in Eq$13)—(15). The magnitudes of these (17) is a result of the coherent evolution of the spin system.
corrections are proportional to the square of the ratio of thé-urthermore, this result shows that a carbon located close to
dipolar couplingsd?y/d?,. The correctedS), operator has @ Proton reduces the amount of proton polarlzauon'bem'g
off-diagonal elements connecting states 2 and 3, 5 and 7, deansferred to other and more remote carbons. To verify this
well as 4 with 2 and 3, and 7 with 5 and 6, as shown in Fig'conclusion, we performed exact powder simulations for two
2(b). They do not commute with the Hamiltonian in Ed6), modlegl ZSP'” _ systems:(i) a carb(_)n—proton spin - pailr,
and will acquire a time dependence. The operatbends;,  {H="*C®®)} with a carbon—proton distance ef2.1A, and
stay almost intact, with off-diagonal elements between 2 andil) the same carbon—proton pair with the addition of a car-
3, and 5 and 7. Thus only off-diagonal elements between $On close to the protofiH'3CH -1} with a H-C
and 3, and 5 and 7 contribute to the time-dependent part sfeparation of only~1A. The signals of carbof’C®®) are
the observables, resulting in signals oscillating with the sam@lotted in Fig. 3. In the spin pair case the carbon polarization
frequency, 2@,+d2,/2d,y), for both carbons. The ampli- "€aches a value approaching f.bys. The amount of po-
tude of the oscillation in the signal time dependence will belarization transferred to this carbon is much reduced when
proportional to the squared ratio of the dipolar couplings. another strongly coupled carbon is added to the spin _system.
In the EPAPS material, the exact expressions for the twdVe can therefore expect that the HE™ cross peak in a
carbon signals for a crystallite, with an orientation defined by-G-CP 2D HETCOR spectrum will be much stronger than
a set of Euler angle®, are calculated analytically, with the the H-*3C® cross peak.
results;

Y _ C. The four spin system {®*CH-'3CH}
Si(7)/SP=-"—(1+cos 2(Q)){1—cos A(Q)7},

4yg The situation changes when tw&CH groups are
(17)  coupled like in the{B*CHHMD_13C2H@)} system. Here,

Sz(r)/sg2)=l(1—cos 2@0(9)){1—0052?((2)7} two additional heteronuclear protor_l—carbqn ir!teraction
4ys terms must be added to thtg, and d;, interactions in Eq.
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FIG. 3. Simulated powder LG-CP buildup curves*3¢® calculated for a " c" c®
{B3C@_HD} two-spin(solid line) and a{*CIHM_13C@)} three-spin sys- = HY ¢ O H?
tem (dashed ling In the calculations the distance betweéa®) and HY )
was 1 A, betweert®c® and HY it was 2.1 A, and thé3c(V-3c® dis- g) 0.51
tance was 1.5 A. 7]
_,_/__/W
00% 1 2
(11) with coefficientsd,, between ) and **C") and d,, c 1.0- T, ms
between KP) and 3C(?). Because of the complexity of the
spin system the evaluations of the carbon signals must bt ~§;”
calculated numerically. An approximate solution can, how- =
ever, be obtained assuming that the dipolar couplidgs 5
=d,,=D are equal, as well ad,;,=d,;=d, and thatD »
>d. This is elaborated in the EPAPS material. For this spe--
cial case the contributions of thel® proton polarization to oo% ] )
both carbon signals, derived in the EPAPS material, are sim- 1, ms
ply given by the expressions,

FIG. 4. Simulated powder LG-CP buildup curves for the four-spin system
{B3CHHMW _13c@IHN with geometries shown in the figures. In all simu-
y lations only the i) proton is initially polarized. The solid line with squares
H_ o represents the signal corresponding 8’ Cand the solid line alone corre-
Saf T)/S(O - 8ys(l cos D7)(3+cos A7), sponds to €. In (a) the signals of the two carbons in a three-spin system
(20) are _s_hown ﬂz1=d2_z= 0_), and in(b) (c) the effects on th¢ signals due to the
additional proton in &is- (b) and atrans (c) conformation are shown.

H(D_, 13c(1)

HL_, 13c(2).

intensity stays small in contrast to EQ0). The difference
. . between Figs. ) and 4c) can be explained by the fact that

_ In contrast to the three-spin case, the amplitudes of thg, e cis conformation thed;; and d,, coupling strengths
signals are not explicit functions of the dipolar couplmgs.are hardly ever equal in polycrystalline samples, whereas in
The short time scale behavior of the cross peak intensities ﬁetransconfiguration they are always equal. Thus E20)
determlneq by Fhe "active” dlpplar coupling Of .the hetero- only describes the latter geometry. The difference between
nuclear spin pairs, corresponding to the specific cross peahm leveling off values of the peaks is thus dependent on the
We therefore expect that the initial buildup will be slower for configuration of the spin system. The symmetry of the spin
the HY—C? than for the HY—-C%) peak intensity. At systems predicts that hEBCDH® and BcOH® cross

longer times both couplings become important and bo”beaks exhibit the same time dependence, astig&)H®)
cross peaks can reach comparable intensities whend,, 514 13c(2HD) cross peaks in Eq(20). Thus the buildup

an:jdlfr?”'h-rhls 'S.dfgg?s}ﬁ?tﬁgc'{‘zf'g- 4, where the Sig- . e of the two carbons in 1D LG-CP experiments are the
nals of the three-spit H* = } system are com-  game and are equal to the sum of the two curves in Figs. 4
pared with the signals of two four-spin systems and 4¢)

{BCHHO 3@ As was previously discussed, in the
three-spin system almost all protori*Hpolarization is trans- .
ferred to the strongly coupled carbdtCY). When a proton D. The four-spin system  {H, °C-"C}

is added to this system in such a way that the In Fig. 5 we compare the powder buildup curves of a
{BCWHM_13C@H@)Y - spin quartet is in atrans  *C® nucleus bound to &CH, group and of the*C(®)
conformation, as in Fig. (), the initial buildup is much carbon of the!3CH, group itself. Significant*C(?) carbon
slower for the cross peak of the weakly coupled pairpolarization is generated in both instances, in contrast to the
1BCIHM) than for thel®*c™WH® cross peak. However, both polarization of'3C(®) next to a**CH group. To understand
peaks reach about the same saturation level, as predicted timlese results, we can perform an approximate calculation to
Eq. (20). When the spin system is in tlés-conformation, as demonstrate the cross-polarization between the protons of
in Fig. 4(b), the strongly coupled carbon GICVH® again  *3C(YH, and a neighboring®Ct® in {*3CMHH2_13c(),
dominates the buildup, whereas thRec(®H®) cross peak To simplify this calculation, we have assum@ureality they

g(r)/ﬁoz):%(ﬁcos2DT)(1—cos A7)
S
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a 1.0- c® the buildup curve o$3C(1.) will reach an average value that is
(g o equal to its equivalent in the two-spin systéfCHHMY,
0 H «°C As a result, the*C® in the {*3C(VHE2_13C(2)} spin
= system can be polarized by the grotons even whed®
T 0.5 >d®@). This is demonstrated in detail in the EPAPS material,
& where the LG-CP signals dfC) and *3C(®) are derived.
When for simplicity we still assume that;;=d,; andd;,
00 T T i =d,,, the single crystal results are, according to the EPAPS
0 1 @ 3 ol
b 10- 7, ms c material,
("
2 H.EQH &(r)/sgl>=2%3<1—cosz/id<l>r>,
P
T 05 (22)
4 SIS =7 (1-c0s ¥2d@)r),
Vs
0,00 7 Y 3 and
c 1.0 T, ms c® st(T)/§32= 3(5+2cos2Mr+cos2d@r). (23
2 H 4 H Powder integration yields polarizations on both carbons, de-
= C spite the large difference between the two interaction
g 0.51 strengths. This is demonstrated in Figc)s> where simulated
] buildup curves for this simplified spin system are shown.
Only numerical calculations can provide us with theoretical
0.0 T T 1 LG-CP buildup curves for more realistic parameters, as
0 1 2 3 g . : 3
T ms shown in Fig. Bb). In experiments involving*CH, groups,

the effective interactions between the carbon and its two pro-
FIG. 5. Simulated powder LG-CP buildup curves calculated for a four-spintons in a crystallite are not equal and the spin evolution is
system{**CVH,~13C?} with geometries shown in the figures. The solid expected to be more complicated. However, the fact that not
lines with squares represent signals correspondinfath), and the solid 4"y proton polarization is transferred to their nearest

lines to*3C?). In (a) the signals of the two carbons in a three-spin system _ . . . . . .

are shown, and irfb) and (c) the effects of the additional proton in the nelghborlng carbon is still valid, as well as the polarlzatlon

non-collinear(b) and collinear(c) (H-*CV—H) conformation are shown. transfer to more remote carbons. Results from numerical

The carbon—proton @—H*2 and ¢2—-H®2 distances were kept constant simulations in Fig. &) demonstrate this effect very clearly.
with the GY—H® and dV—H® distances equabtl A and the & —HD

and G?—H® distances are 2.1 A. The proton—proton interactions were set

to zero in order not to mix the effects due to residual proton—proton dipolaiE. Off-resonance effects

interactions and the effects generated by the heteronuclear effective Hamil- . . . .
tonian. Up to this point we have ignored the offset terms in the

average interaction Hamiltonian in E(). We pointed out
previously that the offset terms reintroduce some small

. o . ) effective homonuclear proton—proton interactions. How-
differ because of their orientation dependertbat the inter-  oyer the effect of these interactions on the spin dynamics

action coefficientsi, between the carbons and the protonsys the LG-CP polarization exchange is snland can

in the spin system are equalN=dy;=dy; and d(z)fdlz be ignored. Following the derivation of E@6) a proton
=d;,, where againd,,, d211and d2111222 den(l)te Zdlpolar with an off-resonance value oAw; contributes a term
couplings between spin§C) and H*?, and **C® and (A ¢, — Aw)cosé, |, to the average interaction Hamiltonian,
H(2, respectively. The following discussion provides, These terms can become significant when they are of the
therefore, only a physical insight into the spin dynamics ofsame order or larger than the effective heteronuclear interac-
the LG-CP process, and cannot be used for actual data anaklyon, strengths. To understand their effects on the spin dynam-
sis. An explicit derivation of the buildup curves is given in ics, it is sufficient to consider a two-spi’r?CH(l) system

the EPAPS material. | . subjected to the proton off-resonance term,
In a single crystallite the LG-CP buildup curve foc*) -
and the depletion of the proton signals in the three-spin sys- H=2d(1"S™+17S")+Al,. (29

13(1)y(1,2) (2) = i . . . .
tem {~C'VH;} (d'9=0) become, respectively, Here the dipolar interaction term of E¢f) is replaced by a

” real coefficientd and A=(Aw;—Aw)cosé,,. During the
Sl(r)/5§)1)=2—(1—cos 22dW7), LG-CP mixing time the carbon polarization increases as a
s 21) function of time according 9
sfa(7)18)2= 1(3+cos ¥2dM)r). " _
S(T)/SOZZ—SII’IZ ©(1—cosdr) (25)
In this three-spin system only half of the proton polarization s
of H, participates in the LG-CP process. Thus, in a powdemwith
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C FIG. 7. The arrangement of two molecules in crystalline L-tyrosine.HClI,
1.07 according to neutron diffraction dati&ef. 32 with the intermolecular hy-
drogen bonding indicated by the dashed line. The experimental and calcu-
g’” lated LG-CP buildup curves of the’ 4°C carbon recorded by 3D LG-CP
< 05 experiments, and originating from the 1-OQEircles, 4'-OH (squares
=3 3’-H (upper triangles and 5-H (diamond$ protons, are shown ife) and
n (b), respectively. The experimental data were scaled to equalize the maxi-
mum intensity of the 4-OH buildup curve with the corresponding simu-
0.0 T 1 I ne.
o ) ) ated one
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FIG. 6. Simulated powder LG-CP buildup curves calculated for the carboAV' RESULTS AND DISCUSSION
in a{H®-1%C—H®)} system as a function of the off-resonance value of the 5 [U—13C] tyrosine.HCI

H® proton. In the calculations the C<}¥ distances were the same and '
equal to 2.1 A. The M) proton was kept on resonance.(&) the H? proton

is on-resonance, ith) at an off-resonance value d&fw,=1 kHz and in(c)

at 2.5 kHz.

LG-CP experiments were performed on a sample of
[U-3C] tyrosine.HCI. The results presented below have
been published earlier, but were not analyzed explitttiye
will therefore focus on the analysis of these results in the
framework of the theory represented in the previous section.
In particular, we will discuss the polarization transfer pro-
cesses taking place between thHe'C carbon and its near-
est four protons. According to neutron diffraction data, these
four protons are the '40H phenolic proton, 1.982 A away
from 4'-13C, the two aromatic protons’3H and 5-H at
2.150 and 2.148 A, respectively, and the 1-OOH proton of a
As long as the dipolar coupling is larger than the offset termneighboring molecule in the crystal at 2.521 A. The latter is
d>A, its effect will be relatively small. However, when the the hydrogen bonding proton formed by thé Wydroxyl
offset exceeds the dipolar coupling=d, the amplitude of group and the 1-OO. The crystal arrangement is shown in
the oscillation described by E¢R5) decreases, whereas the Fig. 7.
frequency increases. The individual polarization transfer curves of -4°C

The situation is similar in larger spin systems. As anwere extracted from the 3D LG-CPMAS experiment shown
example, we considered a three-spinfH3C—H®) sys- in Fig. 1(b). The intensities of the cross peaks, shown in Fig.
tem consisting of two protons and one carbon. In Fig. 6 ther(a), are a function of the LG-CP mixing time The polar-
two carbon buildup curves originating fromf¥and H? as ization from the 4-OH proton shows a fast buildup with a
a function of the offset of H are shown. When the offset is maximum at about 0.4 ms. In contrast, the buildup curves
set to zero, both buildup curves are identical since the profrom the 3-H and 5-H protons are much slower and less
tons are identical. When the offset value becomes compeeffective, despite the fact that the distances between these
rable with the dipolar interaction between thé’Hproton  protons and the 4'3C carbon are similar to that between
and the carbon, the ®—*3C polarization transfer gets re- 4’-OH and 4-°C. These data can be qualitatively under-
duced. When the offset is much larger than the dipolar interstood by comparing their spin dynamics with that of the
action, the KP) proton does not participate in the spin dy- simplified three-spin model described in the previous sec-
namics, since the effective field for this proton does nottion. The interactions of the aromatic protons with their di-
satisfy the Hartmann Hahn condition, and the spins behaveectly bonded carbons -1 A) are much stronger than their
like an isolated*CH®) spin pair. interactions with the remote '4'3C. Accordingly, the

_ d
d=d°+A? and tam®= A
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(3'-H)—(3'-13C) and (B-H)—-(5'-*3C) spin systems be- o .

have like isolated spin pairs and only a very small fraction of o NN

the proton magnetization can be transferred to the"¢. | +HN={

However, the 4-OH does not have a directly bondétC Y

and its proton magnetization will be transferred to the

4'-13C. Thus, the polarization transfer between tHe2C  ppm pom

and 4 -OH becomes similar to a two-spin system. The inter- 4: I l\ | . ol | |
actions between the’4*C and 4-OH spins and more re- 4] | 5

mote spins come into play at a longer time scale and bring &1 | '.’ ‘o 81 ’o! o
about a leveling off of the signal similar to the effects ob- ] e

served for the natural abundalic in alanine'? The polar- -] ' o

ization from the 1-OOH proton builds up slowly and reaches 1] . 1 “> '
a value somewhat smaller than that from tHe@H proton. 181 a 181 b
In addition to being farther away from the 4°C than the  *° 10 100 50  ppm 2 150 100 50  ppm

4’-OH, this proton has a 13C, which is relatively close e e

(1.886 A. Therefore, the polarization transfer process bel'G: 8: The structure ofU-**C, ™N] histidine.HCI.HO and 2D hetero-

;13 . . nuclear correlation spectra obtained from the experiment shown in @g. 1

tween the 1-OOH and the'4™C is partially truncated by itS it »=0.8 ms. The spectrum i@ results from an experiment in which the

stronger(1-OO0OH)-(1+3C) interaction. polarization transfer efficiency between the protons gfad 4+°C was
The theoretical curves in Fig. (B were calculated maximized. An arrow points to the corresponding cross peak. The cross

by taking into account the real geometry of the Systempeakintensities corresponding to'@NH and 3+°NH with 4-1°C are below
. . f . . h_ihe contour limits. In 2D LG-CP spectrum ¢h) the proton carrier frequency
WO spin systems consisting of SIX SpINS  €acN’yas moved and the cross peaks between tHe&NM and 31°NH protons

{4’-OH,1-00H,4-13C,1-13C,3 -H,3'-13C} and  and 423C become strongeindicated by arrows whereas the polarization
{4'-OH,1-00H,4-1%C,1-%C,5'-H,5'-1°C} were consid- transfer with the protons dfCH, is significantly reduced.

ered. The simulated build-up curves corresponding 'tH 4

—4'-13C and 1-O0H-4'-13C were multiplied by exponen-

tial decaylfunctlons_ with a decay rate of X40° s™* and 15K protons have different isotropic chemical shifts and the
5x10° s~ %, respectively. As can be seen in Fig. 7, the agreesficiency of the polarization transfer, originating from these
ment between the experiment and the simulation is quit rotons, is expected to be strongly dependent on the exact
satisfactory, in particular the values of the frequencies 0%osition of the proton carrier frequency. Figure 8 shows the
oscillations. Some of the discrepancies, in particular, the deyp neteronuclear correlation spectra obtained with different
cay of the 4-H—4'-°C curve and the increase of the carrier positions. In Fig. @) the proton RF frequency was
3'-H—4'-1%C and 8-H—4'-1°C curves, must be attributed chosen to maximize the transfer from tHeH, protons. The
to multispin interactions in the sample and Hartmann—Hahross peak between tH8CH, protons and the 42C carbon
mismatches due to RF inhomogeneities. These effects are pf present in the spectrum and indicated by an arrow. The
course not taken into account during six-spin simulationipree cross peaks, corresponding to the cross polarization
They should also be responsible for the decay of the oscillaggm the 2 15NH proton, the 31NH proton, and thé5NHs;
tions, introduced in the simulations by the above mentioneq)rotOns to the quaternary carbonG are diminished. This
decay rates. Thus the complexity and the size of the system fyrther supported in Fig.(8), where the cross peak inten-
allow only qualitative analysis of whole experimental data.gjties are shown as a function of the LG-CP mixing time
However, the oscillations that are mainly due to short dis- Clearly, most of the polarization comes from tH€H,
tance interactions can be attributed to local conformationsprotons, despite the fact that thRCH, protons are strongly
Overall, the experimental data support the conclusions of th@oupled to thei|13CB—carbon. This result is in agreement with
Theory. the theoretical predictions of the previous section, where the
(**CH,-'C) spin system was analyzed. The polarization
. transfer from other protons is markedly suppressed due to
B. [U-"C, *N] histidine.HCI off-resonance effects as explained above. The experimental
The interpretation of the LG-CP buildup curves of results agree well with the simulations shown in Fig)9A
the quaternary (43C) carbon in [U-C, *>N]-  9-spin system, consisting of 7 protons (GHNH;, 2-NH,
histidine.HCI.HO sample represents a much more challengand 3-NH and 2 carbons (22C and 41°C) was considered
ing problem. Here, both the effects typical fdfCH,—'3C}  in this simulation. The fast exchange dynamics of the;NH
spin systems and the offset effects discussed in the Theogrotons was explicitly taken into account in the simulations.
become evident. In addition, a relatively large number ofThe values of the carbon and proton RF fields and their
spins participate in the spin dynamics and they all should beffset frequencies were derived from the experiment.
taken into account in the simulations. Figure 8 presents the In a reverse experiment the proton carrier frequency is
molecule schematically. The quaternary carbon does ngiositioned to maximize the transfer from the 1NH,
have directly bonded protons and is approximately equidis3-*°NH, and *®NH, protons to the 4°C carbon and their
tant from the proton of the ring nitrogen (2N), and from  corresponding cross peaks are enhanced, whereas the cross
the two protons of the gcarbon. Both proton—carbon inter- peak from the'3CH, protons is significantly reduced, as evi-
action strengths are about 3 kHz. However, thE&H, and  dent from Figs. &) and 9c). The difference between the
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1.0 1.0 b where precise structural information can be obtained, and the
5 a i*f accuracy improves when appropriate spin systems are used
Sos s in computer simulations.
g g T At this stage of development of the LG-CP methods for
o o structural studies of peptides and proteins they provide a
o s = Jre— IR, quantitative approach for short carbon—proton distance mea-
T, ms 7, ms surements, and a qualitative tool for estimating longer dis-
1.0 1.0 tances and multispin configurations. Comparison between
5 ¢ ¥ d the buildup curves of the labeled and nonlabeled samples can
< >_~‘0 s provide additional structural insight. Further simplifications
go‘s g ' of the spin dynamics by deuteration of the samples are de-
N B e sirable for more accurate proton—carbon distance determina-
tion. Extensions of the LG-CP approach will be necessary to
0.0 :Oh:s 0.8 0.0 TO %:ns 0.8 improve its potential to provide accurate structural informa-

tion.
FIG. 9. The cross peak intensities extracted from 3D LG-CP experimentson  Regular “on-resonance” CP experiments are not very
13~ 15 . . . ) . \E - g
[U-%C, *N] h|st|Q|ne.HCI.kbO and their cprrequndmg S|mulat|ons.are sensitive to the choice of the proton carrier frequency, be-
shown. The experimental results {a), obtained with the proton carrier hiah i itv RE field h h |
frequency chosen to maximize the transfer between tC8+, protons and cause '_9 'nte_n5|ty e S_On the proton channe trun(_:ate
the 413C carbon, are compared with simulations(n. The experimental ~ all chemical shift terms to a high degree. However, the situ-
results, obtained with a proton carrier frequency that maximizes the transfegtion is quite different in the LG-CP experiments_ There, the
5 15 H . .
between thé"NH; and 22°NH protons and the 43C carbon, are shown in - nffset terms add up with the large LG-offset term. This may
(c) and must be compared with simulationgd@. The buildup curves origi- h the effective field sianifi H d th
nating from the'3CH, protons are drown by circles, those from tiBIH; Change the eilective Tield signi |car_1 _y’ an remo‘(e € pro-
protons are lower triangles, and those from®XH are upper triangles. The  ton from the Hartmann—Hahn condition, resulting in a reduc-
experimental data were scaled to equalize the maximum intensity of théion of the polarization transfer efficiency. It remains to be
experimental buildup curves with the corresponding simulated one. seen whether by controlling offset values and spin Iabeling,
LG-CP buildup curves can help in determining the secondary

- . structure.
effective fields experienced by the carbon and thégg,

protons becomes larger than the effective LG-CP interaction cxnOWLEDGMENTS
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