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Homonuclear dipolar-mediated coherence transfer (DCT), a
through-space transfer of magnetization between like spins, can
yield otherwise difficult-to-obtain structural information for mac-
romolecules by measuring the internuclear distances between two
sites of interest. The behavior of a spin- system under DCT is
analyzed in detail by computing the time development of the
density matrix using the product operator formalism. The effect of
coherence transfer (CT) via the homonuclear isotropic scalar cou-
pling on DCT is examined. Analytical and computational results
that yield useful information on the frequencies, first-maxima, and
first-zero of CT for a uniaxially oriented or a single-crystal solid-
state system are presented. The results predict that the evolution
of the spin angular momentum operators under the homonuclear
dipolar coupling Hamiltonian leads to “cylindrical mixing” unlike
“isotropic mixing” due to the strong scalar coupling Hamiltonian.
These results will find relevance in both the design of RF pulse
sequences for the structural studies of uniaxially oriented biolog-
ical solids and the interpretation of solution NMR results from
proteins embedded in partially oriented bicelles. © 1999 Academic Press

Key Words: dipolar coupling; scalar coupling; coherence trans-
fer; density matrix; product operators.

INTRODUCTION

phase experiments to enhance the sensitivity of jomuclei
and/or low natural abundance nucld).(Generally, homo-
nuclear dipolar-mediated coherence transfer (DCT) cannot
detected in isotropic solutions because random rotational m
tion of molecules averages out the dipolar couplings, eve
though incoherent magnetization transfer is still possible, r
sulting in efficient relaxation). In most static solids, except
uniaxially oriented solids, overlap of broad spectral lines con
plicates the study of DCT.

In magic-angle spinning experiments, selective recovery ¢
the homonuclear spifdipolar coupling and the measurement
of coherent homonuclear DCT is possible using specific pul
sequences4(-37. The strong distance dependence of DCT
makes the quantification of this effect attractive for use as
distance measurement tool. An understanding of these ¢
change modes can aid in the design of multiple-pulse s
quences to assure the greatest transfer of coherence fror
specific spin at a certain experimental time. In fact, solid-sta
NMR techniques designed based on the concept of DCT ¢
routinely used to provide interatomic distance information il
macromolecules (samples excepting isotropic liquids), such
crystalline polymers, liquid crystals, fibrous biopolymers, pep
tides or proteins in cell membranes, and other biological solic

The phenomenon of exchange of nuclear spin magnetizati@s—54.

through direct and indirect spin—spin interaction is known as Further experimental design of pulse sequences require:
polarization transfer or magnetization transfer or Hartmanmhkeoretical treatment of DCT in various systems, which mu:
Hahn cross-polarization in NMR spectroscopd). (In this be laid as a groundwork for more complex collection of spins
paper, we prefer to use the term “coherence transfer” (CT) Because of the nature of the dipolar interaction between lil
represent this phenomenon as it is a general term which defigpihs, analytical solutions to homonuclear coherence trans
the transfer of single-quantum coherence (or magnetizationgsove to be complex even for simple two-spin systems. Prey
polarization) and multiple-quantum coherences. CT via tlis publications have done much to clarify the strong and we:
scalar coupling (also known as indirect coupling or througleoupling effects on the spectral features of homonuclearspir
bond coupling od coupling) is the basic concept behind manyipolar-coupled system&2, 23. In this paper, we will employ
successful solution NMR experiments that are routinely usedttteoretical tools to explore the modes of homonuclear DCT |
determine the structure of macromolecul&s3). On the other a uniaxially oriented or single-crystal solid-state system, cor
hand, in the solid phase, the direct spin—spin interaction (alsisting of two spirk homonuclei.
known as dipolar coupling or through-space interaction) dom-
inates the CT process between nuclei. Indeed, the hetero-
nuclear dipolar coherence transfer is often employed in solid-
Consider a two chemically inequivalent homonuclear gpin
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assume that the dipolar coupling as well as the scalar coupli
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TABLE 1
Evolution of Spin Operators under the Coupling Hamiltonian, H,,

Operators generated after evolution untigp

Initial state l S I S, I, S, 21,8, 21,8, 21,8, 21,8, 21,8, 21,8,

21,8, -E F A -B

21,8, F -E -B A

21,8, E -F A -B

21,8, -F E -B A

21,8, G -G c D
21,8, -G G D C

Note.The expectation values of the spin operators are given.

between the two nuclei is nonzero. Further, relaxation effe@ssolid-state NMR experiment can be designed to study tl
are ignored in the present theoretical study. The total Hamdeherence transfer between two coupled (dipolar as well -
tonian for this system in the presence of a static exterrgdalar) spirgnuclei in a uniaxially oriented or a single-crystal
magnetic field consists of chemical shift, scalar coupling, argstem. Such a study will be useful in measuring the orient

dipolar coupling terms. tion of the chemical bond or a peptide plane in order t
determine the backbone conformation of polypeptides embe
Hr = Hp + Hes + H, [1] ded in phospholipid bilayers. For example, the couplii@),—

CO parameter can be measured on uniaxially oriented bi
We assume that an experimental situation can be createdoical solids.

selectively suppress the chemical shift interaction with mini- In this paper, coherence transfer modes are analyzed uni
mal or no effect on the coupling terms of the total Hamiltoniathe total coupling HamiltonianH ,,. In static solids, usually
H-. Then the total Hamiltonian in Eq. [1] becomes the sum alie scalar coupling ternt{,, is smaller in magnitude than the
Hp andH,. Henceforth, we refer to this total HamiltoniaH{)  dipolar coupling term and is often neglected. The scalar co
as the coupling HamiltonianH(;5); Hr = Hp + H, = Hyp.  pling becomes important in oriented solid-phase samples ¢
This Hamiltonian is equivalent to the creation of a zero-field gJecially when the homonuclear dipolar coupling is small
rotating-frame Hamiltonian in a solid-state NMR experimentrherefore, the effect of the scalar coupling on CT via th
A simple spin echo sequence, in the form of a series of 18ipolar coupling is included in our calculations. The dipolal

scalar as well as the dipolar couplings unaltered. On the othghsors,

hand, a multiple RF pulse sequence can be used to spin lock as

well as scale the homonuclear dipolar coupling. For example,

consider a multiple RF pulse sequence consisting of a spin TABLE 2

echo sequence for one half of the cycle and magic eclQefficients of the Spin Operators Generated Due to the Evolution
sequence for the second half of the cycle. It can be shown using under H,, and Their First-Maxima and First-Zero

the average Hamiltonian theory that the effective Hamiltonian

of this unified spin echo and magic echo (USEMEJ)(pulse Coefficients of spin operators Figure First-maxima  First-zerc
sequence is 0.Bl, + H,. The spin echo sequence, consisting

. . g .A = 0.5(cosamnt + cosBt) la —4/Ds —1/(2D;s)
of a series ofr pul_ses, suppresses the ch(_em|cal shift interactign_ 0.5(—cos ant + cos Brt) 1b a ~1D,
and leaves the dlpolar and scalar couplings unaltered. On ﬂ*_ne 0.5(1 + cosymt) 1c —2/D —1/D
other hand, the magic echo sequence suppresses the chemicalb.5(1 — cos ymt) 1d —1/Ds —2/Ds
shift interaction, scales the dipolar coupling interaction by = 0.5(sinamt + sin gmt) le ‘ —1/Ds
factor of —0.5, and leaves the scalar couplings unaltered. This; 0-3(sinant = sin gt) i —3/Ds ~1/(2Dy)

G, = 0.5(sinymt) 1g —1/(2Ds) —1/Ds

a complete cycle of USEME suppresses the chemical shift
interaction, scales the dipolar coupling interaction by a factoryote.» No analytical solution was found. = (D,/2 + J): B = (3D,s/2):
of +0.5, and leaves the scalar couplings unaltered. Therefojes (J — Dis); Dis = —hy,yd 27T
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FIG. 1. Expectation values of various spin operators under the dipolar coupling Hamiltdhia(solid lines), and the total coupling Hamiltoniad
(dotted and dashed lines). The coefficients of the spin operators given in Table 1 are plotted as a function of evoluition time in an orientedystalraylstem
containing two™C nuclei separated by a distance of 1.55 A. The dotted lines ar® for—53 Hz and the dashed lines are fbe= 53 Hz. For example, in
(a), the magnitude of the term A is plotted as a function of the evolution time under the HamiltdpiarThis can be used to evaluate the amount of
magnetization which remains in the source orl inuclei whenx magnetization of the nuclei is selected for the coherence transfer under the couplir
Hamiltonian. Similarly, in (b), the magnitude of the term B is plotted as a function of the evolution time under the HamHtignidiis can be used to evaluate
the amount of magnetization transferred to $mauclei wherx magnetization of thé nuclei is selected for the coherence transfer under the coupling Hamiltonie
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(see Eg. [4]) is evaluated and the results are summarized
Tables 1 and 2. The spin part of the total coupling Hamiltoniar
H o, is composed of a term,S,, identical to the weak scalar
coupling Hamiltonian, and a terin- S, identical to the strong
scalar coupling Hamiltonian. Since these two terms commut
the evolutions under both these terms were sequentially carri
out in the calculations. Further, the calculations are simplifie
because the product operatorslin S commute with each
other. Since the operatotsS,, 1,S,, andl,S, commute with

H o, they have a constant of motion undéy,, and therefore
they are not given in Table 1. In other words, the expectatic
values of the spin operators are summarized in Table 1 for :
evolution of a two homonuclear spjsystem under the cou-
pling HamiltonianH 5.

An initial state of the spin system is specified in the firs
column of Table 1 and the coefficients of the product operato
FIG. 1—Continued in the final density matrix are given in the subsequent columi

of Table 1. For example, the evolution of the initial density
matrix representing the magnetization of the nucléi thel,

+2 operator, undeH ;5 is given as

Hp= > (—1)%DyT, q [2]
q=-2 HJD

|,—— % (cosamt + cosBmt)l,

Mixing time (milliseconds)

where the second-rank tensds, and T,_, define the spatial

and spin parts of the dipolar coupling HamiltonigsB), The + (cosBmt — cosamt)S,

secular dipolar coupling Hamiltonian can be given 35) ( L 1(1+ cosym)2l,S,

_ fiyiys
47Tr FS

Hp [1-3cog6](31,S,—1-9), 3] +3 (1 — cosymt)2l.S,. 6]

. L The anglesy, B, andy are defined in Table 2. This equation
whereg is the angle between the magnetic field and the Vector \ e realized by reading across the row of Table 1. Th

conlne_ctlng the tr\:vo spins,s is the dlstanfce blet\_/veel_nand r? corresponds to the selective preparation ofxmeagnetization
nuclei, andy, is the gyromagnetic ratio of nucleusSince the ¢ 16| nyclear spins and allowing an evolution under ¢

structure of the direct and indirect coupling Hamiltonians for%ecifically designed RF pulse sequence that leaves the c
hor_non_ucle_ar spin system is similar, the total coupling Hamlb“ng Hamiltonian unaltered in an experiment. It is clear fron
tonian Is given as Eq. [6] that the evolution of thé, operator undeH ,; leads to
Iy, Si. 1,S,, andl,S, operators. In other words, the observabile
Hip = (2Dis + II.S, = (Dis + D{LS + 1,S),  [4]  x magnetization of nuclear spin (of,) is transferred as the
observablex magnetization o§ nuclear spin (06,), as well as
whereJ is the scalar coupling constant abx is the dipolar antiphasel (or 1,S,) and S (or 1,S,) magnetizations. The

coupling frequency defined as expectation values df,, S, 1,S,, and|,S, operators for the
evolution of thel , operator under the Hamiltoniath,;, is given
hyys by the terms A, B,—E, and F, respectively.
Dis = 4r s [1 -3 cos]. [5] The coefficients of the product operators are plotted as

function of the evolution time in Fig. 1 for &C-°C system
In order to evaluate the coherence transfer modes due to Wit a dipolar couplingdcc = —2038 Hzcorresponding to a
evolution under the coupling Hamiltonian, we assume a uniasistancer .c = 1.55 A. These data represent the distance an
ially oriented system witl® = 0°. Any change in the value of the dipolar coupling between the directly bond€€. and

6 will only change the magnitude of tHe,s parameter. “CO nuclei in the backbone of a peptide. Analysis of th
Fourier transform of these time-domain functions yield:
RESULTS AND DISCUSSION spectra that consist of dipolar as well as scalar coupling info

mation.

The evolution of all the spin operators that span the two-spinin Fig. 1, the evolution of spin operators is represented i
space under the coupling (both scalar and dipolar) Hamiltoniaalid, dotted, and dashed lines for= 0,J = —53, andJ =
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FIG. 2. (a) Three-dimensional plot showing the dependence of the expectation valuel pbfyerator during the evolution of the operator under thel,
Hamiltonian (as given by the term A in Table 1) on the dipolar coupling and the evolution time. Two-dimensional slices (b), (c), and (d) taken fro
three-dimensional plot in (a) for the evolution times 2, 5, and 10 ms, respectively, are shor=for (solid lines) and fod = 53 Hz (dashed lines).

53 Hz, respectively. For example, in Fig. 1a, the magnitude aftransverse magnetization W&, andH, appears to be sim-
the term A is plotted as a function of the evolution time undelar, the evolution frequencies of the spin operators are diffe
the HamiltoniarH ;5. This function can be used to evaluate thent for both cases. In the case of tHg mixing Hamiltonian,
amount of magnetization that remains in the source (or in thee active frequencies in the evolution are the same, thatlis,

I nuclei) when thex magnetization of thé nuclei is selected for all spin operators. But in the case of th&, mixing
for the coherence transfer under the coupling Hamiltorlgn Hamiltonian, the evolution frequencies are a combination c
Similarly, in Fig. 1b, the magnitude of the term B is plotted atwo different frequency terms, 06D s and 1.5#D g, for all

a function of the evolution time under the Hamiltonibl,.  spin operators as seen from the expressions for A, B, E, anc
This function can be used to evaluate the amount of magneti-Table 2. It may be noted that the evolutions>ofandy
zation transferred to th® nuclei whenx magnetization of the magnetizations under the total coupling Hamiltonldg, or

I nuclei is selected for the coherence transfer under the cawmder the individual coupling Hamiltonian$i{, or H;) are
pling HamiltonianH 5. similar as seen from Tables 1 and 2 and Fig. 1.

The evolution of spin operators under any one of the cou-As shown in Table 1 and Fig. 1, the evolutionaritiphase
pling Hamiltonians H, or H;) can easily be separated usingroduct operators|,S, and1,S, (p = xory; q = 2), is
the results from Tables 1 and 2. It can be seen from Eg. [6] thaiilar to that ofl, (p = x or y) operators. They lead to
the dipolar coupling Hamiltonian leads i@-phaseas well as in-phase xor y magnetization in addition tantiphaseproduct
antiphasetransfer of magnetization like the scalar couplingperators. This suggests that the antiphase multiplet signal ¢
Hamiltonian. Thein-phasetransfer ofx magnetization can be be refocused into am-phasemultiplet for detection just like
understood from Figs. 1a and 1b. Even though the transferRINEPT experiments1) for a weakly scalar coupled spin
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FIG. 3. (a) Three-dimensional plot showing the dependence of the expectation valueSyfaperator during the evolution of tHe operator under thel,
Hamiltonian (as given by the term B in Table 1) on the dipolar coupling and the evolution time. Two-dimensional slices (b), (c), and (d) taken frc
three-dimensional plot in (a) for the evolution times 2, 5, and 10 ms, respectively, are shor=for (solid lines) and fod = 53 Hz (dashed lines).

system in isotropic solutions. This strategy will be highlyn-phasecoherence transfer as well as an unobservable zel
valuable as the broad lines of the antiphase doublet in solgisantum coherence (ZQQ)S, — 1,S,. The only difference is
will be difficult to observe, especially when the dipolar couthe rate of coherence transfer. It is also to be noted that t
pling is small. The evolution times under the coupling Hamilevolution of the ZQC under the coupling HamiltoniaHs,
tonian for the maximum conversion bfinto 1,S,, S, into1,S,, H;, andH; is similar. They all yield an observabiemagne-
yinto —1.,§,, S, into —1,S,, I.,S, into —1I,, I,S,into —S,, 1,S, tization (see Table 1) but the only difference is the rate c
|nto I,, andl,S, into S, are the same as given by the term F itoherence transfer. Therefore, any solution NMR methods tf
Fig. 1f. employ mixing ofz magnetization or ZQC via the isotropic
The evolution of thd, (or S,) operator undeH,, is signif- scalar coupling can either be adapted or suitably modifie
icantly different from that of the transverse componehtg¢pr depending on the strength of the homonuclear dipolar co
S,) andl, (or S), unlike the case oH; as can be seen from pling, for solid-state NMR studies on uniaxially oriented sys
Tables 1 and 2 and Fig. 1. This is mainly because the spin pims 66-58.
of the dipolar coupling Hamiltonian that is operative on these Although the structure off; andH, Hamiltonians is simi-
angular momentum operators is different. They aréS3— lar, there is a significant difference between the coheren
[,S, forl, (orS), 31.,S, — IS, for I, (or S)), and—1,S, — transfer via the scalar and the dipolar couplings. This is b
[,S, for I, (or S,) since |;, 1,'S] = 0 and [S;, I;S] = 0. For cause the contribution to the CT process fromzltemponent
the evolution of thel, (or S,) operator undeH ,;, the fre- is different from that of thex andy components of the dipolar
quency of evolution of the spin operators in the final densigoupling HamiltoniarH;, unlike the case of the strong scalar
matrix is7(J — D). In fact, the transfer af magnetization via coupling HamiltoniarH ;. In other words, evolution of the spin
Hy, Hj, and H,, is similar. They all yield an observableangular momentum operators under the strong scalar coupli
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FIG. 4. (a) Three-dimensional plot showing the dependence of the expectation valuel pbfierator during the evolution of the operator under thel ;5
Hamiltonian (as given by the term C in Table 1) on the dipolar coupling and the evolution time. Two-dimensional slices (b), (c), and (d) taken frc
three-dimensional plot in (a) for the evolution times 2, 5, and 10 ms, respectively, are shor=for (solid lines) and fod = 53 Hz (dashed lines).

Hamiltonian H, leads toisotropic mixing,that is, all three evolution time during the evolution of the spin system unde
components of the Hamiltonidt; are equally operative, while the H ;;, Hamiltonian. Two-dimensional slices in Figs. 2b to 20
evolution under the dipolar coupling Hamiltoni&h, leads to are taken from the three-dimensional plot in Fig. 2a for variou
cylindrical mixing,that is, only two of the three components okvolution times, while varying the dipolar coupling from 0 to
the HamiltonianH, are equally operative. Therefore, the-3 kHz. The dependence of the terms B, C, and D on tf
homonuclear dipolar coupling Hamiltoni&h, may be termed dipolar coupling and the evolution time are presented in Fig
a cylindrical mixing Hamiltonian in analogy to the name iso3, 4, and 5, respectively. It is evident from the two-dimensionz
tropic mixing Hamiltonian for the strong scalar coupling Hamplots (see Figs. 2-5) that the number of maxima of the terms .
iltonian H,. It is also to be noted that the teim+ S, (i = X, B, C, and D against the dipolar coupling increases as a functi
Y, z) has a constant of motion undelr; while only the term of the evolution time. For example, in Fig. 2a, for an evolutior
. + S, has a constant of motion unddr,. This suggests that time of 2 ms under a dipolar coupling of abou® kHz, the
a nonselectively prepared transverse magnetization in an @ansfer ofx magnetization of thé nuclei to its dipolar coupled
periment evolves under the influence of the dipolar couplingartner is zero as can be seen from Figs. 2b and 3b. On 1
but not under the scalar coupling. It is interesting to note thather hand, the maximum transfer occurs at a dipolar couplir
a pair of chemically equivalent nuclei also evolves under tteg about —0.65 kHz (see Fig. 3b). It is interesting thigtis
dipolar coupling during a spin-locking RF field as th&, term transferred astS, depending on the magnitude of dipolar
of Hp does not commute with the RF Hamiltonian, unlike irtoupling and the evolution time. Therefore, care must be take
the case of scalar coupling. in quantifying the degree of DCT. The effect of the scala
The three-dimensional plot in Fig. 2a shows the dependerm®ipling,J = 53 Hz, is shown in dashed lines in Figs. 2-5. Acs
of the term A on the dipolar coupling frequency and ththe mixing time increases, the CT process is significantl
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FIG. 5. (a) Three-dimensional plot showing the dependence of the expectation valueSpfojperator during the evolution of the operator under thel ;5
Hamiltonian (as given by the term D in Table 1) on the dipolar coupling and the evolution time. Two-dimensional slices (b), (c), and (d) taken frc
three-dimensional plot in (a) for the evolution times 2, 5, and 10 ms, respectively, are shor=for (solid lines) and fod = 53 Hz (dashed lines).

dependent on thé& parameter as evident from Figs. 2d, 3d, 4derences in the ratio of the couplings can make a significa

and 5d. difference in the CT efficacy.
First-maxima and first-zero of the coefficients of the spin
operators are given in Table 2. The functions with no simple CONCLUSIONS

analytical solution for maxima are noted in the table. A non-

zero scalar coupling not only changes the coherence transfe€Coherence transfer under the dipolar coupling between
efficacy as indicated in Fig. 1 but also shifts the first-maxim@omonuclear spig-pair and the effects of the scalar coupling
and first-zero of the functions in Table 2. The presencd ofon DCT are analyzed in detail. The results suggest that DCT
makes it difficult to obtain an analytical solution for the firsta cylindrical mixing process unlike the isotropic mixing pro-
maxima and first-zero for the CT process. Further, it is impocess under the strong scalar coupling Hamiltonian. The simg
tant to note that the absolute signdofoupling changes the CT forms of the analytical equations that describe the coheren
process as shown in Fig. 1. These effects become significartrénsfer under the dipolar coupling avail themselves to quic
the dipolar coupling becomes smaller due to either the partiaimerical simulations for experiments on oriented solid-sta
averaging of the dipolar coupling or the orientation of theystems. It is clear that even small valuesl@ompared to the
dipole—dipole vector near the magic angle. Therefore cad@olar coupling can make significant changes in the coheren
must be taken in the experimental measurement of small tiansfer efficacy, and therefore the effectlaihust be consid-
polar couplings in order to obtain accurate interatomic digred for the design of pulse sequences for the interaton
tances. The dependence of the terms A, B, C, and D on the ratistance measurements and also to interpret the data from
of the scalar and dipolar couplings and on the evolution timeasiented system, especially when the dipolar coupling is sma
presented in Fig. 6. The results suggests that even small dikis may be significant in the study of partially orientec



26 TAYLOR AND RAMAMOORTHY

SN
SN
27 g8e SN\

FIG. 6. Three-dimensional plots showing the dependence of the terms A, B, C, and D on the ratio of the scalar and dipolar couplings are shown in
(c), and (d), respectively. The dipolar coupling was assumed to be 100 Hz.
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