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New derivations of selection rules for excitation and detec-
tion of multiple quantum coherences in coupled spin-1/2 sys-
tems are presented. The selection rules apply to experiments in
which the effective coupling Hamiltonian used for multiple
quantum excitation is both time-reversal invariant and time-
reversible by a phase shift of the radiofrequency pulse sequence
that generates the effective couplings. The selection rules are
shown to be consequences of time-reversal invariance and time-
reversibility and otherwise independent of the specific form of
the effective coupling Hamiltonian. Numerical simulations of
multiple quantum NMR signal amplitudes and experimental
multiple quantum excitation spectra are presented for the case
of a multiply *C-labeled helical polypeptide. The simulations
and experiments confirm the selection rules and demonstrate
their impact on multiple quantum “C NMR spectra in this
biochemically relevant case.

Key Words: multiple quantum NMR; time-reversal; NMR the-
ory; solid state NMR; peptides.

INTRODUCTION

Multiple pulse, multiple quantum (MQ) nuclear magnetic

coupling Hamiltonians that are time-reversible, i.e., that can b
reversed in sign by some experimental manipulation such as
shift of the phase of the radiofrequency (RF) pulse:s
(1, 2,5, 15, 22 The property of time-reversibility is logically
distinct from the property of time-reversal invarian@8); The
latter property is shared by all effective Hamiltonians that ar
bilinear or even-power functions of spin angular momentun
operators, while the former property obtains only in specia
cases. When the effective coupling Hamiltonian in the prepz
ration period of the MQ experiment is opposite in sign to the
effective coupling Hamiltonian in the mixing period of the
experiment, all MQ transitions contribute to the MQ spectrun
with the same phasel (2, 22, 24. Destructive interference
among unresolved MQ transitions, which would otherwise
drastically reduce the MQ signal amplitudé, 2, 24, is
thereby eliminated.

To date, two forms of time-reversible effective couplings
have been employed in MQ NMR experiments in solids. On
is a double quantum Hamiltoniad,(2, 15, 22 of the form

HDQ: E dij(lyilyj - Ixilxj)y [1]

resonance (NMR) spectroscopy of solids, originally demon- i>]
strated by Yen and Pineg)( has developed into a useful tool

for estimating the number of nuclear spins inga coupled systepherel; and|; are the spin angular momentum vector opera
(2-5. MQ “spin counting” of protons and®F nuclei can tors for spins andj anddj is the coupling constant. The other

provide important structural information about inorgarie® s a single quantum Hamiltonia®)(of the form
and organic 10—-149 materials of technological interest. In

addition, MQ NMR spectroscopy has been the basis for fun-
damental studies of the quantum dynamics of many-spin sys-
tems in solids 15-2Q. Recently, we demonstrated the feasi-

- . AT 13
glr“t;/ni%f Ch(;grlr?'gﬁedrszl\g‘)(g 1?():«:";{?30&'\;& d;lu;ilt)r/osc(::-;abelnig The sign ofHp, is reversed by ar/2 phase shift of all RF
9 P i P by Y pulses in the multiple pulse sequence used to genétage

prove to be a useful probe of the conformations and oligomé)r-

ization states of’C-labeled biopolymers such as peptides an hich has the effect of rot_atlnlg bQ _by /2 aboutz in angular
proteins momentum space. The sign Bifs, is reversed by ar phase

An important aspect of MQ spectroscopy of solids is the uésglft (or alternatively by a_pphcatmn of, pulses at the begin- .
of multiple pulse sequences to create effective dipole—dip 1eY and end of the multiple pulsg sequence)._ Use of Hami
%mansHDQ and Hg, leads to particular selection rules that

govern the possible orders and ranks (defined below) of M

HSQ: E dij(lzilxj + Ixilzj)- [2]
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coherences that may be excited and detected in MQ spedg, , is a product ofL angular momentum operators, 1. ;,
when the nuclear spin system is initially at thermal equilibriurar | _;, with M equal to the difference between the number o
in a strong magnetic field. The selection rules are particulangising operators$, ; and the number of lowering operatars,
important in spin counting applications when the number af the product. The index is required to distinguish the
coupled spind is relatively small, because the selection rulegarious operators with the sarheandM from one another. For
may prohibit excitation of the highest-order MQ transition (i.eexample,l 41 5l _ 41, ¢l ; 71 0 IS One possiblé\ ,, operator in
the N-quantum transition in a system of coupled spin-1/2 spin system wittN = 9. For coupled spin-1/2 systems, the
nuclei) for some values dfl. In previous publicationsy 15, A, v, operators can be defined in such a way that no more the
the selection rules were derived by analysis of the Liouvillesne of the operatork,;, |, ;, or|_; appears in the product for
von Neumann equatiop(t) = i[p(t), H], using the well- each spiri. To within a normalization constant, the amplitude
known commutation relations among spin angular momentushthe A, \, , component irp(t), i.e., the probability amplitude
operators and the explicit forms fbrgiven in Egs. [1] and [2]. for exciting theqgth Lth-rank, M-quantum coherence, is given
An implicit assumption in these derivations is that the spiby

density operatop(t) at any timet can be derived frormp(0) by

iterative evaluation of commutators, as in the series expansion A g(t) = THA! & ™p(0)e ). 5]

t2
p(t) = p(0) + it[p(0), H] — > [[p(0), H], H] The selection rules specify the valueslofand M for which
A mg(t) is not necessarily zero.

3 The following derivations of MQ selection rules make use of

- 6 [[[p(0), H], HL, HI + ... [B1 the antilinear, antiunitary time-reversal operato(23), which

has the propertig§lK ™ = —1,K(i))K™* = —i, and THKBK '} =

The initial conditionp(0) is proportional to Tr{B}*. The last property follows from(a|(K|b)) = [((b]K)[a)]*,
where|a) and|b) are arbitrary kets, andl’ = K™*. For coupled
=31, [4] spin-1/2 systemKA, K™ = (—1)"A' . The derivations also

make use of several well-known properties of linear operators ar
their traces: (1)BC)" = C'B', which holds for any linear oper-
for longitudinal spin polarization, as in thermal equilibriurrf;‘to_rSB andc; (2) Tr{B(;} = TH{CB}, (3) T_r{ RBRY.l} N Tr{I%];,
with a static magnetic field along z, or to a linear combinatioWhICh hOIdST for any linear ope_r_atcR With an |r!verseR ;
of I, andl, for transverse magnetization. and 3) Tr{B'} = Tr{ B,}l*' In addition, the derlvafuons assume
This paper presents alternative derivations of the selectifpt Re(¢1e) HRZ(d)TR) :__H' whereR,(¢r) is the oper-
rules for excitation and detection of MQ coherences in syste rfor a rotation of all Spin angular momen_ta abpy b
of spin-1/2 nuclei with effective coupling Hamiltonians that ar I.€., 7alm RF phase Sh'ﬁb.m reverses t_he sign OFf), and
time-reversible under an rf phase shift, as in Egs. [1] and [ .HK = H (e, ﬂ 1S tlmﬁ;geversal invariant). Note that
The derivations given below do not depend on any seri (¢TR)ALM“RZ(¢TR) —€ A_L;qu'
expansions or commutation relations, and are therefore inde—COnSIOIer first the initial conditiop(0) = .. Then
pendent of perturbation theory and of any conceivable con-
cerns (6) regarding the convergence of Eq. [3]. Instead, thesed, y 4(t) = Tr{(Al y e "l.e") }* [6a]
derivations makes use of the time-reversal invariance and

— —iHt iHt
time-reversibility of the effective Hamiltonian. This paper also = Tr{ALuee 2™ [6b]
presents the results of numerical simulations of MQ excitation = Tr{K(AL,M,qe’i”tlzeiH‘) K1 [6¢]
spectra that confirm the selection rules and are relevant to - . N
possible MQ NMR measurements &ic-labeled peptides and = (=D)AL e e} [6d]
proteins. Finally, experimental MQ NMR excitation spectra of — (=1 TR Al gt g-HIR -1
a*C-labeled, 20-residue peptide, in lyophilized solid form, are (ZD7 TR dre) Amae ™l Abwe)
presented and briefly discussed. [6€]
THEORY — (_1) L+1eiM¢TRTr{A['M'qefth|Zeth} [6f]
=(-1 I'HeiMd’TR&dL,rqu(t)- [60]

The nuclear spin density operatp(t) = e "p(0)e"",
which describes the state of the systenNafoupled spins after
evolution for timet under the time-independent effective Ham
iltonianH, can in general be expressed as a linear combination
of Lth-rank (or L-spin), M-quantum operator#\ ,. Each (—1)ttleMom =1, [7]

Therefore,od | v 4(t) can be nonzero only if
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If ¢+ = 7/2, asin the caskl = Hp,, this implies the selection a polyalanine peptide in an ideathelical conformation. The
rules thatM be an even integer and thiat+ M/2 be an odd simulations assume that the peptide is labeled Withat the
integer. If ¢rr = 1, as in the casél = Hg, this implies the methyl side chain positions of four, five, or six alanine resi-
selection rule that + M be an odd integer. dues, separated by two unlabeled residues (e.g., residues
In a system ol spin-1/2 nuclei, théN-quantum coherencei + 3,i + 6,i + 9,i + 12, andi + 15 in the case of six
hasL = M = N. It is impossible to excite thé&-quantum *C labels). The coordinates of the methyl carbons in thi
coherence from an initial conditiop(0) = I, in a spin-1/2 «-helical conformation were determined with the QUANTA
system whengx = m. When ¢ = 7/2, the N-quantum modeling program (Molecular Simulations, Inc.), using stan
coherence can be excited from an initial conditig(®) = |, dard bond lengths and angles, and backbone dihedral ang

only if N is an odd multiple of two. (b, ¥, w) = (—57°, —47°, 180°). With this geometry, the
For the initial conditiorp(0) = |, the same argument leadsshortest distances between methyl labelsrgre= 5.8 A. The
to maximum dipole—dipole coupling constagtt/2zry;, is 39

Hz, wherewy is the magnetogyric ratio. This is the maximum
gt = (—1) - 7™ cosdraTr{( Al e ™1,eH) 7} value ofd,/ 2 in Egs. [1] and [2]. Placement ofC labels at
_ . . every third residue was chosen for these simulations becau
+ sindreTr{(Aluqe ™1,e™) 1. [8]  this labeling scheme may allow the differentiation of a helica
conformation, which brings the labels relatively close togethel
If ¢+ = m, Eq. [8] implies the selection rule that+ M be from an extended conformation, which leads to significantly
an even integer. Excitation of the-quantum coherence in alonger internuclear distances and weaker coupling§drMQ
system o spin-1/2 nuclei is allowed, in general. Equation [BNMR experiments on real peptides or proteins.
does not restrict andM if ¢z = /2, but the selection rule  The multiple pulse sequence 442-90~7—90,~7'—90,—
thatM be an odd integer in this case follows simply from —90,—r'-90_,—7—90_,—1'-90_,—7—90_,—7'/ 2—], was used
to generate the effective coupling Hamiltoni&th,, in the
ALmg(t) = THR(m) Al 8 M1e™R(m) 1} [9a] simulations L, 2, 22. The sequence 45[-7/2-90~7'-90,~
Mo i i —90~7'-90,~—90_,—7'-90_,—m—90_,—7'-90_,—7/2—],—
= e Tr{A[,M,qe et [9b] 45_, was used to generatég, (5). In both casesr = 798 us
andt’ = 397 us. The 90° and 45° pulse lengths were 4 and :
Selection rules fop(0) = 1, are identical to those fQ5(0) = I.. ;s  respectively. The integer indicates the number of repe-
Note that the derivations given above dependp@nbut not titions of the multiple pulse cycle in the MQ preparation perioc
on other details oH. The selection rules therefore apply ton in the mixing period of a simulated experiment, so that th
forms of effective couplings more general than those in Ed@ngths of the preparation and mixing periods would be
[1] and [2]. However, the selection rules apply only to spin-1/2 812 x n ms. The evolution operatdd(n) and the density
systems. In non-spin-1/2 systems, the simplest general form Hi?feratorp(n) = U(n)p(0)U(n) * were calculated as'2x 2"
the operator\, v,q is a product of terms;'I %; or 1371 with  marices, using a direct-product basis for the systenNof
m, n, = 0. Unlessm, + n; = 1 for all i, KA_yK " # spin-1/2 nuclei. The total-quantum signal amplitud8,(n)
(—1)"Aly, in general. Previous derivations of MQ selectionj e_ the probability amplitude for excitation of &f-quantum
rules 6, 13_pr_esumab|y .a!so apply only to spin-1/2 systemgoherence at the end of the preparation period and detection
although this is not explicitly stated. _ signals from this coherence at the end of the mixing perioc
When the Hermitian detected operaforin a MQ NMR  symmed over alM-quantum coherences) was then evaluate:
experiment is the same as the initial condition, as is usually tH@SM(n) = 37,[(blp(n)|a)|?, whereX,, indicates a sum over
case Q_.—S, 21, 22, 2% the selection 'rules. for excitation af?dall pairs of direct-product statel) and |b) that satisfy
detegtlon of MQ cqherences are identical. The propabll|wb||z|b> — (all,Ja)| = M. Finally, S,,(n) values calculated for
amplitude for detecting the coherenée,,, after evolution 256 girections of the external magnetic field relative to
under the time-reversed Hamiltonian during the mixing perigfolecule-fixed axis system were summed and normalized
of durationt is given by yield the powder-averageM-quantum signal amplitudes
S u(n).
BLmg(t) = T{De™A_y e . [10] The results of calculations fo¥ = 4, 5, 6 andn = 1, 2,
4, 8 are displayed in Fig. 1 fgs(0) = |, and in Fig. 2 for
It follows that B yq(t) = A uq(t)* when D = p(0). p(0) = I,. The numerical results are in full agreement with the
selection rules discussed above. In particular, udhg,
SIMULATIONS Fw(n) is nonzero only for even values & whenp(0) = I,
and odd values dfl whenp(0) = |,. For the four-spin system
Numerical simulations of multiple-quantum excitation undewith p(0) = 1,, ¥,(n) is zero to within the precision of the
time-reversible Hamiltoniand s, andH , were carried out for calculations for all values ofi. For the six-spin system with
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FIG. 1. Simulated multiple quantunr’C NMR signal amplitudes for an-helical polyalanine peptide witHC labels at methyl carbon positions of every
third alanine residue. The number of labels is 4 (left), 5 (middle), or 6 (right). The effective dipole—dipole coupling Hamiltdtigr(tisp) or Ho (bottom).
The initial condition isp(0) = |,. Results are shown for = 1, 2, 4, and 8, corresponding to multiple quantum preparation and mixing periods of 4.812, 9.6
19.248, and 38.496 ms. Note that the signal amplitudes are plotted on a logarithmic scale.

p(0) = 1,, F4(n) is small but nonzero. For examplé,(8) = the AGADIR program 25), predicts helix contents greater than
0.000084. UsingH s, ¥ w(N) is zero to within the precision of 75% from Ala4 through Alal8 at pH 7.0, 274 K, and zero ionic
the calculations foM = N when p(0) = I.. All values of strength. Circular dichroism measurements on helix20 in aqus

Fw(n) are nonzero for large whenp(0) = 1,. ous solution (9uM peptide concentration, 5 h phosphate
buffer, pH 6.8, 274 K) reveal minima in the molar ellipticity
EXPERIMENTAL MULTIPLE QUANTUM [60] at 222 and 208 nm wavelengths, characteristic ofware-
EXCITATION SPECTRA lical conformation. The observed valu@l [, = —14.7 X 10°

Experiments were carried out on the 20-residue pepti&igg'm?'/dmOI suggests an average helix content of approxi

helix20 (sequence Ac—TyrAlaGluAlaAlaAlaLysAlaGIluA- matgly 50%. ) o
laAlaAlaLysAlaGluAlaAlaAlaLysLys-NH, where Ac and Figure 3 shows experimental MQ NMR excitation spectra o
NH, represent acetyl and amide capping groups at the N- g0 Mg sample of°C-labeled helix20 in lyophilized solid
the C-terminus), synthesized by standard solid-phase meth&&, obtained at 9.39 T (100.8 MHZC NMR frequency)
with **C labels at the methyl carbons of Ala5, Ala8, Ala11using a Chemagnetics Infinity-400 spectrometer with a home
Alal4, and Alal7. This peptide was designed to be highBuilt static double-resonance probe. The relatively low solu
a-helical. A theoretical analysis of the helix20 sequence, usibgity of helix20 precluded experiments on frozen solutions.
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FIG. 2. Same as Fig. 1, but with the initial conditigrif0) = 1,.
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discussed above. The signal intensities are in approxima
agreement with the simulations in Figs. 1 and 2, with the
assumption that approximately 70% of the total signal intensit
arises from peptides in an-helical conformation and the
remaining signal intensity arises from relatively isolaté@
nuclei, perhaps in molecules with a more extended conform:
tion. Intermolecular dipole—dipole couplings may also play &
role in the excitation of MQ coherences. In particular, the
enhancement of the three- and four-quantum signals in Fig. 3
when compared with the simulations in Fig. 2, may be due t
intermolecular couplings.

The MQ excitation spectra in Fig. 3 should be viewed a:
preliminary results in light of the uncertainties described abov
regarding the conformational distribution of helix20 in lyophilized
form and the role of intermolecular couplings. Nonetheless, the:
spectra demonstrate the feasibility of MQ NMR measurements c
multiply **C-labeled biopolymers and the influence of the MQ
selection rules on the experimental spectra.
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CONCLUSION

1

T I T
1.2 3 45 Selection rules for MQ NMR excitation in coupled spin-1/2
Quanta o . - . .
systems with time-reversible and time-reversal invariant effec
FIG. 3. Experimental *C multiple quantum NMR spectra of the 20-tive coupling Hamiltonians are derived above in a way tha
residue peptide helix20, V\_/itI’FC Iat_)_els at methyl carbon_s of Ala5, A_|a8, does not depend on the explicit form of the effective Hamil-
Alall, Alal4, and Alal7, in lyophilized form. The effective dipole—dipolg, o commutation relations, or series expansions. The
coupling Hamlltonlan for multiple quantum excitation is the s_lngle quanturp . .
operatorHs, in (a) and (b), and the double quantum opertgs in (). The |€Ction rules are therefore shown to be direct consequences
initial condition and detected operator argin (a) andl, in (b) and (c). time-reversibility and time-reversal invariance. The numerica
Excitation spectra for multiple quantum orders 0 through 5 are plotted sidgimulations on coupleﬁ”C spin systems illustrate the impact of
by-side, with a spectral width of 50 kHz in each order. See the text fghe selection rules on MQ excitation spectra in a case that is
experimental conditions. relevance to MQ NMR experiments diiC-labeled polypep-
tides. The feasibility of using®C MQ NMR measurements to
The experiments were carried out and the data were analy#@¢estigate peptide and protein conformations, in particula
as previously describe®7), but with the addition of TPPM helical secondary structure and helix—coil transitions, is suc
decoupling 26) during the MQ preparation and mixing periodgested by the experimental MQ NMR excitation spectra of th
and with the use of the multiple pulse sequence of Settet. multiply *°C-labeled helix20 peptide.
(5), modified by insertion ofr pulses to remove effects of
chemical shift anisotropy2(), to create a single quantum
effective®*C—"C dipole—dipole coupling Hamiltonian for Figs.
3a and 3b. The initial condition and detected operator werg

selected by optionai/2 pulses at the beginning of the MQ
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