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Modified phase-cycled Carr—Purcell-type multiple-pulse se- THEORY
quences are optimized for coherence and polarization transfer in
homonuclear Hartmann-Hahn experiments applied to partially We consider a system of dipolar-coupled spins with couplin
oriented samples. Compared to previously suggested experiments, terms of the form
the sequences yield considerably improved scaling factors for resid-
ual dipolar coupling constants, resulting in improved transfer H g = 27 Dii(lkxix + lkylly — 2lkzliz) [1]
efficiency.  © 2001 Academic Press
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for each spin pairkl). The residual dipolar coupling constant is
ings; Carr—Purcell sequences; dipolar mixing; TOCSY, DCOSY. pin pairk() P piing

given by (14)
Dy = Srolesh[Aa(s cog 6 — 1)+ §Ar (sir? 6 cos 24)}, (2]
8r2ry 2

INTRODUCTION
whereSis a generalized order parametegris the gyromagnetic

Residual dipolar couplings of partially oriented moleculesatio of spink, ry is the internuclear distance, aAd andA, are
yield valuable structural information and can be used to cdhe axial and rhombic components of the molecular alignme
relate distant nuclear spins in high-resolution NMR (L-6tensor, in whose principle axis system the bond vector is defin
Homonuclear Hartmann—Hahn (TOCSY) transfer (7—9) throudfy the cylindrical coordinatesande. If the form of the coupling
residual dipolar couplings has found useful applications in iensor is conserved by the multiple-pulse sequed€®, (the
ological NMR (5, §. The corresponding experiments based agffective coupling terms can be expressed as
J couplings (isotropic mixing) {) and on dipolar couplings
(dipolar mixing) have several common features, but also dis- H defl =2 Dl‘flﬁ(|kx,|,x, + Iy ly — 2lkz li2). [3]
tinct differences §, 9, 10. In order to create energy-matched
conditions, both isotropic and dipolar mixing experiments rel,q effective coupling constarD,flﬁ is related to the residual

on the effective suppress_ion of of_fset terms. However, the SRfipolar coupling constarDy by a scaling factosq that is de-
cific forms of the isotropic and dipolar coupling tensors giveed as

rise to very different transfer dynamics, (9, 11, 12). In addi-

tion, the different transformation properties under rotations can DEF

result in very different scaling properties of isotropic and dipo- S = D_kl [4]

lar coupling constants under the same multiple-pulse sequence

(10, 13). As the rate of polarization or coherence transferth |s,| < 1. Because in the principal axis system of the effec

directly proportional to the size of the (scaled) effective coyjve HamiltonianH degl the transfer of transverse/( y') magne-

pling constants, large scaling factors are highly desirable in @zation is markedly different from the transfer of longitudinal

der to minimize relaxation effects. Here, we present optimizg¢g) magnetization, we will frequently translate transfer func

dipolar mixing sequences with useful bandwidths and considgbns T, (for « =X, y, or ) from the rotating frame to trans-

ably improved scaling factors compared to previously suggested functionsT, (for « = x/,y/, or Z) in the principal axis

sequences. frame, in order to facilitate comparison. Compared to the MLEV
16 sequencelb) with an on-resonance dipolar scaling facto
of |sq|=1/4 (13), the phase-alternating sequences WALTZ

1 To whom correspondence should be addressed. E-mail: glaser@ch.tumlf.(16) and DIPSI-2 17) yield a more favorable on-resonance
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180° 180° pulses (A3 d). For an effective Hamiltonian of the form of
X X Eq. [5], the transfer functions of, y, andz magnetization are

given by Q)
da 2 a8

T, = sin(m Dflﬁ’ﬁr) sin(r lelﬁ‘yt), [7]
FIG. 1. Carr—Purcell-type basis sequence of duratige = 2(d+ A),
consisting of two 180pulses (of duratiod) surrounded by delays (of duration
A/2). where{a, 8, y} are permutations di, y, z}.
) o ] For the two limiting casea « d andA >> d, where the effec-
scaling factor oflsq|=1/2 (13). In principle, a scaling fac- e Hamiltonian has the form of Eq. [3] the transfer function
tor |sq| =1 can be achieved by Carr—Purcell-type sequencggjce to the following form in the principle axis systéex Y,

(18), consisting of a series of ideal, hard 1®0Ises (13). HOW- 1y o the effective dipolar coupling tensor:
ever, previously such sequences have not been considered f}or

applications in practical dipolar mixing sequences, because in-

finitely short pulses cannot be implemented in .practice. Ip fact, Te = Ty = —sin(x D,flﬁr) sin(27 Dﬁﬁf)7
pulse sequences of this type were suggested in the seminal pa- [8]
per on homonuclear isotropic mixing experiments based on T, = sinz(n lelfff)_

couplings (3, but never found widespread use because of their
limited bandwidth 9). However, as will be shown below, series
of properly phase-cycled 18@ulses with finite amplitudes and For A « d, lelffvx =Dy anstlffqy — lelffl = —Dy/2inEgs. [5]
optimized durations of the delays between the pulses form ggy [7] (corresponding t(DElﬁ: —Dw/2 in Egs. [3] and
attractive class of homonuclear dipolar mixing sequences. \{yﬁ) In this case the transfer curvdy =T, =T, =T, (see
refer to this class of mixing sequenceseadified phaseycled Fig. 2B, thin curve) reach extrema at approximately—
Carr—Purcell-type (MOCCA) sequences. _ 0.3/IDSM~0.6/|Dy| andT, =Ty (see Fig. 2A, thin curve) has
The basis cycle of a Carr—Purcell sequence (characterlzedaq;ﬁaximum at =1/(2|D¢

ff

. . 1) = 1/|Dy|. These transfer curves
the_length of t.he 1.80pulsed and the duration Of,the windows re identical to the on-resonance transfer functions found f
A) is shown in Fig. 1. In a toggling frame defined by the r

SO IPSI-2. In contrast, transfer times are reduced by a factor
sequence and considering just zero-order effects, offset terng, -\ > d, whereDE™ = D™ — D, and DE™ = 2Dy, in
, = = K =

average to zero, creating energy-matched conditi®hsThe K Kl eff o~ '
zero-order average dipolar coupling terms can be derived irrEg%S.'l[S] and [7] (corresponding tBy = Dy in Egs. [3] and

: . n this case, the transfer curv@g =Ty, =Ty =T, (see
straightforward way (see Appendix) and have the form Fig. 2B, dashed thin curve) reach extrema approximately

7=0.3/|Desi| = 0.3/|D| and T, =T, (see Fig. 2A, dashed thin

- ff, ff, ff, ) -
H a0 = 27 { Dy Tl + DG ey ly + Dig ez} curve) has a maximum at=1/(2|Des|) ~ 1/(2|D]). This is the
oA —d 4A +d most desirable limit with the fastest transfer rate.
= 27 Dy { kx| —lyly — =— Ikzliz - [ i [ |
4 kl{ kx lix + 2+ A) kylly 2d+ A) kz Iz} In order to increase the active offset range of dipolar tran:

fer, we now consider modified phase-cycled Carr—Purcel
[5]  type sequences, consisting of an inversion elerfent (A /2—

180,—A/2) that is subject to commonly used supercyles. |
This (zero-order) average Hamiltonian approximates a valid &frder to use a concise notation, we refer to the various met
fective HamiltonianH ¢« provided that the cycle timecyc of bers of the MOCCA family by indicating the cycle (or su-

the sequence fulfills percycle) as an extension. For example, the MOCCA-M1
and the MOCCA-XY16 sequences consist of 16 elemé{ts
Toye = 2(d+ A) < %( [6] with phases 00,7, 7, 7,0,0,7,7, 70,0, 0,7, 7, 0 corres-
Vot ponding to the MLEV-16 supercycld$) and 0, 72,0, /2,

7/2,0,7/2,0, w,3n/2,7,3n/2, 3n/2, w, 3mw/2, w corre-
wherevg*is the largest offset in the spin systef®( 20). For sponding to the XY-16 supercycl@y, 22), respectively. Sim-
A « d, the average coupling teriiil 4 in Eq. [5] has the ilarly, in the MOCCA-M4P9 sequence the basic inversion ele
form of H deﬂ in Eq. [B]with DS = —Dy/2andx' =z, y'=y mentR, is expanded according to the M4P9 supercy2g 24).
andz’ = x. This limit corresponds to the case of CW irradiatioiNote that the average coupling term given in Eq. [5] is not vali
(A = 0)withsq = —1/2 and has the same on-resonance averafpe MOCCA-XY16 and MOCCA-M4P9 because also phages
Hamiltonian as DIPSI-2 and WALTZ-1@.8). Onthe other hand, other than O orr are used in these sequences. However, Eq. [
H a.x = H 4 with the most favorable scaling facte =1 is still valid for MOCCA-M16 if rf inhomogeneity is neglected
andx'=x, y =y, andZ =z are found in the limit of ideal and the on-resonance case is considered. For MOCCA-XY:.
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Hamiltonian arguments given above and considering that th
180 pulse duratiom = 1 /2y is limited by the maximum avail-
able rf amplitudev T, the optimal duration of the delax is
expected to be found in the range

1 1

max <A< vmax'

Vrf off

T

[11]

For example, Fig. 3 shows numerical simulations of the off-
set dependence of the transfer efficiency of the MOCCA-M1¢
sequence with an rf amplitude of 12.5 kHz for a range of
delays A and D = Dy, =10 Hz. Realistic transfer functions
20 40 60 80 100 Tin(z) in the presence of rf inhomogeneity were simulatec
B T [ms] using an extended version of the program SIMONKS)(by
superimposing a series of ideal transfer functidp&) for dif-
-I-(inh) 0.75 ferent nominal rf amplitudes, weighted by a Gaussian rf in-
y' ' ’ homogeneity distribution with a width of 10% at half-height
(9). For the MOCCA-M16 sequence the on-resonance effectiv
Hamiltonian is identical to Eq. [5]. Based on this effective
Hamiltonian and the theoretical transfer function given in
Eq. [7], the transfer amplitud@&(0.3/D) is given by 0.205,
0.128,0,-0.448,—-0.613,and—0.698 foradelay of 1, 10, 20,
80, 160, and 32Q2s, respectively. These values are indeed founc
for the on-resonance case & v, =0) in Fig. 3. As expected
from Eq. [5] the on-resonance transfgf"(0.3/D) is positive

FIG. 2. Time dependence of characteristic ideal transfer functiugs) (Eq. [8]) forA < d (see Figs. 3Aand 38) and negative (Eq (7D
and of simulated transfer functiorii"(z) for the best MOCCA sequences for A >>d (see Figs. 3E and 3F). In Fig. 3C no transfer is ob-
(bold type in Table 1) in the presence of rf inhomogeneity. (A) Theoreticslerved, because the average Hamiltoniamferd/2 is given by
polarization transfer functio, (<) (Eq. [8]) based on the average Hamiltonianj+~ dKl = 27 Dig {liexlix — lzliz) (see Eq. [5])' which according
H aw (Ea.[BDfora «d(z = x,thincurve)ands > d (z =z dashedthin 4 £ 7] does not give rise to transferofnagnetization. Note

curve) compared to the realistic transfer functiAi(r), in the presence of rf ;S e
inhomogeneity for MOCCA-XY16 (bold curve) with = 2.2d and MOCCA- that for A > d efficient coherence transfer is limited to a rela-

M4P9 (dashed bold curve) with = 2.4d (see Table 1). (B) Theoretical transfer tivEly narrow region along the diagonal, withy — v2| < 1/A;
function Ty (z) (Eq. [8]) based on the average Hamiltonlah 4 i (Eq. [5]) for  €.9., in Fig. 3F, the transfer is limited to; — v,| < 1.5 kHz.
A < d (x" =z, thin curve) ar_ldA"?ﬁ d (X’ = x, dashed thin curve) compared This example demonstrates the need to optimize the defay
to the realistic transfer functiom,"'(r), in the presence of rf inhomogeneity various members of the MOCCA family in order to find an op-

for MOCCA-M16 (bold curve) withA = 2.2d and MOCCA-M4P9 (dashed .. | ise bet ble bandwidth and | i
bold curve) withA = 2.4d (see Table 1). The on-resonance transfer functiontéma compromise between usable bandwi and large scallr

Tx = Ty andTy = T, = Ty of DIPSI-2 are identical to the solid thin curves factorssy.
shown in A and B.

0.5
0.25

-0.25
-0.5
-0.75

OPTIMIZED SEQUENCES
the average coupling term on resonance is given by
The delayA was optimized for various MOCCA sequences
H-d,kl — 27Dy (dé4+ A){lkxllx + lighy — 2Nl [9] to max_imize _the dipolar transfer _efficiency in a defined off-
+ A set region using an extended version of the program SIMONI
. 9, 25). The results for a target spectral width of 8 kHz and dif-
since the_ phase cy_cle leads to an average between Eq. [3] nt magnetization components are summarized in Table 1 f
Eq. [5] with x andy interchanged. . MOCCA-XY16, MOCCA-M16, and MOCCA-M4P9 for an rf
In contrastto Eq. [5], this average coupling term has the forg?nplitudevrf = 12.5 kHz. In addition to the optimized pulse se-
of Eq. [3] for all values ofA with guence parameteéy/d, Table 1 also summarizes scaling factors
d/4+ A s’ for optimal transfer time and on-resonance transfer ampli
M= A [10] tudes, as well as absolute and relative bandwidths. The scalit
+ A . . -
factors' is defined asiq/topt, Whererq corresponds to the first
andx’ = x, y = y,andz = z.Forall MOCCA-type sequences,extremum of the transfer functions under the unscaled dipole
A > d is desirable in order to maximize the on-resonanaupling HamiltoniarH g 12 (Eq. [1]) andreptis the mixing time
scaling factor. However, the maximum value Afis limited atwhich the first extremum of the transfer function is reached fo
by Eqg. [6]. Hence, based on the simple zero-order averaggiven multiple-pulse sequence, assuming both spins to be «
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-5 -25 - | 25 5 -5 -2.5 0 | 2.5 5
v [kHz] v [kHZ]

FIG.3. Influence of the duration of the delay on the offset characteristics of coherence transfer of the MOCCA-M16 sequence with a nominal rf amplit
of 12.5 kHz, corresponding t = 40 us and a dipolar coupling constabk; = 10 Hz. The transfer efficienci]){nh(O.S/DH) is shown for the delays (AN =
1us, (B)A =10us, (C)A =20us, (D)A = 80us, (E)A = 160us, and (F)A = 320 us. Black and white lines represent positive and negative contours
respectively. Contour lines are shown #0.1,+0.2, ...,£0.9. Areas with the same absolute vaIueTgﬂ?h(O.3/Dk|) are filled by the same gray level.
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TABLE 1 and MOCCA-M4P9 sequences afifi"(z) for MOCCA-M16
MOCCA Sequences Optimized for Broadband Dipolar Transfer  and MOCCA-M4P9. For the optimized MOCCA sequences the
of x, y, and z Magnetization transfer of magnetization (bold curves in Fig. 2) is more thar
b s 50% faster than that for DIPSI-2 (thin curves in Fig. 2). Also the
rf H H inh
T, Sequence N T [kHz [kHz] b maximum transfer amplituded,""(zopt)| of the MOCCA se-

guences are comparable to or even higher than the correspond
Tx MOCCA-M16 32 075 -062 25 6.1 041  maximum transfer amplitudes of DIPSI-2 (see Fig. 2).
MOCCA-M4P9 28 074 —-0.66 3.6 6.4 0.56
MOCCA-XY16 2.7 075 -0.77 55 6.5 0.85
Ty MOCCA-M16 22 076 -091 6.2 7.0 0.89 EXPERIMENTAL
MOCCA-M4P9 24 075 -0.86 7.0 6.8 1.03
MOCCA-XY16 27 075 -0.77 53 6.5 0.82 The MOCCA and DIPSI-2 mixing sequences have been af
T, MOCCA-M16 32 084 08 3.0 6.1 0.49 plied to an approximately 5 mM sample of bovine red blood
MOCCA-M4P9 24 078 089 4.0 6.8 059  cell ubiquitin in a HO/D,0O 90/10 solution at pH 6.5 and 303 K
MOCCA-XY16 22 074 100 55 0 079 (commercially available from Sigma, Inc., St. Louis, MO, and
Note. An rf amplitude ofirr = 12.5 kHz and a dipolar coupling constant used without further purification) in a 5-mm thin-wall tube
D = Dy = 10 Hz were assumed in the optimization. Given are the optimize(55oﬂ|)_ Orientation was induced with a dilute quuid crystal

valuesA/d = 2usA for an inversion element of the form\[/2—(18Q,)— - L .
A /2], expanded with XY-16 (MOCCA-XY16), MLEV-16 (MOCCA-ML), solution consisting of 3% CHAPSO/DLPC/CTAB (1:6.1)

and M4P9 (MOCCA-M4P9), respectively. For example, the optimal delay fo(CHAPSO' DLPQ, Sigma, Inc.; CTAB, Acros, New Jersey)
the transfer o magnetization iss = 88 us for MOCCA-XY16. In addition (26, 27). All experiments were performed at 303 K on a Bruke
the parameters’, T, b, v, andby/vf™ are given, which characterize the DRX 600-MHz spectrometer (Bruker Analytik GmbH, Rhein-
sequences with respect to transfer time, transfer amplitude, average rf pom?etten, Germany) equipped with TXI HCNgradient probes.

and bandwidth (see text). The sequences with the best transfer properties ior

pectra were processed using XWINNMR 2.6 (Bruker Analytic
GmbH) and Felix 98 (MSI, San Diego, CA). The basiéilter
version of a 2D TOCSY is shown in Fig. 5. All TOCSY exper-
resonance and taking into account the effect of rf inhomoger{@-emS (DIPSI-2, MOC_CA'XY16’ MO_CCA'M4P9’ MOCCA-
ity. This scaling factos’ based on the transfer time approache’glm) were r_ecorded W'th an rf amplitudg of 12.5 kHZ'_ In
the scaling factosg for MOCCA-XY16 which according to orderto_achleve the maximum transfer between th_e amlde pre
Eq. [9] conserves the form of the dipolar coupling term for alPns which are not scalar coupled to each other, we irradiated tl

values ofA. For MOCCA-M16 and MOCCA-M4P9 the val- mixing sequences at the NH resonances and jumped the prot
ues can still be defined based on the transfer times even thof%ﬁuency back to the water resonance before detection. The

coherence and polarization transfer are indicated using boldface type.

Eqg. [4] does not apply because the form of the dipolar coupli uency jumps were also performed with DIPSI-2 for bette

term is not conserved by these sequences. For example, for @parison. A f[ypi_cal Qipolar mi_xing experimer_n for the t_ra_ms-
transfer ofy magnetizationriy =30 ms (see thin dashed Iinefer of z magnetization is shown in Fig. 6. For different mixing

in Fig. 2 B) whereas for MOCCA-M16 withh = 88 s (see SEdUENCes buildup curves as a function of the mixing time wer
Table.l)r =40 ms, resulting ins' = 0.76 andT."(zop) = recorded for a comparison of experimental and theoretical tran:
opt— ) — Y. y opt) —

—0.91. These values can be rationalized based on the theor&{- fUnctions (Fig. 7). The following mixing times were usgd:
cal transfer functions (Eq. [7]) Witlmi((l,effz 10, Dlill,eff: 5313, 30, 60, 90, 120, and 150 ms thransfer_ using MOC_CA-XY16,
and Déieﬁz —15.313 according to Eq. [5]. The absolute bang>?: 60, 90, and 120 ms fmtransfer_usmg DIPSI-2; and 24.12,
width b is defined as the offset range wf andv, in which the 48.24, a.n.d 72.36 ms fortransfer using MOCCA-M4P9. For all
Iother mixing sequences also spectra were recorded but the or

transfer amplitudd"(z,p) is larger than 0.5. The parameter- ted perf dbostin th iment tod f -
v™s indicates the root mean square of the rf amplitude which {3 -0 PErformedbestin the Experiments, as expectedirom sim

proportional to the square root of the average rf power of the 48[IOQS. Forthe transferafmagnetlzatlon theomaX|mum trz‘:tonsfer
quences. Finally, the relative bandwidbys " are summarized amplitude of MOCCA-XY16 is between 14% (B) and 61% (A)

in Table 1 larger than that of DIPSI-2. This difference increases dramat
For polarization transferT;) the sequence MOCCA-XY16 cally fqr longer mixing times. At a mixing time of 120 ms the
with A /d=2.2 gives the best results with respect to maxpeaks in the MOCCA-XY16 experiment are on average a factc

- opt : : _of 4 larger than those in the DIPSI-2 experiment. The fastest
mum transfer amplitud€, " and bandwidthb (see Fig. 4A) fol transfer is found for MOCCA-MAPS.

lowed by MOCCA-M4P9 withA /d =2.4 (see Fig. 4A. For
coherence transfefly is preferable toT, and the sequences
MOCCA-M16 with A/d=2.2 (see Fig. 4B) and MOCCA- DISCUSSION

M4P9 with A /d =2.4 (see Fig. 4B are best suited. Figure 2

also shows the detailed time dependence of the on-resonanddew dipolar mixing sequences have been optimized and aj
transfer functionsT\""(z) for the optimized MOCCA-XY16 plied to a protein. If relatively small bandwidths are sufficient
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A T.,"(MOCCA-XY16) B T,"(MOCCA-M16)

-6 -3 0 3 6

v, [kHz]
A T."(MOCCA-M4P9) B T,"(MOCCA-M4P9)

v, [kHZ] v, [kHZ]

FIG.4. Offsetdependence of the transfer efficieid)"(0.68,/D) for the sequence MOCCA-XY 16 (AX,"N(0.64,/D) for the sequence MOCCA-M4P9 (A
andT'nh(O 4/D) for the sequences MOCCA-M16 (B) and MOCCA-M4P3)(®ith the optimized valuea /d given in Table 1 (contour lines as in Fig. 3). The
chosen mixing timesopt correspond to the first extremum of the functld’rj,gh(r) for the respective MOCCA sequence; see Fig. 2 and Tablel.

for a given application, scaling factosg of about 1 can be 50% larger than the scaling facts| = 0.5 of DIPSI-2 (or

reached using MOCCA sequences withs> d. For broadband WALTZ-16). These increased scaling factors of the MOCCA
applications, slightly reduced scaling factors have to be takeequences directly translate into faster transfer dynamics (s
into account. For example, the MOCCA-XY16 sequence whidfig. 2 and Fig. 7). In principle, faster transfer reduces relax
was optimized for broadband dipolar mixing transfer (Table Btion losses. However, the effective relaxation rates also depel
has a maximum scaling factgy, = 0.75 for coherence trans- on the trajectories of magnetization and coherences during
fer andsg = 0.74 for polarization transfer, which are abougiven multiple-pulse sequence. Based on a simple (invarian
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i & 9 0 ¢, A & MOCCA-XY16 (x>x)
i ixi e Rl 1 O MOCCA-M4PS (y—>
H | % I b ‘ SipolaTiins | .l‘ J||I.' ¢ 600000 - ¢ ® MOCCA-XY16 ((:-u);)
E F |f||-"' 1 @ DIPSI-2 (z2)
Q Q : 500000—- ° °
]
400000
Gz . . ‘g ] * . L
G1 G1 g 300000
- 1 °
FIG.5. The schematic pulse sequence used to test various dipolar mixil zooooo__ o
sequences for the transfer ofnagnetization. Narrow and wide bars represen 440000 4 o ®
90° and 180 pulses. The default phase for pulses.i$hase cyclingg: = X, . .
=X ¢2 =Y, —Y; 3 = 4(X), 4(—X); ¢4 = 2(X), 2(—X); drec = X, 2(—X), X, —X, 0 . ; ; : ;
2(x), —x. Quadrature detection is obtained by alterifgin the States—TPPI ° 30 - [ms] 90 120 150
manner 28). During a typical repetition delay of 1.5 s algpower presaturation
was applied to reduce radiation damping. The delay3 us and the following B
180 pulse refocus chemical shift evolution during the fiygshcrement. Carrier
positions:'H = 4.65 ppm (7.6 ppm during the dipolar mixing sequence). FC . & MOCCA-XY16 (x—>X)
indicates frequency jumps between the water resonance and the amide re( 6000001 0 ® O MOCCA-M4PS (y—y)
(see text). Except for the dipolar mixing (TOCSY) sequence, proton pulses we . . @ MOCCA-XY16 (z-2)
applied using a 36.75-kHz rf fieldr(pulse 13.6.s). For water suppression a = 500000 1 . P @ DIPSI-2 (z52)
watergate sequence was usé)( Gradients (sine-bell shape@; = (1 ms, £ , .00 | L4
30 G/cm). For the 2D version of the experiment 16 scansgf68 complex & hd
points, spectral width 7788 Hz) experiment were recorded with 2048 compl § 300000 -
points int; (spectral width 7788 Hz), giving rise to a total measurement time cE o e
about 6 h for each 2D version of the experiment. 200000 <
o 1
100000 -
trajectory model that ignores ZQ contributior89( 9), the fol-

lowing conclusions can be drawn for characteristic cases of i Y 30 60 %0 120 150
terest: In MOCCA-type sequences with > d the transfer T [ms]

of z magnetization Is mamIY Su_bje(_:t ic] pl’.OCGSSES, whereas FIG. 7. Experimental dipolar transfer functions for the mixing sequences
the transfer ok or y magnetization is dominated by the muctbipsi-2 ¢ transfer, pentagons), MOCCA-XY1& (ransfer, black circlesx
fasterT, relaxation. In DIPSI-type experiments (as well as faransfer, diamonds) and MOCCA-M4P@ttansfer, white circles) for the protein
MOCCA sequences with < d) the transfer Oﬁ/ andz magne- ubiqui_tin di;;olved in a bO/D_ZO 90/10 solution at pH 65 Individu_a! cro;s—
tization is subject to an average Bf andT, processes Whereaspeak intensities (arbitrary units) are shown as a function of the mixing time

h f i .. is d . d b | . for (A) tpe cross peaks betweer'Hlle 13) and H' (Thr 12) with a distance
the transfer ok magnetization is dominated B relaxation. ¢ 4 464 and (B) the cross peaks betweel KL.eu 43) and l (GIn 41) with

This qualitatively explains the observed decay rates of the @Xdistance of 6.94. In order to facilitate the comparison, the negative cross-
peak intensities of the DIPSI-2, the MOCCA-M4P9, and the MOCCA-XY16
(X — x) experiments were multiplied by 1.

9.0 8.0
IH [ppm]

FIG. 6.

IHN region of the MOCCA-XY 16 spectrum recorded on ubiquitin.

- - 0.0
= o e z - —_ perimental transfer functions in Fig. 7. In addition, the apparer
©r20 s decay rates are in part a result of the fact that the spin syster
consist of more than two dipolar-coupled spins in which the
- r40  _ transfer dynamics of coherence and polarization transfer can |
= é significantly different (12). In practice, the optimized MOCCA
Glnd1-Leud3 T 60 & sequences are preferable to DIPSI-type sequences due to th
Thri2-Tel3d ~ - : & improved scaling properties and (in particular for the transfer o
- - 80 Z magnetization) because of their favorable effective relaxatiol
- L 10.0 rates, as expected based on the presented theoretical and ex|
imental results. For the latter reason the new mixing sequenc

will be important building blocks in many experiments basec
on homonuclear dipolar transfer. For exampleJin-NOESY

experiments (31) the NOESY transfer step can be replaced by
dipolar mixing step. Relative to the applied rf power, the band

In the dipolar mixing period magnetization was transferred. The mixing periodVidth of the MOCCA sequences is comparable to the bandwidt
T was 60 ms (experimental parameters, see text and Fig. 5).

of DIPSI-2.



OPTIMIZED DIPOLAR MIXING SEQUENCES

APPENDIX

A short derivation for the average HamiItoniaﬂ~d,k| (see

3.

Eq. [5]) is given below based on the toggling frame approach:

19). For the pulse sequence given in Fig. 1, the toggling frame
(19) Py d g g ggiing 5. M. R. Hansen, M. Rance, and A. Pardi, Observation of long-raihgéH

HamiltonianH g i (t) is given by

H g = 27 D {Fxl 1x + eylly — 20kl 12)

forO<t < A/2,A/24+d <t <3A/2+d, and 3A2+
2d <t < 2(A+d), and by

H~d,k| = 27 Dy { ka ﬂx + (CO$2a — ZSII'I2 Ol) |~ky|~Iy + (Sinzol
—2c0€ &)l ki1, — 3sina cosa(ikyliz + Tyikz)
forA/2<t<A/24+dand3A2+d <t < 3A/2+ 2d with

a =2t — A /2) ando = 2 v (t — 3A /2—d), respectively.
The resulting average Hamiltonia] ¢ i, is given by

~ 27 Dy d
H = 2(d + A)lykl 2A + —
K= ST A) (d+ A)lixhix + +
27
X /(Cosza—ZSirFa)da lkylly
0

2
+ —4A+9/(sin2a—2co§a)da lizliz
T
0

21
_d /(SSina cosa) dor(lyliz + hylka) ¢
/4
0

which is identical to Eq. [5] becau#é”(sin2 a—2cofa)da =
02”(co§a —2sifa)da=—x andfoz”(3 sina cosw) da = 0.
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