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We present coherence-order- and spin-state-selective JCGLERC pulse sequences fol 2(+ 1,,)S — I

1P 191 andS™ — 17 1 + 191 transfer inl,S spin systems. The sequences provide the theoretical
maximum transfer efficiency and improved effective resolution in trspin dimension and allow for
heteronuclear gradient echoes without loss in sensitivity. For the antiphase transfer the sensitivity is improved
by 41% relative to the previous spin-state-selecti¢g3-HSQC experiment, while the in-phase sequence is

the first of its kind. In the regime of well-separaté@dloublet lines, the sensitivity enhancement amounts to
100% and 65% relative to previous antiphase and in-phase coherence-order-selective experiments, respectively.
The new COSHSQC experiments and previous methods are compared experimentallyfu€imgethyl
maltoside.

1. Introduction for resolution-enhancetH—13C correlation spectroscopy and
for measurement of gemindH—'H J and dipolar coupling
constants inl,S spin systems. In the originak&3-HSQC
experiment £,SF — || |<21/ﬁ + |<11/ﬁ I5 (Fz =11z + 12,) transfer
was obtained by combination of echo and antiecho spectra out
of two data sets. In this paper we derive G@8xing sequences
accomplishing one of the specific transfers

Recent years have witnessed great interest in multidimen-
sional NMR experiments providing the highest achievable
sensitivity and spectra with the simplest possible multiplet
patterns containing the desired spectral information. Distribution
of the intensity on fewer peaks generally improves the sensitivity
and the effective resolution, which in turn can make visible small
coupling constants otherwise buried in complex multiplet - ~ B yalf -
patterns. Hence, the demands of sensitivity optimization and 2FS =1 7+ 1T 1)
multiplet simplification often go hand in hand and form an
important element in a systematic strategy for experimental or
design. Recently this was demonstrated by a double- to single-
quantum transfer schemé which doubles the sensitivity of S —I |g/ﬂ + |‘l*’ﬂ I, 2)
the INADEQUATE experimerit® by directing coherence trans-
fer from, e.g.|; I, entirely intol; 15 + 15 I,. This transferis  in optimum sensitivity.
selective with respect to both coherence order (only antiecho
peaks) and spin state (onjy peaks) and is referred to as 2. Systematic Design of Optimum COS Experiments
coherence-order- and spin-state-selective (§@ansfer. An- . . .
other example in this category is double spin-state-selective Our strategy for systematic design of optimum pulse se-

coherence transférin other cases, efficient experiments have duences involves (i) definition of the appropriate initia) @nd
focused on either coherence-order-selective (GOSpr spin- target C) operators with the desired properties, (ii) determination

state-selective @116 transfer. What is optimum depends on of the theoretically largest efficiency for conversioninto

the resolution demand of the experiment, the relevant coherenceC which serves as a standard to which trial experiments are

transfer, and specific needs such as formation of heteronuclearcomparedi and based on this (i) deriv_a;ion of experiments

coherence transfer echoes by pulsed field gradients (PFG) forVNich achieve the maximum transfer efficiency.

artifact suppression. Several of these experiments provide |N€ transformation betweehandC is described by

optimum efficiency according to unitary bounds on spin . .

dynamicst’-22 UAU =bU)C+Q, TH{C'Q} =0 )
0&B-HSQC! represents an example of & experiment ) ) ) )

which, although improving the effective resolution and the WhereU is the unitary propagator representing the experiment

sensitivity relative to the COS variahtyill benefit substantially ~ (ignoring relaxation and other dissipative processes) and

by turning it into a COS8variant. This experiment is of interest

L c'uau”}
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TABLE 1: Unitary Bounds (( bmax)®™), Norm Bounds (Ofag). S — - —
and Efficiencies of Previous Experiments lfey) for the 155 e _ _
Coherence-Transfer Processes Described in Eqs 1 and 2

Assuming Permutation Symmetric Perturbations

: I Iz
-2
JES” — 2@ LA

transfer bmax)sym bnmoe[T bexp a
s =1 151, V2 (1.4142) V2 1
s =115+ 1/2 (0.7071) 1 -

efficiency, i.e., the so-called unitary bound value

Bhax = max|b(U)| (5)
U

can be determined numerically for arbitrary initial and target

P/
—_— '\_. ]
operators using an iterative algorithm searching for the zero j : I ” I
7

value of the gradieit

1o ey i1
vIb(U)I* = {(b*(U)[UATU',C)' — b*(U)[UA'U'.C}U (6) B LT
To determinebmaxand design practically useful experiments, Figure 1. Energy-level diagrams illustrating the initial (left column)
it is relevant to consider possible constraints in the propagators,2"d findl (right column) operators (coupled representation) involved
In particular, it is of interest to focus on nonselective pulse | @S =11y + 151, and (0)S 1, I, + 171, coherence
‘molving that the perturbation be invariant to transfer inl2S spin systems with equivalerit spins. The optimum
sequences 1mplying th P i propagators (a)2™ and (b)US = Uj UgU, are defined in the text.
permutation of the spins of the same kind. For th&
experiments in mind, this restricts operations-&pin permuta-  gperators in eqs 1 and 2 take the form
tion symmetric Hamiltonians and this may reduce the maximum
transfer efficienc§??! relative to the value applying in the - - -
. . 2FS =2l,,— 1 10
absence of permutation symmetry, i.e., 25 {112~ lsé (10)

(0™ < By @ S =lhatlaatlsetlig (11)

Furthermore, to keep the pulse sequence short, the external
manipulations should not rely on the rather weak coupling
between the twd spins. In the present case, this does not reduce
the unitary bound values any furti&The unitary bounds for 1L+ = V{55 + 15g (13)
the transfers in eqs 1 and 2 are listed in Table 1 along with the
efficiencies of previous spin-state-selective experimiésted ~ wherel, ¢ = |SIi| is a single-element operat&¥?> Confining
those predicted by conservation of the norm for the density the experiments to nonselective rotations, the effective part of
operator?3 U is restricted to the & 6 block corresponding to a totkkpin
angular momentum df = 1.
T Al A} Representation of the initial and target operators in an energy-
by = T (8) level diagram in accordance with the symmetry of the perturba-
T{C'C} tions (Figure 1) is useful in the design of optimum pulse
Two features should be noted: (i) the state-of-the-Aw&p- sequences. In favorable cases, this allows immediate identifica-

HSQC experiment may be improved by 41% for the antiphase tion of optimum selective rotations which can be transformed

. A . . i i ,10,17
transfer while no experiment exists for the in-phase transfer and N0 nonselective experimer$:1%-17in less favorable cases, the
(ii) for the antiphase transfer the maximum transfer efficiency di2grams reveal that optimum transfer requires more complicated
equals that predicted by norm conservation. The latter fact transformations possibly involving noncommuting rotations.
. 0
indicates that the entire initial coherence can be transferred intoConsider, for example, 2S™ — 1, I; + Iy 1, where az

1S+ 181, =vV2{1 5+ 154 (12)

the target state (i.e., there is no residual t€@jor this transfer. ~ rotation under the heteronuclear zero-quantum (ZQ) operator
I-spin permutation symmetric perturbations invite a coupled (12° + 1y° = (2F,S, + 2F,§)/2v/2)"° transforms £,S- into
representation spanned by the basis functions —2i(l; 3 — 9. 113 is part of the target operator whilg ¢
would require a subsequerspin double-quantum (2Q) rotation
|10= Joafod  |20= |aofB0 acting selectively on operators wigin the 3 state in order to

1 1 be converted into the desirdd, operator of the target state.
13C= 7{ laf0H [Bal ol |40= T{ |0 |Sal}|pl] This is not straightforward when relying only on heteronuclear
2 2 couplings. Consequently, it may be more rewarding to consider
|50= |pp0od  |60= |fAOBO alternative strategies, for example, involving operators of the
type F,S, and &, to distribute the initial coherences into
1 1 several coherences which subsequently are transformed into the
|[70= —{|of0— |fad a0 |80=—H|ap— |fald|p0 target operator. Participation of more coherences and potentially
V2 V2 9 non-commuting transformations, however, makes it exceedingly
©) difficult to design highly selective experiments solely on the
basis of the energy-level diagrams. In the following we
where|mmpims[{(|mC= |alor |f0) are Zeeman basis functions demonstrate that these may conveniently be derived by numer-
with the spins ordered;, 1,, and S. Within this basis, the ical optimization.
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In the search for optimum transformations, we need the a n
transfer functions which for the four relevant transfers according 4 1
T T TIT]7T Ty 1T5]|T4] T T
to eq 4 take the form =% H HHEZEE S | 3 5”;;
1 X X y 300 120012071200 X X X X X
tir 1y —
by (V) = 7(”?1“32 + UpqUgp — Upslizg — Upslisg) (14) i
2 S l t, 8 H ) Dec
1 X x| X X X X Xyy Yy
BA™(U) = ——(U%Ug, — Ulelles + UlqUg, — Uil (15
5 (U) ﬁ( 31Us2 — UzsUsg + UggUgy — Ugslge) (15) Grad ﬂ 1
Al -ty HEH + O
bl'(U) = ——=(U} U5, + UjaUs, + UsqU,, + Ubal,, + Ufclss +
(x( ) 2\/5( 11432 13434 21442 23Y44 15¥36 120° bl )
o e
Ubsllse) (16) - l H i k151 i e el B _5”5>
XX - X 12071200 1200 X X X X
in —
bg (V) = '2 \/E(u?;lu52 + Ugls, + Ugglsg + UjqUgy + Ugslig, + S x ” 5 Dec
X X X
Uyslge) (17) X yyyyy
_ . . . . . Grad ﬂ
whereu; = [[|Uj] The superscripts anti and in refer to antiphase I ﬂ L Ny
(eq 1) and in-phase (eq 2) transfers, respectively, while the greek U
subscript denotes the state of the passive splr; in t(rjeitarget,:igure 2. Pulse sequences for (& — 17 19 + 191, and (b)S™
operators. We note that for, e.g., the. 8 — I I; + 171, — 17187 + 191, COS HSQC experiments fot,S spin systems.
transfer the elements 4, Uz1, Usp, andusp alone are responsible  Unless stated otherwise above the pulses, open and filled bars represent
for transfer of|;2 into |£3 + |£4, while the elementsis, Ups, sz and /2 pulses. The pulse phases applying for transfer intoothe

n re r nsible for the transfer rtina fromm. resonances are given below the pulses; the_ phase for pulses marked by
Use, anduss are responsible for the transfer starting frogy an asterisk must be reversed for transfer into gheesonances. The

U§|ng eqs 1417 and an appropriate set of experimentally delays are related to the one-bond heteronudl@acoupling constant
feasible propagators (pulses and delays or more advanced pulSgsy, = §,,(zJden) 2, 72 = (3Jer) 2, 72 = (/2 — Om)(Icr) L, andrs =
sequence elements), it is straightforward to optinbizd) against (23c) L, wheref, = tan® (v/2) is the magic angle.
the maximum transfer efficiencypga)sY™ to derive optimum
pulse sequences. The propagators corresponding to the shortedtABLE 2: Transfer Amplitudes |b(U)| for IS and 135S Spin

optimum COS pulse sequences found are Systems Using the Varioud ,S HSQC Experiments
spin system transfer Ces S COS  Pma)™M
U3 = (202, Sl (12~ 0m2F Sy gmI2TIIF,S l 0n2F S g i 4)Fy IS 2,5 —I1- 0805 0500 0.89% 1
(18) S —I- 0.739 0250 0675 1
13S 2F, S —F 0475 0500 0.592 0.744
Uznti = o (TS i(112—0m)2F 18, (I3, o~ i6m2F Sy (14)Fy S —F 0.174 O 0.310 0.455
[
(19) p 0 0 0 p O
Ui; — @ (2SI (12— 0m)2F S (21I3)F S =i 0m2F S, (20) i 8 S (;I (()) (()) S*
« |0 0 0O -—-i O ol
U'[? = o i(T12)2F, S, (112 0m)2F S i (2TI3)F S 2P Sc (1) p* 0 0 0 p 0
0 —-p* O 0 0 —-p
where 6, = tan_l(s/i) denotes the magic angle. Within the ] '*
coupled basis, the four propagators may be described by the —p 0 0 0 p 0 .
relevantl = 1 6 x 6 matrix representations & 1/+/2 andp = o p 0 0 0 —p
1/ (1 + |)) in _ 0 0 —I 0 0 0
2 up=| . (23)
' " p 0 0 0O -p O
q 0 0O O g O 0 0 O i O 0
-g 0 0 0O gq O 0 -p 0 0 O p
wmi_[0 —q 0 0 0 g _ - | |
Up = 0 q 0 0 0 ql which (according to eqs 5 and 447) provide the maximum
0 0 0 -1 0 0 efficiencies defined by the unitary bound on spin dynamics (cf.
0 0 1 0 0 o Table 1). Using standard transformations, the four propagators
! [ are readily expressed in terms of the mixing part of the HSQC
'0 0 0 -1 0 0' pulse sequences given in Figure 2. Table 2 compares transfer
0 0 1 0 0 o amplitudes folS and13S spin systems subjected to the various
antiphase and in-phase COSS, &ind COS8 HSQC pulse
usm = a 0 0 0 g O (22) sequences.
—q 0 0 0 g O With the optimum pulse sequences derived, it is instructive
0 —qg 0 O 0 q to describe the transformation of the various coherences between
I0 q 0 O 0 ql the initial and target spin states. It turns out that this is easiest
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for the in-phase sequences. Consider, for example, the in-phase

o COS sequence for which the relevant Hamiltonians in terms
of single-transition operators in the coupled basis read

FS=VAR-E)I- -0 (@9
F,g =226 (25)
2F,S = V2L(1Z3+ 139 + (17 + 139} (26)

Hence, these Hamiltonians in the= 1 6 x 6 space contains
rotations in two disjoint 3x 3 subspaces spanned P20 |30
|600 and {|10] |4L] |50}, respectively. Using this formulation,
U may be recast in the form

Ug = U,U, 27)
where
_ AOm2F i(27/3)F —i0m2F,
U, = d/mhSdCToF S i
= @ 1(4TI3V/3)(33+135-129 (28)
U, = ei(n/Z)Slefi(nIZ)Slefi(n/Z)ZFySyefi(nIZ)ZFTS(
b=
= (DSi(w2)(35+ (W20 G (rI2)155+(112)°)
_ A(@W2)S, (@234 —i(l2)(155-138) (/2
= g 2)Si(@2)13* i) ) = @ )SLUE U)t() (29)
with I" = |rO@|. In Uy the S, rotation may be ignored as it

Untidt et al.
|__oorf cos? o
RSN
| S
08 & and p COS3 /o orp S3
/
0.64 P cos
04] oand B s3
0.2
0 .
rRSN
0.84
0.6
b o or B €OS3 cos —
0.4 o
0n 7* o and p COS3
0
5.
Avyjp (COS) / Avypy (COS?)
4
34
C
2] —
1— \“\—‘
0L
0 10 20 30 40
Avy, (Hz)

communtes with the target state, so what is left are three Figure 3. Graphical comparison of (a, b) relative signal-to-noise ratios

commuting two-level rotations. On the other hand, description
of the evolution unded, in the{|2[]|30) |60} subspace requires
the transformation formulas

Ulg "= algg+ Bls s+ 715, (30)
U|5,4UT= —Ploat0lg 4+ f¥lg, (31)
Ul U = o* 1, — I s+ 7L, (32)

whereU = e 19 gnda =0 —k, B =y —«, y =

—2/3sin 0, andd = 2/3 cog 0 with k = (i/«/§) sin 2 andd =
(v3/2)p. The cumulative effect obJ,, Uf, andU? in transfor-
mation of the individual coherences 8f into I 15 + I 1, is
illustrated by the energy-level diagrams in Figure 1b. Diagrams
illustrating the overall effect 002" in the Z/,S™ — 17 15 + 1§

I, transformation are given in Figure la.

3. Sensitivity and Resolution

The sensitivity and effective resolution of the antiphase and
in-phase COSHSQC experiments relative to previous(8& 3

(rSNR) and (c) resolution for various COSZ Sand COS pulse
sequences for antiphase (a) and in-phase (b) coherence trankfer in
spin systems. The rSNR curves correspond to “single-scan”, pure-
absorption spectra, withet‘or 5" referring to a single spin-state-selective
spectrum with either ther or the 8 line and ‘@ and8” to the case
where both thex and the3 spectrum are recorded (rSNR corrected for
the doubling of instrument time). In (Av1(COS) = Avy; represents

the width of a single resonance, white’1,(COS) denotes the overall
width of theJ doublet.

ratio of the antiphase CG®xperiment|b(U)| denotes the norm

of the transfer amplitude of the actual experiment being 1,
1W/2, and v/2 for the antiphase 3! COS”1° and CO$S
experiments, respectively, while it is/8/16 and 14/2 for the
corresponding in-phase C@Sand COS experiments. The
full doublet, for which each line is characterized by a line
width (full width at half-height)Avy/,, applies for the COS
experiments while only one of the lines is relevant for the
COS and S experiments. In the former case the maxi-
mum peak height corresponds to the frequeney =

+ l/2\/ —Avy, P =342\ Av,,2+F and O forAvy; less than
or larger tharw/3]J], respectively. It is noted that eq 33 does

HSQC) and COS HSQC experiments (all using PFG) can be Not take into account the effects of pulse imperfections and

evaluated using d doublet of Lorentzian lines characterized
by the frequency-dependent relative signal-to-noise function

b(U
YO Py E— _+
V2 Av,2+ 4 — JI2)
) (33
Av,,”+ 4 + J/2)

arbitrarily normalized relative to the maximum signal-to-noise

relaxation during the mixing sequences which are most severe
for COS. Using a value ofl = —14 Hz for a geminal HH
coupling, this leads to the rSNR versiis;/; curves in Figure
3a,b for the various COS,3Sand COS pulse sequences for
antiphase and in-phase transfer, respectively. The spin-state-
selective methods have been divided into categories correspond-
ing to sampling of only one of the two linest(or 3, 1-S
correlation alone) or both lines.@ndg in separate experiments,
|—S correlation and measurement §f Taking into account
doubling of the experiment time, the latter category is associated
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Figure 4. Methylene region of 2B°C—'H correlation spectra of the disaccharj@é-methyl maltoside in BO recorded on a Bruker DRX 600
MHz spectrometer. (a) COS H SQC spectrum optimized®groups’ Here each Ckigroup appears as a pair of doublets, with ¢hé2 sections
exhibiting strong-coupling effects. (b, c) COSSQC spectra selecting the multiplet component with the geminal proton in thiej state,
respectively (pulse sequence in Figure 2a). In the @idups of3-O-methyl maltosideJcr is 144.3 Hz, implyingr; = 2.11 ms,r; = 2.31 ms,t3

= 1.36 ms, and, = 3.47 ms for the COSHSQC sequence in Figure 2a. The sensitivity of th€OS spectrum in b is 39% higher than that in
the o HSQC reference experiméhtepresented by dotted lines in the/2r sections which compares favorably with the theoretical enhancement
of 41%. The COSp spectrum (c) shows less gain{Z0%). All of the spectra are recorded with 16 scans with 2048 complex data potatsnid

512 increments ity; zero-filling to 4096%;) x 8192¢,;) complex data points prior to strip transformation; apodization in both dimensions by cosine
windows shifted byz/6; WALTZ-16 decoupling od*C duringt,. The gradient ratios-80:30:—30:115.0866 were used for echo/antiecho selection.

T T T T T
3.95 3.90 3.85 3.80 3.75 3.70 ppm 3.95 3.90 3.85 3.80 3.75 3.70 ppm

b b, M\&N\_ﬂ

T T T T T T T T T T T T T
3.95 3.90 3.85 3.80 3.75 3.70 ppm 3.95 3.90 3.85 3.80 3.75 3.70 ppm

Figure 5. w./27 sections of COSin-phase®C—H correlation spectra of the methylene group regiorB-@-methyl maltoside using the pulse
sequence of Figure 2b. The/2r sections in (a,'aand (b, b) correspond to the sections in parts b and c of Figure 4, respectively, with a and b
referring to the low-field methylene and and B to high-field methylene. The experimental parameters are the same as those in Figure 4 except
for the initial INEPT transfer replaced by NOE presaturation of approximael duration (300 proton pulses of T2€eparated by delays of 20

ms).

with a decrease in rSNR by a factor ofviZ relative to the a substantial gain in sensitivity. The experiments were performed
former category. We note that for the COS spectra no doublet on the disaccharidg-O-methyl maltoside at 600 MHz proton
splittings are visible in the rangAvi, > @|3|_ Using the frequency using the pulse sequences of Figure 2a,b for the
samel coupling constant, Figure 3c shows the gain in resolution antiphase (Figure 4) and in-phase (Figure 5) transfer, respec-
obtained by Sand COS (characterized by the width of the tively. In the conventional antiphase COS spectrum (Figure 4a)
andp line) experiments relative to COS (characterized by the each of the two methylene groups appears as a pair of doublets

width of the doublet) experiments. with noticable strong-coupling effects, while they are resolved
) ) ) as a pair of double doublets in the corresponding in-phase
4. Experimental Confirmation spectrum. The COSBexperiment selects subspectra, with the
An experimental comparison of CO8ISQC with conven-  geminal proton of the Ckigroup being in thex (Figure 4b) or

tional COS HSQC optimized for CHyroups:1° clearly shows S (Figure 4c) state leading to improved sensitivity and resolution.
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However, the enhancement is more pronounced orutliee (6) Meissner, A.; Schulte-Herbggen, T.; Briand, J.; Sgrensen, O. W.
Mol. Phys.1998 95, 1137.

. . -
tga[] on thes I!r.‘e.' For.the antiphase tranSfeng 1z + (7) Schleucher, J.; Schwendinger, M.; Sattler, M.; Schmidt, P.;
I7 I, the sensitivity gain amounts to some 60% as compared t0 schedletzky, O.; Glaser, S. J.; Sgrensen, O. W.; Griesingek, Blomol.
COS HSQC and 39% compared doHSQC'! (dotted line in NMR 1994 4, 301.

Figures 4b,c); theory predicts sensitivity gains of 100% and 41%, _ (8) Sattler, M.; Schwendinger, M. G.; Schleucher, J.; Griesinged, C.
respectively Biomol. NMR1995 6, 11.
’ (9) Sattler, M.; Schmidt, P.; Schleucher, J.; Schedletzky, O.; Glaser,

S. J.; Griesinger, CJ. Magn. Reson1995 B108 235.

(10) Untidt, T.; Schulte-Herbiggen, T.; Luy, B.; Glaser, S. J.; Griesing-
er, C.; Sgrensen, O. W.; Nielsen, N. Kol. Phys.1998 95, 787.
ry (11) Sattler, M.; Schleucher, J.; Schedletzky, O.; Glaser, S. J.; Griesinger,
C.; Nielsen, N. C.; Sgrensen, O. \l.. Magn. Reson1996 A119 171.

(12) Meissner, A.; Duus, J. @.; Sgrensen, O.JWlagn. Resorl997,

5. Conclusion

We have presented new pulse sequences that reach the unita
bound for the coherence transfers, g — 17 197 + 1971}
andS™ — I7 197 + 1971, for 1,S spin systems. The transfers
are both coherence-order- and spin-state-selective. The pulséLzalgz'M ) . 1B S O.3Biomol. NMRLSST
sequences improve the sensitivity significantly compared to 10’(89). eissner, A, buus, 2. @, serensen, - A10mol. '
earlier methods, and in conjunction with this, they serve to  (14) Meissner, A.; Schulte-Herbggen, T.; Sgrensen, O. W. Am.

simplify and improve the resolution of complex spectra by Chem. Soc1998 120 3803. .
wcitin nlv half the r nan . (15) Sgrensen, M. D.; Meissner, A.; Sgrensen, O JWBiomol. NMR
exciting only half the resonances 1997 10, 181.

16) Al P.; Annila, A.; Otti . Magn. Reson199§ 1
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