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A new constant-time COSY experiment which allows an effi-
cient determination of accurate homonuclear coupling constant
values is presented. Characteristic features include an improved
scheme for homonuclear active-coupling-pattern tilting (ACT)
and an arbitrarily scaled shift and coupling information (ASSCI)
design of the F; domain. As a result, simple and easy to interpret
tilted cross-peak patterns, even for two-spin systems, are obtained
with good sensitivity. The relative spacing of chemical-shift dif-
ferences and coupling splittings is largely under experimental
control. The effectiveness of the spectral region selective variant of

TOCSY experiments#) could be employed, resulting in an
E.COSY cross-peak structure. Recently, another metho
using spin-state selective excitation (SE), for "J,,, deter-
mination was introduced8j. However, it is also designed
for isotopically labeled samples.

Figure 1 displays the pulse sequence scheme for the ne
experiment, exploiting two characteristic periods. In the firs
constant-time period, the chemical-shiftmodulation of all
protons occurs and all homonuclear couplings evolve durin

the new sequence is demonstrated by a determination of the 33,
Ha couplings in a peptide sample. The multiplet-selective variant
is shown to produce good results with a terpene. The superiority of
the new ACT scheme is additionally demonstrated by an ACT-J
spectrum of the peptide. © 1998 Academic Press
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the entire A delay. Only antiphase coherences are transferre
through the subsequent double-quantum (DQ) filter. The tran
fer amplitude is proportional to

Sin(7J,c2)TT cog 7,20 ), [1]

pattern tilting; Accordion spectroscopy.

where J,., and J,,s represent active and passive couplings

respectively. The constant-tirtel chemical-shift evolution

_ Previously, we proposed an active-coupling-pattern tilly, 5 5ach results in a significant simplification of cross-pea
ing procedure for efficient determination and assignment Bhitarns but it limits the possible number gfincrements

(i) heteronuclear coupling constants from heteronuclear cQjrq. consequently, the maximum valuetgfThe DQ filter
relations (HECADE) {) and of (ii) homo- and heteronuclearjs gptional and rejects half of the observed nondiagon:
coupling constants from pure-phase AWTspectra Z).  signal intensity, but it was found useful in obtaining cleane
Whereas both heteronuclear applications were successgﬁectra. In the second time period tfonly homonuclear
the homonuclear ACT3-experiment presented did not im-coyplings evolve and chemical-shift evolution is refocusec
mediately yield an assignment of the coupling constantgpe t* andt, times are incremented synchronously, accord
and the effectiveness of ACT for the Simplification of th@ng to the Accordion Spectroscopy princip@, (1(»’ Creating
cross-peak patterns was not quite satisfying. In this Corg-frequency domain encodingrbitrarily scaled shift and
munication, a better approach for homonuclear ACT and tgupling information (ASSCI) {). The number ofti/t,
solution of the assignment problem by incorporating it intfhcrements and their ratio should be optimized considerin
a ct-COSY experiment is introduced. In contrast to E.COSY, relaxation times and the necessary resolution of bot
(3) and P.E.COSY4) methods, which require at least threghemical-shift resolution and coupling splittings in the
mutually coupled spins, ACT offers the advantage of tiltedimension. The last element of the pulse sequence ac
peak patterns also for two-spin systems. The performancegdfher as a zero or as a selective refocusing pulse. It consi:
the new method is exemplified by measuring pepfidig, of the DPFGSE 11, 19 element which selects a region of
Ha coupling constants of a natural abundance sample in a Yterest and refocuses all interactions, and the central sele
H,O/D,0 solution. The established methods for determin@ve zero orm-pulse. Contrary to our previous homonucleat
tion of these important couplings use evaluation of extren®CT implementation 2), where the centrat-pulse inverted
separations in absorptive and dispersive signals from phageagnetization of the coupling partner, here, all selectiv
sensitive COSY spectra5) or fitting in- and antiphase pulses are applied to the same spins of interest. Cons
signals acquired in different experimen®.(In the case of quently, the method can be applied to every group of spir
isotopically enriched samples, HNCA-E.COSY ang,Jd not mutually coupled that could be selectively refocusec
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ing the sequence with @/2-pulse just prior to the? evo-

1 ¢ 4 . ) .
H |1 lution. In this case, only one signal, described by
¢ | ,cod 7l A1) cog md, 5t7)
A+ .
" 2 _2| 1x I ZZSII"I(’ITJLZ'[’DCOiWJlst’D
z gradients

=2l | ,co08 7y A7) sin(wdy 5t7)

—4|1y|22|3ZSin(7TJ1,2tﬁ)Sin(7TJl,3tﬁ) [4]

G»] G1 G2 Gz

FIG. 1. Pulse sequence for ACT—ct-COSY experiment. Dark-filled and

open bars represeni/2- and m-pulses, respectively. The delay Zhould be . .
optimized for maximum excitation of DQ-coherences and long enaygh Would be observed and the selectiwvepulse along the-axis

evolution. The duration of selective-pulses is symbolized by. The middle, changes the signs of terms with odd numbers of £d8])
dashed selectiver-pulse is applied for one of two data sets. The additiondglgctors.
centralz-pulse in the DQ filter refocuses evolution of DQ coherences during As pointed out in an earlier communicatioﬂ) (the same
pulses and is optional. The rectangutagradient pulses with amplitudes of 10 . . . . . . .
and 3.8 G/cm for Gand G, respectively, were used in this work. GradientSIQn.al_to'nc?Ise ratio as that in previous |mplementat|on§ can't
pulse duration was set to 1 ms and followed by a 480ecovery delay. The achieved with only half the number of scans by measuring tw
RF offset should be set to the center of fhedimension (HO resonance for data sets with the ACT-pulse set to 0 anditaespectively. In
samples in water) for the first three pulses, and then switched to the centetj9é case of ACTJ experiments, the data should be processe
the selectively refocused region. The ACITexperiment can be created by Usedirectly according to the echo-antiecho methdd (14 In
of a single #/2-pulse with phasep3 before thet’; evolution period. The . . ' .
suggested phase cycling scheme is summarized in Tables 1 and 2. HECADE experiments 1) the grgdlent echo- and antiecho
selection should be changed with the ACT-pulse angle ar
processed in the usual way. In the case of an ACT—ct-COS
Sequence, the States—TPRABY method oft; interferogram

Regardless of the¢, modulation and the transfer amplitud
g & P gﬂpstruction is to be preferred. Two echo- and antiecho-lik

and assuming that selective pulses are applied for the s
[,, the relevant components of the density matrix for th
cross-peaks of interest at poiat=0 can be described by the
following Cartesian product-operator terms.

For a two-spin system,

ata sets are generated, and processed accordingly. The 1

ata set consists of the sum of orthogonal shift-evolution term
and the second one of their difference with additional sig
inversion of all terms with odd numbers of sin{t}) factors.

For a two-spin system four different terms for the echo- an
) antiecho data set are observed:
21,1 ,coqmdy A7) + 1y sin(mdy A7) [2]
echo= 2l,1,,coqmd; A7) codwt;)

In the presence of the third coupled spin two nondiagonal .
signals are observed: + lyysin(md; st7)cogw;t;)

+ 2| 1y| ZZCOS(Wlezt’i)Sin(M tl)

Cross-peak—| Cross-peak—I . .
P e P v - |1XS|n(7TJ112t§)SIn(a)|t1)
21yl cogmdy AT cod md; 5tT) 21y g, cog 7y 45 cod md; Ht7) . .
— 20l Sin(mdy AD)SIN(TI o)) —2lplySin(mdy £5)Sin(mdy ot%) antiecho= 2l I,,coq mJ; A7) cog w;t;)
+14,sin( 73y A7) cos(md; 5t +1,sin(7 3y &7 cog(md; ot . *
+ A1y ) 5,008 Ty ADSIN(TI, ot} +Alyy |yl COL 7y AD)SIN(7, o) — lysin(mJ; ot codwty)
[3] - 2|lylZZCOiWJl,Zt’i)Sin(wltl)
- |1XSIn(7TJ112t§)SIn(w|t1) . [5]

In the case of a sequence involving a DQ filter thel,

diagonal peaks could be described by a sum of terms Pigie gata should be processed by calculation of the sum a

sented above, with weighting factors dependent on transfﬁﬁerence of echo- and antiecho data, and two new data s
amplitude (Eq. [1]). A subsequent selectiwepulse with the ;.6 optained:

phase along thex-axis, applied for one of two data sets,
inverts the signs of all terms with odd numbers of sidt})
factors, independently of the number of spins couplet} to
Hence, proper coaddition of terms which differ in phase by — 2l sin(mdy ot sin(w; ty)
7r/2 in both time domains is possible, and in contrast to the
usual homonuclead-resolved experiments pure absorption
spectra could be obtained. The experiment presented can + 21y sin(mdy Hth) cog ;) [6]
easily be turned into al-resolved variant, (ACT3, by

omission of the first constant-time period and simply starifter 7/2 phase correction of the second data set, the genel

echo+ antiecho= 4l 1 ,,coq 7, ,t7) cogw t;)

echo— antiecho= 4l ,,coqmJ; ,t1)sin(w;t;)
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TABLE 1
Phase Cycling for ACT-ct-COSY Experiment Depicted in Fig. 1

Data set #2

Data set #1
$1 B(Xr y)! 8(y! _X)! 8(_X1 _y)! 8(_y1 X)
P2
P3
(2
ACT-pulse 0
Preceiver 2(X! Vi =V X =X =Y Y, _X)r

2% =Y, Yo =% X Y, =Y, X)

8()(1 _y)r 8()/: X)! 8(_X1 y)! 8(_y1 _X)
16x, 16y, 16—x, 16—y
XX Y Yy =X =X, =Y, =Y,
8%, 8y
ar
XYY =X =X =Y T X%
2(=X, =Y, =Y X X Y0 Yy —X,),
XYY =X =X Y T X

Note.The two data sets are stored in separated memory locations, and should be combined as for echo—antiecho experiments; the sign of the tilting
changed by exchange of the ACT-pulse angle and the receiver phases between two data sets.

tion of pure-phase spectra by the method of Statesd. (16) is

separation of relevant cross-peak components larger in tl

possible, which results in coaddition of in- and antiphase ternts, than in theF, domain, should be preferred. However, in
For the evert’/t, increments, the phase of the first pulse antthe case of inhomogeneous line broadening, the ACT—c
receiver is reversed to shift axial peaks to the edge of tlEOSY method is expected to be favorable due to increas
spectra. The appropriate phase cycling schemes for ACT—solution in theF; domain.

COSY and homonuclear ACT-experiments are summarized As an example, Fig. 2 displays a contour plot of an NF

in Tables 1 and 2, respectively.

region-selective ACT—ct-COSY spectrum displaying all vici-

The theoretical sensitivity of the proposed method coutthl®), . coupling constants of the major isomer in a 25Im

be compared with a DQF-COSY experiment. There are two
differences: (i) For the same homonuclear coupling evolu-
tion time ACT-ct-COSY sequence is longer by constant-
time period and ACT-pulse, which could reduce sensitivity
due toT, relaxation, and (ii) transfer amplitude, described in
Eqg. [3], in the proposed experiment is constant but strongly

Cys6

SI.
Gly9 Glu4  Argg, Iyr2

Phe3

dependent on constant-time evolution duratiom)(2For

AL

DQF-COSY this amplitude depends dpevolution time e

and is averaged. Hence, sensitivity of ACT—ct-COSY could —

be higher in the case where the Eq. [3] condition is perfectly 403 0 4

matched and lower whenA2is far from the optimum. The 4.2 0 )

F, selectivity of the ACT—ct-COSY experiment allows eas- . a: 0

ily for long t, and consequently good resolution. Addition- 3 !

ally, in comparison to other COSY variants, due to simpli- “-5‘_; v 0 '
fied multiplet patterns the spectra are less susceptible a.8% 0 '
signal overlapping. Due to evolution of the same coherences ¢

in t] andt, periods, application of the proposed method is 50‘ 0

limited to the case where the homogeneous linewidth is 5.23

smaller than the coupling magnitude. In the opposite case s aa 83 8a a1 80 sa 5
E.COSY-type methods requiring three spin systems, with F2 (ppm)

TABLE 2
Basic Phase Cycling for Homonuclear ACT-J Experiment

Data set #1 Data set #2
P3 X XYY =X X 7Y, Y
(7 Xy
ACT-pulse 0 T
Preceiver XX Y Yy =X =X 7Y, Y X=X =YY = XXY, Y

Note. The two data sets should be processed as for ACT-ct-COSY.

FIG. 2. Expanded HN-k region from the analog of the [Me, AfRAVP—
vasopressin spectrum obtained by an ACT—ct-COSY sequence. Contour lev
for the major isomer only are shown. For negative peaks only one level we
plotted. All cross-peaks display tilted active homonuclear coupling in an
tiphase in both dimensions. The spectrum was acquired from aN®@%
H,0/D,0 solution. Eight scans were coherently added for each data set for 1
t,/t% increments. The maximum, and t% times were 32.6 and 326 ms,
respectively. Eight hundred complex points to the maxintyrtime of 0.8 s
was acquired. Water signal presaturation, withyBeg/2 of ca. 40 Hz, during
the relaxation delay of 1.4 s was used. The delayf40 ms was used. A 10.9
ms RE-BURP amplitude modulation profile5) was employed for selective
refocusing. The data matrix was zero-filled to 20481096 complex points,
and no weighting functions prior to Fourier transformation were applied.
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TABLE 3 H(1)
Coupling Constants 3Jy o, Obtained from ACT-ct-COSY o
Experiment, of the Major Isomer of the [Me, Ala’JAVP-Vasopres- ~8
sin Analog OH / /
__,///\\,//\, / /p\\d/ \
Tyr?>  Phé Glu* Asm® Cy$¥ Arg® Gly° S
un, e H2) 7.4 7.3 5.3 8.1 7.7 7.0 60 F1 3
v | CBPR
Note.Couplings were read froif, projections. The accuracy is estimated to 3 — ’ 3JH(I) H(6)
be ca. 0.1 Hz. 0.83 - = ’
aFor Gly’ the two3J, 1. coupling constants with & protons are equal —===== 3 — =
within limits of error ’ H(®) = 1.07 — =
' H(2) R ==
.23 (S
£ 31 =
: : . E H()H() =
solution of the [Me, AldJAVP-vasopressin analog in 9/1,8/ I
D,O. The solution contains two isomers in approximate 4:1 1.6
ratio. Table 3 summarizes the absolute values of coupling . a:; = __
constants obtained in this experiment. The magnituo?e-],m,, RE l
Ha coupling constants obtained froR, and F; projections is H(®) 2.0 | -
the same within error limits. Note that the HNzorrelations 2.2 TaayHe) = _
at F, frequencies near the water resonance are clearly visible.
Figure 3 shows a homonuclear ACTspectrum of the same 2.4
sample. In both cases, due to the improved homonuclear ACT N —
approach, no disturbing contribution of the complementary 3.40  3.33 3.38 3.37 3.36 3.35
tilted pattern is observed, as in a previously reported ACT-J Fz (ppm)
experiment 2). FIG. 4. Expansion of the ACT-ct-COSY spectrum of a M%-)-menthol

The multiplet-selective version of the ACT—ct-COSY exsample in CDCJ. The active couplings are in antiphase and the passive one
periment has been applied to an H(l) proton of (—)-menthol iirhphase in both dimensions. The tilted cross-peak pattern helps in analysis &

. . . . . assignment of couplings. Eight scans were coherently added for each data
CDCl,. The resulting spectrum is shown in Fig. 4. The aCtIV]%r 128t,/t*; increments. The maximuty andt? times were 66.4 and 664 ms,

coupling is always in antiphase, allowing the assignment of adkpectively. The maximur time was set to 1.4 s (256 complex points). The
delay 2A was set to the maximum value gf A 48.6 ms RE-BURP amplitude
modulation profile 15) was employed for selective refocusing of the H(1)
proton. A relaxation delayfdl s was used. The data matrix was zero-filled to

W 512 X 1024 complex points, and no weighting functions prior to Fourier

#}\MM U] \/\J»LMM*_“J,N&_ transformation were applied.

observed coupling constants. The vicinal coupling constants
0@ | 9 H(1) with H(6') and H(2) are very similar.

All the spectra presented were acquired at 300 K on a Varic
Unity Plus 500 spectrometer, equipped with a Performa
z-PFG unit, and using a standard 5 mm ID_PFG probehea
@ 0 | For selective refocusing the RE-BURF7) amplitude modu-

0 lation profile was used in all cases. Haid 7/2 pulses of 12
us were used.

T In conclusion, the new sequence presented permits an act
rate and relatively sensitive determination of homonuclec
coupling constants. Tilted cross-peak patterns are obtained |

FIG. 3. Part of contour plot of the ACT-J spectrum of the [Me,g]|| spin systems; however, this tilt does not contain informatio

Ala’]JAVP-vasopressin analog sample. Signals of the dominant isomer O%%out the relative signs of the coupling constants. The ACT-
are shown. In contrast to the ACT—ct-COSY spectrum all couplings are in )

phase in both dimensions. A 10.9 ms RE-BURP amplitude modulation profﬁ)é'jlrt of the proposed sequence, Wﬁb evolution, could be

(15) was employed for selective refocusing. Two data sets were acquired wg@mbined with other known 2D NMR methods with different
eight scans for each of 1§ increments. The maximumi, andt, times were t, evolution periods. The proposed ACT-ct-COSY metho
set to 0.5 and 1.0 s, respectively. The data matrix, containing< 18000 seems to be particularly useful for the two spin systems such

complex points, int% andt,, respectively, was zero-filled to 6% 2048 . . ] .
complex points. No weighting functions prior to Fourier transformation Werle_zIN H, systems in peptides at natural isotope abundance

applied. Water signal presaturation, withyB,/2m of ca. 40 Hz, during the HOwever, it can also be applied to the analysis of complicate
relaxation delay of 1.4 s was used. multiplet patterns in a variety of organic compounds.

F2 (ppm)
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