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A new HMQC-based experiment is presented which allows for
an efficient determination of accurate homonuclear coupling-con-
stant values. Pure absorption lineshapes with tilted cross-peak
patterns are obtained by a combination of the active-coupling-
pattern tilting (ACT) scheme with J-scaling. Characteristic fea-
tures include separate heteronuclear echo and antiecho acquisition
with a BIRD, pulse positioned before or after the t; period,
respectively, to refocus I-spin homonuclear coupling evolution.
Additionally, due to the incorporation of J-scaling the relative
spacing of the S-spin chemical-shift differences and I-spin homo-
nuclear coupling splittings in the F, domain is largely under
experimental control. The most important advantage of the pro-
posed method is that the I-spin homonuclear coupling evolution
occurs simultaneously with the evolution of the heteronuclear zero
and double-quantum coherences, which exhibit a slower trans-
verse relaxation than I-spin single-quantum coherences. The ef-
fectiveness of the new sequence is demonstrated by a determina-
tion of the *J,na couplings in a peptide sample. Additionally, the
broadband property of the new sequence is verified with a sucrose
sample. © 1999 Academic Press

Key Words: HMQC; J-couplings; J-scaling; active-coupling-pat-
tern tilting, ACT.

HSQC experiment. However, the main drawback of such ¢
approach would be an evolution of the homonuclear coupling
on the same coherence level in both time domains which wou
limit the applicability to cases where the homogeneous line
widths are smaller than the coupling magnitudes. Moreove
the transverse relaxation of a single-quanttif coherence,
which would have to be selected for the coupling evolution, i
usually fastest in the case of biomolecules.

In this Communication a new ACT scheme is presented ar
combined withJ scaling to obtain pure-phase homonuclea
J-modulated HMQC spectra without the disadvantages ou
lined above. Heteronuclear multiple-quantum coherences ¢
selected in the evolution period of the experiment to achie\
simultaneousS-spin chemical-shift labeling and homonuclea
[-spin coupling evolution. Thus, the advantage of slower tran
verse relaxation rate of zero- and double-quantum heter
nuclear coherence is takeb10. Additionally, since there is
only one incremented period, the new sequence is shorter
time in comparison to the previous implementatiéh Eigure
1 displays the pulse-sequence scheme for the new experime
Two subspectra, a heteronuclear echo (Fig. 1a) and antiec
(Fig. 1b), are acquired for eathincrement. The most obvious

In a recent Communicatiorl) the ACT-ct-COSY experi- difference in these experiments is the position of the BJRC

ment (active-coupling-pattern tilting constant-time COSY), fal1, 19 pulse, which actssaa 0 and fr), pulse forl nuclei
the determination of homonuclear coupling constants, wasth and without a*J(S,1) coupling, respectively. Hence, it
proposed. There, tilted cross-peak patterns were obtainedrefocuses the evolution of couplings between apin bonded
proper co-addition of in- and antiphase signals in both dimeto a magnetically activ& spin and othet spins. In analogy to
sions of the 2D spectra, using techniques previously introducisg ACT-ct-COSY sequencé)(the sense of the homonuclear
for heteronuclear experiment®)( An important feature of coupling evolution needs to be inverted in one experimen
homonuclear ACT is that it provides the advantage of tiltedowever, here, this is not achieved by application of either a
cross-peak patterns for two-spin systems which are unsuitabter selective pulse but by the BIRDpulse placed either
for E.COSY @) and P.E.COSY4) methods. Additionally, the before or after theé, evolution period. The combination of the
ACT-ct-COSY experiment is one of the sequences that provideho and antiecho data yields pure phdseodulated spectra
pure-phase homonucledispectra as was demonstrated with with tilted cross-peak patterns. The two additiona) (pulses
determination of®J, .. coupling constants in a peptide atnsure a complete refocusing of thepin chemical-shift evo-
natural isotope abundance. It was pointed out that due to th&on over the entire experiment up te = 0. Signal modu-
versatility of the homonuclear ACT scheme it could be contation due to homonuclear coupling evolution during the cor
bined with a different chemical-shift labeling block, e.g., atant delays is eliminated by the BIR[Pulse. To achieve
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FIG. 1. Pulse sequence for the PPJ-HMQC experiment, heteronuclear echo (a) and antiecho (b). Dark-filled and open barsrf2medenpulses,
respectively. All pulses are applied along thexis, unless indicated differently. The delayshould be tuned t6.5/*J,s. Delay 7 includes the rectangular-shape
gradient pulse and a 1Q%s recovery delay. Gradien®, andG, had a duration of 2.5 and 1 ms, and an amplitude of 10 and 5 G/cm, respectively -
experiments. FotH-"C experimentss; andG, with equal length and amplitudes of 10 and 5 G/cm, respectively, were used. The echo and antiecho dat
per eactt; increment were acquired separately and combined using standard VNMR software. The basic phasecyeldxfdy, 4 —x, 4 —y; ¢, = X,—X;

@3 = X, X,—X,—X; and receiver= (x,—X,—X, X) + ¢, was used. The scaling dfspin homonuclear coupling constant a&&dpin chemical shift evolution is
achieved by selection of constant

scaling (3) a factork > 1 must be selected. The twear)s fitting in- and antiphase signals acquired in different specti
pulses refocus-spin chemical-shift evolution during the gra-(15, 16, quantitative 3DJ correlations 8, 9), andJ-modulated
dient pulses and the additional homonuclear coupling evolutist8QC experiments6( 17). In case of*N, “C isotopically
periods ifk > 1. The different separation in time of defocusingnriched samples HNCA-E.COSY and foN-labeled samples
and refocusing gradient puls&s; andG,, respectively, could J,;,-TOCSY experimentsi@) are valuable alternatives produc-
result in unequal amplitudes of the echo and antiecho signafgy E.COSY-type cross-peak structure. Other approaches
which in turn would lead to quadrature ghosts in the clude evaluation of couplings from a comparison of DQ an
dimension. However, in our experiments with water solutior&Q spectra of*C- and **N-labeled molecules19) and spin-
and relatively weak gradients, up to 10 G/cm, such artifacttate-selective excitation {5) or spin-state-selective coher-
could not be observed since the diffusion coefficients are rence transfer (€T) methods for'J,,; (20—23 determination.
large enough. The latter require the acquisition of the two separate data st
As an application example, the proposed sequence, pudesplaying a single doublet component for the evaluation of tf
phasel-resolved HMQC (PPJ-HMQC) was used for the meaouplings and with the exception of Re23] are also designed
surement of the vicinald,y 4. coupling constants in the [Me, for isotopically labeled samples. Recently another technique
Ala’]-AVP-vasopressin analog at natural isotopic abundanaeduced-dimensionality version of the 3Bresolved HSQC
The sample was a 25 mM solution in 9/1,8/D,0. The experiment 24), was proposed for the measurementdfy .
established methods for determination of these important camoupling constants26). This method,J-multiplied HSQC
plings are evaluation of extrema separations in absorptive giM)-HSQC), is based on homonuclehresolved period fol-
dispersive signals from phase-sensitive COSY spedi#, ( lowed by simultanously incremented sensitivity enhance



COMMUNICATIONS 187

Fio : \
3 : Gly9
111 ) 1
(ppm) é 5 o A
114 4
3 1.0 1
116 3 oe Asn5
118 E ¢ Tt 0.0 7
E ¢ Gln4 ﬂ elﬁ ]
—é 5>1<”JHN,H0<EQ Phe3 1 O |
1 2 O _é Arg8 0 0 .
E b 5 Cysé
1 2 2 _; - 2 O T T T T T T T T 1
0.0 0.1 0.2 0.3
124 3 /s
3 )
126 3 o Tyr2 FIG. 4. Plot of measured cross-peak volume against dephasing delay
3 obtained by application of thé&modulated [°N,'H]-COSY method from Ref.

TTTTTTTIEEEITTTE TR E T TR T T, (6). The curves are obtained by the nonlinear least-square fitting of the functi

8.5 8.3 8.1 7.9 7.7 V(1) = Vocos(@@lt) exp(—7/T,), to the experimental dat¥., J, andT, are,
respectively, peak volume for = 0, actual coupling constants, and the
£ (p P m) effective transverse relaxation time. Extracted values of coupling constants «

FIG. 2. Amide proton region from the PPJ-HMQC spectrum of the [Mecollecteq in Table 1. In comparis_o_n to the origiqal.pulse-sgquence from Re
Ala’]-AVP-vasopressin analog. Contour levels for the major isomer only af®. the first INEPT step was modified by the omission of spin-lock pulse, an
shown. The spectrum was acquired with a 25 mM 909@#D,0 solution. 16 aPplication instead, of the 2 ms 10 G/cm gradient, placed between/the
scans were coherently added for each data set fot, 96crements. The andS-spin pulses, which rejgcts .aII transver_se magnetlzatlon' components &
maximumt, andt, times were 64 and 280 ms, respectivelyk/&onstant of €aves unchanged the longitudinal two-spin order,$9. 16 independent
5 was chosen. A relaxation delay of 1.2 s was used. The delags tuned to experiments withr chosen from the range 12-310 ms were performed. 4
a coupling of 90 Hz. The data matrix containing 861400 complex points in S¢ans were coherently added for the two States-TPPI data sets for 64
t, andt, respectively, was zero-filled to 52 16384 complex points; a cosine INcréments. The maximum andt, times were 43 and 280 ms, respectively.

. ; ¥
function was applied prior to Fourier transformation in both time domains.” rélaxation delay of 1.4 s was used. The experiment was tuned',a
coupling of 90 Hz. The data matrix containing 641400 complex points in

t, andt, respectively, was zero-filled to 256 2048 complex points; a cosine
function was applied prior to Fourier transformation in both time domains. Th
cross-peak volume integration was achieved using the standard VNMR sc

a) b) ware.

HSQC. However, it does not separate the doublet compone
and is more prone to transverse relaxation losses due to the t
A /\A evolution periods at the single-quantuki and °N coherence
o levels. Additionally the effect of sensitivity enhancement i
lost due to retention of only cosine modulated part of homc
nuclear coupling evolution.

Figure 2 displays a contour plot of a spectrum acquired wit
the new sequencéH—""N) PPJ-HMQC spectrum, that reveals
all vicinal *J, .., coupling constants of the major isomer of the
[Me, Ala’]-AVP-vasopressin analog; however, for the glycine
residue (Gly9) only a sum of coupling constants with twp H
protons could be obtained in this case. The solution contai
two isomers in an approximate 4:1 ratio. The coupling cor
stants can be accurately measured inRhas well as in thé-,
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FIG. 3. Comparison of the cross section through the GIn4 correlation sigr@b5), under identical conditions (experiment time, scaling constant, and nur
at the point marked by arrows in Fig. 2. Traces (a) and (b) are obtained from trer of points in both time and frequency domains). The PPJ-HMQC spect
F, andF, domain of PPJ-HMQC spectra from Fig. 2. Traces (c) and (d) are takegveal good separation of both doublet components and similar signal to no
from a sensitivity enhanced MJ-HSQC spectrum, acquired accordingly to Reftio.
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TABLE 1
Comparison of Coupling Constants *J, .. Obtained by the Different Methods

Tyr2 Phe3 GIn4 Asn5 Cys6 Arg8 Gly9
J-modulated 7,75 7,26 5,23 8,14 7,26 6,87 —
[**N,"H]-COSY (6)
PPJ-HMQC 7,7 7,3 5,2 8,2 7,3 7,0 12,1
ACT-ct-COSY () 7.7 7.3 5.3 8.1 7.2 7.0 12.0
MJ-HSQC @5) 7,6 7,1 5,0 8,0 71 6,8 1139

Note. The accuracy of coupling constant magnitudes obtained by ACT-ct-COSY, PPJ-HMQC, MJ-HSQGnaulilated P°N,"H]-COSY methods is
estimated to 0.1, 0.15, 0.15, and 0.05 Hz, respectively.

® The sum of both possib&) 4, coupling constants only could be obtained due to its similar magnitude.

® The assignments of Tyr2 and Cys6 were reversed in Rf. (

dimension, independently of the linewidth. In contrast to ACTMJ-HSQC @5) methods, respectively, under identical condi:
ct-COSY () all signals are in-phase. Figure 3 shows a contions (number of scans, number of points in both time domain
parison on the same absolute intensity scale of cross sectiand the scaling constant) and after identical post-processing.
through the GIn4 cross-peak at the points marked by arrowsdantrast to the MJ-HSQC spectra the sequence proposed in
Fig. 2. The spectra were obtained with the PPJ-HMQC a@bmmunication produces clearly separated lines in both c
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FIG. 5. PPJ-HMQC spectrum of 0.05 M sucrosg@solution. All of the CH correlation signals reveal pure-phase tilted cross-peak patterns. Eight s
were coherently added for each data set for 256crements. The maximum andt, times were 35 and 300 ms, respectively. A relaxation delay of 1.5 s we
used. The delay was tuned to couplings of 150 Hz. The data matrix containing:2%8L2 complex points i, andt,, respectively, was zero-filled to 1024
2048 complex points; a cosine function multiplication was applied prior to Fourier transformation in both time domains. A scaling constant oh@8enas c
The region marked by the dashed box is expanded in Fig. 6.
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FIG. 6. Expansion of the H(2)/C(2) and H(4)/C(4) correlation peaks from the PPJ-HMQC 0.05 M sucrose spectrum.

mensions while retaining the same signal-to-noise ratio. In cas@relation peaks exhibit the pure-phase and tilt characteristi
of ®N-labeled compounds the PFG coherence selection in tieich simplifies the evaluation of coupling constants. Agair
PPJ-HMQC sequence might be omitted resulting in a theoréty the measurement of, e.g., the vicirndl,, coupling con-
ical S/N gain ofV'2. stants between the carbohydrate —CH(OD) groups, the (P)

Additionally the ®J,y 4. coupling constants were measure€OSY-type methods could not have been used, due to t
by the quantitativel-modulated P’N,'H]-COSY method de- requirement of at least three nuclei with resolvable mutu:
scribed in Ref. §). The measured cross-peak volumes amtbuplings. The expansion of the H(2)/C(2) and H(4)/C(4
curves obtained by a nonlinear least-square fitting procedwarelation region is plotted in Fig. 6. In the case of H(2)/C(2
are plotted in Fig. 4 as a function of dephasing detayAll  cross-peak all four doublet components are clearly separat
coupling constant values obtained by different methods aad both coupling constants can be extracted; however, for t
collected for comparison in Table 1. The values of idg,.. H(4)/C(4) correlation only the sum of two couplings is read
coupling constants observed by the proposed PPJ-HM@Gle. Similar problems might occur for the complicated mul
method along both dimensions agree mutually with those mdgplet patterns of H(5) and H(V) protons coupled to exocyclic
sured previously by the ACT-ct-COSY experiment, as well &H, groups; however, couplings of H(5)-H(6) and H(V)-
those obtained frond-modulated P’N,"H]-COSY (6) within  H(VI) are obtainable from (P.)E.COSY-type experiments. Th
the error limits. However, the MJ-HSQC meth@b) produces evolution of the coupling constant between geminal protor
systematically underestimated results due to no separationcahnot be refocused by a BIRD pulse, and thus it is nc
the doublet components. The accuracy of the proposed Ppdssible to obtain pure-phase cross-peaks foy @dups with
HMQC approach could be increased by improved digitizatiamonequivalent protons by application of the proposed expe
or by application of the lineshape fitting procedure. Due to thraent.
faster relaxation of antiphase terms, also known as scalaAll spectra presented were acquired at 300 K on a Varis
relaxation of the second kin@6), the couplings observed byUnity Plus 500 spectrometer, equipped with a Performa
the proposed method could tend to be systematically smaliePFG unit, and using standard 5 mm ID_PFG probehea
than its actual value. However, this effect is not relevant in thdigh power ‘H, **C, and N =/2 pulses (8, 12 and 24s,
present application, it must be considered in the case of largespectively) were used. For the heteronuclear decoupling d
proteins. In this case data extracted alongRhdomain should ing data acquisition the GARP-2T) scheme was applied with
be less prone to the systematic error due to superior relaxatigh,/27 of 1.4 and 3.3 kHz for®N and “C experiments,
behavior of the multiple-quantum coherences. respectively.

The broadband properties of the proposed PPJ-HMQC sein conclusion, the new sequence presented allows for
quence are demonstrated in Fig. 5 displayingHa'*C PPJ- accurate and relatively sensitive determination of homonucle
HMQC spectrum of a 0.05 M sucrose/D solution. All CH coupling constants. Tilted cross-peak patterns are obtained
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all spin systems excepiS groups with chemically nonequiva- and CH, correlations in uniformly *C-labeled RNA, J. Am. Chem.
lent I nuclei; however, this tilt does not contain information ~ SO¢- 119, 7361-7366 (1997).
about the relative signs of the coupling constants. The prg~ J- R. Garbow, D. P. Weitekamp, and A. Pines, Bilinear rotation
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. . . . 12. A. Bax, Broadband homonuclear decoupling in heteronuclear shift
dance. The m_eth(_)d is also appllcable to $tlep15n e?”Ch_ed correlation spectroscopy, J. Magn. Reson. 53, 517-520 (1983).
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