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Abstract

A new triple-resonance pulse sequence, 3D HNHCACO, is introduced and discussed, which identifies sequential
correlations of the backbone nucleigi#+1), C*(i—1), C(i—1), NH(i), N(i)) of doubly labeled proteins in #D. The
three-dimensional (3D) method utilizes a recording®f and3C resonances in a single indirect time domain, the

13¢’ resonance in another indirect time domain, and detects both NH #mudtbns. A bidirectional coherence
transfer (NH(i)<> N(i) <> C'(i-1) < C*(i~1) < H%(i-1)) is effectuated, resulting in a single high-resolution 3D
spectrum that contains the frequencies of all five backbone nuclei. The experiment was applied to the 12.3 kDa
ribonuclease fronBacillus intermediu¢Binase).

Multidimensional, multinuclear NMR spectroscopy
is important for the determination of larger protein
structures in solution (Fesik and Zuiderweg, 1988;
Ikura et al., 1990a,b; Kay et al., 1990; Montelione
and Wagner, 1990; Clore and Gronenborn, 1993).
For 1°N/13C-labeled proteins, triple-resonance meth-
ods such as HNCO, HNCA, HN(CO)CA, HCACO

and HA(CACO)NNH are generally used to obtain

combines the advantage of low dimensionality, i.e.,
high digital resolution, with the advantage of measur-
ing many frequencies in a single spectrum, i.e., con-
venient and reliable analysis. The experiment records
all five frequencies in the pathwaysi® (i) — 3C*(i)

— 13CO(i) - I5N(i+1) — HN(i+1) and vice-versa,
and thus delineates the so-called pseudo-amino acid
residues (Brutscher et al., 1995). The essential innova-

sequence-specific assignments of the backbone restions in the experiment are the simultaneous recording
onances (Montelione and Wagner, 1990; Bax and of 3D HNCO and 3D HACACO experiments com-
Ikura, 1991; Boucher et al., 1992; Clubb and Wagner, bined with a bidirectional transfer period. This method
1992; Grzesiek and Bax, 1992; Szyperski et al., 1993; has a sensitivity comparable with HACA(CO)NNH
Jahnke and Kessler, 1994). In these experiments, each(Boucher et al., 1992) which also records the fre-
backbone nucleus resonance is labeled along a sepaguencies of four or five of the nuclei in the same
rate frequency dimension, and assignment generally pathway, but which utilizes four or five dimensions to
proceeds from the analysis of either many comple- accomplish this.
mentary spectra of low dimensionality or from a few Simultaneous acquisition offN,H] and [}3C *H]-
self-contained spectra of high dimensionality. correlation in heteronuclear experiments has been in-
Here we present a new pulse scheme, referred totroduced in recent years by several groups (Sgrensen,
as 3D HNHCACO in which five frequencies are sam- 1990; Farmer and Mdiller, 1991; Boelens et al., 1994;
pledin only three dimensions. As such, the experiment Mariani et al., 1994; Sattler et al., 1995). The ex-
E—— periments always contain transfer periods in which
the simultaneous labeling 8?N and3C coherences
occurs. The different spectral widths can be accommo-
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dated by adjusting the sampling rates. The concept of magnetization via the one-bond J couplings, and vice
simultaneous experiments has been applied primarily versa. Out- and-back HNCO and HACACO pathways
in time-consuming experiments, such as 4D HSQC- (‘out-and-back’ peaks) are partially retained by spe-
NOESY-HSQC (lkura et al., 1990a,b; Clore et al., cific delay choices (see below). The four coherence
1991; Zuiderweg et al., 1991). Kay and co-workers transfer pathways between periods g and h generate
published a CN NOESY-HSQC experiment, which four cross peaks for every pseudo-residue in the 3D
allowed the simultaneous recording'eN- and13C- spectrum, arranged in a rectangular pattern. Thus,
edited NOE spectra (Pascal et al., 1994); Farmer andthe®N(i) magnetization gives rise to an out-and-back
Muller (1994) applied this approach to a gradient- peak at the amide region of the spectrum and a transfer
enhanced and sensitivity-enhanced 4D NOESY ex- peak at thetH%(i—1) frequency, while thé3C*(i—1)
periment to permit the simultaneous acquisition of a magnetization gives an out-and-back peak at its H
[13C 15N]/[1°N,15N]-separated data set. frequency and a transfer peak at the NH(i) chemical

Figure 1 illustrates the pulse sequence for perform- shift. In the periods h—n, magnetization is transferred
ing the 3D HNHCACO experiment. The sequence back to the observable NH arftH* protons by the

begins with a simultaneous INEPT frotal* to 13C® reverse of the process described above. Solvent sup-
and NH to'®N in the time period a—3°N and!3C re- pression is achieved by purge pulses (after h) and a
focussing pulses are given asymmetrically to optimize pulsed-field gradient.

for both NH— 15N and!H* — 13C* magnetization The transfer can be calibrated by properly choos-

transfer. The 90pulse ont3C (point c) completes the  ing the mixing periods (T@nd Th). Figure 2 shows the
13C transfer, while 2NzHz longitudinal two-spin order  efficiencies of the transfer and out-and-back pathways,
is maintained. Between ¢ and d, th&C* coherence  which are influenced by the couplingsa) and &«c
evolves under the influence 8fC* chemical shifts and are given by:

and is labeled. After a time 2Tc (point d), tAéC®

magnetization becomes antiphase with respeti@g out-and-backs:

and is stored as 2Cz€following the 90 13C* pulse. 2NzCx — 2NzCx

The 15N transfer is subsequently effectuated bipi and 2Cz& — 2CzCx:

pulse at point e and that magnetization evolves and is cosnhne2Ta) cog e 2Th) (1)

labeled for a time 2Tn until it is antiphase with respect transfers:
to the13C’ of the preceding residue, and is stored as INZCx - 2C2Cx
2NzCz (point f). At point g, the 90 pulse applied and 2Cz0x —s 2NzCx:
on 13C’ creates the sum of tw&C’ coherences, one in(re e 2Ta sing ' 2Th) @
antiphase with respect #6N and the other antiphase Sin(rhe Tere
with respect td*C. Until this point, the experimentis  where 2Ta and 2Tb are the mixing times, angJ
an interleaved combination of HNCO and HACACO. and . are the one-bond scalar couplings. As Fig-
If the C' chemical shift were to be sampled during  ures 2A and B illustrate, if the mixing times are short,
as indicated in Figure 1E, the correlation of the NH(i) the transfer efficiency is low and only a fraction of
and>N(j) to 13C*(i-1) and'H*(i-1) can in principle  2NzCx magnetization can be transferred to 26zC
be obtained by realizing that corresponding pairs must and vice versa. For 2Ta equal to 13.2 ms and 2Tb equal
appear on the saméC’ plane (F2) in the 3D spec- o 5.2 ms, one obtains nearly equal amplitudes for
trum. For larger proteins, however, broader resonancestransferred (0.48) and remaining coherences (0.49).
combined with a poot3C’ chemical shift dispersion Changing the phases and¢5 by 180 causes the
(<20 ppm) cause many of such pairs to appear to- transfer peaks to flip their phase by 28@vhile the
gether on most Cplanes, making the connection of  out-and-back peaks retain their sign. Hence, by sub-
the pseudo-residue resonances impossible. To solveiracting the spectra which are collected with different
this problem, we use a pulse sequence that effectu-phases3 andy5 one obtains the transfer peaks, while
ates a bidirectional coherence transfer as indicated inpy adding them one obtains the out-and-back peaks.
Figure 1D. Figure 3A shows th&H-[15N,13C%] plane, taken at
During the (semi) constant-time evolution period a13C’ resonance frequency 173.8 ppm of the 3D HN-
2Ta between points g and h, I8pulses are applied HCACO spectrum in which out-and-back peaks are
on 1N, 13C" and 13C* as indicated. A bidirectional  positive and transfer peaks are negative. The positions
coherence transfer occurs from 2NzQo 2CzCx of the four cross peaks per pseudo-residue along the F1
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Figure 1. Pulse scheme for the 3D HNHCACO experiment. Narrow and wide bars denote pulseésaf®Q80 flip angles, respectively.

Pulse phases are along the x-axis unless indicated otherwise. SL denotes 1 ms and 2 ms spin-lock pulses for solvent suppression (rf strength
of 19.72 kHz) applied along the x- and y-axis. Rectangular pulse with pulse widthsycf &% 90 flip angles were used for bot$C* and

13¢0, so that a null at the resonance frequency of the other carbon nucleus was obtained (500 MHz spectrometer); square pulges with 130
durations were used as carbon resonance inversion pulses. Field gradient pulses were sine-bell shaped of 1 ms duration, with typical strengths
at the center of g&= 24 G/cm, gl= 24 G/cm, g2= 18 G/cm, g3= 30 G/cm, g4= 30 G/cm. The periodtis thel3C* and5N evolution time

and the periodstis the13CO evolution time. In order to improve the digital resolution, semi-constant time labeling was appie€for-oN

and13CO as shown in schemes B, C and D, respectively. The Bloch-Siegert shifts were compensatedwithisE0indicated with open

boxes. The transfer delays were tuned accounting for the relaxation properties of the Binase (12.3 kDa), and were ad felldwisms,

32 = 1 ms,83 = 25 ms, 84 = 1.5 ms, 85 = 55 ms, Tc= 3.5 ms, Th= 14 ms, Ta= 6.6 ms and Th= 2.6 ms. The increments are:

8t = 2 x 180us for 13C* and 2x 330us for 19N, 8ty = 2 x 330us for 13CO; t1 = 86 s, 2 = 235us,¢3 = 150us. The phase cycling

is: d1 = X,—X; $2 = X, X, X, X,—X,—X,—X,—X; $3 = —X, ¢4 = X,X,—X,—X; 5 =X; and receivee= +,—,—,+. States-TPPI quadrature detection

was obtained by incrementation ¢1 and4 while inverting the receiver phase. Pha$8sand$5 can be alternated betweenx and —x while

storing the data in separate locations for out-and-back and transfer peak distinction (see text). The spectral wittts¥ex, 13CO and

1H are 2778 Hz (F1), 1515 Hz (F1), 1515 Hz (F2), 8333 Hz (F3)x343 x 1024 complex points were collected with final semi-constant
acquisition times of 13 ms4113C%), 23.8 ms (1,1°N), 28.4 ms (#,13C0) and 123 ms §t1H). The total measuring time of the 3D data set

was 36 h using 32 scans per FID. Panel E shows a simplified experiment in which no transfer occurs. Panel F shows a dual frequency gradient
coherence selection scheme. This scheme does not incur losses, except for relaxation in the additional refocussing periods. Gradients g5 and
g6 are equal to 7 times and 3 times g7, respectively. Delays7 and38 are 2.175 ms, 0.425 ms and 1.0 ms, respectively. Rfsguals

—X. Phase#7 are y and —y and are cycled together with inverting the sign of the gradient g7, while storing the data in separate locations. The
spin-lock pulses ‘SL’ (see panel A) are not used in this solvent suppression scheme.
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Figure 2. Calculations of the 2Nz& <> C'y <» 2CzCx transfer as a function of the heteronuclegj{J 16 Hz) coherence transfer time 2T
and the homonuclear {d/, 55 Hz) coherence transfer time 2Tb, neglectidg’ transverse relaxation (Equations 1 and 2).

and F3 dimensions give the chemical shifts of NH(i), needs to occur in the first half of the experiment in
I5N(i) and H*(i-1), 13C*(i-1), while the13C'(i-1) order to obtain the desired transfer patterns. We are
chemical shift of the four cross peaks is given by thus left with a net loss in sensitivity because of relax-
the frequency of the plane along the F2 dimension. ation during the multiple refocussing periods, and the
The rectangular cross-peak arrangement is exploitedmodification was not further pursued. However, since
to easily identify those peaks which belong to an indi- the sequence for simultaneous gradient selection is in
vidual pseudo-residue. Spectral overlap appears to beitself interesting we have included it in Figure 1F.

no problem for the 12.3 kDa protein Binase. The sensi-  The basic sensitivity of the 3D HNHCACO should
tivity of the experiment is excellent as is illustrated by be compared with those in the experiments available
a cross section (Figure 3B). All pseudo-residue identi- that provide the same information. The 3D HCA-
fications could be obtained for Binase with this single COCANH (Lohr and Ruterjans, 1995) experiment
spectrum. The exceptions are correlations involving using a dimensionality reduction strategy depends
Pro, for which NH region signals are obviously miss- on small one-bond and two-bond scalar couplings
ing, and Gly residues, for which alP@ regionsignals  (*Jcun,2Jcen) to transfer coherence, which would not
and the cross peaks in the NH region are missing be- be suitable for larger proteins. Therefore, we com-
cause of the tuning of thel delays. These patterns can pare the sensitivity between 3D HNHCACO and 4D
be used for residue-type identification. Other missing or 5D HACA(CO)NNH (Boucher et al., 1992), both
correlations are those for which the*Hsignals are of which take the effective pathways to transfer co-
obliterated by the residual # noise. Both NH re-  herence. The coherence transfer periods used in that
gion signals are nevertheless present, from which oneexperiment are identical to those used in the new
can then tentatively conclude that thé ftequency experiment proposed here. The number of rf pulses
must coincide with that of the #D signal. Note that  per pathway are roughly the same and optimal tun-
this situation differs from that of the Gly-containing ing of the delays to compensate for relaxation loss
pseudo-residues. The cross section in Figure 3B showsshould also be the same in both experiments. Nev-
that the water band is relatively narrow due to the good ertheless, there are several differences between the
performance of the purge pulses and gradient in the experiments that give rise to sensitivity differences.
sequence (see Figure 1A). It was possible to improve There are four additional losses of sensitivity in the
the solvent suppression further by gradient selection H*-C*-C'-N-HN pathway in our experiment as com-
with recovery (Palmer et al., 1991; Kay et al., 1992), pared to HACA(CO)NNH. First, loss occurs in HN-
performed simultaneously for th€C* and 1°N co- HCACO because of non-ideal timing of theé*H->
herence pathways. Note that such gradient selectionC* INEPT transfers where the transverse relaxation of
will not recover they/2 in sensitivity loss associated the 1H spins bound td3C* will proceed longer than
with quadrature detection in,tbecause that labeling necessary in a single-tuned INEPT transfer (loss of
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H,0:D,0, pH 7. Panel A shows the spectrum with positive out-and-back peaks and negative transfer peaks. Peak assignments are given at
the positions of the out-and-back peaks. The negative contours are rendered with dashed lines. The four cross-peak components belonging to
each pseudo-residue are connected by solid lines. Panel B shows a cross section through the data at the position of the dashed arrow in (A),
demonstrating sensitivity and the level of solvent suppression. Assignments are given for both the positive out-and-back peaks as well as for
the negative transfer peaks. The 3D HNHCACO spectrum was acquired in 36 h at 303 K on a Bruker AMX-500 spectrometer equipped with a

5 mm triple-resonance field gradient probe. Data processing was carried out with the program Felix 2.0 (a gift from Hare Inc.) and included a
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Figure 3. TH-[1°N, 13¢?] slices of the 3D HNHCACO spectrum of 2.0 mM Binase (12.3 kDa), uniforfig, 15N-labeled and in 90:10

tg-domain base line convolution with an averaging window of 10.8 ms.
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approximately 5% for the 10 HzH NMR lines of
Binase). Second, loss of 2CzQorder occurs during
the period e—f wheA®N evolution takes place. We es-  We thank Dr. M.W.F. Fischer and Dr. A. Majumdar for
timate the characteristic relaxation time of such order comments and discussions. This work was supported
as 500 ms from our measurement of 300 ms for this by Grant MCB 9513355 from the National Science
relaxation for a 20 kDa protein, leading to a loss of Foundation and GM 52421 of the National Institutes
6% over the 28 ms (initial) delay time 2Tn. Third, a of Health.

50% loss of signal occurs between g and h because of
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retention of both out-and-back and transfer pathways.
Fourth, loss of 2NzHz order occurs during the period
k-l when13C* refocussing takes place. The charac-
teristic relaxation time of this order is estimated to be
120 ms from a measurement of 70 ms for a 20 kDa
protein, leading to a loss of 6% over the 7 ms (ini-
tial) delay time 2Tc. In total, one computes for the
H*-C*-C'-N-HN pathway in our experiment a sensi-
tivity of 0.42 as compared to HACA(CO)NNH. As
we use semi-constant time incrementation to obtain
the necessary digital resolution (especially for the C
evolution) additional losses occur, but those are likely
offset by the loss in sensitivity in the semi-constant
time acquisition of the M chemical shifts at the out-
set of the HACA(CO)NNH experiment. Overall, we
argue that our experiment still competes in sensitivity
with HACA(CO)NNH because of the following rea-
sons. First, in order to obtain four or five frequencies,
HACA(CO)NNH incurs losses of a factoy/2 or a
factor 2, respectively, because of rotational sense se-
lection in the additional indirect dimensions — losses
that cannot be (totally) recovered by gradient coher-
ence selection. Second, sensitivity improvement in
3D HNHCACO comes upon data analysis from the
expectation of finding the signals in a uniqgue geomet-
ric arrangement (Simorre et al., 1994). A rectangular
pattern of noise-level signals occurring on the same
C’ plane is likely to be recognized as a real corre-
lation, representing a sensitivity gain that is difficult
to quantify. In total, we have that the sensitivities
of the 3D HNHCACO experiment and the 4D/5D
HACA(CO)NNH experiment should be roughly equal.
Of course, the real virtue of the 3D HNHCACO exper-
iment is that it resolves all five backbone frequencies
(H*(i-1), C*(i-1), C'(i-1), NH(i), N(i)), at high res-
olution in only three dimensions. The 5D experiment
capable of identifying that many frequencies in a sin-
gle experiment has much lower digital resolution per
dimension.
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