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In most multidimensional nuclear magnetic resonance experi-
ments a single and distinct coherence transfer pathway is selected
by phase cycling or by pulsed field gradients. It was shown that
simultaneously exploiting more than one coherence transfer path-
way could increase the overall sensitivity of NMR experiments.
However, sensitivity enhancement schemes described to date in-
troduce additional delays in the pulse schemes, resulting in con-
siderable decrease of the expected sensitivity gain when applied to
biomolecules due their fast transverse relaxation. A novel sensi-
tivity enhancement principle which increases sensitivity of an
experiment by simultaneously exploiting two completely indepen-
dent coherence pathways in a single NMR pulse scheme is pre-
sented in this paper. As an example an improved HNCA experi-
ment, the HNCA1, is presented, which combines the “out-and-
ack” coherence transfer pathway used in HNCA with an
out-and-stay” experiment, analogous to HCANH, without add-
ng any time periods compared to the conventional HNCA pulse
equence. The applicability of the HNCA1 was theoretically eval-

uated with regard to different sizes of peptides or proteins, which
showed that the experimental time can be reduced twofold in ideal
cases. The application of this novel experiment to a 7-kDa protein
showed a 20% sensitivity gain of HNCA1 when compared to
onventional HNCA. © 2000 Academic Press

Key Words: coherence transfer; HCANH; (HA)CANH; HNCA;
sensitivity gain.

Multidimensional nuclear magnetic resonance (NMR)
periments are based on homo- and/or heteronuclear cohe
transfers. Most sequences are characterized by a single, d
coherence transfer pathway (CTP), selected by phase c
or by pulsed field gradients (1). However, some NMR puls
equences simultaneously monitor more than one pathw
oherence transfer in a single experiment. For exampl
omonuclear two-dimensional exclusive correlation exp
ent (E.COSY) (2) selects for double and triple quant

oherences. Proper weighting of the two CTPs results
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2 To whom correspondence should be adressed. Fax:1141-61-688 7408
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simplified spectrum when compared to a normal COSY s
trum (3, 4). Another example is the combined correlati
nuclear Overhauser experiment (COCONOESY) (5), where
COSY and NOESY are recorded simultaneously. Furthe
amples are the 2D HSMQC experiment (6), a combination
between heteronuclear multiple-quantum coherence (HM
and heteronuclear single-quantum coherence (HSQC) e
ments, and the recently developed heteronuclear 3D HXY7)
and 3D HNHCACO pulse sequences (8). Not only spectra
simplification or increased information content in a sin
spectrum but also the gain of sensitivity is a reason to ex
more than one CTP in a single experiment. Sensitivity
hancement techniques (1, 9–12) are applicable to many com
mon NMR pulse sequences; however, these schemes
introduce additional delays, which may lead to a conside
decrease in sensitivity for large biomolecules due to fast t
verse relaxation (T2). The signal gain obtained from a sen
tivity enhancement scheme introduced into a particular p
sequence is therefore a compromise between additional
ation losses and the theoretically obtainable enhance
factor.

Here we present a novel principle which increases sensi
of an experiment by simultaneously exploiting two comple
different coherence pathways in a single NMR pulse sch
As an example we developed an improved HNCA experim
refered to as the HNCA1, which combines two different CTP
without adding any time periods compared to the convent
HNCA pulse sequence (13, 14). The HNCA1 experiment com
bines a so-called “out-and-back” coherence transfer path
where the magnetization is detected on the same spin
which it originated, with an “out-and-stay” experiment, wh
the magnetization originates from a spin different from the
on which it is detected. Figure 1 shows the pulse sequen
the HNCA1 experiment, in which both coherence tran
pathways contribute to the final signal. The first path
corresponds to a HNCA experiment as described in the
ature (13). The second contribution results from a pathway
starts witha-proton magnetization and ends as amide pr
magnetization, analogous to a HCANH experiment (15, 16).
1090-7807/00 $35.00
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224 COMMUNICATIONS
Initial amide anda-proton polarization are transfered via t
simultaneous INEPT transfers (17) to 15N and13C, respectively
from where they evolvevia different pathways. The final sign
is obtained by properly processing the contributions from
pathways. Thus, the signal of the additional CTP is exploite
increase the sensitivity of the HNCA experiment, although
theoretical sensitivity gain by a factor of=2 is reduced b
relaxation on the additional CTP. We show experimentally
this modification leads to a sensitivity gain of 20% for
small protein 434-repressor with 63 amino acids when c
pared to the common HNCA experiment (14).

In the following we describe both coherence transfer p
ways exploited in the HNCA1 experiment. For the sake
simplicity we only calculate the coherence transfers that
tribute to the intraresidual signal. The calculation including
intraresidual and the precedinga-carbon can be done in fu
analogy. The normal out-and-back type contribution ca
written in a short notation as

1HN3 15NH3 13Ca~t1!3
15NH~t2!3

1HN~t3!,

where1HN, 15NH, and13Ca stand for the polypeptide backbo
amide proton, nitrogen, anda-carbon nuclei, respectively, a
t 1, t 2, andt 3 indicate the chemical shift evolution times. T
pathway, in the following refered to as the15N-path, is used i
the conventional HNCA (13). The additional pathway in th
HNCA1, refered to as the13C-path, is of the out-and-stay ty
tarting with thea-protons, which can be summarized

(15, 16)

FIG. 1. Pulse sequence for the HNCA1 experiment. Narrow and wide b
oint b denotes a selective water flip-back pulse of 1 ms length with a G
ith phasex. The delays were set as follows:D 5 2.7 ms,t 5 1 ms,e 5 1.8

shape and are applied along thez-axis. The duration and strengths of the gr
ms/7 Gcm21 (G4), and 177.3ms/12 Gcm21 (G5), respectively. The phase c

Frec 5 ( x, 2x, 2x, x, 2x, x, x, 2x). The phaseF1 is incremented accordin
hase and the sign of the gradient G5 for each15N(t 2)-increment and the da
xperiment in order to seperate the pure15N-path and the pure13C-path spec

is described in the text. Decoupling is achieved with the use of a SED
protons, and WALTZ-16 (24) on the15N channel during acquisition. The co
th
to
e

at

-

-

n-
e

e

1Ha3 13Ca~t1!3
15NH~t2!3

1HN~t3!,

here1Ha stands for the polypeptide backbonea-proton. Note
that the chemical shift evolution periods and the detection
on the same nuclei for both pathways. In general, the fastT2

relaxation of the13Ca nuclei will reduce the sensitivity of th
path compared to the15N-path.

Using the product operator formalism (18) the two CTPs ca
e described as follows: Initial amide anda-proton magnet

zation2Hy
N and2Hy

a, respectively, obtained after the first 9
proton pulse (time pointa) in Fig. 1 evolve into antiphas
magnetization 2Hx

NNz and 2Hx
aCz (time point b) (19). The 180°

inversion pulse on carbons is shifted byt 5 D 2 D9 with
respect to the 180° pulse on15N in order to account for th
difference of 1J( 1HN, 15NH) and 1J( 1Ha, 13Ca) coupling con-
tants (17). Completing the INEPT transfer the two antiph
erms 2Hz

NNy and 2Hz
aCy are obtained at time points c and

respectively. The water magnetization is flipped back to
positive z-axis by the selective pulse on the water reson
after time point b (20). The terms 2Hz

NNy and 2Hz
aCy are

refocused with respect to protons during the following
lays 2D and 2D9 and then 1H-decoupled with a DIPSI-
sequence (21). Simultaneously the15N and 13C magnetiza
tions evolve into antiphase with respect toa-carbon an
nitrogen during the delay 2DCN, respectively. Thus, at tim
point e we obtain the terms22NyCz and22CyNz. The subse-
quent carbon and nitrogen 90° pulses, both applied with p
1y, produce multiple-quantum coherences, which evolve
to the 13C chemical shift during thet 1 evolution period. At th

k bars represent 90° and 180° pulses, respectively. The black sinc profi
sian shape truncated at 5%. Pulses for which the phases are not indicatplied
,D9 5 1.7 ms,DCN 5 13 ms, andT 5 26 ms. All gradient pulses have a s
ents were set to 1 ms/6 Gcm21 (G1), 1 ms/30 Gcm21 (G2), 1.75 ms/14 Gcm21 (G3),
e wasF 1 5 2(y, 2y, y, 2y), F 2 5 2(x, x, 2x, 2x), FN 5 FC 5 4x, 4(2x),
the States-TPPI method (22). The phaseF2 is inverted together with the receiv

is processed according to Kayet al. (11). The phaseFC is inverted in a secon
during processing of the final spectrum. The combination of the two d

E-1 decoupling sequence (23) on carbonyl, DIPSI-2 decoupling sequence (21) on
ponding radio frequency field strengths were 0.83, 5, and 1.25 kHz, res
lac
aus
ms
adi
ycl
g to
ta

trum
UC
rres
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225COMMUNICATIONS
end oft 1 (time point f) the following coherences of interest
present:

15N-path:22NyCxcos~vCt1! 2 2NyCysin~vCt1! [1a]

13C-path:22CyNxcos~vCt1! 1 2CxNxsin~vCt1!. [1b]

The following 13C 90° pulse with phaseF1 (time point f) is
used for the quadrature detection in the carbon dimensio
applying a phase incrementation according to States-
(1, 22). This pulse creates the following coherences at
beginning of the constant-time15N-evolution periodt 2 (time
point g):

15N-path:

22NyCxcos~vCt1! 7 2NyCzsin~vCt1! ~F1 5 6x!
62NyCzcos~vCt1! 2 2NyCysin~vCt1! ~F1 5 6y! [2a]

13C-path:

72CzNxcos~vCt1! 1 2CxNxsin~vCt1! ~F1 5 6x!
22CyNxcos~vCt1! 7 2CzNxsin~vCt1! ~F1 5 6y!. [2b]

Since the multiple-quantum terms in Eq. [2] will not co
ribute to the detected signal they will be omitted for the re
he calculation. The relevant antiphase terms in Eq. [2] ev
ue to the15N chemical shift during the constant-time evo-

tion periodt 2 and refocus due to the1J( 15NH, 13Ca) coupling
uring T. After the 1H-decoupling is switched off the magn-

ization evolves into antiphase with respect to the amide
ons due to the1J( 1HN, 15NH) coupling during the period 2D.

The following sensitivity enhancement scheme betwee
time points i and j retains both the real and the imaginary
of the 15N magnetization produced during thet 2 evolution
period as described by Kayet al. (11). Thus, at time point

rior to acquisition the following magnetization compone
re present for the different settings of the phaseF1 andF 2 5

1x, respectively:

15N-path:

6~Hycos~vNt2!sin~vCt1! 1 Hxsin~vNt2!sin~vCt1!!
~F1 5 6x!

7~Hycos~vNt2!cos~vCt1! 1 Hxsin~vNt2!cos~vCt1!!
~F1 5 6y!

[3a]

13C-path:

6~Hysin~vNt2!cos~vCt1! 2 Hxcos~vNt2!cos~vCt1!!
~F1 5 6x!

6~Hysin~vNt2!sin~vCt1! 2 Hxcos~vNt2!sin~vCt1!!
~F1 5 6y!.

[3b]

For all combinations of theF1 andF2 phases, which enab
the quadrature detection in the two indirect dimensions,
signal contributions are obtained: the signal described by
by
PI
e

f
e

o-

e
rt

s

o
q.

[3a], which corresponds to that of a regular HNCA experim
and the additional signal in Eq. [3b], which leads to
observed gain in sensitivity.

As is seen from Eq. [3], the signal contributions from
different pathways are phase-shifted by 90° with respe
both indirect dimensions for a given pair of phasesF1/F2. As
he cosine-modulation yields the real and the sine-modul
he imaginary part in the indirect dimensions, these ph
hifts can be interpreted as a reversed recording of the re
he imaginary parts of the15N- and the13C-paths, respectivel
For example, if the15N-path yields a purely cosine-modula
signal cos(vNt 2)cos(vCt 1), the 13C-path simultaneously co-
tributes a purely sine-modulated signal for the same p
settingsF1/F2. Pure absorption mode lineshape is achieve
incrementing the phaseFC of the 90° pulse on13C (time poin
d) by 180° in a second experiment—a technique used in
sensitivity enhancement schemes (1, 9–12). This sign-reversa
on the13C-path will propagate throughout the whole seque
whereas coherences evolving on the15N-path are not affecte
In this second experiment the observable proton magnetiz
originating from the13C-path will be of opposite sign as th
given in Eq. [3b]. Addition of the first and the second exp
iment for a particularF1 and F2 setting thus yields the pu
15N-path HNCA data set, whereas subtraction of the two-
periments yields the pure13C-path (HA)CANH data set. Afte
Fourier transformation the latter has to be phase-shifted b
in both indirect dimensions and can then be summed to
15N-path spectrum.

In the following we want to focus on some technical de
of the HNCA1 pulse sequence. The 90° pulse on13C at time
point d (Fig. 1) is applied approximately 2 ms after that on15N
at time point c, which initiates evolution into antiphase m
netization22NyCz on the15N-path. Thus, the 90° pulse on13C
(time point d) may disturb this evolution by flipping the carb
nuclei. Figure 2a shows the simulated transfer functions fo
15N- and the13C-paths as a function of the delaye between th
ime points c and d. Optimal sensitivity is obtained withe 5
1.8 ms. The loss of magnetization on the15N-path due to th
carbon pulse is only 1% (Fig. 2a).

Since the13C-path usesa-carbon magnetization, which is
the transverse plane during the period 2DCN 2 e, fast carbonT2

relaxation constitutes a potential limitation to the HNC1

experiment. However, it should be noted that even if
13C-path would not contribute any signal, the final data ca
processed to achieve a spectrum identical to that of a no
HNCA. The curves in Fig. 2b show the transfer functions o
13C- and the15N-paths versus the delay 2DCN between tim
points c and e, respectively, using a delaye 5 1.8 ms. The
coherence on the15N-path is modulated by a cosine funct
due to the coupling to both the intramolecular and the seq
tial a-carbons, whereas the transfer function for the13C-path
shows a more complicated behavior due to the addit
1J( 13Ca, 13Cb) coupling constant. For a typical period 2DCN of
26 ms and a protein with a rotational correlation timetc of 5 ns
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(solid line in Fig. 2b), the signal of the13C-path in the HNCA1

is about 60% of that in the15N path data set. For a medium-s
protein withtc 5 10 ns the contribution from the13C-path is
about 40% (dashed line), and for larger proteins withtc 5 20
ns the signal contribution from the13C-path in the HNCA1 is
expected to be 20% when compared to the conventional H
(dotted line).

We recorded both the HNCA (14) and the HNCA1 experi-
ent with the 63 amino acid protein 434-repressor. The

1H, 15N)-plane of the conventional HNCA spectra is show
ig. 3: Both the real (Fig. 3A) and the imaginary parts (
B) of the first13C time increment,t 1 5 0, are shown. The re

FIG. 2. (a) Intensity of the magnetization transfered via the15N- and
13C-paths in dependence of the delaye before the 90° pulse on13C is applied
t time point d in Fig. 1. The maximum intensity on the13C-path (broken line

is obtained fore 5 1.8 ms as indicated by the arrow, where the disturban
he evolution into22NyCz coherence on the15N-path (solid line) is negligibl
(a). The effect of transverse relaxation has been neglected for simulati
curves. (b) Plot of the signal intensity versus the length of the delay 2DCN (Fig.
1) for different transverse relaxation times. The curves show the signal
sity resulting from the15N-path (top three curves), which is equal to
conventional HNCA signal, and the13C-path (bottom three lines), respective
usinge 5 1.8 ms. For a typical value of 2DCN 5 26 ms (arrow), the addition
ignal from the13C-path is about 60% of that of a small protein with
orrelation timetc of 5 ns (solid line). For a protein withtc 5 10 ns the

contribution is 40% (dashed line), and for a protein withtc 5 20 ns the
sensitivity is approxiamtely 20% (dotted line). The curves have been calc
using the coherence transfer functions for the corresponding CTPs
HNCA1 experiment, which were multiplied by an exponential function-
flecting transverse relaxation. The corresponding relaxation rates were
lated for the different correlation times assuming dipolar coupling with
directly attached proton as the only source for relaxation. The15N and13Ca T2

relaxation times thus were 192 and 52 ms fortc 5 5 ns, 96 and 26 ms fortc 5
0 ns, and 48 and 13 ms fortc 5 20 ns, respectively.
A

st

.

part is recorded withF 1 5 1y selecting for a cosine-mod-
ation cos(vCt 1) with respect to the13C evolution and th
imaginary part withF 1 5 1x, selecting for a sine-modulatio
sin(vCt 1). For t 1 5 0 only cos(vCt 1) terms contribute signa
whereas the imaginary part is zero (Fig. 3B). For compar
the same (1H,15N)-planes recorded with the HNCA1 pulse
sequence are shown in Figs. 3C and 3D, respectively. Sin

FIG. 3. Spectra of13C,13N-labeled 434-repressor recorded on a Bru
DRX 600-MHz spectrometer. The sample concentration was 1 mM at p
and the spectra were recorded at 298 K. The first (1H,15N) planes of two 3D
HNCA experiments with the13C evolution timet 1 5 0 are shown. Both th
eal (A, C) and the imaginary parts (B, D) with respect to the13C dimension

are shown. (A, B) Recorded with the conventional gradient-enhanced H
experiment (14); (C, D) recorded with the new HNCA1 scheme. The real pa
(A and C) contain the same signal with the same intensity for all resona
The imaginary part of the first (1H,15N) plane is zero for the convention
HNCA (B), whereas a signal is recorded in case of the HNCA1 (D). By adding

p the real and imaginary parts in both experiments as described in th
a–d) Cross-sections parallel to thev3 axis taken from the corresponding

spectra A–D at av2 chemical shift indicated by the arrows in the contour p
The cross-sections a and c from the real parts (A, C) contain the same
intensity, whereas only the imaginary part of the HNCA1 (D) yields additiona
signal (d).1H and 15N sweep widths of 9616 and 4464 Hz were acquired
128 scans pert 2 increment. The spectral resolution was 10243 44 complex
points.
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signal is described by Eq. [3a] in both cases the real part
3C) contains exactly the same signal as shown in Fig. 3A.
in contrast to the regular HNCA experiment, the imaginary
(Fig. 3D) contains signal as well. This signal results from
cosine-modulated terms with respect to the carbon dime
of the 13C-path (Eq. [3b]). Noteworthy, the signals from
Gly-residues are missing in this spectrum, since they a
antiphase at the beginning of the1H-decoupling period due
their evolution under the coupling to the two attacheda-pro-
tons. Cross-sections along thev3(

1H)-dimension of the 2D
spectra in Figs. 3A to 3D, taken at a15N chemical shif
indicated by the corresponding arrows, are shown in the
responding Figs. 3a–3d. The signal intensities in Figs. 3a
3c are the same; the additional signal resulting from the13C-
path in the HNCA1 experiment is shown in Fig. 3d.

The summation of the signal obtained from the15N-path,SN,
and the 13C-path, SC, to the resulting signal,Sr, must be
properly done to achieve optimal signal-to-noise ratioSr/Nr for
the combined spectrum. In general the13C-path data has to b
added to the one of the15N-path with an optimized weightin
factor l:

Sr

Nr
5

SN 1 lSC

ÎNN
2 1 l 2NC

2 5
SN 1 lSC

Î1 1 l 2 z NN

, [4]

whereNr is the noise in the final spectrum andNN andNC the
noise in the 15N-path spectrum and the13C-path spectrum
respectively. Due to the 90° phase correction applied to
13C-path spectrum with respect to the15N-path spectrum theNN

and NC noise are independent, however, obviously with
same noise powerNN

2 5 NC
2. Equation [4] can analytically b

solved for the largest ratioSr/Nr, which results in

l 5
SC/NC

SN/NN
, [5]

i.e., the spectrum of the13C-path has to be weighted with t
ratio of the signal-to-noise ratios of the13C-path and15N-path
spectra. The value ofl depends particularly on theT2 of the
13Ca resonances: If the individual relaxation rates differ sig-
icantly,l should be adjusted separately for the different gro
of resonances. For the 434-repressor the resulting HN1

spectrum has on average 40% increased sensitivity com
to the conventional HNCA usingl 5 0.6. As can be seen fro
Eq. 3 this sensitivity gain obtained from recording the13C-path
not only holds for the first but also for all increments of
13C(t 1)-evolution.

We have shown that by a simple modification of the HN
experiment, the recording of an additional coherence tra
pathway becomes possible, which can result in a signifi
gain in sensitivity. The additional coherence transfer path
in the novel HNCA1 experiment uses the simultaneous tran
of a-proton magnetization to13Ca in addition to the norma
ig.
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rt
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transfer from the amide proton to the attachedN . The
omparison of the HNCA1 and the HNCA experiment show

that up to twofold reduction in experimental time can
achieved depending on the size and mobility of the pro
under investigation. The technique should preferably be
for smaller proteins and peptides with a molecular weight o
to 15 kDa.
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