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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 HNCA®, is presented, which combines the “out-and-
back” coherence transfer pathway used in HNCA with an
“out-and-stay” experiment, analogous to HCANH, without add-
ing any time periods compared to the conventional HNCA pulse
sequence. The applicability of the HNCA* 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 HNCA* when compared to
conventional HNCA. © 2000 Academic Press
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Multidimensional nuclear magnetic resonance (NMR) e
transfers. Most sequences are characterized by a single, dis

or by pulsed field gradientsl). However, some NMR pulse

sequences simultaneously monitor more than one pathway
coherence transfer in a single experiment. For example fe
homonuclear two-dimensional exclusive correlation experi-
ment (E.COSY) 2) selects for double and triple quantum[
coherences. Proper weighting of the two CTPs results in

! Current address: BRUKER AG, Industriestrasse 26, CH-811iarkeen,
Switzerland.

2 To whom correspondence should be adressed. Fax41-61-688 7408.
E-mail: alfred.ross@roche.com.

223

revised November 15, 1999

simplified spectrum when compared to a normal COSY spe
trum (3, 4. Another example is the combined correlation
nuclear Overhauser experiment (COCONOESHY), (vhere
COSY and NOESY are recorded simultaneously. Further e
amples are the 2D HSMQC experimerd),(a combination
between heteronuclear multiple-quantum coherence (HMQ!
and heteronuclear single-quantum coherence (HSQC) expt
ments, and the recently developed heteronuclear 3D HXAH (
and 3D HNHCACO pulse sequence®).(Not only spectral
simplification or increased information content in a single
spectrum but also the gain of sensitivity is a reason to explc
more than one CTP in a single experiment. Sensitivity el
hancement techniqueg,(9—19 are applicable to many com-
mon NMR pulse sequences; however, these schemes n
introduce additional delays, which may lead to a considerab
decrease in sensitivity for large biomolecules due to fast trar
verse relaxationT,). The signal gain obtained from a sensi-
tivity enhancement scheme introduced into a particular pul
sequence is therefore a compromise between additional rel
ation losses and the theoretically obtainable enhancem
factor.

Here we present a novel principle which increases sensitivi
of an experiment by simultaneously exploiting two completel
different coherence pathways in a single NMR pulse schen
As an example we developed an improved HNCA experimer

. fefered to as the HNCA which combines two different CTPs
periments are based on homo- and/or heteronuclear coheren

Without adding any time periods compared to the convention

coherence transfer pathway (CTP), selected by phase cycﬁgr']?gbA pulse sequencdg, 19. The HNCA experiment com-

es a so-called “out-and-back” coherence transfer pathwz
wt}ere the magnetization is detected on the same spin frc
thich it originated, with an “out-and-stay” experiment, where
€ magnetization originates from a spin different from the or
on which it is detected. Figure 1 shows the pulse sequence
rée HNCA" experiment, in which both coherence transfe
pathways contribute to the final signal. The first pathwa
corresponds to a HNCA experiment as described in the lite
ature (L3). The second contribution results from a pathway the
starts witha-proton magnetization and ends as amide protc

magnetization, analogous to a HCANH experimeti,(16.
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FIG. 1. Pulse sequence for the HNC/Axperiment. Narrow and wide black bars represent 90° and 180° pulses, respectively. The black sinc profile a
point b denotes a selective water flip-back pulse of 1 ms length with a Gaussian shape truncated at 5%. Pulses for which the phases are not inglieated
with phasex. The delays were set as follow&:= 2.7 ms,r = 1 ms,e = 1.8 ms,A’ = 1.7 ms,Acy = 13 ms, andl' = 26 ms. All gradient pulses have a sine
shape and are applied along thaxis. The duration and strengths of the gradients were set to 1 ms/6'@@m), 1 ms/30 Gem* (G,), 1.75 ms/14 Gent (Gs),

1 ms/7 Gem* (G,), and 177.3us/12 Gem* (Gs), respectively. The phase cycle wts = 2(y, =V, Y, —V), ®, = 2(X, X, =X, —X), ®y = & = 4X, 4(—X),
D = (X, —X, =X, X, —X, X, X, —X). The phas@, is incremented according to the States-TPPI metBay The phas&, is inverted together with the receiver
phase and the sign of the gradiens 16r each™N(t,)-increment and the data is processed according toé{a/. (11). The phaseD. is inverted in a second
experiment in order to seperate the ptité-path and the pur€C-path spectrum during processing of the final spectrum. The combination of the two data
is described in the text. Decoupling is achieved with the use of a SEDUCE-1 decoupling sed@2@rme ¢arbonyl, DIPSI-2 decoupling sequen@d)(on
protons, and WALTZ-1624) on the™N channel during acquisition. The corresponding radio frequency field strengths were 0.83, 5, and 1.25 kHz, respec

Initial amide anda-proton polarization are transfered via two He — BCo(t,) — BNM(t,) — HN(ty),
simultaneous INEPT transfers?) to N and*°C, respectively,

from where they evolveia different pathways. The final signal
is obtained by properly processing the contributions from bo

pathways. Thus, the signal of the additional CTP is exploited

increase the sensitivity of the HNCA experiment, although ! the same nucle|afor bOt.h p_athways. n generg!, Fhe fa’stgr
theoretical sensitivity gain by a factor of'2 is reduced by relaxation of the"®*C* nuclei will reduce the sensitivity of this
relaxation on the additional CTP. We show experimentally tth"th _compared to thEN-path. .

this modification leads to a sensitivity gain of 20% for thi] Using the product operator formalisig) the two CTPs can

small protein 434-repressor with 63 amino acids when co € _desclrjlth)‘ed :S {_‘IJLIOWS: Inlt!al lamu;e ?‘m(;’r‘]i“’” E] a?netgoo
pared to the common HNCA experimenit]. zation—H, and—Hy, respectively, obtained after the first

In the following we describe both coherence transfer pat|qIOton pulsp (tzig’\el poigt;) |r(1: Fig. ! eyol\:)e irgoTaLnti;iggfe
ways exploited in the HNCA experiment. For the sake of Magnetization -and 2K z (tme pointb) 49). The .
version pulse on carbons is shifted by= A — A’ with

simplicity we only calculate the coherence transfers that colh he 180° pulse JAN i q for th
tribute to the intraresidual signal. The calculation including tH,SpeCt ot le 1IN ?Su i‘e 1'n10ru elr3 ‘3 acco”?“ or the
ifference of *J("H", ®N") and “J("H®, ~C*) coupling con

intraresidual and the precedirgcarbon can be done in full ! :
analogy. The normal out-and-back type contribution can geants (7). Completing the INEP.T transfgr the t\.NO antiphas
written in a short notation as terms 2_I—I‘Ny and 2HC, are obta!neq at ymg points ¢ and d,
respectively. The water magnetization is flipped back to tt
N 1 15 - TN positive z-axis by the selective pulse on the water resonant
HY — PN" — 2CH(ty) — PN(ty) — "H(ty), after time point b 20). The terms 2EN, and 2HC, are
refocused with respect to protons during the following de
where'H", ®N", and**C*" stand for the polypeptide backbondays 2A and 2\’ and then'H-decoupled with a DIPSI-2
amide proton, nitrogen, ang-carbon nuclei, respectively, andsequence 21). Simultaneously the®N and “*C magnetiza-
t;, t,, andt; indicate the chemical shift evolution times. Thigions evolve into antiphase with respect tecarbon and
pathway, in the following refered to as th#-path, is used in nitrogen during the delay &, respectively. Thus, at time
the conventional HNCAX3). The additional pathway in the point e we obtain the terms2N,C, and —2C/N,. The subse
HNCA*, refered to as th&C-path, is of the out-and-stay typequent carbon and nitrogen 90° pulses, both applied with phz
starting with the a-protons, which can be summarized as-y, produce multiple-quantum coherences, which evolve di
(15, 19 to the ®*C chemical shift during thé, evolution period. At the

ere™H* stands for the polypeptide backbosmeroton. Note
at the chemical shift evolution periods and the detection a
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end oft, (time point f) the following coherences of interest ar¢3a], which corresponds to that of a regular HNCA experimen
present: and the additional signal in Eqg. [3b], which leads to the
observed gain in sensitivity.
15N—path:—2Nnycos(thl) — 2N,C,sin(wcty) [1a] As is seen from Eq. [3], the signal contributions from the
13 _ i different pathways are phase-shifted by 90° with respect
C-path:~2CN.coswcty) + 2GN,sin(wcty).  [1B] bty indirect dimensions for a given pair of phadegd,. As

1 . . . ) _the cosine-modulation yields the real and the sine-modulati
The following ~“C 90° pulse with phas@, (time point f) i  {he imaginary part in the indirect dimensions, these phas

used for the quadrature detection in the carbon dimension &yts can be interpreted as a reversed recording of the real :
applying a phase incrementation according to States-TRRL imaginary parts of thEN- and the®C-paths, respectively.
(1, 23 This pulse creates.the foIIowmg cohgrence§ at thgy, example, if the®N-path yields a purely cosine-modulatec
beginning of the constant-tim&N-evolution periodt, (time signal cosgut,)cosct,), the *C-path simultaneously cen

point g): tributes a purely sine-modulated signal for the same pha
settings®,/®,. Pure absorption mode lineshape is achieved &

"*N-path: incrementing the phasé. of the 90° pulse or°C (time point
—2N,Cicodoct;) + 2N,Csin(wct;) (P, = £x) d) by 180° in a second experiment—a technique used in ot

_ i — 2a] sensitivity enhancement schemésg—19. This sign-reversal
+IN.C,cod wcty) — 2N.Csin(wcty) (B, = +y) | y S g
g C.coswcty) Csin(wcty) (P2 = =Y) on the®C-path will propagate throughout the whole sequenc
C-path: whereas coherences evolving on tid-path are not affected.
F2CN,codwcty) + 2CN,sin(wct;) (P, = *x) b In this second experlisment the observable proton magnetizat
—2C,N,co8 wcty) F 2CN,sin(wcty)  (d; = *y). [2b] or|g|na}t|ng from the C_—_path will bg of opposite sign as that
given in Eq. [3b]. Addition of the first and the second exper

iment for a particulad, and @, setting thus yields the pure

Since the multiple-quantum terms in Eq. [2] will not con-,

tribute to the detected signal they will be omitted for the rest of \-Path HNCA data set, whereas subtraction of the two e:

the calculation. The relevant antiphase terms in Eq. [2] evoh?@ri”_‘ents yields th? puréC-path (HA)CANH data S?t' After
due to the*™N chemical shift during the constant-time evoly Fourier transformation the latter has to be phase-shifted by 9

tion periodt, and refocus due to th&)(**N", **C*) coupling in both indirect dimensions and can then be summed to t
during T. After the "H-decoupling is switched off the magne

®N-path spectrum.
tization evolves into antiphase with respect to the amide pro-'" the following we want to focus on some technical detail
tons due to théJ(*H", ®N") coupling during the period 2

of the HNCA" pulse sequence. The 90° pulse 38 at time
The following sensitivity enhancement scheme between tR8Nt d (Fig. 1) is applied approximately 2 ms after thaton
time points i and j retains both the real and the imaginary p

time point ¢, which initiates evolution into antiphase mag
of the N magnetization produced during ttie evolution

netization—2N,C, on the**N-path. Thus, the 90° pulse diC
period as described by Kast al. (11). Thus, at time point | (time poi.nt d) may disturb this evolution by flipping the carbor
prior to acquisition the following magnetization component%

uclei. Figure 2a shows the simulated transfer functions for tl
13 H

are present for the different settings of the ph@sand®, = - and the"C-paths as a function of the delayetween the

+X, respectively:

time points ¢ and d. Optimal sensitivity is obtained wéth=
1.8 ms. The loss of magnetization on thll-path due to the
carbon pulse is only 1% (Fig. 2a).

15 .
N-path: Since the**C-path usesi-carbon magnetization, which is in
*+(H,cod wyt,)sin(wcty) + Hysin(wyt,)sin(wcty)) the transverse plane during the peridi.g — €, fast carbor,
(D, = *x) relaxation constitutes a potential limitation to the HNCA
F(Hycod wyty)cod wct;) + Hysin(wyt,) cog wety)) [3a] experiment. However, it should be noted that even if th
(P, = zy) %C-path would not contribute any signal, the final data can &
13C-path: processed to achieve a spectrum identical to that of a norn
HNCA. The curves in Fig. 2b show the transfer functions of th
*(Hysin(wytz) cod wcty) — Hycod wpt,) co wety)) ¥C- and the™N-paths versus the delayA2, between time
(P, = *x) points ¢ and e, respectively, using a delay= 1.8 ms. The
*(Hysin(wyty)sin(wcty) — Hycog wpyt,)sin(wcty)) [3b] coherence on th&€N-path is modulated by a cosine function
(@, = xy). due to the coupling to both the intramolecular and the seque

tial a-carbons, whereas the transfer function for tf@-path

For all combinations of thé, and®, phases, which enableshows a more complicated behavior due to the addition
the quadrature detection in the two indirect dimensions, twd(**C*, *C*) coupling constant. For a typical perioc g, of
signal contributions are obtained: the signal described by E2f ms and a protein with a rotational correlation timef 5 ns
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Intensity part is recorded withb, = +y selecting for a cosine-moeu
W04———+— Nepath lation cosct,) with respect to the®*C evolution and the
0.8 PO imaginary part with®, = +Xx, selecting for a sine-modulation
064 - sin(wct,). Fort, = 0 only cosfct,) terms contribute signals
0.4 ' Covath whereas the imaginary part is zero (Fig. 3B). For compariso
o \\ - a .
0z \\p the same 'H,"N)-planes recorded with the HNCApulse
“1a sequence are shown in Figs. 3C and 3D, respectively. Since
00 10 20 30 40 50
€ [ms]
B
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FIG. 2. (a) Intensity of the magnetization transfered via ffid- and W, s
3C-paths in dependence of the delapefore the 90° pulse oHC is applied . ‘o g‘@' N 02 C°N)
at time point d in Fig. 1. The maximum intensity on the-path (broken line) Lpy 0oy ‘gg lppm]
is obtained fore = 1.8 ms as indicated by the arrow, where the disturbance Uypp @ g b
the evolution into—2N,C, coherence on thEN-path (solid line) is negligible ot J gl 120
(a). The effect of transverse relaxation has been neglected for simulating ad. ot u% g !
curves. (b) Plot of the signal intensity versus the length of the delay ¢Fig. °"0” ¢ o L
1) for different transverse relaxation times. The curves show the signal intéAe—r—r——p—q — T T T
sity resulting from the'*N-path (top three curves), which is equal to the 9 8 7 9 8 7 @3("H) [ppm]
conventional HNCA signal, and tH&C-path (bottom three lines), respectively,
usinge = 1.8 ms. For a typical value ofA%,, = 26 ms (arrow), the additional al a2 a3 bl b2 b3
signal from the®*C-path is about 60% of that of a small protein with a
correlation timer, of 5 ns (solid line). For a protein with, = 10 ns the
contribution is 40% (dashed line), and for a protein with= 20 ns the = A
sensitivity is approxiamtely 20% (dotted line). The curves have been calculateg] c2 c3 dl d2 d3
using the coherence transfer functions for the corresponding CTPs in the
HNCA* experiment, which were multiplied by an exponential function re
flecting transverse relaxation. The corresponding relaxation rates were calcu- J\ ,/\
lated for the different correlation times assuming dipolar coupling with th&FF T 1T T 1T T+ TI T I T T T T T T T 1T T
. - 90 86 9.0 86 9.0 .6 9. .6 9. .6 9. .
directly attached proton as the only source for relaxation. eand*C* T, 86 90~ 86 90 © 86 90 86
relaxation times thus were 192 and 52 ms+pe= 5 ns, 96 and 26 ms for, = FIG. 3. Spectra of**C,*N-labeled 434-repressor recorded on a Brukel
10 ns, and 48 and 13 ms feg = 20 ns, respectively. DRX 600-MHz spectrometer. The sample concentration was 1 mM at pH 7

and the spectra were recorded at 298 K. The fiidt'{N) planes of two 3D
e . . HNCA experiments with thé’C evolution timet, = 0 are shown. Both the
(solid line in Fig. 2b), the signal of thEC-path in the HNCA (¢ (A, C) and the imaginary parts (B, D) with respect to @ dimension

is about 60% of that in thEN path data set. For a medium-sizewre shown. (A, B) Recorded with the conventional gradient-enhanced HNC
protein withr, = 10 ns the contribution from thEC-path is experiment{4); (C, D) recorded with the new HNCAscheme. The real parts

about 40% (dashed line), and for larger proteins with= 20 (A and C) contain the same signal with the same intensity for all resonanc
’ The imaginary part of the first'fd,"N) plane is zero for the conventional

ns the signal contribution from thléC-path in the HNCA IS HNCA (B), whereas a signal is recorded in case of the HN@B). By adding

expected to be 20% when compared to the conventional HNGAthe real and imaginary parts in both experiments as described in the te

(dotted line). (a—d) Cross-sections parallel to thg axis taken from the corresponding 2D
We recorded both the HNCAL#) and the HNCA experi  spectra A-D at @, chemical shift indicated by the arrows in the contour plots

ment with the 63 amino acid protein 434-repressor. The firgfe cross-sections a and ¢ from the real parts (A, C) contain the same sig
) .intensity, whereas only the imaginary part of the HNC@®) yields additional

1 15 H H

( _H’ N)-plane of the Co_nvemlonal HNCA Spe_Ctra IS Shown_'@ignal (d).™H and N sweep widths of 9616 and 4464 Hz were acquired witt
Fig. 3: Both the real (Fig. 3A) and the imaginary parts (Fig2g scans per, increment. The spectral resolution was 102444 complex
3B) of the first"*C time increment, = 0, are shown. The real points.
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signal is described by Eq. [3a] in both cases the real part (Figansfer from the amide proton to the attach€M". The

3C) contains exactly the same signal as shown in Fig. 3A. Behmparison of the HNCA and the HNCA experiment shows

in contrast to the regular HNCA experiment, the imaginary patiat up to twofold reduction in experimental time can be

(Fig. 3D) contains signal as well. This signal results from thachieved depending on the size and mobility of the prote

cosine-modulated terms with respect to the carbon dimensiamder investigation. The technique should preferably be us

of the **C-path (Eq. [3b]). Noteworthy, the signals from thdor smaller proteins and peptides with a molecular weight of u

Gly-residues are missing in this spectrum, since they aretm15 kDa.

antiphase at the beginning of thid-decoupling period due to
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