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Abstract

We recently introduced a new line of reduced-dimensionality experiments making constructive use of axial peak
magnetization, which has so far been suppressed as an undesirable artifact in multidimensional NMR spectra
[Szyperski, T., Braun, D., Banecki, B. and Wüthrich, K. (1996)J. Am. Chem. Soc.,118, 8146–8147]. The
peaks arising from the axial magnetization are located at the center of the doublets resulting from projection.
Here we describe the use of such projected four-dimensional (4D) triple resonance experiments for the efficient
sequential resonance assignment of15N/13C-labeled proteins. A 3D Hα/β Cα/β(CO)NHN experiment is recorded
either in conjunction with 3D HNN<CO,CA> or with the newly presented 3D HNNCAHAscheme. The first
combination yields sequential assignments based on the measurement of13Cα chemical shifts and provides a
complete1H, 13C and15N resonance assignment of polypeptide backbone and CHβ

n moieties. When employing the
second combination,13C=O chemical shifts are not measured, but the sequential assignment relies on both13Cα

and1Hα chemical shifts. The assignment is performed in a semi-automatic fashion using the program XEASY
in conjunction with the newly implemented program SPSCAN. This program package offers routines for the
facile mutual interconversion of single-quantum and zero/double-quantum frequencies detected in conventional
and reduced-dimensionality spectra, respectively. In particular, SPSCAN comprises a peak picking routine tailored
to cope with the distinct peak patterns of projected NMR experiments performed with simultaneous acquisition of
central peaks. Data were acquired at 13◦C for the N-terminal 63-residue polypeptide fragment of the 434 repressor.
Analysis of these spectra, which are representative for proteins of about 15 kDa when working at commonly
used temperatures around 30◦C, demonstrates the efficiency of our approach for the assignment of medium-sized
15N/13C doubly labeled proteins.

Introduction

The use of triple-resonance experiments for the reso-
nance assignment of polypeptide chainsvia heteronu-
clear scalar connectivities (Montelione and Wagner,
1989a, b; Ikura et al., 1990; Kay et al., 1990a; for a
review see: Edison et al., 1994) is nowadays a standard
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approach which neatly complements the assignment
protocol based on1H–1H nuclear Overhauser effects
(NOE) (Wüthrich, 1986). Although the structure of
a small or medium-sized protein (≤ 15 kDa) may
often be solved with1H NMR spectroscopy alone,
its isotope labeling becomes mandatory when (i) the
structural study is hampered by poor1H chemical
shift dispersion, e.g. in purelyα-helical (Wishart et
al., 1991) or partly unfolded proteins (Neri et al.,
1992a), (ii) the structural refinement shall include
heteronuclear scalar coupling constants (Eberstadt et
al., 1995), (iii) the hydration of the protein shall
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be investigated using 3D15N- and/or 13C-resolved
[1H,1H]-NOESY/ROESY (Otting et al., 1991; Qian
et al., 1993), (iv) the dynamics of the protein shall be
elucidated by measurement of heteronuclear spin re-
laxation parameters (Nirmala and Wagner, 1988; Kay
et al., 1989; Peng and Wagner, 1992; Szyperski et al.,
1993a; Yamazaki et al., 1994a), or (v) the protein shall
be studied as a part of a macromolecular complex,
e.g. using isotope filtered spectroscopy (Otting and
Wüthrich, 1990). Moreover, triple resonance NMR
spectra are highly amenable to a fast automated analy-
sis (Friedrichs et al., 1994; Zimmerman et al., 1994;
Morelle et al., 1995; Bartels et al., 1996; Buchler et al.,
1997; Lukin et al., 1997) yielding the13Cα/β chemical
shifts at an early stage of the assignment procedure.
This enables both the identification of regular sec-
ondary structure elements without reference to NOEs
(Spera and Bax, 1991) and the derivation of (φ,ψ)-
angle constraints which serve to reduce the number
of cycles consisting of NOESY peak assignment and
structure calculation (Luginbühl et al., 1995). Hence,
NMR experiments tailored for the efficient assignment
of small and medium-sized15N/13C doubly labeled
proteins meet with a wide interest.

The use of 3D HNNCA/3D HNN(CO)CA of-
fers the most sensitive approach to derive sequential
resonance assignmentsvia scalar connectivities (Ca-
vanagh et al., 1996). However, except for smaller
proteins it is quite generally limited by13Cα chemi-
cal shift degeneracy. To resolve the assignment am-
biguities, at least one of the three nuclei attached
to the α-carbon – namely Hα, C′ or Cβ – has to
be additionally invoked to establish sequential con-
nectivities (Table 1). Recording of either 3D HN-
NCACB/3D CBCA(CO)NHN or 4D HNNCAHA/4D
HACA(CO)NHN is attractive, because the large num-
ber of NMR experiments usually employed for the
structure determination of15N/13C-labeled proteins is
not further increased. However, when recording 4D
spectra one has to accept short maximal evolution
times in at least two of the dimensions, which results
in a relatively large uncertainty in the chemical shift
measurements.

We have introduced a projection technique for
reducing the dimensionality of triple resonance exper-
iments (Szyperski et al., 1993b,c). In these experi-
ments (Brutscher et al., 1994, 1995a,b; Szyperski et
al., 1994a, 1995, 1996, 1997; Löhr and Rüterjans,
1995; Rexroth et al., 1995; Simorre et al., 1995;
Bracken et al., 1997; Pellecchia et al., 1998) the chem-
ical shifts of the projected dimension give rise to a

cosine-modulation of the transfer amplitude, yielding
peak doublets encoding n chemical shifts in a n–1
dimensional spectrum. Most important, the joint in-
crementation of two chemical shift evolution times
allows to record projected 4D experiments with maxi-
mal evolution times being typical for conventional 3D
experiments (Szyperski et al., 1993b,c, 1994a,b, 1995,
1996; Brutscher et al., 1995; Bracken et al., 1997; Fer-
nández et al., 1997; Pellecchia et al., 1998). Further-
more, we have very recently demonstrated (Szyperski
et al., 1996) that axial coherences can be observed as
peaks located at the center of the doublets. These cen-
tral peaks enable both, the unambiguous assignment
of multiple doublets with degenerate chemical shifts
in the other dimensions and the symmetrization of
the spectrum (Baumann et al., 1981; Brutscher et al.,
1995a,b; Szyperski et al., 1995, 1996). Hence, obser-
vation of central peaks not only restores the dispersion
of the parent, higher-dimensional experiment, but also
provides access to the reservoir of axial peak magne-
tization (Szyperski et al., 1996). Here we demonstrate
that such projected 4D triple resonance experiments
offer efficient routes for the sequential assignment of
medium-sized15N/13C-labeled proteins.

Methods

The 3D HNN<CO,CA> experiment
The 3D HNN<CO,CA> experiment (Szyperski
et al., 1995) correlates the backbone chemical
shifts �(1HN

i ), �(15Ni), �(13C=Oi−1) and�(13Cα
i )

of residue i via 1J{15Ni, 13Cα
i } and 1J{15Ni,

13C=Oi−1}. Simultaneously,2J{15Ni, 13Cα
i−1} yields

sequential correlations including�(1HN
i ), �(15Ni),

�(13C=Oi−1) and�(13Cα
i−1). The underlined letters

denote that13C=O and13Cα are jointly observed, and
the brackets indicate that the experiment is performed
in a ‘bifurcated’ out-and-back fashion (Szyperski et
al., 1996). Since1J{15Ni, 13C=Oi−1} > J{15Ni, 13Cα

i },
13C=O has to be detected in quadrature to observe
central peaks located at�(13C=O), and�(13Cα) gives
rise to the doublets (Figure 1A). Note that we had
denoted this experiment 3D COHNNCA according to
the covalent structure of the CO-HN-Cα moiety, but
subsequently renamed it according to its bifurcated
magnetization transfer (Szyperski et al., 1996).
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Table 1. Approaches to resolve13C chemical shift degeneracy with triple resonance
NMR spectroscopy

(A) Combination of 3D HNNCAa and 3D HNN(CO)CAb with

either 3D HNN(CA)HAc and 3D HNN(COCA)HAd

or 3D HNNCOa and 3D HNN(CA)COe

or 3D HNN(CA)CBf and 3D HNN(COCA)CBg

(B) Increase of the dimensionality

4D HNNCAHAh and 4D HACA(CO)NHNh

(C) Introduction of a carbon–carbon magnetization transfer step

3D HNNCACBi and 3D CBCA(CO)NHNj

(D) Employment of the reduced-dimensionality approach

3D HNNCAHA and 3D Hα/βCα/β(CO)NHNk

a Kay et al. (1990a).
b Bax and Ikura (1991).
c Clubb et al. (1992a).
d Clubb and Wagner (1992).
e Clubb et al. (1992b), Matsuo et al. (1996).
f Yamazaki et al. (1994b).
g Shan et al. (1996).
h Boucher et al. (1992); Kay et al. (1992); Olejniczak et al. (1992).
i Wittekind and Müller (1993).
j Grzesiek and Bax (1992b).
k Szyperski et al. (1994a).

The new implementation of the
3D Hα/β Cα/β (CO)NHN experiment
The 3D Hα/β Cα/β(CO)NHN experiment combines
two approaches to increase the information content
of a 3D triple resonance spectrum (Table 1), i.e.,
projection and homonuclear13C-13C magnetization
transfer (Szyperski et al., 1994a), and thus corre-
lates up to seven chemical shifts:�(1Hβ1

i−1), �(1Hβ2
i−1),

�(13Cβ
i−1), �(1Hα

i−1) and �(13Cα
i−1) of residue i–1

with �(1HN
i ) and �(15Ni) of residue i. The under-

lined letters indicate that�(1Hα/β) and �(13Cα/β)
are observed in a common dimension. In order to
exploit steady-state13Cα/β magnetization for the ob-
servation of central peaks,13C has to be detected in
quadrature and�(1Hα/β) is encoded in an in-phase
splitting (Szyperski et al., 1996). This enables the use
of steady-state13Cα/β magnetization being discarded
by axial peak suppression in the parent 4D experi-
ment, which has been used for fractionally deuterated
proteins (Nietlispach et al., 1996). Our approach (Fig-
ure 1B) yields the subspectra I and II containing either
doublets or central peaks, respectively (Szyperski et
al., 1996). This allows for their unambiguous dis-
tinction and prevents from their mutual overlap, and
the central peaks are quite generally observed when

the doublets are recorded with a workable signal-to-
noise ratio (Szyperski et al., 1996). Subspectrum II
provides the information of 3D CBCA(CO)NHN even
if the resonances of the aliphatic protons are severely
broadened. The addition of the subspectra for obtain-
ing absorptive central peaks and doublets in a single
spectrum is also not beneficial in view of the resulting
decrease of the signal-to-noise ratio by

√
2: the sub-

spectra are out of phase by 90◦ so that their noise is
statistically not correlated when both are phased ab-
sorptive (Cavanagh and Rance, 1990). Compared with
the previous one (Szyperski et al., 1994a), the new
scheme uses (i) a semi constant-time module (Grze-
siek and Bax, 1993a) for1H-frequency labeling, (ii)
shaped pulses on13Cα/β and13C=O, (iii) a sensitivity
enhancement scheme (Palmer et al., 1991), and (iv)
pulsed field gradients for coherence pathway rejec-
tion (Bax and Pochapsky, 1992; Wider and Wüthrich,
1993) allowing for a minimal four-step phase cycle.
No gradients were introduced into the constant-time
delay for 13Cα/β chemical shift evolution to fully
exploit it for frequency labeling. A detailed descrip-
tion of the new implementation is available from the
authors.
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Figure 1. Magnetization transfer pathways (top) and stick diagrams of the peak pattern observed alongω1(13C) (bottom) for (A) 3D
HNN<CO,CA>, (B) 3D Hα/βCα/β(CO)NHN and (C) 3D HNNCAHA. The boxes comprise nuclei whose chemical shifts are measured in the
common dimensionω1, and the nuclei which are detected in quadrature in t1 are marked with an asterisk. Bold solid and hatched boxes indicate
intraresidual and sequential connectivities, respectively, and the resulting signals sketched in the stick diagrams are represented accordingly. In
(B), the13Cα/β nuclei whose steady-state magnetization is used to detect central peaks, as well as the resulting subspectrum II, are highlighted
in grey. The magnetization is frequency labeled with�(15Ni) (encircled nucleus) during t2 and detected on�(1HN

i ) (boxed nucleus) during t3.
HSQC-type transfers based on one-bond and two-bond couplings are represented by black and grey arrows, respectively. In (A), the in-phase
splittings 21�(13Cα) are equal to 2κ · δ�(13Cα), whereκ andδ�(13Cα) are the scaling factor applied for13Cα chemical shift evolution and
the chemical shift difference with respect to the apparent13Cα carrier position, respectively. In (B) and (C), the in-phase splittings 21�(1Hα)

are equal to 2κ · δ�(1H)[γ(1H)/γ(13C)], whereκ, δ�(1H) andγ(X) denote the scaling factor applied for1H chemical shift evolution, the
chemical shift difference with respect to the apparent1H carrier position, and the gyromagnetic ratio of nucleus X, respectively.

The new 3D HNNCAHAexperiment
The 3D HNNCAHA experiment correlates�(1HN

i ),
�(15Ni), �(13Cα

i ) and�(1Hα
i ) of residue i via1J{15Ni,

13Cα
i }. A simultaneous transfer via2J{15Ni, 13Cα

i−1}
yields sequential correlations between�(1HN

i ), �(15Ni),
and �(13Cα

i−1) and �(1Hα
i−1). The underlined let-

ters indicate that�(13Cα) and�(1Hα) are measured
in a common dimension (Szyperski et al., 1993b).
Following Boucher et al. (1992a,b), we chose an ‘out-
and-back’ version to minimize the time during which
transverse13Cα magnetization is present (Figure 2).
The magnetization transfer from13Cα to 1Hα is per-
formed in an HSQC-manner to reduce the loss from
passive1J{13Cα, 13Cβ} couplings during1Hα chem-
ical shift evolution. This allows for an upscaling of
the 1Hα relative to the13Cα chemical shift evolution
times (Szyperski et al., 1993b, 1994). The evolution
of �(13Cα) is implemented in a semi constant-time

fashion to minimize losses from1J{13Cα, 13Cβ} and
T2(13Cα)-relaxation. In order to observe doublets and
centers,13Cα has to be detected in quadrature (Szyper-
ski et al., 1996) and�(1Hα) is encoded in the in-phase
splitting (Figure 1C). For studies at pH> 6, the sensi-
tivity of the 3D HNNCAHA experiment could be fur-
ther improved for rapidly exchanging amide protons
by the implementation of a water flip-back approach
(Grzesiek and Bax, 1993b).

Following product-operatordescriptions (Søorensen
et al., 1983) of published 4D HNNCAHA schemes
(Boucher et al., 1992b; Kay et al., 1992;
Olejniczak et al., 1992) and considering that
sin(π1JNHτ1)∼= sin(π1JNHτ2), the transfer functions of
3D HNNCAHA are given by (Figure 2):

[1HN → 1Hα] : sin4(π1JNHτ2) sin2(π1JNAτ3)

× cos2(π2JNAτ3) cos[�(15Ni)t2] sin2(π1JCHτ4)

× cos(π1JCCτ4) cos[π1JCC(τ4 + λt1)]
× cos[�(13Cα

i)t1] cos[κ�(1Hα
i)t1] (1a)
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Figure 2. Experimental scheme for the 3D HNNCAHAexperiment. Rectangular 90◦ and 180◦ pulses are indicated by thin and thick vertical
bars, respectively, and phases are indicated above the pulses. Where no radio-frequency phase is marked, the pulse is applied along x. The
scaling factorκ for 1H chemical shift evolution is set to 1.70. The 90◦ pulse lengths were: 11µs for 1H and13Cα, and 40µs for 15N. The
180◦C pulses on13Cα are of Gaussian shape (truncation at 5%) and 120µs duration, and have been optimized for a1H resonance frequency
of 600 MHz. DIPSI-2 (Shaka et al., 1988) (rf= 3.8 kHz) is employed to decouple1H during the heteronuclear magnetization transfers, and
WALTZ16 (Shaka et al., 1983) is used for decoupling of15N (rf = 1.6 kHz) and13CO (rf = 0.7 kHz). The length of the spin-lock purge pulse
(Otting and Wüthrich, 1988) SLx is 2.5 ms. To implement the sensitivity enhancement scheme of Palmer et al. (1991), the pulses and delays in
the shaded box are added and t1 increments are recorded in an interleaved manner, withφS1 = x andφS2 = y or with φS1 = −x andφS2 = y.
The1H carrier is placed at the position of the solvent line at 4.88 ppm for the first three1H pulses and the first DIPSI-2 period, then switched to
2.96 ppm during the first delayτ4/2, and subsequently switched back to 4.88 ppm during tc

1. The13Cα and15N carriers are set to 52.7 ppm and
115 ppm, respectively. The duration and strengths of the sine-bell shaped PFGs are: G1 (3.5 ms, 40 G/cm); G2 (344µs, 15 G/cm); G3 (344µs,
30 G/cm); G4 (344µs, 8 G/cm). The recovery delay after G1 is set to 500µs. The delays have the following values:τ1 = 5.0 ms,τ2 = 5.5 ms,
τ3 = 28 ms,τ4 = 2.0 ms. 13C-frequency labeling is achieved in a semi constant-time fashion with ta

1(0) = 708.5 µs, tb1(0) = 51.8 µs,

tc1(0) = 655.3 µs,1ta1 = 62.5 µs, 1tb1 = 51.7 µs, 1tc1 = −10.8 µs. Hence, the fractional increase of the semi constant-time period with t1
equalsλ = 1 + 1tc1/1ta1 = 0.83. Note that the acquisition was started with the second complex point while the first one was obtained by linear
prediction (Stephenson, 1988), so that zero first-order phase correction was achieved alongω1. Phase cycling:φ1 = 2(y), 2(−y); φ2 = y;
φ3 = x,−x; φ4 = y; φ5 = x; φ6 = x; φ7 (receiver)= 2(x), 2(−x). Quadrature detection in t1(13C) and t2(15N) is accomplished by altering
the phasesφ5 andφ6, respectively, according to States-TPPI (Marion et al., 1989).

[1HN → 13Cα] : (−1) sin4(π1JNHτ2)

× sin2(π1JNAτ3) cos2(π2JNAτ3) cos[�(15Ni)t2H]
× cos2(π1JCHτ4) cos[π1JCC(2τ4 + (κ + λ)t1)]
× cos[�(13Cα

i)t1] (1b)

[1HN →1 Hα
i−1] : sin4(π1JNHτ2) sin2(π2JNAτ3)

× cos2(π1JNAτ3) cos[�(15Ni)t2H]sin2(π1JCHτ4)

× cos(π1JCCτ4) cos[π1JCC(τ4 + λt1)]
× cos[�(13Cα

i−1)t1H] × cos[κ�(1Hα
i−1)t1] (1c)

[1HN →13 Cα
i−1] : (−1) sin4(π1JNHτ2)

× sin2(π2JNAτ3) cos2(π1JNAτ3) cos[�(15Ni)t2H]
× cos2(π1JCHτ4)cos[π1JCC(2τ4 + (κ + λ)t1)]
cos[�(13Cα

i−1)t1] (1d)

where 1JNH, 1JNA
2JNA, 1JCH and 1JCC denote the

scalar couplings between1HN
i and 15Ni, 15Ni and

13Cα
i , 15Ni and13Cα

i−1, 13Cα and1Hα, and13Cα and
13Cβ, respectively, and�(X) represents the chemical
shift of nucleus X.κ indicates the scaling factor ap-
plied for 1Hα chemical shift evolution andλ denotes
the fractional increase of the semi constant-time delay
with t1 (see legend of Figure 2). Since glycyl residues
possess a secondα-proton instead of aβ-carbon, the
cosine-terms highlighted in bold have to be substituted
by a single term cos2(π1JCH τ4) for these residues.
Note that glycyls also give rise to doublets of dou-
blets of low intensity. These originate from the cosine
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modulation of the transfer amplitude with both1Hα

chemical shifts (see also Equation (6d) in Szyperski
et al. (1995) describing the origin of such doublets of
doublets in 3D HNN<CO,CA>). Terms (1a) and (1c)
lead to peak doublets observed alongω1 at�(13Cα

i ) ±
κ �(1Hα

i ) and�(13Cα
i−1) ± κ �(1Hα

i−1), respectively,
while terms (1b) and (1d) represent the central peaks at
�(13Cα

i ) and�(13Cα
i−1). Hence, up to six cross peaks

are observed for each residue in a 3D HNNCAHA
experiment recorded with simultaneous acquisition of
central peaks (Figure 1C). Settingτ3 = 28 ms for
the magnetization transfer from15N to 13Cα yields
nearly maximal intensity for both the intraresidual and
sequential connectivities.

The peak doublets are attenuated by T2-relaxation
with a loss factor equal to

exp{−2τ2/T2(
1HN)} exp{−2τ3/T2(

15N)}
× exp{−(2τ4 + λt1)/T2(

13Cα)}
× exp{−κt1/T2(

1Hα)} (2a)

while the corresponding factor for the central peaks is
given by

exp{−2τ2/T2(
1HN)} exp{−2τ3/T2(

15N)}
× exp{−[2τ4 + (κ + λ)t1]/T2(

13Cα)} (2b)

The optimal value forτ4 depends on the transfer
functions (Equation 1) and the relaxation of trans-
verse13Cα magnetization. Figure 3 shows thatτ4 =
2.0 ms ensures comparable peak intensities of dou-
blets and central peaks for both non-glycyl and glycyl
residues. For glycyls, the smaller initial amplitude is
at least partly compensated by the absence of dephas-
ing due to the passive1JCC scalar coupling during
t1. If 3D HNNCAHA shall be employed with 3D
Hα/βCα/β(CO)NHN, it is strongly recommended to
use the same values for theκ and the1Hα carrier posi-
tion for the two experiments. This allows for a visual
comparison of the in-phase splittings.

Computer support for the analysis of projected 4D
experiments
Semi-automatic analysis of the NMR spectra was per-
formed using the program XEASY (Bartels et al.,
1995) in conjunction with the newly implemented pro-
gram SPSCAN (R. W. Glaser and K. Wüthrich, to be
published). This program package offers routines for
the facile mutual interconversion of single-quantum
and zero/double-quantum frequencies (Figure 4). In
particular, the peak picking routine of SPSCAN has
been tailored to cope with the demands of the presently
employed spectra. It takes the backbone15N and

0.1

1.0 3.02.0
0.00

0.04

0.08

τ4 [ms]

Irel.

Figure 3. Magnetization transfer in 3D HNNCAHA. Variation
with τ4 of the expressions (1a) (solid line; intraresidual doublets
observed for non-glycyl residues) and (1b) (dashed line;
intraresidual central peaks of non-glycyl residues), provided
that t2(15N) = t1(13C) = t1(1H) = 0 ms, assuming that
1JNH = 92 Hz, 1JNA = 11 Hz, 2JNA = 7 Hz, 1JCH = 135 Hz,
1JCC = 35Hz, and considering attenuation due to
transverse relaxation according to Equation (2a) with
T2(15N) = T2(1HN) = 50 ms, T2(13Cα) = T2(1Hα) = 15 ms.
The curve of (1a) (solid line) has been scaled down to 1/2 to account
for the fact that the transfer amplitude yields peak doublets. The
dotted and the dashed-and-dotted lines represent the corresponding
curves for glycyl residues, and the dotted vertical line indicates the
value ofτ4 = 2.0 ms chosen for the current implementation of the
experiment.

1HN chemical shifts from 2D [15N, 1H]-HSQC (Bo-
denhausen and Ruben, 1980) as initial input. As-
suming Gaussian or Lorentzian lineshapes, SPSCAN
identifies central peaks and peak doublets by fitting
chemical shifts, linewidths and volumes. For the un-
ambiguous identification of the doublets, the program
makes use of the distinct peak patterns in the projected
4D spectra (Figure 1). In 3D HNN<CO,CA> and 3D
HNNCAHA central peaks are readily identified due to
their negative sign, while in 3D Hα/βCα/β(CO)NHN
they are present only in subspectrum II. [ω1(13C/1H),
ω3(1HN)]-strips taken at the backbone15N chemical
shifts are subsequently symmetrized about the position
of the central peaks. This increases the signal-to-noise
ratio for the doublets (Szyperski et al., 1995) and
eliminates other doublets exhibiting very similar or
identical 15N and 1HN chemical shifts, but different
centers (Figure 5) (see also Figure 2 in Szyperski
et al., 1996). The peak doublets serve to derive 4D
peak lists comprising [�(13C=O), �(13Cα), �(15N),
�(1HN)] or [�(1Hα), �(13Cα), �(15N), �(1HN)]. In
3D HNN<CO,CA> and 3D HNNCAHA, sequential
and intraresidual connectivities are putatively distin-
guished assuming that the latter are more intense.
Based on the 4D peak lists, SPSCAN performs a



393

Figure 4. User interface of SPSCAN. The window indicated with ‘ranking map’ shows [ω1, ω3]-strips ranked by SPSCAN that were taken
from 3D HNN<CO,CA> (‘cohnca’), from 3D HNNCAHA(‘hncaha’), and from subspectrum II (‘cbconh’) and subspectrum I (‘hbconh’)
of 3D Hα/βCα/β(CO)NHN. As an example, the two left-most strips exhibit the intraresidual connectivities of spin system 309 (Lys 9). The
subsequent strips three to five belong to the sequential neighbour 310 (Arg 10), and strips six to eight belong to spin system 302 (Ile 2).
The two spin systems 310 and 302 were ranked first and second in an automatic search using 3D HNNCAHA/3D Hα/βCα/β(CO)NHN. The
corresponding probabilities derived from the SPSCAN scoring function are given in the window denoted ‘sequential connections’. For the facile
comparison of single and zero/double quantum coherences, the user may shift a set of movable vertical lines (‘crosshairs’): a single crosshair
and a pair of crosshairs can be adjusted to the central peak and the peak doublet, respectively. Corresponding crosshairs in different strips are
automatically readjusted, so that the precise match of the corresponding peak positions of 309 and 310 becomes readily apparent. Please note
that the spectral widths alongω1 vary among the different 3D experiments. The current chemical shifts are given in a small window (indicated
with ‘chemical shifts’). The user may also display selected regions from 2D spectra, e.g. the region from a 2D [13C,1H]-COSY that comprises
the cross peak of the CHα group of 309. The cursor in this window (‘13C1H-cosy’) is automatically adjusted according to the current chemical
shifts extracted from the 3D spectra. A description of SPSCAN is available via http://www.mol.biol.ethz.ch/wuthrich/software/spscan/.
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search for sequential neighbours within sets of [ω1,
ω3]-strips (Figure 4): for each strip one obtains a string
of the remaining strips ranked according to a scoring
function. This function weights differences between
13Cα/1Hα chemical shifts derived from two strips,
1�, according to exp{−(1�/1�ref)

2}, where1�ref
is a parameter that has to be adapted to the spectral res-
olution. For the present study,1�ref was set to 16 Hz
and 26 Hz for intra- and interspectral comparisons,
respectively. A putative match of a sequential and an
intraresidual connectivity is considered by multiplying
the exponential term with a user-definable factor, e.g.
4 in the present study.

In order to use a 3D HNN<CO,CA> spectrum
for the interactive sequential assignment protocol in-
cluding visual comparison of peak positions, SPSCAN
offers a routine to transform the 3D HNN<CO,CA>

spectrum into a pseudo-3D HNNCA spectrum. The
[ω1(13C), ω3(1HN)] strips are symmetrized along
ω1(13C) about the central peak at�(13C=O) and are
separately recalibrated, so that the central peaks are
positioned at the apparent13Cα carrier position. After
scaling theω1-axis with 1/κ, the strips are written in
the form of the pseudo-spectrum which can be handled
by XEASY. Due to the very high signal-to-noise ratio
quite generally observed for the central peaks (see also
Figure 4 in Szyperski et al., 1995), additional manual
input is rarely required.

Results and Discussion

To demonstrate the use of projected 4D spectra
recorded with simultaneous acquisition of central
peaks, we acquired the above described spectra for
the 6.7 kDa N-terminal 63-residue fragment of the
434 repressor (434(1–63)) (Neri et al., 1992b). The
NMR measurements were performed at the relatively
low temperature of 13◦C, where 434(1–63) reorients
with a correlation time of about 6 ns (Luginbühl et al.,
1997). This is typical for proteins with a molecular
weight of about 15 kDa at commonly used tempera-
tures around 30◦C, so that the signal-to-noise ratio of
the spectral data presented here is readily attainable
also for medium sized proteins. Table 2 affords a sur-
vey of the number of scalar connectivities that were
observed. The nearly complete yield provided a sound
basis for obtaining sequence specific assignments, and
the large number of automatically identified connec-
tivities offered a convenient starting point for the rapid
interactive completion of the peak picking procedure.

In particular, the parameter of the peak picking rou-
tine was adjusted for a ‘conservative’ search, i.e.,
there were no automatically picked peaks that had
to be removed during the manual completion of the
search. Table 3 shows that the subsequent automatic
identification of sequential neighbours was highly ef-
ficient: the actual sequential neighbour was within the
first four strips proposed by SPSCAN for all residues.
A table with the13C chemical shift assignments is
available from the authors.

Sequential assignment with 3D HNN<CO,CA>

Since 3D HNN<CO,CA> provides sequential con-
nectivities (Figure 1A), the assignment of smaller
proteins may be performed with 3D HNN<CO,CA>

alone. Since�(13Cα) is encoded in the in-phase split-
ting of doublets centered about�(13C=O) (Szyperski
et al., 1995) the sequential assignment has to rely on
the comparison of the splittings (Figure 5A). How-
ever, for visual inspection it is preferable to work
with the pseudo-3D HNNCA spectrum (Figure 5B).
All sequential connectivities could be observed (Ta-
ble 2), but due to the poor chemical shift dispersion
of the purely α-helical protein 434(1–63) (Neri et
al., 1992c) it was not possible to distinguish the two
tripeptide segments Glu 32-Gln 33-Leu 34 and Arg
43-Phe 44-Leu 45 (Table 3).

Sequential assignment with 3D HNNCAHA
3D HNNCAHA may likewise suffice to sequentially
assign smaller proteins. Due to an additional magneti-
zation transfer from13Cα to 1Hα and an extended time
period with transverse13Cα magnetization, its sensi-
tivity is reduced relative to 3D HNN<CO,CA>. How-
ever, the sequential assignment with 3D HNNCAHA
is based on two chemical shifts which makes its use
obviously more efficient. We observed the majority of
sequential connectivities (Table 2) which allowed to
assign (Table 3) the backbone resonances of1HN, 15N,
13Cα and1Hα in the straightforward fashion exempli-
fied in Figure 6: the negative central peaks provide the
13Cα

i−1 →1HN
i and the positive doublets yield also the

1Hα
i−1 →1HN

i connectivities.

Sequential assignment with 3D HNN<CO,CA> and
3D Hα/βCα/β(CO)NHN
For medium-sized proteins, an incomplete set of se-
quential connectivities will usually be registered in
3D HNN<CO,CA>. However, provided that the
13Cα chemical shift dispersion is sufficient, one
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Figure 5. (A) Contour plot of[ω1(13C),ω3(1HN)]-strips from a 3D HNN<CO,CA> spectrum recorded with a 1.5 mM sample of 434(1–63)
in 90% H2O/10% D2O (pH = 4.5 and T = 13◦C). Dashed and solid contour lines represent negative and positive peaks, respectively. The
strips were taken at the15N chemical shifts (indicated at the top) of the residues 35–38 and are centered about their1HN chemical shifts. The
sequence-specific assignments of the amide chemical shifts are indicated at the top of each strip and are referred to as i.�(13C=Oi−1) is given
by the central negative peak in strip i and is indicated, and�(13Cα

i ) and�(13Cα
i−1) are extracted from the positive peak doublets (see Figure 1).

Negative peaks of low intensity correspond to doublets of doublets arising from modulation of the transfer amplitude with both�(13Cα
i−1)

and�(13Cα
i ) (Szyperski et al., 1995).1H and13C chemical shifts are in ppm relative to 2,2-dimethyl-2-silapentane-5-sulfonate sodium salt

(DSS); the13C chemical shifts are calculated with4(13C/1H) = 0.251449530 (Wishart et al., 1995). The spectrum was recorded on a Bruker
AMX 600 spectrometer, and 121(t1) × 45(t2) × 512(t3) complex points were accumulated withκ = 0.5, so that t1max(

13C=O) = 16.9 ms;
t1max(

13Cα) = 8.45 ms; t1max(
15N) = 31.9 ms; t3max(

1HN) = 62.5 ms. The13Cα carrier was set to 53 ppm and shifted to an apparent position
at 36.5 ppm employing TPPI (Marion and Wüthrich, 1983; Szyperski et al., 1995). The acquisition was started with the sixth complex point and
the first five points were then obtained by linear prediction (Stephenson, 1988) to achieve zero first-order phase correction alongω1. Two scans
per increment were acquired and the sensitivity enhancement scheme of Palmer et al. (1991) was applied, resulting in a total measurement time
of 27 h. The data matrix was extended by linear prediction along t1 and t2, and then multiplied with a cosine window in t1 and t2, and a sine
window shifted by 60◦C in t3 (DeMarco and Wüthrich, 1976). The digital resolution after zero-filling was 15 Hz alongω1(13C), 22 Hz along
ω2(15N) and 8 Hz alongω3(1HN). The spectrum was processed using the program PROSA (Güntert et al., 1992). (B) The same strips as in
(A) taken from the pseudo-3D HNNCA spectrum: after symmetrization about the central peaks at�(13C=Oi−1) the strips were shifted upfield
so that the central peak is positioned at to the apparent13Cα carrier position (36.5 ppm). The symmetrization was performed by replacing the
intensities of each pair of data points i and j, centered about the maximum of the central peaks, by sgn(i)· min(|i|, |j |) in the case i and j have
the same sign and by zero otherwise. This eliminates peaks from other residues with very similar or identical15N and1HN chemical shifts: the
peaks of Leu 60 (marked with asterisks) in the strip of Asn 36 in (A) are not present in the corresponding strip shown in (B). Theω1-axis is
scaled up by a 1/κ = 2 relative to (A) so that�(13Cα) can be read off theω1-axis.�(13Cα

i ) is indicated at the bottom of strip i.
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Table 2. Experimentally observed and automatically identified scalar connectivities in
434(1–63)a

Experiment Type of Experimentally Automatically identified

connectivity observedb with the peak picking

routine of SPSCANc

1HN
i →

3D HNN<CO,CA> 13C=Oi−1: 60/60 (100%)d 60 (100%)
13Cα

i : 60/60 (100%)d 60 (100%)
13Cα

i−1: 60/60 (100%)d 58 (97%)

3D HNNCAHA 13Cα
i : 60/60 (100%)d 58 (97%)

1Hα
i : 63/64 (98%)e 61 (97%)

13Cα
i−1: 57/60 (95%)d 45 (79%)

1Hα
i−1: 56/64 (88%)e 41 (73%)

3D Hα/βCα/β(CO)NHN 13Cα
i−1: 60/60 (100%)d 60 (100%)

13Cβ
i−1: 54/55 (98%)f 52 (95%)

1Hα
i−1: 64/64 (100%)e 64 (100%)

1Hβ
i−1: 76/80 (95%)g 65 (86%)

a T = 13◦C; protein concentration = 1.5 mM; measurement times: 27 h, 15 h and 22 h
for 3D HNN<CO,CA>, 3D HNNCAHA and 3D Hα/βCα/β(CO)NHN, respectively.

b The expected number of connectivities was calculated on the basis of the known1H
resonance assignments (Neri et al., 1992c): two resolved1H connectivities are expected
for αCH2 groups of glycyls andβCH2 groups with1H chemical shift differences larger
than 0.1 ppm.

c The fraction of connectivities identified with SPSCAN is calculated relative to the
corresponding number of experimentally observed connectivities.

d Expected number: 63 residues minus two prolyls minus one N-terminal residue (60).
e Expected number: number calculated for footnote ‘d’ plus four (out of five) glycyl

residues with non-degenerate1Hα chemical shifts (64).
f Expected number: number calculated for footnote ‘d’ minus five glycyl residues (55).
g Expected number: number calculated for footnote ‘f’ plus number of residues with two

non-degenerateβ-proton chemical shifts (80).

Table 3. Semi-automatic sequential assignment of 434(1–63)

3D experiments Fraction of actual sequential Fraction of residues sequentially

neighbours that were attributed toa assigned by inspection of the

rank = 1 rank = 2–4 rank> 4 ranking maps of SPSCANb

HNN<CO,CA> 47/57 (82%) 10 (18%) 0 57/63 (90%)

HNNCAHA 50/57 (88%) 7 (12%) 0 63/63 (100%)

HNN<CO,CA> / 49/57 (86%) 8 (14%) 0 63/63 (100%)

Hα/βCα/β(CO)NHN

HNNCAHA / 57/57 (100%) 0 0 63/63 (100%)

Hα/βCα/β(CO)NHN

a Three out of 60 (ω1, ω3)-strips are either sequential neighbours of a prolyl residue or represent a
terminal residue. Hence, the fraction is referred to a total of 57.

b The two prolyl residues and the N-terminal residue were included for the total number of residues,

since their CHα-CHβ
2 moieties can be assigned via sequential connectivities. Hence, the fraction is

referred to a total of 63.
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Figure 6. Contour plot of[ω1(13C),ω3(1HN)]-strips taken from the 3D HNNCAHAspectrum. The strips were taken at the15N chemical
shifts (indicated at the top) of residues 47 to 56. The sequence-specific resonance assignments of the amide chemical shifts are given at the
top of each strip and are referred to as i. Dashed and solid contour lines represent negative and positive peaks, respectively, and the sequential
connectivities are indicated by dashed lines.�(13Cα

i ) is given by the negative central peaks and�(1Hα
i ) is extracted from the positive peak

doublets (see Figure 1).�(13Cα
i ) and�(1Hα

i ) are indicated at the bottom of strip i. The spectrum was recorded on a Bruker AMX 600 spec-

trometer. 51(t1) × 30(t2) × 512(t3) complex points were accumulated withκ = 1.70, so that t1,max(
13Cα) = 6.50 ms, t1,max(

1Hα) = 11.1 ms,
t2,max(

15N) = 21.0 ms and t3,max(
1HN) = 62.5 ms. Four scans per increment were recorded and a sensitivity enhancement scheme (Palmer

et al., 1991) was applied, resulting in a measurement time of about 15 h. Prior to Fourier transformation the data matrix was extended by linear
prediction along t1 and t2, respectively, and multiplied with a cosine-squared window in t1 and t2, and a sine window shifted by 60◦ in t3
(DeMarco and Wüthrich, 1976). The digital resolution after zero-filling was 32 Hz alongω1(13C/1H), 22 Hz alongω2(15N) and 8.0 Hz along
ω3(1HN).

may supplement 3D HNN<CO,CA> with an ex-
periment tailored to observe sequential connectivi-
ties, e.g. 3D Hα/βCα/β(CO)NHN (Szyperski et al.,
1994a). We observed all correlations expected for
3D Hα/βCα/β(CO)NHN, except for a few originating
from CHβ

2-groups (Table 2). Hence, the sequential as-
signment could be performed as shown in Figure 7.
Subspectrum II of the 3D Hα/βCα/β(CO)NHN exper-
iment provides13Cα

i−1 →1HN
i connectivities. These

can be matched with the intraresidual 3D13Cα
i →1HN

i

connectivities observed in the 3D HNN<CO,CA>

spectrum or in the corresponding pseudo-3D HNNCA
spectrum. Having all chemical shifts of the CHα-CHβ

n
moieties, the identification of the amino acid type is
greatly facilitated (Wüthrich, 1976). Hence, the chem-
ical shifts of all polypeptide spins, except for four1Hβ

resonances and those of the peripheral side chain nu-
clei beyond CβHn, could be obtained from only two
triple resonance NMR experiments (Table 3).

Sequential assignment with 3D HNNCAHAand 3D
Hα/βCα/β(CO)NHN
If 13Cα chemical shift degeneracy cannot be over-
come by chemical shift-based identification of the
amino acid residue type, the combined use of 3D
HNNCAHA and 3D Hα/βCα/β(CO)NHN is advanta-
geous (Figure 8). The central peaks in subspectrum
II of the 3D Hα/βCα/β(CO)NHN experiment provide
13Cα

i−1 →1HN
i connectivities, while the doublets of

subspectrum I also yield1Hα
i−1 →1HN

i connectivities.
Hence, comparison with the negative central peaks and
positive doublets in the 3D HNNCAHAallows to or-
der the[ω1, ω3]-strips of the two spectra sequentially.



398

Figure 7. Contour plot of[ω1(13C),ω3(1HN)]-strips taken from subspectrum I (strips labeled with AI) and subspectrum II (strips labeled with
AII) of the 3D Hα/βCα/β(CO)NHN experiment, and from the pseudo-3D HNNCA spectrum (strips labeled with B). The strips were taken
at the15N chemical shifts (indicated at the top) of residues 25 to 27. The sequence-specific resonance assignments of the amide chemical

shifts are given at the top of each strip and are referred to as i.�(1Hα/β
i−1) and�(13Cα/β

i−1) obtained from 3D Hα/βCα/β(CO)NHN are given
in the strips AI and AII of residue i. Corresponding peak doublets in AI and central peaks in AII are connected by dotted lines. The central
peaks of 3D HNN<CO,CA> are indicated in boxes in the pseudo-3D HNNCA spectrum. Dashed and solid contour lines represent negative
and positive peaks, and sequential connectivities are indicated by dashed lines. For the details of the 3D HNN<CO,CA> experiment see the
legend of Figure 5. The 3D Hα/βCα/β(CO)NHN experiment was accumulated with 82(t1) × 30(t2) × 512(t3) complex points withκ = 1.70,
so that t1max(

1Hα/β) = 11.2 ms; t1max(
13Cα/β) = 6.56 ms; t2max(

15N) = 21.0 ms; t3max(
1HN) = 62.5 ms. The two data sets required for

the acquisition of central peaks were accumulated in an interleaved fashion. For each data set two scans per increment were acquired and
a sensitivity enhancement scheme (Palmer et al., 1991) was applied, resulting in a total measurement time of about 22 h. Prior to Fourier
transformation the data matrix was extended by linear prediction along t1 and t2, and multiplied with a cosine window in t1 and t2, and a sine
window shifted by 70◦ in t3 (DeMarco and Wüthrich, 1976). The digital resolution after zero-filling was 24 Hz alongω1(13C/1H), 22 Hz
alongω2(15N), and 8.0 Hz alongω3(1HN).

Except for one1Hα
i−1 →1HN

i connectivity, a complete
set of sequential connectivities was registered (Ta-
ble 2) yielding a nearly complete sequential resonance
assignment of the CHα-CHβ moieties (Table 3).

Comparison of spectral resolution: Projected versus
conventional 4D experiments
Table 4 provides key parameters chosen for the im-
plementations of our 3D HNNCAHAspectrum and
three representative 4D HNNCAHA / 4D HACANHN
spectra (Boucher et al., 1992b; Kay et al., 1992; Con-
stantine et al., 1993; Gooley et al., 1993; Moy et
al., 1994; Hardman et al., 1995), and affords pa-

rameters for their comparison (see Appendix). Most
important, the average maximal evolution times in the
indirect dimensions,θav, are much shorter in the 4D
spectra, although they were recorded with a larger
total number of complex points in the indirect di-
mensions. Recording of a projected 3D HNNCAHA
experiment with the data sizes of the 4D spectra and
settingκ =4Dtmax(

1Hα)/4Dtmax(
13Cα) would result in

a relative increase of tmax, ε, between 5.3 and 13 (Ta-
ble 4). This corresponds to hypothetical tmax(

1Hα) and
tmax(

13Cα) values between 14 ms and 137 ms, and
between 14 ms and 69 ms, respectively. Due to trans-
verse relaxation and passive scalar couplings, such
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Figure 8. Contour plot of[ω1(13C),ω3(1HN)]-strips taken from subspectrum I (strips labeled with AI) and subspectrum II (strips labeled with
AII) of the 3D Hα/βCα/β(CO)NHN experiment, and from 3D HNNCAHA(strips labeled with B). The strips were taken at the15N chemical
shifts (indicated at the top) of residues 11 to 13. The sequence-specific resonance assignments of the amide chemical shifts are given at the top of

each strip and are referred to as i.�(1Hα/β
i−1) and�(13Cα/β

i−1) obtained from 3D Hα/βCα/β(CO)NHN are given in the strips AI and AII of residue
i. Corresponding peak doublets in AI and central peaks in AII are connected by dotted lines. Dashed and solid contour lines represent negative
and positive peaks, respectively, and sequential connectivities are indicated by dashed lines. For the details of the 3D Hα/βCα/β(CO)NHN and
3D HNNCAHA experiments see the legends of Figures 7 and 6, respectively.

long maximal evolution times do not enhance the res-
olution in practice. Consequently, the gain achieved
upon projection can partly be invested to increase
tmax(

15N): we could afford a tmax(
15N) value in 3D

HNNCAHA which is two to three times larger than
that for the 4D experiments (Table 4).

Alternatively, we may ask for the measurement
time required to achieve the maximal evolution times
of our 3D HNNCAHAspectrum with the implementa-
tions of 4D experiments. Therefore, the data size of the
4D experiments had to be extended to4Dexd complex
points in the indirect dimensions (see Appendix). The
resulting hypothetical data sets are at least an order of

magnitude larger than that of a 3D HNNCAHAexper-
iment recorded with the same sweep width, and the
minimal demand of instrument time scales up with the
same factor (Table 4). In view of the ongoing rapid
increase in spectrometer performance and the fact that
the option for a minimal two- or four-step phase cycle
and for the application of a sensitivity enhancement
scheme (e.g. Palmer et al., 1991) should be retained,
recording of projected 4D spectra thus appears to be
more efficient than acquiring the parent counterparts.
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Table 4. Comparison of 3D HNNCAHAwith 4D HNNCAHA and 4D HACANHNa

Experiment tmax(
1Hα) tmax(

13Cα) tmax(
15N) Incrementsb mmin ε 4Dexd 4Dexmmin

θ(1Hα) θ(13Cα) θ(15N) θav Data size Data size

3D HNNCAHA 11.1 ms 6.50 ms 22.3 ms 52× 30 1.8 h – –

1.00 1.00 1.00 1.00 25.5 MBc –

4D HACANHNd 12.8 ms 4.8 ms 10.0 ms 32× 12× 10 8.5 h 10.1 28× 16× 22 22 h

1.15 0.73 0.45 0.78 126 MBc 323 MBc

4D HACANHNe 10.5 ms 5.3 ms 7.9 ms 32× 16× 8 9.1 h 13 36× 20× 23 37 h

0.95 0.82 0.35 0.71 134 MBc 543 MBc

4D HNNCAHAf 2.67 ms 2.56 ms 8.0 ms 8× 8 × 16 2.3 h 5.3 32× 21× 44 66 h

0.24 0.39 0.36 0.33 33.5 MBc 969 MBc

a The values forθav, mmin, ε, 4Dexd, and4Dexmmin have been calculated with Equations (A7), (A9), (A5), (A8) and (A9) of the
Appendix, respectively.

b The two numbers given for 3D HNCAHA correspond to l and m, and the three numbers given for the 4D spectra correspond to i, j and
k as introduced in Equations (A5), (A8), and (A9).

c With 512 complex points in the acquisition domain.
d From Boucher et al. (1992).
e From Hardman et al. (1995).
f From Kay et al. (1992).

Comparison of sensitivity: 3D HNNCAHAversus 3D
HNNCACB
When invoking1Hα or 13Cβ chemical shifts to resolve
assignment ambiguities arising from13Cα chemical
shift degeneracy (Table 1), 3D HNNCAHAand 3D
HNNCACB overtake an analogous role since both
provide the intraresidual connectivities. For trans-
verse relaxation times being typical for proteins of
15–20 kDa, i.e., T2(1Hα) = T2(

13Cα) = 15 ms and
T2(

1HN) = T2(
15N) = 50 ms, the efficiencies for the

intraresidual transfers1HN
i →1Hα

i and 1HN
i →13Cα

i
and the sequential transfers1HN

i →1Hα
i−1 and

1HN
i →13Cα

i−1 can be calculated for 3D HNNCAHA
using Equations (1) and (2). With t1 = 0 ms
one obtains 0.024, 0.036, 0.006 and 0.009, respec-
tively, where the first and third value representing
1HN

i →1Hα
i and 1HN

i →1Hα
i−1 have been divided

by 2, because these transfers yield peak doublets.
Calculating the net efficiencies for 3D HNNCACB
with the same relaxation times and the parameters
of Wittekind and Müller (1993), one obtains 0.026,
0.024, 0.007 and 0.006 for1HN

i →13Cα
i , HN

i →13Cβ

i ,

HN
i →13Cα

i−1 and HN
i →13Cβ

i−1, respectively. Hence,
the intensity expected for each peak of the intraresid-
ual doublet in 3D HNNCAHA, which itself encodes
both intraresidual correlations, is expected to be of
the same intensity as the peak representing the in-

traresidual correlation in 3D HNNCACB. Moreover,
in 3D HNNCAHA we exploit axial peak magnetiza-
tion to detect central peaks having about the same
intensity as the doublet components. This allows to
symmetrize the 3D HNNCAHAspectrum, increasing
its signal-to-noise ratio. Hence, 3D HNNCAHAex-
hibits a sensitivity which is at least comparable to 3D
HNNCACB, although we have decided to compro-
mise onτ4 to observe also glycyls. This is because
1J{13Cα,1 Hα} >> J{13Cα,13 Cβ}, so that transverse
magnetization resides on13Cα for 14.2 ms in 3D HN-
NCACB (Wittekind and Müller, 1993) but only for
4.0 ms in 3D HNNCAHA.

Conclusions

The backbone resonances of smaller proteins can
be assigned using either 3D HNN<CO,CA> or
3D HNNCAHA, and when working with proteins
with a molecular weight up to about 15 kDa
these experiments are neatly complemented by 3D
Hα/βCα/β(CO)NHN. The high yields of the automat-
ically performed steps (Tables 2 and 3) were due to
the detection of central peaks (Figure 1) and spectral
resolutions being typical for conventional 3D experi-
ments. Hence, relatively tight match tolerances of the
chemical shifts could be used for the search of sequen-
tially neighbouring strips. Clearly, spectral overlap
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increases for a medium-sized protein when compared
with 434(1–63). However, proteins exhibit quite gen-
erally good1HN and 15N chemical shift dispersion,
and it is thus of prime importance that projected 4D
experiments are feasible with long maximal evolu-
tion times in the indirect15N dimension (Table 4).
Moreover, the acquisition of central peaks restores the
dispersion of the parent 4D experiment. This feature
hardly facilitated the assignment of 434(1–63) (Fig-
ure 5), but it was of importance for the assignment of
medium-sized proteins, e.g. the 21 kDa protein FimC
(Pellecchia et al., 1998). Projected 4D triple reso-
nance experiments thus appear to be highly efficient
for assigning medium-sized proteins.

One may then devise a minimal set of six ex-
periments delineating exclusively scalar connectivi-
ties for such proteins: 3D Hα/β Cα/β(CO)NHN and
3D HNN<CO,CA> provide the chemical shifts of
all polypeptide spins except for the peripheral side
chain nuclei beyond CβHn, 3D HC(C)H-COSY (Kay
et al., 1990b), or 2D HC(C)H-COSY for small pro-
teins (Szyperski et al., 1997), yield the assignment
of the peripheral aliphatic spins beyond CβHn, 2D
(Hβ)Cβ(CγCδ)Hδ (Yamazaki et al., 1993) provides
the connection of aromatic13Cβ and Hδ spins, and
3D 1H-TOCSY-relayed ct-[13C,1H]-HMQC and 2D
(H)C(C)H-TOCSY (Zerbe et al., 1996) allow to iden-
tify the aromatic spin systems. This set of experiments
is in principle sufficient for the complete resonance as-
signment, excluding only the side chain NHn moieties,
the quaternary aromatic carbons and the CHε groups
of the histidinyls. According to our experience, about
one week of measurement time suffices to record all
experiments with a 1–2 mM sample (the spectra of
the present study were recorded in about 2.5 days).
Furthermore, triple resonance experiments are usually
employed in conjunction with NOESY, and it is then
likely that NOESY resolves remaining ambiguities. In
addition, the backbone13C=O resonance assignments
provide a suitable basis to employ 3D13C=O resolved
[1H-1H]-NOESY-H(N)CO (Zhang et al., 1996).

The 4D peak lists derived from the projected ex-
periments might also be introduced into a program for
automated sequence-specific assignment (e.g. Zim-
merman and Montelione, 1995). In particular, the
program ALPS (Morelle et al., 1995) has been written
for the automated sequential assignment using peak
lists from a set of seven reduced-dimensionality 2D
experiments as input, thereby relying on both1Hα

and13C=O chemical shifts to overcome13Cα chem-
ical shift degeneracy. Since these experiments were

recorded without simultaneous acquisition of central
peaks (Brutscher et al., 1994, 1995a) their position
had to be taken from 2D[15N, 1H]-HSQC, which
introduces an additional experimental uncertainty for
the identification of the doublets. Moreover, the gain
in resolution obtainable upon projection is usually
limited by passive scalar couplings. For example,1J
{13Cα, 13Cβ} = 35 Hz restricts the maximal evolu-
tion time of13Cα in HNNCA to values below 14 ms,
which is routinely achieved in conventional 3D exper-
iments. Hence, one can usually not take advantage
of a potentially very large resolution enhancement
when reducing the dimensionality from three to two.
For smaller molecules, projected constant-time exper-
iments involving several dephasing/rephasing cycles
can be devised that effectively decouple the scalar in-
teraction (Szyperski et al., 1997). However, this will
usually lead to an unacceptable reduction in sensitivity
for macromolecules. It thus appears that for the assign-
ment of medium-sized proteins, the projection of 4D
experiments makes the better use of the potentialities
of the reduced-dimensionality approach (Szyperski et
al., 1993b).

In contrast to published 4D schemes (Boucher et
al., 1992a,b; Kay et al., 1992; Olejniczak et al., 1992),
3D HNNCAHA allows for the detection of glycyls.
This is of key importance for the assignment of pro-
teins with glycyl-rich segments, and 3D HNNCAHA/
3D Hα/βCα/β(CO)NHN thus provide the same yield
of sequential connectivities as 3D HNNCACB / 3D
CBCA(CO)NHN, i.e., only prolyls interrupt the se-
quential assignment. For larger proteins (> 15–20
kDa) we suggest to employ 3D HNNCAHAin con-
junction with 3D HACA(CO)NHN, which is expected
to be more sensitive than 3D Hα/βCα/β(CO)NHN.
Our calculations of transfer amplitudes indicate
that 3D HNNCAHA compares favourably with 3D
HNNCACB in terms of sensitivity. This is also sup-
ported by the survey of ‘first-scan-sensitivities’ re-
ported by Buchler et al. (1997) showing that for
larger proteins HNNCAHA is expected to be more
sensitive than HNNCACB. Since triple resonance ex-
periments providing the intraresidual connectivities
constitute quite generally the ‘bottle-neck’ for ob-
taining sequential assignments, 3D HNNCAHA/ 3D
HACA(CO)NHN promises to be a viable alternative
to 3D HNNCACB / 3D CBCA(CO)NHN.
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Appendix

Multidimensional NMR experiments can be compared
in terms of resolution, i.e. the precision of the chemical
shift measurement, and in terms of dispersion, i.e. the
distribution of peaks encoding chemical shifts in one
or several dimensions. With regard to the spectral dis-
persion, it is a novel feature of reduced-dimensionality
experiments recorded with simultaneous acquisition of
central peaks (Szyperski et al., 1995, 1996) that the
loss of dispersion arising from the projection can be
recovered by symmetrization about the position of the
central peaks, since this eliminates peak doublets with
(nearly) degenerate chemical shifts in the other dimen-
sions (Figure 5). The resolution of a NMR experiment
depends on the maximal evolution times, tmax, and the
transverse relaxation times of the observed nuclei. In
constant-time evolution periods the transverse relax-
ation is manifested by signal attenuation and not by
line-broadening. Then, tmax is the key variable deter-
mining the resolution, and the same holds if tmax is
shorter than the corresponding transverse relaxation
time.

Increased values of tmax in projected experiments
We shall derive a relation for the relative increase
in tmax upon projection, given that parent and pro-
jected spectrum are accumulated with the same total
data size. The chemical shifts of two nuclei A and
B are measured in two separate indirect dimensions
in the parent experiment, and shall be sampled with
i and j complex points, respectively. SW(A), SW(B),
tmax(A) and tmax(B) denote the corresponding sweep
widths and maximal evolution times. For simplicity,
we assume that delayed acquisition starts at 1/SW, so
that

tmax(A) = i

SW(A)
and tmax(B) = j

SW(B)
(A1)

In the projected experiment, A and B shall be
observed in a common dimension, and A shall be
encoded in the in-phase splitting, while the chemi-
cal shift of B is detected in quadrature. Moreover,
the chemical shift of A shall be scaled by a factor
κ (Szyperski et al., 1993c, 1994). To obtain unam-
biguous resonance assignments, the apparent carrier
position for rf-pulses applied to A must be set at the
edge of the spectral range. Hence, the sweep width
required for the projected experiment amounts to

SW(proj) = SW(B) + 2 · κ · SW(A) (A2)

Considering that in the conventional experiment
the two dimensions are sampled with i and j complex
points, the projected dimension can be sampled with
2 · i · j complex points. Hence, the maximal evolution
times for A and B after projection, ptmax, are given by

ptmax(A) = 2 · κ · i · j

SW(B) + 2 · κ · SW(A)
and

ptmax(B) = 2 · i · j

SW(B) + 2 · κ · SW(A)
(A2)

thus yielding a relative increase in tmax which is
denotedε(A) andε(B) for A and B, respectively:

ε(A) =
ptmax(A)

tmax(A)
= j

1 + SW(B)
2·κ·SW(A)

and

ε(B) =
ptmax(B)

tmax(B)
= i

1
2 + κ·SW(A)

SW(B)

(A4)

Given the sweep widths and the data size of the
4D experiment, Equation (A4) allows to calculate the
concomitant increase of tmax as a function ofκ. If the
ratio of the maximal evolution times shall be preserved
upon projection one has to setκ = tmax(A)/tmax(B),
so that Equations (A1) and (A4) yield

ε = ε(A) = ε(B) = 2 · i · j

2 · i + j
(A5)

In this case the relative increase in tmax becomes
independent of the sweep widths.

Comparison of implementations of 4D spectra with
their projected counterpart
Assuming that the maximal evolution time in the direct
dimension is equal for projected and parent experi-
ment, the maximal evolution time in the third indirect
dimension serving to observe a nucleus C remains to
be considered for a comparison of implementations
of a 4D experiment and its projected counterpart. We
denote the ratios of the maximal evolution times as

θ(A) =
4Dtmax(A)

p4Dtmax(A)
, θ(B) =

4Dtmax(B)

p4Dtmax(B)
and

θ(C) =
4Dtmax(C)
p4Dtmax(C)

(A6)

where the superscript ‘p4D’ stands for ‘projected 4D’.
The corresponding average is given by

θav = 1

3
· [θ(A) + θ(B) + θ(C)] (A7)
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If the indirect dimensions of the 4D experiment
are sampled with4Dd = i · j · k complex points, a 4D
spectrum achieving the same maximal evolution times
as the projected one would correspond to an extended
data matrix comprising4Dexd complex points, with

4Dexd = int[i · θ−1(A)] · int[j · θ−1(B)]

·int[k · θ−1(C)] (A8)

The measurement time of a multidimensional
NMR experiment is proportional to its acquired real
data size. Setting the sum of the relaxation delay,
the time to prepare detectable magnetization and the
acquisition time to a commonly used value, i.e., one

second, the minimal measurement times (achieved
with one scan per real data point) to record the pro-
jected 4D,p4Dmmin, to record the parent 4D,4Dmmin,
and to record the parent 4D with extent data size,
4Dexmmin, are given (in h) by:

p4Dmmin = 4 · 1 · m

3600
, 4Dmmin = 8 · i · j · k

3600
and

4Dexmmin =

8 · int[i · θ−1(A)] · int[j · θ−1(B)] · int[k · θ−1(C)]
3600

(A9)

respectively.


