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Abstract: Widely used higher-dimensional Fourier transform (FT) NMR spectroscopy suffers from two major
drawbacks: (i) The minimal measurement time of an N-dimensional FT NMR experiment, which is
constrained by the need to sample N - 1 indirect dimensions, may exceed by far the measurement time
required to achieve sufficient signal-to-noise ratios. (ii) The low resolution in the indirect dimensions severely
limits the precision of the indirect chemical shift measurements. To relax on constraints arising from these
drawbacks, we present here an acquisition scheme which is based on the phase-sensitive joint sampling
of the indirect dimensions spanning a subspace of a conventional NMR experiment. This allows one to
very rapidly obtain high-dimensional NMR spectral information. Because the phase-sensitive joint sampling
yields subspectra containing “chemical shift multiplets”, alternative data processing is required for editing
the components of the multiplets. The subspectra are linearly combined using a so-called “G-matrix” and
subsequently Fourier-transformed. The chemical shifts are multiply encoded in the resonance lines
constituting the shift multiplets. This corresponds to performing statistically independent multiple measure-
ments, and the chemical shifts can thus be obtained with high precision. To indicate that a combined G-matrix
and FT is employed, we named the new approach “GFT NMR spectroscopy”. GFT NMR opens new avenues
to establish high-throughput protein structure determination, to investigate systems with a higher degree
of chemical shift degeneracy, and to study dynamic phenomena such as slow folding of biological
macromolecules in greater detail.

Introduction

NMR1 spectra need to exhibit (i) signal-to-noise (S/N) ratios
warranting reliable data interpretation, (ii) digital resolutions
ensuring adequate precision for the measurement of NMR
parameters such as chemical shifts, and (iii) a dimensionality
at which a sufficient number of NMR parameters is correlated.2,3

Above a minimal “target dimensionality”Nt at which most of
the peaks are resolved, increased dimensionality does not aim
at resolving peak overlap but at increasing the number of
correlations obtained in a single data set. This eliminates
ambiguities when several multidimensional NMR spectra are
combined for resonance assignment, for example, when using
1H,13C,15N triple-resonance NMR to assign protein resonances.3

An increase in dimensionality is, however, limited by the need
to independently sample the indirect dimensions because this
leads to longer measurement times. Although the measurement

time can be somewhat reduced by aliasing signals3 or accepting
a lower digital resolution in the indirect dimensions, high
dimensionality often prevents one from tuning the measurement
time to a value that ensures one will obtain sufficient, but not
unnecessarily large, S/N ratios.

In view of these considerations, “sampling” and “sensitivity
limited” data collection regimes are defined4 depending on
whether the sampling of the indirect dimensions or the sensitivity
of the FT NMR experiment determines the minimal measure-
ment time. In the sensitivity limited regime, long measurement
times are required to achieve sufficient S/N ratios, so that the
sampling of indirect dimensions is not necessarily constraining
the adjustment of the measurement time. In the sampling limited
regime, some or even most of the instrument time is invested
for sampling, which yields excessively large S/N ratios.5 In view
of the ever increasing sensitivity of NMR instrumentation, new
methodology to avoid the sampling limited regime is needed.4

In general, phase-sensitive acquisition of anND FT NMR
experiment2,3 requires sampling ofN - 1 indirect dimensions
with n1 × n2. . .nN-1 complex points representingnFID )
2N-1‚∏j)1

N-1 nj FIDs. The resulting steep increase of the minimal
measurement time,Tm, with dimensionality prevents one from
recording five- or higher-dimensional FT NMR spectra: acquir-
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ing 16 complex points in each indirect dimension (with one
scan per FID each second) yieldsTm(3D) ) 0.5 h,Tm(4D) )
9.1 h,Tm(5D) ) 12 days, andTm(6D) ) 1.1 years. Hence, new
techniques are required which make five- or higher-dimensional
spectral information accessible.

Here we present a generally applicable approach for data
acquisition and processing named “GFT NMR spectroscopy”.
This approach is based on the phase-sensitive joint sampling
of several indirect dimensions while ensuring that all chemical
shift correlations are retained. The employment of GFT NMR
focuses on the sampling limited data collection regime and,
considering that NMR measurements longer than about a week
are impracticable, on the acquisition of five- or higher-
dimensional spectral information. In the sensitivity limited
regime, GFT NMR may be advantageous in cases where an
extended rf phase cycle is desirable for spectral editing and/or
improved artifact suppression.3

Methods

Theory. In GFT NMR spectroscopy, the chemical shift evolution
periods spanning a given multidimensional subspace of an FT NMR
experiment arejointly sampled (Figure 1). Thereby, the dimensionality
N of an FT NMR spectrum can be adjusted to a given target
dimensionality,Nt, by combined sampling ofK + 1 chemical shifts
Ω0, Ω. . .ΩK encoded inK + 1 indirect dimensions of theND FT NMR
experiment (K ) N - Nt). Assuming thatΩo is detected in quadrature2

and that the setting of the phasesφj of the radio frequency pulses
exciting the spins of dimensionj (j ) 1. . .K) ensures cosine modulation,
the transfer amplitude2 of the NtD experiment is proportional to
eiΩ0t‚∏j)1

K cos(Ωjt). The resulting peak centered aroundΩ0 contains
2K components and shall be designated a “chemical shift multiplet”
(Figure 2).

A shift of φj by 90° yields a sin(Ωjt) instead of a cos(Ωjt)
modulation,2 and 2K NtD spectra are to be recorded if all phasesφk are
systematically varied between 0° and 90° (Figure 1). In turn, a linear
combination of these 2K spectra allows for the editing of the chemical
shift multiplet components (Figure 2). For brevity, we definecj )
cos(Ωj‚t), sj ) cos(Ωj ‚t), andeiΩjt ) eij, so that

With K ) 1, one obtains for the time evolution of the two shift multiplet
components encoding the sum and difference ofΩ0 andΩ1:

Accordingly, one obtains withK ) 2 for three chemical shiftsΩ0, Ω1,
andΩ2:

and, in general, forK + 1 chemical shiftsΩ0, Ω1,. . .ΩK:

The 2K dimensional complex vector on the left side of the equation is
proportional to the vectorT̂c(K) comprising the desired edited spectra

(5) NMR-based structural studies rely on two classes of experiment. COSY
delineates exclusively scalar coupling connectivities to measure chemical
shifts, and (heteronuclear resolved)1H,1H-NOESY reveals the strength of
through-space dipolar couplings of1H spins to estimate distances.2,3 While
increased intensity of NOESY peaks ensures their more accurate integration
(which in turn may translate into increased accuracy of the NMR structure),
the mere identification of COSY peaks suffices to obtain the desired
chemical shifts. Hence, COSY peak signal-to noise ratios larger that∼3:1
reflect, in essence, inappropriately long measurement times. Moreover, the
total number of peaks in COSY grows only linearly with the number of
spins involved and is, for a defined magnetization transfer pathway,
independentof the dimensionalityN. Hence, we have quite generally that
the target dimensionality is given byNt ) 2,3 for COSY.

Figure 1. Comparison of the conventional sampling of a 3D time domain
subspace of anND FT NMR experiment (on the left) with the phase-
sensitive joint sampling of the three dimensions in an (N,N-2)D GFT NMR
experiment (on the right), that is, withK ) 2 (see Theory section).
Processing of the FT NMR experiment requires a 3D FT of the subspace,
while the GFT NMR experiment requires time domain editing of chemical
shift multiplet components by application of the so-calledG-matrix (see
eq 1 in the Theory section) and 1D FT of the resultingp ) 2K+1 data sets.
For the GFT NMR experiment, the phase settings ofφ1 andφ2 of the rf
pulses creating transverse magnetization for frequency labeling withΩ1

andΩ2 are indicated for basic spectra (top four rows), first-order central
peak spectra (two rows in the middle), and the second-order central peak
spectrum (bottom row). Instead of a single peak in FT NMR which encodes
three chemical shifts, one obtains ap-fold overdetermined system of
equations. A least-squares fit calculation yields the three shifts from the
position of seven peaks. In a GFT NMR experiment with constant-time
chemical shift evolution periods (see text), the lines forming the chemical
shift multiplets have the same width as the resonances in FT NMR (if
recorded with corresponding maximal evolution times; see also Figure
7a,b).12 This yields the same standard deviation∆Ω for the identification
of peak positions in the two experiments. Hence, the standard deviation of
the chemical shift measurements obtainedafter the least-squares fit is
reduced9 by a factor 1/xn in GFT NMR. For simplicity, it is assumed that
then peaks which contribute to the calculation of a given shift exhibit the
same line widths (see text and also legends of Figures 8, S1).
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with the individual components of the chemical shift multiplets; that
is, we have that

The 2K+1 dimensional real vector of the 2K+1 trigonometric modulations
on the right side of the equation is proportional to the vector containing
the spectra with the chemical shift multiplets in the real,Sjr, and
imaginary parts,Sji, of the 2K NtD spectra (j ) 1. . .2K). Hence, with
Ŝ(K) ) [S1r S1i S2r S2i. . .S2Kr S2Ki]T, we have that

For the 2K × 2K+1 complexG-matrix, which transformsŜ(K) into T̂(K)
according to

one then obtains

Alternatively, the multiplet components may be edited in the frequency
domain (Figure 2). The spectra ofŜ(K) are Fourier transformed, and a
zero-order phase correction ofn ‚ 90° is applied, depending on the
number n of chemical shift sine modulations (see the Supporting
Information). The resulting real parts contain purely absorptive chemical
shift multiplets and form the 2K dimensional real vectorÂ(K). Their
linear combination yields the edited spectra contained in the 2K

dimensional real vectorB̂(K) according to

Hence,B̂(K) represents spectra which contain the edited 2K individual
multiplet components atΩ0 ( Ω1 ( . . . ( ΩK encoding the desiredK
+ 1 chemical shifts.F̂(K) can be readily obtained fromF̂(K - 1) by
tensor product formation using the relationF̂(K) ) F̂(K - 1) X F̂(1),
with

(for details and the relation betweenF and theG-matrix, see the
Supporting Information).

The 2K spectra ofT̂c(K) andB̂(K) shall be designated “basic spectra”.
Additional information is required to unambiguously derive all shift
correlations of the parentND experiment (which resolves degeneracy
in up toN - 1 dimensions) if two multiplets exhibit degenerate chemical
shifts in all of theconVentionally sampledNt - 1 dimensions. The
acquisition of peaks defining the centers of the chemical shift splittings
(“central peaks”) at the frequenciesΩ0 ( Ω1 ( . . . ( ΩK-1, Ω0 (
Ω1 ( . . . ( ΩK-2, . . .,Ω0 ( Ω1, andΩ0 is then needed for identifying
the components forming a given multiplet (Figure 3a). Such “central
peak acquisition” has previously been introduced in the framework of
the reduced-dimensionality NMR approach4,6 and is generalized here
for GFT NMR. The shift correlations of theND spectrum can be
obtained by “bottom-up” identification of the shift multiplets. This
procedure essentially groups the peaks of the basic spectra into sets
each belonging to one multiplet (Figure 3). Because the basic peaks of
two spin systems can be grouped even if central peaks overlap (Figure
3b), this approach ensures that all correlations of the ND experiment
are retained. GFT NMR (Figure 1) thus requires one to record a total
of p ) ∑k)0

K 2k ) 2K+1 - 1 NtD spectra, including 2K basic spectra and
2K-1 central peak spectra. Thep data sets constitute an “(N,Nt)D GFT
NMR experiment”, and we denote central peaks arising from the
omission ofmchemical shifts to be ofmth order. For practical purposes,
it is important to note that all components of a given multiplet have
quite similar intensities because they are generated by multiple sine or
cosine modulation of the transfer amplitude. Usually this does not hold
for two peaks belonging to two different spin systems (Figure 3a)
because the nuclear spin relaxation times determining the peak

(6) (a) Szyperski, T.; Wider, G.; Bushweller, J. H.; Wu¨thrich, K. J. Biomol.
NMR 1993, 3, 127-132. (b) Szyperski, T.; Wider, G.; Bushweller, J. H.;
Wüthrich, K. J. Am. Chem. Soc.1993, 115, 9307-9308. (c) Szyperski, T.;
Pellecchia, M.; Wu¨thrich, K. J. Magn. Reson., Ser. B1994, 105, 188-
191. (d) Brutscher, B.; Simorre, J. P.; Caffrey, M. S.; Marion, D.J. Magn.
Reson., Ser. B1994, 105, 77-82. (e) Szyperski, T.; Braun, D.; Ferna´ndez,
C.; Bartels, C.; Wu¨thrich, K. J. Magn. Reson., Ser. B1995, 108, 197-
203. (f) Brutscher, B.; Morelle, N.; Cordier, F.; Marion, D.J. Magn. Reson.,
Ser. B1995, 109, 238-242. (g) Szyperski, T.; Braun, D.; Banecki, B.;
Wüthrich, K. J. Am. Chem. Soc.1996, 118, 8146-8147. (h) Bracken, C.;
Palmer, A. G.; Cavanagh, J.J. Biomol. NMR1997, 9, 94-100. (i) Szyperski,
T.; Banecki, B.; Braun, D.; Glaser, R. W.J. Biomol. NMR1998, 11, 387-
405. (j) Astrof, N. S.; Lyon, C. E.; Griffin, R. G.J. Magn. Reson.2001,
152, 303-307. (k) Xia, Y.; Arrowsmith, C.; Szyperski, T.J. Biomol. NMR
2002, 24, 41-50.

Figure 2. Stick diagram exemplifying the formation of chemical shift
multiplets (on the left) forK ) 3 and phase-sensitively edited multiplet
components (on the right) in the frequency domain. (a) Basic spectra yielding
the following linear combinations:B1[Ω0 + Ω1 + Ω2 + Ω3] ) A1 +
A2 + A3 + A4 + A5 + A6 + A7 + A8; B2[Ω0 - Ω1 + Ω2 + Ω3] )
A1 - A2 + A3 - A4 + A5 - A6 + A7 - A8; B3[Ω0 + Ω1 - Ω2 + Ω3]
) A1 + A2 - A3 - A4 + A5 + A6 - A7 - A8; B4[Ω0 - Ω1 - Ω2 + Ω3]
) A1 - A2 - A3 + A4 + A5 - A6 - A7 + A8; B5[Ω0 + Ω1 + Ω2 - Ω3]
) A1 + A2 + A3 + A4 - A5 - A6 - A7 - A8; B6[Ω0 - Ω1 + Ω2 - Ω3]
) A1 - A2 + A3 - A4 - A5 + A6 - A7 + A8; B7[Ω0 + Ω1 - Ω2 - Ω3]
) A1 + A2 - A3 - A4 - A5 - A6 + A7 + A8; B8[Ω0 - Ω1 - Ω2 - Ω3]
) A1 - A2 - A3 + A4 - A5 + A6 + A7 - A8. (b) First-order central
peak spectra:B9[Ω0 + Ω1 + Ω2] ) A9 + A10 + A11 + A12; B10[Ω0 -
Ω1 + Ω2] ) A9 - A10 + A11 - A12; B11[Ω0 + Ω1 - Ω2] ) A9 +
A10 - A11 - A12; B12[Ω0 - Ω1 - Ω2] ) A9 - A10 - A11 + A12.
(c) Second-order central peak spectra:B13[Ω0 + Ω1] ) A13 + A14;
B14[Ω0 - Ω1] ) A13 - A14. (d) Third-order central peak spectra:B15 )
A15. For the calculation of the matrixesF(K), see the Supporting
Information, and for a definition of “basic” and “central peak” spectra, see
the Theory section. To facilitate the comparison of the left and the right
section, the positions of multiplet components are indicated with thin lines.

B̂(K) ) F̂(K) ‚ Â(K) (2)

T̂C(K) ) ĜC(K) ‚ Ŝ(K) (1)
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intensities vary from spin system to spin system. Hence, inspection of
peak intensities greatly facilitates the grouping of the peaks.

The joint sampling of several indirect dimensions reduces the
minimal measurement time,Tm, of an (N,Nt)D GFT NMR experiment
when compared with the parentND FT experiment. TheK + 1
dimensions of an FT NMR spectrum exhibiting the spectral widths
SW0, SW1, . . . SWK are sampled withn0, n1, . . .nK complex points and
yield maximal evolution times oft0,max, t1,max, . . . tK,max. In the (N,Nt)D
GFT NMR experiment, the same maximal evolution times of the parent
ND experiment can be realized by appropriate scaling of increments.6a,c

The acquisition of both cosine and sine modulated spectra for all jointly
sampled chemical shifts (eq 1) corresponds to their phase-sensitive
acquisition6f and allows one to place the rf carrier positions in the center
of the spectral ranges. Hence, the spectral width required for combined
sampling is given bySW ) ∑j)0

K
κj ‚ SWj, whereκj represents the

factor to scale6a,cthe sampling increments of thejth dimension to adjust
maximal evolution times. If the same maximal evolution time is chosen
for all dimensions and assuming, for simplicity, that delayed acquisition
starts at 1/SWj, n ) ∑j)0

K nj complex points are required to sample the
resulting single dimension [if acquisition starts att ) 0, one obtains
thatn ) (∑j)0

K nj) - K]. The ratioε of the minimal measurement time
of an FT NMR experiment,Tm(FT), and the corresponding GFT NMR
experiment,Tm(GFT), is then given by the number of FIDs that are
required to sample theK + 1 FT NMR dimensions divided byp times
the number of FIDs required to sample the resulting single dimension:

This ratio scales with the product of the number of points over the
corresponding sum and thus predicts large reductions inTm (Table S1;
different ways to implement central peak acquisition as well as the
impact of a particular implementation onε are described in the
Supporting Information).7 The S/N of each of the 2K components in
the basic spectra is reduced by (1/x2)K as compared to the single peak
in FT NMR. This is because each chemical shift splitting reduces the
S/N by a factor of 2 relative to the FT NMR spectrum, while a factor
of x2 is gained because frequency discrimination is not associated
with a FT (see Figure 2: both cosine and sine modulated parts
contribute equally to the signal intensity in the edited spectra).8

NMR Spectroscopy.For the 76-residue protein ubiquitin, nearly
all signals of 2D [15N,1H]-HSQC2 are resolved so thatNt ) 2 is an
obvious choice. As an application, we thus recorded a (5,2)D GFT NMR
HACACONHN experiment (K ) 3) within 138 min on a Varian Inova
600 spectrometer using the HACACONHN rf pulse sequence shown
in Figure 4. This experiment correlates the polypeptide backbone1HR,
13CR, and 13C′ chemical shifts of residuei with the backbone amide
15N and 1HN chemical shifts of residuei + 1. The underlined letters
denote thatΩ3(1HR), Ω2(13CR), Ω1(13C′), andΩo(15N) are measured in
a single dimension. A 2 mM solution of15N/13C doubly labeled ubiquitin
in 90% H2O/10% D2O (50 mM K-PO4; pH ) 5.8) was used atT )
25 °C.

With the HACACONHN rf pulse scheme of Figure 4, 16 individual
data setsR1-R16 (to provide basic and first-order central peaks) were
acquired in 6.9 min each, with SW1(15N/13C′/13CR/1HR) ) 8000 Hz and
53(t1)*512(t2) complex points [t1,max(15N/13C′/13CR/1HR) ) 6.5 ms;
t2,max(1HΝ) ) 73.2 ms], yielding after data processing (see the Supporting
Information) the 12 planesB1-B12 containing basic and first-order
central peaks. The phases of the 90° rf pulses generating transverse
15N, 13C′, 13CR, and1HR magnetization for frequency labeling areφ0,
φ1, φ2, andφ3, respectively (Figure 4).φ0 is altered between 0° and
90° for phase-sensitive acquisition2 of Ωo(15N) alongt1. The three phases
φ1, φ2, and φ3 are independently altered between 0° and 90° for
frequency discrimination ofΩ1(13C′), Ω2(13CR), andΩ3(1HR) in the first
eight data setsR1-R8. For first-order central peak detection using13C
steady-state magnetization,6g,i the eight measurements are repeated with
the first 90° pulse on1HR being shifted by 180°. This yields the
following phase cycle for the 16 data setsR1-R16: φ1 ) 8(x, y);
φ2 ) 4(2x, 2y); φ3 ) 4x, 4y, 4(-x),4(-y) with the receiver phase being
unchanged. A reduced dimensionality4,6b2D HNNCO spectrum (second-
order central peaks) derived from a HNNCO scheme3 was acquired in
13.8 min with SW(15N/13C′) ) 8000 Hz and 128(t1)*512(t2) complex
points [t1,max(15N/13C′) ) 15.9 ms;t2,max(1HΝ) ) 73.2 ms], yielding data
setsR17 andR18 (B13 andB14 after data processing; see the Supporting
Information) with phaseφ3 ) (x, y). A 2D [15N,1H]-HSQC spectrum2

(third-order central peaks) was acquired in 13.8 min with SW(15N) )
8000 Hz and 256(t1)*512(t2) complex points [t1,max(15N) ) 26 ms;
t2,max(1HΝ) ) 73.2 ms], yielding the data setR19 (B15 after data
processing; see the Supporting Information). For larger systems
requiring longer measurements, it might be advisable to derive second-
and third-order central peaks from13C′ and15N steady-state magnetiza-
tion, respectively. The total measurement time of the 19 data sets was
138 min. To obtain pure phases, zero first-order phase corrections must

(7) The GFT NMR scheme can be generalized by itsM-fold application.
Because this would involveM different G-matrixes, such an experiment
could be designated a GMFT NMR experiment. For example, two groups
of dimensions can be identified with each group being combined to a single
dimension. First an (N,N′)D experiment is devised in which dimensions
1,2 . . .i are jointly sampled. Subsequently, the dimensionality of this
experiment is reduced to an (N,Nt) experiment by jointly sampling
dimensionsi + 1, i + 2,. . .K + 2. ForM projection steps, each invoking
different sets of dimensions combined to a single one, the total reduction
in minimal measurement time is then given byεtot ) ∏j)1

M
εj, whereεj is

the reduction due to thejth projection (eq 3).
(8) The S/N ratio of FT NMR can be recovered by symmetrization about central

peaks as described for reduced-dimensionality NMR6e using the “bottom-
up” strategy employed for identification of shift multiplets (Figure 3). Note
that a reduced sensitivity is not relevant in the sampling limited regime.

Figure 3. “Bottom-up” identification of the peaks forming a chemical shift
multiplet in GFT NMR provided that three indirect dimensions of a FT
NMR experiment are jointly sampled (Figure 1;K ) 2). (a) Two spin
systems exhibiting degenerate chemical shifts in all other conventionally
sampledNt - 1 dimensions give rise to basic, first-order central, and second-
order central peaks shown in bold colors (spin system 1) and gray (spin
system 2), respectively. Knowledge of the position of the second-order
central peak of spin system 1 allows for identification of the corresponding
first-order central peaks of spin system 1. In turn, their knowledge allows
unambiguous identification of the corresponding peaks of spin system 1 in
the basic spectra. As indicated by the colored dashed lines, the peaks inB1
andB3 are centered around the peak inB5 (shown in blue), while the peaks
in B2 andB4 are centered around the peak inB5 (shown in red). This
strategy can readily be extended forK > 2. In practice, the identification
of components belonging to a given shift of multiplets is greatly facilitated
by inspection of peak intensities: the components forming a given multiplet
are expected to exhibit (nearly) the same intensity. To illustrate this point,
the resonance lines of spin system 2 were assumed to be more intense than
those of spin system 1 (see text). (b) In addition to chemical shift degeneracy
in the conventionally sampledNt - 1 dimensions, the central peaks of spin
system 1 (as described in a) and those of spin system 3 (peaks shown in
gray or faint color) overlap. In this case, the two spin systems exhibit
degenerate chemical shifts in all but one dimension of anND FT NMR
spectrum. In (N,Nt)D GFT NMR, the bottom-up identification of multiplet
components resolves and groups the signals of the two spin systems in the
basic spectra, thus yielding the equivalent of theND chemical shift
correlation.

ε )
Tm(FT)

Tm(GFT)
) (2K/(2K+1 - 1)) ‚ (∏

j)0

K

nj)/( ∑
j)0

K

nj) (3)
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be ensured alongω1 by, for example, starting sampling att1 ) 0 for
all of the combined chemical shift evolution periods. Editing of chemical
shift multiplets in the time domain is advantageous, because the
extension of the time domain data by linear prediction2 (from 53 to
106 complex points for data setsT1-T12 and from 128 to 192 for
data sets T13 and T14) profits from both maximizing the signal-to-
noise of the time domain data and reducing the number of chemical
shifts (“oscillators”) to be predicted. The digital resolution after FT
and zero-filling was 7.8 Hz/point alongω1 and 6.9 Hz/point alongω2.

A 5D FT HACACONHN spectrum acquired with the same maximal
evolution times as the basic spectra of (5,2)D HACACONHN would
require sampling of 10(t1)*11(t2)*22(t3)*13(t4)*512(t5) complex points
[i.e., n ) (∑j)0

K nj) - K] with spectral widths of SW1(15N) ) 1440 Hz,
SW2(13C′) ) 1500 Hz, SW3(13CR) ) 3260 Hz, and SW4(1HR) ) 1800
Hz (i.e., SW ) ∑j)0

K SWj) in 5.83 days of spectrometer time. For
comparison of digital resolution in FT and GFT NMR, 2D [ω1,ω5]-,
[ω2,ω5]-, [ω3,ω5]-, and [ω4,ω5]-planes of the 5D FT HACACONHN
experiment were recorded in 1.3, 1.4, 2.9, and 1.7 min, respectively.
For line width comparisons with (5,2)D GFT HACACONHN, the same
planes were also acquired with spectral widths of SW) 8000 Hz in
the indirect dimension.

Peak Assignment and Calculation of Chemical Shifts.The
chemical shift multiplets encoded in the edited spectraB1-B15 of
(5,2)D HACACONHN were identified starting from an assigned
[15N,1H]-HSQC peak list in the “bottom-up” manner described in Figure
3. The resulting peak lists ofB1-B15 were then used as input for a
least-squares fitting routine9,10 solving an overdetermined system of

15 equations resulting from theω1-frequencies of the 15 peaks. This
yielded the correlations involvingΩ(1Hi

R), Ω(13Ci
R), Ω(13Ci′), Ω(15Ni+1),

and Ω(1Hi+1
N) (Table S2). A Monte Carlo simulation of error

propagation (see legend of Figure 8 for details) served to provide an
estimate for the standard deviations for the chemical shift measurements
based on the measurements of line widths.

Results and Discussion

As an application, we acquired a (5,2)D HACACONHN GFT
NMR experiment for the 8.6 kDa protein ubiquitin. Figure 5
shows the chemical shift multiplets as well as the resulting edited
multiplet components, and Figure 6 shows all 15 planes
constituting the (5,2)D HACACONHN experiment. The bottom-
up identification (Figure 3) of components forming a given shift
multiplet allows one to retain the 5D correlations of the parent
experiment. Peak detection was nearly complete so that a total
of 67 chemical shift 5-tuples as well as 3 shift 6-tuples for
glycines with nondegenerate1HR shifts (Table S2) were
obtained. The S/N ratios obtained in the GFT NMR experiment11

demonstrate adequate adjustment of the measurement time to
sensitivity requirements while the desired 5D chemical shift
correlations were registered. The ratios also show that conven-

(9) Eadie, W. T.; Drijard, D.; James, F. E.; Roos, M.; Sadoulet, B.Statistical
Methods in Experimental Physics; North-Holland: New York, 1982.

(10) Lau, H. T.A Numerical Library in C for Scientists and Engineers; CRC
Press: Boca Raton, FL, 1995.

(11) The S/N ratios were between 6.4 and 12.0 in the basic spectra (Figure 6a),
and between 5.6 and 10.4 for first-order peaks (Figure 6b), between 9.8
and 24.0 for second-order peaks (Figure 6c), and between 44.0 and 108.0
for third-order central peaks (Figure 6d).

Figure 4. Rf pulse sequence used to record the (5,2)D HACACONHN GFT NMR experiment. Rectangular 90° and 180° pulses are indicated by thin and
thick vertical bars, respectively, and phases are indicated above the pulses. Where no rf phase is marked, the pulse is applied alongx. The high power 90°
pulse lengths were 5.6µs for 1H and 15.3µs for 13C, and 39µs for 15N. Pulses on13C prior to t1(13C) are applied at high power, and13C decoupling during
t1(1H) is achieved using a (90x-180y-90x) composite pulse.2 Subsequently, the 90° and 180° pulse lengths of13CR are adjusted to 51.6 and 46µs, respectively,
to minimize perturbation of the13CO spins.3 The width of the 90° pulses applied to13CO pulse is 51.6µs, and the corresponding 180° pulses are applied
with same power. A SEDUCE3 180° pulse with a length of 252µs is used to decouple13CO duringt1. WALTZ162 is employed to decouple1H (rf field
strength) 9.2 kHz) during the heteronuclear magnetization transfers as well as to decouple15N (rf ) 1.78 kHz) during acquisition. The SEDUCE sequence
(rf ) 1.0 kHz) is used for decoupling of13CR during the15N chemical shift evolution period. The1H rf carrier is placed at 4.78 ppm. The13CR, 13C′, and
15N rf carriers are set to 56.3, 174.3, and 119.3 ppm, respectively. The duration and strengths of the pulsed z-field gradients (PFGs) are G1 (1 ms, 24 G/cm);
G2 (100µs, 16 G/cm); G3 (1 ms, 24 G/cm); G4 (250µs, 30 G/cm); G5 (1.5 ms, 20 G/cm); G6 (1.25 ms, 30 G/cm); G7 (500µs, 8 G/cm); G8 (125µs, 29.5
G/cm). All PFG pulses are of rectangular shape. The delays areτ1 ) 1.6 ms,τ2 ) 3.6 ms,τ3 ) 4.4 ms,τ4 ) τ5 ) 24.8 ms,τ6 ) 5.5 ms,τ7 ) 4.6 ms,
τ8 ) 1 ms.1H-frequency labeling is achieved in a semiconstant-time fashion witht1a (0) ) 1.79 ms,t1b (0) ) 1 µs, t1c (0) ) 1.791 ms,∆t1a ) 62.5 µs,
∆t1b ) 32.9µs, ∆t1c ) -29.6µs. Hence, the fractional increase of the semiconstant-time period witht1 is equal toλ ) 1 + ∆t1c/∆t1a ) 0.53. Phase cycling:
φ0 ) x; φ1 ) x, -x; φ2 ) x, x, -x, -x; φ3 ) x; φ4 ) 4x, 4(-x); φ6(receiver)) 2(x, -x, -x, x). The sensitivity enhancement scheme of Kay et al.21 is
employed; that is, the sign of G6 is inverted in concert with a 180° shift of φ5. Quadrature detection is accomplished by altering the phaseφ0 according to
States-TPPI.3 For the setting of the phasesφ0, φ1, φ2, andφ3, see the NMR Spectroscopy section.
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tional 4D or 5D HACACONHN experiments would have to be
acquired in the sampling limited data collection regime because
their minimal measurements are on the order of several days.

Because equivalent chemical shift correlations are provided
by (5,2)D HACACONHN GFT and 5D HACACONHN FT
NMR, these two experiments can be compared in terms of
minimal measurement times and data sizes. An evident advan-
tage of the GFT NMR experiment is the large reduction inTm.
Equation 3 predicts reductions in measurement times of about
an order of magnitude for each dimension included into the joint
sampling scheme (Table S1). In fact, the minimal measurement
times with a single scan per FID each second (and the same
tmax for all chemical shift evolution periods as chosen for basic
and first-order central peak acquisition) are 33.5 min and 5.83
days for (5,2)D HACACONHN GFT NMR (Figure 6) and 5D
HACACONHN FT NMR, revealing a 250-fold reduction inTm

for the GFT experiment (note that this value deviates fromε )
317 obtained with eq 3 due to the particular choice to implement
central peak acquisition; see Theory section and Supporting
Information). Concomitantly, the data size is largely reduced
when transformed data sets with equal digital resolution are
compared (Figure 7).

To assess the precision of the chemical shift measurements,
the resonance line widths need to be considered.2 In general,
the joint sampling ofK + 1 nonconstant-timechemical shift

evolution periods yields transfer amplitudes attenuated by
exp(-∑j)0

K R2,j‚t), where R2,j represents the transverse relax-
ation rate constant of thejth dimension. However, higher-
dimensional heteronuclear FT NMR shift correlation spectra are
quite often recorded with frequency labeling being accomplished
in a constant-time manner3 and/or withtj,max , 1/R2,j for all j.
As for the present implementation of (5,2)D HACACONHN,
the line width is then determined11 by thetmax values but is not
dependent onR2,j. Assuming for simplicity that alltj,max are
identical, the2K lines of the chemical shift multiplets exhibit
the same width as the corresponding single peak inND FT NMR
along each of the dimensions. Hence, peaks are not broadened
in constant-time GFT NMR spectra with increasingK.12 This
is neatly confirmed when comparingω1 cross sections from
(5,2)D HACACONHN with those taken from 2D HACA-
CONHN spectra (Figure 7a,b).

The fact that the individual multiplet components possess the
same line widths as the corresponding signals in the parent FT
NMR experiment (Figure 7a,b) has a profound impact on the
precision of the chemical shift measurement in constant-time
GFT NMR experiments such as (5,2)D HACACONHN. To
relate line widths to errors of measurement, we adopted a
conservative statistical model in which (i) the error for the
identification of peak positions is associated with a Gaussian
distribution, and (ii) the Lorenzian line width,∆ν1/2, represents
the corresponding 99.5% confidence interval (i.e.,∆ν1/2 ) 6σ).
σ(basic), σ(first), σ(second), andσ(third) are the standard
deviations for shift measurements in basic, first-order, second-
order, and third-order central peak spectra, respectively. Con-
sidering (i) that lines do not broaden with increasingK (Figure
7a,b) and (ii) the different maximal evolution times (see NMR
Spectroscopy section), one has thatσ(basic) ) σ(first) )
σFT(13CR) ) σFT(1HR), σ(second)) σFT(13C′), andσ(third) )
σFT(15N). σFT(X) represents the standard deviation for the
chemical shift measurement of nucleus X (1HR, 13CR, 13C′, 15N)
in conventional FT NMR spectra acquired with corresponding
tmax. We performed Monte Carlo simulations to calculate the
standard deviationsσ(13CR), σ(1HR), σ(13C′), and σ(15N) in
(5,2)D HACACONHN GFT NMR for various selections of
subspectra (Figures 8, S1). If a minimal number of four basic
spectra is selected to calculateΩ3(1HR), Ω2(13CR), Ω1(13C′), and
Ωo(15N), the precision depends on which four are selected (see
Figure S1 and its legend for details). In the two most favorable
cases, the standard deviations in the constant-time GFT NMR
experiment are reduced by a factor of 2) x4, that is,σ(X) )
1/2 ‚ σFT(1HR) ) 1/2 ‚ σFT(13CR) ) 1/2 ‚ σ(basic). If the eight
basic spectra are selected, the standard deviation is reduced by
an additional factor ofx2, yielding σ(X) ) 1/x8 ‚ σ(basic).
Similarly, σ(X) ) 1/x12 ‚ σ(basic) if both the eight basic and
the four first-order central peak spectra are chosen. The exact
match between reductions by a factor ofxn, wheren represents
the number of spectra, and the reductions obtained from the
simulations (see legends of Figures 8, S1 for details) reflects

(12) The width at half-height of the frequency domain sinc centre lobe resulting
from truncation in the time domain attmax is given2 by 0.604/tmax. In the
current implementation of (5,2)D HACACONHN (Figure 4), all indirect
evolution periods except forΩ(1HR) are constant-time periods. The evolution
of Ω(1HR) is implemented in a semiconstant-time manner,3 so that signal
losses due to transverse relaxation of1HR are negligible for 8.6 kDa ubiquitin
at shorttmax values around 6.5 ms. For larger systems with shortT2(1HR),
however, the semiconstant-time frequency labeling may lead to a detectable
increase ofω1-line widths in the basic when compared to central peak
spectra.

Figure 5. ω1[(15N;13C′,13CR,1HR), ω2(1HN)]-, [ω1(15N;13C′,13CR), ω2-
(1HN)]-, [ω1(15N;13C′), ω2(1HN)]-, and [ω1(15N), ω2(1HN)]-strips taken from
the (5,2)D HACACONHN GFT NMR experiment (see Figure 6). The
signals were detected on the amide proton chemical shift of Ser 20. Positive
and negative contour levels are shown in red and blue, respectively. (a)
SpectraA1-A15 containing the chemical shift multiplets. (b) SpectraB1-
B15 containing the individual edited chemical shift multiplet components.
Note that when compared with Figure 2, the order of the chemical shift
multiplets appears to have changed. However, this is becauseω1(1HR) < 0
ppm (i.e., upfield relative to the carrier position) for Ser 20, andω1(13C′),
ω1(13CR), andω1(15N) > 0 ppm (i.e, downfield relative to the respective
carrier position). For simplicity, Figure 2 was designed with the assumption
that all resonances are located downfield to the respective carrier positions.
The signals located at higher field inA15 andB15 arise from a side chain
moiety and thus have no corresponding peaks in the other spectra (see also
Figure 6d). To facilitate the comparison of (a) and (b), the positions of
multiplet components are indicated with thin lines.
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the well-known relation from statistics9 stating that the standard
deviation of an average arising fromn multiple independent
measurements is reduced by a factor ofxn (Figure 1). For the
current implementation of (5,2)D HACACONHN, second- and
third-order central peak spectra were acquired with longer
maximal evolution times than the first-order central peak and
basic spectra (Figure 6e; see NMR Spectroscopy section).
Hence,σ(13C′) andσ(15N) turn out to be somewhat smaller than
1/x14 ‚ σ(basic) and1/x15 ‚ σ(basic), respectively, when 14 or
all 15 spectra are considered (see legend of Figure S1 for
details). When compared withσ(second) ) σFT(13C′) and
σ(third) ) σFT(15N), which reflect rather long maximal evolution

times, the values ofσ(13C′) andσ(15N) are reduced by factors
of 2.5 and 2.0, respectively. The Monte Carlo simulations are
in neat agreement with analytical calculations of standard
deviations using the Gaussian law of error propagation9 (see
legend of Figure S1) and are evidently a valuable tool to analyze
the precision of shift measurements in more intricate future
implementations of GFT NMR experiments.

Overall, the precision of the indirect shift measurements in
the (5,2)D HACACONHN experiment [σ(1HR) ) 3.7 Hz,
σ(13CR) ) 2.9 Hz,σ(13C′) ) 2.6 Hz,σ(15N) ) 2.4 Hz] matches
the one obtained in the direct dimension [σ(1HN) ) 3.3 Hz].
Remarkably, one can anticipate for molecules tumbling slower

Figure 6. The 15 2D planes constituting the (5,2)D HACACONHN GFT NMR experiment (K ) 3) recorded for the 8.6 kDa protein ubiquitin. The linear
combination of chemical shifts detected in a given plane is indicated. (a) The basic spectraB1-B8. (b) First-order central peak spectraB9-B12. (c) Second-
order central peak spectraB13 andB14. (d) Third-order central peak spectrumB15. Signals arising from side chain moieties are in dashed boxes. (e) Cross
sections taken alongω1(15N;13C′,13CR,1HR) at the peak of Ser 20 inB1 (at the top), alongω1(15N;13C′,13CR) in B9 (second from top), alongω1(15N;13C′) in
B13 (third from top), and alongω1(15N) in B15 (at the bottom). The sections are indicated in green in the corresponding panel. Comparison of sections from
B1 andB9 shows that signals do not broaden with increasingK (Figure 7), while the smaller line widths observed in spectraB13-B15 result from longer
tmax values (see NMR Spectroscopy section). The 15 signals detected on the backbone amide proton of Ile 36 are circled in red. Doublets are observed in
B1-B8 because Gly 35 exhibits nondegenerate1HR chemical shifts, yielding the correlation of six shifts:δ(1HR2) ) 4.135 ( 0.006 ppm,δ(1HR1) )
3.929 ( 0.006 ppm,δ(13CR) ) 46.10 ( 0.019 ppm,δ(13C′) ) 173.911( 0.017 ppm for Gly 35, andδ(15N) ) 120.295( 0.043 ppm andδ(1HN) )
6.174( 0.005 ppm for Ile 36 (Table S2). The standard deviations of the indirectly detected chemical shifts were estimated from a Monte Carlo simulation
(see legend of Figure 8). In accordance, theω2(1HN) line width of the directly detected amide proton (20 Hz) was identified with(3σ (99.5% confidence
interval) for locating the peak positions. Notably, phase-sensitive editing of the chemical shift multiplets yields increasing peak dispersion (and thus resolution)
in each of the constituent spectra as compared to 2D [15N,1H]-HSQC (panelB15). Nearly the same number of peaks are detected in each of 15 spectra, while
the spectral width increases from SW1(15N) ) 1440 Hz inB15 to SW1(15N/13C′/13CR/1HR) ) 8000 Hz inB1-B8.
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than ubiquitin at 25°C that the precision of the indirectly
detected shifts will be higher than that for the directly detected
amide proton shift. This is because the precision of shift
measurements in the indirect constant-time evolution periods
is determined11 by tmax (which would not change for larger
proteins), while the precision in the direct dimension is
decreasing with increasingR2,HN.

Conclusions

GFT NMR relaxes on constraints arising from two major
drawbacks of FT NMR, that is, the problem of having excessive
or prohibitively long measurement times due to sampling of
indirect dimensions and the limited precision of chemical shift
measurements in the indirect dimensions arising from compa-
rably low digital resolution. Within a few hours or less, GFT
NMR affords the correlations of even five- or higher-
dimensional FT NMR spectra acquired with high digital
resolution. Thus, GFT NMR allows one to tune measurement
times to sensitivity requirements without compromising on the
dimensionality or the digital resolution. High-throughput efforts
such as NMR-based structural genomics13 will profit from this
feature because automated resonance assignment6i,14 benefits
from maximizing the number of correlations obtained in a single

NMR experiment. Moreover, the rapid sampling realized with
GFT NMR will allow researchers to obtain highest dimensional
NMR information with exceptional time resolution when, for
example, studying slow protein folding in real time.15 The high
precision of the chemical shift measurements is of potential
importance for a broad range of NMR applications in natural
sciences and engineering, for example, for automated assign-
ment, or when studying systems with high chemical shift
degeneracy such as RNA ribose spin systems,16 (partially)
unfolded proteins,17 or lipids.18 Finally, the high precision of

(13) Montelione, G. T.; Zheng, D.; Huang, Y. J.; Gunsalus, K. C.; Szyperski,
T. Nat. Struct. Biol.2000, 7, 982-984.

(14) (a) Moseley, H. N. B.; Montelione, G. T.Curr. Opin. Struct. Biol.1999,
9, 635-642. (b) Moseley, H. N. B.; Monleon, D.; Montelione, G. T.
Methods Enzymol.2001, 339, 91-108.

(15) Dyson, H. J.; Wright, P. E.Annu. ReV. Phys. Chem.1996, 47, 369-395.
(16) Cromsigt, J.; van Buuren, B.; Wijmenga, S.Methods Enzymol.2001, 338,

371-399.
(17) Neri, D.; Wider, G.; Wu¨thrich, K. FEBS Lett.1992, 303, 129-135.
(18) Wang, H.; He, Y.; Kroenke, C. D.; Kodukula, S.; Storch, J.; Palmer, A.

G.; Stark, R. E.Biochemistry2002, 41, 5453-5461.

Figure 7. Comparison of line widths and digital resolution of peaks detected
in GFT and FT NMR. (a) (5,2)D HACACONHN GFT NMR: cross sections
taken alongω1(15N;13C′,13CR,1HR) at the peak of Ser 20 in spectrumB1 (at
the top), alongω1(15N;13C′,13CR) in spectrumB9 (second from top), along
ω1(15N;13C′) in spectrumB13 (third from top), and alongω1(15N) in
spectrumB15 (at the bottom). The sametmaxvalue was chosen for all spectra
to demonstrate that resonances do not broaden when increasingK from 0
to 3 (see text). (b) HACACONHN FT NMR:ω1(1HR), ω1(13CR), ω1(13C′),
and ω1(15N) cross sections taken from 2D [ω1,ω2(1HN)]-planes obtained
with the HACACONHN rf pulse scheme which were (i) recorded with the
same tmax values and spectral widths and (ii) processed as the (5,2)D
HACACONHN planes (Figure 6). Comparison of (a) and (b) shows that
the line width registered in the GFT NMR experiment equals the line width
in the FT NMR experiment. (c) The same cross sections as in (b) are shown
except that the planes were recorded and processed as a conventional 5D
NMR spectrum would be [same maximal evolution times as in the basic
spectra, 10(t1)*11(t2)*22(t3)*13(t4)*512(t5) complex points with spectral
widths of SW1(15N) ) 1440 Hz, SW2(13C′) ) 1500 Hz, SW3(13CR) ) 3260
Hz, and SW4(1HR) ) 1800 Hz and linear prediction to 20(t1)*22(t2)*32-
(t3)*26(t4)*512(t5) complex points]. This would yield a frequency domain
data set of 32(ω1)*32(ω2)*32(ω3)*32(ω4)*512(ω5) real points of 2.1 GB
size as compared to 16.8 MB for (5,2)D HACACONHN. Comparison with
(b) and (c) makes the relatively poor resolution obtainable in 5D FT NMR
apparent. Note that linear prediction and zero filling to 96(ω1)*96(ω2)*-
256(ω3)*128(ω4)*512(ω5) real points, which would be the closest match
to the digital resolution obtained in (5,2)D HACACONHN, would result
in an unrealistically large data size of 618 GB.

Figure 8. Monte Carlo simulations performed to assess the increased
precision of chemical shift measurements in (5,2)D HACACONHN GFT
NMR. Standard deviations for the chemical shift measurements are plotted
versus the number of spectra selected from the 15 2D spectra constituting
this experiment (Figure 6) to calculate the chemical shifts.σ(1HR), σ(13CR),
σ(13C′), andσ(15N) represent the deviations forΩ3(1HR), Ω2(13CR), Ω1(13C′),
and Ωo(15N) measurements, respectively. The following conservative
statistical model is adopted. Line widths at half-height,∆ν1/2, were measured
along ω1 in (i) B1-B12 (basic spectra and first-order central peaks)
providing∆ν1/2(basic)) ∆ν1/2(first) ) 60.1 Hz, (ii)B13 andB14 (second-
order central peaks) providing∆ν1/2(second)) 38.2 Hz, and (iii)B15 (third-
order central peaks) providing∆ν1/2(third) ) 28.1 Hz [Figure 6e; these
values are close to those expected11 from thetmaxvalues obtained after linear
prediction]. It is then assumed that the error for the identification of peak
positions is associated with a Gaussian distribution and that the Lorenzian
line width, ∆ν1/2, represents(3σ (99.5% confidence interval), that is,
∆ν1/2 ) 6σ. ∆ν1/2(basic) is equal to the line widths in the indirect dimensions
of conventional FT NMR spectra recorded with the same maximal evolution
time (Figures 6e, 7; see text). Hence,σ(basic) likewise represents the
standard deviation obtained in FT NMR. Correspondingly areσ(second))
∆ν1/2(second)/6 andσ(third) ) ∆ν1/2(third)/6 the standard deviations for
peak position identification inB13 andB14, andB15. The deviationsσ(1HR),
σ(13CR), σ(13C′), andσ(15N) were obtained from Monte Carlo simulations
of error propagation for which the following systems of equations were
considered: (i) a minimal number of four out of the eight basic spectra
(B1, B4, B6, B7; Figure S1), (ii)B1-B8, (iii) B1-B12, (iv) B1-B14, or
(v) B1-B15. Peak positions were randomly varied 10 000 times according
to Gaussian distributions characterized byσ(basic),σ(second), andσ(third).
Subsequently, the systems of equations were solved using a least-squares
fitting routine, and the deviations among the 10 000 solutions yieldedσ(1HR),
σ(13CR), σ(13C′), andσ(15N). Note thatσ(1HR) is not further reduced when
central peaks are involved because those do not encodeΩ(1HR). Similarly,
σ(13CR) andσ(13C′) are not further reduced when second- and third-order
central peaks are considered for calculation of chemical shifts. Notably,
the standard deviations (labeled with an asterisk) obtained with four spectra
critically depend on the particular selection (Figure S1). The highest
precision is obtained when choosing eitherB1, B4, B6, andB7, or B2, B3,
B5, andB8 (Figures S1, 6). The simulations are in neat agreement with
calculations using the Gaussian law of error propagation8 (see Figure S1 in
the Supporting Information).
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theshift measurements may be recruited to accurately measure
other NMR parameters such as residual dipolar couplings for
structural refinement,19 and transverse relaxation optimized20

GFT NMR may develop into a powerful approach to investigate
larger systems.
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