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An experimental approach for the measurement of nuclear mag- assigned to a set of overlapped resonances (5 ) , or over-
netic spin relaxation rate constants that combines triple-resonance lapped resonances must be excluded from the study (6 ) .
techniques and accordion spectroscopy is described. Pulse se- In recent years a variety of three- and four-dimensional
quences are discussed for the measurement of backbone 15N and triple-resonance schemes have been applied in solution
13CO R1 relaxation rate constants. The three-dimensional HNCO NMR spectroscopy for the resolution of overlapping reso-
triple-resonance technique is employed to gain improved spectral

nances (7 ) . These methods can be applied to measurementsresolution over conventional two-dimensional methods by fre-
of relaxation rates by extending the usual series of 2Dquency labeling both the 15N and 13CO spins. Accordion spectros-
spectra to a series of 3D spectra; however, this simplecopy is used to reduce the dimensionality of the relaxation experi-
approach is not usually practical because the experimentalment. The ‘‘negative-time accordion’’ approach (A. M. Mandel
acquisition time is dramatically increased.and A. G. Palmer (1994) , J. Magn. Reson. A 110, 62–72) is used

for extracting rate constants from the t1 interferograms. The exper- Accordion spectroscopy allows the convolution of an
iments are demonstrated using a 13C/15N isotopically enriched indirect evolution dimension of an NMR experiment with
sample of the third fibronectin type III domain of human tenascin. an additional time-dependent parameter of interest, and has
q 1998 Academic Press been used in measurements of chemical exchange (8, 9 ) ,

Key Words: NMR; accordion spectroscopy; relaxation. scalar coupling constants (10 ) , TOCSY transfer functions
(11 ) , and relaxation rate constants (12, 13 ) . Accordion
spectroscopy is closely related to simultaneous evolution

INTRODUCTION techniques for reducing the dimensionality of triple-reso-
nance NMR experiments (14 ) .Characterization of the dynamical behavior of macro-

Here we demonstrate that accordion spectroscopy andmolecules by solution NMR spectroscopy relies on the
triple-resonance methods can be combined to provide accu-measurement of nuclear magnetic spin relaxation rate con-
rate measurements of relaxation rate constants and en-stants (1 ) . In the usual approach, a series of 2D heterocor-
hanced spectral resolution of three separate frequency evo-relation spectra are recorded with different values of a para-
lution periods. Examples are given for the measurement ofmetric relaxation delay to generate relaxation decay curves. 15N and 13CO R1 relaxation rates in a doubly 15N/ 13C-la-Overlap between resonances in the 2D spectra, particularly
beled sample of the third type III fibronectin domain offor large proteins or molecules with poor resonance disper-
human tenascin-C (TNfn3) . In these cases, pulse sequencession, poses a practical difficulty in these experiments. Spec-
conceptually similar to the HNCO experiment (15 ) and thetral resolution enhancement techniques (2 ) or peak decon- 13CO spin–lattice relaxation experiment (16, 17 ) have beenvolution methods (3 ) can be used to resolve partially over-
adapted to include accordion relaxation periods.lapped resonances and increase the accuracy of the

relaxation rate constants, although usually at a cost of re-
duced precision. Relaxation decay curves for overlapping THEORY
resonances also can be fit to more than one decaying expo-
nential function to obtain rate constants for individual sig- Accordion spectroscopy combines two time-dependent
nal components; however, poor results are obtained for rate functions in the same indirect evolution dimension of an
constants close in value (4 ) . Despite these approaches, in NMR experiment by simultaneously covarying two different
many cases, a single approximate rate constant must be incrementable time delays. In the case of relaxation measure-

ments, the parametric relaxation delay, Tr , is covaried with
the frequency labeling period of an indirectly detected nu-1 To whom correspondence should be addressed. Fax: (212) 305-7932.

E-mail: agp6@columbia.edu. cleus, such as 15N.
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26 CARR, FEARING, AND PALMER

For the measurement of spin–lattice relaxation, the time T rev
r Å Tmid

r 0 kt1 . [5]
dependence of the signal can be expressed as

The resultant time dependence of the interferograms is illus-
trated in Fig. 1A for the separate forward and reverse compo-I(Tr ) Å I0e

0R1Tr [1]
nents.

After acquisition, the order of complex points in the re-in which I0 is the magnitude of the initial magnetization, R1
verse component of the interferogram is reversed and com-is the spin–lattice relaxation rate constant, and the depen-
plex conjugation is performed. The forward component isdence of the decay on the long-time steady-state magnetiza-
then appended to the reverse component to generate an inter-tion is assumed to be eliminated by appropriate phase cycling
ferogram that contains 2n complex points, as shown in Figs.during the pulse sequence (18) . The dependence of the sig-
1A and 1B. The resulting interferogram depends differentlynal during an indirectly detected evolution period ( t1 evolu-
on R* and R1 ; these values can be distinguished by lineartion) is
prediction and/or least-squares fitting of the time domain.
This treatment of the accordion data is analogous to the

I( t1) Å I0e
(0 ivt10R*t1) , [2]

negative-time data extension used by Zhu and Bax for linear
prediction (21) .

in which hypercomplex phase cycling ( 19 ) or sensitivity- More formally, the forward and reverse components of
enhanced techniques ( 20 ) have been used to generate t1 the interferogram can be expressed with Eqs. [3] – [5] and
interferograms that represent complex data vectors. Here using t1 Å kDt1 as
v is the Larmor frequency of the indirectly detected nu-
cleus, and R* represents any relaxation processes oc- I f (k) Å I0e

[0 ( iv/R* )kDt10kR1(n/k )D t1] [6]
curring during the evolution period. Combining these two

Ir (k) Å I0e
[0 ( iv/R*)kDt10kR1(n0k )D t1] , [7]equations yields

where n is the number of complex points taken for each ofI( t1 , Tr ) Å I0e
(0 ivt10R*t1)e (0R1Tr )

the forward and reverse components and k increments from
Å I0e

(0 ivt1e0R*t10R1Tr ) . [3] 1
2 to n 0 1

2. Thus for each component, the initial value of t1

is set to Dt1 /2 (22) , the initial value of T for
r Å (n / 1

2)kDt1 ,
In conventional relaxation measurements, Tr and t1 are and the initial value of T rev

r Å (n 0 1
2)kDt1 . Making the

uncorrelated. Several 2D data sets are acquired, differing substitution p Å 0k and taking the complex conjugate of
only in the value of Tr used, in order to define decay curves Eq. [7] yields
according to Eq. [1] . In an accordion experiment, Tr is incre-
mented in proportion to the t1 increment; thus DTr Å kDt1 Ir (p) Å I0e

[0 ( iv0R*)pDt10kR1(n/p )D t1] [8]
where the scaling constant, k, is chosen based on experimen-
tal considerations (vide infra.) The resulting t1 interferogram in which p ranges from 01

2 to 0(n 0 1
2) . Equations [6] and

has a decay envelope that depends on both R* and R1 . Vari- [8] can be combined to yield a single data set described by
ous schemes for subsequently separating R* and R1 have
been discussed previously (12) . Of these, the ‘‘negative- I(k) Å I0e

[0 ivkDt10ÉkÉR*0kR1(n/k )D t1] , [9]
time accordion’’ method can be used to maximize the num-
ber of t1 points acquired using a constant-time evolution in which k ranges from 0(n 0 1

2) to (n 0 1
2) . This equation

period, and is employed in the experiments discussed here. is representative of the interferogram shown at the top of
The negative-time accordion requires recording the exper- Fig. 1B. In practice, the desired Tmax

r is chosen first, usually
iment in two parts, referred to as the forward and reverse in the range of 0.7/R1 to 2/R1 , and k is calculated as k Å
components. For the forward component, Tr begins at ap- Tmax

r / [ (2n 0 1
2)Dt1] .

proximately half its maximal value (Tmid
r Å nkDt1 , where Figure 2 shows pulse sequences for the measurement of

n is the number of complex t1 points acquired for each of 13CO R1 relaxation rates in proteins. The ‘‘conventional’’
the forward and reverse experiments) and is incremented in experiment represented in Fig. 2A is based on that of Zuider-
proportion to t1 toward its maximum value (Tmax

r ) : weg and co-workers (16) , extended to include coherence
selection and PEP sensitivity enhancement via pulsed field

T for
r Å Tmid

r / kt1 . [4] gradients (23) . This experiment is intended to be recorded
as a series of 15N– 1H 2D correlation spectra, each varying

For the reverse experiment, Tr begins at half its maximal by the relaxation delay Tr . In contrast, the new experiment
value and is decremented with t1 toward its minimum value introduced in Fig. 2B is used to generate a single 3D data

set, with frequency evolution in the t1 ( 13CO), t2 ( 15N), and(Tmin
r ) :
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273D ACCORDION NMR SPECTROSCOPY

FIG. 1. Schematic of a negative-time accordion interferogram (A) reverse and forward components, as acquired; and (B) after time inversion and
complex conjugation of the reverse component. Dependence of R1 and R* on relaxation terms Tr (middle) and t1 (bottom) is indicated. The overall
decay envelope of the interferogram (top) depends more heavily on R1 than on R*, as the scaled value of R1 is typically much larger than R* in constant
time experiments.

t3 ( 1H) dimensions. Tr is covaried with t1 as above to generate The 15N– 13CO scalar coupling evolves for T /2 Å 1/(2JNCO)
both before and after t2 .the forward and reverse components of a negative-time ac-

cordion experiment. As the 3D data set is conceptually simi-
lar to the HNCO experiment (15) , this experiment will be EXPERIMENTAL
referred to as the 13CO R1 HNCO accordion.

NMR spectra were obtained at 11.7 T and 300 K onFigure 3 illustrates a different application of 3D accordion
a Bruker AMX-500 spectrometer equipped with a triple-spectroscopy for the measurement of 15N R1 relaxation rates.
resonance three-axis gradient probehead. The sample em-The conventional experiment (Fig. 3A) is based on standard
ployed for all experiments was the third type III fibronectintechniques (1) . The new experiment in Fig. 3B will be
domain of human tenascin (TNfn3), ú99% 15N/13C en-referred to as the 15N R1 HNCO accordion. After the Tr

riched, at a concentration of 1.0 mM in 90%/10% H2O/accordion delay, magnetization is transferred from the amide
D2O, pH 5.5 (unadjusted reading). 15N R1 relaxation mea-15N spins to the 13CO spins for frequency labeling and back
surements acquired via the conventional method were per-to 15N. This symmetric out-and-back transfer sequence is
formed previously (5) on a 15N-labeled sample on TNfn3.designed to employ as much of the constant-time transfer
Spectral processing and extraction of t1 interferograms wasdelay as possible for the acquisition of a maximum number
performed in Felix 2.3 (MSI) and NMRPipe (3) .of t1 points. Thus, t1 evolution occurs both before and after

The conventional 13CO R1 experiment was recorded as at2 evolution, using a HMQC-style evolution period during
series of six 2D data sets. Spectral widths of 1562.51 7812.5t2 , in which both 15N and 13CO magnetization remain trans-
Hz were used for the t1 1 t2 ( 15N 1 1H) dimensions, re-verse. The flanking constant-time t1 periods are adjusted to
cording 40 1 4096 complex points, with the 1H carrier setaccount for 15N evolution during t2 . Thus, the transverse
to the H2O frequency (4.73 ppm) and the 15N carrier set atnitrogen operators evolve for a total of
119.5 ppm. Carrier frequencies for 13CO and 13Ca pulses
were 174.1 and 54.8 ppm, respectively. A total of 128 tran-

0 (T 0 t1 / t2)
4

/ (T / t1 0 t2)
4

/ t2

2
0 t2

2 sients were recorded per t1 increment. The parametric relax-
ation delays for the six datasets were 0.001 (repeated),
0.023, 0.50, 0.85, 1.30, and 2.00 s. Total acquisition time/ (T / t1 0 t2)

4
0 (T 0 t1 / t2)

4
Å t1 . [10]

for these data sets was 24 h. PEP sensitivity enhancement
in the 15N dimension was performed using an in-house FOR-
TRAN program. Spectral processing was performed in bothThe 13CO coherence is transverse for a total duration of t2 .
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28 CARR, FEARING, AND PALMER

FIG. 2. Pulse sequences for (A) conventional 2D and (B) 3D HNCO accordion experiments for measuring 13CO spin–lattice relaxation rate constants.
Narrow and thick bars represent 907 and 1807 pulses, respectively. Shaped 13Ca pulses are indicated by rounded bars. The rounded bar immediately following
the 907 1H pulse with phase f1 is a water flip-back pulse (29, 30). Pulses were applied with x phase unless otherwise indicated. D Å 1/(2JNH), T É 1/
(2JNCO), t1 and t2 are the incremented delays, Tr is the variable relaxation delay, and t is greater than the length of gradient G4. In (A), Tr is varied between
two-dimensional experiments. In (B) Tr is varied synchronously with the t1 incrementable delay, such that k Å DTr /Dt1. The WALTZ-16 sequence (31) with
a field strength of 2.33 kHz was used to decouple the 1H spins. The GARP-1 sequence (32) with a field strength of 0.52 kHz was used to decouple 15N during
acquisition. The phase cycling was as follows: (A) f1 Å 2(y), 2(0y); f2 Å 4(y), 4(0y); f3 Å x , 0x ; f4 Å 16(x), 16(0x); f5 Å x; f6 Å 8(x), 8(y),
8(0x), 8(0y); f7 Å x; receiver Å x, 2(0x), x , 0x, 2(x), 0x , 2[0x, 2(x), 0x, x, 2(0x), x], x , 2(0x), x, 0x , 2(x), 0x; and (B) f1 Å 2(y), 2(0y);
f2 Å 4(y), 4(0y); f3 Å x , 0x ; f4 Å x; f5 Å x; f6 Å 527; receiver Å x, 2(0x), x, 0x, 2(x), 0x. In (A) frequency discrimination in t1 was achieved
using the PEP sensitivity-enhanced gradient method (23). In (B) frequency discrimination in t1 was achieved using States–TPPI phase cycling (33) of f4

along with the receiver phase. Frequency discrimination in t2 was achieved using the PEP sensitivity-enhanced gradient method (23). The N- and P-type signals
were collected separately by inverting the sign of the G4 gradient pulse along with inversion of f7 in (A) and in (B). Axial peaks were shifted to the edge
of the spectrum by inverting f5 and the receiver for each increment. All gradient pulses were sinusoidally shaped xyz gradient pulses: The durations and
maximum amplitudes were as follows: G1 Å 0.5 ms with gx Å gy Å 0 G/cm and gz Å 8.0 G/cm; G2 Å 3.0 ms with gx Å gy Å 0 G/cm and gz Å 15.0 G/
cm; G3 Å 2.5 ms with gx Å gy Å gz Å 20.0 G/cm; G4 Å 0.5 ms with gx Å gy Å gz Å 10.1 G/cm.
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293D ACCORDION NMR SPECTROSCOPY

FIG. 3. Pulse sequences for (A) conventional 2D and (B) 3D HNCO accordion experiments for measuring 15N spin–lattice relaxation rate constants.
Narrow and thick bars represent 907 and 1807 pulses, respectively. Shaped 13Ca pulses are indicated by rounded bars. The gray bars represents spin-lock
purges pulse applied to the solvent resonance (34) . Weak presaturation of the solvent resonance was employed prior to the first pulse shown in (B).
The WALTZ-16 sequence (31) with a field strength of 2.33 kHz was used to decouple the 1H spins. The GARP-1 sequence (32) with a field strength
of 0.52 kHz was used to decouple 15N during acquisition. D Å 1/(2JNH), T É 1/(JNCO) , t1 and t2 are the incremented delays, and Tr is the variable
relaxation delay. Pulses were applied with x phase unless otherwise indicated. Phase cycling was as follows: (A) f1 Å x , 0x , x , 0x , 0x , x , 0x , x ;
f2 Å y ; f3 Å 2(y) , 2(0y) ; receiver Å x , 0x , 0x , x , 0x , x , x , 0x ; and (B) f1 Å x , 0x ; f2 Å x ; f3 Å 2(y) , 2(0y) ; f4 Å x , 0x ; receiver Å x ,
0x , 0x , x . In (A) frequency discrimination in t1 was achieved using a modified PEP scheme in which f2 was inverted on alternate t1 experiments. In
(B) frequency discrimination in t1 was achieved using the PEP-Z sensitivity-enhancement method (35) . Frequency discrimination in t2 of (B) was
achieved using States–TPPI phase cycling (33) of f3 along with the receiver phase.

t1 and t2 by applying a cosine bell apodization function and each t1 increment. Total acquisition time for this data set
was 62 h. The maximal value of Tr was set to 0.94 s, withzero filling by a factor of two. Peak intensities and signal-

to-noise were measured using NMRDraw (the graphical in- DTr Å 11.78 ms, corresponding to a value of k Å 32.
Fourier transformation in t3 (acquisition dimension) wasterface of NMRPipe). Decay curves were fitted to monoex-

ponential equations using Kaleidagraph (Abelbeck Soft- performed by applying a squared cosine bell apodization
function, zero filling by a factor of two, and multiplyingware) .

The 13CO R1 HNCO accordion was recorded as a single the first complex point of every 1D vector by 0.5. Fourier
transformation in t2 ( 15N dimension) was performed by3D data set containing both the forward and reverse com-

ponents of the negative-time accordion. Spectral widths applying a cosine bell apodization function and zero filling
by a factor of two. Forward and reverse t1 interferogramsof 1358.3 1 1562.5 1 7812.5 Hz were used in the t1 1

t2 1 t3 ( 13CO 1 15N 1 1H) dimensions, acquiring 80 1 were not Fourier transformed, but were combined as out-
lined above for the negative-time accordion experiment.32 1 1024 complex points ( including the forward and

reverse components ) . Carrier frequencies for each nucleus Signal-to noise ( S /N ) was estimated as the standard devia-
tion of t1 interferograms containing noise only. In-housewere as above. Thirty-two transients were collected for
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30 CARR, FEARING, AND PALMER

FORTRAN routines were then used to identify frequency
components with the HSVD algorithm (24 ) and to apply
Levenberg–Marquardt nonlinear least-squares fitting (25 )
to determine the decay constants of interest.

The results of the conventional 15N R1 experiment applied
to TNfn3 have been reported elsewhere (5) . Spectral widths
of 1517.5 1 12500 Hz were used for the t1 1 t2 ( 15N 1 1H)
dimensions, recording 128 1 8192 complex points, with the
1H and 15N carrier frequencies as above. Thirty-two tran-
sients were recorded per t1 increment. The parametric relax-
ation delays for the 13 2D data sets were as follows: 0.02,
0.07 (repeated), 0.16, 0.28 (repeated), 0.42, 0.60 (re-
peated), 0.95, 1.80 (repeated), and 2.00 s. Total acquisition
time for these data sets was 49 h. Several different resolution
enhancement schemes were applied to the spectra in order
to resolve partially overlapped peaks in the t1 and/or t2 di-
mensions (5) . Peak intensities were measured using Felix
2.3 (MSI). Uncertainties and nonlinear least-squares fits of
R1 values were determined as described previously (26) .

The 15N R1 HNCO accordion was recorded as a single 3D
data set containing both the forward and reverse components
of the negative-time accordion. Spectral widths of 1623.4 1
1358.3 1 7812.5 Hz were used in the t1 1 t2 1 t3 (15N 1 13CO

FIG. 5. Typical 13CO R1 negative-time accordion interferogram for resi-1 1H) dimensions, acquiring 1921 32 1 1024 complex points
due Ser58, acquired using the experiment detailed in the legend to Fig. 2B.(including the forward and reverse components). Carrier fre-
(a) Acquired data, after inversion and complex conjugation of the reverse

quencies for each nucleus were as above. Sixteen transients component; (b) interferogram simulated from curve fitting to a single fre-
were collected for each t1 increment stored. Total acquisition quency; (c) residual differences between (a) and (b).
time for this data set was 72 h. The maximal value of Tr was
set to 1.01 s, with DTr Å 5.24 ms, corresponding to a value
of kÅ 8.5. Fourier transformation in t3 (acquisition dimension)

resultant t1 interferograms encoding both 15N evolution and 15Nwas performed subsequent to use of a digital low-pass filter to
R1 relaxation were extracted and analyzed as above.suppress solvent signal (27), scaling of the first point by a

factor of two (28), apodization with an exponential decay
RESULTS AND DISCUSSIONfunction with a decay constant of 7 Hz, and zero-filling by a

factor of two. Fourier transformation in t2 (13CO dimension)
Constant-time negative accordion experiments were per-was performed after apodization with a Kaiser function (u Å

formed to measure 13CO and 15N R1 relaxation in TNfn3.p) and zero-filling by a factor of two. Forward and reverse t1 Conventional 13CO R1 measurements were performed forinterferograms were not Fourier transformed, but were com-
comparison; 15N R1 measurements reported earlier for a sam-bined as outlined above for a negative-time accordion. The
ple of 15N-labeled TNfn3 (5) were also used for comparison.

An example of a typical 13CO relaxation decay curve ac-
quired by conventional methods is shown in Fig. 4. A de-
caying interferogram from the corresponding 3D accordion
experiment is shown in Fig. 5. Table 1 compares R1 values
for 20 residues of TNfn3 determined by both of these meth-
ods. The differences between the two experiments were eval-
uated using a pairwise Z score for each residue:

Z Å R acc
1 0 R conv

1√
s 2

acc / s 2
conv

, [11]

in which Racc
1 and Rconv

1 are the fitted rate constants and sacc

and sconv are the uncertainties for the accordian and conven-FIG. 4. Conventional 13CO R1 relaxation decay curve for residue Ser58,
acquired with the experiment described in the legend to Fig. 2A. tional experiments, respectively.

AID JMR 1374 / 6j2a$$$461 04-20-98 08:29:03 maga



313D ACCORDION NMR SPECTROSCOPY

TABLE 1 using rNH Å 1.02 Å, rNCO Å 1.33 Å, rNCa Å 1.45 Å, gC Å
Selected 13CO R1 Relaxation Rate Constants for TNfn3 6.728 1 107 T01s01, gN Å 0 2.71 1 1007 T01 s01 and

gH Å 2.6752 1 108 T01s01 . Using Eq. [12], the relative
Residue R1 conventional (s01) R1 accordion (s01) contribution to R1 from 13CO and 13Ca is calculated to be

4%, slightly larger than the experimental result.Ala-5 0.692 { 0.023 0.693 { 0.019
The 3D 15N R1 HNCO accordion experiment, unlike theAla-27 0.743 { 0.011 0.736 { 0.031

Ile-29 0.740 { 0.035 0.730 { 0.035 conventional 2D 15N R1 experiment, is subject to relaxation
Asp-30 0.747 { 0.032 0.658 { 0.026 losses incurred during T when magnetization is transferred to
Ile-32 0.726 { 0.032 0.730 { 0.033 and from the 13CO nucleus. As a result, the weighted mean
Leu-34 0.674 { 0.026 0.707 { 0.023

uncertainties were 0.079 s01 for the accordion experiment,Gly-43 0.640 { 0.015 0.682 { 0.016
compared to 0.022 s01 for the conventional experiment, evenThr-47 0.719 { 0.034 0.708 { 0.022

Asn-55 0.710 { 0.021 0.691 { 0.024 though the accordion acquisition time was somewhat longer.
Ser-58 0.649 { 0.023 0.631 { 0.096 In addition, some residues undergoing chemical exchange
Ile-59 0.705 { 0.043 0.676 { 0.039 yielded S/N values too low to permit quantification. However,
Pro-64 0.752 { 0.019 0.734 { 0.033

all resonances were clearly resolved in the 3D accordion experi-Thr-66 0.744 { 0.031 0.737 { 0.032
ment, whereas accurate R1 values for resonances that wereGlu-67 0.745 { 0.061 0.707 { 0.053

Glu-69 0.692 { 0.028 0.727 { 0.027 partially overlapped in the conventional data set could only be
Arg-76 0.691 { 0.027 0.746 { 0.024 determined by applying strong resolution enhancement tech-
Met-79 0.664 { 0.026 0.671 { 0.021 niques (2, 5). For these residues, weighted mean uncertainties
Lys-85 0.731 { 0.023 0.702 { 0.022

were increased to 0.112 s01 , and significantly better precisionGlu-86 0.657 { 0.034 0.716 { 0.042
was obtained in the 3D accordion experiment.Phe-88 0.708 { 0.020 0.694 { 0.029

CONCLUSION

The average of Z scores is expected to be close to zero
A new method has been developed for the measurement of

if both experiments accurately measure the true value of R1 relaxation rate constants for molecules with poorly resolved
(or if they are both biased in the same sense) . The variance
of the Z scores is expected to be close to unity if the distribu-
tion of differences approximates a normal distribution. With
an average Z score of 00.009 and variance of 0.84, the
differences between the two 13CO experiments can be con-
sidered essentially random. The accuracy of the experiments
can also be assessed by comparing the average uncertainties
of the R1 values determined. Weighted mean uncertainties
of these experiments are similar: 0.023 s01 (conventional)
and 0.026 s01 (accordion), implying similar degrees of pre-
cision. The 13CO accordion required slightly more than twice
the acquisition time to achieve similar precision; however,
this is not unexpected, because phase cycling for frequency
discrimination in the t1 ( 13CO) dimension can retain only
one of two orthogonal signal components.

The 15N 3D accordion HNCO experiment was used to deter-
mine 15N R1 values for 74 residues from TNfn3, which were
compared to values obtained previously (5). An interferogram
for the 3D accordion experiment is shown in Fig. 6. Z scores
were calculated as for the 13CO experiments above to give an
average of 0.23 and a variance of 1.5. The accordion 15N R1

values measured in the 13C/15N-labeled protein are larger by
1.2% than for the 15N-labeled protein. The difference is the
result of additional relaxation caused by the 13CO and 13Ca

nuclei in the double-labeled protein. The relaxation contribu-
FIG. 6. Typical 15N R1 negative-time accordion interferogram for resi-tions from 13CO and 13Ca are approximately given by

due Ser58, acquired using the experiment detailed in Fig. 3B. (a) Acquired
data, after inversion and complex conjugation of the reverse component;
(b) interferogram simulated from curve fitting to a single frequency; (c)RNC

1 /RNH
1 Å g 2

C

g 2
H
S rNH

rNC
D6 S1 / 2g2

N

(gN / gC)2D [12]
residual differences between (a) and (b).
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provide additional spectral resolution. Accordion spectros-
copy is employed to limit acquisition to a single three-dimen-
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