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Abstract Here we present a suite of pulse sequences for

the measurement of 15N T1, T1q and NOE data that

combine traditional TROSY-based pulse sequences with

band-selective Hadamard frequency encoding. The addi-

tive nature of the Hadamard matrix produces much reduced

resonance overlap without the need for an increase in the

dimensionality of the experiment or a significant decrease

in the signal to noise ratio. We validate the accuracy of

these sequences in application to ubiquitin and demonstrate

their utility for relaxation measurements in Escherichia

coli Class II fructose 1,6-bisphosphate aldolase (FBP-

aldolase), a 358 residue 78 kDa dimeric enzyme.

Introduction

Protein dynamics are essential for function (Eisenmesser

et al. 2005), and NMR relaxation experiments have pro-

vided quantitative sub-nanosecond dynamic information

for over 280 protein systems (Jarymowycz and Stone

2006). However, larger protein systems offer a significant

challenge. Indeed, at present there are very few examples

of fully quantified backbone dynamic information for

protomers greater than 25 kDa. Despite recent advances

such as the development of TROSY-based pulse sequences

(Pervushin et al. 1997) and the use of perdeuterated sam-

ples (Venters et al. 1996) allowing high quality spectra to

be generated from large proteins, relaxation studies are

limited by extensive cross-peak overlap in 2D 1H–15N

correlation spectra.

As the number of residues in the polypeptide backbone

increases, so does the potential for spectral overlap in the

2D 1H–15N HSQC spectra from which relaxation data are

measured. Relaxation data from overlapping resonances

cannot readily be analysed and therefore are typically

excluded. Two recent approaches to improve this situation

involve the acquisition of tilted projection planes

(Tugarinov et al. 2004) or the use of a two point estimation

of the relaxation rate from two 3D HNCO spectra (Chill et

al. 2006). Whereas multidimensional experiments such as

HNCO are routinely used to separate overlapping peaks

and have previously been adapted to measure relaxation

rates (Caffrey et al. 1998), full 3D spectra are not practical

for measurements of relaxation rates due to the excessive

time requirements. However, band-selective Hadamard

frequency encoding allows the incorporation of carbonyl

carbon (C0) chemical shift dispersion without the need to

resolve fully the C0 dimension (Brutscher 2004). This,

combined with the additive nature of the Hadamard matrix,

produces much reduced resonance overlap without the

need for an increase in the dimensionality of the experi-

ment or a dramatic decrease in the signal to noise ratio.

Hadamard encoding has previously been used as one of the

methods for enabling fast NMR acquisition as has been

reviewed in (Kupce et al. 2003). It has also been used to

record NOE crosspeaks to methyl groups separated

according to residue type (Van Melckebeke et al. 2004).

Here we present a suite of pulse sequences for the

measurement of 15N T1, T1q and NOE which combine the

traditional TROSY-based pulse sequences (Zhu et al.
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2000) with a set of C0 band selective pulses (Brutscher

2004). The accuracy of relaxation measurements using

these sequences has been validated using a sample of
2H–15N–13C enriched ubiquitin and subsequently applied

to Escherichia coli Class II fructose 1,6-bisphosphate

aldolase (FBP-aldolase), a 358 residue 78 kDa dimeric

enzyme.

Materials and methods

NMR measurements

Hadamard encoded relaxation sequences (Fig. 1) were val-

idated against traditional TROSY based sequences (Zhu

et al. 2000) using a 0.5 mM 2H–15N–13C human ubiquitin

sample (Prospect Pharma, Columbia, MD, USA). Four

experiments were recorded with C0 shaped inversion pulses

as follows: no inversion; inversion at greater than

176.4 ppm; inversion between 175.0–176.4 ppm and greater

than 177.9 ppm; and inversion between 175.0 and

177.9 ppm. The C0 carrier was placed at 175.7 ppm. The

inversions have different bandwidths and are chosen so that

approximately equal numbers of peaks are sequestered in the

four subspectra. However the boundaries of the inversion

bands must be matched between the four experiments. As the

sharpness of the inversion boundary depends on the strength

of the shaped pulses, the optimum bandwidth and centre of

the shaped pulses will not exactly coincide with the band-

width and centre of the individual bands. We have optimized

this by running a trial set of 2D experiments with chemical

shift evolution in the C0 dimension and adjusting the band-

width and centre of the shaped pulses for optimal

correspondence of the frequency band boundaries. All data

were collected using a 750 MHz Varian spectrometer

equipped with a cold-probe. T1 data were collected using the

following delay times; 0, 80, 160, 320, 480, 720, 960,

1200 ms (where 80 and 720 ms were repeated for noise

estimation). T1q data were collected using the following

delay times; 0, 8, 12, 20, 32, 48, 64, 96 ms (where 12 and

64 ms were repeated for noise estimation). For the NOE

saturation experiment the recycling delay was 5.5 s with

proton saturation for 3.5 s. HSQC-TROSY relaxation

experiments were acquired with four scans and spectral

windows of 12,000 Hz and 3,200 Hz and 1,024 and 80

complex data points for the 1H and 15N dimensions,

respectively. Hadamard relaxation experiments were

acquired with the same spectral windows and number of

points and with four scans per experimental spectrum

(therefore effectively 16 scans after application of the Had-

amard matrix). Relaxation rates for FBP-aldolase were

measured with a 2.5 mM 2H–15N–13C enriched sample. The

following T1 delay times were used: 0, 80, 160, 400, 800,

1440, 2640, 4480 ms and T2 delay times were as follows 3, 4,

6, 9, 13, 18, 28, 48 ms. Two delay times were duplicated for

spectral noise calculation, and 16 scans per experimental

spectrum were recorded (therefore 64 effective scans per

derived spectrum after application of Hadamard matrix).

Other experimental parameters were as Hadamard encoded

measurements on ubiquitin detailed above.

Data analysis

The spectra were recorded as interleaved FIDs. The spec-

tral data were processed using NMRPipe software

(Delaglio et al. 1995). A cosine bell function, followed by

zero filling and Fourier transformation was used. Linear

prediction was used in the 15N dimension to double the

number of points. Phase corrections were determined using

the Fourier transformed one-dimensional slice and first 2D

plane, which were examined with NMRDraw software

(Delaglio et al. 1995) and inserted manually into a 2D

phase correction macro. After processing of the direct

dimension the individual spectra were separated and an

NMRPipe (Delaglio et al. 1995) macro was used to per-

form the Hadamard subtraction matrix to convert the 2D

experimental spectra to the final derived spectra used for

relaxation rate analysis (further details are provided in

supplementary information).

T1 and T2 rates were then calculated by measuring

centered peak heights from eight spectra with varying

delay times. Levenberg-Marquardt least-squares fitting to a

two parameter exponential decay was used to determine

relaxation rates from peak intensities. Rate errors were

determined by 1000 Monte Carlo simulations. T2 rates

were calculated from experimental T1q measurements

according to:

R1q ¼ R2 cos2 hþ R1 sin2 h ð1Þ

where tan h = (D x /c B1), D x is the offset of a given 15N

resonance and B1 is the strength of the spin-lock field. For

the determination of the 15N{1H} NOE values, two spectra

were collected, with and without proton saturation. The

centered peak heights of the saturated resonance intensities

were divided by the intensity of the corresponding non-

proton saturated resonances. The standard deviation of

noise from non-peak containing regions of spectra was

used for error analysis.

In cases where the C0 chemical shift lies near the C0 band

selection frequency it is possible that resonances are

sequestered into multiple spectra. In these instances, rates

in each spectrum were measured and, provided the fitting

error was less than 50% of the rate, the rates (R) and

associated errors (D R) were determined from:
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where rn is the rate from the individual sub-spectra, r is the

associated rate error from individual sub-spectra and n is

the number of spectra in which a particular resonance is

observed. Any resonance with a fitting error of greater than

50% of the rate value was discarded.

Results and discussion

Pulse sequences

In order to resolve overlapping peaks in the crowded
1H–15N spectra of large proteins a Hadamard style exci-

tation is used in the C0 dimension. The resulting Hadamard

C0 encoded TROSY based pulse sequences for measure-

ment of 15N T1, T1q and NOE are shown in Fig. 1. The

sequences are analogous to those utilized for conventional
15N relaxation measurements (Farrow et al. 1994) until

Fig. 1 Hadamard C0 encoded TROSY based pulse schemes for the

measurement of 15N T1 (A), T1q (B) and NOE (C). Narrow (wide)

pulses correspond to 90� (180�) flip angles with phase x, unless

otherwise indicated. Water magnetization is placed along the + z-axis

using flip-back pulses. The 13C pulses applied to C0 have the shape of

the center lobe of a (sin x)/x function, Ca pulses are applied off

resonance with a rectangular shape and field strength adjusted to

provide a null at C0. Nitrogen pulses are applied at a field strength of

5 kHz. The delays used are: s = 2.25 ms, s0 = 2.75 ms, d = 10 ms,

TN = 12.5 ms, D HN = 20 ms, s0 = 10ls, sa = 1.93 ms, sb =

190ls, e = 1/(2p · v1), n = 1/(2p · v1) – (4 · pw)/p, where v1 is the

spin-lock field strength and pw is the width of the 15N 90� pulse.

Gradient amplitudes and durations (G/cm, ms) are: G0, 5, 1; G0

0
, 4, 1;

G1, 5,0.5; G2, 19, 1; G3, 5, 1; G4, 27.5, 1; G5, 20, 1; G6, 37.5, 1; G7, 8,

0.4; G8, 15, 0.4. For the Hadamard C0 encoding appropriate band

selective inversion pulses HN are applied according to a Hadamard

matrix (Brutscher 2004). These used I-BURP2 pulse shapes and were

generated using Pbox software (Varian, Inc., Palo Alto, CA). This

generated the following inversion pulses using the center frequencies

(bandwidths): 1, no inversion; 2, 179.6 ppm (5.8 ppm); 3, 175.5 ppm

(1.25 ppm) and 180.3 ppm (4.3 ppm); 4, 176.3 ppm (2.5 pmm). For a

minimal band width of 1.25 ppm the longest shape used was 19.7 ms.

(A) Sequence for measuring 15N longitudinal relaxation. The amide

proton magnetization is inverted every 20 ms using a 330 ls

rectangular 180� pulse in the T1 relaxation period T with excitation

maximum shifted 4 ppm downfield from the carrier. Phase cycling is

as follows: u1 = x,–x; u2 = 4(x), 4(–x); u3 = x,x,y,y; u4 = x;

u5 = –y; u6 = y; u7 = –y; rec = y,–y,–x,x,–y,y,x,–x.

Quadrature detection in 15N is achieved by inverting u5, u6, u7 and

the receiver for every second fid and by setting u3 = x,x,–y,–y. In

addition u3 and the receiver are inverted for every second increment.

The data are processed in echo/antiecho fashion. (B) Pulse sequence

for measuring 15N T1q. 15N spin-lock field strength is 1.8 kHz. The

applied radio frequency power is kept constant using a compensating
15N spin-lock at the start of the sequence. 1H and 13C 180� pulses are

applied at 1/4 and 3/4 of the spin-lock period (Massi et al. 2004). For
13C, adiabatic inversion is used to cover both Ca and C0. (C) Pulse

sequence for measuring 15N{1H} NOE. 1H saturation is achieved with

120� pulses with a 5 ms interval for 3.5 s. 50 ms 15N GARP

decoupling is applied at the start of the sequence (Zhu et al. 2000).

Phase cycling is as follows: u1 = x,–x; u2 = x,–x; u3 = x,x,y,y;

u4 = x; u5 = –y; u6 = y; u7 = –y; rec = y,–y,–x,x
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after the variable time nitrogen relaxation delay. Subse-

quently magnetization is transferred via an INEPT pulse

element to C0 where a series of shaped selective inversion

pulses are applied. Then an HNCO-TROSY based detec-

tion scheme (Salzmann et al. 1998) is used without C0

chemical shift evolution, giving 2D 1H-15N spectra. The

option of C0 chemical shift evolution is kept intact in the

sequence, this is useful for calibration of the C0 inversions.

Therefore the C0 magnetisation is briefly rotated to the

transversal plane in similar fashion to the first increment of

an HNCO experiment and resides there for 2s0 (20 ls).

Solvent suppression is obtained using the Watergate

method (Sklenar et al. 1993). The Hadamard frequency

encoding is realized by dividing the spectrum into a set of

frequency bands and using shaped pulses to invert these

bands in one or more of the experiments. Linear combi-

nation of addition and subtraction of the resultant spectra

gives the Hadamard encoded spectra. Spectra can be

divided into N 2D sub-spectra for orders N = 2n or N = 4n

and the band selection frequencies can be calibrated for

optimum peak dispersion in each sub-spectrum. Here, four

frequency bands were chosen to cover the spectrum in the

C0 dimension, as described in the methods section.

In a first series of experiments, the accuracy of mea-

surements using these pulse sequences was validated using

a 2H–15N–13C ubiquitin sample. Residues 1, 16, 19, 23, 24,

26, 36, 37, 38, 39, 53, 58, 63, 71, 75, 76 were excluded

from rate analysis because either they are prolines or the

signal to noise ratio for the corresponding HSQC amide

cross-peak was less than ten. Residue 1 is cleaved during

protein expression. The relaxation rates measured for

ubiquitin with traditional and Hadamard encoded pulse

sequences and the percentage difference between the two

measurements are shown in Fig. 2 and the data are col-

lected in Table 1 (supplementary information). The RMSD

of the percentage differences are 1.6%, 2.8% and 5.5% for

T1, T2 and NOE experiments respectively and show no

systematic bias. Thus the difference between the two

A

400

450

500

550

600

650

700

750

800

850

0 20 40 60 80

)s
m(

1
T

TROSY-HSQC

Hadamard

B

-20

-15

-10

-5

0

5

10

15

20

0 10 20 30 40 50 60 70

ResidueResidue

C

50

60

70

80

90

100

110

120

130

140

150

0 10 20 30 40 50 60 70 80

Residue

)s
m(

2
T

TROSY-HSQC

Hadamard

D

-20

-15

-10

-5

0

5

10

15

20

Residue

D
if

fe
re

n
ce

 (
%

)
D

if
fe

re
n

ce
 (

%
)

E

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

0 20 40 60 80

Residue

N
O

E
 V

al
u

e

TROSY-HSQC

Hadamard

F

-20

-15

-10

-5

0

5

10

15

20

Residue

D
if

fe
re

n
ce

 (
%

)

0 10 20 30 40 50 60 70

0 10 20 30 40 50 60 70

Fig. 2 Validation of Hadamard

T1, T2 and NOE relaxation

pulse sequences. Relaxation

rates for [2H, 13C, 15N]-

ubiquitin from Hadamard

encoded spectra are comparable

with rates derived from standard

2D TROSY experiments (Zhu

et al. 2000). (A) T1 times and

(B) percentage difference. (C)

T2 times and (D) percentage

difference. (E) NOE values and

(F) percentage difference. The

measured relaxation rates are

given in the supplementary

information
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methods of relaxation measurement is within experimental

error.

Subsequently these methods were applied to relaxation-

time measurements in Escherichia coli Class II fructose

1,6-bisphosphate aldolase (FBP-aldolase), a 358 residue

78 kDa dimeric enzyme. Class II FBP-aldolase catalyses

the reversible aldol cleavage of fructose 1,6-bisphophate

(FBP) into two trioses: dihydroxyacetone phosphate

(DHAP) and glyceraldehyde 3-phosphate (Horecker 1972).

It adopts the (a/b)8 barrel fold (Cooper et al. 1996), which

is a common and versatile architecture, representing 10%

of all known enzyme structures (Reardon and Farber 1995).

Enzymes exhibiting an (a/b)8 barrel fold have been found

for 61 different types of E.C. number, including all primary

classes with the exception of ligases (Nagano et al. 2002).

However, at present no high-resolution dynamic studies

have been completed for such systems. This is due, in part,

to the extensive peak overlap caused by the high helical

content of such proteins. There are 206 amide cross-peaks

present in the 3D HNCO spectrum of 2H–15N–13C FBP-

aldolase which have a signal to noise ratio greater than

three. Of these only 38% (78 cross-peaks) can be unam-

biguously isolated in the corresponding 2D TROSY

spectrum (judged using standard criteria (Tugarinov et al.

2004)). The extensive cross peak overlap, particularly in

the central portion of the spectrum, present in the tradi-

tional TROSY-type relaxation experiments can be seen in

Fig. 3A. As such, a complete analysis of conformational

dynamics for this protein is critically impaired using

standard techniques. When Hadamard encoding is applied

(Fig. 3B–E), cross-peaks are sequestered into four sub-

spectra, dramatically reducing resonance overlap. This

allows the independent measurement of 79% (162) of the

cross-peaks, over twice the number previously measurable.

The T1 and T2 (derived from the T1q experiment) rates

have been measured for FBP-aldolase and are reported in

Table 2 (supplementary information). This reveals a mean

T1 and T2 of 1950± 30 ms and 20± 0.6 ms respectively,

corresponding to a calculated sc of 35± 1 ns using the

method of Tjandra et al. (1995). Although resonance

assignments have not been confirmed at present, these data

reveal high variance in the sub-nanosecond dynamics of

the peptide backbone which may be functionally related.

Figure 4 illustrates a cluster of four overlapped cross-peaks

which are sequestered into different Hadamard sub-spectra.

Without Hadamard encoding only one (peak number 1) of

the four overlapped cross-peaks can be measured using

TROSY based spectra. When Hadamard encoding is used

the relaxation rates for each of these resonances can be

independently measured. Some cross-peaks appear in

multiple spectra (see peaks 1 and 3 in Fig. 4) if the C0

chemical shift is near a band selection frequency boundary.

When this occurs measurements are taken from each

spectrum and averaged using an error weighted algorithm

(see methods).

Two issues affect the reduction of artifacts and clean

separation of signals into the different subspectra. First,

this depends upon how well matched the boundaries of the

inversion bands are between the experiments employing

different inversion pulses. This can be optimized with a

trial experiment as described in methods. Second, peak

intensities in the individually recorded experiments must

be the same within experimental error for the linear com-

bination to be effective. In principle differences in peak

intensities could arise from differential relaxation between

band selective pulses of different lengths. In this regard

IBURP2 is a good choice for the shaped inversion pulses as

the magnetization remains close to the z-axis for the

majority of the pulse trajectory. For an IBURP2 shaped

pulse the effect of relaxation of the transversal components

Fig. 3 TROSY and C0 encoded Hadamard spectra of the E.coli Class

II fructose-1,6-bisphophate aldolase. (A) TROSY spectrum displaying

the extensive cross-peak overlap with only 40% of the amide

resonances detected in the HNCO spectra (not shown) being suitable

for relaxation rate measurement. (B–E) Spectra derived from

Hadamard-TROSY pulse sequences exhibit significantly improved

peak dispersion allowing the measurement of * 80% of visible

peaks. Spectra were acquired with a 750 MHz spectrometer with a

cold-probe
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during the pulse has been estimated as equivalent to

transverse relaxation being present for 14.2% of the dura-

tion of the shaped pulse (Hajduk et al. 1993). This

indicates that relaxation during the shaped inversion pulses

is minor even for a protein the size of FBP-aldolase as long

as the duration of the shaped pulses is kept reasonably

short. In our current application inversion bandwidths

varied from 5.8 ppm to 1.25 ppm, leading to the duration

of the various shaped pulses varying between 4.27 ms and

19.7 ms, and no significant differences in intensity were

found between subspectra recorded with different inversion

bands. The differential relaxation between band selective

pulses of different lengths will however need to be taken

into account when much smaller bandwidths are used. It

can be accounted for by adjusting the length of the s0 delay

to compensate for differential relaxation between the

experiments. Very long inversion pulses (�20 ms) will

however lower the sensitivity of the experiment.

Conclusions

C0 band selection is an efficient method for decreasing

resonance overlap as backbone amide nitrogen and C0

chemical shifts are not correlated. Despite the additional

magnetization transfer step, the inversion pulses do not

require a C0 chemical shift evolution and as such signal-to-

noise is not dramatically reduced. In comparison with

traditional HSQC-TROSY relaxation experiments, the

signal-to-noise ratio is reduced by a factor of 1.8 for

ubiquitin, (recorded at 25�C, 750 MHz) and 2.6 for FBP-

aldolase (also recorded at 25�C, 750 MHz). Unlike alter-

native methods such as tilted plane projections where a

series of discrete spectra are recorded (Tugarinov et al.

2004) the Hadamard approach allows all peaks to be

simultaneously measured in each experiment thus maxi-

mizing signal to noise per unit time. Other pulse sequences

used for quantitative measurements of protein structure and

dynamics, such as relaxation dispersion or residual dipolar

couplings, could also be adapted in a similar manner

(Brutscher 2004). This suite of pulse sequences offers a

simple and efficient method of peak separation in large

protein systems in combination with quantitative mea-

surement of sub-nanosecond dynamic motion. It is hoped

this will further stimulate the investigation of large bio-

molecules by NMR.
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