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Abstract Heteronuclear direct-detection experiments,

which utilize the slower relaxation properties of low c
nuclei, such as 13C have recently been proposed for

sequence-specific assignment and structural analyses of

large, unstructured, and/or paramagnetic proteins. Here we

present two novel 15N direct-detection experiments. The

CAN experiment sequentially connects amide 15N reso-

nances using 13Ca chemical shift matching, and the CON

experiment connects the preceding 13C0 nuclei. When

starting from the same carbon polarization, the intensities

of nitrogen signals detected in the CAN or CON experi-

ments would be expected four times lower than those of

carbon resonances observed in the corresponding 13C-

detecting experiment, NCA-DIPAP or NCO-IPAP (Bermel

et al. 2006b; Takeuchi et al. 2008). However, the disad-

vantage due to the lower c is counteracted by the slower
15N transverse relaxation during detection, the possibility

for more efficient decoupling in both dimensions, and

relaxation optimized properties of the pulse sequences. As

a result, the median S/N in the 15N observe CAN experi-

ment is 16% higher than in the 13C observe NCA-DIPAP

experiment. In addition, significantly higher sensitivity was

observed for those residues that are hard to detect in the

NCA-DIPAP experiment, such as Gly, Ser and residues

with high-field Ca resonances. Both CAN and CON

experiments are able to detect Pro resonances that would

not be observed in conventional proton-detected experi-

ments. In addition, those experiments are free from prob-

lems of incomplete deuterium-to-proton back exchange in

amide positions of perdeuterated proteins expressed in

D2O. Thus, these features and the superior resolution of
15N-detected experiments provide an attractive alternative

for main chain assignments. The experiments are demon-

strated with the small model protein GB1 at conditions

simulating a 150 kDa protein, and the 52 kDa glutathione

S-transferase dimer, GST.
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Introduction

Heteronuclear direct-detection experiments, which take

advantage of the slower relaxation properties of nuclei with

a lower gyromagnetic ratio, c, have recently been consid-

ered as tools for extending the limits of NMR in structural

and functional studies of proteins. A variety of pulse

sequences have been developed for resonance assignments

and structure analyses of proteins using 13C-direct detec-

tion (Serber et al. 2001; Arnesano et al. 2005; Lee et al.
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2005; Bermel et al. 2003, 2006a, b; Takeuchi et al. 2008;

Felli and Brutscher 2009; Hsu et al. 2009; Takeuchi et al.

2010). However, direct detection of 15N, which has the

lowest c within nuclei located in the protein backbone, has

not been extensively exploited so far. In the past, one-

dimensional 15N-direct detection experiments have been

used to obtain structure information near active sites of

paramagnetic proteins (Vance et al. 1997; Machonkin et al.

2004; Balayssac et al. 2006; John et al. 2006; Lin et al.

2009), but multidimensional experiments have not been

developed. In addition, it was shown that the slow 15N

relaxation results in ultra high-resolution spectra, which is

also quite attractive for diamagnetic proteins (Vasos et al.

2006).

Experiments that focus on 15N detection have great

promise for characterization of proline-rich sequences that

are difficult to study with 1H-detected experiments lacking

the amide protons of the imino acids. Sequences of many

prolines are often found in phosphorylation sites of regula-

tory domains of proteins that function in signaling pathways,

in transcription factors or translational regulators. Little is

known about structural changes due to phosphorylation.

Here, we present two 15N direct-detection HSQC-type

experiments. The CAN experiment provides sequential

connections between 15N resonances using 13Ca chemical

shift matching (Fig. 1a). It correlates the amide nitrogen’s

of residue i, 15Ni, with those of the 13Ca spins in both the

same residue (13Ca
i and the proceeding one (13Ca

i�1;

providing an alternative way for establishing assignment of

main chain resonances using heteronuclear detection. This

can be complemented with a 15N detected CON experi-

ment, which correlates the amide nitrogen’s of residue i,
15Ni, to the 13C0 spin in the proceeding residue (13C0i-1 The

combination of the two experiments yields assignment of

backbone heavy atoms (15N, 13Ca, 13C0) including prolines.

The feasibility of the experiments is demonstrated with the

B1 domain of protein G at conditions simulating the tum-

bling of a 150 kDa protein, and the 52 kDa glutathione

S-transferase dimer, GST.

Materials and methods

All chemicals were purchased from Sigma (St. Louis, MO)

unless otherwise noted. All stable-isotope-labeled mate-

rials were acquired from Cambridge Isotope laboratories

(Cambridge, MA).

Expression and purification of the B domain

of protein G (GB1)

The gene for His6-tagged GB1, consisting of 64 amino acid

residues, was cloned into the pET9d vector (Novagen, San

Diego, CA) as previously described (Frueh et al. 2005).

GB1 was expressed in commercially available BL21 (DE3)

E. coli cells (Novagen) at 37�C and protein expression was

induced for 6 h at the same temperature. For uniformly
2H15N13C labeled samples, the cells were cultured in 2H,
15N, 13C M9 media containing 8.5 g/l Na2HPO4, 3 g/l

KH2PO4, 0.5 g/l NaCl, 2 mM MgCl2, 0.1 mM CaCl2 in

D2O, which was supplemented with 2 g/l 2H13C glucose

and 1 g/l of 15NH4Cl. The protein was purified with

Ni–NTA affinity chromatography as previously described

(Frueh et al. 2005).

Expression and purification of the glutathione

S-transferase

The commercially available pGEX-4T-1 vector (GE Health-

care Biosciences, Pittsburgh, PA) was used to express Gluta-

thione S-Transferase (GST) protein. The pGEX-4T-1 vector

expresses the 26-kDa GST protein with a 19 amino-acid residue

C-terminal flexible tail, which contains a thrombin cleavage

site. Uniformly 2H15N13C-labeled GST was expressed in

commercially available BL21 (DE3) E. coli cells (Novagen) at

25�C and protein expression was induced for 12 h. Culture

media for the expression were the same as for uniformly
2H15N13C-labeled GB1. The protein was purified with Gluta-

thione Sepharose affinity chromatography (GE Healthcare

Biosciences) following manufacturer’s recommendation. The

C-terminal flexible tail was cleaved by Thrombin and the

resultant 226 amino-acids GST protein was purified by

Superdex-75 gel filtration column as a 52 kDa homodimer.

NMR experiments for GB1

NMR spectra were recorded on a Bruker (Billerica, MA)

Avance 500 spectrometer equipped with a triple-resonance

cryogenic probe (TXO) equipped with the carbon/nitrogen

inner coil and cryogenic preamps, designed for heteronu-

clear-detection experiments. Spectra of the uniformly
2H15N13C-labeled GB1 sample (4 mM) were recorded at

8�C in buffer containing 10 mM sodium phosphate (pH 6.8),

100 mM NaCl, 20% w/v deuterated glycerol in D2O with

3 mM Gd (DTPA-BMA). The molecular tumbling of GB1

under those conditions corresponds to a 150 kDa protein at

25�C (Takeuchi et al. 2008). The 2D CAN experiments were

recorded with spectral widths of 1,721 (15N, direct) and

3,769 Hz (13C, indirect). The two-dimensional NCA

experiments, with a double IPAP (DIPAP) scheme (Bermel

et al. 2006b), were recorded with spectral widths of 3,754

(13C, direct) and 1,722 Hz (15N, indirect). In both spectra,
13C and 15N frequencies were centered at 55 and 117 ppm,

respectively. For the 2D CAN experiment, 1,232 (15N, direct

dimension) and 100 (13C, indirect dimension) complex data

points were recorded. In the 2D NCA-DIPAP experiment,
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1,360 (13C, direct) and 100 (15N, indirect) complex data

points were recorded. For each increment, 160 scans were

accumulated. For reconstructing the 13C-decoupled data

from the DIPAP scheme, 53.8 Hz 1JCaCb and 34.5 Hz 1JCaC0

couplings were used, which are the default values in TOP-

SPIN (Bruker; Billerica, MA). A cosine-apodization func-

tion was applied for each FID and zero filled to 2,048 data

points in the direct dimension before Fourier transformation.

For the indirect dimensions, a cosine-apodization function

and zero fill to 256 data points were applied. The digital

resolution in the direct and indirect dimensions after Fourier

transformation was 0.87 and 15 Hz for the 2D CAN exper-

iment and 1.8 and 6.7 Hz for the 2D NCA experiment. The

recycling delay was set to 1.6 s for both experiments. All

Fig. 1 Design and pulse scheme of the CAN experiment optimized

for uniformly 2H15N13C-labeled samples. a Illustration of the

coherences correlated in the CAN experiment with a schematic

representation of the 2D CAN spectrum. The nuclei involved in this

experiment are colored in red. Arrows indicate the magnetic transfer

pathways in the CAN experiment. b and c Pulse program of b the

nitrogen-detected CAN experiment and c the carbon-detected 2D

NCA-DIPAP experiment (Bermel et al. 2006b). Narrow and wide

black bars indicate nitrogen p/2 and p pulses, respectively. Narrow

and wide semi elliptical shapes on the carbon channel represent p/2

and p Gaussian cascades pulses selective for the frequencies of

aliphatic carbon nuclei (Q5/256 and Q3/205 ls, respectively) (Ems-

ley and Bodenhausen 1992). Wider Gaussian shapes in gray indicate

Ca selective Gaussian cascades pulses (Q3/1,557 ls). In the CAN

experiment, carbon decoupling during the nitrogen-detection period

was achieved by using WURST broadband adiabatic inversion

(Kupče and Freeman 1995; Kupče et al. 1996). Broadband adiabatic

inversion was also used for the carbon decoupling during nitrogen

evolution in the NCA-DIPAP experiment. All pulses are applied

along the x-axis unless otherwise indicated. The short delay e = 5 ls

compensates for the non-zero value of the initial t1 increment. The

phase cycle employed was /1 = (x, -x), /rec = (x, -x) for the CAN

experiment. For the NCA experiment /1 = (x, -x), /DIPAP = (x, x,

x, x, -x, -x, -x, -x) for IPIP and APAP, (-y, -y, -y, -y, y, y, y,

y) for APIP, and (y, y, y, y, -y, -y, -y, -y) for IPAP, /rec = (x, -x,

-x, x, -x, x, x, -x). Phase sensitive spectra in the indirect dimension

are obtained by incrementing the phases /1 in a States-TPPI manner

(Marion et al. 1989). The recycling delay is optimized based on the

longitudinal relaxation rate of the excited nucleus. The sine-shaped

pulsed field gradients were applied along the z-axis for 1.0 ms with

maximum intensities of G1 = 10 G/cm for the CAN experiment and

G1 = 15 G/cm and G2 = 25 G/cm for the NCA-DIPAP experiment.

Deuterium and nitrogen decoupling are achieved by using WALTZ16

(1 kHz) (Shaka et al. 1983) and GARP (Shaka et al. 1985; 1.5 kHz),

respectively
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spectra were processed with TOPSPIN or XWINNMR

(Bruker; Billerica, MA) and analyzed with the program

Sparky (Goddard and Kneller 2004).

NMR experiments for GST

NMR spectra were recorded on the same instrument as the

GB1 sample. Spectra of the uniformly 2H15N13C-labeled

GST dimer (0.75 mM, 1.5 mM as monomer concentration)

were recorded at 25�C in a buffer containing 10 mM

sodium phosphate (pH 6.8), 100 mM NaCl, and 4 mM Gd

(DTPA-BMA) in D2O. The 2D CAN experiments were

recorded with spectral widths of 2,541 (15N, direct) and

3,769 Hz (13C, indirect) with the center frequencies at

122 ppm (15N) and 55 ppm (13C), respectively. 512 (direct)

and 105 (indirect) complex data points were recorded. For

each increment, 768 scans were accumulated. The 2D CON

experiment was recorded with spectral widths of 2,541

(15N, direct) and 2,513 Hz (13C, indirect) with the center

frequencies at 122 ppm (15N) and 176 ppm (13C), respec-

tively. 512 (direct) and 41 (indirect) complexed data points

were recorded with Tc = 8.5 ms and D = 14.5 ms. For

each increment, 672 scans were accumulated. The 3D

TROSY-HNCA experiment was recorded after exchanging

the media from D2O to H2O. The sample was left at room

temperature for 4 days to promote D to H exchange in

amide positions. The experiment was recorded with a

spectral width of 9,615 (direct) 9 2,675 (indirect,

N) 9 4,829 Hz (indirect, 13C) with the center frequencies

at 4.7 ppm (1H), 120 ppm (15N) and 55 ppm (13C). 512

(direct) 9 32 (indirect, N) 9 64 (indirect, 13C) complex

data points were recorded. For each increment, 24 scans

were accumulated. For all GST spectra, a cosine-apodiza-

tion function was applied for each FID, then zero filled up

to 1,024 data points for the direct dimension before Fourier

transform. The recycling delay was set to 1.8 s. 2D CAN,

CON, and 3D TROSY-HNCA were recorded for 3.5, 1.5

and 3 days, respectively. All spectra were processed with

TOPSPIN or XWINNMR (Bruker; Billerica, MA) and

analyzed with the program Sparky (Goddard and Kneller

2004).

Experimental design

In principle, the CAN nitrogen-detected experiment pro-

vides the same correlations as the 13C-detected NCA

experiment (Bermel et al. 2006b; Takeuchi et al. 2008). In

practice, it may provide additional resolution in the nitro-

gen dimension and it can be achieved with a simpler pulse

sequence resulting in a comparable but more uniform

sensitivity. In a rough estimate, the intensity of a signal is

proportional to c of the excited nucleus and to c3/2 of the

detected nucleus (Ernst 1987). Since (cN/cC)3/2 is 0.25, the

intensities of detected 15N nuclei are expected to be four

times lower than those of detected 13C nuclei, assuming

equal polarization. However, 13Ca direct detection of a

uniformly 13C-labeled protein is not straightforward owing

to the presence of several strong one-bond 13C–13C cou-

plings that split the signals into multiplets and hence reduce

the sensitivity. While the spectral complexity can be

avoided by computational deconvolution (Shimba et al.

2003), spin-state selective schemes such as IPAP (Bermel

et al. 2007), or a recently developed 13C–12C alternate

labeling strategy (Takeuchi et al. 2008), using a 15N direct-

detection experiment is a good alternative to avoid this

problem. Since 13C evolution is performed in the indirect

dimension, evolutions under multiple 13C–13C scalar cou-

plings can easily be refocused by the application of

inversion pulses and by using a constant-time periods. In

addition, since the height of a detected signal is given by

the integral over the envelope of the detected signal, sen-

sitivity losses due to the lower c of 15N nuclei can at least

partially be compensated by the slower transverse relaxa-

tion of 15N.

Figure 1b shows the pulse scheme of the CAN nitrogen-

detected experiment for a uniformly 2H15N13C-labeled

sample. The first INEPT module converts a carbon Ca
i

single quantum coherence (SQC) into longitudinal two-

spin order involving Ca
i and either of the two scalar-

coupled nitrogen’s (Ni and Ni?1) (b). Concomitantly, the

coherence is encoded with the Ca
i chemical shift in either a

semi-constant time (SCT; Grzesiek and Bax 1993; Logan

et al. 1993) or a constant-time fashion, depending on the

value of n1max. The density operator, r, at point b is thus:

rb ¼ cos ðxCa
i
Þt1

� �
2NziC

a
z SCð1Ji=iÞCCð2Ji=iþ1Þ

�

þ2Nziþ1Ca
z iSCð2Ji=iþ1ÞCCð1Ji=iÞ þ . . .

�
e�2Tc=T2Ca ð1Þ

where only the real component of the indirect FID is

depicted. SC(1Ji/i) = sin(p1JCaiNi2TC) and SC(2Ji/i?1) =

sin(p2JCaiNi?12TC), while C stands for a cosine of the

corresponding arguments. T2Ca is the transverse relaxation

rate for 13Ca. The initial value of the SCT/CT period 2TC is

set to 1/1JCaCb (28 ms) to minimize losses due to scalar

couplings between 13Ca and 13Cb. The tuning of the delay

is also set to minimize evolution into doubly antiphase

coherences involving both neighboring nitrogen’s, which

would end up in non-detectable double quantum coherence.

The evolution in t1 under this coupling is scaled from

1/SWC to 1/SWC -2TC/nmax in the SCT evolution and null

in the CT evolution. The following module (c-d) converts

nitrogen antiphase SQCs into detectable NH single quan-

tum coherences:
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where SN(1Ji/i) = sin(p1JCaiNi2TN) and SN(2Ji/i?1) =

sin(p2JCaiNi?12TN), while C stands for a cosine of the

corresponding arguments. T2N is the transverse relaxation

rate for 15NH. To maximize the amplitude of both intra-

residual and sequential coherences, 2TN is set to 1/4JCaN

(*22 ms). Note that sequential coherences reach their

maximum at *70 ms unless T2N is longer than 60 ms,

however, the intra-residual correlations are largely sup-

pressed in this case. See Fig. S1 for the evolution of the N

single quantum coherences in the CAN experiment.

Compared to the NCA double IPAP (NCA-DIPAP)

experiment (Fig. 1c), the carbon transverse period of the

CAN experiment is significantly shorter (28 ms in CAN

compared to 44 ms in NCA-DIPAP). Instead, the CAN

experiment has 22 ms of a slower-relaxing nitrogen-

transverse period. Thus, in the CAN experiment, signal

losses due to relaxation of coherences during the pulse

sequence are significantly less than in the NCA-DIPAP

experiment. This ameliorates the intrinsic low sensitivity of

the CAN experiment.

Instead of the ‘‘out-and-stay’’ type transfer used in this

paper, one can also consider a ‘‘out-and-back’’ CAN

experiment, which utilizes 15N nuclei for both excitation

and detection. Although, the carbon transverse period can

be minimized in this way, excitation of the lower c nuclei

decreases the sensitivity further by 2.5-fold. In addition, a

longer longitudinal-relaxation time of 15N nuclei would

require a longer repetition delay, which would decrease

the time-efficiency of the experiment. Thus, the ‘‘out-

and-stay’’ sequence that excites higher c 13C nuclei while

taking advantage of the slower transverse relaxation of 15N

nuclei for detection is preferred.

Result and discussion

Experiments were recorded on a 4 mM sample of the B1

domain of protein G (GB1) uniformly 2H15N13C-labeled

and dissolved in D2O buffer supplemented with 3 mM Gd

(DTPA-BMA). To simulate the tumbling of a 150 kDa

protein, 20% glycerol was added, and the experiment was

recorded at 281 K [for a calibration of the correlation time,

see (Takeuchi et al. 2008)]. All experiments were recorded

in D2O to minimize the proton-nitrogen and proton-carbon

dipole interactions between HN and 15NH or 13Ca. Para-

magnetic reagents, such as Gd(DTPA-BMA) or Ni(DO2A)

have been used for efficient detection of carbon and proton

resonance without significantly accelerating transverse

relaxation rates (Eletsky et al. 2003; Cai et al. 2006;

Takeuchi et al. 2010). Addition of 3 mM Gd (DTPA-

BMA) to the ‘‘150 kDa’’ GB1 sample decreased T1 values

for Ca from 4.3 to 1.3 s. The average transverse relaxation

times, T2, of 13Ca and 15N estimated from a spin echo

experiment was 60 ms for 13Ca and 120 ms for 15N after

addition of 3 mM Gd (DTPA-BMA). Since the T2 of 13Ca

and 15N were 70 and 140 ms, respectively, before addition

of the paramagnetic relaxation agents, only a *14%

decrease in T2 is observed. Thus, it becomes possible to

accumulate scans *3.3 times as fast in presence of the

relaxation agent. This, in turn represents a *1.8 fold gain

in S/N.

Figure 2a shows the comparison between the nitrogen-

detected 2D CAN spectrum and the carbon-detected 2D

NCA-DIPAP spectrum. The measuring time for each spec-

trum was 15 h. Both spectra are shown with the same scale

in Hz for the direct dimension and the same number of

points was recorded for the indirect dimension. The acqui-

sition time for the direct dimension was set to approximately

3 9 T2 of the detected nuclei of each experiment (358 ms

for CAN and 181 ms for NCA-DIPAP), so that a sufficient

resolution is achieved without significantly sacrificing sen-

sitivity (Rovnyak et al. 2004). A cosine-apodization func-

tion was applied to suppress the artifacts due to time-domain

signal truncation, and each FID was zero filled up to 2,048

data points before Fourier transform. The digital resolution

for the direct dimensions after Fourier transformation was

0.84 and 1.8 Hz for the CAN and NCA-DIPAP experiment,

respectively.

Comparison of slices for the same correlation (Phe52

intra-residual cross peak, marked with an asterisk at the top

traces of the Fig. 2a and b, and in the enlarged insert panels)

demonstrates that the line-width in the direct dimension is

much narrower in CAN than in NCA. The line width for the

intra-residual correlation peak of Phe52 (without apodiza-

tion) was 3.4 Hz for CAN and 11 Hz for NCA-DIPAP.

Whereas the line width (LW) for nitrogen is almost com-

parable to the value estimated from T2 (LW = 1/T2 9

1/p = 2.7 Hz), the LW for carbon was much broader than

the estimated value (LWRX = 5.3 Hz). This emphasizes the

difficulty of achieving a perfect decoupling in the DIPAP

scheme. In contrast to the NCA experiment (see below), all

intra-residual as well as sequential correlations were

observed in the nitrogen-detected CAN experiment (See Fig.

S2 for CAN spectrum with assignment procedures). It is

rd ¼ cos ðxCa
i
Þt1

� �
�

NyiSCð1Ji=iÞCCð2Ji=iþ1ÞSNð1Ji=iÞCNð2Ji�1=iÞe�ixiþt2þ
Nyiþ1SCð2Ji=iþ1ÞCCð1Ji=iÞSNð2Ji=iþ1ÞCNð1Jiþ1=iþ1Þe�ixiþt2 þ . . .

 !
e�2TC=T2Ca e�2TN=T2N ð2Þ
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interesting to note that the side chain correlations from Asn

(Cb-Nd) and Gln (Cc-Ne) were also observed in the 2D CAN

spectrum (cyan and orange arrowheads, respectively in

Fig. 2a).

In the NCA-DIPAP experiment, one intra-residue

(Thr25 Ca-N) and two sequential (Thr25 Ca-Ala26 N, and

Ser58 Ca-His59 N) correlations were not observed. This is

due to the application of selective Ca pulses in the DIPAP

scheme and results from imperfect inversions of high-field

Ca resonances. As the Phe52 intra-residual cross peak

showed almost the same S/N in the CAN and NCA-DIPAP

experiments, it seems that the lower c of 15N nuclei was fully

Fig. 2 Comparison of the CAN experiment with the NCA-DIPAP

experiment. a CAN and b NCA-DIPAP spectra of uniformly
2H15N13C labeled GB1 (4 mM) recorded at conditions simulating a

150 kDa protein (20% glycerol, 281 K). The measurement times for

the CAN and NCA-DIPAP experiments were 15 h, each. Both spectra

are shown at the same scale in Hz for the direct dimension and the

same number of points was recorded for the indirect dimension.

Positive and negative correlation peaks are shown in red and cyan,

respectively. The Phe52 intra-residual cross peak is enlarged in the

insert panels and the corresponding one-dimensional slices along the

direct dimension are shown at the top of the 2D spectrum as well as in

the enlarged panels. In the 2D CAN spectrum, cyan and orange
arrowheads indicate side chain correlations from Asn (Cb-Nd) and

Gln (Cc-Ne), respectively. The 2D CAN experiment was recorded

with a spectral width of 1,721 (direct) 9 3,769 Hz (indirect). The

NCA-DIPAP experiment was recorded with a spectral width of 3,754

(direct) 9 1,722 Hz (indirect). In both spectra, 13C and 15N frequen-

cies were centered at 55 and 117 ppm, respectively. For the 2D CAN

spectrum, 1,232 (direct) 9 100 (indirect) complexed data points were

recorded with Tc = 14 ms and TN = 11 ms. Whereas 1,360

(direct) 9 100 (indirect) complex data points with Tc = 11 ms were

recorded for the 2D NCA-DIPAP experiment. For each increment,

160 scans were acquired. For the reconstruction of the decoupled data

from the DIPAP scheme, 53.8 Hz 1JCaCb and 34.5 Hz 1JCaC0

couplings were used. Those are the default values in the software

TOPSPIN (Bruker; Billerica, MA). A cosine apodization function was

applied to each FID, and the direct dimensions were zero-filled up to

2,048 data points before Fourier transform. c Histogram of the S/N

ratios in the CAN versus the NCA-DIPAP experiment. The right most

column is for all correlations that showed [S/N(CAN)]/[S/N(NCA-

DIPAP)] [ 4
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compensated by the slower 15N transverse relaxation rate, a

better decoupling scheme for the detected nuclei, as well as

the relaxation-optimized properties of the pulse sequence.

This is clearly summarized in Fig. 2c, as the median of

the S/N in the CAN experiment is 16% higher than that of

the NCA-DIPAP experiment. The average of the S/N was

even higher for the nitrogen-detected experiment ([S/N

(CAN)]/[S/N (NCA-DIPAP)] = 1.69) since Gly, Ser and

some high-field Ca signals are significantly weaker in the

NCA-DIPAP experiment. There are 12 correlations that

have [2.5 times better S/N in the CAN experiment com-

pared to the NCA-DIPAP experiment. These correlations

originate from Gly (4/5 residues) and Ser (1/1 residue) as

well as one of the Thr signals that showed a significantly

high-field Ca chemical shift (66.0 ppm). No signal in the

CAN experiment was below 50% of the corresponding

NCA-DIPAP signal.

As discussed above, sequential coherences reach their

maximum at 2TN * 70 ms, when the intra-residual cor-

relations are largely suppressed. Figure 3 shows a

comparison of the nitrogen-detected 2D CAN spectrum

with 2TN = 22 ms (A, C) and 70 ms (B, D). It is clearly

shown that the intra-residual correlations are suppressed

with a 70 ms delay, whereas, sequential coherences have in

average a S/N that is 16% higher at 70 ms than at 22 ms

(Fig. 3e).

While the 2D spectra shown here are well dispersed with

narrow lines and exhibit good sensitivity, the sensitivity

and resolution can be further improved by using non-uni-

form sampling with suitable processing schemes (Hyberts

et al. 2010). As shown in supplemental Fig. S3, a compa-

rable spectrum was obtained with non-uniform sampling

and FM reconstruction. The sampling schedule was

designed by selecting gaps according to a Poisson distri-

bution (Hyberts et al. 2010). The measuring time was 6.5 h

compared to the 15 h needed with uniform sampling.

With the exception of two sequential correlations (Thr18
13Ca- Glu19 15NH and Thr49 13Ca- Lys50 15NH), all

intra-residue and sequential correlations are observed in the

non-uniformly sampled CAN spectrum.

Alternate 13C–12C labeling may also be used in con-

junction with the CAN experiment. There are two benefits

associated with alternate 13C–12C labeling. Due to the

absence of the 1JCaCb coupling, the carbon–nitrogen INEPT

delay (a-b, in Fig. 1) can be shortened from 28 to 22 ms

(the optimal value depends also on the 13Ca T2), which

reduces sensitivity losses during this period. For instance

the 52 kDa GST dimer, which we will discuss below, has a
13Ca T2 of 30 ms. In this case, we estimate that about 30%

stronger coherences will be preserved in the first INEPT

transfer.

Furthermore, if the neighboring residues are not 13C

labeled in the Ca position, the conversion of nitrogen

antiphase SQCs into the detected NH single quantum

coherences becomes more efficient. For this case, the

evolution of the intra-residual correlation in uniformly
13C-labeled protein can be modified from (2) to the

following:

If Ca of residue i-1 is not 13C labeled, SN(2Ji-1/i)

becomes zero and CN(2Ji-1/i) becomes one, since there is

no 2Ji-1/i coupling. Thus, only the detectable term of Eq.

(2-1) would remain, avoiding the leakage of coherence to

undetectable term, and the expression simplifies to:

rd¼cos ðxCa
i
Þt1

� �

�NyiSCð1Ji=iÞCCð2Ji=iþ1ÞSNð1Ji=iÞe�ixit2 e�2TC=T2Ca e�2TN=T2N

ð3�1Þ

Similarly, the sequential correlation in uniformly
13C-labeled protein can be re-written in a modified form

of Eq. (2), (2-2), including a non-detectable term.

If Ca of residue i ? 1 is not 13C labeled, SN(2Ji?1/i?1)

becomes zero and CN(2Ji?1/i?1) becomes one, since there is

no coupling value for 1Ji?1/i?1. Thus, only the detectable

term of Eq. (2-2) would remain, avoiding the leakage of

coherence to undetectable terms Eq. (3-2).

rd ¼ cos ðxCa
i
Þt1

� �
�

NyiSCð1Ji=iÞCCð2Ji=iþ1ÞSNð1Ji=iÞCNð2Ji�1=iÞe�ixit2

�2NxiC
a
z iSCð1Ji=iÞCCð2Ji=iþ1ÞCNð1Ji=iÞSNð2Ji�1=iÞe�ixit2

 !
e�2TC=T2Ca e�2TN=T2N ð2-1Þ

rd ¼ cos ðxCa
i
Þt1

� �
�

Nyiþ1SCð2Ji=iþ1ÞCCð1Ji=iÞSNð2Ji=iþ1ÞCNð1Jiþ1=iþ1Þe�ixiþ1t2

�2Nziþ1Ca
z iSCð2Ji=iþ1ÞCCð1Ji=iÞCNð2Ji=iþ1ÞSNð1Jiþ1=iþ1Þe�ixiþ1t2

 !
e�2TC=T2Ca e�2TN=T2N ð2-2Þ
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More generally, if the Ca 13C labeling ratio of residue i-

1 and i ? 1 is written as Li-1 and Li?1, respectively.

Equation 3-1 and 3-2 are written as:

And

Supplemental Fig. S4 shows the evolution of the intra-

residual and sequential correlations with different 13Ca

labeling ratios in the neighboring residues. Both intra-

residual and sequential correlations are transferred more

efficiently with lower 13Ca-labeling ratios in the neigh-

boring residues. It may be beneficial to use this strategy for

Fig. 3 Comparison of the CAN

experiment recorded with

different nitrogen refocusing

periods (TN). a The CAN

spectrum of uniformly
2H15N13C labeled GB1 (4 mM)

recorded with the same

conditions as in Fig. 2, with

TN = 11 ms. b same with

TN = 35 ms. Positive and

negative correlation peaks are

shown in red and cyan,

respectively. The regions boxed

in (a) and (b) are enlarged in (c)

and (d). The measuring time for

both spectra were 15 h, each. In

the enlarged 2D CAN spectra,

black arrowheads indicate

sequential correlations. e
Histogram of the ratios of S/N

in the CAN experiment with

TN = 35 and 11 ms. Sequential

and intra-residual correlations

are shown with solid red and

open black bars, respectively

rd ¼ cos ðxCa
i
Þt1

� �
� Nyiþ1SCð2Ji=iþ1ÞCCð1Ji=iÞSNð2Ji=iþ1Þe�ixiþ1t2 e�2TC=T2Ca e�2TN=T2N ð3-2Þ

rd ¼ cos ðxCa
i
Þt1

� �
�

NyiSCð1Ji=iÞCCð2Ji=iþ1ÞSNð1Ji=iÞCNð2Ji�1=iÞe�ixit2 � Li�1þ

NyiSCð1Ji=iÞCCð2Ji=iþ1ÞSNð1Ji=iÞe�ixit2 � ð1� Li�1Þ þ . . .

 !
e�2TC=T2Ca e�2TN=T2N ð4-1Þ

rd ¼ cos ðxCa
i
Þt1

� �
�
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 !
e�2TC=T2Ca e�2TN=T2N ð4-2Þ
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large molecular weight proteins to enhance the sensitivity

of weaker sequential correlations. In the case of the GST

dimer (80 ms nitrogen T2 and 30 ms 13Ca T2), a sequential

correlation with\20% 13Ca labeling ratio in the succeeding

residue is expected to be more than twice as sensitive as

when using uniform 13C labeling (22 ms nitrogen delay).

The alternate 13C–12C labeling can also be used to classify

the amino acid type of neighboring residues since different

labeling patterns occur for different amino acids. Figure S5

shows the ratio of signal intensity for sequential correla-

tions between the spectra recorded with 22 and 60 ms

nitrogen refocusing periods. The ratio becomes negative

for those residues that have a succeeding residue with

100% 13Ca labeling (Ala, Cys, Gly, His, Phe, Ser, Tyr, Trp,

and Val), while other residues exhibit positive values. This

information provides valuable hints about the amino-acid

types of succeeding residues along with its chemical shift

information.

We also recorded the 2D CAN experiment for the

52 kDa GST protein dimer. A 0.75 mM sample of the

uniformly 2H15N13C-labeled GST dimer (1.5 mM mono-

mer concentration) was prepared in buffered D2O and

supplemented with 4 mM Gd(DTPA-BMA). The addition

of the 4 mM Gd(DTPA-BMA) shortened the 13Ca T1 for

the entire protein including the core. The average T1 for
13Ca measured under this condition was 1.4 s, which is

significantly shorter than the T1 value without Gd (DTPA-

BMA) (*3.6 s). No signals with T1 values longer than

1.8 s were observed in an inversion recovery experiment.

T2 values of 30 ms for 13Ca and 80 ms for 15N were

measured under these conditions. The 13Ca T1 without Gd

(DTPA-BMA) was shorter in GST than for GB1 at the

‘‘150 kDa’’ condition, consistent with a shorter rotational

correlation time (sC) (or smaller molecular weight) of the

GST protein. However, T2 values were significantly shorter

in GST most likely due to the presence of partial aggre-

gation and/or exchange broadening in the GST sample. In a

3.5 day experiment, we could observe *250 resolved

signals, which correspond to *54% of the total expected

resonances, including both inter- or intra-residue signals

(Fig. 4). The observed resonances are reasonably narrow

and well dispersed, indicating the applicability of the CAN

experiment to higher molecular weight protein systems at

moderate concentrations. It is worth noting that 13 out of

14 Pro Cd-N correlations were observed and are placed in a

dashed frame in Fig. 4. All of the Pro Cd-N correlations

except one (dN = 136 ppm) can be associated with the

corresponding Ca-N cross peaks with carbon chemical

shifts around 61–67 ppm. Three of them have additional

signals in carbon chemical shifts below 60 ppm, which

correspond to sequential correlations. This indicates that

most of the intra-residual correlations are observed in this

spectrum, while sequential correlations are barely above

the noise level. This is further confirmed by the smaller

number of correlation peaks in the CAN experiment with a

70 ms nitrogen refocusing delay TN, which selects for

sequential over intra-residual correlations (see Fig. S1 and

discussion above, data not shown). Since the sequential

correlations are expected to be three times less sensitive

compared to intra-residual correlations, with the estimated

T2 values for 13Ca and 15N, using longer measuring times

will significantly enhance the performance of this experi-

ment. We expect that this is best achieved at higher mag-

netic fields where the sensitivity is improved by an

enhanced polarization. It is clear that further improvements

need to be introduced at the hardware level as well as in

data acquisition and processing to enable a routine use of

this experiment for very large proteins. However, as we

will discuss below, a similar number of peaks are missing

in the HNCA experiment recorded in a comparable

experimental time (3 days) and the 1H-15N TROSY HSQC

spectra. Thus, the absence of these correlations is likely

due to a large degree to exchange processes and lack of

optimization of sample conditions and not only due to a

low sensitivity of the nitrogen detected experiments.

An experiment for detecting 13C0-15N correlations,

CON, was designed with a similar pulse scheme as in

Fig. 1 (Fig. S6). While the 13C0 transverse relaxation is

faster compared to 13Ca in higher molecular weight pro-

teins and at high magnetic-field, it may nevertheless be

beneficial to utilize the efficient coherence transfer path-

way. In addition, the ‘‘out-and-stay’’ type transfer used in

the CON experiment shortens the C0 transverse period to

33 ms compared to 66 ms used in NCO-IPAP, which use

the ‘‘out-and-back’’ coherence pathway. Thus, the CON

experiment may be less susceptible to signal loss due to

CSA at high molecular weight and high magnetic fields.

Figure 4b shows the CON spectrum for the 52 kDa GST

protein dimer recorded under the same conditions as used

in Fig. 3. The spectrum was recorded over 1.5 days, and

we observed *160 resolved signals, which correspond to

*71% of the expected resonances.

The CAN/CON nitrogen-detected experiments are ide-

ally suited for detecting proline resonances. This is a clear

advantage over conventional proton-detected sequences,

such as the HNCA or related experiments where prolines

cause gaps in the assignments, in particular if there are two

or more in a row. Moreover, the CAN/CON experiments

can use the unique proline chemical shifts as amino acid

type markers to facilitate sequential assignments. In addi-

tion, the nitrogen-detected experiments do not suffer from

incomplete deuterium to proton back-exchange in perdeu-

terated proteins that have been expressed in D2O. This is

clearly exemplified in Fig. 4c. The CA-N correlations

observed in the CAN spectrum appear at nearly identical

positions as in the TROSY-HNCA spectra. However, there
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are a number of signals that are only observed in the CAN

spectrum. These signals missing in the TROSY-HNCA are

most likely from residues whose amides are not exchanged

back to protons within a 4 days exposure to H2O. Thus, the

CAN experiment yields information that is not easily

available from 1H-detected triple resonance experiments

due to incomplete amide back exchange in perdeuterated

proteins expressed in D2O. Thus, the experiment can be a

valuable complement to conventional proton-detected tri-

ple resonance experiments. It is worth noting that only 83%

of expected N–H correlations (189/227) are observed in
15N-1H TROSY-HSQC spectrum and of those 170

Fig. 4 a CAN and b CON spectra of uniformly 2H15N13C labeled

GST dimer (0.75, 1.5 mM monomer concentration) recorded at 298 K

in buffered 2H2O supplemented with 4 mM Gd (DTPA-BMA). The

CON experiment is described in the supporting information. Positive
and negative correlation peaks are shown in red and cyan, respec-

tively. a The dashed rectangle contains the proline Cd-N correlations

(top left). The proline Ca-N correlations are connected to C0-N
correlations as well as C0-N correlations in (b) by cyan lines. The 2D

CAN experiment was recorded with a spectral width of 2,541

(direct) 9 3,769 Hz (indirect) with the center frequencies at 122 ppm

(15N) and 55 ppm (13C). 512 (direct) 9 105 (indirect) complexed

data points were recorded with Tc = 14 ms and TN = 11 ms. For

each increment, 768 scans were accumulated. A cosine-apodization

function was applied to each FID, which was followed by zero filling

up to 1,024 data points for the direct dimension before Fourier

transform. The recycling delay was set to 1.8 s. b The 2D CON

experiment was recorded with spectral widths of 2,541

(direct) 9 2,513 Hz (indirect) with the center frequencies at

122 ppm (15N) and 176 ppm (13C). 512 (direct) 9 41 (indirect)
complex data points were recorded with Tc = 8.5 ms and

TN = 14.5 ms (See Fig. S5 for the CON pulse scheme). For each

increment, 672 scans were accumulated. A cosine-apodization

function was applied to each FID, which was followed by zero

filling up to 1,024 data points in the direct dimension. The recycling

delay was set to 1.8 s. c The CAN spectrum shown in a is overlaid by

the CAN correlations observed in a TROSY-HNCA spectrum

recorded within the same experimental time, on a sample with the

same concentration but dissolved in buffered H2O. Diamonds in the

spectrum indicate the position of the CAN correlations observed in

the TROSY-HNCA spectrum. In cases where two Ca correlations are

observed for one H–N pair, the stronger signal is shown in black
while the weaker signal is indicated in gray. d 15N-1H TROSY

spectrum of the uniformly 2H15N13C-labeled GST (1.5 mM monomer

concentration), recorded at 289 K with a 600-MHz AVANCE

spectrometer (Bruker) equipped with a cryogenic probe designed

for proton-detected experiments. The experiment was recorded with

spectral widths of 9,600 (direct) 9 2,400 Hz (indirect) with 1H and
15N center frequencies of 4.7 and 120 ppm, respectively. For the

direct dimension 1,024 complex data points were recorded, while 256

data points were recorded in the indirect dimension. The measuring

times were 3.5 days for the 2D CAN, 1.5 days for the CON, 3 days

for the 3D TROSY-HNCA, and 7 h for the 15N1H-TROSY-HSQC
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resonances were associated with a signal in the TROSY-

HNCA spectrum, which was recorded with the same

measuring time and concentration as the CAN spectrum

(3.5 days, 1.5 mM). The total number of signals in the

TROSY-HNCA spectrum was 272, which is comparable to

the 250 in the CAN experiment. There are some correla-

tions observed in the HNCA experiment that are not seen in

the CAN for reasons not yet known. However, there are

probably correlations missing in both experiments due to

dynamic effects, which could only be answered by pursu-

ing complete sequential assignments.

Finally, the nitrogen-detected experiments have superior

resolution and signal overlap is much less severe than in

the proton-detected experiments. A comparison with the

TROSY-HSQC spectrum is shown in supplemental

Fig. 4d. This is again due to the favorable relaxation

properties of deuterated nitrogen nuclei, which is best

exploited in the directly detected dimension.

Conclusion

In summary, the 2D CAN 15N-direct-detection experiment

provides an alternative way for establishing main chain

resonance assignment of 15N and 13Ca resonances using
13Ca chemical shift matching. On the other hand, the CON

experiment takes advantage of the stronger CO–N coupling

and can be used to complement assignments of backbone

C0 atoms. Conventional uniform 13C labeling is suitable for

both the CAN and CON experiments. Unlike the NCA-

DIPAP or NCO-IPAP experiments, which provide the

same information using 13C-direct detection, no compli-

cated spin selection scheme is needed for the decoupling of

the detected nuclei. In theory, the intensity (starting mag-

netization at the beginning of an FID) of the 15N signal

should be four-fold lower than that of a 13C signal for an

equal number of spins. In the CAN experiment, however,

the sensitivity losses are largely compensated by the slower

transverse relaxation of 15N, a simpler and more efficient

decoupling scheme, and the relaxation-optimized proper-

ties of the pulse sequences. For several types of residues

such as Gly, Ser and residues with high-frequency Ca,

significantly higher sensitivity was observed. Using slowly

relaxing 15N nuclei may be especially beneficial for

assigning high molecular weight proteins. The experiments

described here were recorded on a 500 MHz spectrometer

and in D2O to minimize the H–N dipole relaxation on 15N

nuclei. However, transverse relaxation of protonated 15N in

large proteins would be significantly reduced by cross-

correlated relaxation caused by DD and CSA interference

at higher magnetic fields (Pervushin et al. 1997). Thus, at

higher magnetic fields and in H2O solution, it may be very

interesting to see the performance of this experiment

slightly modified to exploit the TROSY effect. In addition,

when compared to 1H detected experiments, the CAN

experiment as well as the CON experiments are not

affected by the deuterium to proton exchange process

which is often unsuccessful in large molecular weight

proteins leading to incomplete assignments of the interior

of the molecules. These experiments also have the ability

of detecting Pro resonances. This feature is particularly

important for the structural analysis of transcription acti-

vation factors as this class of proteins often contain proline-

rich domain that are functionally important (Rao et al.

1997; Ruaro et al. 1997; Venot et al. 1998; Enkhmandakh

et al. 2006). It is also known that large proteins that form

biological switch functions often contain regulatory

domains with phosphorylation sites, which are usually

proline rich, partially folded and poorly understood.

Examples are regulators of translation initiation, such as

4EBPs and their complexes with initiation factors

(Marintchev et al. 2007). In addition, lower c of the nuclei

involved in the experiment are highly beneficial in

approaching metal binding center of paramagnetic proteins.

Thus, nitrogen detected experiments provide unique

information not available in proton-detected experiments.

Together with the superior resolution, the 15N-detected

CAN and CON experiments provide attractive alternatives

and complements for assignment of backbone resonances.
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