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Abstract Three experiments, BEST–TROSY HNCA?,

HNCO? and HNCACB? are presented for sequential

backbone resonance assignment of 13C, 15N labelled pro-

teins. The novelty of these experiments with respect to

conventional pulse sequences is the detection of additional

orthogonal coherence transfer pathways that results in

enhanced sensitivity for sequential correlations without

significantly compromising the intensity of intra-residue

correlation peaks. In addition, a 2-step phase cycle sepa-

rates peaks originating from the orthogonal coherence

transfer pathways in 2 sub-spectra, thus providing similar

information as obtained from performing a pair of

sequential and intra-residue correlation experiments.

Keywords Assignment � Protein � BEST � TROSY �
Sensitivity � Time-shared data acquisition

Introduction

Sequential resonance assignment of 13C,15N labeled pro-

teins is usually achieved by a combination of 3D or higher-

dimensional HNC-type correlation experiments providing

complementary information about sequentially adjacent

amide groups (Ikura et al. 1990; Sattler et al. 1999),

complemented by some additional amino-acid-type infor-

mation. A first class of experiments, HNCA, HNCACB,

and HNCACO, exploits the N-CA coupling for coherence

transfer. In these bi-directional experiments, both intra-

residue (Ni–CAi) as well as sequential (Ni–CAi-1) corre-

lation peaks are detected due to a similar size of the 1JNCa
and 2JNCa coupling constants. For unambiguous identifi-

cation of sequential correlation peaks, purely sequential

HNCO, HNCOCA and HNCOCACB experiments can be

recorded, where 15N coherence is transferred in a relay step

via 13CO to 13CA, thus relying only on unambiguous one-

bond scalar couplings, 1JNCO and 1JCOCa. Alternatively,

intra-residue iHNCA and iHNCACB experiments (Brut-

scher 2002; Nietlispach et al. 2002; Permi 2002) have been

proposed that suppress to a large extent the sequential

coherence transfer pathway, thus resulting in pure intra-

residue correlation spectra.

Here we present a set of new experiments, HNCA?,

HNCACB?, and HNCO? that result in spectra similar to

standard HNCA, HNCACB and HN(CA)CO, but with the

particularity that all 4 (instead of only 2) coherence transfer

pathways created by a N–CA transfer step contribute to the

detected signal. This results in an important signal

improvement for the sequential correlation peaks at the

expense of some signal loss for the intra-residue peaks. In

addition, a simple 2-step IPAP-type (Ottiger et al. 1998)

phase-cycle scheme allows separating orthogonal coher-

ence transfer pathways for the discrimination between
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sequential and intra-residue correlations. These experi-

ments are thus conceptually similar to so-called time-

shared techniques where 2 complementary correlation

spectra are acquired simultaneously by the same pulse

sequence either during a single detection period (Boelens

et al. 1994; Frueh et al. 2005; Guo et al. 2008), or by using

sequential data acquisition with or without dual receivers

(Chakraborty et al. 2012; Haasnoot et al. 1984; Kupče and

Kay 2012; Kupče et al. 2010; Wiedemann et al. 2014). We

would like to mention that a different HNCA(?) experi-

ment has already been proposed in the past by the Wider

group (Salzmann et al. 2000) that is conceptually different

from the experiments proposed here. In the Wider experi-

ment, 2 coherence transfer pathways starting from Ha and

HN polarization, respectively, are detected in a single

acquisition period to increase the experimental sensitivity.

We demonstrate the performance of our new pulse schemes

for different protein samples: the small 8 kDa protein

ubiquitin, a 30 kDa complex of the dimeric bleomycin-

resistance protein (BRP) and bleomycin, and an intrinsi-

cally disordered C-terminal 257-residue fragment of the

HCV protein NS5A.

The pulse sequences for the HNCA?, HNCACB?, and

HNCO? experiments are conceptually derived by inserting

additional coherence transfer blocks (Fig. 1d) into con-

ventional HNCA (Fig. 1a), HN(CA)CO (Fig. 1b), and

HNCACB (Fig. 1c) sequences, and by insuring correct

refocusing of 15N coherence present during these additional

transfer delays and the t1 frequency editing period (see

below). The experiments, shown in Fig. 1, have been

implemented as BEST-TROSY (BT) versions (Farjon et al.

2009; Favier and Brutscher 2011; Solyom et al. 2013) to

improve the overall sensitivity, and reduce experimental

time requirements. The basic features of these new

experiments, however, are independent of the BEST–

TROSY scheme, and can be easily transferred to standard

HSQC- or TROSY-type implementations of these

experiments.

All experiments are of the out-and back transfer type,

starting from amide 1H (and 15N in the case of BEST–

TROSY) polarization. After the initial 1H–15N INEPT step,

the four relevant coherence transfer pathways (CTP) for the

HNCA? experiment (‘‘out’’ pathway) are as follows:
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cFig. 1 Pulse sequences of BEST–TROSY-type HNCA? (a ? d),

HNCO? (b ? d), and HNCACB? (c ? d) experiments. Filled and

open pulse symbols indicate 90� and 180� rf pulses, respectively.

Unless indicated, all pulses are applied with phase x. The following

pulse shapes are used for selective 1H and 13C pulses: (1) PC9 (Kupce

and Freeman 1994), (2) REBURP, (3) E-BURP2, (4) double-band

(db) REBURP (Geen and Freeman 1991), and (5) I-SNOB2 (Kupce

et al. 1995). A star indicates a flip-back pulse obtained by time

inversion of the excitation pulse shape. Open squares on 1H indicate

BIP-720-50-20 broadband inversion pulses (Smith et al. 2001). BIP
1H pulses are always applied as pairs for 1H–15N recoupling or
1H–13C decoupling purposes, resulting in a 360� rotation on 1H

polarization. Selective amide 1H pulses are typically centred at

8.5 ppm, covering a bandwidth of 4.0 ppm. 13CO (13CA, 13CACB)

EBURP, REBURP, and I-SNOB2 pulses are centred at 175 ppm

(54 ppm, 35 ppm) covering a bandwidth of 80 ppm (100 ppm for

PC9). The db-REBURP pulses cover a bandwidth of 35 ppm for the

CO ? CA transfer, and 24 ppm for the CA ? CO transfer. The

transfer delays common to BEST–TROSY sequences are adjusted to

s = 1/(4JNH) - 0.5d1 - 0.5d2, s1 = 1/(4JNH), s2 = 1/(4JNH) -

0.5d3 - 0.5d2, s3 = 1/(4JNH) - 0.5d2, D1 & 1/(4JNCa), D2 = 1/

(4JNCO), D3 = 1/(4JCOCa), D4 = 1/(8JCaCb), t2a = D1–t2/2 ? t2b,

and t2b = 0, with 1/(4JNH) & 2.7 ms, 1/(4JNCa) & 11 ms, 1/

(4JNCO) & 15 ms, 1/(4JCOCa) & 4.5 ms, and 1/(8JCaCb) & 3.7 ms

(for detection of both CA and CB correlations). The delays d1, d2 and

d3 correspond to the 1H pulse lengths of the PC9, REBURP and

E-BURP2, respectively. In (c) the delay d corresponds to the 13C

REBURP pulse length. For semi-CT 15N editing, the delay t2b is

incremented together with t2 using the following time increment:

Dt2 = (t2
max/2–D1)/N2 with N2 the number of total increments in the t2

dimension. Pulse field gradients G1-G8 are applied along the z-axis

(PFGz) with durations of 300 to 500 ls and field strengths ranging

from 6 to 43 G/cm. The 2-step phase cycle is: /1 = x; /2 = x, -x;

/3 = x for in-phase (IP) spectrum, /3 = x for anti-phase (AP)

spectrum; /4 = x; /5 = y; /6 = y, /7 = x; /8 = y,-y; /rec = x, -

x. Addition and subtraction of IP and AP data sets allows selecting

CTP-I and CTP-II, respectively. Quadrature detection in t1 is obtained

by time-proportional phase incrementation of /2 (and /8 in the case

of HNCACB?) according to States-TPPI. For quadrature detection in

t2, data are recorded by selecting G4, G6 and G8 according to (-

8:2:3.013) and (-7:3:1.987) for echo and antiecho, respectively,

together with a 180� phase increment of /5 and /6. In order to avoid

significant first order phase corrections in the 13C dimension of the

HNCA? and HNCO? experiments, the 180� 13C and 1H decoupling

pulses are omitted for the first t1 increments, and a Bloch-Siegert

phase correction (*140�) is applied to the pulse phases /2, /7, and

/8. Pulse sequence codes for Bruker spectrometers are provided in the

Supporting Information. The sequences and Python setup scripts are

also directly available from the authors upon request
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We can distinguish between 2 main pathways (I and

II) that are orthogonal with respect to the 15N spin state

(coherence) after the N ? CA transfer step of duration

2D1. Both pathways give rise to a sequential (Ni–CAi-1)

and an intra-residue (Ni-CAi) correlation peak. In a

standard HNCA experiment, only CTP I results in

detected NMR signal, while in the HNCA? pulse

scheme the additional pathways II are recovered

(and detected) by additional transfer steps,

N ? CO ? CA. The transfer amplitudes (TA) for the

individual pathways (neglecting spin relaxation) are

given by:

TAðI � intraÞ ¼ sin p1JNCa2D1

� �

cos p2JNCa2D1

� �� �2

TAðI � seqÞ ¼ cos p1JNCa2D1

� �

sin p2JNCa2D1

� �� �2

TAðII � intraÞ ¼ sin p1JNCa2D1

� �

sin p2JNCa2D1

� ��

� sin p1JNCO2D2

� �

sin p1JCOCa2D3

� ��2

TAðII � seqÞ ¼ cos p1JNCa2D1

� ��

� cos p2JNCa2D1

� �

sin p1JNCO2D2

� �

sin p1JCOCa2D3

� ��2

ð5Þ

The square takes into account that each transfer takes

place twice for ‘‘out’’ and ‘‘back’’ transfers. For optimal
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sensitivity of the experiment the transfer delays D2 and D3

should be set close to D2 = 1/(4JNCO) & 15 ms and

D3 = 1/(4JCOCa) & 4.5 ms. As usual, these delays can be

freely adjusted to account for spin-relaxation induced sig-

nal loss during the individual transfer steps. The transfer

amplitudes computed for 1JNCa and 2JNCa coupling

constants, characteristic of a-helical and b-sheet confor-

mation in proteins (Delaglio et al. 1991) are plotted in

Fig. 2a as a function of the transfer delay 2D1. In the

absence of significant spin relaxation, the sum of the 4

transfer amplitudes equals 1, and the choice of the transfer

delay D1 allows to adjust the relative intensity of intra-

Fig. 2 Theoretical and experimental characterization of transfer

efficiencies in HNCX? experiments. a Transfer amplitudes (TA)

calculated according to Eq. (5) as a function of the transfer delay 2D1

for average scalar couplings in a-helical (1JNCa = 9.6 Hz,
2JNCa = 6.4 Hz) and b-sheet (1JNCa = 10.9 Hz, 2JNCa = 8.3 Hz)

conformations (Delaglio et al. 1991). The terms sin p1JNCO2D2ð Þ and

sin p1JCOCa2D3ð Þ have been set to 1 for this calculation. Red and black

lines correspond to transfer pathways giving rise to sequential and

intra-residue correlation peaks, respectively. The transfer amplitudes

for CTP-I are indicated by dashed lines, while those of CTP-II are

shown as thin straight lines. In addition, the sum of the 2 CTP for

either sequential and intra-residue correlations is shown as thick lines.

The relaxation-induced signal loss during a relaxation delay Trelax, are

shown in (b) and (c). Data have been measured at 2 different

magnetic field strengths, 600 MHz (left panels), and 950 MHz 1H

frequency (right panels), and for different (estimated) molecular

tumbling correlation times, 4 ns (circles), 7 ns (squares), 10 ns

(lozenges), and 16 ns (triangles). The measured data points corre-

spond to integrated 1D spectra recorded with the pulse sequence of

Fig. 1a, replacing the inserts and t1 editing blocks by a relaxation

delay. The recycle delay was set to Trec = 200 ms. Separation of the

two CTP (I and II) has been achieved by phase cycling as explained in

the text. The data shown in b provide an estimate of the relaxation

induced signal loss for the CTP-II pathway with respect to the

corresponding sequential correlation experiment, with the relevant

relaxation time Trelax = 4(D1 ? D3) = 54–66 ms for HNCA? and

HNCACB?, and Trelax = 4D1 = 40–48 ms for HNCO?. Similarly,

the data in c provide an estimate of the relaxation induced signal loss

for the CTP-I pathway with respect to the corresponding bi-

directional correlation experiment, with the relevant relaxation time

Trelax = 4(D2 ? D3) = 62–78 ms for HNCA? and HNCACB?, and

Trelax = 4D2 = 48–60 ms for HNCO?

4 J Biomol NMR (2014) 60:1–9
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residue and sequential correlation peaks. In particular this

makes it possible to record HNCA correlation spectra

where both, intra-residue and sequential peaks, have sim-

ilar intensity as will be experimentally demonstrated

below. The corresponding CTPs and transfer amplitudes

for the HNCACB? and HNCO? experiments are provided

in the Supporting Information.

After the initial N ? CA transfer step, the 15N spin state

remains orthogonal for the 2 coherence-transfer pathways,

CTP-I and CTP-II. While CTP-I evolves as longitudinal

2-spin order 2NzCAz [Eqs. (1) and (2)], thus limiting

relaxation-induced signal loss for this pathway that corre-

sponds to the signal detected in a standard HNCA experi-

ment, the relevant spin density operators for CTP-II contain

additional 15N transverse components Nx or Ny. [Eqs. (3)

and (4)]. To simplify the discussion, we have neglected

here that in a TROSY-type implementation the 15N spin

state is a combination of Nz (Nx) and 2NzHz (2NxHz). In

order to estimate experimentally the additional relaxation-

induced signal loss in HNCX? experiments with respect to

bi-directional HNCX (for CTP-I) and sequential HNCOCX

(for CTP–II), we have performed relaxation measurements.

We have replaced the inserts (and the t1 editing block) of

Fig. 1a by a simple (chemical shift refocused) delay Trelax,

and we have recorded 1D spectra as a function of this

relaxation time, representative of the additionally required

transfer or spin evolution delays in HNCX?. Phase cycling

was used, as explained in the caption of Fig. 1, to select

either CTP-I or CTP-II pathways. Data were recorded on 2

protein samples: (i) 2 mM [U–13C, U–15N]-labelled ubiq-

uitin (76 residues) in 20 mM Hepes buffer at pH 6.1; and

(ii) 1 mM [U–13C, U–15N]-labelled bleomycine-resistance

protein, BRP (2 9 124 residues) in complex with Zn2?-

bound bleomycine (Vanbelle et al. 2003) in 20 mM MES

buffer, 100 mM NaCl, 0.05 % NaN at pH 6.45. In order to

obtain experimental data for different tumbling correlation

times (sc), the experiments were repeated for ubiquitin at

25 �C (sc & 4 ns) and 5 �C (sc & 7 ns), as well as for

BRP at 40 �C (sc & 10 ns) and 20 �C (sc & 16 ns). The

results obtained at magnetic field strengths of 600 MHz

(14.1 T) and 950 MHz (22.3 T) are shown in Fig. 2b for

CTP-II and in Fig. 2c for CTP-I. As expected, the signal

loss for CTP-II augments with increasing tumbling corre-

lation time, and is slightly attenuated at higher field

strengths (Fig. 2b). Compared to a standard sequential

correlation experiment, the additional relaxation occurs

during Trelax = 4(D1 ? D3) in HNCA? and HNCACB?,

or 4D1 in HNCO?. For typical transfer delays

(Trelax = 40–66 ms) the attenuation factor varies from

about 0.8 for a small protein (sc & 4 ns) at 950 MHz to

0.4 for a larger protein (sc & 16 ns) at 600 MHz. Relax-

ation-induced signal loss for this pathway is limited by the

BEST-TROSY implementation: CSA-DD cross-correlation

(Pervushin et al. 1998) combined with 15N polarization

enhancement under fast-pulsing conditions (Favier and

Brutscher 2011) yields longer apparent T2 relaxation times

compared to standard HSQC-based implementations. The

data shown in Fig. 2c provide a measure of the relaxation–

induced signal loss for CTP-I compared to a standard bi-

directional experiment, during the additional transfer delay

Trelax = 4(D2 ? D3) in HNCA? and HNCACB?, or 4D2

in HNCO?. For typical transfer delays (Trelax = 48–78 -

ms), the attenuation factor is higher than 0.8, independent

of the protein’s tumbling correlation time and the magnetic

field strength (within the studied range). These results

indicate that the enhanced pulse schemes proposed here

should be advantageously applicable to a wide range of

small to medium-sized proteins.

In order to further evaluate the performance of these

new experiments we have recorded 2D 1H-13C data sets of

BT-HNCA?, BT-HNCO?, and BT-HNCACB? for dif-

ferent N–CA transfer delays D1, and compared them to the

corresponding conventional BEST–TROSY sequences,

lacking the additional transfer blocks (pulse sequences of

Fig. 1a, b, and c without Inserts). Representative spectral

regions of the data sets recorded for ubiquitin at 25 �C and

600 MHz are plotted in Fig. 3 (HNCA), and in the Sup-

porting Information figures S1 (HNCO) and S2

(HNCACB). For the enhanced (?) pulse schemes, 2 data

sets were recorded with the 15N 90� pulse phase /3 either

set to ?x or -x. This phase change inverts the relative sign

of peaks arising from CTPs I and II. As a result, in the first

spectrum, all peaks have the same sign, while in the second

spectrum peaks from different pathways have opposite

sign. Therefore, addition and subtraction of the 2 spectra

leads to the separation of signals originating from CTP-I

and CTP-II. These sub-spectra provide information, very

similar to a pair of HNCA and HN(CO)CA, typically used

to distinguish sequential from intra-residue correlation

peaks. The only difference here is that in the CTP-I spec-

trum also intra-residue peaks are detected, but with much

lower intensity compared to the sequential ones. In the

following, we will thus refer to this sub-spectrum as

HN(CO)CA-like. Histograms (average and standard devi-

ation) of intra-residue and sequential correlation peak

intensities measured in these spectra with D1 = 20 ms are

plotted in Fig. 3a. The same experiments and data analysis

were also performed on BRP at 40 �C and 850 MHz, and

the resulting histograms are shown in Fig. 4b. For the BRP

histograms a shorter transfer delay D1 = 16 ms was chosen

to achieve similar sensitivity for intra-residue and

sequential correlations in HNCA? and HNCACB?. The

main conclusions from these data are the following:

(i) Overall, the intra-residue peaks are only very little

attenuated in the spectra recorded with the enhanced pulse

scheme—less than 10 % for ubiquitin, and less than 15 %

J Biomol NMR (2014) 60:1–9 5
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for BRP. (ii) The sequential peak intensities are increased

by a factor of 2–3 in HNCA? and HNCACB?, while this

sensitivity gain reaches values from 5 to 8 for the HNCO?

experiment. The huge intensity difference observed for

sequential correlations in the HNCO?, compared to the

HN(CA)CO experiment, is mainly explained by the addi-

tional CA ? CO transfer step that is only required for

CTP-I, and that results in significant additional signal loss

for this pathway. (iii) The adjustment of the transfer delay

D1 allows to fine-tune the relative intensity of intra-residue

and sequential correlation peaks. If a single HNCX?

spectrum is recorded, shortening the delay D1 will enhance

the sequential peak with respect to the intra-residue peak

intensity. In case the 2 CTPs are separated in different sub-

spectra for peak-type (sequential or intra-residue) identifi-

cation, we recommend the use of short delays D1 in the

range 8–10 ms to keep the peak intensity of the minor

species in the sub-spectra (sequential peaks in CTP-I, and

intra-residue peaks in CTP-II) at a minimum level (see

Figs. 3, S1, and S2).

Finally, we have recorded a complete 3D BT-HNCA?

data set for BRP, and 3D BT-HNCACB? for NS5A. For

Fig. 3 Experimental

comparison of the performance

of BT-HNCA and BT-HNCA?

for ubiquitin at 25 �C and

700 MHz. 2D 1H-13C spectra

were recorded for 2D1 delays

(N-CA transfer) varying from

16 to 28 ms. For the enhanced

experiment, the complete

spectrum (HNCA?), as well as

the two subspectra

corresponding to CTP-I and

CTP-II are shown. The latter are

obtained by applying the IPAP-

type phase-cycle procedure

outlined in Fig. 1. Only a small

part of the 2D correlation map is

plotted. Annotations refer to the

residue type and number of the

detected CA frequency. The

corresponding plots for HNCO

and HNCACB are shown in the

Supporting information

6 J Biomol NMR (2014) 60:1–9
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the latter, we used a sample containing 150 lM [U–13C,

U–15N]-labeled NS5A (Non-Structural protein 5A, residues

191–447) from hepatitis C virus in 50 mM potassium

phosphate buffer (pH 6.5), 20 mM NaCl, and 2 mM b–

mercaptoethanol. The BEST–TROSY implementation

allowed for short overall acquisition times of about 12 h

per data set, resulting in well resolved, high sensitivity

spectra. Strip plots extracted from these 3D data sets are

shown in Figs. 5a for BRP and 5b for NS5A. These spectra

illustrate the main feature resulting from the enhanced

pulse schemes, reported here, the detection of both, intra-

residue and sequential correlation peaks of similar intensity

throughout the polypeptide sequence. This allows, in

favourable cases, to perform sequential resonance assign-

ment from a single 3D data set.

In summary, we have presented herein a set of new

triple-resonance pulse schemes for recording H–N–CA, H–

N–CO, or H–N–CB correlation spectra of uniformly 13C,
15N-labeled proteins. These HNCA?, HNCO?, and

HNCACB? sequences are easily derived from conven-

tional bi-directional experiments by inserting additional

transfer blocks. Compared to their bi-directional counter-

part, these pulse sequences yield enhanced sensitivity for

sequential correlations, while only slightly attenuating

intra-residue peak intensities. In addition, discrimination

between sequential and intra-residue correlations is

achieved by a simple IPAP-type phase cycle procedure. We

have demonstrated the performance of these experiments

for BEST–TROSY implementations that reduce signal loss

during the additional transfer steps, and allow for high

repetition rates, and thus short overall experimental times.

Our enhanced pulse sequences present an interesting

alternative to conventional assignment experiments in that

they ensure the detection of both, sequential and intra-

residue correlation peaks in a single experiment, thus

potentially reducing the overall experimental time

requirements by a factor of 2. In practice, we may distin-

guish 2 situations where these experiments are of particular

advantage. In case of limited sample sensitivity, requiring

long experimental times (at least 4 scans per t1, t2 incre-

ment), our enhanced pulse schemes allow for shared data

acquisition, e.g. while recording a HNCA spectrum the

complementary HN(CO)CA-like data set is obtained ‘‘for

free’’. In case of a limited sample lifetime, the data

required for sequential NMR assignment can be recorded

twice as fast, or the resolution in the indirect dimensions

can be increased for a given experimental time. This may

be especially important for NMR studies of IDPs that are

often prone to degradation, in-cell studies of proteins

(Reckel et al. 2007; Sakakibara et al. 2009; Selenko and

Wagner 2007), and real-time NMR investigation of tran-

siently accumulated protein states (Haupt et al. 2011;

Rennella et al. 2012), but also for any other protein sample

that quickly degrades in the NMR sample tube. For large

proteins with short 15N transverse relaxation times the

additional CTP-II pathways will no longer significantly

contribute to the detected signal. This situation, however,

can be improved by deuterating the protein. Although

experimentally not demonstrated here, we expect the

enhanced TROSY-type HNCX? pulse schemes to be

equally useful for large perdeuterated proteins at high

magnetic field strengths.

Fig. 4 Intensity histograms (average and standard deviation) of intra-

residue and sequential correlation peaks detected in HNCA &

HNCA? (left), HN(CA)CO & HNCO? (center), and HNCACB &

HNCACB? (right) of a ubiquitin (25 �C, 600 MHz, sC & 4 ns), and

b BRP (40 �C, 850 MHz, sC & 10 ns). The N–CA transfer delay was

set to 2D1 = 24 ms for a, and 2D1 = 16 ms for b. For each

experimental pair, intensities were normalized with respect to the

average intensity of the intra-residue peaks in the standard experi-

ment. Only residues with well-resolved intra-residue and sequential

peaks in the 2D 1H–13C correlation maps were used for this analysis
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