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Abstract Extensive resonance overlap exacerbates

assignment of intrinsically disordered proteins (IDPs). This

issue can be circumvented by utilizing 15N, 13C0 and 1HN

spins, where the chemical shift dispersion is mainly dic-

tated by the characteristics of consecutive amino acid

residues. Especially 15N and 13C0 spins offer superior

chemical shift dispersion in comparison to 13Ca and 13Cb

spins. However, HN-detected experiments suffer from

exchange broadening of amide proton signals on IDPs

especially under alkali conditions. To that end, we propose

here two novel HA-detected experiments, (HCA)-

CON(CA)H and (HCA)NCO(CA)H and a new assignment

protocol based on panoply of unidirectional HA-detected

experiments that enable robust backbone assignment of

IDPs also at high pH. The new approach was tested at pH

6.5 and pH 8.5 on cancer/testis antigen CT16, a 110-resi-

due IDP, and virtually complete backbone assignment of

CT16 was obtained by employing the novel HA-detected

experiments together with the previously introduced

iH(CA)NCO scheme. Remarkably, also those 10 N-termi-

nal residues that remained unassigned in our earlier HN-

detection based assignment approach even at pH 6.5 were

now readily assigned. Moreover, theoretical calculations

and experimental results suggest that overall sensitivity of

the new experiments is also applicable to small or medium

sized globular proteins that require alkaline conditions.

Keywords Assignment � CT16 � HA-detection �
(HCA)CON(CA)H � (HCA)NCO(CA)H � Intrinsically

disordered proteins � IDP

Introduction

Studies of intrinsically unfolded proteins (IDPs) by solution

state NMR spectroscopy has extended our understanding of

the complex interplay between the structure, dynamics and

function (Dyson and Wright 2001, 2005). Biophysical

characterization of IDPs is particularly amenable to NMR

studies as rapid interconversion between various conform-

ers sustains relatively long transverse relaxation times even

on relatively long polypeptide chains. The negative impli-

cation of this conformational sampling is averaging of

NMR chemical shifts, which are weighted average of var-

ious conformers in the ensemble. Thus far, any detailed

structural study by NMR necessitates full or nearly com-

plete assignment of protein resonances. In principle, for

IDPs this task can be accomplished with a set of experi-

ments that offer high resolution that helps in distinguishing

between minute chemical shift differences between alike

spins. A typical assignment approach involves a suite of

HN-detected experiments, which are conceptually similar

to those used for the assignment of globular proteins (for

review, see e.g., Sattler et al. 1999; Permi and Annila 2004).

However, in case of IDPs, carbonyl carbon (13C0) rather

than alpha carbon (13Ca) is routinely employed with nitro-

gen (15N) to the assignment procedure due to its superior

chemical shift dispersion (Yao et al. 1997). We have been

developing and applying successfully HN-detected intra-

residual experiments for the assignment of IDPs (Permi

2002; Tossavainen and Permi 2004; Alho et al. 2007;

Mäntylahti et al. 2009). While sequential assignment
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procedure based on HN-detection has been an undisputed

success story for globular proteins and has extended the

attainable molecular weight amenable NMR studies

through deuteration (Yamazaki et al. 1994) and TROSY

spectroscopy (Pervushin et al. 1997), it has properties that

render it less suitable for the assignment of IDPs. Firstly,

under alkali conditions (pH C 7) labile amide protons are

exposed to solvent and exchange rapidly with water,

resulting in broadened HN resonances with consequent

decrease in sensitivity and resolution (Bai et al. 1993;

Grzesiek et al. 1997; Hu et al. 2007). This becomes espe-

cially pronounced in case of IDPs, in which the stabilizing

amide proton hydrogen bonding is far less abundant. Sec-

ondly, many IDPs are composed of proline-rich polypeptide

segments (Marsh and Forman-Kay 2010) and sequential

assignment of N-substituted residues is a challenge in

structural characterization of IDPs with polyproline stret-

ches. Earlier proposed HCAN/(HB)CBCA(CO)N(CA)HA

(Kanelis et al. 2000) and proline-optimized CDCA(NCO)-

CAHA (Bottomley et al. 1999), as well as recently intro-

duced 13C0-detected experiments (Bermel et al. 2006, 2009)

are not ideal for the assignment of IDPs as they rely on

poorly dispersed 13Ca chemical shifts and/or create unnec-

essary cross-peak overlap due to bidirectional coherence

transfer. To that end, we recently introduced a set of HA-

detected experiments, which establish the sequential linking

in disordered polypeptides by correlating solely 15N(i) or
15N(i ? 1) chemical shifts with 13C0(i) and 1Ha(i) spins in

three-dimensional iH(CA)NCO and H(CA)CON spectra

(Mäntylahti et al. 2010). However, degenerate 15N chemical

shifts occur frequently in IDPs and we propose here an

extended approach where the sequential linkages are

obtained via intraresidual and sequential 13C0 resonances.

We dub the experiments proposed here as (HCA)-

CON(CA)H and (HCA)NCO(CA)H, which can be used

concomitantly with iH(CA)NCO for the efficient backbone

assignment of IDPs. Indeed, we have successfully

employed this assignment protocol to cancer/testis antigen

CT16, a 110-residue intrinsically unstructured protein. In

addition, performance of the proposed experiments with

respect to the existing methodology was evaluated both by

theoretical calculations and experimental data measured on

small globular Ig-binding B1 domain of protein G (GB1).

Results and discussion

Description of the pulse sequences: (HCA)CON(CA)H

Figure 1a and b display excerpts of protein backbone and

magnetization transfer pathways utilized by the novel

(HCA)CON(CA)H and (HCA)NCO(CA)H experiments.

Let us first focus on the (HCA)CON(CA)H scheme in

Fig. 1c. The coherence flows through the (HCA)-

CON(CA)H experiment in the following way:

1Haði� 1Þ �!
1JHaCa 13Caði� 1Þ �!

1JCaHa ;1JCaC0 13C0ði
� 1Þ 2TA � t1; 1JC0N

� �

! 15

NðiÞ 2TNC � t2; 1JC0N ;
1JCaN ;

2JCaN

� �

! 13CaðiÞ �!
1JCaHa ;1JCaN 1HaðiÞ t3½ � ð1Þ

Active couplings involved in coherence transfer are

indicated above the arrows and inside square brackets,

whereas ti (i = 1–3) refers to the acquisition time for the

corresponding spin. In essence, the (HCA)CON(CA)H

experiment is a new HA-detected implementation of the

famous HN(COCA)NH scheme (Weisemann et al. 1993;

Grzesiek et al. 1993) and its derivatives (Matsuo et al.

1996; Bracken et al. 1997; Panchal et al. 2001; Sun et al.

2005; Fiorito et al. 2006). Experiment starts with the
1H–13C INEPT for transferring the 1H(i - 1) spin polari-

zation to directly bound 13Ca(i - 1) spin (Morris and

Freeman 1979). The coherence is relayed to the 13C0(i - 1)

spin using the Shaka-6 composite pulse, which simulta-

neously refocuses 13Ca resonances and inverts 13C0 reso-

nances (Shaka 1985). At the same time, the antiphase
1H–13C coherence will be refocused during the delay s2.

This delay should optimally be set to 3.4 ms, correspond-

ing to 1/(2JCH), for IS spin moieties. However, this effi-

ciently purges signals originating from I2S spin systems

(glycines), and consequently a compromise value of 2.4 ms

should be used if simultaneous observation cross peaks

stemming from the IS and I2S spin systems are desired. At

time point a, the magnetization can be described by the

density operator

rðaÞ ¼ Ca
z ði� 1ÞC0yði� 1Þ ð2Þ

During the ensuing period between time points a and b,

the magnetization is simultaneously dephased by the 1JC0N

scalar coupling during 2TA and frequency labeled by the
13C0(i - 1) chemical shift during t1. The following 90�
pulses convert the desired coherence into 15N coherence,

described by the density operator (time point b)

rðbÞ ¼ Ca
z ði� 1ÞC0zði� 1ÞNyðiÞ cosðxC0ði�1Þt1Þ ð3Þ

The following delay 2TNC is used for refocusing the

magnetization with respect to 13Ca(i - 1) and 13C0(i - 1)

spins and dephasing it with respect to the 13Ca(i) spin. The

second indirectly detected period (t2) is used for labeling

the 15N(i) chemical shift, which is implemented in a

constant time manner,. At time point c, after converting
15N coherence into 13Ca coherence, the magnetization

components can be described by the density operator

rðcÞ ¼ NzðiÞCa
y ðiÞ cosðxC0ði�1Þt1Þ cosðxNðiÞt2Þ þ Ca

yði
� 1ÞNzðiÞ cosðxC0ði�1Þt1Þ cosðxNðiÞt2Þ ð4Þ
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Fig. 1 Schematic presentation of magnetization transfer pathway

during a the (HCA)CON(CA)H and b (HCA)NCO(CA)H experi-

ments. Arrows with solid line indicate the actual magnetization

transfer pathway, whereas an arrow with a broken line represents

coherence transfer route which can be suppressed with an appropriate

delay setting. c (HCA)CON(CA)H experiment for establishing

correlations between 1Ha(i), 15N(i), and 13C0(i - 1), and 1Ha(i - 1),
15N(i), and 13C0(i - 1) (TNC = 12–15 ms) chemical shifts or solely
1Ha(i), 15N(i), and 13C0(i - 1) chemical shifts (TNC = 25 ms).

d (HCA)NCO(CA)H experiment for correlating 1Ha(i - 1),
13C0(i - 1) and 15N(i) chemical shifts in uniformly 15N, 13C enriched

proteins. Narrow and wide rectangles correspond to 90� and 180� flip

angles, respectively. Pulses are applied with phase x unless otherwise

indicated. The 1H, 15N, 13C0, and 13Ca carrier positions are 4.7

(water), 118 (center of 15N spectral region), 175 ppm (center of 13C0

spectral region), and 57 ppm (center of 13Ca spectral region). The 13C

carrier is set initially to the middle of 13Ca region (57 ppm), shifted to

175 ppm prior to the first 90� 13C0 pulse (in (HCA)CON(CA)H time

point a and (HCA)NCO(CA)H time point b), and shifted back to

57 ppm at the time point c. All rectangular 90� pulses for 13Ca

(57 ppm) and 180� pulses for 13C0 (175 ppm) were applied with

durations of 40.4 ls (90�) and 36.2 ls (180�) at 800 MHz, respec-

tively, in order to provide null mutual excitation (Kay et al. 1990).

The cascade of rectangular pulses on 13Ca denotes a composite pulse

for ultra-broadband inversion with durations defined by pwC*(bi/90),

where bi is a flip angle for individual pulses in the cascade i.e. 158.0,

171.2, 342.8, 145.5, 81.2, 85.3 (Shaka 1985). Selective 90� pulses for
13C0 have the shape of center lobe of a sinc function and duration of

66.8 ls at 800 MHz. Phase modulated 180� pulses, applied off-

resonance for 13Ca, have the shape of one-lobe sinc profile and

duration of 60.4 ls. The Waltz-16 sequence (Shaka et al. 1983) with a

strength of 4.8 kHz is employed to decouple 1H spins during

2(TCN ? TNC ? TA ? TC) - 2s2. The adiabatic WURST field

(Kupće and Wagner 1995) was used to decouple 13C during

acquisition. Delay durations: s = 1/(4JHC) * 1.7 ms; s2 = 3.4 ms

(optimized for non-glycine residues) or 2.2–2.5 ms (for observing

both glycine and non-glycine residues); e = duration of GH ? field

recovery *0.4 ms; TC = 1/(6JCaC0) * 3.4 ms; TA = 1/(4JC0-

N) * 16.6 ms; TCN * 14 ms. The 15N ? 13C transfer delay TNC

is set to 25 ms to suppress the auto-correlated pathway or in

(HCA)CON(CA)H to 12–15 ms for observing both sequential and

auto-correlated cross-peaks. Maximum t1 and t2 are restrained in

c t1,max \ 2.0*TA, and t2,max \ 2.0*TNC and d t1,max \ 2.0*TA and

t2,max \ 2.0*TNC. Frequency discrimination in 13C0 and 15N dimen-

sions are obtained using the States-TPPI protocol (Marion et al. 1989)

applied to /1 and /2, respectively. Phase cycling: /1 = x, -x;

/2 = 2(x), 2(-x); /3 = 4(x), 4(-x); w = x; /rec. = x, 2(-x), x, -x,

2(x), -x. Gradient strengths and durations: GC = 13 k G/cm

(1.6 ms), GH = 13 k G/cm (0.4 ms). The pulse sequences code and

parameter file for Varian Inova system are available from authors

website URL http://www.biocenter.helsinki.fi/bi/nmr/permi
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Between the time points c and d, the coherence is

refocused and dephased with respect to 15N and 1Ha,

respectively. Finally, the density operator at time point d

rðdÞ ¼ Ha
z CþðiÞ cosðxC0ði�1Þt1Þ cosðxNðiÞt2Þ
þ Ha

z Cþði� 1Þ cosðxC0ði�1Þt1Þ cosðxNðiÞt2Þ
ð5Þ

will be converted into observable 1Ha coherence by the

subsequent coherence order selective coherence transfer

scheme (Kay et al. 1992; Schleucher et al. 1994). Thus, the

observable magnetization at time point e

rðeÞ ¼ H� cosðxC0ði�1Þt1Þ cosðxNðiÞt2Þ expðixHðiÞt3Þ
þ H� cosðxC0ði�1Þt1Þ cosðxNðiÞt2Þ expðixHði�1Þt3Þ

ð6Þ

is frequency modulated by 13C0(i - 1), 15N(i) and 1Ha(i),

and 13C0(i - 1), 15N(i) and 1Ha(i - 1) chemical shifts

during t1, t2 and t3 periods, respectively. The first term in

Eq. 6 corresponds to a sequential cross peak, whereas the

latter term represents the auto-correlated peak.

The overall transfer function I(HACA)CON(CA)HA is for the

sequential peak is proportional to

Iseq � sinð2p1JCaNTNCÞ sinð2p2JCaNTNCÞ sinð2p1JC0NTAÞ
sinð2p1JC0NTAÞ sinð2p1JCaC0TCÞ cosð2p1JCaCbTCÞ
sinð2p1JCaNTCNÞ cosð2p2JCaNTCNÞ cosð2p1JCaCbTCNÞ
expð�2ðTCN þ TCÞ=ðT2;CaÞÞ expð�ð2TAÞ=ðT2;C0 ÞÞ
expð�ð2TNCÞ=ðT2;NÞÞ ð7Þ

and for the auto-correlated peak

Iauto � cosð2p1JCaNTNCÞ cosð2p2JCaNTNCÞ
sinð2p1JC0NTAÞ sinð2p1JC0NTAÞ sinð2p1JCaC0TCÞ
cosð2p1JCaCbTCÞ cosð2p1JCaNTCNÞ sinð2p2JCaNTCNÞ
cosð2p1JCaCbTCNÞ expð�2ðTCN þ TCÞ=ðT2;CaÞÞ
expð�ð2TAÞ=ðT2;C0 ÞÞ expð�ð2TNCÞ=ðT2;NÞÞ ð8Þ

In Eqs. 7 and 8, 1JCaC0,
1JC0N and 1JCaCb correspond to

values of 53, 15 and 35 Hz i.e. one-bond J couplings for
13Ca–13C0, 13C0–15N and 13Ca–13Cb, respectively. The

average random coil values for one-bond (1JCaN) and

two-bond (2JCaN) couplings between backbone 13Ca and
15N spins are 10.6 Hz and 7.5 Hz, respectively (Delaglio

et al. 1991). Depending on delay setting utilized for
15N ? 13Ca transfer during 2TNC, the intensities of

sequential and auto-correlated peaks can be modulated

(Panchal et al. 2001). Therefore, sequential and auto-

correlated cross peaks will have 180� phase difference,

which can be utilized during the assignment procedure. It is

noteworthy that accidental overlap of sequential and auto-

correlated cross peaks is inevitable in the case of IDPs, and

it can hamper the recognition of sequential connectivities.

However, by setting the delays TNC and TA (between time

points b and c) to *25 ms and 16.6 ms, respectively, the

intensity of the sequential peaks can be maximized while

the outbreak of the auto-correlated peaks is minimized.

This implementation establishes the first order intraresidual

filter (Permi 2002; Fiorito et al. 2006; Mäntylahti et al.

2009). In this way, the auto-correlated pathway is

efficiently suppressed and unnecessary spectral overlap

can be minimized.

We considered theoretical coherence transfer efficien-

cies for the sequential and auto-correlated cross peaks and

compare the results with the existing pulse sequences. To

this end, we consider an IDP with average transverse

relaxation times of 200, 100 and 200 ms for 15N, 13Ca and
13C0 spins, respectively. After numerical optimization of

transfer delays TC (*3.25 ms), TA (*16 ms), TNC

(*12.5 ms) and TCN (*28 ms), we get transfer efficien-

cies of 0.092 and -0.072 for the sequential and auto-

correlated peaks, respectively. Analogously, by setting the

delay TNC to 25 ms, one obtains transfer efficiencies of

0.181 and 0.004 for the sequential and auto-correlated

cross peaks, respectively. Thus, setting the delay

TNC * 25 ms, the transfer efficiency for the sequential

pathway improves by a factor 2 while the auto-correlated

pathway is practically suppressed. Similar linkage between
13C0(i - 1), 15N(i), 1Ha(i) spins can be obtained using the

HCA(N)CO experiment originally described by Yamazaki

et al. (1997) and recently revisited by Ogura et al. (2010).

In this case, the original pulse scheme should be modified

for recording 15N chemical shift instead of 13Ca. In

H(CA)NCO pulse scheme, magnetization is transferred

from 1Ha spin to the intraresidual and sequential 13C0 spins

via 1Ha ? 13Ca ? 15N ? 13C0 pathway in an out-and-

back manner. Theoretical calculations suggest that the

novel (HCA)CON(CA)H scheme proposed here provides

subtle increase in attainable sensitivity (*10%) with

respect to the H(CA)NCO experiment for IDPs under

conditions described above. However, as the molecule size

increases, differences in relative intensities between the

experiments become evident. In case of medium sized

globular proteins, the relative intensity of (HCA)-

CON(CA)H is 50%, 40% and 65% higher in comparison to

H(CA)NCO for residues in random coil, a-helical, or

extended conformation, respectively. Figure 2 shows the-

oretical coherence transfer efficiencies for (HCA)-

CON(CA)H and H(CA)NCO experiments on globular

proteins with effective rotational correlation time of

*8 ns. More importantly, and especially pronounced on

the assignment IDPs, the (HCA)CON(CA)H experiment

offers twofold increase in attainable resolution by elimi-

nating redundant cross peaks emerging through the auto-

correlated pathway.

Finally, 13C0-detected experiments introduced by

Bermel and co-workers have been shown to be highly
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useful for the assignment of IDPs (Bermel et al. 2009). The
13C0-detected (H)CANCO experiment offers the coherence

transfer efficiency (*0.21 for sequential pathway) com-

parable to (HCA)CON(CA)H (*0.18). However, the

experiments based on 13C0-detection suffer from eightfold

sensitivity loss in comparison to 1H-detected experiments.

In the case of HA-detection, this difference will be coun-

terbalanced by up to fourfold sensitivity loss due to doublet

of doublets (in D2O) nature of HA resonances owing to

homonuclear three-bond couplings to Hb’s, in residues

other than Gly, Ile, Thr, Val. Therefore theoretical calcu-

lations suggest that the proposed (HCA)CON(CA)H offers

ca. 2 times higher sensitivity than the corresponding

(H)CANCO scheme (Bermel et al. 2009).

Description of the pulse sequences: (HCA)NCO(CA)H

A complementary (HCA)NCO(CA)H experiment, shown

in Fig. 1d, utilizes similar but reverse coherence transfer

route in comparison to (HCA)CON(CA)H:

1HaðiÞ �!
1JHaCa 13CaðiÞ �!

1JCaHa ;1JCaN 15NðiÞ
2TNC � t2; 1JC0N ;

1JCaN ; 2JCaN

� �
! 13

C0ði� 1Þ

2TA � t1; 1JC0N

� �
! 13Caði� 1Þ �!

1JCaHa ;1JCaC0 1Haði� 1Þ t3½ �
ð9Þ

Again, the magnetization is first transferred from
1Ha(i) to 13Ca(i) as in (HCA)CON(CA)H experiment, but

instead of relaying magnetization to 15N through 13C0

spin, it is directly transferred from 13Ca(i) to 15N(i) and

15N(i ? 1), which can be described by the density operator

(time point a):

rðaÞ ¼ Ca
z ðiÞNyðiÞ þ Ca

z ðiÞNyðiþ 1Þ ð10Þ

It is noteworthy that the coherence will be transferred to

both intraresidual and sequential nitrogens, but the pathway

leading to the auto-correlated cross peak will be almost

completely suppressed by setting the TNC = *25 ms as in

the case of (HCA)CON(CA)H experiment (vide supra).

During the ensuing 2TNC and 2TA time periods (between

time points a and b), the magnetization will be refocused

and dephased with respect to 13Ca(i) and 13Ca(i - 1) spins,

and dephased with respect 13C0(i - 1) spin. The 15N

chemical shift labeling takes place during the t2 period,

implemented into the 2TNC period, which yields very high

resolution in 15N dimension. Hence the spin system at time

point b can be described by the density operator:

rðbÞ ¼ NxðiÞC0zði� 1ÞCa
z ði� 1Þ cosðxNðiÞt2Þ

þ Ca
z ðiÞC0zðiÞNxðiþ 1Þ cosðxNðiþ1Þt2Þ ð11Þ

The 15N chemical shift labeling is followed by the

chemical shift evolution of 13C0(i - 1) spin during t1 with

concomitant refocusing of the 13C0 antiphase coherence

with respect to 15N during 2TA, and the spin system can be

described by the density operator at time point c.

rðcÞ ¼ C0xði� 1ÞCa
z ði� 1Þ cosðxNðiÞt2Þ cosðxCði�1Þt1Þ

þ Ca
z ðiÞC0xðiÞ cosðxNðiþ1Þt2Þ cosðxCðiÞt1Þ ð12Þ

Subsequently, the desired magnetization will be con-

verted into the antiphase 13Ca coherence at time point d:

rðdÞ ¼ Ca
y ði� 1Þ cosðxNðiÞt2Þ cosðxCði�1Þt1Þ
þ Ca

yðiÞ cosðxNðiþ1Þt2Þ cosðxCðiÞt1Þ ð13Þ

The observable magnetization at time point e corre-

sponds to:

rðeÞ ¼ H� cosðxNðiÞt2Þ cosðxCði�1Þt1Þ expðixHaði�1Þt3Þ
þ H� cosðxNðiþ1Þt2Þ cosðxCðiÞt1Þ expðixHaðiÞt3Þ

ð14Þ

The first operator corresponds to the desired magnetization,

which has modulated by 13C0(i - 1), 15N(i) and 1Ha(i - 1)

chemical shift during t1, t2 and t3, respectively. The latter term

corresponds to the magnetization, which has modulated by
13C0(i), 15N(i ? 1), and 1Ha(i) chemical shifts during t1-t3, but

which has strongly suppressed by setting the delay TNC

(= *25 ms). Hence, after Fourier transform a cross peak will

emerge at coordinates xN(i), xC0(i-1), xHa(i-1).

The coherence transfer functions for the sequential and

auto-correlated cross peaks in the (HCA)NCO(CA)H

scheme are identical to those of (HCA)CON(CA)H

because in essence both experiments utilize identical but

reverse coherence transfer pathway. Consequently, the

0
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0.015

0.02

0.025

0.03

0.035

0.04 (HCA)CON(CA)H helix

(HCA)CON(CA)H strand

H(CA)NCO helix

H(CA)NCO strand

Fig. 2 Theoretical coherence transfer efficiency for sequential
13C0(i - 1)–1Ha(i) correlations in the novel (HCA)CON(CA)H and

H(CA)NCO experiments (Yamazaki et al. 1994; Ogura et al. 2010).

Calculations were carried out using 1JNCa and 2JNCa values earlier

reported for residues in a-helix (1JNCa = 9.6 Hz and 2JNCa = 6.4 Hz)

and b-strand (1JNCa = 10.9 Hz and 2JNCa = 8.3 Hz) (Delaglio et al.

1991). The corresponding transverse relaxation times of 60, 30 and

60 ms for 15N, 13Ca and 13C0 spins were assumed, respectively.

Additional parameters used in simulation were 1JCaC0 = 53 Hz,
1JCaCb = 35 Hz, and 1JNC0 = 15 Hz
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theoretical coherence transfer efficiencies for (HCA)-

CON(CA)H and (HCA)NCO(CA)H experiments are iden-

tical. However, few practical features differ between these

two experiments, which call for a more detailed explana-

tion. First, the sign of the glycine residues in the (HCA)-

CON(CA)H experiment deviate 180� from others amino

acids, because during the final 15N ? 13Ca refocusing

INEPT (2TCN * 25–28 ms), signal will be modulated by

cos(2pJCaCbTCN) for all but glycine residue. In addition, in

the (HCA)NCO(CA)H experiment, the residue preceding

the glycine exhibits a 180� phase difference with respect to

any other residue. This can be realized by noting that

cos(2pJCaCbTCN) modulation, in consecutively linked

dipeptide units, will have effect on the residue from which

the magnetization originates. It is therefore easy to utilize

this sign information during the sequential assignment

process to facilitate identification of glycines as well as

those residues that precede glycines.

The next point of interest concerns proline residues. The

coherence transfer function given in Eq. 7 should now

include additional term, cos(2pJNCdTNC), due to extraor-

dinary chemical structure of proline residue. As an

N-substituted amino acid, the side-chain 13Cd spin replaces

the 15N bound amide proton in proline, and thereby addi-

tional one-bond coupling between 15N–13Cd modulates the

signal amplitude during 2TNC. Hence, the first line in Eq. 7

becomes

Inon�pro
seq: � sinð2p1JCaNTNCÞsinð2p2JCaNTNCÞsinð2p1JC0NTAÞ

ð15Þ

and

Ipro
seq: � sinð2p1JCaNTNCÞ cosð2p1JCdNTNCÞ

sinð2p2JCaNTNCÞ sinð2p1JC0NTAÞ
ð16Þ

for non-proline and proline residues. By setting TNC =

25 ms yields coherence transfer efficiency of 0.92 and

0.087 for non-proline and proline residues, assuming 1JNCa,
2JNCa and 1JNCd of 10.6, 7.5 and 10.5 Hz, respectively.

Alternative approach to obtain sequential xN(i), xC0(i-1),

xHa(i-1) connectivities is to utilize H(CA)CON experiment

(Mäntylahti et al. 2010). In this scheme, the magnetization

is transferred from the 1Ha spin of residue i - 1 to the 15N

spin of the following residue i using the 1Ha ! 13Ca !
13C0 ! 15N pathway in an out-and-back –type experiment.

Although the coherence transfer efficiency of the

H(CA)CON experiment (Iseq. * 0.29) is far superior to the

(HCA)NCO(CA)H experiment (Iseq. * 0.18), the latter

provides few advantages. Firstly, the sign information

available in the (HCA)NCO(CA)H experiment facilitates

the assignment procedure especially on natively unfolded

proteins. Secondly, at the highest magnetic field, 13C0 CSA

deteriorates sensitivity of the H(CA)CON experiment due

to long transfer steps needed for transferring magnetization

from 13C0 to 15N and back. Moreover, the attainable sen-

sitivity of the (HCA)NCO(CA)H experiment with respect

to H(CA)CON will be further counterbalanced by dis-

solving the protein into D2O and by employing 2H

decoupling for removal of J-coupling interaction between
15N and 2H during the 15N ? 13C transfer step (2TNC) in

(HCA)NCO(CA)H experiment.

(HCA)CON(CA)H and (HCA)NCO(CA)H experiments

can be expanded into 4D experiments by establishing cor-

relations between 13C0(i - 1), 15N(i), 13Ca(i), 1Ha(i) and
15N(i), 13C0(i - 1), 13Ca(i - 1), 1Ha(i - 1). In that case,

effective resolution in 13Ca dimension of the (HCA)NCO-

CAH experiment is limited to 2TC, which is typically set to

6.5–7 ms as a compromise between 13Ca spin relaxation

rate, and active and passive J couplings between 13C0–13Ca

and 13Ca–13Cb. This may not be highly beneficial in case of

IDPs, where the chemical shift dispersion is very limited in
13Ca dimension. Alternatively, 2TC can be extended to

27–28 ms, which in case of IDPs offers even increased

coherence transfer efficiency (I * 0.22) by assuming

T2;Ca� 100ms. However, in the case of 15 kDa globular

protein, this results in substantial decrease in overall sensi-

tivity (50%). Nevertheless, as coherence order selective

coherence transfer is already employed to 13Ca !1 Ha

transfer for improved water suppression, this does not

induce additional sensitivity loss with respect to 3D exper-

iments (Kay et al. 1992; Schleucher et al. 1994).

Combination of (HCA)CON(CA)H, iH(CA)NCO, and

(HCA)NCO(CA)H/H(CA)CON experiments offers efficient

assignment protocol for IDPs and/or globular proteins which

require alkali (pH [ 7) conditions. Figure 3 shows sche-

matically an assignment strategy that utilizes unidirectional

coherence transfer available through these experiments.

First, cross-peaks for intraresidual amide nitrogen, carbonyl

and a-proton (Ni;C
0
i;H

a
i ) appear in iH(CA)NCO spectrum

(Mäntylahti et al. 2010). By selecting the corresponding
15N-plane of each spectra, the Ni;C

0
i�1;H

a
i cross-peak in

(HCA)CON(CA)H, and Ni;C
0
i�1;H

a
i�1 cross-peak in

(HCA)NCO(CA)H enables the assignments of the reso-

nances of carbonyl and a-proton of the preceding amino

acid residue (marked as red spot and arrow). Intraresidual

correlation of the residue Ni-1 (Ni�1;C
0
i�1;H

a
i�1) in

iH(CA)NCO appears at the corresponding C0i�1 projection

and Hi-1
a frequency to (HCA)NCO(CA)H spectrum.

Application to streptococcal protein G and intrinsically

disordered CT16

The novel pulse sequences were exposed to experimental

verification on two proteins, an extensively studied 56-res-

idue immunoglobulin-binding domain B1 of streptococcal
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protein G (GB1), and cancer/testis antigen CT16 also rec-

ognized as PAGE5 belonging to Xage protein superfamily.

GB1 is a small globular protein, composed of four antipar-

allel b-strands and one a-helix. CT16 has been found to be

expressed in lung and renal cancers as well as in melanomas

(Rappu et al. 2010). CT16 is a 110-residue protein belonging

to the group of IDPs according to analysis of its amino acid

composition by IUPred algorithm (http://iupred.enzim.hu)

(Dosztányi et al. 2005) as well as 1H, 13C and 15N chemical

shift data. Therefore evaluation of overall performance of

the proposed pulse sequences on GB1 and CT16 yields

comparative insight into applicability of new experiments.

Figure 4 displays two-dimensional 1Ha, 13C0 panels from

GB1, recorded with the novel (HCA)CON(CA)H pulse

scheme using 15N ? 13C transfer delay TNC = 15 ms

(Fig. 4a) and TNC = 25 ms (Fig. 4b). The corresponding

two-dimensional 1Ha–13C0 correlation map recorded with

the H(CA)NCO experiment is shown in Fig. 4c. The salient

features of these experiments are clearly visible in these

two-dimensional plots: (HCA)CON(CA)H (TNC = 15 ms)

and H(CA)NCO spectra exhibit both 1Ha(i)–13C0(i - 1)

and 1Ha(i)–13C0(i) correlations, whereas solely 1Ha(i)–13C
0(i - 1) correlations are visible in the (HCA)CON(CA)

H (TNC = 25 ms) spectrum. The difference between

(HCA)CON(CA)H (TNC = 15 ms) and H(CA)NCO spectra

is the sign discrimination between 1Ha(i)–13C0(i - 1) (red

contours) and 1Ha(i)–13C0(i) (blue contours) cross-peaks in

the former. In addition, the glycine residues in both

(HCA)CON(CA)H spectra (Fig. 4a, b) can be recognized by

their phase difference in comparison to other residues. We

compared the sensitivity of the new (HCA)CON(CA)H

experiment with the H(CA)NCO scheme on GB1 at 30�C.

The histogram in Fig. 5 shows measured peak heights for

well-resolved sequential 13C0(i - 1), 1H(i) cross peaks in

GB1. Generally, the (HCA)CON(CA)H experiment with the
15N ? 13Ca transfer delay TNC set to 25 ms, is 40% more

sensitive than the H(CA)NCO experiment derived from the

original HCA(N)CO schemes (Yamazaki et al. 1997; Ogura

et al. 2010), and 30% more sensitive than the (HCA)-

CON(CA)H scheme with TNC = 15 ms. This is in good

accordance with theoretical calculations for the protein of

this size.

Assignment of IDPs is seriously hampered by the poor

chemical shift dispersion especially on 13Ca and 13Cb spins.

Although we have successfully employed the HA-detection

based strategy for the backbone assignment of the fifth

47-residue repeat of EspFU using the intraresidual

iH(CA)NCO and sequential H(CA)CON schemes that link

consecutive residues through 15N chemical shift (Mänty-

lahti et al. 2010). However, in the case of CT16, the

amount of cross-peak overlap is significantly more severe,

which rendered the 15N chemical shift based assignment

difficult. To address this issue, we propose to use the novel

(HCA)CON(CA)H experiment together with (HCA)N-

CO(CA)H (or alternatively H(CA)CON) and iH(CA)NCO

schemes. We applied these three experiments for the

backbone assignment of CT16 using the protocol shown in

Fig. 3. With this approach, we were able to accomplish a

1H

(HCA)CON(CA)H (HCA)NCO(CA)H (HCA)CON(CA)H (HCA)NCO(CA)H

(HCA)NCO(CA)H

15Ni-plane

13C í-1-plane

NiC´ Hi-1 i-1  

1H 1H

1H

1H

1H

15Ni-plane
15Ni-1-plane 15Ni-1-plane

13C í-1-plane 13C í-2-plane
1H 1H

1H
iH(CA)NCO

15Ni-plane

iH(CA)NCO
NiC´Hi i  

Ni-1C´ Hi-1 i-1  

NiC´ Hi-1 i-1  

NiC´ Hi-1 i-1  NiC´ Hi-1 i  

iH(CA)NCO

Ni-1C´ Hi-1 i-1  

Ni-1C´ Hi-2 i-1  Ni-1C´ Hi-2 i-2  

Ni-1C´ Hi-2 i-2  

iH(CA)NCO
Ni-2C´ Hi-2 i-2  

15Ni

15Ni-1

15Ni-1

15Ni-2

15Ni-1-plane

13C í-2-plane

(HCA)NCO(CA)H

Fig. 3 Schematic presentation

of sequential assignment

procedure based on

iH(CA)NCO (Mäntylahti et al.

2010), and novel

(HCA)CON(CA)H and

(HCA)NCO(CA)H (or

alternatively H(CA)CON;

Mäntylahti et al. 2010) spectra.

Cross peaks resonating at the

nitrogen frequency of the

residues i, i - 1 and i - 2 are

color-coded with red, blue and

green, respectively
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nearly complete backbone assignment of CT16 at two

different pHs: 6.5 and 8.5. Remarkably, we were able to

obtain all the previous assignments and additionally assign

N-terminal stretches G1-H6 and S10-S13 as well as all the

prolines that remained unassigned in our HN-detection

based approach either due to exchange broadening or

inherent lack of HN proton in proline residues. Only res-

onances belonging to residues E36 and D100 remained

unassigned. Figure 6 highlights the ‘‘sequential walk’’ for

the stretch G1–S2–M3–S4–E5, which we were not able to

assign using our HN-detected approach based on i(HCA)-

CO(CA)NH and HNCO experiments even at moderately

low pH 6.5 (Mäntylahti et al. 2009). Figure 7 displays 15N

HSQC spectra of CT16 measured at pH 6.5 (upper panel)

and 8.5 (lower panel). Although exchange broadening of

NH signals is clearly visible at alkali conditions, the

assignment of 1HA, 13C0 and 15N signals is still possible

using the iH(CA)NCO, (HCA)CON(CA)H and (HCA)N-

CO(CA)H spectra as demonstrated in panels on the right.

Conclusions

We have presented novel and efficient assignment protocol

based on HA-detection and unidirectional coherence

transfer available in (HCA)CON(CA)H and (HCA)NCO(-

CA)H experiments. Together with the unidirectional

iH(CA)NCO experiment introduced earlier (Mäntylahti

et al. 2010), these experiments provide robust platform for

backbone assignment of natively unfolded proteins.

We demonstrated assignment protocol on cancer/testis

antigen CT16, a 110-residue IDP, where nearly complete

backbone assignment was obtained, including 10 N-termi-

nal residues that remained unassigned in our HN-detection
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Fig. 4 Expansions of two-dimensional 13C0–1H correlation map from

GB1. Panel a displays 13C0(i - 1)–1H(i) and 13C0(i)–1H(i) correlations

with red and blue contours, respectively. The spectrum was recorded

with the pulse scheme shown in Fig. 1c, using the 15N ? 13C transfer

delay set to TNC = 15 ms. The spectrum in panel b shows solely

sequential 13C0(i - 1)–1H(i) connectivities, which were recorded with

the (HCA)CON(CA)H pulse scheme using the delay setting

TNC = 25 ms. This effectively suppresses the auto-correlation path-

way leading to 13C0(i)–1H(i) correlations. Spectrum in panel c repre-

sents two-dimensional H(CAN)CO correlation map, which shows

both 13C0(i - 1)–1H(i) and 13C0(i)–1H(i) cross-peaks. In comparison

to the spectrum in panel a, the sequential and auto-correlated cross-

peaks have identical phase properties. All spectra were recorded and

processed with identical parameters, and are shown with identical

contour levels, using a spacing factor of 1.4, which enables direct

comparison of attainable sensitivities

Fig. 5 Comparison of intensities for the sequential 13C0(i -

1)–1H(i) cross-peaks between (HCA)CON(CA)H (TNC = 15 ms)

(red bars), (HCA)CON(CA)H (TNC = 25 ms) (blue bars) and

H(CA)NCO spectra (black bars). Intensities were measured for those
13C0(i - 1)–1H(i) correlations in GB1, which were well-resolved and

free from partial cross-peak overlap or potential disruption of residual

water signal
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based assignment procedure due to exchange broadened

amide proton resonances (Mäntylahti et al. 2009). The

novel (HCA)CON(CA)H and (HCA)NCO(CA)H experi-

ments utilize 13C0 spins for the sequential linking of con-

secutive residues, which perfectly coheres earlier approach

based on 15N chemical shift, thus minimizing ambiguous

assignments due to degenerate 15N chemical shifts. More-

over, unidirectional coherence transfer provides optimal

spectral resolution by suppressing transfer routes, which

would otherwise lead to unnecessary overlap with redun-

dant information.

We reason that the assignment strategy based on HA-

detection with unidirectional coherence transfer schemes

will be very useful in case of intrinsically unfolded proteins

and/or proteins that require relatively high pH (alkali)

conditions.

Materials and methods

The novel (HCA)CON(CA)H and (HCA)NCO(CA)H

schemes, and H(CA)NCO experiment were tested on

1.5 mM uniformly 15N/13C labeled immunoglobulin-bind-

ing domain B1 of streptococcal protein G (GB1, 6.5 kDa,

56 residues) dissolved in 20 mM potassium phosphate

buffer, pH 5.5 with 7% D2O in a 250 ll Shigemi micro-cell.

In addition, iH(CA)NCO (Mäntylahti et al. 2010), (HCA)-

CON(CA)H and (HCA)NCO(CA)H experiments were

employed to the backbone assignment of 1 mM uniformly
15N/13C CT16 (110 residues) in 93/7% H2O/D2O by using

two different buffers: 20 mM Sodium phosphate, 50 mM

NaCl, pH 6.5 and 10 mM Tris–HCl, 50 mM NaCl, pH 8.5.

All the spectra were recorded at 25�C, on a Varian Unity

INOVA 800 NMR spectrometer, equipped with a
15N/13C/1H triple-resonance probehead and an actively

shielded z-axis gradient system. For GB1, two-dimensional

(HCA)CO(NCA)H (TNC = 15 ms), (HCA)CO(NCA)H

(TNC = 25 ms) and H(CAN)CO spectra were measured

(Fig. 4a–c). For each spectrum, 84 and 768 complex points

in t1 and t2 were recorded using 8 transients per FID. This

corresponds to acquisition times of 28 and 64 ms in t1
(13C0) and t2 (1H) dimensions. Total experimental time for

each spectrum was 33 min. For CT16, three-dimensional

(HCA)CON(CA)H (TNC = 25 ms), HCA)NCO(CA)H

(TNC = 25 ms) and iH(CA)NCO experiments were mea-

sured at pH 6.5 and pH 8.5 using identical parameters: For

(HCA)CON(CA)H and (HCA)NCO(CA)H experiments 86,

128 and 768 complex points in t1 (13C), t2 (15N), and t3
(1H), respectively, were collected. This translates into

acquisition times of 33.1, 42.7 and 64 ms, respectively. For

iH(CA)NCO, 128 (t1, 15N), 48 (t2, 13C) and 768 (t3, 1H)

complex points were collected, yielding acquisition times

of 42.7, 18.5 and 64 ms, respectively. For each experiment,

two transients per FID were used. Total experimental time

for (HCA)CON(CA)H and (HCA)NCO(CA)H experiments

was 22 h each, and 16.5 h for iH(CA)NCO.
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Fig. 6 Illustration of the ‘sequential walk’ by means of iH(CA)NCO,

(HCA)CON(CA)H and (HCA)NCO(CA)H spectra. Strip plots show-

ing 13C0(i)–1H(i), 13C0(i - 1)–1H(i) and 13C0(i - 1)–1H(i - 1) pro-

jections of three-dimensional iH(CA)NCO, (HCA)CON(CA)H and

(HCA)NCO(CA)H spectra taken at the chemical shift of 15N(i) are

shown. Assignment is exemplified using N-terminal residues G1–E5

of CT16, which remained unassigned from HN-detected experiments

due to fast exchanging amide protons (Mäntylahti et al. 2009)
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Spectra were processed using the standard VNMRJ 2.2

revision D software package and analyzed with VNMRJ 2.2

revision D and Sparky 3.1.10 (Goddard and Kneller 2004).

Prior to zero-filling to two-dimensional 4096 9 4096 data

matrix (Fig. 4), or three-dimensional 512 9 512 9 2048 data

matrix (Fig. 6) followed by the Fourier transform, the data

were weighted with a shifted squared sine-bell functions

applied to all three dimensions.
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