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Abstract We propose a new alpha proton detection based

approach for the sequential assignment of natively unfol-

ded proteins. The proposed protocol superimposes on fol-

lowing features: HA-detection (1) enables assignment of

natively unfolded proteins at any pH, i.e., it is not sensitive

to rapid chemical exchange undergoing in natively unfol-

ded proteins even at moderately high pH. (2) It allows

straightforward assignment of proline-rich polypeptides

without additional proline-customized experiments. (3) It

offers more streamlined and less ambiguous assignment

based on solely intraresidual 15N(i)-13C0(i)-Ha(i) (or
15N(i)-13Ca(i)-Ha(i)) and sequential 15N(i ? 1)-13C0(i)-
Ha(i) (or 15N(i ? 1)-13Ca(i)-Ha(i)) correlation experiments

together with efficient use of chemical shifts of 15N and
13C0 nuclei, which show smaller dependence on residue

type. We have tested the proposed protocol on two pro-

teins, small globular 56-residue GB1, and highly disor-

dered, proline-rich 47-residue fifth repeat of EspFU. Using

the proposed approach, we were able to assign 90% of 1Ha,
13Ca, 13C0, 15N chemical shifts in EspFU. We reckon that

the HA-detection based strategy will be very useful in the

assignment of natively unfolded proline-rich proteins or

polypeptide chains.

Keywords Assignment � EspFU � H(CA)CON �
iH(CA)NCO � Intrinsically unfolded proteins

Introduction

NMR spectroscopy has become an invaluable biophysical

tool for characterization of variety of biological macro-

molecules in solution. During the past 20 years bewilder-

ing myriad of triple-resonance experiments have been

developed for the assignment of protein backbone and

sidechain nuclei (for review, see e.g., Sattler et al. 1999;

Permi and Annila 2004). Studies of larger proteins usually

utilizes (per)deuteration (Yamazaki et al. 1994) and so-

called TROSY effect (Pervushin et al. 1997). These inno-

vations have rendered pulse sequences based on alpha

proton (HA) detection inferior compared to experiments

which detect amide proton (HN) during acquistion. How-

ever, HN-detection is not always an optimal choice for

assignment. Intrinsically unfolded proteins (IUPs) are a

particular class of biomolecules, which play pivotal role in

signal transduction and various regulatory processes

(Tompa 2002; Dyson and Wright 2005). Characterization

IUPs utilizing HN-detection based approach may not yield

satisfactory results. A major hurdle in studies of IUPs

stems from the lack of diversity in proton chemical shifts

due to highly similar chemical environment in polypeptides

without well-defined three-dimensional structure. Lack of

strict 3D structure of UIPs causes the chemical shift dis-

persion of protons to be highly degenerated, which results

in multidimensional spectra exhibiting heavily overlapping

cross peaks, which in turn makes the assignment of main-

chain resonances particularly challenging. This becomes

especially pronounced in the case of even modestly alkali

(pH C 7) conditions, where a rapid chemical exchange of

exposed labile protons with water results in broad lines

and, hence, in a decreased sensitivity and resolution for

backbone amide protons (Bai et al. 1993; Grzesiek et al.

1997; Hu et al. 2007). In addition, proline is one of the
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most abundant residues in IUPs (Tompa 2002), and these

proteins often contain multiple polyproline stretches, which

render the sequential assignment strategy based on HN-

detected triple-resonance experiments less useful.

Nearly unrestricted motional freedom makes the relax-

ation properties of IUPs ideal for multidimensional NMR

studies, enabling development and application of sophis-

ticated pulse sequences for their analysis. Our group has

been developing and successfully applying HN-detected

intraresidual experiments for the assignment of highly

disordered proteins (Alho et al. 2007; Mäntylahti et al.

2009).

It is possible to employ pulse sequences that utilize

highly selective coherence transfer pathways and provide

non-redundant information with minimal spectral overlap

without sacrificing too much in sensitivity. In case of IUPs,

selective intraresidual and sequential HA-detected triple-

resonance experiments can be put into a good use. In this

paper we introduce novel HA-detected triple-resonance

experiments, which correlate 1Ha chemical shift either with

residues own 13C(i) and 15N(i) frequencies or the corre-

sponding 15N(i ? 1) frequency of the subsequent residue.

The proposed experiments are complementary to the earlier

developed proline optimized CDCA(NCO)CAHA (Bot-

tomley et al. 1999) and HCAN/(HB)CBCA(CO)N(CA)HA

(Kanelis et al. 2000) as well as recently introduced 13C-

detected experiments (Bermel et al. 2006, 2009). We have

successfully employed this assignment strategy to a

natively unfolded 47-residue fifth repeat of EspFu (R475)

having a high content of proline residues and consecutive

proline pairs (Cheng et al. 2008).

Results and discussion

Description of the pulse sequences

The schematic presentation of magnetization transfer route,

and the proposed intraresidual iH(CA)NCO and iHCAN

experiments for establishing correlations between 1Ha(i)
13C0(i) and 15N(i), and 1Ha(i), 13Ca(i) and 15N(i) spins are

shown in Fig. 1a–c, respectively. The corresponding

schematics together with the sequential H(CA)CON pulse

sequence for correlating 1Ha
i

13C0i and 15Ni?1 frequencies

are shown in Fig. 1d, e. Inset in Fig. 1e0 displays an

alternative implementation used for the 13C0 chemical shift

labeling in the H(CA)CON experiment.

The flow of coherence during the intraresidual

iH(CA)NCO and iHCAN experiments (Fig. 1b, c) can be

described in the following way:

Fig. 1 a Schematic presentation of magnetization transfer pathway

during the intraresidual experiments. Bidirectional arrows indicate

out-and-back type magnetization transfer, whereas one-way arrows
represent coherence transfer route which is unidirectional. One-letter
codes above the arrows indicate time points in the pulse sequence.

b Intraresidual iH(CA)NCO experiment to correlate 1Ha(i), 13C0(i)
and 15N(i) chemical shifts and c intraresidual iHCAN experiment for

correlating 1Ha(i), 13Ca(i) and 15N(i) chemical shifts in uniformly 15N,
13C enriched proteins. d Schematic presentation of relay of coherence

during the e H(CA)CON experiment, which correlates chemical shifts

of 1Ha(i), 13C0(i) and 15N(i ? 1) resonances. e0 Alternative imple-

mentation for the 13C0 chemical shift labeling during t2. Narrow and

wide rectangulars correspond to 90� and 180� flip angles, respec-

tively, applied with phase x unless otherwise stated. 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 just after the first

90� 13C pulse (time point a), and shifted back to 57 ppm prior to time

point d. 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, respectively, in order to provide null

mutual excitation (Kay et al. 1990). The first 180� pulse for 13Ca is an

adiabatic, band-selective 13Ca inversion pulse with a sech/tanh profile

and duration of 1 ms (Silver et al. 1984; Bendall 1995). 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). Two 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(TC. ? TA ? TCC) - s2, t1, and 2(TN - s) periods. 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/(2JCaC0) *9.5 ms; TB =

1/(6JCaC0) *3.3 ms; TA = 1/(4JC0N) *16.6 ms; T0C = TC ? TCC;

TCC = 1/(JCaCb) - 1/(4JC0N) - 1/(2JCaC0) *0–2.5 ms; TN *14 ms;

t2,max \ 2.0*T0C. Frequency discrimination in 15N and 13C0 dimen-

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

applied to /1 and /2, respectively, whereas the quadrature detection

in 13Ca dimension (scheme c) is obtained using the sensitivity-

enhanced gradient selection (Kay et al. 1992; Schleucher et al.

1994). The echo and antiecho signals in 13Ca dimension are

collected separately by inverting the sign of the GC gradient pulse

together with the inversion of w, respectively. Phase cycling:

/1 = x, -x; /2 = 2(x), 2(-x); /3 = 4(x), 4(-x); /4 = x; w = x;

rec. = x, 2(-x), x, -x, 2(x), -x. Because a selective 180� pulse

for 13Ca in the middle of delay 2TA induces a Bloch-Siegert shift to
13C0 magnetization, a careful adjustment of phase (bsp) of the last
13C0 90�(phase y) pulse is necessary. Gradient strengths and

durations: GC = 13 k G/cm (1.6 ms), GH = 13 k G/cm (0.4 ms).

It is possible to run experiment without composite pulse 1H decoupling.

In that case, the low power decoupling and water selective pulses

should be replaced by hard 180� pulses (marked with asterisks) and the

relative phases of /3 and /4 should be changed by 90�. The pulse

sequences code and parameter file for Varian Inova system are

available from authors upon request

c
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1HaðiÞ ���!
1JHC 13CaðiÞ �� ���������!

1JCaN ;
2JCaN ;

1JCaC013C0ðiÞ

TA � t2; 1JC0N ; 1JCaN ; 2JCaN

� �

�������������!
1JCaN ;

2JCaN ;
1JCaC0 15NðiÞ t1½ � �� �������!

1JCaN ;
2JCaN 13CaðiÞ ���!

1JHC 1HaðiÞ t3½ �

and

1HaðiÞ ���!
1JHC 13CaðiÞ �����������������������!

1JCaC0 ;
1JCaN ;

2JCaN 13C0ðiÞ�13CaðiÞ

�������������!
1JCaN ;

2JCaN ;
1JC0N 13CaðiÞ �����������������!

1JCaC0 ;
1JCaN ;

2JCaN 15NðiÞ t1½ � ���������!
1JCaN ;

2JCaN

13CaðiÞ TN� t2½ � �����!
1JHC 1HaðiÞ t3½ �

respectively. Active couplings employed to the magneti-

zation transfer are indicated above the arrows and in

parentheses during the constant time acquisition periods,

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

the corresponding spin. Both intraresidual iH(CA)NCO

and iHCAN experiments utilize a non-linearity of the

N(i)-Ca(i)-C0(i)-N(i ? 1) spin system to obtain so-called

intraresidual filtering (Permi 2002; Nietlispach et al. 2002;

Jiang et al. 2005; Mäntylahti et al. 2009). Original intra-

residual experiments are HN-detected out-and-back type

triple-resonance experiments (Permi 2002; Nietlispach

et al. 2002; Brutscher 2002; Tossavainen and Permi 2004;

Nietlispach 2004) and i(HCA)CO(CA)NH is an out-and-

stay type HN-detected experiment (Mäntylahti et al. 2009).

Both iH(CA)NCO and iHCAN experiments presented in

this work, are out-and-back type HA-detected experiments.

Both intraresidual experiments start with transfer of

steady state 1Ha magnetization to directly bound 13Ca spin

by using INEPT element (time point a in Fig. 1b, c; Morris

and Freeman 1979). This is followed by the generation of
13Ca-13C0 multiple-quantum (MQ) coherence which is

invoked by the 90�(13C0) pulse given at the time point b.

During the ensuing t2 period, incorporated into the delay

2TA, the labeling of 13C0 chemical shift takes place while
13Ca-13C0 magnetization becomes antiphase with respect to

the adjacent 15N(i ? 1) spin at the time point c. Afterwards,

the 13Ca-13C0 MQ coherence is converted back into the 13Ca

single quantum (SQ) coherence, which is fully refocused at

the time point d. It is noteworthy that due to rather small
1JCaN and 2JCaN couplings, which both evolve between time

points a and d, only the pathway leading to density operator

rðdÞ ¼ NzðiÞCa
z ðiÞ; ð1Þ

immediately prior to time point d, will generate detectable

magnetization at the end of the pulse sequence. Conversely,

the sequential pathway, corresponding to density operator

rðdÞ ¼ Ca
z ðiÞNzðiþ 1Þ; ð2Þ

before the time point d, is greatly suppressed (Jiang et al.

2005; Mäntylahti et al. 2009). From now on, only density

operators which pass the intraresidual pathway selection

and ultimately lead to observable magnetization will be

considered.

The following 90�(15N) pulse converts the desired

coherence into the 15N SQ coherence at time point e,

described by the density operator

rðeÞ ¼ NyðiÞCa
z ðiÞ ð3Þ

15N chemical shift frequency is labeled during the t1
period. Afterwards, the desired magnetization is converted

back to the 13Ca SQ coherence and the antiphase coherence

with respect to the 15N(i) spin will be refocused during

2TN. Finally, the desired coherence will be converted

back into the 1H SQ coherence upon detection of 1Ha

frequencies during t3.

The overall transfer function IiH(CA)NCO is proportional

to

IiHðCAÞNCO � sinð2p1JCaNðTC þ TAÞÞ sinð2p2JCaNðTC þ TAÞÞ
sin2ð2p1JCaC0TCÞ sinð2p1JC0NTAÞ cosð2p1JCaCb

ðTC þ TA þ TCCÞÞ cosð2p1JCaCbTNÞ sinð2p1JCaNTNÞ
cosð2p2JCaNTNÞ expð�2ðTC þ TA þ TCC þ TNÞ=T2;CaÞ
expð�ð2TAÞ=T2;C0Þ; ð4Þ

where 1JCaC0,
1JC0N and 1JCaCb correspond to J coupling

values of 53, 15 and 35 Hz, respectively. One-bond (1JCaN)

and two-bond (2JCaN) couplings between backbone Ca and N

are estimated to be 1JCaN *10.6 Hz and 2JCaN, *7.5 Hz in

flexible polypeptide chain (Delaglio et al. 1991). The sen-

sitivity of the intraresidual iHCANCO experiments is

mainly governed by the transverse relaxation of 13C0 and
13Ca spins. Considering natively unfolded protein with rel-

atively slow decay rates, 5 and 10 Hz, for the transverse

magnetization of 13C0 and 13Ca spins, respectively, the

optimization of delays TA, TC and TCC, yields coherence

transfer efficiency of 0.22 for iHCANCO experiments. This

is comparable to the efficiency obtained for the conventional

HCAN experiment (0.23). Hence, in the case of natively

unfolded proteins, intraresidual HA detected experiments

provide sensitivity comparable to the conventional HCAN

experiment (Kay et al. 1990; Wang et al. 1995; Kanelis et al.

2000). For small globular protein (\10 kDa) with robust

tertiary structure, the corresponding transfer efficiencies

become less favorable to the intraresidual experiments. By

assuming R2s of 10 Hz for 13C0 and 20 Hz for 13Ca, the

transfer efficiencies for intraresidual iHCAN and conven-

tional HCAN schemes will then become 0.077 and 0.121,

respectively. This makes the exclusive intraresidual transfer

less sensitive although it provides up to twofold higher

resolution in comparison to the HCAN scheme. Evidently,

the intraresidual transfer becomes inefficient on globular

proteins larger than 10–15 kDa but it is ideally suited for the

assignment of IUPs with low transfer relaxation rates.
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Depending on the pulse sequence, either 13C0(i) or 13Ca(i)

resonance frequencies are labeled during the t2 period. In the

iH(CA)NCO scheme (Fig. 1b), the 13C0(i) chemical shift

labeling takes place during the constant-time period imple-

mented into the 2TA delay within the intraresidual filter.

Therefore effective experimental resolution is restrained by

the delay (2TC ? TCC), corresponding to acquisition time of

18–22 ms in t2 (Mäntylahti et al. 2009). However, for IUPs,

chemical shift dispersion of 13C0 is often superior with

respect to the frequency range found for 13Ca shifts as the

resonance frequency of carbonyl carbon is less dependent on

a residue type (Yao et al. 1997; Dyson and Wright 2001).

After Fourier transformation of time domain signal in three

dimensions results in cross peaks at xN(i), xC0(i), xHa(i).

Hence only single cross peak per amino acid residue, gen-

erated by the intraresidual magnetization transfer, warrants

less ambiguous backbone assignment, especially on poly-

peptide chains with elevated motional degree of freedom.

Additional virtue of intraresidual iH(CA)NCO scheme lies

on differing phase properties of glycines when compared to

non-glycine residues. This is due to trigonometric factors

cos(2p1JCaCb(TC ? TA ? TCC))cos(2p1JCaCbTN) & -1,

which is effective for non-glycine residues. The resulting

180� phase difference between glycine and non-glycine

residues is especially useful for the assignment of glycines

with degenerated HA shifts.

Labeling of the 13Ca chemical shift during the t2 period

in the iHCAN experiment (Fig. 1c) instead of the 13C0 in

iH(CA)NCO, offers up to sqrt(2) times higher signal-to-

noise ratio for non-glycine residues. In the case of iHCAN,

the sensitivity- and gradient-enhanced coherence-order

selective coherence transfer (COS-CT) can be applied

during t2 in order to transform both orthogonal 13Ca mag-

netization components simultaneously into observable 1H

SQ coherence (Kay et al. 1992; Schleucher et al. 1994). In

addition, it is possible to utilize ca. 28 ms acquisition time

in t2, which offers very high resolution in the 13Ca

dimension after mirror-image linear prediction. This tech-

nique provides an invaluable advantage when dealing with

poorly dispersed cross peaks typically found in highly

disordered proteins. In this case, after Fourier transform of

three-dimensional time domain matrix, cross peak emerges

at xN(i), xCa(i), xHa(i) i.e., again solely intraresidual

correlations will be observed for each amino acid residue

and that facilitates the assignment procedure.

Figure 1d schematically presents the magnetization

transfer pathway used in the complementary H(CA)CON

experiment, which is depicted in Fig. 1e. The experiment

establishes correlation between 1Ha and 13C0 spins of the

residue i and 15N spin of the residue i ? 1. The

H(CA)CON experiment bears resemblance to the HCA

(CO)N and H(CACO)N schemes developed by Bax and

colleagues (Kay et al. 1990; Powers et al. 1991; Wang et al.

1995) as well as more recent H(CA)CON scheme (Sayers

and Torchia 2001). Differences to original schemes will be

briefly discussed below.

The coherence flows through the H(CA)CON experi-

ment in the following way:

1HaðiÞ ���!
1JHC 13CaðiÞ ���!

1JCaC0 13C0ðiÞ ���!
1JC0N 15Nðiþ 1Þ t1½ � !

13C0ðiÞ 2TA � t2; 1JC0N

� �
���!

1JCaC0 13CaðiÞ ���!
1JHC 1HaðiÞ t3½ �;

where active heteronuclear one-bond couplings utilized for

the magnetization transfer are given above the arrows and

in parentheses during the constant time acquisition periods.

Different ti (i = 1–3) values refer to the acquisition time

for the corresponding spin.

The experiment transfers magnetization from 1Ha to 13C0

by using consecutive INEPT steps, which utilize large one-

bond couplings between 1Ha and 13Ca (time point a), and
13Ca and 13C0 (time point b), respectively. Semi-selective

180�(13Ca) pulse could have been applied during the
13Ca-13C0 INEPT step in order to remove 13Ca-13Cb coupling

interaction during 2TC, but we used Shaka-6 composite

pulse, which simultaneously refocuses 13Ca and inverts 13C0

spins for all residue types (Shaka 1985). Although semi-

selective refocusing of the 1JCaCb interaction drastically

improves the overall sensitivity, at least by 60%, this is

achieved at expense of impaired sensitivity for Ser/Gly

residues, which are quite abundant in IUPs (Dyson and

Wright 2005). Hence, selection of an appropriate refocusing

pulse in the middle of 13Ca-13C0 INEPT is a trade-off

between overall sensitivity and residue specificity.

A subsequent 13C0-15N HMQC step is used for trans-

ferring magnetization from 13C0(i) to the 15N(i ? 1) spin of

the following residue. At time point c, 13C0-15N MQ

coherence is invoked by the 90�(15N) pulse, which is fol-

lowed by the chemical shift labeling of 15N frequencies.

Instead of observing the chemical shift of 13Ca spins during

the t2 period, the ensuing 13C0-15N HMQC back-transfer is

used for labeling the chemical shift of 13C0 spin of the

residue i. The transfer scheme is similar to the original

scheme presented by Bax and co-workers (Kay et al. 1990).

However, in our case the whole 2TA period is used for the

chemical shift labeling of 13C0 during the 13C0-15N refo-

cusing period. This implementation enhances experimental

resolution by twofold in 13C0 dimension (t2,max = 4TA &
66 ms) when compared to the original schemes by Kay

et al. (1990) and Wang and Bax (1995). In addition, to

ensure high resolution in both 15N and 13C0 dimensions, a

number of decoupling pulses needs to applied during t1 and

t2 periods for removal of 15N-13C and 13C0-13Ca scalar

coupling interactions during the 15N and 13C0 chemical

shift labeling periods. A negative aspect of using this

approach stems from faster decay of 15N-13C0 MQ
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coherence during the t1 period, resulting in lower resolution

along the F1 dimension as, by assuming any cross-corre-

lated relaxation mechanism to be negligible for 15N and
13C0 spins, the linewidth in the 15N dimension is deter-

mined by transverse relaxation rates of both 15N and 13C0

spins.

Inset in Fig. 1e0 displays an alternative, INEPT based

implementation of 13C0-15N transfer and 13C0 chemical shift

labeling during t2 (Sayers and Torchia 2001). Although the

resolution is limited to t2,max = 2TA = 25–33 ms, the

experiment still offers up to fourfold to sixfold enhance-

ment in resolution with respect to the HCA(CO)N where

t2,max of 6–9 ms in 13Ca dimension can be used (Wang

et al. 1995).

After labeling of 13C0 frequencies in t2, the magnetiza-

tion is transferred back to 1H SQ coherence using the

identical but reverse coherence transfer pathway. Finally,

detection of 1Ha chemical shift frequencies takes place

during t3. After Fourier transformation of 3D time domain

data matrix results in correlations at xN(i ? 1), xC0(i),

xHa(i), therefore complementing solely intraresidual cor-

relations obtained with the iH(CA)NCO experiment.

The overall transfer function IH(CA)CON for the experi-

ment is

IHðCAÞCON � sin2ð2pJCaC0TCÞ sin2ð2p1JC0NTAÞ
cos 2ð2pJCaCbTCÞ expð�4TC=T2;CaÞ expð�4TA=T2;C0 Þ ð5Þ

Optimization of delay values using the same J coupling

constants and decay rates as in the case of intraresidual

experiments yields transfer efficiency of 0.28. Hence, in

IUPs, the overall sensitivity of the H(CA)CON is superior

to its intraresidual counterpart by *30%.

As mentioned above glycines are rather abundant in

UIPs and therefore obtaining good quality spectrum with

Gly signals is imperative. Both intraresidual and sequential

HA-detected experiments utilize refocusing of the anti-

phase 2Ha
zCa

y coherence to the in-phase Ca
x before applying

coherent proton decoupling during the 13C to 15N magne-

tization transfer steps. Although this approach is superior to

IS spin moieties, the glycine HA’s, which establish an I2S

moiety, will be seriously deteriorated by their cross peak

intensities if the refocusing and defocusing delays s2 are

optimized for IS moieties (s2 = 1/(2 J) = 3.4 ms). The

delay s2 should be a compromise between optimal values

for IS and I2S spin systems, and take into account addi-

tional signal loss for non-glycine residues due to 1JCaCb

dephasing during 2Tb in schemes Fig. 1e, e0. Therefore,

delay s2 should be set to ca. 2.2–2.5 ms, which results in

modest sensitivity loss, by 10–15%, for non-glycine resi-

dues but enables clear detection of glycines. Alternative

implementation for decoupling of 1JHX (where X is either
13C or 15N) interaction during the courses of intraresidual

and sequential experiments is also shown in Fig. 1b, c, e,

e0. The antiphase 2Ha
zCa

y coherence is not rephased and

composite pulse decoupling is replaced by several 180�
proton pulses (denoted by asterisks in Fig. 1) during the

experiments. There is no sensitivity loss associated with

incomplete rephasing and dephasing of the antiphase and

in-phase coherences during delays s2. However, we

observed significant loss in sensitivity for methine moieties

in GB1 due to contribution of 1H-1H spin flips to relaxation

rates of 13C and 15N coherences. Hence, we prefer utilizing

composite pulse decoupling for removal of 1JHX interaction

during the experiments.

The final advantage of the new experiment regards water

suppression. Although sensitivity enhanced gradient

selected echo/antiecho coherence transfer is superfluous in

the intraresidual iH(CA)NCO and sequential H(CA)CON

experiments, both schemes utilize the gradient echo toge-

ther with the water flip-back approach for efficient water

suppression, enabling measurements to be carried out in
1H2O. Water flip-back is obtained by refocusing the anti-

phase 2Ha
zCa

y magnetization during the s2 delay to Ca
x and

subsequently applying two semi-selective pulses to water

frequency. In this way, water magnetization will be spin-

locked along the x-axis during the proton decoupling and

will be returned back to positive z-axis prior to acquisition.

Sometimes it may be advantegous to dissolve protein in
2H2O, especially if protein stability requires use of alkali

pH. To that end, additional 2H decoupling during 15N (t1)

evolution should be utilized for removal of J-coupling

between 15N and 2H. However, in case of highly mobile

IUPs this does not provide significant advantage due to

very short longitudinal relaxation time of 2H spins.

Application to GB1 and natively unfolded EspFU R47

We applied the proposed pulse sequences for two proteins, a

56-residue immunoglobulin-binding domain B1 of strepto-

coccal protein G (GB1, 6.5 kDa), and fifth repeat of en-

terohemorrhagic Escherichia coli effector (EspFU). GB1 is

small and very stable globular protein, which has been

extensively studied by NMR spectroscopy, whereas EspFu

is reported to bind GTPase binding domain (GBD) in Wis-

kott-Aldrich syndrome protein (WASP) family (Cheng et al.

2008). The fifth repeat of EspFU comprises 47 residues from

which 10 residues are prolines. EspFU exhibits a collapsed

chemical shift dispersion and low 15N heteronuclear NOEs,

which can be attributed to natively unfolded protein.

Therefore GB1 and EspFU establish a good benchmark for

the HA-based assignment strategy for disordered proteins.

Resolution enhancement in the 13C0 dimension, obtained

by employing the HMQC-like 13C0-15N transfer in the

H(CA)CON experiment, can be easily observed by com-

paring two-dimensional 13C0-1Ha correlation spectra in

Fig. 2a, b, recorded with the H(CA)CON schemes of

176 J Biomol NMR (2010) 47:171–181

123



Fig. 1e, e0, respectively. Figure 2c displays overlaid two-

dimensional 15N-1Ha correlation maps of GB1, recorded as

2D versions of the three-dimensional intraresidual iHCAN

(black contours) and H(CA)CON (red contours) experi-

ments. For the purpose of proof of principle, sequential

walk has been traced out for residues A25-V31, where

intraresidual 15N(i)-1Ha(i) connectivities are indicated with

their corresponding residue numbers. Even though GB1 is

a very rigid globular protein and almost completely lacking

disordered regions, there is still a significant resonance

overlap existing in the 15N-1Ha map. For instance, 15N

frequencies, and hence intraresidual and sequential corre-

lations, are almost completely overlapping for E29-K30

and V31-F32 residue pairs. Notable is the efficient water

suppression obtained with combined use of water flip-back

and heteronuclear gradient echo, which enabled high-

quality data collection in 1H2O sample at 800 1H MHz.

We also compared the sensitivities between the

iH(CA)N(CO) and HCAN experiments. Relative sensitiv-

ities of the attainable intraresidual correlations in GB1 for

iH(CA)N(CO) were 10 ± 10% weaker than in the corre-

sponding resonances in the HCAN spectrum, which is good

accordance with theoretical calculations for small globular

protein (vide supra). Two-dimensional 15N-1Ha planes for

the intraresidual iH(CA)N(CO) and conventional HCAN

experiments are shown in Supplementary Fig. 1.

Assignment of natively unfolded proteins is significantly

more challenging in terms of resonance overlap. We

Fig. 2 Two-dimensional 13C0(i)-1Ha(i) correlation plots of 13C/15N

labeled GB1, recorded with a H(CA)CON scheme with the 13C0-15N

HMQC transfer (Fig. 1e) and b H(CA)CON scheme with the 13C0-15N

INEPT transfer (Fig. 1e0). c Two-dimensional 15N(i)-1Ha(i) and
15N(i ? 1)-1Ha(i) correlation plots of 13C/15N labeled GB1, acquired

with three-dimensional iHCAN (Fig. 1c) and H(CA)CON (Fig. 1e)

experiments without t2 (13C) incrementation. Intraresidual spectrum,

showing 15N(i)-1Ha(i) correlations (black contours), and sequential

spectrum exhibiting 15N(i ? 1)-1Ha(i) correlations (red contours) are

superimposed. Sequential assignment has been traced out for

polypeptide stretch from A35 to V31, and the corresponding residues

are marked with appropriate numbers on intraresidual connectivities.

Spectra were processed using identical weighting functions and data

matrix sizes and are shown with identical contour levels, using a

spacing factor of 1.2
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applied intraresidual iH(CA)NCO and iHCAN experiments

(Fig. 1b, c) together with their complementary H(CA)CON

(Fig. 1e) and HCA(CO)N (Wang et al. 1995) counterparts

for the assignment of uniformly labeled 15N/13C EspFU.

Figure 3 shows 1H(i)-13C0(i) (panel a) and 1H(i)-13Ca(i)

(panel b) projections of the three-dimensional iH(CA)NCO

and iHCAN spectra, respectively. The corresponding
13C0(i)-15N(i) and 13Ca(i)-15N(i) projections are shown in

panels c and d, respectively. As expected, the dispersion of

cross peaks in 13C0(i)-15N(i) plane is slightly larger in

comparison to the 13Ca(i)-15N(i) map owing to more

favorable frequency distribution of 13C0(i) chemical shifts.

On the other hand, this is counterbalanced by a higher

resolution obtained in the 13Ca(i) dimension. Representa-

tive 15N(i)-1Ha(i) (e and g) and 15N(i ? 1)-1Ha(i) (f and h)

strip plots are extracted from the 13C0(i) (left panel) or
13Ca(i) (right panel) chemical shift of P31-A35 residues. As

can be appreciated from strips P31 and P34, prolines have a

characteristic downfield chemical shift with respect to

majority of residues which facilitates the assignment pro-

cedure. In accordance with our presumption, the use of 13C0

instead of 13Ca chemical shift for the assignment offers less

crowded strips due to smaller dependence of 13C0 chemical

shift on residue type. This makes assignment more

straightforward with respect to the 13Ca based approach.

Using this procedure, we were able to obtain complete

assignment of 1Ha, 13Ca, 13C0 and 15N nuclei despite the

very poorly dispersed 15N-HSQC spectrum, a few Pro-Pro

dipeptide stretches and the presence of multiple confor-

mations stemming from prolines populating both cis and

trans isomers. Very long flexible polypeptides may require

additional resolution to minimize cross peak overlap. To

that end, four-dimensional iHCANCO and HCACON

experiments correlating 1Ha(i), 13Ca(i), 13C0(i), 15N(i) and
1Ha(i), 13Ca(i), 13C0(i), 15N(i ? 1) nuclei may be highly

useful. In order to keep experimental time reasonable, it is

possible to utilize recently introduced non-uniform or

radial sampling schemes for recording high-resolution 4D

data sets (Barna et al. 1987; Freeman and Kupce 2004;

Rovnyak et al. 2004; Marion 2006; Kazimierczuk et al.

2006; Coggins and Zhou 2008; Jaravine et al. 2008).

Conclusions

In this work, we have introduced new protocol for the

sequential assignment of natively unfolded proteins. The

proposed protocol relies on a few key advantages. HA

detection enables: (i) assignment of natively unfolded proteins

at any pH i.e., it is not sensitive to rapid chemical exchange on-

going in natively unfolded proteins even at moderately high

pH, (ii) straightforward assignment of proline-rich polypep-

tides without additional proline-customized experiments, and

(iii) more streamlined and less ambiguous assignment based

on solely intraresidual 15N(i)-13C0(i)-Ha(i) and sequential
15N(i ? 1)-13C0(i)-Ha(i) magnetization transfer together with

use of less residue dependent chemical shifts of 15N and 13C0

nuclei. We have applied this assignment approach to the fifth

repeat of EspFU, which is natively unfolded, proline-rich

sequence, containing 47 residues. Using the proposed exper-

iments, we were able to assign 90% of 1Ha, 13Ca, 13C0, 15N

chemical shifts in EspFU. Theoretical analysis and experi-

mental results shown in this work suggest that the introduced

approach and pulse sequences will be useful in the assignment

of natively unfolded proline-rich proteins or polypeptide

chains.

Materials and methods

Both intraresidual iH(CA)NCO and iHCAN experiments as

well as sequential H(CA)CON, and HCA(CO)N (Wang

et al. 1995) experiments were applied to experimental

verification on two proteins: 1.5 mM uniformly 15N/13C

labeled immunoglobulin-binding domain B1 of strepto-

coccal 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, and 1 mM uniformly
15N/13C labeled fifth repeat of enterohemorrhagic Esche-

richia coli effector (EspFU, with 47 residues), dissolved in

buffer containing 20 mM sodium phosphate pH 7.0 and

50 mM NaCl, supplemented with 7% D2O in a 250 ll

Shigemi micro-cell.

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. Two-dimensional

H(CA)CO(N) spectra (Fig. 2a, b), measured with the pulse

sequences shown in Fig. 1e (and Fig. 1e0), were recorded

using 8 (16) transients per FID with 124 (62) and 1,024

complex points, corresponding to acquisition times of 62

(31) and 64 ms in t2 (13C) and t3 (1H). Two-dimensional

iH(CA)N spectrum of GB1 shown in Fig. 2c, was recorded

using 32 transients per FID with 96 and 1,024 complex

points, corresponding to acquisition times of 27 and 64 ms

in t1 (15N) and t3 (1H). The total experimental time was 2 h.

The corresponding two-dimensional H(CACO)N spectrum

was recorded with identical parameters except for 8 tran-

sients, resulting in total experimental time of 30 min. In-

traresidual iH(CA)NCO (and iHCAN) spectra of EspFU

R47 were recorded with 4 (2) transients per FID using 96,

36 (150) and 1,024 complex points in 15N, 13C0(13Ca) and
1H dimensions. This corresponds to acquisition times of 27,

18 (25) and 64 ms in t1, t2 and t3, respectively. The com-

plementary H(CA)CON (and HCA(CO)N) spectra were

recorded with four transients per FID using 96, 36 (41) and

178 J Biomol NMR (2010) 47:171–181

123



1,024 complex points in 15N, 13C0 (13Ca) and 1H dimen-

sions, which is equal to acquisition times of 27, 18 (6.8)

and 64 ms in t1, t2 and t3, respectively.

Spectra were processed using the standard VNMRJ 2.1

revision B software package (Varian Inc., 2006) and ana-

lyzed with VNMRJ 2.1 revision B and Sparky 3.1.10

(Goddard and Kneller 2004). Prior to zero-filling to two-

dimensional 1,024 9 4,096 data matrix (Fig. 2), or three-

dimensional 512 9 512 9 2,048 data matrix (Fig. 3a–h)

followed by the Fourier transform, the data were weighted

with a shifted squared sine–bell functions applied to all

three dimensions.

Fig. 3 1H(i)-13C0(i) (panel a), 1H(i)-13Ca(i) (panel b), 15N(i)-13C0(i),
(panel c) and 15N(i)-13Ca(i) (panel d) projections from three-

dimensional iH(CA)NCO and iHCAN spectra, recorded with pulse

sequences shown in b and c, respectively. 15N(i)-1Ha(i) (e, g) and
15N(i ? 1)-1Ha(i) (f, h) strip plots are taken at the chemical shift of

13C0(i) (panels e and f) and 13Ca(i) (panels g and h). ‘Sequential walk’

by employing iH(CA)NCO/H(CA)CON and iHCAN/HCA(CO)N

experiments is shown for the assignment of residues P31-A35 of

R475. Black crosses indicate positions of the suppressed correlations

originating from the sequential pathway
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