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Abstract. We describe here a simple modification of the HN(C)N experiment for the generation of serine/ 
threonine check points in the three-dimensional experiment. The various ‘triplet of residue’ specific peak 
patterns in the spectra are documented for ease of analysis and sequential backbone resonance assign-
ment. The performance of this experiment, referred to as HN(C)N–ST, is demonstrated using two pro-
teins, one properly folded and the other completely denatured. It is noteworthy that, even in the denatured 
protein, where spectral dispersions are rather poor, about 90% of the sequential connectivities through the 
chain could be established from this single experiment. This would have great implications for structural 
genomics efforts. 
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1. Introduction 

New developments in multi-dimensional NMR ex-

periments have made a significant contribution to 

achieve the structural genomics/proteomics aims (i.e. 

to generate accurate three-dimensional models for 

all folded, globular proteins and domains in the pro-

tein universe to understand the relationship between 

protein sequence, structure and function).
1–3

 For this 

purpose, rapid and unambiguous resonance assign-

ment has gained utmost importance. While the 

automated analysis of different spectra offers one 

approach, the design of experimental techniques to 

facilitate assignments and that too with as few  

experiments as possible is another direction of deve-

lopment. In this context, the HNN experiment and 

its complimentary experiment, HN(C)N,
4–7

 have 

proved extremely valuable for a variety of protein 

systems.8–17
 The recent developments of HNN tun-

ing to generate alanine
6
 and serine/threonine specific 

peak patterns
7
 have enhanced the speed of assign-

ment quite substantially. These developments  

involved a simple modification to the pulse  

sequence. 

 Continuing such efforts for rapid resonance as-

signments, we have implemented here the tuning ideas 

in the HN(C)N experiment to generate additional 

serine/threonine specific peak patterns in the spec-

tra. This is referred to as HNCN–ST and extends the 

HN(C)N-A experiment previously described.
6
 This 

implementation becomes extremely valuable, when 

the polypeptide chain has far removed glycines and 

alanines along the sequence, which could pose some 

difficulties in the HN(C)N alone based application. 

We have experimentally tested this on a properly 

folded protein (M-crystallin),
18

 and a completely  

denatured protein (9⋅7 M urea-denatured GTPase  

effector domain of Dynamin).
19

 We have shown  

that even in the latter case where the spectral disper-

sions are very poor, as can be expected for dena-

tured proteins, 90% of the sequential connectivities 

could be established from this HN(C)N–ST experi-

ment alone. 

2. Materials and methods 

2.1 Protein expression and purification 

The 15
N–

13
C labelled GED protein was expressed and 

purified as described elsewhere.19
 

15
N–

13
C labelled 

apo M-crystallin
18

 was obtained as a kind gift from 

Ravi P Barnwal. 
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Figure 1. Pulse sequence for HN(C)N–ST experiment. Narrow (hollow) and wide (filled 
black) rectangular bars represent non-selective 90° and 180° pulse, respectively. Unless indi-
cated, the pulses are applied with phase x. The 1H and 15N carrier frequencies are set at 
4⋅7 ppm (water) and 119⋅0 ppm, respectively. The 13C carrier frequency respectively for 
pulses in 13C

α and 13C′ channel are set at 56⋅0 ppm and 176⋅0 ppm, except for the encircled 
pulse on 13Cα channel, where it is set at 64⋅0 ppm. Proton decoupling using the waltz-16  
decoupling sequence30,31 with field strength of 6⋅3 kHz is applied during most of the t1 and t2 
evolution periods, and 15N decoupling using the GARP-1 sequence32 with the field strength 
0⋅9 kHz is applied during acquisition. The strength of the 13Cα pulses (standard Gaussian cas-
cade Q3 (180°) and Q5 (90°) pulses)20 is adjusted so that they cause minimal excitation of 
carbonyl carbons. The band-selective 180° pulse in the experiment responsible for tunability 
and versatility of HN(C)N is encircled for emphasis. The 180° 13CO shaped pulse (width 
200 μs) had a standard Gaussian cascade Q3 pulse profile with minimal excitation of 13Cα. 
The delays are set to λ = 2⋅7 ms, κ = 5⋅4 ms, δ = 2⋅7 ms, τC = 4⋅5 ms, TN = 14 ms, τN = 14 ms 
and Δ = τCN – τC. The τCN must be optimized and are around 13–16 ms. The values for the  
individual periods containing t1 are: A = t1/2, B = TN and C = TN – t1/2. The values for the in-
dividual periods containing t2 are: D = τN – 

2
t /2, E = τN and F = t2/2. The phase cycling for 

the experiment is Φ1 = 2(x), 2(–x); Φ2 = Φ3 = x, –x; Φ4 = x; Φ5 = 4(x), 4(–x); and Φreceiver = 
2(x), 4(–x), 2(x). Frequency discrimination in t1 and t2 has been achieved using States-TPPI 
phase cycling23 of Φ1 and Φ5, respectively, along with the receiver phase. The gradient (sine-
bell shaped; 1 ms) levels are as follows: G1 = 30%, G2 = 30%, G3 = 30%, G4 = 30%, 
G5 = 50%, and G6 = 80% of the maximum strength 53 G/cm in the z-direction. 

 

 

 

2.2 NMR spectroscopy 

All NMR experiments were performed at 25°C on a 

Bruker Avance spectrometer equipped with a Cryo-

Probe, operating at 
1
H frequency of 800 MHz. For 

both HN(C)N and HN(C)N–ST experiments, the  

delays 2TN, 2τ, 2τCN and 2τN were set to 28, 9, 24 ms, 

and 28 ms, respectively. Forty complex points were 

used along F1(
15

N) and F2(
15

N) dimensions in case 

of 9⋅7 M urea-denatured GED and 32 points in case 

of folded M-crystallin protein. In F3(H
N
) dimension, 

1024 complex points were collected. Sixteen scans 

were recorded for each FID. The acquisition time for 

each of the experiments was approximately 36 h for 

urea-denatured GED and 22 h for apo M-crystallin 

(folded), respectively. For the HN(C)N–ST experi-

ment, a band selective C
α/β

 inversion pulse was  

applied using a standard Gaussian cascade Q3 

pulse.20
 The pulse width used was 650 μs (at 13⋅98) 

and the bandwidth was 6000 Hz. The carbon carrier 

frequency was placed at 56 ppm and the carrier for 

the selective pulse (encircled pulse, figure 1) on car-
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bon channel was placed at 64 ppm (i.e. selectively 

inverting from 49 ppm to 79 ppm range of Cα/Cβ 

resonances). 

3. Results and discussion 

3.1 Modification to the HN(C)N pulse sequence 

The HN(C)N experiment (figure 1) employs the fol-

lowing magnetization transfer:
21

 
 

 
2 2

1 1
( ) N

TkN

i i i
H N t C

τ

−

′⎯⎯→ ⎯⎯⎯→ ⎯⎯→  

      
2 2

1 , 1 2 , 1 3
( ) ( ).CN N

i i i i i
C N t H t

τ τα

− − −

⎯⎯⎯→ ⎯⎯⎯→  

 

The delays 2TN, 2τC, 2τCN and 2τN are the time periods 

during which magnetization transfer take place; 2τCN 

should be chosen between 22 and 30 ms to get best 

transfers and obtain the characteristic peak patterns 

in the spectra. The choice would be a reasonable 

compromise between transfer efficiency and trans-

verse relaxation losses. The pulse sequence in figure 

1 differs slightly from the original sequence
21

 in that 

it uses WATERGATE
22

 sequence before detection 

for better water suppression and as a consequence 

the ‘sensitivity enhancement’ part has been dropped; 

frequency selection along the two indirect dimen-

sions was done by States-TPPI method.
23

 Further, 

the water flip back pulses have been used to provide 

sensitivity gain for labile NH groups avoiding satu-

ration of the water magnetization.24
 

 The modification to the pulse sequence that we 

are proposing here, for the specific purpose described 

above, is indicated by the encircled pulse in figure 1. 

This 180° refocusing pulse during τCN constant time 

evolution (figure 1) is made band selective so that 

Cα
 resonances of all except glycines and C

β
 reso-

nances of only serines and threonines are refocused 

as shown earlier.
7
 This means only serines and 

threonines go through all the evolution and transfer 

steps as in the original pulse sequence. The manifes-

tation of this in the peak patterns for the various 

triplet sequences is described in the following sec-

tions. 

3.2 Theory 

In the HN(C)N experiments, in a chain of three resi-

dues, i − 1 to i to i + 1, the intensities of the diago-

nal (I
d

i) and the cross (I
c

i  – 1) peaks in the (F2, F3) 

planes of the HN(C)N spectrum are given by:
25 

1 2 4 6 1 2

d

i
I A A A A K K=  (1) 

1 1 3 5 6 1 3

c

i
I A A A A K K
−

= − , (2) 

where Idi  and I
c

i  – 1 are the intensities of the diagonal 

and cross peaks, respectively, 

2

1 1
sin (2 )sin(2 )

i C i N
A l mTπ τ π

−

=  (3) 

2 1 1
cos(2 )cos(2 )

i CN i CN
A q pπ τ π τ

− −

=  (4) 

3 1 1
sin(2 )sin(2 )

i CN i CN
A p qπ τ π τ

− −

=  (5) 

4 1
cos(2 )sin(2 )

i N i N
A p qπ τ π τ

−

=  (6) 

5 1 2
sin(2 )sin(2 )

i N i N
A p qπ τ π τ

− −

=  (7) 

6 1
cos(2 )

i CN
A nπ τ

−

=  (8) 

1 1

1 2 2 2
exp( 2 2 2 )

i i i
N C C

N C CN
K T R R R

α

τ τ
− −

′

= − − −  (9) 

2 2
exp( 2 ),

i
N

N
K Rτ= −  1

3 2
exp( 2 )

i
N

N
K Rτ

−

= − , (10) 

where 2τC, 2τCN, 2TN = A + B + C and 2τN = D + 

E + F are the delays required for effecting the mag-

netization transfers as in figure 1. 
'

1 1

2 2 2
, ,

i i i
N N C

R R R− − and 
1

2

i
C

R
α

−  are the various transverse relaxation rates cor-

responding to their respective superscripts, and 

1 1

1
( );  ( );

i i i i i i
l J C C m J N Cα

−
′ ′= − = −  

1 2

1
( ); ( );

i i i i i i
p J C N q J C Nα α

+
= − = −  

1 ( ).
i i i
n J C C

α β

= −  (11) 

In equation set 11, 1J and 
2
J are one-bond and two-

bond coupling constants corresponding to the res-

pective terms in brackets. The value of 
1
J(Ni – C′i–1) 

is generally equal to ~15 Hz, thus the delay 2TN 

should be ~33 ms for optimum transfer. However, 

the average value of one bond or two bond N–C
α
 

coupling constant for the α and β types of structures 

are slightly different:
26

 for α helices, 
1

C N
J α

−

 and 
2

C N
J α

−

 are in the ranges of 8–10 and 4–6 Hz, re-

spectively, and for β structures these values are in 

the ranges of 10–13 and 6–9 Hz, respectively. Thus, 

based on the coupling constants, the delays 2τCN, 

and 2τN become protein-dependent and thus have to 

be optimized. The optimum value of 2τN for dena-

tured state of a protein (~10–15 kDa size) generally 

comes out to be between 24–30 ms. Among the 

various evolutions and the transfers occurring 

through the pulse sequence, the evolution during the 

period 2τCN is the most crucial from the sensitivity 

point of view, as, it is the period during which mag-

netization resides on the C
α
 carbon which has the
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Figure 2. Schematic patterns in the F1(
15

N)–F3(H
N
) planes at the F2(

15
N) chemical shift 

of the central residues in the triplets mentioned on the top of each panel in HN(C)N–ST 
spectra for various special triplet sequences of categories (i)–(ix) (see text). X, Z, and Z′ 
are any residue other than proline, glycine, serine/threonine. G, G′ and G″ are glycines, P 
is proline, and B, B′ and B″ stand for serines/threonines in the sequence. Diagonal peaks 
are shown by squares and sequential peaks by circles where black filled circles/squares are 
for positive peaks and open circles/squares are for negative peaks. In all the cases the 
peaks are aligned at the F3(H

N
) chemical shift of the central residue. 

 

 

fastest transverse relaxation rate, and its minimiza-

tion is crucial for highest sensitivity in the spectrum.  

 The Cα
 evolution during 2τCN has another impor-

tant consequence. A careful examination of the  

(equations 3–8) reveals that for the optimum choices 

of the transfer periods, the functions A1 to A5 are 

all positive while, A6 is negative. This means de-

pending on the presence or absence of A6 (which 

originate from evolution under C
α
–C

β
 coupling dur-

ing 2τCN period) the cross peaks can have negative 

or positive signs, respectively. This is precisely the 

basis of generation of different patterns of peaks due 

to glycines which do not have a Cβ
 carbon.

21
 These 

generate the check points for sequential walks in the 

HN(C)N spectrum. It can be recognized easily that 

by tampering with the C
α
 evolution, especially with 

the C
α
–C

β
 coupling evolution, during this period, it 

should be possible to manipulate the peak patterns 

for specific residues. In this context the 180° pulse 

(encircled in figure 1), which serves the purpose of 

(i) refocusing C
α
 chemical shifts and (ii) keeping ac-

tive evolutions under C
α
–C

β
 coupling and C

α
–N 

coupling, plays a crucial role. What this implies is 

that if a particular evolution under Cα
–C

β
 coupling 

during 2τCN period is prevented either by selective 

unlabelling of C
β
 carbon or by specific decoupling 

of Cβ
, then additional check points can be created in 

the 3D spectrum; the easy option here is to decouple 

the Cβ
 and this is the basis of the present modifica-

tion. These become particularly necessary if the pro-

tein sequence does not contain glycines for long 

stretches. 

 Among the various amino acid residues, the C
β
 

chemical shifts of alanines and serines/threonines 

are very distinct. The alanine Cβ
’s resonate most up-

field (18–22 ppm)
7,27

 while serine/threonine C
β
’s 

resonate most down-field (60–79 ppm)
7,27

 as com-

pared to all other residues (27–43 ppm).
7,27

 Next, the 

glycines not only lack β-carbons but also their Cα
’s 

resonate most up-field (40–45 ppm).
7,27

 as compared 

to all other residues (50–70 ppm).
7,27

 Thus, on the 

basis of the ranges and distinctiveness of the C
α
 and 
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C
β
 chemical shifts of the different residue types, we 

consider two types of manipulations: 

 (i) The 180° pulse can be made band-selective not 

to invert the C
β
 of alanines. This will eliminate  

C
α
–C

β
 coupling evolution for these residues and 

make them look like glycines in the 3D spectrum. 

This work has recently been described in detail by 

Chatterjee et al
6
 and the experiment has been named 

as HN(C)N–A. 

 (ii) The 180° band-selective pulse can be applied 

to selectively refocus all the non-glycine Cα
 carbons 

(note that any attempt to include C
α
 carbons of gly-

cines results in inversion of several C
β
 carbons as 

well) in the range of 49–79 ppm,
7,27

 to avoid C
α
–C

β
 

coupling evolution for all the residues except for 

serines and threonines – for which the C
β
 (60–

79 ppm)
7,27

 also gets refocused during the same time 

and C
α
–C

β
 coupling evolves in a normal manner. This 

is the modification we are currently concerned with 

and we refer to this experiment as HN(C)N–ST. 

 The HN(C)N–ST modification has, however,  

another consequence. Since the 180° pulse excludes 

C
α
 of glycines as well, there will be no evolution 

under C
α
–N coupling for glycines. As a result there 

will be no transfers of magnetization from the gly-

cines to the neighbouring residues. Thus, for the 

stretch –Gi–1Xi–, the density operator for this stretch 

at point f in figure 1 comes out to be: 

7 8 9 2
2 cos( )

i
f iz iy B B B NH N A A A tσ = Ω  

  
1

1 1 2
cos( )cos(2 )

i i
N CN C
t K Kατ

−

Ω Ω , (12) 

where 
i

N
Ω and 

i-1
C
αΩ are the chemical shifts of Ni and 

1i
C

α

−

 nuclei, respectively, and 

 

7 1
sin(2 )sin(2 );

B i C i N
A l mTπ τ π

−

=  

8 1
 cos(2 )cos(2 );

B i N i N
A p qπ τ π τ

−

=  

9
sin(2 ( )).

B CN CC CO
A J απ τ τ= −  (13) 

All other terms have their meaning as shown above. 

Note that there is no operator term in equation (13), 

describing transverse magnetization of Ni–1. Conse-

quently, there will be no (i – 1) cross peak in the ith 

(F2, F3) plane (where i – 1 is a glycine) and hence no 

(i + 1) cross peak in the ith (F1, F3) plane (where i is 

a glycine). The peak patterns in the different planes 

of the 3D spectrum for doublets of residues containing 

glycines will get modified compared to those in the 

normal HN(C)N spectrum. We have calculated all 

these patterns by setting the appropriate coupling 

constants to zero in equations (3–8) when evolutions 

under them have to be ignored. The expected peak 

patterns in the (F1, F3) planes of the 3D spectrum are 

shown in figure 2. Note that the phases are adjusted 

here such that the patterns for the general doublets 

which do not involve a serine/threonine or a glycine 

are identical to those in the normal HN(C)N spectrum. 

This is necessary for convenience of assignment. 

 We have categorized different triplets of residues 

in nine following ways: (i) ZXZ′; (ii) PXZ, ZXP, 

PXP; (iii) PXB, PBX, PBB′, BXP, B′BP, XBP, PBP; 

(iv) XBZ, BXZ, ZXB, B″BZ, ZBB′, B″ZB′, B″BB′; 

(v) PXG, PGX, PGG′, GXP, G′GP, XGP, PGP; (vi) 

GBP, PBG, PGB, BGP; (vii) GBX, BXG, XGB, 

XBG, GXB, BGX; (viii) G′GB, G′BG, BGG′, B′BG, 

B′GB, GBB′; and (ix) XGZ, GXZ, ZXG, G″GZ, 

ZGG′, G″XG′, G″GG′, where X, Z and Z′ are any 

residue other than proline, glycine, serine/threonine. 

G, G′ and G″ are glycines, P is proline, and B, B′ 

and B″ stand for serine/threonine in the sequence 

(figure 2). Category (i) is a general one not contain-

ing any glycine, proline, serine/threonine and has 

been included to be able to distinguish the special 

patterns from the general pattern, category (ii) has 

prolines but no glycines and serines/threonines; 

category (iii) has combinations of prolines and seri-

nes/threonines; category (iv) has serines/threonines 

but no glycines and prolines; category (v) has com-

binations of prolines and glycines; category (vi) has 

combinations of glycines, serines/threonines and 

prolines; category (vii) has combinations of glycines 

and serines/threonines but no prolines; category 

(viii) has combination of two glycines and one/ 

serine/threonine and vice versa, and category (ix) 

has glycines and no prolines or serines/threonines. 

Diagonal peaks are shown by squares and sequential 

peaks by circles; filled circles/squares are for posi-

tive peaks and open circles/squares are for negative 

peaks. These patterns enable unambiguous discrimi-

nation between the triplets having glycines, triplets 

having serines/threonines and triplets having (X) as 

the central residue. However, careful examination 

reveals that for the triplets where glycine or proline 

is at the i − 1 position the patterns will be similar 

and this can lead to some ambiguities (see for exam-

ple, PXZ vs GXZ; PBX vs. GBX; among the triplets 

PGX, PGG, GXP, GGP, PGP, GGZ, GGG and GGB 

etc.). In these situations the ambiguities can be read-

ily resolved by comparing with the corresponding 

patterns in the HN(C)N spectrum. 
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Figure 3. Plots of HN(C)N coherence transfer efficiencies. The transfer functions for the 
diagonal peak (I

d

i) (solid lines in the plot, eqn (1)) and the cross peak (I
d

i–1) (dashed lines in 
the plot, eqn (2)) are described in the text. (a), (c), and (e) are the transfer efficiencies cal-
culated with relaxation terms included, while (b), (d) and (f) are the transfer efficiencies 
calculated without the relaxation terms. Here, (a) and (b) are for a stretch of amino acid  
–BZ– where B are either serine/threonine and Z is for any residue except proline. (c) and 
(d) are for –XZ– stretch where Z is for any residue except proline while X is for any residue 
other than serine, threonine, proline or glycine. (e) and (f) are for –GZ– stretch where G is 
for glycine and Z is for any residue except proline. The transfer efficiencies are plotted as a 
function of τCN. The plots were calculated by using, ,

C C
J α β  ,

C CO
J α  and JNCO values of 35, 

55 and 15 Hz respectively. The 
1

,

C N
J α and 

2
,

C N
J α  values have been chosen to be 11 Hz 

and 7 Hz, respectively. The values of TN, τN and τC used in the transfer functions for 
HN(C)N–ST were 15⋅0 ms, 15⋅0 ms and 4⋅5 ms, respectively. The values of transverse re-
laxation terms R

N

2, R
C′

2  and 
2

C
R

α

 used here are 30, 10 and 15 s
–1

, respectively. Solid and 
dashed lines represent diagonal and sequential peaks, respectively. 

 

 

 For the HN(C)N experiment, an inversion band 

width of roughly 25 ppm (50–75 ppm) is required. 

Different kinds of band selective inversion pulses 

have been described in the literature.20,28 Among the 

various possibilities, sech/tanh inversion pulses have 

the flattest inversion profiles over 90% of the band 

width.
29

 However, these pulses are long ranging 

from 5 to 10 ms to meet the desired band-width. The 
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other desirable option is broadband inversion pulses 

(BIP).
28

 These pulses are short, simplest to calculate, 

but their excitation profiles are not uniformly flat. 

However, as compared to BIP pulses, Gaussian Cas-

cade pulses (Q3.1000)20 were found to have better 

inversion profiles, and also the desired bandwidth 

(~30 ppm) was obtained from only a 650 μs long 

Q3.1000 pulse (at 13.98 W). Therefore, the Gaus-

sian Cascade pulses were used for the present ex-

periment. 

3.3 Transfer efficiencies and peak intensities 

In the three-dimensional spectrum of HN(C)N–ST 

(also in HN(C)N) the peaks appear at the following 

coordinates: 

1 3 2 1 1
;( , ) ( , ),( , ),
i i i i i

F N F F H N H N
− −

= =  

2 3 1 1
;( , ) ( , ),( , ).
i i i i i

F N F F H N H N
+

= =  

Thus, in the (F2, F3) plane there occurs a diagonal 

peak (F1 = F2 = Ni) for each residue and one sequen-

tial peak to (i – 1), while in the (F1, F3) plane there 

occurs a diagonal peak (F1 = F2 = Ni) and one se-

quential peak to (i + 1). The transfer efficiencies 

which dictate the intensities of the diagonal and se-

quential peaks, can be calculated from the equations 

described in the previous section. Appropriate  

adjustments in the coefficients will have to be made 

for the special cases as has been mentioned for the 

calculation of the peak patterns. However, for this 

calculation, we may recall that magnetization origi-

nating on residue i results in only two peaks at the 

end of the pulse sequence, one to itself and the other 

to the i – 1 residue. Therefore, for every case, we 

need to calculate the intensities of one diagonal peak 

and one sequential peak only. Thus considering dif-

ferent doublets of residues, covering the general and 

all the special situations, we explicitly calculated the 

peak intensities as a function of τCN, the most crucial 

adjustable parameter and these are shown in figure 

3. The calculations are shown with and without  

explicit inclusion of relaxation effects. 

 The HN(C)N–ST experiment has one particular 

advantage compared to normal HN(C)N, and that is 

in the sensitivities of the diagonal and the sequential 

peaks. This arises from the fact that the term Γ6 in 

(7) will be unity for all non-serine/threonine resi-

dues. For the typical 12–14 ms choice of τCN CN
τ  

value and a Cα
–C

β
 coupling constant of 35 Hz, this 

yields a roughly 15% gain in sensitivity. 

3.4 Experimental demonstration 

We have tested the HN(C)N–ST experiment with 

different proteins and we show here results on two 

proteins under different conditions: (i) M-crystallin 

protein (apo form; folded; 85 residues) and (ii) urea-

denatured GED of dynamin (denatured protein; 138 

residues); the assignments of which have already 

been published18,19
 and thus they served as an excel-

lent test cases. In either case almost all the expected 

correlations were observed in the HN(C)N-ST spec-

trum. Figures 4a and b show a comparison of the 

HN(C)N and HN(C)N–ST patterns respectively, for 

the stretch Ala3 to Tyr11 in the case of urea-

denatured GED.19 The type of triplet stretch has 

been shown at the top of each panel. In the first strip 

(Ala3 diagonal), diagonal peak is positive in sign 

due to i–1 serine (Ser2) while peak corresponding to 

Ser4 residue is also of positive sign, this belongs to 

triplet –B″XB′– (panel IV of figure 2). In the last 

strip (Tyr11 diagonal), no sequential peak is there 

since the residue at position 12 is a proline (Pro12) 

which does not produce any peak, this belongs to 

triplet –ZXP– (panel II in figure 2). In the seventh 

strip of HN(C)N–ST spectrum (Gly9 diagonal), only 

negative diagonal peak is there while there is no  

sequential i + 1 cross-peak corresponding to Val10 

(position highlighted by dashed circle); this belongs 

to triplet –XGZ– (panel IX in figure 2). However, 

the latter is present in normal HN(C)N spectrum as 

can be seen from figure 4b. Figure 4c depicts the 

different triplet patterns along the sequence. 

 To highlight the value of HN(C)N-ST in the se-

quential assignment of any protein, a comparison of 

the number of check points in HN(C)N, HN(C)N–A 

and HN(C)N–ST experiments for GED, has been 

depicted in figure 5a. Clearly, the larger number and 

good distribution of the checkpoints across the 

length of the chain provide great boost to the speed 

and correctness of the connectivities. Indeed, as can 

be seen in figure 5b, 90% of the sequential connec-

tivities could be unambiguously established from 

this spectrum alone even for urea-denatured GED. 

 Figure 6 shows a sequential walk illustration 

through HN(C)N–ST in the case of the folded pro-

tein, M-crystallin; assignments used here have already 

been reported.18 It also demonstrates the significance 

of the distinctive patterns as check points during the 

sequential walks. The Gly62 plane (figure 6) shows 

only one peak as the residue 63 being a proline does 

not have amide proton and thus the peak correspond-
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Figure 4. Comparison of F1(
15

N)–F3(H
N
) strips of the (a) HN(C)N–ST and the (b) 

HN(C)N spectra for the residues Ala3 to Tyr11 in 9⋅7 M urea-denatured state GED protein. 
Each residue belongs to which strip in figure 4, has been clearly indicated in panel (c). The 
F2(

15
N) values, which help to identify diagonal peaks, are shown at the top for each strip. 

The green and red contours indicate positive and negative peaks, respectively. The residues 
corresponding to diagonal peaks in each strip have been shown at the top of each strip. The 
distinguishing behaviour for all the serine (Ser) and threonine (Thr) residues is clearly evi-
dent from the different patterns of positive and negative peaks depending on the position of 
serine or threonine. These residues also serve as starting points for the sequential walk, as if 
serine/threonine is in i – 1 position, both diagonal and sequential peaks for ith residue will 
come negative in HN(C)N–ST spectra. Position for Val10 cross-peak on the Gly9 plane is 
encircled by dashed line to show that the peak is absent because 

1

NC
J α  coupling is not refo-

cused (see text). 
 

 
 

Figure 5. (a) The residues serving as start/check points (including prolines 
which has been underlined to emphasize their position as stop/check points) in 
different types of HN(C)N experiments have been marked in red along the 
amino acid sequence of GED of dynamin and their numbers have been shown 
on the right hand side of the sequence. (b) Summary of all the observed sequen-
tial connectivities along the sequence of the protein. The thick line indicates the 
presence of connectivity. 
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Figure 6. Illustrative of sequential walk through F1(
15

N)–F3(H
N
) planes of HN(C)N–ST 

spectra for M-crystallin protein (apo form; folded) in 50 mM Tris buffer containing 150 mM 
KCl at pH 7⋅5. The F2(

15
N) values, which help to identify diagonal peaks, and the residues 

corresponding to diagonal peaks are shown at the top for each strip. The green and red con-
tours indicate positive and negative peaks, respectively. The position for i + 1 peak (E65) in 
the G64 diagonal-plane is encircled to emphasize the absence of that peak due to selective  
refocusing of all non-glycine C

α

 carbons (see text). G62, G64 S67, and S68 labels at the top 
are in red to emphasize the distinctive features arising due to these residues (can be related to 
figure 2). 

 

ing to i + 1 position will be absent (dashed circle), 

this belongs to triplet –XGP– depicted in panel V of 

figure 2. The E65 plane has typical doublet, but note 

here that the diagonal is positive; this plane belongs 

to triplet –GXZ– (panel IX of figure 2) which is 

equivalent to triplet –PXZ– (panel II of figure 2). 

This is due to decoupling of C
α
–N couplings during 

the τCN period, hence no magnetization transfer  

occurs from X (Glu) to Gly. Thus, glycine will be-

have like proline if it is at first position of any trip-

let. Similarly, i + 1 residue will behave like proline 

if glycine is in the middle position of the triplet. The 

pattern for Tyr66 belongs to triplet –ZXB– (panel 

IV of figure 2) explicating that only first and middle 

residues of the triplet are involved in deciding the 

signs of diagonal and cross peaks in the (F1, F3) 

planes; this is evident from the similar patterns for 

triplets: –ZXG– (panel IX in figure 2), –ZXP– 

(panel II in figure 2), and –ZXB– (panel IV in figure 

2). Further, the pattern for Ser67 plane (triplets  

–ZBB′–, panel IV, figure 2) is as must be expected 

for the HN(C)N–ST. 

4. Conclusions 

In conclusion, we believe that the HN(C)N–ST  

experiment together with HN(C)N and HN(C)N–A 

will provide a substantial boost to the sequential  

assignment process in labelled proteins. It will be 

particularly of greater value if the protein sequence 

has none or few far apart glycines and alanines 

along the amino acid sequence of the polypeptide 

chain as has been seen in the case of GED. 
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