
Journal of Biomolecular NM R, 2 (1992) 631-637 631 
ESCOM 

J-Bio NMR 085 

Improved 4D NMR experiments for the assignment of 
backbone nuclei in 13C/15N labelled proteins 

W a y n e  B o u c h e r  a, E rnes t  D. Laue  a'*, S h a r o n  L. C a m p b e l l - B u r k  b and  Peter  J. Domai l l e  b 

"Cambridge Centre for Molecular Recognition, Department of Biochemistry. University of Cambridge, Tennis Court Road, 
Cambridge CB2 IQW, UK. 

bDuPont Merck Pharmaceutical Co, P.O. Box 80328. Wilmington, DE 19880-0328, U.S.A. 

Received 3 August 1992 
Accepted 2 September 1992 

Keywords: 4D NM R; Resonance assignment; Backbone nuclei; Larger proteins; Isotopic labelling; c-H-ras p21 

S U M M A R Y  

We recently proposed a novel 4D NMR strategy for the assignment of backbone nuclei in ~3C/~SN-labelled 
proteins (Boucher et al., 1992). Intra-residue (and many sequential) assignments are obtained from a 
HCANNH experiment, whereas sequential assignments are based on a complementary HCA(CO)NNH 
experiment. We present here new constant time 4D HCANNH, HCA(CO)NNH and HNCAHA experi- 
ments that are more sensitive. Some of the data were presented at the 33rd ENC held at Asilomar, Califor- 
nia, U.S.A., in April 1992. 

We recently reported two new four-dimensional (4D) heteronuclear triple resonance N M R  
experiments whose resulting spectra form the basis of a particularly simple sequential assignment 
strategy (Boucher et al., 1992). Intra-residue (and many sequential) assignments are obtained 
from a 4D version of a previously published 3D H(CA)NNH experiment (Montelione and 
Wagner, 1990; Kay et al., 1991). Sequential assignments are based on a complementary 4D HCA- 
(CO)NNH experiment where the magnetisation is specifically transferred via the 13CO group 
whose chemical shift is not measured. Using this method we have obtained a virtually complete 
assignment of  the backbone nuclei in c-H-ras p21 (166 residues, 18.9 kD) (Campbell-Burk et al., 
1992). In this paper we present new pulse sequences which give spectra with improved sensitivity. 

In our original experiments, the signal evolves as a result of  scalar couplings, in addition to the 
13C, chemical shift, during t2. This leads to splitting in f2 and to modulation of  the efficiency of  
magnetisation transfer. These problems can be avoided by modification of constant time experi- 
ments, where the evolution time remains constant and the 180 ° pulse to 13C a is stepped through 
this period, allowing evolution solely as a result of the t3C a chemical shift during t2 (Powers et al., 
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1991). F u r t h e r  i m p r o v e m e n t s  can  be m a d e  by ensur ing  tha t  r e l axa t ion  dur ing  the pulse sequence 

is gove rned  by the ra te  o f  decay  o f  IH-decoupled ra the r  than  IH-coupled 13CQ magne t i sa t ion ;  the 

la t te r  re laxes  m o r e  quickly  (Bax et al. ,  1990; N o r w o o d  et al., 1990). In the new sequences (see Fig.  

1), evo lu t ion  as a resul t  o f  13CQ and  lSN chemica l  shifts takes  p lace  in the c o n s t a n t  t ime per iods  T 

and  Ti ,  respect ively,  and  magne t i s a t i on  is m a i n t a i n e d  in a IH-decoup led  s tate  by  the D I P S I - 2  de- 

coup l ing  sequence (chosen for  its efficiency in the presence o f  h o m o n u c l e a r  coupl ing;  S h a k a  et al., 

1988). 

F igu re  1 depic ts  the magne t i s a t i on  t ransfe r  p a t h w a y s  and  the new pulse sequences.  The  

H C A N N H  expe r imen t  (Fig.  la )  can be concisely  descr ibed  using p r o d u c t - o p e r a t o r  fo rma l i sm 

(Sorensen  et al. ,  1983), where  I Q, C ~, N and  I TM represent  the IH,- ,  13Ca- , 15N- and  IHN-spin ope ra -  

tors ,  respect ively.  F o r  c lar i ty ,  te rms tha t  do  no t  resul t  in obse rvab le  magne t i s a t i on  and  all coeffi- 

c ients  have been omi t ted .  

Iz ~ ,2I~C~ (at po in t  a) Region I , 2CzaNy (at  po in t  b) 

Region II 
, 2 INNz (at po in t  c) , Ix N 

(i) 

The  H C A ( C O ) N N H  exper imen t  (Fig.  l b) is very s imilar .  I t  can  be descr ibed,  where  C'  repre-  

sents  the ~3C'-spin o p e r a t o r ,  as: 

IF - - - - - - -  2I~C~ (at po in t  a) Region I , 2CzaC,y (at  po in t  b) 

Region II , 2C,zNy (at  po in t  c) Region III , 2IyNN z (at  po in t  d) 
(2) 

To eva lua te  thei r  re lat ive sensi t ivi ty we c o m p a r e d  the t ransfer  funct ions  for the two experi-  

ments .  In the H C A N N H  exper iment ,  the t ransfer  funct ions  for the in t ra - res idue  cross  peaks  are: 

Fig. 1. Schematic representation of the magnetisation transfer pathways (insets) and the pulse sequences for the improved 
HCANNH (a), HCA(CO)NNH (b) and HNCAHA (c) 4D NMR experiments; narrow boxes represent ~/2 pulses, wide 
boxes represent n pulses and cross-hatched boxes represent spin-lock pulses (I.5 ms), used for water suppression (Messerle 
et al., 1989). In the HCA(CO)NNH experiment, the 180 ° pulses in dotted outline are optional. In the HNCAHA experi- 
ment, the 90 ° pulses in dotted outline are required for the HSQC version only. Typical values for the delays are: x= 1.5 ms, 
~ = 3.4 ms, x,. = 4.5 ms, x3 = 7.9 ms, x4 = 5.4 ms and xs = 2.25 ms. The constant times T and T i were set to 12.4 and 11.5 ms 
in the HCANNH experiment, 3.8 and 12.0 ms in the HCA(CO)NNH experiment and 1.5 and 12.0 ms in the HNCAHA 
experiment. In the HCA(CO)NNH experiment, T' and T'~ were set to T + the length of the ~5N(180 °) and T~ + the length 
of the ~3C(180°), respectively. The delay, 8, was set to the initial value of t~ + the length of the t'~C(180°), whilst 6~ was 
equal to the length of the I~C(180°). The following phase cycling was employed: cpt=2(x),2(-x); ~.,=2(y),2(-y); 
q~=4(x),4(y),4(-x),4(-y); q~4=x,-x; q~5=4(y),4(-y); q~6=2(x),2(y),2(-x),2(-y); ~7=y,-y;  q~s=16(x),16(-x); 
q)9 = 8(x),8( -x);  q~t0 = 4(x),8( -x),4(x); qhl = Y; qh,-= either y or x in the HSQC or HMQC versions of the HNCAHA experi- 
ment, respectively. For the HCANNH and HCA(CO)NNH experiments, ~/~ = x; ~/, = 8(x),8(- x); ¥3 = x , -  x and ¥4 = (x, 
-x , -x ,x) ,2 ( -x ,x ,x , -x) , (x , -x , -x ,x) .  For the HNCAHA experiments, ¥~ = 16(x),16(-x); yz=2(x),2(-x); ¥3=x and 
¥4 = 4 ( x , - x , -  x,x),4(-x,x,x,-x) for the HMQC version and 2(x,- x , -x ,x , -x ,x ,x , -x)2(  -x ,x ,x , -  x ,x , -x , -x ,x)  for the 
HSQC version. The phase of all other pulses was x. Quadrature detection during h, t., and t3 was achieved by independent- 
ly incrementing the phase ofyh ~/z and ¥3 in a States-TPPl manner (Marion et al., 1989). 
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for Region I sin(2nlJc.NT) cos(2n2Jc.sT) cos(2nJcacl3T) exp(-2T/T2c.) (3) 

for Region II sin(2n I Jc,NTt) cos(2n2JcQNTi) exp( -- 2TdT2N) (4) 

In the HCA(CO)NNH experiment they are: 

for Region I sin(2nJcac,T) cos(2nJc.cl3T) exp( - 2T/T2c.), (5) 

for Region II sin(2nJ~c,(X2 + ~3)) sin (2"gJcac,'t:2) exp( -  2('~ 2 + "t'3)/T2c,) (6) 

for Region III sin(2nJNc,Tt) exp( -  2TJT2N) (7) 

These expressions were evaluated assuming values of 11, 7, 37, 55 and 15 Hz for the IJcQN, 
2JcaN, Jcacl~, Jcac '  and JNc' scalar couplings, respectively. We assumed 13CQ, t3C', and tSN T2 val- 
ues for calmodulin (148 residues, 16.7 kD) of 21, 50 and 45 ms, respectively (Kay et al., 1991; 
Grzesiek et al., 1992). In the HCANNH experiment, the overall transfer function evaluated to 
0.07 (0.19x0.37) whilst in the HCA(CO)NNH experiment it evaluated to between 0.15 
(0.5 x 0.56 x 0.53) and 0.20 (0.67 x 0.56 x 0.53); depending on whether the 180 ° pulse to 13Ca ((1)6, 
see Fig. I b) also inverted the attached 13C~ spin or not (allowing refocussing of evolution caused 
by the JcacI3 coupling). Because the IH a --* 13Ca and 15N ---, tHN steps were common to both exper- 
iments, the relative sensitivity, neglecting instrumental factors, was 0.47 (0.07/0.15) to 0.35 (0.07/ 
0.20), making the HCA(CO)NNH experiment two to three times more sensitive than the 
HCANNH experiment. 

In the HCANNH experiment, the small value of the IJcQN coupling relative to the 13C. line- 
width limited the sensitivity. We therefore designed a different pulse sequence where the rapid re- 
laxation of the 13C. spin was not expected to be so deleterious. This HNCAHA sequence (Fig. lc) 
transferred magnetisation from IHN to ~H., via 15N and 13Ca, and back to IHN, which was de- 
tected during t4. In the correlation with the J H. spin, the magnetisation evolved during tl either as 
heteronuclear multiple quantum coherence (HMQC) (Miiller, 1979) or as heteronuclear single 
quantum coherence (HSQC) (Bodenhausen and Ruben, 1980). This pulse sequence is similar to 
the HN(CO)HB experiment (Grzesiek et al., 1992) and HNCAHA sequences developed indepen- 
dently by Wittekind et al., (1992) and Clubb et al., (1992)..The HMQC version can bedescribed 
as: 

Iz TM ,2INNy (at point a) .]legion I , 2NzC~ (at point b) 

Region II , 4NzI~C~ (at point c). ,4NzI~Cx a (at point d) 

Region lr , 2C~Ny (at point e) Region r , 2N~I~ (at point f) ,Ix TM 

(8) 

In the HCANNH experiment, the 13Ca magnetisation was transverse during region I (~  24.8 
ms) (see 1, 3 and Fig. la). In contrast, in the HNCAHA experiment (see 8, 10 and Fig. lc), the 
magnetisation resided on the 13CQ spin only during regions II and II' (--, 6.0 ms) in the HSQC 
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version of the pulse sequence, although it was also transverse during tl in the HMQC version. It 
should also be noted that homonuclear 13C-13C couplings lead to splitting (in fl) in the HMQC 
version of the pulse sequence, but not in the HSQC version. In the HNCAHA experiment, the 
transfer functions for the intra-residue cross peaks (for all residues except glycine) are: 

for Regions I and I' sin(2nIJcaNTi) cos(2n2JcaNT0 exp( .- 2TI/T2N) (9) 

for Regions II and II' sin(2rOHcT) cos(2nJcQcl3T) exp( - 2T/Tzca) (lO) 

The overall transfer function evaluated to 0.09 (0.37 x 0.8 x 0.8 x 0.37). Noting that the HNCA- 
HA experiment involved two IHN-15N INEPT transfers, whilst the HCANNH experiment in- 
volved one IHN-tSN and one IHa-t3C Q transfer, their relative sensitivity (HNCAHA/HCANNH) 
is 1.4 (0.07/0.05) after taking this into account. However, compared to the HCANNH experi- 
ment, the HNCAHA pulse sequence contains ~3  additional simultaneous JHQ and 13C a 180 ° 
pulses. To evaluate the expected loss in sensitivity, we recorded ID tH-13C HSQC experiments 
with variable numbers of simultaneous I H a and 13CQ 180 ° pulses inserted into a fixed-length evolu- 
tion period. We found that with each extra pair of pulses, the sensitivity was reduced by ~ 15% 
(data not shown). Thus when instrumental factors are taken into account, the two experiments 
are expected to have similar sensitivity for a protein the size of calmodulin. Further evaluations 
showed that as the T :  get shorter, the HNCAHA experiment should become relativ61y more sen- 
sitive and vice versa (data not shown). 

The relative sensitivity of the HCANNH and the HNCAHA experiments was compared experi- 
mentally by recording spectra for both ubiquitin (76 residues, 8.6 kD) and a truncated form of c- 
H-ras p21 (166 residues, 18.9 kD) uniformly labelled (> 90%) with 13C and 15N. The 2D tSN frO- 
~HN (t"2) NMR spectra provide a comparison of the basic sensitivity of the experiment whilst the 
2D IH~ (fl)-lHN (f2) NMR spectra illustrate the influence of IH~ decay rates and homonuclear 
~3C couplings in the tt dimension. We initially compared spectra of ubiquitin where the 13Ca T2s 
were longer than in calmodulin. The HCANNH experiment was some 5-10 % more sensitive than 
the HSQC version of the HNCAHA experiment, which was in turn 5-10% more sensitive than the 
HMQC version (data not shown). We then compared spectra of c-H-ras p21 where the 13C~ T2s 
were shorter than in calmodulin. For the 2D 15N (f l )JHN (f2) NMR spectra, the HCANNH 
experiment (Fig. 2a) was ~ 20% less sensitive than either of the HNCAHA experiments (Figs. 2b 
and 2c). A similar comparison of the 2D tH a (fl)--IHN (t"2) NMR spectra showed that the 
HCANNH experiment (Fig. 2d) was ~ 30% less sensitive than the HSQC version of the HNCA- 
HA experiment (Fig. 2e), but both were approximately twice as sensitive as the HMQC version 
(Fig. 2f). The apparent insensitivity of the HMQC version is at least in part due to splitting as a 
result of the Jcacl3 coupling. Comparison of the relative sensitivity of the HCANNH and HCA- 
(CO)NNH experiments was more definitive; the latter was approximately twice as sensitive (data 
not shown). In addition, the new constant time experiments were all found to be significantly 
more sensitive than those we published originally (Boucher et al., 1992). 

In conclusion, evaluation of transfer functions provides a useful tool for the analysis of new 
pulse sequences. As a result we would advocate the use of either the HCANNH experiment (for 
smaller proteins) or the HSQC version of the HNCAHA experiment (for larger proteins) in com- 
bination with the HCA(CO)NNH experiment. In the HNCAHA experiment, intra-residue cross 
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(a) HCANNH 

(b) HNCAHA / HSQC 
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Fig. 2. Comparison of2D NMR spectra, recorded using the HCANNH and I-tNCAHA 4D NMR experiments, of a 1.5- 
mM sample ofc-H-ras p21 uniformly labelled (> 90%) with t3C and JSN. In (a), (b) and (c) ft-cross sections for Val t52 from 
2D 15N fit)-tHN (f2) NMR spectra recorded using the HCANNH, HNCAHA (HSQC version) and HNCAHA (HMQC 
version) experiments are shown. In (d), (e) and (0 a similar comparison of frcross sections from 2D 'H~ (fj)-ZHN (1"2) 
NMR spectra is shown. For the 2D 15N (f0-- IHN (f2) and IH~ (f0 --IHN (1"2) NMR spectra, the maximum acquisition times 
in t~ were 10.4 and 25.6 ms, respectively. All spectra were recorded and processed under identical experimental conditions 
with tHa, J~Co, ~SN and ~C' RF field strengths of 11.9 kHz (reduced to 5.0 kHz for the DIPSI-2 decoupling steps), 19.7 
kHz, 7.1 kHz and 625 Hz, respectively. 

peaks for all residues, including glycine (at low intensity), were present (data not shown) whereas 
in the HCANNH experiment xl had to be changed to 1.7 ms to optimise detection of glycines, 
with concomitant advantages and disadvantages (Campbell-Burk et al., 1992). A disadvantage of 
the HSQC version of the HNC-AHA experiment is that one is limited to a maximum acquisition 
time in the ~3Ca (t2) dimension of 3.0 ms, but with maximum entropy data processing this should 
be adequate. Although the recording time for these 4D NMR experiments is currently determined 
by the phase cycling, the ability to record phase-sensitive spectra using pulsed field gradients will 
remove this limitation (Davis et al., 1992). 
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Note added in proof 
After this work was completed, Clubb et al., (1992) published a similar comparison of the 

HCANNH and the HNCAHA experiments for T4 lysozyme. Their results suggest that for larger 
proteins, where the 13Ca T2s may be shorter than in c-H-ras p21, the advantage of the HSQC ver- 
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sion of  the H N C A H A  exper iment  may be even greater. After  submiss ion,  the work described in 

a poster  by Wi t t ek ind  et al. (1992) was also publ ished (Kay et al., 1992). 
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