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The development of multidimensional triple-resonance NMR 
spectroscopy has had a significant impact on solution structure 
studies of proteins with molecular masses less than approximately 
20 kDa.192 For many proteins in this molecular mass range the 
transfer of magnetization between nuclei via scalar couplings is 
sufficiently rapid, relative to the decay of magnetization via 
relaxation, that high-sensitivity spectra can be recorded. However, 
the rate of magnetization decay increases as a function of the 
molecular weight of the protein under study so that for molecules 
with molecular masses in excess of -20-25 kDa many of the 
present experiments may fail. An attractive approach to 
increasing the molecular mass limitations of the current methods 
is to decrease the efficiency of 13C relaxation through the use of 
deuteration. Because the gyromagnetic ratio of 2H is roughly a 
factor of 7 lower than that of lH, a significant decrease in the 
carbon relaxation rate is anticipated; the dipolar contribution of 
a deuteron to the line width of a 13C spin attached to a molecule 
undergoing isotropic motion with a correlation time of 15 ns is 
-1.5 Hz as compared with -20 Hz for the case of a I3C-lH 
pair. Recently Bax and co-workers have reported a triple-res- 
onance 4D experiment connecting sequential amides in 2H,13C,ISN- 
enriched proteins which employs 2H decoupling during periods 
when carbon transverse magnetization is present to eliminate the 
effects of scalar relaxation of the second kind introduced by 
deuteration.3 These authors have also shown resolution and 
sensitivity benefits in 2D H(N)CA spectra of 85%-deuterated 
calcineurin relative to spectra recorded on the fully protonated 
molecule.' Kushlan and LeMaster have also demonstrated res- 
olution and sensitivity enhancements in heteronuclear spectra of 
[ 50%-U-2H,2-13C]glycine-labeled Escherichia coli thi~redoxin.~ 

An important experiment in the backbone assignment of 
15N,WC-labeled proteins is the HNCA,5.6 which provides both 
intra- and inter-residue correlations. A significant limitation of 
the experiment, however, is the poor resolution in the 13C# 
dimension, in large part due to the limited acquisition time that 
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can be allowed for carbon evolution as a result of homonuclear 
carbon-carbon couplings and short transverse relaxation times. 
The use of a 15N,13C,ZH-labeled protein in concert with constant 
time carbon evolution7.8 with ZH decoupling during this period3149 
can result in significant improvements in resolution relative to 
the present implementation of the experiment. In this commu- 
nication, a constant time HNCA experiment is presented which 
provides high resolution in both carbon and nitrogen indirectly 
detected dimensions. Using this experiment we have obtained 
100% of the intra-residue and 94% of the inter-residue correlations 
involving backbone W e ,  15N, and HN chemical shifts of a 37- 
kDa ternary complex of 2H,l3C,l5N- labeled trp repressor, a 20 
base pair trp operator DNA sequence, and the corepressor, 
5-methyltryptophan. 

Figure 1 illustrates the pulse sequence that has been employed. 
Details of HNCA pulse schemes that do not employ constant 
time evolution in the carbon dimension and other very similar 
pulse sequences can be found in the literature, and therefore only 
a summary of the salient features of the present experiment will 
be presented here. The flow of magnetization can be described 
by 

HN ---c 15N 5 I3Ca ( t l )  5 "N ( t2)  2 HN ( t3)  

with the relevant couplings involved in each magnetization transfer 
step indicated above the arrows; t l ,  t2, and t3 denote acquisition 
times. Note that the constant time delay, ~ T c ,  during which the 
13C chemical shift is recorded is set to l/(Jcc) where JCC is the 
one-bond carbon-carbon coupling.'#* Briefly, the scheme makes 
use of gradients (i) to select for the coherence transfer pathway 
passing through nitrogen using an enhanced sensitivity approach 
described previouslyl0J1 and (ii) to minimize both the artifact 
content and the residual water in the spectrum.l2J3 In addition, 
dephasing of water is minimized in the experiment, in part by 
restoring the water magnetization to the +z axis prior to 
d e t e c t i ~ n . ~ ~ J ~  This is accomplished by making use of a water 
selective 90° pulse applied at point a in the sequence which restores 
the water magnetization to the +z axis and ensuring that prior 
to theapplicationof 1Hdecouplingat points bandd in thesequence 
the water magnetization is rotated so as to be colinear with the 
WALTZ decoupling field and subsequently rotated back to the 
z axis at the termination of decoupling.15 

For the majority of residues in large proteins (>-20 kDa) 
relaxation during the 2Tc constant time period greatly attenuates 
or eliminates signals from proton-bearing 13Ca spins. However, 
in regions of the molecule with significant mobility this may not 
be the case, and for fractionally deuterated protein samples this 
gives rise to two sets of peaks for each residue arising from l3Ca 
spins one-bond coupled to either lH or 2H. Because of the 
substantial one-bond 2H isotope shift (-0.4 ppm), the doubling 
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Figure 1. Pulse scheme of the constant time HNCA experiment. All narrow (wide) pulses are applied with a flip angle of 90' (180'). Unless indicated 
otherwise, pulses are applied along the x axis. The carriers are centered at 4.7 (water), 119, 58, and 4.5 ppm for 'H, 15N, I3C, and 2H, respectively. 
Proton pulses are applied using a 23-Wz field, with the exception of the selective water pulse at  point a, which is a 2-ms 90° pulse with a SEDUCE-116 
profile (270-Hz field at peak height) and the 90°*,, pulses flanking the WALTZ-16,I7 decoupling intervals which are applied using a 6.8-Wz field. 
1H WALTZ decoupling is achieved using a 6.8-kHz field. High-power 15N pulses are applied using a 4 . 3 - W ~  field with 1-kHz 15N decoupling during 
acquisition. The 13Ca pulses are applied with an 18-kHz field, while 13C' decoupling is achieved using a cosine modulated WALTZ-16 field employing 
pulses having the SEDUCE-1 profile1* (330-ps 90' pulse). All carbon pulses (including SEDUCE decoupling) were applied using only a single channel. 
zH decoupling, applied with rf generated from a separate synthesizer, was achieved using an 850-Hz WALTZ field. The delays employed are as follows: 
T, = 2.3 ms, 7 b  = 5.5 ms, T~ = 11.0 ms, Td = 1.7 ms, TC = 13.3 ms, TN = 12.4 ms, 6 = 0.5 ms. The phase cycling employed is as follows: 91 = (x, 
-x); 62 = 2(x), 2(-x); 63  = x; 64 5: 4(x), 4(-x); 95 = x;  rec = (x,-x,-x,x). Quadrature in FI is obtained via States-TPPIL9 of 92. For each value 
of r2, N- and P-type coherences are obtained by recording two data sets where the sign of the gradient g7 is inverted and 180' added to the phase 95 
for the second data set. The phase 93  is incremented by 180' along with the phase of the receiver for each 22 increment. The durations and strengths 
of the gradients are as follows: g l  = (0.5 ms, 8 G/cm), g2 = (0.5 ms, 4G/cm), g3 = (1.0 ms, 10 G/cm), g4 = (1.0 ms, -5 G/cm), g5 = (0.1 ms, 
20 G/cm), g6 = (0.6 ms, 10 G/cm), g7 = (1.25 ms, 30 G/cm), g8 = (0.5 ms, 8 G/cm), g9 = (0.3 ms, 2G/cm), g10 = (0.125 ms, 27.8 G/cm). Decoupling 
is interrupted during the application of gradient pulses. 
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Figure 2. Strip plot displaying the sequential connectivities for the helix- 
turn-helix DNA binding region (residues 70-84) and a portion of helix 
F (residues 103-108) of the ternary complex of LSN,13C~H-labeled rrp 
repressor, 5-methyltryptophan, and a palindrome 20 base pair trp operator 
DNA sequence (total molecular mass of 37 kDa). The labeled protein 
was isolated from E. coli strain CY 15070 grown on 15N,13C-labcled M9 
media with 69% 2H~0/31% 'H20 as described previously.z0.21 The data 
set was recorded as an 84 X 28 X 512 complex matrix with acquisition 
timesofrl(13CC) = 25.7ms,r2(15N) =23.0ms,rs(lH) =64.0ms,relaxation 
delay 2 s, 8 transients/FID. The total recording time was 44 h. The data 
set was processed using nmrPipe/nmrDraw software developed by F. 
Delaglio at  the NIH.Z2 In order to improve resolution in FI, mirror 
image linear prediction was employedz3 prior to zero filling in this 
dimension. The size of the absorptive part of the final 3D spectrum was 
256 X 64 X 5 12. The glycine resonances are negative due to the use of 
a constant time carbon evolution period of 1/Jcc. The inset in the lower 
left-hand corner shows the intra- (upper) and inter-residue cross peaks 
for D108 using the pulse scheme in Figure 1 where in column a 'H 
decoupling between points c and d in Figure 1 replaces the 'H 180° pulse 
and in column b the scheme of Figure 1 has been employed. 

of signals that results may complicate data interpretation. The 
suppression of signals arising from the population of 13Ca spins 
that are one-bond coupled to 1H as opposed to 2H is achieved in 
the present scheme by ensuring that evolution due to 'H-13C 

couplings proceeds for a time 2Td = 1 / (2Jc~)  between points c 
and d. Carbon magnetization arising from 13Ce1Ha pairs is 
subsequently antiphase and is not refocused into an observable 
signal by the remaining pulses. Because carbon evolution due to 
long-range 1H-13C scalar couplings proceeds for only 27d as well, 
these effects are negligible. 

The experiment was conducted on a Varian UNITY 500 MHz 
spectrometer equipped with a pulsed field gradient unit and an 
actively shielded triple-resonance probe head. A single channel 
was used for the 15N pulses/decoupling as well as 2H decoupling, 
requiring a number of small modifications to our spectrometer. 
The 2H lock receiver was not disabled during either application 
of gradients or 2H decoupling. A 3D data set was recorded on 
a 1.2 mM uniformly I5N,l3C, - 70% *H labeled trp repressor 
dimer complexed with unlabeled 5-methyltryptophan and a 20 
base pair DNA fragment corresponding to the trp operator. 

Figure 2 illustrates a strip display of the connectivities obtained 
for the helix-turn-helix DNA binding region (residues 75-84) 
and a portion of helix F (residues 103-108) of the trp repressor 
dimer. The excellent resolution in the carbon dimension, in 
particular, enables the assignment of large stretches of the 
backbone of the protein, despite the predominantly a-helical 
secondary structure of the protein. The inset to Figure 2 shows 
a comparison of correlations involving D108 obtained using 
sequences where signals from 13Ca-lHa pairs are not (a) or are 
(b) eliminated. 

In this communication we have presented a constant time 
HNCA experiment which exploits the line-narrowing effects of 
deuteration to maximize both sensitivity and resolution. The 
high quality of the data obtained on a 37-kDa complex in under 
2 days of recording time suggests that the use of deuteration in 
concert with 15N,13C labeling may prove to be an important 
strategy in extending the molecular weight limitations of current 
NMR techniques. 
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