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Nitrogen-I 5 detected NMR experiments al low identification of the broadened H resonances of amide hydrogens 
adjacent t o  paramagnetic centres in an electron transfer protein, the 2[Fe4S41 ferredoxin f rom Clostridium 
pasteurianum. 

A major difficulty the study of paramagnetic proteins by 
NMR methods is thc observation of 'H resonances associated 
with the hydrogen atoms located close to the paramagnetic 
active sites.' Identibication of these protons is important to 
establish secondary and tertiary structure and to address 
mechanism. Interesf ing examples include the 2[Fe4S4] ferre- 
doxins from Closti idium pasteurianum (CpFd) and other 
organisms: each clubter features up to eight NHa.3 hydrogen 
bonds between bacl(.bone NH functions and cluster thio and 
cysteinyl sulfur atonis (Fig. 1).2 

These interaction:\, together with protein folding and access 
of wlvent water, appear to modulate redox potentials, the 
electronic state of thts iron-sulfur clusters and the mechanism of 
electron transfer.2.3 However, the relevant protons relax effi- 
ciently via nuclear s in-electron spin interactions, resulting in 
broad (ca. 100 Hz) iesonance lines which are very difficult to 
observe when overlapped with narrow resonances arising from 
protons not affectel 1 by the paramagnetic relaxation. The 
problems of overlap are solved normally by heteronuclear 
experiments which offer better dispersion of chemical shifts. 
Methods utilising proton detection are favoured because of 
superior sensitivity.' However, these methods generally give 
poor results for protons with short relaxation times. This 
communication repci rts that 5N-detected NH-correlation ex- 
periments are able tcf identify such protons. 

An important con1 ributing factor to the relaxation times' is 
the magnetogyric raiio y and so 15N resonances are inherently 
narrower than 'H r.:sonances. In fact, all 61 possible l5N 

resonances of '5N lal3elled CpFdt (Fig. 2) can be detected in a 
1H-ctecoupled spectriim. In addition to side-chain (3 Asn, 2 Gln, 
1 Lj \) and N-termini is resonances, the 5 1 backbone secondary 
amicle and the three 13-0 tertiary amide nitrogens are observed. 

Fig. 1 Simple two-dimensional representaton of CpFd ( M  = 6203; 55 
amino acids; [Fe4S4(cy\),l2- centres; peff = 2 pu per cluster). The 
amino acid residues likc ly to be involved in NH..-S hydrogen bonding 
with ( I )  cluster sulfides are outlined; (ii) with cysteinyl SY atoms are 
shadcd. Single-letter an ino acid residue notation is used for clarity. 

On the other hand, only 41 of the possible 5 1 backbone amide 
protons have been identified in 1H spectra, despite study under 
a range of conditions.sJj In particular, many of the protons likely 
to be involved2 in the NH...S interactions (Fig. 1) appear to be 
missing. 

In diamagnetic proteins, the expected ISN chemical shift 
ranges are 6 105-125 for primary and secondary amides and 6 
120-130 for proline r e~ idues .~  Fig. 2 shows that many 15N 
resonances in CpFd are shifted downfield from 6 130 and as far 
as 6 168. Those from the three Pro residues show significant 
downfield shifts in the range 6 137-153 and are easily identified 
by the absence of proton coupling (resonances 3, 4 and 11 in 
Fig. 2). 

CpFd and related proteins exhibit a C2 rotational pseudo- 
symmetry, which is reflected in structural and NMR proper- 
ties.2.8.9 In particular, the 1H and 13C chemical shifts and 
relaxation times associated with the eight cysteinyl ligands (four 
to each cluster) occur in pairs.9 The l5N resonance pair (3,4) 
(Fig. 2) is assigned to the pseudo-symmetry related prolines 19 
and 48 (Fig. 2), allowing the remaining proline residue, Pro 52, 
to be assigned to I5N resonance 11. The eight other 15N 

resonances in the region 6 140-170 region also pair according 
to their NMR properties, (1,2), (5,7), (6,8) and (9,10), and are 
expected to be associated with the four symmetry-related pairs 
of amino acid residues. Backbone NH's of a number of residues, 
including the cysteinyl ligands, are shown to be hydrogen 
bonded to the thio and Cys S Y  atoms of the clusters2 and are thus 
expected to be affected by hyperfine interactions. lo Detection of 
the proton resonances associated with these nitrogens is 
important to illuminate the role of N H . 4  hydrogen bonds on 
the characteristics of the active sites and on the protein as a 
whole. 

Proton-detected HMQC and HSQC experiments have been 
applied ~ i d e l y , ~  but while providing valuable information,$ 
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Fig. 2 15N NMR spectrum of CpFd (5  mmol dm-3, in 50 mmol dm-3 
phosphate buffer, H20:D20 = 90: 10 (v:v), pH 7.0, 5 mm sample 
tube, 303 K) obtained on a Bruker AM-400 spectrometer with 10 mm 
broad band probe tuned to 40.55 MHz and using gated proton 
decoupling. * Denotes an electronic spike. The '5N chemical shifts 
were referenced indirectly to 15NH4CI (6 24.93, 2.9 mol dm-3). 



106 J. CHEM. SOC., CHEM. COMMUN., 1995 

I B  

F2 (6) 

Fig. 3 Hyperfine shifted amide resonance region of '5N detected two- 
dimensional INEPT spectrums of CpFd [4 mmol dm-3, in 50 
mmol dm-3 phosphate buffer, H20:D20 = 90: 10 (v :v), pH 6.2, 5 
mm sample tube, 303 K] 

were unable to detect many of the protons of interest in CpFd. 
However, a proton-coupled INEPT experiment4 indicates that, 
although all { 1H-l5N} couplings are ca. 80-95 Hz, some 
nitrogen resonances broaden to 30-40 Hz when proton 
decoupling is not applied during the acquisition. Presumably, 
the predominant relaxation mechanism of these nitrogens is a 
scalar relaxation of a second kind" through the efficiently 
relaxing protons bound to them. Such influences is removed by 
a proton decoupling which reduces the nitrogen linewidth to 
usual 2-8 Hz. This suggests that the classic 15N-detected 
experiments may be superior to the modern inverse experiments 
for the detection of broadened 1H resonances. 

The hyperfine-shifted region of a l5N-detected two-dimen- 
sional INEPT experiments is presented in Fig. 3. All crosspeaks 
are present, except one corresponding to l5N resonance 5. They 
are of variable intensity but are all relatively sharp. The lH 
dimension shows that some of the proton resonances fall outside 
the normal range of chemical shifts of amide protons (6 6-10). 
In particular, the proton resonance associated with resonance 7 
exhibits an unusually high-field chemical shift of 6 2.2 and a 
very short 7'2/T1 relaxation time, deduced from the weak 
intensity of its {15N-'H} crosspeak. There would be no 
possibility of identifying amide proton resonances in the region 
6 2-3 of a protein spectrum by homonuclear two-dimensional 
'H experiments due to spectral overlap with aliphatic reso- 
nances. The proton resonances at 6 5.0 and 5.1 associated with 
the '5N pair (6,8) also appear at higher field than usual. Except 
for (9, all crosspeaks are clearly identified in this single 
experiment. The 15N resonances 51, 52, 54, 56, 57 were 
identified as those corresponding to CONHZ side-chains. 

The present results clearly demonstrate that 15N-detected 
INEPT experiments are superior in identification of fast- 
relaxing amide protons in paramagnetic proteins. In CpFd, both 
15N and lH chemical shifts of a number of amides fall outside 
the usual regions. Their assignment, an understanding of the 
basis of the shifts and their variation in mutant proteins will 
provide insight into the functioning of this electron transfer 
protein. A detailed assignment of the nitrogen and proton 
resonances will be presented elsewhere. 
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Footnotes 
t 15N labelled protein was isolated from bacteria grown on 
( 15NH4)2S04 as nitrogen nutrient. 
$ Proton-detected HMQC and HSQC experiments" were unsuccessful 
in detecting all NH crosspeaks. These experiments were conducted at 
both 400 and 500 MHz, with or without 15N decoupling. The shortest 
possible versions of these experiments were employed to minimise the 
loss of signal intensity due to the efficient relaxation of nuclei. The 
same results were obtained for CpFd at pH 7.0 and 6.2. Apart from the 
amine and tertiary amide nitrogens, the crosspeaks from 15N resonances 
1,2,5-8,14,15 in the hyperfine-shifted region, and from I5N resonances 
24,28,30,3 1,36,46,50 in the diamagnetic region, were completely 
missing at pH 7.0. The change of pH from 7.0 to 6.2 results in resonance 
'5N resonance 28 appearing as a broad crosspeak, and I5N resonances 
36,46,50 as sharp crosspeaks. Obviously the observation of the latter 
three is predominantly determined by the rate of proton exchange and 
not by efficient proton relaxation. The 15N resonances 5 1,52,54,56,57 
were confirmed as those corresponding to CONH2 side-chains. The 
crosspeaks corresponding to the I5N resonances 9,lO and 13,28 were 
broad and those associated with the 15N resonances 12,19,41 were very 
broad at both pH values, but clearly present on spectra processed to 
enhance the resonances with short TJT1 relaxation times. 
Q The two-dimensional INEPT experiment was acquired on a Bruker 
AM-400 spectrometer with 10 mm broad-band probe tuned to 40.55 
MHz using a 5 mm NMR tube. The l5N and 1H pulse widths were 21 
ps. 2 K data points were acquired by Bruker sequential mode in the F2 
dimension, and 300 datapoints (1024 transients each) in the F1 
dimension using TPPI for quadrature detection. Spectral widths of 3086 
Hz and 11 904 Hz were used in the F2 and F1 dimensions, respectively. 
The recycle time for each transient was about 1 s. The coupling related 
evolution delays were set to 1.5 ms to optimise the coherence transfer 
by consideration of both the magnitude of coupling, and the fast 
relaxation times of protons of interest. Composite pulse proton 
decoupling was applied during the acquisition. Data were processed 
using Felix NMR processing software running on Sparc2 workstation. 
Data in both dimensions were multiplied by 80" shifted square sine-bell 
window functions over the 300 data points in each dimension, zero- 
filled and Fourier transformed in both dimensions to produce a 1 K by 
1 K real matrix. Linear baseline correction was applied before the 
second Fourier transform. The 15N chemical shifts were referenced 
indirectly to '5NH4C1 (6 24.93, 2.9 mol dm-3) and 1H chemical shifts 
were referenced to the residual water resonance measured indirectly 
with respect to DSS (6 4.72, 303 K). 

The two-dimensional INEPT spectrum presented was collected in 84 
hours. An HMQC experiment obtained in 20 hours detected adequately 
the sharp resonances, but it was unable to detect any of the broad 
resonances, even if acquired over the same time as the two-dimensional 
INEPT experiment. The two-dimensional INEPT experiment has the 
additional advantage of not requiring water presaturation and this also 
greatly contributes to the quality of the data. 
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