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SUMMARY 

An improved version of the three-dimensional HCCH-COSY NMR experiment is described that cor- 
relates the resonances of geminal and vicinal proton pairs with the chemical shift of the 13C nucleus attached 
to one of the protons. The experiment uses constant-time evolution of transverse ~3C magnetization which 
optimizes transfer of magnetization and thus improves the sensitivity of the experiment over the original 
scheme. The experiment is demonstrated for calmodulin complexed with a 26-residue peptide comprising the 
binding site of skeletal muscle myosin light chain kinase. 

J correlation of ~H resonances in larger proteins is generally difficult because many of the tH 
line widths are larger than the relevant vicinal IH-tH J couplings. An elegant solution to this 
problem, which also permits dispersion of  the 2D tH-IH J correlation spectrum into a third 
dimension (the ~3C shift), transfers magnetization in three steps: first from a ~H to its directly at- 
tached ~3C nucleus via the tJcH coupling, then from the 13C to its neighbors via the 1Jcc couplings, 
and finally from the J3C nuclei back to their attached protons via tJcH (Kay et al., 1990; Bax et al., 
1990a). For larger proteins this three-step transfer is vastly more efficient than transferring IH 
magnetization in a single step using the unresolved I H-JH J coupling. Transfer of magnetization 
from one ~3C to its neighbors can be accomplished either by a single 13C 90 ~ pulse in a COSY 
manner, or by isotropic mixing (Braunschweiler and Ernst, 1983; Bax and Davis, 1985) of 13C 
magnetization (Fesik et al., 1990; Bax et al., 1990b). The corresponding pulse schemes, HCCH- 
COSY and HCCH-TOCSY, provide complementary information much in the same way as the re- 
gular ~H-IH COSY and HOHAHA/TOCSY experiments. Spectral resolution in the HCCH- 
COSY 3D spectrum is hampered by the fact that the line shape in the t3C dimension is that of a 
~3C multiplet with the active Jcr coupling antiphase and passive I3C-13C couplings in phase. The 
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Fig. I. Pulse scheme of the constant-time HCCH-COSY ex ,enment. All narrow pulses have a flip angle of 90", the wider 
pulses have a 180 ~ flip angle. Pulses for which the phase is not indicated are applied along the x axis. The synchronous low 
power I~C GARP decoupling is preceded by a high power 90~900 pulse pair (not shown) in a manner described previously 
(Bax et al., 1990a). Phase cycling for 0 is: 0=4(x),4(-x). Shaped 180" pulses are applied simultaneously to the carbonyl 
and aromatic C~, carbons using the center lobe of a sin(x)/x function. The pulses are applied 20.2 kHz (I 34 ppm) and 13.6 
kHz (90 ppm) downfield from the carbon carrier frequency (43 ppm) by using phase modulation of the shaped pulse 
profile (Boyd and Soffe, 1989). The profile of the shaped pulse is given by P(t) = (e ,0~t + e '~-")sin(Ct)/Ct, where C is set to 
20932 and t ranges from - 150 to + 150 ItS (giving a total duration of 300 Its for the center lobe of the sine function) and 
13~ = 20200,27t and 13., = 13600,2rt are the angular offset frequencies of the carbonyl and aromatic resonances. The delay 
durations are: tl = 1.6 ms; t2 = I.I ms; t~=0.85 ms. Phase cycling used is as follows: cpl = 8(x), 8(-x); q~2 = 4(x),4(y),4(-x), 
4( - y); tp~ = y, - y; ~04 = 2(x),2(y),2( - x),2( - y); ~0~ = 4(x),4( - x); Acq. = x, - x, - x,x,2( - x,x,x, - x),x, - x, - x,x. The du- 
ration of the constant time, T, equals 3.9 ms. Quadrature in the t~ and t_, dimensions is obtained using the TPPI-States 
technique (Marion et al., 1989), incrementing the phases ~t and ~:. 

an t iphase  na tu re  o f  this typica l ly  unreso lved  L3C mul t ip le t  causes  p r o b l e m s  in regions  with 

spectra l  over lap .  Moreove r ,  in the or ig ina l  H C C H - C O S Y  scheme (Kay  et al. ,  1990; Bax et al., 

1990a) the efficiency o f  13C-13C magne t i za t i on  t ransfer  depends  on the d u r a t i o n  o f  the 13C evolu-  

t ion per iod ,  t2, in a sin(nJcct2) '  manner .  Here  we descr ibe  an i m p r o v e d  vers ion o f  the H C C H -  

C O S Y  exper imen t  that  util izes cons t an t - t ime  evo lu t ion  (Bax et al., 1979; Rance  et al. ,  1984) o f  the 

13C magne t i za t ion ,  thus op t imiz ing  the 13C-13C ma gne t i z a t i on  t ransfer  i ndependen t  o f  t2, and  re- 

mov ing  the mul t ip le t  s t ruc ture  in the 13C d imens ion  o f  the H C C H - C O S Y  spec t rum.  A n a l o g o u s  

i m provemen t s  for the t r iple  resonance  H C A C O  and  H C A ( C O ) N  exper imen t s  recent ly  have been 

r epor t ed  by Powers  et al. (1991 ). 

The  pulse scheme o f  the cons t an t - t ime  H C C H - C O S Y  technique  is shown in Fig.  1. Us ing  the 

p r oduc t  o p e r a t o r  fo rmal i sm (Ernst  et al., 1987), the re levant  ma gne t i z a t i on  t ransfer  s teps are  

ou t l ined  below. F o r  clar i ty ,  r e l axa t ion  terms are  not  inc luded and  cons t an t  mul t ip l ica t ive  fac tors  

are  omi t ted .  Only  terms tha t  resul t  in obse rvab le  magne t i za t i on  dur ing  the de tec t ion  per iod ,  t3, 

are re ta ined.  The  spin o p e r a t o r s  used are  I1 for the o r ig ina t ing  and  I2 for  the des t ina t ion  p r o t o n  

and SI and  $2 for  their  d i rec t ly  a t t ached  13C nucle i . /The effects o f  mul t ip le  b o n d  coupl ings  are 

neglected t h r o u g h o u t  and  o n e - b o n d  coup l ing  between spin St and  ca rbon  k is de no t e d  by Jsjk; the 

o n e - b o n d  coupl ing  between SI and  its d i rect ly  a t t ached  p ro ton(s )  is Jst l l .  

Long i tud ina l  magne t i za t i on  o f  p r o t o n  Ii and  present  a t  t ime a in the scheme o f  Fig.  I is descr ibed  

by a term c a =  Ilz. A t  the end o f  the evo lu t ion  t ime ~H magne t i za t i on  is t rans fe r red  to 13C in an 

I N E P T - t y p e  manner .  No te  that  the n u m b e r  o f  180 ~ 13C pulses be tween t ime poin ts  a and  b has  

been reduced to one by c o n c a t e n a t i o n  (Kay  et al. ,  1991). At  t ime b, the term o f  interest  is given by: 

ab = COS(-f21, t l) s in (2r t J s : , r  1) S l , I  1, ( I )  
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During the interval between time points b and c the effects of  one-bond carbon-carbon couplings 
to backbone or side-chain carbonyls and between Cfl and C~, resonances of  aromatic residues are 
removed by the selective 180 ~ pulses applied simultaneously to the carbonyl and aromatic spins. 
It is important that side lobes of  these pulses do not affect the aliphatic resonances. However, it 
is also important that their durations are kept short because, within the limitations of  our pulse 
programmer, they reduce the maximum value of  t2 for a given value o fT ,  i.e., their length reduces 
the obtainable resolution in the t2 dimension. It is therefore important to apply the two selective 
pulses simultaneously. As a compromise for a short 180 ~ pulse without significant side lobes in the 
aliphatic region of  the spectrum we use the center lobe o f a  sin(x)/x function. 

The total time duration between time points b and c is kept fixed at 2T, which is set to 7.8 ms 
(vide infra). Two 180 ~ ~H pulses are applied at the times indicated in the pulse scheme to ensure 
that the ~3C magnet i~t ion is in-phase with respect to I j at time c, independent of  the duration of  
t2. At time c, the carbon magnetization of interest is described by: 

ac = A cos(f2s,t z) sin(2nJs,s:T) (II COS(2nJs,kT)) S t , S 2 ,  
k 

(2) 

where the FI product extends over all carbons k coupled to St, excluding $2 and aromatic or carb- 
onyl carbons. Refocusing of  antiphase 13C magnetization (present at time b) occurs at different 
rates for methine, methylene and methyl carbons (Burum and Ernst, 1980). For the case where Sl 
is a methine carbon, A = sin(2nJ1 is IT2), for methylenes A = sin(4nJilslT2), and for-methyl groups 
A = 0.75(sin(2nJi,slX2)+ sin(6nJxlstZ2)). Note that for simplicity the sine and cosine terms of  ex- 
pression (l) have not been carried over to (2). Again omitting the sine and cosine terms from ex- 
pression (2), one finds at time d: 

O'd = $1,$2, (3) 

During the following time interval of duration 2T, equal to 4z2 + 4~3, the antiphase $2 13C magne- 
tization becomes in phase with respect to SL and antiphase with respect to I2, yielding at time e: 

a ,  = B sin(2nJs,s:T) (Hcos(2nJs~,.T)) $212, 
rtl 

(4) 

where the H product now extends over all carbons rn coupled to $2, again excluding $1 and aro- 
matic or carbonyl carbons. For the case where $2 is a methine carbon B = sin(2nJ12sfi2), for meth- 
ylenes B = sin(4gJi2s2Z2), and for methyl groups B = 0.75(sin(2nJx2s2~2)+ sin(6nJl2s2"r2)). At timer, 
the ~3C magnetization is converted back into antiphase I2 spin magnetization: 

a f = g z l x y  (5 )  

Finally, at the start of  the detection period, magnetization is described by: 

ag = I2,A*B*cos(f2h t 1) sin(2nJs,h zl) cos(f2s,t 2) sin2(2nJs~s2T) 
(1-I cos(2nJs,kT)) (l-/cos(2nJsv.T)) sin(2nJs~,~rl) 

k m 
(6) 
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where the previously omitted sine and cosine terms have been reintroduced. To maximize the 
magnetization transfer simultaneously for methine, methylene and methyl carbons, a value 
"~2~0.3/Jls~ 1.1 ms is close to optimal. Alternatively, if one wanted to suppress magnetization 
transfer to or from methylene or methyl sites, a longer value for z2 could be used. This also would 
result in a modest increase in sensitivity for the selected methine resonances�9 Minor modifications 
of the pulse scheme of Fig. 1 also offer the possibility for more extensive spectral editing of the 
final 3D spectrum. However, for the proteins studied in our laboratory so far this need has not yet 
arisen. 

The acquisition time in the constant-time experiments is limited to t2 < 2T. As can be seen from 
expression (6), a value for 2T significantly longer than 1/(4Jcc ) decreases sensitivity in the 
presence of passive carbons, particularly when transverse relaxation of the spins S~ and $2 is taken 
into account. In practice, a value of2T ~ 7.8 ms is close to optimum and provides sufficient digital 
resolution in the t3C dimension of the resulting 3D spectrum. Moreover, since the signal does not 
decay in the t2 dimension it is ideally suited for linear prediction with mirror image constraint 
(Zhu and Bax, 1990). 

The technique is illustrated for the protein calmodulin, complexed with a 26-residue unlabeled 
peptide that comprises the binding site of rabbit skeletal muscle myosin light chain kinase. Eight 
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Fig. 2. F~/F3 slice of  the constant- t ime HCCH-COSY spectrum of  a I mM solution of  the calmodulin-peptide complex, 
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mg of calmodulin, labeled uniformly with both 15N and 13C and complexed with both 4 molar 
equivalents calcium and one equivalent peptide (total mass of the complex ~ 19.7 kDa) was dis- 
solved in 0.4 ml D20, p2H 6.8. Experiments were conducted at 35~ on an unmodified Bruker 
AMX-600 spectrometer. The size of the acquired data matrix was 128 x 32 x 256, where all 
numbers correspond to complex data points, and the acquisition times were 32 ms (h), 7.04 ms (t2) 
and 53 ms (t3). The 16-step phase cycle was executed four times (with different ~l and ~2 values) 
to obtain quadrature in both the tt and t2 dimensions. The delay time between scans was 0.9 s, and 
the total measuring time was 72 h. 

Figure 2 illustrates the quality of the data obtained with the constant-time HCCH-COSY 
technique. Figure 2 shows a ~HJH slice, taken at a ~3C (F2) shift of 9.6, 39.6 or 69.6 ppm. Note 
that because the 13C spectral window was only 30 ppm, extensive folding has taken place in this 
dimension. The resonance in the top right corner of the spectrum corresponds to the C~5 methyl 
of Ile 125 and shows intense cross peaks with both non-equivalent CT methylene protons. The 
lowest trace marked in the spectrum shows cross peaks between Thr 79 HI] (diagonal) and the Ha 
and HT protons. For J connectivity involving non-equivalent methylene protons, the cross peak 
intensity is halved relative to interactions involving methyl or methine sites. In addition, since the 
non-equivalent methylene protons typically have rather large line widths, caused by their large 
unresolved geminai JHH coupling and their strong geminal dipolar IH-tH interaction, these reso- 
nances are attenuated even further. Nevertheless, the sum of the integrated intensities of all cross 
peaks is invariably larger than the intensity of the corresponding diagonal resonance in the con- 
stant-time HCCH-COSY spectrum. At first sight, it appears that the connectivitieg for Phe 16 (Fig. 
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Fig. 3. Section of  an F2/F3 slice of  the constant- t ime HCCH-COSY spectrum, taken at an F~ frequency of  0.90 ppm. Reso- 
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2) may be exceptions to this rule. However, the pattern for Phe 16 is unusual since its Ha overlaps 
with the downfield HI3 resonance and the relatively intense diagonal resonance coincides with the 
Hct/HI3 cross peak. 

Figure 3 shows part of an F2/F3 cross section of the 3D spectrum, taken at the Ft frequency (0.9 
ppm) of Ile 125 C6H3. Resonances near F3 = 0.9 ppm correspond to diagonal resonances in the var- 
ious F1/F3 planes and show cross peaks to their vicinal neighbors. With the exception of Lys 13, all 
'diagon~ti' resonances in this spectrum correspond to methyl groups. The Lys 13 'diagonal' reso- 
nance corresponds to one of the two non-equivalent C• protons and exhibits cross peaks with its 
geminal partner and with the non-equivalent CI3 and C8 protons. The line shape in the F2 dimen- 
sion of the spectrum is now an in-phase singlet, whereas it was an antiphase doublet in the original 
HCCH-COSY experiment (Bax et al., 1990b). We find the in-phase singlet line shape in the pres- 
ent spectrum strongly preferable in regions with substantial overlap compared to the antiphase 
doublet shape. The improved sensitivity of the constant-time version and the reduced intensity of 
diagonal resonances are other noteworthy benefits. 
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