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It is demonstrated that J connectivity between amide protons the *J,. and®J, couplings can be avoided, and magnetiza
and hydrogen-bond-accepting carbonyl carbons can be observed in  tjon transfer can be “focused” on ti&],. of interest.
perdeuterated humaglh ubiquitin. A selective pulse scheme is used The pulse scheme used in this study is shown in Fig. 1. It
to detect these small “"J e mtegactlons |n3the presen_ce of the muc_h a variation on the regular HMQC experimert3), with two
larger through-covalent-bond “J,. and _JHC_V coup_llngs. The gatlo pairs of 180°3C//*HN pulses inserted at the midpoint of the de-
of the observed through-H-bond correlation intensity and the “J,c . 12m) 1N o
connectivity observed in a reference spectrum indicates *"Jyc and rephas[ng delays T2 Both “C’" and "H" 180 pullses ar,e
values of ca. 0.4-0.6 Hz, which are only slightly smaller than the Pand-selective. _ThéH 180° pulse covers the entire amide
Corresponding 3hJNC’ values. However, for technical reasons, Zh\]HC’ region but avoids excitation of the water resonance. Thi
couplings are more difficult to measure than *Jyc. © 1999 Academic  IMProves water suppression and also avoids homonucle
Press '"H—"H J modulation (for protonated or incompletely deuter-
ated proteins). The inversion profile of the 6.6 & 180° sinc
pulse covers approximately a bandwidthio50 Hz and leaves

A number of recent studies have demonstrated the presen&e SPins more than 150 Hz from théC carrier essentially
of substantiall couplings across hydrogen bonds (H-bonds) iahaffected. This ensures that only couplings between amic
nucleic acids, sugars, proteins, and other moleculed (. Protons and selectedC’ spins can yield antiphase terms of the
The "J, coupling across the H-bond in Watson—Crick basPe sin(2rJT) H,C; at the end of the dephasing period. If
pairs is particularly large (6—7 Hz), and even larger valug¥nselective”C’ 180° pulses were used, higher order term;
have been reported for other types of base pairidgd( Would also be generated. Although three-spin term&:Cz,,
Remarkably, the correspondinitjl, coupling is considerably Will be eliminated by the phase cycling, they can dramaticall
smaller (2—4 Hz) and therefore more difficult to dete;t4). decrease sensitivity of the through-hydrogen-bond correlatiol
In proteins, ®N—"*C’ connectivities can be detected acros@f interest. Four-spin terms generally will be small, but are nc
H-bonds 6-9), and*"J, values closely correlate with H-bondeliminated by the phase cycle of Fig. 1 and could conceivabl
length @). Through-H-bond™J,_,cs CONnectivities between give rise to confusing correlations in the 2D spectrum. The us
amide protons H-bonded to the sulfur atoms which coordina@é selective™C’ pulses avoids generation of such terms.
the metal (Hg or Cd) in rubredoxin were first observed by If only a single**C’, J-coupled to a given H is inverted by
Summers and co-workerd 1, 12, and were found to be asthe shaped’C’ pulse, the KC; term present at tima in the
large as 4 Hz. However, despite repeated attempts over the fadse scheme of Fig. 1 will be converted intqQ] at the start
10 years, detection 6fJ, connectivity has remained elusive Of thet; evolution period, and at the end of (time pointb),
Here, we report the first measurement of sdotouplings in  magnetization is converted back into sim(2T)cos()ct,)
the small globular protein ubiquitin. H,C., which refocuses to sft2mJT)cos()ct,) H, at the start

In proteins that are uniformly enriched #C’, detection of of the detection period. Thus, the“HC' intensity will be
small, through-hydrogen-bond'J,. connectivities is ham- proportional to sif(27JT). In order to measure the value of
pered by the presence of the relatively lafdg. coupling (ca. *"Juc, the experiment of Fig. 1 is carried out twice: once with
4 Hz), and by the intraresidud, coupling, which depends in the **C carrier at the position of the precedintC’ (corre-

a Karplus-like manner on the intervening dihedral angle sponding to’J,c connectivity), and once with thEC’ shaped

When attempting to transfer magnetization from a given amigelse applied at the frequency of the carbonyl which is hydrc
proton to its H-bondedC’, the much largefJ,c and*®J,. gen bonded to the Hof interest. As is demonstrated below, in
couplings interfere with this process and make it inefficienpractice, several couplings can be measured simultaneously
However, if band-selective pulses are used, interference frdnis manner, although the method remains time consuming.
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FIG. 1. Pulse scheme of the selective 2B"-*C’' HMQC experiment, used to detect through-hydrogen-bBig: connectivity. Narrow and wide pulses
correspond to flip angles of 90° and 180°, respectively. All pulses phasgsumiess specified’C’ pulses have the shape of the center lobe of agsirfunction and
durations of 6.6 ms (180°) and 2@& (90°)."H 90° and 180° pulses are rectangular and have durations of 360 (90°) apg §280°), with the'H carrier at 9.2 ppm
(for experiments at 600 MHz), such that excitation of th©Hesonance is minimized afd—"H J modulation for incompletely deuterated residues is strongly reducec
The C3; 180° decoupling pulse is rectangular, with a duration ofié7which avoids excitation of theC’ resonances®N synchronous composite pulse decoupling
(not shown) is used throughout the entire pulse sequence, except for the delay period between scans. The dephasihgvasraptir@ized for sensitivity by setting
it to 76 ms, slightly shorter than the average amide pratenvhich was measured to be ca. 90 ms. Phase cyeling: X, —X; ¢, = 2(X), 2(—X); ¢3 = 4(X), 4(—Xx),
4(y), 4(—y); Receiver= x,2(—x),x. Quadrature in thé dimension is obtained by States-TPPI phase incrementatign. @radients are sine-bell-shaped, with peak
amplitudes of 30 G/cm duration§;, ,; = 0.5, 0.2, and 0.2 ms, and directiong, andy, respectively.

The measurement is demonstrated for uniforffily/*°*C/’H- andB = —0.09 + 0.14 Hz,with a correlation coefficierR =
labeled ubiquitin, prepared as described by &hss (14). The 0.94(Fig. 3). As for large hydrogen bond lengths both types o
sample contained 4 mg of protein in 30095:5 H,0/D,0, pH couplings go to zero, the constaBtmay be assumed to be
6.5, 10 mM phosphate. Experiments were carried out aero, yielding®"J,c = (0.94 + 0.02) X *J,c. Although, on
Bruker DMX-600 and DRX-600 spectrometers, equipped withverage®J,,. is only slightly smaller thai"Jyc, *"J,c values
triple resonance, 3-axis pulsed field gradient probeheads. Spae- considerably more difficult to measure tH&#,. interac-
tra were recorded as 128¢ 1024* data matrices, with acqui- tions. Detection of thé"J,c connectivities is hampered by the
sition times of 75 {,) and 120 ,) ms. For the reference relatively large linewidth of the amide proton,'Hand also by
spectrum, aimed at observation &f,. connectivity, eight the presence of two-bond sequentidl. couplings and intra-
transients per completx increment were acquired (total time
33 min); for the spectrum aimed at detection’f,. connec-

1

tivity, 320 scans per completx increment were taken (22 h). o HEBILET | o (A) [1750

Figure 2B shows an example 8f,. connectivity for the N & @ L175.2
H-bonds between V&-H" and Arg?*-C’ and between If8-H" (5] | 1754
and His®-C'. Also visible are two intraresidu8,,c. connectivities V70/L69 -175.6 e
for Val™ and Val’, which previously were measured to be 0.83 E64/K63 V17/E16 '

and 1.46 Hz, respectivelyl§). A strong resonance connecting [ 1758

Leu”-H" and Thf*-C’ corresponds t&J,c. Figure 2A shows the
corresponding reference spectrum, which differs only by a shift in ®) | 1736
the *°C’ position from 173.8 to 175.3 ppm and a 40-fold smaller D pu o

number of scans. Here, only the relatively lafgg. couplings L67/T66 viznvaz 138

(ca. 4.5 Hz) give rise to the observed correlations. - 174.0 C
The intensity ratios of the V70/R42 and 144/H68 peaks in L 1742

Fig. 2B to the respective reference peaks in Fig. 2A, whigh

correspond to s{27*"J,c T)sin’(27%dye T) with 2J,e = 94 93 92 9.1 90 8o M

4.0 Hz (ll€") and 4.5 Hz (vaP) and 2I = 76 ms, yields 1HN
2h 2h

Jhe _2h0'59 + 0.04 Hz f_OI‘_ ‘JHC'(|44/H68)_ and 0'$4t 0.04 FIG. 2. Small sections of the 600 MHz 2D selectivel"-*C’ HMQC
Hz for *"J,c(V70/R42). Similarly, the Va&f intraresidue’J, spectra of U2H/®C/®N ubiquitin, recorded in KO with the pulse scheme of
coupling derived from the intensity ratio corresponds to 1.0 Heig. 1. The**C’ carrier was set to 175.3 ppm (A) and 173.8 ppm (B). The
in fair agreement with the 0.8% 0.1 Hz value previously reference spectrum (A) was recorded with 8 scang peicrement and shows
measured with an E.COSY methots. only sequentialHM-"*C;_, connectivities, through the large (ca. 4.5 H2)c

Using fi t . t total of ?QDI | coupling. Spectrum (B), recorded with 320 scans pjemcrement, shows
sing five sepa_ra e e_xp_e_nmen S, a _0 alo _e e va ues_ through-hydrogen-bond connectivities (V70/R42 and 144/H68), in addition
were measured in ubiquitin. Assuming a linear correlatiog intraresidue correlations (V70/V70 and V17/V17) and one sequential co

"Jye = A e + B, best fitting yieldsA = 1.08 = 0.24 relation (L67/T66).
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FIG. 3. Plotof*J,. values measured in this study versus the correspond-
ing *Jye values. Assuming a linear correlation, a best fit yiefik,. = 8

1.08 X *J,o — 0.09 Hz (solid line), with a correlation coefficief®,= 0.94.
Error bars correspond to the propagated errors in the meadlitgd cou-
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