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Hydrogen bonds (H bonds) are of key importance for stabilizing
biomolecular structure, and for modulating the substrate binding
specificity and reaction rate of virtually any enzymatic reaction.
In macromolecules, the presence of H bonds is indicated by the
spatial proximity and relative arrangement of the atoms involved,
after the structure has been solved by either crystallography or
NMR. A variety of NMR spectroscopic parameters has also been
used for characterizing these pivotal interactions. These include
the effect of such bonds on isotropic chemical shitsd chemical
shift anisotropy? on the quadrupole coupling 8H involved in
a H bond! on protection of exchange of the labile hydrogen with
solvent? and'H/?H fractionation® In a recent remarkable report,
Dingley and Grzesiekwere the first to demonstrate the presence
of surprisingly largeJ couplings (6-7 Hz) between the H bond
donating and acceptingN nuclei in a Watsor Crick base pair
in double-stranded RNA. This finding was confirmed by Per-
vushin et al8 and these authors additionally discovered the
presence of a smaller {2 Hz) J couplings between the imino
hydrogen itself and the H bond acceptifiN nucleus. These
couplings confirm the interaction between the electronic orbitals
of the atoms involved, and most importantly they identify
unambiguously the pairs of atoms involved in a given H bond.

Although in organic chemistry the possibility dfcouplings

between atoms separated by less than the sum of the van de

Waals radii has long been known, in particular for cases involving
19F ° Summers et al. were the first to detect such couplings in a
protein’® They observed these interactions, ranging from 0.3 to
4 Hz, between the metal (Cd and Hg) in rubredoxin and backbone
amide protons H-bonded to the S atoms ligating the metal.
Remarkably, they also founticoupling between an alanyl methyl
group, adjacent to such an S atom, and the metals.
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Figure 1. Pulse scheme of the 2D H(N)CO experiment, used to detect
through-H bond J connectivities. Narrow and wide pulses correspond to
flip angles of 90 and 180, respectively. All pulses phases ageunless
specified.13C' pulses have the shape of the center lobe of axsin
function, and durations of 15@s. Shaped3C' pulses at the midpoint of
the 2T periods are 180 pulses bracketing thE€C' evolution period are

of lower power and correspond to9®@Vater suppression is accomplished
by means of a WATERGATE sequence in the final reverse INEPT
transfer. CompositéH decoupling was applied using WALTZ16 modula-
tion, 15N decoupling during, used GARP modulation. THEC¥/ 180°
pulse duration (applied at 50 ppm) was adjusted such that it has a null at
the 13C’ frequency. Delay durationsd = 2.65 ms;T = 16.6, 50, or 66.6

ms (see text). Phase cyclinga =y, —V; ¢2 = 2(X), 2(—X); Receiver=

X, 2(—X), x. Gradients are sinebell shaped, with peak amplitudes of 30
G/cm, and duration&; 2345= 1.1, 0.5, 0.6, 0.7, 0.4 ms, and directions
Xyz Y, X, —X, andz, respectively. For proteins with substantial overlap in
the HN dimension, it may be advantageous to extend the experiment to
a 3D scheme, where the secoril j#eriod is converted into a constant-
time 15N evolution period, and Rane&ay coherence selectiéfhcan be
used for retaining sensitivity comparable to the 2D experiment.

Here, we demonstrate for the protein ubiquitin that sndall
couplings can be observed across H bonds between the donating
15N atom and the accepting carbonyl/carbo¥d@. The scheme
used for detecting this through-H-bodcconnectivity (Jyc) is
essentially the regular CT-HNCO experiméhtptimized for the
petection of these smalPN—3C’ couplings (Figure 1). The
magnitude of"Jyc is then determined through the principle of
guantitative analysis of cross-peak intensitin brief, the scheme
of Figure 1 is executed three times: (A) with the dephasing time,
2T, tuned to 1/(2nc), (B) with 2T = 3/(22ne), (C) with 2T =
4/(2%Jnc). Values oftdye in polypeptides are quite homogeneous
(154 1 Hz) B and much larger than tHéyc which are the focus
of this study. The signal intensity observed for a correlation
between N and Cwith coupling Jyc is proportionate to exp(
4T/T,) sir?(2dne T) Tk co$(2InT), where the product extends
over all other carbonyl/carboxyl carbons coupled to ¢ of
interest with coupling constangzy, andT is the!®N transverse
relaxation time. The dephasing timed, 2ised in this study have
a maximum duration of 133.2 ms, and &@stJnT) ~ 1 for
< 1 Hz. Hence, a good approximation fos is obtained from
the ratio between experiments A and B. To a good approximation,
therefore, the magnitude of the smaltoupling between N and
k can be derived from

sif(272d, T) = I€ exp(1F o TH/N® (1)
wherel€ is the intensity of the (weak) correlation betwe€N
andk, observed in experiment C, an@l is the intensity of the
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____________ @)% of these intraresidue connectivities falls below the signal-to-noise
e O threshold, indicating?Jyc| < 0.25 Hz.
1717 18 As discussed above, the intensity ratio in the spectra recorded

with 133.2 and 100 ms de/rephasing periods can be used directly

_______ to obtain a quantitative measure for the magnitude of the small
- Jue couplings giving rise to the through-H-bond correlations.

Values observed for through-H-bond couplings range from 0.3

55 17 Hz for R72H'—Q40C to 0.8 Hz for E64H—Q2C. For the
T © B-sheet H bonds we find an averajlac value of 0.564 0.10
5 L4444 i %c Hz. For ubiquitin’sa-helix, all but one of its H bonds (K334~
©--o-- @ -@ K29C) present in the crystal (and NMR) structure give rise to
eaiad ST e observable cross-peaks. For the missing correlatigny falls
6412 below the detection limit 0f~0.25 Hz. Excluding this unobserv-

is 0.37+ 0.15 Hz. None of the 3 H bonds observed in the crystal
and NMR structures, which tend to be longer thasheet H
177 bonds, give rise to observable correlations. In contrast, a number
95 » 9.0 ppm of irregular types of H bonds, not part of helix or sheet, give rise
to substantial correlations (e.g., S83%P19C and 123H'—
Figure 2. Superposition of small regions of the 600 MHz 2D H(N)CO  R54C). All of these correspond to shork@ A) HN—O distances
spectra of USC/*N ubiquitin, recorded with dephasing delays optimized  jn the X-ray structure.
for one bond connectivity (single contourT 2= 1/2xc = 33.2 ms), Detection of the weaRJyc connectivities relies on the use of
and optimized for small couplings (multiple contourd, 2 2/vc = |9ng de- and rephasing intervals. Although for small proteins such
flo?;%vzve”;sg' ?r?errslﬁ'ggf (‘;"fr?hg‘f‘éls‘%isiézgifr:d“tﬁg‘égzggl}hIigm'de'as ubiquitin this does not present a significant problem, for larger
to this ami)ée For one-boridyc connectivities to?he preceding rgsidue protellns the long intervals durlng. whichiN magn(?tlzatlon IS
T . " relaxing at the transverse relaxation rate result in much lower
only the amide is labeled. Both spectra result from 1281024* data itivity. O to alleviate thi bl is t difv th
matrixes, with acquisition times of 51 mis)(and 60 mstp). The reference sensitivity. One way 1o afleviate this probiem IS 10 mo ify e
spectrum was recorded with 32 scans per compigrcrement (total %,i:sg scheme in such away that only the most slowly relaxlng
time 1.4 h); the spectrum withT2= 133.2 ms was recorded with 400 oublet component is conserved. As shown by Pervushin et
scans (total time 20 h). al., transverse relaxation times for the downfiéfll doublet
component remain long in larger, perdeuterated proteins in which
the exchangeable hydrogens are proton&teld.pulse scheme
suitable for such measurements is presented in the Supporting
Information, together with the full 2D H(N)CO spectrum. An
additional advantage of this latter method is that H bonds
involving side chain NHgroups are also visible with this method,
although none were observed in ubiquitin. Note that such
correlations are eliminated with the scheme of Figure 1, where
the N—{!H} rephasing delays are optimized for NH and not
NH, groups. For smaller, protonated proteins such as ubiquitin,
the scheme of Figure 1 offers about 50% higher sensitivity,
however.

Experimental observation af coupling through H bonds is
invaluable in NMR structure determination, where unambiguous
identification of the H bond accepting carbonyl can be particularly
difficult. Moreover, the presence 8¢ coupling is of conceptual
interest as it provides unequivocal evidence for the partial covalent
character of even regular, weak H bonds in proteins. Data obtained
on ubiquitin indicate that only H bonds for which theé"HO
distance is less than 2.2 A give rise to an observébig:
connectivity, and'Jyc may prove to be a useful parameter for
characterizing the strength of H bonds. In this cdgg; will be
an ideal parameter for studying such interactions in the active
sites of enzymes, where H bond strengths frequently are of key
Yinterest.

55/55 ably small"Jyc coupling, the average for thehelical"Jyc values

one-bond N-C' correlation in experiment B. Implicit use of the
cog(27JnT) 1 assumption in eq 1 results in a smat 10%)
underestimate of théy value derived from eq 1, which can be
corrected for if{Jyc is accurately known. In practice, through
H-bond "Jy« couplings are very small, and such corrections are
mostly smaller than the random uncertainty in the measurement.
The experiment is demonstrated &5 mgsample of uniformly
15N/13C-labeled ubiquitin (VLI Research, Malvern, PA), dissolved
in 250 uL H,O/D,O (15:1), pH 6.5. Experiments were carried
out at 25°C, on a Bruker DMX600 spectrometer equipped with
a triple resonance three-axis pulsed field gradient probehead.
Figure 2 shows a small region of the 2DVH*C’ correlation
map, obtained with the pulse sequence of Figure 1. One-bond
correlations, observed in the H(N)CO spectrum recorded wilith 2
= 33.2 ms, are represented by a single contour. The 2D H(N)CO
spectrum obtained with2= 2/"Jyc = 133.2 ms is superimposed,
and correlations observed in this spectrum are displayed in the
regular multiple-contour manner. For these longer de- and
rephasing durations, many of the correlations resulting fiéz
couplings are vanishingly weak, whereas for others (5, 6, 8, 18,
45, 49, 55) one-bond correlations to the preceding carbonyl result
from small deviations from the!lJye = 15 Hz condition.
Numerous new correlations can be seen for the long dephasin
times, mostly corresponding tbconnectivity through hydrogen
bonds. In particular, all backboréackbone H bonds observed Acknowledgment. Work by G.C. is in partial fulfillment for the Ph.D.
in the crystal structufé of ubiquitin’s five-strandeg-sheet result degree at the University of Maryland, College Park. We thank Frank
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