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Albeit postulated early by Huggins1 and Pauling,2 C-H‚‚‚O
hydrogen bonds (H-bonds) have only slowly been recognized as
rather common structural elements in chemistry3-6 and biology.7,8

In proteins, short C‚‚‚O distances are usually observed for
CR-HR‚‚‚OdC configurations inâ-sheets (Figure 1, right), but are
more rare in helical structures.7,9,10 Recent ultrahigh-resolution
crystal structures of several proteins with resolved HR atoms give
clear evidence for short (∼2.4 Å) HR‚‚‚O contacts inâ-sheets11,12

and also show that the HR positions deviate by about 0.2 to 0.3 Å
from idealized CR-HR geometries, with the hydrogen being bent
toward the oxygen acceptor.12

Little is known about the contribution of C-H‚‚‚O H-bonds to
the stability of biomacromolecules. Recent ab initio calculations13

suggest association enthalpies∆H298 of -3 kcal mol-1 for CR-
HR‚‚‚OdC H-bonds, which are roughly half the size of N-H‚‚‚
OdC energies calculated at the same level of theory. Here, we
report the first NMR observation of H-bond scalar coupling (h3JCRC′)
correlations across CR-HR‚‚‚OdC H-bonds inâ-sheet regions of
a small protein. Such correlations are direct evidence of the
electronic wave function overlap of H-bond donor and acceptor
groups. The size of the observed couplings (0.2 to 0.3 Hz) is in
reasonable agreement with results of DFT calculations on corre-
sponding protein fragments. Thus, the present study should provide
reliable experimental limits for theoretical models of electronic wave
functions and strengths of CR-HR‚‚‚OdC H-bonds in proteins.

The observation ofh3JCRC′ correlations in proteins is considerably
more difficult than for the conventionalh3JNC′ couplings.14,15

Significant losses in sensitivity arise from the fast relaxation of
13C nuclei and from the presence of other homonuclear13C-13C
scalar couplings, which are not easily refocused. An initial screen
was performed with a long-range version of the constant-time
H(NCO)CA pulse sequence16 where the amide1HN frequencies of
the amino acid following the carbonyl acceptor are correlated to
the 13CR frequency of the H-bond donor (Figure 1, right). In this
experiment (Supporting Information), the13C′ to 13CR dephasing
and rephasing times (2TC) had been set to a value of 113 ms≈
6/1JC′CR in order to refocus transfers from one-bond1JC′CR couplings
and as a compromise between the fast decay of13C′ magnetization
and the efficient transfer by the small H-bondh3JCRC′ couplings.

Figure 1 (left) shows results of this long-range H(NCO)CA
carried out on the uniformly15N/13C/2H labeled (amide-protonated)
immunoglobulin binding domain of protein G.17,18 Among many
other cross-peaks arising from not completely suppressed intraresi-
due1JC′CR and sequential2JC′CR correlations, four cross-peaks are
visible, which are due to magnetization transfer byh3JC′CR couplings
across CdO‚‚‚H-CR H-bonds L10/E20, Y8/T22, F57/L10, and
T60/G46. Similar to the quantitative long-range HNCO experi-
ment,14 the absolute size of the respectiveh3JC′CR couplings can be
determined from a comparison of the cross-peak intensities in Figure
1 to intensities of the corresponding1JC′CR correlations in a second

reference experiment optimized for1JC′CR transfer (Supporting
Information). Values of|h3JC′CR| for all four observed correlations
(Table 1) are close to 0.3 Hz and are thus of similar order ash3JC′N
couplings.14,15

Clearly, the sensitivity of the long-range H(NCO)CA experiment
is compromised by the presence of2JC′CR and3JC′C′ couplings, which
are not refocused during the extended transfer delays. These
couplings can reach sizes of 2 to 3 Hz19 and contribute attenuation
factors of cos2(2πJ‚TC) each. A certain improvement in sensitivity
for detectingh3JC′CR can be obtained by selective transfer schemes
and by making use of the favorable relaxation properties of13CR

nuclei in deuterated proteins.20 For this purpose, a selective, long-
range H(NCA)CO pulse sequence was designed (see Supporting
Information). In contrast to the common version of the experiment,21

13CR to 13C′ dephasing and rephasing times were set to 6/1JC′CR to
refocus unwanted1JC′CR transfers, and13CR 180° refocusing pulses
were applied as highly selective sinc-pulses to minimize losses by
3JCRCR couplings.

Figure 2 shows results of this long-range H(NCA)CO experiment
applied selectively to the13CR resonances of residues E20, W48,

Figure 1. h3JCRC′ magnetization transfer across protein CR-HR‚‚‚OdC
H-bonds observed by a long-range H(NCO)CA experiment. Right: Typical
arrangement of CR-HR‚‚‚OdC and N-H‚‚‚OdC H-bonds in an antiparallel
â-sheet. H(NCO)CA magnetization pathways are indicated by double
arrows. Left: Small regions of the long-range H(NCO)CA experiment
carried out on a 3.5 mM sample of protein G (25°C); total experimental
time 141 h. Boxed peaks represent transfers byh3JCRC′ couplings and are
labeled by H-bond acceptor/donor residue. Intraresidue1JCRC′ (superscript
i) and sequential2JC′CR (superscript s) correlations are labeled by the residue
number of the13C′ nucleus.

Table 1. Observed and Calculated h3JCRC′ Valuesa in Protein G

donor CR-H L10 E20 T22 G46 W48 F57
acceptor OdC F57 L10 Y8 T60 T58 T49
h3JCRC′ H(NCO)CA 0.26 0.28 0.30 0.28
h3JCRC′ H(NCA)CO 0.33 0.22 0.19
h3JCRC′ DFT 0.12 0.56 0.17 0.09 0.38 0.26
h3JCRC′ regression 0.13 0.53 0.15 0.10 0.43 0.23

a All values are given in Hz. Errors estimated from the noise of the
experiments are about(0.03 Hz.
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and F57, respectively. In comparison to the nonselective
H(NCO)CA, the sensitivity is considerably improved (e.g., H-bond
E20-HR‚‚‚O-L10). The identification of the H-bond connectivities
is also more straightforward due to the reduced overlap and the
presence of both Hi+1

N and Hi
N to Ci

R magnetization transfers that
are typical for HNCA-like experiments. Quantification of theh3JCRC′
couplings is obtained in an analogous way as for the H(NCO)CA
experiment (Supporting Information), and the values are listed in
Table 1.

To compare the experimentalh3JCRC′ values to quantum chemical
predictions, density functional theory (DFT) and finite perturbation
theory (FPT) were used to obtain the Fermi contact (FC) contribu-
tions for these coupling constants (Table 1). The calculations were
based on the coordinates of the 1IGD crystallographic structure
for protein G,18 and the computational strategy (Supporting
Information) was similar to that developed previously forh3JNC′
couplings.22

The average agreement between the experimental and predicted
h3JCRC′ is very reasonable. The remaining individual disparities can
probably be attributed to large variations in the local molecular
geometry around the H-bonds as well as to the recently demon-
strated influence of dynamical averaging on H-bond couplings in
proteins.23 The relationship between scalar coupling in the
N-H‚‚‚OdC moiety and the overlap integrals between the donor
hydrogen and the oxygen hybrid orbitals leads to a cos2 θ2

dependence22 on the angleθ2 (∠H‚‚‚OdC) and an exponential
dependence22,24 on the H‚‚‚O distance. Since the structural depen-
dence ofh3JCRC′ in the CR-HR‚‚‚OdC moiety should be completely
analogous, the DFT data were fit empirically to a form combining
these features, i.e.,h3JCRC′ ) (4.6 × 103 Hz)(cos2 θ2) exp(-4.0
Å-1‚rHRO), where θ2 is the HR‚‚‚OdC angle andrHRO is the
HR‚‚‚O distance. The standard deviation for the fit is 0.03 Hz, and
the correlation coefficientr2 ) 0.97. The regression results are
entered in the last row of Table 1.

The observedh3JCRC′ correlations correspond to six out of 12
CR-HR‚‚‚OdC H-bonds with HR‚‚‚O distances of less than 2.5 Å
in protein G (Figure 3A). Because of the geometry of the bifurcated
HN‚‚‚O‚‚‚HR H-bonds inâ-sheets (Figures 1 and 2), an anticorre-

lation exists between the respective HR‚‚‚O and HN‚‚‚O distances
(Figure 3A).8 This anticorrelation is also clearly visible (Figure 3B)
when comparing theh3JCRC′ values to the respective previously
publishedh3JNC′ values.24 Thus, both types of coupling constants
appear as reliable reporters of wave function overlap and geometry
in protein H-bonds.
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Supporting Information Available: Pulse schemes and experi-
mental details of the long-range H(NCO)CA and H(NCA)CO experi-
ments and details of the DFT calculations ofh3JCRC′ couplings (PDF).
This material is available free of charge via the Internet at http://
pubs.acs.org.
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Figure 2. h3JCRC′ magnetization transfer across protein CR-HR‚‚‚OdC
H-bonds observed by selective long-range H(NCA)CO experiments.
Right: Magnetization pathways of the H(NCA)CO. Left: Small regions
of the long-range H(NCA)CO experiment carried out separately with
selective excitation of the13CR resonances of residues E20, W48, and F57
(from left to right). Boxed peaks represent transfers byh3JCRC′ couplings.
Peaks are labeled by the residue number of the1HN proton and of the13C′
nucleus. Total experimental times: 32 h (E20), 136 h (W48), and 145 h
(F57).

Figure 3. Anticorrelation of strengths of CR-HR‚‚‚OdC and N-HN‚‚‚
OdC H-bonds sharing the same carbonyl acceptor in protein G. (A)
HR‚‚‚O/HN‚‚‚O distance anticorrelation. Observed CR-HR‚‚‚OdC correla-
tions are indicated by filled circles. (B)h3JCRC′/h3JNC′ anticorrelation. Data
are labeled by the acceptor residue. Solid lines present linear regressions.
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