JIAIC[S

COMMUNICATIONS

Published on Web 11/27/2003

Direct Observation of C *—H*---O=C Hydrogen Bonds in Proteins by
Interresidue "Jcqc Scalar Couplings
Florence Cordier, Michael Barfield,* and Stephan Grzesiek*

Biozentrum, Uniersity of Basel, Basel 4056, Switzerland, and Department of Chemistryetdity of Arizona,
Tucson, Arizona 85721

Received September 19, 2003; E-mail: barfield@u.arizona.edu; stephan.grzesiek@unibas.ch

Albeit postulated early by Huggihsand Pauling, C—H---O

_ 52 | T60/G46 |44 e
hydrogen bonds (H-bonds) have only slowly been recognized as N
rather common structural elements in chemisthyand biology’8 ; I
. ; ctc
In proteins, short €-O distances are usually observed for |
Ce—He---O=C configurations ir-sheets (Figure 1, right), but are o
more rare in helical structurés:1° Recent ultrahigh-resolution 561 50 C:I: :
crystal structures of several proteins with resolvedatbms give =i RN
clear evidence for shorty2.4 A) H*---O contacts in3-sheets12 17 o5 |
and also show that the%positions deviate by about 0.2 to 0.3 A 135ce €
from idealized @G—H* geometries, with the hydrogen being bent 60 i 535® _ll
toward the oxygen acceptét. 9 I

. - 1HN 81 [ppml]
Little is known about the contribution of-€H---O H-bonds to Fioure 1. 1) i :‘ wans (A=t O=C
s . - : igure 1. cac Magnetization transfer across protei 0=
the stability of biomacromolecules. Recent ab initio calculatibns 3 -/ b e by a long-range H(NCO)CA experiment. Right: Typical

suggest association enthalpiasi?*® of —3 kcal mol for C*— arrangement of ©-He+-O=C and N-H-+-O=C H-bonds in an antiparallel
H---O=C H-bonds, which are roughly half the size of-M--- B-sheet. HINCO)CA magnetization pathways are indicated by double

O=C energies calculated at the same level of theory. Here, we arrows. Left: Small regions of the long-range H(NCO)CA experiment

: : B ; ; carried out on a 3.5 mM sample of protein G (25); total experimental
report the first NMR observation of H-bond scalar couplifi.c) time 141 h. Boxed peaks represent transfer§¥y,c couplings and are

correlations across ‘€-H*-+O=C H-bonds inS-sheet regions of  |apejed by H-bond acceptor/donor residue. Intraresidug> (superscript

a small protein. Such correlations are direct evidence of the i)and sequentidlcc, (superscript s) correlations are labeled by the residue
electronic wave function overlap of H-bond donor and acceptor number of the®C' nucleus.

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 gggg;tg;@":c "-:g(; Eljg %2 ?g‘g _I\f\é‘éB _I'fg
reliable experimental limits for theoretical models of electronic wave h3Jo,c HNCO)CA  0.26 0.28 030 0.28

Table 1. Observed and Calculated "Jc.c Values@ in Protein G

functions and strengths of*€H*---O=C H-bonds in proteins. h3Jcec H(NCA)CO 0.33 022 0.19

The observation dfJc.c correlations in proteins is considerably ::\]Cuc’ DFT 0.12 056 017 0.09 0.38 0.26
more difficult than for the conventional®Jyc couplingst415 Jooc regression 013 053 015 010 043 0.23
lSlgnlflcant losses in sensitivity arise from the fast relax?tlon of All values are given in Hz. Errors estimated from the noise of the
5C nuclei and from the presence of other homonuctéar13C experiments are abott0.03 Hz.

scalar couplings, which are not easily refocused. An initial screen

was performed with a long-range version of the constant-time reference experiment optimized fddcc, transfer (Supporting
H(NCO)CA pulse sequentewhere the amidéHN frequencies of Information). Values of"3Jcc,| for all four observed correlations
the amino acid following the carbonyl acceptor are correlated to (Table 1) are close to 0.3 Hz and are thus of similar ordépls,
the 3C* frequency of the H-bond donor (Figure 1, right). In this  couplingst415

experiment (Supporting Information), tHéC' to 13C* dephasing Clearly, the sensitivity of the long-range H(NCO)CA experiment
and rephasing times T2) had been set to a value of 113 ms is compromised by the presencédfc, and3Jcc couplings, which

6/ Jcc, in order to refocus transfers from one-bddgc, couplings are not refocused during the extended transfer delays. These
and as a compromise between the fast decay@fmagnetization couplings can reach sizes of 2 to 3'®and contribute attenuation
and the efficient transfer by the small H-bofde,c couplings. factors of cod27J:T¢) each. A certain improvement in sensitivity

Figure 1 (left) shows results of this long-range H(NCO)CA for detecting™Jcc, can be obtained by selective transfer schemes
carried out on the uniforml§PN/*C/H labeled (amide-protonated)  and by making use of the favorable relaxation propertie¥©f
immunoglobulin binding domain of protein &1 Among many nuclei in deuterated protei&For this purpose, a selective, long-
other cross-peaks arising from not completely suppressed intraresitange H(NCA)CO pulse sequence was designed (see Supporting
dueJcc, and sequentiaddcc, correlations, four cross-peaks are  Information). In contrast to the common version of the experirfient,
visible, which are due to magnetization transfefxc, couplings 13Ca to 13C' dephasing and rephasing times were set @6/, to
across &0---H—C* H-bonds L10/E20, Y8/T22, F57/L10, and refocus unwantetlcc, transfers, and*C* 180° refocusing pulses
T60/G46. Similar to the quantitative long-range HNCO experi- were applied as highly selective sinc-pulses to minimize losses by
ment!4 the absolute size of the respecti?dcc, couplings can be 3Jcaca couplings.
determined from a comparison of the cross-peak intensities in Figure  Figure 2 shows results of this long-range H(NCA)CO experiment
1 to intensities of the correspondihdrc, correlations in a second  applied selectively to thé*C* resonances of residues E20, W48,
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x : . . —fF— Figure 3. Anticorrelation of strengths of €He---O=C and N-HN---
86 85 84 925 1N 1027 915  [ppm] O=C H-bonds sharing the same carbonyl acceptor in protein G. (A)

H.--O/HN---O distance anticorrelation. Observe#-GH%--O=C correla-
tions are indicated by filled circles. (B¥Jcac/"Ine anticorrelation. Data
are labeled by the acceptor residue. Solid lines present linear regressions.

Figure 2. MJcec magnetization transfer across proteift-GH%:-0=C

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 th€C* resonances of residues E20, W48, and F57 |ation exists between the respectiveé-HO and H---O distances

grO’E left t‘l’ ggrtzj- E’O;‘ﬁd pe%ks 'ePrege”t HS&Sferfm“cgcof“tﬂ'g‘s%s' (Figure 3A)8 This anticorrelation is also clearly visible (Figure 3B)

eaks are labele Yy the resiaue number o proton and o 4 . 3 . . .

nucleus. Total experimental times: 32 h (E20), 136 h (W48), and 145 h When comparing théJc,c values to the respectl\(e previously
published™Jyc values?* Thus, both types of coupling constants

(F57). _ i
appear as reliable reporters of wave function overlap and geometry
and F57, respectively. In comparison to the nonselective in protein H-bonds.

H(NCO)CA, the sensitivity is considerably improved (e.g., H-bond
E20-H®---O—L10). The identification of the H-bond connectivities X
is also more straightforward due to the reduced overlap and the 61757.00.

presence of both i, and H' to C* magnetization transfers that Supporting Information Available: Pulse schemes and experi-
are typical for HNCA-like experiments. Quantification of tHéc.c mental details of the long-range H(NCO)CA and H(NCA)CO experi-
couplings is obtained in an analogous way as for the HINCO)CA ments and details of the DFT calculations'&f,c couplings (PDF).
experiment (Supporting Information), and the values are listed in This material is available free of charge via the Internet at http:/

Acknowledgment. This work was supported by SNF grant 31-

Table 1.

To compare the experiment&lc,c 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! and the computational strategy (Supporting
Information) was similar to that developed previously fiyc
couplings??
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