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A number of NMR observations give indirect evidence for the
existence of hydrogen bonds in proteinhese parameters
include hydrogen-exchange ratéssotope shifts;® isotropic and
anisotropic chemical shifs;'° the quadrupolar coupling constant
of a deuteron involved in the boré!? and the sequential one-
bond YJcn coupling constant®!4 Scalar couplings transmitted

1601

magnetization is usually set to values slightly shorter than 1/(2*
ne).2t In proteins, values fotdye range between 13 and 17 Hz
with an apparent correlation to the strength of the hydrogen
bond?® In contrast to the standard HNCO experiment, the long-
rangeJyc HNCO experiment was carried out with the transfer
time 2T set to 133 mse 2J\c such that the one-bond transfer
from NY to 2NKC'3_; is approximately refocused. If a second
long-rangednic; coupling between the nitrogeiN nucleus of
residud and the carbonyC nucleus of residugis active during
this transfer, then the intensity of a cross-peak to this nucleus
will be proportional to SiA(2zdniciT)* cos(2xtnici-1T) =~
Sinz(ZJZJNich)*COSZ(ZJT) = sin2(2nJNich).

Figure 1 shows the result of such a two-dimensional, long-
rangeJyc HNCO experiment for a sample of uniformi§N/3C-
enriched human ubiquitin. A total of 31 backbone trans-hydrogen
bond®*N;—13C'; correlations could be detected after 12 h of total
measuring time. In addition to these previously not observed
connectivities, a number of intraresidue two-bdfd—13C'; and
sequential one-bondN;—13C';_; correlations are present. The fact

through the hydrogen bond were first observed in proteins betweenthat not all one-bond correlations are completely suppressed after
a backbone amide proton and metal ions coordinated by a cysteine2n INEPT™N to *3C transfer time of 133 ms is a consequence of

residuet>16

Recently, it has been shown that direct evidence for the

the variatiod® in the one-bondlyc coupling constants.
To determine the size of these long-raigk to °C' coupling

existence of hydrogen bonds can be established in nucleic acidconstants by a quantitativecorrelation techniqué, a second,

base pairs by trans-hydrogen bond scalar couplings tdthe
hydrogen bond acceptor nucledg® These scalar couplings seem

reference HNCO spectrum was recorded with the same total
length 2T for the N to 13C' INEPT and reverse INEPT periods,

to correlate with hydrogen bond length and can be used to identify but with the'3C' 180°-pulses shifted by 16.5 ms relative to the
the coupling partner directly. Here we report a similar observation >N 180°-pulses in both INEPT steps (see Supporting Informa-

of cross-hydrogen bonéPN—13C’ scalar couplings3(Jyc) in

tion). This has the effect of reducing the effective time for the

proteins. This coupling establishes an electron-mediated connec+N to °C' defocusing and refocusing to a value of 2% 16.5
tion between an amide nitrogen and carbonyl carbon nucleus of ms) while keeping the relaxation losses identical to the original

two residues involved in a NH---O=C hydrogen bond.

To detect this scalar coupling a long-range, water flip-Back
HNCO experimerif?! (see Supporting Information) was carried
out with a modification of the nitrogen to carbonyl dephasing
time. In a standard HNCO experiment, this timé&,, Zor the
INEPT transfer between in-phase;Mind anti-phase 2i\C'3_;
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experiment. In this reference experiment, the intensities of one-
bond N; to 3C'_; cross-peaks will be proportional to
Si?(2n nici-1[T — 16.5ms])*cod(2tdnici[T — 16.5ms)), if a
secondJyicj scalar coupling is present. Thus, the ratio of the
intensities of aN; to °C| correlation in the long-range
experiment relative to theN; to 3C';_; correlation in the reference
experiment is given bii/lres = SiA(27wdnici T)*cos (2t nici-1T)*

sin (27 nici-1[T — 16.5ms])*cos2(2dnicj[T — 16.5 ms]). The
size of the long-range couplinlyc; can be determined from the
measured intensity ratio and the known valuelgéi—1*° either

by a numerical inversion of this implicit equation or from the
relationJnicj ~ (Ii/lre)¥4(27T) which is valid for |2zdniciT| <

1 and values ofJyici—1 close to 15 Hz. In the present case, this
approximation introduces errors of less than 0.03 Hz for all the
derived long-range coupling constants.

Values for the trans-hydrogen borityicj couplings deter-
mined by this quantitativé-correlation technique range between
0.25 and 0.9 Hz (Supporting Information). The largest couplings
are found ing-sheet conformations with an average of 065
0.14 Hz (N = 15), wheread"Jyicj-couplings ina-helical structures
have a mean value of 0.38 0.12 Hz (N = 10). As in the case
of the trans-hydrogen bon#Jyy couplings in nucleic acids),
the size of the couplings seems to anti-correlate with the hydrogen
bond length. For the considered residues, the mean distance
between the proton and the oxygen acceptor inxthelical region
of ubiquitin is 2.054 0.09 A, whereas the mean distance in the
pB-sheet conformations is 1.9+ 0.09 A, as calculated from
coordinates of the 1.8 A resolution crystal structtfrélhe
measured intraresiduyc; coupling constants range between
0.26 and 1.1 Hz (Supporting Information).

Figure 2 shows a two-dimensional correlation map of all the
backboneN; to O='3C; hydrogen bonds detected for ubiquitin

(22) Vijay-Kumar, S.; Bugg, C. E.; Cook, W. J. Mol. Biol. 1987, 194,
631-544.
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Figure 1. Selected region of the two-dimensional, long-range, quantita- 9.5 9.0 1y 8-5[ m]8'0
tive-Jne H(N)CO spectrum recorded on a 1.6 mM sampleld§/13C Ni pp
Iabelgd ublqum*n, 95% b9/5% DO, p_H 4.6, 45°E:. The data matrix Figure 3. Correlation betweeRUyic; and theHy; isotropic chemical
consisted of 65*t§) x 512* (t,) data points (where* refers to complex shift in human ubiquitin. Amide protons are marked according to their
points) with acquisition times of 39 m)Yand 53 mstp). Total measuring secondary structure classificatiol & a-helix; B = -sheet:# = turn;

time was 12 h on a Bruker DMX600 instrument. Compared t0 & , — jrregular). The solid line shows a linear fit to the data according to
conventional three-dimensional constant-time HNCO experiment®the the equatiorP"Jyic; = 0.32 Hz/ppm *op — 2.18 Hz.

to 13C' defocusing and refocusing times were set to 133 ms, and the

chemical shift evolution of théSN nucleus was not recorded. Cross- g5 an indicator for the strength of the hydrogen bond in proteins.
peaks marked as Réeg are due t6"yic; trans-hydrogen bond scalar | particular, there is a strong correlation between the hydrogen
couplings between théN nucleus of residueand3C’ nucleus of residue bond length and the isotropic sii#¢-26 of the amide proton as

j. Residue names marked by the superscript s denote not completelywe" as between the amide proton CSA and the isotropic $hift.
suppressed, sequential, one-bond correlations betwee¥iNheucleus

o A A Short hydrogen bond lengths (& correspond to larger values
13 —
of residuei and"™*C nucleusl Of, residue-— 1. The superscript i demarks for the isotropic chemical shift. Figure 3 shows that there is also
intraresidue two-bon&@N;—13C'; correlations. . . .
a strong linear correlatiorr & 0.88) between the amide proton
s A e , isotropic chemical shift and th_e trans-hydrogen béhmcj.
80 coupling constant. Large coupling constants correlate with a
downfield shift of the amide proton, and therefore with short
. . amide proton to carbonyl oxygen distances.
60 . In summary, we have shown that trans-hydrogen b6iig;
. % scalar couplings exist in proteins. At present, these small couplings

7.5

have been observed with reasonable sensitivity for ubiquitin and
other proteins of similar size (data not shown). For larger systems,
the shorte®N transverse relaxation times will clearly limit the
sensitivity of the proposed long-range HNCO experiment. How-
’,r" ever, methods which strongly increase #fid relaxation time,
such as the TROSY experiméiitcan be expected to make the
™ trans-hydrogen bond correlations observable also for medium-
. sized proteins. Observation of the trans-hydrogen bond correla-
o L.' tions establishes valuable and previously inaccessible tertiary
0 20 40 15 50 30 structure information. This information is available at the stage
N; of the backbone assignment of a protein.
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Figure 2. Two-dimensional map representing ffdvicj trans-hydrogen

bond correlations in ubiquitin observed in the long-range, quantitative- Andrew Dingley for valuable discussions. F.C. acknowledges funding

Ine H.NCO experiment with a N_C dephasing time Of_ 133 ms (12 h_ by the A. v. Humboldt foundation. This work was supported by DFG
experimental time). The open circle denotes an ambiguous correlation G.ant GR1683/1-1.

due to resonance overlap. Secondary structure elements are indicated as
filled arrows for/-strands, open boxes f@rturns, zigzag for thei-helix, Supporting Information Available: Pulse scheme and parameters
and dashed zigzags for thepdelices. for a quantitativelye HNCO experiment, list of long-rangkc coupling

. . constants observed in human ubiquitin. This material is available free of
by the long-range HNCO experiment. Regulathelical and charge via the Internet at http://pubs.acs.org.

pB-sheet hydrogen bonds comprise 25 of these observations,

whereas 6 correlations are detected in more irregular secondaryJA983945D

structure elements. Excluding the flexible residue R72, the (23) Pardi, A.; Wagner, G.; Wuethrich, Eur. J. Biochen1983 137, 445—

observed correlations correspond to 83% of all backbone to 54. _ ' '

backbone hydrogen bonds expected from the crystal strdéture , (29 Wishart, D. S.; Sykes, B. D.; Richards, F. 31Mol. Biol. 1991, 222

with a proton to carbonyl oxygen distance smaller than 2.2 A. (25) Kuntz, 1. D.; Kosen, P. A.; Craig, E. 0. Am. Chem. Sod991, 113
It is apparent from Figure 1 that many trans-hydrogen bond 1406-1408.
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