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Hydrogen bonding plays a very important role in a wide range
of molecular structures and mechanismdJnfortunately, hy-
drogen bonds are difficult to quantify by X-ray crystallography
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H bond and reduces the dipolar splitting. The extent of the
elongation is anticipated to correlate with the hydrogen-bond
energy.

Hydrogen-bond induced changes in the heteronuclear dipolar
couplings have previously been studied by static solid-state NMR
and by spinning sideband analyses at rather slow MAS frequen-
cies® However, these methods do not provide optimal chemical
shift resolution on multiply labelled samples and are of limited
applicability. There are several other methods for heteronuclear
dipolar recoupling at high MAS frequenci€s? but none of these
combiney-encodeéf heteronuclear recoupling with exact sup-
pression of homonuclear dipetelipole interactions in the first-
order average Hamiltonian. Isotropic chemical sHifé§chemical
shift anisotropies®'”and homonuclear dipolar couplifi§grovide
complementary information on hydrogen bonding.

In the P2,2,2; crystal structure of-histidine hydrochloride
monohydraté? there is an intermolecular H-bond between the
hydrogen atom of the N¢)—H group and the carboxyl oxygen
of a neighboring molecule (shown in Figure 1). In this com-

munication, we use FBS recoupling to compare the lengths of

because of the low scattering cross-section of hydrogen atoms.the N©,)—H and N¢,)—H bonds in a polycrystalline [U3C °N]-
As a result, NMR methods for the site-resolved study of hydrogen | -histidine HCI-H,O sample.

bonding are very important sources of information.
In a recent communicatiohsome of us described a new solid-
state NMR method for the efficient recoupling of heteronuclear

dipole—dipole interactions in the presence of fast magic-angle-
spinning. This allows the high-precision measurement of hetero-

nuclear bond lengths with good chemical shift resolution in
multiply isotopically labelled systems. In this communication, we
apply this method to the measurement®™—'H bond lengths
in crystalline [U43C !*N]-L-histidineHCI-H,O. We detect a clear

elongation of one of the imidazole NH bonds, due to the formation
of an intermolecular hydrogen bond. This establishes the method

as a powerful tool for investigating hydrogen bonding in

macromolecules, including enzymes, membrane proteins, andFigure 1. The crystal structure af-histidineHCI-HO (ref 19), showing
fibers. The experiment does not require high-quality crystals or the intermolecular hydrogen bond (Clons and HO molecules are
specific isotropic labelling and is feasible on systems which are omitted).

unsuitable for solution NMR because of their large molecular size

or tendency to aggregate.

The method is based on recently developed symmetry theorem
for selective recoupling and decoupling in magic-angle-spinning

solid-state NMR. We exploit the rotor-synchronized sequence
R18§, which consists of a repetitive sequence of 4880 5o
pulse pairs, wherg,; denotes a pulse of flip angeand phase

(in degree), and the duration of each 1®Qise is equal td/g of

a rotational period. As shown elsewhérhjs symmetry leads to

the suppression of isotropic chemical shifts and homonuclear

S

The two-dimensional separated local field pulse sequence is
shown in Figure 2. Cross-polarizédN magnetization is allowed
to evolve for a variable interval; in the presence of Fag
irradiation of the protons. Thg interval consists of increasing
number of pairs of 180pulses, so that the last increment
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the chemical shift anisotropies (CSA) of the irradiated nuclei are ;1™

recoupled.

If the R18§ sequence is applied at tAel Larmor frequency,
then the'®>N spectrum ofSN—1H groups displays a splitting due
to the recoupled heteronuclear dipolar interactions. *fRe-*H

distance may be estimated from these splittings, since the dipolal
coupling is proportional to the inverse cube of the distance. The

formation of al®N—!H---O hydrogen bond elongates th¥—
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Figure 2. Two-dimensional constasinterval pulse sequence for het- w27 (kHz) w,l2m (kHz)
eronuclear dipolar recoupling using 8in thet; dimension. Figure 4. Sections though the 2D spectrum for i 15N (61)—*H and
) (b) 5N(e2)—*H groups.(c) and(d) Numerically exact simulations for an
= isolated™>N—1H group, using a direé¢®N—1H coupling ofbis/27 = 9.41
NH* x0:4 kHz, and 10.52 kHz, respectivelid chemical shift anisotropy afaniso
' R NH} = —1.0 ppm,; = 0, and a Gaussian lineboardening with a width of 500
3 N Hz was included in (c) and (d). The dashed lines are visual aids.
[UNeg
5 B Table 1. NH Bond Lengths in_-Histidine HCI-H,O
=5 P 23 e —3 nitrogen site  n-diffraction!®  present work
50023 0 25 50
0 w,/21 (kHz) NH bond € 102.6+ 0.4 105.0+ 5.0
s 28 0o 25 so lengthr (pm) 01 107.0£ 0.4 109.0+£ 5.0
w2 (kHz) r(01) — () 4.4+0.8 4.0+ 1.0
Figure 3. Experimental 2D'>N spectrum of [ULC*N]-L-histidine
HCI-H.0 at a spinning frequenay,/2z = 20.000 kHz, using the R} Table 1 shows the neutron diffraction data for the tweH\

sequence with a rf field of 90.0 kHz. To the left of the 2D spectrum is ponds inL-histidineHCI-H,0.1° Neutron diffraction and solid-
the 1D1N CP/MAS spectrum at the same spinning frequency. Sections state NMR both show a4 pm elongation of the Nig)—H bond
through the 2D spectrum parallel to the axis are shown on the right. relative to the Né,)—H bond, although the absolute bond lengths
The scale of the frequency axes respects the negative magnetogyric ratiastimated by the two methods are slightly different. This is due
of N2t The NH; slice is displayed with a reduced vertical scale. The g the averaging of the NH internuclear interaction by librational
experiments were performed on a Varian CMX !nfinit_y—400 instrument  qtion perpendicular to the bond directi¥nNote that the
at a magnetic field of 9.4T using a 3.2 mm zirconia rotor. g confidence limits for thadifferencein the two NH distances are
chemical shifts of thé; ande; site are 142.2 and 128.8 ppm, respectively, much tighter than for the absolute distances (see Supporting
with respect to thé5NH; site (see Supporting Information). Information).

In the neutron diffraction study af-histidineHCI-H,0,*° the
4 pm elongation of the M{)—H bond is attributed to the strong
intermolecular H-bond. This paper shows that the latest hetero-
nuclear recoupling sequences are capable of detecting such bond
length distortions with good chemical shift resolution on multiply
labelled systems. The structural information is displayed as an
easily interpreted splitting, allowing ready comparison of bond
lengths between different chemical sites. We anticipate numerous
applications to proteinligand interactions and other structural
and mechanistic problems.

It should also be possible to investigate B hydrogen bonds,
which have been postulated to play a role in certain enzymatic
processe¥

comprises 16 complete g.sequences. Proton decoupling is
then applied for an intervall(2 — t;), whereT is an even number
of rotor periods, so that the total intervBR is kept constant as
t; is increased. A 180pulse is applied to th&N-spins, andH-
decoupled evolution continues for another intefli@ before the
15N-spin signal is acquired in the presence of TPPM decoupfing.
This “constant-interval” procedure eliminates the modulation due
to N CSA, >N—15N dipolar andJ-coupling interactions. The
2D data matrix s(t;, t;) is subjected to a cosine Fourier
transformation in thé; domain and a complex Fourier transfor-
mation in thet, domain. The resulting 2D spectrufw:, wy)
contains pure absorption peaks.

A N 2D dipolar-shift correlation spectrum of [J€ *N]-L-
histidineHCI-H0 is shown in Figure 3. Each of the & and Acknowledgment. The research was supported by the Swedish
N(e2) nitrogens have one directly bonded proton and the recoupled Natural Science Research Foundation and by thieaG@Gustafsson
spectra display a three-peak feature in the dimension, as Foundation for Research in the Natural Science and Medicine. We thank
described in ref 3. Mattias Ede and Ole Johannessen for computational and instrumental

Projections of the N{)—H and Ng,)—H spectra in than; help, and M. Hursthouse and A. Russell for discussions.
dimension are shown on an expanded scale in Figure 4 ,a and b.

There is a perceptible difference in the dipolar splitting. Numeri- shifts and exploration of the effects of long-range dipolar couplings

?”y ex‘?ct tw?j-sdplrll SIrr]nulatlonsfomeétwolﬂegksdari shbown n isotropic proton chemical shifts, proton chemical shift anisotropies, and
lgure 4, ¢ and d. In t € case o t (, 1)~ ond, the best rf field errors on the line shapes (PDF). This material is available free of

match with experiment is obtained with a NH bond length of charge via the Internet at http://pubs.acs.org.

109 pm, while for the'®N(e;)—!H bond, the best match with

experiment is obtained with a NH bond length of 105 pm. The JA016328P

effects of long-range couplings, proton chemical shifts, and rf (21) Levitt, M. H. J. Magn. Resonl997, 126, 164182.
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