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We present a proton-selective method to deterndii@-1H
distances in organic, biological and biomimetic materials by fast
magic-angle-spinning (MAS) solid-state NMR spectroscopy. This
method allows the determination of internuclear distances between
specific {70, 1H) spin pairs selectively. In this way medium-range
170--+1H distances across hydrogen bonds can be estimated in the
presence of short-rang@—H contacts sharing the sari®© site.

The method employs the newly developed symmetry-based radio- Y
frequency (rf) pulse sequence SﬁRapplied to the protons to ocr

achieve heteronuclear dipolar recoupling, while simultaneously Figure 1. ‘Two _adjacenL—t_yrosine cations and one chlorine anion in the
decoupling the homonuclear proton dipolar interactions. Fast MAS neutron-diffraction-determined structdref L-tyrosineHCI.

(50 kHz) and high static magnetic fields (18.8 T) achieve the hydroxyl protons can be in the order of 20 ppm. (iv) The recoupling
required proton spectral resolution. sequence should be solely applied to thespins, since the spin

Hydrogen bonding is an essential component of the structure dynamics of quadrupolar nuclei in the presence of rf pulse sequences
and functioning of bio(mimetic) materialsl’O solid-state NMR ~ are generally complicated and site-dependent.
has started to develop into a powerful tool to study hydrogen ~ The rotational echo double resonance (REDOR) seqdence
bonding in nucleic acids, amino acids, peptides, and proteiss, ~ aPplied to the!H possesses the propertiesiir; however, under
it gives direct access to one of the hydrogen-bonding partners in fast MAS and the usuallrf flelq |Im|tatI.0nS, substantial recoupling
X—H-+0 (X = O, N, C) hydrogen bonds. So far, mainly the of theH homonucleardlpolarmte_ractlons occurs. The symnjetr_y-
indirect correlation 0’0 chemical shifts and quadrupolar couplings Pased R18heteronuclear recoupling sequence fU”'”_S the criteria
has been used for this purpose. However, the most direct and! @nd iv_and has been used to determif®—'H interbond
accurate method to characterize these types of hydrogen bonds iglistances. Recently, we presented supercycled symmetry-based
to measure ©-H distances across the hydrogen bonds by determin- RN; pulse sequences achieving heteronuclear longitudinal two-

ing 170—1H heteronuclear dipolar couplings. spin-order [;S,) recoupling that possess all propertie$i.® These
Important examples of moderate hydrogen béridsiological sequences were used .to determine the short-rangélOnterbond
systems are NH-+-O=C hydrogen bonds i-sheets and-helices distance in O7-L-tyrosineHCI (Figure 1). Here we present a new

and O-H---O hydrogen bonds in polysaccharides:® distances ~ Sequence denoted S_P«ﬁomplying with all criteria v that
d across moderate hydrogen bonds are in the medium-range ordeProvides an essential improvement over the existing sequences for

of 150-220 pm, hence significantly longer than-® interbond estimating medium-rangé’O-+-*H distances, especially in the
distances (9899 pm). O-H groups can act simultaneously as Presence of short-rangéO—H contacts. The sequence SRe
proton donors and acceptors, for example, in the®-H--O type ~ based on the basic rotor-synchronized sequencg R4

hydrogen bonds in polysaccharides such as celldlosthe crystal 18050180-901800180-90 spanning e_'xactly one rotational period_. The
structure ofL-tyrosineHCI the O'—H7 group acts as donor in the ~ notationf3; denotes a pulse of flip angjé and phase (both in
O’—Hn-+-CI- hydrogen bond, and simultaneously the &ts as deggees). A supercycle is constructed by addln_g a consecutive
acceptor in the intermolecular’G-H''++-O” hydrogen bonti(shown R4, " = 180901806180 90180 block and repeating the com-
in Figure 1). bined block R4 R4, three times with overall rf phase shifts,0
The determination of dipolar couplings under MAS conditions 120", and 240, resulting in
requires the application of recoupling rf pulse sequences in order D2 D2 2 o2 2 o2
to suspend the MAS averaging of these couplings over a defined SR4 = [R4; R4, JolR41 R4 T1odR4; R, s
time interval® Heteronuclear dipolar recoupling sequences should (for a complete list of rf phases see the Supporting Information).
ideally possess the following properties in order to allow accurate ~ We employ the SRasequence in two different pulse schemes:
170—1H distance determination in biological and biomimetic The scheme in Figure 2a allows non-proton-selecfi{@—H
solids: (i) The strong proton homonuclear dipolar couplings should distance determination, that is, thH® transverse magnetization is
be efficiently suppressed. (i) The measurement of medium- and modulated by alt’O—H dipolar interactions sharing the saA1®
long-ranget’O—*H distances requires the ability to determine weak site. The scheme in Figure 2b allows determination of speléiile-
dipolar couplings in the presence of stronger ones, that is, dipolar 'H distances by employing a selective 2&aussian pulse on the
truncation should be absent. Hence, the recoupled heteronucleaprotons following the concept of the selective REDOR sequénce.
dipolar interactions should commute for different spin pairs. (i) The’O transverse magnetization is only modulated by tRéGe-
The'H chemical shift anisotropy (CSA) should have no influence !H dipolar interactions involving protons that are selectively
on thel’O—1H distance determination as the CSA of carboxyl and inverted?
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Figure 2. Pulse schemes for determinid@©—'H heteronuclear dipolar
couplings. Both start by enhancing tH® central-transition population by
a double-frequency sweep (DRSjollowed by a Hahn echo sequence of
durationT employing!’O central-transition-selective pulses (rf field strength
is small compared to the quadrupolar frequency). (a) Non-proton-selective
experiment: For a time intervat the 17O central-transition transverse
magnetization evolves under the §Fh@teronuc|ear recoupling sequence
on thelH. Subsequently, proton decoupling is applied andfi@ spin-
echo is detected duringp. The Hahn echo is time-constant asis
incremented. (b) Proton-selective experiment: Thei%d]uence is split
into two parts of equal duratiori2 interrupted by a selective 18Gaussian
pulse on the protons of duratiag equal to an integer number of rotational
periods. The Gaussian pulse is centered with respect to tifeplge on
the 170. Half the'’O spin-echo is detected durig The total duration of
the Hahn echd = 7 + 1¢ increases as is incremented.
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Figure 3. (a) ExperimentatH spectrum of -tyrosineHCI resulting from
a Hahn echo sequence of 106 duration; (c) pulse sequence as in panel
a preceded by a 180Gaussian pulse set to invert tAel” longitudinal

15 2.0

magnetization; (e) pulse sequence as in panel c except for the Gaussian (@) (

pulse to invert théH'"" longitudinal magnetization. (b, d, and f) Normalized
experimental integrals of tHéO” spectral peak as a function of the duration

of the SR4 sequence: (b) using the pulse scheme in Figure 2a; (d) using
the scheme in Figure 2b with%&i”-selective Gaussian pulse; (f) using the
scheme in Figure 2b with &H"-selective Gaussian pulse. Solid lines
represent the best-fit numerical two-spin simulations; dotted lines represent
the average Hamiltonian calculations using the same fit parameters as for
the solid black lines; dashed lines represent the best-fit numerical three-
spin simulations. All experiments were performed at a magnetic field of
18.8 T and a spinning frequency of 50 kHz on a sample of B®%6170"]-
L-tyrosineHCI. TheH rf field strength during the SF%LBequence was set

to 100 kHz using a two-dimensional nutation spectrum. i@ central-
transition-selective 180pulse length was set to one rotational period (20
us). The duration of the Gaussian pulse was set to 51 rotational periods
(1.02 ms), and the frequency offset and rf amplitude was optimized to
selectively inverttH” andH" longitudinal magnetization respectively, as
shown in panels ¢ and e.

Experimental results obtained f&i0”-L-tyrosineHCI using the
pulse scheme in Figure 2a are shown in Figure 3b, where the solid
line corresponds to the best-fit result of numerically exact two-

spin (707, 1H7) simulations considering all relevant spin interac-
tions. The best-fit value of thEO”—H" dipolar coupling constant

is given by 14770+ 260 Hz ¢ = 103 + 1 ppm) in agreement
with our previous result$The dotted line is the result of average
Hamiltonian calculations considering solely the heteronuclear
dipolar coupling and using the same fitting parameters as for the
solid black line. Figure 3 parts d and f show the experimental results
obtained using the pulse scheme in Figure 2b, employing Gaussian
pulses selective to thiH7 and'H" sites, respectively. The solid
lines correspond to the best-fit results of numerical two-spin
simulations. The best-fit value of tHéO7—!H dipolar coupling
constant corresponds to 14220580 Hz (Figure 3d). This is in
agreement within the error margins with the results obtained with
the non-proton-selective scheme. The best-fit result oftbe--1H"
dipolar coupling constant is given by 3130660 Hz (Figure 3f).
This corresponds to an intermolecular-©H'"" distance ofl = 173

+ 12 pm. Hence the solid-state NMR distance is about 8% larger
than the value of 160.9 pm determined by neutron diffraction. The
accuracy is satisfactory considering the difficulty in measuring this
type of distances by NMR. The dashed lines correspond to the best-
fit results of numerical three-spin simulations where both'ts—

IH7 and thel’Or---1H" dipolar couplings were varied on a two-
dimensional grid. The best-fit results for thHéO7—'H” and
17Qn-+-1H" dipolar coupling constants are given by 14200 and 3100
Hz, respectively, which is in good agreement with the two-spin
simulations.

In conclusion, we were able to determine selectively the medium-
range Q---H'" intermolecular hydrogen-bonding distance in the
presence of the short-range-€H" interbond distance iA70%-L-
tyrosineHCI employing the newly developed heteronuclear lon-
gitudinal two-spin-order recoupling sequence $F&he presented
pulse schemes are suitable in determining distances between protons
and heteronuclei in general, irrespective of their spin quantum
number. We anticipate numerous applications to characterize
moderate hydrogen bonds in bio(mimetic) materials. To tackle larger
systems involving spectral overlap, one can resort to seletive
labeling possibly combined with partial deuteration of the sample.
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