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ABSTRACT

The benefits of triple-resonance experiments for structure determination of macroscopically oriented membrane
proteins by solid-state NMR are discussed. While double-resonance 'H/*°N experiments are effective for structure
elucidation of alpha-helical domains, extension of the method of oriented samples to more complex topologies
and assessing side-chain conformations necessitates further development of triple-resonance (lH/13C/15N) NMR
pulse sequences. Incorporating additional spectroscopic dimensions involving 3¢ spin-bearing nuclei, however,
introduces essential complications arising from the wide frequency range of the *H-'3C dipolar couplings and '3C
CSA (>20 kHz), and the presence of the *3C-'3C homonuclear dipole-dipole interactions. The recently reported
ROULETTE-CAHA pulse sequence, in combination with the selective z-filtering, can be used to evolve the
structurally informative 'H-'3C dipolar coupling arising from the aliphatic carbons while suppressing the signals
from the carbonyl and methyl regions. Proton-mediated magnetization transfer under mismatched Hartman-Hahn
conditions (MMHH) can be used to correlate 13¢ and ®N nuclei in such triple-resonance experiments for the
subsequent 5N detection. The recently developed pulse sequences are illustrated for n-acetyl Leucine (NAL)
single crystal and doubly labeled Pfl coat protein reconstituted in magnetically aligned bicelles. An interesting
observation is that in the case of 1°N-labeled NAL measured at '3C natural abundance, the triple (*H/*3C/!°N)
MMHH scheme predominantly gives rise to long-range intermolecular magnetization transfers from '°C to 1°N
spins; whereas direct Hartmann-Hahn '3C/1°N transfer is entirely intramolecular. The presented developments

advance NMR of oriented samples for structure determination of membrane proteins and liquid crystals.

1. Introduction

Solid-state NMR is a powerful, minimally invasive technique for
structure elucidation of membrane proteins in their near-native lipid
environments. Oriented-sample (OS) NMR serves as a complementary
technique to magic-angle spinning (MAS) NMR by providing angular-
dependent experimental restraints for structure determination of uni-
axially aligned membrane proteins. Moreover, OS NMR allows one to
study membrane proteins in planar, lipid rich bilayers at high lipid-to-
protein ratios. Macroscopic alignment of the sample with respect to the
magnetic field can be achieved in OS NMR by either mechanical or
magnetic methods. As an example of mechanical alignment, glass plates
have been successfully utilized for structure determination of membrane
proteins over many years [1-11]. Alternatively, bicellar bilayers or
bicelles [12-17] spontaneously align in high magnetic fields, thus
providing an oriented membrane mimetic for structure-function studies
of membrane proteins. The natural magnetic alignment state for bicelles
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corresponds to their membrane normal being perpendicular to the main
magnetic field due to the negative sign of the magnetic susceptibility
anisotropy of the lipid hydrocarbon interior [18]. The parallel alignment
as in glass plates can be achieved for bicelles by either adding lanthanide
ions [17,19,20] or by replacing DMPC lipids with biphenyl lipids [21],
which make the bilayer susceptibility anisotropy positive. Very recently,
magnetically oriented macrodiscs [22-25] have been introduced in OS
NMR exhibiting exceptional linewidths [24] due to the high degree of
alignment.

It is important to note, however, that in most if not all of the above
examples of structure determination of membrane proteins by OS NMR
only double resonance (*H/'N) NMR experiments have been utilized.
Typically, a protein structure is calculated by combining the N chem-
ical shift anisotropy (CSA) with 1H-15N dipolar couplings (DCs) obtained
from high-resolution separated local-field (SLF) experiments such as
PISEMA [26], HIMSELF [27] and SAMPI4 [28]. These angular-dependent
restraints are used to determine the possible orientations of the peptide
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planes and subsequently the possible combinations of the torsion angles
® and ¥ between them [29,30]. However, due to the even parity of the of
the 1N CSA and 'H-'°N dipolar interactions, as well as the relative ori-
entations of their tensors having two principal axes within the same
peptide plane, multiple orientational solutions can be consistent with a
given set of two-dimensional experimental NMR data. This geometric
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ambiguity necessitates invoking a priori assumptions about the secondary
structure(s) of a membrane protein. As a result, double resonance OS
NMR experiments are most effective for calculating structures of rela-
tively short alpha helices.

13C NMR has been widely utilized in solution and MAS NMR for
obtaining spectroscopic assignments and distance information. The
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Fig. 1. A. Structure determination of oriented membrane proteins by OS NMR involves the measurements of angular-dependent restraints such as 'H-!°N dipolar
couplings and '°N CSA for two adjacent peptide planes, n and n+1, from which the linking torsion angles @, and ¥, can be determined. Incorporation of additional
chiral C4H, couplings greatly reduces the number of the possible (®,, ¥,,) pair solutions. B. 1D Selective excitation sequence where the aliphatic region is selected by a
Gaussian pulse followed by a z-filter incorporating a few saturating pulses on the 'H channel. C. ROULETTE-type SLF sequence for measuring '>C-detected 'H-!3C
couplings or '°N detected 'H-'°N couplings. D. Triple-resonance 2D PS for measuring '°N-detected 'H-'3C couplings. 'H-'3C dipolar couplings are evolved by the
ROULETTE-CAHA sequence, whereas the 13C/!°N correlations are achieved by the Hartmann-Hahn transfer with optional mismatched condition on the *H channel.
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potential benefit of high-resolution 13C separated local-field experiments
for OS NMR is hard to overestimate. With the availability of such SLF
sequences a plethora of unexplored structural information is potentially
obtainable from '3C-derived structural restraints. The latter include 'H,
-13¢, dipolar couplings, which provide chiral restrictions [31-33] on the
possible combinations of the torsion angles ®, and ¥, linking the
15N-derived angular restraints for the adjacent peptide planes n and n+1
(cf. Fig. 1A). Moreover, the dipolar couplings arising from the beta and
gamma carbons could be utilized for obtaining information about side
chain conformations. Finally, by replacing or complementing the °N
CSA with additional dipolar couplings measured per peptide plane (such
as °N-13C couplings) one can overcome uncertainties with regard to the
tensor orientation and its principal values, which were shown to vary
along the protein backbone [34-36]. The use of such “shiftless” angular
restraints is expected to yield low-RMSD backbone structures for oriented
membrane proteins [31]. Last but not least, the development of triple
resonance (‘H/!3C/'°N) NMR experiments would put OS NMR on par
with solution and MAS NMR, where such experiments have been suc-
cessfully utilized for several decades.

Despite the above potential advantages, >C dimensions have not
been widely employed in high-resolution OS NMR of membrane proteins
with a few notable exceptions. For instance, Ishii and Tycko have pro-
posed a 13C-detected, N -13C correlation pulse sequence for spectro-
scopic assignment of uniformly doubly labeled samples [37]. A notable
feature of this pulse sequence is that the 3C signal is acquired under
simultaneous homonuclear decoupling, which averages out the 3C-13C
interactions over the sampling interval. Moreover, this technique has
been extended to a three-dimensional experiment incorporating PISEMA
[26] for the evolution of 'H-'°N dipolar couplings, which directly pro-
vide structural information. Clearly, it would be of great advantage to be
able to complement the 'H-'>N DC’s with 3C-derived couplings such as
'H-13C and '3C-'®N couplings. The angular-dependent 'H-'3C dipolar
couplings have been previously measured in macroscopically aligned
samples include single crystals [38-41], bacteriophages [38,41], liquid
crystals [42,43], and oriented lipid bicelles [44]. When the protein is
expressed with selectively C,-labeled aminoacids, good spectroscopic
resolution can be obtained [38-40]. However, Cy-labeled precursors, in
addition to being rather expensive, are currently commercially available
for only a few types of aminoacids. When performed on uniformly of even
partially labeled !3C labeled samples, '3C SLF NMR spectra typically
exhibit insufficient spectroscopic resolution. Therefore, the most essen-
tial complication arising in this type of SLF experiments are the homo-
nuclear 13C-13C dipolar interactions that are present in addition to the
'H-H couplings in uniformly labeled samples; this issue gives rise to
considerable theoretical challenges in developing high-resolution pulse
sequences involving the evolution and detection of 'H-!3C DC’s.

Here we discuss some recent developments on triple-resonance
(*H/'3C/'N) experiments performed on macroscopically aligned sam-
ples with emphasis on 'H, -13C, dipolar couplings detected at '°N sites.
Despite its inherently lower sensitivity than 3C NMR, 1°N detection is
advantageous in the sense that >N NMR generally exhibit narrower line
widths than 13C resonances due to the negligible '°N-'>N dipolar cou-
plings and a narrower CSA range for the amide nitrogen spins, thus
allowing one to excite and evolve the entire °N NMR spectrum in the
indirect spectroscopic dimension. Moreover, the common °N CSA
dimension allows for direct juxtaposition of 'H, -13C, couplings onto its
corresponding 'H-1°N DCs for each of the amide resonances, which are
obtainable from standard double-resonance SLF experiments. Further-
more, we report on preliminary developments on establishing intra-
peptide vs. interpeptide (13C/!°N) spin correlations using selective °N-
filtering schemes and proton-mediated magnetization transfer between
13C and !N spins under mismatched Hartmann-Hahn conditions on the
'H channel. The developed family of pulse sequences are first illustrated
on a'°N-labeled NAL crystal where '3C NMR is performed at natural
abundance and then extended to a uniformly doubly (N, 3C) labeled
sample of Pfl coat protein reconstituted in magnetically aligned bicelles.
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2. Prerequisites
2.1. Z-filtering with selective excitation

The relatively broad range for 13C CSA (ranging from ca. 1-240 ppm,
including the carbonyl regions) makes it difficult to optimally manipulate
the entire spectroscopic region in two-dimensional (2D) '3C spectra at
moderate rf powers, which can give rise to improperly evolved peaks and
spectral distortions at the zero- and Nyquist frequencies in the indirect
(dipolar) dimension. Selective evolution of a target region in the NMR
spectrum would greatly simplify its overall appearance and subsequent
assignment. The idea of utilizing Gaussian pulses dates back to solution
NMR experiments [45,46]. As was demonstrated a long time ago [45],
the excitation profile of a Gaussian pulse has a sinc-like shape with
alternating positive and negative intensities for the side excitation bands.
It is possible to attenuate those artifacts by applying a truncation to the
Gaussian pulse [46]. Application of such low rf-power Gaussian pulses
can select a relatively narrow frequency region, thus simplifying the OS
NMR spectra, as was demonstrated previously for 1N SLF spectra [47].
Since the 'H, -13C, DCs are of primary interest here, as well as the x-13¢
dipole interactions arising from the carbon atoms forming side chains
(such as Cp and Cy spin sites), a relatively narrow aliphatic region (30-80
ppm) can be excited using a selective z-filter incorporating a Gaussian
pulse. Fig. 1b shows such a sequence for acquiring one-dimensional 1°C
NMR spectra of selectively excited aliphatic regions. First, following
cross-polarization, a soft 270-degree Gaussian pulse (truncated at 12%) is
applied in the middle of the aliphatic region (ca. 50 ppm), which stores
the 13C spins resonating near this ppm range along the z-axis. Next, a
short train of 4-5 saturating pulses can be optionally applied on the
proton channel to avoid any Zeeman-to-Zeeman magnetization transfer
to the N spins (which may take place even under grossly mismatched
Hartmann-Hahn conditions). Then the stored aliphatic carbon magneti-
zation is brought back towards the x-axis for either direct 13C detection
(Fig. 1b) or subsequent proton-mediated transfer to °N spins and '°N
detection (cf. Fig. 1c and d) as discussed below.

2.2. Proton-mediated transfer under mismatched Hartmann-Hahn
conditions

In addition to the widely employed spin-diffusion methods, an
alternative way of establishing spin-spin correlations in the tilted rotating
frame is based on the proton-mediated magnetization transfer under
mismatched Hartmann-Hahn (MMHH) conditions [48]. Briefly, under
the MMHH conditions the initial Zeeman order of energy of dilute spins is
converted to the dipolar order of the bulk protons and then back to the
Zeeman order, thereby establishing cross peaks. The MMHH technique,
similarly to the TSAR technique in MAS [49], does not rely on the direct
couplings between the dilute spins, and is generally applicable to both
hetero- and homo-nuclear spin exchanges. As was demonstrated for the
case of a single NAL crystal [48,50], correlations can be established for
the '°N spins separated by as far as 6.7 A apart. The MMHH method is
also suitable for spectroscopic assignment that involves establishing
correlations between nearest neighbors, i.e. (n, n+1) spin sites, which are
only 2.9 A apart. Notably, the MMHH magnetization transfer occurs
much more quickly (over a few ms) as compared to proton-driven spin
diffusion, which typically requires several seconds for aligned samples.
By using the MMHH pulse sequence, NMR assignments of Pfl coat pro-
tein both expressed on the phage and reconstituted in magnetically
aligned bicelles have been confirmed [51,52]. Recently, an automated
algorithm has been developed for spectroscopic assignment of oriented
membrane proteins utilizing the spin-exchange 'H-'°N SLF and homo-
nuclear *>N-1°N correlation experiments [53]. A recent work by Lin and
Opella [40] represents a clever extension of the MMHH method to
triple-resonance experiments, which allow one to correlate >N and 1C
spin-bearing nuclei in oriented samples. Despite these significant ad-
vances, however, assignment challenges remain, which are mainly
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associated with peak crowding and the relatively weak cross-peak in-
tensities. This also emphasizes the necessity of developing
triple-resonance techniques for OS NMR to improve spectroscopic reso-
lution by introducing additional dimensions.

2.3. The ROULETTE family of pulse sequences

A family of computer generated windowless pulse sequences (PS’s)
for evolving 'H-'>N and 'H-'3C dipolar couplings have been recently
reported [54,55]. The method of generating such sequences in silico has
been termed ROULETTE - Random Optimization Using the Liouville
Equation Tailored To the Experiment. It was shown that highly efficient
PS’s can be generated without the use of Average Hamiltonian Theory by
solving numerically the many-body Liouville-von Neumann equation.
The resulting sequences are screened against a cumulative target function
in the frequency domain, which scores the PS candidates for the correctly
evolved dipolar coupling frequencies and their linewidths. The target
function is minimized using an adaptive-temperature Monte-Carlo
simulated annealing protocol while searching over an extensive param-
eter range involving non-quadrature phases, arbitrary pulse durations,
and power application schemes. The ROULETTE blocks shown in Fig. 1C
and D consist of a generic 6-subdwell windowless architecture with pulse
phases ¢j;, w;j and durations t; . The phases for the even and odd dwells
(denoted by ¢ and y, respectively) in general can have distinct values.
Additional symmetry and antisymmetry conditions are imposed for the
pulse durations and phases, i.e.¢;; = @;y_j1 andy;; =¥;y_j 1 (forN=6
subdwells, with bar denoting a 180-degree phase shift) [54,55].

The full possible range of the 'H-'3C dipolar couplings of ca. +/- 23
kHz necessitates the use of pulse sequences having either shorter dwell
times and/or smaller scaling factors. This is necessary so that these PS’s
would be applicable to lossy biological samples, where the total dwell
time inversely scales with the amplitudes of the rf B, fields generated by
the NMR probe, which typically do not exceed 50-60 kHz. For instance,
at an rf field strength of v,y = 50 kHz yielding the 90° pulse time tg9g = 5 pis
neither PISEMA nor SAMPI4 would be able to fully cover this range since
their Nyquist frequencies in the dipolar dimension would be 1/(32 X tgo/
3) = 18.8 kHz and just 1/(16 x tgy x 1.0927) = 11.4 kHz, respectively.
By contrast, the ROULETTE-CAHA sequence spans the frequencies up to
+/-27.2 kHz at v,y = 50 kHz [55], which is sufficient to cover the entire
spectroscopic range required for the evolution of 'H-'3C dipolar cou-
plings at this moderate rf amplitude.

The ROULETTE-based 2D pulse sequences used in this work are
outlined in Fig. 1C and D. The sequences are entirely windowless and all
pulses are applied on resonance. The phase and duration parameters for
the two vy nutation frequencies of 50 and 63 kHz used to evolve H-13¢
dipolar couplings are given in Table 1. The scaling factor was determined
numerically at 0.58 [55]. It can be seen that the phases are similar at the
two rf nutation frequencies while the pulse durations are generally longer
at smaller nutation frequencies. Also listed in Table 1 are the parameters
for the ROULETTE 2.0 sequence used to measure the 'H-'°N dipolar
coupling with the theoretical scaling factor of 0.725 [55]. While the
original ROULETTE 2.0 sequence was optimized for v;f = 58 kHz, the
timings in Table 1 were simply rescaled to make them proportionally
longer in order to correspond to the experimentally determined nutation
frequency of 48 kHz for the Pfl sample (see below). Fig. 1C depicts a
double-resonance PS, where the ROULETTE block is used to evolve
'H-13C couplings in the t; dimension and the >N decoupling can be

Table 1
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optionally applied during the '3C detection (t, dimension). Fig. 1D shows
a triple-resonance pulse sequence where the evolved H-13¢ dipolar
couplings are filtered through and detected at the >N amide sites. Here
the magnetization transfer from '3C to !°N spins is implemented using
either direct 13C-'>N Hartmann-Hahn transfer (i.e. when no irradiation
on the proton channel is applied), or via proton-mediated transfer under
the MMHH conditions when the proton channel is irradiated at slightly
(about 5 kHz) above the matching condition. Both pulse sequences utilize
a Gaussian z-filter to reduce the magnetization arising from the carbonyl
and methyl carbons, which exhibit much smaller and broader dipolar
couplings that convey little useful structural information.

3. Experimental

All experiments have been performed using a 5 mm solenoid E-free
triple-resonance Bruker probe and a 500 MHz 'H frequency Bruker
Avance II spectrometer. The Pf1 bicelle sample containing ca. 4 mg of the
uniformly (*°N, !3C) labeled protein was prepared as previously
described [56], by using isotopically labeled >N ammonium chloride
and '3C glucose as the °N and '3C precursors, respectively. For the
15N-labeled NAL crystal sample (18 mg), to evolve 'H-13C DC’s the 90-de-
gree pulse was calibrated at 4.07 ps, 128/256 scans were acquired for the
15N decoupled/coupled '3C-detected experiments, respectively, for each
of the 128 t; points. For the biological sample of Pfl coat protein, the
90-degree pulse was calibrated at 5.2 ps and the spectra were measured
at 37 °C. For °N-detected triple-resonance experiments 2048 scans were
acquired for both '°N labeled, 13C natural-abundance NAL crystal and
uniformly (15N, 13¢) labeled Pfl coat protein. Due to the low
signal-to-noise ratios and longer acquisition times ca. 40 t; points were
typically acquired in the 2D triple-resonance experiments. The MMHH
transfer was performed at ca. v,y = 30 kHz for 13C and N, and at ca. 35
kHz for 'H. The length of the 12%-truncated 270-degree Gaussian pulse
was set to 350 ps and the power level was calibrated to achieve the
optimal selectivity for the aliphatic 3C region at around 50 ppm. The
MMHH contact time was 2.4 ms for NAL and 3 ms for the Pf1 coat protein
sample, respectively. The ROULETTE 2.0 sequence was run on the Pfl
sample with 128 scans per each of the 128 t; points. Heteronuclear
decoupling of the 'H, '3C, or >N spins during the acquisitions (t,
domain) was achieved using the SPINAL-16 sequence [57]. Data were
processed using nmrPipe [58].

4. Results

The spectra acquired using the sequence of Fig. 1B are shown in
Fig. 2. The positive intensity is equivalent to applying a hard 90-degree
pulse before the z-filter and the negative intensity corresponds to the
mostly aliphatic region filtered out by a soft Gaussian 270-degree pulse
applied before the z-filter with the >C NMR carrier frequency centered at
ca. 50 ppm. As can be seen, the application of selective Gaussian pulse
allows one to greatly reduce the intensities of the less informative
carbonyl and methyl peak regions. The z-filter thus selects mostly the
aliphatic 'H-'3C dipolar couplings that are subsequently transferred to
the 1N spin sites in the two dimensional experiments as described above.

Fig. 3A shows 15N—coupled, 13C -detected SLF spectrum obtained
using the sequence of Fig. 1C incorporating the ROULETTE-CAHA PS in
the indirect dimension. The dipolar resonances arising from the 13C, sites
are easily identifiable by the presence of doublets in the direct dimension

The pulse parameters for ROULETTE-CAHA sequence optimized at v,y = 50 kHz and 63 kHz and ROULETTE 2.0 sequence for measuring 'H-15N dipolar couplings with

subdwell timings rescaled to v,s = 48 kHz.

Sequence (4% P12 P13 (23 P22 P23 L% Vi2 Vis VY 1273 Va3 t1(ps) ta2(ps)  £3(ps)
ROULETTE-CAHA at 50 kHz 229.1 159.9 180.8 229.0 154.5 201.2 65.7 359.6 251.0 283.2 7.0 241.0 7.81 6.59 1.26
ROULETTE-CAHA at 63 kHz 234.7 159.4 257.9 228.1 155.3 197.8 65.1 5.4 287.5 285.5 7.4 185.8 6.48 5.15 2.16
ROULETTE-2.0 at 48 kHz 201.5 189.6 141.3 247.5 288.1 181.9 176.4 151.9 272.5 153.8 165.3 72.7 13.59 3.94 7.99
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Fig. 2. Superposition of the fully excited '3C (positive intensity) and selectively
filtered (negative intensity) spectra of '°N labeled NAL single crystal measured
at 13C natural abundance using the pulse sequence of Fig. 1B. The selective 270-
degree Gaussian pulse before the z-filter allows one to attenuate the structurally
less informative carbonyl and methyl regions. The resonances arising from the
13¢, carbons of interest are marked with asterisks and the position of the carrier
frequency at 50 ppm is marked by an arrow.

due to their interactions with the directly bonded N amide spins. Due to
the presence of four (4) distinct molecular orientations in the unit cell for
the NAL crystal, 4x2 = 8 3¢, resonances are observed. A slice through
the peak at 9 kHz in the vertical dimension shows the smallest observed
13Cq-15N coupling. Fig. 3B shows an '°N-detected 2D spectrum using the
pulse sequence of Fig. 1D acquired with 'C decoupling applied during
the >N acquisition. Direct Hartmann Hahn transfer from !3C to '°N spins
was utilized in this case with the 'H rf power turned off. Almost exclu-
sively intrapeptide C4H, couplings are transferred from the directly
bonded 3C, spins to the 15N sides, which necessitates the use of 1°C
decoupling. Without the 3¢ decoupling during the acquisition the peaks
would become split in the 15N dimension (not shown). We also note that
the relative intensities of the C,H, peaks in Fig. 3B are commensurate
with the magnitudes of the 13C,-!°N couplings observed in Fig. 3A, which
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require different mixing times to achieve the maximum possible transfer
intensity.

Fig. 4A shows 13C-detected SLF spectrum obtained using the same
ROULETTE-CAHA sequence, albeit with '°N decoupling during the
acquisition, cf. Fig. 1C. The full spectral range is shown to depict all
resolved 'H-13C resonances including the carbonyl and methyl regions. In
addition, as compared to Fig. 3A, single peaks are now observed for the
four Cy sites due to the application of 1°N decoupling. Fig. 4B shows 1°N-
detected spectrum using the pulse sequence of Fig. 1D, albeit without 13¢
decoupling. Proton-mediated MMHH transfer was utilized in this case
with H rf power being ca. 5 kHz above the matching condition. Most if
not all dipolar 'H-'3C couplings observed in Fig. 4A between 20 and 80
ppm are now transferred to the N sites. Interestingly, no additional
splittings are observed in the 1°N dimension even though *3C decoupling
was not applied, which points to a predominantly long-distance or
intermolecular nature of the correlations. A simple estimate shows that
for a single cross peak to occur at natural °C abundance, an intermo-
lecular magnetization transfer would need to originate approximately
from one out of 12 nearby molecules (having 8 carbons each). The sur-
rounding NAL molecules are separated by 6-7 A from each other in the
crystal lattice, which provides an approximate lower limit for the dis-
tance of such a transfer. Thus, statistically it is 100 times more probable
to have at least one surrounding NAL molecule with a'C carbon than
having a'3C, carbon next to an >N amide spin, which explains the pre-
dominantly intermolecular nature of the dipolar cross peaks.

As an extension of the presented pulse sequences to biological sam-
ples, Fig. 5 depicts °N-detected SLF spectra of Pfl coat protein recon-
stituted in magnetically aligned bicelles. Fig. 5A shows a triple-resonance
H.13¢ SLF spectrum detected at 5N sites [33] acquired using the
ROULETTE-CAHA sequence in the indirect dimension. The resolution in
Fig. 5A appears to be somewhat better than in the spectrum of ref. [33]
which was acquired by applying a double SAMPI4 sequence on 3C and
'H channels to evolve the 'H-'3C dipolar couplings. Spectroscopic as-
signments for the 'H-'3C peaks corresponding to those from Ref. [33] are
also given in Fig. 5A. Additional peaks can be seen, which may be due to a
transfer from nearby carbonyl atoms and long-distance transfer from the
side-chain carbons. Further experiments are needed to delineate between
these multiple (per 15N site) dipolar peaks arising in the 'H-13¢/15N SLF
spectrum of Fig. 5A. It should also be noted that the triple-resonance
spectrum of Fig. 5A was obtained at the limit of sensitivity afforded by
the 500 MHz 'H frequency spectrometer requiring as many as 2k scans
per t; point yielding just ca. 5:1 signal-to-noise ratio; whereas the spec-
trum reported in Ref. [33] has been averaged by co-adding four (4)
separate spectra to increase sensitivity. Fig. 5B shows the “traditional”
two-dimensional 'H-'>N SLF spectrum obtained with ROULETTE 2.0
which can help establish assignments for the 'H, -13C, peaks. '3C
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Fig. 5. Triple-resonance SLF spectra for uniformly, doubly (*C, '°N) labeled
Pfl coat protein reconstituted in magnetically aligned bicelles. A. 'Hy -'3C,
dipolar couplings evolved using ROULETTE-CAHA pulse sequence and detected
at 1N sites using PS of Fig. 2D. B. *H->N/'°N SLF experiment based on ROU-
LETTE 2.0 with 3G decoupling applied during the °N acquisition. Direct
juxtaposition allows one to correlate 'H-'°N and 'H, -'3C, couplings for each
aminoacid within the transmembrane region. Additional peaks (per '°N reso-
nance) can also be seen in part A, presumably arising from the carbonyl carbons
and other aliphatic regions. Of note is excellent resolution in the 'H-'°N dipolar
dimension and peak uniformity observed in part B.

decoupling has been applied during the °N CSA evolution in both
spectra. Excellent resolution is seen in Fig. 5B exhibiting dipolar line-
widths in the range of 120-170 Hz. This is to be compared with the

"H-3C Dipolar coupling / kHz

T 3 -
80 70 60 50

®C Shift / ppm

Fig. 6. Double-resonance 'H-'3C/'C SLF spectrum of magnetically aligned
DMPC/DHPC bicelles acquired using the ROULETTE-CAHA sequence at natural
13C abundance. A representative slice through the dipolar dimension is shown to
illustrate the linewidths obtained with this pulse sequence.

typical linewidths in the dipolar dimension obtainable with either
PISEMA or SAMPI4 PS, which are typically around 200 Hz. Importantly,
due to the '3C decoupling, the spectrum for the doubly labeled sample
looks just as a singly labeled '°N spectrum without compromising reso-
lution. These spectra demonstrate that the ROULETTE family of pulse
sequences developed in silico and tested on NAL crystal are directly
applicable to biological samples.

Finally, the two-dimensional ROULETTE-CAHA sequence could be
useful for NMR studies of the structure and dynamics of magnetically
aligned liquid crystals [42,43], and oriented lipid bicelle bilayers [44].
Shown in Fig. 6 is the ROULETTE-CAHA SLF spectrum of blank
DMPC/DHPC bicelles acquired at natural 3C abundance, which is to be
compared with the spectrum reported in Refs. [44]. Here, 256 scans have
been averaged for each of the 96 t; points. The linewidths recorded in the
'H-13C dipolar dimension are generally less than 200 Hz, with the best
linewidth being as narrow as about 130 Hz. Such a high resolution is
especially advantageous for probing the relatively narrow dipolar
coupling range (<2.4 kHz), which arises due to the dynamic averaging of
the 'H-13C spin-spin couplings by the lipid motions.

5. Conclusions

Further advancement of OS NMR of membrane proteins will greatly
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benefit from the development of new triple-resonance experiments for
spectroscopic assignment and obtaining additional angular restraints.
Incorporation of '3C-derived restraints is expected to greatly improve the
convergence of structures calculated from OS NMR which would extend
this technique to structure determination of protein backbone segments
of arbitrary topology, as well as side chains. We have summarized on-
going developments of a new family of high-resolution triple-resonance
(*H/'3C/'™N) pulse sequences that can be utilized to probe the chiral
'Hy-13Cy dipolar couplings transferred to the °N amide spin sites.
Moreover, the filtering of the 'H-'3C dipolar couplings through amide
15N amide spins increases spectroscopic resolution. While the results
presented here contain two-dimensional experiments performed at a
relatively moderate 'H frequency of 500 MHz, future extensions of these
sequences to three-dimensional experiments, which would only be
feasible at higher magnetic fields, appear to be relatively straightforward.
Finally, we note that if sufficient signal-to-noise ratios could be achieved,
experiments performed at complete '°N labeling and '3C natural abun-
dance might be informative with regard to probing intermolecular vs.
intramolecular and short-range vs. long-range spin correlations in com-
parison with uniformly doubly labeled samples where the intramolecular
interactions are predominant.
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