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Abstract

Oriented solid-state NMR (O-ssNMR) spectroscopy is a major technique for the high-resolution
analysis of the structure and topology of transmembrane proteins in native-like environments.
Unlike magic angle spinning (MAS) techniques, O-ssSNMR spectroscopy requires membrane
protein preparations that are uniformly oriented (mechanically or magnetically) so that anisotropic
NMR parameters, such as dipolar and chemical shift interactions, can be measured to determine
structure and orientation of membrane proteins in lipid bilayers. Traditional sample preparations
involving mechanically aligned lipids often result in short relaxation times which broaden the 1°N
resonances and encumber the manipulation of nuclear spin coherences. The introduction of lipid
bicelles as membrane mimicking systems has changed this scenario, and the more favorable
relaxation properties of membrane protein 1°N and 13C resonances make it possible to develop
new, more elaborate pulse sequences for higher spectral resolution and sensitivity. Here, we
describe our recent progress in the optimization of O-ssSNMR pulse sequences. We explain the
theory behind these experiments, demonstrate their application to small and medium size proteins,
and describe the technical details for setting up these new experiments on the new generation of
NMR spectrometers.

Keywords

Oriented solid-state NMR; Sensitivity enhancement; Resolution enhancement; Dipolar couplings;
Chemical shift anisotropy

1. Introduction

High-resolution structures of membrane proteins are being solved with an exponential
progression similar to that of soluble membrane proteins. To date, however, the total number
of membrane proteins determined is dramatically lower, with only 300 unique folds
identified compared to ~70,000 for the soluble counterpart. Without any doubt, X-ray
spectroscopy plays a major role in the structure determination of membrane proteins.
Nonetheless, crystallized membrane proteins do not contain physiologically relevant
concentrations of the lipids that enable biological function. In contrast, solid-state NMR is
the only spectroscopic technique that provides atomic-resolution structural information of
membrane proteins in lipid preparations and under functional conditions [1-3].
Unfortunately, the throughput of solid-state NMR structures has been very low. In fact,
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solving membrane protein structure at high resolution by solid-state NMR methods requires
not only great skill in protein expression and sample preparation [1,4] but also a great deal
of knowledge of spectroscopic methods that need to be adapted to the sample behavior.

Currently, there are two major methodologies that enable the structure determination of
membrane proteins: magic angle spinning (MAS), and oriented-solid-state (O-ssNMR). In
MAS-NMR, membrane protein samples reconstituted in lipid membranes are spun at the
magic angle (54.7°) to attenuate dipolar and chemical shift anisotropic interactions with
resonances that are dispersed according to their local chemical environment. However,
dipolar couplings (DC) and chemical shift anisotropy (CSA) can be recovered using
recoupling techniques and used for structure determination [5-8]. In contrast, O-sSNMR
experiments that directly measure DCs and CSAs require oriented samples, whose
preparation is more laborious. Traditionally, uniaxially oriented membrane protein
preparations involved the reconstitution of membrane proteins in aligned membrane bilayers
immobilized onto glass plates [5-16]. Excellent references regarding these preparations can
be found in many reviews [17-22]. These preparations suffer from lack of control over
sample hydration and pH, and are also not optimal with regards to coil-filling and
compatibility with all proteins. More recently, oriented samples of membrane proteins have
been prepared in lipid bicelles [23,24], which are preparations of mixtures of short-chain
detergent-like lipids (e.g., DHPC. CHAPSO, TritonX-100, DPC) and long-chain lipids
(typically DMPC or DMPC doped with 20% unsaturated lipids such as POPC) [24,25].
Bicelles with a sufficiently large “g-ratio’, i.e., the molar ratio of long to short chain lipids,
are capable of spontaneously aligning in the high field of the NMR spectrometers and are
thus an alternative to mechanically aligned bilayers for oriented solid state NMR
experiments [24]. Fully hydrated bicelles undergo fast rotational diffusion, averaging out
part of the anisotropy and increasing the Ty, The latter renders line-shapes for amide
resonances of membrane proteins that are similar to those of globular proteins [26,27]. In
addition, bicelles offer complete control over sample hydration and pH, and the
preparations, although limited to a small subset of lipids, are generally compatible with
single TM and polytopic membrane proteins [28]. The preparations tend to minimize the
conformational heterogeneity of membrane proteins as compared to the mechanically
aligned bilayers, giving spectra with higher resolution [29].

A significant advantage of O-ssSNMR over MAS is that the resonances are more dispersed
because there is an anisotropic contribution to nuclear shielding, which produces a larger
breadth of chemical shifts. More importantly, the anisotropic interactions with the external
magnetic field obtained from these experiments allow the calculation of the entire
membrane protein topology as parameters such as tilt and rotation angle of transmembrane
segments are encoded directly in these spectra [30,31]. In order to take advantage of these
spectral features, we recently developed new methods to obtain higher resolution and
sensitivity. We recrafted the classical separated local field (SLF) experiments into sensitivity
enhanced (SE) versions [32-35] as well as constant time (CT) variants [36] that enabled us
to carry out 2D and 3D NMR experiments on membrane proteins. In this review, we
describe the theory, the technical details as well as our recent applications of these new
techniques for the structure determination of membrane proteins.

2. Sensitivity enhancement (SE) of separated local field (SLF) experiments
2.1. Theory of SE-SLF

Transient heteronuclear dipolar oscillations during Hartmann— Hahn cross polarization (CP)
were first observed by Muller et al. on ferrocene single crystal [37]. In the case of a

weak 'H-1H dipolar-coupled network such as in liquid crystals and ferrocene single crystal,
the CP evolution of the I-S (*H-13C or IH-15N) spin system gives rise to oscillating dipolar
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coherences that can be Fourier transformed to obtain the I-SDC [38]. However, for most
solids including membrane proteins, the spin-diffusion among protons mediated by the
strong homonuclear dipolar couplings (~50-150 kHz) attenuate heteronuclear oscillations
[39]. A solution to this problem was introduced by Waugh, who pioneered the SLF
spectroscopy that suppresses the *H-1H DCs during heteronuclear DC evolution in the
indirect dimension [40]. This experiment was the first example of two-dimensional
separated local field (SLF) spectroscopy and enabled one to separate the chemical shifts of
the low-abundant nucleus (S) from the I-Sheteronuclear DC. Note that the spin—spin Jis
coupling constants contribute to the splitting in the indirect dimension of SLF spectra (Jis
values are few tens of Hz). However, the contribution of J,gis neglected in the SLF spectra
of membrane proteins due to relatively larger line widths.

A typical SLF experiment consists of a CP from the abundant | spin bath to the less
abundant Sspins (typically 15N or 13C) to generate transverse Sspin magnetization that
evolves for a t; period under I-SDC and is followed by the S-spin chemical shift evolution.
Although applicable to small molecules with success, this experiment suffers from low
sensitivity and resolution of the dipolar dimension. In 1994, Opella and co-workers
introduced a method utilizing the evolution of heteronuclear DC via I-Sspin exchange at
Hartmann—Hahn matching condition, so-called polarization inversion spin exchange at
magic angle (PISEMA) [41]. PISEMA uses a frequency switching Lee-Goldberg (FSLG)
homonuclear decoupling [42] during t; with simultaneous phase switched spin-lock on the S
spins under Hartmann—-Hahn (HH) matching condition. Importantly, PISEMA includes a
polarization inversion scheme on the | (or S) spins prior to t; evolution, which makes the
initial density matrix in pure ZQ state that evolves during t; under zero quantum dipolar
Hamiltonian [43]. Unlike the original SLF experiment, PISEMA has a higher scaling factor
(0.82) of the DC evolution. The latter combined with the polarization inversion scheme and
the relatively slower Ty, relaxation of the DC evolution (2-5 ms) make it possible to obtain
well-resolved spectra for liquid crystals and single crystals, as well as oriented membrane
proteins [44]. Several variants of PISEMA have been implemented that differ mainly in the
t, dipolar evolution. Notably, all of these pulse sequences use polarization inversion
followed by dipolar evolution, with the spin exchange mechanism at Hahn—Hartman
matching condition [26,45-47]. Alternative pulse schemes have also been developed to
improve power requirements [48], also rendering it broad-band [46,49]. The PISEMA
sequence and its variants are also known as rotating frame SLF (R-SLF) sequences, as the
magnetization transfer and the DC evolution take place in the rotating frames defined by
spin-lock pulses [50]. In the following we use the notation SLF for R-SLF sequences.

A common feature of all of the SLF experiments is that during the acquisition period only
the cosine component of the dipolar coherences is detected, while the sine component is
encoded in an undetectable DQ and ZQ coherences and discarded. To recover the sine
component and increase the detected signal, we proposed a sensitivity enhanced (SE)
method that recovers the sine component of the dipolar coherences and sums it to the cosine
components [32]. The SE method implemented in the SLF experiments (SE-SLF)
simultaneously detects both cosine and sine dipolar coherences, leading to a sensitivity
enhancement of up to 40% [32,34]. In the following synopsis, we describe the density
matrices for SE-SLF sequences in the isolated I-Sspin system approximation.

The SE-SLF pulse sequence can be divided into four parts (Fig. 1): (1) an initial cross
polarization from | (*H) spin bath to S(13C or 15N) spins; (2) heteronuclear (1-S) dipolar
evolution during ty; (3) sensitivity enhancement scheme; and (4) chemical shift evolution of
the Sspin during the t, acquisition period, under heteronuclear dipolar decoupling.
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The SLF pulse sequence starts with a (90)2 preparation pulse applied on the | spins, followed
by HH CP spin-lock pulses on the | and Sspins with phases —x and x, respectively. The CP
period is followed by the I-SDC evolution under I-| homonuclear dipolar decoupling. The
HH matching condition is satisfied by applying phase-switched spin-lock pulses on the S
spins. For PISEMA and SAMPI4 experiments, homonuclear decoupling is respectively
achieved with the FSLG scheme and a variant of MSHOT [51] (i.e., SAMPI4) [26]. For the
HIMSELF experiment, the WIM24 decoupling is applied on both channels [45,52]. For the
SE-PISEMA experiment, the evolution of the I-Sspin system is given by:
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In Eq. (1), U’ and U” respectively represent the mathematical transformations known as the
doubly and singly tilted rotating frames; H’ and H” represent the Hamiltonians; D,g s the
dipolar coupling, and the scaling factor is Sp;spma = 0.82. Note that the sign of the sine
dipolar coherence is inverted by changing the phase of the (90°)! pulse after t; evolution. In
Eq. (1), only observable operators are reported, while unobservable operators are indicated
by dots. The two scans (FIDs) are stored in separate files for phase sensitive FT processing
in the t; dimension. Note that in conventional SLF experiments t; dimension is processed
with real FT. The density matrices for SE-SAMPI4 and SE-HIMSELF are derived in a
similar manner, as follows:
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After Sspin chemical shift evolution during ty, the final density matrices of SE-PISEMA,
SE-SAMPI4, and SE-HIMSELF (Egs. (1)—(3)) are represented in the Sspin rotating frame.
Considering only the detectable single quantum operators, the generalized equation for all
three SE-SLF experiments is given by:

W

pSE—SLF(t17t2):[SyCOS( SLF IStl)iSIH(COSQmw T)SﬂcSin(SSLF IStl)] t2:p:|:' @

Addition and subtraction of p, and p_ give the cosine and sine dipolar coherences, pc and ps,
respectively:
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Note that the p. and ps coherences are 90° phase-shifted in both the t; and t, dimensions; in
order to obtain a pure absorptive peak shape, a 90° zero-order phase correction needs to be
applied either before or after Fourier transformation. The resultant SE-SLF spectrum is
obtained by adding p¢ and ps:

Pse-sLr—PctPs- (6)

A two-dimensional FT of p; and ps correlates Sspin chemical shift with the I-Sdipolar
doublet, with the DC equal to half the distance between doublet peaks. Note that
conventional SLF sequences detect only the cosine dipolar coherence followed by t;
evolution. The dipolar peaks for each doublet have the same sign for p; and opposite sign for
ps Therefore, addition of the two data sets gives a two-dimensional spectrum where the
intensity of one component of the doublet is increased by the factor [1 + sin(cosGmwis7)]
with respect to the corresponding peak obtained using the conventional SLF experiment
with an identical number of scans [32]. The root mean square (RMS) noise of p. and ps is
identical to that of pg F (Eq. (6)). Since the RMS of the noise is uncorrelated, addition or
subtraction of the two datasets (0. and ps) increases the noise level by v2. The latter is
similar to the SE schemes used for liquid-state NMR [53,54]. Therefore, the signal-to-noise
for the SE-SLF experiment, (S/N)sg-sE, iS given by:

( S ) 1+sin(cosOm,w, 4 T) ( S)
N = N -
N SE—SLF \/§ N SLF

2.2. Applications of SE-SLF experiments to single crystals and membrane proteins

Due to their higher sensitivity and narrow resonance line-widths, single crystals are ideal
samples for optimizing pulse sequences. The SE pulse sequences were all optimized using a
single crystal sample of N-acetyl-leucine (NAL) (see Fig. 19 for the chemical structure of
NAL), then applied to uniformly 1°N-labeled sarcolipin (SLN), a 31 amino acid membrane
protein reconstituted in lipid bicelles [34]. The sample preparation for both SLN and the
single crystal are reported elsewhere [55,56]. Fig. 2 shows a series of solid-state NMR
spectra of an NAL single crystal obtained using the conventional SLF pulse sequence as
well as the corresponding SE variants. For conventional SLF experiments, each 1°N
resonance displays only one doublet due to the 15N-H DC. Unlike 13C, 15N nuclei couple
strongly with the directly attached amide protons and have negligible DCs with the long-
range protons, resulting in SLF spectra consisting of a doublet for each 2°N—1H spin system.
Fig. 2 shows the spectra of an NAL single crystal with a sensitivity enhancement close to
theoretical values for all of the resonances. In addition, the SE variants of the SLF
experiments show a substantial reduction of the zero frequency signals that represents a
significant obstacle to separate resonances with small dipolar couplings [32,34]. For the
SLN samples, we used both unflipped and flipped lipid bicelles preparations, where
unflipped and flipped bicelles orient with their bilayer normal perpendicular and parallel to
the direction of the static magnetic field, respectively. Flipped bicelles have the advantage of
doubling the 1°N chemical shift breadth, and line narrowing does not require fast uniaxial
rotation. To change the orientation of the bicelles, however, it is necessary to add millimolar
quantities of lanthanide ions such as Yb3*, Em3*, Eu3* or Tm3* [57,58]. For SLN, high
resolution spectra can be obtained in DMPC/D6PC or DMPC/POPC/D6PC bicelles doped
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with Yb3* (Fig. 4A and B) [55]. While generally nondisruptive, these ions can potentially
interact with adventitious sites in membrane proteins and modulate the alignment [59].
Alternately, it is possible to use bicelles that self-align with their bilayer normal parallel to
the magnetic field such as TBBPC-based bicelles, with a phosphatidylcholine lipid (PC)
containing a biphenyl group in one of its acyl chains (1-tetradecanoyl-2-(4-(4-biphenyl)
butanoyl)-sn-glycero-3-PC, TBBPC) [60]. These systems self-align in the presence of a
strong magnetic field with the bi-layer normal parallel to the direction of the field in a
temperature range of 5-60 °C, giving PISEMA spectra comparable to the more common
DMPC/D6PC bicelles (Fig. 4C) [60,61].

Fig. 3 shows the spectra of SLN in unflipped lipid bicelles. The amide resonances of the
SLF spectra of SLN are relatively well-resolved. The DC and CSA feature wheel-like 2D
patterns, resulting from the regular helical secondary structure of the transmembrane
domain. In fact, it has been shown that regular secondary structure domains (a-helices, 3-10
helices, m-helices, and p-strands) give rise to oscillatory patterns of the DC and CSA that in
2D become wheel like patterns [31,62—64]. As for the single crystal case, the enhancement
for all of the resonances both at high and low fields is apparent and close to the theoretical
limit of 40%.

Although experiments with membrane proteins in bicelles directly follow from these
experiments with single crystals, the relatively lower sensitivity makes pulse calibration
challenging. The additional 772 pulse on the S-spin required by the SE scheme can
potentially reduce the sensitivity if not properly calibrated. Because of the wider range of
DCs observed for resonances in the transmembrane domains of proteins, the contact time
during CP must also optimized to obtain the best compromise in sensitivity for all peaks.
This is achieved using a ramp-CP sequence [65,66]. In addition, the SE-scheme adds
another variable zto the pulse scheme, which needs to be set based on the expected dipolar
couplings. For SLN, the dipolar couplings range from 1-4 and 2-8 kHz for unflipped and
flipped bicelle preparations, respectively. Therefore, zneeds to be set to 125 and 75 ps,
respectively, for maximum enhancements at DC values of 2.5 and 5.0 kHz. SLF experiments
are also carried out with flipped bicelles, where the bilayer normal is parallel to the direction
of the magnetic field.

3. Implementation of Hadamard encoding (HE) to increase the sensitivity of
proton evolved local field (PELF) experiments
3.1. Theory HE-PELF

Proton detected/evolved local field (PDLF or PELF) experiments were initially utilized to
separate the heteronuclear DC and 13C chemical shifts for CH, CH, and CHg spin systems
in liquid crystal-line samples [67-69]. Unlike the R-SLF experiments, PELF can resolve
multiple DCs (short- and long-range) in the presence of a strong homonuclear DC sequence
applied on protons [70]. For liquid crystalline molecules, PELF experiments combined with
PDSD leads to the complete assignment of 13C resonances, especially the CH3, CH, and
NH, spin systems of small molecules or lipids [70-72]. For membrane proteins embedded in
lipid bicelles, PELF experiments are more sensitive than R-SLF for the detection of

mobile 15N-1H spin systems of protein backbone and side chains [73,74].

Fig. 5A shows the PELF pulse sequence that correlates the chemical shifts of spin Sand 1-S
DC. The experiment consists of a 90° pulse on the I-spin that creates transverse
magnetization, which evolves under I-SDC during t; in the presence of H homonuclear
decoupling (FSLG). A mpulse on | and Sspins refocuses the I-spin chemical shift and
recouples the I-SDC. Dipolar evolution is followed by WIM24 heteronuclear polarization
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transfer from spin | to S The Sspin magnetization is then detected during t, acquisition
under *H decoupling. Several variants of PELF experiments have been implemented using
different homonuclear decoupling - WA-HUHA [75,76], MREV-8 [77,78], BR-24 [79],
FSLG [42], PMLG [80], BLEW [81], MSHOT [51], and heteronuclear polarization transfer
(CP, LG, FSLG, WIM24) schemes. The sensitivity of the PELF experiments depends on the
duration (7;) of heteronuclear polarization transfer and the dipolar-coupling values. In other
words, the 7y period needs to be optimized according to the range of DCs of the resonances.
Note that for membrane proteins, it has been shown that heteronuclear polarization transfer
is more efficient with WIM than ramp-CP sequence [33] that is why WIM-CP is routinely
used for O-ssNMR [82,83].

The t; evolution of PELF experiments results in both in-phase and anti-phase spin operators
for the cosine and sine dipolar coherences, respectively. However, the conventional PELF
experiment detects only the in-phase cosine dipolar coherence. Indeed, all four coherences
can be detected simultaneously, and our newly designed HE-PELF, i.e., Hadamard-encoded
PELF enables the encoding and decoding of the different coherences into two separated 2D
spectra with an optimized sensitivity for a wide range of DCs [35]. The evolution of the
magnetization according to the HE-PELF is the following:

007,)  Hpgo(ti/2—(1805)"" (t1/2)
HE-PELF:I, 1, e Hrsie(t 1,c08( ey @11
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For each t; increment, four interleaved scans are acquired with phases (¢, ¢,) defined as (y,
y), (v, =y), (=Y, y) and (=y, —y), respectively. The resultant four density matrices are:

P12[015I+025y]COS(SrSLG IStl) es t2+[ C3Sy+C4SI]Sin( FSLG IStl) etz
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where ¢; = sin%(4,/2), cy=1sin?(6;) €3 = sin?(6,/2) -sin(#&,), and ci=1sin(61)
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In Eq. (9), each density matrix consists of four terms whose signs correspond to the four
rows of a four-dimensional Hadamard matrix (H). The coefficients ¢y, ¢y, ¢3, and ¢4 depend
on the DC values that modulate the coherences in the time domains. In the density matrices,
the absorptive and dispersive signals associated with cosine and sine DC coherences are
separated by Hadamard decoding of the time domain data resulting from four scans:
Pii_peLr=P1—P2+p3—pa=4cy - S;CO8(SpgoWistl) - el
Pus_peLe=P1TP2+p3+pa=des - Sycos(Spgowist) - elwstz
Pus_ppLr=—P1—P2+p3tpa=ics - Sysin(spg cw gt1) - '_eiwbtz (19)
Pra_ppLr=P1—P2—P3Tpa=4cy - Spsin(syg qw,st1) - e

The conventional PELF pulse sequence with four scans for each t; increment detects only
the S spin operator associated with cosine dipolar coherence, i.e.:
FSLGwIStl) cei st (11)

PrrLr=4c1 - Sycos(s

In contrast, each density matrix of the HE-PELF experiment results in a 2D spectrum that
correlates DC values with the chemical shift of the S-spin. The intensities of the 2D peaks
depend on the values of the coefficients (¢, ), c3 and ¢4), while the phase modulation is a
function of the corresponding trigonometric terms of Eq. (9). To obtain the maximum
intensity upon summation of the four data sets, it is necessary to phase correct the data in
Eq. (9) by 90°. This operation results in pure absorptive line shapes in both dimensions. Fig.
6 shows the plot of the coefficients ¢y, cp, €3, and ¢4 versus DC for a mixing time of 144 ps.
For certain values of DC, c3 and ¢4 become negative. In this case, positive lines are obtained
by processing each data set using magnitude mode. The resultant frequency domain data sets
are added together to obtain an H-PELF spectrum:

Pru_pELF (w1, w2):|pIII—PELF (wi, w2)|+|p112—PELF (wi, "‘J2)|
+‘pH3—PEI,F (w1> “)2) |+|pH4—PELF (wla w2)| (12)
=4[|c1|+[ez|+[es|+|eallp(wr, w2).

Adding the four 2D spectra [on1-peLF(@1,@2)|, [oH2-PELF(@1,@2)|, |oH3-PELF(01, @?)|, and |
Pra-peLF(an, ap)| after relative 90° zerot-order phase corrections will increase the RMS
noise of the resulting spectrum by V/4. The RMS noise of the four spectra is identical to the
opeLF(@1, @) spectrum in Eq. (11). The signal to noise ratio (SNR) for the H-PELF and
PELF spectra can be written as:

(i) — 4lle [+leal+legl+leyl]
N/H_PELF 2

and (13)
401 .

(%)PELF:

The Hadamard decoded dataset pn1-peL g (EQ. (10)) is identical to ppg g (Eq. (11)), i.e., they

both have the same SNR.
(%), (%)
-~ == - (14
N H1-PELF N PELF ( )
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The sensitivity of the conventional PELF (Eg. (11)) experiment as a function of DC value, is
given by the blue curve of Fig. 6. On the other hand, the HE-PELF pulse sequence results in
two 2D spectra (H1-PELF and H-PELF) covering the dipolar couplings in the ranges
defined by the blue and red curves of Fig. 6. Note that the HE-PELF experiment requires a
number of scans that is a multiple of four. Typically a two-step phase cycle is applied to
initial 90° pulse on the proton. In that case the number of scans is set to a multiple of eight.

3.2. Application of HE-PELF to single crystal and membrane proteins

To demonstrate the SE obtained using the HE-PELF as compared to the PELF experiment,
we performed the experiments on a single crystal of N-acetyl-leucine (Fig. 7) and U15N-
SLN in aligned bicelles (Figs. 8 and 9). From the 1D slices, the two spectra, H1-PELF and
H-PELF, obtained from HE-PELF experiment cover the entire range of the dipolar
couplings in the crystal. H-PELF gives a substantial increase in sensitivity for resonances
with low DC values, while the H1-PELF retains the high sensitivity for residues with high
DCs. The integrated intensity of the peaks between 60 to 120 ppm and 0 to 5 kHz of H-
PELF is 2.2 times (120% enhancement) that of the PELF spectrum. This feature is of
important consequence for studying membrane bound and embedded proteins which have
transmembrane domains (which would have high DCs), as well as flexible loops and an
extra-membrane segment (which would have either scaled or lower DCs). As expected, a
significant sensitivity enhancement of 50-100% is seen for SLN reconstituted in unflipped
bicelles, where DCs are scaled down by a factor of ~2 due to the orientation of the bilayer
normal which is perpendicular to the magnetic field and the resonances are narrower due to
the fast uniaxial rotation [84] about the bilayer normal (Fig. 9). Essentially, the HE-PELF
experiment allows the mapping of all of these domains in a single experiment rather than
multiple experiments optimized for each domain individually.

4. SE heteronuclear chemical shift correlation (HETCOR) experiments
4.1. Theory of SE-HETCOR

The HETCOR experiment is used to correlate the chemical shifts of the two nuclei,
typically 13C-1H or 1°N-1H [85]. This experiment shares a close similarity with the PELF
experiment. In the PELF experiment 1H CS is refocused and 1°N-1H DC is evolved during
t1, whereas in the HETCOR experiment 1°N-H DC is decoupled and H CS is evolved
during t;. The pulse sequence of HETCOR consists of three parts (Fig. 10): (a) 1H CS
evolution under TH-1H homonuclear decoupling and 1°N heteronuclear decoupling; (b)
polarization transfer from 1H to directly bonded 1°N; and (c) detection under 1°N CS
evolution and H decoupling. This experiment, however, is rarely used for membrane
proteins due to its poor sensitivity and resolution. The typical H linewidths obtained in the
HETCOR experiments range from 0.6 to 1.2 kHz [86]. Several variants have been proposed,
differing mainly in the design of the 1H chemical shift evolution period. For liquid
crystalline and aligned lipid bicelles, it has been shown that the application of the BLEW-12
homonuclear decoupling sequence results in 1H linewidths narrower than those of the FSLG
sequence. A recent implementation of HETCOR for membrane proteins undergoing fast
uniaxial rotation demonstrated that the use of the MSHOT sequence for *H homonuclear
decoupling reduces the 1H line width up to 300 Hz [82], which is very promising and opens
up further improvements with respect to conventional experiments.

In a HETCOR experiment (Fig. 10A), IH CS coherences are encoded into cosine and sine
components during t; evolution that are transferred to 15N via Hartmann—Hahn CP schemes,
such as continuous wave CP or FSLG-CP. A key feature of this experiment is the
optimization of the 7 period, which depends on the values of the DCs for the specific
protein sample. The quadrature detection in the F1 acquisition dimension is obtained using
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the States mode [87], where cosine and sine components are detected in separate scans
followed by FT.

As for the SE scheme for the PISEMA experiment, it is possible to recover both components
of the CS coherences (sine and cosine) and enhance sensitivity by designing an appropriate
pulse scheme. A fundamental difference between the two experiments is that for the SE-
PISEMA we recovered both sine and cosine components of the dipolar coherences, whereas
for the HETCOR experiment we recover the CS coherences. In fact, both cosine and sine
components of IH CS in the SE-HETCOR experiment can be simultaneous transferred

to 15N using a WIM-CP sequence. Unlike the CP and FSLG-CP schemes, the heteronuclear
DC Hamiltonian of the WIM-CP sequence contains an isotropic mixing term (I - S) that
enables the simultaneous transfer of both cosine and sine components from 1H to 15N, which
are detected during t, after a 90° pulse on 15N with phase +y and -y. The evolution of the
density matrix for the SE-HETCOR pulse sequence (Fig. 10B) is given by:

90)° ,

SE-HETCOR:I, 0, -1, 4, —Iyco8(s,g qw, b))+ sin(s g w, t1)

(35), .

: _IyCOS(SFSLGwItl)_IZSIH(SFSLGwltl)
T .
25 —[8,c08(Spey oW, t1)+S58in (S5 w0, t1)] (15)
'%[1_005(3\&711\124”157'2)]

(90) ., —t2 )
- 5 w,t1) £ Sysin(s g @, t1)]
iwsto

_[SyCOS(SFSLG

) % [ 1 7COS(SV\’IM24 Wrg 7_2)] €

where oyg=27D|g

I;:e—i(HMJrQOO)Iy I, ei(9M+90°)1y7I;:ei(QOO)Iy I, - e 000y S;:Sx, Ses g = 0.57,
Swimz4 = 0.66.

In Eq. (15), Dsis the DC between the | and Sspins, and scg) g and Sy m24 are the scaling
factors during the t; and 7 periods, respectively. The inversion of the phase for the 90°
pulse on 15N inverts the sign for the sine component only, whereas the sign of the cosine
component remains unaltered. Addition and subtraction of these two interleaved scans
separates the cosine and sine components that are subsequently Fourier transformed to
obtain the quadrature detection in the F1 dimension. The density matrix becomes:

2
pSE—HECTOR:W

Sy ersLaUrtt . [I_COS(S\VIM24wIS’7_2)] selstz, (16)

Although the signal is enhanced by a factor of 2 (Eq. (16)), the processing increases the
RMS noise by V2. Hence, the theoretical sensitivity gain is (2/ \/5) or 40%.

4.2. Application of SE-HETCOR to single crystals and membrane proteins

Two-dimensional HETCOR experiments, performed on a single crystal of NAL and U°N-
SLN in aligned bicelles, are shown in Figs. 11 and 12 respectively [33]. Although the
theoretical SE of SE-HETCOR is 40%, the net SE also depends on the efficiency of WIM24
polarization transfer with respect to FSLG-CP. For single crystal SE, factors of 1.3 (30%) to
1.6 (60%) are observed, whereas for SLN an average SE of 60% was observed. Although
SE-HETCOR improves the sensitivity compared to the classical HETCOR, the resolution in
2D spectra remains a serious concern. One of the main reasons for the poor resolution is that
the inherent spread of anisotropic chemical shifts for amide protons in the transmembrane
segments is low. Nonetheless, the SE-HETCOR experiment makes it possible to develop 3D
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experiments that enable one to resolve the chemical shifts in three dimensions, while
simultaneously taking advantage of not only the higher resolution in the R-SLF spectra, but
also improvements in sensitivity in both R-SLF and HETCOR spectra.

5. SE three-dimensional experiments

5.1. Theory

_ Sz . plSE wrty | jilwsts Sz . piSp wty | _ L piwsts
pSE—HETCOR—SLF_\/—TT € rSLGTI € \/§TT € FSLGTI COS(SFSLG—CPwIS t2) erse.

The 3D versions of the HETCOR experiments (i.e., HETCOR-SLF and SE-HETCOR-SLF)
(Fig. 10) are obtained by incrementing (t,) 7; or 7, followed by the 1°N CS acquisition
period (t3) from the experiments reported in Fig. 13. In the case of the 3D experiments, the
density matrices for an 1-Sspin system are:

tl tl

9]

:TTSJE . eSrspa@rtt . ezwst3_% . ¥ FsLavr iwsts

PHETCOR—SLF ’ COS<SFSLG—CPwISt2) " e

\V)

In EQ. (17) Sesig and Sesg-cp are the theoretical scaling factors that are 0.57 and 0.82,
respectively. The t; dimension for the HETCOR-SLF and SE-HETCOR-SLF experiments
are processed using States [87] and Rance—Kay [53,54] modes, respectively. During dipolar
evolution (tp), the HETCOR-SLF experiment requires a SEMA (spin exchange at magic
angle) spin-lock sequence, while the SE-HETCOR-SLF experiments make use of a WIM24
spin-lock on 1H and °N. Since the SEMA spin-lock sequence is less efficient for large 1H
offsets, it is likely to cause scaled DC values. The WIM24, on the other hand, is more
efficient for large IH offsets and gives more accurate DC values. The dipolar linewidths and
the scaling factors for SEMA and WIM24 play a role in the sensitivity gain; in the absence
of these effects Eq. (17) shows that the theoretical SE for SE-HETCOR-SLF is 40%.

Both HETCOR-SLF and SE-HETCOR-SLF experiments give a zero frequency peak in the
dipolar dimension, which results from the first term of Eq. (17). In the 2D PISEMA and SE-
PISEMA experiments, the zero frequency term in the dipolar dimension is eliminated by
applying a polarization inversion (P1) scheme on the 1H channel, which creates only a ZQ
term evolving under heteronuclear DC. The PI not only removes the zero frequency term,
but also doubles the sensitivity of DC peaks.

For the 3D HETCOR-SLF and SE-HETCOR-SLF, the Pl sequence cannot be applied prior
to the t, dipolar evolution period, since the polarization at this point is only on the | spin
(*H). In this case, only the ZQ term would oscillate with the DC, while DQ would only
contribute to the zero-frequency peak in the dipolar dimension (t,). To avoid this, we
designed a new 3D experiment (SE-PISE-MAI-HETCOR, Fig. 13C) switching the dipolar
(t2) and chemical shift (t;) dimensions in the original HETCOR-SLF experiment (Fig. 13A).
In this new scheme, we apply the PI prior to the DC evolution (t;) and the SE scheme right
after the chemical shift evolution, t, (Fig. 13C). The PI increases the sensitivity by a factor

of 2 and SE up to V2, resulting in a theoretical enhancement of up to 2/ V2 or 180%.
Importantly, in the HETCOR-SLF and SE-HETCOR-SLF experiments, the S-spin dipolar
evolution is detected. In contrast, during the t; evolution of SE-PISEMAI-HETCOR, the I-
spin dipolar coherence is detected and transferred to the Sspin for CS evolution and
detection. After the CP period, PI is obtained by a 35° pulse on 1H that creates a ZQ state

(I.—S.), which evolves under H-1N DC, IH CS, and 13N CS in the ty, tp, and t3
dimensions, respectively:
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SE—PISEMAI-HETCOR:
Hpgrg_cp(t1)
) ——— (

/ ’ / / / / / / .
(IZ—SZ IZ_SZ)COS(SFSLG—CP(“)IStl)_(2‘[ySI_2IISy)Sln(SFSLG—CPwIStl)
(90)! H o o (t2) .
— I;+ ...... OL COS(SFSLG70PwISt1)[I;:COS(SFSLG“JIQ)+IySIH(SFSLGwIt2)]
(90—0,m) _
— COS(‘SFSLG—CPwlstl)[IZCOS(SFSLG“‘}It2)+IySIH(3FSLGw1t2H

Hyyinioa (77
—_—

COS(SFSLG—CP wlstl) [ SZGOS(SFSLGWI t2)+SySin(SFSLGwI t2)]

o
(Qo)iyftg

———— €0S(Spg; o_cpWrst1)] Szcos(s ty) + Sysin(s t)]eiwsts

FSLG UJI FSLGwI

Using the Rance-Kay [53,54] mode of processing in the t, dimension, the resulting density
matrix is given by:

_ . L ols wrty | Jiwgts
pSE—PISEN{AI—HETCOR._ \/§SI COS(SFSLG—CPwTStl) € FSLGTI ers : (19)

where the factor 2 indicates the simultaneous acquisition of two components, S, and S, and
the factor v'2 in the denominator indicates the RMS noise increase resulting from data
processing. Compared to the density matrix of HETCOR-SLF (Eq. (17)), the sensitivity gain

in SE-PISEMAI-HETCOR is 2/ V2 or 180%.

5.2. Application to 3D spectroscopy to membrane proteins

Due to the poor sensitivity of the oriented membrane protein samples, the application of 3D
experiments is rather sparse. Currently, only four papers report on the utilization of 3D
spectroscopy for structural studies of oriented membrane proteins. Nevertheless, the
congestion of the amide resonances in 2D experiments necessitates the use of 3D
experiments to separate and assign the amide resonances in multispan membrane proteins.
The SE methods optimized in our laboratory make it possible to carry out 3D experiments
on membrane protein samples. For instance, in our 3D SE version of SLF-HETCOR
experiment (°N, 1H and 1°N-1H DC correlation) we were able to achieve 80-180% fold
increase in sensitivity, corresponding to a factor of 3—7 in time saving. We applied the SE-
PISEMAI-HETCOR experiment to SLN in oriented bicelles and obtained a completely
resolved spectrum, detecting all of the transmembrane resonances [88]. The total
experimental time was ~3.3 days, which is comparable to the routine experiments carried
out for proteins using solution and MAS-ssNMR experiments. A strip plot displaying
individual resonances is reported in Fig. 14. In addition to giving accurate assignments

for 15N-chemical shift and NH DCs, we were able to extract 'H-anisotropic chemical shifts
that were implemented in the structure calculations of SLN in lipid bilayers.

6. Constant time SLF experiments (CT-SLF)
6.1. Theory of CT-SLF

In solution NMR, a common method to increase the resolution of indirect dimensions
involves the use of constant-time (CT) evolution. A CT experiment is based on the
refocusing of chemical shift or J-coupling Hamiltonians by applying a single 7 pulse or a
pair of 7 pulses, respectively. These 7 pulses change the sign of the Hamiltonian, thereby
refocusing the spin evolution for an equal amount of time before and after the 7 pulse(s).
The phase of these 7 pulses is set to either x or y, as the effective field of the Hamiltonian is
along the z direction. In sSNMR, the Hamiltonians are modulated by spin-lock pulses to
suppress the homonuclear DCs. The effective field direction of the resultant Hamiltonian
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may not always be along the z-direction. For instance, the initial ZQ density matrix in the
PISEMA experiment evolves under ZQ DC Hamiltonian with a 1H effective field in the zx-
plane, and makes a magic angle with z-axis. On the other hand, the 15N effective field is
aligned along the x-direction. To improve the linewidths, we designed a CT-PISEMA
experiment (Fig. 15A) by replacing the t; evolution period of the PI-SEMA sequence with a

CT evolution of DC Hamiltonian. The initial ZQ density matrix ( 7,—S.) is obtained by a
CP sequence followed by a 35° pulse on the 1H channel. The ZQ term is then evolved under
DC Hamiltonian for a CT period of duration T. The CT dipolar evolution is obtained by
refocusing the DC Hamiltonian in a doubly tilted rotating (DTR) frame by applying 7pulses
simultaneously on H and 15N with phases y and z, respectively. The 7-pulse on 15N with

phase z is obtained by a composite pulse, i.e., (90);(180);(90)iy. The sign inversion of DC
Hamiltonian in a CT-PI-SEMA experiment can be written as:

(m)y ()2

=S

PISEMA IS( PISEMA IS

SPISEMA 15[( I )(S )+ ( S )]
—s IS, +1,5,)=—H,

PISEMA I.S ( PISEMA

For t; = 0, the two 7~pulses are applied in the middle of the total evolution time (T), thereby
refocusing the DC evolution. In the second t; increment, the 7~pulses are moved to the left
by one FSLG period, resulting in DC evolution for two FSLG periods. Likewise, for the nth
ty increment the 7-pulses are moved to the left by (n — 1) FSLG periods, giving the DC
evolution for 2 x (n — 1) FSLG periods. The t; dipolar evolution is followed by 1°N CS
evolution during the acquisition period (to). The density matrix during the CT-PISEMA
experiment can be written as:

CT—PISEMA:pqp pigpua (t1=0)= (I; _S;)

H, D (t ) ’ o o . /
N (Iz S )COS( PISFMAwIS )_(21 Sz_ZIzS )Sln(sPISEMAwIStl)
(m)5(m)5—H. () (1)
l,DIS]::MA , ([ S )[ PISFMA IS(tl tl)]
+(2 2I S )Sln[ SpISEMA IS(tl tl)}

_> S COS[ PISEMA m(tl tl)] W5t2'

where ¢, =(T—t1)/2,t,=(T+t,)/2 and t; = (n - 1) x duration of one FSLG cycle.

As for the solution NMR experiments, the CT evolution of the CT-PISEMA sequence
avoids homogeneous line broadening, resulting in dipolar linewidths sharper than the
corresponding PISEMA experiment. Although dipolar resolution is improved, the relatively
long CT period (T ~ 1 ms) reduces the sensitivity of the CT-PISEMA experiment with
respect to the classical PISEMA pulse sequence. However, it is possible to recover part of
the signal by incorporating the SE element prior to acquisition (SECT-PISEMA). The spin
operator formalism of the SE element in SECT-PISEMA is similar to that in SE-PISEMA,
as shown in Section 1.

6.2. Application of CT experiments to liquid crystal and membrane proteins

The CT-PISEMA and SECT-PISEMA were performed on a natural abundance 13C liquid
crystalline sample of 4-pentyl-4’-cyanobiphenyl (5CB) [36]. This system has the advantage
of being highly sensitive, as well as having comparatively slow dipolar relaxation. A
substantial improvement in dipolar linewidths of about 30-60% was obtained by the
application of CT-evolution, as shown in Figs. 16 and 17.
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For optimal performance of the CT experiments, the membrane protein samples need to
have enough sensitivity to compensate the decrease in SNR and have a relatively long
relaxation in the dipolar dimension with respect to total evolution time. While the latter
result is prohibitive with mechanically aligned sample preparations, which suffer from line
broadening due to mosaic spread (static disorder), it can be easily achieved with membrane
protein preparations in bicelles. Under these experimental conditions, the SECTPISEMA
experiments carried out on the SLN sample reconstituted in bicelles result in a reduction of
the dipolar linewidths up to 10% (Fig. 18). It can be anticipated that this scheme will offer a
substantial increase in resolution for 3D double and triple resonance experiments.

7. Sequential assignments using two and three dimensional experiments

7.1. Background

Generally, O-ssNMR spectra of membrane proteins are assigned using extensive synthetic
or amino acid specific labeling schemes [6,7]. Iterative algorithms that make use of the
regular patterns of the dipolar couplings or chemical shift anisotropy originating from
helices or p-strands (i.e., PISA wheels) are frequently used to assist in the spectral
assignments [64,89,90]. Since sample preparations for O-ssNMR are quite laborious and the
number of selective samples that can be used is dependent on the complexity of the protein
under investigation, approaches involving these selective labeling schemes become quite
cumbersome and time consuming. Moreover, the use of iterative algorithms to fit PISA-
wheel patterns is also prone to misassignments [91]. For a robust procedure, we turn to the
classical 2D and 3D correlation experiments that have been used to assign solution and more
recently MAS NMR spectra.

0-ssNMR variants of classical 2D-correlation experiments, i.e., °N-1°N correlation and
PISEMA with ‘mixing’ sequences implemented between the two evolved dimensions, are
the simplest experiments that can establish connectivity between neighboring spin-systems
[92]. These experiments are analogous to homonuclear experiments such as 2D-NOESY for
solution NMR spectroscopy or 2D-DARR [93] experiments for MAS-ssNMR and have also
been used for liquid crystal in static and off-MAS NMR [94].

7.2. Choice of mixing sequence

There are three different mixing schemes that can be used to establish sequential
correlations: proton driven spin diffusion (PDSD) [95], cross-relaxation driven spin
diffusion (CRDSD) [96] and mis-matched Hartmann—-Hahn (MMHH) [97]. Nevzorov and
co-workers have demonstrated the application of the MMHH pulse sequence on Pf1-
bacteriophage coat proteins aligned in the phage as well as bicelles [98,99]. Ramamoorthy
and co-workers have also demonstrated the efficacy of CRDSD on model aligned systems
[100]. In order to choose the most effective sequence for obtaining sequential correlations,
we tested these sequences on two standard samples — single crystals of 1°N labeled N-acetyl-
leucine (NAL) and N-acetyl valine-leucine (NAVL), whose structures are shown in Fig. 19
[56]. The minimum 1°N-1°N distance in the former is ~6.5 A, while in the latter it is ~3.3 A.
These crystals constitute ideal systems to test the efficiency of these pulse sequences in
probing long- (intermolecular) and short- (intramolecular) range magnetization transfers. As
shown in Fig. 18A, CRDSD and MMHH are both efficient in transferring magnetization
over long distances at very short mixing times of 5-10 ms. Both pulse sequences give rise to
cross-peaks between all the magnetically non-equivalent 2°N-nuclei in the NAL single
crystal. The PDSD sequence, on the other hand, does not show any transfer of magnetization
between nuclei separated by 6.5 A, even at long mixing times (i.e., 3 s). For the NAVL
single crystal, however, the PDSD scheme is the most efficient for transferring the
magnetization between 1°N-nuclei separated by 3.3 A (Fig 18B). If compared to the other
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schemes, the PDSD at long mixing times (up to 3 s), results in 4-5 times higher intensity for
the cross-peaks per unit time. The latter is due to the long T relaxation time of 1°N-nuclei,
favoring a better performance of the PDSD scheme for nuclei separated by less than 3.5 A.
In contrast, the efficiency of the CRDSD and MMHH schemes depends on the Ty,
relaxation mechanism, which in solids is relatively short.

For the PDSD scheme, the explicit dependence of the spin diffusion probability (£2) on the
dipolar coupling () between two nuclei i and j is given by the Fermi Golden Rule (Eq.
(22)) [95,101].

1
Q:inFij (O)wiit. (22)

where Fi;(0) is a the probability of single-quantum spin transitions of i and j occurring at the
same frequency [101] and ‘t” is the time of spin diffusion. This confers an advantage over
CRDSD and MMHH schemes as magnetization is selectively transferred only between
nuclei separated by 4 A or less, reducing the ambiguity of the obtained assignments. Hence,
we chose to apply PDSD based pulse sequences in order to assign the membrane protein
SLN.

7.3. Sequential assignment of sarcolipin and phospholamban in oriented bicelles

SLN shows remarkably resolved 2D spectra and was an ideal candidate for assignment using
uniformly labeled samples. Using a mixing time of 3 s, the PDSD schemes revealed almost
all of the sequential correlations (Fig. 20) [55]. Interestingly, we found correlations between
the mobile C-terminal residues of SLN and the transmembrane residue S28, which made it
possibly to obtain a seed assignment on the transmembrane segment. Although these 2D
spectra are resolved, we were not able to get unambiguous assignments for all of the
resonances due to spectral overlap for neighboring resonances whose 1°N chemical shifts are
similar. A complete unambiguous sequential assignment required a 3D-SE-PISEMA-
PDSD-1°N experiment, a combination of the two 2D sequences, and allowed us to
unambiguously assign cross-peaks to resonances. In our pulse sequence, the PDSD scheme
was incorporated just before acquisition, enabling the implementation of the SE scheme in
the initial part of the pulse sequence. Since the efficiency of the PDSD mixing scheme
depends on the DC, cross-peaks between 1°N pairs with small or zero DCs resulting from
inter-nuclear vectors at an angle of 54.7° to By (3cos26— 1 ~ 0 when 6~ 54.7°) were not
observed. In the case of SLN, a complete sequential assignment was made possible using
~90% of the expected cross peaks (Fig. 21).

The acquisition of a 3D spectrum in an oriented sample requires high sensitivity, which may
not be possible to achieve in every system under investigation — mainly due to restrictions
on sample preparation. An alternative is to identify seed residues to start the assignment
using selectively labeled samples and then complete the assignment using correlations
between all the peaks. We show here the example of phospholamban [7,8], a single TM
peptide homologous to SLN that was assigned using a 2-dimensional spin diffusion
experiment on a uniformly labeled sample along with two selectively labeled samples that
provided an initial seed assignment. Fig. 22 shows the SE-PISEMA spectra of three samples
(i) °N-Ile PLN, 15N-(F42, A46) PLN and UX®N-PLN, and the °N-1°N spin diffusion
experiment with a 3 s mixing time, which were used to assign the entire transmembrane
segment of PLN (Gustavsson et al. unpublished data).
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8. Summary and conclusions

O-ssNMR is a powerful technique for the determination of the secondary structure and
orientation of membrane proteins. However, low resolution and sensitivity have plagued this
technique, hampering the structure determination of large membrane proteins in lipid
membranes. With the advent of bicelles and the concomitant technological advancements in
probe design and performance, it is now possible to obtain more sensitive and better
resolved spectra. The increase in sensitivity has spearheaded new developments in pulse
sequences that offer enough sensitivity and resolution for the sequential assignments of
membrane proteins in oriented samples via three-dimensional NMR spectroscopy.
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sensitivity enhancement
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Y

Pulse sequence diagrams of sensitivity enhanced separated local field (SE-SLF)
experiments. (A) SE-PISEMA, (B) SE-SAMPI4, and (C) SE-HIMSELF. The phase ¢ is set

to y and -y for phase sensitive acquisition of the t; dimension. The delay, 7, is set to 50-120
us depending on the range of DC values.
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(A) Comparison of SLF (black) and SE-SLF (red) spectra of 15N-labeled N-acetyl leucine
(NAL) single crystal at an arbitrary orientation at 16.5 T (B) Sum of the 1D cross sections
between the DCs 2 and 7 kHz of F1 dimension. Reproduced from Ref. [32] with permission
from American Chemical Society. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)
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Fig. 3.

Comparison of SLF (black) and SE-SLF (red) spectra of the 15N labeled sarcolipin in
unflipped DMPC bicelles and the 1D cross section along the F1 dimension at the DC of 2.5
kHz. Reproduced from Ref. [34] with permission from American Chemical Society. (For
interpretation of the references to color in this figure legend, the reader is referred to the web
version of this article.)
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Fig. 4.

SE-PISEMA spectrum of uniformly 1°N-labeled SLN at 16.5T in (A) DMPC bicelles at 38
°C flipped with 5 mM YbCl3: 256 transients, 25 t; points, t; evolution = 1.0 ms, (B) DMPC/
POPC bicelles at 25 °C flipped with 5 mM YhbCls: 288 transients, 25 t; points, t; evolution =
1.0 ms, (C) TBBPC bicelles at 10 °C: 512 transients, 14 t; points, t; evolution = 0.56 ms.
Spectra in (A) and (B) are adapted from Ref. [55] with permission from Springer.
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Fig. 5.

h

(A) PELF, and (B) HE-PELF (Hadamard-encoded PELF) experiments. In the HE-PELF
experiments, the phases (¢, ¢») are set to (y, y), (y, -Y), (=Y, ), and (=y, -y) in four
interleaved acquisitions, where the number of scans for each (¢1, ¢,) data set is one fourth

of total number of scans used in PELF.
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(A) Simulated relative sensitivities of Hadamard decoded data sets obtained by plotting the
coefficients ¢y, ¢y, c3 and ¢4 of Eq. (9) for a mixing time of 144 pis. (B) Comparison of the
relative sensitivities of H-PELF and PELF (or H1-PELF) spectra obtained by plotting 2 (||

+ |cp| + |c3| + |ca]) and 4cy, respectively (Eg. (8)) for a mixing time of 144 ps.
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Comparison of PELF and H-PELF spectra of an 1°N-labeled NAL single crystal and the 1D
slices for the 4 peaks at 16.5 T. Reproduced from Ref. [35] with permission from American

Chemical Society.
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Fig. 8.

Comparison of (left) H1-PELF and (right) HE-PELF spectra for U®N-SLN in unflipped
bicelles at 16.5 T. Spectra were acquired with 56 transients for each of 32 t; points (t;
evolution = 0.90 ms).
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Fig. 9.

Comparison of PELF and HE-PELF spectra (H1-PELF and H-PELF) for U15N-SLN in
flipped bicelles and dipolar couplings at 16.5 T. Reproduced from Ref. [35] with permission
from American Chemical Society.
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(A) The HETCOR pulse sequence and (B) the corresponding sensitivity enhanced HETCOR

experiment, SE-HETCOR.
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Fig. 11.

Comparison between (A) conventional 1H-1°N-HETCOR and (B) *H-1°N-SE-HETCOR
spectra for a single crystal of 15N-NAL with corresponding 1D slices in (C) and (D)
showing the improvement in sensitivity. Reproduced from Ref. [33] with permission from
American Chemical Society.
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(A) The IH-15N-HETCOR and (B) the 1H-15N-SE-HETCOR spectra of U-15N-SLN in
aligned TBBPC bicelles at 16.5 T with the corresponding 1D-slices showing the
improvement in sensitivity for the SE-HETCOR experiment. Reproduced from Ref. [33]

with permission from American Chemical Society.
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Fig. 13,

3D experiments to correlate 1H chemical shifts, 1°’N—1H dipolar couplings, and 15N
chemical shifts. (A) HETCOR-SLF, (B) SE-HETCOR-SLF, and (C) SE-PISEMAIHETCOR
pulse sequences.

1duosnuey JoyIny vd-HIN

1duosnuey JoyIny vd-HIN

Prog Nucl Magn Reson Spectrosc. Author manuscript; available in PMC 2014 November 01.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuei\ Joyiny Vd-HIN

Gopinath et al. Page 36

3 - "N Chemical Shift (ppm)

’g NllallNllellell=|lR|=(lellellNllwvnlIN]—=]le|| |||l

S O O — (o)} o~ o < [¥a) o] (o)) o < o wn ~ < o <
S_O ()} (=)} o o o (o)) o (=)} « (=} o (=)} (o)} o (=)} (o)} o

o = = [|— — == - —

R

o

wmw

®

£ jﬁi 6 99 ﬁﬁ ~ 0 iL

£ 10F ! . < g 1 j g g

] ! e i

g b

v

x

'

S 15 dN1T| |F12[ [T13| {114 | |V15| [L16]|117 | [T18 | V19| [I20 | |L21 22| W23 | |L24 | |L25 | (V26| [R27 | |S28

e e P o e e e o e P [ e G o ) s

e g
32 16 3.6 34 38 24 42 22 16 32 42 26 22 36 28 22 42 28
®; - "H-"N Dipolar Coupling (kHz)

Fig. 14.

Strip plots from a single 3D-SE-PISEMAI-HETCOR experiment on U®N-SLN in unflipped
bicelles at 16.5 T. We utilized 80 transients for each of the 20 t; and 15 t, dimensions with a
total experimental time of ~80 h. Reproduced from Ref. [88] with permission from Springer.
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Fig. 15.
Pulse sequences for (A) CT-PISEMA and (B) SECT-PISEMA. T is the total time of dipolar
coupling evolution.

Prog Nucl Magn Reson Spectrosc. Author manuscript; available in PMC 2014 November 01.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuey JoyIny vd-HIN

Gopinath et al.

PISEMA
(4

- -2.0
- -1.0
- 0.0
- 1.0
- 2.0

CT-PISEMA

[ 4

LN

- -2.0
- -1.0
- 0.0
- 1.0
- 2.0

SECT-PISEMA

(YN

--2.0
--1.0
- 0.0
- 1.0
- 2.0

150 150 1%0 160 15IO
3C Chemical shift (ppm)

Fig. 16.

Comparison of PISEMA, CT-PISEMA and SECT-PISEMA spectra of natural
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abundance 13C-5CB liquid crystal at 16.5 T. Reproduced from Ref. [36] with permission

from Elsevier.
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Fig. 17.

Cgmparison of dipolar line widths (:3C-1H) of 5CB liquid crystal at 16.5 T. Dipolar cross-
sections of the PISEMA spectra obtained from 64 t; and 21 t; increments are shown in black
and green respectively. The cross sections of SECT-PISEMA are shown in red. All the
spectra are obtained by forward linear prediction of dipolar evolution (t; signal) up to 128
points. Adapted from Ref. [36] with permission from Elsevier.
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Fig. 18.
SE-CT-PISEMA spectrum of UISN-SLN in bicelles at 16.5 T. The inset shows a

comparison of dipolar linewidths of two resonances at 155 ppm in SE-CT-PISEMA (red)
compared to SE-PISEMA (black). (For interpretation of the references to color in this figure

legend, the reader is referred to the web version of this article.)
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(A) 2D-correlation experiments using PDSD, CRDSD and MMHH on (A) NAL single
crystal and (B) NAVL single crystal at arbitrary orientation. Reproduced from Ref. [56] with
permission from American Chemical Society.
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Fig. 20.

(A) 15N-15N correlation with PDSD and (B) PISEMA-PDSD (gray) overlaid with a SECT-
PISEMA spectrum (red) applied to UIN-SLN oriented in flipped bicelles at 16.5 T. PDSD
time of 3 sec was used in both the experiments. Reproduced from Ref. [55] with permission
from Springer. (For interpretation of the references to color in this figure legend, the reader
is referred to the web version of this article.)
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Strip plots from the 3D-SE-PISEMA-PDSD-15N experiment on U1SN-SLN in unflipped
bicelles at 16.5 T. Dotted lines indicate possible (i, i + 2) or (i, i + 3) correlations. Most of
the correlations are (i, i + 1) correlations. Reproduced from Ref. [55] with permission from

Springer.
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Fig. 22.

(A) SE-PISEMA spectrum of U-15N labeled PLN (B) ®N-15N PDSD for U15N PLN (C)
SE-PISEMA 15N-lle-PLN and (D) SE-PISEMA spectrum of 1°N-F42, 15N-A46 PLN. All
spectra are for PLN in DMPC/POPC/CHAPSO bicelles flipped by the addition of 3 mM
Yb3* at 25 °C in a magnetic field of 16.5T (Gustavsson et al. unpublished data).
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