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Abstract We present a new method called DAISY (Dual
Acquisition orlented ssNMR spectroScopY) for the si-
multaneous acquisition of 2D and 3D oriented solid-state
NMR experiments for membrane proteins reconstituted in
mechanically or magnetically aligned lipid bilayers.
DAISY utilizes dual acquisition of sine and cosine dipolar
or chemical shift coherences and long living '°N longitu-
dinal polarization to obtain two multi-dimensional spectra,
simultaneously. In these new experiments, the first acqui-
sition gives the polarization inversion spin exchange at the
magic angle (PISEMA) or heteronuclear correlation
(HETCOR) spectra, the second acquisition gives PISEMA-
mixing or HETCOR-mixing spectra, where the mixing
element enables inter-residue correlations through '>N—'°N
homonuclear polarization transfer. The analysis of the two
2D spectra (first and second acquisitions) enables one to
distinguish '">’N="°N inter-residue correlations for sequen-
tial assignment of membrane proteins. DAISY can be im-
plemented in 3D experiments that include the polarization
inversion spin exchange at magic angle via I spin coher-
ence (PISEMAI) sequence, as we show for the simultane-
ous acquisition of 3D PISEMAI-HETCOR and 3D
PISEMAI-HETCOR-mixing experiments.
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Introduction

The folding and function of membrane proteins are shaped by
lipid membranes (Phillips et al. 2009). Therefore, a complete
understanding of their structure—function relationships is
possible only by characterizing the structures and dynamics of
these proteins in native-like lipid bilayer environments. To
this extent, oriented sample solid-state NMR (OS ssNMR)
represents a powerful technique that enables the measurement
of anisotropic NMR parameters for membrane proteins em-
bedded in lipid membranes in the liquid crystalline phase
(Veglia et al. 2012). Unlike the more popular magic angle
spinning (MAS) technique, OS ssNMR necessitates the
careful preparation of membrane protein samples in mag-
netically or mechanically aligned lipid membranes (Das et al.
2013). Although labor intensive, these preparations make it
possible to more accurately control the parameters that con-
tribute to the formation of well-oriented samples, such as
hydration, lipid composition and phase, as well as membrane
architecture. A key experiment for measuring anisotropic
NMR parameters for aligned membrane proteins is the
separated local fields (SLF) experiment developed by John
Waugh (Waugh 1976). SLF experiments enable one to sepa-
rate anisotropic NMR parameters such as >N chemical shift
(CS) and "N-'"H dipolar coupling (DC) in two dimensions.
The most common versions of SLF experiments are PISEMA
(Wuetal. 1994, 1995), SAMPI4 (Nevzorov et al. 2007), and
HIMSELF (Dvinskikh et al. 2006), which are routinely used to
analyze the topology of membrane bound proteins and pep-
tides (Miao and Cross 2013; Murray et al. 2013). In addition,
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HETCOR experiments are also used to measure 'H and '°N
anisotropic chemical shifts (Marassi et al. 2000), offering
additional restraints to define the structure and architecture of
membrane proteins (Fu et al. 2007). Historically, these ex-
periments have suffered from poor sensitivity and resolution.
In recent years, we significantly improved the performance of
these experiments by implementing a sensitivity-enhanced
(SE) element that enabled us to acquire both 2D and 3D
spectra of membrane proteins aligned in lipid bicelles or bi-
layers (Gopinath et al. 2013). However, resonance assignment
remains the Achilles’ hill of OS ssNMR. Although SLF and
HETCOR spectra of U='°N labeled proteins give rise to reg-
ular patterns that are used to fingerprint membrane protein
backbone topology (Marassi and Opella 2000; Mascioni et al.
2004; Mascioni and Veglia 2003; Mesleh et al. 2002; Wang
et al. 2000), atomic-resolution structure determination re-
quires residue-specific assignments of the ssSNMR spectra
(Mote et al. 2013; Traaseth et al. 2009; Verardi et al. 2011;
Vostrikov et al. 2013). For single-pass membrane proteins, the
regular patterns of the SLF spectra together with selective
labeling of amino acids are often sufficient to assign the
backbone resonances. However, this approach fails when
deviations from ideal helices occur or when multispan mem-
brane proteins are analyzed. In these cases, the amide reso-
nance chemical shifts and dipolar coupling correlations can be
severely overlapped. A possible strategy to obtain backbone
sequential assignments is to combine SLF experiments with
through-space correlations of backbone amide nitrogens via
N-'>N polarization transfer schemes (Knox et al. 2010;
Tang et al. 2012). There are three different strategies to ac-
complish polarization transfer: homonuclear '’N—'>N polar-
ization transfer via proton-driven spin diffusion (PDSD)
(Suter and Enrnst 1985; Szeverenyi et al. 1982), cross-relax-
ation driven spin diffusion (CRDSD) (Xu et al. 2008), or
mismatch Hartmann—-Hahn (MMHH) (Nevzorov 2008).
While PDSD uses longitudinal polarization transfer and pro-
vides sequential BN-PN correlations, CRDSD and MMHH
are both based on transverse polarization transfer and provide
long-range inter-residue correlations (up to 10 A). A sys-
tematic study of these three polarization transfer techniques
has been reported by our group, where we noted that the
relative sensitivity of these experiments plays an important
role in the design of the experiment to be carried out (Traaseth
et al. 2010). In fact, high lipid-to-protein ratios are often
necessary to obtain well-ordered bicellar phases (Veglia et al.
2012). As aresult, ordered bicelle preparations contain only a
few milligrams of U-'"N labeled proteins, making their
spectroscopic analysis quite challenging. In addition, the
current probe technology, although significantly improved
with the low-E coils (Gor’kov et al. 2007), requires long re-
laxation delays to prevent sample overheating. For these
reasons, we propose a new method called DAISY (Dual Ac-
quisition orlented ssNMR spectroScopY) that enables the
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acquisition of two OS ssSNMR spectra, simultaneously. The
overall philosophy of this approach impinges on our recent
developments in the field of MAS NMR sequences for the dual
and multiple acquisitions of 2D and 3D experiments (Gopi-
nath and Veglia 2012a, b, 2013). Specifically, we make use of
the long living '°N polarization to acquire two experiments
with only one pulse sequence and without the addition of a
second receiver.

We demonstrate the performance of DAISY for the si-
multaneous acquisition of 2D PISEMA and 2D PISEMA-
mixing experiments as well as 2D HETCOR and 2D HET-
COR-mixing experiments. Finally, we also implemented a
3D experiment to simultaneously acquire PISEMAI-HET-
COR and PISEMAI-HETCOR-mixing spectra. DAISY can
be used with other variants of SLF, HETCOR and
homonuclear mixing sequences and will speed up the ac-
quisition of OS experiments without additional hardware.

Materials and methods
Sample preparation

U-"°N labeled sarcolipin (SLN) was expressed in E. coli
bacteria and purified as reported previously (Buck et al.
2003). Bicelles were prepared by drying 37.2 mg of DMPC
and 7.6 mg of DHPC in chloroform into separate glass vials
under a stream of N, gas (DMPC/DHPC molar ratio of 3.2/1).
Approximately 2 mg of SLN were reconstituted in a DHPC
micelle solution, which was then added to DMPC lipids.
Bicelles were formed after 3-5 freeze/thaw cycles, which
resulted in a non-viscous solution between 0 and 15 °C and a
viscous and clear solution above 30 °C. To align the bicelles
with the bilayer normal parallel to the static magnetic fields,
we doped our preparations with 5 mM YbCls. The final
volume was adjusted to 160 pL by addition of NMR buffer,
giving a final lipid concentration of 28 % (w/v). The NAL
crystal was prepared as reported by Carroll et al. (1990).

NMR experiments

All of the NMR experiments were performed on an Agilent
VNMRS spectrometer operating at a 'H frequency of
700 MHz and equipped with a low-E bicelle probe built by
the RF program at the National High Magnetic Field
Laboratory (NHMFL) in Florida (Gor’kov et al. 2007). A
cross-polarization (CP) time of 1 ms was applied with 'H
and '°N RF amplitudes set to 50 kHz. 5 us 90° pulses were
used for '"H and "N, and a 50 kHz SPINAL decoupling
(Manning et al. 2002) was used on 'H during the "N ac-
quisition period. A recycle delay of 3 s and an acquisition
time of 15 ms were used with identical parameters for both
acquisition periods (t, and tj or t, and tj). All the spectra
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were acquired with a 1, value set to 1 ms to dephase any
residual transverse magnetization. For SLN, the ""N-""N
transfer was obtained using a 3 s PDSD mixing time (T;x),
whereas for the NAL single crystal a 6 ms MMHH mixing
time was used. For the PISEMA experiments, the FSLG
sequence was used on the 'H channel during the t; period
with an effective RF amplitude of 62.5 kHz. A phase-
switched spin-lock was applied on the '°N channel with a
62.5 kHz RF amplitude. The 1 delay was set to 100 ps with
an FSLG effective field corresponding to 80 kHz. For the
HETCOR experiments, the FSLG homonuclear decoupling
was used during t; with "H and '°N RF amplitudes of 62.5
and 30 kHz, respectively. During the WIM24 heteronu-
clear polarization transfer, 90° pulses of 5 us duration were
used on both 'H and >N with a t delay set to 192 ps. The
2D spectra of the NAL crystal were acquired with 16 scans
and 64 increments for 2D PISEMA and 32 increments for
2D HETCOR experiments. The 3D PISEMAI-HETCOR
experiment was acquired with 8 scans with 16 t; and t,
increments. Note that in the PISEMALI block the polariza-
tion inversion spin exchange at magic angle occurs via I
spin dipolar coherence, dramatically increasing the signal
(Gopinath et al. 2010a). For SLN, a total of 5000 scans and
20 t; increments were used for simultaneous acquisition of
the 2D PISEMA and 2D PISEMA-mixing experiments.

90°
L1, g s,

350U H (1)—(U)™!

from homonuclear DC interactions by means of homonu-
clear dipolar decoupling pulse scheme during t;. The S
spins will then evolve under the CS Hamiltonian during
the t, acquisition period, resulting in a two-dimensional
spectrum that correlates the S spin chemical shift with /=S
DC. In the SE version, a spin-echo is utilized to recover
both sine and cosine modulated dipolar coherences,
thereby enhancing the signal up to 40 % (Gopinath et al.
2010a, b, 2013; Gopinath and Veglia 2009). In the new
experiment reported in Fig. la, we utilize the dual acqui-
sition method to separate sine and cosine coherences and
give two separate spectra: 2D PISEMA and PISEMA-
mixing. In this pulse scheme (Fig. 1a), the polarization is
transferred from 'H to >N (I to S) via Hartmann-Hahn
CP, a 35° pulse on 'H creates the polarization inversion
state (I,-S,) in the doubly tilted rotating frame. During the
t; period, the I,-S, term evolves under zero quantum
dipolar Hamiltonian, thereby creating cosine and sine
dipolar coherences. After t; evolution, a 90° pulse is ap-
plied to store the cosine dipolar coherence along the z-
direction, whereas the two-spin order sine dipolar coher-
ence is converted into a single spin term in the following
2t period and detected during the first acquisition period to
give a PISEMA spectrum. The evolution of the polariza-
tion is summarized as follows:

—— —L + S, ———— S, cos(Spisemawist1) + 21,8, sin(Spisepawyst )

(90)"3—H" (21)

————— S, cos(Spisemawist1) + Sy - sin(SpsLcisT) - Sin(Spisema rsth) (1)

H'(1)

— S cos(Spisemawist) + |:Sx - sin(Spspwist) - sin(Spisemawisty) - e
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iogt,

Lst—acquisition

where U' = e~y 725 H' (1)) = Spisgma - ors - (218, + 21,8,),

U" = e b H"(21) = Spsrc - wps - 218, and s = 27 - Dyg

Results

Simultaneous acquisition of PISEMA and PISEMA-
mixing experiments

In a typical rotating frame SLF experiment (Ramamoorthy
and Yamamoto 2006), polarization is transferred from the
abundant / spin ("H) bath to the S spins (N or 1C) to
generate S, polarization that evolves for a t; period under
I-S DC. The heteronuclear DC Hamiltonian is isolated

In Eq. 1, U’ and U" refer to the rotating frame trans-
formations and 0, is the magic angle; Spisema, and Sgsig
are dipolar scaling factors during t; and t periods, re-
spectively; Dig and o, are the /I-S DC and S spin CS. The
cosine dipolar term evolves through the mixing period
followed by the second acquisition, giving a 2D PISEMA-
mixing spectrum. Depending on the proximity of the N
spin pairs as well as the length and type of mixing sequence
(Fig. 1b), each S, spin operator creates multiple cross peak
terms (), S!) resulting from '>N-'>N polarization transfer:
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where Si = ¢~ Hmix . § . ¢H™ix_n the latter expression, H
is the rotating frame Hamiltonian for PDSD, MMHH, or
CRDSD (Traaseth et al. 2010) and 7, is the length of the
mixing period. Note that the '°N nuclei have long T, re-
laxation times, hence the cosine dipolar term can be stored
without loss of polarization while recording the first FID.
For the PDSD sequence, a 90° pulse is applied after the
longitudinal mixing, while for the MMHH and CRDSD
sequences the 90° pulse is applied prior to transverse
mixing. The mixing times (1) are typically 3 s, 10 ms, and
6 ms for PDSD, CRDSD, and MMHH, respectively. As we
have shown previously, the PDSD sequence gives optimal
cross peak intensities for sequential (i, i41) correlations;
on the other hand, the CRDSD and MMHH are more ef-
ficient for long-range distances of 6-10 A.

To demonstrate the performance of DAISY, we used the
pulse sequence in Fig. la to acquire 2D PISEMA and
PISEMA-mixing experiments both on a single crystal of
N-acetyl-leucine (NAL) and SLN in oriented bicelles.
Figure 2a shows PISEMA and PISEMA-mixing ex-
periments on the NAL crystal using the MMHH polariza-
tion transfer scheme with a 6 ms mixing period. The four
fold symmetry of the crystal unit generates a set of four
distinct resonances with different values of the CS and DC.
For SLN, we obtained intense cross peaks between se-
quential residues using a 3 s PDSD transfer (Fig. 3). The

Hrsig(t) ;.
—— —I,cos(Spsrgmisty) — I sin(Spspgmist)

(54)' (505 ,,)’

Hyma(r) 1
—

iSEsLcort iSEsLGort
—Ive FSLGO1T) _Ize FSLGO1T]

[Sv . eiSrsLGont eiwsl/z]

ty,—mixing—t,
e 3 [1 — cos(Swimamisti)] -

+ |:(Sy + Z Sly) . eiSFsLeonty | piost)
i

sequential (i,i4+1) inter-residue cross peak positions are in
close agreement with the previous resonance assignments
for this protein obtained from a 3D version of PDSD
experiment.

Simultaneous acquisition of 2D HETCOR
and HETCOR-mixing experiments

The heteronuclear correlation (HETCOR) experiment maps
'H and "°N chemical shifts of '>’N—'H spin systems. Se-
quential assignment can also be achieved via proton di-
mension by incorporating '’N-'°N mixing in a 2D
HETCOR experiment. For this purpose, we designed a new
pulse scheme to simultaneously acquire two 2D ex-
periments, HETCOR and HETCOR-mixing as reported in
Fig. Ic. A 90° pulse creates 'H single quantum coherence
followed by chemical shift evolution during t; under FSLG
homonuclear decoupling (Bielecki et al. 1990). N spins
are decoupled during t; evolution using continuous wave
(CW) decoupling. Cosine and sine modulated 'H chemical
shift spin operators (I and I,) are then transferred to SN
using WIM24 (Windowless Isotropic Mixing) cross po-
larization (Caravatti et al. 1983). The transverse polariza-
tion (Iy) is acquired during the first acquisition (t,), whereas
the longitudinal polarization undergoes homonuclear
SN-'"N  longitudinal/transverse mixing followed by the
second acquisition (t;). The phase ¢ of the 90° pulse prior
to WIM transfer is alternated between x and y for the States
mode of acquisition in the t; dimension. A two-dimen-
sional Fourier transform of the first (t;, t;) and second (t;,
t)) acquisitions gives the 2D HETCOR and HETCOR-
mixing spectra, respectively, where the cross peaks asso-
ciated with each '"N-'H spin system are displayed along
the 'N dimension. The evolution of the polarization is
described as it follows:

_ E [1 _ COS(SW1M24U)ISTI)] . [SyeiSFSLG(UItl + SzeiSFSLGwlll:I

Lst—acquisition

2nd—acquisition
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Fig. 1 a Pulse sequence for (A) 0 0 0
simultaneous acquisition of (90) ty (35)y (9_0)y
PISEMA and PISEMA-mixing
experiments corresponding to -X +LG | -LG +LG [ -LG SPINAL SPINAL
the first and second acquisitions, 1 H +X -X +X -X
respectively. One of the mixing 0
sequences shown in b is used (90) t’ Mixing| ¢~
prior to the second acquisition. v 2+y iy
¢ Pulse sequence for the ~
simultaneous acquisition of 15 X X X WHM WM’W"’
HETCOR and HETCOR- N < > < >
mixing experlment.s. d Pulse '[1 21 Ty T
sequence for the simultaneous
acquisition of two 3D
experiments (PISEMAI- (B)
HETCOR and PISEMAI- MMHH
HETCOR-mixing experiments) PDSD CRDSD
He— H—
Mixing| = y
15\ wy L1 [ x|
T T N
mix mix Tmix
(c) 0 0 o
(90),,  (54),(90),
+LG | -LG || Wim-24] SPINAL SPINAL
H ] +x [ x
Mixing
tzl tzll
+y b4
; WIM-24
Decouplin W oo
15N pling e = i
«—F
t, T T T
(D) 0 0 0 2 am°
(90),, (35), (90), (54),(90),
x || LG [ LG || +LG [ -LG || Wim-24] SPINAL SPINAL
H +x | x [ x| x
t3' Mixing t3"
1y R
+x | +x [ X |pecoupling ~ [V!M-24 WMW” WV'M"”“
"N < > < > <>
tl tz T 1:1 Tmix

In Eq. 3, oy and o, are the chemical shifts for spin I and
S, respectively, and Swinmo4 i the scaling factor (~0.66)
for the WIM24 sequence. >, S indicates the cross peaks
as for Eq. 2. Figure 2b shows the HETCOR and HETCOR-
mixing spectra of NAL single crystal using the pulse se-
quence of Fig. 1b, with a 6 ms MMHH mixing period prior
to the second acquisition.

Simultaneous acquisition of 3D experiments

The pulse sequence of Fig. 1b can be easily extended to a
3D experiment by incorporating '>N—'H DC evolution
prior to the 'H CS evolution period. This modification re-
sults in the pulse sequence reported in Fig. 1d, which en-
ables the acquisition of 3D PISEMAI-HETCOR and
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Fig. 2 Simultaneous acquisition of two and three-dimensional
experiments on a NAL single crystal using the pulse sequences
shown in Fig. 1. a PISEMA and PISEMA-mixing, b HETCOR and
HETCOR-mixing, ¢ 3D PISEMAI-HETCOR and PISEMAI-HET-
COR-mixing spectra obtained from pulse sequences shown in Fig. 1.
MMHH (Fig. 1b) was used with a 6 ms mixing period prior to the

PISEMAI-HETCOR-mixing experiments in the first and
second acquisitions, respectively. The spin operator for-
malism is similar to Egs. 1-3, where the 'H dipolar co-
herences are evolved during the t; evolution period, and the
chemical shift evolution takes place during t,, which is
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>N- Chemical Shift (ppm)

second acquisition. The spectra obtained in the first and second
acquisitions (Fig. 1) are shown in blue and red colors respectively.
The cross peaks resulting from '"N—'°N mixing can be identified in
the red spectra (along '°N dimension). Peaks from left to right in the
SN dimension are labeled as 1, 2, 3, and 4. The 2D strip plots shown
in c are taken along the "H chemical shift dimension of the 3D spectra

followed by WIM24 CP. As for the HETCOR experiment,
two polarization transfer pathways result from the WIM?24-
CP sequence, which are then used to record 3D PISEMAI-
HETCOR and PISEMAI-HETCOR-mixing experiments.
To test this pulse sequence, we used an NAL single crystal;
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the resulting 3D PISEMAI-HETCOR and 3D PISEMAI-
HETCOR-mixing spectra are shown in Fig. 2c.

Discussion

Oriented solid-state NMR is the most direct method to
obtain the tilt and azimuthal angles of membrane proteins
and peptides with respect to the lipid bilayer (Aisenbrey
et al. 2013; Marassi and Opella 2000; Wang et al. 2000).
A significant advantage of this approach is that the ori-
entational restraints can be derived from the analytical
expression of DC and CS values, or alternatively, obtained
by refining protein structures using these values as har-
monic restraints in simulated annealing calculations (De
Simone et al. 2014; Shi et al. 2009). While the assignment
procedures of microcrystalline and membrane proteins
under magic angle spinning (MAS) conditions are now
established (Hong et al. 2012; McDermott 2009; Siegal
et al. 1999; Wang and Ladizhansky 2014), assignment
continues to be a major bottleneck for OS ssSNMR (Veglia
et al. 2012) and in many cases site-specific resonance
assignment can only be obtained using selectively labeled
peptides and proteins (Michalek et al. 2013; Resende et al.
2014). A first example of the sequential assignment of a
membrane protein was demonstrated for M2 domain of the
influenza virus by Opella and co-workers (Marassi et al.
2000). Also, Nevzorov and co-workers proposed a 2D SLF
experiment in which a >’N—'>N MMHH scheme was used
during the mixing period after DC evolution to sequen-
tially assign the fd coat protein, with the assignment of the
cross peaks of the SLF spectrum by comparison with the
classical SLF spectrum (Knox et al. 2010; Tang et al.
2012). Our group recently applied a similar approach for
the sequential resonance assignments of SLN in lipid bi-
celles using both 2D and 3D oriented solid-state NMR
experiments (Mote et al. 2013). The new method DAISY

SN Chemical shift (ppm)

presented here takes one step forward in the assignment
protocol of oriented membrane proteins by integrating
PISEMA and HETCOR experiments with '>’N-'"°N polar-
ization transfer. Sequential assignment of ""N—'H spin
pairs can be obtained by comparing two spectra acquired
simultaneously, thus avoiding the discrepancies in reso-
nance positions due to different sample preparations and/
or spectrometer instability. For single pass membrane
proteins, the 2D version of DAISY shown in Fig. 1a, b can
used as a quick method for confirming the topology to-
gether with other experimental data and/or along with
pattern recognition such as PISA wheels (Marassi and
Opella 2000; Mascioni et al. 2004; Mascioni and Veglia
2003; Mesleh et al. 2002; Wang et al. 2000). As shown in
Fig. 2 for a NAL single crystal in arbitrary orientation,
peaks 1 and 4 are well resolved in the dipolar dimension
(Fig. 2a), whereas peaks 2 and 3 are resolved in the 'H
dimension (Fig. 2b). This leads to ambiguous cross peak
intensities for overlapped resonances in the F1 dimension
of the 2D spectra. On the other hand, the 3D spectra
shown in Fig. 2¢ resolves all four peaks in either the F,
(DC) or F, (1H CS) indirect dimensions.

Figure 3 shows the application of DAISY to SLN re-
constituted in oriented in lipid bicelles. While the spectra
of the single-span membrane protein SLN are relatively
well-resolved, multispan membrane proteins display fairly
overlapped spectra; in these cases, the 3D experiments will
be crucial to determine the assignments of the spectra. A
shortcoming of this approach is the low sensitivity of the
second FID. This is due to weak polarization transfer ef-
ficiency among '°N nuclei as well as T, or T, relaxation
effects during the '’N—'>N mixing period. In other words,
the first acquisition does not require as many scans as the
second acquisition. However, the first acquisition that gives
a reference spectrum may be counted a bonus if one de-
cides to acquire 2D or 3D sequential correlation ex-
periments. Moreover, the simultaneous acquisition of
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reference and the cross peaks spectra avoids the possibility
of misinterpreting the peak positions caused by sample or
spectrometer instability. Although this method is demon-
strated for membrane proteins embedded in bicelle prepa-
rations, it can also be applied to mechanically aligned
membrane proteins. Of course, broader lines of me-
chanically aligned samples will limit cross peak resolution,
as bicelles give rise to sharper '°N resonances (Durr et al.
2012) However, based on the improvements in sample
preparation, spectroscopy, and probe technology, we be-
lieve that DAISY represents a promising avenue by which
to expand the boundaries of OS ssNMR.

Conclusions

Although selective labeling and computational approaches
will continue to be important, sequential assignment is the
only approach that allows full assignment of large mem-
brane proteins. The new method presented in this paper
(DAISY) enables one to acquire two PISEMA spectra si-
multaneously, with and without '>N—'N homonuclear
polarization transfer. These two spectra together can be
used for the sequential assignment of the '"N-'H spin
systems of membrane proteins. Furthermore, DAISY was
implemented for 2D HETCOR as well as 3D PISEMAI-
HETCOR experiments. Together with recent developments
in sample preparations and probe technology, the applica-
tion of sensitivity enhanced methods (Gopinath et al. 2013)
and dual acquisition methods such as DAISY will lead to
the high-throughput determination of the structural topol-
ogy of membrane proteins.
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