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Abstract Oriented sample solid-state NMR spectroscopy
can be used to determine the three-dimensional structures of
membrane proteins in magnetically or mechanically aligned
lipid bilayers. The bottleneck for applying this technique to
larger and more challenging proteins is making resonance
assignments, which is conventionally accomplished through
the preparation of multiple selectively isotopically labeled
samples and performing an analysis of residues in regular
secondary structure based on Polarity Index Slant Angle
(PISA) Wheels and Dipolar Waves. Here we report the
complete resonance assignment of the full-length mercury
transporter, MerF, an 81-residue protein, which is chal-
lenging because of overlapping PISA Wheel patterns from
its two trans-membrane helices, by using a combination of
solid-state NMR techniques that improve the spectral reso-
lution and provide correlations between residues and reso-
nances. These techniques include experiments that take
advantage of the improved resolution of the MSHOT4-Pi4/
Pi pulse sequence; the transfer of resonance assignments
through frequency alignment of heteronuclear dipolar cou-
plings, or through dipolar coupling correlated isotropic
chemical shift analysis; 'N/'°N dilute spin exchange
experiments; and the use of the proton-evolved local field
experiment with isotropic shift analysis to assign the irreg-
ular terminal and loop regions of the protein, which is the
major “blind spot” of the PISA Wheel/Dipolar Wave
method.
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Introduction

Oriented sample (OS) solid-state NMR spectroscopy of
stationary samples is an approach to determining the
atomic resolution structures of biological macromolecules
that can be aligned by their environment, such as proteins
in virus particles or phospholipid bilayers (Opella et al.
2008; Murray et al. 2013; Opella 2013). When the mac-
romolecules are aligned relative to the magnetic field the
angle-dependent NMR observables, such as anisotropic
chemical shifts and heteronuclear dipole—dipole couplings,
converge to single line resonances (or doublets) (Opella
and Waugh 1977). Signals are resolved since individual
sites have different orientations relative to the direction of
the field, and hence different resonance frequencies.
Notably, resolution results from differences in orientation
relative to the axis of alignment rather than differences in
local environment.

The angles of N-H and C-H bonds, and chemical shift
anisotropy vectors for each site of a membrane protein in
liquid crystalline phospholipid bilayers can be measured
relative to the axis of alignment with high accuracy and
precision, and the three-dimensional structure of the pro-
tein can be determined using these angular restraints.
However, the application of OS solid-state NMR to
membrane proteins has been hindered by limitations in the
methods for the assignment of resonances. Unlike solution
NMR or magic angle spinning (MAS) solid-state NMR,
systematic assignment methods that rely on a sequential
“walk” along the backbone atoms are lacking in OS
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solid-state NMR because of the difficulty in dealing with
the network of '*C—">C homonuclear dipolar couplings in
uniformly '*C labeled samples. For a period of time, the
main and only resonance assignment method was the
analysis of Polarity Index Slant Angle (PISA) Wheels
(Marassi and Opella 2000; Wang et al. 2000) and Dipolar
Waves (Mesleh et al. 2002) that required multiple amino-
acid-type selectively labeled/unlabeled spectra. This
method was used in the several structures (De Angelis
et al. 2006; Park et al. 2010b; Sharma et al. 2010; Marassi
and Opella 2003; Park et al. 2003; Opella et al. 1999;
Ketchem et al. 1993) recently determined by OS solid-
state NMR of aligned, stationary samples. For the full-
length mercury transporter MerF used as an example in
this article, the two long transmembrane helices, which
include between them more than 50 residues, are tilted at
similar angles, and as a result, the spectra contain over-
lapped PISA Wheels, rendering the protein a challenging
target for OS solid-state NMR structure determination.
Without severe spectral overlap, the PISA Wheel/Dipolar
Wave method (Marassi and Opella 2003) works well for
assigning resonances from residues in regular secondary
structures but not with irregular regions of tertiary struc-
tures, such as those encountered in loops and structured
terminal regions of membrane proteins. This is also an
issue with MerF.

The methods that we combine for a more effective and
comprehensive assignment strategy include: (1) The
MSHOT4-Pi4/Pi pulse sequence (Lu et al. 2012; Lu and
Opella 2013), which provides three-dimensional hetero-
nuclear correlation (HETCOR)/separated local field (SLF)
spectra of uniformly and selectively labeled samples. (2)
The resonance assignment method of dipolar coupling
correlated isotropic chemical shift (DCCICS) analysis (Lu
et al. 2011), which was previously demonstrated on a
smaller membrane protein. With selectively labeled sam-
ples, it complements the information obtained from PISA
Wheel assignments. (3) Signals from the non-helical ter-
minal and loop regions of the proteins have been difficult
or impossible to assign with the PISA Wheel/Dipolar
Wave approach. The proton-evolved local field (PELF)
experiment (Schmidt-Rohr et al. 1994) improved by the
MSHOT4-Pi4/Pi pulse sequence, efficiently resolves sig-
nals from these regions, and in combination with DCCICS
analysis it provides a general method to assign signals
from regions with irregular tertiary structure. (4) Reso-
nances can be assigned with MAS solid-state NMR
methods, and subsequently their recoupled 'H-'°N het-
eronuclear dipolar couplings can be measured under
rotational alignment (RA) condition (Park et al. 2010a;
Das et al. 2012). These dipolar couplings and their
assignments are scaled and transferred to SLF spectra
acquired from selectively labeled and aligned, stationary
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samples, and enabling assignment of the latter spectra. (5)
N/'°N dilute spin exchange can be applied to selectively
labeled samples to single out the adjacent pairs of same
type of amino acid residues (Cross et al. 1983; Marassi
et al. 1999).

Materials and methods
Sample preparation

The expression and purification of uniformly '°N-labeled
full-length MerF has been described in detail (Lu et al.
2013). For the expression of amino acid type selectively
15N labeled MerF, a >N-labeled amino acid (Cambridge
Isotope Laboratories, www.isotope.com) was added to
the growth media at a concentration of 0.1 g/l, while all
the other 19 unlabeled amino acids were added at higher
concentrations including 0.5 g/l Asp and Glu. The bac-
terial growth was generally shortened to <3 h after
induction to minimize isotopic scrambling. In the last
step of purification, size-exclusion chromatography on a
Sephacryl S-200 column was followed by exhaustive
dialysis to remove the sodium dodecyl sulfate (SDS)
detergent. Alternatively, reverse-phase high-performance
liquid chromatography (HPLC) (DeltaPak C4 Column,
Waters, www.waters.com) was used (Lu et al. 2013). In
both cases, the resulting pure polypeptides were lyophi-
lized for long-term storage prior to preparing the NMR
samples.

Magnetically aligned bicelle samples for OS solid-state
NMR were prepared from a mixture of long-chain 1,2-
dimyristoyl-sn-glycero-3-phosphocholine  (DMPC) and
short-chain  1,2-dihexanoyl-sn-glycero-3-phosphocholine
(DHPC) lipids at q = 3.2 (Sanders et al. 1994). In some
samples, including the uniformly '°N-labeled sample used
for the three-dimensional experiments, DMPC and DHPC
were substituted by the non-hydrolysable ether-linked
lipids 1,2-di-O-tetradecyl-sn-glycero-3-phosphocholine
(14-O-PC) and 1,2-di-O-hexyl-sn-glycero-3-phosphocho-
line (6-O-PC) for long-term stability. All lipids were from
Avanti Polar Lipids (www.avantilipids.com). The proto-
cols for preparing the magnetically aligned bicelle sam-
ples for OS solid-state NMR have been described (De
Angelis and Opella 2007; Sanders et al. 1994). Briefly,
lyophilized MerF protein (in the range of 2-7 mg) was
first solubilized in a 160 pL solution containing 7 mg
DHPC, and then ~35 mg lyophilized DMPC was mixed
into the solution. The resulting solution was repeatedly
cycled between 42 and 0 °C with vortexing at both tem-
peratures to improve sample mixing and facilitate the
formation of bicelles. The pH was then adjusted to 6.0.
170 pL of the solution was transferred to a 5 mm outside
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diameter flat-bottomed thin-wall glass tube (NE-RGS5-T-
15-FB, New Era, http://www.newera-spectro.com), which
was sealed with a rubber plug. “Flipped” bicelle samples
with the bilayer normals parallel to the field were pre-
pared by the addition of ~1.5 mM YbClI; to the already
formed bicelles. Isotropic bicelle samples (q = 0.1) for
solution NMR were prepared by mixing ~1 mg MerF
protein in 500 pL solution containing 10 % v/v D50,
100 mM 6-O-PC, 10 mM 14-O-PC, 20 mM MES and
1 mM NaNj3 at pH = 6.0.

NMR spectroscopy

The solid-state NMR experiments were performed on a
Bruker Avance 700 MHz spectrometer using a home-built
"H/'>N double-resonance “low-E” probe with a strip shield
(Wu et al. 2009). Sample temperature was maintained at
42 °C and the recycle delay was 4-6 s. >N chemical shift
frequencies were referenced to the signal from solid
ammonium sulfate, which was set to 26.8 ppm (De Angelis
et al. 2006) and 'H chemical shift frequencies were refer-
enced to the internal 'H,O resonance set to 4.7 ppm. The 'H
carrier was set at 9 ppm for “unflipped” perpendicularly
aligned bicelle samples and at 5 ppm for “flipped” parallel
aligned bicelle samples. All two-dimensional SLF experi-
ments performed on “unflipped” bicelle samples utilized
the SAMPI4 pulse sequence (Nevzorov and Opella 2007).
For “flipped” bicelle samples, both SAMPI4 and PISEMA
(Wu et al. 1994) pulse sequences were used in order to cope
with the larger dipolar couplings present in the samples. The
three-dimensional HETCOR/SLF experiments and two-
dimensional PELF experiments (Schmidt-Rohr et al. 1994)
used the MSHOT-Pi4/Pi sequence (Lu et al. 2012; Lu and
Opella 2013). All the experiments were performed with a
radiofrequency field strength of ~50 kHz in both channels,
except that the 'H field strength was ~70 kHz during 'H
chemical shift evolution in two-dimensional HETCOR and
three-dimensional HETCOR/SLF experiments and during
the '"H-'°N dipolar coupling dimension in PELF experi-
ments. Spectra from the selectively '°N labeled samples
were acquired with between 20 and 48 real points in the t;
dimension of PISEMA and SAMPI4 experiments, and the
settings for the HETCOR/SLF and PELF experiments were
similar to those previously described (Lu et al. 2012). For
solution NMR experiments, the two-dimensional HSQC
spectra were acquired at 50 °C on a 800 MHz spectrometer
using a triple-resonance cryoprobe, and the chemical shifts
are referenced to the 'H,O resonance defined as 4.534 ppm
at 50 °C (Cavanagh et al. 1996). All the NMR data were
processed using the program NMRPipe (Delaglio et al.
1995) and the spectra were assigned using the program
Sparky (Goddard).

Results

Oriented sample solid-state NMR of stationary aligned
samples

Alignment of the nuclear spin interactions present at all
protein sites relative to a fixed external axis is the essential
physical principle of oriented sample solid-state NMR
spectroscopy. The basic approach is best illustrated by
aligned, stationary samples, which can be prepared in
several ways. The most common ones are mechanical
alignment on glass plates and magnetic alignment in bi-
celles with q > 2.5 (De Angelis and Opella 2007). It is also
possible to align samples as drawn fibers (Opella and
Waugh 1977), in narrow tubes (Chekmenev et al. 2006),
and potentially other methods. Although mechanically
aligned samples of protein-containing phospholipids on
glass plates are the simplest to prepare, and provide the
greatest flexibility in terms of choice of lipids, temperature,
etc., magnetic alignment has the strong advantages of
providing spectra with narrower line widths and having no
uncertainty about the precise direction of alignment. Both
mechanically and magnetically aligned samples can be
‘flipped’ between alignments with the bilayer normals
parallel and perpendicular to the direction of the applied
magnetic field. Bilayers aligned on glass plates have the
additional advantage that they can be oriented at any angle
with respect to the field by tilting the plates and/or the coil,
which is useful in some specialized experiments (Park et al.
2006).

MerF in 14-O-PC/6-O-PC q = 3.2 bicelles aligns
spontaneously with the bilayer normals perpendicular to
the direction of the field. Full-length MerF in bicelles
forms particularly well-aligned samples, as judged by the
line widths of individual resonances, and the overall res-
olution of the one-dimensional '’N NMR spectrum of a
uniformly '°N labeled sample shown in Fig. 1. Two fea-
tures in particular demonstrate that the sample is well
aligned. The spectral region above 150 ppm is free of
signal intensity, indicating the absence of residual powder
pattern from unaligned or aggregated proteins and that the
proteins are all undergoing fast uniaxial rotational diffu-
sion. And the line widths of selected peaks are very narrow,
approaching those of the best reported spectra, which
required the use of Triton X-100 instead of DHPC as the
“short chain” lipid and a small protein (Park and Opella
2010). The ability to prepare well-aligned samples lays the
foundation for the subsequent steps of spectroscopy and
resonance assignments of signals associated with individ-
ual residues. The frequencies of these resolved signals
carry angular information that is the principal source of
restraints for structure calculations. The frequencies are
also the source of resolution in the spectra.
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Fig. 1 "N solid-state NMR spectrum of uniformly >N labeled full-
length MerF in q = 3.2 14-O-PC/6-O-PC bicelles aligned with their
normals perpendicular to the direction of the magnetic field. Line
widths of selected resonances are marked in the figure

The next task is to resolve and assign individual res-
onance signals in the spectrum. In previous examples of
single trans-membrane or small two trans-membrane
helical membrane proteins, this could be successfully
accomplished with the combination of high-resolution
two-dimensional SLF spectroscopy and the use of selec-
tive isotopic labeling. Since selectively labeled samples
could be prepared for the majority of amino acids, signals
from the rest could be identified by subtracting the spectra
of selectively labeled samples from that of a uniformly
labeled sample. With individual signals resolved and the
confident assignment of their amino acid type, the reso-
nance assignment could then be accomplished through the
qualitative, geometric PISA Wheel (Marassi and Opella
2000; Wang et al. 2000) and Dipolar Wave analysis
(Mesleh et al. 2002). This assignment method has been
described in detail in earlier publications for those regions
of proteins with large amounts of regular alpha helix
(Marassi and Opella 2003) or beta sheet secondary
structure (Marassi 2001), and has been recently optimized
and automated in the AssignFit program (Tian et al.
2012). The method relies on the periodic geometry of o-
helical residues that can be displayed as a helical wheel
and therefore present themselves as the PISA Wheel in
SLF spectra.

However, in the structure determination of larger and
more challenging proteins, such as MerF, these methods
alone are not sufficient to resolve and unambiguously
assign signals from all residues. The first challenge is
that two-dimensional SLF spectra do not fully resolve
signals from uniformly labeled samples (Fig. 2a), or even
in some selectively labeled samples when multiple copies
of the same amino acid are present, such as the 14
leucines in MerF (Fig. 2d). The second challenge is the
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difficulty in unambiguously assigning signals with PISA
Wheel analysis. Signals from residues in the two long
trans-membrane helices produce overlapped PISA
Wheels in the crowded spectral region with '"H-""N
dipolar couplings >1.5 kHz. More critically, the third
challenge is the assignment of the residues in the non-
helical regions of the protein. Even for small membrane
proteins, few irregularly structured residues could be
readily assigned from the other signals in the selectively
labeled samples. Since multiple sites are present in this
region and PISA Wheels and Dipolar Wave approaches
are effective only for residues in regular secondary
structures, an alternative assignment method needs to be
developed.

Here we show that the first challenge can be addres-
sed by application of the MSHOT-Pi4/Pi pulse sequence,
which improves the resolution in the 'H chemical shift
dimension (Lu and Opella 2013). This enables three-
dimensional HETCOR/SLF spectroscopy to be used
effectively with superior resolving power to that
observed in two-dimensional SLF spectroscopy without
much loss of sensitivity. In the uniformly "N labeled
sample, except for 5 overlapped signals out of a total 64
observed amide signals, all are recognizable as distinct
resonances in the three-dimensional HETCOR/SLF
spectrum (Fig. 2b, c). This enables the few residues that
cannot be selectively labeled during bacterial expression
to be readily identified among the unassigned peaks after
accounting for all of the successfully labeled amino
acids. Additionally, all resonances assigned by relying on
multiple spectra and experiments are now mapped onto a
single spectrum, which provides the practical advantage
of minimizing the effects of minor sample-to-sample
variations.

Using stationary, aligned samples in the form of mag-
netically aligned bilayers (q = 3.2 bicelles), spectra from
multiple selectively '°N labeled samples are compared to
that from a uniformly >N labeled sample (Fig. 2).
Although it is labor-intensive and time consuming to pre-
pare multiple samples, these data provide a substantial
amount of unambiguous information about the positions
and assignments of resonances. Selectively '*N-labeled
samples were prepared for Ala, Arg, Gln, Ile, Leu, Lys,
Phe, Thr, Tyr and Val. As noted, several of the other amino
acids, i.e., Asp, Gly and Ser, could not be labeled with high
incorporation and selectivity. Nine of the ten samples
provide well-resolved two-dimensional SLF spectra
(Fig. 2g—0). The leucine labeled sample is the exception;
the 14 leucine resonances are not well resolved in two-
dimensional spectra (Fig. 2d) but are fully resolved in a
three-dimensional HETCOR/SLF spectrum as seen in the
two examples of spectral planes (Fig. 2e, f).
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Fig. 2 Two-dimensional SLF and three-dimensional HECTOR/SLF
NMR spectra of uniformly and selectively '°N labeled samples of
MerF in q = 3.2 14-O-PC/6-O-PC magnetically aligned bilayers
(q = 3.2 bicelles). a Two-dimensional SLF spectrum of uniformly
15 N labeled MerF. b and ¢ Two-dimensional planes at the designated
'H chemical shift frequencies from a three-dimensional HECTOR/

Dipolar coupling correlated isotropic chemical shift
analysis

For solution NMR and MAS solid-state NMR, both
homonuclear and heteronuclear dipolar couplings are
attenuated by motion, yielding isotropic chemical shift
spectra and enabling the development of many magneti-
zation transfer and sequential backbone assignment pro-
cedures. However, the ability to obtain angular information
was lost until the introduction of methods to measure
residual dipolar couplings (RDCs) in solution NMR of
weakly aligned samples (Tolman et al. 1995) and dipolar
recoupling in solid-state NMR (Griffin 1998). OS solid-

SLF spectrum. d Two-dimensional SLF spectrum of selectively '°N
leucine labeled MerF. e and f Two-dimensional planes at the
designated 'H chemical shift frequencies from a three-dimensional
HECTOR/SLF spectrum. g—-o Two-dimensional SLF spectrum of
other selectively labeled MerF samples. a—c¢ Reprinted from Lu et al.
(2012), d and g—o From Howell (2007)

state NMR spectra of aligned, stationary samples, on the
other hand, retain all the anisotropic information from the
beginning. However, it has a major drawback, which is the
difficulty of sequential backbone assignments due to the
presence of unaveraged "H-'H and '*C-"3C dipolar cou-
plings. These limitations can be largely overcome by a
strategy of making resonance assignment using established
methods on isotropic NMR spectra first and subsequently
transferring the information to OS solid-state NMR spectra.

In dipolar coupling correlated isotropic chemical shift
(DCCICS) analysis (Lu et al. 2011), the "H and "N iso-
tropic chemical shifts are transferred from solution NMR
spectra on low q isotropic bicelles (Son et al. 2012), as
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Fig. 3 Example of the assignment of the isoleucine resonances of
MerF by the method of heteronuclear dipolar coupling correlated
isotropic chemical shift analysis. a—d Two-dimensional spectra of
MerF in q = 3.2 14-O-PC/6-O-PC bicelles. a and b “Flipped” with
the bilayer normal parallel to the field; and ¢ and d “unflipped” with
the bilayer normal perpendicular to the field. a and ¢ SLF spectra.

b and d HETCOR spectra. The assignment derived from combined
DCCICS and PISA Wheel analysis are labeled in spectra (c) and (d).
Insets in (d) are extracted from three-dimensional HETCOR/SLF
spectrum of the same sample to occupy the missing peaks in two-
dimensional spectrum due to selective magnetization transfer

Table 1 Summary of data for the assignment and isotropic chemical shift calculations of MerF isoleucine residues for DCCICS analysis

Residue assignment  Calculation from OS solid-state NMR

Measurement in solution NMR

The difference 40 = \/(40x)* + (46y/5)*

5N shift 'H shift 5N shift 'H shift
55 121.47 8.72 120.80 8.88 0.21
62 118.24 7.98 117.97 8.22 0.24
59 120.35 8.21 120.25 8.25 0.04
53 119.05 8.10 116.81 8.15 0.45
29 117.40 8.07 118.19 7.63 0.47
13 124.21 8.05 121.80 8.22 0.51
12 118.01 8.46 12291 8.26 1.00

demonstrated using the selectively '°N-Ile labeled sample
of MerF shown in Fig. 3 and Table 1. The underlying
principle of the method is that the "H-"°N dipolar coupling
for the same pair of nuclei differs by exactly a factor of two
between parallel (flipped) and perpendicular (unflipped)
aligned protein-containing bicelles. As a result, a one-to-
one correlation can be established between signals in SLF
spectra of flipped and unflipped bicelles by aligning the
appropriately scaled spectra. This enables two sets of
anisotropic '°N and 'H chemical shifts to be measured for
each residue, which are used to calculate the isotropic
chemical shifts. These derived isotropic shifts can be
compared with those observed in solution NMR spectra for
regions of the protein that are not distorted by the presence
of detergents, or MAS solid-state NMR spectra of proteo-
liposomes. Notably, due to the broader line widths gener-
ally encountered in solid-state NMR, the isotropic chemical
shifts calculated in this manner have an error range, which
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was ~ 1.5 ppm for the '°N chemical shift and ~0.3 ppm
for the 'H chemical shift in the previous well optimized
case (Lu et al. 2011). The existence of this range, which
can be improved through further spectroscopic develop-
ment to improve resolution, currently relegates the DCC-
ICS method to the role of assisting or confirming
assignments rather than being able to make unique
assignments on its own.

The assignment of the isoleucine resonances is shown
here as an example of the DCCICS method (Fig. 3;
Table 1). The assignment starts at residue 155, which is
well separated in the DCCICS analysis. 155 also further
confirms the PISA Wheel predicted for the second trans-
membrane helix of MerF (L48-R64), which is anchored by
the assigned F54 and Y60 signals. From the PISA Wheel
fitting, the assignments of residues 153, I59 and 162, which
are all in the second helix, can be obtained, and agree with
the DCCICS analysis. Next, I13 can be assigned: from
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Fig. 4 Resonance assignments of the terminal and loop regions of
membrane proteins with irregular tertiary structure. PELF spectra of
uniformly "°N labeled MerF in flipped (a) and unflipped (b) bicelles.
¢ 'H and "N isotropic chemical shifts calculated from the spectra in
panels (a) and (b) and three-dimensional HETCOR/SLF spectra.
d Solution HSQC NMR spectrum and the chemical shift of side
chains. e and f expansion of the backbone amide resonance region of
the spectra in panels (c¢) and (d). Those resonances whose assignments

DCCICS the signal could be either 112 or 113, but the
subsequent PISA Wheel fitting shows that it can only be
I13 in order to have I12 fit to one of the two isoleucine
peaks left. 112 and 129 are then assigned to the last two
isoleucine peaks. This assignment is further confirmed with
the dipolar coupling frequency alignment method shown in
the subsequent section “transfer of resonance assignments
from rotational alignment solid-state NMR spectra”. The
relatively large differences of residue I12 and I13 in
DCCICS matching (Table 1) is likely due to the different
membrane environments between low “q” isotropic bi-
celles and high “q” magnetically aligned bicelles. Because
112 and 113 are exposed to aqueous environment, they are
susceptible to the variation in free detergent concentrations
between the two samples. In contrast, the other isoleucine
residues are likely to be in similar environments in both
samples, because they are buried inside the membrane

can be determined from selectively labeled spectra are labeled in cyan
color. In this group, one of the ArgNe peak (magenta color) is an
example that DCCICS analysis is crucial for avoiding its mis-
assignment as a backbone amide resonance. The remaining reso-
nances that could not be selectively labeled (yellow color) are
successfully assigned by DCCICS analysis. a Reprinted from Lu et al.
(2012) after adding resonance assignments

environment and are presumably in contact with long-chain
14-O-PC lipid in both samples (Lee et al. 2008).

Resonance assignment of loop and terminal region

It is possible to use DCCICS to assign the non-helical
regions of solid-state NMR spectra from aligned samples.
This is especially valuable for those residues that cannot be
selectively labeled. The method relies on the MSHOT-Pi4
pulse sequence to improve the resolution of the PELF
experiment. Previous DCCICS trials with SLF spectra
resulted in incomplete assignments (data not shown)
because the dipolar truncation effect (Gan 2000) of rotat-
ing-frame SLF experiments often render those signals with
small 'H-""N dipolar couplings at the similar dipolar
couplings of ~0.3 kHz. As a result, one-to-one correla-
tions cannot be easily established for signals from the same
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residues in spectra from flipped and unflipped bicelle
samples. It also makes it difficult to resolve single signals
with small heteronuclear dipolar couplings. Application of
the improved PELF experiment addresses these issues, as
shown in Fig. 4a, b.

An important advantage of the application of DCCICS is
that side chain amide groups can be readily distinguished
(Fig. 4c, d). These side chain signals, especially the GInNe
and the ArgNe with >1 kHz dipolar couplings, can be
easily misidentified as backbone amide signals. For
example, after acquiring the SLF spectrum on selectively
'N-Arg labeled MerF sample (Fig. 2n), an ArgNe peak at
1.5 kHz dipolar coupling (labeled in magenta in Fig. 4)
could be easily grouped together with the other two back
bone amide peaks with large dipolar couplings (>1 kHz).
In this case, DCCICS analysis offers an unambiguous
method of distinguishing backbone and side chain signals.

As shown in the preceding section, the currently existing
error range of the DCCICS method makes it necessary to
incorporate other information during resonance assign-
ment. Here selective labeling with Ala, Leu, Tyr and Val
was necessary to identify most of the signals and assign-
ments (labeled in cyan in Fig. 4) in the terminal and loop

regions of MerF, and their assignments were further veri-
fied in DCCICS analysis. After completing their assign-
ment, DCCICS successfully provided additional
assignments for the signals from D44, D69 and G41
(labeled yellow in Fig. 4), which could not be selectively
labeled. The combination of DCCICS, selective labeling
and the improved PELF pulse sequence is able to provide
complete assignments for all residues in the terminal and
loop regions of MerF that are visible in solid-state NMR.

Transfer of resonance assignments from rotational
alignment solid-state NMR spectra

Besides the DCCICS method, a straightforward way to
transfer assignments from isotropic NMR spectra to
anisotropic OS solid-state NMR spectra is through the
frequency alignment of "H-'>N dipolar couplings to MAS
solid-state NMR spectra, and it is enabled by the recent
demonstration that dipolar couplings measured by MAS
solid-state NMR under rotationally alignment condition
have the same frequencies as those observed in spectra of
aligned, stationary samples in OS solid-state NMR after
being scaled by a known factor (Park et al. 2010a).
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Fig. 5 Resonance assignments of residues in OS solid-state NMR
spectra utilizing the "H-"°N dipolar couplings measured in RA MAS
solid-state NMR experiments. a, d and g Two-dimensional SLF
spectrum of amino-acid-type selectively N labeled MerF in
‘unflipped” DMPC/DHPC bicelles. b, c, e, f, h, and i Two-dimen-
sional SLF spectral planes extracted from a three-dimensional HnNCa
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experiment, of which the third dimension is 5N chemical shift (Lu
et al. 2013). The scales during aligning the 'H-"°N dipolar couplings
are adjusted for the scaling factors of the bicelles versus liposomes
(0.8) and of the alignment perpendicular to the magnetic field versus
rotational alignment parallel to the bilayer normal (0.5)
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Figure 5 shows three examples where the individual
assignment of residues in OS solid-state NMR spectra on
selectively labeled samples can be made by aligning their
dipolar coupling frequencies to those measured in the
previously assigned RA solid-state NMR spectra of MerF
(Lu et al. 2013). The "H-'N dipolar couplings measured
from RA solid-state NMR spectra are equal to those
measured from ‘“unflipped” bicelle samples by taking into
account the established bicelle order parameter of ~0.8
(Sanders et al. 1994) and the scaling factor of 0.5 due to the
perpendicular alignment of the bilayer normals in the
magnetic field.

T24, T40, V28 and V10 shown in Fig. 5 are all located
near the end of a transmembrane helix, where PISA
Wheel assignments often encounter difficulties because of
ambiguity in determining the exact ending of the helix
and possible deviations from an ideal helix in these
regions. Here the assignment of these few key residues
through dipolar coupling alignment in spectra of selec-
tively labeled samples often provides a breakthrough in
resolving the rest of the assignment of the specific amino
acid type. The last example of 112 and 129 assignment
further verifies the isoleucine assignment made with
combined DCCICS and PISA Wheel method (Fig. 3;
Table 1).

The dipolar coupling alignment method demonstrated
above can be applied in a broader context before the full
set of RA solid-state NMR spectra has been acquired and
assigned. At least three three-dimensional spectra,
HnNCa, HnNCo and HcCxCx, which require large
amounts of signal averaging (Lu et al. 2013), are needed.
In one scenario, resonance assignments may have already
been obtained for a protein under MAS solid-state NMR
experiments using conventional NCACX/NCOCX exper-
iments (Pauli et al. 2001). In this case, only one addi-
tional experiment to recouple the dipolar coupling such as
an HnNCa experiment (Lu et al. 2013), is needed to
enable a direct transfer of resonance assignment to OS
solid-state NMR spectra. In another scenario, partial res-
onance assignments of MAS spectra may be available
from a combination of selective labeling/unlabeling pro-
cedures (Banigan et al. 2013); and in this case, a dipolar
recoupling dimension can be integrated into one experi-
ment to bring the assignment information to OS solid-
state NMR.

Notably, the frequency alignment can also be used to
transfer resonance assignment in the reverse direction from
OS solid-state NMR spectra to MAS solid-state NMR
spectra in the same manner. This is an attractive option
because of the economical use of '’N-labeled amino acids
and the high sensitivity of two-dimensional SLF experi-
ments. Thus the amino-acid-type selective assignment
information can be obtained efficiently in OS solid-state

NMR, and subsequently to help resolve ambiguities
encountered in assigning MAS solid-state NMR spectra.

Resonance assignment with '>N/'°N dilute spin
exchange

It is difficult to transfer magnetization along the protein
backbone atoms in OS solid-state NMR in the absence of
uniform '>C labeling. However, dilute spin exchange
between proximate '°N sites of sequential residues has
been shown to be effective assignment method in some
cases, (Marassi et al. 1999; Cross et al. 1983), and more
recently, through several alternative pulse sequences
(Nevzorov 2008; Xu et al. 2008; Traaseth et al. 2010; Tang
et al. 2012). The application of dilute spin exchange
methodology to membrane proteins has been limited by the
low sensitivity of the experiments (Knox et al. 2010).

To apply dilute spin exchange experiments to larger
membrane protein, it is essential to simplify the spectrum
using methods such as amino acid type selective labeling.
Figure 6 demonstrates the application of two-dimensional
dilute spin exchange (’N/'°N) to selectively '*N-Leu
labeled MerF. There are three pairs of vicinal leucine
residues in the sequence, residues 7 and 8, residues 30 and
31, and residues 47 and 48. Both Mismatched Hartmann—
Hahn (MMHH) spin diffusion (Nevzorov 2008) and pro-
ton-driven spin diffusion (Cross et al. 1983) have been
used, and due to their different mechanisms, the intensities
of cross peaks vary between the two types of spectra as
expected. Two of the pairs, L7/8 and 1.47/48, are observed,
while 1.30/31 cross peak cannot be observed because they
have similar '°N chemical shifts and the cross peak is
buried under the axial peaks. Notably, the intensity of cross
peaks scales down according to the square of the labeling
efficiency. This aggravates the contrast between high-
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Fig. 6 Two-dimensional '"N/"°N dilute spin exchange spectra of
selectively '°N-Leu labeled MerF in DMPC/DHPC bicelles aligned
with their bilayer normal parallel to the magnetic field. a Spectrum
obtained using Mismatched Hartmann—Hahn (MMHH) spin diffusion
(Nevzorov 2008). b Spectrum obtained using Proton-driven Spin
Diffusion (PDSD) (Cross et al. 1983)
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Table 2 The resonance assignment of 'H-'°N dipolar coupling,
anisotropic "H chemical shift and anisotropic N chemical shift
frequencies of MerF in perpendicularly magnetically aligned bicelles

Residue "H->N DC (kHz) 'H CS (ppm) SN CS (ppm)
K5 2,502 10.23 100.05
T6 3,729 11.38 93.01
L7 2,633 10.53 99.27
L8 3,024 11.26 83.89
R9 1,650 9.11 106.85
V10 1,833 10.20 93.94
S11 2,673 11.29 81.12
112 3,672 10.31 93.62
113 2,934 10.21 105.44
Gl4 2,106 11.55 78.28
T15 3,910 11.00 93.15
T16 1,548 8.88 102.88
L17 1,575 10.09 90.50
VI8 2,124 10.53 84.83
A19 3,413 11.35 87.94
L20 2,442 10.25 101.01
S21 2,110 10.14 88.62
S22 3,615 11.33 85.81
F23 2,476 10.42 101.41
T24 2,574 10.59 78.74
V26 2,088 10.64 88.61
L27 3,081 10.78 84.16
V28 2,865 10.61 91.48
129 2,560 9.69 92.23
L30 2,757 11.65 82.60
L31 3,514 10.91 87.44
G32 3,313 11.20 85.03
V33 2,454 9.99 92.43
V34 3,076 11.46 86.38
G35 3,868 11.69 87.50
L36 3,033 11.59 96.26
$37 2,382 10.46 92.49
A38 3,738 11.35 82.87
L39 3,732 11.49 94.61
T40 3,766 10.67 92.96
G41 769 6.82 117.15
Y42 272 8.54 129.97
L43 160 8.56 121.56
D44 1,066 10.33 127.70
Y45 769 9.34 116.45
V46 385 9.18 109.74
L47 3,181 10.08 95.36
L48 3,117 10.74 101.90
A50 3,519 10.88 80.27
L51 3,732 11.49 94.61
AS52 2,559 10.63 95.68
153 2,638 11.06 81.12
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Table 2 continued

Residue '"H-'>N DC (kHz) 'H CS (ppm) SN CS (ppm)
F54 3,468 11.19 87.31
155 3,196 11.45 99.57
G56 2,515 11.18 76.88
L57 3,144 12.12 80.17
T58 3,904 10.73 90.82
159 2,759 9.85 95.95
Y60 2,775 10.76 82.92
A61 3,519 10.88 80.27
162 3,462 10.20 94.17
Q63 2,559 10.63 95.68
R64 2,575 10.46 85.74
K65 2,759 9.85 95.95
R66 1,650 9.11 106.85
Q67 3,247 10.79 90.66
A68 1,005 9.33 113.80
D69 862 9.23 106.19
A70 350 8.89 122.41

The '"H-'°N dipolar coupling of residues G41-V46 and A68-A70 are
from PELF spectrum, and all other data are from three-dimensional
HETCOR/SLF spectrum

intensity diagonal peaks and low-intensity cross peaks in
the spectra.

Resonance frequencies of MerF protein

All the signals from the MerF residues that are immobile in
the NMR time scale were assigned by this set of resonance
assignment methods described above. Signals from three
N-terminal residues and 12 C-terminal residues are missing
in OS solid-state NMR spectra of both uniformly and
selectively 15 N labeled samples, indicating that these
residues are mobile. The resonance assignments and the
anisotropic frequencies of the observed 64 residues are
listed in Table 2.

Discussion

A roadmap can be drawn to illustrate how these resonance
assignment methods are closely connected and comple-
mentary to each other (Fig. 7). Five complementary reso-
nance assignment methods are shown. PISA Wheel,
Dipolar Wave or AssignFit analysis is the conventional
choice, and remains as the main resonance assignment
method. Two other “information transfer” type of assign-
ment methods, one introduced recently (Lu et al. 2011) and
one in this article, bring in assignment information from
isotropic NMR methods, including MAS solid-state NMR
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and solution NMR. The underlying motivation is to borrow
the well-established assignment protocol in isotropic NMR
methods and combine it with the advantage of OS solid-
state. NMR of preserving angular information of NMR
observables. Two more categories of assignment method
are listed, the spectroscopic method and sample preparation
method. The former has been an important focus of
methodology development for the past few years. The latter
is a category of many possible biochemical methods with
site-directed mutagenesis and solid-phase peptide synthesis
as two examples. The method is not demonstrated in this
article but has been used in study of other membrane
proteins (Kochendoerfer et al. 2004; Gayen et al. 2013).
The strength of both methods are the low ambiguity, since
a single known residue can be labeled or mutated. The
disadvantages include the possibility of altering protein
structure during mutagenesis, and the difficulties in syn-
thesizing large hydrophobic polypeptides.

It should be noted that the two “information transfer”
methods (Fig. 7) bring assignments from the samples
where membrane proteins are in different lipid environ-
ments than the one used in OS solid-state NMR. Recently,
examples from several membrane proteins have shown
that different detergent/lipid environments alter the
structures of the proteins (Zhou and Cross 2013; Zoonens
et al. 2013; Cross et al. 2013; Zheng and Jia 2013; Ra-
schle et al. 2010). Here the two sources of information,
the proteoliposome and the isotropic bicelles, need to be

treated separately. Firstly, the transfer can be performed
relatively safely between samples of proteoliposomes and
magnetically aligned bicelles. Aligned bicelles have been
established as a lipid bilayer environment similar to that
of proteoliposome (Warschawski et al. 2011). Addition-
ally, the high ratio of long-chain lipid to short-chain
detergent in aligned bicelle samples reduces the free
detergent concentration, making them similar to proteo-
liposome. An example is that the structures of the trun-
cated form of MerF (MerFt) determined in liposome and
aligned bicelle have also shown high degree of agreement
(Das et al. 2012). On the other hand, the resonance
assignment transfer between isotropic bicelle or detergent
micelle and the high-q magnetically aligned bicelles
deserves more caution. In favorable cases, the protein
structure may stay the same (Franzin et al. 2007); but in
some other cases such as MerFt in aligned bicelle versus
in sodium dodecyl sulfate (SDS) micelle (Lu et al. 2013;
Howell et al. 2005), the structure and dynamics can be
substantially different. In general, using the same set of
lipid/detergent for aligned bicelles and isotropic bicelles
can minimize the difference encountered in assignment
transfer. Previously, DCCICS has been successfully
applied to Pfl coat protein between q = 0 DHPC micelle
and q = 3.2 DMPC/DHPC bicelle (Lu et al. 2011). Here,
we have transferred assignments between q = 0.1 and
q = 3.2 14-O-PC/6-O-PC bicelle, and as discussed above,
residues 112 and 113 have experienced larger differences
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in chemical shifts, presumably due to the different
environments.

In conclusion, the combination of a set of resonance
assignment methods demonstrated in this article will likely
find its greatest utility in assigning the spectra of larger
membrane proteins by OS solid-state NMR. The assigned
NMR observables contain angular restraints that can be
directly used to calculate the three-dimensional structure of
membrane proteins.
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