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Assignment of Oriented Sample NMR Resonances from a Three
Transmembrane Helix Protein
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aInstitute for Molecular Biophysics, Florida State University, Tallahassee, FL, 32306, USA
bNational High Magnetic Field Laboratory, Tallahassee, FL, 32310, USA
cDepartment of Chemistry and Biochemistry, Florida State University, Tallahassee, FL, 32306,
USA

Abstract
Oriented sample solid state NMR techniques have been routinely employed to determine the
structures of membrane proteins with one or two transmembrane helices. For larger proteins the
technique has been limited by spectral resolution and lack of assignment strategies. Here, a
strategy for resonance assignment is devised and applied to a three transmembrane helix protein.
Sequence specific assignments for all labeled transmembrane amino acid sites are obtained, which
provide a set of orientational restraints and helix orientation in the bilayer. Our experiments
expand the utility of solid state NMR in membrane protein structure characterization to three
transmembrane helix proteins and represent a straightforward strategy for routinely characterizing
multiple transmembrane helix protein structures.

Keywords
membrane protein; lipid bilayer; oriented sample solid state NMR; resonance assignment; helix
orientation; Mycobacterium tuberculosis; membrane protein structure

1. Introduction
The majority of membrane protein structures determined by solid state NMR (ssNMR) and
deposited in the Protein Data Bank rely on orientational restraints obtained from oriented
sample (OS) methods. Routine application of OS ssNMR to proteins with more than one or
two transmembrane (TM) helices has yet to be achieved. The primary obstacles for
characterizing larger proteins are spectral resolution and resonance assignment strategies.
Due to the importance of membrane proteins in disease and the paucity of structures of this
class in the PDB, it is important to expand the OS ssNMR technique to encompass larger
proteins.

Protein structure is dictated by the sum of the intra-protein interactions and the protein’s
interactions with its environment [1]. It is becoming increasingly clear that the use of
environments other than lipid bilayers as a model for membrane protein structures can lead
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to severe structural distortions [2–7]. Therefore, it is imperative to determine structures in
the most native-like environment possible, such as lipid bilayers. X-ray crystallography is
mainly responsible for the current structures of membrane proteins with more than three TM
helices or those that form large oligomeric structures [8, 9]. These structures are determined
in a detergent stabilized crystalline environment that poorly mimics the bilayer thickness,
the dielectric and water concentration gradients, and the pressure profile of native
membranes [10, 11]. One reason for the lack of success with smaller proteins is the scarcity
of strong interhelical interactions [10, 11] that would stabilize tertiary and or quaternary
protein structure in a crystal lattice. Solution state NMR has made some progress with small
helical membrane proteins [12, 13], but concerns have been voiced regarding the structural
distortions observed in solution NMR structures for membrane proteins solubilized in
detergent micelles [5, 14]. This is mainly because the detergent micelle has a weak
hydrophobic environment, water accessibility into the micelle interior, a poorly defined
hydrophobic thickness, and a single highly curved hydrophilic surface. Electron
crystallography has been used to determine atomic resolution structures for proteins in 2D
crystals containing lipid [15, 16]. However, the relatively few lipid molecules in these
preparations may not adequately mimic the native membrane properties. Electron
tomography also has the ability to characterize protein structure in lipid bilayers [8, 17] but
only with low resolution (currently ~3–7 Å). To date, ssNMR spectroscopy is the only
technique capable of characterizing membrane protein structure at atomic resolution in lipid
bilayers [18–24]. Due to the importance of the lipid bilayer for achieving native structures it
is necessary to further develop solid state NMR technology and methodology for routine
characterization of small, helical membrane protein structures.

While a majority of spectroscopic effort in ssNMR is currently being dedicated to MAS
techniques, most of the structures that have been characterized utilize orientational structural
restraints [25, 26], primarily obtained from OS ssNMR experiments. Recently, MAS
experiments on rotationally aligned proteins in liposomes have been used to obtain similar
restraints [20, 21, 27]. Together, these methods show ssNMR is capable of characterizing
the structure for proteins with up to seven TM helices [18–24, 28]. Either way, orientational
restraints provide precise restraints for the backbone peptide planes relative to the membrane
normal [29–31]. Additionally, an advantage of OS ssNMR is that helix tilt and rotation
angles can be determined for uniform sections of helical structures. In other words, the
structure achieved with these restraints is oriented relative to the lipid bilayer, a feature that
is unique to ssNMR. It should be noted that for multiple TM helix proteins, tertiary
structural restraints, such as interhelical distances are also needed. Fortunately, only a sparse
number of distance restraints are required to calculate a tertiary structure when combined
with orientational restraints [25]. These distances can be obtained from MAS ssNMR [14,
19, 25]. Together, OS and MAS ssNMR techniques represent a versatile toolbox for the
determination of membrane protein structure.

Sequence specific assignments have been a challenge for OS ssNMR Separated Local Field
(SLF) spectra of membrane proteins in aligned lipid bilayers. For proteins with one or two
helices, amino acid (AA) specific 15N-labeled samples are sufficient to fix helix tilt and
rotation angles. Given a well resolved spectrum [18–24], resonance assignments can be
directly obtained. Computational approaches have been developed to assign resonances
based on such spectra and also obtain estimates of helix tilt and rotation angles [31–33].
Recently, clever methods have been developed to spectroscopically assign the resonances in
SLF spectra of uniformly labeled samples by correlating anisotropic 15N chemical shifts of i
and i+1 residues [34, 35]. While these methods have been useful for assigning the
resonances in high sensitivity, single TM helix peptides, the lower sensitivity of multiple
helix proteins makes 3D experiments prohibitive; given the low intensity of crosspeaks
(~15% of the diagonal) [35] that require significant signal averaging leading to long
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experimental times. Furthermore, the increased spectral overlap for these proteins makes
encoding the i, i+1 correlations in a 2D experiment [34] difficult, thereby defeating the
resonance assignment strategy. It is useful then to try to interpret SLF spectra for larger
membrane proteins without these experiments.

To illustrate the potential of OS ssNMR to assist in a tertiary structure calculation, we have
chosen to study the membrane protein Rv1861 from Mycobacterium tuberculosis (Mtb).
Tuberculosis is responsible for 1.4 million deaths per year and currently there exist
extensively drug resistant strains. Many small membrane proteins in the cell envelope are
priority drug targets for structural characterization. Rv1861 is a small helical membrane
protein involved in transglycosylase activity [36]. It is predicted to contain three TM helices
in a short 101 amino acid sequence which minimizes the loop and termini lengths, providing
a simple system to investigate the TM domain without interference from a large
extramembranous domain. Initial OS ssNMR spectra for the protein in mechanically aligned
lipid bilayers have been published [37].

Here, a strategy is demonstrated for assigning the resonances of TM sites in SLF spectra of
Rv1861 in a synthetic lipid bilayer. Due to a high level of congestion in OS ssNMR data for
uniformly labeled protein, a series of AA specific 15N-labeled samples were prepared
covering seven of the hydrophobic amino acid types in the TM domain. The AA
specific 15N-labeled samples allowed resolution of almost all of the TM helix sites in all
three helices of Rv1861. The devised assignment strategy is suitable for interpreting spectra
from membrane proteins with three and potentially more TM helices. This strategy is based
on the unique amino acid distribution in the TM helices and dictates which amino acid types
should be labeled and in what order. Resonances are assigned first by focusing on a select
few residues in the middle of the helices where the structure is expected to be more uniform
and then extrapolating the assignments toward the potentially less ordered termini of the
helices. Finally, the sequence specific assignments achieved here provide a set of high
resolution orientational restraints that can be readily used in a tertiary structure calculation.

2. Materials and Methods
2.1 Protein expression, Purification and Reconstitution

Protein was expressed as previously described [38] with an N-terminal His6 tag for
purification. Three 1 L cultures were grown in luria broth (LB) media with shaking at 37 °C
to an OD600 value of 1.5 (1 cm pathlength). The cells were harvested, combined and
resuspended in 30 mL of sterile M9 salts to wash away residual LB media from the cells.
The cells were pelleted again and then resuspended in 1 L of M9 salts supplemented with 4
g/L D-glucose, 100 mg of a 15N-labeled L-amino acid (Cambridge Isotope Labs, Inc. or
Sigma-Aldrich, Inc.) and an unlabeled amino acid mix covering all remaining amino acids
(Supplemental Table 1). Cultures were grown for an additional 30 min and then induced by
adding IPTG to a final concentration of 0.4 mM. After an additional 1 h of growth the cells
were harvested and then resuspended in 10 mL of lysis buffer (40 mM HEPES pH 7.5, 500
mM sodium chloride) per unit of OD600 absorbance for the culture and frozen at −80 °C for
at least 24 h.

Cells were thawed at room temperature and 0.25 mg/mL of lysozyme (EMD, Inc.) was
added along with 4 μL Benzonase (Novagen, Inc.) before incubating on an orbital shaker at
room temperature for 30 min. Cells were lysed by french press (Thermo Scientific, Inc.) at
12,000 PSI three times. Inclusion body fractions containing the Rv1861 protein were
isolated by centrifugation at 18,000 g for 1 h at 12 °C. The pellets were resuspended in
solubilization buffer (40 mM HEPES pH 7.5, 300 mM sodium chloride, 3% v/v Empigen-
BB) to the same volume used to store the cell pellets. The mixture was incubated at 4 °C
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with rotation for 8–12 h. Prior to purification the mixture was centrifuged at 228,000 g for
30 min to remove any insoluble material. The mixture was loaded onto a 5 mL HIS-PrepFF
Nickel Affinity column (GE Lifesciences, Inc) equilibrated with equilibration buffer (40
mM HEPES pH 7.5, 300 mM sodium chloride, 0.7% v/v Empigen-BB) using an AKTA
Xpress (GE Lifesciences, Inc.) purification system. The column was washed with wash
buffer (equilibration buffer with 40 mM imidazole) until the UV absorbance returned to
baseline. The wash buffer was replaced with four column volumes of exchange buffer (1.5%
w/v decyl-dimethylglycine (DDGly), 20 mM HEPES pH 7.5) before eluting the protein in
the elute buffer (exchange buffer with 500 mM imidazole). Typically 15–30 mg of protein in
10 mL buffer was obtained per 1 L of M9 media.

Dimyristolphosphatidylcholine/dimyristolphosphatidylglycerol (DMPC/DMPG) liposomes
were prepared by dissolving 50 mg of lipid powder (Avanti Polar Lipids, Inc.) at a 4:1 molar
ratio in 2 mL of 10 mM HEPES pH 7.5. The mixture was bath sonicated (Branson, Inc) in a
glass test tube until clear before adding a 20% w/v solution of DDGly to a concentration of
2.5% w/v. After mixing the lipids and detergent, a volume (~3 mL) equivalent to 10.5 mg of
protein was added. The volume was then adjusted to 8 mL with 10 mM HEPES pH 7.5. The
solution was gently mixed and incubated at 37 °C overnight. The sample was then dialyzed
against 2 L of 10 mM HEPES pH 7.5 at 35 °C (6–8 kDa cutoff dialysis tubing, SpectraPor,
Inc.) for three days with twice daily buffer changes to remove detergent. Proteoliposomes
were harvested by centrifugation at 228,000 g for 1.5 h and resuspended in 1.2 mL of 10
mM HEPES pH 7.5, 0.01% w/v sodium azide.

2.2 Solid State NMR Sample Preparation
Samples were prepared similarly to a previous protocol [37] with changes for increasing
sensitivity [39]. First the 1.2 mL proteoliposome solution is evenly distributed over 40 glass
slides (5.7 mm × 10 mm × 0.06–0.08 mm, Marienfeld Scientific, Inc.) and dried in an
airtight 0.5 m × 0.5 m × 1.0 m plexi-glass box kept at 22 °C and 98% relative humidity (via
a saturated solution of potassium sulfate). Bulk water was visibly removed from the slides
after 12–24 h, indicating the formation of a lipid film. 2 μL of deionized water was added to
the center of each slide prior to stacking 35 of them on top of each other. The stack was
incubated at 37 °C and 98% relative humidity (via a saturated solution of potassium sulfate)
in a 1 L glass dessicator. After 3–4 d the stack was then slid into a glass cell (6.4 mm × 4.3
mm × 18 mm, New Era Scientific, Inc.) and sealed with a homemade plastic plug and
beeswax (Hampton Research, Inc.) All samples were ~40% w/w buffer determined by
weighing the slides and sample cell together before and after the lipid was applied.

2.3 Solid State NMR Spectroscopy
1H-15N SAMPI4 experiments [40] with a 40 μs spin-echo prior to signal acquisition were
performed at either 14.1 T or 21.1 T using Low-E probes designed and built at the National
High Magnetic Field Laboratory (Tallahassee, Florida). Matching 1H and 15N rf fields of
62.5 kHz or 55.6 kHz, recycle delays of 3–5 s and cross polarization times of 1 ms were
used. Typically, 28–32 t1 points were acquired with 3072–5120 transients averaged for each
t1 point.

2.4 PISA Simulations
TM domains were predicted by the TMHMMv2.0 program [41] and manually extended to
include probable TM residues at the helix termini. Helical wheels projections were
calculated using the online applet from R. Zidovetzki (http://rzlab.ucr.edu/scripts/wheel/
wheel.cgi). PISA wheel simulations were performed as previously described [29] using a
Matlab (The MathWorks, Inc.) script. 15N chemical shift tensor and 1H-15N dipolar coupling
values, obtained from the average of experimental measurements [31], of δ11 = 228.1 ppm,
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δ22 = 81.2 ppm, δ33 = 57.3 ppm and dHN = 21470 kHz were used along with standard
peptide plane geometry [42] and standard membrane helix torsion angles of ϕ = −60°, ψ =
−45° [43]. The NH-δ11 angle used was 17° [44] with δ22 perpendicular to the peptide plane.
All 15N chemical shifts were referenced externally to saturated solution of ammonium
sulfate set to 26.8 ppm. Best-fit PISA wheels were obtained by minimizing the deviation
between theoretical and experimental chemical shift and dipolar coupling values while
varying tilt and rotation angles. Wave plots were constructed as previously described [26,
45] by plotting the experimental observable versus residue number. A wave with 3.63
residues per repeat was fit to the data. Deviations in rotation angles were determined by
calculating the line between the origin of the PISA wheel pattern and the experimental data
point and then rotating the predicted resonance along the PISA wheel pattern until the
theoretical and experimental values were collinear. The data was presented as Δρ plots [26].
These plots are constructed by normalizing the theoretical and predicted rotation angles
between 0° and 360° and then plotted against each other.

3. Results and Discussion
3.1 Helix Tilt Angles

Procedures for assignment of SLF spectra of aligned protein samples combining uniformly
and AA specific 15N-labeled samples have been published [26, 32, 46, 47]. The protein
under study is complicated by having three helices with similar tilt angles with respect to the
bilayer normal or, equivalently, the magnetic field axis. The previously published
assignment strategies were not sufficient for Rv1861. Typically the first step for all
assignment approaches is to determine the approximate helix tilt angle with respect to the
membrane normal using a SLF type spectrum for uniformly 15N-labeled protein. The
SAMPI4 [40] result for Rv1861 (Fig. 1a and supplemental Fig. S1) reveals a highly
congested spectrum and very few resolved single site resonances. However, the spectrum is
that of a well aligned sample and helps restrict the tilt angles of the helices. First, almost all
signal intensity lies between 75 and 200 ppm. Second, there is a lack of intensity between 3–
6 kHz in the 1H-15N dipolar coupling dimension and between 160–180 ppm in the
anisotropic 15N chemical shift dimension resulting in a ‘hole’ in the spectrum. In powder
pattern spectra of unaligned proteoliposomes signal intensity is expected in these regions
and the absence of it indicates the protein is well aligned in the sample. The spectral
intensity in the TM helical region (110–230 ppm anisotropic 15N chemical shift),
corresponding to helix tilt angles between 0–50°, can be used to obtain rough estimates of
helix tilt angles for this protein. Larger tilt angles would be highly atypical for TM helices.
Simulated PISA wheels (Fig. 1b) covering the extremes of the spectral intensity in this
region suggest that the three helices of Rv1861 are tilted between 30°–50°, but specific tilt
angles cannot be assigned with this data alone. Without a tilt angle or any clearly resolved
resonances for each helix, it is impossible to continue the assignment process using
established methods.

Before AA specific 15N-labeling, an evaluation of the amino acid composition and sequence
is essential. In Fig. 2a the amino acid sequence of the protein including the His6 tag is
shown. Highlighted in red are the residues predicted to be in the TM helices of the protein
based on the TMHMMv2.0 program [41]. It should be noted that the prediction can fail to
properly detect the end residues for a helix and the result needs to be manually inspected.
For example, the C-terminal end of helix one can most likely be extended, see section 3.3.
Two-thirds of the backbone amide resonances of the native protein are predicted to be from
TM helices, which is consistent with the distribution of intensity in Fig. 1a. Table 1 shows
the amino acid content for each predicted helix of Rv1861. The prediction indicates that 12
different amino acids are represented in the helices and the sequences are dominated by
glycine and hydrophobic amino acids. Alanine, glycine, and leucine residues are abundant in
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all three helices. Conversely, isoleucine, valine, methionine, phenylalanine, tryptophan,
serine and tyrosine are either absent from one helix or, in the case of the abundant isoleucine
and valine residues, mostly in two helices with only one residue in the third helix.

Helical wheel projections (Fig. 2b) provide a visualization of the distribution of the amino
acid residues around the helix, if it is assumed for the time being that the helices have
regular structure with constant tilt and rotation angles throughout. The distribution of certain
amino acids in the helical wheel defines a pattern for a PISA wheel that can be used to
interpret AA specific 15N-labeled spectra. First, alanine residues (Fig. 2b, red circles), with
one exception, reside on only one side of each helix. Second, inspection of the helical
wheels for leucine residues (Fig. 2b, cyan circles) reveals that, with the exception of the C-
terminal end of helix two, leucine residues also cover only one side of each helix. Third,
valine residues (Fig. 2b, gray circles), the second most common amino acid residue in the
TM helices, are distributed over almost all faces of helices two and three but not helix one.
The resonance patterns expected in SLF spectra for helices can be predicted based on the
helical wheel patterns, making these properties of the protein sequence a useful lens by
which AA specific labeled data can be interpreted.

AA specific 15N-labeling is typically used to fix the tilt and rotation angles for each helix.
The spectrum of the uniformly labeled sample suggested that helical tilts would be greater
than or equal to 30°. In addition, it is difficult to imagine from the positions of the charged
and highly polar residues in the primary sequence (Fig. 2a) that any of the helices would be
longer than 26 residues. A 26 residue helix would not have sufficient length to span the ~30
Å hydrophobic dimension of the DMPC/DMPG bilayer [48, 49] if the tilt angle was greater
than 50°. Based on the primary sequence analysis, the key valine, alanine and leucine
labeled samples were collected first to confirm the range of tilt angles suggested by the
uniformly labeled spectrum. Valine was chosen as an abundant amino acid label to report on
the tilt angle for helix two and three while leucine and alanine were chosen because they
cover opposing faces of each helix and therefore should provide an upper and lower bound
for the helix tilt angles. For Rv1861, these residues account for more than a third of the
predicted TM helix residues. The spectra (Figs. 2c and 2d) confirm that the helical tilts range
between 30° and 50° and suggest that tilts greater than 45° are unlikely. These three spectra
alone reveal well resolved resonances for 30 of the 33 expected valine, leucine, and alanine
resonances from Rv1861. One leucine and two alanine resonances are anticipated to be in
the highly dynamic N-terminal segment, resulting in their absence due to weak cross-
polarization. The lineshapes exhibited for these spectra (Figs. 2c and 2d) reveal that the
protein alignment is excellent with a mosaic spread of ~1° [50]. The alanine and leucine
resonances are distributed on opposing sides of the TM spectral domain centered around
~165 ppm, while the valine resonances seem to be scattered over the entire TM spectral
domain occupied by the alanine and leucine resonances. These distributions indicate that the
three helices have similar tilt angles and are consistent with the patterns suggested by the
primary sequence prediction and helical wheel analysis.

3.2 Helix Rotation Angles
To identify which resonances belong to each helix and fix the helix rotation angles, SAMPI4
experiments were collected on additional AA specific 15N-labeled samples that cover most
of the remaining TM hydrophobic residues of Rv1861 (isoleucine, phenylalanine, and
tryptophan). In order to make sequence specific assignments, a strategy was devised
utilizing the unequal distribution of the common amino acids (isoleucine, leucine and valine)
in the core region of each helix combined with amino acids not common in one or more
helices (alanine, phenylalanine and tryptophan). Focus is paid to residues that span all 360°
of rotational space in the core region and consequently 360° around the predicted PISA
wheel for each helix. Theoretical PISA wheel patterns are calculated for tilt and rotation
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angles between 30–45° and 0–360°, respectively, and compared to the experimental data.
The tilt and rotation angles that best matched the predicted core residues with the
experimental data were then chosen as initial orientations for each helix. Fig. 3a and 3b
illustrate how the tilt and rotation angles are defined. The tilt angle is defined between the
vectors n and h (membrane normal and helix axis, respectively) while the rotation angle is
defined as a right hand rotation around h. Vector o defines the origin for the rotation angle
and is in the plane formed by n and h. The positions of the rotation angles for the first
residue (ρ0) of each helix are depicted at the base of the cylinder in Fig. 3a and on a 40°
PISA wheel in Fig. 3b (see section 3.3).

Best-fit PISA patterns and initial tilt and rotation angles are shown in Figs. 4d, 4e and 4f for
helix one, two and three, respectively. For helix one (Figs. 4a, 4d and 4g) isoleucine and
tryptophan residues are in the core and used for the assignment strategy. Although the
abundance of glycine residues in the TM helices makes them important, we were unable to
specifically label these residues despite considerable efforts and various strategies, making it
impossible to utilize them for assignments. Notice that the tryptophan spectrum has very
strong resonances observed for each of the four indoles – the higher intensity of the indole
resonances compared to the amide resonances is a property that we have observed in other
proteins as well. Three isoleucine resonances (I26, I28 and I41) coupled with W34 indicated
by solid arrows in Figs. 4a and 4g and were chosen as the best match to the prediction in
Fig. 3d. The pattern best fits to a PISA wheel with a tilt angle of 38° and a rotation angle of
65°, where the rotation angle is defined relative to the position of I20. The core of helix two,
Figs. 4b, 4e and 4h, is defined by five valine and two alanine sites (again not counting the
abundant glycine residues) that form a PISA pattern that best fits the data with tilt and
rotation angles of 41° and 140°, respectively. The rotation angle here is defined relative to
I47. These resonances are indicated by solid arrows in Figs. 4b and 4h which compare well
with the predicted resonances in Fig. 4e. Helix three has two phenylalanine and three leucine
residues that define its core with a best fit to the experimental data using a PISA wheel with
helix tilt and rotation angles of 44° and 70°, respectively, having the rotation defined relative
to W78. The PISA pattern is presented in Fig. 4f and the assigned resonances indicated with
arrows in Figs. 4c and 4i. Data with representative 1D slices are presented in Supplemental
Fig. S1.

3.3 Full Assignments and Model Assessment
Starting with the initial core assignments for each helix, the full PISA patterns covering all
core residues that were labeled, excluding the first and last six residues in the primary
sequence of each helix, were compared to the remaining unassigned resonances from the
AA specific 15N-labeled spectra. More assignments could be made with high assurance,
such as A32 (4.6 kHz and 135.7 ppm), L35 (8.1 kHz and 159.9 ppm), I53 (3.5 kHz and
194.0 ppm), F59 (0.8 kHz and 123.0 ppm), A88 (0.7 kHz and 152.6 ppm), and V90 (4.0 kHz
and 119.8 ppm). For the full list of the extended core region assignments see the bold font
residues in Table 2. Based on these high confidence core assignments, refined PISA wheels
were calculated by performing a root mean square minimization with respect to deviations in
dipolar coupling and anisotropic 15N chemical shift, in much the same way they would be
using existing computational approaches [31–33]. The tilt and rotation angles are presented
in Table 3. Next, the resonances for these high confidence assignments were removed from
consideration and resonances belonging to the end of each helix were assigned. Since we
were including resonances from the termini of each helix, a methionine labeled sample was
also utilized (Supplemental Fig. S1). This latter data set is similar to previously published
data [37]. Although these remaining resonances exhibited larger deviations from the
predicted values than those from the core regions, removal of more than half of the
resonances from each spectrum (i.e. the extended core assignments) greatly simplified the
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assignment of the remaining resonances. Complete assignments for the observed residues of
each helix are presented in Table 2.

One way to evaluate the assignments and the plausibility of the orientational model for each
helix is through wave plots [33, 45, 51] of the chemical shifts and dipolar couplings. These
plots illustrate both the degree of uniformity of the helix while also identifying significant
deviations from ideal helical structure along the length of the helix by plotting the
experimental data as a function of residue number. The result for each helix of Rv1861 is
shown in Fig. 5. The wave plots confirm that the protein has regular helical structure
throughout the core region of each helix and that the tilt and rotation angles are constant
throughout the length of each helix. Not surprisingly, the dipolar coupling data fit better than
the chemical shift data, as it is well known that the chemical shift tensor element magnitudes
vary along the amino acid sequence [52, 53]. The termini defined by the first and last six
residues of each helix fit less well and the labeled sites in this region show substantial
deviations in either anisotropic 15N chemical shift, dipolar coupling or both. Slight changes
in peptide plane tilt relative to the helix axis (nominally 8° for TM helices) result in a
significant dispersion for the anisotropic 15N chemical shifts (~15 ppm) and somewhat less
dispersion for the dipolar couplings (~1 kHz) that can account for the observed scatter in the
experimental data relative to the theoretical waves [44] without disrupting the regular helical
structure for each helix. It is important to note that the error bars in Fig. 5 represent error in
the measurement of the experimental value and it should not be alarming that the error does
not overlap with the prediction for some sites, even in the core region. The significance of
the observation of a PISA pattern should not be understated. Based on published
calculations [44] changes in helix or ψ angles greater than ±4° would obliterate the PISA
pattern. Since we observe the PISA patterns, dipolar waves and chemical shift waves here,
the limits for the and ψ torsion angle variation are ±4° for the core regions and ±8° for the
helix termini. These limits indicate that the helical structures are indeed quite uniform.

The wave plots are highly sensitive to changes in tilt angle and a series of deviations for one
part of a helix [54] can suggest a kink in the helix resulting in a change in tilt angle. Changes
in tilt for a portion of the helix would result in a break in the wave pattern and a shift in both
the magnitude and the central frequency (in kHz or ppm) of the oscillation. Deviations from
the rotational angle would manifest as a break in the periodicity of the oscillation, such as
the influence of a π-bulge, where another residue is inserted into the helix (e.g.
Bacteriorhodopsin [55]). Based on the dipolar and chemical shift waves, neither of these
distortions in the wave pattern occurs in the helix core regions. Helix one, may have a slight
change in tilt at each end as indicated by deviations towards smaller anisotropic 15N
chemical shift for the sites in the termini of the helix. However, no such convincing
deviation is seen in the corresponding dipolar wave for helix one. Consequently, the spectral
dispersion provided by a few degree change in the peptide plane tilt angle is more likely for
these sites than a change in the global helix tilt angle. The C-terminus of helix two presents
a somewhat different deviation from the ideal pattern in which the anisotropic 15N chemical
shifts are both larger and smaller than the predicted values. This is typical of an increased tilt
of the peptide planes relative to the helix axis as the helix gains access to water near the
edge of the hydrophobic region of the bilayer. Water soluble helices have average peptide
plane tilt angles of 12° instead of 8°. This relatively small change in tilt for peptide planes is
facilitated by decreased stability resulting from having only a single hydrogen bond per
peptide plane. As previously stated, the change in peptide plane tilt can account for a 15
ppm change in the chemical shift away from the average value for a helix tilted at ~40° [44].
Many sites in the helix three core region exhibit small deviations (both higher and lower) in
anisotropic 15N chemical shift. Regardless, the minimization procedure always converges on
the same tilt and rotation angles. In light of the dipolar coupling data that fit well over

Murray et al. Page 8

J Magn Reson. Author manuscript; available in PMC 2015 March 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



residues W78-I94, these deviations are best interpreted as slight changes in peptide plane tilt
angles in an otherwise regular helix three.

Not all significant deviations are found in the termini of a helix. For example, V89 resides in
the core of helix three with substantial deviations in both chemical shift and dipolar coupling
suggesting structural distortion at this site. Although the chemical shifts of the terminal
residues following this site (V95, M97 and V98) fit well to the wave, the dipolar coupling
data does not fit as well which suggests that this section of helix is slightly distorted.
Interestingly, the few sites from the core residues in helix one and three that deviate
significantly from the theoretical 1H-15N dipolar coupling pattern are either in the middle of
a GxIxG motif, as for I31 in Fig. 5a, or next to an AxxxAV motif, as for V89 in Fig. 5c.
These motifs can also be seen in the primary sequence in Fig. 2a and are known to provide
surfaces for close helix-helix association [56–60] which may cause deviations from ideal
helix geometry. Overall, the wave analysis indicates a well-fitting model with constant tilt
and rotation angles for all three helices. Deviations from the model are explained by helix
packing interfaces in the core region or slight disruption of the helix structure at the termini.

While helix tilt and gross changes in rotational angle are well assessed in the wave plots, the
graphs of experimental versus predicted rotational angles, known as Δρ plots [26] report on
deviations from the ideal rotation around the helix axis per residue of ~100° (Fig. 6). The
core residues are shown in solid circles, while the terminal residues are shown in open
circles. Almost all core region sites for all three helices are within ±15° of the predicted
values and further confirm the regular helical structure of the core region. Additionally, the
experimental ρ angles are both greater and lesser than the predicted value along the length of
the helices. The values above and below the diagonal line represent a compensating pattern
for the rho values further indicating that the α-helical structure is maintained throughout
each sequence. As we saw with the wave plots, the core region of helix three is the most
distorted of the helices. Here, there are three residues that have a deviation between 15° and
30° and two sites with larger than 30° deviations. These larger exceptions are A84 and A88,
which form an AxxxA motif (see Fig. 2a). It should be noted that these sites follow the wave
patterns in Figs. 5c and 5f closely. However, the neighboring V89 site has the only
significant deviation in the wave plots for the core residues but displays a change in rotation
angle of only 12°, suggesting these deviations are structurally related. Combined with the
regular helical structure of the surrounding core residues, these three sites (A84, A88 and
V89) indicate that there must be some localized, but self-compensating distortion of the
structure in this region of helix three.

3.4 Deviations from Ideal Helices and Tertiary Structure Implications
While no inter-helical restraints were measured to determine the tertiary structure of the
protein, conclusions can still be made about helix association in the tertiary structure. The
orientation (tilt and rotation angle) for each helix relative to the bilayer normal is known
from the OS ssNMR data. Also, with the exception of a few angstroms of vertical
translational movement in the bilayer and rotation about the bilayer normal, the structure
and position in the bilayer of each helix is fixed. Furthermore, the Cα and Cβ positions are
restrained by tetrahedral geometry so the surface for glycine and alanine residues is well
defined by the backbone torsion angles, that are based on the helical structures characterized
here and restricted to ±4° for core regions and ±8° for helix termini. Interestingly, each helix
has multiple glycine and alanine residues providing potential helix-helix interaction surfaces
(see the helical models in Fig. 7 and the primary sequence in Fig. 2a). Rather surprisingly,
there are four GG pairs in the protein sequence (see Fig. 2a), two of them appear near the N-
termini of helices one and three and most likely participate in helix termination. More
interesting are the GG pairs in the middle of helices one and three (Fig. 7a and 7c) which do
not appear to kink or distort their respective helices in any way. It may be that in a different
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functional state these helices actually take on a distorted conformation facilitated by these
residues, but here they do not induce a change in tilt or rotational orientation of the helices.

3.5 Data Quality
As the number of TM helices increases, the SLF spectra of uniformly aligned helical
membrane proteins becomes increasingly complex and congested. While the spectra from
small proteins with one or two helices have shown excellent lineshapes in the literature, it
was not clear if larger proteins would. Larger structures might exhibit more dynamics
leading to decreased signal intensity or broader lines in the SLF spectra. The data for
Rv1861 shows that all of the labeled TM amide sites are observed with excellent lineshapes
suggesting that a protein with three TM helices can have sufficiently narrow resonances to
allow complete TM assignments. The only sites for which a resonance is not observed reside
in either a loop or in the protein termini. TM helices have been shown to be quite uniform
due to increased hydrogen bonding strength in the hydrophobic core of lipid bilayers [43,
44]. However, this is the first time that SLF experiments have been obtained on a protein
with so many glycine residues (23% of the predicted amino acid composition of the helices).
Glycine is a known helix breaking residue and the helical structures may be less stable and
less uniform for Rv1861 than for some other helical membrane proteins having fewer
glycine residues. Here, the helices have regular α-helical structure with constant tilt and
rotation angles but there are clearly small, but significant, structural perturbations, especially
along helix three. Importantly, PISA patterns are maintained for the length of each helix and
it should be stressed how this indicates the helices are unbent and have minimal deviation
from ideal membrane protein α-helical torsion angles (ϕ=−60° and ψ=−45°). Finally,
tryptophan residues are important structural features of membrane proteins. Here,
resonances for both the backbone and sidechain sites are observed for the four tryptophans
in Rv1861. Although not described here, the high quality of the data would permit the
characterization of the sidechain orientations for these sites in addition to the backbone
conformation once the indole resonances are assigned and their dynamics evaluated.

3.6 New Approach to Assigning OS ssNMR Data
When more than one TM helix is present, and especially if the tilt angles are small or
similar, an ambiguity will be introduced in the assignments between the helices. Assigning
resonances sequentially (i.e. i, i+1) based on helical geometry is therefore difficult. Here, we
have tackled this issue by focusing instead on the distribution of common and uncommon
amino acids in each helical sequence. Unique patterns that cover the core region of each
helix are used to identify the approximate tilt and rotation angles. These patterns are much
easier to observe in the sparse AA specific 15N-labeled spectra of the protein. After the core
region residues were removed from consideration, the remaining residues were easily
assigned. Although primarily helical, the terminal regions display more structural
perturbations from the influence of water and membrane interfacial region. In the core
region there are clear, specific, structural perturbations of individual peptide planes that
appear to be self-compensating allowing for the helices to have regular structure. The
strength of our strategy is that it does not require completely ideal helical structure for the
determination of complete assignments. Furthermore, the results are all based on 2D spectra
that are relatively simple to obtain.

4. Conclusions
In conclusion, we have shown that TM resonance assignments can be made for a three TM
helix membrane protein in a lipid bilayer environment using OS ssNMR, even when the
PISA wheels severely overlap. The strategy described here is generally applicable to other
proteins of similar size. The information obtained is valuable in light of the scant structural
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characterizations for membrane proteins similar in size to Rv1861 and the high genomic
content for similar proteins (e.g. ~50% of all Mtb membrane proteins have between one to
three TM helices [61]). Although not a tertiary structure, the results constrain the global TM
structure at high resolution by defining precise tilt and rotation angles which severely
constrain the possible packing arrangements for the helices. More importantly, high
resolution orientational restraints for the peptide planes of each TM helix are obtained which
reduce the number of distance restraints that must be measured to calculate a tertiary
structure. Furthermore, tertiary modeling efforts using established methods (e.g.
HADDOCK [62]) can readily be applied. It is now possible to routinely assign spectra of
proteins with up to three TM helices and hence the majority of membrane proteins in
bacterial genomes.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Highlights

• Separated local field experiments applied to a three helix, full-length, membrane
protein.

• Amino acid specific 15N-labeling resolves all labeled transmembrane
resonances.

• A new assignment strategy is shown to assign all 15N-labeled transmembrane
sites.

• Assignment strategy based on unique, core region, residues of each helix.
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Fig. 1.
(a) Uniformly 15N-labeled Rv1861 SAMPI4 spectrum is consistent with the 30–50°
theoretical PISA wheels in (b). 75 contours starting at 1.4σ and increasing by a factor of 1.1
are shown in (a).
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Fig. 2.
Sequence analysis and refinement of tilt angles. (a) Primary sequence of Rv1861. TM helix
domains predicted by TMHMMv2.0 are highlighted in red. (b) Helical wheel projections for
each predicted helix of Rv1861. Valine residues are highlighted in gray, alanine residues in
red and leucine residues in cyan. (c) and (d) SAMPI4 Rv1861 spectra of 15N-valine, (c)
black, and 15N-leucine, (d) cyan, or 15N-alanine, (d) red, labeled samples overlayed with
PISA wheels between 30, 40 and 50° tilt angles. 30 contours starting at 4σ, 9σ, and 6σ and
increasing by 1.05 are shown for Valine, Leucine and Alanine, respectively.
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Fig. 3.
Definition of tilt and rotation angles. (a) Cylindrical representation of a helix. n is the
membrane normal, h is the helix axis and o defines the zero rotation angle and is coplanar
with n and h. (b) Mapping of points in rotation space around the helix to a 40° PISA wheel.
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Fig. 4.
Assignment of core helical residues. AA specific 15N-labeled spectrum, (a), (b), (c), (g), (h)
and (i), used to assign the core residues (bold font in the sequences) of the three helices of
Rv1861. Labeled amino acid type is indicated on each panel and color coded. (d), (e) and (f)
theoretical PISA wheel patterns for each helix with predicted resonances color coded by
amino acid type. Assignments were made by changing the tilt and rotation angles until a
best-fit of the predicted frequencies to the experimental data was achieved. Helix one was
assigned using panels (a) and (g), helix two was assigned using panels (b) and (h) and helix
three was assigned using panels (c) and (i). The predicted helical sequences are displayed in
panels (d), (e) and (f). 30–50 contours are plotted starting between 4σ and 9σ, increasing by
a factor of 1.05 for the spectra in (a), (b), (c), (g), (h) and (i).
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Fig. 5.
Wave Analysis. Dipolar, (a), (b), and (c), and anisotropic 15N chemical shift, (d), (e), and
(f), wave plots for each helix of Rv1861. Theoretical patterns are depicted by solid lines.
Core residue assignments used in the best-fit minimization procedure are indicated by large
circles. Assignments made after the core residues were assigned are indicated by small
circles. The assignments are consistent with tilt/rotation angles as indicated. Error bars
represent ±0.5 kHz in the dipolar plot and ±5 ppm in the chemical shift dimension.
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Fig. 6.
Δρ Analysis. (a) – (c) Δρ plots of the difference between experimental and predicted rotation
angles for each assigned site. Dashed lines indicate ±15° deviations from an ideal helix.
Labeled sites indicate deviations greater than 30°. Residues at the termini of a helix are
represented by open circles and all others by solid circles.
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Fig. 7.
Glycine-Alanine Packing Surfaces. (a) – (c) Model helices based on the experimentally
determined tilt and rotation angles for each helix of Rv1861. Glycine Cα residues are shown
as red spheres, alanine Cα/Cβ residues as blue spheres and all other residues represented as
Cα/Cβ bonds. Translucent sections of helix reside outside the well-defined core region for
each helix.
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Table 2
Assigned chemical shifts and dipolar couplings

Observed chemical shift and dipolar couplings for the TM helices of Rv1861. Residues from the core region
of each TM domain used in the minimization procedure are in bold font.

Residue 15N Chemical Shift (ppm) 1H-15N Dipolar Coupling (kHz)

Helix 1

I20 124.2 1.055

W22 136.0 0.750

L23 174.9 6.078

I26 172.6 1.384

V27 192.6 5.727

I28 150.2 8.165

I31 189.9 9.322

A32 135.7 4.564

W34 198.2 4.291

L35 159.9 8.144

A36 122.1 1.126

I39 129.4 6.346

V40 110.1 3.489

Helix 2

I47 124.2 1.055

L48 102.9 0.588

M49 171.5 8.371

V51 133.2 4.615

V52 153.1 1.195

I53 194.6 3.485

V55 134.9 2.290

V56 169.4 1.689

A58 141.2 6.250

F59 123.0 0.800

A61 158.7 7.533

L63 138.2 2.916

V64 189.4 3.342

L65 188.9 7.112

A67 128.5 0.100

L68 219.3 7.952

V70 111.2 1.307

Helix 3

W78 216.5 5.695

F79 170.1 7.395

F81 189.2 2.605

F82 137.3 6.841

V83 118.2 0.986
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Residue 15N Chemical Shift (ppm) 1H-15N Dipolar Coupling (kHz)

A84 124.1 0.030

L85 194.6 3.952

A88 152.6 0.655

V89 202.1 8.794

V90 119.8 3.979

L91 150.3 0.520

L92 175.2 0.835

W93 197.1 7.080

I94 111.4 3.630

V95 148.2 5.539

M97 130.1 6.614

V98 141.6 6.732
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Table 3
Best-Fit Tilt and Rotation Angles

Best-fit orientation angles for each TM helix of Rv1861. Final tilt and rotation angles are derived from
minimization procedure of deviations between experimental and theoretical resonance positions for the core
region residues of each helix.

Helix Initial Tilt (°) Final Tilt (°) Initial Rotationa (°) Final Rotationa (°)

1 38.0 36.0 65.0 67.4

2 41.0 40.5 140.0 132.2

3 44.0 43.6 70.0 59.8

a
Rotation angles are defined from I20, I47 and W78 for helices one, two and three, respectively.
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