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Anabaena Sensory Rhodopsin (ASR) is a microbial photosensor found in cyanobacterium
Anabaena sp. PCC 7120. It was found in previous studies that ASR co-purifies with several
small molecules, although the identities and structural or functional roles remained unclear. In
this thesis, two-dimensional and three-dimensional solid-state nuclear magnetic resonance
(NMR) experiments and complementary methods were used to assign NMR signals of these
molecules. The identified chemical shift patterns correspond to N-acetyl-D-glucosamine, Nacetyl-D-mannosaminuronic acid, 4-acetomido-4,6-dideoxy-D-galactose, and to a common
phospholipid phosphatidylethanolamine (PE). The acyl tails of PE were identified based on
characteristic product ion masses using liquid chromatography-mass spectrometry. Numerous
correlations atypical for protein amino acids were found in the NMR spectra; they may result
from PE acyl tails that are tightly bound by non-covalent interactions along the surface of
transmembrane alpha-helices. The sugars likely feature a phospholipid aglycone that allows them
to bind to ASR in a similar manner.
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1 Introduction
Proteins and phospholipids have co-evolved such that the insertion of membrane proteins
favorably augments the cellular bilayer.1 The lipids participate in regulating protein activity,
trafficking, and localization.2 To be fully functional within the membrane environment, a protein
must fully integrate with the surrounding lipids. This is facilitated by complex protein-lipid
interactions.3,4 The structure and functionality of a membrane protein are correspondingly
sensitive to the native composition of the bilayer.5 Endogenous molecules that associate with
membrane proteins and often affect its structural and functional properties are identified using a
variety of biophysical techniques, including but not limited to solution and solid-state nuclear
magnetic resonance (NMR) spectroscopy,6,7 mass spectrometry,8 and X-ray crystallography.1,6,8
Lipids that associate with membrane proteins are grouped into two classes, annular and
non-annular, based on the degree of binding affinity.1,9–11 Membrane proteins are covered by an
annular shell of disordered lipids.1 The thickness, fluidity, and curvature of these annular lipids
may indirectly regulate protein functionality, with at most weak interactions occurring with the
hydrophobic surface of the protein.6,12 Non-annular lipids are entrenched in the overall structure
and undergo strong interactions with the membrane protein. Binding sites for non-annular lipids
include clefts formed by secondary structures, such as in between neighboring transmembrane
alpha-helices, as well in the interfaces between adjacent protein monomers.1,7,9–11
The tetrameric water channel aquaporin-0 (AQP0) serves as an interesting example of the
principles of protein interactions with annular lipids. Two-dimensional (2D) crystals of AQP0
with dimyristoyl phosphatidylcholine lipids were compared to crystals of AQP0 with
Escherichia coli (E. coli) polar lipids, with structures solved using electron crystallography to 1.9
Å and 2.5 Å, respectively.13,14 These two types of lipids differ in the head group structures and
1

acyl tail lengths, but both still form a shell of seven annular lipids that surrounds each monomer,
and the resulting structures of AQP0 are essentially identical.13 It was found that it is the lipids
that exclusively adapt to accommodate the differing acyl tail lengths by bending and interlocking
with the contrarily rigid protein.13 The conclusion was that the positioning of annular lipids is
defined by the hydrophobic surface of the AQP0, and that acyl tails of annular lipids laterally
interact to fill gaps on the protein surface.13 The interaction with annular lipids is characterized
by a lack of specificity and protein structural changes.
In contrast, the tetrameric potassium channel KcsA has non-annular binding sites between
adjacent monomers, and the specific lipid phosphatidylglycerol has been shown to selectively
bind at these locations using 31P magic-angle spinning (MAS) solid-state NMR spectroscopy.7
The inhabitation of this anionic lipid at the non-annular site was shown to depend on the
positively-charged channel arginine residues Arg64 and Arg89.7 This indicates that the binding
is facilitated by strong electrostatic interactions. The presence of an anionic lipid is essential for
channel opening,11 likely due to electrostatic stabilization of contacts between monomers.7
To further investigate the means by which lipids bind and impact protein functionality, we
sought to fill a gap in the knowledge of lipids associated with the integral membrane protein
Anabaena sensory rhodopsin (ASR) from the cyanobacterium Anabaena sp. PCC 7120.5,15–18
The structure of ASR has been exceptionally well characterized using MAS solid-state NMR:5,15–
20

ASR forms trimers in detergents,18 when reconstituted in synthetic lipids,15,17 and even in E.

coli membranes.17 The common E. coli lipid phosphatidylethanolamine (PE) was included in a
crystal structure of ASR, but this was likely simply an artifact of the cubic lipid phase, and no
interpretation of the circumstances of this lipid was provided.21 ASR forms stacked undulating
layers of dimers in crystals,21 although dimerization is inconsistent with the clear evidence for
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trimers from solid-state NMR.5 It was posited that crystallization conditions lead to trimer
dissociation, whereas protein-lipid interactions stabilize this oligomerization state,15 but whether
these lipids would be non-annular or annular was wholly unclear.
Convincing evidence regarding the lipid environment of ASR comes from signals from 2D
carbon-carbon and carbon-proton MAS solid-state NMR spectra corresponding to small
molecules that are tightly bound to ASR.20 Based on the chemical shifts, the small molecules
could only be broadly classified as sugars and lipids.20 These signals were resolved in spectra
obtained using through-bond excitation techniques that select for signals from mobile parts, but
they were not visible in spectra obtained using through-space excitation, thereby implying that
the normally dominant dipolar interactions were sufficiently averaged by large amplitude
motions occurring on a sub-microsecond time scale.20 This represents a paradox: although the
molecules must tightly couple to ASR to survive solubilization and purification, these entities are
still flexible enough to undergo large amplitude motions. The resolution is that these molecules
must contain both flexible and rigid domains.20 The flexible portions are detected in throughbond NMR spectra, while the remainder of the molecule is coupled to ASR, acting like a rigid
anchor. For example, hydrophobic acyl tails may couple to the surface of a transmembrane
alpha-helix of ASR via non-covalent interactions, with the head group remaining flexible about
the pivot axis of the phospholipid backbone. In accordance with the high degree of binding
affinity that these lipids have for ASR, they are likely non-annular, but the binding sites on the
protein are unknown.
The gap in the understanding of the lipid environment of ASR is even more apparent when
considering a similar integral membrane protein BR from Halobacterium salinarum.22–25 The
structure of BR has been solved to 1.3 Å using X-ray crystallography.22 ASR and BR are both
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composed of a seven transmembrane alpha-helical bundle, and are stimulated when a photon hits
the retinal chromophore bound to a lysine residue on helix G.15,22 BR forms trimers in the purple
membrane, and has been associated with four phospholipids and two glycolipids that were fully
characterized using 1H and 31P solution NMR, mass spectrometry, and thin-layer
chromatography.23,24,26–28 The trimerization of BR requires non-annular lipids at well-defined
positions.29–31 Given the similarities between ASR and BR, and the endogenous PM constituents
that associate with BR, the discovery via MAS solid-state NMR that endogenous small
molecules bind to ASR was not surprising,20 but these molecules have yet to be identified to a
level consistent with the knowledge of the PM lipids that associate with BR.20
While previous studies have detected the tight interaction between ASR and small
molecules, their structural and functional roles have not been determined. As a first step towards
elucidating these roles, we aim to identify and precisely characterize the tightly-bound
molecules, setting the foundation for understanding how they interact with ASR.
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2 Theory
2.1 NMR spectroscopy
NMR spectroscopy entails harnessing the intrinsic spin angular momentum of the nuclei in
a sample using an external static magnetic field. The sample can be in a solid or solution state.
The general scheme of an NMR experiment is as follows: the sample is placed in the external
field; pulses of radio-frequency (RF) electromagnetic radiation are applied to manipulate
interactions; the free induction decay (FID) response is acquired, and the resulting Fourier
transform of the FID is a spectrum of frequencies whose peaks represent atomic-level
information.
Spin angular momentum is denoted as I = (Ix, Iy, Iz), with a magnitude of
𝐼 = ℏ[𝐼(𝐼 + 1)]7/9 .

(1)

Placed in an external magnetic field conventionally chosen to coincide with the z-axis, B0 = (0,
0, B0), the z-component of the spin angular momentum is quantized:
𝐼; = ℏ𝑚,

(2)

where the magnetic quantum number (m) can have 2I + 1 discrete values:
𝑚 = −𝐼, −𝐼 + 1, … , 𝐼 − 1, 𝐼.

(3)

Nuclei with non-zero spin angular momentum possess a magnetic moment (µ) that is
proportional to the spin angular momentum:
𝝁 = 𝛾𝑰.

(4)

The gyromagnetic ratio (γ) is the constant of proportionality that relates spin to the magnetic
moment, and it is unique for each nucleus.
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Our discussion will be limited to hydrogen, phosphorous, carbon, and nitrogen nuclei. The
naturally abundant nuclei 1H (99.99%) and 31P (100%) have spin-1/2 (I = 1/2), while the
naturally abundant 12C (98.93%) and 14N (99.64%) are spin-0 and spin-1 respectively.32 For
NMR spectroscopy of proteins, it is customary to enrich the sample with spin-1/2 nuclei, 13C and
15

N.33,34 To accomplish this isotopic labelling, the cells may be grown in a minimal medium

containing controlled carbon and nitrogen sources. For recombinant proteins expressed in E. coli,
the cells are typically grown using M9 minimal medium, with uniformly 13C-enriched glucose
and 15N-enriched ammonium chloride as the sole carbon and nitrogen sources.
Spin-1/2 nuclei (henceforth spins) form an interacting system described by the theory of
quantum statistical mechanics. This theory is presented in completeness in other sources,35,36 and
is beyond the scope of this thesis to fully reproduce. A synopsis is that the ensemble of spins in
thermal equilibrium has a probability of being in a particular state, and these probabilities are
encapsulated by a density matrix, ρ. The time evolution of the density matrix is obtained by
solving the Liouville-von Neumann equation,35,36
𝑖ℏ

𝑑
𝜌(𝑡) = [ℋ(𝑡), 𝜌(𝑡)],
𝑑𝑡

(5)

where ℋ is the nuclear spin Hamiltonian. In the NMR experiment, RF pulses are applied to
manipulate the Hamiltonian, thereby altering the density matrix. Although the FID can in
principle be calculated from the solution to Equation 5, it is sufficient to understand how atomiclevel information is obtained by considering the various terms in the Hamiltonian in generality.
We begin by describing the basic mechanism of NMR.
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2.1.1 Basic mechanism of NMR
We consider a sample of N non-interacting spin-1/2 nuclei in a uniform static external
magnetic field, B0 = (0, 0, B0). Each spin-1/2 has two possible eigenstates corresponding to m =
±1/2 (Equation 3) due to the quantization of spin angular momentum described by Equation 2.
The z-component of the magnetic moment (µ) is quantized up (+, m = 1/2) or down (–, m = –1/2)
with respect to B0. Two distinct energy levels arise:
𝐸 = −𝝁 ∙ 𝑩𝟎 ;

(6a)

ℏ𝛾
𝐵 .
2 P

(6b)

𝐸± = ∓

The splitting under the action of a magnetic field is the Zeeman Effect. The Zeeman interaction
with the external field is by far the dominating interaction in an NMR experiment, and it exceeds
all other contributions to the nuclear spin Hamiltonian. This justifies the secular approximation:
the terms in the Hamiltonian that do not commute with the substantial Zeeman interaction will be
neglected under the assumption that the external field is large, typically 10-20 T.35,36
At thermal equilibrium, the populations of the up and down eigenstates N+ and N- are
described by a Boltzmann distribution.35,36 The population ratio is
𝑁R
ℏ𝛾𝐵P
= exp V
Z.
𝑁*
𝑘X 𝑇

(7)

Naturally, there is a tendency for spins to orient the magnetic moment to minimize the internal
energy. The non-zero population difference leads to a bulk magnetic moment, M. The bulk
magnetic moment is aligned with the external field, M = (0, 0, M):35
𝑀=

ℏ𝛾
ℏ9 𝛾 9 𝐵P
(𝑁R − 𝑁* ) ≈
𝑁.
2
4𝑘X 𝑇
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(8)

Thus, a large sample size consisting of nuclei with a high gyromagnetic ratio will maximize the
bulk magnetic moment and achieve higher sensitivity in an NMR experiment. It is also
beneficial, from the signal-to-noise point of view, to lower the temperature and use a strong
external magnetic field.
If the bulk magnetic moment (Equation 8) is perturbed out of the equilibrium alignment
with the field by applying RF pulses, it will undergo precession at the Larmor frequency
𝜔P = −𝛾𝐵P .

(9)

By Faraday’s law, the time-dependent magnetic precession at the Larmor frequency given by
Equation 10 will induce an electromotive force (EMF) in a solenoidal coil wrapped around the
sample in the probe.35 This EMF provides a way to monitor the Larmor frequency because it
produces a current in the coil. Time-dependent alterations of the current are picked up by the
circuitry in the probe, and manifest as the FID.
The bulk magnetic moment arising due to the Zeeman interaction gives rise to a
measurable current, but it does not contain any information regarding an individual spin. If spins
were only affected by the Zeeman interaction, there would be a single peak in the spectrum at the
Larmor frequency (Equation 10) and the fine structure (e.g., chemical environment, bond
structure, three-dimensional fold) of molecules would be impossible to discern. The Zeeman
interaction in the case of non-interacting spins merely showcases the basic mechanism behind an
NMR measurement. The intra- and intermolecular interactions in the nuclear spin Hamiltonian
lead to a finer splitting of states: the crux of NMR spectroscopy.

8

2.1.2 The nuclear spin Hamiltonian
A sample of N interacting spins (I = 1/2) is the subject of interest. A nuclear spin
Hamiltonian describes the interactions amongst the spins, guides the design of RF pulse
sequences, and rationalizes the fine splitting of states (variation of resonant frequencies)
observed in an NMR spectrum. The various interaction terms in the nuclear spin Hamiltonian
under the secular approximation will now be described in detail.
The external field acting on an atom will induce the orbital electrons surrounding the
nucleus to undergo additional motions. These motions generate an auxiliary magnetic field, and
consequently the total magnetic field at the nucleus is less than B0. In this sense, the nucleus is
shielded by the auxiliary field, a partly anisotropic effect that is represented by a chemical
shielding tensor for each spin k, σk.35–37 Equation 9 is modified to account for the secular part of
the chemical shift as follows:37
_)
𝜔P_ = −𝛾_ 𝐵P (1 − 𝜎;;
.

(10)

_
For Equation 10, ω0k and 𝜎;;
are the Larmor frequency and the diagonal z-component of the

chemical shift tensor for the kth spin, respectively. The chemical shift is almost invariably
distinct because of the different intra- and intermolecular forces often exerted on the atoms. The
specific circumstances of the electrons surrounding a nucleus impart a uniqueness to the
auxiliary field, distinguishing the chemical shifts of nuclei. This means that the chemical shift
can be used to identify nuclei; due to an exquisite sensitivity to the environment, chemical shifts
also serve as reporters on the atomic-level structure. The chemical shift is measured in parts per
million (ppm), to be independent of B0, so that it is a universal value across all spectrometers.
Letting δk be the measured chemical shift for the kth spin (ppm), and ωref be a reference resonant
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frequency from a standard molecule such as 2,2-dimethyl-2-silapentane-5-sulfonic acid (DSS),
the formula is37,38
𝛿_ = 10c d

𝜔P_ − 𝜔efg
h.
𝜔efg

(11)

The Zeeman effect and the chemical shift can be expressed as a combined Hamiltonian:36
m

ℋi,jk = l 𝜔P_ 𝐼_; .

(12)

_n7

Returning to the magnetic moment described by Equation 4, a dipole will influence
neighboring dipoles by slightly perturbing the local magnetic fields. The secular homonuclear
dipolar Hamiltonian is36
1 − 3 cos2 𝜃_{
ℋopqrqstuvwxy = l 𝑏_{ d
h (3𝐼_; 𝐼{; − 𝑰𝒌 ∙ 𝑰𝒍 ).
2

(13a)

_•{

For heteronuclear spins I and S (e.g., Ik = 13C and Sl = 15N), assuming that the spin-coupling is
weak, the dipolar Hamiltonian is further simplified by neglecting terms that involve transverse
spin operators (𝑰𝒌 ∙ 𝑺𝒍 ≈ 𝐼_; 𝑆{; ):36
ℋopw‚wyqstuvwxy = l 𝑏_{ ƒ1 − 3 cos2 𝜃_{ „𝐼_; 𝑆{;

(13b)

_•{

The coefficient for Equation 13 (in units of rad/s) is given by
𝑏_{ =

𝜇P 𝛾_ 𝛾{
ˆ .
4𝜋𝑟_{

(13c)

Two angles θkl and ϕkl are needed to convert the inter-nuclear distance vector (rkl) into polar
coordinates and describe the angular orientation of a spin pair in general, but only θkl dependence
is retained because of the axial symmetry of the dipolar interaction.2
The dipolar interaction strength is inversely proportional to the cube of rkl (Equation 13c).
The nuclei are effectively coupled together through space, especially if the inter-nuclear distance
10

is small. If the through-space couplings can be determined, then the inter-nuclear distances can
be extracted from the coefficients to be used as structural constraints.
Nuclei also couple through bonds: the phenomenon of J-coupling. Let Jkl denote the Jcoupling constant between the kth and lth spins. Under the assumption of weak coupling,
2𝜋|𝐽_{ | ≪ |𝜔_ − 𝜔{ |, only the secular component of the Hamiltonian is significant:35,36
ℋŒ = l 2𝜋𝐽_{ 𝐼_; 𝐼{; .

(14)

_•{

The J-couplings provide information about chemical, secondary and sometimes tertiary structure.
Chemical structural information is provided because J-coupling will split a peak symmetrically
according to the number of bonds present. Information on secondary structure (torsion angles)
can be obtained using Karplus equations.39 Hydrogen bonds give rise to J-couplings that are
related to tertiary fold (e.g., phenolic hydroxyl group of tyrosine).
Summarizing, the homonuclear spin Hamiltonian for the N interacting spins under the
secular approximation is as follows:
m

ℋ = l 𝜔P_ 𝐼_; + l•𝑏_{ (1 − 3 cos2 𝜃_{ )(3𝐼_; 𝐼{; − 𝑰𝒌 ∙ 𝑰𝒍 ) + 2𝜋𝐽_{ 𝐼_; 𝐼{; Ž + ℋ••
_n7

(15)

_•{

The contribution from the RF Hamiltonian has been intentionally left vague in Equation 15.
This is intended to emphasize the purpose of the RF pulse sequences as a means of modifying
the total Hamiltonian governing the evolution of spins. The RF Hamiltonian represents a timedependent perturbation to the other three interactions. Often several RF sequences are needed to
manipulate the other contributions to Equation 15 and successfully probe the chemical shift,
through-space, and through-bond interactions.
The effect of molecular motions on the interaction terms in the nuclear spin Hamiltonian
leads to some distinctions between the solid- and solution-state regimes of NMR. The chemical
11

shift implicitly relies on the spatial dependence of the chemical shielding tensor σk, and it is
therefore partly anisotropic. The through-space coupling is purely anisotropic, with a clear
dependence on the inter-nuclear distance and its orientation with respect to the external magnetic
field, as emphasized by Equation 13. In contrast, the through-bond coupling (Equation 14) is
viewed as isotropic.36 To demonstrate how spatial dependence impacts NMR spectra, the solidand solution-state regimes will be compared in the following section; this comparison showcases
the utility of MAS in solid-state NMR.

2.1.3 Spatially dependent interactions and MAS
For solid-state samples, the differently-oriented motionless crystallites impart an anisotropy
to the chemical shift and through-space interactions. This anisotropy broadens peaks and reduces
the resolution of the spectrum. Oppositely, for solutions, the molecules undergo rapid tumbling.
Many possible molecular orientations are sampled in a short time-step, and consequently the
anisotropy is beneficially averaged out. The leftover isotropic component of the chemical shift is
responsible for the sharp peaks observed in solution NMR spectra. Considering that the throughbond interaction is isotropic, it is present in both solid- and solution-state NMR.
To remove anisotropic broadening in solid samples (e.g., samples lacking large amplitude
motions), the technique of MAS40,41 is commonly used. As shown in figure 1, solid-state NMR
samples are packed into rotors and spun pneumatically about a fixed axis at an angular spinning
frequency ωR. Let the angle between the rotor rotation axis and the external field be θm. The
spinning introduces time dependence for the chemical shift and through-space interactions; the
Hamiltonians from Equations 12 and 13 must be revised accordingly.
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Figure 1: Geometry of the MAS experiment for solid-state NMR. To avoid peak overlap by attenuating chemical
shift and through-space anisotropy, the sample is packed in a rotor and spun at ωR while oriented at the magic angle
(Equation 30) with respect to the external field (B0). A single spin pair (k, l) is shown for simplicity. The lab and
rotor frames are defined by axis (xL, yL, zL) and (xR, yR, zR), respectively, where the x-axis of the lab and rotor frames
coincide. Angles θkl, ϕkl and the inter-nuclear separation vector (rkl) are shown for the through-space interaction; the
time average of the inter-nuclear separation lies along the magic-angle axis.42 The inlaid set of axes coincides with
the larger set of axes, but instead shows the orientation of the Euler angles for spin k relative to the third component
of the chemical shielding tensor (𝝈𝒌𝟑𝟑 ).43
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In the rotating frame under MAS conditions (Figure 1), Equation 13 becomes:42,43
m

ℋi,jk = l 𝜔_jk (𝑡)𝐼_; ;

(16)

_n7

𝜔_jk (𝑡) = ∆𝜔_ + 𝜔_,jk” [𝑔P_ + 𝑔7_ cos(𝜔• 𝑡 + 𝜓7_ ) + 𝑔9_ cos(2𝜔• 𝑡 + 𝜓9_ )].

(17)

Here, Δωk denotes the isotropic chemical shift of spin k, and ωk,CSA is its chemical shift
anisotropy (CSA):42
Δ𝜔_ = 𝜔P_ 𝜎 _ =

−𝛾_ 𝐵P _
_
_
ƒ𝜎77 + 𝜎99
„;
+ 𝜎ˆˆ
3

(18a)

_
𝜔_,jk” = 𝜔P_ ƒ𝜎ˆˆ
− 𝜎 _ „.

The chemical shielding tensor is also characterized by an asymmetry parameter:42
𝜂_ =

_
_
ƒ𝜎99
„
− 𝜎77
.
_
ƒ𝜎ˆˆ
− 𝜎_ „

(18b)

The coefficients g0k, g1k, and g2k for Equation 17 depend on the orientation of the kth spin, which
is characterized by the Euler angles αk, βk, and γk in the reference frame defined by the rotor, as
shown in Figure 1. Their mathematical forms are:42
𝑔P_ =

(3 cos9 𝜃™ −1)
[(3 cos9 𝛽_ −1) − 𝜂_ sin9 𝛽_ cos 2𝛾_ ];
4

(19)

1
𝑔7_ = − sin 2𝜃™ sin 𝛽_ [(𝜂_ cos 2𝛾_ +3)9 cos9 𝛽_ +𝜂_9 sin9 2𝛾_ ]7/9 ;
2

(20)
7/9

𝑔9_

9
1 9
3 9
𝜂_
9
= sin 𝜃™ d• sin 𝛽_ − cos 2𝛾_ (1 + cos 𝛽_ )ž + 𝜂_9 cos9 𝛽_ sin9 2𝛾_ h
2
2
2

.

(21)

The phases (ψ1k and ψ2k) for the cosine functions in Equation 17 are42
𝜓7_ = 𝛼_ + arctan •
𝜓9_ = 2𝛼_ + arctan •

𝜂_ sin2𝛾_
ž;
(𝜂_ 𝑐𝑜𝑠 2𝛾_ +3) 𝑠𝑖𝑛 𝛽_

(22)

−2𝜂_ cos 𝛽_ sin 2𝛾_
ž.
𝛽_ − 𝜂_ cos 2𝛾_ (1 + cos 9 𝛽_ )

(23)

3sin9
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The homonuclear dipolar Hamiltonian (Equation 13) becomes similarly time dependent:42
o
ℋo = l 𝜔_{
(𝑡)(3𝐼_; 𝐼_; − 𝑰𝒌 ∙ 𝑰𝒍 ),

(24)

_•{
o( )
𝜔_{
𝑡 = 𝑏𝑘𝑙 [𝐺P_{ + 𝐺7_{ cos(𝜔• 𝑡 + 𝜙_{ ) + 𝐺9_{ cos(2𝜔• 𝑡 + 2𝜙_{ )],

(25)

with coefficients G0kl, G1kl, and G2kl:42
1
𝐺P_{ = − (3 cos9 𝜃™ − 1)(3 cos9 𝜃_{ − 1);
4
𝐺7_{ =

3
sin 2𝜃™ sin 2𝜃_{ ;
4

3
𝐺9_{ = − sin9 𝜃™ sin9 𝜃_{ .ˆ
4

(26)
(27)
(28)

There is an intriguing similarity between Equations 17 and 25; both implicitly depend on
the angle θm. The time-independent terms g0k (Equation 19) and G0kl (Equation 26) vanish if the
sample is spun at the magic angle with respect to the external field:
7

𝜃™ = arccos V3*9 Z ≈ 54.7356°.

(29)

The remaining time-dependent oscillatory terms in Equations 17 and 25 will average to zero over
a full rotor period (τR = 2π/ωR), while the isotropic part of the chemical shift in Equation 17
results in the familiar Larmor precession.3,4 Overall, this means that MAS can be used to
attenuate anisotropy in solid-state NMR, and that it allows for the collection of isotropic
chemical shifts.
Equipped with the Hamiltonian descriptions of solution and solid-state NMR, our
discussion proceeds to the multidimensional experiments used to achieve high resolution NMR
spectra, and the impacts of relaxation.

15

2.1.4 Multidimensional experiments
In multidimensional NMR spectroscopy, the FID response of the ensemble of spins is
recorded as a signal function s(t1, t2, . . .) that depends on multiple independent time variables.
The time-dependent signal results in a Fourier transform of the FID of the form S(d1, d2, . . .),
which spreads frequencies into separate dimensions, and thus offers the prospect of increased
resolution.
A 2D experiment is collected using the general scheme shown in Figure 2,44 and results in a
2D array of data. During the excitation period, the spin ensemble is perturbed from equilibrium
by applying RF pulses. It proceeds to evolve freely for a fixed period t1 (initially t1 = 0) under the
influence of isotropic chemical shifts. The mixing period employs additional RF pulses and/or
delays to transfer polarization (coherence) amongst coupled spins. Transverse magnetization is
detected directly during t2. The experiment is partitioned by incrementing the indirect evolution
time t1, so that the FID is ultimately a function of the form s(t1, t2). Performing the Fourier
transform with respect to the indirectly-monitored t1 and directly-detected t2 produces a spectrum
with two independent frequency dimensions d1 and d2, as shown in Figure 3A.35 The 2D
schematic shown in Figure 2 is also readily extended to be three-dimensional (3D) by adding a
time dimension and mixing steps. The corresponding 3D spectrum is shown in Figure 3B.
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Figure 2: Generalized scheme of a 2D NMR RF pulse sequence.44 The four key periods are labelled. During the
excitation and mixing periods, various RF pulses and delays occur.

Figure 3: Illustration of NMR spectra with multiple dimensions. In the 2D NMR experiment (A), peaks are spread
out along two independent frequency dimensions d1 and d2 according to the indirect evolution (t1) and direct
detection time (t2) respectively. The analogous 3D version (B) is also shown, where the corresponding indirect
evolution periods would be t1 and t2, with signal detected directly during t3. This would result in a signal in the
frequency domain that is a function of the form S(d1, d2, d3).
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The potential for resolution enhancement obtained by extending to a 2D experiment is
shown in Figure 4, which compares a typical one-dimensional (1D) cross-polarization45 (CP)
MAS solid-state NMR spectrum of ASR to a typical 2D dipolar assisted rotational resonance46
(DARR) MAS solid-state NMR spectrum. Whereas the 1D spectrum (Figure 4A) contains only a
few well resolved peaks, many additional isolated cross-peaks are detected in the 2D spectrum
(Figure 4B). This is because each 13C atom is correlated to others through-space during the
mixing time in the 2D experiment, so that the frequencies from d1 are spread out into another 13C
chemical shift dimension, d2. Encoding the extra dimension costs extra acquisition time due to
the fact that t1 needs to be incremented. This means that 2D and 3D NMR spectroscopy are the
most practical compared to higher dimensions.
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Figure 4: Comparing the resolution of a 1D CP MAS solid-state NMR spectrum (A) to a 2D CP-DARR MAS solidstate NMR spectrum (B). There is a large degree of peak overlap in the 1D CP45 experiment on ASR (aliphatic
region is shown), due to the substantial number of 13C atoms that comprise the protein. Many residues are resolved
as cross peaks in the 2D CP- DARR46 experiment, thereby providing additional chemical shift information.
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2.1.5 Relaxation
Signals from spin-1/2 nuclei excited by RF pulses do not last indefinitely. The ensemble of
spins inevitably returns to equilibrium through relaxation. Spins relax to equilibrium through
processes described by two phenomenological first-order time constants: T1 and T2.35,36 The time
T1 (longitudinal relaxation) describes how long it takes for the spin ensemble to return to the
equilibrium. The time T2 (transverse relaxation) describes the decay of transverse magnetization
(loss of coherence) for the spin ensemble. Both relaxation processes occur due to stochastic
fluctuations, but T1 and T2 are not necessarily equal.
The implications of relaxation are as follows. Firstly, the experiment cannot be repeated
until the sample has returned to equilibrium. This necessitates waiting a time that is at least on
the order of T1 between successive experiments. Secondly, the linewidth, or full width at half
maximum (FWHM), of peaks is dependent on T2. Specifically, the line width (ΔνFWHM) is35,36
∆𝜈•-®¯ =

1
.
𝜋𝑇9

(30)

This shows how a short T2 leads to a broadened peak, potentially resulting in a loss of resolution.
In the solid-state, T2 is replaced by T2*, which is the coherence lifetime.47 This parameter
combines stochastic processes from T2 with coherent contributions due to insufficient decoupling
of spins.45 The coherent dominates over the stochastic. However, it is not uncommon to have
rigid and flexible parts within the same molecule.20,48–50 Averaging of through-space interactions
by sufficiently rapid and large-amplitude molecular motions reduces the impact of coherent
contributions, increasing the duration of T2*. The reduction of dipolar interactions and the longer
relaxation time of entities affected by molecular motions can be exploited to selectively observe
the rigid and flexible portions. The two pulse sequences employed in solid-state NMR to
selectively excite spins in specific mobility regimes will now be discussed.
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2.1.6 Mobility regimes and selective excitation
ASR, as well as other integral membrane proteins, possess domains that vary in dynamical
properties.20,51,52 Whereas the alpha-helical transmembrane regions of the protein are rigid and
undergo small amplitude motions, the interconnecting loop regions may be more flexible,
resulting in longer T2* values and smaller dipolar couplings.51 This causes an effect reminiscent
of solution NMR to occur in the flexible regions, where the dipolar interactions are averaged out
by local motions, and isotropic J-coupling interactions (Equation 14) become dominant.20,48 The
increased length of T2* can be harnessed to selectively excite these regions using solution NMRlike through-bond excitation methods.20,48–50 The pulse sequence that achieves this concept is
called through-bond insensitive nuclei enhanced by polarization transfer (INEPT)53, and it is
shown in Figure 5A for the case of 1H and 13C/15N spins. INEPT is inefficient for the rigid
portions of the protein, because of the transverse relaxation effect of 1H-13C/1H-15N couplings
during τ1 and τ2 periods. This is because the effective T2 is on the order of hundreds of
microseconds, while τ1 and τ2 are only 1.5-2.5 ms. The 1H-13C and/or 1H-15N couplings are
averaged out if local motions are occurring, leading to much longer transverse relaxation times in
mobile regions. The complementary CP experiment45 (Figure 5B), preferentially excites rigid
parts by using dipolar through-space couplings, but it is inefficient for flexible regions because
of the motional reduction of dipolar interactions. The INEPT and CP experiments are extended
to multidimensional pulse sequences in Section 3.1 in order to obtain 2D and 3D spectra of rigid
and flexible regions of ASR.
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Figure 5: The 1D MAS solid-state NMR pulse sequences used for selective excitation of nuclei in different mobility
regimes. Mobile species are selectively excited using INEPT53 (B), and rigid species are selectively excited using
CP45 (B). Filled and hollow bars represent π/2 and π pulses respectively. For the INEPT pulse sequence (B), the
delays τ1 and τ2 are set according to the J-coupling constant (JIS) between the heteronuclear spins I and S (e.g., I = 1H
and S = 13C/15N) according to the following equations: τ1 = 1/(4JIS) and τ2 = 1/(6JIS).
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3 Materials and methods
Common chemicals of reagent grade were purchased from either Fisher Scientific
(Unionville, ON, Canada) or Sigma-Aldrich (Oakville, ON, Canada). Isotopically-labeled
15

NH4Cl and 13C6-glucose, were obtained from Cambridge Isotope Laboratories (CIL, Andover,

MA, USA). The Ni2+-NTA (nitrilotriacetic acid) agarose resin was purchased from Qiagen
(Mississauga, ON, Canada). The phospholipids 1,2-dimyristoyl-sn-glycero-3-phosphocholine
(DMPC) and 1,2-dimyristoyl-sn-glycero-3-phosphate (DMPA) were purchased from Avanti
Polar Lipids (Alabaster, AL, USA).

3.1 Expression, purification, and reconstitution of NA and UCN ASR
Uniformly-13C-15N (UCN) labelled ASR reconstituted in liposomes was prepared for solidstate nuclear NMR experiments. Natural abundance (NA) ASR solubilized in micelles was
prepared for liquid chromatography-mass spectrometry (LC-MS) and 31P solution NMR.
Samples were prepared according to a previously published protocol.54
Briefly, BL21-Codonplus-RIL E. coli cells were transformed with a plasmid encoding Cterminally truncated and hexa-histidine-tagged ASR. The E. coli cells were then grown in M9
minimal medium. For UCN ASR, the M9 was supplemented with 15N-labeled ammonium
chloride (1 g/L) and 13C6-labeled glucose (4 g/L) as the sole nitrogen and carbon sources,
respectively. For NA ASR, the M9 simply contained natural abundance ammonium chloride and
glucose. When the optical density at 600 nm (OD600) was 0.35-0.4, the cells were induced by
adding isopropyl β-D-1-thiogalactopyranoside (IPTG) to a concentration of 1 mM; all-trans
retinal was added exogenously at a concentration of 7.5 µM. After induction, the cells were
harvested by centrifugation, re-suspended into a pH 7.2 buffer (150 mM NaCl, 50 mM 2-amino23

2(hydroxymethyl)propane-1,3-diol (Tris)), and then treated with lysozyme (12 mg/L) and DNase
I (600 units/L). Sonication on ice was performed (30 s intervals for a total of 2.5 min) to cause
lysis. Next, the membrane fraction was solubilized in 1% n-Dodecyl β-D-maltoside (DDM) at
4°C, and from this point onwards the sample was kept in the dark to avoid photobleaching.
Purification was performed in accordance with the batch protocol procedure described in the
Qiagen Ni2+-NTA resin manual. Afterwards, an Amicon Ultra-15 10 K centrifugal filter
(Millipore, Massachusetts, MA, USA) was used to buffer-exchange the purified ASR into a pH =
8.0 buffer (5 mM NaCl, 10 mM Tris, 0.05% DDM) and then to concentrate to approximately 1
mg/mL. Approximately 1 mL of the filtrate from concentrating NA ASR using the Amicon
Ultra-15 10 K centrifugal filter was reserved for analysis by 31P solution NMR.
The UCN ASR (used for solid-state NMR experiments) was added to premixed hydrated
DMPC:DMPA lipids at a 9:1 ratio (w/w), and then incubated for at least 6 hours at 4°C. Biobeads SM-2 (Bio-Rad Laboratories, Hercules, CA) were used to remove the detergent. After
approximately 24 hours, the Bio-beads were removed. The sample was then transferred into a pH
9 buffer (10 mM NaCl, 24 mM N-Cyclohexyl-2-aminoethanesulfonic acid (CHES)). The
reconstituted UCN ASR was ultra-centrifuged repeatedly for 3 hours at 900,000g to produce a
dense pellet. The resulting protein to lipid ratio was approximately 2:1 (w/w), which was verified
using transmission Fourier transform infrared (FTIR) spectroscopy, and was consistent with
previously published results.54

3.2 MAS solid-state NMR spectroscopy
All spectra were collected on Bruker Avance III spectrometers operating at either magnetic
field strengths of 14.095 T or 18.795 T corresponding to proton Larmor frequencies of 600.13
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MHz or 800.23 MHz, respectively. Bruker EFREE triple resonance 1H-13C-15N MAS 3.2 mm
probes were used for all measurements. Approximately 8 mg of UCN ASR was center-packed
into a thin-wall 3.2 mm diameter zirconia MAS rotor (Bruker Biospin, Ltd.). The spinning
frequency was kept at 14.3 kHz for the experiments on the 800.23 MHz spectrometer, except for
supercycled POST-C53 (SPC53)55 where it was set at 14.2857 kHz. The spinning frequency was
kept at 12.0 kHz for the experiments on the 600.13 MHz spectrometer. The sample temperature
was kept at approximately 5°C.
On the 800.23 MHz spectrometer, typical π/2 pulse lengths were 2.5 µs for the 1H-channel
and 5 µs for the 13C-channel. For the 600.13 MHz spectrometer, typical π/2 pulse lengths were
2.7 µs for the 1H-channel, 5 µs for the 13C-channel, and 7 µs for the 15N-channel.
The parameters for all of the MAS solid-state NMR pulse sequences are described in the
respective figure captions (Figure 6, Figure 7, and Figure 8).
The pulse sequence for the 2D carbon-carbon correlation spectroscopy using INEPT53
technique for excitation and total through-bond correlation spectroscopy TOBSY (2D CC
INEPT-TOBSY)56 is shown in Figure 6A. INEPT selectively excites mobile species and TOBSY
establishes correlations between through-bond coupled carbon atoms. The experiment was
recorded at two different TOBSY mixing times: the short mixing time of 4.20 ms primarily
results in one bond correlations, while TOBSY mixing of 7.13 ms results in additional crosspeaks corresponding to two-bond transfers. The 2D CC INEPT-TOBSY was also extended to a
3D HCC experiment that correlates carbon spin pairs to directly-bonded protons using the pulse
sequence shown in Figure 6B.
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Figure 6: The 2D and 3D through-bond correlation MAS solid-state NMR pulse sequences. Filled and hollow bars
represent π/2 and π pulses respectively. In both 2D CC INEPT-TOBSY53,56 (A) and 3D HCC INEPT-TOBSY53,56
(B): delays were τ1 = 1.40 ms and τ2 = 0.977 ms; TOBSY56 mixing was performed with the P961 mixing sequence
with Lee-Goldburg decoupling57; 1H was decoupled during 13C acquisition using approximately 83 kHz
SPINAL64.58 For (A): the experiment was conducted with two TOBSY mixing times of 4.20 ms and 7.13 ms to
resolve one-bond and two-bond transfers, respectively; phases were φ1 = (x), (-x), φ2 = (x)2, (y)2, (-x)2, (-y)2, and φrec
= x, -x, y, -y, -x, x, -y, y, -x, x, -y, y, x, -x, y, -y, and phase-sensitive detection (TPPI)59 was obtained in the indirect t1
dimension by incrementing φ1 by 90o. For (B): the phases were φ2 = x, φ2 = (x), (-x), φ3 = (x)2, (y)2, (-x)2, (-y)2, and
φrec = x, -x, y, -y, -x, x, -y, y, -x, x, -y, y, x, -x, y, -y, and phase-sensitive detection (TPPI)59 was obtained in both
indirect t1 and t2 dimensions by incrementing φ1 and φ2 by 90o, respectively.
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The 2D constant-time (CT) uniform-sign cross-peak (CTUC)-correlation spectroscopy
(CoSy) pulse sequence (Figure 7A) was modified from the original experiment60 to utilize
INEPT excitation. In this experiment, the indirect chemical shift evolution and polarization
transfer periods are combined into a single CT period.60 The experiment was optimized to
establish correlations between CO spins, with resonance frequencies in the range of 170-180
ppm, and aliphatic carbons with frequencies between 15- 80 ppm. Thus, the 2D CTUC-CoSy
experiment is well-suited for the detection of CO-CA correlations in proteins, or CO-methyl
correlations within acetyl groups.
The 2D CT-NCA/NCO experiments (Figure 7B) were also adapted and modified.48 They
employ 1H/15N and 15N/13CA (in NCA) or 15N/13CO (in NCO) INEPT steps for sequential
polarization transfers between amide protons, nitrogen atoms, and CA or CO carbon atoms; 15N
chemical shift evolution and 15N/13C INEPT transfers are performed simultaneously in order to
minimize losses due to transverse relaxation.48 In the NCA experiment, the NCO J-coupling is
refocused, while the 15N chemical shifts and NCO J-coupling evolve simultaneously during the
constant time period T.48
The pulse sequences for the 2D CP-DARR45,46 and 2D double quantum – single quantum
(DQ-SQ) SPC53 experiments55,61 are shown in Figure 8. These experiments use CP to selectively
excite rigid species. The SPC53 mixing period filters for double quantum coherences, such that
the sum chemical shift of two coupled nuclei is correlated with each of the isotropic chemical
shifts, and diagonal peaks are not produced.55
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Figure 7: The 2D CT MAS solid-state NMR pulse sequences. Filled and hollow bars represent π/2 and π pulses
respectively, while semi-circle bars represent shaped selective pulses offset to CO or CA. For CTUC-CoSy60 (A):
the delays were τ1 = 0.800 ms, τ2 = 1.50 ms, T = 5.00 ms, and z_fil = 16.0 ms; phases were φ1 = x, -x, y, -y, -x, x, -y,
y, φ2 = y, -y, φ3 =(y)8, (-x)8, (-y)8, (x)8, and φrec =[(x)2, (-x)2, (-x)2, (x)2]2, and phase sensitive detection (STATES)62
was obtained by incrementing φ3 by 90o; the two π pulses between the 2T periods are independently phase cycled for
a coherence order change of ±2.60 For CT-NCO/NCA48 (B): the delays were τ1 = 2.15 ms, τ2 = 2.00 ms, ε3 = 0.300
ms, and T = 24.0 ms; phase sensitive detection (TPPI)59 was obtained by incrementing φ1 by 90o. In the NCO
version, shaped pulses are 300 µs Gaussian cascades (Q3.1000), and the refocusing delay (τ4) was 12 ms. In the
NCA version, the shaped pulses are 300 µs Gaussian cascades for the carbonyl and 2000 µs IBURP1.1000 for CA,
with the refocusing delay (τ4) set to 9.5 ms. The shaped pulses were offset to be applied at 177 ppm for CO, and at
53 ppm for CA.
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Figure 8: The 2D through-space correlation MAS solid-state NMR pulse sequences. For CP45 in both DARR46 (A) and SPC53 55 (B): the 1H/13C
contact time was 2 ms, and the 1H lock field was ramped linearly around the n = 1 Hartmann-Hahn condition63, while a constant 50 kHz RF field
was applied to 13C. For (A): the phases were φ1 = (x)4, (y)4, (-x)4, (-y)4, φ2 = (y)2, (-y)2, (-x)2, (x)2, (-y)2, (y)2, (x)2, (-x)2, φ3 = (y)4, (-x)4, (-y)4, (x)4, and
φrec = x, -x, -x, x, y, -y, -y, y, -x, x, x, -x, -y, y, y, -y, and phase-sensitive detection (TPPI)59 was obtained in the indirect t1 dimension by
incrementing φ2 by 90o; the power level for DARR46 mixing was equal to the spinning frequency (14.3 kHz). For (B): the phases were φ1 = (x)4, (x)4 and φrec = -x, x, -x, x, x, -x, x, -x. The phases on the proton channel for continuous-wave (CW) pulses during SPC53 mixing were φ2 = x. The
SPC53 reconversion block is hatched to indicate the use of a double quantum filter phase cycle. A minimum of four phases are required for the
double-quantum filter. Phase-sensitive detection (STATES)62 was obtained in the indirect t1 dimension by shifting the entire excitation block by
45o. The delay for t1 incrementation was set to be equal to the duration of one c-element (n = 1), which at a spinning frequency of 14.2857 kHz is
42 µs. The duration of the excitation and reconversion blocks were both 840 µs. The carrier frequency was set at 40 ppm to avoid aliasing. The
direct and indirect spectral widths were 295.81 ppm and 118.31 ppm, respectively; 96 scans were recorded with an acquisition time of 25 ms. The
z-filter delay was 70 µs. The 13C pulse power levels during excitation and reconversion were set to 10/3 times the spinning frequency.
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The chemical shifts were referenced to DSS using the 13C-adamantane down-field peak
resonating at 40.48 ppm as a secondary external standard.64 The 15N chemical shifts were
indirectly referenced via the ratio of gyromagnetic ratios γN/γC = 0.402979946.65
All spectra were processed using NMRPipe.66 The spectra were analyzed using the
computer aided resonance assignment (CARA) program.67

3.3 Solution NMR spectroscopy
Two samples were used for 1D 31P solution NMR experiments. The first consisted of
approximately 0.15 mM NA ASR solubilized in pH = 8 buffer (5 mM NaCl,10 mM Tris, 0.05%
DDM, 10% D2O). The second was 450 µL of filtrate from concentrating NA ASR using the
Amicon Ultra-15 10 K centrifugal diluted with 50 µL of D2O (10% of total volume) for lock. All
spectra were collected on a Bruker Avance III spectrometer operating at a magnetic field strength
of 9.398 T corresponding to a proton Larmor frequency of 400.13 MHz. A Bruker Prodigy cryoprobe with the inner coil tuned to 31P and the outer coil tuned to 1H was used for all
measurements. The sample temperature was kept at approximately 40°C. The chemical shifts
were referenced to 85% H3PO4 in a capillary tube surrounded by D2O. The 1D 1H decoupled, 31P
spectrum was recorded using a single 30° pulse of duration 4 µs for excitation; 32768 points
were in the FID, and the dwell time was 30.933 µs.

3.4 LC-MS
The NA ASR at a concentration of approximately 2 mg/mL solubilized in pH = 8 buffer (5
mM NaCl,10 mM Tris, 0.05% DDM) was used for liquid chromatography–mass spectrometry
(LC-MS). Analyses were performed on an Agilent 1200 HPLC liquid chromatograph interfaced
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with an Agilent UHD 6530 Q-TOF mass spectrometer at the Mass spectrometry Facility of the
Advanced Analysis Centre, University of Guelph. A C18 column (Agilent Zorbax 300SB-C18,
50 mm x 1 mm 3.5 µm) was used for chromatographic separation with the following solvents:
water with 0.1% formic acid (A) and acetonitrile with 0.1 formic acid (B). The mobile phase
gradient was as follows: initial conditions were 10% B hold for 5 min, then increasing to 85% B
in 12 min, followed by an increase to 100% B for a column wash for 4.9 min and 10 min reequilibration. The flow rate was maintained at 0.2 mL/min. The mass spectrometer electrospray
capillary voltage was maintained at 5.0 kV and the drying gas temperature at 350° C with a flow
rate of 12 L/min. Nebulizer pressure was 35 psi and the fragmentor voltage was set to 300 V.
Nitrogen was used as nebulizing, drying gas, and collision-induced dissociation gas. The massto-charge ratio was scanned across the range of 150-3200 m/z in 4 GHz extended dynamic range
in both positive and negative-ion MS mode (4 amu). The AutoMS2 function was employed to
automatically fragment 5 ions per cycle that were above 200 abundance counts in a single scan
and either singly- or doubly-charged. The instrument was externally calibrated with the ESI
TuneMix (Agilent). The sample injection volume was 5 µL.
Chromatograms were analyzed within Agilent Qualitative Analysis software B 07.0. Using
the Molecular Feature algorithm, compounds were found and formulas including elements C, H,
O, N, S, and P were generated. The posited compounds were searched against the Agilent Metlin
database for identification. The identification was verified by comparing to known fragmentation
patterns of standards in the LIPID MAPS lipidomics Gateway.68
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4 Results and discussion
It has previously been established that several small molecules co-purify with ASR and
appear to be strongly bound.20 Based on characteristic chemical shifts in 2D carbon-proton NMR
spectra, the molecules were broadly classified as sugars and lipids.20 These molecules possess
flexible parts that are resolved using through-bond INEPT53 excitation, but likely contain rigid
portions which are immobilized by strong non-covalent interactions with ASR.20
Identifying the rigid and flexible parts of the small molecules represents a significant
spectroscopic challenge. Through-space NMR methods are needed to excite the rigid anchoring
portions; however, the spectral resolution is limited by a high potential for overlap with the
abundant signals from the residues in the transmembrane regions of ASR.54 Due to the
degeneracy of the carbon chemical shifts, the number of resolved phospholipid acyl tail signals is
also anticipated to be low.69 Properly characterizing the flexible portions is impeded by large
chemical shift dispersion due a wide variety of functional groups. For example, sugars often
feature carbonyl, methyl, and N-acetyl-groups.70 The head-groups of lipids pose an additional
level of complexity, as these regions may contain sugar moieties, as exemplified by BR.23 Short
peptides, such as the penta-peptide in the structure of peptidoglycan are also possible.71
We used 2D and 3D solid-state NMR, 1D 31P solution NMR, and LC-MS to overcome
these challenges. Spectroscopic assignments for the 1H, 13C, and 15N atoms of the small
molecules that co-purify with ASR are obtained using solid-state NMR. By building spin
systems and comparing the assigned chemical shifts with the accepted values and ranges for
sugar atoms70,72, we identified N-acetyl-D-glucosamine (GlcNAc), N-acetyl-Dmannosaminuronic acid (ManNAcA), and 4-acetomido-4,6-dideoxy-D-galactose (Fuc4NAc). In
addition, the LC-MS analysis identifies five different PE molecules; these findings are
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corroborated by 1H and 13C chemical shifts for the head-group and acyl tail from solid-state
NMR, and consistent with a 31P chemical shift from solution NMR.

4.1 Identification of GlcNAc, Fuc4NAc, and ManNAcA
The combination of through-bond 2D CC INEPT-TOBSY, 3D HCC INEPT-TOBSY, and
2D CT experiments were used to assign 1H, 13C, and 15N atoms of the flexible parts of the small
molecules.
We begin by rationalizing the extension of INEPT-TOBSY to a 3D HCC experiment.
Consider the two spectra overlaid as shown in Figure 9, corresponding to the short and long
mixing versions of the 2D CC INEPT-TOBSY experiment. There are numerous signals resolved
from 40-83 ppm, but many of the observed 13C chemical shifts are degenerate. A 3D scheme is
necessary to lift the degeneracy observed in the 13C chemical shifts by correlating to 1H. Thus,
the 3D HCC INEPT-TOBSY experiment offers improved resolution, with the added benefit of
providing 1H chemical shifts.
An example of the 2D HCC version from the 3D HCC INEPT-TOBSY experiment is
shown in Figure 10. Consistent with previous observations,20 there are a large number of wellresolved resonances detected in this spectrum, with typical proton line widths on the order of 0.1
ppm. This is significantly smaller than what one would expect from rigid species (tens of ppm)
under similar MAS conditions. The detected line narrowing is consistent with these species
undergoing fast and large-amplitude motions that effectively average out 1H-1H dipolar
interactions and result in high proton spectral resolution.
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Figure 9: The aliphatic regions from 40-83 ppm of the 2D CC INEPT-TOBSY spectra of UCN ASR obtained using
TOBSY mixing times of 4.20 ms (orange) and 7.13 ms (green). A dashed line is used to emphasize how six cross
peaks share the indirect chemical shift value of 81.5 ppm in the version with a longer mixing time (7.13 ms). This
chemical shift degeneracy gives rise to a detrimental ambiguity when building spin systems. Compared to the
shorter mixing time (4.13 ms), four of the peaks highlighted by the dashed line are still present; this distinguishes
these peaks as one-bond transfers, but clearly the degeneracy is still significant. By extending to the 1H dimension,
the 3D HCC INEPT-TOBSY experiment disambiguates such cases.
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Figure 10: The 2D HCC plane of the 3D HCC INEPT-TOBSY spectrum of UCN ASR. Typical line widths are 0.1 0.15 ppm in the indirect 1H dimension. The narrow line widths support the assessment that these species are
undergoing fast and large-amplitude motions, which effectively average out 1H-1H dipolar couplings.
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Using the 3D HCC correlation scheme, we proceeded to unambiguously link 1H and 13C
atoms into three spin systems, as shown in Figure 11. Since 1H chemical shifts are less dispersed,
it was prudent to first exploit the 13C chemical shifts information. We immediately identified
anomeric carbons (C1) (see Figure 12E for chemical structure) as a convenient starting point for
linking atoms together in the chemical shift walk (Figure 11). The isolated 13C chemical shifts of
97.5 ppm, 101.5 ppm, and 101.7 ppm shown in Figure 11 are the unique signatures of this type
of sugar carbon atoms.70 Two of the C1 atoms with chemical shifts of 101.5 ppm and 96.6 ppm
were linked to C2 at 55.8 ppm and 56.2 ppm, respectively (Figure 11A and B); both chemical
shifts are indicative of N-acetylation.70 Subsequently, there are C2→C3, and C3→C4
connections for both of these spin systems, with the chemical shifts of the C3 and C4 atoms
being in the range 72-82 ppm, and both chemical shifts are indicative of ring carbons with
hydroxyl groups.70 The aforementioned C1 anomeric carbon chemical shift of 101.7 ppm,
connects to C2 at a chemical shift of 69.9 ppm, which indicates that this atom has a hydroxyl
group (Figure 11C). The C2 at 69.9 ppm is followed by another hydroxylated C3 at 75.8 ppm.
The C3 atom links to C4 at 52.5 ppm. Evidently, all three spin systems contain atoms with
chemical shifts that are characteristic of N-acetylation. All three spin systems also contain a C5
atom, and the chemical shifts correspond to carbons bearing a hydroxyl group. Furthermore, each
of the three spin systems is unique at the C6 position: one appears to be missing this atom
altogether, the second with the potential C4 N-acetylation has the chemical shift of 18.2 ppm that
suggests a methyl group, and the last has the chemical shift of 62.7 ppm corresponding to a
hydroxymethyl group.70
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Figure 11: The 3D HCC INEPT-TOBSY planes showing 13C and 1H assignments for flexible sugar moieties
tightly-bound to UCN ASR. The three spin-systems correspond to N-acetyl-D-glucosamine (GlcNAc) (A), N-acetylD-mannosaminuronic

acid (ManNAcA) (B), and 4-acetomido-4,6-dideoxy-D-galactose (Fuc4NAc) (C).
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The H1 chemical shifts for all three spin systems are approximately 5 ppm, and this value
is consistent with a proton bonded to an anomeric carbon (C1). The other proton chemical shift
values are less informative, but still corroborate the interpretation that the 13C chemical shift data
pertains to sugar moieties.
The N-acetyl groups needed to be verified for the three sugar spin systems from the 3D
HCC chemical shift walks. Considering the structure of an N-acetyl group, the nitrogen in the
amino group connects to a carbon in the sugar ring that has a chemical shift in the typical range
of CA atoms of amino acid residues. The same nitrogen atom is expected to be linked to a
carbonyl group, and this carbonyl group is also linked to a methyl group. Therefore,
confirmation of an N-acetyl group requires N-CA, N-CO, and CO-CH3 type correlations. To
resolve these correlations, we conducted CT-NCA, CT-NCO, and CTUC-CoSy experiments,
respectively.
Figure 12 demonstrates how 2D CC INEPT-TOBSY, CT-NCA, CT-NCO, as well as
CTUC-CoSy spectra can be used to complete the assignments of the functional groups of the
three sugar spin systems. In particular, we obtain 13C and 15N assignments for the N-acetyl
groups suggested by the chemical shifts 56.2 ppm, 55.8 ppm, and 52.5 ppm. For example, a sixcarbon sugar has a cross-peak involving the C4 at 52.5/116.0 ppm in the CT-NCA spectrum
(Figure 12B). This connects via the nitrogen chemical shift of 116.0 ppm to the cross-peak at
177.3/116.0 ppm in the CT-NCO spectrum (Figure 12C). The carbonyl atom chemical shift of
177.3 ppm also correlates to a methyl resonance at 177.3/24.8 in the CTUC-CoSy spectrum
(Figure 12D). These three cross-peaks fully assign the N-acetyl group connected at the C4 for
this spin system. Similar cross-peaks in Figure 12 are clearly resolved for the other two sugars,
but instead connect to the C2 atoms. This means there are two 2-N-acetylated sugars and one 4-
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N-acetylated sugar present. In addition, a cross-peak in the CTUC-CoSy spectrum at 177.7/79.7
ppm has the C5 chemical shift (79.7 ppm) of one of the 2-N-acetylated sugars (Figure 12D). The
other chemical shift of 177.7 ppm belongs to a C6 carbonyl group; this explains why the C6
atom appears to be missing from the 3D HCC INEPT-TOBSY (Figure 11B).
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Figure 12: Regions of the CC INEPT-TOBSY (A), CT-NCA (B), CT-NCO (C), and CTUC-CoSy (D) spectra with
assignments for tightly-bound sugars and PE (E). Assignments marked with a prime likely correspond to
stereoisomers of the same sugar. The cross-peaks for M5→6 and F/F’ N→4 are phase twisted. For the CT-NCA
spectrum (B) this occurs because CA-CB antiphase coherence is retained after the J-evolution, leading to a spurious
line shape. For the CTUC-CoSy spectrum (D), this is simply an artifact.
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The final assignments for the three N-acetylated sugars, based on 3D HCC chemical shift
walks (Figure 11) combined with correlations from 2D CT-experiments (Figure 12), are shown
together with the chemical structures in Figure 12E. The sugar that is N-acetylated at the C4
position with a methyl group as C6 (18.2 ppm) corresponds to Fuc4NAc. The two sugars Nacetylated at the C2 position are distinguished using the C6: a carboxylic acid group as C6
(177.7 ppm) implicates ManNAcA, the hydroxymethyl C6 (62.7 ppm) belongs to GlcNAc.
We note here that our assignments indicate only one type of ManNAcA present, but two
Fuc4NAc, and two or more GlcNAc. This is evident from dual chemical shift assignments for
C1, C5, C6, C8, H5 and H6 for GlcNAc, and C3, C4, and H3 for Fuc4NAc. These are denoted
with a prime in Figure 12 and by chemical shifts in parentheses in Table 1.
Multiple non-equivalent Fuc4NAc and GlcNAc molecules are easily rationalized by the
presence of multiple stereoisomers: only some of the chemical shifts for different stereoisomers
are distinct. This agrees with the chemical shift values reported for sugar anomers obtained using
solution NMR.70,73 Considering that the sugars that co-purify with ASR are highly mobile, it is
unlikely that the exchangeable assignments arise due to GlcNAc and Fuc4NAc molecules
undergoing different interactions with ASR.
Interestingly, the sugars GlcNAc, Fuc4NAc, and ManNAcA (Figure 12E) that co-purify
with ASR also comprise enterobacterial common antigen (ECA). The phosphoglyceride-linked
enterobacterial common antigen (ECAPG) is a glycolipid found on the cell surface of all gramnegative enteric bacteria.1,74–78 The carbohydrate portion of ECA is a linear heteropolysaccharide
comprised of the trisaccharide repeat unit →3)-α-D-Fuc4NAc-(1→4)-β-D-ManNAcA-(1→4)-αD-GlcNAc-(1→.77–80 A

water-soluble cyclic form of ECA referred to as ECACYC has been shown

to occur in E. coli strain B, and it contains only the trisaccharide repeat units of ECA.74 ECACYC
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has been assigned using solution NMR spectroscopy.78 Table 1 compares the chemical shift
assignments for GlcNAc, Fuc4NAc, and ManNAc that co-purify with ASR with the chemical
shift assignments for the sugar residues comprising ECACYC.
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Table 1: Comparison between the 13C, 1H, and 15N chemical shifts (δ in ppm) of the N-acetylated sugars that copurify with ASR and the sugar residues comprising ECACYC.a
Fuc4NAc
(ASR)

→3)-α-D-Fuc4NAc-(1→
(ECACYC)

ManNAcA →4)-β-D-ManNAcA-(1→
(ASR)
(ECACYC)

GlcNAc
(ASR)

→4)-α-D-GlcNAc-(1→
(ECACYC)

C1

101.4

103.7

101.5

101.3

96.6 (97.4)

95.9

C2

69.9

70.4

56.2

55.8 (60.0)

55.8

55.9

C3 75.8 (76.9)

74.4

75.1

75.1

72.2

72.2 (70.6)

C4 52.5 (53.4)

52.5 (53.4)

76.9

80.6

81.4

81.5

C5

68.3

69.4 (69.0)

79.7

80.5

72.9 (70.7)

73.1

C6

18.2

18.4

177.7

-

62.7 (65.4)

62.9

C7

177.3

177.0 (177.4, 176.6)

178.0

178.2

176.7

176.8

C8

24.8

24.8

25.0

24.9

25.0 (23.2)

25.0

H1

5.44

5.11

4.96

4.85

5.02

4.96

H2

3.82

3.80

4.52

4.52

3.99

3.97

H3 4.00 (3.92)

4.06

4.11

4.05

3.91

3.83

H4

4.37

4.32

3.93

3.77

3.80

3.76

H5

4.23

4.25

3.85

3.81

3.94 (4.20)

4.03

H6

1.10

1.04

-

-

3.83 (4.39)

3.83, 3.78

N

116.0

115.2 (115.8, 116.0)

115.2

114.8

120.7

122.0 (122.4)

a

Atom labels and sugar abbreviations are the same as in Figure 2E. All chemical shifts are referenced with respect to
DSS. Chemical shifts in parenthesis are for exchangeable assignments for the N-acetylated sugars that co-purify
with ASR (denoted with a prime in Figure 2A), and for minor species for ECACYC. The atoms of the sugars in
ECACYC with chemical shift differences of more than 1 ppm from the detected shifts of the N-acetylated sugars that
are tightly bound to ASR are bolded.

To emphasize the chemical shift differences between ECACYC and the N-acetylated sugars
that co-purify with ASR, the 13C chemical shift values are overlaid on the structure of ECACYC,
as shown in Figure 13. The degree of similarity between these chemical shift values provides
evidence for whether the sugars that co-purify with ASR are glycosidically linked in a similar
manner to ECACYC. We see that the majority of the chemical shifts of the sugars differ by only
0.3 ppm for 13C, 0.1 ppm for 1H, and 1 ppm for 15N in Table 1. The largest chemical shift
differences for 13C occur at the glycosidic linkage positions; specifically, the C1 and C3 of
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Fuc4NAc, C4 of ManNAcA, and C1 of GlcNAc. This is also true for 1H, although the
discrepancy manifests for fewer atoms: H1 of Fuc4NAc differs by 0.33 ppm, and the H4 of
ManNAcA differs by 0.16 ppm. The significant chemical shift differences for C1/H1 of
Fuc4NAc, and the C4/ H4 of ManNAcA may indicate that there is no 1→4 linkage between
Fuc4NAc and ManNAcA when these sugars co-purify with ASR. Similarly, differences at the
C3 of Fuc4NAc and C1 of GlcNAc provide evidence that the cyclic 1→3 linkage may not be
present for the co-purifying sugars. The interpretation is ultimately unclear, because information
confirming the glycosidic linkages would require NOE experiments. Overall, there is a good
agreement with the chemical shifts of ECACYC.

Figure 13: The chemical structure of ECACYC with 13C chemical shift values overlaid. The sugar residues
comprising ECACYC are labelled above, with the atoms numbered (grey) as in Table 1 and Figure 12E. The dotted
bonds indicate the 1→3 cyclic linkage. The 13C chemical shifts of the atoms in ECACYC are shown in green, and the
13

C chemical shifts for the atoms in the flexible sugar moieties that co-purify with ASR are shown in orange for

comparison.
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4.2 Identification of PE
The LC-MS analysis of NA ASR in negative ion mode found five endogenous PE
molecules (Table 2). These molecules were identified within a tolerance of 15 ppm. The acyl tail
lengths of the five PE molecules are generally different. The fragment masses obey the formula
for linking the masses of the carboxylate moieties and the molecular masses of PE81
µ
µ
𝑀°± = 𝑀•j²²³´µ+
+ 𝑀•j²²³´µ,
+ 181,

(31)

µ
µ
where 𝑀•j²²³´µ+
and 𝑀•j²²³´µ,
are the two largest fragment m/z values in each row of Table 2.

Table 2: Masses of PE molecules identified by LC-MS.a

Molecule

a

Mass
Mass
Mass
tr
Experimental Calculated Error
(min)
(Da)
(Da)
(ppm)

MS/MS
Fragments
(m/z)

PE 16:0/14:0 20.73

663.923

663.484

9.43 227, 255, 196, 140

PE 16:1/16:0 20.75

689.494

689.500

7.41 255, 253, 196, 140

PE 16:0/17:1 20.69

703.507

703.515

10.73 267, 255, 196, 140

PE 17:1/17:1 20.75

715.510

715.515

7.64

PE 17:1/18:1 20.75

729.524

729.531

10.10 281, 267, 196, 140

267, 196, 140

Acyl tail notation is C:D, where C is the number of carbon atoms and D is the number of double bonds.

The results of LC-MS detection of PE are consistent with solid-state NMR data. Besides
GlcNAc, ManNAcA, and Fuc4NAc, discussed in the previous section, there are two additional
cross-peaks in the NMR spectra representing mobile species. The correlations at 64.7/43 ppm
and 65.2/43 ppm are readily detectable in the 2D CC INEPT-TOBSY spectrum (Figure 12A) and
agree with the chemical shifts for the only two carbon atoms in the head group (Cα, Cβ) of liver
PE69, as well as the PE associated with E. coli K-12 lipopolysaccharide (LPS)82. These chemical
shifts for the head group atoms of PE are compared in Table 3. No further PE signals were
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observed in through-bond spectroscopy, which is consistent with the remainder of the molecule
being rigid, and consequently invisible in through-bond spectroscopy.

Table 3: Comparison between the 1H and 13C chemical shifts (δ in ppm) of the PE headgroups that co-purify with
ASR and the PE headgroups associated with E. coli K12 LPS and liver PE.a

PE headgroup PE headgroup 1 PE headgroup 2 PE head group
(ASR)
(E. coli K12 LPS) (E. coli K12 LPS) (Liver PE)
Cα

64.7 (65.2)

63.9

63.4

64.7

Cβ

43.0

41.6

41.8

42.6

Hα

4.16

4.24

4.13

4.00

Hβ

3.32

3.31

3.30

3.27

Hγ

-

-

-

8.36

PO4

0.42

-

-

0.43

a

Atom labels are the same as in Figure 2E. All 13C and 1H chemical shifts are referenced with respect to DSS, and all
phosphorous chemical shifts are referenced to 85% H3PO4. 31P chemical shifts were measured at 40°C; 13C chemical
shifts of the PE headgroup were measured at approximately 5°C. Chemical shifts reported for liver PE were
determined at ambient temperature.69 Chemical shift of the Cα of the PE head-group that co-purifies with ASR in
parenthesis is for a minor species.

Through-space spectroscopic methods are required to detect the rigid parts of the small
molecules that interact non-covalently with ASR. The detection of rigid parts, likely acyl chains
or other hydrocarbon chains, is difficult. This is because the 13C chemical shifts of acyl tail atoms
are highly degenerate;69 thus, many of the relevant cross-peaks would overlap with the intense
diagonal region in a typical 2D carbon-carbon correlation spectrum (e.g., 2D CP-DARR).
Furthermore, the spectra are convoluted by signals from the amino acid residues in the rigid
transmembrane alpha-helices of the protein.
As a way to partially alleviate this difficulty, we collected DQ-SQ INADEQUATE-type
correlation spectroscopy55, using SPC53 recoupling61 for the excitation and conversion of the
double quantum coherences between neighboring carbons (Figure 8). DQ-SQ correlation
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spectroscopy is advantageous compared to DARR because the double quantum filter suppresses
the diagonal peaks, and so it allows for resolving of intra-acyl chain correlations between
chemically and structurally similar atoms.
An example of a DQ-SQ correlation spectrum is shown in Figure 14. The spectrum
displays individual shifts along the direct dimension (x-axis), and the sum of the chemical shifts
of interacting nuclei (double quantum coherences) along the indirect dimension (y-axis).
While the majority of the peaks in the DQ-SQ correlation spectrum can be attributed to 209
amino acids of ASR that were assigned in previous works16,54, there are several cross-peaks with
chemical shifts that are not due to these assigned amino acid residues.65 The unassigned peaks
are instead consistent with the expected resonances from fatty acids.69
Figure 14 shows an example of a potential fatty acid spin system. Since the length of the
acyl tail is unknown, the atoms are numbered using the variable n. To build this system, it is
easiest to begin at the unique diagonal chemical shift value of 18.1 ppm. Considering that this
peak is diagonal, it likely represents carbon atoms with degenerate chemical shifts, which is
highly characteristic of an acyl tail.69 The Cn carbon can be connected to a Cn – 1 atom with a
chemical shift of 42.9 ppm. The spin system is completed by extending to a Cn – 2 atom at 28.8
ppm. There was another correlation that did not coincide with the assignments for ASR, and this
is marked using astericks in Figure 14. The chemical shifts of the two carbon atoms for this
correlation are presented in Table 4.
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Table 4: Unassigned 13C chemical shifts (δ in ppm) for rigid entities that co-purify with ASR. It is feasible that these
chemical shifts correspond to carbon atoms in an acyl tail. Chemical shifts for atoms that could not be linked into
spin systems are designated generically using an astericks.a
Cn
Cn – 1
Cn – 2
*
*
a
All chemical shifts are referenced with respect to DSS.

18.1
42.9
28.8
16.5
25.3
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Figure 14: Example of an unassigned spin system from the 2D DQ-SQ SPC53 spectrum that may correspond to an
acyl tail. Since it is unknown whether the spin system is complete, the carbon atoms are designated generically as
Cn, Cn-1, and Cn-2. One other pair of unassigned peaks was identified and is marked with astericks. The peaks marked
in red are folded, and consequently have negative intensity.
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4.3 Preliminary attempts to verify a lipid aglycone
While the NMR signatures of tightly bound PE lipids are corroborated by the results of LCMS, none of the sugar moieties (GlcNAc, ManNAcA, and Fuc4NAc) were found in either
positive or negative ion-mode spectra. The sugar moieties are likely linked to a rigid and
unidentified lipid aglycone anchor that binds to ASR. The theoretical mass of the entire
molecule(s) is not unknown, and furthermore, it may not ionize well. In accordance with the
chemical shift similarities between the sugars and ECACYC (Figure 13), with only minor
differences at the glycosidic linkage positions, we hypothesize that this lipid aglycone could
either be undecaprenylpyrophosphate (Und-PP) or the phosphoglyceride from ECAPG. The
former is because Lipid III (Und-PP-GlcNAc-ManNAcA-Fuc4NAc) is an intermediate in the
biosynthetic pathway for ECACYC and ECAPG.78
A 1D 31P solution NMR experiment was used to potentially prove the presence of an UndPP chain or a phosphoglyceride. Assuming the phosphate group(s) of the PE molecules could be
resolved and assigned, any additional 31P chemical shifts would represent indirect evidence for
the presence of a lipid aglycone. Moreover, the chemical shift values for the additional resonance
may implicate Und-PP or phosphoglyceride, considering that these phosphate moieties have
fairly different electronic environments.
The 1D 31P solution NMR spectrum of NA ASR is shown in Figure 15. The protein was
solubilized in DDM (pH = 8 buffer, 5 mM NaCl, 10 mM Tris, 0.05% DDM, 10% D2O) so that
only endogenous phosphorous signals would be present. Three 31P signals are observed, with
chemical shifts of 0.86 ppm, 0.67 ppm, and 0.42 ppm referenced to 85% H3PO4. The latter
highest intensity peak is consistent with the phosphate group of PE (Table 3).69 Chemical shifts
of the former two peaks are consistent with monophosphodiesters. Indeed, data suggest that the
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P chemical shifts of monophosphate groups of glycolipids are –3-2 ppm, whereas

pyrophosphate group chemical shifts are 10-13 ppm.83,84 The differing solvent conditions and
temperature likely play a role, such that the three peaks in the spectrum can only be tentatively
assigned. However, based on the large chemical shift difference between pyrophosphate and
monophosphate groups, a phosphoglyceride seems more likely than Und-PP.
As an additional control experiment used to demonstrate that the phosphorous containing
entities are tightly coupled to ASR, a 1D 31P spectrum was also acquired from a sample that
consisted of the filtrate from concentrating NA ASR. As expected, no signals are observed in the
31

P spectrum of the filtrate, supporting the conjecture that these entities are tightly bound.
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Figure 15: The 1D 31P solution NMR spectrum of endogenous phosphate moieties and PE that are tightly bound to
NA ASR. The chemical shifts are 0.86 ppm, 0.67 ppm, and 0.42 ppm referenced to 85% H3PO4 at 0.00 ppm.
Relative integrated intensities for these peaks are 10, 19, and 36, respectively. These values indicate that the relative
population of the upfield peak at 0.42 ppm, which has a chemical shift consistent with PE, is the largest.
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5 Conclusion and future work
We have shown that combining 3D HCC INEPT-TOBSY with 2D CT experiments is an
effective means to investigate the flexible portions of the small molecules that co-purify with an
integral membrane protein. INEPT selectively excites nuclei in the high mobility regime, so that
the majority of the signals from the rigid transmembrane alpha-helical residues are suppressed
and do not contribute to spectral complexity. Spin systems containing 13C, 15N, and 1H can be
built across different functional groups with widely varying chemical shifts (15-185 ppm). The
key structural features of sugars such as the anomeric carbon, C6 functional group, and the
presence of N-acetyl groups are all assignable using this strategy. For lipids, the head groups can
be detected. The effectiveness of the approach is exemplified by the identifications (Figure 11
and 12) of Fuc4NAc, ManNAcA, GlcNAc, and PE, which are tightly bound to ASR.
The 2D DQ-SQ carbon-carbon correlation experiment was useful for identifying the
potential signals from the rigid acyl tails of lipids. We found that the 2D CP-DARR spectrum
was too congested with resonances from the signals from ASR to be useful. It was favorable to
use an experiment with a double quantum filter for coherences (SPC53), as this results in an
unpopulated diagonal of peaks, such that the contributions from the similar chemical shifts of the
acyl tail carbons are more apparent. Although the 2D DQ-SQ correlation spectrum was also
highly overlapped with ASR signals, a number of unique non-protein correlations could be
identified; they may correspond to atoms in acyl chains.
The identification of PE by solid-state NMR is clearly augmented using LC-MS. While the
mobile head group was observed using 2D CC INEPT-TOBSY, and potential acyl tail
correlations were identified in the DQ-SQ spectrum, LC-MS confirms both the presence of PE
lipids and identifies acyl chains (Table 2).
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Based on the fact that GlcNAc, ManNAcA, and Fuc4NAc are mobile, we hypothesize that
an undetected lipid aglycone must undergo strong non-covalent interactions with ASR to enable
the co-purification of the entire glycolipid. Although the headgroup of this phospholipid would
be more massive, the phenomenon would be similar to PE, whereby only the headgroup portion
of the molecule is visible in through-bond NMR spectroscopy (Figure 12A). The sugar moieties
resemble the heteropolysaccharide ECACYC, evidenced by 13C (Figure 13), 1H, and 15N chemical
shift similarities (Table 1), with minor chemical shift differences at the glycosidic linkage
positions. Therefore, two logical options for the glycolipid are Lipid III and ECAPG, since these
molecules also feature that also feature GlcNAc, ManNAcA, and Fuc4NAc. The unassigned 31P
chemical shifts likely correspond to monophosphodiesters, suggesting a phosphoglyceride,
although unambiguous assignments could not be made from the data. Note that there are
somewhat analogous glycolipids present in the purple membrane that associates with BR. These
are referred to as lipid X and S-TGD-1.23
An experiment that verifies whether any of the molecules from the ECACYC biosynthesis
pathway are present involves deleting the WecA gene from the wec gene cluster of E. coli. The
synthesis of the trissacharide units of ECACYC and ECAPG are assembled by a common
biosynthetic pathway.78 This pathway is initiated by the transfer of GlcNAc 1-phosphate onto
undecaprenyl phosphate to form Und-PP-GlcNAc, catalyzed by WecA.78,85 Deletion of WecA
would consequently prevent the initiation of biosynthesis, and so it would stop the production of
ECAPG and ECACYC.78,85 Thus, after purifying ASR from this E. coli mutant, which is currently
in the works with our collaborators, the signals for GlcNAc, ManNAcA, and Fuc4NAc should
disappear. The signals from the lipid aglycone would also disappear, such that it may be possible
to identify them by comparing with spectra of the wild-type ASR.
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It may help to determine the lipid aglycone for GlcNAc, ManNAcA, and Fuc4NAc by
extracting the unknown glycolipid from ASR. We attempted to extract glycolipids from NA ASR
into a deuterated methanol phase of a Bligh-Dyer mixture, which was then analyzed using 1H
solution NMR. This experiment was unsuccessful because ASR is solubilized in DDM, and so
the 1H chemical shifts of the maltose (disaccharide of two 1→4 glycosidically linked glucose
units) headgroup of DDM overlapped with potential signals from GlcNAc, ManNAcA, and
Fuc4NAc. The 1H chemical shifts of the dodecyl tail of DDM also likely overlapped with the
unknown lipid aglycone. We performed dialysis with additional bio-beads to remove the DDM,
and although the 1H signals from DDM disappeared, the co-purifying sugars were not observed.
GlcNAc, ManNAcA, and Fuc4NAcA were similarly undetected in LC-MS of the methanol and
chloroform phases of the Bligh-Dyer extraction mixture regardless of dialysis. These preliminary
results indicate that the glycolipid may be insoluble in methanol or chloroform. Matrix-assisted
laser desorption/ionization (MALDI) is a versatile alternative to LC-MS because most
compounds give signals in their native state.86 The MALDI spectra of NA ASR acquired by our
collaborators were once again complicated due to DDM, although several entities with large
masses failed to produce fragment ions, resulting in a diagnostic ambiguity. Clearly, a more
robust extraction protocol needs to be developed, whose success can be judged based on the
presence of GlcNAc, ManNAcA, and Fuc4NAc, which give clear signals in solid-state NMR
spectra (Figure 11 and 12).
Overall, the knowledge of sugars and lipids that tightly bind to ASR has been expanded:
the mobile sugars GlcNAc, ManNAcA, Fuc4NAc, and the lipid PE were identified, and the rigid
anchor for the sugars is likely either Und-PP or a phosphoglyceride. This serves as a foundation
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that will help determine where these small molecules bind, and also whether these small
molecules aid in the trimerization of ASR.
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