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ABSTRACT

Lipidic cubic phases, which form spontaneously via the self-assembly of certain lipids in an aqueous envi-
ronment, are highly prospective nanomaterials with applications in membrane protein X-ray crystallog-
raphy and drug delivery. Here we report 'H-'°N heteronuclear single/multiple quantum coherence
(HSQC, HMQC) spectra of '>N-enriched proteins encapsulated in inverse bicontinuous lipidic cubic phases
obtained on a standard commercial high resolution NMR spectrometer at ambient temperature. >N-
enriched proteins encapsulated in this lipidic cubic phase show: (i) no significant changes in tertiary
structure, (ii) significantly reduced solvent chemical exchange of backbone amides, which potentially
provides a novel concept for quantifying residue-specific hydration; and (iii) improved spectral sensitiv-
ity achieved with band-selective excitation short-transient (BEST) spectroscopy, which is attributed to
the presence of an abundant source of 'H nuclear spins originating from the lipid component of the cubic
phase.

© 2019 Elsevier Inc. All rights reserved.

1. Introduction

Interactions between water and biomolecules, specifically pro-
tein hydration dynamics, play a critical role in the function of all
biological systems [1]. However, advances in the experimental
quantification of such effects, at least at the atomic level, have been
slow. Solution NMR has been long considered as the leading means
for gaining insight into site-specific protein hydration dynamics via
measurement of the nuclear Overhauser effect (NOE) between
water and proteins [2]. Nevertheless, quantification of protein
hydration dynamics in aqueous solution (commonly employed
for structural, interaction and dynamics studies) via the measure-
ment of intermolecular NOE has proved challenging due largely
to the presence of excessive bulk water molecules outside the
hydration layer, which contribute to experimentally measured
intermolecular NOE though long range dipole-dipole coupling [3].

Recently, it has been demonstrated that comprehensive
residue-specific hydration dynamics measurements can be
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achieved via the use of reverse micelles [4,5]. Encapsulation of pro-
teins in the aqueous centre of reverse micelles effectively elimi-
nates the excessive bulk water around the proteins of interest
and thus significantly reduces hydrogen exchange chemistry and
considerably slows down the rapid water dynamics normally pre-
sent in aqueous solutions [6]. Together with the use of relatively
short mixing times, which limits the maximum NOE-detected dis-
tance to approximately 5 A, NOE interactions observed between
water and protein could be unequivocally assigned to the water
molecules within the hydration layer [3,4].

Lipidic inverse bicontinuous cubic phases are a group of closely
related structures formed by the spontaneous self-assembly of par-
ticular lipids in an aqueous environment. They consist of a single
lipid bilayer, which approximates the geometry of a triply periodic
minimal surface, resulting in the formation of two unconnected
but interpenetrating networks of water channels. In binary lipid-
water systems, three lipidic cubic phase (LCP) structures are
observed experimentally: the diamond (QP), primitive (Q}) and

gyroid (Qﬁ), corresponding to space groups Pn3m, Im3m and la3d,
respectively. [7] A three-dimensional schematic representation of
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the Q} LCP used in the present study, together with '*N-labelled B1
immunoglobulin-binding domain of Streptococcal protein (GB1)
encapsulation, and NMR sample setup are shown in Fig. 1. The abil-
ity of these materials to encapsulate hydrophilic compounds
within the water channels, as well as amphiphilic and hydrophobic
compounds within their membrane mimetic bilayer environment,
has led to their increasing use in a number of fields, including the
crystallization of membrane proteins (in meso crystallization) [8]
and the encapsulation and delivery of therapeutic compounds
[9-11]. Importantly, the geometry of these materials, including
the water channel diameter, is highly tuneable via modifications
to their lipid composition [12,13]. The compatibility and stability
of the LCP under the various buffer and experimental conditions
necessary for structural/dynamics studies, including temperature,
pH, chemical reagents and detergents, have been well charac-
terised [14-17].

Herein we describe a novel technique for achieving comparable
exclusion of surrounding bulk water in aqueous protein solutions
via their encapsulation within a lipidic inverse bicontinuous cubic
phase matrix. We first report '"H-'>N heteronuclear single/multiple
quantum coherence (HSQC, HMQC) spectra of '>N-enriched protein
encapsulated in a LCP obtained using a standard commercial high-
resolution NMR spectrometer at ambient temperature. Then we
show experimental confirmation of reduced solvent chemical
exchange of protein backbone amides in LCP encapsulation, analo-
gous to those previously reported in reverse micelle encapsulated
proteins. Protein encapsulation in LCPs thus provides a potential
novel alternative to reverse micelles for quantitation of residue-
specific protein hydration dynamics [4,5]. Finally, we demonstrate
that additional spectral sensitivity gain can be achieved with the
use of band-selective excitation short-transient (BEST) 'H-°N
HMQC spectroscopy, attributed to the presence of abundant 'H
nuclear spins originating from the high lipid content of the LPC.

2. Results and discussion

A sample consisting of the °N-labelled GB1 encapsulated in a
QP LCP was prepared by mixing lipid (monoolein, 62% w/w) and
aqueous GB1 solution (38% w/w), resulting in the spontaneous for-
mation of the LCP. The solubilized GB1 was thus encapsulated
within the water channels, which at this level of hydration span
approximately 4.5 nm in diameter (illustrated in Fig. 1b) [18].
The viscous LCP was then dispensed into a capillary, sealed and
placed into a standard 5-mm NMR tube filled with 2H,0 (illus-
trated in Fig. 1c and in Fig. S1, Supplementary Material). It is worth
noting that, due to the high lipid content of the sample (62% w/w)
and the small size of the capillary, 30 uL of protein solution is suf-
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Fig. 1. (a) A three-dimensional representation of the QF LCP, (b) an illustration
showing the encapsulation of GB1 protein within the water channels of the LCP, and
(c) the experimental setup employing an LCP filled capillary sitting in a H,0 filled
NMR tube. A detailed view of (c) is presented in the Supplementary Material, Fig. S1.

ficient to form an adequate volume of LCP in this experimental set-
ting. The resultant one dimensional 'H spectrum of this LCP sample
is shown in Fig. 2. The broad appearance of the 1D 'H spectrum clo-
sely resembles that of a previously reported 'H spectrum of a

monoolein (Q$) LCP in the absence of protein [19]. In both spectra
the dynamic range is completely dominated by resonances in the
upfield aliphatic region arising from the high lipid content. Simi-
larly, in both cases the water within the LCP gives rise to a peak
ca. 0.08 ppm downfield to that of the HDO signal, which arises
from the surrounding 2H,O used for locking to the magnetic field
(4.77 ppm, referenced to the internal reference, DSS, at
0.00 ppm). This downfield shift of the water resonance within
the LCP has been attributed to changes in bulk magnetic suscepti-
bility compared to aqueous solutions [19].

TH-1>N HSQC spectra of GB1 both in aqueous solution and
encapsulated in the monoolein LCP were recorded, with an overlay
of the two spectra shown in Fig. 3a. A TH-'>N HSQC spectrum of
GB1 in aqueous solution with full assignment of peaks can be
found in Supplementary Material (Fig. S2). The 'H-'>N HSQC of
GB1 encapsulated in LCP resembles that in aqueous solution
remarkably well. A nearly uniform downfield shift, ca 0.1 ppm
along the 'H dimension is clearly evident, and is in agreement with
the downfield shift observed for the water signal in the LCP. Com-
parison of the GB1 'H and >N amide chemical shifts, in aqueous
solution and encapsulated within the LCP, are shown in Fig. 3b
and c, which demonstrate excellent linear correlations of chemical
shifts between the two samples for both nuclei. The uniformity of
the chemical shift differences observed between GB1 in LCP and
aqueous solution confirms that encapsulation within the LCP does
not induce significant changes to the tertiary structure of the pro-
tein. Another feature of the 'H-'">N HSQC spectrum in LCP is the
significantly broadened linewidth of resonances along the entire
'H dimension. The increase in linewidth is not completely surpris-
ing, given the confined nature of protein encapsulated in LCP. Con-
finement conceivably hinders the rotational dynamics of the
protein to some extent depending on the size of the protein under
investigation and channel geometry of the LCP used. The abun-
dance of proton nuclear spins originating from the lipid, would
provide an additional source of proton dipole-dipole coupling
through the mechanism of spin diffusion further leading to an
increase in linewidth [20]. Consequently, this line broadening
may be alleviated when partially or completely deuterated lipids
are used for the formation of the cubic phase, as deuterated lipids
would effectively eliminate many 'H relaxation pathways con-
tributing to this line broadening [21]. Finally, it is worth pointing
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Fig. 2. One-dimensional 'H spectrum of '>N-labelled B1 immunoglobulin-binding
domain of Streptococcal protein (GB1) encapsulated in monoolein (62% w/w) LCP.
The right inset shows an expanded partial spectrum (from —0.5 to 2.0 ppm) with
DSS (4,4-dimethyl-4-silapentane-1-sulfonic acid) signal used for reference indi-
cated. The total volume of GB1 solution encapsulated in cubic phase is ca. 30 uL.
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Fig. 3. Comparison of "H-'N HSQC spectra of GB1 in aqueous solution and in lipidic cubic phase. (a) Overlay of "H-'>N HSQC spectra of GB1 in aqueous solution (in black,
0.35 mM, ca. 550 pL, in a standard 5-mm NMR sample tube), and in LCP (in red, 62% w/w monoolein, 38% w/w aqueous GB1 at 1.8 mM, loaded into a 2-mm capillary).

Sidechain resonances arising from Asn and Gln residues are indicated by dashed lines
amide of R60 is indicated with a dashed-box. Both spectra were acquired and proces:

(also see Fig. S2, Supplemental Materials). The folded peak arising from the sidechain
sed with identical parameters except the number of scans used for signal averaging

(NS = 8 and 64 for aqueous solution and LPC, respectively, corresponding to a total acquisition times of 20 min and 2 h 40 min); and (b, c) Plots of amide 'H and '°N chemical
shifts of GB1 in LCP versus those in aqueous solution (AS) showing that downfield shift of both 'H and '°N chemical shifts were uniform across the entire molecule with slopes

of linear regression for both graphs being 0.998 and 0.999 for 'H and '°N, respective
referred to the web version of this article.)

out that the folded sidechain NH of Arg60 (with a >N chemical
shift of 85 ppm in an unfolded 'H-'>N HSQC spectrum, which usu-
ally undergoes extremely fast exchange with solvent water, pre-
venting its detection in the conventional 'H-'>N HSQC spectrum)
gave rise to a normal-looking peak in the LCP sample (indicated
by a dashed-box in Fig. 3a). This effect is primarily due to a sub-
stantial reduction in bulk water around the protein after encapsu-
lation in the LCP, and the resultant reduction in the rate of
hydrogen exchange (see below).

ly. (For interpretation of the references to colour in this figure legend, the reader is

Given the similar geometric dimensions of the LCP water chan-
nels (ca. 4.5 nm diameter) and the aqueous centre of reverse
micelles in comparable experiments, similar elimination of the
excessive bulk water around the proteins can be assumed. We thus
expect the rate of hydrogen exchange of protein backbone amides
in the LCP sample to be significantly reduced, which was confirmed
via CLEANEX experiments [22], the results of which are shown in
Fig. 4. Almost all of those backbone amides that exhibit relatively
fast solvent exchange, ca. 1-10 57!, in aqueous solution (peaks in
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Fig. 4. Confirmation of reduced solvent-amide exchange between backbone amide
protons of GB1 and solvent water in LCP. Overlay of 'H-'>N HSQC spectrum (in
black) and CLEANEX spectrum (Tmix =150 ms, in red) of GB1: (a) in aqueous
solution; and (b) in LCP. Resonances that persist in the CLEANEX spectrum are
labelled and are indicative of fast exchange (ca. 1 to 10 s~ ). (For interpretation of
the references to colour in this figure legend, the reader is referred to the web
version of this article.)

red, Fig. 4a), have their amide-solvent water exchange rates dimin-
ished upon LCP encapsulation with only the sidechain NH of Arg60
(Fig. 4b) giving rise to a cross peak in the CLEANEX experiments.
Finally, the abundant proton nuclear spins originating from the
lipids, which contribute to substantial line broadening in the 'H
dimension (Fig. 3), potentially offer a rich “thermal bath” of spin
magnetization (if their magnetizations are not perturbed) so as
to speed up spectral acquisition of nuclear spins of interest, such
as amides [23]. A comparison of the '"H-">N HSQC [24,25] and BEST
'H-1N HMQC spectra [26] acquired in aqueous solution and in LCP
was carried out with the results presented in Fig. 5. The ratios of
peak volume between BEST 'H-!>N HMQC and non-selective con-
ventional 'H-'>N HSQC spectra for the backbone amides shown

in Fig. 5 are listed in Table 1. Excluding the backbone amides
undergoing rapid exchange with solvent water (such as Thr11),
which gain extra sensitivity enhancement in aqueous solution
[27], a widespread additional gain in sensitivity for backbone
amides observed in BEST 'H-">N HMQC over non-selective conven-
tional "H-">N HSQC is clearly evident in LCP compared to the aque-
ous solution. For the parameters used in the present comparison,
an average sensitivity gain of 2.33 (measured by peak volume
ratios between 'H-'>N BEST HMQC and non-selective conventional
TH-1N HSQC) in LCP versus 1.76 in aqueous solution was found. A
residue by residue comparison in aqueous solution and LCP is pre-
sented in the Supplementary Material, Fig. S3. While this addi-
tional gain in spectral sensitivity is consistent with the presence
of an abundant proton nuclear spin source attributed to the high
lipid contents of the LCP, it is of particular significance given the
absence of solvent water which serves as a ‘thermal bath’ of spin
magnetization in aqueous solution. Although the current compar-
ison was carried out using a BEST 'H-'>N HMQC sequence, we
expect comparable additional gains to be achievable with other
forms of BEST-based RF pulse sequences, such as BEST 'H-'°N
HSQC and BEST triple-resonance sequences [28].

In conclusion, we have reported high resolution heteronuclear
NMR correlation spectra of '>N-enriched proteins encapsulated in
a LCP matrix. Our results show LCP encapsulation: (1) does not
introduce significant structural changes, (2) reduces solvent chem-
ical exchange of backbone amides, and (3) offers additional spec-
tral sensitivity gain with the use of band-selective excitation
short-transient (BEST) spectroscopy. With the elimination of
excessive bulk water, protein encapsulation in LCP provides a
potential novel alternative to the use of reverse micelles, which
involves the use of elevated pressure for protein encapsulation
and dedicated low-viscosity fluids for the preparation of NMR sam-
ples [29,30], for the quantification of residue-specific hydration
dynamics of proteins by NMR.

3. Experimental
3.1. Sample preparation

I5N-labelled B1 immunoglobulin-binding domain of Strepto-
coccal protein (GB1) was prepared in an imidazole buffer with
50 mM imidazole and 10 mM CaCl, at pH 6.8 as described previ-
ously [31]. The protein was concentrated to ca. 1.8 mM in aqueous
solution. The LCP samples containing '’N-labelled GB1 were pre-
pared by mixing aqueous GB1 solution (38% w/w) and molten
monoolein (62% w/w) using a coupled syringe apparatus. Monoo-
lein was purchased from Sigma-Aldrich (St Louis, MO). A needle
was attached to the syringe and the LCP was injected into a
2 mm (o.d.) glass capillary, which was placed into a 5 mm NMR
tube filled with ?H,0 and fixed in place using a PTFE adapter.
The sample was allowed to equilibrate for at least 12 h prior to
NMR experiments.

3.2. NMR spectroscopy

All NMR spectra were acquired at 298.13 K on a Bruker Avance
Il 600 spectrometer equipped with a TCI cryoprobe fitted with a
single-axis field gradient (Gz) and processed using TOPSPIN (Ver-
sion 3.2, Bruker). The program XEASY (Version 1.4) was used for
peak volume integration and confirmation of backbone assign-
ments of GB1 [32]. Chemical shifts of 'H were referenced to DSS
at 0 ppm, and the N chemical shifts were referenced indirectly
using absolute frequency ratios [33]. All 2D 'H-'N HSQC, HMQC,
and CLEANEX spectra presented in the current study were acquired
with 1024 and 64 complex data points over spectral widths of 13.0
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Fig. 5. Comparison of BEST 'H-'>N HMQC and conventional (non-selective) 'H-'>N HSQC spectra in LCP. Partial spectra of BEST 'H-'>N HMQC (a, c) and conventional 'H-°N
HSQC (b, d) of GB1, in aqueous solution and in LCP, respectively. One-dimensional traces of residue G41 extracted from the 2D spectra shown, after scaling to the same noise
level via a spectral region where clearly no cross peaks were present, are depicted above each panel, respectively. For comparison, the total acquisition time was the same for
BEST HMQC and conventional HSQC spectra, i.e., 2 h 40 min for spectra in LCP and 20 min in aqueous solution. For BEST HMQC, the relaxation delay was set at 0.359 s
(including sampling time of 0.131 s) for LCP sample whereas for aqueous solution a value of 1.131 s was used. As a result, numbers of transients for signal averaging for BEST
HMQC/HSQC were 192/64 in LCP and 24/8 in aqueous solution, respectively. All four spectra were processed with identical parameters, such as matrix size, applied window
function and linear prediction in !N dimension (see Experimental Section for more details). It is worthwhile noting that the more noisy baselines as seen in 1D traces of (c)
and (d) reflects the small amount of protein, 30 pL of GB1 at 1.8 mM, configured in this LCP sample. The small ‘peak’ at ca. 8.4 ppm, visible in the 1D trace above Fig. 5a
(indicated with an asterisk) in aqueous solution arises from the intense signal of imidazole within the buffer solution and is more pronounced in the BEST HMQC than in the

conventional HSQC spectrum (Fig. 5b).

and 32.0 ppm for 'H and '>N dimension, respectively. All datasets
were linear predicted to 128 complex points in the >N dimension
and a sine-bell shifted window function was used for both 'H and
15N dimensions. The dataset matrix after FT was 1024 by 1024 for
all 2D spectra presented in the present study.

For the CLEANEX experiments, where a phase-modulated pulse
train is applied to achieve a clean magnetization transfer exclusive
to chemical exchange, were recorded using the standard CLEANEX-
PM sequence (fhsqccxf3gpph, Bruker pulse sequence library) [22].

The selective RF pulse used for the inversion of water signal was a
7.5 ms Gaussian shaped-pulse. For the CLEANEX spectra shown in
Fig. 4 (in red), an inter-scan delay of 2 s and the number of scans
were 16 for aqueous solution (Fig. 4a) and 48 for LCP (Fig. 4b),
respectively.

For the comparison of spectral sensitivity between BEST 'H-'°N
HMQC and non-selective conventional '"H-'>N HSQC (Fig. 5), stan-
dard pulse sequences were used (hsqcetf3gpsi and sfhmqcf3ghph
from Bruker pulse sequence library). For the BEST 'H-'>N HMQC,
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Table 1
Ratios of peak volumes between BEST 'H-'>N HMQC and non-selective conventional
TH-'5N HSQC spectra both in aqueous solution and in lipidic cubic phase (LCP).

Residues Peak volume ratios*
In aqueous solution In LCP

G9 1.71 2.30
T11 293 2.30
G14 1.85 1.91
T17 1.64 2.33
G38 1.60 2.18
G41 1.43 2.14

2 To account for higher number of transients used for the acquisitions of BEST
TH-'>N HMQC compared to non-selective conventional 'H-'>N HSQC, BEST 'H-'°N
HMAQC spectra both in aqueous solution and in LCPs were scaled to the same noise
level via a spectral region where clearly no cross peaks were present as their
respective "H-'>N HSQC spectra before integration of peak volumes.

the shaped pulse for 'H excitation was a polychromatic PC9 of 3 ms
with a rotation angle of 120°, and the subsequent band-selective
'H refocusing pulse was an r-SNOB with duration of 1 ms as in
the original sequence [26]. Offsets for both shaped-pulses PC9
and r-SNOB were 8.5 ppm.

Appendix A. Supplementary data

Supplementary data to this article can be found online at
https://doi.org/10.1016/j.jmr.2019.06.017.
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