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A B S T R A C T

Protein dynamics at atomic resolution can provide deep insights into the biological activities of proteins and
enzymes but they can also make structure and dynamics studies challenging. Despite their well-known biological
and pharmaceutical importance, integral membrane protein structure and dynamics studies lag behind those of
water-soluble proteins mainly owing to solubility problems that result upon their removal from the membrane.
Escherichia coli glycerol facilitator (GF) is a member of the aquaglyceroporin family that allows for the highly
selective passive diffusion of its substrate glycerol across the inner membrane of the bacterium. Previous mo-
lecular dynamics simulations and hydrogen-deuterium exchange studies suggested that protein dynamics play an
important role in the passage of glycerol through the protein pore. With the aim of studying GF dynamics by
solution and solid-state nuclear magnetic resonance (NMR) spectroscopy we optimized the expression of isotope-
labelled GF and explored various solubilizing agents including detergents, osmolytes, amphipols, random het-
eropolymers, lipid nanodiscs, bicelles and other buffer additives to optimize the solubility and polydispersity of
the protein. The GF protein is most stable and soluble in lauryl maltose neopentyl glycol (LMNG), where it exists
in a tetramer-octamer equilibrium. The solution structures of the GF tetramer and octamer were determined by
negative-stain transmission electron microscopy (TEM), size-exclusion chromatography small-angle X-ray scat-
tering (SEC-SAXS) and solid-state magic-angle spinning NMR spectroscopy. Although NMR sample preparation
still needs optimization for full structure and dynamics studies, negative stain TEM and SEC-SAXS revealed low-
resolution structures of the detergent-solubilized tetramer and octamer particles. The non-native octamer ap-
pears to form from the association of the cytoplasmic faces of two tetramers, the interaction apparently mediated
by their disordered N- and C-termini. This information may be useful in future studies directed at reducing the
heterogeneity and self-association of the protein.
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1. Introduction

Protein dynamics at atomic resolution can provide deep insights
into the biological activities of proteins [1–4]. For example, calmodulin
adopts at least 40 different conformations permitting more than 300
eukaryotic proteins to bind different conformers in response to varying
cellular calcium concentrations in the calcium second messenger
system. This allows a single protein to translate a complex, time-varying
signal into multiple possible outcomes [5,6]. Another well-studied ex-
ample is the conformational landscape of apodihydrofolate reductase
that appears to encompass all of the intermediates on the catalytic
pathway suggesting that enzyme catalysis proceeds by way of substrate-
induced perturbations of the conformational landscapes of enzymes [7].
However, the dynamic flexibility of proteins can also impede structural
analysis. Conformational flexibility frequently prevents crystallization
and structure determination by X-ray diffraction. Protein dynamics can
also broaden Nuclear Magnetic Resonance (NMR) lines and impede
resonance assignment needed for structure and dynamics measure-
ments. And while cryo-electron microscopy may be able to provide
structural information on a wider range of proteins than X-ray dif-
fraction it does so at the cost of freezing the biologically important
atomic dynamics by making measurements on frozen samples at
−182 °C [8].

Approximately 50% of small molecule drugs target Integral
Membrane Proteins (IMP) [9] yet only 1% of the unique structures
deposited in the Protein Data Bank (PDB) are IMPs compared to an
estimated 23% of the eukaryotic proteome that they constitute [10].
Structure and dynamics studies of IMPs lag behind those of water-so-
luble proteins because of low expression levels, toxicity upon over-
expression [11], difficulties in the formation of well-ordered crystals,
and solubilization problems owing to their large hydrophobic surfaces.
Hundreds of different detergents are available to solubilize IMPs [12]
but finding the best detergent for any individual IMP is still an em-
pirical process [9]. Some studies suggest that although some IMPs are
properly folded when solubilized by detergent micelles, they may not
retain their full in vivo biological activity [13]. Detergent solubilization
of IMPs frequently strips away natively interacting lipids, compro-
mising the native structure and function owing to changes in lateral
bilayer pressure and hydrophobic mismatch [14–19]. In addition to
detergents, other agents available for solubilization of IMPs include
styrene maleic anhydride lipid particles (SMALPs) [20], amphipathic
polymers or amphipols [21], random heteropolymers [22], lipid na-
nodiscs [23], bicelles [24], lipid vesicles [25] and protein fusions [26].

The E. coli glycerol facilitator (GF) is a member of the Major
Intrinsic Protein superfamily and the aquaglyceroporin family [27]. The
atomic resolution crystal structure of GF at 2.2 Å [28] illuminated the
physical and chemical features of the GF pore that account for the high
selectivity of its substrate glycerol. GF is a tetramer with four in-
dependently working pores [28]. Each monomer is a small helix bundle
that consists of six transmembrane (TM) helices and two half-helices
[27]. Each half-helix contains a highly conserved Asn-Pro-Ala (NPA)
motif on its N-terminus that plays an important role in the selectivity of
the pore [29]. Molecular Dynamics (MD) simulations of GF in the
presence and absence of glycerol in the pore suggested that the glycerol
channel widens by about 0.5–1 Å in response to interactions with gly-
cerol [30]. Interestingly, TM7, the half-helix closest to the periplasm,
exhibits hydrogen-deuterium exchange (HDX) characteristics similar to
the flexible loops in the protein suggesting high backbone flexibility in
this region [31]. One of the conserved NPA motifs is found in the loop
connecting it to the helix which suggests that TM7 dynamics may play a
role in the diffusion of glycerol through the GF pore. Glycerol facilitator
is also of interest as there are several known AQP-related human dis-
ease states, the aquaporinopathies [32–42].

Solid-state NMR spectroscopy has recently made important ad-
vances that permit the measurement of atomic dynamics in many non-
crystallizable proteins including membrane proteins [43–46]. These

advances are facilitating high-resolution structural information from a
variety of non-crystalline biological and non-biological materials and,
for example, led to the first high-resolution structures of amyloid fibrils
[47]. The development of faster Magic Angle Spinning (MAS) rotors, up
to 110 kHz, has permitted the detection of backbone and side-chain
proton resonances in multidimensional experiments [48] increasing
sensitivity and eliminating the need for line-narrowing by protein
deuteration [45]. A suite of multidimensional pulse sequences has been
developed that now permit rapid assignment of backbone and side-
chain 1H, 13C and 15N resonances [45,48–50] as well as the measure-
ment of dynamics over timescales ranging from ps–ms [51,52]. Two
recent examples include the use of solid-state NMR to discover the
proton conduction and gating mechanism in the influenza M2 proton
channel [53] and the conformational landscape of the prokaryotic KcsA
K+ channel and how it is affected by pH and potassium ion con-
centrations [46,54]. One of the remaining challenges for the application
of solid-state NMR to IMPs is in sample preparation. Solid-state NMR
has been successfully applied to IMPs dissolved with the help of de-
tergents, nanodiscs [55] and lipid vesicles [56]. In the case of lipid
vesicles, finding the correct lipid:protein ratio to yield high quality
ssNMR spectra is still a trial-and-error process. It appears that the li-
pid:protein ratio subtly affects the static protein conformational het-
erogeneity that gives rise to line-broadening in spectra [48,57].

With the goal of studying the glycerol facilitator structure and dy-
namics in a membrane-mimetic environment by solid-state NMR spec-
troscopy, in this contribution we report the overexpression of isotope-
labelled GF using Studier's autoinduction system [58] and examine the
behavior of GF in a wide variety of solubilizing agents by size-exclusion
chromatography coupled with multi-angle light scattering (SEC-MALS).
We also report the characterization of tetramer and octamer GF as-
semblies by SEC-MALS, negative-stain transmission electron micro-
scopy (TEM), SEC-SAXS (small angle X-ray scattering) and solid-state
NMR spectroscopy.

2. Materials and methods

A full list of materials and additional experimental details are pro-
vided in the Supplementary material.

2.1. Glycerol facilitator expression constructs and protein purification

For the present work, a new codon-optimized gene was created
(GenScript, Nanjing, China) adding an N-terminal His6 purification tag
and TEV cleavage site to the GF gene. The gene was ligated into a
pET28b(+) vector that was transformed into E. coli BL21(DE3) cells.
The Mr of the expressed protein is 32,523 Da.

All culture media were adjusted to pH 7 before sterilization. 25 mL
overnight E. coli pre-cultures were grown in lysogeny broth (LB) or
terrific broth (TB) at 37 °C with shaking at 300 rpm. Final cultures (LS-
5052 for preparations of 15N and 13C uniformly labelled GF or C-
501750 for optimized incorporation of 13C for uniform labelling [59])
were inoculated with 5 mL of overnight pre-culture per litre of final
culture and shaken at 300 rpm for 48 h at 20 °C. Cells were harvested by
centrifugation at 5000 ×g for 15 min at 4 °C [60]. Harvested cells were
lysed by 3 rounds of freeze-thaw cycles and incubated with lysozyme
(150 mg per litre of culture) for 30 min, and DNase (Deoxyribonuclease
I) and RNase (Ribonuclease A) (1 mg each per litre of cells) for 10 min,
with gentle stirring. The pH of the lysate was monitored between
freeze-thaw cycles and maintained at approximately pH 7. Membrane
fractions were prepared by layering the lysate over 70% w/v sucrose
and ultracentrifuging at 22,000 rpm for 60 min at 4 °C. The supernatant
was discarded, and the membrane fractions were stored on top of the
sucrose layer and frozen at −80 °C. GF was extracted from frozen
membrane fractions in 25 mM sodium phosphate buffer pH 7.4, con-
taining 150 mM NaCl, 0.04% w/v sodium azide (Buffer A), and one of
30 mM DDM, 150 mM SDS, 20 mM DTAB, 20 mM OG, or 0.5 mM LMNG
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and 0.1 mM CHS for 3 h at room temperature with gentle stirring. In-
soluble matter was removed by centrifugation at 12,000 rpm for 1 h at
18 °C. Detergent-solubilized GF was purified using immobilized metal
(nickel) chelate chromatography (IMAC) [61]. For studies carried out
on DDM-solubilized GF, the resin was first washed with 30 mL of Buffer
A containing 0.5 mM DDM (Buffer 5–30) and then washed with the
same buffer containing 60 mM imidazole (Buffer 10–30) until the A280

was below 0.01. The protein was eluted from the IMAC resin using
Buffer 5–30 containing 250 mM imidazole (Buffer 5–250). Fractions of
1.5 mL were collected until the A280 was below 0.01.

SEC-MALS, negative stain TEM, and SAXS studies were done on GF
extracted from the membrane with DDM as described above and on
LMNG-solubilized protein. Exchange of LMNG for DDM was done on
the IMAC resin, where buffers 5–30, 10–30, and 5–250 contained
0.5 mM LMNG instead of DDM. Buffer 5–30 was used to wash the resin
and one resin volume of buffer was left in the column for 1 h at room
temperature to allow for detergent exchange. In screening other de-
tergents and solubilization agents except for LMNG, detergent exchange
was done at the final elution step in the IMAC column by washing the
resin with one column volume of detergent-free Buffer A, equilibrating
the column with buffer 5–250 containing the appropriate detergent for
1 h followed by elution. For all GF purifications, protein yield was
determined using absorbance at 280 nm and ε = 38,305 M−1 cm−1.

2.2. Size exclusion chromatography coupled with multi-angle light
scattering

SEC-MALS measurements were carried out on the fraction eluted
from the IMAC column containing the largest amount of protein.
Samples were centrifuged for 5 min at 15,000 rpm to remove large
aggregates. For SEC-MALS measurements samples were gel filtered
using a Superdex 200 Increase 10/300 column on an AKTA Pure 25
chromatography system. Gel filtration was done with buffer 5–30 pre-
filtered through a 0.22 μm filter. Following elution from the column,
the samples were analyzed in line by the UV absorbance detector of the
AKTA Pure 25 chromatography system followed by the DAWN Heleos-II
light scattering (LS) and OptiLab T-rEX refractive index detectors in
series. Protein conjugate analysis (PCA) was performed using the
ASTRA software (Wyatt Technology) to determine the protein mass of
the protein-detergent complexes.

2.3. Fluorescence spectroscopy

Intrinsic GF fluorescence spectra were measured on a Jasco J810
spectropolarimeter/fluorometer. Sample temperature was maintained
at 20 °C with a built-in Peltier device. GF samples were placed in a 1 cm
path length quartz fluorescence cuvette and spectra were acquired from
300 to 450 nm using a 1 s response time, a 1 nm data pitch, a scanning
speed of 10 nm/min, a bandwidth of 5 nm and an excitation wave-
length of 280 nm. Samples were equilibrated at room temperature at
each pH for 10 min before measuring the emission.

2.4. Negative stain transmission electron microscopy

DDM- and LMNG-solubilized GF samples were eluted from the IMAC
column, pooled and dialysed overnight using a 3500 MWCO dialysis
tubing (Fisher Scientific) to remove imidazole and then concentrated
using an Amicon Ultra centrifugal filter (100 kDa MWCO, Millipore
Sigma). Samples were concentrated to approximately 300 μL and gel
filtered on the SEC-MALS system as described above with detergent-
containing buffer to remove aggregates and assess the quality of the
protein.

The negative stain electron microscopy was done at the Boulder
Electron Microscopy Services in the Department of Molecular, Cellular,
and Developmental Biology at the University of Colorado.
Approximately 4 μL of GF diluted with SEC-MALS buffer 1:100 were

adsorbed to a glow discharged continuous carbon copper grid (Electron
Microscopy Sciences, Hatfield, PA). The sample was allowed to adhere
for 30 s, blotted off, washed twice with water, then stained with 2%
aqueous uranyl acetate for 30 s before blotting dry.

Image data were collected on an FEI Tecnai F20 FEG transmission
electron microscope (FEI-Company, Eindhoven, The Netherlands) op-
erating at 200 kV. Images were acquired at a magnification of 62,000×
and a defocus of −0.6 μm using a total dose of approximately 15 to
30 electrons/Å2. Images were recorded binned by two on a 4 K × 4 K
Gatan Ultrascan 895 CCD camera (Gatan Inc., Pleasanton, CA). With
this camera at a microscope magnification of 62,000×, the resulting
pixel size corresponds to 7.3 Å on the specimen. SerialEM software [62]
was used to automate the data acquisition. Images were processed and
2D averages were computed using Relion [63].

2.5. Size-exclusion chromatography coupled with small-angle X-ray
scattering

LMNG-solubilized GF samples were prepared similarly to DDM-so-
lubilized GF negative stain TEM samples. After dialysis, samples were
concentrated with an Amicon Ultra centrifugal filter (100 kDa MWCO,
Millipore Sigma) and again gel filtered. After the second gel filtration
step, fractions containing GF tetramers and octamers were collected
based on the peak elution position, pooled, and concentrated using an
Amicon Ultra centrifugal filter (100 kDa MWCO, Millipore Sigma) to
approximately 5 mg/mL.

Several in-line SEC-SAXS data sets were collected at Beamline 21,
Diamond Light Source (Didcot, Oxfordshire, UK). A 50 μL aliquot
containing 5 mg/mL of LMNG-solubilized GF was passed over a 2.4 mL
Superdex 200 Increase column equilibrated with buffer 5–30 containing
0.1 mM LMNG using an Agilent 1200 high performance liquid chro-
matography system. The eluate from the column flowed directly
through the X-ray beam allowing for the serial collection of SAXS data
of protein-detergent complexes separated by size. Further information
about the system can be found here: https://www.diamond.ac.uk/
Instruments/Soft-Condensed-Matter/small-angle/B21/description.html
and in the Supplementary material.

Scatter [64] software was used to process the SAXS data; models of
the GF homotetramer surrounded by the LMNG detergent shell were
constructed using the GF crystal structure (PDB: 1FX8) [28] and the
Memprot algorithm [65]. The GF octamer model was created using
Pymol (https://www.schrodinger.com/pymol) to generate symmetry
mates and LMNG was added using the CHARM-GUI [66] Micelle
Builder [67]. The SAXS data were processed using the ATSAS [68] suite
including Crysol [69], Gnom [70], and Sasref [71]. Details about how
the LMNG-solubilized octamer was built are provided in the Supple-
mentary material.

2.6. Solid-state NMR spectroscopy of LMNG-solubilized GF

After elution from the IMAC column, samples containing 15N and
13C isotope-labelled GF were pooled and dialysed overnight against a
buffer containing 25 mM sodium phosphate pH 7.5, 150 mM sodium
chloride, 0.04% sodium azide, and 0.1 mM LMNG to remove imidazole
and reduce the concentration of LMNG. After dialysis, the pooled
samples were concentrated to approximately 75 μL using a centrifugal
concentrator and then dialysed against the same buffer containing 50%
w/v PEG 2000. Dialysis was stopped at an approximate sample volume
of 20 μL and a protein concentration of approximately 32 mg/mL.

Approximately 8 mg of 13C-, 15N-labelled LMNG-solubilized GF
were packed into a 1.6 mm ssNMR rotor. All NMR spectra were ac-
quired on a 600 MHz Bruker Avance III spectrometer (Bruker Biospin
Ltd.) equipped with a 1.6 mm 40 kHz MAS (Magic Angle Spinning)
probe (Phoenix NMR) at 0 °C. For all experiments, the 1H 90 degree
pulse was 160 kHz at 77.5 W, the 13C 90 degree pulse was 125 kHz at
315 W, and the 15N 90 degree pulse was 95 kHz at 400 W. The MAS rate
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was 13.333 kHz. The 1H transmitter offset was 2 kHz. Spinal-64 1H
decoupling at 110 kHz was used during all acquisition periods. 1D hN
and hC Cross-Polarization (CP)-MAS spectra were obtained with 256
scans and processed with 60 Hz line broadening. The CP contact time
for the hN experiment was 1.5 ms. The 15N transmitter offset was
120 ppm and the SW was 39.7 kHz. The 1H pulse was rectangular at
87 kHz. The 15N pulse was a 90%–100% linear ramp about 71 kHz. The
CP conditions for the hC experiment were a contact time of 1 ms, a
rectangular 99 kHz 1H pulse, and a 13C 90%–100% tangent ramp cen-
tered at 100 kHz. The transmitter offset was 100 ppm and the SW was
81.5 kHz. The 2D DARR (Dipolar Assisted Rotational Resonance) [72]
with a 10 ms mixing time were acquired with States-TPPI (Time-Pro-
portional Phase Incrementation) in the indirect dimension, over
4.5 days. The transmitter frequency offset was 100 ppm in both di-
rections; the spectra shown are a summation of four blocks of the ex-
periment with 32 scans and 768 rows. The same hC CP conditions
stated above were used. The SW was 81.5 kHz in t2 and 80 kHz in t1.
The DARR field on the 1H channel was 13.333 kHz. Acquisition times
were 24.6 ms in t2 and 4.6 ms in t1. NMR spectra were processed using
NMRPipe [73] with an exponential apodization function of 80 Hz and a
150 Hz Gaussian; the data were zero-filled in the direct dimension to
8192 points and in the indirect dimension to 4096 points. The first
three points were corrected with linear prediction using 12 coefficients.
In the DARR experiment, magnetization is transferred from protons to
1-bond-coupled 13C and then transferred through space to nearby 13C.
At short mixing times nearby intra-residue connections are observed
but for long mixing times inter-residue connections can be observed and
used for resonance assignment. T2 measurements were done with a
pseudo-2D spin-echo experiment. The 13C transmitter offset was cen-
tered in the Cα region, at 52 ppm. The refocusing pulse was a 637 μs
Rsnob to decouple the neighboring COs and Cβs. There was a total of 8
rows acquired, each with 16 scans. The direct dimension was processed
using the same parameters as the hC spectrum. T2 relaxation times were
fitted using Topspin Dynamics Center (Bruker Biopsin Ltd.) with an
integral region of 23 to 81 ppm, and a calculated T2 of 1.8 ms.

3. Results and discussion

3.1. Detergent-screening and optimization of GF solubility

The codon-optimized GF construct yielded approximately 20 mg/L
of GF when cells were grown in LB or TB and extracted with DDM, and
10 mg/L when grown in M9 minimal medium, compared to approxi-
mately 5 mg/L and 1 mg/L respectively, for our previous construct
[74]. Further increases in protein production were achieved by growing
cells in Studier's autoinduction media (LS-5052 and C-750701) which
reproducibly yielded 30 to 40 mg of GF per litre of cell culture when
extracted with DDM. The utility of DDM for structural studies of IMPs is
supported by the observation that 30% of the unique IMP structures
deposited into the PDB during 2016–18 were of proteins extracted from
membranes using DDM [10]. We also extracted E. coli membranes with
20 mM octyl-β-D-glucoside (OG) [28], 20 mM sodium dodecyl sulfate,
20 mM dodecyl trimethyl ammonium bromide, Styrene Maleic Acid 2 K
co-polymer [20] or 0.5 mM LMNG and 0.1 mM CHS, but none of these
worked as well as DDM.

A SEC-MALS elution profile of DDM-solubilized GF (Fig. 1S
Supplementary material) showed that after elution from the IMAC
column the protein exists as a mixture of about equal amounts of the
native tetramer and an octameric species, with smaller amounts of some
larger aggregates. Optimization of the NaCl concentration, pH and
buffer concentration resulted in an elution profile with a single peak
(Fig. 1A) that protein conjugate analysis (PCA) estimated to have a Mr

of 150 kDa, reasonably close to the GF tetramer Mr of 130 kDa. Un-
fortunately, the protein slowly aggregates and 24 h later, the SEC-MALS
elution profile of the same sample stored at room temperature showed
two peaks corresponding to an octamer (calculated PCA Mr

approximately 290 kDa) and the tetramer (Fig. 1B). We also explored
the effects of storage temperature on GF aggregation and found that the
protein exhibited a lower tendency to aggregate when stored at 4 °C
compared to storage at room temperature and − 80 °C. In addition,
diluting the protein 1/10 with buffer 5–30 without imidazole and
0.5 mM DDM and storage at 4 °C prolonged the period of time over
which GF remained soluble. We also tested a variety of osmolytes and
hydrotropes including 5% w/v glycerol [75], 0.5 M arginine [76], 5%
and 10% v/v ethanol [77], 12 mM ATP [78], and 1 mM EDTA to de-
termine if they could reduce GF self-association and prevent pre-
cipitation. None of these were effective as described in the Supple-
mentary material.

Since GF is soluble at high concentrations in DDM but eventually
precipitates, we explored exchanging the protein into other solubilizing
agents following membrane extraction with DDM. Exchange was done
while the protein was immobilized on the IMAC column and included
the detergents lauryl dimethyl amine-N-oxide (LDAO), lysomyr-
istoylphosphatidylcholine (LMPC), and decyl maltose neopentyl glycol
(DMNG). As reported in the Supplementary material, none of these
media provided environments in which GF was soluble for extended
periods of time. Exchange of DDM-solubilized GF into LMNG while
bound to the IMAC resin resulted in protein that elutes from a SEC-
MALS column predominantly as a tetramer with a smaller octamer peak
and a small amount of higher Mr aggregates (see Fig. 4S in
Supplementary materials and Fig. 6A). LMNG-solubilized protein stored
for 9 days at room temperature shows no visible precipitate, and the
SEC-MALS elution profiles are remarkably similar to those of freshly
purified GF showing a small increase in the fraction of octamer (Fig. 4S
in Supplementary materials). LMNG-solubilized protein was by far the
most stable of all our GF preparations and these results were highly
reproducible over many repetitions. Differential scanning calorimetry
showed that LMNG-solubilized GF has enhanced thermal stability with
a melting point of 84 °C compared to a melting temperature of 76 °C in
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Fig. 1. Optimizing the solubility and polydispersity of DDM-solubilized GF. A)
A SEC-MALS elution profile showing a pure homotetramer of DDM-solubilized
GF where peak (a) corresponds to the GF homotetramer. B) The sample from (a)
stored for 24 h at room temperature shows two peaks corresponding to the
octamer (peak b) and tetramer (peak c). Protein oligomer sizes were de-
termined by protein conjugate analysis.
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DDM (Fig. 5S Supplementary material). Addition of CHS to the LMNG-
solubilized GF resulted in increased polydispersity of the sample ac-
cording to SEC-MALS (Fig. 6S, Supplementary materials).

Attempts were made to reconstitute DDM-solubilized GF into small,
unilamellar lipid vesicles (SUVs) composed of native E. coli lipids,
empty preformed DMPC/DHPC (1,2-dimyristoyl-sn-glycero-3-phos-
phocholine/1,2-dihexanoyl-sn-glycero-3-phosphocholine) bicelles with
q ratios of 4 and 0.5 [79], Amphipol A8-35 [80], MSP1E3D1 nanodiscs
[81] and 36 kDa average molecular weight RHPs. RHPs are random
polymers of four methacrylate-based monomers designed to match the
surfaces of proteins and recently were shown to solubilize aquaporin
produced by cell-free synthesis [22]. As described in more detail in the
Supplementary material, none of these media in our hands provided
environments in which GF was monodisperse and soluble for extended
periods of time.

3.2. Effect of pH on the oligomeric structure of GF

Previous pH titrations of GF followed by SDS-PAGE appeared to
show that the protein dissociates into monomers, dimers, and trimers at
low pH but that a significant fraction of the tetramer could be refolded
when the pH was restored [82]. However, in those experiments the
oligomeric state of GF was monitored via SDS-PAGE and the high
concentrations of SDS might have contributed to the observed oligo-
meric species. Here, we used intrinsic protein fluorescence to monitor
the effects of pH on GF tertiary structure as well as the folding and
refolding of the tetramer in the absence of denaturing SDS.

GF monomers have 5 tryptophan residues (Fig. 9S, Supplementary
materials) that can be used to monitor GF structure. Although the
protein was excited at 280 nm where both tyrosine and tryptophan
absorb, tyrosine emission is most likely emitted by nearby tryptophans
owing to resonance energy transfer. The Trp residues reside in various
locations including near the cytoplasmic and periplasmic faces, buried
in the interior of the protein, on the lipid-interacting surface and at the
tetramer protein-protein interface. Fig. 2 shows the fluorescence in-
tensity of DDM-solubilized GF at the starting, low, and ending pH's of
the titration (pH 7.4, 3.7, and 7.5 respectively). At pH 7.4, the tryp-
tophan fluorescence maximum is at 335 nm and contains shoulders at
319 nm and 309 nm. At the lowest pH (3.7), the shoulders have dis-
appeared, the fluorescence intensity is enhanced, and the main peak has
shifted to 341 nm. The red shift suggests that there are more tryptophan
residues exposed to water possibly because the GF tetramer has dis-
sociated at low pH. This interpretation agrees with the SDS-PAGE re-
sults that showed the protein tetramer dissociating below pH 6 [82].

When the sample is titrated back to the starting pH (7.5), the shoulders
at 309 and 319 nm are restored and the main peak shifts back to
335 nm, but the fluorescence is slightly more quenched than it was at
the start of the titration. This may be owing to incomplete restoration of
the folded protein in which tyrosine fluorescence resonance energy
transfer is reduced compared to the neutral pH folded state. These re-
sults support the earlier SDS-PAGE results [82] suggesting that much of
the protein can be restored to its neutral pH tetrameric state following
acidification and this observation might permit studies of the tetramer
assembly process. Unfortunately, the protein is not very stable at acidic
pH, slowly forming irreversible precipitates so that NMR studies on the
putative monomer at pH 3.7 were not possible. During the titration the
amount of Rayleigh scattering at the excitation wavelength increases
suggesting increasing amounts of aggregated protein that could also
explain the lowered fluorescence yield after restoration to neutral pH.

3.3. Structural characterization of the GF octamer

Under many conditions including in LMNG, GF exists as a mixture of
octamers and tetramers so we next sought to characterize the octamer
structure to identify the cause of the aggregation. Knowing which parts
of the protein are interacting to form the octamer might enable the
introduction of mutations that would eliminate the self-association.
Examination of the GF crystal structure symmetry mates [28] reveals
that the cytoplasm-facing surfaces of the tetramers face each other
suggesting that the interface between the tetramers is occupied by the
disordered N- and C-termini (Fig. 3). Although the disordered termini
are not shown in the crystal structure, it is possible that they may be
interacting to promote octamer formation. Negative stain Transmission
Electron Microscopy (TEM), Small Angle X-ray Scattering (SAXS) and
solid-state MAS NMR spectroscopy were employed to elucidate the
solution structure of the octamer.

3.3.1. Negative stain transmission electron microscopy
Negative stain TEM was conducted on tetrameric DDM-solubilized

GF and on tetrameric and octameric LMNG-solubilized GF. The mi-
crographs collected for DDM-solubilized GF tetramers were of poor
quality (Fig. 10S, Supplementary materials) and could not be used to
calculate 2D class averages. LMNG-solubilized GF tetramers and octa-
mers were separated by SEC-MALS and octamer and tetramer fractions
were collected based on their elution positions. During SEC, the LMNG
concentration was lowered from 0.5 mM to 0.01 mM to reduce to a
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Fig. 2. A pH titration of GF tryptophan fluorescence with excitation at 280 nm.
Spectra were measured at pH 7.4 (blue), pH 3.7 (orange) and following re-
storation to pH 7.5 (grey). Substantial reversibility of the titration upon re-
storation of the pH to 7.5 (grey), is indicated by the shoulders at 319 nm and
309 nm that reappear, and the main peak that returns to 335 nm. However, the
intensity is quenched more than what was observed prior to acidification and
increased Rayleigh scattering suggest the formation of aggregates.

65 Å  

106.4 Å

Fig. 3. The crystal structure of GF symmetry mates reveals the potential
structure of the GF octamer. The cytoplasm-facing surfaces of the tetramers are
at the interface. The disordered N- and C-termini (not seen in the crystal
structure) protrude from the cytoplasm-facing surfaces and may occupy the
interface, possibly causing the observed self-association of the tetramers. GF is
shown in ribbon (left) and space-filling (right) models; blue and red denote the
different tetramers (PDB: 1FX8 [28]).
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minimum the number of empty micelles. LMNG has a very low CMC
and it is challenging to remove empty micelles [83]. Fig. 11S (Sup-
plementary material) shows one of the 400 electron micrographs taken
of the LMNG-solubilized GF octamer preparation. Both the LMNG-so-
lubilized GF octamer and tetramer preparations contained a variety of
structures that might reflect the presence of LMNG spherical micelles
and worm-like structures that have been observed previously [83].
Empty LMNG micelles have been reported to have diameters of about
5 nm by negative stain TEM [83]. However, both sets of images also
contain an abundance of particles that appear to be octamer and tet-
ramer. This suggests that, following their separation by SEC, the octa-
mers and tetramers re-equilibrate to form a mixture.

Fig. 4 shows the three largest classes of particle based on 2D
averages from the octamer sample. Care should be taken in interpreting
negative stain TEM images of membrane proteins in detergent owing to
artifacts that can arise from images of the detergent even below the
CMC [84]. For example, the “halo” that appears to surround each image
in Fig. 4 is an artefact of image averaging that was used to create the
class averages and is commonly observed [83]. However, when a
crystal structure is known, the proteins can be confidently identified
when the dimensions of the crystal structure agree with the observed
dimensions of the negatively-stained TEM particles. Keeping in mind
that negative stain TEM images the surfaces of particles, the largest 2D
class image (Fig. 4A-1) shows what appears to be a GF octamer in which
the tetramers are stacked in a manner that appears very similar to what
is observed in the crystal structure (Fig. 3) with the main difference
being that the orientations of the two tetramers are tilted with respect
to each other. Fig. 4B shows three more sets of less abundant octamers
obtained from the same data set. The longest distance across the oc-
tamer in the crystal structure is about 106 Å as shown in Fig. 3 which is
in good agreement with the TEM images shown in Fig. 4. Also in good
agreement are the widths of each tetramer, which in the crystal struc-
ture [28] is about 65 Å. Between the two tetramers, electron density is
observed that likely arises from the disordered N- and C-termini. In the
crystal structure [28], the two tetramers are separated by about 10 Å at
their closest approach. However, the cytoplasmic surfaces contain a
number of cavities that could also accommodate the disordered termini.

One difference between the X-ray and TEM structures is that the two
tetramers are not parallel to one another in the TEM octamer images
(Fig. 4A-1 and B). A possible explanation for the tilt of the structures is
that the N-terminus of our GF construct contains an additional 20 re-
sidues from the His6-tag. There is no mention of whether or not a
purification tag was present on the GF protein that produced the X-ray
diffraction structure in Fig. 3 [28]. Fig. 5A highlights the N- and C-
terminal residues of each monomer in the crystal structure. In each
case, the termini emerge near the periphery of the proteins, suggesting

the possibility that they could escape the tetramer interface altogether
if crystal packing forces require this. In contrast, the images in Fig. 4A-1
and B suggest that the lowest free energy state of the termini in the TEM
structures is occupying the space between the tetramers and perhaps
their interaction explains the octamer formation.

The second and third most populous 2D classes appear to be views
of the octamer or tetramer looking down on the periplasmic or cyto-
plasmic surfaces. Fig. 5B presents a model of the GF tetramer sur-
rounded by an LMNG detergent belt build as described in the Materials
and methods section and discussed in more detail below. The diameter
of the detergent belt circumscribing each tetramer is about 103 Å and
this agrees with the dimensions of the images shown in Fig. 4A-2 and A-
3. It is difficult to determine if the image surfaces are periplasmic or
cytoplasmic. On the cytoplasmic surface one might expect to observe 4
“towers” protruding from the tetramer that project above the mem-
brane. These are shown most clearly in the space-filling model in Fig. 3.
The highest point of each tower is comprised by the C-terminus of helix-
4, the N-terminus of helix-5, and a connecting loop. On the other hand,
if the surfaces are cytoplasmic, one might expect to observe 4 amino
and 4 carboxy termini projecting from the surfaces (Fig. 5). Bear in
mind, however, that the resolution of the images is on the order of 17 Å
and that the termini are expected to be disordered. Finally, that the
SEC-purified octamer preparation contains tetrameric GF is evidenced
by the 2D class average images shown in Fig. 4C. Both dimensions of
this particle are in good agreement with the X-ray diffraction structure
shown in Fig. 3 and the model in Fig. 5B.

3.3.2. Size-exclusion chromatography coupled with small angle X-ray
scattering

SEC-SAXS experiments were performed on LMNG-solubilized GF to
investigate the solution conformation of the self-associated octamers
and to further explore the nature of the octameric assembly observed
via negative stain EM. GF octamers and tetramers were separated before
the SAXS measurements via in-line SEC. Fig. 6A shows the elution
profile from the SEC column. Integrated scattering intensity (blue) is
plotted against time intervals over which SAXS measurements were
made (Frame Number). As an indication of particle size, the radii of
gyration (Rg) calculated from the SAXS measurements of the eluted
fractions are plotted in red. The elution profile shows high Mr ag-
gregates, followed by octamer and tetramer peaks. The Rg values
measured for the octamer and tetramer agree well with the particle
sizes identified in the SEC-MALS measurements above.

A SAXS scattering curve averaged over several frames for the tet-
ramer is shown in Fig. 6B. Fig. 6C shows a Guinier plot of the scattering
data, ln[I(s)]vs. s2, that can be used to provide a model-free estimate of
the Rg of the protein from the slope at low angles. The Guinier

Fig. 4. 2D class averages of negative-stain TEM
images of GF. A) 2D class averages of LMNG-solu-
bilized GF octamer. The three most populated class
averages are shown where (1) used 5899 particles to
form the image, (2) used 5079 particles, and in (3),
4618 particles were used. The scale bar = 100 Å. B)
Some less populated 2D class averages of octamers.
C) A 2D class average image of a tetramer from the
octamer preparation.

M. Hernando, et al. BBA - Biomembranes 1862 (2020) 183191

6



approximation assumes that for low scattering angles,
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g 2
where A(0) is the forward scattering

amplitude at zero angle [85]. The Rg is the average root mean squared
(rms) distance of the electrons to the center of density in the protein.
For the GF tetramer, the scattering data gave an Rg of 49.9 Å. The in-
tercept of the Guinier plot can also be used to obtain an estimate of the
Mr of the protein from the known concentration and I(0); this was de-
termined from Fig. 6C to be 368.2 kDa for tetrameric GF [86,87].
Subtracting the mass of the protein tetramer from this estimate and
dividing by the molecular weight of an LMNG molecule suggests that
about 236 LMNG molecules help solvate the GF tetramer.

The distance distribution function p(r) reports on the paired dif-
ferences in electron separation in a molecule, is useful for detecting
conformational changes and is also used to determine the maximum

length of the molecule, Dmax, and the Rg [85]. The Dmax is the point on
the distance distribution graph where the curve reaches the horizontal
axis. For GF, the p(r) plot presented in Fig. 12S-A, (Supplementary
materials) yielded a Dmax of 97 Å and Rg of 55.6 Å. Integrating the
scattering intensity provides an estimate of the protein excluded vo-
lume, Vp. For GF, the volume determined is 271,294 Å3. By comparison,
the volume of the GF tetramer crystal structure calculated using the
Vadar 1.8 server [88] is 145,146.5 Å3. This does not include the ap-
proximately 31,226 Å3 that the disordered N- and C- termini occupy
leaving 94,921 Å3 or 35% of the total volume occupied by the detergent
molecules.

Kratky plots are graphs of s2I(s) vs. s and are helpful in diagnosing
disorder in a protein [85]. A distinct peak in a Kratky plot indicates a
folded conformation and a plateau is diagnostic of a disordered chain.
Normalized or dimensionless Kratky plots (normalized for protein

A                   B 

103 Å 

Fig. 5. A) The crystal structure of the GF tetramer (green ribbon) looking down on the periplasmic face with the N- and C-terminal residues of each monomer shown
as yellow and blue spheres, respectively. The location of the terminal residues in the monomers suggests that the termini could escape the interface of the tetramers in
the octamer. (PDB ID: 1FX8). B) A model of the GF tetramer surrounded by an LMNG detergent belt built as described in the Materials and methods section. The
LMNG molecules are shown in blue and the monomers in the GF tetramer are individually coloured yellow, orange, red, and grey.
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M. Hernando, et al. BBA - Biomembranes 1862 (2020) 183191

7

http://firstglance.jmol.org/fg.htm?mol=1FX8


concentration, volume and Rg) are graphs of sR I s
I

( ) ( )
(0)

g 2
vs. sRg and are

used to detect changes in conformation or oligomerization. For globular
proteins a peak should appear at about √3 [85]. Deviations from this
value suggest flexibility in the biomolecules or asymmetry. The Kratky
and normalized Kratky plots shown in Figs. 12S-B and S-C (Supple-
mentary material) have peaks at 1.70 and confirm that the tetramer is
globular and not very flexible.

The scattering data in Fig. 6B and the X-ray diffraction structure of
the GF tetramer [28] were used to prepare a low-resolution, ab initio 3D
reconstruction of the tetramer surrounded by a DDM detergent shell
using the Memprot algorithm [65]. Memprot could not fit the protein to
an LMNG shell owing to the lack of electron density information for
LMNG [89]. The simulated SAXS scattering curve in Fig. 6B fits the

measured data very well, the χ2 difference between the two curves
being 1.49. The good fit of the model to the scattering data is convin-
cing evidence that the measured structure is a tetramer solubilized by a
detergent shell. However, the model in Fig. 7 suffers some deficiencies.
The particle is comprised of 482 DDM molecules (equivalent to 241
LMNG molecules) and is 130 Å in diameter, significantly larger than
could be accounted for by a single layer of DDM (or LMNG) monomers
12–13 Å in length [90] as shown in Fig. 5B. Furthermore, the model in
Fig. 7 is 30 Å wider than the octamer particles observed by TEM shown
in Fig. 4. It's possible that additional detergent is present in the model
owing to the missing N- and C-termini from the X-ray diffraction
structure [28].

Analysis of the SEC-SAXS data from the octamer was challenging as

Fig. 7. A 3D reconstruction of DDM-solubilized GF
using SEC-SAXS data for LMNG-solubilized protein.
The GF homotetramer is shown in ribbon re-
presentation (blue) surrounded by a shell of de-
tergent molecules (red) using the electron density for
DDM. Modelled with the Memprot algorithm [65]
and the GF crystal structure (PDB: 1FX8) [28].

Fig. 8. GF octamer models and their SAXS scattering curves. A) A structure of the GF octamer with LMNG detergent belts around each tetramer (blue) with
periplasmic surfaces facing each other and N- and C-termini (red) modelled as described in the Materials and methods section. B) The SAXS scattering curve (dark
blue) of the structure in (A) generated with CRYSOL [69] and compared to the measured octamer SAXS curve (light blue). C) A model of the GF octamer with LMNG
detergent belts around each tetramer with cytoplasmic surfaces facing each other and N- and C-termini (red) modelled as described in the Materials and methods
section. D) The SAXS scattering curve (dark blue) of the structure in (C) generated with CRYSOL [69] and compared to the measured octamer SAXS curve (light blue).
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the Memprot algorithm [65] is not configured to construct a detergent
belt around each of the tetramers in the octamer. We therefore con-
structed models of the octamer as described in the Materials and
methods section. A SAXS curve (plot of I(s) vs. s) of the octameric
crystal structure [28] (Fig. 3) calculated using CRYSOL [69] deviated
from the experimentally measured octamer SAXS curve with a χ2 value
of 115. Superimposing the DDM-tetramer model generated with
Memprot (Fig. 7) on the octamer shown in Fig. 3 resulted in a model
with an improved χ2 goodness of fit of 24.7. A further improvement
was made by building a model of the GF octamer with LMNG detergent
belts around each tetramer and superimposing it on the high-resolution
X-ray diffraction structure shown in Fig. 3. The SAXS scattering curve
(Fig. 13S-B, Supplementary materials) generated from this model shows
an improved fit with a χ2 value of 9.1. Optimization of the orientations
of each tetramer and its affiliated detergent belt using SASREF [91]
resulted in a model (Fig. 13S-C Supplementary material) with an im-
proved fit to the measured scattering curve (Fig. 13S-D, Supplementary
material) with a χ2 of 6.8 and resulting in a structure in which the
tetramers and their detergent belts are tilted with respect to each other
in a manner that is similar to that observed in the negative-stained TEM
images shown in Fig. 4A and B. Note however, that the periplasmic
faces of the tetramers are facing each other, not the cytoplasmic faces as
in the crystal structure.

Further improvement in the fitting of the octamer SAXS data was
achieved by adding models of the amino and carboxyl termini (see the
Materials and methods section) to the best-fit octamer structures or-
iented either with their cytoplasmic surfaces interacting (Fig. 8A) or
their periplasmic surfaces interacting (Fig. 8C). These structures gave
the closest agreement with the measured SAXS scattering curves with
χ2 values of 3.9 and 2.4, respectively. Although the structure with the
tetramers interacting through their cytoplasmic surfaces has the closest
fit to the measured SAXS curve, the difference in the χ2 values between
the models in Fig. 8A and C are too small to allow for the discrimination
between the models. The number of LMNG molecules surrounding each
GF tetramer is 100, the maximum permitted by the Micelle Builder
algorithm [67]. This compares to the 236 LMNG molecules that were
estimated to associate with each tetramer based on the tetramer SAXS
data above and the 482 DDMs (241 LMNG) fitted into the model in
Fig. 7. Observation of the LMNG-belted octamer models (Fig. 5B) shows
that some regions of the presumed membrane-interacting sites on the
octamer do not interact with detergent, suggesting that the models
could be improved further. However, overall there is good agreement
between the experimentally-collected SAXS data and the SAXS curves

generated from the octamer structures, suggesting that they are a valid
depiction of the structure of the octamer in solution. Furthermore, they
are in good agreement with the TEM images shown in Fig. 4.

3.3.3. C-terminus-truncated GF
To determine whether the disordered GF N- and/or C-termini con-

tribute to the observed self-association of GF, a truncated GF construct
was created with the last 19 amino acids, corresponding to the C-ter-
minus, removed. Following the purification steps used for all our pre-
parations, no truncated GF could be detected. This may indicate that
the C-terminus is needed for proper insertion into the membrane or for
proper folding of GF, or that truncation leads to proteolytic degradation
[92,93].

3.3.4. Solid-state NMR spectroscopy of LMNG-solubilized GF
Optimized Studier medium C-750501 [94] yielded 30–40 mg of 15N

and 13C-labelled GF per litre of cell culture. To prepare a sample for
solid-state NMR spectroscopy the IMAC-eluted protein was gel filtered
to remove high Mr soluble aggregates, empty micelles and free mono-
mers. Fig. 14S in the Supplementary materials shows an elution profile
of LMNG-solubilized GF concentrated to approximately 25 mg/mL prior
to gel filtration, showing the presence of high levels of soluble ag-
gregate. For the ssNMR experiments, the fractions containing octamer
and tetramer (Fig. 14S Supplementary materials, peaks b and c) were
pooled and concentrated using Amicon spin filters, achieving con-
centrations of 32 mg/mL in approximately 80 μL. Microdialysis with
the use of PEG-2000 resulted in an NMR sample of approximately
13 mg of 13C/15N-labelled GF in 20 μL (650 mg/mL). For comparison,
the SAXS samples were concentrated to approximately 8 mg/mL.

One-dimensional 15N- (Fig. 15S-A Supplementary material) and 13C-
MAS NMR spectra (Fig. 15S-B, Supplementary material) of the above-
described sample gave high signal intensity indicating that adequate
amounts of 13C and 15N-labelled protein were present in the rotor. The
observed chemical shift range shows that the protein is folded and
predominantly helical.

Fig. 9A and B shows a 2D DARR (Dipolar Assisted Rotational Re-
sonance) spectrum of LMNG-solubilized GF. Fig. 9A shows the full
spectrum from the methyl region to the carbonyl region whereas Fig. 9B
shows an expansion of the high-field region. Several resonances have
been identified in Fig. 9B based on known unique 13C chemical shift
ranges in folded proteins [95]. For example, Ser and Thr Cβ resonances
are always the most downfield shifted in proteins and Ala Cβ are always
the most upfield shifted. Other unique shifts giving rise to identifiable

Fig. 9. 2D DARR spectrum of LMNG-solubilized GF. A) The full 2D DARR spectrum is shown with the 13C-methyl and methylene, Cα and Cβ, and carbonyl regions of
the spectrum identified. B) The high-field region of the spectrum shown in (A). Several crosspeaks in the spectrum are identified based on known unique chemical
shift ranges.
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peaks are the Pro-Cα-Cβ and Ile- Cγ-Cδ. The large number of poorly
resolved Ala Cα-Cβ crosspeaks near (56 ppm, 18 ppm) is a clear in-
dication that the protein is predominantly α-helical. Ser and Thr in α-
helical structure exhibit highly similar Cα and Cβ resonances resulting
in cross-peaks on or near the diagonal and this observation also con-
firms that the GF NMR sample is a folded helix bundle.

The average 13C T2 relaxation time of the upfield region of the
spectrum from 23 to 81 ppm was measured by 1D NMR as described in
the Materials and methods section yielding a T2 of 1.79 ms with a
standard deviation of 0.04. The relaxation decay is shown in Fig. 16S of
the Supplementary materials. This rapid transverse relaxation pre-
cluded the measurement of 3D spectra necessary for observation and
assignment of all the resonances in the protein.

The short T2's suggest the resonances are exchange-broadened and
this might arise from several sources. Although a tetramer-octamer
equilibrium could broaden many of the resonances at the interface
between the tetramers, it seems unlikely that this would affect the en-
tire protein. Another possibility is that the protein is undergoing a
conformational exchange in the ms-μs timescale that significantly
changes the chemical shifts of most of the resonances in the protein.
This would be somewhat surprising because no such conformational
change has been reported in GF or in any other aquaporins.
Furthermore, it is unlikely that the protein would retain its exquisite
substrate specificity if it were to undergo very large conformational
fluctuations, because the substrate-specificity clearly depends, to a
large extent, on the pore maintaining its size within very narrow limits
[28]. However, it is possible that the detergent environment has led to
conformational flexibility in the protein that is not present in the native
bacterial membrane. In addition, it's also possible that detergent ex-
change could lead to line-broadening of many resonances in the pro-
tein, especially those near the surface and interacting with the protein.
Besides all these possible sources of dynamic exchange, it's also possible
that the NMR resonances in the protein dissolved in LMNG at high
concentrations are broadened owing to static heterogeneity. In bilayer-
dissolved IMP's the lipid:protein ratio can affect the static protein
conformational heterogeneity and lead to line-broadened spectra
[48,57]. This problem has been overcome in some cases by careful
exploration of lipid:protein ratios to discover the right combination that
gives rise to one predominant conformation. Perhaps membrane pro-
teins, especially those that do not bind a prosthetic group, are more
conformationally flexible than we realize.

4. Conclusions

We report an expression and purification system using Studier's
media [58] that enables the purification of 30–40 mg of 15N, 13C-GF per
litre of labelling medium, more than adequate for pursuing solid-state
NMR studies. Although dodecyl maltoside is by far the most effective
agent for extracting GF from the E. coli inner membrane the protein
tends to self-associate in DDM and in all other solubilizing media tested.
Our work also shows that LMNG provides the most stable and least
polydisperse preparation of GF. In addition, amphipol A8–35 [21] and
the recently designed RHP's [22] look very promising as they keep the
protein soluble, though polydisperse, for more than 1 week without any
visible precipitation.

A major problem for studying GF by NMR spectroscopy is that the
protein aggregates at high concentrations. Negative stain TEM images
of GF in LMNG show that native tetramers and non-native octamers are
the predominant species present at intermediate concentrations and
that the tetramers self-associate through their disordered N- and C-
termini and are tilted with respect to each other, not parallel as in the
crystal structure. Models of LMNG-solubilized octamers in which the
tetramers are tilted provide the best fits to the SEC-SAXS octamer data
supporting the interpretation of the TEM images. It has not been pos-
sible to remove the N-terminal His6 purification tag or express the
protein without its C-terminus to test whether octamer formation is

mediated by the disordered termini. Cleavage of affinity tags on
membrane proteins often fail when the tag is close to the membrane-
spanning domain of the protein [96]. But even if octamer formation
could be prevented this might not prevent the formation of the higher
molecular weight aggregates that form at very high protein con-
centrations. The large aggregates must form using other protein sur-
faces than those provided by the termini. This suggests that for the
preparation of highly concentrated GF protein for ssNMR spectroscopy
studies that lipid bilayer preparations such as bicelles [79] and vesicles
[48,57] are the most likely to provide a native-like environment that
reduces protein aggregation and polydispersity, and improves the
quality of ssNMR spectra. Such preparations would open up the possi-
bility of determining the role of atomic dynamics in the biological ac-
tivity of GF.
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