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ABSTRACT

Detergent-soluble proteins (DSPs) are commonly dissolved in lipid buffers for NMR
experiments, but the huge lipid proton signal prevents recording of high-quality spectra. The
use of costly deuterated lipids is thus required to replace non-deuterated ones. With
conventional methods, detergents like dodecylphosphocholine (DPC) cannot be fully
exchanged due to their high binding affinity to hydrophobic proteins. We propose an original
and simple protocol which combines the use of acetonitrile, dialysis and lyophilization to
disrupt the binding of lipids to the protein and allow their indirect replacement by their
deuterated equivalents, while maintaining the native structure of the protein. Moreover, by this
protocol, the detergent-to-protein molar ratio can be controlled as it challenges the protein
structure. This protocol was applied to solubilize the Vpx protein that was followed upon
addition of DPC-dsg by '"H-1"N SOFAST-HMQC spectra and the best detergent-to-DSPs molar

ratio was obtained for structural studies.
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TFE, trifluoroethanol; TMD, transmembrane domain.
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INTRODUCTION

The hydrophobicity of some proteins challenges their purification in liquid phase as they
are not soluble in aqueous buffers. Denaturation agents such as urea and guanidine
hydrochloride can be used for solubilization,!~> but at the expense of the protein native structure.
A renaturation step is therefore required, but the process of renaturation remains poorly
controlled and the ultimately obtained structure may be different from the native conformation.
Lipid detergents such as dodecylphosphocholine (DPC) and sodium dodecyl sulphate (SDS)
are alternatively employed to successfully solubilize these proteins called detergent-soluble
proteins (DSPs) of which the human amylin and the SARS-CoV-2 spike proteins.t!°
Unfortunately, the large number of protons of these detergents prevents the recording of NMR
spectra with acceptable signal-to-noise ratio, thus compromising subsequent analyses like
structure determination and interaction studies with protein or ligand partners for the
identification of new drugs and targets. Detergents, often lipids, should be replaced by their
deuterated equivalents. The price of deuterated detergents is high and prevents their use from
the first to the last steps of purification. Various detergent removal methods were described
such as gel filtration, dialysis, precipitation and ion-exchange chromatography,!'-'# but the
effectiveness of their removal is still uncertain since some detergents such as DPC and SDS
can bind to DSPs so tightly that they cannot be removed. A solution might be to perform the
full extraction and purification procedures in deuterated detergents, but the high cost of such a
protocol is also a deterrent. Therefore, a new efficient and economical solution is required for

the removal and exchange of lipid detergents.



Literature shows that some DSPs were well solubilized and folded in organic solvents such
as acetonitrile or trifluoroethanol (TFE), albeit not under near physiological conditions. For
example, the synthetic HIV-1 Vpr adopts a three a-helical structure in the presence of
acetonitrile,’> which is almost identical to the structure determined later by X-ray
crystallography.!® Similarly, the structure of HCV p7 is mainly a-helical, whether in detergents
or in organic solvent/water mixtures as shown by circular dichroism (CD) analyses.!’
Subsequently, the proteins HIV-1 Vpr and HCV p7 were reported to be well structured in
detergent micelles.!®1° Thus, these proteins are well folded in organic solvents and detergents
micelles. Lipids are soluble and can be purified in organic solvents.?0-2?

Structure, multimerization and aggregation of DSPs strongly depend on the detergent-to-
DSP molar ratio. For example, the oligomerization of HCV p7 protein was reported to be highly
sensitive to the detergent-to-protein molar ratio.?® It is important for structural and biophysical
studies to retain the native structure of the protein and thus to determine the optimal lipid-to-
DSP ratio to ensure native and monodisperse structuration of the protein. A slight change in
the detergent-to-protein ratio can induce chemical shift perturbations in NMR spectra,?* which
hampers further analyses and identification of protein-protein or protein-ligand interactions by
the method of chemical shifts perturbations induced upon partner binding.

In this study, we present a new protocol which ensures total removal of the lipids while
retaining the structural properties of the DSP based on our assumption that the detergent
molecules coating the protein can be easily and totally replaced by organic solvent molecules
during dialysis. In a second step, the deuterated detergent can be added to the buffer, and a near

membrane condition can be obtained by eliminating the organic solvent by lyophilization. Thus,
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the aim of this work was to replace the non-deuterated DPC by deuterated DPC (DPC-d;s).
Then to determine the best detergent-to-protein ratio, a series of high resolution 'H-'’N
SOFAST-HMQC?’ spectra were recorded in different detergent-to-DSP molar ratios. Finally,
a 300:1 molar ratio was defined and obtained when the molar ratio of 400:1 only induced very
slight change compared with the equivalent at 300:1. In conclusion, we performed an indirect
replacement of detergents by their deuterated equivalents and determined best detergent-to-

DSPs molar ratio.

RESULTS
Acetonitrile disrupts the binding of detergent molecules

As a prototype, we used the highly hydrophobic protein Vpx, a DSP from macaque simian
immunodeficiency virus (SIVmac). Vpx extraction after bacteria cells lysis and purification
were both conducted in protonated DPC buffer. To eliminate DPC, acetonitrile was used to
efficiently disrupt the binding of DPC to Vpx (Figure 1). Proton NMR spectra confirm that
DPC can be removed completely during dialysis steps against acetonitrile (Figure 2). Organic

solvents are thus effective to disrupt the binding of the coating detergent molecules.

Acetonitrile retains the structural properties of the DSP
Maintaining the native structure of the protein is very important for the structural studies.
The elimination of detergents leads to the precipitation or unfold conformation of DSPs. Some

DSPs are well-folded in both detergent and organic solvent. Here, to confirm the structural



character of Vpx in the context of acetonitrile, a 'H-'>'N SOFAST-HMQC spectra was recorded
(Figure 3). Our NMR spectra shows that acetonitrile buffer retains the structural conformation

of Vpx and prevents its aggregation by offering adequate hydrophobic conditions.

DPC-d;g prevents aggregation during lyophilization

After the elimination of DPC micelles, we directly lyophilized the sample and found that
the lyophilized sample without DPC-dsg was aggregated and somehow attached to the wall of
the eppendorf (Figure 4A). Then, we dissolved the lyophilized sample with DPC-dsg in acetate
buffer, but only a small part of them was solubilized. We propose that DSPs without DPC may
aggregate during the freeze-drying process. Thus, prior to lyophilization, the sample was
supplied with 100 equivalents of DPC-dss3 to avoid protein aggregation upon acetonitrile
lyophilization. We found that the lyophilized sample in the presence of DPC-ds3 was porous

and fibrous (Figure 4B) indicating that DPC-dsg can act as a freeze-drying protective agent.

The best detergent-to-DSP molar ratio is determined by NMR

DSPs usually have different spectrum at different detergent-to-DSP molar ratios
suggesting that the structure of DSPs evolves at different detergent-to-DSP molar ratios. Thus,
structure, multimerization and aggregation of DSPs strongly depend on the detergent-to-DSP
molar ratio. To obtain the best detergent-to-DSP molar ratio, the precise DPC-d3s-to-Vpx ratio
for the structural and interaction studies is determined by NMR, using only a small amount of
labeled protein (~60 nmol per tube). Different detergent-to-Vpx molar ratios, starting with

100:1, were assayed by 'H-’'N SOFAST-HMQC spectra until no significant chemical shift
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perturbations of the protein resonances occurred (Figure SA-E). We found only very slight
changes between molar ratios of 300:1 and 400:1 (Figure 5F). Therefore, a 300:1 DPC-d;g-to-
Vpx ratio was considered as suitable for structural analysis by NMR. In addition, the spectrum
at a 300: 1 DPC-d;s-to-Vpx molar ratio is identical to the spectrum at the same DPC-to-Vpx
ratio (Figure S1). Two residues A96 and A112 located at the C-terminus of Vpx have slight
change in chemical shift probably resulting from indirect effects of the flexibility of the C-

terminus.

DISCUSSION
The purification of DSPs is usually performed using denaturing agents such as urea or
guanidinium salts, in which DSPs may have different conformations before and after
renaturation. Maintaining the native structure of the protein is very important for structural
studies and the use of detergents can avoid the denaturation or aggregation of DSPs during
extraction and purification. Unfortunately, the large number of protons contained in these
detergents complicates NMR spectra analysis and compromises the downstream structure
determination of the protein and its interaction with ligands for the identification of new drugs.
Detergent removal efficiency is still a challenge since various methods cannot remove
efficiently detergent bound to the protein. The extremely high price of deuterated detergents
must also be considered.
Organic solvents are widely used to study the protein properties in biochemical physics,

biotechnology, and biomedicine. The advantages of the organic solvents are that they overcome



unwanted water-dependent side reactions and provide a hydrophobic environment in which
hydrophobic force is involved in maintain 3D structure of proteins.?6-2® Among several organic
solvents, acetonitrile and TFE are most widely utilized due to their low viscosity and high
hydrophobicity.? In our protocol, acetonitrile allows efficient exchange of non-deuterated lipid
detergents by deuterated ones, while retaining the 3D structure of the protein. It is possible,
then, to record high-resolution NMR spectra, free of interfering proton signals from detergent,
required for NMR studies of proteins isolated or in interaction with their partners. Importantly,
Vpx in 30% acetonitrile solution still maintains its 3D structure during the substitution between
DPC and DPC-dsg. Similar with the structure of Vpx in acetonitrile, our previous study showed
that HIV-1 Vpr is organized around three well defined a-helices in 30% acetonitrile solution.3°
Other proteins in acetonitrile aqueous such as subtilisin Carlsburg and human insulin are well
characterized in their 3D structure.’!'-33 In addition, solution NMR structure of protein-G B1
domain display native-like B-hairpin tertiary structure in 30% TFE solution.>* TFE and
acetonitrile are polar solvents that can easily repel water from the protein surface. Consequently,
side chains of polar residues in proteins become more rigid, and favor interactions with other
residues by intramolecular hydrogen bonds, which explains why certain organic solvents
maintain 3D structures and secondary structural elements. However, the 3D structure of
proteins could be perturbed in organic solvents including trifluoroacetic acid (TFA) and
acetonitrile. Acetonitrile and TFE have strong electronegativity so that they can form strong
hydrogen bonds with various hydrogen donors.*® Thus, acetonitrile and TFE perturb 3D
structure of proteins by disrupting intramolecular hydrogen bonds. In addition, Gekko et al.

reported that the stability of the 3D structure of protein depends on the organic solvent
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concentration using hen-egg lysozyme as a prototype.’® Their results suggest that the
perturbation of 3D structure does not occur at low concentrations of acetonitrile (below 40%
acetonitrile). However, the hydrophobic bonding capacity for nonpolar sidechains is weakened
with the addition of acetonitrile, consequently, leading to destabilization of the 3D structure of
proteins.?® In our study, 30% acetonitrile, a low concentration used, is favorable for maintaining
native state of Vpx. Thus, a preferential concentration of acetonitrile or other organic solvents
such as TFE and methanol needs to be investigated to ensure the degree of solubilization and

folding of DSPs when applying our protocol.

On the other hand, this protocol deserves to be tested even if the 3D structure of the protein
is lost in the presence of organic solvent. Indeed, in the case where the protein would be able
to fold after elimination of the organic solvent by lyophilization, this would make it possible

to widen the applicability to other classes of proteins solubilized by a detergent.

Non-deuterated DPC was used to solubilize Vpx and was removed by dialysis against
acetonitrile. Then, DPC-dsg was supplied, the sample lyophilized, and acetate buffer added for
NMR studies. However, all DSPs are not always well-folded in the presence of DPC micelles,
although DPC is the most widely used detergent in solution NMR, and it is possible to adapt
our protocol to other detergents. Similar with DPC, SDS is a lipid detergent as well. DPC and
SDS, not only create a hydrophobic environment through their nonpolar tails preventing protein
self-aggregation, but they also provide a suitable polyelectrolytic environment through polar
heads allowing protein-protein interactions.”® Furthermore, SDS has the same long

hydrophobic carbon chain CH;(CH,);; as DPC suggesting that SDS binds to DSPs in the same



way as DPC. Thus, our protocol could be applied to the substitution of SDS. In comparison
with the monolayer of DPC or SDS, some other lipid detergents such as 1,2- diheptanoyl-sn-
glycero-3-phosphocholine (DHPC) and 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC)
have bilayer properties. Thus, whether acetonitrile or other organic solvents can be used for the

substitution has to be checked.

Vpx is a small size hydrophobic protein, which remains folded under a variety of
experimental conditions in this study. Most membrane proteins have one or several
transmembrane domains (TMDs),3-3 and their TMDs are usually composed by small size a-
helical domains. Furthermore, many TMDs are well organized with a-helices in detergents.
For example, a-helical structures of TMDs from lysosome-associated membrane protein type
2a, influenza A virus M2, phospholamban, and human nicastrin are well organized in DPC
micelles.*** Currently, DPC has been used to obtain 40% of the membrane protein structures
determined by solution NMR, making it the most frequently used detergent.* Interestingly,
organic solvents, including TFA and acetonitrile, can promote or maintain secondary structural
elements and mostly work for helical proteins suggesting that many transmembrane domains
possibly fold well in certain organic solvents and in detergents. For example, the TMDs of the
cannabinoid receptor subtype 2, a member of the well-characterized G-protein coupled receptor
superfamily, folds well in acetonitrile and in DPC micelles.** If membrane proteins fold well
in organic solvents, our protocol could be widely applied for DSPs, membrane proteins or even

protein with more complex topology.
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In this study, acetonitrile was used to break down the hydrophobic forces between protein
and detergent and was then removed by dialysis. Subsequently, a few tests were made on
samples adding very small amount of deuterated detergent prior to acetonitrile removal by
lyophilization. Our protocol allows maintaining the original state of the native protein and
compared to TMDs! protocols, it avoids the process of protein denaturation and renaturation.
Our protocol is thus expected to have a broad impact on the research community studying

hydrophobic proteins in solution.

MATERIALS AND METHODS
Elimination of detergents

The '3C,'>N-labeled Vpx was produced in E. coli, extracted, and purified by liquid
chromatography in acetate buffer A (10 mM sodium acetate, 50 mM NaCl and 5 mM B -
mercaptoethanol buffer at pH 4.0) supplemented with 6 mM protonated DPC. The purified
protein was concentrated on a 3 kDa Amicon Ultra-15 and dialyzed at room temperature
against 30% acetonitrile/70% H,O at pH 2.5 to remove salts and DPC. The quantity of protein
was determined from the OD,g, absorbance value using the acetonitrile dialysis buffer as blank
control. All NMR spectra were recorded in 3 mm tubes at 323 K on a Bruker Avance III 600
MHz spectrometer equipped with triple resonance cryoprobe and Z-gradients. The efficiency

of DPC removal was determined by proton 1D NMR spectra.



Acetonitrile removal by lyophilization

Prior to lyophilization, DPC-ds3 was added to the sample in Eppendorf that was frozen in
liquid nitrogen. The frozen sample was lyophilized in a freeze dryer (Cryotec, Lyophilisateur
Crios model) and acetonitrile was gradually removed. After lyophilization, acetate buffer was
used to re-dissolve the freeze-dry sample. As a control, the sample without DPC-d;g was

directly lyophilized.

Quantification of the best ratio between detergents and DSPs

To determine the best detergent-to-DSP ratio by NMR, a small portion of labeled Vpx
protein was aliquoted into 5 Eppendorf (i.e. ~60 nmol per sample) and DPC-dsg was
individually added at molar ratios ranging from 100:1 to 500:1 prior to lyophilization. After
lyophilization, the five samples were resuspended in 200 puL of acetate buffer A. 'H-'’N
SOFAST-HMQC? spectra were recorded and compared. The best ratio (300:1) is obtained
when the addition of DPC-d55 no longer induces chemical shifts perturbations on the SOFAST-

HMQC spectrum.
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FIGURE LEGENDS

Figure 1. A flowchart of non-deuterated DPC indirectly replaced by deuterated DPC-dss.
Binding of DPC detergent favors and maintains Vpx conformation and prevents aggregation.
The interaction of Vpx with DPC molecules was disrupted by acetonitrile and DPC was then
present in free form. The original conformation of the protein was conserved under the
hydrophobic environment. Prior to lyophilization, the deuterated DPC-dss was supplied to
maintain and protect Vpx protein. Finally, the lyophilized sample was dissolved in acetate

buffer for NMR studies.

Figure 2. Efficiency of DPC removal followed by NMR. All spectra were recorded in acetate
buffer A at 323 K and pH 4.0. (A) 1D proton spectrum of DPC (30 mM). The seven proton
resonances (labelled I to VII) are from DPC. (B) 0.3 mM Vpx proton spectrum with 100
equivalents protonated DPC. (C) 0.3 mM Vpx with 100 equivalents DPC-d;s after
lyophilization and resuspension according to the protocol described here. All DPC proton

signals were suppressed allowing proper observation on the protein spectrum.

Figure 3. 'H-’'N SOFAST-HMQC spectrum of 0.3 mM '3C, SN-labeled Vpx in 30%

acetonitrile recorded at 323 K and 600 MHz.

Figure 4. DPC as a freeze-drying protective agent. (A) Vpx solubilized in 30% acetonitrile and

DPC-free buffer. After lyophilization, the protein self-aggregates, and powder is attached on



the wall of the eppendorf. (B) Deuterated DPC-dsg added in a 100: 1 molar ratio to Vpx in

acetonitrile, prior to lyophilization. The resulting powder is loose and porous.

Figure 5. Series of 'H-'>'N SOFAST-HMQC spectra of 0.3 mM '3C, N -labeled Vpx recorded
in acetate buffer A at 323 K in the presence of DPC-d;g for DPC-d;5-to-DSP molar ratios of
100:1 (A), 200:1 (B), 300:1 (B), 400:1 (D), and 500:1 (E). Vpx structure was stabilized as
DPC-d;g quantity increased. (F) Superposition of spectra recorded for 300:1 and 400:1 ratio. A

molar ratio of 400:1 only induces slight changes compared to 300:1.
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Figure 1
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Figure 1. A flowchart of non-deuterated DPC indirectly replaced by deuterated DPC-d38. Binding of DPC
detergent favors and maintains Vpx conformation and prevents aggregation. The interaction of Vpx with DPC
molecules was disrupted by acetonitrile and DPC was then present in free form. The original conformation of
the protein was conserved under the hydrophobic environment. Prior to lyophilization, the deuterated DPC-

d38 was supplied to maintain and protect Vpx protein. Finally, the lyophilized sample was dissolved in
acetate buffer for NMR studies.



Figure 2

A vi I
pH 4 sodium acetate 10 mM, NaCl 50 mM, BME 5
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Figure 2. Efficiency of DPC removal followed by NMR. All spectra were recorded in acetate buffer A at 323 K
and pH 4.0. (A) 1D proton spectrum of DPC (30 mM). The seven proton resonances (labelled I to VII) are
from DPC. (B) 0.3 mM Vpx proton spectrum with 100 equivalents protonated DPC. (C) 0.3 mM Vpx with 100
equivalents DPC-d38 after lyophilization and resuspension according to the protocol described here. All DPC
proton signals were suppressed allowing proper observation on the protein spectrum.
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Figure 3
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Figure 3. 1H-15N SOFAST-HMQC spectrum of 0.3 mM 13C, 15N-labeled Vpx in 30% acetonitrile recorded at
323 K and 600 MHz.
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Figure 4

Figure 4. DPC as a freeze-drying protective agent. (A) Vpx solubilized in 30% acetonitrile and DPC-free
buffer. After lyophilization, the protein self-aggregates, and powder is attached on the wall of the eppendorf.
(B) Deuterated DPC-d38 added in a 100: 1 molar ratio to Vpx in acetonitrile, prior to lyophilization. The
resulting powder is loose and porous.
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Figure 5
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Figure 5. Series of 1H-15N SOFAST-HMQC spectra of 0.3 mM 13C, 15N -labeled Vpx recorded in acetate
buffer A at 323 K in the presence of DPC-d38 for DPC-d38-to-DSP molar ratios of 100:1 (A), 200:1 (B),
300:1 (B), 400:1 (D), and 500:1 (E). Vpx structure was stabilized as DPC-d38 quantity increased. (F)
Superposition of spectra recorded for 300:1 and 400:1 ratio. A molar ratio of 400:1 only induces slight
changes compared to 300:1.
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Figure S1
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Figure S1. 1H-15N SOFAST-HMQC spectra of 0.3 mM 13C, 15N -labeled Vpx recorded in acetate buffer A at
323 K at pH 4.0, in the presence of DPC (A) and its superposition with the spectra recorded in the presence
of DPC-d38 (B). Two residues A96 and A112 (red arrows) located at the C-terminal have slight change in
chemical shift probably resulting from indirect effects of the flexibility of the C-terminus.
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