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ABSTRACT:

In this study, we investigate the detergent-induced behavior of the integral membrane protein ShuA in solution, focusing
on its interactions with octyl polyoxyethylene (OPOE) and n-dodecyl-B-D-maltoside (DDM). Using a combination of size-
exclusion chromatography coupled with multi-angle light scattering (SEC-MALS), and small-angle scattering techniques (SAXS
and SANS), we provide a detailed characterization of protein-detergent complex (PDC) behavior under varying conditions. Our
results reveal that ShuA remains monomeric in 1% OPOE, whereas in 0.5 mM DDM, it undergoes a reversible monomer/dimer
equilibrium that shifts towards a monodisperse, monomeric state with increasing DDM concentration to 7.5 mM, highlighting the
significant influence of detergent type and concentration on protein colloidal stability.

These findings have direct implications for membrane protein purification and structural studies, particularly in
crystallization and cryo-EM sample preparation. The study emphasizes the necessity of optimizing detergent conditions to ensure
monodispersity and structural integrity, preventing detergent-induced artifacts that could affect structural interpretations.
Importantly, our results highlight the power of the SEC-MALS technique in determining oligomeric or association equilibrium
states, detecting weak intermolecular interactions often overlooked in conventional SEC, and achieving this even in the particularly
complex case of MPs.

By integrating advanced scattering techniques, this work contributes valuable insights into MP colloidal behavior, refining
strategies for structural characterization and providing a framework for optimizing detergent conditions in biochemical and
biophysical studies.

Statement: This study investigates the detergent-induced behavior of ShuA, revealing its monomeric state in OPOE and a
reversible monomer/dimer equilibrium in DDM. Using SEC-MALS, SAXS, and SANS, we highlight the critical role of detergent
selection in maintaining protein stability for membrane protein purification, structural studies, and crystallization.

Keywords: Membrane protein, detergent, small-angle X-ray and neutron scattering, light scattering, size-exclusion
chromatography, oligomerization, colloidal interactions, crystallization.
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1| INTRODUCTION

Membrane proteins (MPs) play crucial roles in cells,
acting as receptors for external signals, transporters of ions and
molecules across the membrane, and performing other vital
functions. Their involvement in various diseases makes them
important drug targets. Consequently, an in-depth
understanding of their structure-function relationship is
essential for developing new therapeutic treatments. Over the
last few decades, research on MPs has made significant
progress, thanks to advances in technologies and
methodologies, particularly in crystallography (XRD), cryo-
electron microscopy (cryo-EM), computational methods and
machine learning (Allen 2019; Healey et al. 2021; Sun et al.
2023; Thangaratnarajah et al. 2022). This progress is reflected
in the explosion of unique structures in the “MPs of Known 3D
Structure” database (https://blanco.biomol.uci.edu/mpstruc/),
which grew more than tenfold, from 175 structures in 2007 to
1,803 in 2024 (Birch et al. 2020). Despite these successes, the
study of MPs remains challenging, primarily due to difficulties
in sample preparation, which range from the expression of the
protein gene in homologous or heterologous systems to the
solubilization of the host lipid membrane and the purification
of the protein using appropriate amphiphilic molecules (usually
detergents). Furthermore, maintaining the long-term stability of
purified membrane protein-amphiphile complexes for
biophysical and structural studies is a remaining issue.

A critical factor in sample preparation is the selection of
detergent molecules used during the purification process. The
nature of the detergent (non-ionic, ionic, zwitterionic) is crucial
as it can influence the stability and proper folding of the MP.
Despite some attempts at rationalizing detergent selection
(Newstead et al. 2008; Urner et al. 2023; Yoon et al. 2024),
there is no standardized approach, while the physico-chemical
interactions between detergents and MPs may provide useful
insights into sample preparation or potentially explain
unexpected results. Among the standard detergents used, and
despite the development of newer detergent and non-detergent
molecules, n-dodecyl-pf-D-maltoside (DDM), n-decyl-B-D-
maltoside (DM), and n-octyl-B-D-glucoside (OG) remain the
most widely used for protein extraction, purification, and
structural studies (Choy et al. 2021; Stetsenko and Guskov
2017). Due to its low critical micelle concentration (CMC <
0.01%) and its low cost, DDM is often considered the gold
standard in biochemistry and structural biology of MPs. While
it is extensively used for solubilization (accounting for over 80
% of total maltoside usage), its use in structural analysis
depends on the method used to solve the protein structures. For
example, when structures are determined using X-ray
crystallography from in-surfo crystals (i.e. in surfactant
micelles), it may be beneficial to exchange long-chain
detergents for short-chain detergents to form smaller detergent
micelles around the hydrophobic transmembrane domain, thus
allowing crystal contacts between hydrophilic domains of MP,
particularly in the case of integral membrane proteins (IMPs).
However, this may be at the expense of protein stability. Indeed,
short-chain detergents (C7-C10) have been shown to
destabilize or inactivate MPs (Lee et al. 2016), whereas long-
chain detergents (C12—C14) are better suited to accommodate
the protein hydrophobic domain, thereby maintaining its
structure and function (Tate 2010). Whether long- or short-

chain detergents, with sugar-based (mono or di-glycoside) or
poly(ethylene glycol)-based head group, IMPs are not always
stable and functional in detergents. Detergents can induce
conformational changes, oligomerization or aggregation
through specific interactions with flexible protein regions
(Yang et al. 2014), or non-specific interactions between
detergent micelles and protein-detergent complexes (PDCs). To
address these issues, extensive efforts have been made over
several decades to develop new stabilizing surfactants and
membrane-mimetic systems (Woubshete ez al. 2024; Yoon et al.
2024). However, less attention has been given to understand the
effects of detergent micelles on the behavior of PDCs in
solution, especially during sample preparation for biophysical
and structural studies, such as crystallization screens or cryo-
EM grid preparation. The oligomeric state of MPs, which is
crucial for their stability and physiological function, can be
altered during solubilization or purification, especially when
detergents are used at high concentrations (Breyton et al. 1997)
or when different detergents are applied (Fisher ef al. 2003; Guo
2020). However, distinguishing between MP oligomers
embedded in detergent micelles and oligomers of PDCs can be
challenging (Heuberger et al. 2002). Controlling the structure
of MPs in detergent is key for preparing suitable samples for
structural studies. While the influence of detergents on the
colloidal behavior of PDCs is often overlooked, these
phenomena are well-studied in the context of nanoparticles for
industrial applications such as drug delivery and cosmetics
(Ray et al. 2018). Understanding these effects could be valuable
for improving sample preparation for MP structural studies.

To describe the behavior of MPs in detergent solutions,
we employed a combination of scattering techniques: multi-
angle light scattering (MALS), small-angle X-ray (SAXS) and
neutron (SANS) scattering. These methods, when coupled in-
line with size-exclusion chromatography (SEC), offer valuable
insights into the macromolecular structure in detergent
solutions (Graewert et al. 2020). Specifically, SEC-MALS
allows determination of macromolecule molar mass and
oligomeric state, while SEC-SAXS and SEC-SANS provide
information on the shape and size of the macromolecule.
Additionally, these techniques help characterize weak
interactions between macromolecules in solution via structure
factor (SF) analysis (Spinozzi et al. 2002). Despite differences
in sample preparation (e.g. concentration, sample volume,
isotopic solvent), SAXS and SANS are highly complementary.
For instance, both SAXS and SANS provide low-resolution
structural information on the entire PDC, but SANS can exploit
the contrast-variation technique to isolate protein information
by matching out detergent contrast (Combet et al. 2023) using
deuterium-labeled detergents (Midtgaard et al. 2018) and D,O
solvents. Once the detergent is matched-out, ab initio shape
reconstruction of the protein can be performed using programs
such as DAMMIF/N (Svergun 1999) or DENFERT
(Koutsioubas et al. 2016), or ab initio electron density map
calculation using DENSS (Grant 2018). Analytical modeling
using SasView (http.//www.sasview.org/) can also be performed
on 1D-scattering data to describe the geometry of the protein
(Cleveland et al. 2018).

While SAXS and SANS provide similar information,
each has its advantages and limitations. SANS, unlike SAXS,
is not prone to radiation damage. However, the lower neutron
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flux requires higher sample concentrations, larger volumes, and
longer exposure times than synchrotron SAXS. Additionally,
replacing H,O with D>O in sample buffers can improve the
SANS signal-to-noise ratio, but this substitution may also
promote protein aggregation, even as it enhances
conformational stability (Giubertoni et al. 2023; Reslan and
Kayser 2018). These effects are primarily due to the increased
strength of hydrophobic interactions and the strengthening of
intra- and intermolecular bonds, resulting from hydrogen—
deuterium exchange (Haidar and Konermann 2023).

As a rule of thumb, structural studies using XRD or
cryoEM require pure, monodisperse samples that remain
structurally stable during crystallization or grid preparation, for
successful results. The behavior of PDCs in terms of oligomeric
state and protein-bound detergent amount depends on the
protein concentration, but also on the type and concentration of
detergent. In a previous study, we performed a molecular
modeling of ShuA in DDM by combining SEC-SAXS, SEC-
MALS, and molecular dynamics (MD) simulations (Abel et al.
2021). ShuA, a 70 kDa TonB-dependent receptor from the outer
membrane of Shigella dysenteriae, was crystallized in OG
(Brillet et al. 2009), a detergent commonly used for B-barrel
MPs due to its ability to form small micelles, thus allowing
crystal contacts and crystal growth. The high-resolution
structure of ShuA was solved at 2.6 A by X-ray diffraction
(Cobessi et al. 2010), revealing a monomeric MP composed of
22 B-strands. Although the SEC-MALS profile revealed a
polydisperse population of ShuA in DDM (monomeric ShuA-
DDM complex and higher molecular-weight complexes), we
could model the DDM belt around the monomeric form of
ShuA in diluted condition (Abel ef al. 2021) using the atomic
3D-structure (3FHH.pdb), without, however, clarifying the
origin of ShuA heterogeneity in DDM (oligomers of
monomeric PDC, DDM-complexes of ShuA oligomers).

In the present study, we re-examine the behavior of
ShuA in DDM and compare the results to those obtained using
OPOE, the detergent originally used to solubilize and purify the
protein from the outer membrane. ShuA was studied at
concentrations ranging from 0.1 to 10 mg.mL™! using SEC-
MALS and SEC-SAXS techniques. SAXS is particularly useful
for investigating non-ideal solutions of semi-dilute or
concentrated macromolecules (Zhang et al. 2007), while SEC-
MALS, which usually needs lower sample concentration than
SAXS, is considered as a “dilute-regime” technique, allowing
weak interaction effects between particles to be overcome.
Additionally, SANS experiments were conducted to further
elucidate the specific behavior of ShuA-DDM in concentrated
solutions of protein.

2| RESULTS and DISCUSSION
2.1| SEC-MALS analysis of ShuA-detergent complex in
OPOE and DDM

Figure 1A shows the SEC profiles of ShuA in 1% OPOE
at different protein concentrations ranging from 0.5 to 10
mg.mL"! injected onto a BioZen dSEC-2 column (5 mL) and
monitored by UV absorbance at 280 nm. A single peak appears
at Ve~ 2.8 mL whatever the amount of ShuA injected, with a
very slight peak shift towards larger elution volumes as ShuA
concentration increases. The extra protein-free micelles, which

are not visible in UV profile, are well separated from the ShuA-
OPOE peak (see the refractive index profile in Fig SI-1).
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Figure 1. A) SEC-MALS elution profiles of ShuA-OPOE, 20 pL injected between 0.5 and
10 mg.mL! in 1% OPOE-containing buffer, eluted on a silica-gel column (BioZen,
Phenomenex) at a flowrate of 300 pL.min"!, with 50 mM Tris-HCI pH 7.5, 150 mM NaCl,
1 mM EDTA, 1% OPOE: UV absorbance at 280 nm in solid line; symbols represent the
calculated apparent molar masses for the protein-detergent complex at the different
concentration injected. B) SEC-MALS elution profiles of ShuA-DDM, 20 pL injected
between 0.025 and 9.75 mg.mL"! in 0.5 mM DDM-containing buffer, eluted on a silica-gel
column (BioZen) at a flowrate of 300uL.min"!, with 20 mM Tris-HCI pH 7.5, 100 mM
NaCl, 1 mM EDTA, 0.5 mM DDM: UV absorbance at 280 nm in solid line; symbols
represent the calculated apparent molar masses for the protein-detergent complex at the
different concentrations injected.

This good separation allows for the calculation of the
PDC molar mass without contribution of protein-free micelle
signals. The calculated molar mass of the ShuA-OPOE
complex increases linearly as the injected concentration
increases, from 150 kDa to about 170 kDa (Fig. 2A, Table SI-
1). The small, regular and linear increase in the “apparent”
molar mass of the complex suggests attractive interactions
between ShuA-OPOE complexes rather than uncertainties from
light scattering measurements (the LS baselines are stable and
the signal fluctuations are low) or oligomerization of the
complex (the calculated mass throughout the peak is constant).
A negative second virial coefficient (4,), calculated from the
Zimm equation (Eq.1) was found to about -3.3 10 mol.mL.g"
2, which is characteristic of attractive interactions between
ShuA-OPOE complexes in 1% OPOE containing buffer. The
molar mass of ShuA was calculated both with and without
considering this second virial coefficient (Fig. 2B). With an
expected molar mass of ShuA of 70,860 Da from its Hise-



tagged sequence, ShuA can be described as a monomer in
OPOE, binding approximately 210-230 OPOE molecules. This
is in agreement with the value of ShuA molar mass determined
in OPOE by SEC-MALS just after the affinity column, prior to
the concentration step (Fig. SI-2A, Table SI-2). The detergent-
to-protein mass ratio (0) was calculated at all concentrations
(Fig. 2C) and found ~ 0.9 g/g for ShuA-OPOE for the highest
concentrations, showing that the ShuA-OPOE complex forms a
stable complex suitable for further structural studies.
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Figure 2. A) Apparent molar masses of ShuA-detergent complex (O) (red for OPOE, blue
for DDM) B) Calculated molar mass of ShuA taking (@) or not taking (O) into account
the second virial coefficient (red for OPOE, blue for DDM; C) Bound detergent to ShuA
ratio (0) (red for OPOE, blue for DDM); D) ShuA-DDM fraction into monomer and dimer
form. All data are plotted as a function of PDC concentration taken at the maximum of the
elution peak.

Figure 1B shows a distinct behavior for ShuA
solubilized and purified in DDM, and analyzed in 0.5 mM
DDM. The UV elution profiles reveal a peak corresponding to
ShuA-DDM complex, which shifts significantly from V.~ 2.9
mL to ~ 2.5 mL as the ShuA concentration increases, the peak
at 3.3 mL corresponding to extra DDM micelles (also observed
by refractometry, Fig. SI-3A). As a control at low concentration
just after the affinity column and prior to concentration, the
SEC-MALS analysis shows that ShuA in 0.5 mM DDM is
monomeric, with approximately 300 molecules of DDM bound
to the protein (Fig. SI-2B, Table SI-2). In contrast to ShuA-
OPOE, the calculated apparent molar mass of ShuA-DDM
complex increases asymptotically as ShuA concentration rises.
Additionally, as the peak moves toward lower elution volumes
(i.e. higher molar masses), the ShuA-DDM solution displays
heterogeneous behavior throughout the peak (non-horizontal
line) characteristic of variations in the apparent molar mass.
Finally, for the highest concentrations injected, the SEC
profiles overlap, while the complex apparent molar mass
continues to increase with the ShuA concentration (Fig. SI-3B).
As for OPOE, this suggests the presence of attractive
interactions between oligomers of ShuA-DDM complexes.
From the calculated mass fractions of ShuA and DDM (Table
SI-3) and the mass ratio o (Fig. 2C), the complex at high
concentrations appears structurally stable, with a constant

DDM-to-ShuA ratio of ~ 1.6 g/g. A second virial coefficient
was determined from the high concentration range of complex,
i.e. where the complex appears stable, and was found to be
approximately -1.97 10 mol.mL.g?. By accounting for these
attractive interactions in the “Protein Conjugate analysis”
procedure (Eq. 1), the molar mass of ShuA without interaction
was calculated in 0.5 mM DDM (Fig. 2B). The values ranging
from about 71 to 165 kDa suggest that ShuA transitions from a
monomer at low concentrations to a dimer at high
concentrations (> 5 mg.mL! injected). The monomer and dimer
mass fractions were calculated (detailed equations in SI, Table
SI-4) and plotted as a function of ShuA-DDM concentration
taken at the maximum of the elution peak (Fig. 2D). The
inhomogeneity observed across the elution peak can therefore
be interpreted as a monomer/dimer equilibrium that occurs
during the elution.

2.2| SEC-SAXS analysis of ShuA-detergent complex in
OPOE and DDM

In order to thoroughly describe the structure and the
behavior of ShuA-detergent complex in solution as a function
of ShuA concentration in 1% OPOE and 0.5 mM DDM, two
concentration-series between 1 and 15 mg.mL"! (i.e. between
50 and 300 pg injected on the BioZen column) have been
measured by SEC-SAXS on the beamline SWING from
synchrotron SOLEIL (St-Aubin, France). These concentrations
correspond to the highest concentration range in the SEC-
MALS experiments, where ShuA-detergent complex is stable.

Figure 3A depicts the SAXS data analysis for ShuA in
1% OPOE. The absolute intensities have been normalized to
ShuA-OPOE complex concentrations. All curves superimpose
for 0 > 0.05 A’!, whereas at low Q-values, the intensity
increases as the concentration of complex increases. The
Guinier approximation in the low Q-region allows to determine
both the forward intensity, /(0), and an “apparent” radius of
gyration, Rg, for all concentrations injected on the SEC column.
The increase in /(0)/cepc as a function of ShuA-OPOE
concentration (Fig. 3B) confirms the presence of attractive
interactions between monodisperse complexes as it was
observed by SEC-MALS. This is also confirmed by the increase
in the “apparent” Rg with concentration and the pair distance
distribution function (PDDF) plot (Fig. 3A insert), whose bell
shape is characteristic of a globular complex, and also by the
Kratky representation (Fig. SI-4B), which shows a compact
complex without shape evolution. The variation in P(R) for R ~
Dnax 1s likely due to attractive interactions. A second virial
coefficient was calculated using Eq.11 and found equal to ~ -
3.5 10* mol.mL.g? in agreement with the value from SEC-
MALS. From the SAXS intensities, an “ideal” form factor (FF)
was built by merging the low-concentration curve (50 pg) at
low Q to avoid weak interaction effects and the high-
concentration curve (300 pg) less noisy at high Q-values.
Structural parameters (Rg, Dmax) of ShuA-OPOE complex were
determined (Table 1), which show a smaller complex in OPOE
compared to the model previously described in DDM (Abel et
al. 2021) and slightly larger than the atomic structure
(3FHH.pdb). This is due to a low electron density contrast of
polyoxyethylene head group with solvent as seen by SAXS,
which reduces the X-ray scattering intensity of micelle at low
Q-values (Fig. SI-5A).



Table 1. Structural parameters obtained from SEC-SAXS analysis: radius of gyration
(Rc), maximum dimension (Dmax) for ShuA-detergent complex in OPOE/H>O,
DDM/H>0 and moDDM/D:20 (FF = form factor).

Sample RG/Duax (A1 A)
ShuA-1% OPOE (FF) 30.1/~95
ShuA-0.5mM DDM (FF) 61.8 /~208
ShuA-0.5mM DDM(ABEL ET AL. 2021)(FF) 42.2/~132
ShuA-0.5mM moDDM/D-0 (exp. 10mg.mL™") 68.9 /~230
ShuA-0.5mM DDM/H:O (exp. 15mg.mL™") 69.4/ ~235
ShuA-7.5mM DDM (exp. lmg.mL™") 48.7 / ~160

The main contribution of detergent signal in the ShuA-OPOE
complex originates from the detergent tails, reducing the values
of Rg and Dyax of the whole complex.

Figure 3C shows the SAXS analysis for ShuA-DDM
complex. As for ShuA in OPOE, all SAXS curves superimpose
at high Q-values between 50 and 300 pg injected into the
column in agreement with SEC-MALS analysis, and exhibit an
increase in /(0) and R¢ as the concentration of ShuA increases
(Fig. 3D). However, the PDDF plot (Fig. 3C insert) shows
evolution in shape as a function of concentration with the
appearance of a shoulder at ~ 100 A from 100 pg injected
ShuA-DDM and that does not evolve as the concentration
increases (Fig. SI-4C). This shoulder could be the signature of
parallel dimer of ShuA complex (Glatter and Kratky 1982).
This is consistent with the results from SEC-MALS that show
an increase in molar mass up to 100 pg and then a stabilization
in the mass of the complex. As for SEC-MALS data analysis, a
second virial coefficient was determined for concentrations
between 50 and 300 pg injected and found ~ -1.33 10*
mol.mL.g2, slightly different from the one found with SEC-
MALS (~ -1.97 10 mol.mL.g) but still negative suggesting
attractive interactions between ShuA-DDM complexes.
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Figure 3. A) Concentration-normalized scattering intensities of ShuA in OPOE at different
injected amounts as a function of Q; PDDF plot in insert; B) Forward intensity /(0)/Crpc
and radius of gyration Rg as a function of ShuA-OPOE complex concentration; C)
Concentration-normalized scattering intensities of ShuA in DDM at different
concentrations as a function of Q; PDDF plot in insert; D) /(0)/cppc and Rg as a function
of ShuA-DDM complex concentration.

The dimensions of ShuA-DDM in this high range of
concentration are larger (Dmax between 210 — 240 A) than those
found previously described in Abel et al. In this previous study,

2 During the long ILL shutdown, ® after the ILL shutdown

the concentration of ShuA-DDM complex in the peak was
between 0.03 and 0.06 mg.mL™" and the apparent molar mass of
the complex between 220 and 235 kDa, which corresponds to
the low concentration range in the present SEC-MALS study.
Regardless of the detergent used, ShuA-detergent complex
appears as a globular assembly as evidenced by the double
logarithmic plot, where I(Q) is constant at small Q-values and
decreases rapidly at intermediate O-values, or the bell shape of
both the PDDF and the Kratky plot. ShuA-OPOE forms a
smaller complex than ShuA-DDM, as observed from the shift
of the second maximum (~ 0.2 A!) towards larger O-values
(Fig. 4), and from the maximum dimension (Dmax ~ 95 A) in the
PDDF plot (Fig. 4 insert). In DDM, ShuA exhibits distinct
behavior as compared to the previous study. While both curves
superimpose at large Q-values, suggesting a common feature,
the forward intensity for ShuA-DDM at higher concentrations
increases, as well as Rg and Dmax. This could be consistent with
the formation of a dimeric complex, as observed by SEC-
MALS at high concentrations.
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complex data from Abel et al (Abel e al. 2021) (black line).

2.3| SANS analysis of ShuA-moDDM complex

In order to decipher the oligomeric state of ShuA at high
concentrations and its spatial organization in DDM, we
performed SANS in a matched-out DDM (moDDM), i.e. a
specifically deuterated DDM (in the head and tail regions) that
is totally contrast matched in a 100% D,O buffer solution
(Midtgaard et al. 2018). The SANS experiment was performed
on the QUOKKA instrument® at ANSTO (Sydney, Australia)
with ShuA initially prepared, i.e. solubilized from outer
membrane and purified with 1% OPOE, then exchanged with
1% DDM-H,0 on concentrator device and finally exchanged
with 0.5 mM moDDM/D,0 on a 24 mL-SEC column (S200
Increase 10/30). The fractions with maximum absorbance were
collected (Fig. SI-7) and their SANS signal measured. The
atomic structure of ShuA being available (3FHH.pdb), the
theoretical scattering curve was calculated using CRYSON
(Svergun et al. 1998) and compared to ShuA in moDDM/D,0O



buffer (Fig. 5). The monomeric structure of ShuA clearly does
not coincide with the experimental SANS curve. To verify the
results and the efficient exchange of detergent from OPOE to
DDM and moDDM, the SANS experiment was reproduced on
the D22 instrument® at ILL (Grenoble, France) with ShuA
directly solubilized and purified using DDM and then
exchanged with 0.5 mM moDDM in a 100 % D,O buffer on a
24 mL-S200 column as previously.
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Figure 5. Experimental SANS curve of ShuA-moDDM (red dot) in 100% D20 buffer
(50mM Tris, pD 7.5, 100mM NacCl, 0.5 mM moDDM/D.O). The curve is obtained by
merging data from 3 sample-detector distances; SasView fitted curve of ShuA-moDDM
(blue line) using a cylinder as form factor (FF) and a sticky hard-sphere structure factor
(SF). The green curve represents the cylinder form factor alone. Insert) Pair-distance
distribution functions, P(R), of ShuA 3FHH structure (black line).

The SANS signal of ShuA-moDDM at the highest
concentration is similar to result from QUOKKA (Fig SI-8A).
The expected /(0) for a monomer of ShuA at 0.8 mg.mL"! is ~
0.047 cm™!, whereas the experimental /(0) for ShuA-moDDM
in 100% D,O buffer is found ~ 0.235 cm’!. The Rg of both
curves, as well as the Dmax from the PDDF (Insert Fig. 5, Table
2), suggest a large oligomer or a cluster of dimers (Valadez-
Perez et al. 2021; Zhang et al. 2012) of ShuA in the matched-
out DDM in D,0O, which could corroborate the SEC-MALS
results, where attractive interactions between dimers of ShuA-
DDM complex were characterized. This cluster or large
oligomer could be due to the effect of deuterated DDM and/or
D,0 that could induce stronger attraction between moDDM
micelles (Fig. SI-5B) compared to DDM micelles and therefore
could increase attractions between ShuA-moDDM complexes
as suggested by Hitscherich and co-workers (Hitscherich ef al.

2000). To decipher the behavior of ShuA in moDDM and take
into account attractive interactions, the SANS curve was fitted,
by using the program SasView (http://www.sasview.org/), as
the product of a form factor P(Q) and a structure factor S(Q),
which enables to account for weak interactions. The theoretical
SANS curve of ShuA 3D-structure was also fitted using
SasView with either an ellipsoid or a cylinder model form
factor. By using the scattering length density calculator from
BioISIS (http://psldc.isis.rl.ac.uk/Psldc/) with the ShuA
sequence in 100% D20 (pshua = 3.273 10° A2 and pour = 6.376
10° A-2), the best fit model for the 3FHH-structure was a prolate
ellipsoid with an equatorial radius of ~27 A and a polar radius
of ~39 A, which agrees well with the total dimensions of the -
barrel shape of ShuA (i.e. ~ 50 A diameter and ~ 80 A height)
(Fig. SI-9). For ShuA-moDDM in D,O buffer, a cylinder model
with a sticky hard-sphere (SHS) structure factor successfully
accounts for the experimental SANS curve (Fig. 5). The
dimensions of the cylinder were found equal to ~ 23.6 A in
radius and ~151 A in height, suggesting the formation of a
linear dimer with two ShuA molecules in close attraction. This
is confirmed by the PDDF (Insert Fig. 5), which, in the small
distance range, displays the characteristic feature of ShuA in its
monomeric form. The PDDF of ShuA-moDDM, calculated
without the contribution of S(Q), displays the form factor of a
ShuA dimer, with a maximum dimension and Porod volume
approximately twice those of the ShuA monomer.

2.4| Macromolecular modeling of ShuA in detergent
from SAXS and SANS data.

Small-angle scattering (SAS) is a powerful technique for
probing the structure of biological macromolecules in solution.
SAS is particularly useful for modeling dilute and non-
interacting biomolecules in solution. It complements high-
resolution methods like XRD, cryoEM and nuclear magnetic
resonance (NMR), especially when suitable samples are
challenging to obtain for these high-resolution techniques.
Several software programs enable the ab initio reconstruction
of biomolecules from 1D scattering data, including
DAMMIF/N, MONSA, and DENFERT (Franke and Svergun
2009; Koutsioubas et al. 2016; Molodenskiy et al. 2020;
Svergun 1999). These programs use collections of beads or
dummy atoms, which are arranged in a shape that best fits the
scattering profile of the biomolecule. A more recent approach
(DENSS) directly calculates electron density maps from the
SANS data (Grant 2018; Sumner and Qian 2022), without
relying on predefined models or shapes, offering a more
realistic 3D view of macromolecules, even complexes, in
solution.

Table 2. Structural parameters obtained from SANS analysis (} ellipsoid model; } cylinder model; SF = structure factor)
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3FHH 0.8 mg.oml * (CRYSON) 34 ~76] ~04.600 0.047 R 267 Boa 39 1
ShuA-meDDM (xp) 66 | ~220 | ~350,000 0.235
Shu A-moDDM (gt wo SF) 46 | ~153 | ~176,000 0.142 R236/HI51E
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Other approaches enable modeling the detergent belt
around a MP of known structure. For example, MemProt (Perez
and Koutsioubas 2015) uses a collection of dummy beads to
generate a coarse-grained model by fitting an experimental
SAXS curve knowing the MP all-atom 3D-structure. In
contrast, the Det.belt server (Zampieri et al. 2021)
approximates the detergent belt as a hollow cylinder, based
solely on the number of detergent molecules surrounding the
MP. Although schematic, these representations of PDCs
provide biochemists with valuable visual insights into their
samples.

To expand MemProt’s applicability to a wider range of
detergents and belt geometries, Combet and collaborators are
developing SASbelt, a new Python-based implementation (to
be published), that adds a graphical interface, automated MP
orientation, and a webserver dashboard
(https://1lb.cnrs.fr/sasbelt/).

In the present study, we combined two complementary
strategies. First, we modeled SANS data using DAMMIF and
DENSS to reconstruct the overall shape of ShuA in moDDM.
Second, we applied SASbelt to SAXS data to visualize the
detergent belt surrounding ShuA in OPOE and DDM. For the
DAMMIF analysis, the overall shape of the ShuA-moDDM
complex was reconstructed using the P(R) function derived
from the SasView fitting SANS curve, without including the
SHS structure factor. The reconstruction was carried out
through the Web server interface (https:/www.embl-
hamburg.de/biosaxs/atsas-online/) with 20 iterations completed
and the resulting envelopes aligned and averaged using
DAMAVER (Volkov and Svergun 2003). For the DENSS
analysis, 3D electron density maps were generated, either from
the scattering intensity /(Q) or the pair-distance distribution
function P(R) via the Web server
(https://denss.ccr.buffalo.edu/). Both experimental SANS data
and the SasView form factor were analyzed. A total of 20
electron density maps were computed, aligned, and averaged to
produce the 3D reconstructions.

Figures 6A and 6B present the ab initio models obtained

for the SasView FF with DAMMIF and DENSS, respectively.
Each suggests that ShuA forms a rather linear dimeric structure
with close interactions in 0.5 mM moDDM. Additionally, a
DENSS reconstruction of the experimental SANS curve
suggests that the solution at very low Q-values may consist of
a cluster of three ShuA assemblies (Fig. 6C). This aligns with
forward intensity values suggesting a hexamer or a cluster of
three dimers (Zhang et al. 2012). This behavior, which was not
observed in SAXS data with the protiated ShuA-DDM complex
in H>O buffer, could originate from the presence of moDDM in
D0.
Figure 7 displays the ellipsoidal core-shell torus models
generated by SASbelt, where blue and yellow beads represent
the hydrophilic and hydrophobic regions of the detergent belt,
respectively. As expected, the belt dimensions are smaller in
OPOE than in DDM, consistent with a reduced PDC in the
OPOE condition. The slightly greater ellipticity of the
ShuA/OPOE model (e = 1.3), as shown in Figs. 7 and SI-13A,
may indicate increased shape variability or structural disorder
in the OPOE belt compared to the more uniform DDM cases (e
=1.15and 1.2 for 0.5 and 7.5 mM DDM, respectively).

Using 30% hydration for the detergent heads yielded excellent
fits (Fig. SI-13) with %> = 0.7 for 0.5 mM DDM, y? = 1.8 for
1% OPOE and a poorer but acceptable fit (x> = 10.7) at 7.5 mM
DDM. The head-to-tail ratios - ideally unity - were 1.14 (0.5
mM DDM), 1.01 (1% OPOE), and 0.90 (7.5 mM DDM). The
aggregation numbers in OPOE and DDM from SASbelt agree
well with those from SEC-MALS, confirming the reliability of
the modeling.

Figure 6. A) Ab initio shape reconstruction from pair-distance distribution function of
ShuA-moDDM using DAMMIF; B) Electron density reconstruction from fitted scattering
data of ShuA-moDDM using DENSS. Electron densities are shown as volumes colored
according to electron density. In both cases, models were performed using the fitted curve
without SF. The two ab initio models can be overlaid with two molecules of ShuA; C)
Electron density reconstruction from experimental SANS scattering data of ShuA-
moDDM using DENSS

2.5| SAXS comparison of ShuA-DDM/H20 and ShuA-
moDDM/D20 complexes.

Samples prepared for SANS experiments typically
require deuterated compounds such as (per)deuterated proteins
or (per)deuterated detergents, in H,O/D,O solvent mixtures. In
this study, ShuA was prepared using moDDM in 100% D,O
buffer, allowing us to focus on characterizing the protein
structure while matching out the contribution from the
detergent. To evaluate the influence of moDDM and D,0 on the
structure of the ShuA-DDM complex in solution, we compared
by SAXS, ShuA-moDDM in 100 % D,O buffer with ShuA-
DDM in H,O buffer. The ShuA-moDDM/D,O sample
preparation for SAXS was identical to that for the SANS
experiment: ShuA-DDM was injected onto a 24 mL-S200
column pre-equilibrated with a deuterated moDDM-containing
D,O buffer solution. The UV-elution profile of ShuA-
moDDM/D,0 was compared to the elution profiles on the same
column of a concentrated ShuA-DDM/H,O sample (15
mg-mL™") and a diluted ShuA-DDM sample after the affinity
column (Fig. SI-10). Both concentrated ShuA-DDM (15
mg-mL™") and ShuA-moDDM (10 mg-mL™") eluted at V. ~ 9
mL whereas the monomeric ShuA eluted at V. ~ 11 mL
confirming the dimerization of ShuA at high concentrations.
The concentrated ShuA-DDM sample (15 mg-mL™) was
analyzed by SEC-SAXS on SWING at SOLEIL, whereas all
fractions through the peak of ShuA-moDDM were collected
and analyzed by SAXS in batch mode on the BM29 beamline
at ESRF. For each fraction, /(0), R and Duax were determined
(Table SI-6). Fractions 15 to 19, which exhibited similar shapes
and values of Rg, were averaged for further analysis. The
scattering curves I(Q)/cswa and P(R)/Pmax for both ShuA-
DDM/H,O buffer and ShuA-moDDM/D,O buffer at the
maximum absorbance show similar shapes and dimensions (Rg,
Dnax) (Fig. SI-8B, Table 1), indicating that the presence of the
deuterated detergent and the use of DO in the buffer neither
affect the detergent belt surrounding ShuA nor the oligomeric
state of the protein. However, the strength of the attractive
interactions between dimers of ShuA-moDDM complexes
could not be evaluated as this would have required injecting a
series of more concentrated samples onto the column, which
could not be achieved.
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Figure 7. SasBelt modeling of ShuA in OPOE 1% and DDM 0.5 and 7.5 mM: Side view,
top view, geometric parameters (Input parameters and output fits are in SI).

2.6| SAXS/SANS comparison of ShuA-moDDM for ShuA-moDDM (Tt wio SF)
dimer organization. 1F —— 3FHH.pdb

Analysis of SEC-MALS, SEC-SAXS and SANS
experiments as a function of ShuA concentration suggests that 0.8
the ShuA-DDM complex in a buffer containing 100 mM NaCl,
0.5 mM DDM at pH 7.5 forms a dimer at concentrations above
5 mg.mL! (concentration measured prior to injection onto SEC
column). However, the precise arrangement of this dimer -
whether parallel, linear, or an intermediate form, and whether 04 |
involving weak or strong interactions - remains unclear. By
comparing the PDDFs of ShuA-moDDM from SAXS and o2 | .
SANS experiments, we propose a dimer structure for ShuA and
its complex in DDM. Based on the values of maximum
dimension and Porod volume (Tables 1 & 2) as well as the 0 50 100 150 200
shape of the PDDFs (Fig. 8A) for the 3FHH-structure of ShuA R (A)
and the fitted SANS curve of ShuA-moDMM without the SHS
structure factor, we observe that both Dumax and Vporoa double. B
Moreover, the P(R) of ShuA-moDDM dimer closely
superimposes with that of the ShuA monomer for R < 50 A, and
then decreases linearly up to twice the Dy of ShuA monomer, 0.8
suggesting a linear arrangement of ShuA dimers (Glatter and
Kratky 1982). Comparing the PDDFs of ShuA-DDM
complexes at low and high concentrations (Fig. 8B), Dmax does
not double for concentrated ShuA, and a shoulder appears that
could be consistent with formation of parallel prolate dimers of -
ShuA-DDM complex (Glatter and Kratky 1982). Both results @
from SANS and SAXS are consistent with an aligned dimer of 0.2 <D
ShuA when regarding the complex with the matched-out belt
and with a parallel dimer of ShuA complex when regarding the 0 h 5'0 160 1;{3 2['}0 P
whole complex (schematic models in Fig.8). ShuA in 0.5 mM
DDM therefore seems to form a colloidal oligomer rather than R(A)
a dimer of ShuA embedded in a DDM belt (SASbelt model, data Figure 8 A) Representat}ve Vi'ew of ShuA as linear dimer as suggested by th'e SANS
not shown). This is consistent with the fact that the majority of ; g;gteg)b yl{;‘;rgsz‘;;gtlgggplf’w of ShuA-DDM complex as parallel dimer as
known 3D-structures of 22- stranded transmembrane p-barrels
are monomeric (Tamm ef al. 2004).
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2.7| Colloidal behavior of ShuA in detergent solution.
The present study of ShuA in OPOE and DDM using SEC-
MALS and SAS techniques reveals two distinct behaviors
regarding the oligomerization of the ShuA-detergent complex.
In 1% OPOE (~4xCMC), the ShuA-detergent complex remains
monomeric, exhibiting inter-complex attractive interactions
that induce an increase in the apparent molar mass of the
complex. However, this does not lead to the formation of PDC
dimers. In contrast, in 0.5 mM DDM (~3xCMC), the ShuA-
DDM complex in solution evolves into a reversible
monomer/dimer equilibrium as a function of ShuA
concentration, with ShuA-DDM dimers displaying attractive
interactions at highest ShuA concentrations.

To assess whether the observed behaviors are influenced
by the nature or by the concentration of detergent in the ShuA
solution, SEC-MALS experiments were conducted by
modifying the composition of the ShuA-DDM solution. Ionic
strength, pH, and DDM concentration were tested individually.
Changing the NaCl concentration from 100 mM to 300 mM, or
lowering the pH from 7.5 to 5.0 (close to ShuA’s pl) did not
significantly affect the behavior of the ShuA-DDM complex
with 0.5 mM DDM (i.e. complex dimer formation) (Fig. SI-
11A). Modulating the ionic strength with NaCl or reducing the
net charge of ShuA increased the apparent molar mass, likely
due to stronger attractions between dimers. In contrast,
increasing the DDM concentration in the mobile phase from 0.5
mM to 7.5 mM seemed to prevent dimer formation. A linear
increase in apparent molar mass of ShuA-DDM complex as the
injected concentration of sample increases, similar to that
observed with 1% OPOE, suggested attractive interactions
between ShuA-DDM monomeric complexes. A similar trend
was observed for the DDM-to-ShuA ratio (J), which was not
significantly affected by changes in NaCl concentration or pH,
but increased with higher DDM concentrations (Fig. SI-11B)
and gradually decreased as the ShuA-DDM complex
concentration increased. The increase in the DDM-to-ShuA
ratio, indicating a larger detergent belt with increasing DDM
concentration, as observed with the SASbelt modeling, has
already been described in other studies (Kaufmann et al. 2006;
Wolfe et al. 2019) and also modeled by MD simulations in our
previous study (Abel et al. 2021). This can be explained by the
tendency of DDM to energetically favor adsorption onto the
protein surface rather than formation of micelles in the bulk
(Polidori et al. 2016), whereas the leakage of the detergent from
the belt to the bulk could result from the increase in attractive
interactions between ShuA-DDM complexes (Gelbart et al.
1984).

To understand the mechanisms controlling ShuA-
detergent behavior in the two detergents, we therefore analyze
the composition of the ShuA solution in each detergent. It is
well known that a solution of MPs in detergents is complex,
consisting of free detergent molecules, detergent micelles, and
MPs embedded in a detergent belt (PDCs). While the
concentration of free detergent can be considered
approximately equal to the critical micellar concentration
(CMC), the concentrations of detergent micelles and PDCs
depend on the specific experimental conditions used. For
OPOE, the detergent concentration used in the mobile phase for
purification, SEC-MALS and SAS experiments was 1% (~28.6
mM). With a CMC of 6.6 mM and an aggregation number of

approximately 120 + 10% molecules per micelle (from our
SEC-MALS experiments), the molar concentration of OPOE
micelles is ~170 uM. In our study, ShuA concentrations
injected onto the SEC column ranged from 1 to 10 mg.mL",
resulting in ShuA-OPOE complex molar concentrations
between 2 and 8 uM at the maximum of the elution peak, which
is much lower than the OPOE micelle molar concentration.
For DDM, the concentration used in all SEC experiments was
0.5 mM, which corresponds (with N, ~ 135 molecules per
micelle and CMC ~ 0.17 mM) to ~2.3 uM of DDM micelles,
which is almost one hundred times less than OPOE. The molar
concentrations of ShuA-DDM dimers ranged from 0.9 to 4.2
UM in the elution peak, which is roughly the same order of
magnitude as the DDM micelle concentration. In contrast, the
molar concentrations of ShuA-DDM monomer complexes
ranged from 0.02 to 0.08 pM, which is much lower than the
DDM micelle molarity. These results are in line with the works
of Fleming et al (Fleming 2002), which show that when the
protein is diluted in a detergent micelle phase, it moves towards
a dissociated state. Thus, in 1% OPOE, the detergent micelle
concentration been greater than the PDC concentration, the
ShuA-detergent complex remains in a monomeric form. This
behavior is further confirmed by SEC-MALS and SEC-SAXS
experiments conducted with a higher concentration of 7.5 mM
DDM in the elution mobile phase.
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Figure 9. A) Apparent molar masses of ShuA-detergent complex (@) calculated from
SEC-MALS experiments with different detergent concentrations in the mobile phase (blue
for 0.5 mM DDM, green for 7.5 mM DDM); calculated molar mass for ShuA (#) and
bound DDM ([J) by taking A into account; B) Bound detergent to ShuA ratio () (blue for
0.5 mM DDM, green for 7.5 mM DDM).



Figure 9 shows the calculated molar mass for the ShuA
complex, the protein alone, and the protein-bound detergent at
0.5 mM and 7.5 mM DDM from SEC-MALS analysis. At 7.5
mM DDM, the apparent molar mass of the ShuA-DDM
complex increases linearly with ShuA concentration, similar to
observations made for ShuA in 1% OPOE, suggesting a
comparable behavior. A second virial coefficient, calculated
from MALS data (4> ~ -3.3 x 10 mol-mL-g?), indicates
attractive interactions between ShuA-DDM complexes. The
corrected molar mass of the ShuA-DDM complex (Table SI-
3B), derived from 4>, suggests a monomer binding
approximately 340-400 DDM molecules at 7.5 mM DDM, with
the number of bound DDM molecules decreasing as ShuA
concentration increases. This behavior is confirmed by the
SAXS experiments. A concentration-series between 1 and 6
mg.mL"! (i.e. between 75 and 300 pg injected on the BioZen
column) was measured by SEC-SAXS on SWING (SOLEIL).
The complex concentration-normalized intensities (Fig. SI-12)
show an increase in /(0)/c and a decrease in the second
maximum as ShuA concentration increases. The decrease in the
second maximum (Q ~ 0.2 A™') correlates with a release of
DDM molecules from the protein belt to the detergent bulk
solution as observed in SEC-MALS experiment (Fig. SI-11B)
and already reported in Abel et al (2021), whereas the increase
in /(0)/c can be attributed to the attractions between ShuA-
DDM complexes. This attraction between complexes could
originate from the presence of the large amount of extra
detergent micelles in the bulk solution (Jia et al. 2005). Indeed,
in the latter experiment with 7.5 mM DDM, the molar
concentration of DDM micelles (~ 54 uM) is larger than the
ShuA-DDM molarity, which ranged from 0.3 to 7.9 puM. The
observed outcomes can be understood by considering the
complex interplay of inter-particle interactions within the
solution. In PDC solutions, several types of interactions are at
work: those between detergent micelles, between PDCs, and
between protein-free micelles and PDCs. These include both
attractive forces - such as van der Waals interactions,
hydrophobic interactions, and depletion interactions - and
repulsive forces, including excluded volume effects,
electrostatic repulsion, and hydration forces. While proteins
experience repulsion due to excluded volume, net charge, and
hydration shells, the repulsive interactions between micelles
can paradoxically lead to attractive forces between PDCs, like
the polymer-induced depletion attractions seen in colloid or
macromolecular systems (Asakura and QOosawa 1958;
Marenduzzo et al. 2006).

If it is relatively straightforward to study and characterize weak
interactions between soluble proteins in salts, PEGs or
detergents (Bonneté et al. 1999; Jia et al. 2005; Kulkarni et al.
2000), characterizing the interactions between PDCs in solution
is more challenging due to the presence of micelles (Hitscherich
et al. 2000). This can be overcome by using SAS techniques
coupled in-line with SEC, which permits the separation of
protein-detergent complexes from extra detergent micelles and
the subtraction of surrounding micelle signal. It is also possible
to assess the nature of inter-complex interactions for integral
MPs (IMPs) like ShuA by looking at the interactions between
protein-free micelles. Indeed, in 2000’s, Hitscherich and co-
workers have shown that for IMPs embedded in a detergent
belt, the interactive behavior of IMP-detergent complexes
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follows that of protein-free detergent micelles, suggesting that
the detergent contribution dominates in the behavior of the PDC
(Hitscherich et al. 2000).

In our study, we characterized by SAXS the size, shape,
and inter-micelle interactions of DDM, OPOE and moDDM in
solution (Fig.SI-5). As previously described (Barret et al.
2013), the DDM micelle is stable in shape and presents an
oblate core-shell ellipsoid structure, with R of ~ 32 A and Dyax
of ~ 80 A, exhibiting slight repulsive interactions as seen by the
decrease in forward intensity as the detergent concentration
increases. For OPOE, to our knowledge, there are few or no
studies addressing the structural parameters of OPOE micelles.
Our SAXS experiments do not allow for a clear characterization
of OPOE micelle interactions at small Q-values, however we
could model the OPOE micelle at 1% using SasView. A
spherical core-shell model allows to fit the SAXS data (Fig. SI-
6), yielding a hydrophobic radius of ~9.3 A, which agrees rather
well with the C8-alkyl chain length using the Tanford’s formula
(Tanford 1980), and a shell thickness of ~23.3 A. The shape of
the scattering curve I(Q) at low Q-values and the shell
scattering length density from SasView fit (Sldsenn = Sldwater)
suggest that the OPOE micelles are strongly hydrated, which
could induce repulsive inter-micellar interactions. For moDDM
in D,0, the micelles can be modeled by an oblate core-shell
ellipsoid structure with a radius of gyration Rg ~ 36 A and a
maximum dimension Diax ~ 85 A, exhibiting strong attractive
interactions as seen by the increase in forward intensity as the
detergent concentration increases (Fig. SI-5B) and the value of
A ~ -8.7 10* mol.mL.g? (Table SI-7), the form factor
remaining constant for Q > 0.7 A’'. Although DDM and
moDDM micelles have similar shapes and dimensions, the
presence of the deuterated chain in moDDM enhances
hydrophobic interactions between chains inside the micelles,
thereby increasing overall inter-micelle interactions.
Additionally, DO can influence these inter-micelle interactions
by altering the hydration shell - owing to the stronger deuterium
bonding - further affecting the interactions between ShuA-
moDDM complexes in a D20 buffer (Reslan and Kayser 2018).
The presence of deuterated chains, if it neither alters the
detergent belt around ShuA nor affects the dimer shape (Fig. SI-
8) induces a strong attraction (SHS) between dimers as seen in
the SANS experiment fitting model. These deuteration effects
observed with a ShuA clustering at small Q-values could
possibly explain the results on SERCA or LamB in the paper of
Midtgaard et al. (Midtgaard et al. 2018), where combination of
different oligomers and a minor fraction of aggregates were
necessary to fit experimental data.

To explain the behavior of ShuA in detergent, one has to
consider the protein embedded in its detergent belt and the
effect of protein-free extra micelles. For low detergent micelle
concentrations such as 0.5 mM DDM, the detergent adsorbs on
the hydrophobic transmembrane domain of ShuA favoring
repulsions between complexes, while keeping enough charged
patches of the extra cellular surfaces accessible for van der
Waals attractions. When ShuA concentration increases,
attractions can occur between charged patches of ShuA leading
to alignment of ShuA into dimers. When DDM in H,O buffer is
replaced with moDDM in D,O buffer, the combination of the
deuterated DDM belt and the presence of D,O strengthens the
attractive forces between dimers, leading to clustering of ShuA-



moDDM dimers (Fig. 6C). In contrast, for high concentration
of detergents, e.g. 1 % OPOE or 7.5 mM DDM, ShuA is
embedded in a strongly hydrated belt or a larger detergent belt,
which prevents attraction between attractive patches of the
protein and keeps the complex in a monomeric state, while the
large amount of protein-free detergent micelles induces a
depletion attraction between ShuA-detergent monomer
complexes (Jia et al. 2005).

These results demonstrate the critical influence of
detergent type and concentration on the colloidal stability and
oligomeric state of MPs in solution. The contrasting behaviors
of ShuA in OPOE and DDM highlight the importance of
optimizing detergent conditions to maintain monodispersity
(monomer or dimer) and structural integrity, particularly for
structural studies such as X-ray crystallography and cryo-EM.
A key finding is that the oligomeric state of ShuA is not solely
dictated by detergent type but also by the protein-to-detergent
ratio. While ShuA remains monomeric in OPOE (and in Octyl
Glucoside (OG), data not shown), it exhibits a concentration-
dependent monomer/dimer equilibrium in DDM. This suggests
that free detergent micelle content can modulate protein-protein
interactions in a manner similar to polymer in protein
crystallization, a factor often overlooked in structural studies
and which can influence crystallization mechanisms.
Surprisingly, the formation of dimers did not prevent the
crystallization of ShuA at 5 mgmL"! in 0.5 mM DDM-
containing buffer, induced by the depletion attraction of PEG
present as crystallizing agent, as seen in Figure 10.
Improvements in the crystallization of ShuA in DDM is still in
progress in order to decrease the supersaturation and improve
the crystal size and then determine if a dimer exits in the
asymmetric unit or if it only acts as a precursor of
crystallization.

Finally, by integrating SEC-MALS, SAXS, and SANS,
our study provides a robust framework for characterizing
protein-detergent interactions. These findings emphasize the
need for a quantitative approach to detergent selection, ensuring
that membrane protein samples are optimally prepared for
structural and functional investigations.

3 CONCLUSIONS

In this study, we explored the influence of detergents
OPOE and DDM on the colloidal behavior of ShuA-detergent
complex in solution. By combining SEC-MALS, SAXS, and
SANS techniques, we revealed significant differences in the
oligomeric state of the complex depending on the type and
concentration of detergent. Our findings demonstrate that ShuA
complex remains monomeric in the presence of OPOE, with
weak attractive interactions between PDCs. In contrast, in
DDM, ShuA exhibits a reversible monomer/dimer equilibrium,
influenced by protein concentration and protein-free detergent
micelle concentration in solution. Increasing the DDM
concentration tends to stabilize the monomeric form,
highlighting the critical role of the protein-to-detergent ratio in
complex structuring.

These results have direct implications for membrane protein
crystallization. Since successful crystallization requires
monodisperse and stable protein samples, our study
underscores the necessity of optimizing detergent selection and
concentration to prevent unwanted oligomerization or
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aggregation. Furthermore, the weak attractive interactions
between PDCs, as observed in our experiments, suggest that
detergent micelles can modulate protein-protein interactions,
potentially influencing nucleation mechanism and crystal
packing. Additionally, our findings highlight the importance of
distinguishing true physiological oligomeric states from
detergent-induced associations, as misinterpretations could lead
to inaccurate structural models. Ultimately, by carefully
controlling detergent conditions, future studies can enhance the
success rate of membrane protein crystallization and improve
the accuracy of structural interpretations.

Figure 10. Crystallization trial of ShuA at 5 mg.mL™! in 50 mM Tris pH 7.5, 150 mM NaCl,
0.5 mM DDM using the vapor-diffusion technique (reservoir solution: 35% PEG 300, 100
mM NaCl, 100 mM Na-Citrate pH 5 ; hanging droplet: 1uL ShuA-DDM

4]
4.1

MATERIALS and METHODS

Detergents and protein solutions.

All salt and buffer reagents were purchased from Sigma.
Octyl PolyOxyEthylene (OPOE) was purchased from Bachem
(Octyl-POE, formula CH3(CH2)sCH,(OCH,CH,),OH, CAS
number 27252-75-1; CMC (critical micelle concentration) ~ 6.6
mM / 0.23 %; MW ~ 350 g.moL"! (Rosenbusch et al. 2001))
and n-Dodecyl-pB-D-Maltoside (DDM) from Anatrace (CAS
number 69227-93-6; CMC ~ 0.17 mM / 0.0087 %; MW ~ 510.6
g.moL!). The match-out DDM (moDDM, formula
C2sHi58D302011; MW =~ 540.87 g.moL™') used for SANS
experiments on DDM-solubilized MPs (Midtgaard ef al. 2018)
was synthesized at the National Deuteration Facility (NDF-
ANSTO, Sydney) as described in the supplementary
information.

The recombinant ShuA was prepared either in OPOE or DDM-
containing buffers, for SEC-MALS and SAS experiments, as
described below.

4.2| ShuA preparation.

The ShuA plasmid was a kind gift of Dr K Brillet
(Strasbourg). Expression, solubilization and purification in
OPOE were done on the basis of Brillet et al.(Brillet et al. 2009)
with some improvements to reduce the number of steps. A new
protocol was established with solubilization and purification in
DDM.

ShuAd overexpression and crude bacterial membrane fraction
preparation. To increase the amount of ShuA targeted to the
outer membrane, overexpression was performed using the
strain E. coli BL21 (DE3) Gold AABCEF, in which the genes
encoding the most abundant porins (OmpA, OmpC, OmpF and
LamB) have been deleted (Meuskens et al. 2017). Bacteria



transformed with the pET20b-ShuA plasmid were grown at
30°C in Difco LB Lennox broth supplemented with 0.1 mg.mL"
Uampicillin. When the ODggo reached about 0.5, induction was
started with 1 mM isopropyl-d-1-thio-galactopyranoside
(IPTG) for 3 h at 30°C. At the end of induction (ODggo around
0.8), bacteria were harvested by centrifugation at 3 500 g and
resuspended in 0.5 M sucrose, 50 mM Tris HCI1 pH 8 buffer at
aratio of 4.5 mL.L™! culture. After resuspension of the bacteria,
1 mg.mL! lysozyme and 2.5 U.mL"!' Benzonase were added for
20 min at 4°C under magnetic stirring. An equal volume of 50
mM Tris-HCI pH 8 and 1.5 mM EDTA was then added and kept
under magnetic stirring for 20 min at 4°C. At the end of this
step, the spheroplasts were harvested by centrifugation at 3 500
g for 45 min at 4°C. The spheroplasts were resuspended in 0.2
M sucrose, 50 mM Tris-HCI pH 8, 2.5 U.mL"! Benzonase, 1%
(v/v) PMSF, 1% (v/v) Halt™ protease inhibitor cocktail. Lysis
was performed by two passages through a French press (20 000
PSI) and the unbroken material was removed by centrifugation
(45 min at 3 500 g, 4°C). The crude membranes were harvested
by ultracentrifugation (100 000 g for 90 min at 4°C) and
resuspended in 50 mM Tris-HCI pH 8, 1mM EDTA. Finally, a
second ultracentrifugation was performed, the crude membrane
fraction was resuspended at approximately 20 mg.mL"' and the
material stored at -80°C after freezing in liquid nitrogen.
Solubilization and Purification of Shud in OPOE. The crude
bacterial membrane fraction was solubilized at 5 mg.mL! in 50
mM Tris-HCI pH 8, 1 mM EDTA, 1% (w/v) N-lauroyl-
sarcosine for 60 min at 25 °C. Then, an ultracentrifugation at
100 000 g for 60 min was performed and the sedimented
fraction was solubilized for 60 min at 25 °C in 50 mM Tris-HC1
pH 8, 150 mM NacCl, 20 mM imidazole, 0.1 mM EDTA, 1%
(v/v) OPOE. After a last ultracentrifugation at 100 000 g for 60
min at 25°C, the supernatant fraction was used for a one-step
purification on Ni-NTA column (from Cytiva). The eluate
fraction was dialyzed against 50 mM Tris-HCI pH 8, 150 mM
NaCl, 1% (v/v) OPOE to remove imidazole and concentrated
to 10 mgmL! by ultrafiltration using 100 kDa MWCO
Vivaspin 6 concentrators and frozen at -80°C for further
experiments.

Exchange of OPOE for DDM. ShuA at 10 mg.mL? in 1%
OPOE was diluted at 0.2 mg.mL* in 50 mM Tris HCI pH 7.5,
1% (w/v) DDM. The solution was then concentrated using 100
kDa MWCO Vivaspin 6 to a volume of 0.1 mL. This step was
repeated three times. After exchange, the ShuA-DDM complex
was frozen at -80°C at 10 mg.mL™.

Solubilization and purification of ShuA in DDM. The same
protocol as for OPOE was used with minor modifications. The
solubilization with DDM was carried out in 50 mM Tris-HCI
pH 8, 150 mM NacCl, 20 mM imidazole, 0.1 mM EDTA, 1.2 %
(w/v) DDM for two hours at 25°C. The purification step on Ni-
NTA was performed after a 12-fold dilution in 50 mM Tris-HCI
pH 8, 150 mM NaCl, 20 mM imidazole to obtain a final
concentration of 0.1 % DDM. This step was necessary for the
binding of ShuA to the Ni-NTA resin. Finally, the eluted
fractions were dialyzed against 20 mM Tris-HCI, pH 8, 100
mM NaCl, 1 mM EDTA, 0.5 mM DDM and concentrated at 10
mg.mL* for further experiments.

43| SEC-MALS
complexes.

experiments on ShuA-detergent
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SEC-MALS (i.e. size exclusion chromatography
coupled to multi-angle light scattering) experiments were
carried out on a Shimadzu HPLC-UV system coupled to an
Optilab™ T-rEX refractometer and a miniDawn™ TREOS
MALS detector (Wyatt Technology). Two types of SEC
column connected to a 20 pL-loop were used, i.e. either a 5 mL-
silica column (BioZen dSEC-2 from Phenomenex) or a 24 mL-
superdex column (S200 increase 10/300 from Cytiva).
Weight-average molar mass (noted M or Mayp) of molecules
passing through the SEC column are determined without
column calibration by measuring at the maximum of the elution
peak, their static light scattering at three angles (44, 90, and
136°), knowing their concentration ¢ from UV and/or refractive

index, by using the Zimm equation (Zimm 1948):
Kc 1

1
— = = =+ 24,c 1
ARg ~ Mapp M t 24, (M
. 4m?n3 (on 2
with K = Nadk (E) and ARG = RB,sample - R9,solvent

K is an optical constant, which depends on the refractive index
(RI) of the buffer (no), the wavelength 4 of the laser light (658
nm in the MiniDawn TREOS and Optilab T-rEX apparatus),
the refractive index increment on/Oc of the scattering molecule
and N the Avogadro’s number. 4 is the angle between the
incident and the scattered light. ARyis the excess Rayleigh ratio.
A> is the second virial coefficient, characterizing pairwise
interaction forces between particles (e.g. PDC-PDC or
detergent inter-micelle interactions), which can influence the
value of the expected molar mass to a greater or lesser extent
depending on the nature of the interactions. For attractive (resp.
repulsive) interactions , A, is negative (resp. positive) and the
apparent molar mass (Mapp) Will be higher (resp. lower) than
expected.

For a PDC composed of a protein mass fraction (a) and
a protein-bound detergent mass fraction (), the concentration
and molar mass of the complex are expressed, as a function of
the protein concentration and molar mass, by:

cppc = (1 + 8emp (2)
Mppc = (1 + 8)Myp 3)

with 0= b/a, the bound detergent-to-protein mass ratio.
Considering that the PDC concentration is similar whatever the

detector used (UV or RI), that is to say, cppc = —A:PSZBO =
DC

dRI . . .
, we can determine the mass ratio ¢ and the respective

6n/6cPDc
mass fractions a and b by the expressions:
__ dRIgyp—Absygoon/dcvp

" Abszgo0n/dcpet—dRI spet )
1 o
@ =qpamdb =5 ©)

with 4bs2go and dR/ the measured absorbance at 280 nm and the
differential refractive index of the complex, respectively, and
emp, €pet, (On/Oc)mp and (On/Oc)pet, the respective extinction
coefficients and RI increments of the protein and the detergent.
an

by

dcppc
applying the additivity rules for both absorbance and RI

increment with:

The value of § is then used to calculate eppc and

EP%C = a SMI; + b epet , (6)
n n n
and aCPDC =a (6ch) + b (aCDet) (7)



Finally, the inverse of the weight-average PDC molar
mass is obtained by extrapolating the Zimm equation at zero
angle.

An automatic procedure “Protein Conjugate analysis”
from Astra (Wyatt Technology) permits the direct calculation
of complex, detergent and protein (apparent) molar masses,
complex concentration, complex extinction coefficient (eppc)
and complex RI increment ((6n/8c)ppc), using for ShuA 1% =
1.664 L.g"l.em™ at 280 nm and dn/6c = 0.185 mL.g"!' and for
both detergents, £*!” ~ 0 at 280 nm and on/6c = 0.141 mL.g"!
for DDM and 6n/dc = 0.123 mL.g"! for OPOE, measured in their
respective mobile phase, using the Optilab T-rEX
refractometer. The methodology is thoroughly described in
recent articles (Abel er al. 2021; Mégret-Cavalier et al. 2024;
Zuniga et al. 2024).

In the case of a monomer/dimer equilibrium (mix) of
ShuA-DDM complex, the respective fraction of monomer of
complex, dppcm, and dimer of complex, drpep, can be calculated

the on ,
dcpPDCmix
Cppcmix Obtained from the “Protein conjugate” module,

on on oo
EDet> 50 p? EDet(See details in SI)
with the following equations:

from parameters  Sppcmixs Eppcmix  and

knowing the values of &yp,

€pDCmix%PDCmix _ _SPDCD
£ 1+ 6§
Depem = ‘5Pg[gM _ 5PDCDPDCD ®)
1+déppcm 1+8ppcD
and Pppcm + Dppep =1 9
4.4| In-line SEC-SAXS experiments on ShuA-detergent

complexes

SAXS experiments on ShuA-detergent complexes
(OPOE and DDM) were performed on the SWING beamline at
the French synchrotron facility (SOLEIL, St-Aubin, France).
With a wavelength of 1.033 A and a sample-to-detector
distance of 2 m, the achievable Q-range was 0.0036 to 0.5538
A, with O=4nsin6/). and 20 the scattering angle. ShuA sample
in OPOE or DDM-containing buffer were injected through the
same size exclusion columns as used for SEC-MALS on an
Agilent HPLC system, which includes an automatic injector (5
— 100 pL), a UV-Vis cell to measure protein concentration at
280 nm and the SAXS flow cell at a flow rate of 300 uL.min"".
For data reduction, buffer acquisition was performed at the
beginning of the elution profile on the 5 mL-SEC column for
120 sec with 180 frames and sample acquisition through peak
elution for 380 sec with 620 frames. When using a 24-mL SEC
column, buffer acquisition was for 300 sec with 300 frames and
sample acquisition, for 1700 sec with 1033 frames. The 2D-
SAXS patterns were normalized to the transmitted intensity and
azimuthally averaged by using the Foxtrot program (Girardot et
al. 2015). Identical frames corresponding to elution buffer
signal were averaged to provide a buffer signal for subtraction
of individual sample frames. All SAXS analysis were done
using BioXTAS RAW, an open-source software (Hopkins
2024). Both forward intensityat Q = 0 ({/(0)), and radius of
gyration (Rg) were determined from the Guinier approximation
1(Q) = 1(0)exp(—Q*Rc*/3) at very small angles, assuming that
ORG < 1.3 and then were plotted as a function of sample frames
in order to determine ranges of frames where the radius of
gyration presents no significant variation. The forward intensity
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in absolute units is related to the PDC molar mass by the
expression:

M N
10) = T 16 (2 = pyv)? (10)

with ¢, M, n, v, respectively, the concentration, the molar mass,
the number of electrons and the partial specific volume of the
complex, X4 the Avogadro’s number, p; the electron scattering
length densitie of the solvent and ry the classical electron radius
equal to 0.28179 10°'2 cm/e.

For each injected sample, the averaged-subtracted intensity was
normalized to the PDC concentration. A Guinier analysis
allowed us to plot S(c,0), the structure factor at Q0 = 0 as a
function of PDC concentration, ¢, following the expression:

I(c,0)

S(c,0) = 00)

1-2MA,c (11)

A», the second virial coefficient, is positive for repulsive
interactions and negative for attractive ones and is expressed in
mol.mL.g. Conditions where the second virial coefficient is
negative have long been known to favor crystallization of
soluble and MPs (Berger et al. 2005; George and Wilson 1994;
Hitscherich et al. 2000).

4.5] SANS experiments on ShuA-moDDM complex.

The SANS measurements on ShuA in solution with
moDDM were performed at the QUOKKA diffractometer
(ANSTO, Sydney) and at D22 instrument (ILL, Grenoble,
France). SANS measurements at QUOKKA (ANSTO, Sydney)
were performed using neutrons with a wavelength of 6.0 A with
a wavelength spread of 10% (FWHM) at two sample-to-
detector distances: 12 m and 1.33 m. These settings covered g-
ranges of 0.005-0.0592 A and 0.00251-0.4896 A,
respectively. Samples were placed in Hellma banjo suprasil
quartz cuvettes of 1 mm thickness with a beam of 13 mm
diameter.

SANS measurements at D22 (ILL, Grenoble) were
performed using a wavelength of 6A + 10%, a collimation
length and central detector distance of 11.2 m and second
detector distance of 1.4 m. Samples were placed in Hellma
rectangular cuvettes of 1 mm thickness, with a beam of 10 mm
x 7 mm.

Data from both Quokka and D22 were reduced using

Grasp software (Dewhurst 2023), including transmission and
thickness normalization, empty cell and blocked beam
subtraction as well as calibration to absolutely scale by
normalization with the direct beam intensity.
In both cases, 240 pL of ShuA at ca. 10 mg.mL"! purified in
Tris HCI 20 mM pH 8, NaCl 100 mM, EDTA 1 mM, DDM-
H>0 0.5 mM was injected on a Superdex 200 increase 10/300
(24 mL column), pre-washed with pure D,O and pre-
equilibrated with Tris 50 mM, pD 7.5, NaCl 100 mM, moDDM
0.5 mM in 100 % D0 and then eluted at 150 pL.min"' to ensure
optimal exchange of deuterated detergent around ShuA. Eluted
fractions of ShuA (300 pL per fraction at ANSTO and 120 uL
at ILL) were collected at the maximum of absorbance (ca. 2 500
mAU) of the elution peak and the scattering signal measured in
a 1 mm thickness quartz cell. For the subsequent data reduction,
the buffer flow-through from the column was collected,
measured and used for background subtraction.



4.6 | SAXS experiments on ShuA-moDDM/D20 complex.
The ShuA-moDDM/D,O  samples for SAXS
experiments were prepared as for the SANS experiments: 200
uL of ShuA at ca. 10 mg.mL™! in 20 mM Tris HCI pH 8, 100
mM NaCl, I mM EDTA, 0.5 mM DDM/H,O was injected onto
a Superdex 200 increase 10/300, pre-washed with pure D,O and
pre-equilibrated with 50 mM Tris, pD 7.5, 100 mM NaCl, 0.5
mM moDDM in 100 % D,0 and then eluted at 150 uL.min"'.
Fractions of 150 pL were collected throughout the whole
elution peak. The SAXS measurements on each fraction were
performed in batch mode on the bioSAXS beamline BM29 at
the European Synchrotron Radiation Facility (ESRF, Grenoble,
France). The sample-detector distance was 2.812 m and the X-
ray wavelength 1 =0.992 A leading to a Q-range of 0.00628 -
0.5209 A’'. The beamline was equipped with a 2D-
detector (Pilatus3 2M) and an automated sample changer
(Round et al. 2015). The sample storage and measurement
temperatures were fixed at 20.0°C. To prevent radiation
damage during the scattering experiments, data were collected
in 10 successive 1-s frames, and the solution was moved in the
capillary during exposure. All data manipulations were
performed using a standard procedure via the ISPyB interface
(Delageniére et al. 2011) and the program package PRIMUS
(Konarev et al. 2003). All SAXS analysis were done using
BioXTAS RAW. Forward intensity /(0) and radius of gyration
(Rg) of ShuA-moDDM/D,0 fractions were determined from
Guinier analysis. The pair-distance distribution functions
(PDDF) and the maximum particle dimensions (Dmax) Were
determined by Inverse Fourier Transformation (IFT) of
scattering intensity using the program GNOM (Svergun 1992)
from the ATSAS package.

4.7| Crystallization experiment

Crystallization trials were tested with ShuA solubilized
with DDM protocol and freshly purified in 50 mM Tris-HCI pH
7.5, 100mM NaCl, 1 mM EDTA, 0.5 mM DDM. The
crystallization was performed using the hanging-drop vapor-
diffusion method (Linbro plate) by mixing 1 pLof ShuA-DDM
at 5 mg.mL"!" with 1 pL of crystallization solution (35 % PEG
300, 100 mM NaCl, 100 mM Na-citrate pH 5). The reservoir
volume was 1 mL and the incubation temperature 20°C.
Crystals were observed by optical microscopy (Carl Zeiss
SteREO Discovery V12 microscope).

Supplementary Information

Two supplementary information files “Supplementary
data.docx” and “DDM synthesis and characterization.docx”
include additional data (SEC-MALS profiles, PDDF and
Kratky plots, detergent SAXS curves, ShuA-moDDM SANS
profiles, 3D-structure of ShuA, Tables on SEC-MALS and
SAXS analysis) and synthesis of matched-out n-dodecyl-p-D-
maltoside. BM29 SAXS data are available at
https://doi.esrf.fr/10.15151/ESRF-ES-1118672762 and
https://doi.esrf.fr/10.15151/ESRF-ES-1830135339. D22 SANS
data are available here: https://dx.doi.org/10.5291/ILL-
DATA.9-13-1060.
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