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ABSTRACT

Single-particle electron cryo-microscopy (cryo-EM) has become an effective and
straightforward approach to determine the structure of membrane proteins (MPs). However, obtaining
cryo-EM grids of sufficient quality for high-resolution structural analysis remains a major bottleneck.
One of the difficulties arises from the presence of detergents, which often leads to a lack of control of
the ice thickness. Amphipathic polymers such as amphipols (APols) are detergent substitutes, which
have proven to be valuable tools for cryo-EM studies. In this work, we investigate the physico-chemical
behavior of APol- and detergent-containing solutions and show a correlation with the properties of
vitreous thin films in cryo-EM grids. This study provides new insight on the potential of APols, allowing
a better control of ice thickness while limiting protein adsorption at the air-water interface, as shown
with the full-length mouse serotonin 5-HTsa receptor whose structure has been solved in APol. These

findings may speed up the process of grid optimization to obtain high-resolution structures of MPs.

STATEMENT OF SIGNIFICANCE

A major challenge in structural biology is to obtain high-resolution structures of membrane proteins
(MPs). The preparation of cryo-EM grids containing the MPs to be imaged, evenly distributed and
randomly oriented in a thin enough layer of ice, by blotting-plunge-freezing process requires both a lot
of precious sample and microscope time. The present study provides a comprehensive insight
regarding physical mechanisms at work during cryo-EM grid preparation in the presence of surfactants
in solution. The results suggest that the quality of cryo-EM specimens can be understood from a
physico-chemical characterization of liquid films and interfaces to complement the empirical
optimization of the grid preparation. Comprehension of the system allowed us to improve imaging of a

model mammalian MP.
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Introduction

Membrane proteins (MPs) are essential to cellular functions. Obtaining their atomic structures
extends our understanding of how MPs function and can contribute to developing novel therapies. The
“resolution revolution” in single-particle electron cryo-microscopy (cryo-EM) (1-3) marked a turning
point in structural biology and began with the landmark structure of the transient receptor potential
cation channel V1 (TRPV1) (4) stabilized in an amphipathic polymer, called amphipol (APol) (5-7).
Since then, more than one thousand MP structures obtained in different amphipathic environments
(detergents, APols, or nanodiscs) (8) have been reported in the protein data bank (PDB) (9). However,

cryo-EM study of MPs remains complicated.

The main limiting factors are the difficulty to i) produce MP samples, and iij) trap the particles to
be imaged in an ice layer of controlled thickness, without denaturing the protein nor favoring one type
of orientation. The preparation of cryo-specimens involves blotting the sample excess deposited on the
grid by pressing absorbent filter paper against the surface of the grid and flash-freezing (vitrifying) the
grid by immersion into a cryogen (10, 11). Despite the emergence of devices to avoid the hard-to-
standardize contact with a filter paper (12—15), this approach is still by far the most common. General
advice might be shared (16—18), but factors that influence the formation of stable cryo-films of desired
thickness with evenly distributed and randomly oriented MPs are difficult to control (19, 20). Empirical
sample-specific optimization remains the only way to overcome the poor reproducibility of the grid
characteristics.

In MP samples, the presence of an excess of detergent molecules, mandatory to prevent MP
aggregation, further complicates the obtention of good quality cryo-EM specimens. The detergent
molecules adsorb at the gas-liquid interface, which tends to stabilize thinner films (21). On the one
hand, this can be advantageous since too thick films limit the resolution of the three-dimensional (3D)
reconstruction. On the other hand, thin films are more fragile and can break. They can also lead to
uneven MP distribution through the ice layer with an exclusion of MPs from the film center and their
concentration on the edges of the holes (16). Additionally, detergent molecules at the air-water interface
can limit protein adsorption at this interface (19). The question of finding a compromise between the
different and opposing effects of detergent adsorption at the air-water interface is thus crucial. The
presence of detergent micelles in the bulk solution can also increase the noise in the image background
(18). Resorting to detergents with different critical micelle concentrations (CMC) or replacing detergents
for other amphipathic environments such as nanodiscs or APols, in order to work without any surfactant

in the solution, are also often employed as an alternative to optimizing cryo-EM specimen preparation.

Herein, we address these challenges by investigating the impact of surfactants on aqueous thin
film stability and thickness. We focused on two types of surfactants, which differ significantly from each
other: a small detergent largely used in MP biochemistry, dodecyl-B-D-maltoside (DDM) (22), and a
hydrophobically-modified poly(acrylic acid) polymer, called APol A8-35 (23). If DDM is a non-ionic

detergent, APol A8-35 is a negatively charged polymer with an average molecular mass nearly 10 times



that of DDM. These two surfactants were also chosen based on their wide use in cryo-EM. A recent
quantitative analysis of all MP cryo-EM structures deposited in the PDB revealed that DDM is one of
the most widely used detergents for structure determination of MPs by cryo-EM (8). Strikingly, it is also
the detergent the most frequently replaced by another amphipathic environment before vitrification.
APols are also substantially used in cryo-EM as they belong to the six most frequently used surfactants
in which MP structures have been established (8). Moreover, previous works reported that improved
cryo-EM images were obtained after replacing classical detergents by APol A8-35 (24, 25), or adding
APol A8-35 as an additive in either soluble protein (26, 27) or nanodiscs-reconstituted MP samples
(28). Therefore, we investigated the physico-chemical properties of solutions containing A8-35 as a
function of polymer concentration, and compared the data with those of DDM. We measured i)
macroscopic liquid film lifetime to assess their stability and /i) the dynamic surface tension to access
the timescale necessary for surfactants to reach the air-water interface (focusing on short-times to
mimic conditions for cryo-EM grid preparation). We show that the physico-chemical behavior of APol-
containing solutions is correlated with ice film properties in cryo-EM grids. This yielded sufficient
comprehension to improve imaging of a model mammalian MP, the full-length mouse serotonin 5-HTsa
receptor (m5-HT3aR), which belongs to the large family of pentameric ligand-gated ion channels and is
involved in multiple neurologic disorders (29). A few years ago, its cryo-EM structure was resolved at
high resolution in the presence of Ci2Es, a polyoxyethylenglycol-based detergent (30). Based on our
finding on the physico-chemical study of APol-containing solutions, we show that the addition of APol
at defined concentrations in MP/APol samples prior vitrification can significantly reduce protein
adsorption at the air-water interface, which results in a more isotropic distribution of protein orientations

allowing 3D reconstruction.

Materials and Methods

1. Chemicals

APol A8-35 and dodecyl-B-D-maltoside (DDM) were obtained from Anatrace (USA). A8-35 was
dispersed in water and lyophilized before use, whereas DDM was used as received.

Trizma base and sodium chloride were obtained from Sigma Aldrich, hydrochloric acid 37%
from VWR, and ultra-pure water (resistivity of 18.2 MQ.cm) obtained with a MilliQ system (Merck
Millipore). APol and DDM solutions were prepared with Tris/NaCl buffer (Tris 20 mM, NaCl 150 mM, pH
8.0). All newly prepared surfactant solutions were stirred for 1 h at room temperature for proper

hydration and homogenization of surfactants.

2. Film pulling experiments
The liquid film-pulling experiments were performed as reported in ref. (21). Briefly, a frame
attached to a force captor is plunged into a tank filled with the studied surfactant solution. A motorized
downward translation of the tank leads to the generation of a liquid film, supported by the frame. The

film rupture is detected through a discontinuous change of the force applied to the frame, allowing an



automatization of film generation and film lifetime measurement. All films (300 films per tested
concentration) were generated at 2 mm/s, in a sealed box saturated in humidity using a humidity

regulator (31).

3. Surface tension measurements
Surface tension variation over time was measured using a Tracker device (Teclis Scientific,
France). Surfactant solutions were characterized in a rising bubble configuration. Two bubbles were
first expelled to guarantee a fresh air-water interface. The surface tension variation at the interface of a

5 pL air bubble was then computed in real time based on bubble profile imaging.

4. Wetting of carbon surfaces

Carbon surfaces were prepared by evaporating carbon on 24 X 24 mm square cover glasses
(ref. COVN-0.24-200 from Labbox, Spain) under reduced pressure. The evaporation was performed
using a Leica EM ACEG00 (Leica Microsystems, Germany). Double carbon thread was used as a
source to deposit a carbon layer of 25.5 + 0.5 nm, under pressures below 8.0.10° mbar. Continuous
stage rotation at maximum speed was used to prevent uneven carbon deposit.

Wetting properties were performed at 20°C with a DSA25E drop shape analyzer (Kriss,
Germany) on 4.0 pL of surfactant solution deposited on a carbon surface pre-treated (or not) with

plasma as for cryo-EM grids.

5. Cryo-EM ice thickness measurements and calculation

R2/2 Cu 200 Quantifoil grids, consisting of a holey 20 nm thick carbon layer (Quantifoil,
Germany), were washed with manual dipping in an ethyl acetate solution, then glow-discharged under
Argon atmosphere (0.5 bar, alphagaz 2 grade Ar from Air Liquide) at 5 mA for 30 s, with a Cressington
208 (Cressington, United Kingdom). Grids were used between 30 and 60 min after the glow-discharge.
After sample deposition of 3.0 uL of surfactant solutions on the grids, these were blotted (force 15 during
2 s) and plunge-frozen in liquid ethane, cooled-down with liquid nitrogen, in a Vitrobot Mark IV
(ThermoFisher Scientific, USA). There was no pause after each step of the procedure, so that the time
elapsed as short as possible (total time between sample deposition and freezing in liquid ethane ca 5.5
sec, delay between end of blot and freezing < 1 sec). Blotting papers (Ted Pella inc., USA) were
changed between each set of cryo-fixation. Chamber environment was set at room temperature (21°C)
and 100% humidity. Grids were stored in liquid nitrogen until being imaged.

Surfactant-only cryo-EM observation was performed with a JEM 2010 F (JEOL, Japan),

operated at 200 kV equipped with an Ultrascan camera (Gatan, USA). Ice thickness was calculated as
follows: Low-Magnification (LM X 500) images of around 35 squares in each grid were acquired
randomly (see atlases in Figure S1), followed by high-magnification imaging (X 30,000) of selected
holes for which pairs of tilted images (+15°/-15°) were acquired with a constant exposure intensity and

a defocus of 3,000 nm. This allowed a trigonometric calculation of the ice thickness, based on the

change in apparent distances between impurities present on the top and bottom faces of the ice film



(Figure 1). Finally, holes imaged at high magnification for ice thickness calculation were marked for

identification by puncture with the focused electron beam.

Figure 1. lllustration of the thickness measurement approach. (a) Low-magnification (X 500) image of
a grid prepared with a solution containing A8-35 at 0.003 g/L, with highlights on one of the holes used
to acquire pairs of tilted images. (b, ¢) Zooms on a pair of high-magnification (X 30,000) tilted images,
acquired at -15° and +15°, respectively. (d, e€) Zooms on the highlighted regions from pictures (b) and
(c), respectively. Apparent distances between two impurities adsorbed on each side of the ice film (here,
L1 and L2) are measured after projection onto a plane perpendicular to the rotation axis (dashed lines).
(f - h) Cartoon-illustrated calculation of the ice thickness. Each cartoon represents the section of an ice
film, with impurities adsorbed on both sides. (f) No tilt. (g) Tilt at angle - a. (h) Tilt at angle + a. (For

symbols and calculation description, see main text).



Based on a pair of tilted images, acquired at an angle a, ice thickness was determined from

cartoons (g) and (h) with equations (1) and (2), respectively:
. L, . .
sin(x —a) = D= sin (x) X cos (@) —sin (@) X cos (x) D

sin(x+a) = LD—2 = sin (x) X cos (a) + sin (a) X cos (x) (2)

where L1 and L2 are the apparent distances between two impurities adsorbed on each side of the film
(tilt-dependent distances, obtained via measurements on micrographs); D is the real distance between
impurities (tilt-independent distance); x is the angle between the “impurities axis” and the normal to the

film, when there is no tilt.

The subtraction of equations (2) and (1) gives:

L,—L
sin(x+a) —sin(x —a) =2 Xxsin(a) Xcos (x) = 2D L
or
L, —L
cos (x) =—2 1 3

" 2X D x sin (a)

Finally, from cartoon (f), equation (4) was determined:

cos (x) = % 4)

where e is the local ice thickness. Hence, the combination of equations (3) and (4) gives:

_ Ll
e_2><sin(a)

)

The trigonometric considerations detailed above show that if the tilt angle a is known, e can be directly
computed from the difference between L1 and L.. Note that the calculation reported here neglects the
thickness of impurities. To limit this source of thickness overestimation, only the smallest impurities
(apparent diameter < 20 nm) were considered for calculations. In addition, all measures were performed
close to the hole center, in areas of constant thickness, to exclude any bias linked to non-planar film

geometry.

Considering the number of holes to be visualized, thicknesses were directly estimated from LM
images, based on intensity measurements performed with the ImageJ software. Measurements of the
mean intensity of ice-containing holes were performed at the center of each hole, in a circular region of
diameter 1.6 pm (full hole diameter is 2 ym). This has the advantage of excluding the film edges, where
the sharpest thickness variation occurs. The mean intensity of empty holes was also measured to serve
as an internal standard in order to detect any tiny beam intensity changes between acquisitions.



Thicknesses calculated from high-magnification images were correlated with intensities
measured in the corresponding holes in LM images. This allowed us to plot a calibration curve (Figure
2). The best fit was obtained by considering a logarithmic relationship between thickness and intensity,
in good agreement with previous works on cryo-EM ice thickness measurements (32, 33). The curve
was then used to convert all intensity measures into estimated thicknesses before drawing a grid-scale
ice thickness distribution for every observed grid. Distributions were then normalized (matching

integrals) to account for a varying number of exploitable holes between grids and conditions.
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Figure 2. Calibration curve for ice thickness estimation. The hole intensity (mean gray value measured

within a hole at low magnification, X 500) is correlated with the hole ice thickness, calculated from tilted

pairs acquired at high magnification (X 30,000). This conversion curve was used to draw all thickness

distributions reported in Figures 4 and 5.

6. Single-particle cryo-EM analysis of m5-HTsa receptor in A8-35

The m5-HT3aR was expressed and purified as previously described (30). Following a standard
detergent-APol exchange protocol (34), the m5-HTsaR was transferred from Ci2E9 to A8-35 as
performed in ref. (35). The m5-HT3aR/A8-35 complexes were then purified by size exclusion
chromatography to remove APol excess that is unbound to m5-HT3aR. Concentrated A8-35 solutions
were then added to samples at 2 g/L of m5-HT3aR to reach desired polymer concentrations. 3.0 pL of
sample were deposited on glow-discharged R1.2/1.3 Cu/Rh 300 Quantifoil grids (Quantifoil, Germany),
before blot-plunge-freezing with a Vitrobot Mark IV (ThermoFisher Scientific, USA). Grids were
observed on a Glacios electron microscope (ThermoFisher Scientific, USA) equipped with a Gatan K2

summit camera (Gatan Ametek, USA). Details about data collection are provided in Table S1.



Results

1. Physico-chemical properties of APol- versus DDM-containing solutions

To analyze the impact of surfactants on cryo-EM film preparation, we investigated the behavior
of solutions containing either APol A8-35 or DDM as a function of surfactant concentration. We first
performed liquid spreading experiments on non-plasma-activated carbon-surfaces. The liquid
spreading kinetics were slow enough to allow the measurement of contact angle variations of both A8-
35 and DDM solutions (Figure S2). However, when the carbon surfaces were made hydrophilic by a
glow-discharge treatment, the drop spreading was very fast. This prevents the measurement of contact
angle at any surfactant concentration (data not shown), and ensures that surface wetting dynamics is
not a limitation for the cryo-film formation. We then measured the stability of centimetric liquid films and

the dynamic surface tension of surfactant solutions (Figure 3).
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Figure 3. Properties of solutions containing increasing concentrations of surfactants.
Characterization of solutions containing APol A8-35 (A and B) and DDM (C and D). Panels A and C
show evolution of liquid film stability measured with the film pulling method for APol and detergent
solutions, respectively (centimetric films, 100% humidity with 300 measures per data point). Note that
films generated at 3 g/L A8-35 and above 0.5 mM DDM were too stable to allow measurements. Panels
B and D show short-time surface tension variation at the air-water interface for APol and detergent
solutions, respectively.

In the case of APol solutions, the stability of thin aqueous films and the kinetics of the air-water
interface coverage showed a similar behavior (Figures 3A and 3B). Below a threshold concentration
close to 0.1 g/L, the liquid film lifetime doubles over 3 concentration decades (Figure 3A), and no



significant surface tension decrease is observed (Figure 3B). Above this concentration, the film lifetime
doubles over concentrations varying by only one order of magnitude, and the air-water interface is
partially covered within 0.1 s, as shown by the measurable drop of surface tension at short times.
Considering the critical aggregation concentration (CAC) of A8-35 (36), this threshold concentration
appears surprisingly high, 50 times above the CAC, which suggests that the observed variations in the

properties of APol-containing solutions are not linked to the onset of aggregate formation.

In the case of detergent solutions, the onset of liquid film stability increase was found to occur
at 0.1 mM, slightly below the CMC (0.17 mM) (22), in good correlation with the decrease of the surface
tension at short times (Figure 3C).

During cryo-EM specimen preparation, the delay between the blot and the freezing step is short
at around 500 - 1000 ms, which fixes the characteristic age of the interfaces. This suggests that short
time surface tension, and the corresponding bulk concentration of surfactants could be important in ice

film formation.

2. Variations of cryo-EM ice properties with surfactant concentrations
In order to compare the observations on A8-35-containing solutions with ice film properties in
holey carbon grids, ice distribution and thickness were analyzed as a function of APol concentrations
(Figure 4).
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Figure 4. Impact of A8-35 concentration on ice distribution and thickness on cryo-EM grids. (A)
Low-magnification (LM; X 500) picture of a grid square. The deposited sample was A8-35 at 0.003 g/L
in Tris/NaCl buffer. Bright holes with sharp edges (highlighted by yellow circles) were empty, those
covered by thick ice patches (yellow stars) were categorized in the "ice patch” population. All remaining
holes (except those recovered by ice crystal contaminations; red stars) were used for ice thickness
estimation. (B) Proportion of each hole population in cryo-EM grid. (C - H) Distributions of ice thickness
with A8-35 concentrations ranging from 10“ g/L to 3 g/L. The ice thickness measurements were
performed using a calibration curve (see Figure 2) plotting the ice thickness obtained with stereo pairs
of high-magpnification images of holes at known angles (+15°/-15°) and the intensity of the same hole
at LM (for more details, see M&M). The calibration curve allowed us to estimate the ice thickness of a
large number of holes based on intensity measurements performed on sets of LM pictures (30 to 40
images/grid, 11,000 £ 4,000 holes/grid). For each concentration, 3 to 4 grids were analyzed, leading to

as many distributions, normalized on the number of exploitable holes with ice films.
Low-magnification (LM) images of 35 squares randomly chosen on each grid were

systematically acquired (see Atlases in Figure S1). At a glance, the sets of LM images reflect the overall

quality of the grids, which tend to be more homogeneous as APol concentration increases. Three
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different types of holes (empty holes/broken films; holes with ice films; holes recovered by thick ice
patches resulting from ill-blotted liquid) were identified with LM images for each A8-35 concentration
(Figure 4A). Although some liquid may flow through the holes on the back side, ice patches are more
likely to be present on the side of the grid where the sample was deposited. However, there is no
possibility to distinguish between the two sides of the grids, since the cryo-EM images result from
electron transmission. The quantification of each type of hole reveals no significant differences for
concentrations under 0.1 g/L, whereas the impact of A8-35 became significant at 0.3 g/L and above
(Figure 4B), highlighting the same threshold concentration as observed in Figure 3. The ice thickness
was measured as explained in M&M using the calibration curve given in Figure 2. Like for hole
populations with ice films, ice thickness distributions reveal a lack of control for A8-35 concentrations
below 0.1 g/L, whereas the reproducibility is highly improved at 0.3 g/L and above (Figures 4C - 4H).

The bimodal ice thickness distribution observed at 0.3 g/L A8-35, showing thin films (37 £ 2 nm) and
thicker films (ranging from 50 to 160 nm), refines to a single distribution (35 £ 1 nm) when the

concentration of A8-35 reaches 1 g/L. The disappearance of the thick mode may be attributed to the
increase of the liquid thin film stability (Figure 3), which makes the stabilization of thin cryo-films

possible.

Similar experiments were conducted on DDM at two representative concentrations, below and
above the CMC of 0.17 mM (Figure 5). Grids prepared with DDM at 0.1 and 1 mM showed an important
proportion of holes with ice films (54% and 80%, respectively), and a shift of the mean ice thickness
(from 34 & 1 nm to 31 & 1 nm). Ice properties obtained with DDM exhibit thickness distributions to be

narrow and close to the distributions of highly concentrated APol solutions.
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Figure 5. Variation of cryo-EM ice properties with DDM concentrations. (A) Proportion of each hole
population in cryo-EM grid. (B and C) Distributions of ice thickness with DDM concentrations. The

experimental procedure for ice thickness determination was as described in the legend to Figure 4.

3. Effect of APols on protein orientation for single-particle analysis
In order to assess if A8-35 can protect protein from adsorption at the air-water interface, the
full-length mouse serotonin type 3 homomeric receptor (m5-HT3aR) was used as model MP. After

purification in detergent, the m5-HT3aR was transferred in A8-35 following a standard detergent-APol

12



exchange procedure (34), and further purified by size exclusion chromatography (see Figure S3) in
order to remove the excess of MP-unbound APol. Under this condition, a previous cryo-EM analysis
showed a large proportion of top-view particles, combined with a suspected problem of a thick ice layer
(35). This prevented the obtention of interpretable 3D-reconstructions. Based on our findings on the
physico-chemical study of APol-containing solutions, we attempted to better control the ice thickness
while minimizing the issue of preferred orientation by supplementing an m5-HT3aR/A8-35 sample with

A8-35, to reach final concentrations of 0.3 g/L or 1 g/L.

A Sample micrograph B 2D classes

63,830 particles (39.2%)

e, ~
n

98,832 particles (60.8%)
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# of Images
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o 3n/4 11/2 /4 0 m/A4 m2 34 om0
Azimuth
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25 35 4.5 . 6.5
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Figure 6. Cryo-EM dataset of the homomeric mouse 5-HT3a receptor reconstituted in APol A8-
35, supplemented with 0.3 g/L of A8-35. (A) Representative micrograph of the analyzed dataset. (B)
Representative 2D class averages separated in two main groups: top views (upper panels) and tilted
views (lower panels) with indicated counts for each group. (C) Unsharpened cryo-EM map (3D
reconstruction) colored by estimated local resolution, the scale indicates the corresponding values in
Angstroms. The extracellular domain (ECD) and transmembrane domain (TMD) are also indicated. (D)
Projections of the particles over azimuth and elevation angles calculated for the 3D reconstruction
depicted in (C).

The cryo-EM image of protein-free sample containing A8-35 at 1 g/L (control) showed no
background resulting from the presence of APol aggregates (Figure S4A). Therefore, particles observed
on the micrographs can be unambiguously attributed to the m5-HT3aR. After supplementing the sample
of m5-HT3aR/A8-35 complexes with 1 g/L A8-35, particles with different orientations were observed but
excluded from the hole center (Figure S4B). Although a 3D reconstruction might be possible from

images where particles are grouped on the edges of the holes as shown in Figure S4B, this is not an
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ideal situation because, in practice, all the particles are close to each other and may overlap. This
prevents good data treatment and decreases the number of exploitable particles per image. Optimizing
the experimental conditions to obtain evenly distributed particles is to be preferred. The best results of
protein distribution through the ice layer were obtained when working at 0.3 g/L of A8-35 (see Figure
S4). An improved distribution of well-dispersed particles with both top- and side-views was observed,
leading to the dataset exploited in Figure 6. Looking at particle orientation, the addition of A8-35 led to
a majority of tilted and side views (Figure 6B), in contrast with predominant top views from previous
work with no APol excess (35). The variety of orientations allowed to obtain the first 3D-reconstruction
map of the m5-HT3aR in A8-35, at a nominal resolution of 3.37 A (Figure 6C). Despite the particle
orientation not being fully randomized (Figure 6D), adding an A8-35 excess before sample vitrification
significantly improved image quality, especially regarding preferred orientation issues, in good
agreement with other studies (37). This highlights the importance of creating stable thin films, whose
thickness is large enough to avoid the exclusion of the proteins from the film center and small enough
to minimize noise. In the particular case of the m5-HT3R, this optimization cannot be achieved with
DDM. Even though stable films can be obtained at 1mM, a concentration sufficient to prevent protein
aggregation in aqueous solutions, previous work showed some m-5HT3aR aggregation in cryo-films at
this DDM concentration (35).

Discussion

Over the past decade, the single-particle cryo-EM technique has emerged as a powerful
approach in the field of structural biology. However, obtaining high-resolution structures of MPs remains
a major challenge, the main bottlenecks being the production of MP samples and finding optimal
conditions to obtain high-quality cryo-EM specimens for imaging. The tendency of MPs to aggregate on
the carbon surface, to concentrate on the edges of the holes, and/or to adsorb at the air-water interface
are the most prevalent problems encountered during cryo-EM specimen preparation. To address these
challenges, a variety of experimental approaches have been developed, both in terms of sample
preparation and innovative ways of preparing the grids themselves. At the sample preparation stage,
ionic strength, pH, protein concentration are all parameters that can be optimized (18). Surfactant
exchange is also frequently performed between MP purification and grid preparation (8), requiring
extensive sample optimization each time the structural study of a new MP is undertaken. In order to
understand the extent to which surfactants contribute to the cryo-specimen quality, we investigated the
role of two different types of surfactants (DDM, a standard detergent and A8-35, the APol of reference)
on the stability and thickness of thin ice films. These two surfactants are traditionally used at very low
concentrations in MP samples since, in the case of detergents, a concentration close to the CMC usually
preserves protein stability, and, in the case of APol A8-35, its strong association with the
transmembrane domain of MPs allows to work without any polymer excess in the samples. In our work,
the ice characterization on cryo-EM grids was performed as a function of surfactant concentration. Here,

protein-free surfactant solutions were used to examine the impact of surfactants alone, without
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interference from proteins, which can adsorb to the air-water interface in a protein-dependent fashion

and contribute to modify the interfacial properties of cryo-films.

All of our data obtained with APol-containing solutions showed that a decrease in the empty
hole population on cryo-EM grids correlates both with an increase in the stability of centimetric liquid
films and with surface tension dynamics. The threshold concentration of A8-35 at which the proportion
of empty holes versus thin ice films reverses is found between 0.1 g/L and 0.3 g/L (Figure 4B). The
same threshold concentration is also observed in the stability of thin aqueous films and in the kinetics
of the air-water interface coverage. In addition, the polymer-concentration increase results in more
reproducible ice thickness profiles (Figure 4). This can be seen in detail in the thickness profile analysis
of Figures S5 and S6. For DDM, the onset of increased stability was found to occur from 0.1 mM, which
is a concentration slightly below the CMC (0.17 mM), whereas in the case of A8-35, the onset of stability

increase was found 50 times above the CAC.

The microscopic origin of the correlation between the physico-chemical behavior of surfactants
and cryo-EM grid patterns could be due to several effects linked to i) the wetting of the grid surface, i)
adsorption timescales of surfactants at the gas-liquid interface, and jii) quantity of surfactants in solution.

These three mechanisms will now be discussed independently.

To investigate liquid spreading, we measured the wetting dynamics of carbon surfaces, made
hydrophilic by a glow-discharge treatment. Even if macroscopic measurements might not fully describe
the high complexity of liquid spreading, deposition of surfactant drops on carbon surfaces was studied
to grasp a first general idea about liquid behavior during cryo-EM specimen preparation. Drop spreading
was too fast to be measured at any surfactant concentration (data not shown), which means that grid
wetting dynamics is never critical at the stage of the sample deposition. However, cryo-films do not
simply result from the primary liquid spreading on the grid surface, and the situation may be different
after grid blotting. The characteristics of the plasma-activated carbon surface could be affected by the
contact with the filter paper and/or by surface adsorption of polymers, which could modify the carbon
surface wettability, even if glow-discharge treatments should limit this modification (39). It should be
noted that the wettability of the carbon surface in the absence of glow-discharge treatment strongly

depends on A8-35 concentration, with, interestingly, a threshold concentration at 0.1 g/L (Figure S2).

Let us now consider the role of the surfactants at the gas-liquid interfaces. It is very well known

that when the timescale of surfactant adsorption at the surface of the aqueous film is too large compared
to the film generation timescales, films are highly unstable and even difficult to create (40). The
characteristic adsorption timescale can be estimated through diffusion if we know the surfactant
concentrations in the bulk ¢ and at the surface I', the diffusion coefficient D, and the film thickness. In

this calculation, there are two limits: a dilute limit, in which the adsorption timescale is fixed by the
diffusion of the surfactant molecules through the entire film thickness, and a concentrated limit where

there are sufficient surfactants in a layer close to the surface and diffusion must be calculated only
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through this characteristic length. To know in which limit we are, we need to compare the number of

the surfactant molecules in the interface and in the bulk, which gives the Lucassen length h;, = g

We estimate the surface concentration close to the CAC for A8-35 (or CMC for DDM) from the
equilibrium surface tension measurements (y(c)) using the Gibbs equation. This gives a surface
concentration of 1.7-1% g/m? for A8-35 and 3.0® mol/m? for DDM. This leads to values of h,, which are
always larger than the maximal film thickness h (no bigger than 200 nm) even for the highest tested
concentrations of surfactants (h, = 280 nm for a film at 10 g/L of A8-35, and h, = 390 nm for a film at 10
mM of DDM). This means that the diffusion timescale must be calculated through the entire film
thickness. Knowing the diffusion coefficients, calculated to be 3.1.10"" m2.s™' for A8-35, and 1.2.10°1°
m2.s™! for DDM, this gives a diffusion timescale under 100 ms for all concentrations above the observed
transitions (0.1 g/L for A8-35 and 0.1 mM for DDM), which is always below the 1 s characteristic time

between blotting and freezing. Therefore, diffusion is not the limiting parameter.

We are left with the quantity of surfactant. Considering h, always larger than h, there is not
enough surfactant in the cryo-films to reach a full-surface coverage of the interfaces, even if all of the
surfactants are adsorbed at the gas-liquid interfaces. In reality this never happens as the surfactants
always distribute between the bulk and the interfaces. By calculating the maximum reachable values of
I', assuming all the surfactant is at the interfaces, the values can be compared to the maximal surface
concentration around the CAC (or CMC), as shown by the dotted lines in Figure 7. We observe that the
increased cryo-film stability is obtained at very low maximal surface concentrations, only around a few
percent of maximal coverage for both surfactants. This might seem very surprising, nevertheless even
low concentrations of surfactant can lead to small differences in surface tension, which in turn leads to
an observable increase in film stability (41, 42). This can also be observed in Figure 3, where short time

changes in surface tension (Figure 3B and 3D) are correlated with increased film stability (Figures 3A
and 3C). Nevertheless, it should be noted that the presence of MPs in samples for single-particle cryo-
EM analysis may also impact the cryo-film formation. This could modify the minimal surfactant
concentration to stabilize cryo-films but also the ice thickness values compared to those obtained with

the corresponding surfactant-only solutions.
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Figure 7: Estimation of the effective surfactant coverage of the cryo-film interfaces, depending
on the initial sample surfactant concentration. Those estimations were performed for APol A8-35
(A) and DDM (B) by modeling the films as cylinders with a diameter of 2 ym and a thickness of 0.04
pm. This allowed for a calculation of the total amount of surfactant within a film, leading to a surface

concentration when assuming that all surfactants reach and adsorb to the air-water interface.

Increasing liquid film stability to form cryo-films is important but not the only criterion to assess
grid quality. The ice thickness and protein distribution/orientation within the cryo-films are two other
important criteria of quality. DDM, at the two concentrations tested (1.7-fold below and 5.9-fold above
the CMC), generates ice films with the same thickness range. Knowing that DDM is generally not used
below the CMC (in order to prevent protein aggregation), the ice thickness should be very thin. Problems
of particle exclusion from the film center and/or film rupture after cryofixation may be the reasons for

which a frequent detergent exchange is reported in the literature. To limit this drawback, detergents

with a lower CMC value than that of DDM, such as lauryl maltoside-neopentyl glycol (10 uM) (43) or
glyco-diogenin (18 uM) (44), or the use of nanodiscs or APols are thus favored. When APol A8-35 is

used, we showed that the ice thickness covers a larger range, making it easier to finely tune this
parameter with the polymer concentration. In contrast to detergents, A8-35 is generally not used in
excess in MP samples. This study reveals that the absence of A8-35 in excess in MP/A8-35 samples
may result in some cases in ice being too thick, as previously reported in the structural study of the full-
length mouse serotonin type 3 homomeric receptor (m5-HTsaR) (35). Here, the addition of A8-35 in

excess in the m5-HT3aR/A8-35 sample allows us to improve the ice quality. This is a good example of
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single-particle cryo-EM application of MP samples for which experimental conditions deduced from the
physico-chemical study of surfactant-only solutions allows the optimization of the cryo-EM specimen
preparation. This is a first proof-of-concept, which deserves to be applied and tested on other MP

samples. Additional examples will tell whether this approach can be reliably predictive or not.

Protein adsorption at the air-water interface, leading to preferred particle orientations and/or
protein denaturation, is another problem which affects both MPs and soluble proteins. This behavior is
more or less pronounced depending on the target protein and leads to a loss of information for the 3D
reconstruction. Different approaches have been developed to overcome this issue, such as adsorbing
proteins on a graphene support (45), reducing the particle dwell time before vitrification (46), adding a
macromolecular binding partner (47), or adding a high-CMC detergent in the sample (48). In the last
case, protein adsorption is likely prevented through formation of a protective detergent layer at the air-
water interface (19). This has also been evidenced with cryo-EM studies of soluble proteins, reporting
that the addition of small amounts of surfactants, such as CHAPSO (48) or APols (26, 27), to a sample
before vitrification can improve particle distribution and/or orientation within the ice film, facilitating the
collection of various angle views required for 3D reconstitution. This improvement highlights the
beneficial role of surfactants in cryo-EM grid optimization. Achieving a similar protection with A8-35 on
MP adsorption, while keeping a control over film thickness, was shown with m5-HT3aR, used as model
protein. The addition of A8-35 at a defined concentration into an m5-HT3aR/A8-35 sample prior
vitrification resulted in good particle distribution exhibiting many angular distributions, allowing the 3D-

recontruction of m5-HT3aR in A8-35 at high resolution.

In conclusion, we have shown that the physico-chemical properties of surfactant solutions can
be related to ice quality, opening ways of sample optimization for cryo-EM studies of challenging
mammalian MPs. We show that the stability of the cryo-films is ensured by the presence of a minimal
quantity of surfactant, corresponding to around 1% of the maximal surface coverage for both DDM and
A8-35. This study also reveals that DDM at a concentration slightly below and above the CMC always
generates thin cryo-films, whereas the ice thickness covers a larger range when A8-35 is used, making
thickness control possible. This allowed us to improve the particle distribution and orientation in stable
films with the presence of APol A8-35 in a sample of m5-HT3aR/A8-35 complexes, enabling a high-
resolution 3D-reconstitution. Although other critical parameters can affect the quality of the cryo-EM
specimen, such as grids or blotting conditions, adding an excess of APol A8-35 in samples before
vitrification is a simpler alternative compared to current experimental approaches that resort to the use
of surfactant combinations to find favorable grid preparation conditions, or high-CMC detergents, such
as FosCholine, sometimes responsible for protein destabilization (49), or even megabodies, which may
require important engineering work (47). The same approach could be applied with the new generation
of APols (dubbed CyclAPols) (50, 51) that allow solubilization and purification of MPs to cryo-EM

analysis without any detergent exchange (52).
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SUPPLEMENTARY INFORMATION
Experimental methods

1. Washing procedure before film pulling experiments

For every change of solution, the tank and frame were rinsed at least 10 times with tap water, then
ultra-pure water. Proper cleaning was systematically tested by attempting to pull films out of ultra-pure
water.

2. Washing procedure before surface tension measurements

Before any set of experiments, the tank, syringe and needle were immersed for 10 minutes in a warm
Deconex 22LIQ-x solution, diluted roughly 20 times. After extensive rinsing with deionized water and
air drying, proper cleaning and calibration were checked by measuring the surface tension of air against
milliQ water.

3. Contact angle measurements

A drop of surfactant solution (4.0 yL) was deposited on a carbon surface (pre-cleaned or not with plasma
as for cryo-EM grids). Carbon wetting dynamics was monitored by real-time measurement of contact
angle through drop shape analysis (DSA25E, Kriiss, Germany). The measurements were performed at
20°C without special care in humidity control. Image processing and experimental control were
performed with the Kriiss equipment software, ADVANCE.

4. Cryo-EM grid analysis

Grids were cryo-transferred in a Gatan 626 cryoholder (Gatan, USA), then inserted in a JEM 2010 F
(JEOL, Japan), operated at 200 kV. A set of 30 to 40 Low-Magnification (LM) evenly distributed images

was acquired across every grid, at X500 magnification with constant exposure intensity. Overviews of
2 sets of LM images, one on a grid prepared with A8-35 at 10 g/L, the other at 1 g/L, can be found in
Figure S1. LM conditions were chosen to image full copper-delimited squares, containing roughly 350
holes. On average, a set of LM images contained 11,000 + 4,000 holes, and 3 to 4 grids were analyzed
per surfactant concentration.

Col Concentration of A8-35: 1 g/L

Figure S1. Two sets of LM pictures (X500) of grids prepared with APol-containing solutions at
concentrations of 10 g/L (Left) and 1 g/L (Right). Corresponding to 38 and 34 images, respectively.
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Coordinates are reported on the central scheme. For the set obtained with APol solution at 10* g/L,
14,494 holes were spotted, among which 8,437 were empty or broken (58.2 %). For the set obtained
with APol solution at 1 g/L, 11,918 holes were spotted, among which 1,240 were empty or broken (10.4
%). A - H: aspect of 8 squares in different grid regions. Scale bars: 10 pm.

5. Single-particle cryo-EM analysis of m5-HTsa receptor in A8-35

Single-particle cryo-EM analysis of m5-HT3aR in A8-35 was performed using R1.2/1.3 Cu/Rh 300
Quantifoil grids (Quantifoil, Germany). Grids were glow-discharged at 25 mA for 40 s. Sample
deposition, blotting and plunge-freezing were performed with a Vitrobot Mark IV (ThermoFisher
Scientific, USA). Chamber environment was set at 6°C and 100% humidity. 3.0 yL of sample were
deposited on the grid, then blotted for 10 s at force 0, and plunge-frozen in liquid ethane after a waiting
time of 0.5 s. Grids were observed on a Glacios electron microscope equipped with a Gatan K2 summit
camera. Details about data collection are provided in Table S1.

Table S1. Cryo-EM data collection statistics

Data collection and Mouse receptor in
processing amphipols

Codes EMDB EMD-15471
Magnification 36,000

Voltage (kV) 200

Electron exposure (e—/A?) 38

Defocus range (um) -0.8t0-2.5

Pixel size (A) 1.14

Micrographs (no.) 2,515

Initial particle images (no.) 537,284

Particle images after 2D 169,965
classification (no.)

Final particle images (no.) 35,020
Symmetry imposed C5
Map resolution (A) 3.4
FSC threshold 0.143
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Supplementary Results

1. Variation of carbon wetting properties with surfactant concentrations
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Figure S2: Wetting dynamics of carbon surfaces. Panels A and B show kinetics of contact angle
decrease for drops of A8-35 and DDM solutions, respectively, on non-plasma-treated carbon surfaces
(3 measures per concentration). Drops at 3 g/L A8-35 and above 0.2 mM DDM spread too fast to allow
measurements.

2. Size exclusion chromatography purification of m5-HTsa receptor in A8-35
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Figure S3. Size exclusion chromatography profile for purification of m5-HT3a/A8-35 complexes and
removal of excess A8-35.

3. Impact of A8-35 excess on distribution of m5-HT3:aR/A8-35 complexes

Figure S4. Examples of micrographs taken with grids prepared at different A8-35 concentrations. A:
Protein-free sample (control) at 1 g/L A8-35 showing no background due to the presence of APol. B -
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C: Samples of m5-HT3aR/A8-35 at 2 g/L in protein, supplemented with 1 g/L A8-35 (B), and 0.3 g/L A8-
35 (C). In both cases, the concentration of complexes is lower at the film center, with lesser exclusion
in the 0.3 g/L sample (C). Scale bars: 40 nm.

4. Cryo-EM film geometry

Here, we present our current understanding of intensity variations observed on the cryo-EM grids. A
focus on a region from grids prepared with an A8-35-containing solution at 0.1 g/L and 1g/L can be
found in Figures S5 and S6, respectively.
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Figure S5. lllustration of intensity variations observed on cryo-EM grids. A: Zoom in the corner of a
square from a grid prepared with a solution containing A8-35 at 0.1 g/L. When looking at the carbon
layer, 2 regions can be distinguished: dark gray carbon close to the square edges, and light gray carbon
close to the square center. Scalebar 10 um. B: Zoom on the frontier between each region: thin films (=
40 nm) in the dark carbon region, thick films (= 110 nm) in the light carbon region. Thicknesses were
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estimated based on hole mean intensity. Scalebar 2 ym. C: Intensity profiles plotted alongside the 4
lines drawn in B. Lower intensity indicates higher local thickness. D - G: Cartoon illustration of the
proposed geometry for filled and empty holes in both regions, not drawn to scale. Note that there is no
possibility to distinguish between the front and the back sides of a grid with the cryo-EM images since
they result from electron transmission. However, a physical asymmetry of the vitrified liquid that
remained on the grids exists. For the sake of simplicity, this asymmetry between the two sides of the
grids has not been drawn in the cartoons.
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Figure S6. lllustration of intensity variations observed on cryo-EM grids. A: Zoom in the corner of a
square from a grid prepared with a solution containing A8-35 at 1 g/L. As opposed to grids at lower A8-
35 concentrations, no nuances in the carbon layer color can be distinguished. Scalebar 10 um. B: Zoom
in a part of the square close to the edges: only very thin and homogeneous films can be observed.
Scalebar 2 uym. C: Intensity profiles plotted alongside the 4 lines drawn in B. Lower intensity indicates
higher local thickness. D: Cartoon illustration of the proposed geometry for the films, not drawn to scale.
It is close to the one illustrated in Figure S5 F, except for the lower overall thickness.
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