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Figure 6: AWI Interactions Ameliorated by SurfACT

With ideally behaving EM samples, like apoferritin (green ), particles tumble in bulk solution and

randomly orient in vitreous ice. Under non-ideal conditions, many samples localize to the AWI during grid freezing and experience AWI-induced artifacts. HA
(pink ) experiences pathological preferred orientation but no AWI-induced denaturation, so missing SPA density can be recovered by STA. Aldolase (blue with
broken protomer colored red ) has preferred orientation but is also denatured at the AWI, so tilted-data collection cannot fill in missing EM density. Addition of
SurfACT eliminates AWI interactions resulting in improved distribution and sample recovery. With 10 SurfACT, aldolase (blue ) SPA reconstructions produce
near-perfect cFAR (0.88) and high-quality volumes with no stretching or other artifacts of preferred orientation (see Figure 4), and cryoET reconstruction
produces a complete volume, indicating intact, non-denatured aldolase (see Figure 5 ).

found to be ~2.9-fold the applied aldolase concentration
(Figure S23). This provides direct evidence for a concentra-
tive effect occurring at the AWI during the blotting/wicking
process. 0.25x SurfACT tomograms contain ~0.9-fold al-
dolase particles relative to applied concentration, with ~1.2-
fold aldolase concentrated at the AWIs (Figure S23). Parti-
cles remain localized at the AWI with 0.25x SurfACT, but
the concentrative effect is diminished in overall tomogram con-
centration, from ~2.3-fold to ~0.9-fold applied sample, and
concentration at the AWTIs, from ~2.9-fold to ~1.2-fold. In 1x
SurfACT tomograms, the AWIs were not marked with aldolase
particles, so we could not reliably define the ice boundary for
mask generation. The center ice particle concentration, where
we are confident there are no empty voxels, is ~0.6-fold the
applied aldolase concentration (Figure S23). While particle
pushing is present, evidenced by the concentration gradient
across the hole, the phenomenon is minimally responsible
for the higher sample requirements with SurfACT. Surfac-
tant presence slightly decreases the effective concentration
of protein in the grid hole (~0.6-0.9-fold), but the particle
“dilution” observation is primarily driven by the absence of
AWT interactions concentrating the protein (~2.3-fold) during
wicking, making the comparison with and without additives
more drastic.

Discussion

Our systematic survey of surfactant use across deposited
cryoEM structures reveals a field dominated by empirical,
single-additive strategies that yield sporadic, sample-specific
successes, which do not generalize across samples or prepa-
ration workflows. Despite widespread recognition that AWI
interactions underlie many cases of preferred orientation and
structural degradation, no single additive has emerged as a
universally effective solution, and usage in the field remains
variable and often trend-driven (Figure 1, S24). We devel-

oped SurfACT as a rationally designed, low concentration sur-
factant cocktail intended to balance complementary interfacial
behaviors while minimizing the destabilizing and stochastic
effects often encountered with individual surfactants used in
isolation.

Across three structurally and functionally distinct protein
systems — hemagglutinin (HA), molybdenum-iron protein
(MoFeP), and aldolase — our results demonstrate that Sur-
fACT reproducibly mitigates AWI-driven artifacts, restores
missing structural information, and improves viewing distri-
bution by redistributing particles from the AWI into the bulk
vitreous ice. SurfACT consistently and significantly improves
data quality for four distinct samples, with reconstructions
approaching 2 A resolution or better and ¢cFAR values 0.8 or
higher without necessitating symmetry for signal recovery.

For the HA trimer examples, 2-D class averages were al-
most entirely dominated by a single “top-down” view without
SurfACT, but with SurfACT we access side and tilt views
necessary for complete HA reconstruction and visualization
of the therapeutically important stalk domain (Figure 2).
SurfACT was highly effective at low concentration (0.25x)
with HA from two different flu strains, a promising indicator
of compatibility across other variants. Similar improvements
were also observed with MoFeP. Namely, without additives,
the dynamic alIIl domain of MoFeP could not reproducibly be
visualized by cryoEM without significant sorting or imposed
symmetry. With 1x SurfACT, MoFeP viewing distribution
was recovered to reconstruct the complete alll domain and vi-
sualize the N5 reduction active site, allowing for future study
of MoFeP catalytic states (Figure 3). Finally, SurfACT
recovers a destabilized aldolase subunit by disrupting AWTI in-
teractions that partially denature the protein and additionally
improves viewing distributions (Figure 4). We largely focus
on measures like viewing distribution, map completeness, and
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local resolution in our assessment of SurfACT effects since
global resolution is a poor indicator of data quality and can
conceal notable domain weaknesses.

SurfACT aims to disrupt the root cause of preferred orien-
tation in cryoEM — AWTI interactions during grid preparation.
By reducing protein-AWT interactions, more molecules tumble
randomly in the bulk ice showing unique 2-D views, mean-
ing the same number of particles hold more information in
data analysis (Figure 6). We demonstrate in the STA re-
constructions of D21 H3N2 HA and aldolase that particles
from the bulk ice provide isotropic signal distribution and that
maximizing the proportion of bulk ice versus AWI-localized
particles with SurfACT is an effective strategy to improve
cryoEM volumes (Figures 2 and 5).

SurfACT was demonstrated to be effective across numer-
ous freezing methods, including the blot-free SPT Labtech
chameleon, traditional blot-and-plunge Vitrobot, and man-
ually operated blot-and-plunge freezing, and provides high-
quality data that minimizes or eliminates reliance on enforced
symmetry in data processing to obtain an isotropic, complete
3-D reconstruction. Although our formulation and FWC of
1x SurfACT was shown to be effective for all samples evalu-
ated, we note that if a sample cannot be highly concentrated,
0.25x SurfACT provides notable volume improvements with
mild particle pushing and higher particle concentration com-
pared to 1x. Some proteins, like HA, respond strongly to
0.25x SurfACT, so this may be sufficient. If more surfactant
is required, like MoFeP and aldolase, 1x SurfACT further
improves viewing distribution and volume completeness, but
larger datasets may be necessary to account for perceived
lower particle density since the concentrative AWTI effect does
not inflate apparent sample concentration. Due to the physic-
ochemical effects of surfactants, changes in surface tension
may require selective imaging in slightly thicker ice closer to
the edge of the grid hole, and considerations around SurfACT
concentrations, protein concentration, and ice thickness must
be simultaneously valued. We additionally tested SurfACT
on human hemoglobin, which does not experience preferred
orientation, and validated that there were no deleterious ef-
fects beyond micrograph density and particle pushing (data
not shown).

With all four samples tested, we prioritized generation of
volumes without enforced symmetry to accurately evaluate
AWT-induced damage. In the case of aldolase, we utilized
symmetrized volumes as a 3-D sorting tool in data process-
ing. Specifically, a non-uniform 3-D refinement was performed
with either C; or Dy symmetry, and the resulting volumes
were used for heterogeneous refinement to sort ’intact’ versus
"broken’ aldolase particles (Figure S11,13,15,18,20). We
employed this particle-pruning strategy across all aldolase
datasets and observed a correlation between the proportion of
‘intact’ particles and SurfACT concentration. In general, we
observed increasing percentages of ’intact’ aldolase particles as
a function of [SurfACT], from 36% in the absence of surfactant
to >64% with 1x SurfACT, indicating that a larger portion
of particles have information for all four aldolase protomers
with increased SurfACT concentration. This data correlates

with the proportion of AWI-associated particles we see by
cryoET, which do not experience AWI-induced denaturation
and provide isotropic signal distribution (Figure 5).

Through a combination of SPA and cryoET, we provide a
comprehensive analysis of the SurfACT sample additive and
its suitability and versatility across different protein classes,
sizes, and complexities. SurfACT demonstrates a dramatic
recovery in signal distribution and map completeness that we
can directly attribute to the proportion of bulk ice particles,
as measured by cryoET. We also provide evidence of the novel
finding that particles are concentrated at the AWI during
grid preparation, by calculating concentration of particles
relative to the volume of the tomogram ice cross-section. Sur-
fACT tackles the pervasive problem of preferred orientation
by improving efficacy in grid preparation - refining samples
previously considered difficult or unsuitable for cryoEM.
Methods
Surfactant Survey Across CryoEM Publications

To generate an initial list of research papers that
utilize surfactants to overcome preferred orientation,
two different programmatic search and screen methods
were employed. The first utilized EBI web services
(“https://www.ebi.ac.uk/europepmec/webservices/rest /search” )
where full-text articles were screened for keywords indica-
tive of surfactant inclusion during cryoEM sample prepa-
ration. Keywords include a surfactant (“OG”, “Octyl S-
D-glucoside”, “Octyl beta-D-glucoside”, “OBG”, “Octyl
B-glucoside”, “Octyl beta-glucoside”, “beta-octyl glucoside”,
“LMNG”, “Lauryl Maltose Neopentyl Glycol”, “CHAPS”,
“CHAPSO”, “Brij-35”, “brij-35”", “FOM”, “fluorinated octyl
maltoside”, “A8-35", “amphipol A8-35”, “A835”, “NP40”,
“NP-40") and cryoEM (“cryoEM”, “cryo-EM”, “cryo elec-
tron microscopy”) and an associated EMDB entry (“EMD”,
“EMD-"). An example can be found in Supplementary
Table 1. This generated a list of 2,479 entries that con-
tained keywords for surfactant addition during cryoEM
sample preparation. The second method employed the
EMDB, where a list of all EMDB codes were generated
using (“https://www.ebi.ac.uk/ebisearch/ws/rest /emdb”).
Then, the EMDB codes were filtered to generate a
list of unique DOIs, which was 11,328 entries. Using
(“https://api.unpaywall.org/v2/”) full-text publications were
screened using the keywords for both. This generated a list
of 1,604 articles. Entries we did not have access to were not
included. The two lists were combined, and duplicates were
removed to generate a final list of 2,818 entries.

All 2,818 research papers listed were manually screened,
and surfactants added immediately prior to grid preparation
were deemed “hits”. If the surfactant was used for protein
solubilization or an earlier protein purification step not consis-
tent with EM grid preparation, the entry was discarded. This
resulted in a final list of 622 publications that detailed the use
of surfactants for preferred orientation and/or sample destabi-
lization. To ensure accuracy, we used a “few shot” approach
using a LLM (Large Language Model) to validate our list,
where both positive and negative examples were provided.
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Preparation of the SurfACT Mixture

A 20x SurfACT solution was prepared of 1%
(w/v) 3-([3-cholamidopropyl]-dimethylammonio)-2-hydroxy-
1-propanesulfonate (CHAPSO; Anatrace), 0.096% (w/v) 1H,
1H, 2H, 2H-perfluorooctyl)-8-D-maltopyranoside (FOM; Ana-
trace), 5% (w/v) amphipol A8-35 (Anatrace), and 1.2% (w/v)
Brij-35 (Anatrace), stored in aliquots at -20°C. 20x SurfACT
was diluted to 2x, 1x, or 0.5 in the freezing buffer for each
sample and mixed 1:1 (v/v) gently with protein sample imme-
diately prior to EM grid preparation. The final concentrations
for 1x SurfACT (FWC) are 0.05% (w/v) CHAPSO, 0.0048%
(w/v) FOM, 0.25% (w/v) amphipol A8-35, and 0.06% (w/v)
Brij-35. All components are 10-fold below their critical micelle
concentration (CMC) or, in the case of A8-35 which does not
form traditional micelles, approximate protein solubilizing
concentration (Figure S1).

Preparation of Hemagglutinin (HA) Trimer Samples for Cry-
oEM Analysis

Strain A /California/4/2009 HIN1 with E47K HA2 stabiliz-
ing mutation (CA HIN1) and Strain A /Darwin/6/2021 H3N2
(D21 H3N2) HA samples were kindly provided at 6.2 uM and
39 uM, respectively, by the Ward group at Scripps Research
and used without modification unless specified. 0x SurfACT
CA HIN1 HA was prepared at 6.2 pM. 0.25x SurfACT CA
HIN1 HA sample was concentrated to 11.3 yM and mixed
7:1 (v/v) with 2x SurfACT for a final concentration of 9.9
uM. 0x SurfACT D21 H3N2 HA was prepared at 10.5 M.
0.25x and 1x SurfACT samples were mixed 1:1 (v/v) with
SurfACT for a final concentration of 19.5 uM.

Preparation of Azotobacter vinelandii Molybdenum Iron Pro-
tein (MoFeP) for CryoEM Analysis

Preparation of wild-type Azotobacter vinelandii molybde-
num iron protein (MoFeP) (Av strain DJ200) was performed
as previously detailed, and flash frozen under liquid nitro-
gen until use.”™ MoFeP without SurfACT was prepared at 5
pM. 0.25x and 1x SurfACT MoFeP samples were prepared
at 30 pM and mixed 1:1 (v/v) with 0.5x and 2x SurfACT,
respectively, for a final MoFeP concentration of 15 uM.

Preparation of Rabbit Muscle Aldolase for CryoEM Analysis

As previously described, lyophilized rabbit muscle aldolase
(Sigma-Aldrich A2714) was resuspended in 10 mM HEPES
(pH 8) and 50 mM NaCl and centrifuged at 20,000 x g for 10
min at 4°C prior to diluting to the desired concentration.%®
Aldolase samples without SurfACT were prepared at 6 mg,/ml
for chameleon freezing and 1 mg/ml for Vitrobot freezing. All
SurfACT samples were prepared at 2Xx protein concentration
to be mixed 1:1 (v/v) with 0.5x, 1x, or 2x SurfACT for a
final concentration of 0.25x, 0.5x, or 1x SurfACT. SurfACT
samples had a final aldolase concentration of 12 mg/ml for
chameleon freezing, 4 mg/ml for Vitrobot freezing, and 6
mg/ml for manually operated plunge freezing.

CryoEM Grid Preparation

The SPT Labtech chameleon was prepared according to
established protocols.” Liquid ethane was maintained within a
temperature range of -173 to -175°C, and the humidity shroud
was maintained at >75% relative humidity during grid vitri-

fication. For each sample, 2-3 chameleon self-wicking grids
(Quantifoil Active 300 mesh; Quantifoil) were loaded into the
instrument and glow discharged for 20 seconds at 12 mA. 10
L of sample was loaded into the sample vial and 7 pL was as-
pirated into the dispenser and subsequently tested for proper
dispensing within the chameleon software before sample de-
position onto the grid. MoFeP sample vials were prepared
for minimal oxygen exposure as described previously.®® Once
ideal sample dispensing conditions were obtained, grids were
frozen with 600-650 ms plunge time. Grids were stored under
liquid nitrogen until needed.

Preparation of aldolase grids using a Vitrobot Mark IV
(Thermo Fisher Scientific) were performed similarly using de-
scribed protocols.” Briefly, 3.2-3.4 uL of aldolase sample with
0x or 1x SurfACT were applied directly to an UltraAuFoil
R1.2/1.3 (Quantifoil) grids that had been pre-treated using a
Solarus IT (Gatan) plasma cleaner. Grids were stored under
liquid nitrogen until needed.

Manual-plunge frozen aldolase grids were prepared on Ul-
traAuFoil R1.2/1.3 (Quantifoil) grids that had been freshly
plasma-cleaned using a Solarus II (Gatan) plasma cleaner.
Grids were prepared using a custom manually operated plunge
freezer designed by the Herzik Lab located in a humidified
(>95% relative humidity) cold room (4°C).%70 3 yL of the
sample was applied to the grid surface followed by manual
blotting for ~5-6 s using Whatman No. 1 filter paper before
vitrifying in a 50% ethane/50% propane liquid mixture cooled
by liquid N2.67 Grids were stored under liquid nitrogen until
data collection.

Single-Particle CryoEM Data Collection

All data was acquired at UCSD s CryoEM Facility using
a Titan Krios G4 (Thermo Fisher Scientific) operating at 300
kV equipped with a Selectris-X energy filter (Thermo Fisher
Scientific). All images were collected at a nominal magnifica-
tion of 165,000x in EF-TEM mode (with a calibrated pixel
size of 0.735 A) on a Falcon4 direct electron detector (Thermo
Fisher Scientific) using a 10 eV slit width. Micrographs were
acquired in electron-event representation (EER) format with
a cumulative electron exposure of 60 electrons/A? with a
nominal defocus range of —1 to —2.0 pm. Data were collected
automatically using EPU2 (Thermo Fisher Scientific) with
aberration-free image shift. Data was monitored during collec-
tion using cryoSPARC Live (Structura Bio) where movies were
patch motion corrected and patch CTF estimated on-the-fly.
HA datasets: D21 H3N2 HA 0x, 0.25x, and 1x SurfACT
datasets contained 500, 1500, and 1482 micrographs, respec-
tively (Supplementary Table 2). CA HIN1 HA 0x and
0.25x SurfACT datasets contained 458 and 2000 micrographs,
respectively (Supplementary Table 3). MoFeP datasets:
0x, 0.25%x, and 1x SurfACT MoFeP datasets contained 1010,
1401, and 1309 micrographs, respectively (Supplementary
Table 5). Aldolase datasets: 0%, 0.25x, 0.5%, and 1x Sur-
fACT aldolase chameleon-frozen datasets contained 1137, 1057,
1055, and 1029 micrographs, respectively. The 1x SurfACT
aldolase dataset frozen on chameleon gold-coated grids con-
tained 863 micrographs. Vitrobot-frozen 0x and 1x SurfACT
aldolase datasets contained 476 and 1707 micrographs, respec-
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tively. The manual-plunge frozen 0.25x SurfACT aldolase
dataset contained 1345 micrographs (Supplementary Table
6-8).

Single-Particle CryoEM Data Processing

After cryoSPARC live pre-processing, 100 micrographs
from each dataset were patch motion corrected and used to
generate a denoiser model which was then used to denoise all
micrographs within the dataset.

Hemagglutinin

For all HA datasets (0x, 0.25%x, 1x SurfACT D21 H3N2
HA and 0x, 0.25x SurfACT CA HIN1 HA) denoised micro-
graphs were blob-picked in cryoSPARC”” using a circular and
elliptical blob. Particles were extracted at a box size of 384
pixels and Fourier cropped to 96 pixels at 4.41 A /pixel. Par-
ticles were then subjected to two rounds of 2-D classification,
where obvious HA classes were chosen to move forward. Two
class ab-initio was then used as a particle pruning step as well
as to generate an initial volume for further refinements.”” The
selected particles underwent ANTIDOTE particle curation
within RELION,®7 then were exported back to cryoSPARC
and subjected to non-uniform (NU) refinement before re-
extraction with a box size of 448 pixels at 0.735 A/pixel. The
final unbinned particle stack underwent reference-based mo-
tion correction (RBMC) before final NU refinements in both
C; and C3 symmetry (Figure S2-6).5°
MoFeP

For all MoFeP datasets (0x, 0.25x, and 1x SurfACT)
denoised micrographs were used for template-based particle
picking in cryoSPARC using a template generated from a
previously published MoFeP model (EMDB: 48384).5° Picked
particles were first filtered based on confidence metric and
extracted at a box size of 384 pixels with Fourier cropping
to 96 pixels (4.41 A /pixel). Particles were then subjected to
two rounds of 2-D classification, where obvious MoFeP classes
were chosen to move forward. Ab-initio model generation was
used to generate an initial volume for subsequent NU refine-
ment.”"8% Particles underwent ANTIDOTE particle curation
within RELION, then were exported back to cryoSPARC and
re-extracted with a box size of 384 pixels (0.735 A /pixel)
before NU refinement with C; or Cy symmetry imposed.”®7
The C; refined volume represented a “broken” incomplete
MoFeP, while the Cs refined volume represented an “intact”
complete MoFeP. The two refined volumes were used as initial
volumes in a heterogenous refinement to sort for “intact” and
“broken” particles. The “intact” MoFeP class was used as
the final particle stack and underwent RBMC before final NU
refinements in both C; and Cy (Figure S9-10).%°

Aldolase

For all aldolase datasets (0%, 0.25%, 0.5x, 1x SurfACT
chameleon, 1x SurfACT gold-coated grid chameleon, 0x, 1x
SurfACT Vitrobot, and 0.25x SurfACT manually-operated
plunger), denoised micrographs were used for template-based
particle picking in cryoSPARC using a template generated
from a previously published aldolase study (EMDB: 21023).7°
Picked particles were first filtered based on confidence metric
and extracted at a box size of 256 pixels with Fourier cropping

to 64 pixels (2.94 A /pixel). Particles were then subjected
to two rounds of 2-D classification, where obvious aldolase
classes were chosen for downstream processing. Two class
ab-initio was then used as a particle pruning step, as well as
to generate an initial volume for further refinements.”” The
selected particles underwent ANTIDOTE particle curation
within RELION, then were exported back to cryoSPARC and
subjected to (NU) refinement before re-extraction with a box
size of 384 pixels (0.735 A/pixel).”®™ The fully unbinned
particles underwent NU refinement with C; or Dy symme-
try imposed. The C; refined volume represented a “broken”
protomer aldolase, while the D5 refined volume represented
an “intact” aldolase with all four protomers. The two refined
volumes were used as initial volumes in a heterogenous re-
finement to sort for “intact” and “broken” particles. The
“intact” aldolase class was used as the final particle stack and
underwent RBMC before final NU refinements in both C; and
D, (Figure S11-21).%0

Model Building and Refinement

All HA, MoFeP, and aldolase models within this work were
generated using a similar workflow. First, final volumes were
subjected to the phenix.resolve_cryo_em density modification
tool.3! Only half maps and sequence files were supplied, and
default values were used. For each HA sample, ModelAn-
gelo®? was employed to generate an initial structure using
the same sequence as used for phenix.resolve_cryo_em. These
initial models were fit into the resulting RESOLVE density
and manually adjusted in COOT.®% For MoFeP structures,
PDB: 7TUT7 was fit into the RESOLVE density and manually
adjusted in COOT. For aldolase maps, PDB: 6V20 was fit
into the RESOLVE density and manually adjusted in COOT.
Second, real-space refinements were performed in the RE-
SOLVE densities using Phenix.3! For MoFeP, parameter files
for the P-cluster (P"V) and homocitrate-FeMoco ligands were
used during refinement. Thirdly, each model from the result-
ing refinement was then treated with phenix.douse using the
sharpened map from cryoSPARC to identify and add waters.
Finally, the model was checked for accuracy in COOT, and a
final real-space refinement was performed against the sharp-
ened map from cryoSPARC (Supplementary Table 2-3,
5-8).

CryoET Data Collection

Tilt series data collection was acquired at UCSD’s CryoEM
Facility using a Titan Krios G4 (Thermo Fisher Scientific)
operating at 300 kV equipped with a Selectris-X energy fil-
ter (Thermo Fisher Scientific). Target selection and data
acquisition were performed by Tomob5 (Thermo Fisher Sci-
entific). Data were acquired at a nominal magnification of
64,000x with a pixel size of 2.11 A and a nominal defocus of
—3.5 pm. Tilt series collection was done in a dose-symmetric
scheme with 3° tilt increment and angles ranging from —54°
and +54°. The data was saved in the EER format with a
total dose per tilt of ~2.68 e/A2 and exposure time of 1.96s
(Supplementary Table 4, 9-10).

CryoET Data Processing
For all tomography datasets (0x, 0.25x SurfACT D21
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H3N2 HA and 0x, 0.25x, 1x SurfACT chameleon-frozen
aldolase), motion correction and CTF estimation were per-
formed in WarpTool,®* prior to tilt-series alignment using
patch-tracking in batch model in Etomo.??> The resulting
alignment files from Etomo were imported into Warp using
ts_import_alignment program, and the tomograms were recon-
structed using WarpTools for template-matching. pyTOM-
match-pick®37 was used for template-matching and AMIRA
(Thermo Fisher Scientific) was used to make manual masks
and limit the extraction of candidates visually. Tomograms
were denoised using Noise2Map incorporating odd/even half-
maps of the tomogram, which were thresholded to further limit
pyTOM’s particle extraction. Star files from pyTOM where
then cleaned up in Cube (developed by Dimitry Tegunov)
manually, and particles were extracted using the 2-D stack
extraction in WarpTools and refined in RELION-5.8% To cal-
culate the distance of particles from the AWIs, AMIRA was
used to segment the tomograms to locate the top and bottom
surfaces, and an in-house Python code was used to calculate
the distances. A threshold of 100 A from the mask was used
to identify particles at the “top” AWI and “bottom” AWI,
and remaining particles were designated “center” ice. Du-
plicate particles were also removed in the same code. Final
particle positions and orientations were mapped back to the
original tomogram using ArtiaX extension of ChimeraX.8%:%0
Aldolase subvolume averaging was done using C; symmetry,
but the HA trimers were refined using Cs symmetry since
the preferred orientation was on the symmetry axis and the
degradation was unaffected through averaging (Figure S8).

Aldolase CryoET Particle Concentration Calculation

To estimate the concentration of aldolase in our tomo-
grams we used a Python code to calculate the volume and
particle count within a given mask used for data processing
(see CryoET Data Processing). For the overall tomogram
particle concentrations, the full ice mask and particle stack
was used. For segmented tomogram particle concentrations,
the code counts number of voxels within 100 A of each ice
surface, and the particles in those areas are assigned to the top
and bottom AWI. The areas that are further than 100 A from
both surfaces are considered the center ice. We multiplied
the number of voxels by 10.55 A3 (the voxel size of the seg-
mentation) to calculate vitreous ice volumes and the number
of particles by 160 kDa to get the mass. The density was
then converted to mg/mL and compared to applied sample
concentration during grid preparation (Figure S23).

Data Availability

The data that support this study are available from the
corresponding authors upon request. CryoEM maps are avail-
able at the Electron Microscopy Data Bank (EMDB) with

accession codes:

EMD-75842 (D21 H3N2 HA with 0x SurfACT, C,), EMD-
75843 (D21 H3N2 HA with 0x SurfACT, C3), EMD-75844
(D21 H3N2 HA with 0.25x SurfACT, C;), EMD-75845 (D21
H3N2 HA with 0.25x SurfACT, Cs), EMD-75846 (D21 H3N2
HA with 1x SurfACT, C;), EMD-75847 (D21 H3N2 HA with
1x SurfACT, C3), EMD-75848 (CA HIN1 HA with 0x Sur-

fACT, C;), EMD-75849 (CA HIN1 HA with 0x SurfACT,
C3), EMD-75851 (CA HINI HA with 0.25x SurfACT, C;),
EMD-75853 (CA HIN1 HA with 0.25x SurfACT, C3), EMD-
75854 (MoFeP with 0x SwrfACT, C;), EMD-75855 (MoFeP
with 0x SurfACT, Cz), EMD-75856 (MoFeP with 0.25x Sur-
fACT, C;), EMD-75857 (MoFeP with 0.25x SurfACT, Cs,),
EMD-75858 (MoFeP with 1x SurfACT, C;), EMD-75859
(MoFeP with 1x SurfACT, C3), EMD-75860 (Aldolase with
0x SurfACT frozen on chameleon, C;), EMD-75861 (Aldolase
with 0x SurfACT frozen on chameleon, Dy), EMD-75862
(Aldolase with 0.25x SurfACT frozen on chameleon, Cy),
EMD-75863 (Aldolase with 0.25x SurfACT frozen on chamel-
eon, D), EMD-75864 (Aldolase with 0.5x SurfACT frozen on
chameleon, C;), EMD-75865 (Aldolase with 0.5x SurfACT
frozen on chameleon, D3), EMD-75866 (Aldolase with 1x Sur-
fACT frozen on chameleon, C;), EMD-75867 (Aldolase with
1x SurfACT frozen on chameleon, D), EMD-75868 (Aldolase
with 1x SurfACT frozen on chameleon gold-coated grids, Cy),
EMD-75869 (Aldolase with 1x SurfACT frozen on chameleon
gold-coated grids, Dy), EMD-75870 (Aldolase with 0x Sur-
fACT frozen on Vitrobot, C;), EMD-75871 (Aldolase with 0x
SurfACT frozen on Vitrobot, D), EMD-75873 (Aldolase with
1x SurfACT frozen on Vitrobot, C;), EMD-75874 (Aldolase
with 1x SurfACT frozen on Vitrobot, Dy), EMD-75878 (Al-
dolase with 0.25x SurfACT frozen on manual-plunge device,
C1), EMD-75879 (Aldolase with 0.25x SurfACT frozen on
manual-plunge device, D2). EMD-75901 (D21 H3N2 HA with
0x SurfACT, STA, C3), EMD-75902 (D21 H3N2 HA with
0.25x SurfACT, STA, Cs), EMD-75903 (Aldolase with 0x
SurfACT frozen on chameleon, STA, C;), EMD-75904 (Al-
dolase with 0.25x SurfACT frozen on chameleon, STA, C),
EMD-75905 (Aldolase with 0.25x SurfACT at top AWI, STA,
C1), EMD-75906 (Aldolase with 0.25x SurfACT in center
ice, STA, C;), EMD-75907 (Aldolase with 0.25x SurfACT
at bottom AWI, STA, C;), EMD-75908 (Aldolase with 1x
SurfACT frozen on chameleon, STA, Cy).

Corresponding structural models have been deposited in
the Protein Data Bank (PDB) with accession codes:

11MS (D21 H3N2 HA with 0.25x SurfACT, C;), 11MT (D21
H3N2 HA with 0.25x SurfACT, Cs), 11MU (D21 H3N2
HA with 1x SurfACT, C;), 11MV (D21 H3N2 HA with 1x
SurfACT, C3), 11MX (CA HIN1 HA with 0.25x SurfACT,
Cy), 11MZ (CA HIN1 HA with 0.25x SurfACT, C3), 11INA
(MoFeP with 0x SurfACT, C;), 11INB (MoFeP with 0x Sur-
fACT, Cy), 1INC (MoFeP with 0.25x SurfACT, Cy), 11ND
(MoFeP with 0.25x SurfACT, Cs), 11NE (MoFeP with 1x
SurfACT, C;), 11NF (MoFeP with 1x SurfACT, C,), 11NH
(Aldolase with 0x SurfACT frozen on chameleon, Cp), 11NI
(Aldolase with 0x SurfACT frozen on chameleon, Dy), 11NJ
(Aldolase with 0.25x SurfACT frozen on chameleon, Cy),
11NK (Aldolase with 0.25x SurfACT frozen on chameleon,
Dg) 11NL (Aldolase with 0.5x SurfACT frozen on chameleon,

Cy), 11NM (Aldolase with 0.5x SurfACT frozen on chameleon,
Ds), 11NN (Aldolase with 1x SurfACT frozen on chameleon,

Cy), 11INO (Aldolase with 1x SurfACT frozen on chameleon,

D), 11INP (Aldolase with 1x SurfACT frozen on chameleon
gold-coated grids, C;), 11NR (Aldolase with 1x SurfACT
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frozen on chameleon gold-coated grids, Ds), 11INT (Aldolase
with 0x SurfACT frozen on Vitrobot, Cy), 11NU (Aldolase
with 0x SurfACT frozen on Vitrobot, Ds), 11INW (Aldolase
with 1x SurfACT frozen on Vitrobot, Cy), 11INX (Aldolase
with 1x SurfACT frozen on Vitrobot, Ds), 110B (Aldolase
with 0.25x SurfACT frozen on manual-plunge device, Cy),
110C (Aldolase with 0.25x SurfACT frozen on manual-plunge
device, D2). All other data are available in the main text or
the Supplementary Materials.
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