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A structure of the murine voltage-dependent anion channel (VDAC)
was determined by microcrystal electron diffraction (MicroED).
Microcrystals of an essential mutant of VDAC grew in a viscous
bicelle suspension, making it unsuitable for conventional X-ray
crystallography. Thin, plate-like crystals were identified using
scanning-electron microscopy (SEM). Crystals were milled into thin
lamellae using a focused-ion beam (FIB). MicroED data were col-
lected from three crystal lamellae and merged for completeness.
The refined structure revealed unmodeled densities between pro-
tein monomers, indicative of lipids that likely mediate contacts be-
tween the proteins in the crystal. This body of work demonstrates
the effectiveness of milling membrane protein microcrystals grown
in viscous media using a focused ion beam for subsequent structure
determination by MicroED. This approach is well suited for samples
that are intractable by X-ray crystallography. To our knowledge, the
presented structure is a previously undescribed mutant of the mem-
brane protein VDAC, crystallized in a lipid bicelle matrix and solved
by MicroED.

cryoEM | MicroED | bicelle crystallization | FIB/SEM | microcrystal electron
diffraction

esolving crystal structures of membrane proteins is chal-

lenging. In contrast to soluble proteins, membrane proteins
have both hydrophobic and hydrophilic regions on their surface,
making them difficult to purify and crystallize. A bottleneck in
traditional X-ray crystallography is growing large, well-ordered
crystals of membrane proteins that incorporate ordered or
semiordered lipids. To overcome this, membrane proteins are
frequently solubilized with detergent, which often displaces
protein-embedded lipids that play critical roles in their structure
and function (1). For this reason, several methods have been
developed for crystallizing membrane proteins within a lipid
matrix, for example, lipidic cubic phase (LCP) and bicelles (2-5).
Viscous media such as lipids or lipid/detergent mixtures are used
to mimic the hydrophobic environment of a lipid bilayer. This
viscous medium is problematic for traditional cryoelectron mi-
croscopy (cryoEM) blotting methods. In an attempt to circum-
vent these limitations, investigators have utilized nanoliter
deposition through pin printing (6), vacuuming away the excess
media using a pressure differential (7), liquid wicking grids (8),
and changing the phase of the media using other less viscous
detergents (9). Although these approaches have been successful
for soluble protein crystals, there has been little progress for
membrane protein crystals, likely stemming from crystal dehy-
dration or damaging the crystal lattice. To prevent this, it is
preferable to leave membrane protein crystals in their mother
liquor and freeze them as quickly as possible to preserve their
hydration state and crystalline order.

To date, Ca**’ ATPase (10) and the nonselective ion channel
NaK (11) have been solved by microcrystal electron diffraction
(MicroED). Ca®* ATPase crystals were grown using dialysis of
isolated protein against detergent-free buffer. Ordered two-
dimensional (2D) layers of lipid-Ca**/ ATPase formed and
slowly began to stack, resulting in thin three-dimensional (3D)
crystals. These submicron crystals were only a few layers thick,
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making them suitable for analysis by MicroED, but they repre-
sent a special case where 3D crystals formed serendipitously
from stacked 2D crystals. Moreover, this crystallization method
requires large amounts of purified protein, and the crystalliza-
tion technique is slow and laborious. In sharp contrast, micro-
crystals of NaK were identified in conditions using detergents out
of a sparse matrix. The crystals formed as small cubes containing
approximately 1,000 diffracting units. These crystals grew out of
a detergent solution, without any lipids; they were easy to pi-
pette, and excess solution blotted easily for cryoEM grid prep-
aration using standard vitrification equipment (12). In both
examples, the resulting crystals were thinner than about 500 nm,
making both sample preparation and data collection straight-
forward. However, it is preferable to study membrane proteins
with lipids rather than in detergent (13). Crystallization of
membrane proteins in LCP or in lipid bicelles regularly yields
crystals in the 1 to 5 pm range, which are too small for traditional
X-ray crystallography and too large for MicroED. Moreover, the
thick lipid matrix renders such samples almost impossible to
prepare by traditional blotting methods for cryoEM, because the
lipid matrix is viscous and integrated into the crystal. If blotting is
inefficient, the sample becomes too thick for the electrons to
penetrate, precluding any MicroED measurements. Strategies
for diluting the thick lipid matrix around crystals were recently
described using soluble proteins, but, when applied to membrane
proteins, the quality of the crystals rapidly deteriorated, resulting
in low-resolution data at best (14).

The voltage-dependent anion channel (VDAC) is a mamma-
lian membrane protein that resides on the mitochondrial outer
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membrane. Traditionally, VDAC crystals have been studied in
detergent (15, 16) and within a lipid matrix (17-19) by X-ray
crystallography in apo and adenosine triphosphate-bound
forms. The 31 kDa polypeptide has a short amino (N)-terminal
a-helix surrounded by a 19-stranded f-barrel-forming hydro-
philic pore that allows cargo up to 5 kDa in size to traverse the
mitochondrial membrane. These structural blueprints facilitated
additional biochemical analyses that have identified cholesterol
neurosteroid-binding sites (20) and have determined the unique
roles of individual amino acids (21-23). Crystallization efforts
aimed at determining the structure of a novel K12E mutant
mVDAC (referred to as mVDAC hereafter) protein in lipid
bicelles were stymied because only small crystals, almost indis-
tinguishable by eye, were obtained. Efforts to increase their size
were unsuccessful, making this an ideal specimen for investiga-
tion by MicroED.

Samples in MicroED are prepared similarly to other modali-
ties of cryoEM (24, 25). Briefly, a small amount of liquid is
added to an electron microscopy (EM) grid. The grid is gently
blotted to remove the excess solvent, vitrified in liquid ethane,
and stored in liquid nitrogen for future investigation. In the past,
only crystals that happened to be very thin (<500 nm) or could be
fragmented by sonication or vortexing were amenable to Mic-
roED data-collection strategies (26, 27). Unfortunately, mem-
brane protein crystals rarely grow thin enough for MicroED.
These crystals tend to be more delicate and do not survive the

harsh sonication/vortexing treatment, necessitating new sample-
preparation methods. Recently, the use of a focused-ion beam
(FIB) on a scanning-electron microscope (SEM) was demon-
strated as a viable sample preparation technique for MicroED
(28-30) (Fig. 1). With this method, an SEM is used to identify
crystals, and a FIB is used to thin the crystals to <500 nm
thickness, creating the ideal samples for MicroED. Two recent
reports describe attempts to determine the MicroED structures
of a membrane protein embedded in LCP, but neither was suc-
cessful, likely because of suboptimal sample-preparation meth-
ods (14, 31). Importantly, structure determination by MicroED
of FIB-milled crystals has, to date, only been successful for sol-
uble proteins, such as lysozyme and proteinase K (28-30, 32-35).

Here, we demonstrate the application of FIB milling on
membrane protein crystals of mVDAC grown in lipid bicelles.
Three mVDAC crystals embedded in thick bicelle media were
located in the FIB/SEM and milled into 200 nm-thick lamellae.
MicroED data were collected and merged to 80% completeness
at 3.1 A resolution. The structure of mVDAC was solved by
molecular replacement using a wild-type VDAC model (Protein
Data Bank [PDB] ID code 3EMN) (19). Evidence for lipid
packing between mVDAC monomers was visible in the density
maps. Our results demonstrate that membrane protein crystals
embedded in dense, viscous media can be made amenable to
MicroED investigation by cryoFIB milling, increasing the scope
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Fig. 1. Preparing viscous samples for cryoFIB and MicroED. (A) Schematic cartoon demonstrating the steps in the pipeline for studying membrane protein
crystals grown in a lipid matrix by MicroED. (B and C) FIB image of an identified crystal prior to milling (arrow) (B) and this same picture with the thin crystal
outlined in blue (C). (D) SEM image of the final crystalline lamellae milled at 30° showing stratification between the deposited platinum layer, crystal, and
thick bicelle media. (E) FIB image of the final lamellae in the FIB used to measure thickness. mVDAC crystals were about 200 nm thick. Lines indicate top and
bottom of lamella. The crystallization drop with bicelle solution is shown in B, Inset.
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of the method to include more challenging and biologically im-
portant membrane proteins grown in a lipid matrix.

Results and Discussion

Crystals of mVDAC were grown in bicelles as previously de-
scribed (19). In this condition, only very small and thin plate-
shaped microcrystal shards formed within a dense core of a thick
and viscous lipid matrix (Fig. 1, Inset). Despite significant effort,
we were unable to grow larger crystals for X-ray crystallography
and therefore decided to explore the use of MicroED.

Preparing grids of mVDAC for MicroED proved to be chal-
lenging because of the lipid matrix in the crystallization drops.
These were viscous and difficult to handle. The steps we took for
optimizing sample preparation for MicroED of the mVDAC
crystals in the lipid matrix are documented in SI Appendix. The
grid preparation improved with each step, leading to higher-
quality data (SI Appendix) with an increasing signal-to-noise ra-
tio (SI Appendix). We first attempted to prepare grids for Mic-
roED by depositing an entire bicelle drop onto the TEM grid
and gently blotting from the opposite side, as previously de-
scribed for soluble protein crystals (36). These attempts resulted
in samples that were too thick and could not be penetrated by
the electron beam. To overcome these limitations, we used FIB/
SEM to thin the crystalline material and its surrounding to
thicknesses that are tractable for MicroED. Maintaining the
grids in a humidity chamber held at ~35% during blotting
resulted in grids with large amorphous material and no visible
crystals. Blotting from the front and the back typically broke the
windows, and all crystalline material was lost. Grids with less
amorphous material, but visible crystal edges, were identified by
adding mother liquor to the grid prior to blotting at ambient
humidity and then rinsing the grids with additional mother liquor
before secondary blotting. This additional washing step allowed
us to discover crystals previously hidden underneath the thick
lipid bicelle material, but it resulted in poor or no diffraction. We
surmise that the crystal lattice was damaged by the harsh
treatment.

The breakthrough for MicroED sample preparation occurred
when the crystals were kept hydrated. We added additional
mother liquor on top of the crystal drops to reduce evaporation
and minimize lipid exposure to environmental air. In addition,
the cryoEM grid was wetted with 2 pLL of mother liquid inside of
a vitrification robot operating at 4 °C and 90% humidity to limit
dehydration during sample application. Approximately 0.5 pL of
the central crystal/lipid matrix was carefully pipetted onto the
wet grid. The sample was incubated for 20 s and then gently
blotted—from behind—and immediately plunged into super-
cooled liquid ethane for vitrification. Grids were transferred
under cryogenic conditions to a cryoFIB/SEM for further in-
vestigation. Grids with mVDAC crystals were inspected by SEM.
Upon visual inspection, the grid appeared to be covered by a
thick layer of deposit that impeded crystal identification
(Fig. 1B). Upon careful inspection at high magnification, thin
mVDAC crystals were observed under a thick lipid matrix (arrow
in Fig. 1B and outline in Fig. 1C).

The mVDAC crystals were milled similarly to previous reports
(29, 30) but with important modifications. We noticed that the
viscosity and thickness of the lipid matrix afforded considerable
challenges. It was key to minimize damage to the underlying
crystalline lattice during milling. To determine the total thick-
ness of the preparation, we first milled trenches—in front of and
behind—the target crystal at a high angle of 35° compared to the
minimum milling angle of 12°. The high milling angle facilitated
the examination of the specimen to determine the milling tra-
jectory and strength (Fig. 1C). After trenching, three mVDAC
crystals were milled at a maximum angle of 30°. The milling
angle was adjusted to ensure the crystals would be accessible
after rotating the grid for inspection in the TEM. Milling was
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conducted in sections either above or below the crystal for short
periods of time using low currents to prevent overheating the
sample and damaging the lattice (Materials and Methods). We
observed that even short bursts of higher currents would over-
expose the crystals, destroying the underlying lattice and result-
ing in little or no diffraction. This observation is in sharp contrast
to crystals of soluble proteins that appear to provide atomic-
resolution data even when exposed to much greater currents
(30). Therefore, to minimize radiation damage to membrane
protein crystals, the ion-beam current was ramped down in steps
as milling progressed (29, 30). After a polishing step, thin crys-
talline lamellae that were ~200 nm thick were obtained
(Fig. 1E). The preparation was transferred to a cryoTEM for
MicroED data collection.

MicroED Data Collection, Analysis, and Structure Determination. The
milled lamellae were loaded into a 300kV Titan Krios trans-
mission electron microscope (TEM) equipped with a CetaD
complementary metal oxide semiconductor (CMOS) camera.
Lamellae were easy to identify in the TEM: they appeared as a
bright stripe against an otherwise dark background (Fig. 2, Inset).
Five hydrated mVDAC lamellae were tested in the Titan Krios,
and three of them diffracted to ~3A resolution (Fig. 2). We were
able to cover a large portion of the reciprocal space per crystal
lamella (Movie S1).

The continuous-rotation MicroED data were saved as MRC
files and converted to SMV format using an in-house program
that is freely available (https://cryoem.ucla.edu/MicroED). Im-
ages were then processed in XDS (37), with the negative pixels
being lifted using a pedestal of 512 ADU as previously described
(38, 39). The space group was identified to be C 1 2 1, with a unit
cell of (a, b, ¢) = (98.9, 58.21, 69.54), and (a, B, y) = (90, 99.44,
90), which is very similar to the parameters of the wild-type
mVDAC (19). A resolution cutoff was applied at 3.1 A, with
an overall completeness of 80% (Table 1). Merging data from
additional crystals did not increase the completeness due to the

Fig. 2. MicroED data from VDAC lamellae. A maximum projection through
10 degrees of a MicroED dataset. Strong reflections are easily observed to
approximately 3A resolution. (Inset) TEM micrograph of crystal lamella used
for the data shown. (Scale bar is 10 um.)
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Table 1. MicroED crystallographic table

mVDAC data processing statistics Value

mVDAC integration statistics
Wavelength (A) 0.0197
Resolution range (A) 29.1 to 3.1
Space group c121
Unit cell (a, b, ) (A) 98.9, 58.2, 69.5
(o, B, Y) (O) 90.0, 99.4, 90.0
Total reflections (no.) 32,641
Multiplicity 5.8
Completeness (%) 80.1
Mean I/s(/) 2.29
Roim 0.22
CCip2 0.92

Refinement statistics
Rwork 0.2565
Rfree 0.2870
Protein residues (no.) 283
rms (bonds) 0.002
rms (angles) 0.585
Ramachandran favored (%) 86.48
Ramachandran allowed (%) 11.03
Ramachandran outliers (%) 2.49
Rotamer outliers (%) 0.43
Clash score 6.49

preferred orientation of the mVDAC crystals on the grid. Similar
phenomena were observed for catalase crystals, which also
formed flat plates and had a preferential orientation (40). The
structure of mVDAC was solved by molecular replacement using
the wild-type model of VDAC (PDB ID code 3EMN) (19). A
single solution was found with a translational Z score and log-
likelihood gain of 19.6 and 960, respectively. Following molec-
ular replacement, the structure was inspected in Coot (41)
and refined.

Refinement of mVDAC followed standard procedures (25,
39). The model from molecular replacement was refined using
electron-scattering factors in phenix.refine (42). Refinement was
iterated with visual inspection, eventually resulting in Ry and
Rfee Of 25.65% and 28.70%, respectively. The final model of
mVDAC contained an N-terminal a-helix surrounded by a
bundle of 19 B-strands forming a barrel that encloses a hydro-
philic pore (Fig. 34 and SI Appendix). This structure is similar to
the wild-type mVDAC with an all-atom rmsd of less than 1 A2,

The packing of mVDAC monomers within the crystal lattice
involved direct protein—protein contacts as well as contacts likely
mediated by lipids. The different contact sites exist because in-
dividual mVDAC barrels do not pack as a planar hexagonal
lattice as one would predict for a round monomer. Instead, each
monomer makes close contacts with three monomers and more
distant contacts with an additional four monomers in a planar
arrangement (Fig. 3B). The three nearest neighbors of an
mVDAC monomer are close enough for direct protein—protein
crystal contacts, but the other four neighboring barrels are too
far, separated by up to 34 A from one another. The space be-
tween these distant mVDAC barrels is likely filled with lipids
that mediate crystal-packing interactions (Fig. 3B). At this stage,
we chose not to model the lipids as we only observed discon-
tinuous density for the lipid moieties. We note that lipids have
been observed to mediate crystal contacts in other membrane
proteins, notably aquaporin-0, but were only fully resolved and
modeled at higher resolutions (43, 44).

Here, we resolved a structure of a mammalian membrane
protein grown in a lipid environment that was not tractable by
other crystallographic methods. While wild-type VDAC readily
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grows large crystals suitable for X-ray crystallography, the crys-
tals of the essential mutant— studied here—were scarcely visible
and not amenable to analysis by X-ray crystallography. These
crystals grew in a thick lipid matrix that made isolating crystals
for MicroED challenging. In this case, FIB milling was used to
remove excess material and allow structure determination by
MicroED once crystal hydration was maintained during grid
preparation. The MicroED structure was solved from three
milled crystals, each less than 1 pm3 , which would not have been
possible using synchrotron X-ray crystallography. Finally, as fu-
ture studies will focus on improving the resolution of this ap-
proach, we expect to fully resolve the lipids that mediate crystal
contacts in mVDAC and other crystals of membrane proteins
grown in a lipid matrix. This combination of methodologies
could allow MicroED to be successfully employed for investi-
gating the influence of lipids on novel membrane protein struc-
tures in ways that were previously not possible.

Materials and Methods

Protein Production and Purification. Lipid bicelles were prepared as previously
described (3). Mutant K12E VDAC (referred to as mVDAC herein) was
expressed and purified, as described for wild-type VDAC (19). Protein was
concentrated to 15 mg/mL and mixed in a 4:1 protein/bicelle ratio resulting
in 12 mg/mL mVDAC1 in 7% bicelles.

Protein Crystallization. Crystal screens for mVDAC were started from the
known wild-type VDAC crystallization conditions at 20 °C (19). Microcrystals
in bicelles appeared in a well containing 20% 2-methyl-2,4-pentandiol and
0.1 M tris(hydroxymethyl)aminomethane-HCl (pH 8.5) with 10% polyethyl-
ene glycol 400 added to the protein drop only.

Grid Preparation. This procedure describes the preparation that gave rise to
the final structure. Other conditions that were tested are described in S/
Appendix. Quantifoil R2/2 Cu200 grids were glow-discharged for 30 s prior
to use. The blotting chamber was set to 4 °C and 90% humidity, and filter
paper was added. The system was allowed to equilibrate for 15 min before
any blotting was conducted; 2 pL of mother liquid was added to the grid
inside of a vitrification robot to prevent any dehydration during application.
A small portion (0.5 uL) from the central lipid clump within the crystallization
drop was carefully pipetted into the already-applied 2 uL of mother liquor.
The sample chamber of the vitrification robot was held at 90% humidity.
This mixture was allowed to incubate for 20 s and was then gently blotted
from the back and immediately vitrified in liquid ethane as described (36).
Grids were stored in liquid nitrogen prior to further investigation.

CryoSEM Imaging and CryoFIB Milling of VDAC. All FIB/SEM experiments were
performed using a Thermo-Fisher Aquilos dual-beam FIB/SEM instrument at
liquid nitrogen temperatures, as described (28-30, 34) but modified as fol-
lows. The instrument was operated at 2 kV and 3.1 pA while using the SEM
for imaging and 30 kV and 1.5 or 10 pA while operating the FIB for imaging.
All ion-beam milling was conducted at an accelerating voltage of 30 kV. The
grid was sputter-coated in platinum for 1 min using a high current in order
to evenly cover the entire grid under a 500 nm-thick layer of platinum. An
all-grid map was collected in the Maps software (Thermo-Fisher), where
potential crystals were identified by looking for sharp edges in areas not
overlapping the grid bars. Each grid square was individually inspected again
using the FIB at 1.5- to 10-pA current to verify the already-selected crystals or
identify new crystals. Verified mVDAC crystals were brought to eucentric
height prior to milling. Milling was conducted as described (29, 30, 36). In
general, milling was done in batch, where each step of rough, fine, and
ultrafine milling (or polishing) was conducted on each crystal prior to ad-
ditional thinning. In this way, contamination of the lamellae by amorphous
ice was minimized. Milling lamellae began by removing large wedges of
material above and below the crystal by cleaning rectangular cross-sections
between 5 and 10 pm across and 5 pm tall. These rectangles started 10 to
15 pm apart, and this rough initial milling was conducted at an ion-beam
current of 300 pA. After inspection, the size of the rectangles was reduced,
having the same width but now only 2 um in height. From here, the distance
between the rectangles was reduced in steps of 2 um such that 1 um of
material was removed from either the top or the bottom of the crystal and/
or the grid. These cleaning cross-section steps were conducted at a beam
current of 100 pA until the lamellae were reduced to a total thickness of
2 um. At this point, the rectangular section width was reduced by 1 to 4 pm,
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Fig. 3. The structure and packing of mVDAC by MicroED. (A) The final structure of mVDAC at 3.1A resolution in side and top views (Left and Right, re-
spectively). (B) The 2F,-F. map in blue displayed in the regions between protein monomers displayed in yellow. The map is shown at the 0.5c level.

and the height was reduced to 1 pm. Cleaning cross-sections, removing
material from the top and bottom of the grid, were conducted to reduce the
size of the lamellae to ~500 nm. The rectangle size was reduced again by ~1
pm in width and to 500 nm in height. Cleaning cross-sections were con-
ducted to reduce the lamellae to ~300 to 400 nm. These steps were con-
ducted at an ion-beam current of 50 pA. Upon inspection, these lamellae
were thinned by drawing rectangles just above and below the coarsely
milled lamellae of ~100 nm in height and matched the approximate width
of the lamellae. These rectangles were set to overlap by 50 nm on both the
top and bottom sides of the crystal. These rectangles were milled in normal
cross-sections at an ion-beam current of 10 pA until material could no longer
be seen within either rectangle by adjusting the contrast of the images.

MicroED Data Collection. Data collection was performed as described (24, 29,
39, 45). MicroED was tested on a 200-kV Talos Arctica equipped with a CetaD
CMOS-based camera (Thermo-Fisher). Individual diffraction patterns were
collected from each lamella without rotation to evaluate the quality of
diffraction that could be obtained. Data were then collected on a cryocooled
Titan Krios operating at 300 kV, corresponding to an electron wavelength of
0.0197 A. The Titan Krios was similarly equipped with a CetaD CMOS-based
camera. Lamellae were identified in low-magnification montage taken at
~64x magnification. Data were collected under continuous rotation from
the three lamellae at rotation speeds between 0.1 and 0.3 ° s~', with frames
being read out at every 5, 3, and 2 s. The general strategy was to collect data
with individual wedges corresponding to ~0.5°. The exposure rate was set to
less than 0.01 e~ A=2 s to limit radiation damage (46). Data were recorded

32384 | www.pnas.org/cgi/doi/10.1073/pnas.2020010117

using a selected area aperture that limited the recordable area to a region
~2 pm in diameter. Since the lamella thickness was ~200 nm, each MicroED
dataset was collected from a crystalline volume of less than 1 um?>. Data were
saved as single MRC stacks prior to analysis.

MicroED Data Processing. Data were converted from MRC to SMV format
using software that is freely available (https:/cryoem.ucla.edu/). Converted
frames were used to index, integrate, and scale the data in XDS and XSCALE
(37, 47). Individual datasets were optimized by removing frames from the
end to improve the scaling between the three datasets. The collected ro-
tation ranges for the three datasets were —60 to +56°, +68 to —45°, and —54
to +58°. Each of these ranges were then cut to improve the merging sta-
tistics, yielding final merged wedges of —60 to +15°, +68 to —17°, and —16 to
56°. The merged datasets therefore covered a rotation range spanning —60
to +68°. A resolution cutoff was applied at 3.1 A, where the CCy), of the
merged data remained positive. Further optimization of the resolution
cutoff was not attempted. Molecular replacement was performed in PHASER
(48) using the PDB ID code 3EMN (19). A single solution was identified in
space group C 1 2 1. The initial model from PHASER was inspected in Coot
(41) prior to refinement. Refinement was conducted in phenix.refine using
electron-scattering factors (49). The structure was left as is without further
modeling any densities outside of the protein residues, as these are to
be detailed in future work regarding the functional importance of this
mutation.

Martynowycz et al.
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Data Availability. The structure factors and coordinates have been deposited
in the PDB [PDB ID code 7KUH (50)] and the associated map in the Electron
Microscopy Data Bank [EMDB ID code EMD-23037 (51)].
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