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High-resolution structural information is essential to understand
protein function. Protein-structure determination needs a consid-
erable amount of protein, which can be challenging to produce,
often involving harsh and lengthy procedures. In contrast, the
several thousand to a few million protein particles required for
structure determination by cryogenic electron microscopy (cryo-
EM) can be provided by miniaturized systems. Here, we present
a microfluidic method for the rapid isolation of a target pro-
tein and its direct preparation for cryo-EM. Less than 1 ulL of cell
lysate is required as starting material to solve the atomic struc-
ture of the untagged, endogenous human 20S proteasome. Our
work paves the way for high-throughput structure determination
of proteins from minimal amounts of cell lysate and opens more
opportunities for the isolation of sensitive, endogenous protein
complexes.

cryo-EM | protein purification | endogenous | sample preparation |
microfluidics

Knowledge of a protein’s architecture at high resolution is
vital to understand its mechanics and chemistry. In recent
years, cryogenic electron microscopy (cryo-EM) (1) has matured
into a powerful method that can determine the architecture of
biological macromolecules at the resolutions required to inter-
pret the atomic fold of proteins (2, 3). In the single-particle
cryo-EM approach (4, 5), an unsupported, thin layer of iso-
lated protein complexes in amorphous (vitrified) ice is visual-
ized at close to physiological conditions. Only several thousand
to a few million imaged particles are needed to calculate a
high-resolution, 3D structure. Nevertheless, protein production,
purification, and sample preparation for cryo-EM are nowadays
considered the bottleneck for structure determination (6-8). We
have identified 2 dominating reasons for this: First, significant
amounts of protein must be produced. Conventional sample
preparation for cryo-EM requires several microliters of a puri-
fied protein solution at a concentration of ~1 mg/mL per grid,
from which extensive filter-paper blotting later removes the vast
majority of protein particles (9-12). Second, both protein purifi-
cation and cryo-EM sample preparation are lengthy and harsh
procedures. Mostly, high-yield expression systems are used, and
1 or 2 chromatographic steps are needed to purify the protein
particles. In addition, the classical cryo-EM sample preparation
process that follows is a rough procedure (13), primarily because
of the blotting step, and many proteins denature.

We recently developed a microfluidic cryo-EM grid prepa-
ration system termed cryoWriter, allowing the preparation of
cryo-EM specimens from nanoliters of sample solution (14-16).
Since the cryoWriter does not use paper blotting, it ensures
that grid preparation is gentle and virtually lossless. Here, we
report the combination of sample grid preparation using the
cryoWriter with microfluidic protein purification (17), to deter-
mine the 3.5-A cryo-EM structure of the untagged human
20S proteasome complex, which is the “catalytic core” of
the ubiquitin—proteasome system involved in 80% of protein
degradation (18) and an important drug target (19).
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Results

The microfluidic toolchain developed (Fig. 14) consists of a
module for affinity isolation of the untagged protein from small
quantities of cell lysate, followed by modules to write the puri-
fied protein onto a cryo-EM grid and vitrify the sample (15-17).
Briefly, antibody “fragment antigen binders” (Fabs) are used to
recognize and extract untagged target proteins from cell lysate.
These Fabs are biotinylated with a photo-cleavable cross-linker,
which binds with high affinity to the streptavidin functionaliza-
tion of superparamagnetic beads (Fig. 1B). First, the cell lysate
is incubated with Fabs and superparamagnetic beads. A <1-pL
volume of this solution is then aspirated into the microcapillary
of the cryoWriter system (Fig. 1C). The superparamagnetic par-
ticles are immobilized in a “magnetic trap” (SI Appendix, Fig. S1)
isolating bound Fabs and their target proteins, while other cellu-
lar components are washed out. Ultraviolet (UV) light is used to
break the photo-cleavable biotin cross-linker and the target pro-
teins with the bound Fabs are eluted (17). This procedure results
in a 25-nL eluate, which is directly used to prepare 1 or more
cryo-EM grids, while the magnetic particles are retained in the
microcapillary.

Significance

The recent improvements in cryogenic electron microscopy
(cryo-EM) caused a revolution in structural biology. However,
1) protein isolation and 2) sample preparation methods lag
behind, and cryo-EM is performed at far from full efficiency.
Here, we present a microfluidic method for the rapid isola-
tion of a target protein from minimal amounts of cell lysate
and for its direct preparation for high-resolution cryo-EM. Our
technology opens more avenues for structural biology: High-
throughput structure determination of proteins in a multitude
of conditions, ultrafastisolation and structure determination of
sensitive proteins, and the analysis of proteins that cannot be
produced in sufficientamounts using conventional approaches.
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Fig. 1. Schematic workflow for microfluidic protein isolation and cryo-EM grid preparation. (A) Hardware for protein isolation and cryo-EM grid prepara-
tion. The electromagnetic trap consists of 2 electromagnets (7) that produce a strong magnetic field gradient via their water-cooled iron tips (2). Sample
processing in the capillary (3) is monitored by a camera (4), and a UV LED (5) allows photo-cleavage (B) of the sample, both via mirrors. After protein
isolation, the capillary nozzle is moved above a cryo-EM grid covered with a holey carbon film (6). The cryo-EM grid is positioned on a stage (7) that is
temperature controlled by a Peltier element (8) and held with a Peltier-cooled tweezer (9). The isolated protein is directly written onto the grid and plunge-
frozen in liquid ethane (70). (B) Composite material for “protein fishing.” The target protein (77) is recognized by a Fab (72) that is covalently modified
by a photo-cleavable cross-linker (73). The linker molecule ends with a biotin moiety, which strongly binds to the streptavidin-coated bead (74). (C) Protein
isolation workflow. (/) Magnetic beads are incubated with biotinylated Fabs and cell lysate to capture the target structures (green). Less than 900 nL of
sample is aspirated into the microcapillary for the protein isolation. (i) The magnetic beads are immobilized in the magnetic trap (7). Nonbound lysate
components (red) are flushed out. (iii) lllumination with UV light breaks the cross-linker. Before photoelution, 2 air bubbles are introduced and serve as
boundaries to avoid dilution of the released proteins by diffusion (see S/ Appendix, Figs. S1 and S3 for details). (iv) Separation of the capturing magnetic
beads and the eluted proteins. (v) The isolated target proteins are directly deposited on a cryo-EM grid for vitrification. The blue vertical arrows indicate

the pump direction.

We used Fabs instead of full-length antibodies to avoid the
cross-linking and aggregation that occur when target proteins
display more than 1 epitope. A linear cross-linker with 3 func-
tional groups is used to connect the Fab to the superparamag-
netic beads. One end of the linker covalently attaches to the Fab
while the biotin at the other end binds to the streptavidin-coated
bead. A nitrobenzene moiety in between allows photo-cleavage
of the linker upon illumination with UV light at 365 nm (Fig. 1B).
Preparation of Fab fragments from antibodies and biotinylation
with the cross-linker took =7 h; the biotinylated Fabs could be
stored in the dark for several weeks at 4 °C.

The cell lysate was incubated with the Fabs and beads outside
of the microcapillary in a 5 -uL well. The cytosol/Fab mixture
was incubated for 5 h and then for an additional 1 h together
with the superparamagnetic beads. The use of miniaturized sam-
ple wells rather than the microcapillary allowed several of these
time-consuming incubations to be carried out in parallel.

After incubation, a volume of 900 nL was aspirated from
the well into the microcapillary, which was precisely positioned
between the iron tips of the particle trap system. In this setup,
the trap is formed by electromagnets with water-cooled (4 °C)
iron tips that concentrate the magnetic flux between the oppo-
site poles and generate the field gradients required to trap the
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superparamagnetic particles (SI Appendix, Fig. S1). The cool-
ing system prevents heating and denaturation of the sample. A
camera and magnifying lens system allow the procedure to be
monitored. The 1-pum superparamagnetic beads used can be eas-
ily immobilized in the magnetic trap and only marginally scatter
photons with 365-nm wavelength, allowing efficient photoelution
in 15 min (17). Photoelution releases less nonspecifically bound
protein than the competitive elution typically used in other meth-
ods, because it does not change the buffer composition (20). Just
before elution, the beads were enclosed by two 6-nL air bubbles
in a 25-nL buffer plug, to prevent diffusion and Taylor disper-
sion (21). After photoelution, the eluate was separated from the
immobilized beads by the pump system and moved toward the
apex of the microcapillary.

For cryo-EM specimen preparation, a sample carrier (grid)
covered by a holey carbon film was placed on a temperature-
controlled stage regulated to a temperature 7 °C above the
environmental dew point. This temperature offset builds a
microenvironment on the grid surface, allowing controlled evap-
oration of the sample liquid. In a first step, 20 nL of the eluate
containing the purified protein was written onto the grid, cov-
ering an area of ~0.75 mm?. Excess sample was reaspirated
into the microcapillary, leaving a thin layer of the protein on
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the holey carbon film. This layer was left to settle for ~50 ms
with the grid still on the dew-point stage. The gentle evaporation
that occurs during this time stabilizes (22) and thins the sample
film. Finally, the written grid was rapidly removed from the stage
and plunge-frozen, resulting in a vitrified ice layer (15, 16). In
principle, several cryo-EM grids can be written with one 25-nL.
eluate. Interestingly, when this was done, the first cryo-EM grid
contained more protein particles than later grids. For the anal-
ysis presented here, we used only 1 cryo-EM grid, and this was
the first grid prepared from the eluate. The whole cryoWriter
process starting from protein isolation and ending with cryo-EM
grid preparation could be performed in less than 1 h.

We used the cryoWriter toolchain to isolate endogenous and
untagged human 20S proteasome from commercially obtained
HeLa cell lysate using Fabs generated from an antibody against
the a4 subunit of the protein complex. As a positive control for
the cryo-EM grid preparation, tobacco mosaic virus (TMV) par-
ticles were added to the elution buffer. The cryo-EM grid showed
homogeneous ice layers (Fig. 24 and B) with the protein embed-
ded in thin, vitreous ice. TMV particles and randomly oriented
20S proteasomes are visible, as well as smaller protein particles
that are most probably unbound Fabs.

From only 1 grid, 523 dose-fractionated image stacks (movies)
were recorded (23), yielding a total of 55,135 particles, which
were processed with cryoSPARC v2 (Structura Biotechnology
Inc.) (24) and RELION 3 (25) for structure determination.
Fig. 2C shows typical projection class averages obtained from
the 20S proteasome. A 7-fold pseudosymmetry is observed in
the top view, with weakly visible Fab fragments attached to
the 2 a4 subunits. The side view exhibits the distinctive stack
of a—pB—pf—« rings. Fig. 2D shows a projection class aver-
age of TMV. The secondary structure was visible in all pro-
jection averages, demonstrating the excellent quality of the
cryo-EM grid.

The 3D reconstruction of the human 20S proteasome (26)
shown in Fig. 3 has a resolution of 3.5 A (for details see SI
Appendix, Fig. S4). The structure exhibits the typical dimeric, C2-
symmetric arrangement of an a«—f3 and a f—a ring pair, each
ring with a pseudo-7-fold arrangement of the respective subunits.
We refined the X-ray structure (27) into our density map (28).
The 2 Fabs against the o4 subunits aided the assignment of the
individual components. Fig. 3B shows the « and S rings with all
14 models fitting the experimental densities in good agreement
(Fig. 3 C and D and SI Appendix, Table S5). The densities of
subunits 84, 85, and 36 are less well resolved (SI Appendix, Fig.
S5), which can be attributed to their catalytic activity (29); we
assume that the lower resolution reflects the greater flexibility
they require to perform their biological function.

The reconstruction of the added TMV particles (30) has a
resolution of 1.9 A (SI Appendix, Figs. S4 and S8; ref. 31), indi-
cating that the microfluidic sample preparation did not limit the
resolution of the human 20S proteasome. Unlike the archaeal
T20S proteasome, which is often used as a cryo-EM test sam-
ple due to its 14-fold D7 symmetry, the human 20S proteasome
is only 2-fold symmetric. The lower symmetry reduces the inter-
nal averaging by a factor of 7. Moreover, the similar subunits
around the “pseudo-7-fold” axis can lead to misalignments of the
particle projections. Together, these factors explain why existing

cryo-EM maps are at the lower resolution of 3.5 A (29, 32).

Conclusion

Several methods have been presented to improve sample prepa-
ration for cryo-EM, all having their own specific purpose.
Examples include high-throughput grid preparation (33-35),
time-resolved EM (36), and single-cell visual proteomics (14,
15). Furthermore, antibody-functionalized EM grids were pro-
posed to “fish” target proteins (37, 38), and affinity grids

Schmidli et al.

side-view

top-view

Fig. 2. Sample quality and data collection. (A) Overview image of a grid
square and the holey carbon film, showing a thin film of vitreous ice. (Scale
bar: 4 um.) (B) High-magnification image of the isolated 20S proteasome
sample. Arrows indicate 20S proteasome as top and side views; asterisks
denote TMV. Furthermore, small particles are visible in the background,
most probably unbound Fabs. (Scale bar: 20 nm.) TMV was added to the elu-
tion buffer as a positive control for the cryo-EM grid quality (S/ Appendix,
Fig. S4). The contrast of the image was increased using a Gaussian blur and
subsequent histogram adjustment. (C) Selected projection averages of the
20S proteasome. Arrows indicate 2 bound Fabs recognizing the a4 subunit.
(Scale bar: 10 nm.) (D) Typical projection average of TMV from the same
cryo-EM grid as the 20S proteasome. (Scale bar: 10 nm.)
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Fig. 3. The 3D reconstruction of the human 20S proteasome. The red
arrowheads indicate the catalytically active subunits. (A) Side view showing
the 2 @ and 2 3 rings. All 14 subunits are fitted into the mass densities. Parts
of the 2 bound Fabs are visible at lower resolution, due to the high flexi-
bility of the attached Fabs. The C2 symmetry axis is indicated. (B) Top view
of an « and a 3 ring. Both rings have a pseudo-7-fold symmetry. Different
subunits are indicated by different colors. (C) A zoom-in into the side-view
region indicated by the dashed box in A, documenting the quality of the
data and model fitting. An enlarged view of 1 a-helix and 3 strands of a
B-sheet is shown in D as an example.

designed to capture proteins with engineered his-tags (39). In
both cases, the vitrified protein is supported by a continuous
carbon film, which can limit the resolution obtained. Here,
we combined microfluidics for protein isolation and purifica-
tion with cryo-EM grid preparation, resulting in free-standing
layers of vitrified protein samples that allow high-resolution
cryo-EM.

Microfluidic methods could potentially overcome the cur-
rent bottleneck in cryo-EM, resulting from the large amount
of protein used for sample preparation and the long and harsh
conditions used for protein purification. We demonstrated that
microfluidics 1) can deliver cryo-EM grids of high quality allow-
ing <2 A resolution from 20 nL of a sample and 2) allows the
isolation of endogenous proteins from less than 1 pL cell lysate
with subsequent structure determination at 3.5 A. In addition,
the method presented here significantly reduces both the amount
of starting material and the time needed for the structural analy-
sis of proteins, avoids harsh protein purification conditions, and
eliminates the stringent and wasteful blotting steps otherwise
used on cryo-EM grid preparation.

The high efficiency of cryo-EM combined with the microflu-
idic approach will allow the structure of proteins that cannot
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be produced in large quantities to be studied. Up to now,
structural studies were possible only if the protein could be
overexpressed or produced in a large numbers of cells. The
small sample volumes used during the microfluidic purification
process allow a high protein concentration to be maintained,
which is helpful if protein complexes fall apart upon dilu-
tion. Furthermore, the small sample volume also allows for
“buffer conditioning” (14), e.g., for the introduction of small
ligands before sample vitrification. In addition, further opti-
mization of the purification step and use of the cryoWriter
will almost certainly make it possible to perform the whole
preparation in less than 1 h, facilitating the investigation of
sensitive protein targets. Finally, the toolchain presented here
can also be combined with in vitro translation systems, which
would enable high-throughput structure determination, or with
a single-cell lysis device (14, 15, 40), which would bring the
structural analysis of proteins originating from a single cell
within reach.

Materials and Methods

Generation of Fabs. Fabs were generated from an antibody against the a4-
subunit of the human 20S proteasome (Enzo Life Sciences; BML-PW8120),
using a commercial kit (Thermo Fisher Scientific Inc.; 44685) and following
the provided protocol. After generation of Fabs, the buffer was changed to
PBS (pH 7.4, 150 mM NaCl, 1.5 mM KH,PO,, 8.1 mM NayHPOj, 2.6 mM KCl)
(Sigma; D8537), and the Fabs were concentrated to a concentration of 0.28
mg/mL using a centrifugal filter unit (Sigma; UFC501024).

Biotinylation of Fabs. To biotinylate the Fabs, a 6-fold molar excess of photo-
cleavable NHS-biotin cross-linker (Fisher Scientific; NC1042-383) was added
to the Fabs (0.28 mg/mL, 5.6 mM) and incubated at room temperature for
1 h. Excess, unbound cross-linker was removed using a spin desalting column
(Thermo Fisher Inc.; 87764) following the instructions from the kit protocol.

Binding of the 20S Proteasome to Magnetic Particles. To fish the human
20S proteasome, Hela cell lysate (human origin; Enzo Life Sciences; BML-
SW8750) was incubated in the presence of 0.7 mM biotinylated Fabs at 4 °C
for 5 h. Subsequently, superparamagnetic Dynabeads (Thermo Fisher Scien-
tific Inc.; 65602) were added to achieve a final concentration of 5 pM and
incubated additionally for 1 h at 4 °C. Glycerol and ATP which maintain
proteasome stability were intentionally not added to the buffers to ensure
that the regulatory complexes dissociated from the 20S proteasome core
complex (41).

Extraction and Vitrification of 20S Proteasome. After the incubation step, a
0.3-uL volume of the cell lysate/Fabs/superparamagnetic beads mixture was
aspirated into the microcapillary of the cryoWriter setup at a flow rate of
0.4 ul/min and passed through the electromagnetic trap (S/ Appendix, sec-
tion A). The beads were retained by the magnetic field gradient to form
a bead plug. Subsequently, the flow direction was inverted and the par-
ticle plug was washed with 4 pL washing buffer (25 mM Hepes-KOH, pH
7.5, 5 mM MgCl,) at a flow rate of 3 pl/min. The aspiration-wash cycle was
repeated twice. In all, a total of 0.9 uL cell lysate was loaded into the micro-
capillary. At the end, the capillary was washed further with 45 L of washing
buffer at a flow rate of 3 ul/min.

Before UV cleavage, the sample plug was enclosed between two 6-nL
air bubbles that were introduced from the nozzle tip and were separated
by a volume of 25 nL washing buffer containing 1 mg/mL of TMV. See
also S/ Appendix, section B for more details. TMV was kindly supplied by
Ruben Diaz-Avalos, Howard Hughes Medical Institute, Chevy Chase, MD.
The hydrophilicity of the inner surface of the microfluidic capillary retains
a thin hydration layer, which allows magnetic beads with loaded samples
to remain within the aqueous phase while the air bubbles are introduced.
The sample plug was then exposed for 15 min to UV light emitted at a
wavelength of 365 nm by a 190-mW UV LED (Thorlabs; M365L2).

After photo-cleavage, 20 nL of the 25-nL eluate containing the purified
protein was primed on a 400-mesh copper grid covered with a holey carbon
film (R1.2/1.3; Quantifoil) that was glow discharged for 45 s in air plasma
immediately before use. The cryo-EM grids were prepared as described in
ref. 15, applying protocol 1. However, we adjusted the parameters for the
sample: The stage temperature was 7 °C above the dew-point tempera-
ture of the environment, i.e., 10 °C on most days, and the settling time
was 50 ms.

Schmidli et al.
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Data Acquisition. Cryo-EM image data were collected on an FEI Titan Krios
(ThermoFisher Scientific) transmission electron microscope, operated at
300 kV and equipped with a Gatan Quantum-LS imaging energy filter (GIF,
20 eV zero loss energy window; Gatan Inc.). Micrographs were acquired
using a K2 Summit direct electron detector (Gatan Inc.) operated in dose
fractionation mode (superresolution, 30 frames, 0.2 s/frame, 6 s total expo-
sure) and controlled by the SerialEM (42) software. The physical pixel size
was 0.812 A and the total electron dose was 72 e~ /AZ per recorded image
stack (movie). Micrographs were drift corrected, dose weighted, and binned
2 times by Fourier cropping, using MotionCor2 (43) via the FOCUS inter-
face (44). Additional data collection parameters are listed in S/ Appendix,
section C.

Image Processing. An initial model for subsequent processing with RELION3
(25) was generated using cryoSPARC v2 (Structura Biotechnology Inc.) (24).
Particles were picked in cryoSPARC v2 and then 2D classified. An ab ini-
tio model was generated using =19,000 particles selected from the best
2D classes and subsequently refined to 4.1 A resolution with C2 symmetry
imposed.

For RELION3 processing, 55,135 particles were picked with Gautomatch
(K. Zhang, http://www.mrc-Imb.cam.ac.uk/kzhang/) using templates pro-
jected from the map obtained using cryoSPARC v2 and low-pass filtered to
20 A resolution. After 2D classification, 38,848 particles were 3D classified
into 4 classes. The best class, containing 16,015 particles was selected for
3D refinement. A generous mask derived from the refined map low-pass
filtered to 15 A and with a soft edge of 6 voxels was used for postpro-
cessing, yielding a resolution of 4.3 A. Afterward, rounds of CTF refine-
ment including defocus refinement per particle, astigmatism refinement
per micrograph, and beam-tilt refinement per dataset were iterated with
rounds of Bayesian polishing and 3D refinement. A final 3D refinement,
using a soft mask that excluded the flexible Fabs and used solvent-flattened
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