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Abstract
Affinity Grids are electron microscopy (EM) grids with a pre-deposited lipid monolayer
containing functionalized Nickel-nitrilotriacetic acid (Ni-NTA) lipids. Affinity Grids can be used
to prepare His-tagged proteins for single-particle EM from impure solutions or even directly from
cell extracts. Here we introduce the concept of His-tagged adaptor molecules, which eliminate the
need for the target protein or complex to be His-tagged. The use of His-tagged protein A as
adaptor molecule allows Affinity Grids to be used for the preparation of virtually any protein or
complex provided that a specific antibody is available or can be raised against the target protein.
The principle is that the Affinity Grid is coated with a specific antibody that is recruited to the grid
by His-tagged protein A. The antibody-decorated Affinity Grid can then be used to isolate the
target protein directly from a cell extract. We first established this approach by preparing
negatively stained specimens of both native ribosomal complexes and ribosomal complexes
carrying different purification tags directly from HEK-293T cell extract. We then used the His-
tagged protein A/antibody strategy to isolate RNA polymerase II (RNAP II), still bound to native
DNA, from HEK-293T cell extract, allowing us to calculate a 25-Å resolution density map by
single-particle cryo-EM.
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Strategy for the use of Affinity Grids for non-His-tagged proteins and
complexes

Single-particle electron microscopy (EM) is a versatile technique that can be used to
determine the structure of macromolecular complexes (e.g., 1). Much effort has been
directed in the last decade towards automating data collection (e.g., 2, 3) and advancing
image processing techniques to achieve near-atomic resolution (reviewed in 4, 5). As a result
of the numerous technical advances, the biochemical purification of macromolecular
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complexes suitable for structural analysis has now become a bottleneck in single-particle
EM. Monolayer purification was introduced as a new method to prepare single-particle EM
specimens directly from cell extracts without the need for biochemical purification of the
target protein or complex 6. The underlying principle is that His-tagged target proteins
contained in a cell extract are specifically recruited to functionalized Nickel-nitrilotriacetic
acid (Ni-NTA) lipids that are part of a lipid monolayer formed over the cell extract. The
lipid monolayer and the attached His-tagged proteins can then be transferred to an EM grid
and prepared by negative staining or vitrification for EM imaging. The Affinity Grid was
subsequently developed to simplify the use of monolayer purification by having the Ni-NTA
lipid-containing monolayer pre-deposited on the EM grid 7. In addition, the Affinity Grid
proved to be an even milder preparation method than monolayer purification, to avoid
particle clustering often seen in specimens prepared by monolayer purification, and to make
monolayer purification more suitable for the preparation of membrane proteins.

The application of both monolayer purification and Affinity Grid depends on the target
protein carrying a His tag, which mediates the interaction with the Ni-NTA lipids in the
monolayer. To extend its use to proteins and complexes that are not His-tagged, we
exploited the fact that complexes can be assembled on the Affinity Grid in a step-wise
fashion. This feature makes it possible to use His-tagged adaptor molecules to specifically
recruit non-His-tagged target proteins to the Affinity Grid. Any molecule can serve as
adaptor as long as it interacts specifically with the target protein and can be His-tagged. To
avoid having to generate a specific His-tagged adaptor for each target protein, we produced
His-tagged protein A, a surface protein expressed by S. aureus that interacts strongly with
the constant domain of mammalian immunoglobulin G (IgG) antibodies 8. Hence, provided
that a specific antibody is available or can be raised against the target protein, His-tagged
protein A makes the Affinity Grid a viable option to prepare any protein or complex for
single particle EM directly from cell extracts without prior biochemical purification (Fig.
1a).

Testing the His-tagged protein A/antibody strategy with ribosomal
complexes

Ribosomal complexes were chosen to test the His-tagged protein A/antibody strategy,
because they were already used to establish the monolayer purification and Affinity Grid
techniques 6, 7. Antibodies against the Flag and Myc tags were purchased from Sigma-
Aldrich (St. Louis, MO) and Covance (Emeryville, CA), respectively. The antibody against
subunit 26 (residues 129–145) of the large ribosomal subunit 26 (rpl26) was purchased from
Abcam, Inc. (Cambridge, MA). To express His-tagged protein A, primers were designed for
the protein A gene, which was then amplified from S. aureus genomic DNA purchased from
ATCC (accession number 700699 D-5). The amplified gene was subcloned into the
pET-15b vector, which includes an N-terminal His tag. The construct was expressed in E.
coli (BL21 strain) and the recombinant protein was purified by conventional Nickel affinity
and gel filtration chromatography as previously described for His-tagged rpl3 6. Mammalian
HEK-293T cells were transiently transfected with a construct of the rpl3 subunit containing
an N-terminal tandem Flag-Myc tag. Tandem-tagged rpl3 was produced by introducing a
Myc-tagged rpl3 construct into the pCMV-Tag 2A vector (Agilent Technologies, Santa
Clara, CA), which adds an N-terminal Flag tag 9. After 48 hours a cell extract was prepared
as described previously 6.

To prepare ribosomal complexes from the HEK-293T cell extract, Affinity Grids with a
monolayer containing 2% Ni-NTA lipids were first incubated for one minute with 3 μl of a
0.1 mg/ml solution of His-tagged protein A and then for another minute with 3 μl of a 0.1
mg/ml solution of one of the three antibodies, anti-Flag, anti-Myc and anti-rpl26 IgGs. The

Kelly et al. Page 2

J Mol Biol. Author manuscript; available in PMC 2011 January 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



solution containing unbound protein A and antibodies was gently removed from the grid
with a Hamilton syringe, and 3 l aliquots of the HEK-293T cell extract (containing
ribosomal complexes with incorporated Flag-Myc tagged rpl3) were added to the grids.
After a 2-minute incubation, the grids were washed and prepared for EM imaging by
negative staining as described 6.

In establishing the method we adjusted the incubation steps of the protocol to optimize
particle binding while minimizing background. We found that optimizing conditions for the
incubations with His-tagged protein A and antibody were most critical for minimizing the
background. Although some background of unoccupied protein A and/or IgG antibody
always remained, 1-minute incubations with 0.1 mg/ml solutions of His-tagged protein A
and antibody resulted in the lowest background. Since the interactions between the His tag
of protein A and the Ni-NTA lipids and between protein A and the constant part of IgG
antibodies may be affected to some degree by the buffer conditions, different antibody
concentrations can be tested (typically 0.01–0.2 mg/ml). The affinities of antibodies for their
antigens may be most variable, and it is therefore important to test for how long the
antibody-decorated Affinity Grid is best incubated with the cell extract containing the target
protein (typically 2–5 minutes) and whether the concentration of the cell extract needs to be
adjusted. We found that for all three antibodies we tested to recruit ribosomal complexes to
Affinity Grids, anti-Flag, anti-Myc and anti-rpl26 IgGs, a 2-minute incubation with
HEK-293T cell extract yielded a particle density suitable for single-particle analysis (Figs.
1b–d). According to the 3D model of the mammalian ribosome 10, the epitopes for the
antibodies should be equally accessible and so the three antibodies seem to have similar
affinities for their antigens.

Images of negatively stained specimens showed that all preparations contained complexes
~30 nm in size and displaying features consistent with the mammalian 60S ribosomal
subunit (Figs. 1b–d). For each antibody-specific sample, 56 images were recorded, and
~8000 particles were selected (8112 particles for the specimen prepared with anti-Flag
antibody, 7825 particles for that prepared with anti-Myc antibody, and 7947 particles for
that prepared with anti-rpl26 antibody). After windowing the particles into individual 96 ×
96 pixel images, the particles were classified into 20 classes using the SPIDER software
package 11. Each data set was subjected to 10 rounds of multi-reference alignment followed
by K-means classification. The references used in the first alignment were randomly
selected from the raw images.

Each set of classes produced averages that displayed features consistent with the 60S
ribosomal subunit (insets in Figs. 1b-d and Supplementary Fig. 1). Although there is some
variation, the class averages show that the 60S ribosomal subunits adsorbed to the EM grid
with a strongly preferred orientation that is the same in all three sets of averages. According
to the placement of X-ray crystal structures into the 8.9-Å cryo-EM map of the 60S
ribosomal subunit 10, subunits rpl3 and rpl26 are located in orthogonal positions in the 60S
subunit. It is therefore somewhat unexpected that EM specimens prepared with anti-Myc
and anti-Flag antibodies (both on rpl3) and that prepared with anti-rpl26 antibody show
predominantly the same view of the 60S ribosomal subunit. Preferred orientations are often
introduced by the negative staining procedure, in particular during the drying of the
specimen 12, 13. It thus appears that the protein A/antibody linkage of the 60S ribosomal
subunits to the Affinity Grid provides sufficient flexibility for the complex to adopt its
preferred orientation on the grid. The notion of high linker flexibility is consistent with our
previous finding that 50S ribosomal subunits, recruited to an Affinity Grid through His-
tagged rpl3, adopted almost randomly distributed orientations in vitrified specimens 7.
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Application of the His-tagged protein A/antibody strategy to RNA
polymerase II

After establishing the His-tagged protein A/antibody strategy with the 60S ribosomal
subunit, we wanted to use the method to isolate an unrelated biological complex from the
same cell extract for analysis by cryo-EM. We chose to prepare native human RNA
polymerase II (RNAP II), a 12-subunit complex with a molecular weight of ~550 kDa. The
overall composition and structure of RNAP II are conserved from yeast to human (e.g., 14,
15, 16, 17).

We incubated Affinity Grids with a monolayer containing 20% Ni-NTA lipids with His-
tagged protein A and an antibody against the flexible C-terminal domain linker region of
Rpb1 (yeast subunit nomenclature). After incubation with HEK-293T cell extract, the grid
was blotted and vitrified by quick-freezing into liquid ethane. Images of the vitrified
specimen showed particles with dimensions and features consistent with those previously
seen in specimens of purified yeast RNAP II 18. Many of the particles were, however,
attached to long strands, ~16 Å in diameter, presumably representing nucleic acid polymers
(Fig. 2a).

To identify the strands associated with the RNAP II particles, we prepared vitrified Affinity
Grid samples with cell extracts that were treated with DNase I (Sigma-Aldrich, St. Louis,
MO), RNase A (Roche Applied Science, Indianapolis, IN) or lysis buffer (as a control).
Cryo-EM images of all samples showed RNAP II particles. In the control sample prepared
with cell extract treated with lysis buffer, most RNAP II particles were still associated with
nucleic acid strands (not shown, but similar to Fig. 2a), as were the RNAP II particles in the
sample prepared with RNase A-treated cell extract (Fig. 2b). In contrast, the sample
prepared with DNase I-treated cell extract lacked all but a few thin fibers (~10 Å in
diameter, potentially mRNA) (Fig. 2c). We therefore conclude that the majority of strands
associated with the RNAP II complexes were DNA molecules.

Cryo-EM density map of RNAP II
We selected 28,380 particles of RNAP II still attached to DNA strands from 216 images of
vitrified samples and classified them into 100 classes. The resulting class averages indicated
that RNAP II adopted many different orientations in the vitrified ice layer (Supplementary
Fig. 2a). To produce a reference model, we used the EMAN software package 3 to generate
a 30-Å reference map based on the crystal structure of the yeast RNAP II elongation
complex, which contains 19 bases of template DNA, 7 bases of non-template DNA and 10
residues of single-stranded RNA (PDB entry 1Y77) 19. We then used FREALIGN version
7.05 20 to align the particle images to the reference model and to calculate a CTF-corrected
density map that served as new reference model. The orientation parameters were further
refined over 10 alignment cycles in FREALIGN. The Fourier shell correlation (FSC) curve
with the final data set containing 22,704 particles indicated a resolution of 25 Å
(Supplementary Fig. 2b), according to the FSC = 0.5 criterion 21, and the final density map
was low-passed filtered to this resolution (Fig. 3). A plot of the Euler angles shows that the
ice-embedded particles adopted randomly distributed orientations (Supplementary Fig. 2c),
demonstrating that the protein A/antibody linker provides sufficient flexibility to obtain the
different views needed to calculate a fully defined 3D reconstruction. Comparisons between
raw images, class averages and re-projections from the density map suggest that the 3D
reconstruction is consistent with the projection data (Supplementary Fig. 2d).

Our cryo-EM density map of the human RNAP II accommodated the full yeast elongation
complex, but required some adaptations of the crystal structure. The model for the Rpb4/7
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heterodimer was outside the density map, but was located directly adjacent to an unoccupied
region of the map. We therefore manually placed the Rpb4/7 structure into the unoccupied
density by a rigid body movement (labeled “1” in Fig. 3, Supplementary Fig. 2e). The fact
that the Rpb4/7 heterodimer was not seen in several crystal structures of the yeast complex
(e.g., 14, 15, 22) suggests that it is flexibly attached to RNAP II, providing justification for its
movement into our density map. Indeed, the Rpb4/7 also had to be moved to fit into the
density in a previous 3D reconstruction of human RNAP II obtained with cryo-negatively
stained specimens 17.

The second region of our density map that differs from the crystal structure of the yeast
complex is an area of extra density adjacent to the C-terminal domain of Rpb1 (labeled “2”
in Fig. 3). This extra density was also seen in the previous EM map of human RNAP II 17,
which was attributed to the flexible C-terminal domain of Rpb1. In our map, this unoccupied
density may also represent some portion of the antibody used to recruit the complex to the
Affinity Grid, as it binds to this region of Rpb1. Additional small differences between our
density map and the manually fit crystal structure may be accounted for by missing loops in
the crystal structures and small differences between the yeast and human complexes.

The DNA binding groove was unoccupied in the previous EM reconstruction obtained with
biochemically purified RNAP II. As we selected RNAP II particles that were still associated
with DNA, our density map includes density for the DNA. Furthermore, the density map
also visualizes the exit channel for the RNA (labeled “3” in Fig. 3), which is seen at the
expected position, i.e., over the single-stranded RNA and upstream of the DNA fragment
seen in the crystal structure of yeast RNAP II.

Conclusions and outlook
We have established a method based on a His-tagged adaptor molecule that allows the use of
Affinity Grids to prepare non-His-tagged proteins and complexes from cell extracts. We
chose His-tagged protein A as adaptor because it can be universally used for any protein or
complex provided that there is a specific antibody for the target, but many other adaptor
molecules can be considered. For example, His-tagged ligands can be used to recruit the
corresponding receptors or His-tagged avidin could be used to recruit biotinylated targets.
Any such adaptor system is useful for the preparation of single-particle specimens, but if the
target protein is of pharmacological interest, structural knowledge of antibody-protein or
ligand-receptor interactions can also provide valuable information to guide efforts in drug
development.

The averages of the negatively stained 60S ribosomal subunits (Figs. 1b-d and
Supplementary Fig. 1) and the angular distribution plot of the vitrified RNAP II particles
(Supplementary Fig. 2c) suggest that the linker system provides substantial flexibility.
Hence, the target complex can adopt preferred orientations in negatively stained specimens
and randomly distributed orientations in a vitrified ice layer. Specimens prepared with the
Affinity Grid using an adaptor system thus have similar characteristics as conventionally
prepared specimens.

Because of its ease and versatility, the protein A/antibody adaptor system for the isolation of
native complexes from cell extracts using the Affinity Grid could be a very helpful tool for
high-throughput structure determination of macromolecular complexes by single-particle
EM.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Principle of the recruitment of untagged complexes to the Affinity Grid using the His-
tagged protein A/antibody strategy, and application to 60S ribosomal subunits
(a) Schematic drawing of the recruitment of target complexes to the Affinity Grid by the
His-tagged protein A/antibody adaptor system. (b–d) Representative images and class
averages (insets) of negatively stained 60S ribosomal subunits recruited to the Affinity Grid
by antibodies against Flag tag (b), Myc tag (c) and rpl26 (d). Scale bar is 60 nm and the side
length of the insets is 43 nm. A construct of rpl3 containing an N-terminal tandem Flag-Myc
tag was transfected into HEK-293T cells as described in 6. Affinity Grids were prepared
according to 7. 3-μl aliquots first of His-tagged protein A (0.1 mg/ml) and then the
respective IgG antibody (0.1 mg/ml) were applied to an Affinity Grid for 1 minute each. The
excess solution was removed and a 3-μl aliquot of the HEK-293T cell extract was applied.
After blotting, the sample was negatively stained according to 6. Specimens were examined
using an FEI Tecnai 12 electron microscope (FEI, Hillsboro, OR) equipped with a LaB6
filament and operated at an acceleration voltage of 120 kV. Images were recorded on
imaging plates under low-dose conditions at a nominal magnification of 67,000× and a
defocus value of about −1.5 μm. Imaging plates were read out with a DITABIS Micron
scanner (DITABIS Digital Biomedical Imaging System AG, Pforzheim, Germany)
according to 23. The digitized images were binned over 2 × 2 pixels for a final sampling of
4.5 Å/pixel at the specimen level.
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Figure 2. Images of vitrified RNAP II purified onto Affinity Grids using His-tagged protein A
and an antibody against Rpb1
(a) Image of vitrified RNAP II prepared onto an Affinity Grid from HEK-293T cell extract,
showing that many of the complexes are associated with nucleic acid strands. (b) Treatment
of the cell extract (0.1 ml of ~3 mg/ml protein) with 10 units of RNase A for 30 minutes
prior to application to the Affinity Grid did not eliminate the strands. (c) Treatment of the
cell extract with 10 units of DNase I for 30 minutes prior to application to the Affinity Grid
eliminated the majority of the strands, identifying the strands to be DNA. Vitrified
specimens of RNAP II were prepared according to 7 and transferred into an FEI F20 electron
microscope equipped with a field emission gun using an Oxford cryo-specimen holder,
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maintaining a temperature of −180°C. Samples were examined at an acceleration voltage of
200 kV and images were recorded on Kodak SO-163 film at a nominal magnification of
50,000× using low-dose procedures and a defocus ranging from −2 to −4 μm. The film was
developed and digitized as described 6 for a final sampling of 4.2 Å/pixel at the specimen
level. Scale bar is 50 nm.
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Figure 3. EM density map of human RNAP II with docked crystal structure
Different views of the final density map (white translucent surface) of human RNAP II
filtered to 25 Å resolution calculated from 22,704 particles, into which the crystal structure
of yeast RNAP II was placed (Rpb4/7 in red, other subunits in yellow, nucleic acid in blue;
PDB entry 1Y77 19). Label “1” indicates the region of the density map into which the
atomic model of Rpb4/7 was moved. Label “2” indicates density not accounted for by the
crystal structure, which may represent the C-terminal domain of Rpb1 and/or part of the
antibody against Rpb1 used to recruit RNAP II to the Affinity Grid. Label “3” indicates the
exit channel for the newly synthesized RNA. Scale bar is 5 nm.
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