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Abstract

Despite recent advances, the structures of many proteins cannot be determined by electron
cryomicroscopy because the individual proteins move during irradiation. This blurs the images so
they cannot be aligned with each other to calculate a 3D density. Much of this movement stems
from instabilities in the carbon substrates used to support frozen samples in the microscope. Here
we demonstrate a new gold specimen support that nearly eliminates substrate motion during
irradiation. This increases the sub-nanometer image contrast such that a-helices of individual
proteins are resolved. With this improvement we determine the structure of apoferritin, a smooth,
octahedral shell of a-helical subunits that is particularly difficult to solve by electron microscopy.
This advance in substrate design will enable the solution of currently intractable protein structures.

Recent developments in electron cryomicroscopy (cryo-EM) have allowed structure
determination to near-atomic resolution for some macromolecular complexes (1-3). Still,
many small and challenging structures cannot be determined by current cryo-EM methods to
the resolutions required for accurate modeling of atomic structure. This is because electron
micrograph quality still falls short of the physical limits imposed by radiation damage to the
macromolecules (4-6). Reduced image quality likely has two primary origins: Inefficient
detection of imaging electrons (6, 7), and motion and blurring of the particles during
irradiation (6,8-11). Recent developments in electron detectors have addressed the first
constraint (12,13), and have enabled the development of mation correction algorithms to
ameliorate the effects of the second (14-16). Direct electron detectors can acquire images
using fractions of the electron dose previously required, thus allowing the measurement of
single molecule positions in time. This allows accurate tracking of large ensembles of
particles, and offers a way to determine the physical origins of radiation-induced particle
movement (14-17).

Conventional amorphous carbon (am-C) substrates undergo bending and deformation during
irradiation (9,11), which includes movement both parallel and perpendicular to the substrate
plane. Incorporation of titanium-silicon, doped silicon carbide or graphene into substrate
designs reduced radiation-induced specimen motion (17-19). Still these designs did not stop
substrate movement and are challenging to manufacture and use. Here, we demonstrate a
new cryo-EM support that nearly eliminates the radiation-induced deformation of thin, ice-
embedded specimens at cryogenic temperatures. This curtails the perpendicular and in-plane
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components of motion during imaging, and thus improves image quality for all radiation-
sensitive cryogenic specimens.

The support comprises a regular array of micron sized holes in a ~500 A thick foil of gold
(Fig. 1 and fig. S1). The foil is suspended across a mesh grid, also composed of gold, with
square holes about 80 pm wide. It differs from standard amorphous carbon (am-C) supports
only in the choice of materials and the thickness of the perforated foil. We chose gold
because it is a highly conductive, non-oxidizing, radiation hard material whose surface is
chemically inert and bio-compatible. Furthermore, making the foil and grid entirely out of
the same metal ensures uniform electrical conductivity and prevents differential thermal
contraction during cooling from 300 to 80 K, thus maintaining the geometry and tension of
the support foil during use.

To characterize performance, we first measured the vertical motion of tilted gold substrates,
without ice, under irradiation using standard cryogenic conditions (Fig. 2A and Movie S1).
Compared to commercial am-C supports with nearly identical geometry, there was a 60-fold
reduction in substrate displacement (228 A vs. 3.8 A) in a typical fluence used for high-
resolution cryo-EM (16 e7/A2). Next, we compared the vertical motion of the gold and am-C
substrates when supporting a typical layer of thin ice used to image proteins (Fig. 2B).
Adding the layer of ice stabilized both the am-C and gold supports but there was still a 40-
fold reduction in movement on gold compared to am-C (76 A vs. 1.9 A).

To characterize the in-plane motion (parallel to the plane of the support) of proteins
suspended in ice on gold substrates, we made test samples using 80S ribosomes and tracked
them under standard imaging conditions. We analyzed a large ensemble of particle
trajectories and compared these to previously published data on other substrates (Fig. 3A
and fig. S2) (17). Particles generally exhibit two phases of motion during irradiation — a
faster phase during the first ~ 4e7/A2 followed by a slower phase; both are significantly
reduced using gold (by ~40% and ~80% respectively). This shows that much of the first
phase and most of the second phase of particle motion is due to the support. On the gold
substrate, the signal in the second part of the exposure approaches the physical limits
imposed by damage and detector efficiency (fig. S3). Based on these experiments, we posit
that reducing the vertical motion of the support by 50-fold reduces the total in-plane motion
of the particles by 2-fold, where the coupling between the vertical and in-plane motion is
due to bending of the irradiated region. We include a model of substrate deformation
accounting for this in the supplement (fig. S4).

A reduction in motion directly improves the quality of the images. We quantify this using
statistical analysis of tilt-pair images of ribosomes (20) collected on the different supports
(fig. S5). These data demonstrate a 140% improvement in x, which is a direct measure of the
quality of the images. This corresponds to a 35% improvement in the accuracy of the angles
assigned to the individual images during 3D reconstruction (fig. S5C), which is crucial for
solving macromolecular structures. Given a high-quality protein preparation, angular
accuracy and the isotropic coverage of the information content in Fourier space are the
primary factors that determine whether and how accurately a structure can be determined by
cryo-EM.
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To further assess the performance of gold supports, we determined the structure of
apoferritin, a small protein (18 kDa) that assembles into a smooth, spherical complex (440
kDa). The ferritins are a class of iron storage proteins that are conserved throughout
evolution, and whose characteristic structural motif is a bundle of four a-helices (21,22).
Apoferritin has remained intractable to structure determination by cryo-EM — even using the
new generation of electron detectors — because the contrast in individual particle images was
insufficient to resolve a-helices, which is required to align the images with each other (6,
23). We collected data on gold and am-C supports prepared identically, with identical
geometry and imaging conditions, on the same day on the same microscope equipped with a
back-thinned direct electron detector, and processed the resulting four thousand particles
from each support type identically (Fig. 3B-C). The images of apoferritin on am-C are still
too blurred for correct alignment, resulting in a 3D density map which is no better than the
initial model (resolution ~25 A); the reduced motion of the proteins on the gold grids
improves the images enough that the orientations are correctly assigned, yielding a map
which resolves the entire molecular chain (=8 A).

We collected a larger dataset of about six thousand particles using the gold support. This
yielded a reconstruction with a resolution of ~7A (fig. S6). We suspected that
conformational heterogeneity was limiting the resolution of the reconstruction. Using 3D
classification (24), we were able to isolate a subset of 483 particles (11 592 asymmetric
units) where a flexible loop on the exterior of the complex was positioned along the dimer
interface, although we cannot exclude the possibility that the classification process may also
have selected for particles which happened to move less during imaging. This improved the
map (Fig. 4) and brought the resolution of the reconstruction to 4.7 A (fig. S7).

The final map shows clearly identifiable density for the larger side chains, distinct
separation of the f-strands along the dimerization interface, and the molecular surface within
the pore along the fourfold axis (Fig. 4B-D). We found a region of extra density at the C-
terminus (fig. S8) corresponding to three amino acids in the protein sequence which were
not modeled in the crystal structure (25). Refinement of an atomic model against the map
also suggests an alternate conformation of the molecule relative to the crystal structure (fig.
STA).

The improved stability and image quality of gold substrates is not due to the mechanical
strength of the suspended foil (fig. S9), but instead is likely due to preservation of the
tension in the membrane during the cooling process, combined with the radiation hardness
and high conductivity of the gold film at cryogenic temperatures. Substrates which reduce
radiation-induced motion will improve the images from every microscope, not just those
equipped with a direct electron detector or high-speed frame capture hardware and
processing algorithms. We expect that the fifty-fold reduction in the vertical motion of the
gold substrates will also enable electron tomography at increased resolutions, as images of
tilted specimens are more severely impacted by the vertical motion of the substrate. The
methods herein will allow one to solve the structures of many proteins previously refractory
to structural analysis, including other ferritins which could not be solved by x-ray
crystallography.
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There remains one to two angstroms of in-plane motion during the first 4 e /A2 on gold
substrates. These first few electrons are critical as they potentially contain the most high-
resolution information (26, 27). Future work will focus on substrate design and image
acquisition conditions to reduce the initial motion even more. This, along with further
improvements in electron detector efficiency will bring cryo-EM to the physical limits
imposed by the homogeneity of the protein preparation, the electron scattering cross-
sections of the biological specimen (4) and the counting statistics of detecting individual
electrons. We anticipate that high-efficiency, stationary particle imaging will allow: 1.
measurement and modeling of the progressive damage to the primary and secondary
structure of the molecules, 2. improved refinements using dose-fractionation that includes
the use of tilt and 3. direct modeling and refinement of molecular structure from particle
images. This will enable routine structure determination for many molecules and complexes
that are currently too difficult to be practical.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Ultra-stable substrate design
The ultra-stable gold support comprises a 3 mm diameter disc of gold mesh (A) where a

~500 A thick layer of gold foil with a regular array of micron sized holes is suspended
across the square openings in the mesh (diagramed along the section indicated). After
application of an aqueous protein sample and plunge freezing at ~80K, each hole contains a
thin film of protein particles embedded in vitrified ice. Panels A, B and C show optical
micrographs of the gold grid at low, medium and high magnification respectively; each hole
is 1.2 um in diameter and sets the scale for B-D. Panel D is a transmission electron
micrograph of an individual 1.2 um hole containing vitrified ice. Panel E is a typical high-
resolution electron micrograph of apoferritin suspended in ice on a gold grid. Scale bars for
the micrograph and magnified inset are 1200 A and 120 A respectively.
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Fig. 2. Reduced motion of gold substrates under high-energy electron irradiation
Panel A shows measurements of the vertical motion of am-C and gold supports under
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typical cryo-EM illumination conditions (300 keV, 16 e/A2/s and 80K). Each point is the
magnitude of vertical displacement of the edge of a particular hole in the foil relative to its

initial position before electron irradiation. Each solid line is the root mean square

displacement for multiple holes in multiple squares of one grid. When a typical thin layer of
vitreous ice is present (B), the vertical motion of both substrates is reduced about two-fold

and the motion on am-C becomes more complicated in nature.
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Fig. 3. Reduced particle motion and improved resolution on ultra-stable grids
(A) 80S ribosomes were tracked during electron irradiation, using the same imaging

conditions, for particles supported on three different am-C grids (black circles (17)) and
three different gold grids (gold crosses). Each point is the in-plane ensemble average
displacement of a particle from its initial position, and the error bars are the s.e.m. for the
multiple grids tested. Solid lines are linear fits to the two phases of motion, where the slopes
are the average speeds of the particles. There was a 43% reduction in the speed of the first
phase (8.8 A/s to 5.0 A/s) and a 77% reduction in the speed of the second phase (2.3 A/s to
0.53 A/s) on gold relative to am-C. Density maps of apoferritin processed identically from
data collected using identical conditions for am-C (B) and gold (C) substrates. Map (B) has
a resolution of 25 A (gold-std. FSC) and contains no discernible information beyond that
present in the initial model. Compare to (C) with a resolution of 8.0 A which resolves the
entire molecular chain.

Science. Author manuscript; available in PMC 2015 June 12.



siduosnuel Joyiny siepund DA 8doin3 ¢

sydosnue Joyiny siepund DA @doin3 g

Russo and Passmore Page 10

Fig. 4. The structure of apoferritin from 483 single particle images

(A) The previously published X-ray crystal structure is fit to the cryo-EM density map, and
the density is cut in half along the plane defined by two of the four-fold symmetry axes to
reveal the interior of the complex. The cut surface shows the local resolution of the density
using the color scale as indicated. (B) View of one of the a—helices showing clear side chain
density. (C) View along the twofold symmetry axis showing clear separation between the f-
strands. (D) Section parallel to the fourfold pore axis showing the corrugated density of the
residues in the interior of the pore.
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