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Abstract: Single-particle cryo-electron microscopy (EM) is currently gaining attention for the ability
to calculate structures that reach sub-5 Å resolutions; however, the technique is more than just an

alternative approach to X-ray crystallography. Molecular machines work via dynamic conformation-

al changes, making structural flexibility the hallmark of function. While the dynamic regions in mol-
ecules are essential, they are also the most challenging to structurally characterize. Single-particle

EM has the distinct advantage of being able to directly visualize purified molecules without the for-

mation of ordered arrays of molecules locked into identical conformations. Additionally, structures
determined using single-particle EM can span resolution ranges from very low- to atomic-levels

(>30–1.8 Å), sometimes even in the same structure. The ability to accommodate various resolutions

gives single-particle EM the unique capacity to structurally characterize dynamic regions of biolog-
ical molecules, thereby contributing essential structural information needed for the development of

molecular models that explain function. Further, many important molecular machines are intrinsi-

cally dynamic and compositionally heterogeneous. Structures of these complexes may never reach
sub-5 Å resolutions due to this flexibility required for function. Thus, the biochemical quality of the

sample, as well as, the calculation and interpretation of low- to mid-resolution cryo-EM structures

(30–8 Å) remains critical for generating insights into the architecture of many challenging biological
samples that cannot be visualized using alternative techniques.
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Introduction

Structural biologists use a variety of biophysical

approaches to create three-dimensional (3D) molecu-

lar snapshots with the goal of understanding how

physical form translates into function. The more

molecular details present in a 3D structure (i.e., the

higher the resolution), the easier it is to develop a use-

ful mechanistic model. For this reason, researchers

Grant sponsor: NIH; Grant number: F31 AI112324; Grant spon-
sor: NIH; Grant number: R01GM115598.

*Correspondence to: Melanie D. Ohi, Department of Cell and
Developmental Biology, Vanderbilt University, RM 4160A MRB3,
PMB 407935, 465 21st Avenue South, Nashville, TN 37240-
7935. E-mail: Melanie.ohi@vanderbilt.edu
Yoshimasa Takizawa’s current address is Molecular Cryo-Elec-
tron Microscopy Unit, Okinawa Institute of Science and Technolo-
gy Graduate University, 1919-1 Tancha, Onna-son, Okinawa,
904-0495 Japan

Published by Wiley-Blackwell. VC 2016 The Protein Society PROTEIN SCIENCE 2017 VOL 26:69—81 69



strive to calculate the highest resolution structures

possible. Traditionally X-ray crystallography and

nuclear magnetic resonance (NMR) have been con-

sidered the “go-to” techniques for calculating atomic

resolution density maps, with other approaches,

including molecular electron microscopy (EM) and

small-angle X-ray scattering (SAXS), limited to deter-

mining low- to mid-resolution structures (>30–8 Å).

However, the synergistic convergence of technological

and computational advances has made single-particle

cryo-EM a feasible method for determining near-

atomic to atomic resolution (�5–2 Å) structures, ele-

vating this technique into the structural biology pan-

theon of high-resolution approaches. It is now

considered routine to generate sub-5 Å structures,

when even five years ago calculating a sub-10 Å reso-

lution structure was an accomplishment. In many

ways, this very rapid improvement in achievable reso-

lutions seems like the spontaneous generation of a

new field of structural biology;1 however, cryo-EM’s

current success grows directly from deep theoretical

and practical roots (reviewed in Ref. 2–5). For single-

particle EM, the practical applications of the app-

roach have finally started to catch up with its theoret-

ical potential.

The ability to calculate near-atomic resolution

structures has dramatically expanded the appeal of

single-particle EM and has led to some grandiose,

albeit “tongue in cheek” (at least one hopes), claims

that cryo-EM will soon supplant other structural

methods.1 Although X-ray crystallography, NMR,

and cryo-EM are all high-resolution techniques,

each approach has complementary strengths and

weaknesses for analyzing the structures of biological

molecules and complexes. The scientific questions

asked, as well as the biophysical and biochemical

properties of the specimen, will continue to drive the

choice of method. While the cryo-EM field is heavily

focused on developing new technology and computa-

tional methods needed for calculating the highest

resolution structures possible (sub-2Å structures), it

is also important to highlight the unique attributes

of the approach that allow for structural characteri-

zation of dynamic biological molecules at resolutions

spanning from “blobs” (�30-10 Å) to atoms (�2 Å).

In addition, the exciting potential of determining

high-resolution structures without crystallization

often obscures the unavoidable and frustrating reali-

ty that the biochemical quality of a sample trumps

all other factors. Despite the advantages of state-of-

the-art microscopes, cameras, and computational

approaches, the maxim “garbage in, garbage out”

still applies to cryo-EM. Here we discuss the advan-

tages and disadvantages of negative stain and vitri-

fication, methods for improving the biochemical

quality of dynamic complexes, and tools that can

help dissect the molecular organization of low- to

mid-resolution (30–8 Å) 3D structures.

Sample Guidelines for Single-Particle Cryo-EM

The majority of sub-5Å structures deposited in the

electron microscopy database (EMDB) are of large

(�500 kDa and greater), structurally homogeneous

specimens.6 This is not surprising since larger com-

plexes generate higher contrast images that can be

precisely aligned,7 and structural homogeneity makes

it more likely that 3D structures are calculated using

distinct views of only structurally similar particles.

For these reasons there is a general consensus that

for cryo-EM analysis samples should be 300 kDa or

larger and structurally homogenous2 (Table I). How-

ever, these rough guidelines continue to expand as

technology and computational approaches improve.

For example, there have recently been near-atomic to

atomic resolution structures reported for specimens

between �100 and 300 kDa.8–15 Additionally, many

samples once considered too dynamic for high-

resolution cryo-EM analysis have now reached sub-

8Å resolutions using computational strategies that

incorporate a maximum likelihood-based 3D classifi-

cation approach.16,17 Examples of these successes

include, but are not limited to, structures of spliceoso-

mal complexes,18–25 transcription complexes,26–30

cytoskeleton assemblies,31–34 and various membrane

Table I. Comparison of Negative Stain and Cryo-EM Techniques

Negative stain Cryo-EM

How is image contrast created? Heavy metal stain protein/nucleic acid
Does the technique cause preparation artifacts? Yes Noa

Molecular mass ranges b �200 kDa or largerb �300 kDa or largerb

Final concentration of sample applied to grid �0.02 mg/ml �0.20 mg/ml
Does the sample need to be structurally homogenous? No Noc

Resolution limits �15 Å �2 Å

a In practice, samples trapped in vitrified ice can become distorted if the ice is too thin or if the particles cluster at the ice/
air interface.
b The smaller the molecular mass the less image contrast is produced. This makes it harder to accurately align the par-
ticles. Although there are some high-resolution cryo-EM structures of molecules smaller than 300 kDa, small molecular
mass samples are considered challenging specimens for imaging in either negative stain or vitrified ice.
c Although computational approaches can be used to sort sample heterogeneity in silico, cryo-EM samples still need to be
more structurally homogenous than samples imaged by negative stain due to the lower contrast of the images.
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proteins.8,9,11,12,15,35–40 Therefore, rather than strictly

adhering to the general consensus, it is worthwhile to

empirically determine whether a particular sample is

amenable for study by cryo-EM. Figure 1 depicts a

flowchart of general steps taken for the structural

analysis of biological molecules using single-particle

cryo-EM. When working with either very small or

extremely dynamic samples it is important that the

purification is compositionally homogenous and that

extreme care is taken to validate the accuracy of the

resulting structure. It is possible to incorporate noise

and/or model bias into single-particle 3D reconstruc-

tions leading to the calculation of incorrect 3D density

maps, a likelihood that is exacerbated when analyzing

small and/or dynamic molecules.7,41,42

Single-Particle EM and Sample Preparation
The most commonly used molecular EM technique is

single-particle EM.6 In this approach large numbers of

two-dimensional (2D) projections of homogenous par-

ticles are collected and used to generate a 3D struc-

ture. Images of individual particles are windowed from

each micrograph to create data stacks that can contain

upwards of a million particles. To amplify the signal

and attenuate the noise, the windowed particles are

computationally aligned and averaged. 3D information

is extracted from the 2D projections using a variety of

computational approaches that requires each 2D pro-

jection to be accurately assigned five orientation

parameters (x-axis, y-axis, z-axis, phi (w), and theta

(u)).16,17,43–48 A number of informative reviews have

recently been published describing this process in

more detail (examples include 49–52).

Unlike other structural techniques, single-

particle EM does not require large amounts of sam-

ple (Table I) or the formation of ordered arrays to

determine 3D structures. This significantly broadens

the range of biological specimens amenable for char-

acterization using this approach. However, biological

molecules are not ideal for imaging by transmission

electron microscopy (TEM). They dehydrate in the

harsh vacuum of the electron microscope, are com-

posed mainly of atoms that do not strongly scatter

electrons, and are sensitive to radiation damage

caused by the electron beam.2,53 To partially over-

come these limitations, biological samples are pre-

pared for single-particle EM using either negative

stain or vitrification (Table I). In negative stain EM,

the sample is adsorbed to a continuous carbon sup-

port and then embedded in a layer of dried heavy

metal solution.54 For cryo-EM, the sample is sus-

pended across a holey carbon grid and then rapidly

Figure 1. General flowchart showing the basic steps required to analyze biological samples using single-particle electron

microscopy (EM). While it is possible to structurally characterize small (<200 kDa) and dynamic samples via single-particle

cryo-EM, larger molecular mass (>300 kDa) samples that are structurally homogenous have a better chance at reaching near-

atomic to atomic resolutions (sub-5Å). There are many places in the process where sample optimization is critical for success.

This requires biochemically improving the purification and/or finding the proper conditions to visualize the sample in vitrified ice.

Unfortunately, these optimization steps involve labor-intensive trial and error that is not hypothesis driven.
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plunged into cryogen, trapping the molecules in a

thin layer of vitrified ice composed of the purifica-

tion buffer.55 While only cryo-EM holds the promise

of generating high-resolution structures, negative

stain is often the only viable method for studying

the organization of dynamic samples and/or com-

plexes that are difficult to purify.

Negative stain provides high-contrast structural

information mainly about the outer envelope of a mole-

cule. The approach is valuable for visualizing samples

that are too small and structurally dynamic to study

using cryo-EM (Table I). It is also useful for the initial

characterization of samples before attempting more

time-intensive analysis by cryo-EM (Fig. 1). Samples

�200 kDa and larger can usually be imaged using neg-

ative stain; however, the smaller the sample the more

important it is for the particles to be homogenous and

to possess distinctive structural features that allow for

accurate alignment. Importantly, negatively stained

samples often sit on the grid in preferred orientations.

Although this is a disadvantage in vitrified ice, it can

be an advantage when trying to assess the structural

homogeneity of samples or when characterizing a par-

ticularly dynamic complex. Many times even the gen-

eration of 2D class averages of negatively stained

particles provides important insight into the overall

architecture of a complex (examples include56–60).

However, by combining 2D classification and 3D struc-

tural determination using random conical tilt (RCT)61

or orthogonal tilt,62 distinct conformational states can

be sorted and characterized (examples include57,63–67).

Although unrivaled for its ability to empirically char-

acterize the structural homogeneity of biochemical

purifications, drawbacks of negative staining include

the introduction of flattening artifacts due to lack of

protection from dehydration in the microscope vacuum

and 3D reconstructions limited to a �15Å resolution

due to the grain size of the stain. However, when used

as part of a hybrid structural approach that combines

data from various biophysical, biochemical, and struc-

tural techniques, negative stain provides a way to gen-

erate molecular models of extremely dynamic and/or

difficult-to-purify complexes that cannot be studied

using other methods (examples include 56,57,59,65,68–70).

The most commonly used negative stains are ura-

nyl formate and uranyl acetate, although there are

other available stains with different chemical proper-

ties.54 The smaller grain size of uranyl formate makes

it the ideal stain for use on lower molecular weight

samples. While uranyl stains are acidic, they have

rapid fixative properties that act on the millisecond

timescale.71 This means that even pH-sensitive sam-

ples may be protected from conformational changes

when exposed to the stain. For example, staining with

Figure 2. The negative stain uranyl formate does not alter the conformation of pH sensitive pore-forming toxins. A: Clostridium

difficile toxin TcdA does not change structural conformation when stained with uranyl formate. B: For pH induced structural

rearrangement to occur, TcdA must first be washed with a low pH buffer (pH 4.5) before staining. Scale bars, 50 nm. Represen-

tative class averages for each condition are shown in corner. Side length of averages, 57.3 nm. Averages published in Ref. 68.

C: Helicobacter pylori VacA oligomers remain oligomeric when stained with uranyl formate.59,66 D: H. pylori VacA oligomers

dissociate when incubated in a low pH buffer (pH 3.5).59,125 Scale bars, 50 nm.
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uranyl formate (pH 4.5) does not trigger the pH-

induced structural reorganization of the Clostridium

difficile pore forming toxin TcdA that is seen when

the sample is first washed with a low pH buffer (4.5)

before adding stain68 [Fig. 2(A,B)], nor does it cause

the low pH (�pH 3.5) induced dissociation of Helico-

bacter pylori VacA oligomers into monomers [Fig.

2(C,D)].59

Negative stain is easy to learn, inexpensive, and

fast. For these reasons, it should always be used as

the first step in evaluating whether a sample is ame-

nable for further analysis by cryo-EM (Fig. 1). While

there are some important exceptions [i.e., a complex

dissociates at the lower protein concentrations used

for making negatively stained grids (Table I)], most

explanations provided for why samples might not

stain well are apocryphal and serve as excuses for

ignoring the biochemical quality of the sample. As a

general rule, if particles are not easily visible or struc-

turally homogenous enough for negative stain analy-

sis, time and effort is better spent towards improving

the quality of the sample before moving into the more

challenging, expensive, and time-consuming approach

of cryo-EM. Finally, many important biological ques-

tions do not require atomic resolution information to

answer (examples include 56,57,63,68–70). If a hypothe-

sis can be addressed using negative stain, the method

should not be discounted simply because it does not

yield high-resolution data.

Cryo-EM is not simple, inexpensive, or quick.

This approach preserves samples in a near-native

state and, with the introduction of direct electron

detector (DED) cameras, is now considered a high-

resolution structural technique. The sample is pre-

pared by rapid plunging into liquid ethane, a process

that embeds the molecules in a layer of vitrified (or

amorphous) ice. Special equipment is required for

plunging into a cryogen, and the low temperature of

the sample must be maintained during its transfer

into the microscope and while being imaged to pre-

serve the vitreous ice. In addition, finding the optimal

freezing conditions for a sample can be challenging. It

is often necessary to experimentally optimize the buff-

er, sample concentration, freezing parameters, and/or

type of grid support that leads to images of high con-

trast particles that are homogenously distributed

across the holes. Options available for modifying grid

supports include adding a thin layer of carbon to hol-

ey carbon grids or using graphene or gold grids

(reviewed in72). The type of grids and choice of buffers

used can alter the quality of the images. Figure 3

shows the difference that grid supports and buffer

conditions can have on the appearance of the Schizo-

saccharomyces pombe U5.U2/U6 spliceosome in vitri-

fied ice. In Figure 3(A) spliceosomes were vitrified

using a holey carbon grid covered with a thin layer of

carbon.73 In Figure 3(B), spliceosomes were first puri-

fied using the GraFix approach74 and then vitrified

using unmodified holey carbon grids. In this example

the combination of mild chemical crosslinking and

altering the buffer conditions improved the ability to

image spliceosomes in vitrified ice.

Because there is no heavy atom stain added,

particles visualized under cryo-conditions have very

low contrast. Cryo-preserved particles must also be

imaged using low electron doses to limit radiation

damage from the electron beam,75 further reducing

the contrast of the resulting images. The dual disad-

vantage of imaging low contrast specimens with low

doses of electrons creates images with extremely low

Figure 3. Changing the types of support grids and buffer conditions can dramatically alter the appearance of particles in vitri-

fied ice. A: Image of S. pombe U5.U2/U6 spliceosome complexes vitrified on Quantifoil holey carbon grids covered with a thin

layer of carbon using an FEI vitrobot.73 B: Image of S. pombe U5.U2/U6 spliceosome complexes that were isolated using

GraFix,74 concentrated using a Millipore Microcon centrifugal filter (100 kDa cut-off), and frozen on Quantifoil holey carbon grids

using an FEI vitrobot. Scale bars, 50 nm.
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signal-to-noise ratios (SNR) that are difficult to

accurately align. Extracting the signal from the

noise in cryo-EM images continues to be a major

obstacle that must be overcome to calculate accu-

rate, high-resolution 3D structures.

The introduction of DED cameras represents the

biggest technological breakthrough for cryo-EM over

the last decade. Collecting images using DED cameras

improves image quality by reducing the number of

electrons needed to generate contrast and allowing for

the correction of electron beam-induced movement of

the sample (reviewed in 6,76,77). These advances result

in cryo-EM images that have increased SNR with

decreased radiation damage. The use of DED cameras

combined with automated data collection and sophisti-

cated computational image processing approaches has

led to cryo-EM structures that now routinely reach

near-atomic to atomic resolutions (examples include,

although not a comprehensive list18,20,33–36,78–88).

A major assumption made while working with

cryo-EM is that the images represent homogeneous

particles trapped in random orientations in the amor-

phous ice. In practice, purifications of molecular

machines are rarely structurally or even biochemical-

ly homogeneous. Additionally, particles do not always

orient randomly in the ice layer. The missing views

from the 2D projections create problems during 3D

reconstruction. Even with the use of DED cameras,

the low SNR of cryo-EM images makes it difficult to

differentiate between images of randomly-oriented

homogeneous particles and images of randomly-

oriented particles that are structurally and/or compo-

sitionally distinct. Image processing algorithms are

being developed for robust in silico sorting of distinct

conformational states89–94 and programs such as

RELION and Frealign have the ability to sort some

conformations present in a dataset;16,17 however,

structural and compositional heterogeneity continues

to complicate the ability of single-particle EM to cal-

culate reliable high-resolution structures.

Improving Structural Homogeneity

for Single-Particle Analysis

While there will continue to be important advances in

technology and software that improve the practicality

and biological reach of single-particle cryo-EM, the

biochemical quality of the sample is now the biggest

roadblock to determining high-resolution structures.

Capturing images of large numbers of structurally

homogenous particles is a serious challenge when

studying flexible macromolecular machines that are

physically fragile when isolated from their cellular

environment. Overcoming the one-two punch of struc-

tural and compositional heterogeneity requires care-

ful optimization of purification conditions.

Although it is possible to recombinantly express

and purify homogeneous multi-protein complexes

suitable for high-resolution structural analysis using

Escherichia coli, mammalian cells, or baculovirus

expression vectors (reviewed in95), these recombinant

systems are not practical for building protein-nucleic

acid complexes or complexes containing more than

approximately ten components. Thus, most purifica-

tions are isolated directly from the endogenous source

using basic biochemical approaches. While the bio-

chemical homogeneity of purifications is usually

assessed by gel filtration, SDS-PAGE analysis, mass

spectrometry, and/or functional assays, none of these

techniques address the conformational homogeneity

of the sample. Thus, even if a purification appears to

Figure 4. Crosslinking improves the homogeneity of a U5.U2/U6 spliceosome complex. Image of S. pombe U5.U2/U6

complexes before (A) or after (B) crosslinking for 1.5 hours with 0.1% glutaraldehyde at 48C. Scale bars, 100 nm. (C) Averages

representing a common spliceosome view found when negatively stained. No crosslinking (upper), crosslinking (lower). Number

of particles, lower right corner. Side length of panel, 56 nm. Averages were generated using the program Spider47.
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be compositionally pure, it is rarely structurally

homogeneous when examined by single-particle EM.

For example, particles examined from a single peak

off a size exclusion column can adopt various structur-

al conformations.96

Improving the compositional purity and/or sta-

bility of a sample falls under the dominion of biochem-

istry. As such, there are many classic strategies for

protein purification already available. However, many

commonly employed approaches, such as adding

sucrose, glucose, or glycerol to stabilize the sample,

are not suited for single-particle cryo-EM because

they reduce the image contrast of the particles. When

complex stability is an issue, the first and easiest cor-

rection is to simply prepare the grids immediately

following purification. The sample should not be fro-

zen, stored, or even analyzed for quality (for example,

by SDS-PAGE analysis) before making grids. By mov-

ing quickly, complexes may remain intact long enough

to make both negatively stained and cryo-EM grids

that are suitable for structural analysis. Another

option to improve stability of a sample is to add mild

chemical fixatives, such as glutaraldehyde, formalde-

hyde, or BS3 (bis(sulfosuccinimidyl)suberate). The

type and amount of fixative, as well as the timing of

the fixation reaction must all be experimentally deter-

mined to find the optimal conditions that mildly

stabilize the complex while not significantly altering

structure. Figure 4(B) shows an example where spli-

ceosome particles have been incubated for 1.5 hours

at 48C with 0.1% glutaraldehyde and subsequently

quenched with glycine. As seen by the images and 2D

class averages (Fig. 4), these fixation conditions do

not lead to major sample aggregation (i.e., inter-

molecular cross-links) or gross structural alterations.

Taking a more sophisticated approach towards

improving sample quality, the laboratory of Holger

Stark has introduced two techniques to improve com-

plex stability called GraFix and ProteoPlex.74,97 Gra-

Fix uses density gradient centrifugation combined

with chemical crosslinking to isolate homogenous

complexes.74 The fractions containing the complex are

collected and the sucrose or glycerol is removed using

desalting columns, allowing the sample to be visual-

ized by cryo-EM without reduced contrast. The

approach combines size fractionation and mild-

fixation, a combination that has the potential to

improve both the compositional and structural homo-

geneity of samples. Figure 5 shows an example of a

U5.U2/U6 spliceosome complex isolated using GraFix.

Although individual fractions collected from the

GraFix gradient are often too dilute for vitrification

[Fig. 5(B)], an advantage of the approach is that par-

ticles isolated from the gradient can often be

Figure 5. GraFix can be used to improve both the compositional and structural homogeneity of purifications.74 A: A S. pombe

U5.U2/U6 spliceosome purification was resolved in a 10–30% glycerol gradient. Immunoblot of fractions collected from bottom

(30%) to top (10%) of gradient and probed with anti-Cdc5 antibodies. The migration of fatty acid synthase (40S) collected from

parallel gradients is indicated. B: Negatively stained image of spliceosomes found in fraction 7 collected from a 10–30% GraFix

glycerol gradient that contains a 0–0.15% glutaraldehyde gradient. C: Negatively stained image of spliceosome particles pooled

from fractions 6, 7, and 8 from the GraFix gradient described in B, buffer exchanged to remove glycerol, and concentrated

using a Millipore Microcon centrifugal filter (100 kDa cut-off). Estimated glutaraldehyde concentration in fractions 6-8 is �0.1%.

Scale bar, 100 nm.
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concentrated without aggregating, as is the case with

the spliceosome complex [Fig. 5(C)]. ProteoPlex is a

high-throughput method that systematically tests the

stability of a complex in various buffer conditions.

The approach uses a dye that fluoresces in apolar

environments created when proteins unfold.97 The

lower the fluorescent signal in this assay, the more

stable the complex. The ability to screen numerous

buffer conditions simultaneously without having to

image by EM provides the first systematic approach

for rapidly finding ideal buffer conditions that

improve sample stability. This method also accommo-

dates the addition of small molecules, inhibitors,

ligands, agonists, or antibodies to directly screen for

their ability to alter conformational stability.

Using Computational Approaches to Sort
Conformational Flexibility in Complexes

While there are numerous biochemical approaches

that may lead to improved sample homogeneity, the

optimization of purification conditions can be a time-

and labor-intensive process with no set finish line.

Because single-particle EM can directly visualize

samples in various conformational states, the dream

of every structural biologist is to collect cryo-EM

images of structurally dynamic macromolecular

machines and rely on computational approaches to

recognize and sort the multiple conformations found in

the purification. Although this remains a dream and

not reality, the ability of cryo-EM to classify structural-

ly diverse data sets, sometimes referred to as in silico

purification, continues to improve. The incorporation

of the maximum-likelihood approach in 3D calcula-

tions16,17 has made it possible in some situations to

determine multiple structures of a dynamic complex

using one cryo-EM dataset (examples include23,25).

However, the success of this conformational sorting

requires the collection of very large datasets and the

expertise to carefully assess the accuracy of the result-

ing 3D structures.

Additionally, it is now possible to focus image

alignment on areas of interest in the 3D density map

by masking specific regions during image process-

ing.52 This strategy can improve the resolution of

both dynamic and stable regions of complexes by

focusing on each region independently of the other.

Although it requires stitching together multiple 3D

structural calculations often at different resolutions,

focused alignment is helpful for maximizing the struc-

tural information gleaned from the images of flexible

and dynamic machines (examples include 21,88,98).

Using Labeling Techniques to Localize
Individual Components and Domains

in Anisotropic and Low- to Mid-Resolution

(~30-8Å) Structures
The inherent flexibility of macromolecular machines

ensures that even when working with compositionally

homogeneous samples many structures will never

reach the resolutions (�3.5 Å) necessary to build de

novo molecular models. In addition, the 3D maps of

many structures will have anistropic resolutions

because of the difficulty in precisely aligning flexible

regions of the molecule. This means that while the

more stable portions of the 3D density map may be

near-atomic resolution, the dynamic regions could

have resolutions as low as 30 Å. It is possible to trace

secondary structural elements, such as a-helices, in

�5-10 Å 3D density maps. However, at lower resolu-

tions (sub-10Å) the structures resemble 3D blobs.

Although lacking the molecular details found in high-

resolution structures, these “blobby” maps can be

used to gain structural insight into the molecular

organization of dynamic molecular machines.

When faced with mid- to low-resolution 3D den-

sity maps of an entire complex—or regions of an oth-

erwise high-resolution structure—there are a

number of labeling techniques that can be used to

confirm the location(s) of various components in the

density maps. Samples purified from either genetic

model organisms, such as yeasts, or recombinant

expression systems, can be endogenously labeled

with specific protein tags that appear as extra densi-

ty in 2D projections and/or 3D structures. The crite-

ria for choosing the appropriate tag are that (1) it

cannot disrupt the overall structure of the complex

and yet (2) it has to be large and structurally stable

enough to be detectable in the 2D projections and/or

in the 3D density map using difference mapping.

Finding the correct tag and the right location to put

the tag is an experimental process of trial and error.

Endogenous tags that have been successfully used to

localize individual components in complexes include

Maltose Binding Protein (MBP),99–101 fluorescent

proteins (CFP/GFP/YFP),100,102–104 streptavidin,105

the DID-Dyn2 tag,106 and an actin filament label.107

Labeling can also be done using Ni-NTA-gold clus-

ters to localize histidine-tags,108–112 although the

successful use of this reagent appears to be low pos-

sibly due to the difficulties in limiting nonspecific

binding. Figure 6 shows negatively stained images

of S. pombe spliceosome components endogenously

labeled with the DID tag. The rod-shaped DID-Dyn2

is clearly visible extending from the particles. One

major advantage of using endogenous tags is that

there is no doubt that all complexes contain the

label and no worries about non-specific binding.

Another labeling approach is the use of anti-

bodies that recognize either individual complex com-

ponents or an endogenous tag. If there are already

specific antibodies available this can be a relatively

quick way to localize individual components and/or

domains in 2D projections or 3D structures. Anti-

bodies (or the isolated Fab fragments) have a very

distinctive shape, making the position of the anti-

body (or Fab fragment) easily recognizable in raw
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images, 2D projections, and 3D structures. There

are a number of examples where antibodies, either

by themselves or bound to gold clusters, have been

used to localize the position of individual complex

components or domains in the context of larger

structures.113–122 Finally, approaches have also been

developed for localizing nucleic acids in complexes.

These include biotin labeled antisense oligonucleoti-

des123 and a doughnut shaped protein tag that binds

a specific RNA sequence.124

Summary
The rapid improvements in the technologies asso-

ciated with cryo-EM make this an exciting time in

structural biology. Single-particle cryo-EM has

unequivocally joined NMR spectroscopy and X-ray

crystallography as a high-resolution approach. It is

now finally possible to structurally characterize many

essential dynamic machines that have been reticent

to crystallization. For the field of cryo-EM, having

dealt with the dreaded moniker “blobologists” for dec-

ades, the ability to build atomic models directly from

cryo-EM structures can feel like the beginning of a

new era of structural biology where single-particle

EM finally takes its rightful place at the top.1

However, as it becomes more common to achieve

atomic-resolutions using cryo-EM, the emphasis will

once again shift more towards addressing outstanding

biological questions rather than focusing on which

methodology is being used. Answering these riddles

will often involve isolating challenging complexes

that, while ideal for visualizing using single particle

EM, will not be ideal for generating near-atomic reso-

lution structures. Biochemistry, as it always has, will

continue to make the final ruling on which structures

reach high-resolutions. The biochemical quality of

samples outranks the best microscopes, cameras, and

computational advances.

Improving methods for isolating fragile com-

plexes and developing additional tools for dissecting

the molecular organization of low- to mid-resolution

3D density maps will be vital for studying dynamic

molecular machines that cannot be characterized

using other structural approaches. In addition, care-

fully taking into account the strengths and weakness

of single particle EM will help ensure that data is not

over interpreted to calculate incorrect structures.

Finally, the unique ability of single-particle EM to

characterize biological molecules over a wide range of

resolutions should be fully embraced. The capacity of

this approach to visualize “blobs” to atoms creates a

bridge between the fields of structural and cell biolo-

gy. The current renaissance occurring in both high-

resolution electron and light microscopy opens the

possibility that we will soon be able to piece together

how the molecular organization of dynamic complexes

directly translates into function within the context of

living cells.
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