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Chapter 19.10. Single-particle reconstruction with EMAN
S. Ludtke
19.10.1. Introduction

that users wishing to perform only a subset of any task can easily
import data into any subtask, proceed through additional
subtasks, then export the results at any point. There are future
plans to integrate other cryoEM software into the workﬂow
interface to enable users to try alternative algorithms for speciﬁc
subtasks. The workﬂow is accessed using either e2workflow.py
or e2desktop.py.
The GUI interface (Fig. 19.10.2.2) includes a number of
visualization modules for displaying individual two-dimensional
images, stacks of two-dimensional images, three-dimensional
volumetric models, two-dimensional plots, three-dimensional
plots and symmetry information. These modules are used by the
interactive ﬁle/database browser available in the workﬂow or via
the program e2display.py, but may also be used directly from
the Python interface.

Single-particle reconstruction is a technique for determining the
three-dimensional structure of identical nanoscale objects
without requiring crystallization (Frank, 2006). Typical targets
are large proteins or macromolecular assemblies, with 200 kDa
regarded as the lower size limit for this technique due to high
image noise levels. Typical non-viral targets are in the size range
from 500 kDa to 5 MDa, with icosahedral viruses extending to
hundreds of megadaltons. Several examples of structures being
reconstructed to 4 Å resolution using this technique have been
published (Ludtke et al., 2008; Jiang et al., 2008; Zhang et al.,
2008; Yu et al., 2008) and subnanometre resolution is frequently
achieved, but in negative stain, or with unusually difﬁcult specimens, resolutions may still be limited to 12–30 Å.
19.10.2. Overview of EMAN

19.10.2.2. Command-line programs

EMAN is a suite of scientiﬁc image-processing tools with a
particular focus on cryogenic electron microscopy (cryo-EM)
and single-particle reconstruction. The ﬁrst stable version was
released in 1999 and it has undergone continuous development
since that time. Since roughly 2005, development has focused
on EMAN2, with a completely redesigned modular imageprocessing library, a workﬂow system, and a new openGL-based
graphical user interface (GUI). EMAN2 supports virtually all
image ﬁle formats used in the cryo-EM community, as well as
various conventions for particle-orientation speciﬁcation. The
image-processing library is completely modular, so new algorithms can be made available throughout the system without any
modiﬁcation of end-user programs. Metadata, which refer to both
experimental and derived information describing the image data,
are archived using an embedded database system. These metadata can be harvested to produce information for manuscripts or
for deposition to centralized databases such as the EMDB (http://
www.emdatabank.org), operated by the PDBe (Europe) and
RCSB PDB (USA).
EMAN2 has a tiered structure. The GUI interface and workﬂow represent the top of the hierarchy. Next are individual
command-line programs, providing the user with a greater level
of control and a wide range of utility functions. Below this is the
Python (http://www.python.org) layer, for interactive use or
high-level programming. Finally, we have the C++ core imageprocessing library, which handles all computationally intensive
image processing. Full documentation is provided through the
EMAN wiki (http://blake.bcm.tmc.edu/eman/eman2).

EMAN2 (Tang et al., 2007) currently contains 60 commandline programs for speciﬁc tasks, plus an additional 60 programs
as part of the related SPARX project (Hohn et al., 2007),
included with EMAN2 releases. High-level programs such as
e2refine2d.py, e2initialmodel.py, e2eotest.py and
e2refine.py are essentially wrapper scripts which call the
lower-level Python scripts to complete speciﬁc tasks.
In addition, there are a number of general-purpose utility
programs, such as e2proc2d.py for two-dimensional image
processing, e2proc3d.py for three-dimensional image processing and e2bdb.py for access to the embedded database. Both
e2proc2d.py and e2proc3d.py take similar arguments and

19.10.2.1. GUI layer and workﬂow
The workﬂow interface (Fig. 19.10.2.1) is designed to guide the
end user through entire processes, while storing a complete
record of all processing completed during any given task. While
this interface is gradually being expanded with new tasks, such as
tomographic particle averaging, for the purposes of this discussion we will focus on the single-particle reconstruction task,
which is broken down into a number of discrete subtasks as
discussed in detail in Section 19.10.3. The workﬂow is designed so
Copyright © 2012 International Union of Crystallography

Figure 19.10.2.1
The overall workﬂow interface, and the dialogue for the threedimensional reﬁnement subtask.
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Table 19.10.2.1
Listing of EMAN2 supported ﬁle formats and whether each has read (R)
and/or write (W) support
BDB refers to the EMAN2 embedded database. DM2/3 are Gatan Digital
Micrograph formats. LST ﬁles are text ﬁles from EMAN1.

Format

R or W
support

Format

R or W
support

BDB
HDF5
MRC
IMAGIC
SPIDER
PIF
DM3
DM2
EM
ICOS

R/W
R/W
R/W
R/W
R/W
R/W
R
R
R/W
R/W

TIFF
PGM
PNG
JPEG
LST
AMIRA
XPLOR
VTK
FITS
SAL

R/W
R/W
R/W
W
R/W
R/W
W
W
R/W
R

then later ported to C++. See http://blake.bcm.edu/emanwiki/
Eman2CProgQuickstart for an introduction.

Figure 19.10.2.2

19.10.2.5. Cross-platform support

A representation of the Euler GUI tool. The three-dimensional
reconstruction is shown (lower left), along with a projection and class
average for a particular orientation identiﬁed in the asymmetric triangle
on the right. Each cylinder in the asymmetric triangle represents a
projection direction, with its height representing the number of particles
found in that orientation.

All of the major computing platforms are supported, including
Linux workstations and clusters, Mac OSX and Windows. Our
primary development platforms are Linux and OSX. While we
are committed to full support of EMAN2 on Windows, we have
encountered idiosyncratic behaviour on some speciﬁc machines
running Vista which have deﬁed explanation, but we continue to
strive for full support.

permit application of any of the 170 modular image-processing
algorithms in the core library via the --process option. These
include ﬁlters, masks, mathematical operations and a range of
other processing algorithms. The e2help.py program provides
detailed documentation for all of the modular algorithms. All
EMAN2 programs are able to read automatically any of the
supported ﬁle formats, and will write to any supported ﬁle format
based on ﬁle extension or explicit speciﬁcation of output format.
For example, the command to convert a three-dimensional
volume from HDF format to MRC format is simply
e2proc3d.py input.hdf output.mrc.

19.10.2.6. Parallel processing
The three-dimensional reﬁnement process can be extremely
computationally intensive. While a reﬁnement of a small
1 MDa particle with some symmetry to 15 Å resolution may be
accomplished on a single workstation in a few hours, a project
like an asymmetric reconstruction to 4 Å resolution could easily
require hundreds of thousands of CPU hours. Updated details of
the modular parallelism strategy of EMAN and its GPGPU
(general purpose graphics processing unit) methodology can
be found in the wiki at http://blake.bcm.edu/emanwiki/EMAN2/
Parallel.

19.10.2.3. Python wrapper
Python is an easy-to-learn scripting language in wide use in
both scientiﬁc and non-scientiﬁc disciplines. It provides both an
interactive prompt as well as a programming interface, and is
easily extensible using higher-performance languages such as
C++. EMAN2 was designed such that all command-line programs
and the entire GUI interface are written in Python. Thus, any
of the distributed programs in EMAN2 can be modiﬁed by
experienced end users without a full EMAN2 compilation
environment. In addition, the program e2.py offers an iPythonbased (http://ipython.scipy.org) interactive prompt which gives
full access to all of the library functions and GUI tools of
EMAN2. An introduction to this interface can be found at http://
blake.bcm.edu/emanwiki/Eman2ProgQuickstart.

19.10.2.7. File formats and other conventions
EMAN2 supports all cryo-EM ﬁle formats for which speciﬁcations were available, in addition to its embedded database
storage mechanism. While any EMAN2 program can read and
write images in any supported format, we have adopted HDF5 as
an interchange format and the internal database BDB for use
during workﬂow operations. These two permit arbitrary metadata
to be associated with each image, unlike the standard cryo-EM
formats. Table 19.10.2.1 contains a list of the currently supported
formats.
The other primary convention of concern to single-particle
reconstruction is three-dimensional orientation speciﬁcation.
While EMAN2 has its own convention, it can convert to and from
the most common conventions in use in the cryo-EM community,
including MRC, SPIDER, IMAGIC, quaternions and spin axis.
EMAN’s own convention uses Z-X-Z 0 Euler angles named az, alt
and phi, respectively.

19.10.2.4. C++
The C++ interface contains a modular system, so algorithms of
various types can be trivially made available to the entire
workﬂow system. The C++ and Python interfaces were intentionally designed to be as similar to each other as possible, so
prototypes of new algorithms can be developed in Python and
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19.10. SINGLE-PARTICLE RECONSTRUCTION WITH EMAN
The single-particle reconstruction process is broken down into a
sequence of subtasks in the EMAN2 workﬂow. Each subtask is
documented in the GUI, with a block of text and mouse-over
popups. While the workﬂow is the method of choice for
performing reconstructions, all of the individual subtasks can also
be completed using direct command-line programs. The workﬂow
is launched with the e2workflow.py program. For each stage,
the alternative command-line program is also shown in
parentheses.

results in most cases. The two-dimensional classiﬁcation process
is quite similar to the corresponding process in EMAN1 (Chen
et al., 2006), with subtle improvements to increase speed and
accuracy.
The two-dimensional classiﬁcation process generates class
averages with improved signal-to-noise, characteristic of the
different orientations and dynamic states of the particles. These
can be used to help identify the particle’s symmetry and any
problems with preferred orientation or particle ﬂexibility/
heterogeneity.

19.10.3.1. Particle selection (e2boxer.py)

19.10.3.5. Initial model generation (e2initialmodel.py)

Locating images of individual particles in the micrograph/
charge-coupled device (CCD) frame is arguably the most critical
and labour-intensive step in single-particle processing. Owing to
the high noise levels in typical cryo-EM images, combined with
various types of contamination, correctly identifying all relevant
particles within a micrograph is challenging (Zhu et al., 2004).
Despite many years of effort, no reliable and generally applicable
algorithms for fully automated particle picking exist. The present
approach of EMAN2 is to streamline the process of semiautomated particle picking. Multiple CCD frames/micrographs
can be opened simultaneously and are handled by the user as a
group. At the time of writing, there is a single autopicking
algorithm available, based on Woolford et al. (2007), but there are
plans to expand this in the future.

There are a variety of opinions in the single-particle reconstruction community about how initial models should be generated. Brieﬂy, the most widely used methods are: common lines
with reference-free class averages (van Heel, 1987), random
conical tilt (Radermacher et al., 1987), orthogonal tilt (Leschziner
& Nogales, 2006) and single-particle tomography with threedimensional averaging (Walz et al., 1997). While not the primary
method we promote for traditional single-particle processing, the
EMAN2 workﬂow includes a task for three-dimensional alignment and averaging of tomographic subvolumes.
The primary method provided to generate initial models in
EMAN2 is based on the robustness of the iterative reﬁnement
strategy used for the ﬁnal high-resolution reﬁnement (Section
19.10.3.6). For any given three-dimensional structure, there are a
small number of stable structures which can result from reﬁnement, regardless of starting model. The correct model represents
the global minimum in the energy space deﬁned by requiring that
projections of the reconstruction match the particle images.
To make use of this concept in EMAN2, we downsample the
two-dimensional class averages (Section 19.10.3.4) and make a
large number of completely random starting models, then quickly
iteratively reﬁne each. While the speedups used in this process
make it more susceptible to local minima than the full highresolution reﬁnement method, it will generally still produce the
correct model some fraction of the time, without having to resort
to additional experiments. The resulting models are easily
assessed by comparing the original class averages with projections of the model, so the best answer can be readily identiﬁed.
The primary risk associated with this process is with respect to
particles with structural heterogeneity in solution or those with
strongly preferred orientations, in which case the standard
reﬁnement algorithm is not robust. In such cases, the tomographic method can provide further insights.

19.10.3. Single-particle reconstruction

19.10.3.2. Contrast transfer function/image evaluation (e2ctf.py)
EMAN1 contained a very accurate contrast transfer function
(CTF) correction methodology, which was also very labourintensive. While the mathematical basis for correction remains
effectively unchanged, the correction methodology is now
entirely automatic. The only substantial change to the mathematical formulation is that the spectroscopic proﬁle of the
background noise, which was originally characterized using four
empirical parameters, is now speciﬁed as a data-derived nonparametric curve. In addition, this methodology permits the
computation of a one-dimensional structure factor from sets of
images without user intervention, a process which was quite
challenging in EMAN1 (Ludtke et al., 1999). The automated
process is supplemented by a fully featured GUI for manual
image assessment.
19.10.3.3. Grouping particles into sets
Once images have been preprocessed, the user is given
another, optional, opportunity to examine the images of individual particles, now in Wiener-ﬁltered form, to identify any ‘bad’
particles which should be eliminated from further processing. In
addition, several values are provided to the user which permit
assessment of particles on a per-micrograph basis, such as the
integrated signal-to-noise ratio, defocus and B factor. Particles
from user-selected micrographs are then combined into a set for
further processing.

19.10.3.6. Reﬁnement (e2refine.py)

19.10.3.4. Reference-free two-dimensional classiﬁcation
(e2refine2d.py)

Once particles have been prepared and an initial model has
been produced, the next step is three-dimensional reﬁnement.
This process is largely unchanged from EMAN1 (Ludtke et al.,
1999), apart from minor improvements designed to speed up
the process and provide additional ﬂexibility. As with twodimensional reﬁnement, there are a large number of options for
the user to specify, but, where possible, sensible defaults are
provided. Documentation for the various parameters is provided
through the workﬂow interface.

This fully automated principal-component-analysis-based
(Frank, 2006) process produces two-dimensional averages
representative of the various particle views present in the raw
images. As with the workﬂow as a whole, while the user can
provide a large number of different options for this subtask,
sensible default values are provided, which should produce good

Evaluating the ﬁnal three-dimensional reconstruction remains
one of the most problematic aspects of single-particle processing
from a quantitative standpoint, and there have been numerous

19.10.4. Evaluating the reconstruction

631

19. OTHER EXPERIMENTAL TECHNIQUES
debates in the community over standards for model assessment.
As the ﬁeld is now beginning to achieve resolutions where
protein side chains can be visualized, reliable new assessments
based on methods from X-ray crystallography are emerging, but
at lower resolutions robust assessment remains elusive.

The development of EMAN2 is funded by NIH grant No.
R01GM080139. I would like to thank David Woolford for his
work on the ﬁgures, and Ben Bammes and Jesus Montoya for
their comments.
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Before assessing the resolution of a reconstruction, the
fundamental question of whether the model even qualitatively
represents the original data must be addressed. Regardless of the
reconstruction methodology used, the fundamental questions to
be asked are whether computed projections of the reconstruction
match both the raw particles and class averages, and whether all
of the particle views are represented by the three-dimensional
model in some orientation. The ‘Eulers’ option in the workﬂow
provides a number of tools for making such model assessments
both qualitatively and quantitatively.
19.10.4.2. Measures of resolution and resolvability
Resolution in single-particle processing is distinct from the
related concept of resolvability. Resolvability is a measure of
the level of detail visible in a model, in terms of the shortest
separation distance over which two objects can be identiﬁed as
being distinct. However, in structural biology, ‘resolution’ is a
statement of the spatial frequency at which the noise level
exceeds a threshold. It is important to recognize that a model
with 4 Å resolution could be low-pass ﬁltered to a resolvability of
only 20 Å, and yet cryo-EM resolution measures would still
(properly) show it to have 4 Å resolution. To help bring the
resolvability in line with the resolution, it is typical to apply an
appropriate ﬁlter to the three-dimensional reconstruction such
that the resolvability is in reasonable agreement with the resolution, but there remains no consensus in the community over the
optimal ﬁlter and/or ﬁltration level appropriate for this task.
EMAN2 provides a signal-to-noise-ratio- and structure-factorbased technique, as well as two mechanisms for assessing the
resolution of a reconstruction.
19.10.4.3. Model/noise bias
The ﬁnal issue to consider in a single-particle reconstruction is
the well known model/noise bias problem (Stewart & Grigorieff,
2004). With a traditional iterative reﬁnement strategy, and very
high noise levels in the raw particle images, it is possible to
produce a reconstruction including features derived from the
initial model or from systematic algorithmic artifacts which are
not represented in the raw data. There are relatively few techniques for assessing this sort of bias, and each single-particle
reconstruction package handles this issue differently. In EMAN,
the use of iterative class averaging during the iterative reﬁnement
process permits this bias to be greatly reduced or eliminated,
when used as suggested. Ensuring that the reference-free class
averages agree well with projections of the reconstruction can at
least place some limits on the extent of such artifacts.
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