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Abstract

Generating reliable initial models is a critical step in the reconstruction of asymmetric single-particles by 3D electron microscopy. This
is particularly diYcult to do if heterogeneity is present in the sample. The Random Conical Tilt (RCT) method, arguably the most robust
presently to accomplish this task, requires signiWcant user intervention to solve the “missing cone” problem. We present here a novel
approach, termed the orthogonal tilt reconstruction method, that eliminates the missing cone altogether, making it possible for single-
class volumes to be used directly as initial references in reWnement without further processing. The method involves collecting data at
+45° and ¡45° tilts and only requires that particles adopt a relatively large number of orientations on the grid. One tilted data set is used
for alignment and classiWcation and the other set—which provides views orthogonal to those in the Wrst—is used for reconstruction,
resulting in the absence of a missing cone. We have tested this method with synthetic data and compared its performance to that of the
RCT method. We also propose a way of increasing the level of homogeneity in individual 2D classes (and volumes) in a heterogeneous
data set and identifying the most homogeneous volumes.
  2005 Elsevier Inc. All rights reserved.
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1. Introduction

One of the main bottlenecks in structure determination
of asymmetric macromolecules by three-dimensional elec-
tron microscopy (3D EM) is the generation of an initial
model. This is complicated even further if the sample suVers
from biochemical and/or conformational heterogeneity.
The Common Lines method (Van Heel, 1987) is a powerful
approach for 3D reconstruction, especially of samples with
relatively high symmetry. However, it could lead to incor-
rect structures if heterogeneity is present and has not been
identiWed, since it assumes that the experimental projec-
tions represent diVerent views of the same object. Currently,
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the most robust and reliable approach to obtaining initial
reconstructions of asymmetric objects is arguably the Ran-
dom Conical Tilt method (Radermacher et al., 1987). On
one hand, this is due to its geometric nature, whereby the
recording of untilted and tilted projections of the sample
results in two views (of each particle) that are related by a
known angle. On the other hand, because a reconstruction
is generated for each characteristic view through the align-
ment and classiWcation of the untilted data, no assumptions
need be made as to the homogeneity of the entire sample.
Unfortunately, because the maximum useful amount of tilt
is typically limited both by the geometry of the sample
stages and by the diYculty in obtaining high quality images
as the tilt angle increases, the data collection scheme results
in the well-known “missing cone” problem: a relatively
large cone-shaped area of reciprocal space (with a typical
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opening angle of t80°) that contains no information, lead-
ing to artifacts in the reconstructed volumes (Frank, 1996).
This problem is typically addressed either by merging
diVerent reconstructions that, by virtue of their relative ori-
entations, Wll each other’s missing data, or by using restora-
tion techniques such as projection onto convex sets
(POCS), which uses constraints to obtain a better approxi-
mation to the “correct” structure (Frank and Raderm-
acher, 1992). Both processes can be labor-intensive and
require signiWcant intervention by the user. Direct merging
of reconstructions with orientations that are diVerent
enough to Wll the missing cone is complicated by the bias
imposed by the missing cone on the cross-correlation coeY-
cients used as a measure of the similarity between any two
aligned volumes. This is due to the fact that volumes related
by a minimal tilt angle will also maximize the overlap of
areas in Fourier space containing information. Therefore,
the Wlling of Fourier space is done gradually by merging
volumes whose missing cones have a relatively large over-
lap. In the case of negatively stained samples, the type of
specimen that is most commonly used in ab initio recon-
structions by RTC, the merging of volumes may be further
complicated due to possible Xattening of the sample
(Boisset et al., 1990; Carazo et al., 1989). Although these
problems are not insurmountable, they do make obtaining
an initial structure the challenge that it presently is.

Matters would be simpliWed signiWcantly were the miss-
ing cone to be eliminated altogether. This would allow us to
treat individual class volumes as initial models to be used
for reWnement with no further processing needed to either
Wll a missing cone or mask artifacts resulting from an
incompletely Wlled one.

We present here an approach to generate individual class
volumes with no missing cone. A “class volume” is a 3D
reconstruction of a given characteristic view obtained
through 2D alignment and classiWcation. This approach
has as its only requirement that the particle being studied
adopt a relatively large number of orientations on the grid.
The approach, termed the orthogonal tilt reconstruction
(OTR) method, relies on collecting data at +45° and ¡45°
tilts and performing 2D alignment and classiWcation on one
of the tilted sets, eVectively treating it as a “0° tilt” data.
The other set of particles (the tilt “mates”) thus corre-
sponds to views 90° away from those used for alignment
and classiWcation. The rotation angles obtained through 2D
alignment and classiWcation will determine the position of
the tilt “mates” in what is eVectively the equator of a sphere
whose center is the volume to be reconstructed. We also
propose a method to treat heterogeneous data to increase
the homogeneity of any given class (and therefore volume)
that can be applied to both the Random Conical Tilt and
Orthogonal Tilt Reconstruction geometries. A small subset
of volumes expected to be relatively homogeneous can then
be identiWed and the number of conformations they repre-
sent can be analyzed through 3D multivariate statistical
analysis (MSA) and classiWcation. Finally, we take
advantage of the lack of missing cone in the volumes
reconstructed with the OTR method presented here to use
these selected, relatively homogeneous single-class volumes
as initial references for reWnement. The combination of
these methods should make it possible to address the bio-
logically relevant conformational diversity likely to be pres-
ent in many macromolecular complexes.

2. Materials and methods

(A description of the OTR methodology can be found at
the beginning of the Section 3. Some aspects of the Section
2 might be easier to follow after reading that description.)

2.1. Preparation of synthetic data

The crystal structure of the Klenow fragment of
Escherichia coli DNA Polymerase I (PDB accession num-
ber: 1KFD) (Beese and Steitz, 1991) was converted to SPI-
DER (Frank et al., 1996) format with a 2 Å pixel size. The
molecule was then rotated using a set of 20000 random
Euler angles and, after each rotation, projections were cal-
culated at 0° and 50° to simulate data collected using the
Random Conical Tilt method (RCT) as well as at +45° and
¡45° to test the OTR method presented here. Files were
generated containing random defocus values covering the
range expected for a §45° tilt geometry with a defocus of
1.75 �m at the center of the micrograph (one Wle contained
the defocus values for the +45° particles and the other the
corresponding values for the ¡45° tilt “mates”). A contrast
transfer function (CTF) simulating a negatively stained
sample (i.e., with an amplitude contrast of 20%) and imag-
ing at 120 kV was calculated using these random defoci and
applied to each particle, following by Xipping of the phases.
At this point, Gaussian noise with a standard deviation 10
times that of the particle was added to the particle (using
factors 2 and 1 for the noise and particle, respectively, in the
SPIDER operation AD F). The spectral signal-to-noise
ratio (SSNR) was calculated for each set of particles (oper-
ation RF SN in SPIDER): all curves show a mid-point at a
spatial frequency of t0.025 and fall below a SSNR D 1 at a
spatial frequency of t0.1. Finally, random X- and Y-shifts
in the range of 0–6 pixels were applied to the particles. The
CTF applied to the 0° particles was that corresponding to a
defocus of 1.75 �m. The same defocus values used for the
+45° data were actually used for the +50° particles. All the
data processing described above was done using the SPI-
DER software package (Frank et al., 1996).

To prepare the data set containing conformational het-
erogeneity, the two helices comprising the “thumb” domain
of Klenow fragment (again, using the 1KFD structure)
were rotated about atoms at their base using the program
PyMOL (DeLano, 2002). The new “conformation”
involves a rotation of t60° from the original conWguration
about an axis perpendicular to the long axis of the “thumb”
domain and lying on a plane parallel to the long axis of the
molecule. The rotated domain accounts for t10% of the
mass of the full Klenow fragment. The new structure was
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converted from PDB to SPIDER format as indicated above
for the initial structure. Data sets of 20000 pairs of particles
(projected at +45° and ¡45° or 0° and 50°) were generated
as described above except that the Wrst 10 000 particles orig-
inated from the original Klenow structure (“conformation
1”) and the second 10000 particles from the modiWed struc-
ture (“conformation 2”) (see Fig. 10A for depictions of the
two conformations).

2.2. Alignment and classiWcation of the 0° and ¡45° data

The 0° and ¡45° particles were converted to IMAGIC
(van Heel et al., 1996) format for 2D alignment and classiW-
cation. Particles were normalized, low- and high-pass
Wltered, soft-masked, and then centered. The low- and high-
pass Wlters were centered at 1/5 pixels¡1 and 1/50 pixels¡1,
respectively. An initial round of MSA and classiWcation
was performed, generating 400 classes (with an average of
50 particles/class). Class averages were selected, centered,
soft-masked, normalized, and rotationally aligned in prepa-
ration for multi-reference alignment (MRA). Two cycles of
MRA, MSA, and classiWcation were then performed. After
the last cycle, 80 classes (with an average of 250 particles/
class) were generated for both the 0° and ¡45° data sets.

2.3. Reconstruction, merging, and reWnement of class 
volumes

SPIDER-format Wles were created containing the infor-
mation regarding class membership and the in-plane rota-
tion angles from the 2D alignment and classiWcation
described above. The in-plane rotation angles were used to
generate the angular Wle required for reconstruction. Indi-
vidual class volumes were reconstructed (using the SPI-
DER suite of programs and the BP RP program in
particular for back-projection) for the two data sets, using
the +50° and +45° particles for the RCT and OTR
approaches, respectively. Back-projection was done with
unWltered particles but applying a smoothing constant in
BP RP. Three-dimensional alignments were performed for
all non-redundant pairwise combinations of class volumes
in each set (using the SPIDER operation OR 3Q) and the
pair of volumes giving the highest cross-correlation coeY-
cient (as well as a good visual match) were merged by com-
bining the data and generating a new structure. Alignment
parameters for these new volumes against the remaining
class volumes were obtained and a third volume was
merged with the previous two. This was repeated once
more. After the merging was complete, 1000 particles were
randomly selected from each merged volume (so as to
equalize the number of particles present in each) and new
volumes were generated. These will be referred to as the
“merged” volumes throughout the text.

These volumes were reWned by generating reference pro-
jections and using cross-correlation methods to assign
Euler angles to a set of 0° tilt particles with which a new
volume is reconstructed (“projection-matching”). This
projection-matching was performed with images that had
been low-pass Wltered using a Butterworth Wlter with pass-
band and stop-band frequencies of 1/2.5 pixels¡1 and 1/4.5
pixels¡1, respectively. The distance in Euler space between
reference projections is decreased as the reWnement pro-
gresses. The initial rounds of projection-matching reWne-
ment of both merged and single-class volumes were
performed using the 20 000 particles in the RCT 0° tilt data
set. Once that reWnement had converged, a new set of 20 000
particles was generated with smaller defoci (a range of val-
ues from 0.5 to 1.0�m was used) to improve the Wnal resolu-
tion. In each iteration, the 25% of particles showing the
lowest cross-correlation coeYcients after projection-match-
ing were excluded from the back-projection of the follow-
ing volume (but were included again in the next round of
projection-matching).

2.4. Fourier shell and ring correlation analysis

Fourier shell correlations (Saxton and Baumeister, 1982;
van Heel and StoZer-Meilicke, 1985) were calculated for
diVerent experimental volumes (see Section 3) versus the
initial, untreated Klenow model—after application of the
appropriate alignment parameters—using the SPIDER
command RF 3. Fourier ring correlations (Harauz and van
Heel, 1986) were calculated using the SPIDER command
RF and projections of the Klenow model and experimental
volumes calculated using Euler angles phi, theta and psi of
0°, 0°, and 0° (for the projection along the direction of the
missing cone in RCT) or 0°, 90°, 0°, and 90°, 90°, 0° (for the
two directions perpendicular to it).

2.5. Heterogeneous data: editing of classes

All sets of particles (¡45° and +45° for OTR and 0° and
+50° for RCT) were subjected to reference-free alignment
and classiWcation as described above except that 5 cycles
were performed, generating 500 classes each time from
which references were selected. After the Wnal round, 100
classes were generated for reconstruction (using the ¡45°
and 0° particles) as well as for the editing procedure (using
the +45° and 50° particles). Each class was then analyzed.
For each particle in the set of tilt mates along the equator
(+45° data in OTR) or the perimeter of the base of the cone
(+50° data in RCT), an arc of Euler space extending 15° in
each direction was searched for a neighboring particle
belonging to the same class in their own alignment and
classiWcation. Those particles lacking any neighbors satisfy-
ing these requirements were deemed “misclassiWed” and
removed from the Wnal selection document used for recon-
struction of class volumes.

2.6. Heterogeneous data: identiWcation of “homogeneous” 
class volumes

After classes were edited as indicated above, a set of 100
volumes was reconstructed for both the OTR and RCT
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data. Alignment parameters for all possible non-redundant
pairwise combinations of these volumes were calculated
(using the SPIDER command OR 3Q) and the results were
sorted according to the cross-correlation coeYcient. For
each of the 100 class volumes in each set, the best-matching
class volume (by cross-correlation coeYcient) was identi-
Wed. Alignment parameters were applied to one of the
members of each pair and the FSC between the two vol-
umes was calculated. From the FSC output Wles, an average
FSC was calculated for a range of frequencies correspond-
ing to 1/0.5£ to 1/0.2£ the longest dimension of the
Klenow model (t45 pixels). The 100 pairs of volumes were
then sorted according to this average FSC. For the selec-
tion of “homogeneous” volumes, a pair of volumes was
considered a good match if and only if the two volumes
were each other’s best match in the 3D alignment, i.e., their
corresponding cross-correlation coeYcients were higher
than those from all other alignments involving either one of
them. Only these pairs were further considered when ana-
lyzing the results from the FSC calculated for the selected
range of frequencies.

2.7. Three-dimensional multivariate statistical analysis and 
classiWcation of single-class OTR volumes

To identify the number of conformations present among
the most homogeneous volumes, 3D MSA and classiWca-
tion were performed with them. A group of 16 single-class
OTR volumes (selected as described in Section 2.6) were
aligned relative to one of the volumes. Average and vari-
ance volumes were calculated for the aligned set (using the
operation AS R in SPIDER). The variance was binarized to
be used as the mask within which MSA was to be per-
formed. MSA was done using Principal Component Analy-
sis with 16 factors (the maximum allowed for the mask)
using the command CA S in SPIDER. This was followed
by Hierarchical Ascendant ClassiWcation (CL HC in SPI-
DER) using 5 factors and the single-linkage method. The
dendogram was then analyzed and thresholds selected to
generate diVerent numbers of classes. Class averages were
calculated using the command AS R.

2.8. Projection-matching reWnement of edited single-class 
OTR volumes

A subset of seven OTR class volumes—two representing
conformation 1 and Wve representing conformation 2,
based on the analysis described in 2.7—expected to be rela-
tively homogeneous were reWned by projection-matching.
Two references were used in each reWnement and reWne-
ments were calculated for all possible pairwise combina-
tions of the references. The two references are allowed to
compete at each iteration and particles are assigned to the
volume that gave rise to the reference projection resulting
in the highest cross-correlation coeYcient. In each iteration,
the 25% of particles assigned to each volume with the
lowest cross-correlation coeYcients were excluded from
back-projection (but were included again in the next round
of projection-matching). The reWnements were performed
against the 0° tilt set of 20 000 particles generated for the
RCT simulation, containing 10000 particles of each confor-
mation. The same reWnement was performed with two
less-homogeneous references (see Section 3). These less-
homogeneous volumes were selected by directly looking at
their particle content as we were interested in seeing how
references of a given (lower) homogeneity would perform
in the reWnement.

Single-reference projection-matching reWnements were
also performed for each of the seven OTR references as
described in Section 2.3.

2.9. Rendering of volumes

Volumes shown in all Wgures were rendered using the
UCSF Chimera package (Pettersen et al., 2004) from the
Resource for Biocomputing, Visualization, and Informatics
at the University of California, San Francisco (supported
by NIH P41 RR-01081).

3. Results

3.1. Description of the orthogonal tilt reconstruction method

Two central aspects to this approach are the require-
ment for a relatively large number of orientations of the
particle on the specimen grid and the collection of two
orthogonal views for each particle. The latter is accom-
plished by recording micrographs with the sample tilted to
+45° and ¡45° (which is equivalent to collecting 0° and 90°
projections—see Fig. 1A), and 2D alignment and classiWca-
tion are performed with one of the tilted sets of images. As
is the case with RCT, one would use the data from the sec-
ond exposure for alignment and classiWcation and that
from the Wrst for reconstruction. Untilted views are unnec-
essary and are not collected until a later stage, to be used in
the reWnement of the initial models. The requirement for a
large number of orientations on the grid stems from the
fact that we are looking for the same projection originating
from particles that have adopted diVerent orientations on
the grid, in total contrast to the goal in RCT (Fig. 1A).
Because of the orthogonal relationship between the two
projections (views) in each tilt pair, each class generated
with one set of particles is associated with its corresponding
set of tilt “mates” distributed along the equator of a sphere
whose center is the volume to be reconstructed (Fig. 1D).
The positions of these tilt “mates” along this equator are
given by the rotation angles obtained through the 2D align-
ment and classiWcation of the initial set (much as it is the
case for the relative positions along the perimeter of the
base of a cone in Random Conical Tilt) (Figs. 1C and D).
The random distribution of positions in this equator and
the fact that it is an equator (i.e., the projections are orthog-
onal to the class average) results in a reconstruction that
has no missing cone (or any other large areas in Fourier
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space lacking information). Based on the geometry of data
collection in this approach, we will refer to it as the Orthog-
onal Tilt Reconstruction method, or OTR.

It should be noted here that the application of the RCT
methodology has been oversimpliWed in this work. In fact,
the way in which we have implemented it was intended to
highlight certain advantages of the OTR method rather
than illustrate the full potential of the RCT method. There-
fore, many of the “limitations” of RCT discussed here
could be overcome were one to take the required additional
steps. However, the relative ease with which the OTR
approach solves some of these limitations is one of the cen-
tral points of the work discussed in this paper.

3.2. Selection of model and generation of synthetic data

We selected the Klenow fragment of E. coli Polymerase I
as our model (Beese and Steitz, 1991). The structure is
asymmetric, provides fairly characteristic views in projec-
tion and was easily converted into diVerent “conforma-
tions” in silico (see Section 2). The three domains of the
Klenow fragment to which reference will be made in this
article are related to its overall similarity to a (right) hand
(Beese and Steitz, 1991). The “thumb” is the long extension
protruding from the structure, opposite to a ridge known as
the “Wngers,” and separated from them by the “palm” (see
Figs. 3–5, and 10).
This model was used to generate synthetic data mimick-
ing the geometries of both the RCT and OTR methods (see,
Section 2 for details). An example of a few particles at
diVerent stages during the preparation of the data is shown
in Fig. 2 for one of the data sets created. The particles (0°
for RCT and ¡45° for OTR) were subjected to alignment

Fig. 2. Synthetic data. To generate a synthetic data set the crystal structure
of the Klenow fragment of the E. coli DNA Polymerase I was rotated
using a set of random Euler angles and projections were calculated at 0°
and 50°, and +45° and ¡45° (to test the RCT and OTR approaches,
respectively). (A) A few of the 0° particles are shown. A Contrast Transfer
Function was applied to the particles and the phases were then Xipped (B).
Gaussian noise was added to achieve a signal-to-noise ratio of 0.1 and
random shifts of up to 6 pixels were applied (C). Row (D) shows low- and
high-pass Wltered versions the particles in (C). (See, Section 2 for details.)
Fig. 1. Overview of the orthogonal tilt reconstruction method. (A) Two identical particles (in green) with diVerent orientations on the grid (represented by
the light brown rhomboid) are shown with their corresponding projections collected at tilts of +45° and ¡45°. Because the data is collected at a tilt, the par-
ticles have a common projection (indicated by the equal sign) despite being in diVerent orientations on the grid. (B) The two identical particles shown in
panel A can be represented as a single one where the equivalent projections are brought together (generating in eVect a two-member “class average,”
shown at the bottom of the panel). Because of the data collection geometry, this results in two projections of the particle that are orthogonal to the class
average. The relative angles of these projections along the equator of a sphere whose center is the volume to be reconstructed are given by the rotation
angles obtained through the alignment and classiWcation of the particles in the class average. (C) A particle adopting yet another diVerent orientation on
the grid is shown (with the grids corresponding to the initial two particles now shown in darker brown); one of its projections will become a member of the
class average shown at the bottom of the panel while its tilt mate will give a new equatorial view of the particle. (D) A series of particles adopting a large
number of orientations on the grid (with all these orientations of the grid now represented as a truncated cone) result in an array of equatorial views of the
particle that can be used to generate a reconstruction with no missing cone.



A.E. Leschziner, E. Nogales / Journal of Structural Biology 153 (2006) 284–299 289
and classiWcation and 80 class volumes were eventually
generated (see, Section 2 for details).

3.3. Reconstruction and merging of volumes

One of the symptoms of the missing cone in single-class
volumes generated with the RCT method is the dependence
of the cross-correlation coeYcients obtained during three-
dimensional (3D) alignment of a given pair of volumes on
the degree of overlap between the areas of Fourier space
containing information (Penczek et al., 1992, 1994). It is
expected, then, that the cross-correlation will be maximized
when the missing cones are aligned. Conversely, this should
not be observed in the alignment of single-class volumes
obtained with the OTR approach, where no missing cone is
present and where the cross-correlation coeYcient will be
dominated by the real features in the volumes rather than
by the alignment of their missing cones.

To test this prediction, all possible pairwise alignments
were calculated for the 80 class volumes generated with
both the RCT and OTR methods. Fig. 3A shows seven
class volumes obtained with each approach that resulted in
the highest cross-correlation coeYcients in the 3D align-
ment. Four of these volumes were eventually merged (see
below). While both approaches can clearly generate good
single-class volumes (Fig. 3A), the RCT volumes are related
to each other by tilt angles that are either virtually 0° or
180°, reXecting the alignment of their missing cones. This
bias was not observed with the OTR volumes (Fig. 3A). To
see whether this was a general trend, we plotted the cross-
correlation coeYcient between class volumes for all possi-
ble pairwise alignments as a function of the corresponding
tilt angle (Fig. 3B). As expected, the RCT volumes show a
peak for the cross-correlation coeYcient at a tilt angle of 0°
and a sharp decline as the tilt angles move away from 0°. As
would also be expected from volumes lacking a missing
cone, the OTR volumes do not show an obvious peak for
their cross-correlation coeYcient distribution, with the
higher values spread over a fairly large range of tilt angles
(Fig. 3B).

The results from the 3D alignment of class volumes, in
combination with visual inspection, were used to merge
four class volumes for both approaches. The merging of
volumes was done stepwise, determining alignment param-
eters anew between the merged volume and the remaining
class volumes after the addition of each new volume. To
make the comparison between the RCT and OTR
approaches more meaningful (because the Wnal merged vol-
umes contained signiWcantly diVerent number of particles
with »1200 and »1500 for the OTR and RCT volumes,
Fig. 3. Reconstruction and alignment of class volumes. Alignment and classiWcation of the synthetic data was performed as described in Section 2. Individ-
ual class volumes were then generated and all possible non-redundant pairwise alignments were calculated for each set. (A) Seven class volumes (four of
which were eventually merged) are shown for each method—random conical tilt (RCT) and orthogonal tilt reconstruction (OTR)—along with two views
of the Klenow model. The reconstructed class volumes are shown in their original relative orientations (i.e., no alignment parameters were applied) to illus-
trate the wider range of tilt angles observed among the OTR volumes. The missing cone axis for the RCT volumes would be vertical and parallel to the

plane of the page. (B) Plots of the tilt angle (�) for all pairwise combinations of class volumes versus the cross-correlation coeYcient obtained in the 3D
alignment are shown for both the RCT and OTR methods.
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respectively) merged volumes containing a subset of 1000
randomly selected particles were generated (Fig. 4A). As
was indicated earlier, no additional eVort was made to Wll
the missing cone when merging RCT volumes. Our goal
was to compare the results when the same, simple approach
was used with both RCT and OTR volumes. FSCs (Fig. 4B)
were calculated—after applying the appropriate alignment
parameters—between the Klenow fragment structure and
these two merged volumes as well as a single-class volume
from the OTR set (the top-left OTR volume shown in
Fig. 3A). While all three volumes give relatively similar
curves, the RCT merged volume performs slightly worse at
the low frequencies where its FSC drops faster than those
obtained for the merged and single-class OTR volumes.

Although the diVerences are relatively modest at the
FSC level, this may be a result of the fact that a FSC is an
average value over a given frequency shell and therefore is
not particularly eYcient at detecting anisotropy in the dis-
tribution of information in Fourier space (Frank, 1996).
One of the characteristics of single-class RCT reconstruc-
tions is precisely this anisotropy due to the missing cone.
The main diVerence between two volumes generated with
the RCT and OTR methods that contain the same number
of particles will be in the distribution of information in
reciprocal space. Fig. 5A shows a few calculated projections
of the Klenow model, merged RCT and OTR volumes, and
single-class OTR volume, generated both along and per-
pendicular to the direction of the missing cone in the RCT
volume; the artifacts resulting from the missing cone can
easily be seen in the RCT volume but are absent in both the
merged and single-class OTR volumes. It is therefore
expected that a projection of a RCT volume along the
direction of the missing cone would result in a slightly
better FRC calculated against the model structure relative
to an OTR volume, while the latter should fare better along
directions perpendicular to the missing cone. In fact, the
direction along which projections are calculated should
have little if any eVect on the FRCs from OTR volumes.
Fig. 5B shows FRCs calculated between the Klenow struc-
ture and the two merged volumes as well as a single-class
OTR volume for projections generated using Euler angles
phi and theta of 0°, 0° (for the projection along the direc-
tion of the missing cone in RCT) and 0°, 90° (for a direction
perpendicular to it). As expected, the projection of the RCT
merged volume along the direction of the missing cone per-
formed best, followed by all projections obtained from
OTR volumes, and Wnally by that obtained from the RCT
volume in a direction perpendicular to the missing cone
axis. Similar results were obtained when the projections
perpendicular to the missing cone axis were generated using
Euler angles phi and theta of 90°, 90° (data not shown). The
graphs also conWrm the prediction that OTR volumes
(either merged or single-class) would show isotropic distri-
bution of information.
Fig. 5. Missing cone eVects are not present in OTR volumes. (A) From top to bottom, projections of the Klenow model, the merged RCT and OTR vol-
umes as well as a single-class OTR volume (the same OTR volume presented in Fig. 4) are shown for directions near (theta � 0°) and perpendicular to
(theta � 90°) the missing cone axis in the RCT volume. (B) Fourier ring correlations (FRC) were calculated between the Klenow model and each of the
three volumes used in (A) with projections calculated using the Euler angles phi D 0°; theta D 0° and phi D 0°; theta D 90°, which correspond to directions

along and perpendicular to the missing cone axis, respectively.
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3.4. Projection-matching reWnement of volumes

We were interested in Wnding out whether the diVerences
between the RCT and OTR volumes described above
would translate into diVerences in the outcome from full-

Fig. 4. Fourier shell correlation between the model and the RCT and OTR
merged volumes and a single-class OTR volume. (A) The RCT and OTR
merged volumes as well as a single-class OTR volume (the top-left OTR
volume shown in Fig. 3) are shown together with the Klenow fragment
model. (B) After alignment to the Klenow model, FSCs were calculated
between it and each of the two merged volumes as well as the single-class
OTR volume.
data set reWnement against those volumes. We also wanted
to determine whether a single-class OTR volume could be
successfully used as an initial reference for reWnement with-
out any further processing (other than low-pass Wltration).
Volumes obtained with the RCT method for which one is
unable to Wll the missing cone are typically soft-masked to
reduce some of the missing cone-induced artifacts.

We used the two merged volumes as well as the single-
class OTR volume as starting references for projection-
matching reWnement (see Section 2 for details). All volumes
were initially reWned against the 0° tilt data created for the
RCT set and later against a new 0° data set with lower
defocus (see Section 2). Fig. 6A shows the Wnal reWned vol-
umes along with the Klenow fragment structure for com-
parison. It can be seen that the reWned OTR volumes are
more similar to the correct structure than the reWned RCT
volume, where the elongation resulting from the missing
cone is readily apparent (Fig. 6A). This diVerence is
reXected in the plot of the FSC between the Klenow frag-
ment structure and each of the three reWned volumes
(Fig. 6B). Furthermore, this plot also indicates that the
results of reWning either a merged volume or a single-class
volume generated with the OTR method are virtually
indistinguishable. Analysis of FRCs analogous to those cal-
culated for the merged volumes (see above) indicated that
the reWned RCT volume was still anisotropic while the
OTR ones were not (data not shown). In this case, however,
all projections of the reWned OTR volumes performed bet-
ter than those from the reWned RCT volume, even those
generated along the missing cone axis in the original RCT
reference volume.

The source of the anisotropy in the reWned RCT volume
can be seen in plots of the distribution of Euler angles for
the particles after projection-matching reWnement (Fig. 6C).
A strong bias towards reference projections calculated
Fig. 6. Projection-matching reWnement of volumes. (A) The Wnal reWned volumes are shown next to the Klenow model structure. (B) Fourier shell correla-
tion (FSC) curves calculated between the Klenow structure and each of the three Wnal reWned volumes. (C) Maps of the Wnal distribution of Euler angles
for the particles used in projection-matching reWnement. Each black dot represents the set of Euler angles of a given reference projection and its diameter
is proportional to the number of data particles assigned to that reference.
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along or near the missing cone axis (where the RCT volume
generates its best projections—see Fig. 5 and text above)
can be seen after reWnement of the RCT merged volume.
Conversely, reference projections perpendicular to the
missing cone axis show very few (and in some cases no)
matching projections. Such bias is not observed with either
the merged or single-class OTR volumes (Fig. 6C). Other
than a small preference for a small area in Euler space (that
we have not analyzed), the OTR volumes resulted in very
even coverage of angular space.

We have shown that single-class OTR volumes can be
used directly as references in projection-matching reWne-
ment and that the cross-correlation coeYcient obtained in
the 3D alignment of class-volumes is not inXuenced by a
missing cone and thus reports more reliably and directly on
the similarity between volumes. Therefore, we wondered
whether the OTR method might provide a means to tackle
the problem of heterogeneous data. Heterogeneity, either
biochemical and/or conformational, is a serious problem
with EM data and is likely to become even more so as we
approach less-well characterized, asymmetric macromolec-
ular complexes of biological interest for which no initial
models are available. Not only would we be interested in
obtaining an initial model that is not the result of averaging
diVerent entities present in the sample, but we would very
much welcome the ability to obtain as many initial models
as there are conformations/conWgurations present in the
sample. Although one would ideally like to be able to fully
sort out heterogeneous data, it is not obvious at this point
how to accomplish this when no initial model is available.
Therefore, we simply set out to Wnd a bootstrap method
that would allow us to Wnd, in a heterogeneous data set, a
few initial references that are relatively homogeneous and
therefore can be used in reWnement.

We divided this task into three independent stages. First,
we addressed the need for a method that would increase the
homogeneity of the classes generated during 2D alignment
and classiWcation (without prior knowledge of the classes’
actual heterogeneity). Second, we sought a method that
would allow us to identify, among the set of class volumes
generated from the edited classes—“edited” referring to
classes that have been treated to increase their homogene-
ity—those that are least heterogeneous (again, in the
absence of any preexisting structural knowledge about this
heterogeneity). Third, we used 3D MSA and classiWcation
to determine the number of conformations present among
those volumes selected for their relative homogeneity.
These homogeneous volumes, sorted according to their
conformation, could then be used as initial references for
reWnement.

3.5. Heterogeneous data: improving the homogeneity of 
classes

The problem with heterogeneous data arises Wrst at the
level of 2D alignment and classiWcation of the particles; cer-
tain views, which do not adequately distinguish between/
among the diVerent conformations of the macromolecular
assembly present in the sample, are misclassiWed and
grouped together despite having arisen from diVerent struc-
tures. (Although we will refer to the diVerent species present
in the heterogeneous sample as “conformations,” this term
should be taken as a very general one, encompassing
sources of heterogeneity that might also include diVerent
biochemical composition or sample Xattening.) Given the
geometries of the OTR and RCT methods (where two
views are available for each particle), it should be possible
to use 2D alignment and classiWcation of the data used for
reconstruction (in our case, the +45° and 50° data for the
OTR and RCT approaches, respectively) to “cross-check”
the results from the initial alignment and classiWcation (that
used to generate the classes to be reconstructed). The ratio-
nale is that orientations of the particle that give ambiguous
projections in a given direction are very unlikely to result in
projections 90° (for OTR) or 50° (for RCT) away that are
equally ambiguous. Since the rotation angles obtained in
the initial 2D alignment and classiWcation give us the rela-
tive positions of their tilt mates along either an equator
(OTR) or along the perimeter of the base of a cone (RCT),
we can independently verify these positions by directly
aligning and classifying the particles to be used for recon-
struction. Any two particles in the set used for reconstruc-
tion, predicted to be close together (along the equator or
the base of the cone) by the rotations obtained in the initial
alignment and classiWcation of their tilt mates should
belong to the same class when directly aligned and classi-
Wed. “Closeness” in this context is a variable to be deWned
by the user and the expectation that two particles will
belong to the same class will depend on the number of clas-
ses generated and the angular distance between the two
particles. More precisely, we can search the neighborhood
of each particle along the perimeter of the cone (RCT) or
the equator (OTR) and determine whether there are parti-
cles within a certain angular range that belong to the same
class. Particles that have no such neighbors are deemed
“misclassiWed” and are removed from the class before vol-
umes are reconstructed (see Section 2 for details).

To test these ideas, we generated data sets containing
particles representing two diVerent “conformations” of the
Klenow fragment model. Conformation 1 is the original
structure; Conformation 2 is the result of rotating the
“thumb” domain of the polymerase by t60° about an axis
perpendicular to the long axis of the thumb and parallel to
the palm domain (see Fig. 10A). The thumb domain
accounts for t10% of the total mass of Klenow fragment.
Each conformation is represented by 50% of the particles in
the data set. Other than the presence of the two conforma-
tions, all other parameters used for generating this data
were identical to those applied when preparing the data
used in the analysis presented above. As before, data sets
were prepared mimicking both the RCT and OTR data col-
lection geometries.

Both sets of particles in each approach (i.e., +45° and
¡45° for OTR and 0° and 50° for RCT) were subjected to
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Wve rounds of alignment and classiWcation (see Section 2
for details). After the Wnal round, 100 classes were gener-
ated for all four sets. Those obtained with the ¡45° and 0°
particles would be the source of the class membership Wles
used to guide the reconstruction of class volumes while
those corresponding to the +45° and 50° particles were used
to “cross-check” the closeness of particles predicted by the
in-plane rotation angles from the alignment and classiWca-
tion of the ¡45° and 0° data. We stipulated that a particle
had been originally “misclassiWed” whenever we could not
Wnd at least one neighboring particle belonging to the same
class (in the classiWcation of the +45° and 50° particles)
whose predicted position along the equator (OTR) or
perimeter of the base of the cone (RCT) was within 15° of it
(this distance being commensurate with an even angular
distribution for 100 classes).

Figs. 7A and B show an example of this “heterogeneity-
editing” for one of the classes obtained with the OTR data.
These plots of class number (for the +45° particles) vs. in-
plane rotation angle (from the alignment and classiWcation
of the ¡45° particles) show how particles that do not have
neighbors that satisfy the imposed requirements are
removed.

Because we have the advantage of knowing which parti-
cles correspond to each of the two conformations, we can
analyze the homogeneity of each class before and after edit-
ing. Figs. 7C and D show the distribution of classes versus
their homogeneity (expressed as the percentage of the more
abundant conformation, regardless of which one it is) for
the 100 classes of the OTR (Fig. 7C) and RCT (Fig. 7D)
data before and after editing. There is a clear enrichment in
the number of classes belonging to the most homogeneous
group (those where one conformation represents 95% or
more of the particles in a class) after editing. In the case of
OTR, only three of the original classes belong in this group
while 22 do after the editing procedure. These numbers are
6 and 32, respectively, for the RCT data. This editing comes
at a cost; a signiWcant number of particles are removed
from each class. For the parameters used in the data pre-
sented here this number ranged between 21 and 74% for
both the RCT and OTR classes. If more stringent parame-
ters are used (i.e., a smaller angular range or a larger
Fig. 7. “Editing” of class heterogeneity. (A and B) The graphs show an example of the distribution of class number (#) (from alignment and classiWcation of
the +45° data) versus in-plane rotation angles (from the initial 2D alignment and classiWcation of the ¡45° data) for each particle in this class before (A) and
after (B) the editing algorithm described in the text was applied. The disappearance of particles that do not have nearby neighbors belonging to the same
class can be observed (a similar plot is obtained for each class). Histograms showing the distribution of classes versus degree of homogeneity before (light
gray) and after (dark gray) applying the editing algorithm are shown for both the OTR (C) and RCT (D) data sets. The values on the x-axis indicate the

lower end of each interval. “Homogeneity” refers to the percentage of particles belonging to the conformation which is the more abundant in a given class.
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number of required neighbors belonging to the same class)
the Wnal homogeneity in the classes is increased further but
the total loss of particles eventually becomes a serious limi-
tation for the reconstruction of volumes (data not shown).

3.6. Heterogeneous data: identiWcation of the most 
homogeneous single-class volumes

Although the editing procedure seems eVective and
results in a signiWcant enrichment at the higher end of the
homogeneity distribution, it is only useful if we are able to
select these more homogeneous classes/volumes from the
entire population. This needs to be accomplished without
any prior knowledge regarding the quality and extent of the
heterogeneity. Since one might expect the highest cross-cor-
relation coeYcients obtained in the 3D alignment of edited
volumes to be associated with pairs of volumes belonging
to the same conformation and of relatively high homogene-
ity, a sorting of the pairs of matching volumes (obtained in
the 3D alignment) by cross-correlation coeYcient might
reXect an underlying ranking of volume homogeneity.
When the 100 RCT and OTR volumes obtained from the
heterogeneous data set were analyzed using this approach
(see Section 2 for details) we found that the cross-correla-
tion coeYcient was a relatively good predictor of the vol-
umes’ homogeneity. We analyzed the top 10 pairs of
matching volumes (as determined by their cross-correlation
coeYcient) where a “pair of matching volumes” is deWned
as a set of two volumes that are each other’s best match
(i.e., A and B are a pair of matching volumes if reference
volume A results in the highest cross-correlation coeYcient
with volume B and there is no volume other than A whose
alignment to B results in a larger cross-correlation coeY-
cient). All of the 10 pairs analyzed consisted of volumes
that were enriched in particles representing the same con-
formation (i.e., no conformation “mismatches” were
found). Of the 20 single-class volumes comprised in the 10
pairs, 11 (RCT), and 16 (OTR) were more than 90% homo-
geneous in terms of their particles. For homogeneities of
more than 80% these numbers climbed to 15 (RCT) and 18
(OTR). However, the cross-correlation coeYcient was
clearly not an absolute predictor of homogeneity; in both
the RCT and OTR cases, we could Wnd volumes with
homogeneities as low as 52% that were interspersed among
those top 20 volumes.

A potential source for these false positives might be a
combination of the fact that the cross-correlation coeY-
cient is largely driven by the low frequencies and that the
number of particles that go into the reconstruction of
diVerent volumes varies signiWcantly. Because we are inter-
ested in identifying diVerence (and similarities) at the level
of the conformational heterogeneity, we reasoned we might
be more successful in identifying the more homogeneous
volumes (and avoiding false positives) if we focused on
those frequencies corresponding to dimensions commensu-
rate with the features involved in the expected conforma-
tional heterogeneity. More speciWcally, we could apply the
alignment parameters obtained from the 3D alignment, cal-
culate a FSC for each pair of volumes and then average the
correlation coeYcients for those shells corresponding to the
desired range of frequencies.

This strategy proved successful. When FSCs were calcu-
lated for all pairs of matching volumes (after applying the
alignment parameters) and an average FSC was obtained
for a range of frequencies corresponding to 1/0.2£–1/0.5£
the largest dimension of the particle, the volumes with the
highest average correlation coeYcients were all relatively
homogeneous (Fig. 8). In the case of RCT, the top 6 pairs
of matching volumes (i.e., 12 diVerent single-class volumes)
had average homogeneities of 90% or higher (Fig. 8A). For
the OTR set, the top 10 pairs (20 single-class volumes) had
average homogeneities of 87% or higher (Fig. 8B). The abil-
Fig. 8. IdentiWcation of more homogeneous single-class volumes. Fourier shell correlations were calculated for all the best-matching pairs of (heterogene-
ity-edited) volumes (see text for details) after applying the appropriate alignment parameters. Average correlation coeYcients (Avg. FSC(range)) were calcu-
lated for a range of frequency shells corresponding to 1/0.2£ to 1/0.5£ the largest dimension of Klenow fragment. These correlation coeYcients were
plotted against the average homogeneity for each pair of volumes for both the RCT (A) and OTR (B) data sets. “Homogeneity” refers to the percentage of
particles belonging to the conformation which is the more abundant in a given class.
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ity of the average FSC to identify volumes most likely to be
highly homogeneous breaks down after these initial groups
and no relationship is observed any longer between the
average FSC and the average homogeneity of the volume
pairs (Fig. 8).

The approach presented here appears to be able to iden-
tify a small subset of volumes that can be expected to be rel-
atively homogeneous. Given that single-class OTR volumes
can be used directly as references in projection-matching
reWnement (see above) we focused entirely on this data set
for the work presented below.

3.7. Three-dimensional multivariate statistical analysis and 
classiWcation of OTR class volumes

The number of diVerent conformations present in an
experimental sample that has not been extensively charac-
terized is not likely to be known. Therefore, it is important
to Wnd means of identifying these conformations to group
the reconstructed volumes according to the conformations
they represent. Besides providing an initial glimpse into the
nature of the sample’s heterogeneity, this would allow one
to select the best possible reference from each conformation
present in the sample.

Three-dimensional MSA and classiWcation have been
successfully applied to reconstructions showing variability,
particularly in the context of electron tomography (Iwasaki
et al., 2005; Walz et al., 1997). We decided to try this
approach to analyze the heterogeneity present in our single-
class OTR volumes.

Fig. 9. Three-dimensional MSA and classiWcation of selected OTR class
volumes. The 16 single-class OTR volumes expected to be most homoge-
neous (see text) were subjected to 3D MSA and classiWcation. The
volumes were aligned using one of them as the reference and average and
variance were calculated for the entire aligned set. The average of the 16
volumes is shown at the top of the dendogram. The variance was used to
generate a binary mask within which the MSA was performed. Hierarchi-
cal clustering (single linkage) was used to generate the dendogram and the
appropriate thresholds to generate 2 and 5 classes were obtained (see,
Section 2 for details). The Wgure shows averages (calculated with AS R in
SPIDER) for each of the classes obtained. The number of volumes in each
of the 5 classes shown in the bottom row is indicated in parentheses.
A selected group of 16 volumes (from those showing the
highest average FSC—see previous section) were aligned
and their average and variance calculated (see Section 2 for
details). The variance was used as the source of a binary
mask to restrict the MSA; this should maximize the power
of the MSA by focusing the analysis on that part of the
reconstructions where most of the variations should be
concentrated (Iwasaki et al., 2005).

After MSA and classiWcation, two classes were initially
generated. The two corresponding class averages (see
Fig. 9) show that the main diVerence relates to the position
of the thumb domain of Klenow fragment. This splitting of

Fig. 10. Projection-matching reWnement of selected OTR class-volumes
generated from a heterogeneous data set. Data sets were generated using
two diVerent conformations of the Klenow model (shown in blue at the left
of panel A). Conformation 1 corresponds to the original one; Conforma-
tion 2 was created in silico (see, Section 2 for details) and simply involves a
»60° rotation of the “thumb” domain of the Klenow fragment. The data
contained 50% of projections corresponding to each conformation.
Selected single-class OTR volumes (see text for details) were used as initial
models for projection-matching reWnement against a “0° tilt” heteroge-
neous data set. Final reWned volumes are shown for a dual-reference reWne-
ment performed with two relatively homogeneous (>90%) references of
diVerent conformation (“2 Refs. (>90%)” in A); for two independent
reWnements using a single relatively homogeneous (>90%) reference each
(“1 Ref. (>90%)” in A) and for a dual-reference reWnement using references
with initial lower homogeneity (75%) (“2 Refs. (75%)” in A). The Wnal
homogeneity—in terms of the conformation of the particles giving rise to
the Wnal reWned volume—is indicated in parentheses below each volume.
(B) Fourier shell correlations between the corresponding conformation of
the Klenow model and each of the six reWned volumes shown in A.
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the reconstructed volumes remains “true”; when Wve classes
were generated by selecting a lower threshold in the dendo-
gram, the class averages belonged to the same conforma-
tion seen in their progenitors and were similar to one
another within each of the two main branches (Fig. 9). The
assignment of the 16 reconstructions was completely accu-
rate; the six volumes belonging to the left branch are all of
conformation 1 while the ten belonging to the right branch
are of conformation 2.

At this point, once the major conformations have been
identiWed, one could select references from each of the two
groups and proceed to reWnement.

Two basic reWnement strategies were tested. In the Wrst, a
single reference was reWned against the 0° tilt heteroge-
neous data set. In the second, reWnements of the same data
set were performed using two simultaneous references, the
rationale being that references belonging to diVerent con-
formations might improve the reWnement by drawing the
correct particles to themselves during projection-matching
and thus reducing the chances of their being incorrectly
assigned to the reference with the other conformation (see
Section 2 for details). Because we were interested in seeing
whether the exact choice of reference would aVect the out-
come from the reWnement we ran these reWnements with all
possible pairwise combinations of the 6 and 10 volumes
belonging to conformations 1 and 2, respectively. Addition-
ally, as a control, we performed several dual-reference
reWnements where the two references belonged to the same
conformation.

All the single-reference reWnements appear to converge
towards the conformation of the reference. However, even
though the reWned structures represented the expected con-
formation visually (Fig. 10A), a closer look at the particles
that had gone into their reconstruction showed a very mod-
est enrichment in those belonging to that conformation
(Fig. 10A); typically, the distribution of correct and incor-
rect particles was around 55 and 45%, respectively.

The dual-reference reWnements performed much better,
with the Wnal reWned volumes containing about 90% of par-
ticles of a given conformation. Fig. 10A shows two of the
reWned volumes along with the two conformations of
the Klenow model. The exact choice of reference (within
the group of volumes corresponding to a given conforma-
tion) did not appear to make a diVerence; all reWned vol-
umes were equivalent according to the FSCs calculated
between them and the corresponding Klenow model (data
not shown). The better performance of the dual-reference
reWnements relative to the single-reference ones can also be
seen in a plot of their FSCs (Fig. 10B).

Interestingly, all dual-reference reWnements resulted in
each of the Wnal volumes representing one of the two diVer-
ent conformations, regardless of whether the initial refer-
ences were of the same or diVerent conformation.
Furthermore, the Wnal, reWned volumes contained a very
similar enrichment in particles of one conformation regard-
less of whether they had converged to their initial confor-
mation or the other one (data not shown). The reWnements
that resulted in a reference “switching” conformation still
yielded structures that were as good as those from reWne-
ments where the initial and Wnal volumes were of the same
conformation; the FSCs between each reWned volume and
the corresponding conformation of the Klenow model are
all virtually identical (Fig. 10B and data not shown).

The results presented so far, while indicating that a dual-
reference reWnement of two relatively homogeneous initial ref-
erences is capable of dealing successfully with a heterogeneous
data set, do not address the question of whether the heteroge-
neity-editing of the initial references is actually necessary. It
was possible that the reWnement would be equally successful if
the initial references were less homogeneous. To test this, we
ran a dual-reference reWnement with two initial volumes rep-
resenting both conformations that were t75% homogeneous.
This reWnement drifted away from the initial references, per-
forming much worse than either the dual-reference or single-
reference reWnements with relatively homogeneous (>90%)
references (Fig. 10). These less-homogeneous volumes did not
converge to a single conformation in single-reference reWne-
ments either (data not shown).

4. Discussion

We have presented here a novel method for the generation
of initial models for single-particle reconstruction by 3D elec-
tron microscopy. The approach, which we have termed the
OTR method, relies on having a sample that adopts a rela-
tively large number of orientations on the grid and collecting
data with tilts of +45° and ¡45°, eVectively obtaining two
orthogonal views of each particle. The large number of orien-
tations of the particle allows us to Wnd particles with diVerent
orientations on the grid that lead to the same projection.
Alignment and classiWcation of these views results in their
corresponding tilt mates arranged along the equator of a
sphere whose center is the volume to be reconstructed. A
reconstruction obtained from these equatorial projections has
no large areas of Fourier space lacking information (Fig. 1).

Due to the more even coverage of Fourier space, single-
class volumes reconstructed with this method can be used
directly as initial models for reWnement (Fig. 6). One can
therefore bypass entirely the merging of class volumes—
representing diVerent characteristic views—that is required
by the RCT method to solve the missing cone problem.
Besides the obvious simpliWcation in the required data pro-
cessing, this also avoids the implicit assumption that vol-
umes to be merged are indeed representations of the same
structure, an assumption that is not always trivial to verify
at the level of single-class volumes. Because the OTR
method allows for the use of single-class volumes as initial
references for reWnement, one could address any similari-
ties/diVerences among the volumes after their quality has
been improved by reWnement. This should be particularly
useful when dealing with samples with potential heteroge-
neity, be this heterogeneity a result of diVerent conforma-
tions, biochemical diversity or simply Xattening of the
sample (discussed further below).
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Even in those cases where it is not possible to Wll the
missing cone of data in RCT by merging reconstructions
representing diVerent orientations of the sample on the
grid, one can minimize the eVects of this missing data
through the use of image reconstitution methods. One of
these methods is the POCS (Carazo and Carrascosa,
1987a,b), which involves the use of constraints that describe
certain properties of the sample (such as its overall dimen-
sions) and the geometry of the sampled area in Fourier
space resulting from the data-collection geometry (Carazo
and Carrascosa, 1987a,b; Frank, 1996; Frank and Raderm-
acher, 1992). Some examples of the successful application
of this technique to experimental data include the work of
Radermacher and co-workers (Radermacher et al., 1994;
Radermacher et al., 1992).

Although application of image reconstitution methods
such as POCS to our synthetic data would have likely
improved the results obtained with the RCT approach (in
particular the merging of single-class volumes and subse-
quent projection-matching reWnement) we were mainly
interested in contrasting the outcomes from the RCT and
OTR methods under the most similar conditions possible.
Therefore, as mentioned above, our results should not be
taken as an indication of the limitations of the RCT
method (since we did not take it beyond its most basic
application) but rather as an illustration of the relative sim-
plicity with which the OTR approach can yield single-class
volumes with full coverage of reciprocal space.

The data used in this paper was generated using parame-
ters corresponding to the high amplitude contrast of a neg-
atively stained sample. This was because using such a
sample might be the most eYcient way of obtaining an ini-
tial model. The higher contrast facilitates the initial 2D
alignment and classiWcation of the data in the absence of
any reference and also reduces the size of the data set
required to obtain class volumes with a high enough signal-
to-noise ratio. On the other hand, negatively stained parti-
cles have been shown to be aVected by signiWcant Xattening
(Boisset et al., 1990; Carazo et al., 1989). When this is the
case, merging of RCT reconstructions arising from particles
adopting diVerent orientations on the grid becomes diYcult
if not impossible and one becomes entirely dependent on
image restoration approaches to minimize the impact of the
missing cone. This is not the case with OTR reconstruc-
tions, as they can be used as references for reWnement with-
out any further processing.

Two other points should be made regarding the use of
negatively stained samples. First, the nature of the OTR
method might result in an implicit discrimination against
Xattened particles. This stems from the fact that although
two Xattened particles related by an in-plane rotation on
the grid yield the same projection when imaged untilted,
they result in diVerent projections once the sample is tilted.
Because the OTR method relies on the classiWcation of pro-
jections obtained from a tilted sample, such a pair of parti-
cles would not be expected to classify together. In fact, in an
ideal situation, a class showing an even distribution of
rotations from the 2D alignment of (tilted) particles should
only contain particles mostly unaVected by Xattening.
Second, the approach we presented in this paper as an ini-
tial attempt at dealing with heterogeneous data should be
applicable to the problem of Xattening. If we assume again
that a sample might show a broad distribution in the sever-
ity of the Xattening aVecting the particles, one may very
well consider the Xattening to be “conformational” vari-
ability to which the editing algorithm can be applied.
Clearly, the editing will be less eVective in any situation
where the heterogeneity is continuous rather than discrete
but one should still be able to reduce the impact of Xatten-
ing on some of the reconstructed class volumes.

Given the considerations discussed above, there would be
some advantages in using cryo-electron microscopy (cryo-
EM) data when generating an initial model. Particles
embedded in vitreous ice are signiWcantly less aVected by
Xattening (Frank et al., 1991). Of particular importance for
the OTR approach, cryo-EM would increase the probability
that a given sample would adopt the large number of orien-
tations required for the method to be feasible, particularly in
cases where the sample does not require a continuous sup-
port. However, given the diYculty of collecting tilted data
under cryo-EM conditions, automation of data collection
might be required before this becomes a practical approach.
In the meantime, the number of orientations adopted by a
particle in a negatively-stained sample could be maximized
by using approaches such as the deep-staining technique
pioneered by Stoops and colleagues (Stoops et al., 1991).

Regardless of how the sample is prepared, it is obvious
that the OTR method would beneWt from large data sets; a
larger number of particles would enable one to generate a
larger number of single-class volumes of increasing resolu-
tion and this would in turn facilitate the identiWcation and
characterization of any heterogeneity present in the sample.
Larger data sets would also beneWt the procedure used for
increasing the homogeneity of individual class volumes in
those cases where the sample is heterogeneous. As it was
mentioned above, raising the stringency of the parameters
used in the heterogeneity-editing results in more homoge-
neous classes but also in a reduction in the number of total
particles composing a given volume. This loss can be very
limiting with smaller data sets but becomes less so as the
overall number of particles belonging to each class
increases.

Many of the particles lost during the heterogeneity-edit-
ing were of the “correct” conformation. However, it is
likely that the removal of some of those particles is not
truly a deleterious side-eVect of the editing algorithm as this
approach works by removing misclassiWed particles with no
regard to the origin of their misclassiWcation. This mis-
classiWcation will be sample-dependent: images with higher
signal-to-noise ratio, or particles with strong features,
rather than globular, should experience a much-reduced
rate of misclassiWcation.

Our data suggest that the heterogeneity-editing proce-
dure might have been more successful with the RCT data
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than with the OTR data; despite all parameters being the
same, editing resulted in 32 RCT classes that were 95%
homogeneous or better but only 22 in the OTR case
(Fig. 7). This may simply be a consequence of the fact that
homogeneity is already higher for the original RCT classes.
This, in turn, could be a reXection of better classiWcation of
the 0° tilt RCT particles which do not contain the relatively
wide range of defoci present in the OTR data.

The heterogeneity-editing approach presented here
should be applicable to any mixed-data scenario, regardless
of the actual origin of the heterogeneity. Although we chose
to test it with a case of conformational variability—argu-
ably the most biologically interesting situation—one could
easily imagine similar results obtained in cases where the
variation is the result of other common phenomena such as
biochemical heterogeneity or sample Xattening (particu-
larly when dealing with negatively stained samples as dis-
cussed above).

The combination of the heterogeneity-editing method
and the lack of a missing cone in the OTR single-class vol-
umes provides for a way of obtaining partially reWned mod-
els of the diVerent species present in a heterogeneous data
set (see Fig. 10). Although the heterogeneity-editing can be
applied equally well to both RCT and OTR data (if not
even better to the former), the need to merge single-class
volumes to Wll the missing cone when using the RCT
method makes the heterogeneity-editing less useful. Fur-
thermore, reWnement of single-class RCT volumes,
although clearly possible, would probably not result in the
same increase in resolution that would be seen with the
OTR volumes (see Fig. 6 and Section 3).

We have shown here that 3D MSA and classiWcation are
powerful tools to analyze the heterogeneity present in a
sample, provided a method exists to identify a suYcient
number of relatively homogeneous volumes to be used in
this analysis. The heterogeneity-editing is an example of
such a method. Although electron tomography is theoreti-
cally perfectly suited to study heterogeneous samples at the
single-particle level, comparisons among individual recon-
structions by 3D MSA and classiWcation are complicated
by the presence of a missing wedge and a relatively low sig-
nal-to-noise ratio (SNR) (Iwasaki et al., 2005; Walz et al.,
1997). The OTR approach presented here is not aVected by
the former and yields reconstructions with signiWcantly
higher SNR due to the averaging involved in the process.
But it is also this averaging that leads to the requirement
for the heterogeneity-editing. The higher SNR of the OTR
reconstructions is probably one of the reasons that 16 class
volumes were suYcient in our work to sort out the two con-
formations present in the data. Larger sets are likely to be
required in more complex situations.

While writing this manuscript, it was brought to our
attention that Stoops and colleagues (Stoops et al., 1991)
proposed collecting data at +45° and ¡45° as a way to cir-
cumvent the missing cone problem some 14 years ago.
Although the data collection geometry proposed by the
authors is identical to that presented here, their approach
was suggested in the context of a sample adopting preferred
orientations on the grid. While (Stoops et al., 1991) sug-
gested that this data-collection geometry would help in
combining reconstructions obtained from diVerent pre-
ferred orientations to obtain a Wnal structure with more
homogeneous resolution (Stoops et al., 1991), we propose
the use of this approach to samples adopting a relatively
random orientation on the grid. It is only with samples sat-
isfying this requirement that a full set of equatorial views of
the particle can be obtained, leading to single-class volume
reconstructions with no missing cone. This, in turn,
bypasses the need to merge diVerent reconstructions and
leads to advantages when dealing with a heterogeneous
data set as discussed above.

We will next proceed to test the ideas presented here
with experimental data, where we expect to encounter diY-
culties absent from the synthetic data. First, a true nega-
tively stained sample will contain some degree of Xattening.
Its severity will be sample-dependent and it remains to be
seen whether some of the ideas regarding the “editing” of
or discrimination against Xattening discussed above will
prove successful. It will also be interesting to see how the
3D MSA and classiWcation perform with a sample where
the heterogeneity is likely to be neither conWned to two con-
formations nor discrete. Finally, although we generated
synthetic data that simulated as closely as possible the char-
acteristics of our experimental data, the latter will contain
imperfections absent from the former; how this will aVect
results also remains to be determined.
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