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The outcome of three-dimensional (3D) reconstructions in single particle
electron microscopy (EM) depends on a number of parameters. We have
used the well-characterized structure of the transferrin (Tf)–transferrin
receptor (TfR) complex to study how specimen preparation techniques
influence the outcome of single particle EM reconstructions. The Tf–TfR
complex is small (290 kDa) and of low symmetry (2-fold). Angular
reconstitution from images of vitrified specimens does not reliably
converge on the correct structure. Random conical tilt reconstructions
from negatively stained specimens are reliable, but show variable degrees
of artifacts depending on the negative staining protocol. Alignment of class
averages from vitrified specimens to a 3D negative stain reference model
using FREALIGN largely eliminated artifacts in the resulting 3D maps, but
not completely. Our results stress the need for critical evaluation of
structures determined by single particle EM.
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Introduction

Single particle electron microscopy (EM) has
become a standard approach for determining the
three-dimensional (3D) structure of biological
molecules at intermediate resolution (20–7 Å).
Single particle EM has contributed to elucidating
structures of large macromolecular complexes
lsevier Ltd. All rights reserve

n; TfR, transferrin
CTF, contrast transfer

ing author:
several MDa in size, such as viruses,1,2 the
ribosome3,4 and the spliceosome,5,6 as well as to
determining structures of molecules as small as a
few hundred kDa, such as the spliceosomal U1
small nuclear ribonucleoprotein particle,7 a-latro-
toxin oligomers,8 and the transferrin (Tf)–transfer-
rin receptor (TfR) complex.9 A problem in single
particle EM is that it is often difficult to decide
whether a 3D reconstruction is correct, if no other
structural information is available. The quality and
thus the reliability of a 3D reconstruction are often
judged on the basis of two criteria. First, a plot of the
angular distribution of the particle images reveals
whether the data set contains all the views that are
d.
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necessary to completely define the structure.
Second, comparison of projections from the recon-
structed 3D map with the class averages or the raw
particle images can verify that the 3D structure is
consistent with the projection data. The presence of
all required views thus validates that the structure
of the molecule is completely defined, whereas a
good match between the density map and the
projection data confirms that the 3D reconstruction
is consistent with the raw data. While it is essential
to assess a 3D reconstruction by both of these
criteria, neither one addresses the question of
whether the final reconstruction is indeed a correct
representation of the imaged molecule. It is there-
fore important to understand the factors that
influence and possibly distort the outcome of a 3D
reconstruction. Here, we have undertaken an array
of experiments to study the influence of the
specimen preparation technique on the quality of
the single particle reconstructions that can be
obtained.

Two approaches are currently used in single
particle EM, as opposed to electron tomography, to
calculate a 3D reconstruction from projection
images: random conical tilt10 and angular recon-
stitution.11 In the random conical tilt method, the
specimen is imaged twice, first at a high tilt angle
and then untilted. The particles from the images of
the untilted specimen are translationally and
rotationally aligned to each other to determine the
x, y coordinates of the center and the in-plane
rotations of all the particles. Together with the tilt
angle chosen for imaging the specimen, all the
orientational parameters needed to reconstruct a 3D
map are thus unambiguously defined. For this
approach to be practical, the specimen should
adsorb to the carbon support in one or only a few
orientations. This is often the case for negatively
stained specimens where the particles are
embedded in a layer of heavy-metal salts.12

Preferred orientations are particularly beneficial
when working with heterogeneous specimens, as
they allow separation of particles in different
conformations by classification (recently illus-
trated13). The random conical tilt 3D reconstruction
approach applied to images of negatively stained
specimens thus allows one to calculate 3D recon-
structions of molecules in different conformations
from images of the same EM grid. Negative staining
is known, however, to introduce specimen prep-
aration artifacts. For example, incomplete stain
embedding renders invisible the part of the protein
that protrudes from the stain layer and drying of the
grid usually results in flattening of the specimen.

By contrast, vitrification, the embedding of a
sample in a thin layer of vitrified ice,14 introduces
virtually no artifacts and is considered the best
specimen preparation technique. Furthermore,
unlike negative staining, sample vitrification does
not limit the resolution that can be achieved.
Vitrified particles usually adopt more or less
randomly distributed orientations in the
amorphous ice layer, which can be exploited
to calculate an initial 3D reconstruction using the
angular reconstitution approach. Five parameters,
the x, y coordinates of the center and the three Euler
angles, have to be determined for each particle to
calculate an initial density map. Euler angles for the
particles are determined using the common-lines
method.15 The contrast of images taken from
vitrified specimens is very low, because of the
small difference in electron scattering between the
vitrified ice layer and the embedded molecules.
Therefore, the particles are first grouped into an
appropriate number of classes to produce averages
with an improved signal-to-noise ratio (SNR). These
are then used for Euler angle assignment. Angular
reconstitution using images of vitrified specimens
suffers from two problems. First, vitrification is
often not suitable for heterogeneous specimens,
because it is not always possible to decide whether
two dissimilar images are indeed images of two
different particles, e.g. particles in different confor-
mations, or are images of the same particle but in
different orientations. Second, angular reconstitu-
tion attempts to solve a problem that under
unfavorable conditions can have more than one
solution. A 3D structure will always produce the
same set of projection images, but if certain
important views are missing, leaving the 3D
structure partially undefined, a set of projection
images can produce different 3D reconstructions
that are all consistent with the projection data. Once
an initial model has been produced, by either
method, the 3D reconstruction is improved by
refinement of the orientational parameters of the
particle images. Although different strategies have
been implemented in different program packages,
e.g. IMAGIC,16 SPIDER,17 EMAN,18 and FREA-
LIGN,19 they all rely on iterative cycles of refining
the alignment of the projection images to a reference
3D model.

We have previously used single particle cryo-
electron microscopy to determine the structure of
the human Tf–TRf complex, a 2-fold symmetric
complex with a molecular mass of 290 kDa, to a
nominal resolution of 7.5 Å.9 By docking the crystal
structures of Tf and TRf into the density map, we
could build an atomic model for this complex. In the
work reported here, we have used the structurally
well characterized Tf–TfR complex to systema-
tically assess the influence of the specimen prep-
aration technique on the outcome of a 3D
reconstruction obtained by single particle electron
microscopy.
Results

Vitrified Tf–TfR complex

Recombinant human Tf–TfR complex was
applied to holey carbon film, blotted with filter
paper and vitrified by plunging into liquid ethane.
Individual complexes could clearly be identified in
low-dose images of such preparations (Figure 1(a)),



Figure 1. Vitrified Tf–TfR complex. (a) Low-dose image of vitrified Tf–TfR complexes prepared using holey carbon
film. (b) Gallery of representative class averages displaying various views of the Tf–TfR complex. (c) Plot of the Euler
angle distribution showing that the complex has a tendency to adopt preferred orientations in the vitrified ice layer.
(d) Views of the best initial 3D reconstruction obtained by the angular reconstitution approach implemented in the
IMAGIC software. (e) The same views as in (d) for the atomic model of the Tf–TfR complex. The lines in the first two
panels indicate the 2-fold axis. (f) Low-dose image of Tf–TfR complexes vitrified on a continuous carbon film. (g) Gallery
of representative class averages revealing that Tf–TfR complexes vitrified on a continuous carbon film do not adopt
preferred orientations. (h) Plot of the Euler angle distribution showing that the particles adsorb to the carbon film in
random and almost completely uniformly distributed orientations. The scale bars in (a) and (f) represent 50 nm and the
individual panels in (b) and (g) have a side length of 27 nm.
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and we interactively selected about 36,000 particles
for digital image processing. We used the IMAGIC
software package16 to classify the particle images
into 500 classes by several cycles of multi-reference
alignment (MRA) and multi-variance statistical
analysis (MSA) followed by classification
(Figure 1(b)). When we used the angular reconstitu-
tion algorithm implemented in IMAGIC to generate
an initial model (see Materials and Methods for
details), we found that different attempts resulted in
very different density maps. The 3D maps
depended not only on the class averages we
selected, but also on the order in which we introduced
them into the reconstruction procedure. This problem
has been recognized before and was addressed by an
algorithm that simultaneously determines the
orientations for a set of projections.20 However,
this alternative approach did not completely resolve
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the problem, as the density maps still depended on
the number and sets of projection averages that were
included in the reconstruction (data not shown). We
would therefore not have been able to decide which
density map to choose for further structural refine-
ment if no additional structural information had been
available. Because the crystal structures of Tf21 and
TfR22 were available, we were able to identify the 3D
map produced by angular reconstitution that was
most consistent with these crystal structures,
although even this map (Figure 1(d)) looked only
remotely similar to the final atomic model we
produced for the Tf–TfR complex9 (Figure 1(e)).
Using FREALIGN19 to refine the orientational
parameters of the particles against this initial model,
we obtained the previously published density map at
a nominal resolution of 7.5 Å.9 A plot of the Euler
angles showed that views were distributed more or
less across the entire orientational space, although
there was a clear preference for some of the particle
orientations (Figure 1(c)).

We were concerned by the different initial
models produced by the angular reconstitution
approaches. We hoped to overcome this problem
by calculating a 3D reconstruction using random
conical tilt, because here the orientational par-
ameters of the particles are uniquely defined. For
this approach to be practical, the particles should
display preferred views. Therefore, in an attempt
to induce preferred orientations, we vitrified Tf–
TfR complexes that had been adsorbed to a
continuous carbon film. Low-dose images taken
from such preparations looked very similar to
those taken from samples on holey carbon film,
although the image contrast was slightly weaker
due to the noise introduced by the carbon
support (Figure 1(f)). We interactively selected
21,719 particles and classified them into 200
classes. The resulting class averages showed
many different views of the Tf–TfR complex,
demonstrating that adsorption to continuous
carbon film did not introduce preferred orien-
tations of the complexes (Figure 1(g)). Since this
preparation was not suitable for obtaining a 3D
reconstruction by random conical tilt, we used
FREALIGN to align the particle images to our
previously determined 3D map of the Tf–TfR
complex. A plot of the Euler angles (Figure 1(h))
revealed that the orientations adopted by
complexes vitrified on a continuous carbon film
were also random and even more uniformly
distributed than those of complexes vitrified in
holes of holey carbon film (Figure 1(c)).

We finally collected tilt pairs of vitrified Tf–TfR
complexes in holey carbon film, assuming that if
we collected a large number of images, a suitable
number of the molecules would be in a particular
orientation. We found, however, that the Tf–TfR
complex is too small to be clearly seen in images
of tilted specimens due to the thicker ice layer
(data not shown), making it impossible to
determine the structure of the vitrified Tf–TfR
complex by random conical tilt.
Negatively stained Tf–TfR complex

Vitrification of Tf–TfR complex using holey or
continuous carbon film did not show clear pre-
ferred orientations and was therefore not suitable
for calculating 3D reconstructions by random
conical tilt. Previous EM experiments showed,
however, that preferred adsorption of the Tf–TfR
complex to the carbon support could be induced by
negative staining.13
Conventional negative staining with uranyl formate

A Tf–TfR complex sample was adsorbed to a
glow-discharged carbon film and negatively
stained with uranyl formate as described before.13

The specimen was imaged at tilt angles of 608 and 08
(Figure 2(a) and (b)). Since in the conventional
negative staining technique the particles are not
embedded in a continuous layer of stain, images of
608 tilted samples show dark shadows below the
molecules resulting from stain accumulation (stain
clouds) surrounding individual particles
(Figure 2(b)). We interactively selected 8410 pairs
of particles from 80 image pairs using the display
program WEB associated with the SPIDER software
package.17 Classification calculations showed that
most of the particles from images of the untilted
sample fell into two classes. A majority of the
particles adsorbed to the grid presented a side view
(Figure 2(c), panel 1), while most of the remaining
particles presented a top view (Figure 2(c), panel 2).

We combined the images of all classes that
showed the same view of the complex and a crisp
fine structure, and we used the combined particles
from the images of the tilted sample to calculate 3D
reconstructions. We first calculated a 3D map of the
particles presenting the side view (Figure 2(c),
panel 1). The unsymmetrized map clearly resolved
a density representing the TfR as well as densities
representing both the N and the C-lobe of the two
bound Tf molecules (Figure 2(d)). The map also
revealed distortions. The first view of the recon-
struction shows that one of the Tf C-lobes (marked
by an asterisk in Figure 2(d)) is clearly smaller than
the other C-lobe and the two N-lobes. Furthermore,
the third and fourth views of the reconstruction
show the left side of the complex to be flat. This flat
surface most likely reflects a deformation of the
complex resulting from its interaction with the
carbon film. Since the Tf–TfR complex is 2-fold
symmetric, we applied this symmetry to the
reconstruction and then fit the TfR and Tf crystal
structures into the resulting density map
(Figure 2(e)). The 2-fold symmetrization of the
map removed the distortions mentioned above,
rendering all four Tf lobes of equal size and
eliminating the flat surface where the molecule
interacts with the carbon film. The fit of crystal
structures showed, however, that the density for the
TfR was still substantially deformed. Rather than
revealing the characteristic butterfly shape of the
TfR dimer, the second view of the symmetrized



Figure 2. Tf–TfR complex prepared by conventional negative staining. (a) and (b) Low-dose images of negatively
stained preparations recorded at tilt angles of (a) 08 and (b) 608. The image of the tilted specimen shows the characteristic
shadows below the particles. (c) Class averages showing the two preferred orientations in which the Tf–TfR complex
adsorbs to the carbon film; panel 1, side view; panel 2, top view. (d) Views of the unsymmetrized random conical tilt
reconstruction obtained with the side view particles (class 1 in (c)) showing a smaller density for one of the Tf C-lobes
and loss of the characteristic butterfly shape of the receptor. (e) Same density map as in (d) after 2-fold symmetrization.
Fitting of the Tf and TfR crystal structures into the density map reveals that the 3D reconstruction is flattened,
particularly the density representing the TfR. (f) 2-fold symmetrized 3D reconstruction using the top view particles (class
2 in (c)) revealing substantial flattening and a lack of distinct structural features. The scale bar in (a) represents 50 nm and
the individual panels in (c) have a side length of 27 nm.
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reconstruction in Figure 2(e) shows a featureless
density with no indication of the bipartite organi-
zation of the TfR dimer. The density for the TfR is
also severely affected by flattening. Rather than the
width of 13.7 nm in the crystal structure, the density
map representing the TfR has a width of only
7.5 nm, a flattening of about 45%.

We also calculated a 3D reconstruction using the
particles that had adsorbed to the grid presenting a
top view (Figure 2(c), panel 2). While flattening
mostly affects the density representing TfR in maps
reconstructed from “side view particles”
(Figure 2(e)), it affects the entire complex in the 3D
reconstruction of “top view particles” (Figure 2(f)). As
seen in the first two views of the reconstruction in
Figure 2(f), the atomic model protrudes from the 3D
map due to a substantial flattening of w55%.
Probably because of this flattening, the unsymme-
trized map (not shown) as well as the 2-fold
symmetrized map (Figure 2(f)) show very few
features of the Tf–TfR complex. All the densities in
the symmetrized map are fused, resolving neither the
separation between TfR and Tf nor the cleft between
the Tf N and C-lobes.
Negative staining with uranyl formate using a carbon
film sandwich

Incomplete stain embedding renders invisible
any protein domains protruding from the stain
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layer. Since the images taken from the 608 tilted
samples showed prominent stain clouds
(Figure 2(b)), incomplete stain embedding provided
a potential explanation for the flattening seen in the
3D reconstructions (Figure 2(d)–(f)). To address this
problem, we employed the carbon sandwich
technique, previously used to visualize, for
example, the ribosome.23 The Tf–TfR complex was
adsorbed to a single layer of carbon film and
negatively stained with uranyl formate. Another
layer of carbon film was then deposited on the
specimen, so that the Tf–TfR complexes were now
sandwiched between two layers of carbon and
embedded in a continuous layer of stain. The details
of this procedure have been described before.13 We
will refer to this specimen preparation technique
from here on as the carbon sandwich technique.

The appearance of Tf–TfR complexes prepared by
the carbon sandwich technique varied greatly in
different areas of the EM grid. In some areas, the
particles were still surrounded by stain clouds,
suggesting a thin layer of stain accompanied by
incomplete stain embedding of the molecules.
Occasionally, we found areas where the molecules
were embedded in a thick layer of stain, showing
fine structure and no stain clouds even at a tilt of 608
(Figure 3(a) and (b)). In other areas the particles
appeared larger and showed almost no fine
structure, indicating that the molecules became
squashed between the two carbon layers upon
drying, resulting in massive deformation of the
molecules. We used image areas where the particles
were mostly unsquashed and did not show stain
clouds at a tilt of 608 to collect 608/08 image pairs.
We interactively selected 14,820 pairs of particles.
The particles were classified as before, again
revealing that the complexes adopt two predomi-
nant orientations on the carbon film (Figure 3(c)),
but the size of the particles in the class averages
varied. The size of the smallest particles
(Figure 3(c), panels 1 and 3) corresponded well
with that of particles in the class averages of the
conventionally stained Tf–TfR complexes
(Figure 2(c)). Some class averages showed particles
with the same features but a larger size (examples
are shown in Figure 3(c), panels 2 and 4). Finally,
many class averages showed even larger particles
that no longer displayed any discernible structural
features of a Tf–TfR complex. An example for an
average of such squashed particles is shown in
panel 5 of Figure 3(c).

The images that produced the smallest class
averages were first used to calculate 3D reconstruc-
tions. The unsymmetrized 3D reconstruction
(Figure 3(d)) obtained with the particles that
produced class average 1 (Figure 3c, panel 1)
looks substantially more like the undistorted
complex than does the corresponding reconstruc-
tion from the Tf–TfR particles prepared by conven-
tional negative staining (Figure 2(d)). All four Tf
lobes are represented by densities of almost the
same size, and it is not immediately obvious from
the 3D map with which side the particle has
adsorbed to the carbon film. The density represent-
ing the TfR dimer also shows more fine structure
than before and indicates a bipartite organization.
The left side of the receptor dimer in the second
panel of Figure 3(d) appears, however, to have slid
down compared to the right side, obscuring the
presence of a 2-fold symmetry in the receptor. After
applying the 2-fold symmetry, the density map
reveals all the characteristic features of the Tf–TfR
complex (Figure 3(e)), including, to some degree,
the butterfly shape of the receptor (Figure 3(e),
panel 2), but the carbon sandwich technique does
not overcome the flattening problem, as the density
map is flattened by about 38%.

When we used the top view particles (Figure 3(c),
panel 3), the resulting 2-fold symmetrized density
map (Figure 3(f)) also looked more like the
undistorted complex than the comparable recon-
struction from particles prepared by conventional
negative staining (Figure 2(f)). As before, these
particles suffered more severe flattening (w45%)
than the side view particles (w38%), and the
features of the Tf–TfR complex were less well
resolved. Nevertheless, unlike the reconstruction
from particles prepared by conventional negative
staining, there is some separation between the
densities for TfR and Tf, and there is some
indication for the two lobes in the bound Tf
molecules.

Finally, we also calculated a 3D reconstruction for
one of the classes showing severely deformed
Tf–TfR complexes. Like the projection average
(Figure 3(c), panel 2), the unsymmetrized 3D
reconstruction shows a more extended molecule
(Figure 3(g)). In addition, the reconstruction is
flatter than the one in Figure 3(d) (6.5 nm instead
of 8.5 nm). The Tf lobes appear to be further apart
from each other and further removed from the TfR,
and the two TfR halves seem to have slid even
further apart from each other, removing any
indication of dimeric organization (Figure 3(g),
panel 2). The whole appearance of this 3D
reconstruction is consistent with a “spread-out”
Tf–TfR complex, perhaps the result of forces exerted
by the two carbon layers that approach each other
as the specimen dries.
Cryo-negative staining with uranyl formate using
a carbon sandwich and 5% glycerol

The carbon sandwich technique improved the
stain embedding and yielded 3D maps with more
fine structure, but the 3D reconstructions still
suffered from severe flattening and deformations.
To address these remaining problems, we added 5%
glycerol to the sample prior to staining with uranyl
formate. We then added the second carbon film and
froze the sample by plunging it into liquid nitrogen
with the glycerol serving to increase the viscosity of
the buffer and as cryo-protectant. This preparation
technique should conserve the complete stain
embedding provided by the carbon sandwich and
in addition prevent drying artifacts. The detailed



Figure 3. Tf–TfR complex prepared by the carbon sandwich technique. (a) and (b) Low-dose images of carbon
sandwiched preparations recorded at tilt angles of (a) 08 and (b) 608. The image of the tilted specimen does not show
shadows below the particles, which is characteristic for the conventional negative staining technique. (c) Representative
class averages; panel 1, side view; panel 2, side view of flattened particles; panel 3, top view; panel 4, top view of flattened
particles; panel 5, average of badly distorted particles showing no recognizable features of a Tf–TfR complex. (d) Views
of the unsymmetrized random conical tilt reconstruction obtained with the side view particles (class 1 in (c)). The density
representing the receptor is asymmetric and it appears as if the left half of the receptor has slid down with respect to its
right half. (e) Same density map as in (d) after 2-fold symmetrization restoring, to some degree, the butterfly shape of the
receptor. Fitting of the Tf and TfR crystal structures into the density map reveals that the 3D reconstruction is still
flattened. (f) The 2-fold symmetrized 3D reconstruction using the top view particles (class 3 in (c)) revealing substantial
flattening, but more structural features than the corresponding reconstruction using complexes prepared by the
conventional negative stain technique. (g) Unsymmetrized 3D reconstruction obtained with flattened side view particles
(class 2 in (c)) revealing a spread-out morphology of the complex. The scale bar in (a) represents 50 nm and the
individual panels in (c) have a side length of 27 nm.
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procedure for this sample preparation technique,
which we will simply call “cryo-negative staining”
(a modified procedure from the one introduced by
Stark and co-workers24 and different from the
technique introduced by Dubochet and co-
workers25), has been described before.13

Cryo-negatively stained samples were imaged
at liquid nitrogen temperature. As in the case of
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the carbon sandwiched samples, the thickness of
the stain layer varied in different areas of the
grid, and Tf–TfR complexes in areas with a thin
layer of stain showed the typical stain clouds. Tilt
pairs (508 and 08) were thus collected only from
areas with a thick layer of stain. Despite strict
low-dose procedures, the images often showed
white bubbles, particularly in areas with a thick
layer of stain. The occurrence of such beam-
induced bubbles is a sign of radiation damage
and, accordingly, particles in images with bubbles
were often of poor quality, having a round shape
and no obvious fine structure. We observed
the bubbles more frequently in the images of
the untilted sample, which were taken after the
specimen was already imaged at a 508 tilt. Since
particles from images of untilted specimens that
showed bubbles aligned poorly to each other, the
corresponding particles from the images of the
508 tilted sample could not be used. In the end,
only a small percentage of the imaged particles
were suitable for calculating 3D reconstructions.

Figure 4(a) and (b) show the two images of a
good tilt pair. The particles are embedded in a
thick layer of stain, and neither image is visibly
affected by radiation damage, so that the image
of the untilted sample still shows clear structural
features of the Tf–TfR complex (Figure 4(a)). We
interactively selected a total of 23,142 particle
pairs from 48 image pairs and classified the
particles from the images of the untilted sample.
Figure 4(c) shows representative class averages.
Class averages 1 to 3 show side views of the
Tf–TfR complex. The particles represented by
average 1 have the expected size and the
expected features of the complex, while those
represented by average 2 are larger, indicating
that they are squashed. Average 3 also represents
squashed particles, but in addition this average
does not show any fine structure of the complex,
indicating that these molecules sustained further
damage, possibly related to the radiation-induced
bubbles. Class averages 4 and 5 show top views
of the Tf–TfR complexes. Average 4 represents
particles of the correct size, whereas average 5
contains severely squashed particles. Finally, class
average 6 represents molecules that are so badly
affected by flattening and beam damage that they
no longer show any distinct structural features.

The unsymmetrized 3D reconstruction
corresponding to class average 1 shows clear
densities for all four Tf lobes and the TfR dimer.
The flattening is negligible (Figure 4(d)). More-
over, the second view of the reconstruction shows
that the density representing TfR reflects the
butterfly shape of the receptor dimer, although it
is somewhat deformed. After 2-fold symmetriza-
tion, the density map is consistent with the TfR
and Tf crystal structures, as seen by their good fit
into the map (Figure 4(e)). It is noteworthy that
this reconstruction was obtained with only 4190
particles, a sixth of the entire data set. The 3D
reconstruction calculated with the top view
particles represented by class average 4 shows
significantly less flattening (w34%) (Figure 4(f))
than the corresponding reconstructions from
particles prepared by conventional negative
staining (Figure 2(f)) or the carbon sandwich
technique (Figure 3(f)). The density map shows,
however, fewer structural features than the map
obtained from carbon sandwiched top view
particles (Figure 3(f)). For comparison, we also
calculated a 3D reconstruction of a class of larger
particles (Figure 4(c), average 2). While the
density map (Figure 4(g)) shows the same
“spread-out” appearance already seen in the
corresponding reconstruction from carbon sand-
wiched particles (Figure 3(g)), the molecule does
not seem to be significantly flattened.
Negative staining with ammonium molybdate
in 2% glucose

A mixture of ammonium molybdate and
glucose has previously been used to visualize
keyhole limpet hemocyanin type 1, which pro-
duced a density map at 15 Å resolution.26

Glucose embedding is commonly used for
preparing two-dimensional crystals,27,28 but
ammonium molybdate has to be added for
work on single particles to increase the contrast
between the molecules and the embedding
medium. The Tf–TfR complex sample was
mixed at a 1:1 ratio with a solution of 2% (w/w)
glucose and 1% (w/w) ammonium molybdate and
applied to a glow-discharged grid before freezing.
The mixing of the sample prior to its adsorption to
the grid ensured that the Tf–TfR complexes were
completely embedded in the stain solution. The
images taken from such preparations (Figure 5(a))
show significantly less contrast than those taken
from specimens stained with uranyl formate or
even those from vitrified specimens (e.g.
Figure 1(a)).

A total of 17,107 particles were interactively
selected from 39 micrographs and subjected to
multiple rounds of MRA and classification using
the IMAGIC software package. The resulting
class averages revealed that the Tf–TfR complexes
assumed many different orientations (Figure 5(b)),
similar to complexes embedded in a vitrified ice
layer. A 3D reconstruction using the random
conical tilt approach was thus impractical. More-
over, despite significant effort, we could not
produce a reasonable initial 3D model using the
angular reconstitution approach. We therefore
used the 2-fold symmetrized 3D reconstruction
obtained with vitrified Tf–TfR complex9 as an
initial model, to which we aligned the particle
images with FREALIGN. A plot of the Euler
angles showed that the particles indeed adopted
random and almost uniformly distributed orien-
tations (Figure 5(c)). The Fourier shell correlation
(FSC) curve of the final 3D reconstruction using
the FSCZ0.15 cut-off criterion29 suggested a
resolution of 17 Å (data not shown), better than



Figure 4. Tf–TfR complex prepared by cryo-negative staining. (a) and (b) Low-dose images of cryo-negatively stained
specimens recorded at tilt angles of (a) 08 and (b) 508. (c) Representative class averages; panel 1, side view; panel 2, side
view of flattened particles showing clear densities for TfR and Tf; panel 3, side view of flattened particles showing little
structural features; panel 4, top view; panel 5, top view of flattened particles; panel 6, average of badly distorted particles
showing no recognizable features of a Tf–TfR complex. (d) Views of the unsymmetrized random conical tilt
reconstruction obtained with the side view particles (class 1 in (c)). Although the density representing the receptor is
somewhat asymmetric, the map shows little flattening. (e) Same density map as in (d) after 2-fold symmetrization with
the Tf and TfR crystal structures docked into the density map. The good fit of the crystal structures into the density map
indicates that the particles suffered little distortion or flattening. (f) A 2-fold symmetrized 3D reconstruction using the
top view particles (class 4 in (c)). Although the density map shows less flattening than the corresponding reconstructions
using particles prepared by conventional negative staining and the carbon sandwich technique, the densities
representing Tf and TfR are still poorly resolved. (g) Unsymmetrized 3D reconstruction obtained with flattened side
view particles (class 2 in (c)). The density map shows a spread-out particle, but little flattening. The scale bar in (a)
represents 50 nm and the individual panels in (c) have a side length of 27 nm.
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any reconstruction obtained with uranyl formate
staining, and the map was filtered to this
resolution (Figure 5(d)). While the density map
reveals the correct overall shape of the complex
with no major distortions, docking of the TfR and
Tf crystal structures showed that the crystal
structures protrude from the 3D map in various
places.



Figure 5. Tf–TfR complex prepared with a mixture of ammonium molybdate and glucose. (a) Low-dose image of
vitrified Tf–TfR complexes showing the poor image contrast obtained with this preparation technique. (b) Gallery of
representative class averages displaying various views of the Tf–TfR complex. (c) Plot of the Euler angle distribution
showing that the complex adopts completely random orientations. (d) Views of the 3D reconstruction obtained by using
FREALIGN to align the class averages to the 3D map obtained with images of vitrified samples. The scale bar in (a)
represents 50 nm and the individual panels in (b) have a side length of 27 nm.
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Use of FREALIGN to align images of vitrified
Tf–TfR complexes to 3D maps obtained by
random conical tilt

The 2-fold symmetrized random conical tilt
reconstruction obtained with the cryo-negatively
stained particles was a very good representation of
the structure of the Tf–TfR complex, with virtually
no signs of distortion or flattening. We therefore
tested whether we could use this map to align the
particle images we recorded from the vitrified
Tf–TfR complex sample. For this purpose we used
FREALIGN,19 taking full advantage of the 2-fold
symmetry of the Tf–TfR complex for both alignment
and 3D reconstruction. With FREALIGN we had the
choice of either aligning the individual particle
images or the class averages to the reference model.
Since images taken from vitrified particles are very
noisy and have low contrast, we chose to use the
class averages whose alignment to the reference
model should be less sensitive to spurious features
in either the model or the images themselves due to
their higher SNR. The individual images of the
vitrified Tf–TfR complexes were therefore band-
pass filtered to include spatial frequencies between
1/40 ÅK1 and 1/170 ÅK1, including only data
before the first node of the CTF, and grouped into
500 classes. The large number of classes was
necessary to ensure that the class averages also
represented particles adopting less abundant orien-
tations. In FREALIGN, the class averages are
aligned directly to the reference model. The Euler
angles thus determined were then used to calculate
a new 3D map from the class averages, and this 3D
map served, in turn, as a reference model for
iterative refinement of the orientational parameters
for the class averages. The density map after 15
cycles (Figure 6(b)) was very similar to the 40 Å
density map calculated from the atomic model of
the complex (Figure 6(a)).

Applying 2-fold symmetry to the 3D reconstruc-
tion of the Tf–TfR complex was essential to
eliminate distortions in the density map obtained
with the cryo-negatively stained sample (compare
Figure 4(d) and (e)). We therefore decided to test
what would happen in the case of a molecule with
no inherent symmetry. Vitrification does not intro-
duce significant distortions in the molecules,
whereas cryo-negative staining does. We therefore
wondered whether alignment of the class averages
from the undistorted vitrified particles would
rectify the distortions seen in the reference model
obtained from the cryo-negatively stained speci-
mens. Alternatively, it was possible that the
distortions of the reference model would impose
distortions on the final density map obtained by
aligning the class averages from the vitrified
particles to the distorted reference model. To
simulate an asymmetric molecule, we used as the
reference model the density map of cryo-negatively
stained Tf–TfR complex produced by random
conical tilt without applying 2-fold symmetry
(Figure 4(d)). Alignment of the class averages
from images of the vitrified complexes and 3D
reconstruction using FREALIGN was also per-
formed without enforcing 2-fold symmetry.



Figure 6. Use of random conical tilt reconstructions for the alignment of class averages obtained from images of
vitrified particles. (a) Density map obtained by resolution filtering the atomic model of the Tf–TfR complex to 40 Å.
(b)–(f) Density maps obtained with FREALIGN. Euler angles were assigned to the class averages calculated from the
images of vitrified complexes by directly aligning them to reference maps. The reference maps used were: (b) 2-fold
symmetrized 3D reconstruction of the side view particles in cryo-negatively stained preparations; (c) unsymmetrized 3D
reconstruction of the side view particles in cryo-negatively stained preparations; (d) 2-fold symmetrized 3D
reconstruction of the top view particles in cryo-negatively stained preparations; (e) 2-fold symmetrized 3D
reconstruction of the side view particles in samples prepared by conventional negative staining; (f) unsymmetrized
3D reconstruction of the side view particles in samples prepared by conventional negative staining.

1058 3D Reconstructions of the Tf–TfR Complex
The resulting density map showed a reduction of
the deformations seen in the 3D reconstruction
of the cryo-negatively stained reconstruction, but
did not fully restore the 2-fold symmetry of the
complex (compare Figure 6(c) with (b)).

We also sought to investigate whether FREA-
LIGN could restore a meaningful density map from
the class averages of the vitrified specimen if the
reference model was substantially distorted.
We first used the 3D reconstruction obtained with
the cryo-negatively stained top view particles,
which showed not only substantial flattening but
also a lack of distinct structural features
(Figure 4(f)). Alignment of the class averages from
the vitrified specimen to this reference model
resulted in a density map that only slightly
resembled the structure of the Tf–TfR complex,
even when 2-fold symmetry was enforced
(Figure 6(d)). We then used random conical tilt
reconstructions obtained from particles negatively
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3D Reconstructions of the Tf–TfR Complex 1059
stained in the conventional way as reference
models. Using the 2-fold symmetrized 3D map of
the side view particles (Figure 2(e)) to align the class
averages of the vitrified specimen produced a
density map in which the flattening of the molecule
was no longer obvious (Figure 6(e)). In addition, the
density representing the receptor showed a shape
much more closely reflecting the true structure of
the receptor domain than in the initial model. By
contrast, using the 2-fold symmetrized 3D map of
the top view particles (Figure 2(f)) as the reference
model resulted in a completely uninterpretable map
(data not shown). Finally, we used the unsymme-
trized side view particle reconstruction from
particles negatively stained in the conventional
way as reference model (Figure 2(d)) and also did
not use the symmetry for the refinement. This
imitation of a distorted asymmetric particle
produced a density map (Figure 6(f)) that was
remarkably similar to the one using the virtually
unflattened reference model from the cryo-negative
stain preparation (Figure 6(c)).
Discussion

All the specimen preparation strategies we tested
to calculate a single particle 3D reconstruction for
the Tf–TfR complex resulted in either an ambiguous
density map or a density map affected to varying
degrees by preparation artifacts. Our results thus
highlight the problem of obtaining a reliable 3D
reconstruction by single particle EM with current
specimen preparation techniques, drawing atten-
tion to the need for careful interpretation of the
obtained density maps. While we have used only
one test specimen in this study, the Tf–TfR complex
is a challenging specimen, and because of its
“spiky” structure, it is particularly sensitive to
deformations. We therefore believe that many of
our findings can be generalized to other specimens,
although other specimens may suffer more or less
from preparation artifacts depending on their shape
and density distribution (“compactness”). What we
have learned from our 3D reconstructions is
summarized in Table 1 and elaborated in the
following paragraphs.

Influence of the specimen preparation technique
on the orientation of the molecules

As expected, vitrified Tf–TfR complexes adopt
random, more or less uniformly distributed orien-
tations in holes of holey carbon films (Figure 1(c)).
Not expected was our finding that adsorbing the
complexes to a continuous carbon film prior to
vitrification generated even more randomly dis-
tributed orientations (Figure 1(h)). This result
shows that adsorption of molecules to a carbon
film alone does not guarantee that particles adsorb
in preferred orientations. The tendency for pre-
ferred orientations of the complexes seen in vitrified
samples using holey carbon films may reflect an
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alignment of the molecules at the air–water inter-
face, which has been observed before.30 This notion
is somewhat strengthened by our observation that
Tf–TfR complexes embedded in a thicker layer of
vitrified ice showed a reduced tendency for
preferred orientations (data not shown). The more
evenly distributed orientations of the molecules
adsorbed to a continuous carbon film might there-
fore be a result of the molecules interacting with the
carbon film, keeping them away from the orienting
effect of the air–water interface.

Consistent with our experience with all the
proteins that we have worked with to date, all
negative staining techniques using uranyl formate
induced the Tf–TfR complex to adsorb to the carbon
support in preferred orientations. In these tech-
niques the specimen was adsorbed to the grid,
washed with several drops of water, and then either
dried or frozen with or without prior application of
a second carbon film. Since in the cryo-negative
staining procedure the grid is frozen before it is
completely dry, complete drying of the grid cannot
be the only reason leading to preferred orientations
of the molecules. Instead, it is likely that the
washing steps remove the majority of particles
that are only lightly attached to the carbon film,
leaving behind only particles that have a substantial
interaction surface with the carbon layer. Images
taken from specimens stained with ammonium
molybdate showed molecules in random and
uniformly distributed orientations (Figure 5(c)). In
this case the sample was pre-mixed with the
glucose-containing staining solution, and the grid
was not washed after application of the sample.

The orientations in which a molecule will adsorb
to a grid will always depend on the chemical and
morphological characteristics of the molecule itself,
but based on our experiments we can identify
factors that influence the adsorption behavior of
molecules. Our observations suggest that for
molecules adsorbed to a carbon film, washing
steps and complete drying of the grid are factors
that tend to favor preferred orientations, whereas
pre-mixing the sample with a stain/sugar solution
and freezing of the grid are factors that tend to favor
random orientations.

Flattening and distortions introduced by the
specimen preparation technique

The density map produced by random conical tilt
using side view particles of Tf–TfR complex prepared
by the conventional negative staining technique
suffers from substantial preparation-induced arti-
facts. One side of the unsymmetrized reconstruction
is flat (Figure 2(d), left side in views 2 to 4). Also, in
one of the Tf molecules the two lobes are closer
together, and in this Tf molecule the Tf C-lobe is
notably smaller than in the other Tf molecule (marked
by an asterisk in views 1 and 4 of Figure 2(d)). In
addition, the density representing the TfR dimer
shows no indication of its characteristic butterfly
shape. Finally, the reconstruction is severely flattened.
Such deformations induced by negative staining are
well known and have already been analyzed by a
number of investigators.31,32

A flat surface on one side of the reconstruction is
seen in the reconstruction from negatively stained
particles and, to a lesser degree, in the unsymme-
trized reconstructions from both the carbon sand-
wiched (Figure 3(d)) and the cryo-negatively
stained particles (Figure 4(d)). The flat surface
most likely represents the interface of the complex
with the carbon layer. This distortion can probably
not be avoided, but it is minimal in samples
prepared by cryo-negative staining. The two Tfs
are bound to the TfR dimer off-axis, so that when
the complex adsorbs to the carbon film, one of the
Tfs will come into contact with the carbon film more
extensively than the other one. This is most likely
the reason for the observed asymmetry between the
two Tf molecules, as the Tf making more contact
with the carbon film is likely to be more deformed
than the other Tf. Indeed, the Tf molecule with the
more closely spaced lobes and the small C-lobe is
close to the flattened surface of the reconstruction
(Figure 2(d), view 4). Similar distortions can also be
seen in the unsymmetrized reconstructions from
carbon sandwiched (Figure 3(d)) and cryo-nega-
tively stained particles (Figure 4(d)), but the effect is
more subtle and the C-lobe of the Tf molecule close
to the carbon film does not appear significantly
smaller than that of the other Tf.

The density representing the TfR shows the
strongest deformations when prepared by the
conventional negative staining protocol and com-
pletely lacks any indication of a bipartite organi-
zation or the characteristic butterfly shape of the
receptor dimer (Figure 2(d), view 2). There are
several possible explanations for the lack of
structural detail in the TfR density, such as the
missing cone problem, structural collapse of the
receptor upon drying of the grid, and incomplete
embedding of the receptor in the stain layer. The
missing cone problem results from the fact that
specimens can only be tilted to a limited angle in the
electron microscope, typically not more than 608,
which prevents the sampling of a cone-shaped
volume in Fourier space. This leads to an aniso-
tropic resolution of the reconstructed density map
with the resolution in the direction perpendicular to
the carbon film being lower than the in-plane
resolution. Both the unsymmetrized maps from
carbon sandwiched (Figure 3(d)) and cryo-nega-
tively stained particles (Figure 4(d)) were recon-
structed from data collected in the same way as the
data for the particles negatively stained by the
conventional method. These density maps show
clear indications for both TfRs in the dimer. We
therefore exclude the missing cone as the cause for
the loss of structural detail in the density represent-
ing the TfR dimer. The lack of structural
detail probably results from the combined effect
of incomplete stain embedding and structural
collapse. In particles adsorbed to the carbon
presenting the side view, the TfR constitutes the
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density furthest removed from the carbon support.
It is therefore conceivable that the TfR in the dimer
further removed from the carbon film protrudes
from the stain layer and is thus “invisible”. In
addition, the apical domains, which represent the
tips of the butterfly wings, are only loosely attached
to the remainder of the TfR molecules and therefore
may easily be displaced.22 It is quite likely that the
apical domain of the TfR molecule further away
from the carbon film collapses on top of the apical
domain of the TfR in contact with the carbon film.
Although the unsymmetrized density maps calcu-
lated from carbon sandwiched (Figure 3(d)) and
cryo-negatively stained particles (Figure 4(d)) show
more of the butterfly shape of the receptor dimer,
they also reveal distortions. In the reconstruction
from the carbon sandwiched molecules, the
receptor in contact with the carbon film (left side
in view 2 of Figure 3(d)) seems to have slid down
relative to the TfR not in contact with the carbon.
The distortions seen in the density maps calculated
from the carbon sandwiched and cryo-negatively
stained particles thus may again represent effects of
the adsorption of the molecules to a carbon film.

The use of a second carbon film covering the
sample clearly has a beneficial effect on the outcome
of the 3D reconstruction (compare Figure 3(d) with
Figure 2(d)). This is most likely caused by a better
embedding of the particles in the stain layer, which
is the reason why the carbon sandwich technique
was originally introduced.23 The complete stain
embedding is reflected by the lack of a stain shadow
below the particles in images of tilted specimens,
which is advantageous, because the strong contrast
between the stain and the particle may influence the
alignment of the particle images. Since this strong
feature depends solely on the orientation of the tilt
axis rather than on the inherent structure of the
molecules, the stain cloud could interfere with the
alignment of the particles according to their less
strongly contrasted inherent features.

The distance between the two carbon films
sandwiching the particles is crucial. Too big a
distance results in a thick stain layer, in which the
particles are difficult to see, whereas too small a
distance leads to squashing of the particles. This
squashing is different from the simple flattening of
molecules upon drying of the specimen, since the
former leads to projection averages that show the
particles to be enlarged, whereas the latter has only
little influence on the appearance of the particles in
projection averages: 3D reconstructions of squashed
particles are shown in Figures 3(g) and 4(g), which
show a spread-out appearance of the molecule. The
density map of the squashed molecules from the
images of carbon sandwiched preparations
(Figure 3(g), view 2) is also slightly more flattened
than that of the unsquashed particle (Figure 3(d),
view 2). This is consistent with the two approaching
carbon films exerting force on the trapped
molecules. The density map of the squashed
molecules obtained with the cryo-negatively
stained particles does not, however, show such an
increased flattening (Figure 4(g), view 2) compared
to the unsquashed particle (Figure 4(d), view 2).
This comparison indicates that the squashing of the
particles by the two carbon layers does not simply
reflect mechanical force experienced by the sand-
wiched particles.

Symmetry as low as 2-fold in the imaged
molecule can substantially improve the density
map. Many distortions seen in the unsymmetrized
maps of the side view particles (Figures 2(d), 3(d),
and 4(d)) were corrected, at least to some degree, by
applying the 2-fold symmetry of the Tf–TfR
complex to the density map (Figures 2(e), 3(e),
and 4(e)). 2-fold symmetrization does not, however,
correct for the substantial flattening seen in the
reconstructions from the top view particles (Figures
2(f), 3(f), and 4(f)), which do not look significantly
different from the unsymmetrized reconstructions
(data not shown). The reconstructions from the top
view particles thus make the point that application
of symmetry to single particle reconstructions is
only helpful in reducing distortion artifacts if the
molecule does not adsorb to the carbon support film
with its symmetry axis oriented perpendicular to
the carbon film.

Staining with an ammonium molybdate/glucose
mixture produced images with low contrast
(Figure 5(a)), and the particles were adsorbed to
the carbon film in random orientations (Figure 5(c)).
Because of the poor SNR of the images, the class
averages (Figure 5(b)) also appeared noisier than
those obtained from images of vitrified samples
(Figure 1(b)). This might be the reason why we
failed with this data set to produce a reasonable
initial 3D map with the angular reconstitution
approach and had to align the class averages to
the density map obtained with the images of the
vitrified specimen. The final 3D map shows few
distortions (Figure 5(d)). Absence of distortions
does not mean, however, that the particles are
unflattened. As seen, for example, in the projection
averages from the conventionally negatively
stained particles (Figure 2(c)), flattening due to
specimen drying does not show up in projections.
Since we had uniformly distributed views of the
particles, and therefore could not calculate a
random conical tilt 3D reconstruction, we cannot
judge the extent of flattening introduced by this
specimen preparation technique. Since the images
showed less contrast than those of uranyl formate
stained specimens (ideal for random conical tilt) or
even vitrified specimens (ideal for angular recon-
stitution), we do not view staining with a glucose-
containing ammonium molybdate solution as an
advantageous specimen preparation technique.

Cryo-negative staining appears to produce the best
3D reconstructions displaying the least distortions
and flattening artifacts, especially if symmetry can be
applied to the density map as in the case of the Tf–TfR
complex. Preparation and imaging of cryo-negatively
stained samples is not straightforward, however.
Often grids prepared in this way show the particles to
be positively stained, making these grids useless for
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data collection. In addition, different areas of the grid
can vary greatly, showing areas with stain layers too
thin or too thick. Even in areas that appear to have a
stain layer of optimal thickness, many particles are
squashed and are thus unsuitable for 3D reconstruc-
tion. Moreover, cryo-negatively stained samples are
particularly radiation sensitive, so that many images
show beam-induced bubbles. All these effects
combined account for a very low yield of good
particles that can be used for 3D reconstruction. We
think that the improved quality of the resulting
density maps compensates for the increased amount
of work needed to assemble a large enough data set.
We note, however, that even with the cryo-negative
staining procedure, reliable density maps are only
obtained in favorable cases. Under unfavorable
conditions, particles prepared by this technique can
produce badly distorted and flattened reconstruc-
tions as illustrated by the density map obtained with
the top view particles (Figure 4(f)).
Influence of the reference model on the final
reconstruction

We believe that the most reliable initial 3D
density map would be obtained by calculating a
random conical tilt reconstruction using tilt pairs
taken from vitrified specimens. This approach
combines the advantage of specimen vitrification,
i.e. few preparation artifacts, with the reliability of
the random conical tilt 3D reconstruction technique.
In some favorable cases this approach is feasible,
such as with molecules that are large enough and
adopt preferred orientations in the vitreous ice
layer, as in the case of the ryanodine receptor.32

Collecting tilt pairs of vitrified specimens is
extremely difficult, however, and for the ryanodine
receptor only nine out of several hundred image
pairs were of sufficiently high quality to be useful
for image processing.32 Despite this technical
challenge we attempted to record tilt pairs of the
vitrified Tf–TfR complex, but the small size of the
complex made it almost impossible to see the
molecules in images taken from tilted specimen
and to correlate them to the corresponding particles
in the images of the untilted specimen.

We therefore tested whether random conical tilt
reconstructions obtained with specimens pre-
pared by various negative staining techniques
could be used as models to guide the 3D
reconstruction using images taken from vitrified
specimens. We chose to align class averages
rather than raw images to the reference models,
because of their better SNRs. Furthermore, to
make the results independent of CTF effects, we
low pass-filtered the raw images to a resolution
of 40 Å before calculating the class averages that
were used for the alignment to the reference
models. We did not refine the resulting density
maps to high resolution, because our main
interest here was the overall shape of the density
maps and, in particular, how the shape of the
density map was influenced by that of the
reference model.

We first used our best random conical tilt 3D
reconstruction, the 2-fold symmetrized density map
obtained with the cryo-negatively stained side view
particles (Figure 4(e)), and FREALIGN produced a
density map with a very accurate shape
(Figure 6(b)). To simulate an asymmetric molecule,
we used the unsymmetrized density map obtained
with the cryo-negatively stained side view particles
(Figure 4(d)) as reference model and abstained from
using the 2-fold symmetry in the refinement
process. The resulting density map did not show a
perfect 2-fold symmetry (Figure 6(c)), but the
density map was clearly improved over the
reference model. This result strongly suggests that
the refinement procedure can, at least to some
degree, overcome distortions present in the refer-
ence model. This was not the case, however, when
we used the 2-fold symmetrized density map
obtained with the cryo-negatively stained top
view particles as reference model, even when
2-fold symmetry was enforced during the refine-
ment (Figure 4(f)). In this case, the resulting density
map looked only very remotely similar to the
structure of the Tf–TfR complex (Figure 6(d)). The
unrecognizable density map is most likely due to
misalignment of many class averages to the almost
featureless reference map. When we used the 2-fold
symmetrized density map obtained with the
conventionally negatively stained top view par-
ticles as reference model, we produced a similarly
unrecognizable reconstruction (data not shown).
A density map resulting from refinement with
FREALIGN that looks very different from the initial
reference map may thus indicate that the initial
model was inaccurate, e.g. because it suffered from
substantial distortions and flattening artifacts.
Further studies are then needed to determine
whether the “refined” density map is indeed a
good representation of the true structure of the
molecule. Finally, we used the unsymmetrized and
2-fold symmetrized density maps obtained with the
conventionally negatively stained side view par-
ticles (Figure 2(d) and (e)) and performed the
refinement without and with enforced 2-fold
symmetry, respectively. Both refinements produced
a density map (Figure 6(e) and (f)) that was
significantly improved over the respective reference
model in terms of flattening and asymmetry. These
results indicate that even a significantly flattened
reference model can be used to align the class
images from vitrified specimens, as long as it shows
a sufficient amount of correct structural detail to
warrant successful matching of the averages to the
reference model.
Conclusions

Our results show that 3D reconstructions
obtained by single particle EM are often far from
perfect. This finding emphasizes the need for very
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careful analysis of the density maps produced by
this technique, especially if molecules with
unknown structures are studied. The angular
reconstitution approach, commonly used to analyze
images of vitrified specimens, can potentially
produce inaccurate reconstructions, although a
high symmetry of the molecule under investigation
usually overcomes this caveat. In the case of
molecules with low or no inherent symmetry, 3D
maps obtained with the angular reconstitution
approach should be viewed with great skepticism
and not be trusted blindly unless confirmed by
other structural information, such as crystal struc-
tures or independently determined 3D reconstruc-
tions. The random conical tilt approach produces
unambiguous reconstructions. Since this approach
requires the molecules to adopt preferred orien-
tations, which is often only seen in negatively
stained specimens, the density maps are often
affected by distortions and flattening artifacts due
to the need to adsorb the molecules to a carbon film
and to dry the specimen. Even in the most
sophisticated negative staining procedures, such
as cryo-negative staining, distortions cannot be
ruled out. Although the distortions cannot be
predicted, they can be understood, as they primar-
ily affect features of the molecule perpendicular to
the carbon film. Random conical tilt reconstructions
of negatively stained specimens can therefore be
used to validate or discount density maps obtained
by angular reconstitution of vitrified specimens.
Alternatively, a random conical tilt reconstruction
obtained with a cryo-negatively stained specimen
can be used as reference model to align images
taken from vitrified specimens. The program
FREALIGN is fast and well suited for this purpose.
While the reference model can introduce subtle
artifacts in the final reconstruction obtained with
the ice data, distortions and flattening artifacts of
the reference model are largely removed during the
refinement process. This procedure fails, however,
if the reference model is substantially distorted.
A large difference between the reference model and
the final map is thus an indication that the chosen
reference model may not have been a good
representation of the molecular structure.
Materials and Methods

Specimen preparation and electron microscopy

Recombinant human Tf–TfR complex was prepared as
described9 and diluted to a concentration of about
0.01 mg/ml. Vitrification of Tf–TfR complex was done
as described.9 Protocols for conventional negative stain-
ing, the carbon sandwich technique, ammonium molyb-
date staining, and cryo-negative staining have been
described.13 Images of vitrified specimens were recorded
with a Tecnai F20 electron microscope as described.9

Specimens prepared by conventional negative staining
and the carbon sandwich technique were imaged at room
temperature in a Gatan 670 ultra-high tilt holder, whereas
specimens prepared by ammonium molybdate and
cryo-negative staining were imaged at liquid nitrogen
temperature of about K180 8C in an Oxford cryo-transfer
holder. Samples prepared with ammonium molybdate
were imaged at 08 tilt, while samples prepared by
conventional negative staining and the carbon sandwich
technique were imaged at tilt angles of 608 and 08. In the case
of cryo-negative staining the sample was imaged at tilt
angles of 508 and 08. All images were taken with an FEI
Tecnai T12 microscope equipped with an LaB6 filament and
operated at 120 kV. Images were taken at a magnification of
52,000! on Kodak SO-163 film using low-dose procedures
and developed for 12 min with full-strength Kodak D-19
developer at 20 8C. All micrographs were visually inspected
with an optical laser diffractometer and only drift-free
images were digitized with a Zeiss SCAI scanner using a
step size of 7 mm. The digitized images were further
averaged over 3!3 pixels to give a final pixel size of
4.04 Å/pixel at the specimen level.

Image processing

Images of vitrified Tf–TfR complex prepared with
holey carbon film were processed as described.9 Briefly,
a total of 36,266 particles were selected interactively from
196 micrographs using Ximdisp, the display program
associated with the MRC program suite.33 Using the
IMAGIC software package16 the windowed particles
were band-pass filtered to a resolution of 170 Å to 40 Å,
followed by five cycles of MRA, MSA and classification
into 500 classes. A total of 124 class averages were selected
out of the final 500 class averages. Euler angles were
assigned to these class averages using the Angular
Reconstitution command in IMAGIC with the NEW_
PROJECTION/FRESH option. The class averages with
the assigned Euler angles were then used to calculate a 3D
reconstruction. Projections calculated from the 3D recon-
struction at an angular interval of 158 were used as anchor
set to further refine the Euler angles of the class averages.
After two cycles of Euler angle refinement using anchor
sets, 157 additional class averages were added into the
data set. A total of six cycles of Euler angle refinement
was performed and the final 3D reconstruction shown in
Figure 1(d) calculated from a total of 281 class averages.

Images of vitrified Tf–TfR complex adsorbed to
continuous carbon film were recorded and digitized in
the same way as for the vitrified Tf–TfR complex on holey
carbon film. A total of 21,719 particles were selected
interactively from 46 micrographs. The particles were
band-pass filtered as before, followed by only one cycle of
MRA, MSA and classification into 500 classes. The refined
model of the Tf–TfR complex9 was filtered to 10 Å and
used to calculate projections at an angular interval of 158.
These projections were used as anchor set to assign Euler
angles to all 500 class averages. The resulting 3D map was
used as reference model to which the raw particle images
were aligned with FREALIGN. The density map was
refined to 7.5 Å.

For images of the Tf–TfR complex stained with
ammonium molybdate, a total of 17,107 particles were
interactively selected from 39 micrographs. The particles
were band-pass filtered and subjected to five cycles of
MRA, MSA and classification. As for the vitrified Tf–TfR
complex on continuous carbon film, the Euler angles of
the final 500 class averages were determined using the
anchor set created from the refined 3D model of the
vitrified Tf–TfR complex on holey carbon film, and
further refined with FREALIGN.

All tilt pairs were processed using the SPIDER software
package.17 Particles were selected interactively using
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WEB, the display program associated with SPIDER. The
particles from the images of the untilted specimens were
subjected to eight cycles of multi-reference alignment and
classification into 50 classes. Class averages showing the
same projection structure were combined for further
processing. The initial 3D reconstructions were calculated
with the particles selected from the images of the tilted
specimens using the random conical approach:10 10% of
the particles from the corresponding classes from the
images of the untilted specimens were then added to the
data set and the structures refined by ten cycles of angular
refinement, which is based on projection matching.
The final resolutions of the 3D reconstructions were
estimated from the Fourier shell correlation (FSC) curve
using the FSCZ0.5 cut-off criterion.

For the Tf–TfR complex prepared by the conventional
negative staining procedure, a total of 8410 pairs of
particles were selected from 84 pairs of micrographs. The
reconstructions shown in Figure 2 contain 1461 particles
(Figure 2(d) and (e)) and 1412 particles (Figure 2(f)). The
resolutions for the 3D reconstructions shown in
Figure 2(e) and (f) were determined as 27 Å.

For the Tf–TfR complex prepared by the carbon sandwich
technique, a total of 14,820 pairs of particles were selected
from 54 pairs of micrographs. The reconstructions shown in
Figure 3 contain 5163 particles (Figure 3(d) and (e0), 468
particles (Figure 3(f)), and 512 particles (Figure 3(g)). The
resolutions for the 3D reconstructions shown in Figure 3(e),
(f), and (g) were determined as 22 Å, 30 Å, and 27 Å.

For the Tf–TfR complex prepared by cryo-negative
staining, a total of 23,142 pairs of particles were selected
from 48 pairs of micrographs. The reconstructions shown
in Figure 4 contain 4190 particles (Figure 4(d) and (e)), 380
particles (Figure 4(f)), and 424 particles (Figure 4(g)). The
resolutions for the 3D reconstructions shown in
Figure 4(e), (f), and (g) were determined as 24 Å, 29 Å,
and 29 Å.

FREALIGN was used to assign Euler angles to the 500
class averages of the vitrified Tf–TfR complex. The 3D
reconstructions obtained with the random conical tilt
approach were used as initial reference models. Option 3
in FREALIGN (simple search and refine) was used with a
158 angular step size and a refinement limitation of 20 Å.

Docking of the atomic structure of the Tf–TfR complex
(pdb code: 1SUV) into the density maps was done
manually using the program Chimera.34
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