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Abgtract

For three-dimensional reconstruction of single par-
ticles from cryoelectron microscope images, one has to
carefully check directions of projections sampled by the
imagedataset. A gap inangular coverage might producea
stretching of the structure (i.e., missing-cone artifact, when
using the random conical tilt series reconstruction
technique). Thisproblem may be solved by merging volumes
obtained from various types of electron microscope views
or by taking into account the possi ble point-group symmetry
of the particle. In case of very low signal-to-noiseratio an
oversampling in onedirection of projection may producea
similar effect. A fast solution, termed topological selection,
isto remove overabundant imagesto regain the even angular
distribution, but other solutions allowing one to keep the
entire data set for 3D reconstruction are discussed. These
situations are simulated on atest volume and are described
inexperimenta examples.
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Introduction

Inthefield of single-particlethree-dimensional (3D)
reconstruction from frozen-hydrated specimen images, a
current trend istofirst cal culate alow-resol ution reference
structure and then to submit it to a refinement method
yieldingamoreaccurate structure. Theaim of therefinement
isto assign three Eulerian angles(¢, 6, W) toeachimage, in
order to faithfully reflect its direction of projection (DOP)
and to improve its centering. For the angular refinement,
we usethe 3D projection alignment method (Penczek et al.,
1994), but other approaches can be applied as well
(Radermacher, 1994; van Heel, 1984; Harauz and
Ottensmeyer, 19844, b). Our reliance on the 3D projection
alignment method isbased onitssimplicity and robustness.
Projections are compared in real space, thusit is easy to
verify thequality of thematch. Also, the procedurerequires
very littleinteraction fromtheuser. Provided that therefer-
ence volume is available, the experimental data set is
subjected to the alignment and after a prescribed number of
iteration steps the final volume can be examined. The 3D
projection aignment hasbecome astandard tool inthesingle
particlereconstruction field and its application hasresulted
in a number of new structures solved, nonsymmetric
(Penczek et al., 1994; Frank et al., 1995; Agrawal et al.,
1996; Verschoor et al., 1996; Lata et al., 1996) as well as
structures with low symmetries (Lambert et al., 1994a,b;
Lambertetal., 1995a,b,c; Boisset et al ., 1995; deHaaset al.,
1996a,b,c).

That the method is almost fully automatic requires
special attention to be paid to possible artifacts with
convergence. The most common situation is an uneven
distribution of particleviews collected from the micrographs.
The standard approach is to take single exposure untilted
pictures, attempt to calculate a 3D reconstruction, and, if
theangular range of projectionsisnot covered sufficiently,
take additional pictures at low tilt (30°) and repeat the 3D
reconstruction (Penczek et al., 1994). Dueto many physical
effects, e.g. interaction with the supporting grid and with
the water surface, that are difficult to control and predict,
the angular distribution of projections usually remains
uneven, resulting in angular oversampling in certain regions.
In this work, we present several examples demonstrating
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List of Abbreviations

3D three-dimensiona

DPR differential phaseresidual

DOP direction of projection

EM  eectron microscope

SRT simultaneousiterative reconstruction technique SNR
signd-to-noiseratio

that oversampling can either produce artifacts during 3D
reconstruction or can disrupt convergence of the 3D projec-
tion matching procedure. We reproduce these artifacts by
simulation and we propose solutions to reduce their
consequences.

Experimental Procedures
Cryoelectr on microscopy

Samples were applied on a 300 mesh copper grid
coveredwith athin holey carbon film. After removing excess
solution, thegridswererapidly frozen by the blotting method
(Dubochet et al., 1982; Adrian et al., 1984), using liquid
ethane asthefreezing agent. Cryoelectron microscopy was
donewith aPhilips CM 12 el ectron microscope (EM) (Philips
Electron Optics, Eindhoven, The Netherlands) equipped
with a low dose kit, an eucentric goniometer, Gatan
(Pleasanton, CA) cryo-stage, and a Gatan cryo-transfer
device. Each specimen wasimaged twice, under low dose
conditions (less than 10e-/A?) at adefocus closeto 2.5 um
with thegridtilted at 45° and 0°. For these experiments, an
acceleration voltage of 100 kV was used, and images
collected on Kodak (Rochester, NY) SO 163 electron
microscopefilms. The exact magnification of themicroscope
was calculated using a catalase crystal test grid (Wrigley,
1968). For computation of refined structures some pictures
were also taken at a defocus of 1.5 pm with the specimen
grid untilted.

Digitization and particleselection

Micrographs were digitized on an Optronics
(Chelmsford, MA) P1000 microdensitometer, using a25 um
sguare scanning aperture. Windowing of particle images
was performed simultaneously on tilted (45°) and untilted
(0°) digitized micrographs, using an interactive selection
program (Radermacher, 1988). At this step, relative
orientationsof each pair of micrographsintermsof tilt angle,
direction of tilt axis, and trandation were calculated from
the particle coordinates. Selected images were submitted
to a contrast inversion and normalization process as de-
scribed earlier (Boisset et al., 1993).

Imageprocessing
Digitized images were processed according to the
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method of random conical tilt series (Radermacher et al.,
1986; Radermacher, 1988), which wasoriginally designed to
make use of preferred orientations of single particleson a
support carbon film. Untilted-specimen images are only
used once, at a preliminary stage, to determine in-plane
rotation angles of the particles and to select homogeneous
image setsby multivariate statistical analysisand automatic
clustering. Corresponding tilted-specimenimagesare used
exclusively for the 3D recon-structions.

For image processing, we followed the strategy de-
scribed in Penczek et al. (1994). Thewhole set of untilted
images was subjected first to a reference-free alignment,
then homogeneous image classes were determined by
correspondence analysis and hierarchical ascendant
classification using Ward's criterion (Ward, 1963). All 3D
reconstructions were calculated using the Simultaneous
Iterative Reconstruction Technique (SIRT) (Herman, 1980),
and orientations between individual 3D reconstructions
were determined by direct searchin real space (Penczek et
al., 1992). After orientationswere established the merged
3D reconstruction was cal cul ated.

A refined 3D reconstruction was obtained at thefinal
step of the image processing using the whole set of tilted-
specimen images in the 3D projection alignment method
(Penczek et al., 1994). When possible, the refined 3D
reconstruction was used as a reference and the same
approach was used on new setsof tilted or untilted-specimen
imagesyielding afina volume.

Thetopology sphere

The critical step of a 3D reconstruction is the de-
termination of Eulerian angles (¢, 6, W), corresponding to
the DOP of each cryo-EM image. To visualize the angular
coverage of animage set, we designed a 3D representation
of their assigned Eulerian angles, termed the topol ogy
sphere. Inthisrepresentation, each DOPintersectsaunitary
sphere at a single point defined by the first two Eulerian
angles (¢ and B). At thelocation of this point atriangleis
placed and the rotation of this triangle corresponds to the
third Eulerian angle (V). A visual examination of the sphere
allows the detection of missing or overabundant DOPs,
which correspond respectively to empty zones and to
overlapping triangles. The topology sphere is a modified
version of the diagram of distribution of projections
proposed in Penczek et al. (1994), where only two Eulerian
angles (¢ and 8) were visualized. Therefore, with the
topology sphere one can visualize angular sampling as a
3D map around the surface rendering of the corresponding
3D recon-struction volume. To complete the description of
angular coverage, we also calculate the histogram of the
average number of images per DOP as a function of the
angle®.
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Figure 1: Convention of the Eulerian angles. The observer is moving around the object in away defined by the Eulerian
angles ¢, 8, and W. Eight characteristic positions are listed and the corresponding surface renderings and 2D projections of

the head phantom are shown.

TheEulerian anglessystem and thesimulation method

Toillustrate the artifacts, we performed anumber of
simulations using ahuman head phantom as atest volume.
The phantom is built from spheres of various radii and
densities equal to 0 or 1. Roughly, it is composed of two
large spheres: one for the skull and another for the neck.
The nose and ears are defined by medium-size spheres of
density 1, whilethe eyes, mouth, and trachea are composed
of aset of spheres of density 0, allowing the formation of
holes within the head. On the top of the skull, we added a
crown defined by eight small isolated spheres. Theresulting
structure contains numerous bumps and notches, thus it
can easily reveal deformations resulting from any 3D
reconstruction artifacts.

As shown in Figure 1, specific views of the head
phantom (imagesNo. 1 to 8) aredefined by setsof Eulerian
angles (¢, 6, ¥). The convention of rotation used follows
that of Carazo and Frank (1988), but rather than subjecting
the head phantom to a series of rotations around the z and
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y axes, it is easier to place the object at the center of a
spherein afixed position and | et the observer move around
it. For example, avariation of 8 from 0° to 90° corresponds
to amove of the observer from the poleto the equator of the
sphere (Fig. 1, images No. 1 to 3), while avariation of (¢
from 0° to -90° correspondsto aprogression of the observer
from the right side to the front of the head (Fig. 1, images
No. 4to 6). Finaly, avariation of W does not change the
perspective of the observer but only induces an in-plane
rotation of the2D projection (Fig. 1, imagesNo. 3,4 or 1, 8).
Theexperimental examplespresented hereareall cylindrical
particles. For clarity of description, they areawaysoriented
withthe cylinder axisparallel to axisZ. Therefore, in polar
coordinates, circular top views of the cylinder correspond
to 8 valuesof 0° or 180°, whilerectangular sideviewshave

a0 angle of 90°. Consequently, in the topology spheres
shown below (Figs. 3-6), top views arerepresented by small
triangles located near the intersections of axis Z with the
sphere (poles of the sphere), while side views correspond
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Figure 2: Simulation of the
missing-cone artifacts. (A, B)
Topology spheres of two
perpendicular conical tilt series.
(C, D) Schematic representation
of coverageof 3D Fourier space
corresponding to the conical tilt
seriesA and B, respectively. (E,
G) Surfacerenderingsof the3D
reconstruction corresponding
to the conical tilt seriesA. (F,
H) Surfacerenderingsof the 3D
reconstruction corresponding
totheconical tilt seriesB. (1, J)
surface renderings of the 3D
reconstruction corresponding
tothemerged conical tilt series
A and B.
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Figure3: Simulation of overabundance of asingletypeof EM views. (A, D, G) Topology spheresseen fromthepole. (B, E,
H) Topology spheres seen from theequator. (C, F, 1) Surface renderings of 3D reconstructions cal culated from thethree series
of projections. (A, B, C) 64 projectionswith an even angular coverage. (D, E, F) 80top view projections are added to thefirst
imageset. (G, H, |) 266 top view projectionsare added to the first image set.

to small triangles located away from intersections of the
sphere with the axis Z (equator of the sphere).

Results
Simulationsof reconstruction artifacts

Missing-cone artifact. The topology spheres of
Figures 2A and 2B illustrate a situation where two conical
tilt seriesof projections of the head phantom were obtained.
Thetrianglesrepresenting DOPs of theimage setsform two
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circles|located near the pole (Fig. 2A) or the equator (Fig.
2B) of the sphere. In thiscase, the coverage of the Fourier
spaceismoreimportant, asshownin Figures 2C and 2D for
therespective datasets. Inthese schematic representations
each 2D projection corresponds to a disk located at the
center of the sphere and perpendicular to its DOP. The
diskspartialy fill the spheres but two opposite conesremain
empty. These gapsin the data collection, termed missing-
cones, are responsible for the deformations visible in the
3D reconstructions calculated from each projection set. In
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thefirst case (Fig. 2A) the deformations are vertical (Figs.
2E and 2G), whilein the second case, the deformations are
horizontal (Figs. 2F and 2H). Thus, asexpected, thedirection
of elongation coincides with the main axis of the missing-
cone. These artifacts can be easily overcome by merging
the two image sets to calculate a multicone 3D
reconstruction (Figs. 2| and 2J). In thistest case, the two
cones were perpendicular, thus it was possible to fill the
gapsinthe datacollection (Figs. 2C and 2D) entirely.

Overabundant images around one direction of
projection. With areference structure free of any missing
cone, one can proceed with the 3D projection alignment
procedure using all available projection data. The danger-
ous situation occurs when all DOPs are represented, but
their distributionishighly uneven. Inthiscase, the statistical
relevance of the DOPsvariesstrongly. Thishasto betaken
into account, in particular when one uses an iterative 3D
reconstruction technique, as well as other reconstruction
methods. To illustrate this problem, three reconstructions
of the human head phantom were calculated from image
sets with an increasing imbalance of projections, but with
all DOPspresent. A first volume (Fig. 3C) was cal cul ated
from aset of 64 images corresponding to evenly distributed
DOPs(Figs. 3A and 3B). In Figures 3D-3F, asecond volume
was obtained after adding 80 imagesto the 64 original ones.
The number of iterations of the SIRT procedure was kept
the same (60 iterations). Asvisiblein Figures 3D and 3E,
the DOPs of these additional images were restricted near
the poles of the topology sphere, so that we have created
an overabundance of top views. Despite thisimbalance of
projections, the 3D reconstruction still resemblestheoriginal
phantom. Although some features, such as shapes of the
crown and the ears, and contour of the eyes, start to show
avertical elongation. Finally, we increased the number of
top views so that each pole of thetopology sphere contains
133images (Figs. 3G and 3H). The 3D reconstruction was
calculated using the same number of 60 iteration stepsasin
the two previous tests. Now the result (Fig. 31) shows a
strong vertical stretching. Itsstructureisblurred along the
vertical axisand resemblesthe onewith thevertical missing-
cone artifact (Fig. 2E). The only noticeable differences
between the two volumes are that with overabundant top
views, thecrownislinked to the skull and theearsarefalling
down (Fig. 3) with the vertical missing-cone artifact, the
crown isalso stretched but does not reach the skull and the
earsare pointing up (Fig. 2E).
Authentic examplesof defor mationsdueto uneven image
sampling

Missing-coneartifact

[Caseof chiton hemocyanin: Therespiratory pigment
of the chiton Lepidochiton sp. is a decameric complex
showing many similarities with other molluscan hemocy-
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Figure 4 (on facing page): Exploring the missing-cone
artifact on chiton hemocyanin. (A, B) Surfacerepresentation
of the hemocyanin of Lepidochiton sp. (C, D) Topology
spheresof tilted specimenimages used for 3D reconstruction
of Lepidochiton hemocyanin, seen from the pole and the
equator, respectively. (E) histogram of average number of
images as a function of Eulerian angle 8. (F, G) Surface
rendering of the hemocyanin half-molecule from Helix
pomatia. Thisvolumewas used to calculate aseries of 2D
projections corresponding to the Eulerian angles
represented in C and D. Thevolume calculated from these
projections is represented in H and . (A, F, H) Whole
molecules. (B, G, |) Moleculeswith thefront half removed.

anins(Hc). A 3D reconstruction was carried out from tilted
pairsof electron micrographs (Lambert et al., 1994a). The
particle has a C, pointgroup symmetry and is composed of
ahollow cylinder with five luminal oblique archesat one of
itsextremities (Figs. 4A and 4B). Invitreousice, the mol-
ecule exhibited almost exclusively circular top views and
seldom rectangular sideviews. Therareoccurrence of side
viewsisresponsiblefor incompleteangular coverage, which
produces a strong missing-cone artifact in the 3D
reconstruction. The topology sphere of the data set (Figs.
4C and 4D) clearly shows that the tilted-specimen images
correspond to DOPs|ocated within two annular portions of
the sphere. In addition, the histogram of the average num-
ber of images per angle 0 (Fig. 4E) indicates that the only
sampled DOPs are those with angle values close to 45° or
135°. The 45° angle simply reflects the tilt applied to the
grid, whilethe presence of imageswith a8 angle of 135° (or
180°-45°) results from the fact that some particles were
oriented upside down within the ice layer. The sorting of
thesetwo antiparallel EM viewswasdone using multivariate
statistical analysis on tilted-specimen images (Lambert et
al., 19943).

Oneyear | ater, the architecture of another gastropod
Hc, from the snail Helix pomatia, wasresolved by the same
technique (Lambert et al., 1995a). Asthisparticle produced
numeroustop, side, and intermediate views the merged 3D
reconstruction volume obtained from the whole image set
wasfreefromany missing-coneartifact. Thewholemolecule
(adidecamer) istwice as big as the chiton hemocyanin, but
there were reasonsto assumethat the half-molecule could
resemble the decamers of chiton. For example, Figures4F
and 4G show that the half-cylinder of Helix Hc also
possesses a C, point-group symmetry and is composed of
a hollow cylinder with oblique arches. However, one can
see many new features such asacontinuous collar complex
that partially closes one opening of the cylinder, five
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Figure5: Impact of the symmetry of GroEL chaperoninon
themissing-coneartifact. (A, C, E) Topology spheresseen G
from the equator. (B, D, F) surface renderings of GroEL
reconstructed from tilted-specimen images of top views (A,
B), side views (C, D) and after complete coverage of the
topology sphere (E, F). (G) Surface rendering of GroEL
reconstructed from untilted-specimen imagesrecorded at a
lower defocus (closeto 1 micron) yielding astructurewitha
better resolution (26 A according to the differential phase
residual criterion). The volume (F) was used as a starting
reference for the refinements of this new set of images.

138



Angular oversampling

discontinuous oblique cleftswithinthe cylindrical wall, and
an elbow-bend shape of the oblique arches alowing them
tolink the collar complex to the lumen of the cylinder.

Could the missing-conein the 3D reconstruction of
chiton Hc beresponsiblefor the structural differenceswith
the half-complex of Helix? To test this hypothesis, we
introduced amissing-cone artifact in the 3D reconstruction
of the decameric fragment of Helix by projecting it along
DOPsof Figures4C and 4D. The 2D projectionswere used
to emulate experimental cryo-EM images and to reproduce
the exact gap in the data collection of chiton Hc. A 3D
reconstruction was calculated from this incomplete data
set. Theresulting structure (Figs. 4H and 41) isin complete
agreement with the 3D reconstruction of chiton (Figs. 4A
and 4B): the clefts of the hollow cylinder disappeared, the
continuous collar complex is amost separated into five
pieces, and the elbow bend of the five archesisnot visible
anymore,

[Caseof GroEL chaperonin. Thechaperonin GroEL
from E. coli illustrates the variations of angular coverage
encountered in single-cone 3D reconstructions of particles
possessing aC, point-group symmetry. The GroEL particle
iscomposed of 14 subunitsassembled into ahollow cylinder
that shows a C, point-group symmetry. In the untilted-
specimen grid, particlesinthevitreousicelayer show equal
amounts of circular top views, rectangular side views, and
intermediate orientations. Corresponding images extracted
from tilted-specimen images generate a conical set of
projections corresponding to an annulus on the topology
sphere. Hence, the tilted-specimen images corresponding
to the top views form an annular disposition centered on
the pole of the topology sphere, while the ones
corresponding to the side views produce an annular
disposition centered on a point located at the equator of
the topology sphere.

Asthemolecule hasasevenfold symmetry axis, each
projection can be attributed to seven equivalent DOPs.
When one enforces the C, point-group symmetry of the
particle during the 3D reconstruction process, each image
is used seven times with seven different sets of Eulerian
angles. In our convention system the cylinder axis (also
symmetry axis) of the particle corresponds to the polar (2)
axis of the topology sphere. Therefore, when taking into
account the C, point-group symmetry of the particle, the
corresponding topology sphere is copied seven times and
regularly rotated around its z axis (by n* (360°/7), withn =
{1,2,3,4,5,6,7}). Such spheresarevisiblein Figures5A
and 5C for thetilted specimen images corresponding to the
top and side views, respectively. One clearly sees that in
thefirst case (Fig. 5A), therotated annuli are superimposed
so that the angular gap inducing the missing-cone artifact
remains unchanged, while in the second case triangles are
spread on every part of the topology sphere, except at the
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poles. Therefore, the single-cone 3D reconstruction
cal culated with an enforced C, point-group symmetry from
tilted specimen images of top views (Fig. 5B) isstill affected
by astrong missing-cone artifact and seems stretched along
the cylinder axis. Conversely, the equivalent volume
calculated from tilted specimen images of side views (Fig.
5D) shows no obvious deformation, asit is not affected by
the missing-cone anymore. Once all DOPs are taken into
account, after merging and angular refinement of all the EM
views (Fig. 5E), the fina volume (Fig. 5F) shows some
improvements but still shares common features with the
single-cone 3D reconstruction obtained from the tilted set
of sdeviews(Fig. 5D). Therefore, when aparticle possesses
aC, point-group symmetry, the missing-coneis counterbal-
anced in the single-cone 3D reconstruction volumes cal-
culated from acomplete conical tilt seriesof sideviews.
Oversampling artifact: case of Riftia pachyptila
hemoglobin. While studying an extracellular hemoglobin
extracted from the deep sea worm Riftia pachyptila, we
could observe the artifact induced by an overabundance of
onetypeof EM view (deHaaset al ., in press). Thismolecule
resembl es the hemogl obin of Macrobdella decora (deHaas
et al., 1996a) that shows a hexagonal bilayer structure
composed of 12 hollow globular substructuresand alinker
complex. Intheuntilted-specimen grid, particles produced
mainly hexagonal top views and rectangular side views,
while corresponding tilted-specimen images contained
intermediate orientations. A first 3D reconstruction was
obtained from tilted-specimen images only. The topology
sphere corresponding to these images was almost
completely covered, except at the poles and the equator,
which corresponds to the top and side views, respectively.
Asthese orientations were commonly observed in untilted-
specimen images, we decided to collect such imagesand to
subject themto the 3D projection alignment procedure. The
topology sphere of the wholeimage set (tilted and untilted)
isalmost completely covered (Figs. 6A and 6B). However,
the histogram of images per DOP as a function of angle 6
(Fig. 6C) indicates an overabundance of top views
corresponding to DOPswith a8 anglecloseto 0° and 180°.
We calculated two 3D reconstructions, using the samevalue
of relaxation parameter and the same number of iterations of
the SIRT. Thefirst 3D reconstruction was cal culated using
al availableimages. It showsastrong stretching along the
six-fold axisof the particle and adisappearance of the central
toroid (acomponent of the linker complex) (Figs. 6D-6F).
The second reconstruction was calculated using only one
image per DOP, always choosing theimage that showed the
best correlation coefficient. The topology sphere of the
selected image set (Figs. 6G and 6H) showsthat the angular
coverage is complete and the corresponding histogram of
DOPsillustrates even distribution and projections (Fig. 6l).
Thereconstructionisno longer stretched (Figs. 6K and 6L)
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and thehexagonal toroidisregained (Fig. 6J). Thisapproach
isasimple solution to the artifact related to overabundant
projections. The main advantage is that the final recon-
struction has an even distribution of signal-to-noise ratio
(SNR) in 3D Fourier space, thustheresolution isisotropic.
However, the rejection of a certain number of projections
decreases to a certain extent the quality of the 3D
reconstruction, and correspondsto afast, but “brute force”
approach to the problem. Inthefollowing section, wewill
explore one, among many possible ways, to minimize the
artifact encountered when using the SIRT algorithm on
projection sets with uneven angular distributions.

Discussion
Theoretical analysis

The reason for distortions caused by the overabun-
dant images around one DOP is that we created heavy
oversampling in Fourier space while keeping the number of
iterations of SIRT procedure constant. In this situation,
oversampled portions of Fourier spaced retained a higher
weight compared to undersampled regions. The effect is
immediately understandable considering the convergence
propertiesof SIRT. Onestep of thisprocedureisasfollows:

g™ = g + APT (d - Pg™) )
where d is a vector containing all the available 2D pro-
jections, g™ is a vector containing the solution of 3D
structure during the n-th iteration step, P is a projection
matrix containing information about spatia relations be-
tween projection data and 3D structure. Thus, it contains
the sameinformation asthewhole set of Eulerian angles. In
addition, A isarelaxation parameter controlling convergence
speed. It can be demonstrated that
0<A<(20) @
where disso called proper value of the projection matrix P
(Herman, 1980). Thevalueof disproportional to the order
of matrix P and usually d<<1. Thus, anincreased number of
projection requires lowering the value of A and increasing
the number of iterations. Iterations defined by Equation 1
converge in aleast square sense to the true solution g(co).
Termination of theiterative process after afinite number of
steps corresponds to the low pass filtration of the final
structure (Norton, 1985).

To investigate angular oversampling, let us intro-
duce the partial vector d, containing data from the k-th
projection and corresponding to the partial projection matrix
P, (whichisderived from DOPgiven by Eulerianangles(¢,,
B, W). Inthisnotation Equation 1 becomes
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Figure 6 (on facing page): Artifacts caused by an
overabundant type of projection (top views) in the 3D
reconstruction of Riftia hemoglobin. (A-F) 3D
reconstruction calculated using the whole data set with an
excess of top views. (G-L) 3D reconstruction calculated
using one image per direction of projection. The same
number of iteration steps in the SIRT reconstruction
procedure were used in both cases. Topology spheres seen
fromthepole(A, G) and fromtheequator (B, H). Histograms
of average number of imagesasafunction of Eulerianangle
0, before (C) and after (1) topological selection. Surface
renderings of both 3D reconstruction volumes oriented in
their top (D, J), intermediate (E, K), and side (F, L) views,
respectively.

p
g™ =g Ay R RN @
k=1
where p isthetotal number of projections. We assume for
simplicity that only one projection (for k= 1) isoverabundant

and that we have its m copies. In this case,

m
9= g+ M Y (PI(dr-P1g™))

=1
; @
+ 3 (PH(di-Pcg™))}
k=2
which can besimplified to
g™ = g™+ Am{ P](d1-P1g™}
©

P
2D {PH(diPg™)}
k=2

Equation 5 demonstrates that in this case the
effectiverelaxation parameter for single projectionsisequal
to A, whilefor overabundant DOPitismA. Thus, the con-
vergence rate for this particular DOP is much higher (the
analysis of the rate of convergence of iterative
reconstruction algorithms can be found in Norton (1985).
To assure even convergence for al projections, one hasto
decreasethevalueof A andincrease the number of iteration
steps approximately logmtimes (assuming a geometrical
convergencerate). Failureto account for the overabundance
of projectionswill resultin artifacts, asillustrated in Figure
3.

In the case when the distribution of directions of
projectionsis highly uneven or when the majority of input
projections have more than one copy, the SIRT agorithmin
the version given by Equation 1 very quickly becomes
inefficient. Thisisdemonstrated by Equation 4, wherethe
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Cryo-EM

A)  Tilted Untilted C) Tilted or Untilted

\ - for refinements

B) Merging

EI:) n cycles
BDI |

Refined Reference v
Volume Topological selection

REF E) ({:E.r

SDI |
’% Refinement

\

m cycles

3D 3D Reconstruction

Figure7: Strategy of refinement for single particle 3D reconstruction. (A) Recording of tilted- and untilted-specimen images
at the cryoelectron microscope and calculation of separate single-cone 3D reconstructions. (B) Merging of these 3D
reconstructionsto fill the missing-conefollowed by n cycles of angular (curved arrow) and shift (crossed arrows) refinements
and 3D reconstructions. (C) Collection of additional cryo-EM imagesfor refinement, using thefinal volumefrom step B asa
reference. (D) Topological selection. (E) mcyclesof refinement yielding thefinal volume.
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first term denotes m projections and back-projections
calculated in the sarne DOP given by Py Thisproblem can
be easily corrected in the actual implementation of the
algorithm by performing only one projection and back-
projection per each unique DOP and multiplying corrections
to the structure by the corresponding number of projections
at thisDOP.

The problem of overabundant projectionsis by no
means restricted to iterative 3D reconstruction techniques.
In the filtered back-projection reconstruction methods the
uneven distribution of DOPs calls for a construction of so
called general weighting filters (Radermacher et al., 1986;
Harauz and van Heel, 1986), which will account for any
uneven samplingin Fourier space. Herewewill demonstrate
that the same general weighting method has to be applied
in case of overabundant projections. Making the same
assumption as in the derivation of Equation 5 (only one
projection has m copies) and following the notation of
Harauz and van Heel (1986), we can write schematically
expression for the weighting function of j-th projection as

1
p
1+ )1 jk(w)
k=1

K#]

wj(w)=

©

wherel, (w) isaninteraction function describing an overlap
between j-th and k-th projection (Harauz and van Heel, 1986).
Taking into account that the first projection has m copies
we obtain:

1

m p
1+Z| 11(00)+Z| k(W)
q:]_ k=2

k#j

wj(w)=
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B P
1+my ()t ZI k(W)
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Thus, contribution of the overabundant projection
(k=1inthiscase) to theweight of every other projectionis
m times higher than the contribution of single projections.
This is similar to the result of Eq. 5, where it was
demonstrated that the effective convergence rate of the
overabundant projection to the convergence is increased
mtimes. As for iterative algorithms, construction of the
weighting function becomes inefficient for overabundant
projections, the process can be speeded up by considering
only one projection per DOP and including the
corresponding number of projectionsin the algorithm.

So far werestricted our considerationsto noise-free
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projectiondata. The EM datacontainsahighlevel of noise
(usudly at the level of SNR = 1), thus this fact has to be
taken into account while adjusting parameters of the 3D
reconstruction program (for discussion of projection
variance see (Liuand Frank, 1995).

With low levelsof SNR, the heavy over-representa
tion of DOPswill result in uneven distribution of SNRin 3D
Fourier space and in anisotropic resolution. One can make
an attempt to increase SNR by replacing original projection
data by group averages and use these in the alignment and
3D reconstruction procedures (as suggested in Schatz et
al., 1995) and applied in other cases (Stark et al., 1995).
Unfortunately, eventhough it resultsin substantial increase
of speed, this method is not strictly correct. Indeed, by
replacing m overlaps with overabundant projections with
one intersection with the average of these projections we
obtain:

1

p
1) (@) Y1 jk(w)
k=2

K#]

wj(w)=

©

Thus, the contribution to the weight of the j-th pro-
jection from the overlap with the average of overabundant
projections has weight one instead of m. Thiswill cause
thedistribution of SNR in 3D Fourier spaceto beincorrect.
Thesameholdsfor theiterative algorithm. By replacingm
copies of the overabundant projection d, by the average
<d> in Equation 1, its relaxation parameter, and thus its
relativeweight initerations, will become mtimes|ower.
Topological selection

Another possibility to achieve an even distribution
of SNR and isotropic resolution is to use topological
selection and to exclude surplus projections from the data
set. In this way, the efficiency of the 3D reconstruction
process can be improved and the risk of producing the
artifact minimized.

The example of Riftia hemoglobin (see Results,
Oversampling artifact: case of Riftia pachyptila
hemoglogin) suggested a systematic approach to the 3D
reconstruction and refinement of cryo-EM images, that was
successfully applied to several biologica macromolecules
(de Haas et al., 1996a,b,c). Thefirst goa isto produce a
reference volume free of missing-cone artifacts. For this
purpose, we use the random conical tilt method (Fig. 7A).
At this stage, advantage is taken of preferred orientations
of particles within the ice layer. Each such orientation
producesasingleconeinitial 3D reconstruction. Depending
on the possible symmetries, some of these structures will
be corrupted by missing- cone artifacts, while some others
will not (e.g., seeexampleof GroEL withtheconical tilt series
corresponding to top and side views). Then, after finding
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the orientations of the primary volumes, a merged 3D re-
construction is obtained from the corresponding combined
image sets (Fig. 7B). Merging should give abetter angular
coverage and eliminate missing-cone artifacts, so that the
merged 3D reconstruction volume can be used as a first
reference structurefor n cyclesof 3D projection alignment
of the wholeimage set.

If gaps are detected in the angular coverage, addi-
tional cryo-EM images are collected (Fig. 7C). Since a
referencevolumeisavailable, thereisno need to collect tilt-
pairsof micrographs. Moreover, if theparticleexhibitslarge
numbers of intermediate EM views, tilting may not be
required. Therefore, one can concentrate on the quality of
themicrographs collected and use lower defocusto achieve
higher resolution (Fig. 5G). Thesenew imagesare subjected
to severa cycles of 3D projection alignment. If a strong
imbalance in angular coverageis observed one can apply a
topological selection in order to remove overabundant
images and get an even distribution of the SNR in the 3D
reconstruction (Fig. 7D). Thecriterion used for topological
selectionisthefollowing: When several images correspond
to the same DOP, theimage showing the highest correlation
coefficient with the corresponding 2D projection of therefer-
ence volume is kept for further processing. The set of
selected images is then submitted to a last series of 3D
projection alignment and 3D reconstruction, using as a
reference structure the reconstruction volume of the pre-
viouscycle (Fig. 7E).

Conclusion

The combination of well established techniques
(random conicadl tilt method, 3D projection alignment) allows
fast 3D reconstruction of single particles from cryo-EM
images. The strategy described was used for asymmetric
as well as symmetric particles. In cases where a low-
resolution reference 3D reconstruction isavailable, the 3D
projection alignment technique alone can produce new
results quickly and with minimal interaction from the user.
Inthiscontext, we presented two types of artifactsthat may
arise while working with image sets showing an uneven
angular distribution. The missing-cone artifact, resulting
from a gap in angular coverage, can usually be solved by
computation of a multicone or merged 3D reconstruction
volume. When using iterative algebraic 3D reconstruction
algorithms, a slower convergence may occur when
overabundant images produce an unevenness of angular
distribution. Inthissituation, we have successfully applied
an approach of topological selection to obtain an even
distribution of projections. For images corresponding to
the same DOP, the correlation coefficient with the
corresponding 2D projection of the reference volume
(Penczek et al ., 1994) was used asthe criterion of selection.
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A more subtle approach consists, when using the
SIRT algorithm, in keeping the whol e set of original images,
but increasing the number of iterations and lowering the
relaxation parameter. A theoretical anadysisof thedistortions
resulting from the oversampling indicatesthat similar effects
could be encountered when using other 3D reconstruction
algorithmsthan the SIRT.
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