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Abstract

Quantitative image analysis of electron
spectroscopic images of Escherichia coli and Thermomyces
lanuginosus ribosomal subunits has presented unique
challengesand hasresulted in new algorithmic devel opments
generally applicableto dark-field and el ectron spectroscopic
images of biological macromoleculesand their complexes.
These improvements include a neighbourhood growing
pretreatment procedure to delineate the boundary of the
two-dimensional structure, the use of mutual correlation
functions rather than cross-correlation functionsto reduce
the effects of low spatial frequency components, and
angular determination using iterative quaternion-assisted
angular reconstitution to compute a three-dimensional
reconstruction. Theseinvestigations have produced direct
information regarding ribosomal RNA (rRNA) architecture
in the large and small ribosomal subunits of prokaryotic
and eukaryotic organisms.
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Introduction

Ribosomal RNA (rRNA) has central importancein
the architecture of the ribosome complex and in protein
synthesis (Moore, 1988; Brimacombe, 1995; Mueller et al.,
1995). Thedifferent rRNA speciesand subunitsare usually
denoted by their predominant sedimentation coefficients:
16Sintheprokaryotic small (30S) ribosomal subunit, 5Sand
23Sintheprokaryotic large (50S) ribosomal subunit, 18Sin
the eukaryotic small (40S) ribosomal subunit, and 5S, 5.8S,
and 28S in the eukaryotic large (60S) ribosomal subunit,
where Sisthe“ Svedberg” coefficient. Every biochemical
and biophysical approach extant has been used to probe
the structures of the ribosomal complexes and the
organisation of rRNA withinthem, but of most relevanceto
us here are computational electron image analysis and
reconstruction (Frank, 1992, 1996). Science does not
progress simply by new ideas, but also by new techniques.
Significantly, the ribosome nut hasinspired the creation of
new tools to help crack it. We note especially the
sophisticated pattern analysis algorithms created in the
framework of “single particle electron crystallography”
(Frank, 1996). In this paper, we first review transmission
electron microscopy (TEM) approaches to probing the
tertiary structure of rRNA in situ, and then describein detail
our own work using electron spectroscopic imaging (ESI)
(Beniac and Harauz, 1993, 1995g; Beniac et al., 1997a,b) to
study rRNA in a prokaryote (the commonly studied
eubacterium Escherichia coli) and in aeukaryote (themildly
thermophilic fungus Thermomyces lanuginosus).

Electron microscopy of ribosomal RNA inintact
ribosomes

Well over a decade ago, the group of Professor
Hoppe at the Max-Planck-Institut fir Biochemie in Mar-
tinsried, Germany, reconstructed individual E. coli 30Sand
50Sribosomal subunitsfrom tomographictilt series(Knauer
etal.,1983; Oettl et al., 1983). Thecomplexeswerenegatively
stained by embedding in uranyl acetate, and regions of high
density in the reconstruction were postul ated to represent
rRNA that had been positively stained (Fig. 1). Thiswork is
of historical interest becauseit challenged the microscopical
and computational capabilities of the time. In another
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Figure 1. Plaster model representing an interpretation of
the path of E. coli 16SrRNA in the reconstructions of 30S
subunitsfromtilt series(Knauer et al., 1983). (Thislandmark
of electron microscopical achievement now decorates the
tearoom of the Molekulare Strukturbiologie group at the
Max-Planck-Institut fiir Biochemie, Martinsried, Germany.)

approach, Kihlbrandt and Unwin (1982) applied contrast
variation to distinguish the rRNA from the protein within
crystalline ribosomes from lizard oocytes. Using media of
variable el ectron scattering density to match out the contri-
bution to image contrast of protein or nucleic acid, it was
found that the rRNA formed a dense central core with
extensions to the surface, especially in the region of the
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subunit interface. Elsewhere, the dedicated scanning
transmission electron microscope (STEM) at Brookhaven
National Laboratories was used to differentiate between
signals from scattered electrons at large and small angles,
enabling the approximate mapping of the distribution of the
phosphate backbone of the rRNA in situ in the E. coli
ribosomal subunits (Boublik et al., 1990; Boublik and Wall,
1992). Immunoel ectron microscopy hasbeeninvaluablein
localising specific rRNA sequence segments (e.g., Stoffler-
Meilickeetal., 1981; McWilliamsand Glitz, 1991).

Cryoelectron microscopy has provided the best in-
formation on ribosomal structure, and the Albany group
has been the vanguard of this discipline. Specifically
addressing the question of rRNA organisation, Frank and
coworkers(Frank et al., 1991) performed athree-dimensiona
(3D) reconstruction of the 70S E. coli ribosome encased in
vitreous ice. Quantitative manipulation of the
reconstruction by density discrimination yielded a struc-
ture interpretable as being ribosoma RNA, with an intri-
guing potential rRNA junction at the subunit interface.
Most recently, theAlbany and Berlin groupsworking inde-
pendently achieved high resolution reconstructions of E.
coli 70S ribosomes embedded in vitreous ice, and these
studies have set the gold standard for the field (Frank and
Penczek, 1995; Frank et al., 1995ab; Stark et al., 1995). During
the gestation of this present manuscript, further
reconstructions from the Albany group were published
(Agrawal et al., 1996; Lata et al., 1996; Verschoor et al.,
1996). Itisdifficult to envision that techniques other than
cryoelectron microscopy might still beworthwhileto pursue
in ribosomol ogy.
Electron spectroscopicimaging

Nonetheless, it till can help to look at biological
macromolecules in a different way. Dark field electron
microscopy (EM) and ES| (Ottensmeyer and Andrew, 1980;
Ottensmeyer, 1982, 1984) aretwo different modes of imaging
macromolecular complexes. ES| usesastandard TEM which
is equipped with an energy filter below the objective lens
(Ottensmeyer, 1984). By using only electrons which have
lost a specific amount of energy due to specific inner-shell
ionisation interactions with the specimen, it is possible to
form an elemental map of the specimen. In nucleoprotein
complexes, amap of the phosphorusdistribution represents
primarily a projection of the phosphate backbone of the
nucleic acid component, since the amount of phosphorus
in phosphorylated proteinsis usually much smaller. Since
ESI’s inception, important structural and functional data
have been gathered by the ability to visualise selectively to
high resolution the nucleic acid components of
nucleosomes, ribosomes, the signal recognition particle, the
THIIA-5SrRNA complex, DNA, and sundry other protein-
DNA complexes. Inparticular, thevisualisation of rRNA in
situintheintact ribosomal subunit by ESI wasdemonstrated
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Figure2. Areasof 150 eV loss el ectron spectroscopic images of (a) E. coli largeand (b) E. coli small and (c) Th. lanuginosus
large and (d) Th. lanuginosus small ribosomal subunits. These images have been printed directly from the negatives onto
photographic paper. Contrast is thus reversed from that in the electron microscope film. Here, the ribosomes are white

against adark carbon film background. Bar = 100 nm.

asfeasible, over adecadeago (Korn et al., 1983; Boublik et
al., 1984). Unfortunately, these results have never been
fully accepted by the scientific community, mainly because
of the unavoidably high radiation doses inherent in the
technique, measurements of which were published by Bazett-
Jones et al. (1988). Electron spectroscopic imaging is a
microanalytical technique, not just an imaging one. The
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higher irradiation demands of thetechniquearefor localising
and identifying the phosphorus signal.

Electron spectroscopic imaging can be a useful and
complementary technique to vitreous ice imaging of nu-
cleoprotein complexes. In principle, the most obvious
advantages of ESI to the study of ribosome structure are a
potential resolution of 0.3-0.5 nm of unstained specimens,
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with a minimum detectable mass of 20 to 50 atoms of
phosphorus (Adamson-Sharpe and Ottensmeyer, 1981;
Bazett-Jones and Ottensmeyer, 1981; Bazett-Jones, 1993).
Over many recent years, we have been applying quantitative
image analysisto ESimages of ribosomal subunits (Beniac
and Harauz, 1993, 1995g; Beniac et al., 1997a,b). Atthetime
that we initiated these studies, circa 1989, the previously
demonstrated potential of ESI was singularly aluring. It
wasinitialy thought to be astraightforward matter to spread
some purified ribosomes on agrid, imagethem el ectron spec-
troscopically, and obtain beautiful pictures by computa
tional single particle analysis. In retrospect, this approach
presented unique challenges, including subunit isolation,
their preparation for electron microscopy, and the
requirement for new algorithmic devel opments. We present
here our acquired knowledge, especially in the latter
discipline, as arational framework generally applicableto
dark-field and electron spectroscopic images of biological
macromoleculesand their complexes.

Materialsand M ethods

| solation of ribosomal subunits

Escherichia coli [strain AB 264; American Type
Culture Collection (ATCC), Rockville, MD] and
Thermomyces lanuginosus (ATCC 16455) ribosomal
subunits were isolated by sucrose density gradient
centrifugation. All procedures were continuous from cell
lysisto freeze-drying to ensure particleintegrity. Under no
circumstances were samples frozen between steps. The
sampleswere constantly maintained at 4°C, and RNase and
protein inhibitors were used to ensure that enzymatic
degradation did not occur. After pooling of gradient
fractionsenriched in small or large ribosomal subunits, the
sucrose was removed, and the salt concentration of the
buffer was reduced by dialysis against a 1 liter volume of
dialysis buffer for a 12 hour period with several buffer
changes. Shortcuts here were definitely deleterious, with
any remaining sucrose or salts forming disturbing menisci
around the pure particles. E. coli ribosomal subunitswere
dialysed against 10 mM HEPES (N-[2-hydroxyethyl]
piperazine-N’-[2-ethanesulfonic acid])-KOH (pH 7.4), 60 mM
KCl, 10mM 2-mercapto-ethanol, 2mM Mg(CH,COO),[4H.0.
Th. lanuginosus ribosomal subunits were dialysed against
10mM HEPES-KOH (pH 7.5),0.9M KCl, 10mM 2-mercapto-
ethanol, 12mM Mg(CH,CQO),[4H,0.

Preparation for electron microscopy

Ultrathin carbon film (~5-6 nm thick) was produced
by indirect evaporation onto mica, scored and floated off
onto the surface of sterilised ddH,O (distilled deionised
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water), and picked up with precleaned 1000 mesh copper or
nickel grids. Both types of grids were used to be able to
freeze-dry two different specimens at the sametime. The
coated gridswerewicked dry, and allowed to stand for a12
hour period to alow the carbon to adhere firmly to the
support. Omission of this 12 hour drying step resulted in
the carbon film detaching from the support grid in the
subsequent liquid propane plunging step. A 25 pl drop of
the dialysed ribosomal subunit enriched sample (adjusted
toanA,,/ml of 0.2) was applied to the carbon film side of a
carbon film - 1000 mesh grid. The samplewas allowed to
adsorb to the carbon film for 60 seconds, and the excess
samplewas removed by wicking with filter paper; thisstep
was followed instantly by application of a25 pl droplet of
sterile ddH,O to rinse the sample. This wicking-washing
procedure was repeated several times to rinse the sample
thoroughly. The grid with the sample was then held in a
pair of reverse tension forceps, wicked almost dry, and
immediately plunged into a bath of liquid propane
suspended in a cup in a bath of liquid nitrogen (-196°C).
The frozen sample was then transferred into a copper tray
suspended in liquid nitrogen; the copper tray (with gridsin
it) wasthen transferred to apre-cooled (-196°C) cryo-stage
of aBalzers(Liechtenstein) 360 M freezefractureunit. The
gridswerethen transferred to the cryo-stage with pre-cooled
forceps, the copper tray was removed, and the freeze etch
unit wassealed. A high vacuum wasthen drawn (10° Torr),
while the sample temperature was kept at -196°C. Over a
half hour period, the samplewas gradually warmed to -84°C;

thisstep wasfollowed by a2 h drying period at -84°C. The
sample was then gradually brought up to room tempera-
ture, removed from the Balzers freeze etcher, and stored
under vacuum in a bell jar until viewed in the electron
microscope.
Electron spectroscopicimaging

Electron spectroscopic imaging was performed in a
Zeiss(Oberkochen, Germany) EM 902 el ectron microscope
equipped with a Castaing-Henry type energy filter, at a
magnification of 30000x and at an accel erating voltage of 80
keV. Theenergy selecting slit was set at awidth of 18 eV.
Two micrographs were then taken of previously
unilluminated regionsof the specimen at 150 eV and 100 eV
energy losses. The 100 eV image produced non-specific
mass density images of the subunit, and the 150 eV image
represented a phosphorus enhanced image of the sample
superimposed over a non-specific mass density. The 150
eV image wasrecorded first because we considered it to be
the moreimportant one, i.e., aphosphorus enhanced image.
We usetheterm “doublets’ to refer to these pairs of images
of the specimen recorded at different energy losses. Electron
micrographs were visually examined, and those of best
optical quality (focus, astigmatism, optical density within
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Figure 3. Galleries of 150 eV loss and corresponding NetP images of farrow-segmented (pretreated) single ribosomal
particles. The farrow-segmentation process was applied to the 150 €V loss images; subsequently, the boundary of the
pretreated 150 eV lossimage was used to delineate the (same) particleinthe NetPimage. (a) E. coli largeribosomal subunits,
farrow-segmented 150 €V lossimages. (b) Corresponding E. coli large ribosomal subunits, farrow-segmented NetPimages.
(c) E. coli small ribosomal subunits, farrow-segmented 150 eV lossimages. (d) Corresponding E. coli small ribosomal

subunits, farrow-segmented NetPimages. Bar =50 nm.

the linear response range of the emulsion) were chosen for
subsequent analysis (Fig. 2). Electron micrographs were
digitised using an Optronics (Chelmsford, MA) rotating
drum densitometer; a 1200 x 1200 pixel areawas acquired
using a25 pm aperture, with acorresponding scanning step
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sizeof 25 um. During digitisation, theemulsion of thenegative
was kept facing into the drum to preserve handedness in
theimages. All micrographswere mounted so that doubl et
images (i.e., at 150 and 100 eV loss) would be scanned over
the same central region of the micrograph to facilitate
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computer alignment of doublet members. Digitisationwas
restricted to the center of the micrograph to maintain the
same energy lossrange fromimagetoimage.

Digitised images were then transferred to an IBM
(Markham, Ont., Canada) RISC System/6000 Power Station
220 for analysis within the framework of the IMAGIC-V
system (van Heel et al., 1996). The digitised ES images
were pretreated with a 3x3 pixel median filter to suppress
some of theimage noise, followed by interactively selecting
matching ribosomal subunits within each image, using a
mouse and cursor. The centers of mass of the 200 or so
matching ribosomal subunits were used as fiducial points
to calculate the rotation and translational shifts necessary
in order to bring the paired images into register with one
another. Individual small (904 for Th. lanuginosus and 927
for E. coli) and large (789 for Th. lanuginosus and 1105 for
E. coli) ribosomal subunitsweretheninteractively selected,
i.e., subimages of size 64x64 pixels containing a single
ribosomal subunit centered within them were selected from
thelarger 150 €V and 100 €V lossimages.

The first step in producing the net phosphorus
(NetP) image from the doublet of each particle was the
removal of the background density dueto the photographic
emulsion by subtraction of the average density measured
from acorner of the negative. Next, theextrapolation of the
energy loss spectrum under the ionisation edge was
calculated using the relationship | = AER, where | is the
intensity, E isthe energy loss, and A and R are constants.
In aso-called two parameter fit, the values of A and R are
calculated for each point in the image, and two reference
images (below the ionisation edge) are required
(Ottensmeyer, 1986a,b; Bazett-Jones et al., 1988; Bazett-
Jones, 1993). Here, we used aone parameter fit with avalue
of R constant over the whole image and only A varying,
since only one reference image was taken deliber ately to
limit the cumulative electron dose. The net phosphorus
map was cal cul ated by subtracting the extrapolated 100 eV
lossimagefromthe 150 eV lossimage. Although the number
of phosphorus atomsis only about 2.5% of the total num-
ber of carbon-like atoms, the inelastic scattering cross-
section of phosphorusis about 15 times stronger than car-
bon at 150 eV (Ottensmeyer, 1986a,b; Egerton, 1988; Heng
et al., 1990) and so alarge NetP signal is realised (Bazett-
Jones, 1993; Bazett-Jones and Ottensmeyer, 1981).

For a strong NetP signal such as from a ribosome,
which constitutes about 20-30% of the background signal
(cf., Heng et al., 1990), the one-parameter approximation
would introduce a systematic error of no more than 15%
while reducing the random error by 40% compared to the
two-parameter fit. Obviously, for smaller elemental
concentrations, more complex three or four window meth-
ods are required. The integrated optical densities over
corresponding background areas comprising only carbon
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filmwere used to determine multiplicative factorsto correct
for theslightly unequal exposures of each doublet member.
We determined empirically that more satisfactory NetP
images were obtained by performing the above calculation
for each particle separately, using theadj acent carbon film
density to compute background correction factors, rather
than doing the calculation over alarge areausing an average
carbon film density.

Two-dimensional electron imageanalysis

Because of computer resource limitations, each of
the four data sets (Th. lanuginosus and E. coli large and
small ribosomal subunits) was further reduced to 300
particles and treated separately. The particleswere chosen
solely onthe basis of their structural integrity and isolation
from other complexeswhich might interferewith theanalyss.
Sincethe 150 eV lossimages contained stronger and more
distinctive signal sthan the corresponding 100 eV [ossones,
and wereinherently lessnoisy than the corresponding NetP
maps, all sorting and alignment algorithmswere applied to
thefirst population. Once 150 eV lossimageswerealigned
rotationally and translationally, and classified, the
corresponding NetPimageswere moved and averaged using
the same parameters. The aim of subsequent “single
particle” image analysis was to sort these data into groups
representing similar projections, for averaging to improve
the signal-to-noiseratio and reproducible spatial resolution.

All images had aready undergone a3x3 pixel medi-
an filtering. A 2x2 zoom factor was then applied to each
image to make each ribosomal subunit comprise a greater
number of pixels within each image, to reduce subsequent
interpolation errors due to effects of digitisation at agiven
pixel size. The subsequent set of operations constitute a
pretreatment procedure which we have baptised as* farrow-
segmentation” after itsoriginator (Farrow and Ottensmeyer,
1992, 1993). First, the pixel of maximum intensity was
determined in the center quarter of each image. Starting
from this point, neighbouring pixels were marked, and a
contiguous region was thus “grown” outwards until the
integrated intensity of all pixelswithin the neighbourhood
wereaspecified fraction (here, 1/3) of theintegrated intensity
of all pixelswithin the entireimage. Thisoperation served
todistinguish the particlefromits surrounding background
which represented only carbon film. Previously, we had
used objective thresholding algorithms focussed on dis-
criminating “object” from “background” on the basis of
grey level distributions (Beniac and Harauz, 1995b). The
advantage of farrow-segmentation was the definition of a
contiguous image region representing only the particle of
interest.

After farrow-segmentation, all pixels outside the
particle neighbourhood were set to avalue of zero, and the
value of the smallest positive gray level less 1 was then
subtracted from the particle pixels. Thisway, the average
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Figure 4. Galleries of 150 eV loss and corresponding NetP images of farrow-segmented (pretreated) single ribosomal
particles. The farrow segmentation process was applied to the 150 €V loss images; subsequently, the boundary of the
pretreated 150 eV lossimage was used to bound the particleinthe NetPimage. (a) Th. lanuginosuslargeribosomal subunits,
farrow-segmented 150 €V lossimages. (b) Corresponding Th. lanuginosuslargeribosomal subunits, farrow-segmented NetP
images. (c) Th. lanuginosus small ribosomal subunits, farrow-segmented 150 eV loss images. (d) Corresponding Th.
lanuginosus small subunits, farrow-segmented NetPimages. Bar = 50 nm.

(in the vicinity of the particle) density contribution of the
carbonfilmwasremoved from theanalysis. Then, all non-
zero positive density valueswere normalised over theentire
image population, being multiplied by a positive factor so
that each particle had the same total intensity. By
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normalising all theimagesinthisway, intensity differences
were suppressed, enabling a better comparison of different
images to one another. A translational alignment was
performed last to match the center of mass of the particle
with the geometric center of theimage (Figs. 3and 4). Then,
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each dataset underwent at least 2 cycles of multi-reference
alignment, multivariate statistical decomposition into
principal components of variation, hierarchical ascendant
classification, and interpretation and refinement of class
averages (Frank, 1996). Another important difference here,
however, is that mutual correlation functions rather than
cross-correlation functions were used to reduce the effect
of low spatia frequency components especially prevalent
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Figure5 (atleft). Theessenceof IQAD (Farrow and Ottens-
meyer, 1992, 1993). A three-dimensiona object viewed from
different orientations presents different two-dimensional
views. Theshadowsin (a) illustrate thisfirst point. Inreal
space, the 3D object is related mathematically to its 2D
projectionsby lineintegration of the 3D density. Inreciproca
(Fourier) space, the corresponding 3D and 2D Fourier
transformssharecommonlines. Theoutlinesin (b) aredrawn
to appertain to this second point. Three different 2D
projections are necessary and sufficient to determine the
Eulerian angles of rotation relating them. This general
process is termed “angular reconstitution.” The acronym
IQAD wasfirst used but is perhaps no longer adequate: it
could mean either “iterative quaternionic angle
determination” (GH), or “iterative quaternion-assisted
angular reconstitution” (GJC). Bothtermsare equivalent.

insuchimages (van Heel et al., 1992).

Three-dimensional reconstruction of ESimages

The problem of determining therelative orientations
of non-crystalline randomly oriented biological macro-
molecules has been along-standing one. Here, we used a
quaternion-assi sted approach of angular reconstitution (Fig.
5) (Farrow and Ottensmeyer, 1992, 1993). This method
exploitssinograms and sinogram correl ation functions (Fig.
6) and the Central Axis(or Projection) Theoremto determine
the relative angular orientations of the ribosomal subunits
from their farrow-segmented 150 eV loss images. This
theorem states that projection images of a particular
macromolecule at different orientations share common lines
of integrated intensity. By determining these common lines,
it is possible to determine the relative angular orientations
amongst many projection images. The initial orientation
angles of the reconstructions were refined iteratively by a
quaternion vector approach as described previously by
Farrow and Ottensmeyer (1992, 1993). Themethodisrobust,
has been tested exhaustively with simulated images, and
applied recently to structure determination of numerous pro-
teinsand nucleoproteins(e.g., Czarnotaet al., 1994; Czarnota
and Ottensmeyer, 1996; Bazett-Jones et al., 1996; Beniac
etal., 1997b,c; Ridsdaleet al., 1997). Again, mutual correla-
tion functions between sinograms were employed instead
of cross-correlation functions. Reconstruction was per-
formed using filtered back-projection with exact filters
(Harauz and van Heel, 1986).
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Figure6. Inreal space angular reconstitution, sinograms
and sinogram correlation functions (SCFs) must be
calculated. On the left are 3 sinograms derived from 3
different 150 €V loss images of E. coli small ribosomal
subunits. Each line in a sinogram represents a one-
dimensional projection of the two-dimensional image at
radial angles ranging uniformly from O (top line) to 21
(bottom line). Ontheleft arethethree sinogram correlation
functions derived from pairs of sinograms: SCF 1 from
sinograms 1 and 2; SCF 2 from sinograms 1 and 3; SCF 3
from sinograms2 and 3. Thevalue of each pixel inthe SCF
isthemutual correlation coefficient of alinein onesinogram
with alinein another sinogram. The highest peak valuein
the SCF represents the orientation of the common line of
one projection with another.

Resultsand Discussion

Electron spectr oscopicimaging and digitisation
Sample preparation, imaging, and densitometry were
performed after many trials. Many experiments with dif-

ferent buffers and different purification protocols were
needed to obtain pure ribosomal subunit preparations, with
minimal cross-contamination of large and small particles,
and with minimal interference from buffers after freeze-
drying.

TheZeissEM902 isthefirst commercialy available
instrument capable of ES| with an in-column filter. Data
were of necessity recorded on electron-sensitivefilm. This
arrangement might sound archaic given the spate of
technologica developments, e.g., dedicated STEMs(Crewe,
1966) equi pped with spectrometers (Engel and Reichelt, 1988;
Haider, 1989; Engel and Colliex, 1993). However, film still
remains a far more sensitive detector than some modern
charge-coupled device (CCD) cameras(cf., deBruijnetal.,
1993; Beckerset al., 1994a,b, 1996). Inthefuture, adedicat-
ed STEM might be useful if equipped with an electron
spectrometer and detector that countssingle el ectronsrather
than bunches of 30 for a single “event,” and that reads
signals on the fly rather than requiring 100 minutes for a
simpleimage of 512x512 pixels. Finally, film densitometry
required an accurate device - desktop scanners suitable for
office publishing are simply too noisy. Here, the Optronics
densitometer was one of the best that was available to us.
Our use of anumber of other densitometershad led at times
to aloss of information due to an insufficient instrumental
signal to noiseratio. Thus, the instrumentation used must
be considered in comparing results, including negative ones,
from different laboratories (deBruijn et al., 1993; Beckerset
al., 1994a,b, 1996).

Two-dimensional electron imageanalysis

In our previous studies (Beniac and Harauz, 1993,
1995a,b), we had lamented the difficulty of applying al-
gorithms developed for single particle analysis of bright
field images of negatively stained macromolecular prepa-
rationsto dark field-likeimages of unstained samples. The
former are horrible holograms (aterm originating from Pro-
fessor Kellenberger, quoted in Ottensmeyer, 1982); thelat-
ter are blobs (cf., reference to “blobology” on page 93 in
McRee, 1993). In other words, thelatter have amuch higher
relative component of low spatial frequency information
and poorer intra-image definition of structural detail.
Pretreatment of images by band-passfiltering, and alignment
using cross-correlation functions, did not lend themselves
to the facile production of homogeneous class averages
that could beinterpreted as corresponding to, say, the quasi-
symmetric, crown, or skiff views so beautifully delineated
in computational analyses of negatively stained
preparations (van Heel and Stoffler-Meilicke, 1985); Harauz
etal., 1987, 1988; Harauz, 1992; Harauz and Flannigan, 1992).
As one potential solution to these problems, we
experimented with orientationally invariant functions of
moments of images of single ribosomal particles (Hawkes,
1980a,b; Teague, 1980; Beniac and Harauz, 1995b). Wehave
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Figure 7. The compositions of classes derived by single particle analysis are illustrated here. Each row comprises five
images of individual particles. Thefirst four imagesare examples of farrow-segmented and aligned members of aparticular
class, whose averageimageisthe 5th and last of that row. The 150 eV lossimagesare of E. coli 50S (a) and 30S (c) ribosomal
subunits. The corresponding NetPimagesare of E. coli 50S (b) and 30S (d) ribosomal subunits.

not yet succeeded in developing this approach to the point
where it can differentiate between subtly different
orientations of macromol ecules, although moment functions
continue to be discussed considerably in the literature
(Wallin and Kubler, 1995). Other kinds of orientation
invariant functions of the macromolecular imagesalso gave
disappointing results in our hands (Schatz and van Hedl,
1990, 1992).
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However, wedididentify the need for an objective
differentiation of the particle from its carbon film
background. Inour earlier work, we used avariety of image
thresholding agorithms (Beniac and Harauz, 1995a,b). Here,
we used a neighbourhood-growing technique which had
an advantage over simplethreshol ding of producing amore
homogeneous set of particlesinterms of areal sizeand total
density. Subsequently, the use of mutual correlation
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Figure 8. The compositions of classes derived by single particle analysis are illustrated here. Each row comprises five
images of individual particles. Thefirst four imagesare examples of farrow-segmented and aligned members of aparticular
class, whose averageimageisthe 5th and last of that row. The 150 eV lossimagesare of Th. lanuginosus 60S (a) and 40S ()
ribosomal subunits. The corresponding NetP images are of Th. lanuginosus 60S (b) and 40S (d) ribosomal subunits.

functions, in which the Fourier transforms of images are
divided by the squareroots of their amplitudes at each point,
led to better alignments (van Hedl et al., 1992). Theselection
of multipleimages asreferencesfor alignment ameliorated
the problem of “reference bias” with satisfaction.
Multivariate statistical analysis using x? metrics (the
canonical correspondence analysis) (Frank, 1996),
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hierarchical ascendant classification (Frank, 1996), and
interactive subdivision of computer defined classes into
smaller classes yielded homogeneous subgroups
representing different particleslyingin similar orientations
inthe plane (Figs. 7 and 8).

Aretheseresultsrelevant biologically? After farrow-
segmentation, it is evident that individual ribosomal
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Figure9. (a) Distribution of projection orientationsfor E.
coli small ribosomal subunits, and (b) E. coli largeribosomal
subunits, determined by IQAD using the 150 eV lossimages.
(b, c). Three-dimensional reconstructions of E. coli small
ribosomal subunits. Shaded surface representations of
reconstructions cal cul ated using the (b) 150 eV lossand (¢)
NetPimagesare shown at various density threshold cutoffs.
We interpret the higher densities of the NetP signal to be
morelikely tobereal.

particles can berecognised aslyinginthe“lateral,” “ quasi-
symmetric,” “crown,” “skiff,” or other orientations (Figs. 3,
4,7and8). Clearly, thesedatacontain structural information
onthese complexes. Classaveragescan aso beinterpreted
in thismanner, although the fine detail seemingly apparent
intheoriginal imagesislost. Moreover, the corresponding
NetP class averages were equally blobby. What are the
reasons for these disappointing results? First, structural
variation dueto preparation artefacts and radiation damage
is one source of the severe blurring. Secondly, we
hypothesise that the ribosomal subunits in these freeze-
dried preparations present ar ange of orientations, including
sig nificant “rocking” about the expected preferred ones
such asthe crown, etc. In negatively stained preparations,
the intraimage contrast afforded by stain penetration into
the interior, as well as particle flattening caused by the
preparation process (minimising the “rocking” effect), can
fortuitously help make sensible the two-dimensional image
sorting and averaging process. Here, however, such
artefacts are not available to help us.
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Clearly, we should resist overinterpreting the indi-
vidual noisy €lectron spectroscopic images - we acknowl-
edge that the particles have lost up to half of their mass
during the microanalytical process. The ES| techniqueis
always criticised on the basis of the high radiation dose
that is inherently necessary to identify atomic elements.
(As a microanalytical technique, it is nevertheless more
dose-sparing than any other approach, often by at least an
order of magnitude.) Thiscriticism is one reason why we
invoke image averaging as a means to “wash out” factors
such as radiation-induced structural alterations in the
sample. It appears here that image averaging in two
dimensions followed by 3D reconstruction (averaging in
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Figure10. (a) Distribution of projection orientationsfor E.
coli largeribosomal subunits, and (b) E. coli largeribosomal
subunits, determined by IQAD using the 150 eV lossimages.
(b, €). Three-dimensiona reconstructions of E. coli large
ribosomal subunits. Shaded surface representations of
reconstructions cal cul ated using the (b) 150 eV lossand (¢)
NetPimagesare shown at various density threshold cutoffs.
We interpret the higher densities of the NetP signal to be
morelikely tobereal.

three dimensions) would result in atwo-fold and excessive
blurring of detail. Perhapsit isbest simply to proceed to the
third dimension directly.

Three-dimensional electron imageanalysis

The ergodic hypothesisin statistical mechanics can
be applied to structural molecular biology: the ensemble of
orientational projections of one ribosomal complex is
equivalent to the ensemble of projections of many ribo-
somal complexes lying in different orientations. We next
used the farrow-segmented yet aligned 150 eV loss data as
direct input to the IQAD (iterative quaternionic angular
determination) process. As always, various iterations of
thisprocedure were performed. With afull complement of
300 projections, the reconstructionswere difficult to inter-
pret. They were blobby and spherical because of apparent
inability of the IQAD procedure to deal accurately with so
many imagesof thisnature. We obtained moreinterpretable
results after random splitting of the image population into
various smaller subsets of 100 particles each. After
numerous reconstructions, we came to a point where we
were satisfied that threeindependent reconstructions, from
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three non-overlapping subsets of 100 particles each, were
yielding essentially the same 3D structure.

TheEulerian angledistributionsand 150 eV lossand
NetP reconstructions from two of these subsets are shown
in Figure 9afor the E. coli small ribosomal subunit, andin
Figure 10a, for the E. coli large ribosomal subunit. In
accordance with our interpretation of “rocking” above, the
distributions of projection orientations do not form tight,
discrete clusters. On the other hand, they are not entirely
random either. For example, the Euler angular dispersionfor
theE. coli small ribosomal subunit (Fig. 9a) can beimagined
toformaMilky Way-like band, suggesting that it primarily
rotates about its long axis.
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The Fourier Shell Correlation function yielded re-
producible spatial resolution estimates of O(4 nm), at a
significance threshold of two standard deviations, between
independent 150 eV reconstructionsfrom 100 particleseach
(see Frank, 1996). Here, we have borrowed the symbol
“O(m)” from mathematics, and useit to mean “the order of "
or rounded to one significant digit“m.” Onereason that we
have done so isbecause no standard existsfor theresolution
of electron microscopical reconstructions. Different groups
use different measures such as the Fourier Ring/Shell
Correlation Functions, or Differential Phase Residual
Function, and thresholds of significance are not aways
stated in publications. It is thus meaningless to quote all
digits of, and to compare with each other, the various
published resolution measures until some standard is
agreed upon. Thevalue of O (4 nm) for our reconstruction
here is reasonable and inoffensive given the nature of the
data: freeze-dried onto acarbon film, imaged with high elec-
tron doses, and of microanalytical quality rather than merely
structural. Another reason for using the O(4 nm) terminol ogy
is because the reconstructions here do not show much fine
detail. We have no easy explanation and consider it better
to downplay the importance of digits that are really just
estimatesof resolution. The methodol ogical devel opments
introduced here haveyielded asignificant improvement over
the O(6 nm) resolution of our previous 3D reconstruction
(Beniac and Harauz, 1995a). The recent cryoEM
reconstructions are much better, of course, at O(2 nm) or
O(3nm) resolution (Frank et al., 1995a,b; Frank and Penczek,
1995; Stark et al., 1995; Agrawal et al., 1996; Lata et al.,
1996; Verschoor et al., 1996).

The molecular weights of the reconstructed subunits
can be calculated from their volumes, assuming densities of
approximately 0.84 Da/A® for the protein component and
1.03 Da/A® for the nucleic acid component (Stark et al.,
1995). Theresultsareroughly 886 kDa, for the small subunit,
and 1602 kDa for the large subunit, which calculations
compare favourably with the accepted values of 930 kDa
and 1590 kDa, respectively. However, these values should
beviewed with caution sincethereisawide range of volumes
of ribosomal reconstructionsreported in therecent literature
(Ofverstedt et al., 1994; Frank et al., 1995b; Stark et al.,
1995; Agrawal et al., 1996; Lataet al., 1996; Verschoor et al.,
1996). Nonetheless, the exercise of calculating volumes
was useful in choosing density thresholds for comparing
the corresponding 150 eV loss and NetP reconstructions,
from whichwe concludebel ow that rRNA reachesthe surface
of the complex in many places.

Biological correlations

Thethree-dimensional reconstructionsfrom electron
spectroscopicimages of the E. coli small ribosomal subunit
areinterpretable and informative (Fig. 9). Although ahigh
density threshold had to be applied before these results
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appeared meaningful, we had seemingly overcome the
limitation of superposition of structural features in two-
dimensional projections. We see well-defined head and
body domains (roughly one-third:two-thirdsin sizeratio) in
both the 150 eV loss and NetP reconstructions, although
thetwo density distributionsare not identical. The 150 eV
loss signal comprises also non-specific (i.e., both protein
and RNA) mass density. It isthus not reliable to interpret
the higher densities in the 150 eV loss reconstruction as
corresponding exclusively to rRNA, even though the 150
eV loss image has a stronger signal due to phosphorus
thanthe 100 eV lossimage. InFigure9, from certain perspec-
tives, the canonical “left- and right-lateral” and “quasi-
symmetric” or “asymmetric” views seen in negatively-
stained preparations (e.g., van Heel and Stoffler-Meilicke,
1985) can be recognised. This consistency with previous
EM work of the present reconstructions from electron
spectroscopic images is positive and supports the validity
of the phosphorus and mass reconstructions. In the small
subunit NetP reconstruction at the density threshold in the
middle column, there appears to be a channel through the
rRNA intheneck region. Thisfeature correspondsdirectly
to a putative passageway for mRNA defined in the gold
standard cryoEM reconstructions (Frank et al., 1995a,b;
Lataetal., 1996). Thebase of the small ribosomal subunitis
rRNA-rich, whichisan excellent result becausethisregion
is deficient in ribosomal proteins (Capel et al., 1988). We
even see astructure akin to the “spur” or “toe” (Penczek et
al., 1994; Frank et al., 1995a,b; Stark et al., 1995) which here
is shown to be rRNA. Our results resemble closely even
the phosphorus maps defined by low-dose STEM (Boublik
etal., 1990; Boublik and Wall, 1992).

Similarly, the E. coli large subunit reconstructions
also agreewell with other biological data (Fig. 10) (Svergun
etal., 1994; Walleczek et al., 1988). They aremoredifficult
to interpret than the small subunit reconstructions because
they seem more spherical and landmarks such as the three
classical protuberances were harder to recognise. The
IQAD procedure might have had difficulty determining the
correct handedness of these projections. Inthelarge subunit
NetP reconstruction, there is a channel in the body of the
complex, which can potentially represent the outlet for the
nascent polypeptide (Frank et al., 1995a,b).

In both subunit reconstructions, the rRNA appears
toform adense centra core, reaching the surfacein amanner
similar to that defined in (Kdhlbrandt and Unwin, 1982) by
contrast variation using aurothioglucose and glucose
embedding. Although some subjectivity was necessarily
involved in choosing density thresholdsfor display of these
reconstructions, we used calculated total volumes and
relative volumes (see above) to guide usin comparing the
150 eV and NetP results. Thus, the conclusion that rRNA
appears to reach the surface was not reached arbitrarily.
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Finally, the Th. lanuginosus (eukaryotic) small ribo-
somal subunit reconstructions (not shown) (Harauz and
Flannigan, 1992; Beniac et al., 1997a) are also meaningful.
The eukaryotic small subunit has a prominent bill in the
head and basal lobes, in comparison with the prokaryotic
small subunit. It hasbeen proposed that the extranon-core
rRNA which hasbeenidentified by phylogenetic comparison
of small ribosomal subunit rRNA secondary structure is
deposited in the bill and basal lobe regions of eukaryotic
small ribosomal subunits (Brimacombeet al., 1990).

To end, the congruence of these various 3D ESI
reconstructions with many other independent studies sug-
gests that the former are not thoroughly worthless and
possess some degree of validity. We have not created mere
RIBosomes { “reconstruction induced blobs’ (Baumeister
et al., 1986)}. Further description of the biological
significance of theseresults needsthe use of colour imagery
and computer graphics, and hence must be described
elsawhere (Beniacet al., 1997a,b).

Conclusions

First of al, the nature of high-dose ES images is
similar to that of low-dose STEM images: unstained, pref-
erably freeze-dried, high contrast with respect to the
background support. The same computational methodol -
ogy (select, farrow-segment, center in the plane, angular
reconstitution) is applicable to both kinds of data. A large
number (tens of thousands) of images of different particles
is not required here, and is presently a hindrance, since
each image is aligned and contributes to the 3D structure
directly rather than as part of an averaged cluster. This
observation stands in contrast to cryoEM where bigger is
opined to be better (Sterk et al., 1995).

Secondly, these investigations are producing direct
information regarding ribosomal rRNA localisation in the
ribosomal subunits of E. coli and Th. lanuginosus. The
present E. coli resultsarein favourable agreement with the
gold standards derived by cryoTEM. With respect to
ribosomes per se, many unanswered questions remain in
this field, from the structures of eukaryotic (Srivastava et
al., 1995) or thermophilic (Harauz, 1992; Harauz et al ., 1992)
or unusua rRNAs(Sogin et al., 1989) to theissue of eocytes
and photocytes (Lakeet al., 1986). Ribosomology hasonly
just begun a new structural phase, and ESI can contribute
viadirect RNA mapping as a complement to cryoEM of
these complexesin single particle analysis, and especially
of two-dimensional crystalsor other ordered arrays of ribo-
somal subunits (Aoyama et al., 1995; Avila-Sakar et al.,
1994). In two-dimensional crystals or paracrystals, the
ribosomal subunits would thereby present more uniform
projection views and enable two-dimensional averaging to
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higher resolution than is possible with freeze-dried single
particles. Moreover, Fourier analysisof suchimageswould
provide a more definitive idea of the resolution of the
structure retained in electron spectroscopic images.

Finally, at current accelerating voltages, ribosomal
subunits present the upper limit of specimen size for ESI,
because thicker samplesincreasethe probability of multiple
scatter. Viruses, for example, are difficult to study using
this technique unless sectioned (e.g., Harauz et al., 1995)
and cryoEM isclearly themethodology of choice. For very
small nucleoprotein specimens (< 10 nm) (e.g., Kyle and
Harauz, 1992), however, cryoEM hasitslimitationsbecause
of the low contrast of the technique, and these structures
could be better studied by ESI, or STEM/ESI withimproved
detectors.

Electron spectroscopic imaging and image analysis
arenot easy. ESI isworth pursuing becauseit affordsdirect
and complementary information different from bright-field
EM of negatively-stained or vitreous ice-embedded speci-
mens. ES| offerselementa microanalysis, and not just dot-
mapping, but imaging. Our opinion, based on experimental
evidence, isthat in spite of the high doses inherent in ESI,
and indeed, sincethey are necessary, because of them, much
structural information can be gained on nucleoprotein
complexes, with macromolecular selectivity. No other
microanalytical technique has been shown to be superior in
combining sensitivity, specificity and spatial resolution.
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Discussion with Reviewers

J. Frank: The work in Boublik et al. (1984) was not
reproducible according to a personal communication by J.
Wall, so it was never written up as a paper. Reluctance to
accept the findings in the literature is therefore
understandable.

Authors: M. Boublik showed lots of crown view, kidney
view, etc., NetP distributions. The reason that he did not
continue was primarily that he felt uncertain that he could
interpret the 110 or 150 eV images unequivocally ascrown,
kidney, etc., and then relate the NetP distribution to those
known views. We do not seethat apersonal communication
from J. Wall, who was not involved with the work, should
be involved in this discussion. Nevertheless, aimost a
decade later, M. Boublik found remarkably similar results
using the Z-related high-angle/low-angle signal ratio from
scanning transmission electron microscopy of the large
subunit (Boublik and Wall, 1992).

J. Frank: Moments are a particularly bad choice of
invariantsin situations where the surrounding is noisy and
the boundary definition uncertain, even after farrow-
segmentation.

Authors: Thisfact was not obvious to us when we began
investigating invariant moment functions.

W. de Bruijn: The key question [for the area covered by
thispaper] is: “ Can oneimage phosphorusin general andin
ribosomes in particular by ESI?” In 1984, the answer was
yes, currently, theresponseis maybe, or even definitely no.
In my opinion, the authors circumvent this question.

Authors: Electron spectroscopic imaging isof necessity a
high-dose technique because it is a microanalytical
technique. We have spent alot of time and effort trying to
image phosphorus in nucleosomes and in ribosomes. The
doses used were the minimum ones necessary according to
the scattering cross-sections for phosphorus as measured
by us on image-derived spectra of single virus particles
(Hengetal., 1990). Wethink that we succeeded withimaging

319

phosphorus in nucleosomes because our results
corresponded to crystallographic results under appropriate
preparative conditions (Harauz and Ottensmeyer, 1984,
Czarnota and Ottensmeyer, 1996). We believe that we
succeeded with imaging phosphorus in ribosomes since
our results correspond well with “ gold standard” structures
derived by cryoTEM (e.g., Frank et al., 1995a,b) and with
other biophysical studies, and the results make biological
sense.

W. de Bruijn: When the material does not tolerate the
acquisition of two pre-edge images in addition to the
requested zero-loss image plus the phosphorus-edge
image, phosphorus can not be (adequately) determined in
isolated ribosomes (Beckers et al., 1994a,b, 1996). Please
comment.

Authors. The Beckerset al. (1994a,b, 1996) experiments
were performed on different instruments and different
samples than our work presented here. We have also been
frustrated by negative results in detecting phosphorus
signalsby ESI. Withtheribosomal dataanalysed here, one
reason was that the first image scanner that we used was
insufficiently accurate to allow detection of the subtle
elementd signas. Remarkably different, and positive, results
wereobtained from thesamenegativesusing abetter quality
(and much more expensive) CCD (charged-coupled device)
camerainacolleague’slaboratory. Thedirect digital image
acquisition used in the Beckersian experiments is not as
sensitiveasfilmto electrons. Specificationsof diodearrays
in PEEL S(parallel-detection el ectron energy |oss microsopy)
indicate a sensitivity of 30 electrons per “count” with a
noise of three counts (90 electrons), while good CCD cam-
erasrequire4-6 electrons per count. Thedosesrequired for
direct electronic spectral or image acquisition are
correspondingly higher than those on film, matched to a
minimum magnification and dose in each instance. Since
ESl isamicroanalytical technique, and not just animaging
one, a sufficient number of “counts’ is required to detect
phosphorus with certainty. The inability of one group to
determine phosphorus in ribosomes is not proof of the
“impossibility” of thetask. Thedatacollection factor isan
important one, and probably the prime one to be examined
first when looking for explanations for negative results on
covalently bound elements at such high local concentra-
tions as in nucleoproteins.

When we started this work circa 1989, we were
heartened by the results of Bazett-Joneset al. (1988), who
indicated that they could detect small quantities of DNA
despite high radiation doses (which they measured using a
Faraday cage), and that different methods of cal cul ation of
the elemental signal gave similar results. If the positive
results of Bazett-Joneset al. (1988) and of our groupswere
also wrong, in this context, then one has to ask a precise
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explanation why from thecritics.

W. deBruijn: Could N. Bonnet's*“solution” (publishedin
1988) have been performed on the existing images?
Authors: There is some confusion between what was
published by Bonnet and what was discussed at the meet-
ing. The paper (Bonnet and Liehn, 1988) described the use
of anonparametric statistic (the number of sign changesas
animageis scanned row by row) to definewhen two similar
but not identical images (electron micrographs or nuclear
medicine scans of an organ) were best aligned with respect
to oneanacther (Venot and Leclerc, 1984; Venot et al ., 1984,
1986). Sometime in the future, when computer speeds
increase significantly, we shall implement thismethod for
aligning macromolecular images (Frank, 1996) and compare
its performance with the presently used (and
computationally quicker) correlation function.

During the Pfefferkorn meeting, N. Bonnet suggested
that this statistic could be used to define the correction
factor (for unegqual exposures) of the background image
(e.g., 100 eV lossimage) before subtracting it from the peak
image (i.e., 150 eV lossimage) to obtain the elemental signal
(Bonnet, 1995), although therewould beasmall biasinthe
comparison due to the additional elemental signal. We are
grateful to N. Bonnet for his constructive feedback. We
shall implement this subtraction approach with data that
are, at least, accepted as yielding a true elemental map.
Furthermore, acomparative analysis of subtraction methods
is a major undertaking that goes beyond the scope of the
present offering.

W.deBruijn: Apartfromthefact that itisgeneraly accepted
that the power law mentioned is not applicable in the
phosphorus region [but not forbidden to use, though it has
its consequences for the subtracted images (see de Bruijn
etal., 1993)], extrapolation from oneimageisunclear to me.
Did you use 1 eV channels over that 18 eV dlit width and
extrapolated from there on? Moreover, it would be helpful
to see a truly acquired spectrum integrated over a large
ribosomal area (like those in Fig. 2) - this would give the
reader a sense of what such an edgeislike.

Authors: Unfortunately, we do not have and cannot show
an energy |loss spectrum over ribosomes. The ZeissEM 902
doesnot lend itself to aspot analysisover asingleribosome
without an inordinately large magnification that would
reguire an equally inordinately large dose. However, the
image-derived spectrafrom singlevirus particleswith similar
protein to nucleic acid ratios that were mentioned above
(Heng et al., 1990) might providethat sense of reality. They
were a project and a publication by themselves. The one-
parameter correction wasarithmetically simple, assuming a
constant R over each pixel and cal culating A from the power-
law equation. We have investigated the quantitative error
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of one- to four-parameter extrapolation schemes
(Ottensmeyer, 1986a,b) and have concluded that for aslarge
a phosphorus signal as that in the ribosome (cal culated to
be about 20% above the background from the corresponding
cross-sections of phosphorus and carbon at 150 eV) a
one-parameter fit is quite as accurate as any other.

W. de Bruijn: Because | could hardly find coinciding
ribosomesin the 120 eV and 100 eV imagesin Figure 2, |
would prefer to seein an overlay which particlesare selected
from (a) and (b) and (c) and (d), respectively; now the
impression isgained that these two €V imagesdo not belong
to the same acquisition frame.

Authors. Theimagesaredl 150eV lossimagesof largeand
small ribosomal subunits from the two organisms, one
prokaryote and the other eukaryote. The particles shown
are al different, and no coincidence should be expected.
The point of depicting these structures was to show that
they indeed ook like ribosomal subunitsin terms of their
size and shape.

W. de Bruijn: Theimage segmentation is aso a mystery
field in relation to the pre-processes applied to theimages,
like 3x3 median filtering and “interactively” matching
ribosomes, followed by the mysterious process of “farrow-
segmentation.” In arecent paper, Bonnet (1996) reviewed
all global and local segmentation processes, emphasising
the use of local methodsin high resolution images. Would
it not be better to omit the median filter and apply local
segmentation algorithms? Recently, Beckers et al. (1996)
have proposed new methods for such localisations. | like
to emphasise again, that once ES images show that they
can not withstand such tests, phosphorus can not be (ade-
quately) determined in isolated ribosomes. Moreover, the
manuscript does not mention aspects of shading correction
to be applied. Arethey?

Authors: Themedianfilter isareasonablenoisereduction
method for these data, and the image segmentation is all
local. We stated clearly that local segmentation was superior
to global methods, and that local operations implemented
here were a positive improvement over those used in our
previousstudies. Over alocal region, the size of aribosome,
shading correction is unnecessary. During the meeting,
N.K. Tovey referred meto his earlier Pfefferkorn paper on
image segmentation (Tovey et al., 1992), in which the
methods depicted would certainly be of interest to examine.
Comparative studies of segmentation methods are beyond
the extent of the present work.

W. de Bruijn: Asfar as| could deduce, analogue image
setsaredigitised 12007 in acontact mode, using adiaphragm
(not aperture) covering an area of 625 um? of the origina
plates, hence intensities are integrated over an area of 434
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nm?/pixel. How isthat val uerelated to the actual areacovered
by the ribosomes in the original plates taken at 30 K? Or
conversely, how many pixels/ribosomearethereinthefinal
image after the 2x2 “zoom™ before any spectral processing
isapplied, or what is the pixel areain the final image? In
Figure 3, small squares can be seen, sized about 1 nm?. Is
that realistic or “hollow” magnification?

Authors: Webelievethat “aperture” isthe correct English
terminology. A straight trangliteration of the French word
“diaphragme” to give “diaphragm” in English is not
appropriate here. The Optronicsrotating drum densitometer
scanned at amaximum resolution of 25 um per pixel at the
filmlevel. Other available settingswere 50 um and 100 um
per pixel. If the negative wasrecorded at amagnification of
30000x, then each pixel isof dimension 0.833 nm at the object
level. Thena2x2 zoom was performed simply to makethe
ribosome less “chunky” or pixelated. The final
recongtructionswerethen further magnified by a2x2x2 zoom
to make them more aesthetic (not necessarily more
informative); thefinal displays of the shaded surfaceviews
are in Figures 9 and 10. The resolutions of the final
reconstructions are measured using the Fourier Shell
Correlation function.

W. de Bruijn: Although the “farrow-segmentation”
procedure has been described before, | would prefer to add
to thismanuscript atrue grey-val ue frequency histogram of
that 64 area, illustrating (e.g., subsequently in an overlay)
which part of the image information is eliminated by this
procedure especially at the margins of the ribosomes and
how thisarearelatesto the assumed netP imagesthat in my
printslook somewhat smaller.

Authors: Itisunclear what information a histogram would
convey. Sincethefarrow-segmentation procedureeliminates
high densities near the edge of the image that are
non-contiguouswith the ribosomal particle, thegray values
in the histogram and its overlay would have overlapping
gray-valuesalmost anywhere. The procedureisnot merely
athreshold, but a selection of acontiguous particle-region.
The NetP images look smaller than the total mass images
because phosphorusis only one component of the structure.
Theeffect of computational farrow-segmentationisakinto
that of anal ogue photographic printing of ribosomeimages
fromthe negativesat brief exposuresand onto high contrast
paper (Korn, 1980; Kornet al., 1982, 1983).

W. deBruijn: Though| havenot yet read your work (Beniac
and Harauz, 1993, 1995a), the sol ution attributed by Beckers
(1994) by enrobing small proteinaceous particles into 1-2
nm thin chromium support filmsmight improve the mentioned
aspect about the stability against el ectron radiation damage.
Authors: We had difficulty making the “single particle
analysis’ algorithms behave with data of this nature. The
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samedifficulty appliesto the more perfect low-dose STEM
images (e.g., Engel and Reichelt, 1988; Harauz et al., 1996).
With the ribosomal subunit ESimages here, wetried many
different approaches and encountered many dead-ends. But
the chromium embedment technique sounds intriguing,
abeit, for a different problem than the one with which we
had difficulties. If therelative cross-section of the chromium
at thisthicknessin relation to phosphorusistractable, then
thisembedment might prove helpful in preserving theribo-
somal structure against collapse onto the support filmwhile
preparing them for el ectron microscopy.

M.G. van Heel: How high are the electron doses used in
obtaining in your data, and how do these values compare
to the typical 10 electrong/A? exposures used in vitreous
ice microscopy?

Authors. Asstated beforein this manuscript and many of
its predecessors, dose measurementsfor ES| were published
amost a decade ago. Bazett-Jones et al. (1988) used a
Faraday cage to measure total doses of 2 x 10° electrons/
nm? to form both (not each) of the 120 eV and 180 eV loss
images in their Zeiss EM902. For comparison, thereis a
published instance of microanalysis of a virus particle at
10° electrons/A? (108 el ectrons/nm?) (Shuman et al ., 1986).
Engel and Calliex (1993) present examples of microanalyses
at doses of up to 10% electrons/nm?. Thus, the electron
dosesrequired by thistype of microanalytical imaging are
favourable (often more than one order of magnitude smaller)
when compared with other microanalytical approaches. A
comparison of ES| with purely imaging techniques such as
cryoel ectron microscopy at 10° electrons/nm? ismisleading.
We repeatedly emphasise that the two techniques are
complementary.
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