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The fact that radiation damage would limit the usefulness of electron microscopy with biological speci-
mens was a concern in the earliest days of the field. Good estimates of what that limitation must be can
be made by using Rose’s empirical relationship between the inherent image contrast, the exposure used
to record an image, and the smallest feature size that is detectable. Such estimates show that it is neces-
sary to average many images in order to obtain statistically well-defined data at high resolution. Struc-
tures are now routinely obtained by averaging large numbers of shot-noise limited images, and some of
these extend to atomic resolution. The signal level in current images is nevertheless far below what phys-
ics would allow it to be. A possible explanation is that beam-induced movement limits the quality of
images recorded by electron microscopy. For specimens embedded in vitreous ice, beam-induced move-
ment can even be severe enough to limit the resolution achieved during tomographic reconstruction. The
fact that very high-quality images can nevertheless be obtained, although only unpredictably, suggests
that it may be possible to devise new techniques of specimen preparation and/or data collection that
at least partially overcome beam-induced movement. If so, the need for image averaging would be cor-
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respondingly reduced.
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1. Having fun in the lab proved to be a serious business

During the period 1967-68, I spent many days in the lab, play-
ing with a newly published experimental technique for producing
small-angle electron diffraction patterns (Ferrier and Murray,
1966). I did this for little good reason other than it was exciting
and fun. This playful experimentation suddenly made me recog-
nize that radiation damage makes it impossible to achieve high-
resolution images of biological specimens. Although physicists
realized this as soon as the idea of an electron microscope was con-
ceived, such a limitation seemed to have been dismissed in the
years that followed, i.e. during a period when microscope perfor-
mance and sample preparation advanced hand in hand. Thus, while
it was never forgotten that electrons are a form of short-wave-
length radiation that can be focused, what seemed to have become
irrelevant in this period was the fact that electrons are also a form
of ionizing radiation, and as such they rapidly destroy the biologi-
cal specimens that one hopes to characterize.

This retrospective of my 1971 paper in Journal of Ultrastructure
Research (Glaeser, 1971), and some of the work that followed, re-
lates how diffraction experiments, the classic manifestation of the
wave nature of electrons, show us that radiation damage places
unforgiving limitations on the resolution that is achievable in elec-
tron microscopy of organic macromolecules. Ironically, diffraction
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experiments themselves overcome the same limitations by averag-
ing over many identical copies of molecules, all presented with the
same view.

My involvement with the issue of radiation damage was not
based on logic, knowledge of the literature, or the intent to test
hypothesis. Instead, lacking X-ray diffraction facilities suitable for
studying ordered biological materials with large “unit-cell” dimen-
sions, | took the advice of Cornelius Tobias, a colleague in my
department who was a constant source of “outside the box” ideas,
that I consider trying instead the “long camera length” electron dif-
fraction methods published by the laboratory of Robert Ferrier
(Ferrier and Murray, 1966). When these methods were applied to
artificial test specimens such as rafts of 88 nm polystyrene spheres
or plastic sections of skeletal muscle and the stacked membranes
in retinal rods, it was quite easy to see diffraction patterns pro-
duced by these large-spacing specimens (Glaeser and Thomas,
1969). When, just for fun, these methods were applied to test spec-
imens that had very small unit-cell constants, however, such as
evaporated gold, no diffraction could be seen because the camera
length was so long that the first allowed reflections lay out beyond
the edge of the viewing screen.

Upon switching to the conventional technique for observing
electron diffraction patterns, in which one first carefully focuses
the image that is produced at the “selected area diffraction” plane,
many orders of diffraction could be seen in the “powder patterns”
produced by evaporated gold. Still clueless about radiation dam-
age, however, I became deeply frustrated by the fact that crystals
of valine never showed any diffraction by the same technique,
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and I effectively gave up on trying to understand why these spec-
imens “must not be crystalline”. Nevertheless, because of a nagging
disbelief that just would not go away, I tried one day to see
whether specimens of valine, which certainly looked like crystals,
would produce diffraction patterns if I used one of Ferrier’s long
camera length methods. By great luck, the first allowed reflections
produced diffraction spots that were just barely at the edge of the
viewing screen. What then immediately happened, and resulted in
a career-changing epiphany, was that these spots faded within sec-
onds of bringing a new area of the specimen into the beam. I finally
understood that I could now see diffraction from valine crystals,
but not before, because the highly collimated electron beam pro-
duced by Ferrier’s method is inherently much less intense than
the beam that is conventionally used for the selected area diffrac-
tion method. It thus became clear that the usual level of electron
exposure destroyed the crystallinity of the sample. Furthermore,
if this was happening to amino acids, then it would happen just
as easily to proteins.

Although I was not yet aware of it at the time, many investiga-
tors had already recognized that radiation damage causes extreme
chemical changes in organic materials (Reimer, 1965). Crystalline
polymers become amorphous, for example (Kobayashi and Sak-
aoku, 1965), and the production of volatile or diffusible fragments
resulted in substantial mass loss within the irradiated area (Stenn
and Bahr, 1970a). Some investigators nevertheless took the opti-
mistic view that chemical changes such as the loss of hydrogen
atoms and the consequent formation of double bonds would have
minimal influence on the positions of non-hydrogen atoms. As a
result, it was argued, the high level of radiation damage that is pro-
duced by the normally used electron exposures is not necessarily
incompatible with imaging meaningful structure at high resolution
(Stenn and Bahr, 1970Db).

Two further “lucky circumstances” had prepared my mind to
look at the situation in a different way, however. First, the re-
search of several faculty members in my academic department
was devoted primarily to radiation biology. Although I had no
interest in the subject myself, I could not avoid hearing it being
regularly discussed by my colleagues. Fortunately, some of the
discussion stuck. As a result of my thus having a little familiarity
with the subject and expert colleagues to turn to, I could easily
read up on topics such as the dose tolerance of proteins, indeed
of organic molecules in general, and find typical values of the
“yields” of different chemical fragments for a given unit of ioniz-
ing radiation absorbed by a specimen. Second, I had the good for-
tune to attend lectures in a graduate course about scanning
electron microscopy (SEM) that was given by Prof. Tom Everhart
in the department of Electrical Engineering. I did this just from
curiosity, for the fun of learning things I did not yet know, and
the advice that I do so from a great friend and departmental col-
league, Tom Hayes, who was himself switching his career from
TEM to SEM.

The crucial thing that I learned from Everhart’s lectures was
that Albert Rose had used psychophysical experiments to deter-
mine the combination of contrast and feature size at which objects
could first be detected by human vision (Rose, 1973). In other
words, Rose had effectively quantified the extent to which shot-
noise places a limitation on what can be detected by eye. In the
case of valine crystals, for example, the electron exposure should
be no more than what causes the electron diffraction pattern to
disappear, if the goal is to obtain high-resolution images of the
crystal structure. As a result, using more sensitive detectors won'’t
improve the images because the fundamental problem is that the
image has too few electron counts.

The 1971 paper in the Journal of Ultrastructure Research
(Glaeser, 1971) expressed Rose’s empirical relationship in a form
equivalent to
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where the notation is defined as follows:

the size of a feature (the resolution)

the contrast of that feature, ""’J“‘;’E%

fraction of incident electrons that contribute to image for-
mation

number of electrons per unit area that are incident on the
specimen.
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Inserting N = 80 electrons/nm?, which I had measured as being
the exposure to 80 keV electrons that ultimately destroyed the
structure of valine crystals (at room temperature), and taking
C=0.1 as a “ballpark” estimate, led me to conclude that features
on the size scale smaller than individual protein molecules could
never be seen by electron microscopy.

The realization that imaging single protein molecules at high
resolution is physically impossible forces one to ask “What is the
fall back plan; how can one get around this problem”? The answer
is obvious to most biophysicists, who are taught that averaging of
repeated measurements makes it possible to pull out an invisibly
small signal from inherently noisy data. Since averaging repeated,
“phase-locked” measurements was a commonly used tool in neu-
roscience and certain spectroscopies, it did not take much to think
of generalizing the approach to spatially varying, rather then tem-
porally varying, shot-noise limited measurements (Glaeser, 1971;
Glaeser et al., 1971; Kuo and Glaeser, 1975). One way to circum-
vent radiation damage and stop worrying about the problem,
therefore, would be to image thin crystals at a “safe-but-noisy”
electron exposure, knowing that the pre-existing alignment of
identical molecules within a crystal makes it quite easy to do the
required averaging. In order to apply this insight to achieve high-
resolution images of protein structure, however, a second problem
had to be solved: the native, hydrated structure itself had to first be
preserved in the vacuum of the electron microscope (Taylor and
Glaeser, 2008).

Alternative approaches also had to be investigated in order to
determine whether physical (or chemical) conditions existed under
which biological materials could tolerate much higher exposures to
ionizing radiation. The options were limited, of course, and included
varying the dose rate, the energy of the incident electrons, and the
temperature of the specimen. No obvious difference in the “total
dose” that destroyed electron diffraction patterns was found for
exposure times that varied from seconds to minutes. Although spec-
imens could tolerate about twice the exposure at high voltage as
they did at 100 kV (Glaeser, 1971), the signal-to-noise ratio in low-
dose images has almost no dependence upon the energy of the inci-
dent electrons, provided that samples are irradiated to the same
“damage endpoint”, and provided that the detector that one is using
performs equally well at all electron energies. Cooling samples to
—90 °C or lower, on the other hand, was found to increase the al-
lowed exposure by a factor of 5-7 (Glaeser and Taylor, 1978; Hay-
ward and Glaeser, 1979). Irradiating negatively stained catalase
crystals at helium temperature, on the other hand, resulted in much
more severe radiation damage than occurs at room temperature
(Glaeser and Hobbs, 1975) or at nitrogen temperature.

The benefit of cooling with liquid nitrogen is most likely due to
the “caging” of products of radiolysis by immobile, neighboring
molecules rather than any temperature-dependent reduction in
primary radiolysis and bond rupture. The benefit of caging is 2-
fold: (1) Much as had been argued by Stenn and Bahr (1970b),
the atoms in the “daughter” fragments probably do not move very
far from their “parent” positions when only a few chemical bonds
are broken, and thus the resolution of the damaged structure
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initially remains relatively high. (2) The immobilized fragments
have limited opportunity to undergo secondary chemical reactions
that would otherwise cause further damage following the primary
event. Nevertheless, damage continues relentlessly to accumulate
as radiolysis progresses, and ultimately, when the concentration
of trapped (caged) free radicals becomes high enough, even sec-
ondary chemical reactions become inevitable at any temperature,
since there is no activation barrier for the reaction of two adjacent
radicals.

2. The intervening years

2.1. Signal averaging has led to “atomic-resolution” images for many
specimens

The idea of averaging images of many unit cells in a crystal was
first implemented by Unwin and Henderson (1975), who had dis-
covered that embedding protein crystals in an air-dried film of glu-
cose preserves the structure as if in a hydrated state. The
advantage of this technique was that it did not require the devel-
opment of a stable cold stage in order to proceed immediately to
high-resolution imaging. Subsequently, of course, Hayward
showed that even with glucose-embedded specimens it is an
advantage to record data at low temperatures (Hayward and Glae-
ser, 1979). In addition, the contrast matching that occurs between
proteins and the glucose embedment makes it impractical to use
this method for smaller particles such as helices, icosahedral
viruses, and multiprotein complexes.

The path to achieving high-resolution density maps was not as
simple as one first thought it would be, however. Glucose-embedded
specimens turned out to have rather poor long-range order, thus
requiring computational “unbending” (equivalent to real-space
averaging) before computing the high-resolution crystal structure
factors (Henderson et al.,, 1986). Computational corrections for
imperfect beam alignment were also required for successful averag-
ing at high resolution (Henderson et al., 1986). With these sophisti-
cated tools finally in place, electron crystallography (Glaeser et al.,
2007) has been able to provide chain-trace models of a number of
2-D crystals, of which tubulin (Nogales et al., 1998) is arguably the
protein of greatest interest in cell biology. Averaging the high-reso-
lution images of a large number of identical molecules has even been
successful for well-ordered helical assemblies such as the bacterial
flagellum (Yonekura et al., 2003) and tubular vesicles of the nicotinic
acetylcholine receptor (Miyazawa et al., 2003).

The highest-resolution cryo-EM work, both on 2-D crystals
(Mitsuoka et al., 1999; Grigorieff et al., 1995; Gonen et al., 2005)
and on well-ordered helices (Yonekura et al., 2003; Miyazawa
et al., 2003), has been done on microscopes fitted with cryo-stages
that are cooled by liquid helium. It is nevertheless hard to defend
the conclusion that these successes are due to a reduced level of
radiation sensitivity at helium temperature relative to nitrogen
temperature. Some other factors that are more likely to explain
the successes achieved with these microscopes include the perfor-
mance of the instrumentation itself, the high level of skill and per-
sistence of scientists who did the work, and the use of excellent
sample-preparation techniques—especially those developed in
the Fujiyoshi laboratory. The high resolution of the electron diffrac-
tion work on aquaporin-0 (Gonen et al., 2005), for example, re-
quired only that well-diffracting crystals be preserved on the EM
grids with little “wrinkling” of the specimens. The thought that re-
duced radiation damage made it possible to record weak diffrac-
tion spots would have to be confirmed by quantitative
comparisons of the fading rates at helium and nitrogen tempera-
tures. Even better would be to distribute identical samples and
perform such measurements at multiple laboratories that have

microscopes capable of operating at both helium and nitrogen
temperature, much as was done for by an international study
group in the mid-1980’s (Chiu et al., 1986).

What still remains a challenge, however, is to merge data from
images of randomly dispersed, “single” molecules (Frank, 2006)
with the accuracy required to achieve “atomic-resolution” maps,
and to do so with the large number of particles that are required
(Henderson, 1995; Glaeser, 1999). Work in that direction includes
the 3-D reconstruction of GroEL at a resolution high enough to
build a reliable “ribbon” model of the secondary and tertiary struc-
ture (Ludtke et al., 2008) and a similar reconstruction for the epsi-
lon15 virus (Jiang et al., 2008). An even higher-resolution structure
of rotavirus has been obtained, one that allows the amino acid se-
quence of the constituent proteins to be built into the density map
(Zhang et al., 2008). The averaging of images of particles with
high symmetry provides an important intermediate step, since it
employs the same computational tools that are used for large,
asymmetric protein complexes, i.e. translational alignment, assign-
ment of Euler angles, and possibly even assignment of particles to
subsets of images that correspond to distinct conformational
states. At the same time, symmetric structures offer the advantage
that alignment of one particle immediately provides data for mul-
tiple identical copies of the constituent protein(s). In the case of
rotavirus this number was actually 780 identical copies because
of its T=13 icosahedral symmetry. The 780-fold “amplification”
factor in the number of molecules that are averaged thus made it
practical to merge image data from over 6 million copies of the
protein, a number that may be somewhat more than but neverthe-
less similar to what is used when merging high-resolution data
from 2-D crystals.

2.2. Radiation-induced movement has emerged as another limitation

Data processing of images of 2-D crystals revealed the fact that
the short-range disorder in images (characterized by a Gaussian
smoothing of the averaged image) is far worse than in the crystals
themselves. Quantitative estimation of the contributions that
could be made to the Gaussian smoothing parameter (or B-factor)
by “instrumental” factors led to the conclusion that either the sam-
ples themselves or their images (or both) move in an essentially
chaotic way during irradiation (Henderson and Glaeser, 1985). In
any event, “beam-induced movement” causes the high-resolution
crystal structure factors to rarely be as strong as 10 percent of what
they “should be”. Indeed, high-resolution structure factors are al-
most always just a few percent, or less, of what they are in electron
diffraction patterns. As Henderson has pointed out, this makes it
necessary to average data from 100 times as many images, or more,
than would be required if beam-induced movement did not occur
(Henderson, 1995).

The effects of beam-induced movement are even worse for
images of tilted specimens. In this case the loss of signal (the B-fac-
tor associated with imaging) is far greater in the direction perpen-
dicular to the tilt axis, and this effect increases very steeply as the
tilt angle of the specimen is increased. Inexplicably, however, there
are still occasional instances in which the B-factor in the direction
perpendicular to the tilt axis remains small enough that structure
factors can be recovered at high resolution. Thus, with persistence,
3-D data sets can be collected from well-ordered 2-D crystals, but
the required data collection is frustrating and slow.

Many authors assume that beam-induced movement is primar-
ily due to a deflection of the image that is caused by radiation-in-
duced charging of the specimen. There is reason to question this
assumption, however, since the image movement might really be
due to physical movement of the specimen itself. In the case of va-
line crystals, for example, one can easily see rapid changes in the
local positions where the tilt angle of the crystal precisely satisfies
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Bragg’s law, i.e. in the local positions of so-called “bend contours”.
The sweeping movements of these bend contours occurs at elec-
tron exposure levels that are a small fraction of the exposure that
causes fading of the electron diffraction pattern. We also know
from experiments on photolytically initiated solid-state chemical
reactions (McBride et al., 1986) that conversion of parent mole-
cules to daughter products can generate pressures within 3-D crys-
tals that are half the value that can convert graphite to diamond,
and that this happens when as little as 5 percent of the parent mol-
ecules have undergone photolysis. In the case of thin specimens,
this sort of mechanical stress is likely to drive a flexing or bending
type of movement, the largest component of which will be perpen-
dicular to the plane of the thin specimen, but some component of
which could well be parallel to the plane of the specimen. The
hypothesis of radiolysis-induced movement of the specimen is
thus a reasonable alternative to the hypothesis of charging-in-
duced movement of the image.

Beam-induced movement has also become recognized as a ma-
jor factor that can limit image quality in cryo-EM tomography,
even at relatively low resolution. One has to expect that the same
problems described above could also occur at high tilt angles for
thick (“tomographic”) samples, although the greater stiffness of a
thicker sample should limit how small the radius of curvature of
the bend can be. What is rather surprising, however, is the obser-
vation that individual particles within “thick”, ice-embedded spec-
imens seem to “flow” in erratic directions during the normal series
of exposures that is used for tomographic data collection (Wright
et al., 2006). Not only does the convection-like movement of fidu-
cial particles interfere with the accurate alignment of successive
images in a series, but one has to suppose that it also blurs out fea-
tures in the tomographic reconstruction. It is not yet known
whether the same type of beam-induced movement that is seen
for fiducial particles also occurs, unseen, just for individual parti-
cles (e.g. ribosomes) or whether whole nano-regions of a vitreous
ice specimen drift in a way that is analogous to the movement of
tectonic plates.

The question of “protection” against radiation damage at helium
vs nitrogen temperature takes on a somewhat different nature at the
higher total exposures that are normally used in tomography. The is-
sues in tomography have to do with alignment of successive images,
discussed in the paragraph above; the phenomenon of “bubbling”;
and other processes that destroy even the coherent, particle-like dis-
tribution of mass of an entire protein molecule. Prior to the onset of
bubbling, it appears that there is no improvement in the dose at
which ordered protein structures such as bacterial S-layers are de-
stroyed (Comolli and Downing, 2005). Comparisons at higher elec-
tron exposures (Comolli and Downing, 2005; Iancu et al., 2006)
indicate that smaller bubbles are produced at helium temperature
than at nitrogen temperature. This observation is consistent with
(1) the model in which molecular hydrogen is the gas that accumu-
lates in the bubbles (Leapman and Sun, 1995), and (2) the expecta-
tion that diffusion of molecular hydrogen should occur more
slowly at helium temperature than at nitrogen temperature. Unex-
pectedly, however, the bubbling that does occur at helium tempera-
ture results in a different structural distribution than it does at
nitrogen temperature. Gas accumulates at the site of cell membranes
at helium temperature (Iancu et al., 2006), for example, giving the
appearance of splitting the membranes in a way that is analogous
to what happens in freeze-fracturing.

3. Looking ahead: physics still allows that it may be possible to
get much better images

Whatever the mechanisms may be for radiation-induced move-
ment, the good news in this otherwise dismal story is that (1) spa-

tial averaging still is able to produce high-resolution structures of
biological macromolecules, if one is persistent and simply collects
enough data, and (2) images of randomly chosen areas are very
occasionally as good as one third or more of what they might be,
i.e. the high-resolution Fourier coefficients extracted from images
can be as strong as 35 percent of what they are in the diffracted
wave (Brink and Chiu, 1991,Typke et al., 2004). The reason why
this second point is so encouraging is that it proves that better im-
age quality is not strictly forbidden by some basic physical effect
such as secondary-electron emission (charging) or the stress gen-
erated by production of radiolytic fragments. Indeed, since rather
high image quality can be obtained on some occasions, it should
be possible to make it happen essentially all of the time. What
we need to do is understand what occasionally goes “right”, such
that radiation-induced movement remains especially small for at
least one particular place on the EM grid. Alternatively, it may be
possible to change the technique by which images are recorded,
such that the recorded data are not affected by the movement, in
spite of the fact that it continues to occur.

The options are currently limited for achieving a consistent
reduction in the B-factor associated with imaging (i.e. a consistent
reduction in beam-induced movement). Various authors employ a
range of techniques for this purpose, most of which are motivated
by an attempt to reduce specimen charging. As reported by Glaeser
and Downing (2004), however, it seems doubtful that charging can
account for a significant amount of image movement, at least not
due to electron-optical effects, provided that the specimen is pre-
pared on continuous carbon. As an alternative to preparing sam-
ples on continuous carbon films, carbon can be evaporated onto
the specimen after it has been prepared (Jakubowski et al., 1989).
The approach that is the most effective may be quite different if
mechanical movement rather than image movement is the real
problem. It seems likely, for example, that bending and shifting
of a thin specimen would be reduced, (1) the flatter the support
film is to begin with, (2) the thicker it is, (3) the more uniformly
it is bonded to the metal bars of the EM grid, and (4) the smaller
the holes over which the support film is suspended. The fabrication
of grids that can be expected to result in reduced amounts of bend-
ing of the thin support is a challenge, however.

4. Do not blink: it may be possible to use exposures that are
faster than beam-induced movement

A relatively new alternative that is being discussed is to use
ultrafast exposures to overcome the problem of beam-induced
specimen movement. The idea here is for the electron exposures
to be fast enough to outrun the “sluggish” response of entire re-
gions of a specimen, such as those involved in a bending mode. It
is clear that there could be significant improvements both at the le-
vel of high-resolution imaging of 2-D crystals and at the level of
flow-like movements of vitreous ice that might occur during EM
tomography. The idea of using such ultrafast exposures is inspired
by the development of pulsed electron guns for applications in the
materials sciences (Armstrong et al., 2007).

Space-charge effects cause intractable problems for maintaining
the required spatial and temporal coherence when the number of
electrons in a pulse is too large, however. As a result, it is still
uncertain whether it is technologically possible to produce suitable
beam quality for exposures as short as 1 ns, if single pulses must
contain as many as 1000 electrons/nm?, even if the illuminated
area would be as small as 0.01 um?. In addition, there is no way
to know whether an exposure time of 1 ns would be fast enough
for the measurement to outrun the hypothesized beam-induced
movement; whether even longer exposure times (e.g. 10 or
100 ns) would still be fast enough; or whether much shorter
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exposure times would be required. Nevertheless, the issue should
be investigated, both experimentally and computationally,
whether there is a regime of ultrafast exposures for which (1) data
collection substantially outruns much of the beam-induced move-
ment, and (2) the statistical definition of the data that is achievable
within a single, ultrafast exposure is good enough to allow align-
ment (and perhaps unbending, as well), so that data from succes-
sive frames can be merged.

The question has also been raised whether temporally well-
spaced fs electron exposures, consisting of just one or a few elec-
trons per pulse, might produce images that exhibit less radiation
damage (Lobastov et al., 2005). The idea would have merit if local
pulses of heating, at sites of inelastic scattering, were a significant
contributor to radiation damage in biological electron microscopy.
To a first approximation, however, one can arrange that the mean
time between electrons is the same whether the electrons are
emitted from currently used “continuous wave (CW)” sources or
they are emitted from intentionally pulsed sources. As a result, it
is much easier to provide a suitably long pause between individual
inelastic scattering events, for postulated thermal relaxation and
“repair” to occur, by simply reducing the intensity from a standard
“CW" electron source rather than using an ultrafast, pulsed source.
Furthermore, it is incorrect to suggest, as some seem to do, that
radiolytic damage itself could be reduced by using pulsed sources
rather than CW illumination to deliver the same number of elec-
trons over the same total exposure time. There thus does not seem
to be much to be gained from the additional complexity of using a
fs pulsed source, other than for work in which pump and probe (i.e.
temporally phase-locked) experiments are to be conducted.

It has been calculated that exposure times as short as 10 fs or so
are fast enough to inertially “confine” atomic nuclei during an ultra-
fast period of data collection, even if the target is converted into a
plasma early in the course of such an exposure (Neutze et al., 2000,
2004). Thus, when exposures can be made short enough, radiation
damage no longer imposes a limitation on how high the dose of ion-
izing radiation can be. Although space-charge limitations rule out
the use of electrons for such short, single-shot exposures, there are
no such limitations for X-ray beams. This realization is a major driver
for building free-electron lasers that can produce “femtosecond”
pulses of hard X-rays, the goal being to produce diffraction patterns
from single protein molecules. When the intensity of a continuous
scattering pattern is measured at spatial-frequency increments that
are half the distance between Bragg reflections (for a hypothetical
crystal of the same molecule), the phases of the diffraction pattern
can be recovered by an iterative algorithm (Neutze et al., 2000). In
other words, the equivalent of “lens-less” images can be generated
from the intensities of single-particle diffraction patterns, provided
that these intensities are measured accurately enough. Although a
nice demonstration of this concept has been produced with a soft-
X-ray free-electron laser and a microfabricated target with features
on the sub-micrometer scale (Chapman et al., 2006), there is not yet
an accepted proposal for how to build a hard-X-ray laser with the
brightness that is needed to do the same thing for multiprotein
particles.

The idea of averaging large numbers of statistically noisy, sin-
gle-particle diffraction patterns (Huldt et al., 2003; Spence et al.,
2005), reminiscent of the averaging of single-particle cryo-EM
images, is thus a reasonable alternative. The first challenge in this
case is to produce a beam of single particles that are cloaked in a
thin film of aqueous buffer to preserve the native hydrated state.
The volume of buffer must be made small enough that its contribu-
tion to the diffraction pattern does not overwhelm the scattering
from the protein molecule itself. At the same time, the volume of
the cloaking buffer must be reduced in a way that does not alter
the ionic strength and pH of the medium beyond the point that
the protein of interest will tolerate. In addition, averaging noisy

diffraction patterns would be made much easier if one could first
orient the protein molecules, a goal that is no less ambitious than
that of producing streams of hydrated molecules to begin with
(Spence et al., 2005; Starodub et al., 2005).

In summary, experimental measurements of the fading of elec-
tron diffraction patterns of thin protein crystals have provided
quantitative estimates of the maximum electron exposure that
can be safely used to record high-resolution images. These “safe”
exposures are much too low, however, to record images in which
high-resolution features are statistically well defined. The principle
of averaging large numbers of shot-noise limited images is thus a
standard element of high-resolution electron microscopy of biolog-
ical macromolecules, regardless of whether the specimens are pre-
pared as ordered crystals, helices, or single particles. Very large
numbers of images, much greater than expected from the known
amplitude of the scattered-electron wave, must be averaged in or-
der to obtain atomic-resolution structures, however. Radiation
damage is again suspected of being the culprit, in this case because
it generates stresses that drive beam-induced movement of the
specimen. This movement, in turn, causes a much greater decay
(as a function of resolution) of signal in images than what one ob-
serves in diffraction patterns. The occurrence of almost anecdotal
instances in which relatively strong signal was preserved in high-
resolution images nevertheless indicates that it must be physically
possible to “overcome” the problem of beam-induced movement.
The opportunity therefore still exists to improve the quality of
high-resolution images of beam-sensitive specimens on a consis-
tent rather than a rare basis, and thus to further advance the use-
fulness of electron microscopy as a tool in structural biology of
molecules and cells.

Acknowledgment

Preparation of this retrospective was supported in part by the
US Department of Energy under Contract DE-AC02-05CH11231.

References

Armstrong, M.R., Boyden, K., Browning, N.D., Campbell, G.H., Colvin, J.D., DeHope,
W.J., Frank, A.M., Gibson, D.J., Hartemann, F., Kim, ].S., King, W.E., LaGrange, T.B.,
Pyke, B.J., Reed, B.W., Shuttlesworth, R.M., Stuart, B.C., Torralva, B.R., 2007.
Practical considerations for high spatial and temporal resolution dynamic
transmission electron microscopy. Ultramicroscopy 107, 356-367.

Brink, J., Chiu, W., 1991. Contrast analysis of cryo-images of n-paraffin recorded at
400 kV out to 2.1 Angstrom resolution. Journal of Microscopy 161, 279-295.

Chapman, H.N. Barty, A., Bogan, MJ. Boutet, S., Frank, M., Hau-Riege, S.P.,
Marchesini, S., Woods, B.W., Bajt, S., Benner, H., London, RA., Plonjes, E.,
Kuhlmann, M., Treusch, R., Dusterer, S., Tschentscher, T., Schneider, ].R., Spiller,
E., Moller, T., Bostedt, C., Hoener, M., Shapiro, D.A., Hodgson, K.O., van der Spoel,
D., Burmeister, F., Bergh, M., Caleman, C., Huldt, G., Seivert, M.M., Maia, F.R.N.C,,
Lee, RW.,, Szoke, A., Timneanu, N., Hajdu, ], 2006. Femtosecond diffractive
imaging with a soft-X-ray free-electron laser. Nature Physics 2, 839-843.

Chiu, W., Downing, K.H., Dubochet, J., Glaeser, R.M., Heide, H.G., Knapek, E., Kopf,
D.A.,, Lamvik, M.K,, Lepault, J., Robertson, ].D., Zeitler, E., Zemlin, F., 1986.
Cryoprotection in electron microscopy. Journal of Microscopy 141, 385-391.

Comolli, LR, Downing, KH., 2005. Dose tolerance at helium and nitrogen
temperatures for whole cell electron tomography. Journal of Structural
Biology 152, 149-156.

Ferrier, R.P., Murray, R.T., 1966. Low-angle electron diffraction. Journal of the Royal
Microscopical Society 85, 323-335.

Frank, ], 2006. Three-dimensional Electron Microscopy of Macromolecular
Assemblies—Visualization of Biological Molecules in their Native State, second
ed. Oxford University Press, New York.

Glaeser, R.M., 1971. Limitations to significant information in biological electron
microscopy as a result of radiation damage. Journal of Ultrastructure Research
36, 466-482.

Glaeser, R.M., 1999. Review: electron crystallography: present excitement, a nod to
the past, anticipating the future. Journal of Structural Biology 128, 3-14.

Glaeser, R.M., Downing, K.H., 2004. Specimen charging on thin films with one
conducting layer: discussion of physical principles. Microscopy and
Microanalysis 10, 790-796.

Glaeser, RM., Downing, KH., DeRosier, D., Chiu, W., Frank, J., 2007. Electron
Crystallography of Biological Macromolecules. Oxford University Press, New
York.



276 R.M. Glaeser/Journal of Structural Biology 163 (2008) 271-276

Glaeser, R.M., Hobbs, L.W., 1975. Radiation damage in stained catalase at low
temperature. Journal of Microscopy 103, 209-214.

Glaeser, R.M.,, Kuo, L., Budinger, T.F., 1971. Method for processing of periodic images
at reduced levels of electron irradiation. Proceedings Electron Microscopy
Society of America (Boston).

Glaeser, R.M., Taylor, K.A., 1978. Radiation damage relative to transmission electron
microscopy of biological specimens at low temperature—review. Journal of
Microscopy 112, 127-138.

Glaeser, R.M., Thomas, G., 1969. Application of electron diffraction to biological
electron microscopy. Biophysical Journal 9, 1073-1099.

Gonen, T., Cheng, Y.F., Sliz, P., Hiroaki, Y., Fujiyoshi, Y., Harrison, S.C., Walz, T., 2005.
Lipid-protein interactions in double-layered two-dimensional AQPO crystals.
Nature 438, 633-638.

Grigorieff, N., Beckmann, E., Zemlin, F., 1995. Lipid location in deoxycholate-treated
purple membrane at 2.6 Angstrom. Journal of Molecular Biology 254, 404-415.

Hayward, S.B., Glaeser, R.M., 1979. Radiation damage of purple membrane at low
temperature. Ultramicroscopy 4, 201-210.

Henderson, R., 1995. The potential and limitations of neutrons, electrons and X-rays
for atomic-resolution microscopy of unstained biological molecules. Quarterly
Reviews of Biophysics 28, 171-193.

Henderson, R., Baldwin, J.M., Downing, K.H., Lepault, J., Zemlin, F., 1986. Structure of
purple membrane from Halobacterium halobium—recording, measurement and
evaluation of electron micrographs at 3.5 Angstrom resolution. Ultramicroscopy
19, 147-178.

Henderson, R., Glaeser, R.M., 1985. Quantitative analysis of image contrast in
electron micrographs of beam-sensitive crystals. Ultramicroscopy 16, 139-150.

Huldt, G., Szoke, A., Hajdu, J., 2003. Diffraction imaging of single particles and
biomolecules. Journal of Structural Biology 144, 219-227.

Iancu, C.V., Wright, E.R., Heymann, ].B., Jensen, G.J., 2006. A comparison of liquid
nitrogen and liquid helium as cryogens for electron cryotomography. Journal of
Structural Biology 153, 231-240.

Jakubowski, U., Baumeister, W., Glaeser, R.M., 1989. Evaporated carbon stabilizes
thin, frozen-hydrated specimens. Ultramicroscopy 31, 351-356.

Jiang, W., Baker, M.L,, Jakana, J., Weigele, P.R., King, J., Chiu, W., 2008. Backbone
structure of the infectious epsilon15 virus capsid revealed by electron
cryomicroscopy. Nature 451, 1130-1134.

Kobayashi, K., Sakaoku, K., 1965. Irradiation changes in organic polymers at various
accelerating voltages. Laboratory Investigation 14, 1097-1114.

Kuo, L.A.M., Glaeser, R.M., 1975. Development of methodology for low exposure,
high-resolution electron-microscopy of biological specimens. Ultramicroscopy 1,
53-66.

Leapman, RD. Sun, S.Q, 1995. Cryoelectron energy-loss spectroscopy—
observations on vitrified hydrated specimens and radiation damage.
Ultramicroscopy 59, 71-79.

Lobastov, V.A,, Srinivasan, R., Zewail, A.H., 2005. Four-dimensional ultrafast electron
microscopy. Proceedings of the National Academy of Sciences of the United
States of America 102, 7069-7073.

Ludtke, S.J., Baker, M.L., Chen, D.-H., Song, J.-L., Chuang, D.T., Chiu, W., 2008. De novo
backbone trace of GroEL from single particle electron cryomicroscopy. Structure
16, 441-448.

McBride, ].M., Segmuller, B.E., Hollingsworth, M.D., Mills, D.E., Weber, B.A., 1986.
Mechanical stress and reactivity in organic solids. Science 234, 830-835.

Mitsuoka, K., Hirai, T., Murata, K., Miyazawa, A., Kidera, A., Kimura, Y., Fujiyoshi, Y.,
1999. The structure of bacteriorhodopsin at 3.0 Angstrom resolution based on
electron crystallography: implication of the charge distribution. Journal of
Molecular Biology 286, 861-882.

Miyazawa, A., Fujiyoshi, Y., Unwin, N., 2003. Structure and gating mechanism of the
acetylcholine receptor pore. Nature 423, 949-955.

Neutze, R., Huldt, G., Hajdu, ]., van der Spoel, D., 2004. Potential impact of an X-ray
free-electron laser on structural biology. Radiation Physics and Chemistry 71,
905-916.

Neutze, R., Wouts, R,, van der Spoel, D., Weckert, E., Hajdu, J., 2000. Potential for
biomolecular imaging with femtosecond X-ray pulses. Nature 406, 752-757.

Nogales, E., Wolf, S.G., Downing, K.H., 1998. Structure of the alpha-beta tubulin
dimer by electron crystallography. Nature 393, 191.

Reimer, L., 1965. Irradiation changes in organic and inorganic objects. Laboratory
Investigation 14, 1082-1096.

Rose, A., 1973. Vision: Human and Electronic. Plenum Press, New York.

Spence, ].C.H., Schmidt, K., Wu, ].S., Hembree, G., Weierstall, U., Doak, B., Fromme, P.,
2005. Diffraction and imaging from a beam of laser-aligned proteins: resolution
limits. Acta Crystallographica Section A 61, 237-245.

Starodub, D., Doak, R.B., Schmidt, K., Weierstall, U., W, ].S., Spence, J.C.H., Howells,
M., Marcus, M., Shapiro, D., Barty, A., Chapman, H.N., 2005. Damped and thermal
motion of laser-aligned hydrated macromolecule beams for diffraction. Journal
of Chemical Physics 123, 244-304.

Stenn, K.S., Bahr, G.F,, 1970a. A Study of mass loss and product formation after
irradiation of some dry amino acids, peptides, polypeptides and proteins with
an electron beam of low current density. Journal of Histochemistry and
Cytochemistry 18, 574-580.

Stenn, K., Bahr, G.F., 1970b. Specimen damage caused by beam of transmission
electron microscope, a correlative reconsideration. Journal of Ultrastructure
Research 31, 526-550.

Taylor, K.A., Glaeser, R.M., 2008. Retrospective on the early development of
cryoelectron microscopy of macromolecules and a prospective on challenges
for the future. Journal of Structural Biology 163, 214-223.

Typke, D., Downing, KH., Glaeser, R.M., 2004. Electron microscopy of biological
macromolecules: bridging the gap between what physics allows and what we
currently can get. Microscopy and Microanalysis 10, 21-27.

Unwin, P.N.T., Henderson, R., 1975. Molecular structure determination by electron
microscopy of unstained crystalline specimens. Journal of Molecular Biology 94,
425-440.

Wright, ER., lancu, C\V., Tivol, W.F, Jensen, GJ., 2006. Observations on the
behavior of vitreous ice at ~82 and ~12 K. Journal of Structural Biology 153,
241-252.

Yonekura, K., Maki-Yonekura, S., Namba, K., 2003. Complete atomic model of the
bacterial flagellar filament by electron cryomicroscopy. Nature 424, 643-650.

Zhang, X., Settembre, E., Xu, C., Dormitzer, P.R., Bellamy, R., Harrison, S.C., Grigorieff,
N., 2008. Near-atomic resolution using electron cryo-microscopy and single
particle reconstruction. Proceedings of the National Academy of Sciences of the
United States of America 105, 1867-1872.



	Retrospective: Radiation damage and its associated  "Information Limitations" 
	Having fun in the lab proved to be a serious business
	The intervening years
	Signal averaging has led to  " atomic-resolution "  images for many specimens
	Radiation-induced movement has emerged as another limitation

	Looking ahead: physics still allows that it may be possible to get much better images
	Do not blink: it may be possible to use exposures that are faster than beam-induced movement
	Acknowledgment
	References


