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The theoretical and experimental bases for quantitative electron microscopy of frozen-hydrated specimens are described,
with special considerations of cnergy filtration to improve the images. The elastic and inelastic scattering from molecules in
vacuum and in ice are calculated, and simple methods to approximate scattering are introduced. Multiple scattering
calculations are used to describe the scattering from vitreous ice and to predict the characteristics of images of
frozen-hydrated molecules as a function of ice thickness and accelerating voltage. Energy filtration is predicted to improve
image contrast and signal-to-noise ratio. Experimental values for the inelastic scaticring of ice, the energy spectrum of thick
ice, and the contrast of biological specimens are determined. The principles of compensation for the contrast transfer
function are presented. Tobacco mosaic virus is used to quantify the accuracy of interpreting image intensities to derive the
absolute mass, mass per unil length, and internal mass densities of biological molecules. It is shown that compensation for
the contrast transfer function is necessary and sufficient to convert the images into accurale representations of molecular
density. At a resolution of 2 nm, the radial density reconstructions of tobacco mosaic virus are in quantitative agreement

with the atomic model derived from X-ray results.

1. Intreduction

One of thc primary goals of quantitative analy-
sis of electron images is the determination of
mass densities within biological molecules. 1n or-
der to realize this goal the specimen structure
must be well preserved and the image intensities
must be quantitatively interpreted. The first re-
quirement can be achieved by embedding the
molecules in thin layers of vitreous ice. The sec-
ond requirement might be difficult or impossible
to achieve for frozen-hydrated molecules due to
the uncertainties in correcting for the effects of
phase contrast and inelastic scattering. This arti-
cle shows that energy-filtered cryo-electron mi-
croscopy (cryo-EM) can accurately determine the
absolute densities within biological molecules.
The predictions of electron scattering and image
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formation are reviewed and the advantages of
energy filtration are discussed. Data are pre-
sented on inelastic scattering of vitreous ice and
compared with predictions. Prediction and inter-
pretation of the images of tobacco mosaic virus
(TMV) arc used to illustrate the ability to quanti-
tatively interpret the images of frozen-hydrated
biological molecules.

1.1. Historical background

Of the thousands of electron microscope (EM)
studies of biclogical molecules there arc very few
that have tried to determine the internal densitics
within biological molecules. At atomic resolution,
the atom positions give unambiguaus results, but
there is only one study that has achieved such
resolution [1]. A very common technique for de-
termining density at lower resolution is to com-
bine the phases derived from electron microscopy
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with amplitudes derived from electron or X-ray
diffraction. However, this technique is usually
limited to investigation of crystalline samples.
Quantitative analysis of individual particles has
been problematic, despite established procedures
for averaging the information from many parti-
cles, due to inadequate information about the
accuracy of the image amplitudes. The bulk of
EM studies have focused on defining molccular
outlines, using the techniques of shadowing, neg-
ative staining, etc. These studies are incapable of
determining internal densities, mass per unit
length, or total mass of biological molecules.

Using specialized techniques, bright-field and
dark-field images of unstained dehydrated
molecules have been used for quantitative mi-
croscopv (see, e.g., refs. [2-5]). The most accurate
determinations of absolute mass come from
dark-field scanning transmission electron mi-
croscopy (STEM) of unstained, frozen-dried bio-
logical specimens [6]. STEM analyses have the
advantage of high image contrast without the use
of phasc contrast. The disadvantage of analyses
of dehydrated molecules is the distortion caused
by loss of water, which limits resolution to, at
best, 2—4 nm [6]. The theory and practice of mass
analvsis of dried specimens has been adequately
discussed in the reviews, above, and is outside the
scope of this paper.

Methods to preserve and image biological
molecules in thin layers of vitreous ice have cre-
ated new possibilities lor quantitative EM. Vitri-
fication ol biological specimens minimizes many
of the artifacts associated with other preparative
techniques [7-12]. Bright-field imaging of frozen-
hydrated specimens has emerged as a reliable,
high-resolution technique to examine molecules
in their native hydrated conformation. Crvo-
images however, have low contrast because of the
similarity between the density of biclogical malc-
rial and the densitv of vitreous ice. The images
also contain a high background of inelastic scat-
tering. To overcome the low signal and high back-
ground, cryo-images are typically recorded 1-3
um underfocus (o maximize phasc contrast. The
introduction of phase contrast, however, signifi-
cantly complicates quantitative analysis of the
images.

A simplified theory of contrast formation de-
scribed by Erickson and Klug [13] is usually used
to understand the images. The relationship be-
tween object density and image contrast 1s de-
scribed by the contrast transfer function (CTF),
which combincs the cffects of interference be-
tween the unscattered and elastically scattered
cleetrons (phase contrast) and the effects from
clectron loss by scattering outside the objective
aperture (scattering contrast). Under the defo-
cused conditions that impart beneficial phase
contrast to the images, the image intensities bear
little resemblance to the object. Compensation
(i.e., correction) for the CTF is theoretically pos-
sible, but implementation has been infrequent
[13-15]. Most often the reciprocal space ampli-
tudes have been compensated for phase contrast
only, not compensated at all, or taken from clec-
tron or X-ray diffraction pattcrns. Some authors
argue that scattering contrast is too weak to af-
feet the images or that the CTF has little effect at
low resalution. In fact, there is lack of confidence
in compensation at low spatial frequencies, which
are dominated by elastic and inelastic scattering
contrast.

TMYV is the ideal test specimen to establish
whether the images of frozen-hydrated molecules
can be used to accurately calculate molecular
densities from the micrographs, sincc the atomic
structure of the virus has been determined [16),
Lepault [17] determined the radial density distri-
bution of frozen-hydrated TMV without compen-
sation of the CTF and without comparison of the
results with X-ray data. Jeng et al. [18] performed
a three-dimensional image reconstruction of
frozen-hydrated TMV and showed good qualita-
tive agreement (at high resolution) with the clee-
tron densily maps of Stubbs and coworkers [16].
However, they discarded the low-resolution elec-
tron amplitudes and instead used amplitudes cal-
culated from the atomic model. They did not take
into account inelastic scattering and did not con-
sider the effects of solvent upon contrast. Al-
though they could extract accurate phases to |
nm resolution, they concluded that “the ampli-
tudes determined by electron microscopy arc in
error, because of the difficulties in correcting
accurately for the CTFE”. Therefore, these and
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other similar studies of frozen-hydrated molecules
have not brought us to the important goal of
determining the low-resolution structure of un-
known molecules.

1.2. Purpose of this paper

This paper has thc ultimate goal of showing
how energy-filtcred bright-ficld electron images
of frozen-hydrated specimens c¢an be uscd to de-
termine the absolute mass densities of biological
molecules. There are general discussions of elas-
tic and inelastic scattering, including comparisons
of the rigorous calculations with simple approxi-
mations that are useful for estimating contrast
from molecules, and considerations of scattering
from heavy atoms that might be useful as density
labels. Because energy filtration has the potential
for increasing the signal-to-noise ratio in the im-
ages and making the images more interpretable,
therc are comparisons of image intensities with
and without energy filtration. Image reconstruc-
tion is briefly reviewed, in the context of determi-
nation of the internal densities of molecules from
the electron image intensities. Finally, the tech-
niques of quantitative image reconstruction are
illustrated using images of TMV in ice to calcu-
late a radial density distribution that agrees quan-
titatively with X-ray results.

2. Electron scattering

Electrons are not absorbed by specimens em-
bedded in lavers of ice; they are scattered elasti-
cally or inelastically. Operating in different
modes, the transmission EM can use these elec-
trons to form images. Because the probability of
electron scattering is greater for biological mate-
rial than for ice, thc number of scattered elec-
trons increases in areas containing the molecules.
By understanding the relationship between atomic
composition and scattering probability, we can
hape to understand the relationship between
molecular density and image intensity.

FElastically scattcred eclectrons are scattered
through large angles. The scattered electrons that
are intercepted by the objective aperture are not
transmitted into the image, forming scattering

contrast (also called amplitude contrast). The
elastic electrons that are transmitted by the ob-
jective aperture interfere with the unscattered
electrons, forming phase contrast. Scattering con-
trast changes the total number of ¢lectrons in the
image. Phase contrast moves the transmitted
electrons from onec place to another within the
image. Control over phasc contrast is achicved by
defocusing the objective [ens, which changes the
phase shift between the scattered and unscat-
tered electrons. The elastic interaction is highly
localized, allowing a high-resolution image to be
formed.

Inelastically scattered electrons are scattered
through very small angles and have undergone a
loss of energy, which makes them subject to chro-
malic aberration. Electrons thal are only inelasti-
cally scattered have a very high probability of
transmission through the objcctive aperture.
Electrons that have been scattercd elastically as
well as inclastically have the large angular distri-
bution characteristic of elastic scattering and can
be stopped by the aperture. In principle, an elec-
tron that is scattered inelastically and subse-
quently elastically could interfere with itself to
form phase contrast, although this has never been
demonstrated. In an electron microscope with a
spectrometer. the inelastically scattered electrons
can be efficiently removed by positioning the
spectrometer slit to intercept Lhe energy-loss
clectrons [19]. The resolution of the inelastic scat-
tering contrast is expected to be lower {perhaps
1-2 nm) than that from thc elastic scattering
contrast, because of the increased range of the
inelastic interactions [20,21]. The resolution limit
of inelastic scattering contrast has not yet been
fully characterized.

The first stepy in understanding the images is to
predict the angular distribution of elastic scatter-
ing, and the energy and angular distribution of
inclastic scattering. Those electrens transmitted
by the objective aperturc will contribute to the
bright-field image.

2.1. Calculation of atomic cross sections

Electron scattering from molcecules of known
structure can be calculated by adding the scatter-
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ing due to the component atoms. The calculation
of atomic scattering cross sections can be done
using rigorous theory or by approximation using
simple formulas. In the casc of clastic scattering
the rigorous theory is thought to give rcliable
results for higher angles, where the scattering is
the same as for single atoms. At very small angles
deviations from the single-atom predictions might
occur due to chemical effects. Most calculations
of elastic scattering in this paper are done from
the single-atom partial-wave scattering ampli-
tudes [22]. Simple approximations are introduced
in order to allow the rapid estimation of electron
scattering from biological molecules and heavy
atoms. Inclastic scattering is more difficult to
predict, due to the cffects ol chemical bonding
upon the scattering probabilities. The predictions
of inelastic scattering are largely untested by ex-
periment. In this paper we will use a simple
approximation to predict inelastic scattering from
biological molecules.

2.1.1. Elastic scattering

2.L11. Calculation of elastic cross sections from
partial-wave scattering amplitudes Calculation
of elastic scattering was based on the single-atom
complex partial-wave solutions to elastic scatter-
ing from a Hartree—Fock potential [22]. The ta-
bles gave scattering intensitics that were compa-
rable to thosc previously used [23]. The differen-

Table 1

tial phase shift of scattering was ignored, because
the phase angles varied only slightly over the
angles used for imaging. The magnitudes of
atomic scattering were interpolated to 500 equally
spaced angles using a4 lour-point Lagrange
mcthod. The scattering amplitudes at different
voltages were calculated by linear interpolation
between the table amplitudes divided by v, where
y=1/(1—4%) and g is the ratio of the electron
velocity to that of light. Calculations at higher
valtages were done by extrapolations from 100
keV.

2.1.1.2. Estuimation of elastic scaltering crosy sec-
tions A simple formula for calculating the to-
tal elastic electron scattering cross section of an
atom has been shown [23]. The recent values for
the partial-wave scattering amplitudes [22] make
it desirable to modify that equation slightly to the
form:

1.4 x 1070232
o= _

= E [1-0.26Z/(1378)] nm?,

(1)

where o, is the total elastic scattering cross sec-
tion (nm*), Z the atomic number and § the
veloeity of the electron divided by that of light
(B2 =1—[me?/(V,+mc’]), where V,, is the
clectron acceleration voltage, and me?® the rest
energy of the electren,

Comparison of the partial-wave scattering cross sections at 100 keV with predictions of eq. (4)

Atamic o, {(pm?) o, (pm?) TN (pm?) .. (pm?) g, {pm™) am,. (pm?)
number (PW) (eq. (1)) {s,=2nm ) (s,=2nm~ Ly {s,=5nm h (s,=5nm~ 1y
(PW) (eq. (40 {(PW) (eq. (4))
| 3.65 4.65 2.01 37 1.53 2.33
[} 79.4 67.2 65.9 538 342 336
7 K5.1 84.4 79.6 w75 43.9 39.8
8 904 103 100 84.3 651 52.7
11 148 164 116 131 735 82
12 187 186 145 149 82.7 93
15 314 257 255 200 133 129
53 1730 1470 1460 1180 910 730
7 2120 221 1800 1790 1201 1)
79 2110 2380 1880 1500 1300 1190
80 2160 2420 1920 1940 1320 1210
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Table 2

Evaluation of the voltage dependence of eg. (1)

Voltage Z=6 Z =80

(keV) o, (pm?) o, (pm*) o, (pm?) u, (pm?)

(partial wave) {eq.{1)) (partial wave) (eq. (1))

10 618 510 ¥550 584M)

40 170 142 3800 4250
70 1035 88.5 2710 3000

100 79.4 67.2 2180 2420

Table 1 is a comparison of the predictions of
eq. (1) with the partial-wave calculations. Eq. (1)
usually gives a value for the cross section that is
within 15% of the partial-wave calculations based
on the Hartrece-Fock atomic potentials. The esti-
matc for hydrogen gives an exceptional error of
almost 30%. In eq. (1) the term in parcntheses is
a correction for failure of the first Born approxi-
mation, and is accurate in cases as long as
Z/(1378) < 1.5, as shown in table 2. Thus for
atoms with Z < 92, the correction is accurate for
electron voltages greater than 60 keV. This cor-
rection is insignificant for light atoms.

In the electron microscope, the elastic interac-
tions cause electrons to be scattered through large
angles. A large fraction of the elastically scat-
tered electrons are stopped by the objective aper-
ture, depending upon the angular acceptance of
the aperture. It is common to relate the scatter-
ing angles to spatial frequencies using the equa-
tions:

s=2sin{a/2) /A, (2)
5, = 2 sin{a,/2) /A, (3)

where o is the scattering angle, «, the objective
aperture half-angle, s the spatial frequency, s,
the maximum spatial frequency and A the elce-
tron wavelength.

Commonly, objective apertures are used to
stop electrons that have been scattered through
angles greater than s,=2-5 nm ' (e, a, =
7.4-18.5 mrad at 100 keV). The physical diameter
of the aperture is D= 2f sin «,, where f is the
focal length of the objective lens (usually 1-3
mm). Removal of electrons by the aperture causes
scattering contrast in a bright-field image. Thus,

the number of electrons forming contrast is equal
to the number scattered outside the aperture.
The fraction of elastically scattered electrons that
are scattered outside the objective aperture is
called the elastic efficiency, #,,. For an atomic
number between 5 and 100, and s, =2-5 nm ',
the clastic cfficiency is in the range 0.4-0.9. The
effective clastic scattering atomic cross section Is
equal to the cross section, a,, times 7,. To a
good approximation:

1.4% 10702372
S [1-0.26Z/(1378)]
x[1—s5,/10] nm*, (4

assuming that s, is in units of nm~ 1.

The second term in brackets is an approxima-
tion for n,, for single scattering, which is accurate
to better than 20% over the range 1 <s,<35
nm~'. To within an uncertainty of < 10%, the
partial wave valucs for 7, are linear in that
range. Table 1 shows that cq. (4) is accurate 1o
better than 20% for the atoms and voltages ¢xam-
ined, except for hydrogen. For thick specimens
multiple scattering will increase the value of n,,
slightly.

2.1.2. Inelastic scatitering

Biological molecules and ice scatter clectrons
inelastically more frequently than elastically. For
instance, at 100 keV the ratio of inelastic-to-
elastic scattering probability for carbon is 1.6 [24].
The inelastic scattering is at very small angles
such that in a conventional EM almeost all of the
electrons that have only been scattered inelasti-
cally are focused (with chromatic aberration) into
the image and do not give rise to scattering
contrast. In the abscnce of chromatic aberration,
the effect of inelastic scattering would only be to
decrease the coherence of the transmitted clec-
trons.

The use of a microscope with an electron
spectrometer makes it possible to efficiently ex-
clude the inelastically scattered electrons from
the images and thus allow inelastic scattering to
contribute to contrast. The design and opcration
of this type of microscope is discussed in refs.
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{25-29]. When all of the inclastically scattered
electrons are removed from the image the inelas-
tic scattering contributes efficiently to scattering
contrast. As we will show later, the amount of
inelastic scattering contrast from molecules in ice
is predicted to be about four times greater than
elastic scattering contrast. Thus it is imperative to
have an accurate estimate of the inelastic scatter-
ing from specimens.

It is not possible to calculate the inelastic
scattering cross scctions with certainty, due to the
cffects of chemical bonding on the intcractions
with the outer-shell electrons. Wall ct al, [24]
showed that the inelastic scattering cross sections
for biological molecules can be approximated by
the equation:

1.5x 1070712
o=

in Bz

where 9, = E/[B2(V, + mec?)] and E is the aver-
age energy loss (assumed to be 20 eV). Wall et al.
also derived an approximate equation for the
differential scattering cross section, which we used
to predict the angular distribution of the inelastic
events (note that there is a typographical error in
cq. (4) of Wall ct al.; the exponent of E;, should
be 2). As we will show later, in the Zeiss EM902
the efficiency of filtering inelastic scattering from
the images, 7. is virtually unity. Because eq. (5)
is not correct for hydrogen, we used an empirical
hydrogen cross section of 8.8 pm, derived from
the apparent mean free path for inelastic scatter-
ing in ice and the calculated inelastic scattering
from oxygen.

In(2/4,) nm?, (5)

2.2, Scattering from biological molecules and heavy
atoms

The parameter that relates scattering probabil-
ity 1o mass density is the mass scattering coetfi-
cient, §,,, which is the scattering cross section per
unit mass. In the case of the conventional EM it
is appropriate to use the elastic scattering cross
section (on = a,n,), whereas in the energy-
filtcred EM it is necessary to use the sum of the
elastic and inelastic cross sections (on = o, +

oM. Thus, it is possible to predict the total
scallering from molecules of known molecular
weight. More importantly, if we know the atomic
composition of a sample, the empirical scattering
cross sections can be used to determine the mass
density, mass per unit length, or total mass. If we
can assume a constant density for a molecule, the
scattering probability can even be used to calcu-
late thickness.

2.2.1. Scattering in a vacuum

in order to predict the etfect of heavy atoms or
biological molecules upon the images, we need to
calculate the probability of scattering, The first
step is to generalize the atomic cross sections to
molecular cross sections and mass scattering coef-
ficients. We can assume that the molecular cross
section, o,7,,, is the sum of each of the cross
sections, o (n)n{n), of the atoms in the molecule:

a=Ny

Ol = 2 [o(m)m(n)], (6)

|

which is the cross section of each molecule.
The mass scattering coefficient, S, is the

molecular scattering cross section per unit mass:
Sm - (rmnm/kl’ (7)

where M is molecular weight (daltons).

Th probability of scattering from a uniform
layer of material can be related to the bright-ficld
images by the equation:

I=1,cxp( —P). (8)

where { is the image intensity, !, the incident
electron intensity and P the probability of scat-
tering in the layer:

P= (rm"mBmIm’ (Q)

where 1 is the thickness of the molecular layer
and &, the number density of molecules.

Using the specific units of g/cm® for the mass
density, p,, nm*® for the molecular scatiering
cross section, and nm for thickness, we obtain

P=602 oo Pmtfm/ M. {10}
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The differences between the image intensity
with and without the molecular layer, A/, and the
corresponding image contrast, C, are:

Al=1,—I=1,[1—exp(-D)], (11}
C=Al/l,. (12)

For P < 0.1 there is less than 5% error in the
approximations:

Al=1,P, (13)
C=P. (14)

A specimen will scatter a total number of
electrons out of the image, N, given by:

N:fAI(x, y)dxdy, (15)

Qr

N = A/ (area), for an area of uniform thickness.

(16)
In the thin-specimen approximation:
N=anl,, foran atom, (17)
N=nonl,, forn atoms, (18)
N=agmn,.I,~S5.Ml,, foramolecule. (19)

2.2.2. Scattering from biological molecules in ice
In order to calculate the contrast from
molecules in ice, the excess scattering from the
molecules must be determined. Excess scattering
is the amount of scattering done by the molecules
in excess of the scattering that would have oc-
curred if only ice were present. The scattering
done by a biological molecule is not much larger
than that donc by a comparable volume of water,
hecause the atomic numbers of biological materi-
als are similar to water. Thus the assumption
about the amount of water displaced by the
molecules is critical to the calculation of the
molecular image. The uncertainties in these cal-
culations are the density of ice and the partial
specific valumes of the biological molecules in
vitreous ice. Heavy atoms, on the other hand, do
a large amount of scattering compared to that of

the displaced water. Thus, heavy atom scattering
is insensitive to ice embedment.

The npartial specific volumes of biological
molecules are measured in liquid agueous solu-
tions by determining the change in the volume of
the solution upon addition of a known weight of
dry biological material. The partial specific vol-
ume is thus a measurc of the molecular volume as
well as any perturbation in the density of the
water surrounding the molecules. At room tem-
perature, the density of water bound to a macro-
moalecule is slightly higher than that free in liquid
solution [30]. At 100 K the density of bulk vitre-
ous pure water is about 0.92 g/cm® [31}, which is
probably similar to that found in rapidly frozen
thin layers [32]. However, the density of vitreous
clectrolyte solutions and the density of vitreous
water bound (o macromolecules are unknown.

The excess mass scattering coefficient of a
molccule in water, 5/, is:

Sr’n = Sm - Ssps/pm = Sm(l - S.\p.ﬂ/smpm)
=5 F (20

meoms

where §, is the mass scattering coefficient for
bulk solvent, p, the density of bulk solvent, p,,
the reciprocal of the partial specific volume and
F,. the resuliing factor by which molecular scat-
tering is multiplied due to displacement of sol-
vent. It is a function of the molecular composi-
tion and solvent density.

Therefore, if we use units of nm” for cross
section, nm for thickness and g/cm? for density,
the probability of excess scattering can be ex-
pressed as:

PL=6028.poi.. (21)

The probability of scattering {rom a frozen-hy-
drated specimen is the sum of the probability of
scattering from the ice layer, P, and the proba-
bility of excess scattering due to the molecule,
P, For an ice layer of thickness ¢, and a molecule
of thickness ¢_:

P =P P =0602(5p,0 +8"Puln): (22)
I, =1, exp( —F), (23)
L=l exp(—F..), (24)
Al=1,—1, . =L[1—-exp(—P,)]. (25)
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The contrast of thc molecule in ice is

C=Al/I=[1—exp{-PD)], (26)
and for small P,,
C=P. (27}

2.2.2.1. FElastic scattering from molecules in ice
Calculated values of p, .., S, F,. and S, for
elastic scattering from biological molecules and
heavy atoms in vacuum and in ice are shown in
table 3. The calculations assumed an incident
voltage of 80 keV, an objective aperture of s, =
4.12 nm ™' and a density of 0.92 g/cm” for vitre-
ous ice. We will show later that experimental
measurcments of the excess scattering from bio-
logical molecules can be used to test the predic-
tions ahove.

The fact that the mass scattering coefficients
for DNA, protein, and lipids in a vacuum are
almost identical means that scattering from dry
specimens is the same for different biological
materials. This result is the basis for quantitative
mass analysis by EM and STEM [2-6]. On the
other hand, the excess elastic mass scattering
coelficients of various molecules in ice are very
diflerent, because of the differences in the partial
specific volumes. This leads to difficultics and
opportunities for interpreting the images of
molecules 1n ice, The difficulties are due to the
sensitivity of the relative mass scattering cocffi-
cients to the absolute density of ice. For instance
the ratio of elastic scattering from DNA to that
of protein is 1.85, 2.15 and 2.93 for ice densities

Table 2

LP Langmore. MF. Smith / Quantitative eleciron microscopy of molecudes in ice

of 0.82, 1.0 and 1.1 g/cm“. Thus control of ice
density is a significant hazard for guantitative
microscopy in ic¢. On the other hand, the strong
dependence upon solvent density leads to possi-
bilities of performing contrast variation experi-
ments in order to distinguish among nucleic acids,
proteins, and lipids.

2.2.2.2 Inelastic scartering from molecules in ice
Table 2 also shows the predicted sum of elastic
and inelastic excess mass scattering from
molecules in ice. In this case, we have used the
empirical value of the inelastic cross section from
ice (see section 2.2.4) and the values of molecular
scatlering from eq. (3). We assume that the spec-
trometer is able to filter the inelastically scattered
clectrons with an elficicney of 1 (see scetion
2.2.4). Although in vacuum thc excess inclastic
scattering is only slightly greater than clastic scat-
tering, in vitreous ice the inelastic scattering is
about 4 times greater than the elastic scattering.
As a consequence, it should be expected that the
bright-field EM contrast for hydrated molecules
should be greatly improved by removal of the
inelastically scattered electrons from the image.
Table 3 also shows that although the elastic
scattering from {rozen-hydrated molecules is very
dependent upon molecular composition, the sum
of clastic and inelastic scatt¢ering is only shlightly
higher for nucleic acids than for protein. Thus,
when the images are formed with just the zero-loss
electrons, the expected mass scattering coeffi-
cients for different types of molecules are nearly
identical. In other words, we expect that the

Elastic and inelastic scattering from molecules in vacuum and vitrcous ice (R0 keV. s, =412 nm )

Malecule Partial wave (PW)

PW elastic + inelastic

Pm Elastic appreximation (eq. (4))
3
e /em?) S S Fon 7 Sm S Fo S SorFop,
(pm’ famu)  {pm? famu) (pm?/amu)  (pm°/amuw)  {pm?samu)  (pm? samu)

lce 0.92 (.658 4.24 0.0 0.6 4.47 0.0 14,27 ) 0.0
Lipid 1.03 (0.539 4.(M) (21 6 403 037 1519 2.47
Protein 1.33 0.568 413 1.19 0.6 414 10> 1523 435
DNA 1.79 0.575 442 2.24 06 447 217 14.81 748
Todine 4,94 0.598 942 8.03 06 810 7.33 12,72 10.07
Gold 19.3 0.680 8.13 0.6 8.18 1,63 11.25

8.33

8.39
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energy-tiltered EM image intensities will be good
representations of the mass densities for frozen-
hydrated molecules.

2.2.3. Multiple scattering

In some ways a thin molecule e¢mbedded in a
thick layer of ice behaves as a “thin” object,
because it causes a small increment in the image
intensity. For instance, a TMV particle might
have a contrast of 5% in a thick layer of ice,
making eq. (27) valid. However, to determine the
background intensity in the image of a thick layer
of ice, multiple scattering must be taken Into
account. Multiple scattering changes the angular
distribution of the scattered electrons and there-
fore affcets the values of 7. In addition, as the
sample becomes thicker, the ratio of cnergy-loss
to no-loss clectrons in the image inereascs, which
affects the ability of frozen-hydrated biological
molecules to produce phase contrast. In order to
gain any perspective on imaging molecules in ice,
we must calculate the angular distribution of mul-
tiple scattering from lavers of ice.

Crewe and Groves have described the consid-
erations that must be made to calculate the image
intensities for thick specimens and explicitly cal-
culated the thickness contrast from carbonaceous
specimens with and without energy filtration [33].
We have used 4 similar approach to calculate the
density contrast from biological molccules cm-
bedded in thick layers of ice. We have also calcu-
lated the signal-to-noise ratios in the images. We
have not taken into account the effects of beam
broadening or chromatic aberration upon resolu-
tion, although those effects are predicted to dra-
matically reduce the resolution of the conven-
tional bright-field EM [34.35].

In order to calculate the angular distribution
of the clectrons that would be n-fold elastically
scattered and m-fold inclastically scattered by a
uniform layer of material, a delta function was
convoluted » times with the differential cross
section for elastic scattering and convoluted m
times with the differential cross section for in-
elastic scattering, The two-dimensional convolu-
tions were performed for 80 keV, using table
values for the elastic differential scattering cross
sections [22] and the estimated values for the

inelastic differential scattering cross sections [24].
An objective aperture of s, =4.12 nm~! was
assumed. For the ice thicknesses chosen’ in this
study, all cvents beyvond 9-fold scatlering were
ignored. Becausc the inelastic scallering was at
very small angles, it would have been lairly accu-
rate to assume that the inelastic events gave no
angular deviation in the path of the scattercd
electrons (the approximation used by Crewe and
Groves [33]). However, far completeness, the pre-
dicted angular distriburion of the inelastic scatter-
ing was taken into account. Disregard for scatter-
ing greater than 9-fold contributed less than 0.19%
error in the calculated scattering for an ice thick-
ness of 500 nm. In fact, calculated scattering
beyond 5-lold contributed less than 8% of the
total. The angular distributions of each type of
multiple scattering (c.g., 3-fold elastic 2-fold in-
elastic) were calculated once and stored in the
computer. In order to calculate the amount and
angular distribution of scattering from an arbi-
trary thickness of ice, the multiple-scattering dis-
tributions were weighted by the Poisson statistical
distribution, and added to give the predicted elas-
tic and inelastic scattering distribution. This total
scattering distribution was integrated from s =10
to s,, in order to calculate the elastic and inelas-
lic scattering within the aperture. Using the stored
tables of multiple scattering distributions, calcula-
tion of the unfiltered and filtered image intensi-
ties for ice required less than 1 ms to compute on
a Silicon Graphics 2500T,

2.2.4. Verification of the calculations and estima-
tion of the inelastic scatlering cross section of ice

In principle, the scattering calculations could
be checked by measuring the absolute intensities
in the images of layers of ice of known thickness
and density. Unfortunately, there are no studies
of the physical thickness or density of the ice
layers used for cryo-EM. However, the relative
amounts of scattering outside the objective aper-
ture and energy-loss scattering inside the aper-
ture can be measured using a microscope with an
energy filter, such as the Zeiss EM902, and com-
pared with the calculations.

We collected more than 20 sets of low-dose
micrographs of different areas on a frozen-hy-
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drated specimen (V, = B0 keV, dose = 600 elec-
trons /nm?, incident dose rate =200 electrons
nm ‘s ', 5,=4.12nm ', and 7= 116 K). The
methods of microscopy and densitometry are de-
scribed  elsewhere [36,37]. Briefly, frozen-hy-
drated specimens over holey carbon films were
scanned to find areas of different apparcent ice
thickness. The microscope was focused at 80000
x  magnification on the carbon using off-axis
convergent illumination. The images were record-
ed by electronically spreading the illumination
and shifting the beam on axis for the desired
exposure time using a maodified microdose focus-
ing system on the Zeiss EM902. Two micrographs
were recorded at 30300 X magnification on each
area of ice, the first with a spectrometer slit (17
eV energy window) adjusted to include only the
no-loss elcctrons transmitted by the aperture, and
the second with the spectrometer slit removed to
record all transmitted electrons. The incident il-
lumination was recorded twice by imaging an
empty hole before and after imaging the ice. The
illumination was confirmed to be constant. The
film (Kodak SO 163) was developed for 12 min in
full strength D19 at 68°C. The electron image
densities were measured with a CCD camera
interfaced to a computer. Film density was calcu-
lated from transmitted light using the equation

Di(x,y)= —IUE[T(L ¥)/To(x, V)]

where T(x, y) was the intensity of light transmit-
ted by an image of ice and T(x, ¥) was the
intensity transmitted by the light box without the
micrograph. The absolute accuracy of the densi-
tometry was confirmed for the density range (-—2.
The effects of optical flare in the CCD camera
lens were minimized by masking off areas of
fairly uniform density. The electron intensity was
calculated wusing the relationship I(x, y) =
K[D(x, ¥)—Dyl, where D was the density of
the film without any electron exposure and K
was the film speed. The value of K was about
(.45 electrons/um?, but was not important for
later analysis. Magnilication was calculated o be
30300 x , from the position of the 2.3 nm third
layer line of TMV. Image processing was per-
formed using the EMPRQ program package [36]
on a Silicon Graphics IRIS 2500T workstation
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Fig. 1. Energy-loss spectrum of electrons transmitted by a
layer of vitreous ice about 140 nm thick through an objective
aperiure of s,=4.12 nm~'. For rccording energy-filtered
images, the spectrometer slit transmits electrons of energy
loss (- 10 eV at the center of the image area and 0-2 ¢V at
the edge of the image arca. Even at the center of the images
more than 99% of the energy-loss electrons are intercepted.

{Silicon Graphics, Inc., Mountain Vicw, CA).

In order to comparc the scattering predictions
to the experimental image intensities, we first
need to know the fraction of the inelastically
scattered electrons that are removed by the spec-
trometer. Fig. 1 shows the electron energy spec-
trum found for a laver of ice about 140 nm thick.
The elficiency of removal of energy-loss electrons
by the 17 eV slit was greater than 0.99, and
subscquently assumed (o be 1.

In order to cstimate the thickness of the ice,
we relicd upon the theoretical clastic scattering
Cross sections, assuming an ice’ density of 0.92
g/cm’. The ice thickness was calculated from the
ratio of the unfiltered image intensity to the
incident intensity, assuming 4 280 nm mean free
path lor elastic scattering.

Using the procedures outlined in section 2.1.2,
the intensitics of the (otal transmitted clectrons
and of the zero-loss transmitted electrons were
predicted using the theoretical Hartree—IFock val-
ues for the clastic cross section of ice and differ-
ent trial valucs for the inclastic cross section.
These predictions were compared to the empiri-
cal unfiltered and energy-filtered intensities for
image pairs recorded from different thicknesses
of icc. The calculations fit the image data if the
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empirical Inelastic cross section of ice was as-
sumed to be 181 pm?®. Assuming an ice density of
0.92 g/cm’, the theorctical mean free path for
elastic scattering outside the 90 pm aperture was
280 nm, and the empirical mean free path for
inelastic scattering was 180 nm. The comparison
of the predictions and experimental data is shawn
in fig. 2. The predictions were very sensitive to
the value chosen for the inelastic mean free path.
The ratio of unfiltered to filtered ice image inten-
sity (1 __ e/ T 1 ipec) 18 1 for very thin ice, but
increases to about 2.8 for 200 nm of ice and to
over 12 for 450 nm of ice, as inelastic scatlering
accumulates in the image. Thus for 200 nm and
450 nm of ice over 50% and 90%, respectively, of
the electrons in the image have been inelastically
scattered. The good agreement bctween the pre-
dictions and the experimcntal data indicate that
our mecthod of calculating the images of ice is
valid up to at least 450 nm thickness.

3. Role of energy filtration in imaging frozen-hy-
drated molecules

In order to compare the energy-filtered and
unfiltered images, we calculated the images of
thick layers of ice and estimated the incremental
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Fig. 2. Ratio of ice image intensities withoul and with encrgy
filtration. This ratio is very sensitive to the relative mean free
paths for elastic and inelastic scattering. ( ) Predictions;
(e®®) cryo-EM data. The ice thickness was calculated from
the theoretical mean free path for elastic scattering at 80 keV,
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Fig. 2. Intensities of the four categories of electrons relevant
te image formation in conventional and energy-filtered EM at
80 keV and s5,=4.12 nm~ ', as a function of apparent ice
thickness: {diagonally hatched area) elastically scattered elec-
trons within the aperture, I, {vertically hatched area)

IS

energy-loss within the aperture, I, ; (clear area) unscattered

electrons, I,,: (horizontally hatched area) electrons scattered

outside the objective aperture, which do not contribute to the
image.

scattering causcd by a molccule embedded within
the ice. Using the algorithms and results in sec-
tion 2, we predicted the angular distribution of
the intensity of the no-loss and energy-loss elec-
trons for different thicknesses of ice. Fig. 3 is a
summary of the intensities of the three categories
of electrons relevant to image formation (un-
scattered, /,,: inelastically scattered within the
aperture, f,.,; and elastically scattered within the
aperture, /) at 80 keV and s, =4.12 nm~! as a
function of ice thickness. It is clear that the
inelastically scattered clectrons dominate the im-
agcs of ice greater than ~ 150 nm thick. Removal
of the inelastically scattcred electrons has the
potential to dramatically affect the images. In this
section we will illustrate the cffects of cnergy
filtration upon ice background, specimen con-
trast, and signal-to-noise ratio. Energy-filtered
imaging at 80 keV will be compared to that at
higher voltages.

3.1. Calculations of ice background and virus con-
trast with and without energy filtration

The ice image intensity in the unfiltered mi-
croscope is { =1t L, + 1., and that in the

—spec
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cnergy-filtercd microscope is 1. ..
Fig. 4 shows calculated values for |/

!, e @s a function of ice thickness at 80 keV and
5, =4.12 nm~'. These two gquantities are predic-
tions of the background intensities in the images
of molecules embedded in ice. The increments in
elastic and inelastic scattering due to the pres-
ence of a TMV particle (see section 4.2) were
also calculated. Fig. 5 compares the calculated
peak TMYV scattering signals, A/, and the ratio of
scattering contrast with and without energy filtra-
tion.

For very thin lavers of ice, the background
Intensity does not depend upon energy filtration,
becausc most of the e¢lectrons in the image are
unscattercd. In thin ice the scattering signal is 4
times greater in the filtered than in the unfiltered
images, because of the additional, inclastic con-
trast. The signal advantage is simply the ratio of
the total excess scattering cross section to the
elastic excess scattering cross section (see table
3). The net result is that the scattering contrast is
4 times greater when energy filtration is used.

For maderate ice thickness (e.g., 150 nm), en-
ergy filtration reduces the icc background by a
factor of 2.2, and increases the scattering signal
by a factor of 1.7. In the case of the conventional
EM, clectrons that have been scattered inclasti-
cally are still available for elastic scattering from
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Fig. 4. Calculated values for ice background as a function of
ice thickness at 80 keV and s, =412 nn~': ( } with
energy fillration; (--«--- ) without filtration,
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Fig. 5. Calculated peak scattering signals and contrast for

TMYV in vitreous ice at 80 keV and s, =412 nm " ( )

Al with energy filtration; (——---- } AT without filtration;

[CEREER ) ratio of TMV contrast with and without energy

filtration. Contrast defined by cq. (26). Mcthod of modeling
TMYV from ref. [37].

the TMV. In the case of the energy-filtered EM,
the available electrons are becoming scarce, be-
cause most of them have been removed by the
spectrometer and aperture. The net result is that
the contrast is 3.8 times greater when cenergy
filtration is used.

For very thick ice {c.g., 500 nm} the ice back-
ground is 15 times less in the filtered images, but
the scattering signal is 3.4 times less, due to the
paucity of transmitted electrons. The nct result is
that the contrast is 4 times greater when energy
filtration is used. The striking result is that the
contrast advantage resulting from cnergy filtra-
tion is predicted to be ~ 4, regardless of ice
thickness.

3.2, Calculations of signal-to-noise ratios in the
images of @ cirus with and withour energy filtration

The most important parameter in image for-
mation is not contrast, but signal-to-noisc ratio
{§/N). The depletion of electrons by energy fil-
tration not only causes the ice background to
decrease (a beneficial reduction in statistical
noise), but decreases the scallering signal {a
detrimental reduction in signal). The S /N can be
calculated from the increment in the image inten-
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sity caused by the presence of a molecule divided
by the standard deviation in the total number of
clectrons in an equal area of the image. For
purposcs of understanding our studics of TMV at
2 nm resolution [37,38] it is reasonable to choose
a molecular area of 1 nm?, and an incident inten-
sity of 600 electrons per nm’ at 80 keV and
s, =4.12 nm . Obviously the same incident elec-
tron dose must be chosen for both the energy-
filtered and unfiltered cases, so that the resultant
radiation damage would be the same. It is inter-
esting to compare imaging at different voltages as
well, because it is commonly believed that in-
creasing electron energy will improve the images
in thick ice. To compare imaging at different
voltages, we fixed the resolution (s, = 4.12 nm ~)
and amount of radiation damage. Eq. (5) predicts
the voltage dependence of the inelastic scatter-
Ing, which is known to be proportional to radia-
tion damage [39]. Therefore, for doing calcula-
tions at higher voltages, we increased the clectron
incident intensity to keep the number of inelastic
(and therefore damaging) events constant. We
have ignored the effects of “knock-on™ damage
at higher voltages, which actually increase the
damage.

1.4 —

0.0 — B E—
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0 100 200 300 400 500
thickness (nm)

Fig. 6. Calculated signal-to-noise ratio (8/N) for scattering

contrast from ! nm? of frozen-hydrated TMV with and with-

oul energy [liltration: { } with encrgy filtration at 80

keV: (------ ) (top to bottom) without filtration at 80. 200, 400

and 1000 keV. All imaging with s, - 4.12 nm ™" and radiation
dose equivalent to 600 electrons /nm? at 80 keV.

Fig. 6 shows the § /N for scattering contrast on
TMYV imaged with and without energy filtration.
At 80 keV with energy filter, a factor of 4 im-
provement is seen for thin ice, and this improve-

Fig. 7. Cryo-EM images of viruses with and without energy filtration. {a, b) Low-dose images of frozen-hydrated cottontai

papilloma virus in a 87 nm layer of ice at 80 keV, 30300 X magnification, 500 nm underfocus and 300 electrons/nm?: {a) with

filtration; (b) without filtration. (c, d) Low-dose images of frozen-hydrated TMV in a 150 nm layer of ice imaged at 80 keV,
30300x magnification, 1500 nm underfocus and 600 electrons /nm?; (¢} with filtration; (d) without filtration. Bar s 50 nm.
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ment decrcases as the thickness approaches 500
nm. Over a wide range of thickness, energy-
filtered imaging at 80 keV seems to have an
advantage, even compared to high-voltage micro-
scopes. For thin ice, the lower-voltage conven-
tional microscaopes seem to have an advantage
over the high-valtage microscopes. These calcula-
tions could be misleading, however, because there
are some compensating advantages to high volt-
age that we have not taken into account, such as:
(1) reduced chromatic aberration, (2) reduced
effects from specimen charging, (3) reduced mul-
tiple scattering and (4) potential for increased
coherence of the electrons. In addition, cryo-EM
imaging is usually performed with a large amount
of objective-lens defocus, which causes a large
amount of phase contrast in the image. The
amount of phase signal from biological molecules
is unchanged by energy filtration, because the
number of unscattered and elastically scattered
electrons transmitted by the aperture is the same
for both microscopes. The amount of phase con-
trast will always be higher after energy filtration,
because of the reduction in the intenstty of the
background. Phasc contrast will be discussed in
more detail in section 4.

3.3. Practical results of energy filtration upon im-
ages of frozen-hydrated molecules

The calculations of contrast and S /N ratios in
section 3.1 indicate that energy filtration should
noticeably improve the images of frozen-hydrated
molecules. This has been shown experimentally
by several investigators [37,40-42]. Fig. 7 presents
energy-filtered and unfiltered images of cotton-
tail papilloma virus and TMV in ice [41]. The
filtered images appear to have less noise. By
averaging the image intensities along the axis of a
complete TMV particle, we can get a more quan-
titative view of the signal intensity, background
intensity and noise present in images. Fig. 8 shows
intensity profiles across a TMV molecule imaged
at ~2 um defocus with and without energy
filtration. In fig. 8a it is obvious that the ratio of
background intensity with and without spectrom-
cter slit is about 0.5, showing that half of the
electrons in the unfiltered image have lost en-
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Fig. 8. Average intensities across the axis of frozen-hydrated
TMV in 150 nm ice at 80 keV, 30300 X magnificatian, ~ 1500
nm underfocus and 600 electrons /nm?. (a) Both intensities on
the same scale; (b) expanded, displaced intensity scales. (Top
lines) without energy filtration, (hottom lines) with filtration.

ergy. In fig. 8b, the intensity scale has been en-
larged, so that image detail is visible. The unfil-
tered image has more noise than the filtered
image, even after the statistical noise has been
averaged over the 300 nm length of the molecule.
For example, the Fresnel fringe and the hole in
the center of the virus is visible only in the
filtered image.

4, Quantitative cryo-EM of TMV

The discussions in section 2 allow the calcula-
tion of the total amount of scattering from a
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biological molecule in ice, but do not describe the
distribution of electrons in an image. The posi-
tions of the clectrons in the image will depend
upon microscope defocus, lens aberrations, char-
acteristics of the recording system, etc. In this
section we will outline the principles of imaging
in the EM, and introduce the simplest approxi-
mation for the relationship between molecular
densities and image intensities. With this rela-
tionship it is possible to predict the image of
molecules with known structure or, more impor-
tantly, determine the structure of unknown
molecules from the image. Using TMV as the
example, we will review a recent study of the
determination ol thc mass per unit length and
absolute internal densities of biological moleculcs
in ice [37].

4.1. Image formation

Image formation in the conventional EM is
commonly described in the terms of the first-order
theory for scattering contrast and phase contrast
[13.43). Scattering contrast arises from the elasti-
cally and inelastically scattered electrons re-
moved by the objective aperture. Phase contrast
is produced by interference between the unscat-
tercd and elastically scattered electrons transmit-
ted by the objective aperture. However, the the-
ory is only an approximation and it neglects mul-
tiple scattering as well as inelastic scattering. Fig.
5 shows that the majority of the electrons in the
images of frozen-hydrated samples fall into one
or both of these categories. The primary effect of
inelastic scattering is to reduce phase contrast by
reducing the coherence of the transmitted elec-
trons. A secondary effect is to increase scattering
contrast when there is chromatic aberration in
the focusing of the energy-loss electrons. One of
the important effects of multiple scattering is to
increase the effects of chromatic aberration by
increasing the scattering angle of the energy loss
electrons. Fortunately, energy filtration removes
the inelastically scattered electrons, thus elimi-
nating all three effects. Remaval of the inglasti-
cally scattered electrons reduces the inelastic
background from the image (reducing statistical
noise) and provides beneficial scattering contrast.

The magnitude of both effects is substantial. The
only remaining detrimental effect of inelastic
scattering is a small loss of resolution resulting
from the delocalization of the inelastic scattering
event [20,21].

4.1.1. Contrast transfer function theory

The relationship between ohject density and
phase and scattering contrast is commonly de-
scribed by the contrast transfer function (CTF),
which predicts the loss of information transfer as
a function ol spatial frequency. The relationship
is most easily described in the Fourier transform
of the image, rather than in the image itself.
Under ideal conditions, the primary contributor
to the C1F is the electron optics, Contributions
can also be made by the delocalization of inelas-
tic scattering, specimen drift, radiation damage,
etc. In addition, as ice thickness is increased
beyond 150 nm for the unfiltered bright-field EM
or beyond 6(() nm for the energy-filtered bright
field EM there are dramatic attenuations of the
high spatial frequencies due to beam broadening
and chromatic aberration [34]. For the low spatial
frequencies of concern in this paper, we will only
consider the contributions from the electron op-
tics to the CTF. Two additional factors in record-
ing image intensities must also bc taken into
account before quantitation of the images on the
computer; the first is due to the scattering of
electrons in the photographic emulsion, and the
second is due to digitization using finite pixel
dimensions. The Fourier transform of the com-
puterized image is the product of the Fourier
transform of the object density, the microscope
CTF, the film transfer function, and the transfer
function of the digitization system. The CTF,
which rclates the object density to electron inten-
sity, can be estimated by the first-order theory
[13,43]. The film transfer function, which rclates
electron intensity to film density, can be esti-
mated [44]. The transfer function of the digitiza-
tion system, which relates the film density to the
digital record, can be modeled by a sinc function
appropriate to the pixel dimensions [43). Because
the film and CCD transfer functions are indepen-
dent of specimen compasition and microscope
operating conditions, they will be discussed first.
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The microscope CTF, however, depends strongly
upan object composition and microscope opcrat-
ing conditions, warranting a more detailed expla-
nation.

4.1.1.1. Film transfer function The photo-
graphic record of the image intensities is imper-
fect. Electron scattering within the emulsion
spreads the exposure over many grains. The size
and shape of the distribution depend upon the
incident electron cnergy and the silver density.
The result 1s attenuation of the higher spatial
frequencics, described by a film transfer function.
An analytical representation of the film transfer
function that fits empirical data quite well has
been described [44]:

film transfer function = f( 5)
=14+ (/5] (28)

where s is the spatial freguency and s, ,, is the
frequency at which the transfer function has a
value of onc half. When interpreting our film, we
have used the values given in ref. [44]. In order to
compensate for the film transfer function, we
have divided the Fourier transform of the image
array by the film transfer function. Using Kodak
S0 163 and a magnification of 30300 <, 5, ,, was
estimated to be 1.24 nm !, and therefore the
value of F(0.5 nm™ ") was 0.86, which means at
the resolution limit of the reconstructions dis-
cussed in this paper, the effect of the electron
film was small but could not be neglected.

4.1.1.2. CCD densitometry transfer function
Densitometry introduces changes in the fre-
quency spectrum of the image, because the imag-
ing device does not sample points but, rather,
contiguous areas in the image. The transfer func-
tion in this case is the Fourier transform of one
sensitive pixel on the CCD. This can be described
by:

CCD transfer function

=G(s,, s,.) =sinc(!,s,) sinc({,s,}, (29)

where !, and {, are the pixel dimensions and s,
and s, are the spatial frequencics in the x and y

Fla, b) =

dircetions. In order to compensate for the CCD
transfcr function, we have divided the Fourier
transform of the image array by the CCD transter
function. Undcr the conditions of our densitome-
try (/, =/, =0.4 nm), the value of G (0.5 nm™")
was (.94, Thus, at the resolution limit of the
reconstructions discussed in this paper, the com-
hined effects of recording film and densitometry
were to attenuate the amplitudes by ~ 20%.
Compensation of the digitized image array for
these two effects must be done to make the
image array a faithful representation of the image
intcnsities,

4.1.1.3. Microscope contrast transfer function
According to the first-order theory of the clec-
tron microscope CTF [13.43]. the relationship be-
tween image intensity and object mass density
can be expressed in reciprocal space by:

—F(a, $I2A{ ) f( uf)//\{sil‘l y{ea)

+[SM/(2A0F(@))] cos x(a)}),
(30)

where 7 («, ¢) is the Fourier transform of the
image intensities, .7 (@, ¢) the Fourier transform
of the object density, ¢ the azimuthal angle,
A(a) the objective aperture function {1 for a <y,
) for a > a,), fla) the molecular scattering am-
plitude, A is Avogadro’s number and

x{a)=27/A( Ca'/4+Afa /2), (31)

where € is the coefficient of spherical aberration
and Af the defocus.

The term in brackets is referred to as the
miecroscope contrast transfer function,

CTF = [sin x(ea) + Q(a) cos y(a)]. (32)
where
Qo) =[S M/2ALf(a)]. (33)

The function sin y(a) is commonly referred to
as the phase contrast transfer function and
Q(a) cos yla) as the scattering contrast transfer
function. Both arc commonly cxpressed as a func-
tion of spatial frequency. Usually f(«) and Q(a)
are considered constant over the frequency range
of relevance to biological applications, and the
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cffcets of spatial and temporal coherence are mum contribution from scattering contrast rela-
ignored, because they are expected to be negligi- tive to that from phase contrast. Because §, is
ble at low resolution [46]. O represents the maxi- increased by energy filtration (see table 3), Q will
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(a) 200 nm defocus, (b) 780 nm defocus, and (¢} 4620 nm defocus. Bar is 50 nm.
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also be increased. The value of ¢ might also
depend upon ice thickness. We will ignore the
fact that the first-order theory is not rigorously
correct, and treat eq. (30) as a useful phenomeno-
logical description of the images. This amounts to
combining all contributions from the imaginary
part of the complex scattering amplitudes, re-
moval of some of the scattered electrons by the
objective aperture, and removal of the inelasti-
cally scattered electrons by the spectrometer into
one quantity loosely called scattering contrast. To
us¢ the equaltion for Image compensation we will
c¢mpirically determine a value of @ that best
describes changes in the images due to defocus of
the objective lens.

Fig. 9 shows the calculated CTF for several
values of defocus, using an empirical value of
Q =0.14 (see section 4.1.2). It is evident that
certain spatial frequencies will be attenuated or
reversed in contrast. Perfect transfer of informa-
tion would correspond to a CTF with a value of
unity for all spatial frequencies. The defocus that
results in a CTF with a value of unity throughout
the largest range of spatial frequency is Af,,, =
(C,A)'/2 [47). However, as shown in fig. 9, even at
this defocus there is serious attenuation of the
low spatial frequencies. Thus, compensation for
the CTF is required.

4.1.2. Contrast transfer function practice

) can be experimentally determined from twao
images of the same biological molecules taken
with different values of defocus. This method
yielded a value of ¢ =0.14 for energy-filtered
images of TMV in 150 nm of ice [37]. A value of
Q =0.07 was determined (without encrgy filtra-
tion) by Toyoshima and Unwin for ice thicknesses
of 30-50 nm [14].

The effects of the CTF on images of frozen-hy-
drated TMV are shown in fig. 10. The low signal-
to-noise ratio for images at or near focus is evi-
dent in fig. 10a which shows frozen-hydrated TMV
at 200 nm defocus. At 780 nm defocus (fig. 10b)
the signal is significantly increased, the the CTF
is optimized for the 2.3 nm repeat of the TMV.
At 4620 nm defocus (fig. 10c) the 2.3 nm repeat is
no longer present, while the central hole and
Fresnel fringes show up clearly. Fig. 11 shows

calculated projections from model TMV images
at defocus values of — 100, 30, 100 and 780 nm.
Modeling of the TMV images is discussed in
detail in ref. [37], which tested the validity of the
model by comparing the predicted and observed
X-ray scattering from TMV. It is evident that
minimal overfocus or underfocus substantially
modifies the TMV images. The effects arc much
more dramatic at the defacus values of 2-4 um
commonly used for cryo-EM.

4.2. Image compensation

The CTF has the effect of altering the image
intensity at different spatial frequencies. For those
spatial frcquencies where appreciable informa-
tion is transferred, the intensity distortions can be
compensated by dividing the Fourier transform of
the images by the calculated CTF. The validity of
the first-order theory of Erickson and Klug [13]
for predicting and compensating the effects of
the CTF has recently been demonstrated by com-
paring the equatorial Fourier transforms from
calculated and empirical images of frozen-hy-
drated TMYV [37). Fig. 12a compares the Fourier
transform of the model for TMV scattering
(dashed line) with that of an observed image of
TMYV in 150 nm of ice at 780 nm defocus (solid
line}. Fig. 12b compares the transform of the
model (dashed line} with the obscrved image
after compensation of the CTF (solid line). The
large differences between the relative peak
heights in fig. 12a illustrate the necessity for
compensation. After compensation, the agree-
ment between the model and experimental
Fourier transform is excellent out to the resolu-
tion limit of 1.9 nm, despite the fact that there is
appreciable multiple scattering and contrast from
inelastic scattering, The crystallographic R factor
between the Fourier transforms of the cryo-EM
images and the model of TMV was 0.12 for
0<s<05nm L[37].

The fidelity of the compensated images is fur-
ther demonstrated in fig. 13, which compares the
projected scattering probabilities of TMV at 780
nm defocus (fig. 13a), the same experimental
probabilities after compensation (fig. 13b, solid
line), and the predicted probabilities at the same
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resolution (fig. 13b, dashed line). There is little
resemblance between the projection obtained
from the defocused image data and that pre-
dicted theoreticallv. The projection obtaincd af-
ter CTF compensation, however, closely resem-
bles the theoretical projection. The excellent
agreement between the calculated image and the
observed image after CTF compensation reflects
the accuracy of the model and scattering calcula-
tions, and the adequacy of the first-order theory
to compensate the images from very low spatial
frequencies to the resolution limit of 1.9 nm [37].

4.3. Determination of absolute muss

Cryo-EM has the potential to accurately deter-
mine the absolute mass of biological molecules
without the use of an internal standard [37]. Ab-
solute scattering probabilities can be related di-
rectly to mass per unit area using the calculated
values of the mass scattering coefficient, S (see
sections 2.2.1. and 2.2.2). Summation of the mass
per unit area over the molecular area vields the
total molecular mass, {rom which the mass per
unit length can be derived. Table 3 1s a summary
of the theorctical mass scattering cocfficients of
icc and biological material in vacuum and in
vitreous ice, containing averages over all the
atoms of each type of molecule.

Fig. 13b shows observed and predicted abso-
lute scattering probabilities of frozen-hydrated
TMYV [37]. The integrated scattering probability
per unit length was 0.75 and 0.74 nm for the
cryo-EM data and model, respectively. Thus, the
observed molecular scattering cross section
agreed quantitatively with that predicted. The
theorctical mass scattering coefficients in table 3
also predict the correet mass per unit length.
Thus encrgy-tiltcred cryo-EM should be an effec-
tive tool for determining the absolute mass and
mass densities of biological molecules, without
the inherent limitations to resolution that affect
use of dark-field STEM.

4.4. Determination of radial densities

If the calculations of mass scattering coeffi-
cients and compensation for the transfer func-

0.4 l — e a

0.3 \
/\

amplitude
o
ra
.

01

\f\ / ,\ /\ / [\\J/A\

y -3 -
0.0 — — ‘\L R e o
00 .1 0.2 03 04 Q.5
spatial frequency (nm )
¢4 ﬁ{ - ]
O.JJ i
@ {
o I
3
= O,Q«‘
[%
E %
® ‘.

i
L.

- 0.2 0.3 0.4 0.5
spatal frequency (nm ")

0.0 T
00 Q.1

Fig. 12. Observed and predicted one-dimensional Fourier
equatorial transforms of frozen-hydrated TMV. (a) Fourier
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after CI'T compensation { ), Fourier transform of the
predicted scattering from TMV (------ ). Comparison of the
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CTFs were calculated assuming O = 0.14. Fourier transforms
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resolution. Data from ref. {371

tions of the clectron microscope, photographic
film, and densitometry are accurate, it should be
possible to reconstruct the internal mass densities
of biological molecules from the images. The
most stringent test of the calculations and proce-
dures is to reconstruct the internal densities of a
known structure, such as TMV. This can be done
most ctfectively over a wide range of spatial fre-
quencies by performing a radial density recon-
struction from the defocused images, because of
the continuity of information along the equator of
the Fourier transfarm of the molecule (fig. 12). If
crva-EM is able to correctly determine densities
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in one dimension, it should have the same abili-
ties in the other two dimensions as well.

Radial reconstructions of TMV were calcu-
lated from the projected scattering probabilities
using a rcal-spacc algorithm [37). The radial re-
constructions represcnts  scattering  densities,
which should, in the case of the energy-filtered
images, be nearly proportional to mass densities
(table 3). The scattering densities depend strongly
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Fig. 14, Comparison of predicted mass densities with experi-

mental and predicted scattering densities of TMV at 1.9 nm

resolution. ( ) Predicted radial mass densities; (------ )

predicted radial scattering densities; ( )} CTF-com-

pensated experimental radial scattering densities. From ref,
[37].

). and the predicted

upon solvent composition and density. In addi-
tion, the relationship between scattering and mass
is slightly different for phase and scattering con-
trast. In theory, the ratio of scattering to phase
contrast is larger for atoms of higher atomic
number, and larger for thicker layers of ice.

Fig. 14 compares the predicted radial mass
densities, predicted radial scattering densities and
the experimental radial scattering densities of
TMV. The predictions have been calculated from
first-order theory [13] using the X-ray coordinates
[16). The peaks at 2.5, 4.2, 6.0 and 7.5 nm radius
can be attributed to the a series of reverse turns,
the RNA, the LS, RS, LL and LR helices, and
the C helix [16]. The scattering densitics from the
compensated cryo-EM data appear to be a valid
representation of the radial mass-density distribu-
tion of both RNA and protcin, The relative
heights of the RNA and protcin peaks would
have been significantly different if the TMV had
been surrounded by vacuum or glucose, as shown
in fig. 15. Thus, ice is an ideal medium for quanti-
tative electron microscopy of mixtures of nucleic
acids and proteins. The accuracy of the recon-
siruction of the internal density distribution of
TMV shows that quantitative EM of frozen-hy-
drated molecules is a reality.

How do the cryo-EM radial reconstructions of
TMV compare with results by STEM? Fig. 16
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comparcs the cryo-EM results with earlier STEM
results [48]. The STEM reconstruction comparcs
poorly with the cryo-EM results and with the
predictions of radial density distribution (fig. 14),
Better STEM reconstructions were obtained by
Steven et al., but only by selection of those few
images that had a definite central hole [49]. Such
sclection of images could not be justified for
molecules of unknown structure. However, even
the STEM reconstructions of selected images
(e.g.. lig. 6 of ref. [49]) do not accurately portray
the peak positions and peak densities of TMYV,
presumably duc to the cffects ol dehydration on
even the best preserved virus particles.
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5. Current issues for quantitative electron mi-
croscopy of frozen-hydrated molecules

In this papcr we have shown the relationships
between specimen mass density and electron
scattering probabilities and how they can be uti-
lized to determine the absolute densities and
masses of biological molecules. Simple equations
were presented in order to facilitate a quantita-
tive understanding of image contrast in vacuum
and in ice. A method for calculating the intensi-
ties for thick specimens was discussed, and ap-
plied successfully to understanding the imuge in-
tensitics of thick layers of ice. These resulls were
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Fig. 15. Predicted radial scattering densities of TMV in different media; (a) vacuum; (b) glucose; (¢) water with density 0.82 gsem’,
(d) water with density 1.02 g/cm3, Models arbitrarily scaled. 1.9 nm resolution.
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Fig. 16. Observed radial reconstructions of TMV by crvo-EM

and STEM. ( } CTF-compensated radial scattering den-

sities of frozen-hydrated TMV imaged by ¢ryo-EM [37). (----- )

Radial scattering densities of frozen-dricd TMV imaged by
STEM [49].

used to predict the advantages of energy filtration
on electron imaging. Quantitative analyses of
TMYV images showed that a simple compensation
for the contrast transfer function is necessary and
sufficient to accurately reconstruct the internal
densities of biological molecules to at least 2 nm
resolution. Thus there should no longer be any
doubt that accurate reconstructions can bc made
at low resolution.

The empirical ratio of scattering to phase con-
trast is about 0.14 in the energy-filtered images of
biological molecules in ice [37]. However, the
table values of the atomic scattering amplitudes
predict a ratio of only 0.085. It is clear from our
absolute scattering measurements that this dis-
crepancy is not due to an error in the estimation
of the mass scattering coefficient. The ability to
correctly compensate the images secms to vali-
date the form of eq. (30). Therefore, the value for
the scattering amplitude in the forward direction
might not be correct. The single atom amplitudes
might be in error due to the failure to represent
the electronic structure of the solid specimens.
Mecasurcments of scattering amplitude at very
small angles are difficult to perform due to in-
elastic scattering. The energy-filtered EM should
be able to resolve this issue.

STEM has been able to localize heavy-atom
labels in many situations [50-52), and there are
now qualitative results from cryo-EM as well [33].
It would be desirable to compensate for the CTF
in images of molecules containing heavy atoms,
but fundamental obstacles remain. The calcu-
lated values for ) depend strongly on atomic
number. If this is true, it becomes difficult to
compensate for the CTF of molecules of un-
known structure, which might contain heavy
atoms. If the compensation were to be done using
a value of (2 that was appropriate for the organic
part of the molecule, the heavy atoms would be
greatly underrepresented in the image rceon-
structions. Calculations and cxperiments on
heavy-atom labeled molecules of known structure
are nccessary to resolve this issuc.

Finally, there is the issue of compensation for
the CTF at higher spatial frequencies. For biolog-
ical crystals as well as for TMV, there are very
severe differences between the high-spatial-
frequency amplitudes observed from X-ray elec-
tron diffraction and those found in Fourier trans-
forms of electron images [54.55]. The amplitudes
determined from the images decrease rapidly at
higher spatial frequencies. This effect has been
attributed to beam-induced specimen and image
motion, both perhaps the result of specimen
charging. In the case of our TMV data, the infor-
mation was limited to less than 1.9 nm, because
of the inherently [ow amplitudes of the equatorial
Bessel functions at higher spatial frequencies. In
order to get an idea of the contrast transfer at
higher spatial frequencies, it is necessary to com-
pare the near-meridional amplitude on the layer
lines of the TMV Fourier transforms. A conve-
nient measure of comparison is R, the ratio of
the maximum amplitudes on the 6th and 3rd
layer lincs [35). Our TMV model predicts that
R =1.06 for the energy-filtcred cryo-EM images
and R =141 for the unfiltered images [37]. In
fact, we are barely able to identify the 6th layer
line in our energy-filtered data and our experi-
mental value for R is ~ (0.03. Part of this unex-
pected attenuation at higher spatial frequencies
might be the result of delocalization of inelastic
scattering. Spatial resolution between 0.3 and 0.5
nm has been measured for energy losses of about
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100 €V [56,57], but the resolution including lower
losscs has been measured to be only 1-2 nm [20],
which scems to agree with simple theory [21). The
extent to which this cffect attenuates the higher
spatial frequencies of energy-filtcred (as well as
unfiitered) images has not vet been tested, al-
though dark-field images with electrons having
lost various amounts of energy would determine
the limitations to the use of inelastic scattering.
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