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Abstract

Cryo-electron microscopy provides the means to
quantitatively study macromolecules in their native state.
However, the original massdistribution of themacromolecule
is distorted by the contrast transfer function (CTF) of the
electron microscope. In addition, the zeros of the CTF put
a practical limit on the resolution that can be achieved.
Substantial improvement to the quality of theresults can be
accomplished by collecting the datausing aseries of defocus
settings. Such data sets can be combined and theresolution
can be extended beyond the first zero of the CTF. This
procedure can be applied either at the stage of raw data, or
more effectively at the stage of reconstructed volumes
which have a high signal-to-noise ratio as a result of
averaging over many projections. A method of three-
dimensiond (3D) reconstruction that combinesan algebraic,
iterative 3D reconstruction technique with CTF correction
isproposed. Thepotential toincorporatea priori knowledge
into the reconstruction processisdiscussed. Thisapproach
was used to obtain a 3D reconstruction of the E. coli 70S
ribosomefrom energy filtered cryo-images.
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Introduction

Single particle reconstruction methods[21] makeit
possible to obtain three-dimensional density maps of
macromolecular complexes that are not amenable to
crystallization. When combined with cryo techniques [8,
16, 28, 32] and recent advancesinimage processing methods
[17, 18], these methods yield structural maps that can be
quantitatively interpreted [9]. Even though substantial
improvement in the resol ution of three-dimensional results
has been achieved, further progress is hampered by the
image/contrast distortions introduced by the electron
microscope (EM). These effects can be described within a
linear, weak-phase approximation by the contrast transfer
function (CTF) of the microscope. Additional distortions
are caused by the inelastically scattered electrons which
contribute a high and slowly varying background to the
image. Moreover, if multiple scattering events occur, the
inelastically scattered electronscan giveriseto elastic bright
field images, acting as“internal sources’, and theimagewe
observe can be thought of as a superposition of a large
number of bright field images, each originating from an
inelastically scattered electron having different angular
incidenceand energy [22]. The conventional linear contrast
transfer function cannot account for these inelastic and
multiple scattering effects. However, zero-loss energy
filtering in the EM eliminates virtually all inelastically
scattered electrons and thus reduces non-linear effectsto a
minimum. Inice, elastic scattering from nucleic acids is
predicted to be more than twice as strong as from protein,
whereas the amount of inelastic scattering issimilar for the
two types of molecules. Thus, energy filtration should also
greatly increase the contrast between RNA and protein[26],
a desired effect in the study of the protein-nucleic acid
complexes such as the ribosome.  Finally, by combining
energy-filtered cryo-EM with CTF correction one can, in
principle, obtain absolutedensitiesof biological molecules
that agree very well with those from X-ray structures [14,

i
Linear Theory of theContrast Transfer Function

The contrast transfer theory was formulated in the
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seventies[4, 7,11, 12, 15]. It can bedemonstrated [29] that
under the weak-phase approximation the relationship
between the object and the bright field image can be
described by the linear transfer theory. In Fourier space,
I(k) = HK)D(K) @

where ®(K) isthe Fourier transform of the object (linearly
related to the Coulomb potential distribution), 1(k) isthe
Fourier transform of the observed image, k is a vector in
Fourier space related to the scattering angle 6 by k=6/A (A
isthewavelength of theelectrons), k= [k L[] and H(K) isthe
CTF and hasthe explicit form

H(K) = sin y(k) - W cosy(k) @
The term W (here assumed to be constant in the spatial
frequency range considered) is called amplitude contrast
ratio, and y(k) is the phase shift produced by the lens
aberrations and defocusing. y(K) isrotationally symmetric
assuming that the astigmatism is negligible. In that case
our CTFH(K) isrotationally symmetricaswell. The contrast
transfer functions for our choice of defocus values are
showninFigure 1. Sincetheamplitude contrast isdifferent
for different atomic species, Equation 2 is strictly correct
only for asingle speciesof atoms[6, 10]. Theuseof single
valuefor Wimpliesthat Wwill beto some extent specimen-
dependent.

The presence of additional effects in the image
formation process requires expansion of the CTF model
given by Equation 2. These effects include: finite source
size[7], energy spread [12, 30], resolution-limiting effects of
thefilm[3], scanner [14], and drift [5, 13]. All theseeffects
have a frequency-limiting impact on the EM image which
can be approximately described by so called envelope
functions. To demonstrate the effect of envelopefunctions,
the same CTFs of Figure 1 are again shown for the
conditionsof our experiment (Fig. 2; for detailsseethe section
on Applicationto Energy-Filtered Images).

M ethodsof Correction for theCTF

Thegoal of the CTF correction (for areview of some
of the earlier literature, see[27]) is to recover the original
values of the amplitudes of the Fourier transform of the
image, within theframework of thelinear approximation.

According to Equation 1, Fourier transform of the
observed imageis the product of the CTF and the Fourier
transform of the object. Thus, it istempting to divide the
Fourier transform by the CTF (estimated or known) to recover
the exact values of the object:

d(k) OI(k) / H(K) €
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Figure 1. Theoretical contrast transfer function (egn. 2) for

three defocusvalues: 1.5 um ( ),2.0um(----),and 2.5
pum (-LL).
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Figure 2. Theoretical contrast transfer function with
envelopefunctionseffectsfor three defocusvalues: 1.5 um

( ), 2.0 um (----), and 2.5 um (-[=-).

Unfortunately, this simple solution rarely yields desired
results. In practice, the measured image is corrupted by
noise, which will be enhanced upon division by the CTF in
regionswherethe CTFissmall. The CTF of theEM islow
in the low-spatial frequency region, but also tendsto zero
at high spatial frequencies. Most problematic are zero
crossings in the range between these extremes where
division isimpossible. Thus, a better approach is to take
advantage of the fact that in most practical cases the noise
is not correlated with the original image. Using this
assumption one would seek a filter function F(k) that
minimizes the expected mean squared deviation of the
restored objectcT)(k) =F(K)I(k) fromtheoriginal object [19]:

E[ | ®(K) - FR)I K] @
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where E[.] denotes the expectation over an ensemble of
images. The solution to this problem is given by so-called
Wener filter [24]:

F(k) = H* (k)
[H(K) |> +1/ SNR
Here SNR denotesthe signal-to-noiseratio of origina image
and the noise (in the general case it can be frequency
dependent and given by the ratio of the respective power
spectra). Inthenoiselesscase (SNR — o) the Wiener filter
approximatesthe pseudo-inversefilter [1] defined by:

©

1 H(K) #0
H(K)

for

0 H(K)= 0

Fps(K) = ©

Thus, it aso approximates the simple inversion, as
given by Equation 3. For the other extreme case, namely
SNR — 0O, the application of the Wiener filter will
approximately correspond to the multiplication by the CTF.
In intermediate cases, depending on the value of the SNR
used, the Wiener filter will in general amplify frequenciesin
those regions where CTF has moderate to large values and
suppress frequencies in regions where the CTF has small
values. In addition, asfollowsfrom Equation 5, wherever
the CTF haszero valuethefiltered imagewill haveits Fourier
amplitude set to zero. Thus, the Wiener filtration does not
make any attemptsto recover theinformation inthemissing
frequency regions, aproperty that [imitsitsappeal asatool
for the CTF correction for EM data. Moreover, the Wiener
filters are often criticized for excessive suppression of the
measurement noise, while performing only minor corrections
(2.

The iterative methods for the CTF corrections [2]
attempt to find an approximation ¢(x) of an original image
such that the squared residual error is minimized over the
appropriate region of support:

li(x) - h()* D2 — min ™
Equation 7 is given in real space and * denotes convolu-
tion. The solution isfound in arecursive manner starting
fromtheinitial approximation P©(x) (usually ablank image).
The advantage of the iterative methods is that additional
constraints can be incorporated into the process, either
linear, inform of regularization, or non-linear, for example, as
a positivity constraint. In some cases these additional
constraints, often referred to as a priori knowledge of the
image, can help to recover information suppressed by the
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zerosof the CTF.

The presence of zeros in the CTF of the electron
microscope and the dependence of the locations of these
zeros on the defocus value suggest that the CTF correction
can be augmented by collecting a defocus series data set.
Such data, if combined in Fourier space, should for al the
practical purposes cover the whole range of frequencies.
Assuming that L defocus values Az have been used, both
the Wiener filter method and iterative methods can be used
to combine the data sets and correct for the CTF effects.
The Wiener filter for the I'th data set hasthe form [10]:

F10g=——HY
D THIK [+ US\R

1=1

©

and the Fourier transform of the CTF corrected object is
given by

L
(k) = > RN(K) ©
1=1

As in the case of a single defocus data set (Egn. 5), the
spatial frequency regions corresponding to the zeros of the
CTFs are set to zero in the respective data sets. Thus, it
becomes evident that the knowledge about the precise
settings of the defocus during data collection is essential
for this method to succeed.

The iterative method can be easily extended to the
defocus case series by having Equation 7 modified to

L
> wli-hi(9* @ 09I~ min (10)
=1
where w, > 0 defines the relative importance of the I'th
defocus data set. Asin the case of a single defocus data

set (Egn. 7) the solution is found in a recursive manner
starting from the appropriate approximations ¢|<°)(x) andthe
a priori knowledge about the original image can be easily
incorporated.

In the field of electron microscopy the data are
available in the form of projections of the biological
macromolecule. Thus, in principle, the CTF correction
should be applied directly to the 2D data (i.e., original
micrographs). Unfortunately, dueto thevery low signal-to-
noise ratio in cryo-EM images this method is not likely to
succeed. Instead, the CTF correction has been applied after
all the orientation parameters were found and a 3D
reconstruction could be calculated. At this point, due to
the heavy oversampling in Fourier space, the structure has
much higher SNR, and errorsin individual projections are
lesslikely to dominate the result. Since our measured data
are 2D projections of the structure, the best solution is to
make CTF correction an integral part of the 3D
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reconstruction procedure. In this way the final volumeis
obtained in one single step and any accumulation of errors
isavoided.

To design the method of three-dimensional recon-
struction with CTF compensation from defocus series, we
have to modify Equation 10. Both 3D reconstruction and
CTF application can be treated as algebraic problems. In
real space, the effect of the CTF can be described by apoint
spread function, represented by a square matrix, and the
projection operation by anon-square matrix P. Moreover,
since the CTF function was assumed to be rotationally
symmetric, it can be applied to the 3D object instead of 2D
projections. Thus, denoting the unknown, CTF artifacts-
free object by g and using matrix notation, we obtain from
equation 10

L
(1-3)> wldi-P {,91* +a|Bgf - min (1)

=1
where d is a vector containing all the available 2D
projections, matrix B is a discrete approximation of the
Laplacian and aisalLangrange multiplier. The value of a
determines the rel ative smoothness of the solutiong. This
additional termwill regularize the solution [20] and prevent
adverse amplification of noise. The solution of Equation 11
is found using the steepest descent method [20]:

L
o™= g+ M(-aY (1 Pl di-

= (12)

L

> (AIPTP(H, o) -aB"Bg™}

=1
The first sum can be pre-calculated and stored as a 3D
volumein the computer memory. Thus, theinput projections
d have to be read only once and are never again accessed
during the course of theiterations. Inaddition, the product
BB is the Laplacian of the 3D volume g™, which can be
cal culated moreefficiently without actualy creating thematrix
B'B. The point spread function is space-invariant, so H,
has a block-Toeplitz structure [2], and H, is equal to H,".
Because of thelarge size of the matrix it ismore convenient
tousethe CTF H, in Fourier space and to modify the Fourier
transform of the volume instead of using matrix multipli-
cation or real space convolution.

Applicationto Ener gy-Filtered Images
of the70SE. coli Ribosome

The specimen was prepared following the procedure
of Wagenknecht et al. [31]. Molybdenum 400-mesh grids
wereused to minimizethermal effects. The specimenswere
examinedinaZeiss/L EO EM912 (Oberkochen, Germany)
transmission electron microscope operated at 120 kV. The
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microscope is equipped with aKohler illumination system
and an Omegaenergy filter. All themicroscopy wasdone at
atemperature below -170°C using an Oxford cryo-holder
CT3500 (Oxford Instruments, Oxford, UK) and temperature
controlling unit. A 90 um object aperture was used in all
experiments. Threeimagesweretaken at zero degreetilt of
the same specimen area using the defocus settings 1.5 um,
2.0 umand 2.5 um at amagnification of 52000x, which was
calibrated using catalase crystals. The dose for each
exposure was 5e/A?, thus the total dose accumulation
reached 15e/A? for the data collected at 2.5 pm defocus.
Thewidth of the zero-loss energy filter was 14 eV. Images
wererecorded on Kodak (Rochester, NY) SO163 filmsand
processed in the developer D19 at full strength for 12
minutes. The negativeswere scanned using the Perkin Elmer
(Norwalk, CT) flatbed PDS 1010A microdensitometer witha
step size of 20 pm. The corresponding pixel size on the
specimenis3.8A.

The parameters of the CTFs (defocus, source size,
energy spread, amplitude contrast ratio) were determined
using the method described by Zhu et al. [33]. Briefly, the
power spectrum of alargefield iscomputed and rotationally
averaged. The resulting profile is background corrected
and fitted on the basis of CTF theory and analytical
expressionsfor the envelopeterms. The amplitude contrast
ratio wasdetermined as0.14. After windowing the particles
were subjected to the 3D projection alignment procedure
[18] with an angleincrement of 2°. A previousreconstruction
of the 70S ribosome [18] was used asinitial referencefor a
2.5 um-defocus group (2254 images). Theresulting recon-
struction was used asareferencefor a2.0 um-defocusgroup
(2043 images) and the result was used as areference for a
1.5 pm-defocus group (1539 images) (Figs. 3a and 3b).
Finally, after al the necessary parameterswere established,
images from all three groups were used in a 3D
reconstruction with the CTF compensation program (Figs.
3c and 3d), as described in the section on “Methods of
Correction for the CTF”. To test the influence of the non-
linear constraints on the 3D reconstruction process we
decided to use the most intuitive one, namely a positivity
constraint. Since the CTF-corrected volume should be
linearly related to the Coulomb potential distributionwithin
the object it isreasonable to assume that the density values
should be positive. The 3D reconstruction calculated by
enforcing positivity of the volume is shown in Figures 3e
and 3f.

The gain in resolution after the CTF correction and
merging of three defocus groups is easy to notice on the
surface representations (Fig. 3d versus Fig. 3b), but is
particularly striking in the appearance of the central slice
(Fig. 3c versus Fig. 3a). The number of high-frequency
internal details increases dramatically and broad maxima
have become better localized. The addition of the positivity
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Figure 3. 3D reconstruction of the 70S E. coli ribosome. (a) Central slice of the 1.5 um data set reconstruction. (b) Surface
representations of the 1.5 um data set reconstruction. (c) Central slice of the CTF-corrected reconstruction using three data
sets with defocus settings 1.5 um, 2.0 um and 2.5 pm, respectively. (d) Surface representations of the CTF-corrected
reconstruction using three data setswith defocus settings 1.5 pm, 2.0 um and 2.5 pum, respectively. (€) Central slice of the CTF-
corrected reconstruction using the positivity constraint and three data setswith defocus settings 1.5 um, 2.0 umand 2.5 pum,
respectively. (f) Surface representations of the CTF-corrected reconstruction using three data sets with defocus settings 1.5

um, 2.0 pmand 2.5 pm, respectively. Scalebars=100A.

constraint to the 3D reconstruction and CTF correction
process does not change the surface representation in any
significant way (Fig. 3f versusFig. 3d). Themaindifference
can benoticedinthe central dice (Fig. 3e) wheretheartifacts
surrounding the structure are all but eliminated.

The analysis of resolution was done using Fourier
Shell Correlation (FSC) curves(FSCisa3D version of Fourier
Ring Correlation measure[23]). For each 3D reconstruction
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al the input projections were divided randomly into two
equal subsets, for each subset a 3D reconstruction was
calculated and these two volumeswere compared in Fourier
space using FSC curves (Fig. 4). The curve for 1.5 um-
defocus data set hasafirst minimum at approximately 1/25
A=, which is the position of the first zero of the
corresponding CTF (Fig. 2). Thecurvefor CTF-corrected
reconstruction using three data sets with defocus settings
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1.5um, 2.0pmand 2.5 pum hasaminimum at lower frequency
and then rises at 1/25 A1, which proves that the gap in
frequency range caused by the zero of the CTF was
successfully filled by theinformation originating from two
other data sets. The FSC curve for the CTF-corrected
reconstruction decreases quickly at about 1/19 AL, Inthis
region CTFsfor both 2.0 um and 2.5 um data setsintersect
zero. The CTF for 1.5 um data set hasamaximum in this
region, but as it is clear from its FSC curve that SNR is
insufficient to provide significant contributions to the
merged reconstruction. Thus, due to the particular choice
of defocusvaluesthere was no phase information recovered
past the spatial frequency of 1/20 AL, The addition of the
positivity constraint modified the FSC significantly. Inthe
whole frequency range considered the FSC has higher
values and extends to almost 1/15 A1, Nevertheless, the
visual analysis of the corresponding structures and, most
significantly, the central slices (Figs. 3c and 3¢) leadsto the
conclusion that the gain in resolution is mostly due to the
elimination of artifacts in the background, not due to the
increasein details of the structure.

Theinfluence of CTF correction on thereconstruct-
ed structuresis best illustrated on the histogram of density
(Fig. 5). The 70S ribosome should have two main density
components, namely proteinand RNA. Inaddition, theice
surrounding the structure and filling its cavitiesand tunnels
should have amajor contribution. This can be noticed on
the corresponding histograms: both 1.5 pm defocus data
set and CTF-corrected volume have large maximumin their
histogram of mass around the zero value (in the course of
the 3D reconstruction process the density of ice was
arbitrarily set to zero). The main differenceisthe position
of the second maximum, which in the case of the 1.5 um
reconstructionishardly separated from the“ice maximum”,
whileafter CTF correction the gap between thetwo maxima
becomes wider. The histogram of density of the third
reconstruction hasashape similar that of the CTF-corrected:
two maxima are separated, but the negative values are
eliminated.

Conclusions

The application of the 3D reconstruction with CTF
compensation procedure to the energy filtered EM images
of 70S E. coli ribosome proves that this strategy leads to
the significant increase in the resolution (as measured by
FSC curves). Duetotheavailability of thereferencevolume
and application of the 3D projection alignment procedure
theresults could be obtained in arelatively short time. The
FSC curves agree with the resolution limits set by the
parametersof CTFs, asestimated from themicrographsusing
anewly designed retrieval procedure. The particular choice
of the defocus settings in the collected defocus series (1.5
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Figure 4. Resolution estimations using Fourier Shell
Correlation curves for 1.5 pm ( ), CTF-corrected
(-----), and CTF-corrected with positivity constraints (-[-[-)
3D reconstruction of the 70S E. coli ribosome.
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Figure 5. Histogram of mass distribution for 1.5 pum
( ), CTF-corrected (-----), and CTF-corrected with

positivity constraints (-[=[-) 3D reconstruction of the 70SE.
coli ribosome.

pm, 2.0 pm and 2.5 pm) proved to be the most important
factor in the limiting the resolution of the merged, CTF-
corrected reconstruction. Further experiments with other
choices of defocus settings are necessary to establish the
practical limit to the resolution that can be obtained using
energy filtered EM data.
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