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Abstracts

comparison to an appropriately CTF-corrected image.

specimen at high resolution.

Background: Transmission electron microscopy (TEM) is an excellent tool for studying detailed biological structures.
High-resolution structure determination is now routinely performed using advanced sample preparation techniques
and image processing software. In particular, correction for contrast transfer function (CTF) is crucial for extracting
high-resolution information from TEM image that is convoluted by imperfect imaging condition. Accurate
determination of defocus, one of the major elements constituting the CTF, is mandatory for CTF correction.

Findings: To investigate the effect of correct estimation of image defocus and subsequent CTF correction, we
tested arbitrary CTF imposition onto the images of two-dimensional crystals of Rous sarcoma virus capsid protein.
The morphology of the crystal in calculated projection maps from incorrect CTF imposition was utterly distorted in

Conclusion: This result demonstrates critical importance of CTF correction for producing true representation of the

Keywords: Contrast transfer function; Transmission electron microscopy; Electron crystallography; Structural biology

Introduction

Transmission electron microscopy (TEM) offers direct
visualization of fine details of biological specimen. Recent
advancements in sample preparation techniques and devel-
opments in algorithms for sophisticated image processing
as well as availability of computation power pivoted rapid
improvements in achievable resolution of the analysis and
widened the range of biological systems that can be studied
(Crowther 2010). In particular, structural analysis of pro-
tein macromolecules by TEM, either in the form of or-
dered arrays such as protein two-dimensional (2D) crystals
or individual protein macromolecules, has improved
greatly as evidenced by an increasing number of structure
determination at near-atomic resolutions (Armache et al.
2010; Ge and Zhou 2011; Gonen et al. 2005; Yu et al.
2011). In addition, TEM analysis of biological system at
moderate resolution can directly complement high-
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resolution structures obtained by X-ray crystallography
and nuclear magnetic resonance (NMR) spectroscopy,
providing pseudo-atomic resolution structure deter-
mination of large, multi-subunit complexes.

One of the key factors for successful structure determin-
ation of a biological specimen at high resolution is the cor-
rection for contrast transfer function (CTF) of a microscope.
While images obtained from the electron microscope suffers
from loss of faithful representation of the true object due to
phase and amplitude modulation derived from imperfect
imaging conditions, CTF models how an electron micro-
scope transfers the actual specimen into a recorded image
hence allowing for distortions present in the micrograph to
be estimated (Frank 2006). Under weak-phase approxima-
tion, that is, electron scattering and the subsequent phase
shift, is small as in the case for biological specimen, TEM
image, and CTF can be described by the following relation-
ships (Penczek et al. 1997):

(k) = H(k)®(k) (1)
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H(k) = siny(k)-W cos y(k) (2)

where £ is the spatial frequency vector, (k) is Fourier trans-
form of micrograph, ®(k) is Fourier transform of true object
and H(k) is CTF. W is amplitude contrast ratio, which de-
notes contribution of image contrast that result from inelas-
tic scattering in the image formation that is dominated by
elastic electron scattering, and y(k) is phase shift produced
by spherical aberration and defocus that can be described by
the Scherzer formula (Williams and Carter 1996),

y(k) = g (CAK*-2A20k%) (3)

where k is the scattering vector, A is the wavelength of elec-
tron beam, Cs is the spherical aberration coefficient of a
microscope, and Az is the defocus value. While other pa-
rameters are constant for a given instrument, defocus is
manually adjusted by an operator in order to produce image
with optimal phase contrast. When considering elastic elec-
tron scattering alone, siny(k) is also referred to as phase con-
trast transfer function (PCTF). When plotted as a function
of spatial frequency, PCTF oscillates sinusoidally, hence pro-
ducing alternating negative phase contrast at higher spatial
frequencies (Ruprecht and Nield 2001). If the negative con-
trast is left uncorrected, structural features of the object at
high resolution is compromised, and therefore the image
fails to represent true features of the object.

Additional complication with regard to precise CTF
estimation comes from continuous attenuation of ampli-
tude towards higher spatial frequency, termed envelope
function, which is described by a simplified relationship
below:

H(k) = E(k)Hideal(k) (4)

where the experimental CTF, H(k), results from ideal
CTF, Higea(k), multiplied by envelope function, E(k).
Major contributors of envelope function include beam
energy envelope (Egpeaa); beam coherence envelope
(Ecoherence) and sample drift envelope (Eq.¢). Each enve-
lope function is described by complex formula which
takes account into parameters such as chromatic aberra-
tion of the microscope, semi-angle of aperture, energy
spread of emitted beam, lens current stability and speci-
men drift (Frank 2006; Sorzano et al. 2007). In addition,
the performance of image recorder, as defined by modu-
lation transfer function, also contributes to the degrad-
ation of high-resolution information in the micrograph.
Due to its importance, there have been a significant
number of studies dedicated to precisely determine
CTF from micrographs. These works provided com-
prehensive description and algorithms for specific as-
pects such as defocus determination (Mindell and
Grigorieff 2003), amplitude contrast (Toyoshima and
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Unwin 1988; Toyoshima et al. 1993) and envelope
function (Saad et al. 2001; Sander et al. 2003) as well
as generation of reliable power spectrum density
(Fernandez et al. 1997; Zhu et al. 1997) from which
CTF of experimental data can be modeled from. As a
result, CTF correction is now widely incorporated in
various image processing software packages, and rou-
tinely performed for structure determination of vitri-
fied biological specimen.

In the present work, the effect of precise estimation of
image defocus, one of the most critical parameters re-
quired for CTF determination, in the preservation of
structural integrity of specimen is demonstrated. Al-
though the effects of alterations in critical parameters
have been thoroughly investigated for CTF determin-
ation in the past (Sorzano et al. 2009), the main purpose
of this short technical note is to illustrate visually the ef-
fect of appropriate CTF correction. Therefore, for sim-
plicity, detailed theories of image formation in TEM and
algorithms employed in CTF correction are omitted.

Availability and requirements

Specimen preparation and electron microscopy

2D crystals of Rous sarcoma virus (RSV) capsid protein
with C-terminal truncation mutation (CAj.5y6) was pro-
duced using mild acidification as described previously
(Bailey et al. 2012; Hyun et al. 2010). In short, purified
protein stored in low molarity buffer at neutral pH was
jump-diluted with high molarity buffer at pH 4.9, followed
by a 48-h incubation at 18°C.

Five microliters of the assembly product was applied
onto a glow-discharged grid that was held by self-closing,
anti-capillary tweezers (EMS, Hatfield, PA, USA). 60 to
90 s were allowed for the specimen to be adsorbed
onto the carbon support film. Excess salt was washed
off using three droplets of filtered, deionized water.
Then, 5 pL of 2% (w/v) uranyl acetate solution was ap-
plied onto the grid. After staining for 60 s, excess stain
solution was blotted away using a piece of filter paper.

A Tecnai 12 TEM (FEI Hillsboro, OR, USA) equipped
with lanthanum hexaboride (Labg) gun operating at 120
kV was used to acquire images of CAj 5,6 2D crystals.
The images were recorded on SO-163 photographic
films (Kodak, Rochester, NY, USA) at nominal magnifi-
cation of x42,000, at approximately 1.5 um under-focus.
The films were developed in D19 developer (Kodak,
USA) diluted 1:1 (v/v) with water for 10 min.

Image processing

Micrographs that displayed minimal astigmatism and
drift were scanned using a Super Coolscan 9000 film
scanner (Nikon, Tokyo, Japan). The micrographs were
digitized at a step size of 10.0 pm (i.e., 2,549 dpi), which
corresponded to 2.38 A/pixel on the specimen. Within
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the micrograph, 2,048 x 2,048 pixel box that displayed
best crystalline order was cropped for image processing.
2dx program suite was employed for image processing
of the 2D crystals (Gipson et al. 2007a, b). The overall
process of image processing is summarized in Figure 1.
Fourier transform of the micrograph was used to deter-
mine lattice parameters by assigning each diffraction
spot with Miller index. Also, astigmatism and defocus of
the image was estimated using the CTFFIND3 software
(Mindell and Grigorieff 2003) that is implemented in
2dx. For correct estimation of image defocus, spherical
aberration of the microscope (2 mm), acceleration volt-
age (120 kV) and amplitude contrast for negatively
stained specimen (20% contribution) were provided.
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Inherent distortions and imperfection of the raw image
was corrected using unbending routine, which employs
cross-correlation between a small reference area and the
rest of the image (Crowther et al. 1996). Background
noise from Fourier transform was eliminated by masking
diffraction spots, and inverse Fourier transformation was
performed in order to produce noise-filtered image.
Prior to the generation of a projection map from the
noise-filtered and unbent data, CTF was corrected using
Weiner filtering, based on the estimated defocus and
astigmatism. For a given defocus value, CTF was simu-
lated using the ctfExplorer software (Sidorov 2002). In-
strumental parameters for appropriate CTF simulation
were estimated by comparing computed intensity profile

Lattice =
Determination

Improved
P o

ST
Correction

inverse Fourier transform.

Figure 1 Overview of image processing of a 2D crystal. Raw electron micrograph is Fourier transformed, from which unit cell parameter for
the crystal lattice is determined. Fourier transform (FFT) is also used to determine image defocus and CTF fitting. Diffraction spots from FFT are
masked in order to eliminate background noise. A filtered image that results from inverse Fourier transformation of masked FFT serves as a
reference for cross-correlation-based image unbending. FFT from unbent image is CTF-corrected, and final projection image is generated by
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Figure 2 CTF fitted Fourier transform of RSV CA 2D crystal. FFT of RSV CA; 56 2D crystal clearly indicates Thorn rings that represent CTF
plotted as a function of spatial frequency (red graph). Positions of zero CTF are indicated by green circles in the image. Diffraction spots that
belong in every second Thorn rings in the FFT (i.e. positive CTF in the plot) must be phase-flipped in order to correctly extract information to a
highest possible resolution.

Figure 3 Fitting of arbitrary CTFs to the Fourier transform of RSV CA 2D crystal. CTFs derived from arbitrary defocus values are fitted onto
FFT of RSV CA 2D crystal. Positions of calculated zero CTF are indicated by green circles in the image, and clear misfit is observed when the
wrong CTF is fitted. Simulated CTF (red graph) was plotted based on the absolute values (i, intensity profile mode) for the simplicity.
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obtained from a radial average of experimental Fourier
transform with the calculated simulation. Satisfactory
agreement between the experimental data and the simu-
lation was achieved using 0.26 mrad convergence angle,
14.3 nm focal spread and, 2 eV energy spread. Subtle
astigmatism in the image was not taken account into for
the simulation.

Findings

Raw electron micrograph of RSV CAj 56 2D crystal
exhibited hexagonal lattice symmetry with hexameric
subunits clearly defined. Fourier transform of the image
displayed amplitude modulation in the form of Thorn
ring that represents CTF, and the diffraction spots ex-
tended far beyond the first node of CTE, up to approxi-
mately 14 A. Estimation of defocus indicated that that
the image was slightly astigmatic, where defocus of the
image was estimated to be 13,917 and 13,447 A in the
longest and shortest dimensions that are perpendicular.
Fitted CTF is shown in Figure 2, in which an independ-
ently simulated CTF function is overlaid. Correctly
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estimated defocus in the image enabled precise position-
ing of minimal CTF in the Fourier transform, and the
simulated CTF indicates oscillating positive and negative
CTF as a function of resolution as well as resolution-
dependent attenuation of phase amplitude. The plot in-
dicates necessity for phase correction to diffraction spots
(i.e., structure factors) that belong in every second node
of Thorn rings.

Lattice parameters in reciprocal space were obtained by
indexing diffraction spots, from which real space unit cell
dimension was calculated (z = 96.203 A, b = 96.385 A,
and y = 119.964°). Initial phase and amplitude were
extracted from unique reflections of h and k Miller indices
in the Fourier transform. In order to distinguish diffrac-
tion from the 2D crystal from random background noise
in the Fourier transform, the quality of the structural in-
formation was measured in terms of ‘intelligence quotient
(IQ)’ number, where the signal-to-noise ratio of the reflec-
tion from the background is determined. IQ = 1 indicates
signal-to-noise ratio of 8, whereas IQ = 9 is undistin-
guished spot from background. After initial structure

N

Figure 4 Projection maps resulting from wrong CTF fitting. Projection maps were produced from the data that had been fitted with arbitrary
CTF (Figure 3). Structural alterations from the correct structure are apparent, although the degree of deformation varies between the maps.
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factor extraction from diffraction spots with IQ score
higher than 3 (good spots), filtered image was generated.
Then, using a small area of the filtered image as a refer-
ence, lattice distortions in the whole image was corrected
through cross-correlation between the reference and the
whole image. After the unbending process, the number of
‘good spots’ increased from initial data by 194%.

In order to characterize the effect of CTF correction
on the preservation of structural integrity, the data was
either corrected for CTF from estimated defocus, or by
applying arbitrary defocus values (Figure 3). For both
CTF-corrected data and the data that was processed
with incorrect CTF estimation, symmetry of the lattice
was searched from one of 17 possible plain group sym-
metries. Phase residual in all cases was the lowest (28°)
for p6, which agreed well with visual inspection of raw
electron micrograph. Based on the symmetry, phase
origin of the image was determined, and then projec-
tion maps with p6 symmetry imposition were gener-
ated (Figure 4).

Projection map of CTF-corrected image exhibited RSV
CA hexamer with a central cavity, and weak density con-
nection that links neighboring hexamers. In contrast,
some projection maps produced from incorrect CTF im-
position exhibited drastically altered structure. The degree
of structural alteration was most dramatic when 11/2 phase
shift from the correct CTF was imposed, causing local
phase contrast reversal in the structure (2.23 and 2.51 pm
under-focus in Figure 3). In particular, such phase reversal
at lower spatial frequency (resolution) compromised over-
all shape of the protein, leading to a complete misrepre-
sentation of the actual specimen. Also, rapid attenuation
of amplitude of those images, as shown by simulated CTF
plots (red graphs in Figure 3), resulted in the loss of high-
resolution structural features in the projection maps. In-
correct phase reversal at spatial frequency higher than
the first node of CTF (0.56 and 0.84 pum under-focus in
Figure 3) resulted changes in detailed features above ap-
proximately 20 A resolution, of which close inspection of
the structure or side-by-side comparison with known ref-
erence (i.e., atomic model) must be carried out in order to
ensure structural integrity. When no phase correction was
performed within the resolution limit of the data (0.28 um
in Figure 2), structural deformation of final map was sub-
tle although the density distribution within the map varied
significantly from the correct map.

As shown in the simulated CTE, it is to be noted that
the attenuation of signal at higher spatial frequency
changes significantly depending on the image defocus
due to envelope function. Since envelope function is directly
related to CTE, signal attenuates more rapidly at higher de-
focus (Zhou and Chiu 1993). Therefore, optimization of
image defocus is necessary in order to capture high-
resolution details up to a potential information limit of a
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given electron microscope, while producing enough image
contrast for weak phase objects such as vitrified biological
specimen. Such optimization, which may be based on simu-
lated CTF or by trial-and-error, can be omitted when using
highly coherent beam source such as field emission gun
since the envelope function is greatly improved and ampli-
tude attenuation is reduced at the resolution range that is
adequate for structural analysis at molecular level (Zhou
and Chiu 1993). In addition, development of phase plate
may displace need for CTF correction for high-resolution
imaging because the device allows for in-focus images with
high image contrast (Nagayama 2011).

Conclusions

Structure determination of protein macromolecules
using TEM is advancing rapidly, both in the range of ap-
plications and in the achievable resolution. Development
of image processing algorithms made major contribution
in such a rapid growth, and estimation of correct de-
focus and CTF correction played essential role for
extending the resolution of the analysis. In this technical
note, the importance of correct image defocus, a key par-
ameter for CTF determination, was addressed through
a simple image processing experiment. By illustratively
demonstrating drastic misinterpretation of true struc-
tural features that result from wrong CTF correction,
this study is expected to guide researchers, especially
the beginners in the field, for careful monitoring of
image processing steps in order to extract high reso-
lution structural data.
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