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Abstract

Zernike phase-plate (ZPP) imaging greatly increases contrast in cryo-electron microscopy,
however fringe artifacts appear in the images. A computational de-fringing method has been
proposed, but it has not been widely employed, perhaps because the importance of de-fringing has
not been clearly demonstrated. For testing purposes, we employed Zernike phase-plate imaging in
a cryo-electron tomographic study of radial-spoke complexes attached to microtubule doublets.
We found that the contrast enhancement by ZPP imaging made nonlinear denoising insensitive to
the filtering parameters, such that simple low-frequency band-pass filtering made the same
improvement in map quality. We employed sub-tomogram averaging, which compensates for the
effect of the “missing wedge” and considerably improves map quality. We found that fringes
(caused by the abrupt cut-on of the central hole in the phase plate) can lead to incorrect
representation of a structure that is well-known from the literature. The expected structure was
restored by amplitude scaling, as proposed in the literature. Our results show that de-fringing is an
important part of image-processing for cryo-electron tomography of macromolecular complexes
with ZPP imaging.

Introduction

Cryo-electron tomography (cryo-ET) is a powerful method for determining the three-
dimensional architecture of near-native (vitreously frozen) cells and the structure of their
organelles and large protein complexes. However, the requirement for low-dose imaging
results in images with low contrast (signal-to-noise ratio), which limits data interpretability
(McEwen et al., 2002). Zero-loss energy filtering (Grimm et al., 1998) rejects inelastically
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scattered electrons that would otherwise only contribute to noise in the image, and thus
approximately doubles contrast without increasing the electron dose. The recent availability
of direct-electron detectors, which have a detection quantum efficiency (DQE) superior to
CCD cameras, or even to photographic film, also improves the signal-to-noise ratio, and
their rapid frame-rate allows post-processing correction of stage drift and beam-induced
motion (Bammes et al., 2012; Battaglia et al., 2009; Downing and Mooney, 2008;
Grigorieff, 2013; Kiihlbrandt, 2014; Li et al., 2013; McMullan et al., 2009a; McMullan et
al., 2009b; Tietz, 2008). In addition to the above, we concern ourselves here with in-focus
Zernike phase-plate imaging (Danev and Nagayama, 2001; Shiue et al., 2009; Danev et al.,
2009), which increases overall contrast by about two times, with a much greater increase at
spatial frequencies that would have near-zero transfer when the EM is set to high
underfocus. While there are many types of phase plates (Glaeser, 2013), each with its own
advantages and disadvantages, the Zernike type has been used for most of the biological
results so far published in both single-particle work (Danev and Nagayama, 2008; Murata et
al., 2010; Rochat et al., 2011; Shigematsu et al., 2010) and in electron tomography,
sometimes followed by sub-tomogram averaging (Dai et al., 2013; Guerrero-Ferreira and
Wright, 2014; Murata et al., 2010).

A Zernike phase plate (ZPP), located in the objective-lens back focal plane, consists of a
film with a thickness such that the electrostatic inner potential shifts the phase of electrons
scattered by the specimen by /2 or 90°, while the unscattered electrons pass through a
central hole in the film, without such phase shift. The abrupt edge (“cut-on”) of the central
hole is the cause of fringing (“ringing”) artifacts in the image (Danev and Nagayama, 2011,
Fukuda et al., 2009).

This effect has been largely eliminated by the recently developed Volta phase plate (Danev
et al., 2014), which lacks a central hole, but employs a beam-induced modification of the
film in the same location. This central “patch” lacks a sharp cut-on, so the fringing artifact is
not apparent in the images. Recently, application of the VPP has produced excellent results
(Asano et al., 2015, Fukuda et al., 2015).

The VPP does not require precise pre-centering, since it is simply formed during imaging
under the proper conditions. After it is formed, the VPP does not tolerate any shift relative to
the unscattered beam. Such shift is eliminated in our latest (unpublished) implementation of
tilt-series acquisition using phase plates. Thus, if a conventional ZPP were used, it would
only need to be centered at the start of the tilt series. With respect to centering, then, there is
only a slight advantage of the VPP over the ZPP.

The VPP is very simple to construct, simply a carbon film placed over the objective
aperture, with no need for focused-ion-beam milling of a central hole. The VPP is hardly
subject to “ageing” in the electron microscope, and thus is reusable for many weeks. These
are the major advantages of the VPP over the ZPP. Both types of phase plate must be heated
to above 200°, and both types interpose a thin film in the beam, which results in a minor
reduction of contrast due to scattering in the film.
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Although the physics behind the VPP is not entirely clear, a phase shift appropriate for
practical work is achieved. However, the amount of phase shift of a ZPP can be firmly set by
specifying the film thicknesses, which can be chosen according to the particular specimen
(which might have significant intrinsic phase shift). Although the cut-on of a ZPP is abrupt,
is it accurately known, so that it’s effect can be computationally reduced. Also, the ZPP may
have better transfer at very low spatial frequency, when operated in a microscope with a
long objective-lens focal length. Further comparison and analysis is on-going.

The fringe artifacts caused by the sharp cut-on of a ZPP consist of bright halos around high-
contrast objects, and also contrast inversion of large objects (Danev et al., 2009; Edgcombe,
2014). To avoid these complications to data interpretation, the periodicity corresponding to
the cut-on frequency of the central hole should be twice the size of the specimen object
(Danev et al., 2009). The cut-on periodicity is in the range of 20-80 nm for Zernike phase
plates in typical TEMs. This may limit the application of Zernike phase-contrast (ZPC) for
imaging certain large, isolated features, although fringing affects mainly only the edges of
the extended structures typical of electron tomography. The nature of the fringe artifact has
been discussed, and a computational method for correction was proposed (Danev et al.,
2010). This method has recently been employed in a study of vitreously frozen bacteria
(Guerrero-Ferreira and Wright, 2014), in which slices from tomograms made from “de-
fringed” tilt images had good contrast and a more “natural” and less-artifactual appearance.

An important aspect of cryo-electron tomography is the prospect for obtaining structural
information at molecular resolution. By means of sub-tomogram averaging of molecular
motifs, cryo-electron tomography can facilitate identification of macromolecules by their
shape, and reveal their relationship to component proteins of the local cellular architecture.
For example, cryo-electron tomography with sub-volume averaging has been used to
successfully determine the molecular architectures of a number of ciliar/flagellar protein
complexes of eukaryotic or bacterial cells in native state and in situ (Bui et al., 2008;
Downing et al., 2007; Liu et al., 2008; Nicastro et al., 2006; Sui and Downing, 2006). For
such work, the voxel intensity of the molecular motif must reliably represent the actual
shape of the molecule. Although ZPC imaging improves contrast, the fringing artifacts in the
tilt-series images unevenly influence the voxel intensity in the final structural maps, and it
had been unclear if this effect was serious enough to lead to incorrect interpretation of the
structure.

To address this concern, we carried out a cryo-electron tomographic study of axonemal
radial-spoke complexes attached to microtubule doublets, using ZPC imaging with a cut-on
periodicity of about 45 nm. The radial spoke is a multi-protein complex attached to the
microtubule doublet in the axoneme of eukaryotic motile cilia or flagella (Curry and
Rosenbaum, 1993). Using cryo-electron tomography with conventional defocus phase-
contrast (DPC) imaging, the 3D structure of the radial spoke has been determined as a large
multi-protein complex with a length of about 43nm (Barber et al., 2012; Pigino et al., 2011)
residing perpendicularly on the microtubule doublet, a long protein complex with an
elliptical cross-section of 23 x 35 nm.
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In this report, tomograms were reconstructed with and without computational de-fringing of
the tilt-series micrographs, and comparative structural maps of radial spokes were obtained
from sub-tomogram averages. Our results show that ZPC imaging produces improved
contrast over DPC imaging. The contrast improvement enhances the visibility of structural
features by providing more signal, unlike non-linear denoising methods, which rely on
modeling and masking the noise. While sub-tomogram averaging enhances structural details
due to an increased signal-to-noise ratio, and also reduces the effect of the missing wedge,
the halos and fringes surrounding high-contrast objects in the ZPC results introduce artifacts
that can lead to misinterpretation. De-fringing using a filter with a super-Gaussian shape is
shown to effectively reduce these artifacts. Our results suggest that de-fringing is an
essential step for post-imaging data processing of ZPC images, and maximizes correct
interpretability at the level of molecular structure.

2.0 Methods

2.1 Specimen preparation

Flagellar axonemes were isolated from wild-type Chlamydomonas reinhardtii following the
protocol of Witman (Witman, 1986). In brief, flagella were detached from cell bodies by pH
shock and then demembranated with 0.1 - 0.2% Nonidet-P-40 in HMEDS buffer (10 mM
HEPES, 5 mM MgSQy,, 0.5 MM EGTA, and 4% sucrose, at pH 7.0). Disrupting the isolated
axonemes using homogenization followed by high salt washes (0.6 M NaCl in HMEDS
buffer) resulted in radial spokes attached to the microtubule doublet (Sui and Downing,
2006).

The concentrated sample was resuspended in sucrose-free HMEDS, and 10-nm colloidal
gold particles (Ted Pella, Inc) were added before applying the sample to a glow-discharged
holey carbon film on a TEM grid. The grid was plunge-frozen in liquid ethane after brief
blotting with filter paper at the edge of the grid. The grids were stored under liquid nitrogen
until use.

2.2 Tilt-series imaging

Grids were transferred with a Gatan model 914 cryo-transfer holder into a JEOL
JEM-2200FS TEM operated at 200 kV using zero-loss energy filtering with a 20 eV slit
width. The TEM was equipped with an objective lens of 5 mm focal length and a heated,
piezo-controlled phase-plate holder at the back focal plane. A ZPP with a 500-nm-diameter
central hole was used (Danev and Nagayama, 2008), giving a cut-on periodicity of about 45
nm. The phase plate was maintained at 200°C before and during data collection. Low-dose
tilt-series images were recorded in-focus (as judged by power spectra of the off-axis
images), using a semi-automated method that involved manual tracking of the sample and
the phase plate central hole. Single-axis series were recorded having 46 images at a 3-degree
tilt interval with a total dose of 65 e /A2, Images were recorded with a TVIPS F415MP 4k x
4k on-axis CCD camera (TVIPS, Gauting, Germany) employing 2X binning to yield
2048x2048-pixel images with a pixel size of 1 nm relative to the specimen.

Based on power spectra of the tilt-series images, distortion of the CTF, indicative of
charging, was not observed. We took no special precautions with respect to contamination
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other than using a fresh phase plate and a phase-plate holder heated to 200°C. Prior to
starting the tilt series, we recorded an underfocus image with the phase plate in place, and
the CTF followed a pattern consistent with a calculated CTF. We did not observe changes in
the phase contrast or the fringes during the tilt series. Thus, we conclude that the fringes
were caused by the phase-plate cut-on and not additionally by charging of the phase plate.

2.3 Image processing

De-fringing correction of the tilt-series images followed the method published previously
(Danev et al., 2010). In brief, with the functional form 1 + (G -1) exp(-(k/R)"P), a series of
super-Gaussian profiles in frequency space were generated with gain (G) of 5, and power
coefficient (P) ranging from 4 to 12. The filters, as shown in Fig. 3a for power coefficients
of 6, 8 and 10, were shifted along the frequency axis to match the cut-on frequency of the
ZPP at 0.023 nm~1 (Fig. 3b). The amplitudes of the Fourier transforms of the tilt-series
images were then multiplied by the spatial-frequency filters. Application of such super-
Gaussian filters increases the amplitude in the low-frequency region by five times while
leaving the high-frequency region unchanged. A smooth transition is thus introduced in the
region of the cut-on, remediating the abrupt change that gives rise to the fringing artifacts.

The tilt series, with and without de-fringing correction, were aligned using gold fiducial
markers, and the reconstruction was calculated by weighted back projection using IMOD
(Kremer et al., 1996). The excellent contrast aided manual marking of the coordinates of
each radial spoke complex, and cubic subvolumes of 81 pixels on a side were extracted. The
subvolumes were normalized and then aligned based on cross-correlation with the functions
in the EMAN2 and SPARX libraries (Hohn et al., 2007; Tang et al., 2007). The aligned sub-
volumes were averaged using the amplitude-weighting method based on data redundancy in
Fourier space (Schmid and Booth, 2008).

Before data interpretation, the averaged 3D density map was filtered to 3 nm with a band-
pass filter using SPIDER (Frank et al., 1996). The density maps were rendered and
displayed with UCSF Chimera (Goddard et al., 2007; Pettersen et al., 2004).

3.0 Results and discussion

3.1 Enhanced contrast and fringes

Tomographic tilt series were collected from vitreously frozen radial-spoke complexes
(attached to microtubule doublets). Fig. 1a shows a zero-tilt micrograph, with several local
regions magnified to display details. With ZPC imaging, the unprocessed tilt images
revealed good contrast in the radial spokes decorating the microtubule doublets.

A series of concentric fringes are clearly observed surrounding high-contrast objects, such as
the contaminating ice particles of various diameters as shown in Fig. 1b and 1c (magnified
from regions 1 and 2 respectively in Fig. 1a). For small particles, as shown at the arrows in
Fig. 1b, the fringes display bright contrast at the edge of the particles, surrounded by rings of
oscillating contrast. For large particles, as shown by the arrow in Fig. 1c, the contrast at the
particle center can appear inverted. Fringes of the same sort also surround the microtubule
doublets, as shown in Fig. 1d (magnified from Region 3 in Fig. 1a). A bright halo appears
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next to the microtubules where the root of the radial spokes connect to the doublets, and a
dark fringe occurs near the heads of the radial spokes, thus changing the intensity
relationship between them. The fringes appear similar to those described previously (Danev
and Nagayama, 2011), and are artifacts introduced by the abrupt cut-on at the edge of the
central hole in the ZPP.

3.2 Noise reduction

The signal-to-noise ratio of the ZPC tomogram appears to be higher than that in the DPC
cryo-tomogram of microtubule doublets published previously (Sui and Downing, 2006). In
cross-sections of the tomogram, radial spokes and the associated microtubule doublets are
clearly visible with excellent contrast (Fig. 2a). Nevertheless, significant noise, which
hinders interpretability of the density map when displayed by 3D rendering software, is still
present. Fig. 2a shows a typical sub-volume of a radial spoke extracted from the ZPC cryo-
tomogram. The spokes are arranged parallel to each other in an array, indicating a stable and
relatively rigid structural interaction between the radial spokes and the microtubule doublets
they are attached to.

Low-pass filtering is commonly used to reduce noise in order to improve interpretability in
the maps. More advanced noise reduction methods rely on the use of non-linear algorithms,
such as bilateral filtering (Frangakis and Hegerl, 2001; Jiang et al., 2003; Tomasi, 1998).
Results from bilateral filtering for denoising DPC cryo-tomograms generally vary greatly
depending on the input parameters (Jiang et al., 2003). However for ZPC tomograms, we
found the results to be insensitive to input parameters. Fig. 2c shows the sub-volume from
Fig. 2a after bilateral filtering, and Fig. 2d shows the same sub-volume filtered using a
simple Butterworth low-pass filter at half-Nyquist. As seen by comparison of Figs. 2c and
2d, there is very little difference in the results.

3.3 Sub-volume averaging

Sub-volume averaging is a powerful method used to improve the quality of structural maps
and the interpretability of repeating motifs within electron tomograms (Briggs, 2013;
Winkler et al., 2009). This overcomes two shortcomings of cryo-electron tomography. (1)
The tilt range of the TEM specimen stage, usually limited to a maximum of 60-70 degrees,
causes a missing wedge in the Fourier space during reconstruction, which results in a z-axis
elongation of the 3-D point-spread function (PSF; Radermacher, 1992). (2) The signal-to-
noise ratio of a single instance of a structure in the tomogram is poor, due to the need to
keep the total electron dose low. Boxing out, aligning, and averaging repeating motifs
addresses both problems, and has led to impressive results (Raddi et al., 2012; Schur et al.,
2015; Zhao et al., 2013). The effect of the elongated PSF for particles in different
orientations within the tomogram is shown in Figs. 2d and 2e. Since the radial spokes have
different orientations with respect to the missing wedge, as shown in Figs. 2f and 2g for
example, sub-volume averaging fills in the missing wedge and greatly improves structural
interpretation. The result form 98 aligned and averaged radial-spoke sub-volumes is shown
in Fig. 5a. Compared to individual subvolumes with different orientations of the missing
wedge (e.g Figs 2d, and 2e), the averaged subvolume displays a structural map of much
better quality.

J Struct Biol. Author manuscript; available in PMC 2016 September 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Kishchenko et al.

Page 7

Our structural map from ZPC tomography and subvolume averaging with only 98 motifs
reveals the same structural features as seen in maps from averaging of about 800 to 2,400
sub-volumes after DPC imaging. In particular, there is excellent correspondence in the
radial-spoke head domain, distal form the attached microtubule doublet (Barber et al.,
2012;Pigino et al., 2011). However in the stalk region near the attachment to the microtubule
doublet, the density is narrower than seen in previous studies. In particular, there is a gap at
the stalk root where the radial spoke complex attaches to the microtubule doublet (arrow in
Fig. 5a). This structural map would suggest a weak structural connection between the radial
spoke and the microtubule doublet. However based on the literature, this gap should not be
present in wild-type Chlamydomonas (Barber et al, 2012;Pigino et al, 2011). The fact that
most of the radial spokes in our maps are in a parallel array (Fig. 2a) implies a rigid, strong
interaction between these radial spokes and the microtubule doublets, consistent with
previous reports. Analyzing our ZPC tilt-series images, we found that the weak densities of
the stalk region and the gap at the base are artifacts due to the ZPC fringes, which modified
the relative intensity weighting of different regions in the radial-spoke structural map. As
shown in Fig. 1d, a bright halo appears next to the microtubule doublet, which weakens the
map density at the root of radial spokes, whereas the dark ring of the oscillating contrast,
between the two arrows in Fig 1b or 1d, enhances the density at the head domain. Thus, the
ZPC fringing artifact led to misinterpretation at the molecular structural level.

3.4 Artifact correction

As mentioned above, the fringing artifacts are caused by the abrupt edge of the central hole
in the phase plate. In the power spectrum of a ZPC image, the edge of the hole is located at
the “cut-on” frequency. Below the cut-on frequency, no ZPC contrast is produced, leaving
mainly low (amplitude) contrast, while the frequencies just above the cut-on are greatly
enhanced by ZPC. The abrupt transition can be ameliorated by physical “apodization” (i.e.
beveling), but a properly designed filter has been shown to be effective (Danev et al., 2010).
The filter seeks to amplify the spatial frequencies below the cut-on in order to match those
above it. Since the effect of the cut-on transition is not perfectly sharp, the use of a super-
Gaussian function was suggested to ensure a smooth transition across the cut-on.

We have employed this technique in an attempt to correct the effect of fringing artifacts seen
in our initial sub-tomogram-averaged structure. We tested a series of power values for the
super-Gaussian function. Fig. 3b shows rotational averages of power spectra of a zero-tilt
image from the tomographic tilt series. The thick solid line is from the original micrograph
with no correction. The thin solid line, dashed line and dotted lines are from images
processed with super-Gaussian power of 6, 8, and 10, respectively. The corresponding
super-Gaussian functions are plotted in Fig. 3a. As seen in Fig. 3b, amplitude profiles are
smoother after filtering. Use of the super-Gaussian power 8 appears to offer the smoothest
transition across the cut-on frequency.

To examine the fringe correction results in real space, the ice contamination particles in
Figs.1b (diameter about 25 nm) and 1c (diameter about 54 nm) were rotationally averaged in
real space before filtering and after application of the filters at three different power values,
as shown in Fig. 4. Before filtering, bright halos surround the small particle (arrows in Fig.
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4a), the first of which corresponds to the strong peak of the thick solid line as marked by the
upwards arrow in Fig. 4c. The downwards arrow in the same figure indicates a weak peak
corresponding to the second ring in Fig. 4a. After use of a filter with a super-Gaussian
power of 8, the bright halo was reduced significantly (Fig. 4b and the dashed line in Fig. 4c).
Similar fringe rings were present In the case of the large particle, but in addition, contrast in
the center of the particle was reversed (Figs. 4d and 4f). Use of the super-Gaussian filter
substantially corrected the contrast inversion (Fig. 4e).

After applying the super-Gaussian filter with a power of 8 to the tilt-series images, the
reconstruction and sub-volume averaging were repeated, as described above. In the new
structural map shown in Figs. 5b (isosurface) and 5¢ (mesh), the radial-spoke stalk and the
microtubule are more filled-out compared to the map before de-fringing (Fig. 5a). The gap
in the uncorrected map, as indicated by the red arrow, is substantially corrected in the new
map, which is now consistent with the structural maps reported in literature.

4.0 Conclusion

ZPC cryo-electron tomography and sub-tomogram averaging of the radial-spoke complex on
microtubule doublets of the Chlamydomonas axoneme showed that the contrast
enhancement by ZPP imaging made nonlinear denoising insensitive to the filtering
parameters, such that simple low-frequency band-pass filtering made the same improvement
in map quality. The fringing artifacts associated with ZPC imaging could be substantially
reduced by super-Gaussian amplitude correction. The fringing artifacts were shown to
interfere with faithful structural interpretation, making such filtering a necessity for
quantitative imaging with ZPC.
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Fig. 1.

Agzero-tilt micrograph from the tomographic series. (a) The entire field, (b) Region 1, a
small contaminating ice particle used as a test object. (c) Region 2, a larger ice particle. (d)
Region 3, a magnified view of the central area. Arrows in (b) and (d) indicate the halos and
fringes caused by the cut-on of the Zernike phase plate. The arrow in (c) shows inverted
contrast at the center of the particle.
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Fig. 2.
Structural maps of the radial-spoke complex. (a) A z-axis slice from the tomogram showing

the array of radial spokes on a microtubule doublet. (b) A sub-volume extracted from the
tomogram without any pre-reconstruction processing. (c) The same sub-volume as (b) after
non-linear denoising by bilateral filtering. (d) The same sub-volume after low-frequency
band-pass filtering, having an appearance very similar to (c). (¢) A sub-volume with a
missing wedge (as shown in Fig. 2g), from the same tomogram, after low-frequency band-
pass filtering. (f) The Fourier missing-wedge corresponding to the sub-volume in Figs. 2b,
2¢ and 2d. (g) The missing wedge of the sub-volume in Fig. 2e

J Sruct Biol. Author manuscript; available in PMC 2016 September 01.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Kishchenko et al.

Page 14
a 6 T T T T T T
—— SuperGauss6
—~ 5 e — — SuperGauss8 -
2 S ---- SuperGauss10
c %
=
>4r
©
=
o]
530
(]
e
22F
<y
€
< 4L
0 | | | 1 | |
0 0.005 0.01 0.015 0.02 0.025 0.03
Spatial frequency (1/nm)
b 5 T T T T
= Original
— —— SuperGauss6
24 — — SuperGauss8 7
g - SuperGauss10
Pan
©
£
2
&
_% L
=t
o
€
<
0 1 1 | | | |
0 0.005 0.01 0.015 0.02 0.025 0.03

Spatial frequency (1/nm)

Fig. 3.

Dg—fringing by super-Gaussian functions. To carry out the de-fringing, super-Gaussian
functions with various power values, shown in Fig. 3a, have been used to multiply the
amplitudes of the original image, which is represented by the thick line in Fig. 3b. The
resulting amplitude profiles are shown in (b), with thin, dashed and dotted lines representing
the super-Gaussian of powers of 6, 8, and 10, respectively. The super-Gaussian filter with a
power of 8 gave the smoothest amplitude profile.
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Fig. 4.
Results of de-fringing for objects of various sizes. The small (a) and large (d) particles were

taken from Figs. 1b and 1c, respectively. (b) and (e) show the particles after de-fringing. The
arrows in these images indicate the halo and the first bright fringe-ring. (c) and (f) display
rotationally averaged intensity profiles, radially from the particle centers, demonstrating the
effect of three different filter powers, compared to unfiltered images.
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Fig. 5.
Structural map of the radial spoke complex obtained by sub-volume averaging from the ZPC

tomogram, before (a) and after (b) the de-fringing correction. An artifactural density gap,
indicated by the arrow, is present in the original map, and it is substantially corrected by de-
fringing. The two maps are compared in (c), with the fringe-corrected map shown as a blue
wire-frame model superimposed on the uncorrected model. Note that the head domains are
almost identical, whereas the radial-spoke stalk and the microtubule are more filled-out in
the de-fringed map.
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