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Summary

The bacteriophage T4 contractile tail (containing a tube and sheath) was the first biological
assembly reconstructed in three-dimensions by electron microscopy at a resolution of ~ 35 A in
1968. A single-particle reconstruction of the T4 baseplate was able to generate a 4.1 A resolution
map for the first two rings of the tube using the overall baseplate for alignment. We have now
reconstructed the T4 tail tube at a resolution of 3.4 A, more than a 1,000-fold increase in
information content for the tube from 1968. We have used legacy software (Spider) to show that
we can do better than the typical 2/3 Nyquist frequency. A reasonable map can be generated with
only 1.5 electrons/A2 using the higher dose images for alignment, but increasing the dose results
in a better map, consistent with other reports that electron dose does not represent the main
limitation on resolution in cryo-EM.

eTOC paragraph

Zheng et al. describe a 3.4 A resolution cryo-electron microscopy reconstruction of the
bacteriophage T4 tail tube, used for injecting DNA into bacterial cells. Remarkably, this was
accomplished using legacy software. They show that once images are aligned, a reconstruction can
be generated with a dose of 1.5 electrons/A2,
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1.5 electrons/A? 3 elecronsih? 15 electrons/f?

INTRODUCTION

The revolution in cryo-EM (Bai et al., 2015; Egelman, 2016; Kuhlbrandt, 2014;
Subramaniam et al., 2016) has meant that near-atomic resolution can now be reached for
many more macromolecular complexes with many fewer images much more rapidly. High
resolution cryo-EM structures with de novo atomic models are no longer an unusual feat but
an almost daily occurrence. While many of these complexes can in principle be crystallized,
it has become much easier to solve their structures by cryo-EM, in some cases at higher
resolution than what has been achieved by crystallography (Ramakrishnan, 2014). In
contrast, if a helical polymer does not have exactly 2, 3, 4 or 6 subunits per turn, it cannot be
packed into a crystal so that every subunit is in an identical environment. This is a simple
consequence of the finite number of space group symmetries that can exist. Therefore,
certain model systems in structural biology, such as tobacco mosaic virus, have only been
studied at high resolution using x-ray fiber diffraction (Namba and Stubbs, 1986) or cryo-
EM (Ge and Zhou, 2011). Since helical protein and nucleoprotein polymers are ubiguitous
in viruses, bacteria, archaea and eukaryotes, the recent advances in cryo-EM means that a
huge category of assemblies of great biological interest that were previously viewed as
almost intractable structural problems can now be solved at near-atomic resolution. New
insights continue to be made into the methods, challenges and limitations in studying such
helical assemblies. For example, the intrinisic ambiguities that can exist in determining the
correct helical symmetry of a filament (Egelman, 2010) are exacerbated by the possibility
that filaments in cryo-EM may be tilted out of the plane perpendicular to the electron beam
(Egelman, 2014), in contrast to the assumption made when examining negatively stained
samples that they are adsorbed to a substrate that is perpendicular to the beam. While it is
possible to solve some helical assemblies at 3.2 A resolution (Kudryashev et al., 2015),
application of similar methods to other assemblies may only yield ~ 6 A resolution
(Kolappan et al., 2016) or worse due to the structural variability within these filaments.
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Sequences can diverge to such an extent that two proteins sharing a common fold, and
having obvious homology, can have unrecognizable sequence similarity. This has become
clear in the case of the contractile tail system of double-stranded DNA (dsDNA) tailed
bacteriophage. The tail assembly (containing an inner rigid tube and an outer contractile
sheath) of bacteriophage T4 was the first object reconstructed in three-dimensions by
electron microscopy (DeRosier and Klug, 1968). The resolution of this reconstruction from
negatively stained specimens was ~ 35 A. It has now become clear from structural studies
that this contractile system, used to inject dSDNA into a bacterium, is a homolog of bacterial
contractile systems used to transfer toxins, effectors and ions into other cells (Aksyuk et al.,
2009; Basler and Mekalanos, 2012; Clemens et al., 2015; Ge et al., 2015; Kudryashev et al.,
2015), even though sequence similarities among the components are not readily detected.
We return to the T4 tail tube almost 50 years after DeRosier and Klug and show how we can
now reach 3.4 A resolution. Previous cryo-EM studies described this tube as “rather
featureless” (Kostyuchenko et al., 2003), which has led to limited resolution in the past
using different approaches. However, a large advance was made when a single-particle
reconstruction of the T4 baseplate (Taylor et al., 2016) was able to generate a 4.1 A
resolution map for the first two rings of the tube using the overall baseplate for alignment.
We now show that high resolution can be achieved for the tube alone with legacy software,
and that a reasonable reconstruction can actually be generated using a dose as low as 1.5
electrons/AZ when the higher dose frames are used for alignment.

RESULTS and DISCUSSION

The images for the tube reconstruction were the same ones previously used for a study of the
T4 baseplate (Taylor et al., 2016), and were obtained with a sampling of 1.32 A/pixel
(Figure 1A). A power spectrum (Figure 1B) generated from segments of the tube showed a
meridional at ~ 1/(40 A) indicating an axial rise for the helical unit of ~ 40 A. All other layer
lines appeared to contain Bessel orders that were multiples of 6, consistent with a 6-fold
rotational symmetry. The spacing of the “first” layer line (Figure 1B) was ~ 1/(133 A),
showing that the rotation along each helical strand was ~360° *40/(6*133) or ~ 18°. These
parameters were us ed in an Iterative Helical Real Space Reconstruction (IHRSR) (Egelman,
2000) and converged to values of 40.2 A and 18.2°. The most probable out-of-plane tilt
angle was ~ 10° (Figure S1A), suggesting that the tubes were likely oriented at this unusual
tilt by a preferred orientation of the baseplate in the thin ice. This preferred orientation of the
baseplate was confirmed by examining the angular assignments in the Relion (Scheres,
2012) reconstruction of the baseplate (Figure S1B). The large tilt can generate problems in
helical reconstructions (Egelman, 2014) if one starts with the initial assumption that all
filaments are in a plane perpendicular to the electron beam. One can impose the wrong
helical symmetry as a result of such an assumption, leading to an artefactual three-
dimensional reconstruction. Since we allowed for out-of-plane tilt of filaments in the
processing (see Methods), we avoided this problem.

The initial reconstruction was generated from a motion-corrected stack of 38 out of 40
frames averaged into a single image, where each frame contained a dose of 1.5 electrons/AZ2.
To minimize both beam-induced image drift and optical instabilities, the first two frames
were omitted. While this single image represented a large dose of ~ 60 electrons/A2, many
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large sidechains could be seen in the reconstruction from this full dose image (Figure S2),
consistent with a previous report that icosahedral viruses could be imaged at fairly high
overall resolution using massive electron doses (Grant and Grigorieff, 2015).

We then decided to explore the dependence of the quality of the reconstruction on the overall
dose. First, we produced a reconstruction using drift-corrected frames 3-22 of the stack that
corresponded to a dose of 30 electrons/AZ2 (the first two frames were again discarded). We
then applied the alignment parameters (x, y shifts and Euler angles) of this reconstruction to
images that contained progressively fewer frames (sums of the first 10, 5, 3 or 2 frames), as
well as to images obtained from only the first frame (frame 3 of the original stack).
Somewhat surprisingly, the latter reconstruction that had a dose of only 1.5 electrons/AZ2
(following the pre-irradiation of the first two frames with 3 electrons/A2) looked reasonable
(Figure 2A) while the averaged power spectrum of these images showed no visible layer
lines due to the extremely poor SNR. The FSC comparison of two independent half-maps
generated with this very low dose (Figure S3) gave a resolution of 4.2 A. It should be noted,
however, that no alignment of these images on their own would have been possible, and the
alignment parameters were simply those from the 20-frame dataset. The minimum dose
needed to properly and iteratively align helical segments, in our experience, varies from
specimen to specimen, and is a function of the mass per unit length of filament as well as the
presence or absence of internal point group symmetries (such as the C6 symmetry in these
tubes). In the absence of such rotational symmetries, and with rather thin filaments, we have
seen iterative alignments fail with as much as 1015 electrons/AZ2.

A better map (Figure 2B, Figure 3) can be produced using a simple weighted-average of the
first 20 frames, similar to the weighting previously described (Grant and Grigorieff, 2015).
In this weighting scheme, the first frame receives a weight six times that given to each of the
last 10 frames, while the second frame receives a weight of five, etc. While many questions
exist about the FSC being the ultimate measure of resolution in cryo-EM (Subramaniam et
al., 2016), we used the standard approach and divided the data set into two completely non-
overlapping half sets. Each set was used for IHRSR cycles, starting with the full
reconstruction that had been filtered to 7 A resolution. The resulting half-maps yielded a
resolution of 3.4 A using the FSC=0.143 criterion (Figure S3). However, comparison of the
two FSC curves (from the 1.5 electrons/A2 map and from the full dose-weighted map)
shows that reducing resolution to a scalar (e.g., 3.4 or 4.2 A) ignores the fact that there
would be considerable differences in the quality of these maps at 6-7 A resolution.

It is clear that despite the two interpolations that have taken place in the image processing
(once when e2helixboxer was used to cut filaments from images, and once when the
segments are rotated and shifted to be used in the back-projection), and the fact that we have
been using legacy software (Spider) written in the 1990s that does not take advantage of
more sophisticated approaches, such as Fourier-grid sampling (Yang and Penczek, 2008), we
have still been able to do better than 2/3 Nyquist (which would be 4.0 A for our images). A
previous paper (Bammes et al., 2012) showed that it was possible to exceed 2/3 Nyquist in a
three-dimensional reconstruction using a direct electron detector, but this was at what would
now be considered low resolution.
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We then used the 3.4 A resolution map calculated using the weighing scheme to refine an
atomic model of the tube. The starting point was a model for two rings of the tube contained
in the baseplate-tube structure (PDB code 51V5) (Taylor et al., 2016). The model was rebuilt
manually with Coot (Emsley et al., 2010), followed by real-space refinement with Phenix
(Adams et al., 2010). The refinement statistics are given in Table 1. While the overall rmsd
between Ca atoms in the refined model and the starting model was only 0.7 A, the positions
of sidechains are more reliable in the new model. This is apparent in the refinement statistics
given in Table S1. While the overall improvement in the model is relatively small, the
improvement in the helical map over the single particle map previously used is quite large
(Figure S4), showing that with current tools a cryo-EM map of modest quality at 4.1 A
resolution can be used to generate a fairly reliable atomic model.

The T4 tube is homologous to the tubes of other contractile injection systems that include R-
type pyocins (Ge et al., 2015), Clostridium difficile *“diffocins” and Photorhabadus virulence
cassette (PVC) (Ghequire and De Mot, 2015), Serratia entomophila antifeeding prophage
(afp) (Heymann et al., 2013), Pseudoalteromonas luteoviolacea MAC arrays (Shikuma et al.,
2014), and the bacterial Type VI Secretion System (T6SS) (Clemens et al., 2015;
Kudryashev et al., 2015). These tubes however have evolved to translocate different
substrates and the nature of the substrate thus determines the properties of the tube’s
channel. Atomic structures of three different tube proteins are now available: T6SS, R-type
pyocin and T4. Different T6SS complexes package different effector proteins into their tubes
(Silverman et al., 2013), and the T6SS channels are therefore diverse. The main substrates of
the T4 and pyocin channels are quite different: negatively charged phage DNA in the case of
T4, and an unknown mixture of ions for the pyocin channel. With the structure of T4 tube in
hand we decided to compare the surface charge properties of the two structures. However,
the deposited atomic model for the pyocin tube (3J9Q) has very poor refinement scores. It is
of insufficient quality for electrostatic calculations that are sensitive to proper surface
residue placement. We re-refined this model using Rosetta (Wang et al., 2015) and Phenix
(Adams et al., 2010) against the corresponding segmented map of EMD-6270 (Ge et al.,
2015). As a result, the MolProbity statistics including Ramachandran favored/outliers,
favored rotamer, and MolProbity score are improved from 68.5%/7.9%, 88.2%, and 2.87to
93.9%/0%, 100%, and 1.46, respectively (Figure S5; Table S1). The rmsd between the C,
atoms in our refined model and in 3J9Q is only 0.5 A, showing that while the overall chain
trace is the same, secondary structure is now much better defined.

Comparison of the refined pyocin tube subunit with that of the T4 tail tube (Figure 4A)
shows that 126 C, atom pairs of the two proteins are very similar with a rmsd of 2.7 A, and
the Dali server (Hasegawa and Holm, 2009) gives a highly significant Z-score of 8.1 for this
pairwise comparison, the two share only about 10% amino acid identity. A striking
difference between the two can be seen (Figure 4C and 4E) in a comparison of the
electrostatic potentials of the lumen (Baker et al., 2001; Dolinsky et al., 2007). A previous
report using the deposited model (3J9Q) found an overall negative charge for the lumen of
the tube (Ge et al., 2015). While the pyocin lumen using our refined model (Figure 4E)
appears to be almost equally positive, negative and neutral, the T4 tail tube lumen (Figure
4C) is largely electronegative. Such a potential would repel the negatively-charged
phosphate groups along the DNA phosphodiester backbone, and serve to “lubricate” the
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passage of DNA through this lumen as the DNA would be unable to stick to this surface.
This would be similar to the reduction in friction provided by magnetic levitation, where a
train is repelled from the track along which it travels. A similar electronegative potential has
been seen in the lumen of bacterial sex pili (Costa et al., 2016), used for transporting DNA
between mating cells, where the electronegative character is provided by the phosphate
groups of stoichiometrically bound lipids.

CONCLUDING REMARKS

Here we show that a map carrying high resolution information that is sufficient for building
an atomic model can be generated with a dose of only 1.5 electrons/A2 with the projection
alignment information extracted from a higher dose images. Furthermore, this can be
accomplished with legacy software. We also show that the lumen of the T4 tube is negatively
charged in agreement with its DNA transport function. Finally, we show that the lumen of
the re-refined tube of the R-type pyocin, a hypothetical ion channel, does not display an
overall preferential charge.

STAR Methods

Image Processing

Images were those described previously for the baseplate (Taylor et al., 2016). The program
CTFFIND3 was (Mindell and Grigorieff, 2003) used for determining the defocus and
astigmatism. The SPIDER software package (Frank et al., 1996) was used for most other
operations. The CTF was corrected by multiplying the images by the theoretical CTF (a
Wiener filter in the limit of a very poor SNR), both correcting the phases where needed and
improving the SNR. The e2helixboxer routine within EMAN2 (Tang et al., 2007) was used
for boxing the tubes from the images.

The filament segments were initially decimated by a factor of 4 from 1.32 A/px to 5.28
AJpx. They were used in a preliminary IHRSR (Egelman, 2000) reconstruction starting with
a solid cylinder as an initial reference, with no out-of-plane tilt considered. To prevent the
symmetry parameters (axial rise and rotation per subunit) from diverging from their correct
value due to not including the out-of-plane tilt, these parameters were constrained. A search
range of 5 pixels in x and y translation for each segment was used. Since the large axial rise
(~ 40 A) was within the search range in y (+26.4 A), there was no difficulty in bring any
segment into alignment with any reference projection. After nine cycles the x- and y-shifts
that were found for each segment were converted to nearest integers, and these shifts were
then applied to segments that were decimated by a factor of 2 as well as the undecimated
segments. Since the shifts were integer, no interpolations were needed and segments were
simply shifted by rows or columns. The shifted segments decimated by 2 (to 2.64 A/px)
were then used in IHRSR cycles allowing for out-of-plane tilt, with the constraints relaxed
on the helical parameters. Since the segments were now aligned axially, a search range of 3
pixels (£7.92 A) was adequate even though the large axial rise would otherwise have
required a search range of +20 A. After 14 cycles, the x- and y-shifts now found for each
segment were converted to nearest integers, and these were again applied to the undecimated
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images. IHRSR cycles were then started with the undecimated images (1.32 A/px), using a
search range of 3 pixels.

Segments were not included in the reconstruction if they met either of two criteria: 1) they
were assigned an in-plane rotation angle that was more than 5° from either 0° or 180°; or 2)
they were classified as having an out-of-plane tilt of more than 30°. Satisfying either criteria
suggested that the particles were misaligned. Every segment was treated completely
independently in the IHRSR cycles, as no constraints were imposed upon a segment from
the parameters (e.g., in-plane tilt, out-of-plane tilt, azimuthal orientation, polarity) found for
surrounding segments. A total of 26,320 overlapping segments were used for the final
reconstruction.

Model Refinement

The T4 tube reconstruction map was used for the gp19 tube model refinement. The previous
tube model from within the T4-baseplate complex (PDB ID:51V5) was manually refined in
COQT (Emsley et al., 2010) and then real-space refinement was performed in PHENIX
(Adams et al., 2010). Rosetta (Wang et al., 2015) was used to refine the deposited pyocin
model (PDB ID:3J9Q), followed by real-space refinement in PHENIX. Both models were
validated with MolProbity (Chen et al., 2010). The refinement statistics are given in Table 1.

DATA AND SOFTWARE AVAILABILITY

Coordinates of the refined T4 and pyocin tubes have been deposited to the Protein Data
Bank under the accession codes 5W5F and 5W5E, respectively. The cryo-EM density map
of the T4 tail tube has been deposited to the Eelectron Microscopy Data Bank under the
accession code EMD-8767.

CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for resources and reagents should be directed to and will be
fulfilled by the Lead Contact, Edward Egelman (egelman@virginia.edu).

KEY RESOURCES TABLE

REAGENT or RESOURCE | SOURCE IDENTIFIER

Deposited Data

T4 tail tube cryo-EM density This study EMD-8767
map

Refined T4 tail tube atomic This study S5W5F
model

Refined Pyocin tail tube refined This study S5W5E
model

Software and Algorithms

EMAN2 Tang etal., http://blake.bcm.edu/emanwiki/EMAN2
2007
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REAGENT or RESOURCE SOURCE IDENTIFIER

CTFFIND3 Mindell and http://grigoriefflab.janelia.org/ctf
Grigorieff,
2003

Spider Frank et al., https://spider.wadsworth.org/spider_doc/spider/docs/spider.html
1996

UCSF Chimera Pettersen et al., | http://www.cgl.ucsf.edu/chimera
2004

Coot Emsley et al., http://www2.mrc-Imb.cam.ac.uk/personal/pemsley/coot/
2010

Phenix Adams et al., https://www.phenix-online.org
2010

Rosetta Wang et al., https://faculty.washington.edu/dimaio/wordpress/software/
2015

MolProbity Chenetal., http://molprobity.biochem.duke.edu
2010

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

. 3.4 A resolution map for the bacteriophage T4 tail tube.

. Can achieve near-atomic resolution reconstruction with a dose of 1.5

electrons/A2.

. Refined T4 tube and Pyocin tube model show improved stereochemistry.

. The electronegative lumen of T4 tail tube is used for DNA delivery.
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Figure 1. Cryo-EM analysis of the tail tubes
(A) An electron micrograph (Taylor et al., 2016) shows the tubes (black arrows) attached to

the baseplates (white arrows).

(B) A power spectrum generated from 26,320 overlapping tube segments. The red arrow
indicates the first meridional, at a spacing of ~ 1/(40 A). The yellow arrow indicates the
putative “first” layer line, at a spacing of ~ 1/(133 A), while the blue arrow (at ~ 1/(8.4 A)
indicates the furthest layer line seen. The images have been multiplied by the CTF to boost
the SNR, which is why the Thon rings are enhanced.
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Figure 2. Dose limitation in determining the near-atomic resolution structure
(A) A small section of the map calculated from only the third frame (corresponding to 1.5

electrons/A2).

(B) The same area in a map created from a weighted-sum of the first 20 frames. The first
two frames have been discarded, so the pre-irradiation in (A) is 3 electrons/A2. A number of
bulky sidechains are labelled, showing that they can be positioned quite well in both maps.
See also Figure S2 and Figure S3.
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Figure 3. Overall reconstruction of the T4 tail tube
(A) An outside view of the T4 tail tube cryo-EM map aligned with aomic model. Three

subunits from one ring are shown in yellow, red and magenta. An a-helix (bottom) and a 8-
sheet (top) from the yellow subunit project out and interface with both the red subunit and
subunits in adjacent rings.

(B) A close-up view from the lumen shows how the four B-strands of the red subunit become
part of a continuous pB-sheet which lines the lumen.

See also Figure S4.
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Figure 4. Comparison between T4 tail tube and pyocin tube
(A) A subunit from the T4 tail tube (red) is superimposed upon the refined subunit from the

R-type pyocin tube (green). A comparison between the molecular surfaces colored according
to the electrostatic potential for the T4 tail tube (B,C) and the R-type pyocin tube (D,E). The
outer surfaces of the tubes are shown in (B,D) while the surface lining the lumen is shown in
(C,E). Negative potential is red, while positive is blue, with neutral white. As expected for a
tube transporting DNA, the lumen of the T4 tail tube (C) is quite negative, which would
serve to “lubricate” the walls so that DNA would not stick. The red color corresponds to a
potential of -10 kT/e whereas the blue color corresponds to a potential of +10 kT/e.

See also Figure S5 and Table S1.

Structure. Author manuscript; available in PMC 2018 September 05.



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

Zheng et al.

Table 1
Atomic model refinement and validation statistics
T4 tube R-type pyocin
Cryo-EM data collection
Microscope FEI Titan Krios
Voltage (keV) 300
Camera Gatan K2-Summit
Gatan Quantum

Energy Filter LS (GIF)
Pixel size (A) 1.32
Defocus range (um) 0.5-33
3D reconstruction
Number of movies 333
Final number of segments 26,320
Resolution (&) 3.4
Sharpening B-factor (A2) 150
Coordinate and B-factor refinement
Refinement high resolution limit (&) 3.4 35
Number of protein atoms (non-H) 23,472 37,890
Mean B-factor protein atoms (A2) 126.98 46.37
RMSD bonds (A) 0.01 0.01
RMSD bond angles (°) 0.78 0.95
Map CC (around atoms) 0.834 0.773
Validation
Ramachandran plot

Favored (%) 95.86 93.94

Allowed (%) 414 6.06

Disallowed (%) 0.00 0.00
Molprobity score 1.65 1.46
All-atom clashscore 6.56 2.66
Rotamer outliers (%) 0.00 0.00
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