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Abstract 

Structural Studies of Host-Microbe Interactions 

By Rebecca S. Dillard 

 
 
Recent advances in cryo-electron microscopy (cryo-EM) have drastically improved our ability to 
study the interactions between viruses and their hosts. The development of direct electron detectors 
has substantially improved image quality, and new techniques such as cryo-correlative light and 
electron microscopy (cryo-CLEM) are allowing us to understand more intricate systems. We have 
used cryo-EM to investigate host-microbe interactions at many stages of the viral replication cycle, 
including entry and assembly, and to provide insights into structural aspects of the host.  
 
Identifying regions of interest in the transmission electron microscope can be challenging. We have 
shown that the use of native immunolabeling is therefore extremely helpful in order to study cellular 
and viral surface proteins in eukaryotic systems. This technique cannot be used, however, to mark 
internal components, which require alternative labeling strategies. We developed a workflow for 
correlated cryo-fluorescence light microscopy and cryo-EM (cryo-CLEM) of fluorescently tagged 
virus-infected or transfected mammalian cells. Cryo-CLEM combines the spatiotemporal 
information provided by fluorescence microscopy imaging with structural information from cryo-
EM. These studies have provided insights into the assembly and morphology of respiratory syncytial 
virus (RSV) and entry and fusion events of human immunodeficiency virus type I (HIV-1).  
 
We used cryo-ET along with several functional assays to study bacteriophage interactions in 
prokaryotic systems. We found that Vibrio cholerae outer membrane vesicles (OMVs) act as a defense 
mechanism to protect V. cholerae against bacteriophage infection in a dose- and receptor-dependent 
manner, suggesting that OMVs are an important consideration for the use of phage therapy. In 
Caulobacter crescentus, we found that that type IVc pilus retraction is required for bacteriophage ϕCbK 
attachment, and that proper assembly of the flagellum, cell motility, and ϕCbK adsorption depend 
on multiple flagellins.  
 
In summary, we have used cryo-EM to provide information about both eukaryotic and prokaryotic 
virus interactions with their hosts, allowing us to examine RSV assembly, HIV-1 entry, and 
bacteriophage interactions with V. cholerae OMVs, C. crescentus pili, and C. crescentus flagella. Our 
studies illustrate that cryo-EM is a valuable technique for investigating host-microbe interactions.  
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CRYO-ELECTRON MICROSCOPY 

Cryo-electron microscopy (cryo-EM) technologies were pioneered in order to retain specimen 

hydration and reduce electron-beam damage to the specimen during direct imaging and electron 

diffraction in the transmission electron microscope (TEM) [1]. Initial work focused on catalase 

crystals preserved in a thin film of vitreous ice [1]. Subsequently, suspensions of viruses and other 

samples were vitrified and imaged, functionally extending cryo-EM to structural investigations of 

broad ranges of targets [2-5]. Most aqueous samples are prepared for cryo-EM or cryo-electron 

tomography (cryo-ET) by first applying a small aliquot of a suspension to an EM grid, blotting the 

grid to near dryness, and then rapidly plunge freezing it in liquid ethane or liquid propane cooled to 

cryogenic temperatures. This method effectively preserves the biological sample in a thin layer of 

vitreous, non-crystalline ice in a near native state [4, 6]. Continued developments to specimen 

preservation equipment and methods by research groups and EM manufacturers have improved the 

quality and reproducibility of the cryo-EM grids prepared.  

 

The cryo-preserved specimens are then loaded into grid-holders, e.g. cryo-holders, which maintain 

the specimen at close to liquid nitrogen temperatures in order to minimize the de-vitrification or 

warming of the specimen. There have been many improvements made to these holders since their 

introduction in the late 1970s. Many of the cryo-holders available may be used for standard side-

entry microscopes. In order to facilitate the preservation of specimen integrity, instrument 

automation, and the demands of high-throughput data collection, starting in the early 2000s, EM 

companies began to design and produce instruments with ‘multi-specimen’ cartridge-style systems in 

which three to twelve individual specimens can be loaded into the column of the microscope. 

Simultaneously, improvements to overall microscope stability, the use of field emission electron 

sources, computer control, and the automation of standard functions enabled the beginning of the 
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‘resolution revolution in cryo-EM’ [7] by facilitating the acquisition of high quality EM data both on 

film and CCD cameras via automated routines [8, 9]. 

 

Recent advances in sample preparation, imaging, and data processing have led to a dramatic 

expansion of cryo-EM in structural biology [10, 11]. The workflow for structure determination by 

cryo-EM is outlined in Figure 1. Sample optimization is followed by a freezing step, either the 

vitrification of a thin film sample on a grid (plunge freezing) or of a sample volume using pressure 

(high pressure freezing (HPF) or self-pressurized rapid freezing (SPRF)). The sample may be further 

processed by thinning (cryo-focused ion beam milling (cryo-FIB) or cryo-sectioning) or examined by 

cryo-correlative light and electron microscopy (cryo-CLEM) before TEM imaging and image 

processing. We discuss some of the recent advancements at various steps of this workflow, which 

we have used to improve imaging of biological specimens. These include the use of new substrates 

and methods for sample preparation, phase plates and direct electron detectors for cryo-EM image 

acquisition, and the application of cryo-CLEM, which combines spatiotemporal information about 

the sample from fluorescence light microscopy with structural information from cryo-EM. There 

have, of course, been many other developments in techniques and data processing that are described 

elsewhere [12-16]. 

 

Substrates and Specimen Preparation 

One of the essential components of high-quality, high-resolution cryo-EM is reproducible and 

robust sample preparation. Cryo-EM samples are typically applied to an EM grid consisting of an 

amorphous carbon film supported by a metal mesh. The grid is then blotted to remove excess liquid 

and plunge-frozen in a liquid cryogen (“plunge freezing” in Figure 1). This process preserves the 

close-to-native-state structure of the hydrated specimen, but can be low throughput and 



 4 

unpredictable in terms of ice thickness and particle distribution. Additionally, it has been shown that 

irradiation in the electron microscope leads to deformation of amorphous carbon, causing sample 

movement and therefore blurred images [17-19]. Recently, several new sample purification methods, 

substrates, and grid preparation systems have been developed to optimize performance during 

imaging. 

 

Cryo-EM single particle reconstructions are based on averaging projections of thousands of identical 

particles in random orientations [10, 15, 20, 21]. Homogeneity of the sample is therefore extremely 

important although such purification can be challenging. GraFix is a sample purification method 

developed for reducing heterogeneity during cryo-EM sample preparation. The particles undergo a 

weak chemical fixation during density gradient centrifugation to provide conformational stability and 

purify the sample, leading to a more homogenous population [22, 23].  

 

Another concern is preferred orientations of the particles on the grid. Because the sample is 

confined to a thin layer of vitreous ice, it can interact with both the grid support and the air-water 

interface, potentially leading to a bias in binding and therefore nonisotropic sampling of particle 

orientations [23]. The use of continuous carbon support films to improve particle distribution may 

be used to provide particular particle orientations, but it may also lead to even more significant 

orientation problems [24]. Self-assembled monolayers [25], poly-L-lysine [26], and detergents [27, 

28], have all been used to reduce preferred orientation, but tend to be sample specific [29]. The 

GraFix process has the additional advantage of disrupting particle aggregation and reducing 

preferred orientations by altering the charge distribution of the particles during the chemical fixation 

step [23]. The preferred orientation problem may also be more widely addressed at the imaging level, 

by tilting the specimen during data collection [29]. 
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Single particle cryo-EM of membrane proteins tends to be challenging because the proteins must be 

extracted from the membrane and solubilized in detergents, which may affect protein structure and 

function and reduce image contrast [30-32]. Amphipathic polymers called amphipols are a potential 

alternative to detergents. These are milder surfactants used to non-covalently bind the 

transmembrane portion of the protein, improving membrane protein solubility without affecting 

contrast in the images. Amphipols have been used in the determination of several membrane protein 

structures [33-39]. Another method of preparing membrane proteins for cryo-EM is the use of lipid 

nanodiscs [40-47]. Nanodiscs consist of scaffold proteins surrounding a small lipid bilayer in which 

the protein of interest is reconstituted. This maintains a near native environment for the protein and 

provides additional particle size, although heterogeneity of the nanodisc may be a concern [31, 32]. 

 

Affinity grids are a new substrate designed to selectively adsorb particles on the EM grid by applying 

specific affinity between substrate and sample, allowing purification steps to be combined with grid 

preparation. The grid has a lipid monolayer containing Ni-NTA lipids that can recruit His-tagged 

proteins from cell extracts, reducing the required amount of protein and time for purification [48]. 

Our lab has utilized affinity grids with His-tagged Protein A and anti-Env polyclonal antibody to 

study HIV CD84 virus-like particles (VLPs), resulting in less background and better control of 

particle density, as shown in Figure 2 [49]. Further developments of the affinity grid include the use 

of a NTA-PEG based coating, which combines the anti-fouling properties of brush conformation 

methoxypolyethylene glycol with NTA ligands on flexible PEG spacers to prevent preferred 

orientation of the bound His-tagged proteins [50]. Another example is a functionalized carbon film 

with covalently bound Ni-NTA, Protein G, or oligonucleotides to selectively recruit macromolecular 

complexes [51]. In a simplified affinity grid method called cryo-Solid Phase Immune Electron 

Microscopy (SPIEM), antibodies or Protein A are applied directly to grids, eliminating the need to 
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first apply a lipid monolayer [52, 53].  

 

The use of the affinity capture system with silicon nitride (SiN) membrane support films has also 

shown promising improvements for sample preparation. The hydrophobicity of SiN supports 

interactions with the lipid tails of the Ni-NTA lipid monolayer, allowing for effective sample capture 

on the grid. Additionally, the membranes are flat, durable, and can be consistently manufactured, 

addressing the delicate and inconsistent nature of amorphous carbon supports [54]. Affinity grids 

combine purification steps with grid preparation, significantly reducing the time required to produce 

samples for cryo-EM imaging, and can be used for structure determination at high resolution. Yu et 

al. have recently used the method to determine the structure of a low concentration virus at 2.6 Å 

resolution [55]. 

 

New electron microscopy grids and substrates have allowed great improvements for cryo-EM 

imaging. Traditional lacey, Quantifoil (Quantifoil Micro Tools), or C-flat (Protochips) EM grids are 

made of a metal scaffold (e.g., copper, nickel, or gold) and an amorphous carbon support.  

Irradiation of amorphous carbon in the electron microscope causes it to bend, however, leading to 

movement of the sample, often referred to as beam-induced motion, and therefore blurry images. 

Since the linear thermal expansion coefficient is much lower for carbon than for the metal support, 

the carbon film may also pucker at cryo temperatures [56]. This can lead to poor imaging and the 

loss of information at high spatial frequencies. Several alternative substrates have been developed to 

address these deformations. Titanium-silicon metal glass films, a nanocrystalline silicon carbide 

substrate called Cryomesh (ProtoChips Inc), and hydrogen plasma treated graphene all decrease 

beam-induced motion, but do not completely eliminate it [57-59]. Ultrastable gold substrates, which 

consist of a gold foil across a gold mesh grid, are one of the most promising solutions. By using the 
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same material for the support and grid, differential thermal contraction, and therefore puckering, 

during cooling is prevented and the high conductivity of gold nearly eliminates beam-induced 

motion, significantly improving image quality [19, 60, 61].  

 

3D-DNA origami sample supports aim to address many of the current concerns for grid 

preparation. The sample particles are bound within a hollow support made up of double stranded 

DNA helices. This helps to control particle orientation, protects particles from the force of blotting 

with filter paper and from the air-liquid interface, and improves ice thickness consistency. The 

method was shown to be successful for the DNA binding protein p53, but will require more rigidity 

to precisely control particle orientation and will need to expand to be more widely applicable to 

various types of samples [62].  

 

Protein scaffolds are also being used to determine the structures of monomeric proteins that would 

otherwise be too small for cryo-EM. Coscia et al. have designed a self-assembled symmetric protein 

scaffold with a small protein genetically fused, producing a large, rigid, and symmetric particle that is 

more amenable to cryo-EM, and solved the structure at subnanometer resolution [63]. Liu et al. have 

achieved near atomic resolution of a small protein called DARPin, which is rigidly fused to a self-

assembled symmetric protein cage through terminal helices. The amino acid sequence of DARPin 

can be altered to tightly bind other small proteins, making it widely applicable [64]. 

 

Cryo-EM grid ice should ideally be only slightly thicker than the sample. Excess ice thickness should 

be avoided because it allows the particles within an image to be at different focal heights and 

contributes to noise in the images [65]. Conventional blotting with filter paper often leads to 

inconsistent ice thickness and sample degradation due to the blotting force and it exposes the 
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particles to an air-water interface of the sample. To address these problems, a “self-blotting” grid 

has been developed to generate reproducibly thin films of ice without the use of a filter paper 

blotting step [66, 67]. An ammonium persulfate and sodium hydroxide solution is applied to copper 

grids, supporting the growth of Cu(OH)2 nanowires on the copper grid bars. The nanowires draw up 

excess liquid when the sample is applied to the grid, resulting in a thinly spread film of liquid on the 

grid that is then plunge frozen without the requirement of a blotting step. The self-blotting grids are 

used in conjunction with a newly designed freezing apparatus called the Spotiton [68, 69]. This 

device uses a piezo controlled electric inkjet dispense head to deposit small volumes of sample at 

defined locations on the grid, which is then plunge frozen. Use of the self-blotting grid with the 

Spotiton results in thin films of uniform ice and the process is almost entirely automated, increasing 

the reproducibility and throughput of cryo-EM grid preparation [66-69]. 

 

Another blotless freezing system called the cryoWriter allows real-time monitoring of the water 

thickness prior to vitrification [70]. A microcapillary is used to deposit a small sample volume (3 – 20 

nanoliters) onto the grid. Depending on the volume applied, excess sample can either be recovered 

using the microcapillary or allowed to evaporate. The sample film is evaluated using a laser beam 

and photodetector and once the appropriate thickness is reached, the grid is plunge frozen. This 

system prevents the potentially damaging effects of filter paper blotting and uses significantly smaller 

volumes, allowing the investigation of lowly abundant samples. 

 

Methods for time resolved imaging to capture transient states of biological molecules by mixing 

reaction components immediately prior to blotting have also seen recent improvements. This was 

initially achieved by applying one reaction component to the EM grid in the conventional pipetting 

and blotting manner to achieve a thin film, then spraying another component onto the film and 
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rapidly freezing [71-76]. The reaction only proceeds where the components mix, however, 

potentially leading to heterogeneity in the sample across the grid. This problem was addressed by 

coupling a micromixer with a microsprayer, allowing external homogenous mixing of the reactants 

before spraying onto an EM grid and plunge freezing [77-79]. While this method allows the capture 

of dynamic processes for cryo-EM imaging, variability in ice thickness and coverage of the grid 

limits the regions suitable for data collection. The more recent development by Feng et al. of a 

polydimethylsiloxane (PDMS)-based microsprayer allows the control of ice thickness through 

sprayer pressure and distance from the grid and has the potential to provide time-resolved sample 

preparation by mixing reactants in a channel for specified amounts of time [80]. 

 

Direct Electron Detectors 

Low electron doses are necessary for the imaging of biological specimens in order to limit radiation 

damage of the sample. Cryo-EM images are therefore inherently noisy. Additionally, beam-induced 

motion of the sample leads to blurriness in the images. Both of these issues have been significantly 

improved by the development of direct electron detectors.  

 

Several types of sensors may be used for the detection of electrons and the performance of the 

detector is extremely important for achieving high quality data. Detectors can be described by the 

detective quantum efficiency (DQE), a measure of signal produced from the sample and noise 

contributed to the image by the detector. A detector that contributes no noise to the image would 

have a DQE of 1. 

 

Photographic film has historically been used to record cryo-EM images due to its large imaging area 

and high resolution. Its DQE is ~0.3-0.35 at half Nyquist frequency [81, 82]. The use of film can be 
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labor intensive and time consuming, however, as it requires development and scanning to a digital 

format [13, 24, 83]. Charge coupled device (CCD) cameras provide a much more automated mode 

of imaging, allowing for images to be immediately evaluated and for large datasets to be collected 

quickly. As the electrons hit the CCD, a scintillator is used to induce the emission of photons. The 

photons are converted to electrical signals and an electrical charge accumulates that can be read and 

digitized to form the image [24, 84, 85]. The scintillator of a CCD camera produces electron and 

photon scattering, however, contributing additional noise to the images and leading to a DQE of 

~0.07-0.1 at half Nyquist frequency, significantly inferior to that of photographic film [81, 82]. 

 

Direct detection devices (DDDs) allow electrons to be recorded directly on a sensor, rather than 

through a scintillator. This, along with back-thinning, which decreases backscattering of electrons, 

results in a considerable reduction of noise in the image compared to the noise from electron and 

photon scattering generated in the scintillator and fiber optics of a CCD [86]. There are several types 

of DDDs that can be operated in various modes. In integration mode, charge is collected in each 

pixel, then integrated and read out. The DQE at half Nyquist in integration mode is ~0.4-0.6 [81]. In 

counting mode, the signal from each electron event is recorded and weighted the same, which 

reduces read noise and variability in electron signal. Operating in counting mode while using a high 

frame rate allows even higher DQEs to be achievable [87, 88]. Some cameras may additionally be 

operated in what is called “super-resolution” mode, in which the electron events are sublocalized 

within the pixel, surpassing the Nyquist frequency limit [87-89]. 

 

Another advantage of DDDs is the ability to fractionate the electron dose of an exposure over 

multiple frames by using a high frame rate. This allows the optimal use of electron dose in the image 

because one can compensate for the loss of high spatial frequency information as the dose 
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accumulates. Frames can then be aligned before summing to correct for beam-induced motion and 

specimen drift in the image [90]. The effects of motion correction can be seen in the image of 

coliphage BA14 shown in Figure 3. The image was acquired at 12 frames per second with an 

exposure time of 5 seconds and then summed (Figure 3A) or motion-corrected using scripts from 

Direct Electron, LP and summed (Figure 3B). Blurring is significantly reduced by motion correction 

as shown in the images and power spectra. The ability to combine a high DQE with automation and 

the implementation of dose compensation and motion correction have led to a dramatic increase in 

the quality of cryo-EM data and the number of near-atomic to atomic resolution structures being 

determined [38, 91-96].   

 

Despite the improvements in DQE and signal-to-noise ratio provided by direct electron detectors, 

low contrast in cryo-EM images can still be problematic, particularly for small samples. Additional 

contrast enhancement, such as through the use of energy filters or phase plates, can be particularly 

useful in these cases. 

 

Phase Plates 

The contrast of unstained biological materials is inherently weak under low-electron dose cryo-EM 

imaging conditions. Contrast can be improved by defocusing of the objective lens, although this 

results in a reduction of the high spatial frequency components of the image, or with the use of an 

energy filter, which removes inelastically scattered electrons thereby improving the signal-to-noise 

ratio [97, 98]. Another strategy for addressing low contrast in cryo-EM images is the use of phase 

plates. The Wright lab is currently implementing two types of phase plates, the thin carbon-film 

Zernike-style phase plate and the hole-free carbon-film phase plate (HFPP), or Volta phase plate 

(VPP). 
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Zernike phase contrast (ZPC) cryo-EM uses a thin carbon film with a small hole produced by a 

focused ion beam (FIB) placed in the back focal plane [99-102]. Unscattered electrons pass through 

the hole while the scattered electrons go through the carbon film, shifting the phase of the 

unscattered electrons relative to the scattered electrons by π/2. This changes the contrast transfer 

function (CTF) from a sine function to a cosine function [103] and significantly improves the 

contrast at low spatial frequencies. The images are acquired in focus, eliminating the loss in 

resolution due to defocusing. The higher contrast provided by phase plates improves image 

alignment, making it possible for fewer particles to be averaged to produce high resolution 

structures by single particle analysis [99], and providing excellent results for cryo-ET [100, 104-107]. 

The use of ZPC cryo-EM can be challenging, however, due to a short lifespan, charging, difficulty 

keeping the phase plate aligned, and fringing artifacts in the images [108-113]. Figure 4 illustrates the 

contrast provided by the Zernike-style phase plate in a tomogram of a Caulobacter crescentus cell 

infected with bacteriophage ϕCbK, as well as the fringing artifacts. 

 

HFPP (or VPP) cryo-EM uses a homogenous carbon film in the back focal plane. Local charges are 

induced on the film to generate an electric potential and create the phase shift for increased contrast 

[114]. This form of phase plate has been shown to be more stable for data collection and does not 

introduce strong fringing artifacts [99, 108, 109, 114-116]. It has recently been used to resolve 

extraordinary in situ detail via cryo-ET [117-122] and to solve several high-resolution structures via 

single particle analysis [116, 123-125]. More recently, however, it has been possible to implement a 

slight defocus with this style of phase plate due to improvements in reconstruction software [126]. 

This lessens the requirement for accuracy in focusing thus increasing the ease of use and the speed 

of data collection [125, 127, 128]. Processing of defocused VPP data has been shown to be more 

robust than that of conventional cryo-EM or in-focus VPP data, providing better reconstructions 
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using fewer particles [129]. In Figure 5, we show 2D projection images of reovirus serotype 1 Lang 

(T1L) particles collected using HFPP and a slight defocus. The increased contrast allows the viral 

attachment fibers and released genome to be clearly resolved, without extreme fringing artifacts. 

 

Correlative Light And Electron Microscopy 

Correlative Light and Electron Microscopy (CLEM or cryo-CLEM) is a technique that combines the 

spatiotemporal physiological information gained from fluorescence microscopy with the ever-higher 

resolution of structures from cryo-EM. The technique was developed in response to the absence of 

methods to unobtrusively label internal cell contents for cryo-EM. The fluorescence imaging can be 

done live or following vitrification of the cells to capture structures in their near-native state (“LM 

imaging” and “cryo-CLEM imaging”, respectively, in Figure 1) [130]. This is made possible by the 

introduction of cryo-cooled stages for the inverted or upright light microscope as well as the 

integrated light and electron microscope [131-134]. Several advantages of cryo-fluorescence 

microscopy (cryo-fLM) include the absence of morphology-altering fixation, longer fluorophor 

lifespan [133, 135, 136], as well as a large field of view [137, 138]. This allows regions of interest to 

be identified quickly without subjecting the sample to a lengthy screening process in the electron 

microscope, therefore preventing unnecessary irradiation of the sample prior to imaging. Relocating 

the region of interest in the electron microscope is facilitated by the use of special finder-style EM 

grids or commercially available fiducials such as FluoSpheres or TetraSpeck beads (100-200 nm) that 

are both fluorescent and electron dense [139, 140]. Marker-free alignment methods are also possible, 

as demonstrated by Anderson et al., in which the centers of the holes in the sample support are used 

for localization [141]. 
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Samples must be relatively thin in order to be penetrable by the electron beam (less than 1 µm) 

[142], but must be even thinner for reliable 3D tomographic reconstruction (~250 nm). This is ideal 

for cryo-CLEM imaging of viruses [140], bacterial cells [143, 144], or the thinnest regions of 

mammalian cells [134, 139, 145, 146]. Additional techniques, such as FIB milling to produce thin 

lamella [121, 147-152], or cryo-ultramicrotomy (CEMOVIS) [142, 153-155], however, are required to 

access the interior of vitrified mammalian cells. 

 

CLEM has been used to visualize the process of virus entry and exit from mammalian cells with 

great success. Using live-cell fluorescent imaging, cryo-fLM, and cryo-ET, Jun et al. has directly 

observed pseudotyped HIV-1 virions with GFP-tagged HIV-1 Vpr interacting with HeLa cells at 

different time points after infection [156]. Ibiricu et al. used live-cell fluorescence microscopy 

followed by cryo-ET to identify time points and location of GFP-labeled herpes simplex virus 

undergoing axonal transport in primary neurons cultured directly on TEM grids [157]. To visualize 

virus after release, Strauss et al. used CLEM procedures to determine the arrangement of mCherry-

Gag labeled HIV-1 particles anchored to cell plasma membranes via EGFP-tagged tetherin, a host 

cellular restriction factor that inhibits enveloped virus release, which can be seen in Figure 6 [158]. 

Hampton et al. further investigated these tethered particles using cryo-CLEM, as shown in Figure 7 

[159]. 

 

The latest improvements address many of the challenges associated with cryo-CLEM, such as 

contamination from atmospheric moisture during grid transfer steps, maintaining proper cryogenic 

temperatures during cryo-fLM imaging, and accurately correlating cryo-fLM and cryo-EM data. 

Schorb et al. have developed a system that optimizes grid transfer, stage stability, microscope optics, 

and software, establishing a comprehensive cryo-CLEM workflow [160]. Another system by Li et al. 
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uses a high-vacuum chamber on the fluorescent microscope stage, decreasing contamination of the 

sample and allowing the objective lens to remain at room temperature. It has additionally been 

adapted to use a cryo-EM holder, reducing the number of grid transfer steps [161]. Future 

developments in CLEM will expand the use of cryo-super-resolution microscopy to localize specific 

proteins, further bridging the gap in resolution between light and electron microscopy [162-166].  

 

The following sections will discuss the systems that we have investigated using cryo-EM and cryo-

ET methods. These include the assembly and morphology of respiratory syncytial virus (RSV), 

fusion, entry, and tethering of human immunodeficiency virus type I (HIV-1), Vibrio cholerae outer 

membrane vesicles as a defense mechanism against bacteriophage infection, and the use of pilus 

retraction and multiple flagellins by bacteriophage ϕCbK to infect Caulobacter crescentus.  

 

RESPIRATORY SYNCYTIAL VIRUS 

Respiratory syncytial virus (RSV) is an enveloped, single stranded, negative sense RNA virus of the 

Pneumoviridae family within the order Mononegavirales [167].  It is the leading cause of lower 

respiratory disease in infants and poses a high risk for morbidity and mortality in 

immunocompromised adults [168, 169]. The monoclonal antibody Palivizumab is the only available 

prophylaxis, but it is expensive and only administered to high-risk infants [168]. There are many 

vaccines currently in development, although this process has proven to be challenging and many 

aspects of the virus remain poorly understood [170-177].   

 

RSV Genome and Structure 

The RSV genome encodes nine structural proteins: the glycoproteins G (attachment), F (fusion), and 

SH (small hydrophobic, unknown function) which project from the viral membrane; M (matrix) 
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which lines the inner layer of the viral membrane and is important for viral filament formation; N 

(nucleocapsid protein), which binds the RNA and provides resistance to RNases; P 

(phosphoprotein), which serves as a chaperone for N protein; M2-1, an antitermination factor and 

linker between the ribonucleoprotein (RNP) complex and M [178, 179]; L, the large polymerase 

subunit [180]; and M2-2 which regulates the switch between RNA transcription and replication [181-

183]. There are additionally two nonstructural proteins, NS1 and NS2, which are involved in type I 

interferon suppression in the host [184, 185]. 

 

RSV Assembly 

RSV viral filaments form at the cell surface enveloped in a lipid bilayer derived from the host cell 

membrane [186]. The glycoproteins are translated then trafficked to the cell surface through the 

secretory pathway, while other structural proteins are translated in the cytoplasm [187]. New 

genomic RNA is produced in inclusion bodies associated with M and L proteins within the 

cytoplasm [179, 188]. Several host cellular factors, including actin and microtubules, cellular 

trafficking pathways, plasma membrane microdomains, and the small GTPase RhoA, are also 

involved in the assembly process [189-196]. Many of the mechanisms of RSV assembly remain 

unclear, however, such the recruitment order of structural proteins to the plasma membrane. These 

areas are ideal for investigation using cryo-EM and cryo-CLEM techniques, as demonstrated in 

Chapter 2. 

 

HUMAN IMMUNODEFICIENCY VIRUS TYPE I 

In Chapter 2, we also used cryo-CLEM to investigate human immunodeficiency virus type I (HIV-1) 

entry and tethering processes. HIV-1 is an enveloped, single stranded, positive-sense RNA virus of 

the Lentivirus genus within the Retroviridae family. Upon entry into the host cell, it is reverse 
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transcribed into double-stranded DNA that can then integrate into the host cell genome. It may 

become latent or be transcribed to continue the replication cycle. HIV-1 infects human immune 

cells and long-term replication of the virus leads to the onset of immunodeficiency and eventually 

acquired immunodeficiency syndrome (AIDS) [197]. With over a million people newly infected each 

year, a vaccine is a major priority [198, 199]. 

 

HIV-1 Genome and Structure 

The HIV-1 genome includes 9 genes that encode for structural, regulatory, and accessory proteins. 

The major structural proteins are transcribed from three genes as polyproteins: gag, which codes for 

the structural proteins of the viral core (matrix, MA, capsid, CA, nucleocapsid protein, NC, and P6); 

pol, which codes for enzymes required for viral replication (reverse transcriptase, RT, integrase, IN, 

RNase H, and protease, PR); and env, which codes for the viral envelope glycoprotein gp160. gp160 

is cleaved by the host protease furin to produce the surface glycoprotein gp120, which binds 

receptors on the host cell, and gp41, a transmembrane protein that aids in cell attachment and fusion 

[200, 201]. The tat and rev genes encode regulatory proteins involved in reverse transcription and 

the synthesis of viral proteins, respectively [202]. The accessory proteins are encoded by vpr, vif, nef, 

pu, and tev. Vpr is involved in nuclear import of pre-initiation complexes (PICs) for integration of 

the viral genome into the host cell genome and arresting the host cell cycle, Vif is required for 

infectivity of specific cell types, Nef contributes to cell apoptosis and infectivity, Vpu releases virions 

from the cells after assembly, and Tev functions similarly to Rev [202-204]. The mature virion is a 

spherical particle enveloped in a host cell derived lipid bilayer with Env exposed on the outer surface 

and a conical nucleocapsid (core) encasing two copies of the RNA genome, PR, RT, IN, Vpu, Vif, 

Vpr, and Nef within [203, 205]. 
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HIV-1 Entry 

Binding of the host cell receptor by Env is followed by internalization of HIV-1 particles into 

endosomes [206]. The viral membrane must then fuse with the endosome in order to release viral 

components into the cell [207]. HIV-1 fusion is mediated by Env. Cleavage of gp160 frees the N-

terminal of gp41 to serves as a fusion peptide that inserts into the host membrane [208]. When the 

conical core is released, it must disassemble, or uncoat. This process is important for regulating 

reverse transcription and PIC nuclear import, as is its timing [209-212]. Time-resolved fluorescence 

imaging has provided spatio-temporal information about uncoating, but higher resolution 

information is needed for a more complete understanding [213]. 

 

Tetherin Restriction of HIV-1 

Tetherin (BST-2) is a host cell restriction factor that binds a wide range of enveloped viruses by 

inserting into the viral membrane to retain them at the cell surface [214, 215]. It is a type II integral 

membrane protein composed of a short cytoplasmic tail, a transmembrane domain, a coiled-coil 

ectodomain, and a GPI anchor [216, 217]. It functions as a coiled-coil dimer that requires one of 

three conserved cysteine residues and membrane insertion of both the transmembrane domain and 

GPI anchor [218, 219]. Visualization of tethers by cryo-ET reveals virions linked in linear and 

branched chains and supports a model in which the coiled-coil ectodomains are perpendicular the 

host and viral membranes [158]. The HIV-1 accessory protein Vpu can counteract tetherin-mediated 

restriction of viral particles by surface downregulation and degradation [215, 220]. In Chapter 2, we 

sought to visualize tetherin-mediated restriction of HIV-1 virus-like particles using cryo-CLEM in 

order to correlate the presence of tetherin via fluorescence light microscopy with the densities 

linking the particles observed by cryo-EM. 
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BACTERIOPHAGES 

Bacteriophages, or phages, are viruses that infect bacteria. The majority of phage genomes are 

double-stranded DNA, while there are single-stranded DNA, single-stranded RNA, and very rarely, 

double-stranded RNA phages. 96% of phages are tailed, with the rest being cubic, filamentous, or 

pleomorphic. The tailed phages all have double-stranded DNA genomes and icosahedral or 

elongated capsids and are divided into three families: Myoviridae, Siphoviridae, and Podoviridae. The 

Myoviridae tend to be the largest and their tails consist of a neck, a contractile sheath, and a central 

tube. The Siphoviridae are the most numerous and their tails are noncontractile flexible or rigid tubes. 

The Podoviridae have short, noncontractile tails. Filamentous phages are also divided into three 

families: Inoviridae, Lipothrixviridae, and Rudiviridae. The Inoviridae have single-stranded DNA genomes 

and using a “rolling-circle” replication cycle with a double-stranded DNA intermediate. Some are 

able to integrate this intermediate into the host cell genome. These phages assemble and release 

without killing the host cell. The Lipothrixviridae have double-stranded DNA genomes, form long 

rods with a lipoprotein envelope, and inhabit hot springs. The Rudiviridae also have double-stranded 

DNA genomes and inhabit hot springs, but they form straight rods without an envelope. The cubic 

phages are made up of seven families of all four types of genomes: Microviridae, Corticoviridae, 

Tectiviridae, SH1, STIV, Lenviviridae, and Cystoviridae. The pleomorphic phages are also made up of 

seven families that all have double-stranded DNA genomes: Plasmaviridae, Fuselloviridae, Salterprovirus, 

Guttaviridae, Ampullaviridae, Bicaudaviridae, and Globuloviridae [221]. 

 

Bacteriophage Adsorption and Receptors 

Phage infection is a multistep sequential process consisting of: adsorption to the host cell surface, 

penetration of the cell and genome entry, synthesis of phage components, virion assembly, lysis of 

the host cell, and release of progeny phages. The adsorption step is critical for determining the 
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specificity of the phage for the host cell, which depends on the cell surface receptor, and can be 

divided into reversible and irreversible steps [222]. Since phages lack specific motility structures, 

adsorption relies on random collisions with the bacterial cell [223]. The rate of adsorption is 

therefore affected by the concentration of phages and cells, as well as pH, temperature, ions, and the 

host cell physiology and culture conditions [224-227]. Many cell surface structures serve as phage 

receptors, including proteins, such as surface layers or outer membrane porins, LPS, capsule, flagella, 

and pili [228, 229].  

 

LPS is divided into two types, rough and smooth. Rough LPS consists of a Lipid A membrane 

anchor and an oligosaccharide core. Smooth LPS additionally has an O-antigen made up of 

polymeric carbohydrates that is linked to Lipid A by the oligosaccharide core [230].  The use of 

rough LPS as a receptor would generally allow a broader phage host range because the O-antigen is 

highly variable and therefore requires higher specificity. 

 

Bacterial capsules are substances, commonly polysaccharides or proteins, released by bacteria that 

extend from the cell [231]. Some phages bind the bacterial cell capsule in a reversible manner with 

cell wall components necessary for irreversible binding. The initial binding to the capsule is often 

associated with enzymatic cleavage of the polysaccharide to reach the cell wall [232-239].  

 

When using flagella as a receptor, head or tail fibers of the phage will often bind the flagellum 

reversibly, translocate to the cell surface, and then bind irreversibly to a cell surface receptor [107, 

240-242]. Alternatively, some phages bind the flagellum at the phage head/tail connection site [243].  
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Several phages initially adsorb to bacterial pili, with some binding along the entire filament [244-

250], and others binding the terminal region of the filament only and reaching the cell surface via 

pilus retraction [223, 251-255]. 

 

Bacteriophage Genome Ejection 

Two main mechanisms of double-stranded DNA phage genome ejection have been proposed based 

on the diameter of the channel through which the genome will be transported into the cell [256]. 

The osmotic pressure within growing bacterial cells must exceed the osmotic pressure of the 

environment in order for the cells to grow [257], and the osmotic pressure of the cytoplasm is 

further exceeded by the internal pressure of a phage capsid, which is particularly high due to the 

dehydrated state of the packaged DNA [258]. When the diameter of the channel through which the 

phage genome enters the cell exceeds the diameter of the double-stranded DNA helix, the 

difference in osmotic pressure between the cell and the environment leads to an influx of water 

through the capsid, aiding in phage genome ejection into the cell [259-261]. This is not possible, 

however, when the channel is only large enough to allow the passage of the double-stranded DNA. 

Enzymes would then be used to catalyze the transfer of the genome into the cell, as is the case for 

phages such as T7 and N4 [262-265]. Other phages use a related process in which the first part of 

the genome is ejected by the internal pressure of the phage capsid, and then early proteins are 

synthesized and used to pull the rest of the genome [266-269]. 

 

Bacteriophage Therapy 

Therapeutic treatment of humans using phages was first attempted soon after the discovery of 

phages. Although the results were promising, inconsistency and inadequate controls were criticized 

and interest waned as antibiotics became more widespread [270, 271]. In recent years, the 
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development of multi-drug resistance in many bacterial pathogens has led to renewed interest in 

phage therapy [272].  

 

There are several advantages of phage therapy over the use of antibiotics. The isolation of phages is 

generally simple, quick, and relatively inexpensive and bacterial resistance to phages develops much 

more slowly than antibiotic resistance [273]. Phages maintain infectivity even in harsh environments 

and continue replicating until their host population has significantly decreased [274]. Most phages 

are highly specific, so they do not infect eukaryotic cells and could be chosen not to infect the 

human microbiota [273].  

 

Phage therapy also poses significant challenges. Intracellular pathogens are likely inaccessible and 

although phages don’t infect eukaryotic cells, the immune system may recognize them as foreign 

antigens and produce neutralizing antibodies [272]. Phages are also capable of acquiring genetic 

material via horizontal gene transfer [275], which could allow the transduction of virulence or 

antibiotic resistance genes to the bacterial host [276]. This could be avoided by selecting phages that 

are unable to package bacterial DNA [277], but it could also be exploited to transfer lethal or 

antibiotic susceptibility genes [278]. Another concern is the development of bacterial resistance to 

the phage through CRISPR-Cas systems or altered receptors [279]. One method to combat the 

development of resistance is to use phage cocktails composed of multiple phages [280]. 

 

Despite these challenges, the use of phages as a therapeutic, or combining phage therapy with 

antibiotics, shows promise as an alternative to antibiotics alone [281]. 
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VIBRIO CHOLERAE 

In Chapter 3, we investigate Vibrio cholerae outer membrane vesicles as a defense mechanism against 

bacteriophage infection. Cholera is a water-borne diarrheal disease that is caused by the Gram-

negative bacterium V. cholerae [282]. Disease is caused by one of two serogroups of V. cholerae, O1 or 

O139, which are distinguished by the composition and structure of their lipopolysaccharide (LPS) 

[283-286], and follows a seasonal pattern that corresponds with changes in climate in endemic 

regions [287-294]. Serotype O1 is further divided into two biotypes, classical and El Tor, by 

physiological characteristics such as antibiotic resistance and hemolysin activity [295], which also 

differ in severity of disease [296]. There have been seven recorded cholera pandemics with O1 El 

Tor dominating the current pandemic [283, 297] along with periodic emergence of O139 [298]. It is 

transmitted by the fecal-oral route and colonizes the small bowel after ingestion, where its virulence 

factors are induced [299-301]. Several factors have been identified as important for colonization, 

including LPS [302, 303], outer membrane porins [304], toxin-coregulated pili (TCP) [305, 306], and 

flagella [307]. 

 

V. cholerae  Virulence Factors 

The main virulence factors are cholera toxin (CT), the toxin-coregulated pilus (TCP), and the 

flagellum. CT is responsible for the profuse rice-water diarrhea [296], which leads to severe 

dehydration and death within hours if left untreated [308]. CT is composed of one A and five B 

subunits, which are encoded on an operon of the prophage form of the filamentous CTXϕ [309]. 

The subunits are synthesized in the cytosol and translocated to the periplasm via the Sec pathway. 

Here they are folded to form CT, which crosses the outer membrane (OM) via a type two secretion 

system [310]. The B subunit binds intestinal epithelial cell receptors and CT enters the host cell by 

endocytosis [311]. The TCP is a type IV pilus that functions in adherence and is required for 
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colonization [300, 306, 312]. It is encoded by a large cluster of genes known as the V. cholerae 

pathogenicity island [313]. V. cholerae cells assemble a single polar, sheathed flagellum that is driven 

by the sodium motive force [314] and motility has been linked to regulation of virulence gene 

expression [315-319]. 

 

V. cholerae Outer Membrane Vesicles 

Outer membrane vesicles (OMVs), which are released from the OM of many Gram-negative 

bacteria [320-327], including V. cholerae [328, 329], have been shown to transport virulence factors, 

adhere to and enter into host cells, and modulate immune responses [330, 331]. OMVs generally 

reflect the composition of the OM from which they are derived, although some proteins may be 

enriched or excluded, suggesting specificity in sorting [320, 332-334]. CT, cytolysin, and the protease 

PrtV have all associate with and are delivered by V. cholerae OMVs to host cells [335-337]. 

Immunization with V. cholerae OMVs has been shown to provide protection in mice [338], 

implicating OMVs as a potential vaccine candidate. The OMVs can also be loaded with foreign 

proteins that are secreted into the cytoplasm, so they could potentially be used to deliver antigens 

[339-341].  

 

CAULOBACTER CRESCENTUS 

Chapters 4 and 5 describe the interactions between the bacteriophage ϕCbK with Caulobacter 

crescentus pili and flagella. C. crescentus is a non-pathogenic, Gram-negative oligotrophic bacterium that 

lives in aquatic environments [342]. It divides asymmetrically after a progression of morphological 

changes, producing a stalked cell and a swarmer cell [343]. The sessile stalked cell inherits a polar 

stalk with an adhesive holdfast at the tip [342]. It remains anchored after cell division and is 

replication competent [344]. The motile, quiescent swarmer cell inherits a single polar flagellum and 
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expresses polar pili [250, 345-347]. Swarmer cells can only enter S phase after transitioning to stalked 

cells [344]. At this transition, the flagellum is released and the pili are lost [345-347]. These 

morphological changes require precise spatial and temporal control, coordinated by three core 

transcriptional regulators, CtrA, DnaA, and GcrA [348-351]. 

 

TYPE IV PILI 

Type IV pili (T4P) are surface appendages that are often important for bacterial pathogens to cause 

disease [352]. T4P form filaments of oligomerized pilin subunits up to several micrometers long. 

They play roles in adherence to surfaces and host cells, biofilm formation, bacteriophage and DNA 

uptake, and twitching motility [353, 354]. T4P were initially classified based on their major pilin and 

gene organization into two subgroups, T4aP and T4bP [355]. Recent phylogenetic analysis has 

revealed a distinct T4cP subgroup that had previously been included in the T4bP. The T4cP are 

more similar to the type IV secretion system and archaellum than to T4aP or T4bP. While T4aP and 

some T4bP have retraction ATPases, most of the T4bP and the T4cP do not, although they have 

been shown to be capable of retraction [356].  

 

Type IV Pilus Assembly and Structure 

Precursor pilins are inserted into the inner membrane by the Sec machinery and are processed by a 

prepilin peptidase [357, 358]. Mature pilins are taken from the inner membrane and incorporated 

into the base of an assembling pilus. An outer membrane secretin forms a pore through which the 

pilus filament can extend and retract [359-361] and an inner membrane platform associates with 

cytoplasmic ATPases for assembly and disassembly [362, 363]. Structures of the pilus assembly 

machinery of two T4aP systems have been solved at low resolution using cryo-electron tomography 
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and sub-tomogram averaging [364, 365]. Structural information about the T4bP and T4cP is 

currently lacking. 

 

C. crescentus Pili 

C. crescentus swarmer cells express type IV pili at the flagellated swarmer pole. Pili are assembled later 

than flagella and are lost at the swarmer to stalked cell transition [345, 346]. Transcription of pilA, 

the gene encoding the pilin that composes the pilus filament, is regulated by CtrA, linking pilus 

biogenesis to the cell cycle [250]. Six adjacent genes required for pilus biogenesis, cpaA-F, were 

identified by Skerker et al. using resistance to the pilus specific phage ϕCbK as a genetic tool [250]. 

cpaA encodes a prepilin peptidase; cpaB, cpaC, and cpaD encode the outer membrane pilus secretion 

channel; and cpaE and cpaF encode pilus assembly ATPases [250, 366]. Eight additional genes 

encoding pilus secretion components were identified by Christen et al., by examining genes 

conferring susceptibility to ϕCbK using Tn-Seq [366].  

 

BACTERIAL FLAGELLA 

Bacterial flagella are large macromolecular machines used for motility by many bacteria [367]. This 

includes both swimming in liquid environments and swarming across solid surfaces. Flagella also 

play roles in adhesion [368-370], biofilm formation [371, 372], and sensing of environmental 

conditions [373]. The flagellum is composed of three main structures: the basal body, hook, and 

filament [374]. The basal body at the base of the flagellum is a motor driven by the proton motive 

force, or sodium motive force in some bacteria. It consists of a rotor that is connected to the hook 

and filament and a non-rotating stator within the bacterial membrane that converts the energy 

required to power rotation. The hook serves as a universal joint connecting the basal body to the 

filament, which acts as the propeller [375].  
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The basal body in Gram-negative bacteria consists of five oligomeric rings (C, cytoplasmic, M-S, 

cytoplasmic membrane, P, peptidoglycan, and L, outer membrane) connected by a rod [367]. The 

rotor extends into the cytoplasm of the cell forming the C-ring, which includes switch proteins that 

allow rotation to be immediately reversed in response to the environment [375]. The stator is 

composed of two proteins, MotA and MotB, which form a proton or sodium ion channel. The flow 

of ions generates the proton motive force or sodium motive force and determines the speed of 

flagellar rotation.  

 

The filament is a hollow tube formed by up to 30,000 subunits of flagellin [376]. Unfolded flagellins 

are transported through the lumen of the filament for assembly at the distal end with the length of 

the filament likely determined by diffusion of the flagellin subunits [377]. The flagellin subunit 

generally consists of four domains: D0-D3. D0 and D1 form the core of the filament, while D2 and 

D3 are surface exposed. The flagellar filament is made up of a number of protofilaments formed by 

flagellin subunits. The protofilaments can be in left-handed (L) or right-handed (R) states. Because 

the L-form protofilament has a slightly larger subunit spacing, a mix of L and R-state protofilaments 

leads to curvature of the flagellar filament, allowing it to generate thrust upon rotation. 

 

Multi-flagellin Flagella 

Almost half of the annotated flagellar systems encode for multiple flagellins, ranging from two to 

fifteen [378]. Salmonella enterica serovar Typhimurium expresses two phase variable flagellins with 

only one present in the flagellum at a time [379, 380]. Other bacteria, such as Bdellovibrio bacteriovorus 

[381], Caulobacter crescentus [382], Helicobacter pylori [383], Sinorhizobium melioloti, and Vibrio spp. [384], 

use all encoded flagellins simultaneously. The genes for each species encode flagellins with molecular 

weights within a few kilodaltons of each other and there is always a level of redundancy [378]. 
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C. crescentus Flagella 

Flagellum biogenesis is described in terms of hierarchical classes of genes. In C. crescentus, this 

hierarchy consists of four classes: class I (early genes), CtrA and the sigma factor RpoD (σ73); class II 

(middle genes), the earliest flagellar genes and the transcription factors RpoN (σ54) and FlbD; class 

III (late genes), late flagellar genes; and class IV, the flagellins [385]. The genes must be expressed in 

order, with expression depending on transcription factors produced by the previous class and 

checkpoints ensuring assembly of the proper components [386-391]. In C. crescentus, class III gene 

expression requires the completion of the MS ring-switch assembly and expression of class IV 

flagellin genes requires completion of the basal body-hook structure [392, 393]. Class IV flagellin 

genes are also subject to post-transcriptional regulation .  

 

The C. crescentus flagellum is composed of six flagellins, FljJ (29 kDa), FljK (25 kDa), FljL (27 kDa), 

FljM (25 kDa), FljN (25 kDa), and FljO (25 kDa) [382], with the flagellins genes found in two 

clusters, α and β [382]. The α-cluster genes are fljJ, fljK, and fljL and their transcription depends on 

the flagellar-dependent activation of σ54 [348]. The β-cluster genes are fljM, fljN, and fljO and their 

transcription is under CtrA and σ73 control. The expression of the β-flagellin genes therefore does 

not rely on the flagellar hierarchy [378].  

 

Some structural aspects of the C. crescentus flagellar filament have been studied and suggest structural 

requirements for multiple flagellins. FljJ has been shown to form the first 60 nm of the flagellar 

filament, FljL forms the next 1-2 µm with increasing amounts of the 25 kDa flagellins incorporated 

at the distal end, and the rest of the filament is composed of the 25 kDa flagellins alone [394]. No 

single flagellin is required for filament formation and mutants expressing single flagellins are all 
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capable of forming flagella except for FljJ alone [378, 395]. Deletion of one or more flagellins often 

leads to reductions in filament length and swimming speed [378]. 

 

CONCLUSIONS 

The following chapters will describe the use of cryo-electron microscopy techniques to investigate 

the interactions between various viruses and their hosts. Chapter 2 examines the assembly of 

respiratory syncytial virus and HIV-1 from mammalian cells using CLEM. The use of Vibrio cholerae 

OMVs as a decoy for phage infection is described in Chapter 3. The interactions between the 

bacteriophage ϕCbK and C. crescentus pili are investigated in Chapter 4. Additionally, Chapter 5 

covers the role of multiple flagellins in C. crescentus in the context of ϕCbK adsorption and flagellar 

structure. Finally, the contributions and future directions of this work and the outlook for cryo-EM 

as a tool to study host-microbe interactions are discussed. 
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FIGURE LEGENDS 

Figure 1. Cryo-EM workflow. Schematic illustration of options for cryo-EM sample preparation, 

imaging, and data processing. LM, light microscopy; HPF, high pressure freezing; SPRF, self-

pressurized rapid freezing; FIB, focused ion beam; CLEM, correlated light and electron microscopy; 

EM, electron microscopy. 

 

Figure 2. Affinity grid designed to selectively capture virus-like particles (VLPs). Cryo-EM images 

of HIV CD84 VLPs applied to an untreated grid (A) and a 20% Ni-NTA cryo-affinity grid with His-

tagged Protein A and anti-Env polyclonal antibody (B). Use of the affinity capture method leads to 

increased VLP concentration and improved particle distribution on the grid. See Kiss et al. (49) for 

experimental detail. Scale bars, 1 µm. 

 

Figure 3. Motion correction of data recorded on a Direct Electron DE-20 significantly improves 

image quality. 2D projection cryo-EM image of coliphage BA14 particles before (A) and after (B) 

motion correction using Direct Electron, LP scripts and the corresponding power spectra (insets). 

The image was recorded at a frame rate of 12 frames per second with an exposure time of 5 

seconds. Scale bars, 50 nm. 

 

Figure 4. Zernike phase plate imaging of a phage-lysed bacterial cell provides contrast, revealing 

internal features. Cryo-ET slices of ϕCbK phage-lysed Caulobacter crescentus cell using ZPC at zero 

defocus. (A) A top slice of the tomogram illustrating the hexagonal surface layer (SL), (B) a central 

slice revealing newly assembled phages within the lysing cell, and (C) a central slice showing an 

assembled phage capsid in the process of genome packaging. Fringing artifacts are evident, 

particularly at the edge of the cell. (D) Corresponding 3D segmentation showing surface layer, SL, 
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green; outer membrane, OM, gold; inner membrane, IM, red; and ϕCbK, magenta. Scale bars, 200 

nm. 

 

Figure 5. Hole-free phase plate (HFPP) imaging provides enhanced contrast without strong 

fringing artifacts. Cryo-EM images of reovirus T1L particles using HFPP slightly underfocus. (A and 

B) reovirus T1L particles displaying attachment fibers as indicated by white arrowheads. The black 

arrow points to a released viral genome in (B). Scale bars, 50 nm. 

 

Figure 6. CLEM imaging of transfected mammalian cells provides multi-scale information. HT1080 

cells grown on a gold London Finder grid and transfected with EGFP-tetherin (green) and 

mCherry-Gag (red) were imaged by live cell fluorescence microscopy (A and B), then plunge frozen 

and imaged by cryo-EM montaging (C and D), and cryo-ET (E and F). The mCherry-Gag (red) 

signal in (A) and (B) corresponds to electron density of a thin cellular extension in (C) and (D). The 

black arrowheads in (E) and (F) indicate a tether attaching 2 VLPs. Dashed boxes correspond to the 

enlarged image in the next panel. Adapted from Strauss et al. (158). Scale bars, (A and B) 25 µm, (C) 

10 µm, (D) 500 nm, (E) 100 nm, and (F) 50 nm. 

 

Figure 7. Cryo-CLEM imaging of transfected mammalian cells. HT1080 cells transfected with 

EGFP-tetherin (green) and mCherry-Gag (red) imaged by cryo-fluorescence microscopy (A), cryo-

EM montaging (B), and cryo-ET (C). Dashed boxes correspond to the enlarged image in the next 

panel. The yellow signal in (A) (inset) indicates colocalization of EGFP-tetherin (green) and 

mCherry-Gag (red) signal and corresponds to a cluster of HIV-1 VLPs tethered to a cellular 

extension in (B) and (C). Adapted from Hampton et al. (159). Scale bars, (A) 50 µm, inset is 3X, (B) 

2 µm, (C) 200 nm. 
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ABSTRACT 

Correlative light and electron microscopy (CLEM) combines spatiotemporal information from 

fluorescence light microscopy (fLM) with high-resolution structural data from cryo-electron 

tomography (cryo-ET). These technologies provide opportunities to bridge knowledge gaps between 

cell and structural biology. Here we describe our protocol for correlated cryo-fLM, cryo-electron 

microscopy (cryo-EM), and cryo-ET (i.e., cryo-CLEM) of virus-infected or transfected mammalian 

cells. Mammalian-derived cells are cultured on EM substrates, using optimized conditions that 

ensure that the cells are spread thinly across the substrate and are not physically disrupted. The cells 

are then screened by fLM and vitrified before acquisition of cryo-fLM and cryo-ET images, which is 

followed by data processing. A complete session from grid preparation through data collection and 

processing takes 5–15 d for an individual experienced in cryo-EM.  
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INTRODUCTION 

The first reported CLEM experiments were performed in the early 1960s and assessed the 

development of type 5 adenovirus in HEp-2 and HeLa cells [1, 2]. The experimental results defined 

the structural changes to the nucleus that occur due to infection with type 5 adenovirus and 

illustrated how the structure of the virus was affected by the preservation and fixation methods used. 

However, because the methodologies were not readily transferrable to other systems, and access to 

microscopes was limited, little progress was made in studies of viral replication using CLEM 

techniques. 

 

As a substitute, indirect correlations have been made between live or fixed cell fluorescence images 

and high-resolution transmission electron microscope (TEM) images and structures. Fixation of cells 

is known to disrupt the integrity of cell membranes, and cell physiology, thus obscuring the native 

context of the viral replication event being imaged. Live-cell imaging occurs on the order of minutes 

before sample vitrification, and thus relocating the regions of interest (ROIs) once in the TEM can 

be highly inaccurate. This is because the cells either grow and shift positions on the grid, or are 

perturbed on the carbon substrate during the blotting process. 

 

However, in the intervening years, cell biologists, molecular biologists, virologists, and structural 

biologists have made substantial technical advances that make widespread adoption of CLEM more 

feasible. Such advances include the following: strategies for manipulating and preserving cells and 

viruses; design of macro-molecular-complex-specific fluorescent labels; and engineering of new 

microscope hardware and software [3-13]. Developments in, and strategies for, cryo-CLEM have 

been reviewed previously in Briegel et al. [13]. These technological advances have generated renewed 

interest in examining many of the processes associated with viral replication using CLEM and, more 
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recently, cryo-CLEM approaches. The development of the cryo-fLM stage has made possible the 

direct correlation of the same vitrified, close-to-native-state fluorescently labeled sample at both the 

light microscope and TEM levels. The ability to instantaneously vitrify whole cells at a given time 

point and to image fluorescently labeled virus under cryo conditions, while static, offers a genuine 

and accurate cellular context in which to study the stages of virus–host cell interactions. Direct 

methods for structural cell biology were also hampered by a lack of non-physiology-altering labeling 

methods. 

 

Now, with the development of a variety of CLEM imaging techniques, structural cell biology no 

longer exists apart from physiology, a situation in which only indirect inferences to physiological 

data were possible. 

 

Development and overview of the protocol 

We previously used live-cell fluorescence imaging before vitrification to identify fluorescently tagged 

ROIs within the cell [14]. Although this approach is useful for targeting cells expressing the labeled 

protein, it is difficult to obtain exact coordinates for CLEM because cells can grow and move on the 

grid between the live-cell imaging and freezing steps. Similarly, we have demonstrated the utility of 

native immunogold labeling of cell surface proteins and viral glycoproteins for cryo-EM and cryo-

ET applications [15]. However, this technique relies on indirect labeling and is applicable only to cell 

and viral surface proteins. By incorporating cryo-based fluorescence imaging into our workflow, we 

have been able to increase the spatial precision with which we can locate tagged molecules, both on 

and in the cell. 
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Here we present a detailed cryo-CLEM protocol for native-state structural analysis of virus-infected 

or transfected mammalian cells, the stages of which are summarized in Figure 1. In particular, we 

take advantage of fluorescence labeling techniques to better locate points of interest in or on the cell. 

For cryo-CLEM studies of mammalian cells, samples are prepared by culturing cells of interest on 

carbon-coated gold or nickel EM grids (Steps 8–14). This is followed by infection or transfection of 

the cultured cells with fluorescently tagged viruses or viral cDNA, respectively (Step 15). The 

specimens are incubated and monitored by live-cell fluorescence microscopy for a specified period 

of time post infection or transfection, and are then plunge-frozen in liquid ethane (Steps 16–27). 

Cryo-fLM data are collected using either an inverted or upright light microscope outfitted with a 

liquid-nitrogen-cooled cryo-stage [13] (Steps 28–36). Once cryo-fLM imaging is complete, the 

specimen is transferred to the cryo-electron microscope for EM-level data collection. We use 

SerialEM [16] under low-dose conditions for grid mapping (Steps 37–40), correlation functions 

(Steps 41–45), intermediate magnification image montaging (Steps 46–47), and tilt series data 

collection (Steps 48–51) with the electron microscope. Once suitable positions are identified, low-

dose higher-magnification image montages of specific cells are acquired in order to select fields for 

cryo-ET tilt series acquisition. Tilt series images are acquired with SerialEM software and processed 

into tomograms using eTomo (Steps 55–59). Subvolumes can be aligned, classified, and averaged 

using the PEET package or EMAN2 (Step 64). Alternatively, the tilt series 2D images and the 3D 

volumes can be ported into any other available software package, such as Relion [17], pyTom [18], 

jsubtomo [19], Bsoft [20], or Dynamo [21]. 

 

To successfully implement this protocol, the investigator should be comfortable with the following: 

cell culture techniques; the generation of fluorescent fusion proteins or other labeling schemes; and 

the operation of both fluorescence microscopes and TEMs. It should be noted that within the field 
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of cryo-EM the procedures and instrumentation used for CLEM and cryo-CLEM may vary and are 

dependent on the biological questions to be addressed [22, 23]. In this protocol, we describe the 

CLEM and cryo-CLEM approaches that we have adapted for use on specific biological targets of 

interest to us, and with the hardware and software available to us [14, 15]. However, the streamlined 

procedures for sample preparation and generation of multiscale image maps for correlation should 

be applicable to a broad range of cryo-CLEM experiments. 

 

Applications of the method 

Cryo-CLEM methods have been used to identify viruses in virus-infected cells to understand 

mechanisms associated with HIV-1 entry and herpes-simplex virus type 1 (HSV-1) transport in 

neurons, and to develop improved correlation workflows [24-26]. In addition, (cryo-)CLEM 

procedures were used to determine the arrangement of HIV-1 particles anchored to cell plasma 

membranes via tetherin, a host cellular restriction factor that inhibits enveloped virus release [14]. 

Cryo-CLEM of prokaryotes has also been described [22, 27-29] and sections of this protocol that 

describe imaging and analysis parameters are also relevant to studies of these systems. With further 

development of cryo-CLEM technologies [13, 24, 26] and macromolecular-labeling strategies [30-

32], we anticipate that CLEM and cryo-CLEM methods will be routinely used for investigations of 

virus replication and broader topics in structural cell biology. 

 

Comparison with other methods 

Other methods for studying the viral replication cycle within cells typically include immunolabeled, 

thin-sectioned cells as an ultrastructural complement to live-cell imaging. The amount of chemical 

fixation and processing required for making these samples electron-dense can alter membranes and 

obscure the finer cytoskeletal details required for interpretation. Furthermore, although immuno-
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EM techniques can effectively label and provide localization information about the virus, the 

method is unable to provide a comparable level of resolution for 3D assemblies afforded by using 

cryo-ET and subvolume averaging. 

 

Limitations of the protocol 

The electron beam of an intermediate voltage TEM is unable to penetrate sample thicknesses >~1 

µm (ref. 33). Thus, whole-cell cryo-CLEM methods are best suited to specimens in which cryo-EM 

imaging can be targeted to regions <~750 nm thick, such as the thin lamella or other protrusions of 

vitrified cells. Thicker regions, such as the cell interior surrounding the nucleus, can be investigated 

using several other complementary techniques, including sectioning-based approaches such as cryo-

ultramicrotomy (i.e., CEMOVIS) [33, 34] and cryo-focused ion beam milling [35, 36], or through 

scanning TEM-tomography approaches [37]. With the sectioning methods, additional experimental 

steps will be required so that the correlations to the fluorescent markers remain viable [38]. Another 

limitation of (cryo-)CLEM is the inability to precisely localize very small (<200-nm) molecules 

within a cell. Refined strategies for registration of both large and small fiducials have been proposed 

[26, 39]. Localization, therefore, is limited by the precision of fiducial registration, whereas resolution 

is limited by the 200-nm diffraction limit. To this end, super-resolution cryo-light microscopy is 

currently under development [29, 40, 41]. 
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EXPERIMENTAL DESIGN 

Sample preparation: choice of substrate  

Choice of substrate is critical for cells to grow, adhere, and spread well. Because standard copper 

EM grids are toxic to cells, most cell culture is done using gold EM grids. It is standard practice for 

most experiments to use gold NH2 London Finder grids with Quantifoil holey carbon film. The 

grids are very malleable and must be handled with extreme care. Alternatively, 200-mesh gold 

Quantifoil grids that are sturdier can be used if adequate fiducials are used for localization [26, 39]. 

The selection of hole size and spacing will depend on the magnification used for data collection. The 

diameter of the holes present on the Quantifoil film should be at least 2 µm to permit an imaging 

area (between 1.5 × 1.29–3.14 × 2.36 µm) that is large enough for tilt series acquisition, and spacing 

between holes should be either 1 or 2 µm. 

 

Sample preparation: choice of cell line  

Choice of cell line is also a critical consideration in regard to optimal cell thickness for supporting 

large imaging areas, as well as to permissivity of infection. This step may require some optimization, 

as different cell types have different growth and adhesion characteristics. The cells should be 

adherent and spread readily across the substrate. In some cases, we may apply extracellular matrix 

proteins, namely collagen, poly-L-lysine, or fibronectin, to the surface of the grid to improve cell 

distribution and spreading. Relative cell thickness can be determined beforehand using either live-

cell or fixed-immunostained approaches (Figure 2) to validate the utility of the biological specimen 

for cryo-CLEM analyses. In our case, we use confocal microscopy to capture serial optical sections 

of cells of variable thickness at a suitable resolution to resolve immunostained viral and cellular 

components. 
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Sample vitrification  

Several automated cryo-plunge units are commercially available, as well as various homemade 

manual units. Here we describe blotting and plunge-freezing using the Gatan CryoPlunge3 system 

with GentleBlot blotters. GentleBlot blotters are engineered to require less pneumatic force than 

other models, which can tear or disrupt the thin carbon film on the grids. They allow the pressure 

on the specimen to be adjusted (from −1.0 to 0 mm). Blotting can also be rapidly optimized for 

single- or double-sided approaches. Our system works reproducibly with both blotters set to 0 mm 

using Whatman no. 1 filter paper custom-punched for these blotters. Blotters are rotated manually 

between grids up to four times, after which the filter paper must be changed to prevent saturation 

from media, buffers, and the relative humidity of the unit. We use 10-nm gold as fiducials for 

alignment of tilt series images and 100–200 nm TetraSpeck or FluoSpheres as registration fiducials. 

These can be combined at the proper ratio and applied to the grids just before blotting. 

 

Cryo-fLM and Cryo-TEM  

Cryo-fLM imaging typically requires the use of a liquid-nitrogen-cooled stage to keep the sample 

below the vitrification temperature. Several cryo-CLEM stages are commercially available: the 

Linkam BCS196 cryobiology stage (Linkam) [23], the Instec CLM77K or CLM77Ki (inverted) [42], 

and the FEI cryostage 2 [43, 44]. These cryostages may be engineered to be mounted to a number of 

commercially available upright or inverted microscopes. The drawback to these setups is that they 

necessitate the use of long (or extra-long)-working- distance objectives, resulting in a theoretical 

resolution limit of ~400 nm [23]. Alternatively, an integrated light and electron microscope can be 

used, which combines both cryo-fLM and cryo-EM imaging sources in the column of the TEM [45]. 

The Leica cryo-CLEM system [46] has the advantage of using a unique ceramic-tipped, short-

working-distance objective with a resolution limit of ~200 nm. Our decision to use the Leica cryo-
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CLEM system was also driven by the seamless nature of the hardware and software, which facilitates 

the direct registration of coordinates between the two imaging platforms and eliminates time-

consuming generation of LM–TEM overlay images before collecting high- resolution cryo-ET data. 

Alternatively, external Matlab scripts have been developed for this purpose [26, 39]. 

 

We recommend testing a number of cryo-fLM configurations to determine which will perform best 

with the selected cell types, macromolecular targets, and fluorophores. There are a few critical points 

about the system that should be considered. 

• It is essential that the temperature of the unit remain well below the ice transition 

temperature (approximately −150 °C) during the processes associated with specimen imaging 

and transfer; otherwise, crystalline ice artifacts will ruin the specimen. 

• Care should be taken in the selection of the microscope objective lens because of its impact 

on the resolution of the cryo-fLM data, specifically for correlation and colocalization 

information. Currently, most objective lenses for cryo-fLM are long- or extra- long-working-

distance air objectives, to avoid heat transfer to the specimen. 

• It is also advisable that the cryo-fLM stage be motorized and automated to improve the 

speed of data acquisition, in order to limit the time that each cryo-specimen remains at room 

humidity levels. 

• The cryo-fLM software should be sufficiently extensible to facilitate the acquisition and 

transfer of a grid map and coordinates to the cryo-EM data collection software. 
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Multiscale cryo-TEM imaging  

Once the grid is transferred into the TEM, a grid map is acquired at ~100× in order to correlate 

directly with the map from the cryo-fLM. Through a series of manipulations of coordinate text files 

(Steps 41–45), coordinates and points of interest from the cryo-fLM and cryo-TEM maps will be 

correlated. Intermediate magnification (10,000×) montage maps are routinely acquired because they 

provide context for the condition of the cell of interest. Projection imaging at this magnification 

reveals whether the cell membranes are healthy and intact before lengthy tilt series acquisition. These 

maps can also be used for finer correlations with cryo-fLM maps. In addition, we use these maps for 

creating figures that explain the context of the structural data. Tilt series data acquisition can then be 

targeted to regions where cryo-fLM maps indicate appropriate levels of fluorescently tagged protein 

expression or individual virus fusion events. Preferences used for tilt series collection, such as the 

total electron dose, magnification, defocus (if applied), and other settings, will be dependent on the 

specimen, downstream data analysis, and information needs of the investigator. 

 

Image processing  

Several software packages are available for tomogram generation. We use IMOD’s eTomo module, 

as it is contiguous with the SerialEM data acquisition software. For our subvolume analyses, we have 

been using EMAN2 [47, 48] and PEET [49, 50] (via IMOD) for subvolume averaging. However, a 

number of subvolume-processing software packages are available, and one should determine which 

will perform best with the selected macromolecular targets [18, 20, 21, 51, 52]. Segmentation of 

tomographic data can be done with IMOD, Amira (FEI Visualization Sciences Group), or other 

programs. Quantitative measurements can be generated and the distribution of objects analyzed 

using the model surfaces created. 
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MATERIALS 

Reagents  

• Appropriate cell line(s): cell lines used as examples in this protocol are as follows: A549 

(ATCC CCL-185), BEAS-2B (ATCC CRL-9609), CV-1 (ATCC CCL-70), HeLa (ATCC 

CCL-2), HEL 299 (ATCC CCL-137), HT1080 (ATCC CCL-121), and MRC-5 (ATCC CCL-

171) cells 

! CAUTION The cell lines used in your research should be regularly checked to ensure that 

they are authentic and are not infected with mycoplasma. 

• Viral stocks of interest: viruses used as examples in this protocol are measles and RSV  

• Appropriate plasmids encoding fluorescently tagged proteins of interest 

• Dulbecco’s PBS, Ca2+ and Mg2+ free (DPBS; Lonza, cat. no. 17-512F) 

• DMEM with 4.5 g/l glucose (Lonza, cat. no. 12-604F) 

• Eagle’s Minimum Essential Medium (EMEM; ATCC, cat. no. 30-2003) 

• RPMI-1640 medium with L-glutamine (Lonza, cat. no. 12-702F) 

• FBS (HyClone, cat. no. SH30071) 

• PSA antibiotic–antimycotic solution, 100× (penicillin, streptomycin, and amphotercin B; 

Corning, cat. no. 30-004-CI) 

• 70% Ethanol (from 200-proof; Decon, cat. no. DSP-MD43) 

• MilliQ water or molecular-grade water (Corning, cat. no. 46-000-CM) 

• Trypsin/EDTA (Sigma-Aldrich, cat. no. T4049) 

• Trypan blue (HyClone, cat. no. SV30084.01) 

• Collagen, type 1, rat tail (Corning, cat. no. 354236) 

• jetPRIME transfection reagent (Polyplus Transfection, cat. no. 114-15) 



 97 

• Live Cell Imaging Solution (Thermo Fisher Scientific, cat. no. A14291DJ) 

• Fluorescent microspheres, 200 nm (TetraSpeck, cat. no. T7280, or FluoSpheres, Molecular 

Probes, cat. no. F-8809) 

• BSA-treated tracers, EM grade (EMS, cat. no. 25486) 

• Liquid nitrogen (NexAir, cat. no. LN NI-250) 

! CAUTION Liquid nitrogen is a cryogen. Handling of liquid nitrogen should be done in a 

fume hood, under a venting snorkel, or in a well-ventilated area. All cryogens and cryogenic 

materials are extremely cold and personnel should wear the necessary personal protective 

equipment (PPE: gloves, goggles, lab coat, and closed-toed shoes). 

• Ethane (99.999% purity; NexAir, cat. no. SG ETHANE_RG_RB) 

! CAUTION Ethane is a fire hazard and an asphyxiant. Do not use it near an open flame. 

Work with ethane should be done in a fume hood, under a venting snorkel, or in a well-

ventilated area. Personnel should wear the necessary PPE: gloves, goggles, lab coat, and 

closed-toed shoes. 
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EQUIPMENT 

• Forceps, thin-tip, style 55 (Dumont, cat. no. 0203-55-PO) 

• Forceps, thin, bent-tip, style 5/15 (Dumont, cat. no. 0203-5/15-PO) 

• Gold Finder grids with Quantifoil R 2/1 carbon film (Quantifoil, cat. no. NH2 Au-R2/1) 

• Gold 200 mesh grids with Quantifoil R 2/1 carbon film (Quantifoil, cat. no. Au R2/1 200) 

• MatTek dishes (MatTek, cat. no. P35G-0-20-C) 

• T25 and T75 flasks, TC treated and vented (Olympus, cat. nos. 25-207 and 25-209) 

• Gloves (Genesee, cat. no. 44-103M) 

• 0.22-µm polyethersulfone (PES) filter, 500 ml (Olympus, cat. no. 25-227) 

• 1.5-ml Microcentrifuge tubes (Corning, cat. no. MCT-150-C) 

• C-Chip hemocytometer (Incyto, cat. no. DHC-N01) 

• 1-, 5-, 10-, and 25-ml Serological pipettes (Genesee, cat. nos. 12-102, 12-104, 12-106, and 12-

107) 

• 5-ml Aspirating pipette (Celltreat, cat. no. 229265) 

• Pipet-Aid (Drummond, cat. no. 175705) 

• 10-, 20-, 200-, 1,000-µl Barrier pipette tips (Olympus, cat. nos. 24-401, 24-404, 24-412, and 

24-430) 

• 1,000-µl Standard pipette tips (Olympus, cat. no. 24-430) 

• Whatman qualitative filter paper, grade 1 (Sigma-Aldrich, cat. no. 1001-055) 

• Denton Benchtop Turbo thin-film evaporator apparatus (Denton Vacuum) 

• Carbon rods (EMS, cat. no. 70220-01) 

• Piezo transducer gauge (to monitor the thickness of the carbon; Inficon, cat. no. SQM-160) 

• Plasma cleaner (Harrick, cat. no. PDC-32G) 
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• Vacuum gauge for plasma cleaner 

• Mammalian CO2-charged cell culture incubator (Forma Scientific, cat. no. 3110) 

• Biosafety cabinet 

• Light microscope, Evos (AMG) 

• Zeiss LSM780 confocal microscope or equivalent 

• Cryoplunge3 System with GentleBlot (Gatan, cat. no. 930.GB) 

• Cryo-grid storage boxes (Pacific Grid Tech, cat. no. GB-4R) 

• Liquid nitrogen Dewar flask(s) 

• Leica EM Cryo CLEM system (Leica, cat. no. EM cryo_CLEM DM6 FS) 

• Cryo-transmission electron microscope (Jeol, model no. JEM-2200FS) 

• High-tilt cryo-specimen holder and holder transfer system (Gatan, model no. 914) 

• US4000 charge-coupled device (CCD) camera (Gatan, model no. 895) 

• DE-20 camera system (Direct Electron) 

• Wacom Cintiq monitor 

• Computers (Mac or Linux) with 16 GB or more RAM, 1 T or more storage space 

Software 

• LASX (Leica): fLM imaging software for obtaining single images or grid maps; it allows 

selection of coordinates for transfer to the TEM 

• TEMCon (Jeol): TEM controller 

• DigitalMicrograph (Gatan): image acquisition software 

• DE-IM (Direct Electron): detector configuration and image acquisition software 

• PhotoShop (Adobe): used for overlaying fLM and TEM images 

• SerialEM [16]: TEM and tomography software 
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• Motion correction Python scripts for frame alignment (Direct Electron) 

• 3dmod [53]: for alignment of tilt series, assembly of montages, measurements, and image 

processing 

• CTFFIND4 [54]: contrast transfer function (CTF) estimation 

• PEET [49, 50]: subvolume alignment and classification 

• EMAN2 [48]: CTF estimation, subvolume alignment, and classification 

• Amira (FEI Visualization Sciences Group): segmentation (3D rendering) of tomograms and 

quantitative measurements 
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REAGENT SETUP 

Cell cultures, virus stocks, and transfection reagents  

These materials should be acquired from the ATCC, other bioreagent sources, and collaborators. 

The cells and viruses should be propagated using standard cell culture and virological procedures 

supplied by either the manufacturers or collaborators [11, 12, 14, 15]. HeLa, A549, and MRC-5 cells 

should be maintained in filtered (0.22 µm) DMEM with 4.5 g/l glucose, 10% FBS, and 1% PSA 

antibiotic–antimycotic solution (final concentration: 100 IU/ml penicillin, 100 µg/ml streptomycin, 

and 0.25 µg/ml amphotercin B). The transformed human bronchial epithelium cell line BEAS-2B 

should be maintained in RPMI-1640 medium (Lonza, 12-702F, with L-glutamine). The human lung 

fibroblast cell line HEL 299 should be maintained in EMEM complete medium (ATCC). 

Transfection protocols should be adapted from source material provided by the vendor in order to 

suit correlative imaging studies [14]. 
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EQUIPMENT SETUP 

Tissue culture and plunge-freezing apparatus  

To maintain both a nonhazardous and a contamination-free environment for working with 

mammalian cells and virus-infected or transfected mammalian cells, all cell culture and plunge-

freezing equipment should be housed in a biosafety-level 2 (BSL 2) room isolated from common 

laboratory space. In our case, the room contains a biosafety cabinet; a CO2-charged, water-jacketed 

cell culture incubator; a refrigerator; a plasma cleaner; several plunge-freezing apparatuses; liquid 

nitrogen Dewar flasks (daily use and storage); necessary gas cylinders; and miscellaneous plasticware 

and supplies. 

 

Cryo-fLM and cryo-TEM  

To minimize the impact of relative humidity on the stability and longevity of cryo-specimens and the 

success of prolonged cryo-imaging sessions, cryo-fLM and cryo-TEM systems should be contained 

in environmentally controlled rooms. In our laboratory, the cryo-fLM and the cryo-TEM are located 

in adjacent rooms, where the temperature is maintained at ~21 °C and the relative humidity level at 

30% or less. 
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PROCEDURE 

Preparation of EM grids ● TIMING ~1–2 d 

1. Take 4–20 gold Quantifoil grids (either 200 mesh or NH2 Finder-style) and screen them on 

a light microscope to confirm that the carbon film is intact. 

2. Place a group of screened grids in the center of a glass Petri dish lined with Whatman filter 

paper and set the two carbon graphite rods, one single-pointed, the other flat, at an 

appropriate distance (12 cm) from the grids to achieve adequate evaporation (Figure 3). 

3. Reinforce the carbon film on the grids by evaporating an extra ~4–5 nm of carbon over the 

grids in a Denton Benchtop Turbo carbon evaporator or similar device; this step prevents 

the carbon from becoming too brittle during blotting and plunge-freezing (Step 26). The 

thickness of the carbon is determined with a calibrated piezo transducer gauge and may be 

estimated by the color of carbon that has evaporated onto the filter paper: a very light 

tan/gray color is all that is required. 

4. Once the appropriate thickness of carbon has been attained, remove the grids from the 

carbon evaporator and place them in a storage box until required. 

▲ CRITICAL STEP Jarring or percussive dropping of the grid storage box can result in 

torn and broken carbon films. 

■ PAUSE POINT Grids can be stored under vacuum at room temperature (20–22 °C) for 

several weeks, but they are ready to be used the same day. 

5. Sterilize the carbon film side of the grids by plasma cleaning in a glow discharge system 

under vacuum (0.15 Torr) for 10–30 s on the highest radio frequency setting. This procedure 

also imparts a slight positive charge to the carbon film. 

6. Perform a second sterilization step by placing the grids in 2 ml of 70% ethanol in MatTek 

dishes (35-mm dish diameter, 20 mm glass) in a biosafety cabinet; place up to three grids per 
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dish. Introduce the grids slowly and vertically using forceps to avoid damaging the carbon 

film. Once the grid is fully submerged, lay it flat on the bottom of the dish with the carbon 

film side up. Let the grids remain in the 70% ethanol solution for 5 min. Alternatively, 

simply dip the grids vertically in and out of 70% ethanol one to two times. 

▲ CRITICAL STEP Do not place the grids flat on the liquid surface; this will tear the 

carbon film because of surface tension and/or trap air under the carbon film, causing the 

grids to float on the surface of the medium and other reagents in subsequent steps. 

7. (Optional) If required for the cell line of interest, perform the steps in Box 1 to coat the grid 

carbon film with extracellular matrix protein, e.g., collagen, poly-L-Lysine or fibronectin, to 

enhance cell adhesion to the carbon. 

▲ CRITICAL STEP This step may require repeated trials until suitable conditions have 

been determined. 

Culture of cells on EM grids ● TIMING 1–2 d 

8. Aspirate the cell medium from a culture of low-passaged cells of choice (fewer than 20 total 

passages; ideally fewer than 10) in a T75 flask, wash the cells with 5–10 ml of DPBS and 

aspirate.  

9. Add 1–2 ml of trypsin and incubate for ~5 min at 37 °C. 

10. Add 5 ml of complete medium to dilute the cell suspension and mix by pipetting up and 

down a few times with a Pipet-Aid to break up any clumps of cells. 

11. Take an aliquot of cells and dilute in trypan blue at a ratio of 1:4 (cells/trypan blue) and 

apply to a hemocytometer or cell counter for counting. 

12. Carefully aspirate the ethanol (or medium, if steps in Box 1 were performed) from the 

MatTek dish containing the EM grids (from Step 6 or Box 1, step 4) and replace with fresh 
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complete medium. Some cells may require the addition of growth factors to the medium to 

encourage cell spreading. 

13. Add the trypsinized cells in complete medium (from Step 10) to the MatTek dishes (from 

Step 12) and swirl the dish to ensure even distribution of cells.  

▲ CRITICAL STEP It is recommended to initially seed cells at both high and low 

density—for example, 50,000 and 100,000 total cells—and then examine the grids under the 

light microscope before infection or transfection, and again before freezing, to make sure 

that the cell density is appropriate for cryo-ET (Figure 4). Seeding density is dependent on 

factors that are specific to each cell line, such as overall size and tendency to spread, as well 

as mitotic index. Some cell lines do not grow well when plated too sparsely. Addition of 

growth factors to the medium may help. In addition, it is important to monitor cell 

morphology. If the cells are round and not spreading, they will not be suitable for imaging by 

cryo-EM methods. 

14. Place the dishes in the incubator at 37 °C with 5% CO2 and monitor cell growth under a 

light microscope every 4–6 h to determine when the appropriate confluency of attached cells 

has been reached on the TEM grid. Typical confluency is 30–50%, with optimally one to 

two cells per grid square (Figure 4). 

▲ CRITICAL STEP Cells growing on the dish will spread and become confluent faster 

than cells growing on the grids. The cells on the TEM grids should not be allowed to 

become 100% confluent, as they will not be spread thinly enough to allow adequate 

vitrification, resulting in cubic ice formation and large areas of overlapping cells that are too 

thick to be penetrated by the electron beam. 
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Introduction of virus to cells ● TIMING 30 min to 3 d 

15. Virus can be introduced into cells in a number of ways. Transfection of plasmid-encoded 

viral cDNA can be used to create a noninfectious version of the virus while simultaneously 

adding a fluorescent tag to a viral protein of interest. Cells can also be co-transfected with 

DNA plasmids for labeled endogenous cell proteins for colocalization studies. Infection of 

cultured cells to study assembly and release of newly synthesized virus is done by adding 

viral particles directly to cultured cells. For fusion or transduction, pseudo-typed viral strains 

are added to study early events, and no new virus is produced. For transfection, follow 

option A, for infection, follow option B, and for fusion or transduction, use option C. 

! CAUTION This step, including live-cell imaging, should be performed in BSL 2 rooms, 

and procedures associated with virus infection/transfection should be completed within a 

biosafety cabinet with the appropriate PPE (gloves, goggles, lab coat, and closed-toed shoes) 

to minimize external contamination of the cell cultures and for personal health safety when 

handling virus stocks. 

(A) Transfection of cells with virus-encoding plasmid ● TIMING 1–2 d  

i. In a 1.5-ml Eppendorf tube, add 200 µl of jetPrime diluent per transfection and 

1 µg of total plasmid DNA and mix according to the manufacturer’s instructions 

[14, 15]. 

ii. Add jetPrime (2:1 (vol/vol) ratio) and mix. Incubate the mixture for 15 min at 

room temperature and then evenly pipette the mixture onto the cells in the 

MatTek dishes (from Step 14). 

iii. Put the MatTek dishes back into the tissue culture incubator and monitor cell 

density, cell morphology, and transfection efficiency using fLM to determine 

when cells are ready for plunge-freezing (typically 24–36 h post transfection). 
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Determining factors for the freezing time point include levels of fluorescent 

protein expression, as well as cytotoxic effects on cell morphology. Alternatively, 

cells grown in additional MatTek dishes can be fixed and immunolabeled for 

viral proteins. 

(B) Infection of cells with viral particles (e.g., with RSV, measles, or pseudotyped HIV) ● 

TIMING 1–3 d  

i. Infect cells of the correct confluency (from Step 14) by adding virus at an 

appropriate multiplicity of infection (MOI). 

▲ CRITICAL STEP Determination of the appropriate MOI and timing of 

virus application are essential for optimal viral density and imaging. 

ii. Incubate the cells for 24–36 h. 

iii. Image cells via a light microscope to determine when to plunge-freeze, typically 

when cytopathic effects appear, defined by the presence of large syncytial cells, 

which can be directly visualized by inverted phase-contrast microscopy 24–48 h 

post infection. 

Fusion or transduction (e.g., of pseudotyped HIV-1 to CV-1 cells) ● TIMING 

30–60 min  

(C) Fusion or transduction (e.g., of pseudotyped HIV-1 to CV-1 cells) ● TIMING 30–60 

min  

i. Remove most, but not all, of the medium from the cells (from Step 14). 

ii. Add virus diluted in cold Live Cell Imaging Solution at an appropriate MOI. 

iii. Incubate the virus and cells at 4 °C for ~30 min to prebind the virus and 

synchronize timing of fusion. Length of time will vary based on virus and should 

be determined empirically (Step 15C(vi)). 
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iv. Remove the unbound virus solution and wash the once with 2 ml of cold PBS. 

v. Return the dish to the 37 °C incubator to allow fusion to proceed, and cells and 

cytoskeletal components, e.g., microtubules, to recover from cold temperature so 

that cell structure is preserved. 

vi. To determine the time point for freezing, add 2 ml of cold Live Cell Imaging 

Solution and image the grids at room temperature on a Zeiss LSM780 confocal 

microscope (or equivalent). Early-stage uptake of the virus is characterized by 

observation of canonical ‘omega’ structures or clathrin-coated pits, whereas later 

events such as uncoating and transport are characterized by observation of viral 

cores and/or association with cytoskeletal networks. 

▲ CRITICAL STEP For investigations of virus fusion, the prebinding of the 

virus in the cold (4 °C) blocks fusion events and promotes synchronization, 

although the cold temperatures may also cause cytoskeletal components—e.g., 

microtubules—to disassemble, thus preventing a true contextual interpretation 

of cell structure. 

 

Vitrification of grids by plunge-freezing ● TIMING 1 h 

▲ CRITICAL Here we describe vitrification using the Gatan CryoPlunge3 system with GentleBlot 

blotters. Other systems can be used, but Steps 16–27 will need to be modified accordingly. 

▲ CRITICAL Warm the Gatan forceps, BSA-gold, media, and DPBS in the tissue culture 

incubator before cryo-plunging. Maintain a stable working temperature around the freezing 

apparatus (~20 °C). The plunger should be located directly next to the cell culture incubator to 

facilitate rapid transfer. We use a thick piece of Styrofoam as an insulated working platform to 

prevent contact of culture dishes and media with the cold laboratory bench. 
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16. Set up the plunge-freezing apparatus (Steps 16–19; Figure 5). Set the pressure on the 

nitrogen gas tank to 60 psi. 

17. Wet the sponges with warm water to humidify the chamber (80–90% humidity when 

freezing). If the experiments require a long session time to freeze many grids, sponges 

should be periodically re-wetted to maintain optimal humidity. 

18. Fill the cooling workstation with liquid nitrogen and allow the temperature to stabilize at 

approximately -194 °C (~10 min). 

19. Once the workstation is adequately cooled, condense the ethane gas into the cup. The 

temperature for the ethane cup should be set to −168 to −170°C to maintain the ethane at its 

melting point. This has the advantage of a longer working time and a more stable 

vitrification temperature. 

20. Transfer and vitrification of grids (Steps 20–27). Preload a pipette with 5 µl of well-mixed fiducial 

solution (or DPBS, if fiducials are not being used) in readiness for Step 23 so as to minimize 

exposure of the grid to air. 

21. At the appropriate time point, gently remove a grid from the MatTek dish (from Step 15) 

using the Gatan-supplied plunging forceps and secure the grid in the forceps with the black 

sliding clip. Lift the grid vertically from the culture medium. 

▲ CRITICAL STEP To lift the flat grid from the surface of the dish, it is recommended 

to use well-maintained forceps. Do not push the grid against the edges of the dish, as this 

may result in bending of the grid and tearing of the carbon film. A gentle top-to-bottom 

motion along the edge of the TEM grid is enough to slide the bottom tip of the forceps 

under the edge. Be sure to grip the grid only by the outer rim, to avoid puncturing the 

carbon film and to ensure even blotting. 

22. Dip the grid vertically into a small container of prewarmed DPBS (37 °C) for a few seconds. 
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23. Immediately pipette onto the grid the 5 µl of pre-prepared fiducials (from Step 20) and wait 

for 10–30 s. If fiducial markers are not being used, add the 5 µl of DPBS to the carbon side 

of the TEM grid immediately before transfer to the humidity chamber; this prevents 

excessive evaporation and allows for more consistent blotting times. 

24. Transfer the grid to the plunge rod and raise the forceps into the humidity chamber; this 

should be done quickly to prevent any evaporation of buffer, which may result in an 

increased salt concentration on the grid and can cause cell membranes to rupture. 

25. Set the blot time to 6 s to achieve thin ice suitable for tomography along cell edges and cell 

protrusions. It is estimated that the blotting rate for Whatman no. 1 filter paper is 1 µl of 

liquid per second. The blot force should be determined empirically and may differ between 

individual units. 

26. Rotate the plunging rod so that the TEM grid is parallel to the blotting paper, and press the 

start button to activate the automated blotting and plunging process. 

▲ CRITICAL STEP Remember to rotate the blotters between grids to avoid saturating 

the blotting papers with media and other solutions. 

27. Transfer the grid to a grid storage box under liquid nitrogen, and store it in a liquid nitrogen 

Dewar flask until imaging. Repeat Steps 20–27 until sufficient grids have been vitrified. 

! CAUTION Handling of liquid nitrogen and liquid ethane should be done in a fume hood, 

under a venting snorkel, or in a well-ventilated area. All cryogens and cryogenic materials are 

extremely cold, and personnel should wear the necessary PPE (gloves, goggles, lab coat, and 

closed-toed shoes). Liquid ethane is explosive; handle it with care. When you have finished 

plunge-freezing samples, allow the liquid ethane to evaporate in a fume hood or under a 

venting snorkel. 
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■ PAUSE POINT Grids, once frozen, may be stored in liquid nitrogen indefinitely. 

Alternatively, one may proceed immediately to cryo-fLM imaging (Step 28). 

 

Cryo-fLM imaging ● TIMING 30–45 min 

28. Load the grid into the cryo stage (Steps 28–30, Figure 6). Turn on the liquid nitrogen pump 

to cool the cryo-fLM stage to −195 °C. Fill the cryo-transfer box with liquid nitrogen. 

29. When the temperature has stabilized (~15 min), place the grid storage box in the loading 

area (Figure 6b, ii). With precooled bent-tip forceps, transfer the grid, carbon side up, to the 

copper cartridge (Figure 6c). Gently lower the cartridge clips onto the grid edges. Using the 

clamp on the transfer rod (Figure 6b, iii), retrieve the loaded cartridge from the loading block 

and slide the loading block out of the transfer rod path. 

30. Carry the transfer station to the microscope and slide it into the loading port. Make certain 

that the cryo objective is raised (~2 mm), and open both gates to the cryo stage. Slide the 

transfer rod and cartridge into place in the cryo stage, and then open the clamp on the 

transfer rod and retract the rod from the stage, closing the gates behind. 

31. Cryo-fluorescent imaging of the grid (Steps 31–35). Lower the objective lens (50×, ceramic-tipped, 

and short working distance (numerical aperture = 0.90), paired with a 1.25× magnification 

booster for a working magnification of 62.5×), and determine focus. Set the intensity levels 

for the fluorescent channels. 

32. Create a focus map of the area to be imaged using the microscope software. Leica LASX 

software allows creation of acquisition templates for overlapping (10%) image tiles of the 

grid. In the interest of a shorter acquisition time and limiting our focus to areas useful for 

tomography, we generally use a 3 × 3 template of the center region of the grid 

(corresponding to an area of 401.78 × 300.02 µm) and an image binning setting of 2 for 
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autofocus. The focus map is useful because the TEM grids are rarely flat and level, creating a 

focus gradient from one side of the grid to the other. 

▲ CRITICAL STEP Creation of the focus map can be done using bright-field imaging; 

however, this usually focuses on the holey carbon film. Note that for fluorescence imaging, 

the desired focus is often at a different z height. Therefore, a second focus map using a 

fluorescence channel may be useful. However, note that attempts to use a fluorescence 

channel for the focus map may result in the focus being on the grid bar edges instead of the 

sample if there is insufficient fluorescence contrast on the cell. 

33. Acquire the image map at a binning setting of 1 (20–40 min for three-channel z stacks). 

34. (Optional) If desired, reacquire z stacks of cells of particular interest at a binning setting of 1 

for further image processing (Figure 7). 

35. Remove the grid and cartridge by raising the objective lens, and retrieving them with the 

well-chilled transfer rod. Place the grid back into the grid box for transfer to the TEM. 

36. Selection of registration and ROI points. Open the image map in the CLEM viewer module. This 

software allows for placement of landmark registration points on the imaged area for 

alignment to the cryo-TEM map. Then add as many ROI markers as needed. The software 

saves all text coordinates, overview, and thumbnail images to aid in relocation at the TEM 

(Figure 7). 

▲ CRITICAL STEP Be careful when selecting registration points that are in areas of thick 

ice, especially next to grid bars or in corners, as these will not be penetrable by the electron 

beam. Instead, choose clusters of cells, fiducials, or unique cell morphologies near the central 

z image. 
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Creation of low-magnification cryo-TEM maps ● TIMING 20–30 min 

37. Load the grid into a Gatan 914 holder, or another cryo-transfer device, and insert it into the 

microscope. Allow time (~15–20 min) for the microscope vacuum to recover, as the grid 

may have acquired moisture from the atmosphere. 

38. Using SerialEM software, acquire a low-magnification (100–150×) map of the entire grid. 

The full grid montage requires an image overlap of 15–20%, depending on the microscope 

stage accuracy. 

39. Save the stitched map image to a new window to prevent overwriting it during tilt series 

acquisition. 

40. Alignment of the low-magnification map to actual stage coordinates. Add a point on an obvious feature 

in the map and navigate to it using navigator ‘Go to XY’. There is often a substantial offset 

between the map and stage coordinates, in which case move the stage to the actual feature. 

Take a record image. Left-click in the image to place a green cross at the desired point and 

select ‘Shift to Marker’ under the navigator tab. Save the navigator file. 

 

Correlation of the TEM map with the CLEM map ● TIMING 30 min 

41. Importing of the CLEM map into the SerialEM software on the TEM. Using the navigator tab, use 

‘Import Map’ to select your_CLEM_map.tif imported from the LASX software. Double-

clicking will load it as a new map number 2 (red). 

42. Adding of the CLEM coordinates to the navigator file. Using a text editor, open the 

your_CLEM_map.nav file and copy the x, y, and z coordinates and paste them into the 

current saved (TEM) navigator file (Step 40). Save the file, and then under the SerialEM 

navigator tab choose ‘Read’ and ‘Open’ to reload it. Select each of the CLEM registration 
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points in the navigator window and set labels to ‘2R1’, ‘2R2’, and so on, using the check box 

at the top of the window, and change the label color to red. Save the navigator file again. 

43. Adding of the registration points to the TEM map. On the TEM map, add registration points to 

match those from the CLEM map, using the .tif CLEM image as a guide, set labels to ‘1R1’, 

‘1R2’, and so on, and change the label color to blue. 

44. Registration of TEM and CLEM maps to one another. Under the navigator tab, select ‘Transform 

Items.’ Save, read, and open the TEM navigator file again to see these points on the cryo-

TEM map. 

45. Adding of the ROI points to the TEM map. Repeat the copy-and-paste procedure (Step 42) for 

the ROI points in the CLEM navigator file. Read and open the navigator file again, and set 

these points to be green. Select ‘Transform Items’ again and the points should be placed on 

the cryo TEM map. Use the navigator ‘Go to XY’ command to move the stage to the 

coordinates (Figure 8). 

 

Cryo-TEM data acquisition ● TIMING 6–18 h 

46. Intermediate-magnification montaging (Steps 46–47). Identify a cell region surrounding a marked 

ROI. Using the Gatan US4000 CCD camera, set up low-dose record properties at a 

magnification of 10,000× with enough defocus (−15 to −20 µm) to see the structural detail 

of the viruses, including viral glycoproteins and known internal structures. Keep the beam 

slightly larger than the detector area, and set the dose to ~1 electron per square Ångstrom 

(~1 e/Å2). This will result in an additional ~5 e/Å2 exposure for each image of the montage. 

47. In the navigator window, select ‘Add Polygon.’ Click points on the TEM map to define the 

region. Under the navigator tab, select ‘Montage’ ‘Setup Polygon Montage.’ Set the image 

overlap to 15–20% and start montage acquisition. These maps are useful for CLEM—



 115 

identifying areas to image by tomography, assessing ice thickness, determining whether cell 

membranes are intact, providing cell and virus context information for tomograms, and 

obtaining quantitative data—and for the preparation of figures (Figures 9–11). 

48. Tilt series acquisition (Steps 48–51). Select a location to image by using the low-magnification 

TEM map to identify viral targets from the correlated cryo-fLM points. Next, refer to the 

intermediate-magnification map to evaluate whether the ROI is thin enough for tomography 

and has intact cell membranes and other structures. 

▲ CRITICAL STEP When selecting an area for tilt series acquisition, it is advisable to 

consider location of the tilt axis and where the focus and trial positions are located with 

respect to the rest of the cell, to avoid exposing nearby ROI. 

49. Set imaging conditions for tilt series acquisition as indicated in the table below. The 

magnification used depends on the desired pixel size. For downstream processing such as 

subvolume averaging, we use a smaller pixel size of ~3 Å (or less) per pixel (corresponding 

to a magnification of 20,000× (or greater) for the DE-20). For general morphology and cell 

structure data, we use ~6 Å per pixel (corresponding to a magnification of 10,000× for the 

DE-20). Total dose should be limited to ~100–150 e/Å2 (including the 5 e/Å2 from the 

previous montage). The beam should be small (for 20,000×, ~2 µm in diameter) and the 

distance between the focus and record areas should be sufficient to prevent overlap (5–6 

µm). 

50. Acquire tilt series as indicated in the table below. There are many options for data collection 

schemes, with the main priority being preservation of high-resolution information while 

limiting beam damage. To this end, tilt series should be collected using the bidirectional 

option from a zero-degree tilt to a final tilt of between 60° and 65°, at 1° to 2° tilt 

increments. Other collection schemes, such as the alternating dose symmetric scheme [55], 
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are now commonly used. In addition, it is important to minimize alterations to the electron 

beam by keeping the beam intensity constant and instead varying the exposure time by using 

the 1/cosine1/5 weighting option in SerialEM (i.e., to vary the exposure time as a function of 

specimen thickness, with higher tilt angles receiving slightly longer exposure times). To aid in 

focusing and tracking, image binning should be set to 2 or 4 to increase the image contrast. 

Use an additional offset of 2–3 µm for focusing to provide enough contrast for accurate 

estimation. Tilt series should be acquired with a Direct Electron DE-20 direct detector at 

12–24 frames per s, depending on record exposure time, not only for its increased resolution 

but also for its large imaging area (field of view). In this way, more of the cellular structural 

context is retained and more subvolumes can be extracted from a given tomogram. 

51. Repeat Steps 48–50 for each ROI. 

▲ CRITICAL STEP A best-practice approach to determining the maximum amount of 

electron dose for a sample is to collect an extended dose series of exposures to determine 

the beam sensitivity of the specimen, including cell (and viral) membranes and internal 

structural proteins. 

 

Processing and combining of high-resolution CLEM overlay images ● TIMING 1 d 

52. Perform z cropping, background adjustment, deconvolution, projection, and channel 

merging of cryo-fLM images (from Step 34) using the LASX software. For best results, 

separate the three channels and process them individually before merging them back 

together. The fluorescence signal of the specific probes is well maintained at cryo-fLM 

temperatures because there is minimal photobleaching [42, 56, 57], and the close working 

distance of the objective lens ensures that there is robust signal over background 
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fluorescence. Merged fluorescence channels can be saved with and without the bright-field 

image. 

53. Stitch together cryo-TEM montages (from Steps 46–47) to form maps using the eTomo 

software ‘Align Serial Sections/ Blend Montages’ function. 

54. Scale and overlay both cryo-fLM and cryo-TEM maps in PhotoShop using layers. It is 

convenient to use the size and orientation of the holes in the carbon film to scale and rotate 

the images to one another (Figures 9–11). 

 

Processing of tilt series data ● TIMING 5–6 h per data set 

55. Motion-correct the raw frames from the direct detector using the Python scripts 

(DE_combine_references.py and DE_process_frames.py) provided by Direct Electron (or 

other sources for different detectors). The total number of frames per image varies with the 

tilt angle because of the 1/cosine1/5 exposure setting. 

56. Recombine the corrected images using IMOD’s ‘newstack’ command. For bidirectional tilt 

series, we use the ‘reverse’ option. Create a corresponding rawtilt file containing all angles for 

the tilt series. 

57. Launch 3dmod’s eTomo module, import the tilt series, and select ‘Tilt angles in existing 

rawtlt file’. 

58. Perform coarse alignment, fiducial-based fine alignment, and tomogram positioning using 

the eTomo user interface. 

59. Correct the CTF, create the full aligned stack, and then proceed with r-weighted back-

projection [53, 58]. It is advisable to do binned and full versions of tomograms within the 

eTomo module by going back to the ‘Create Full Aligned Stack’ module in eTomo to create 

consistently scaled maps. Be sure to change the output .rec filename so that it is not 
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overwritten. Tomograms may be optionally filtered or denoised by nonlinear anisotropic 

diffusion, or other filters such as band-pass, bilateral, or median filters, before segmentation 

[20, 48, 53, 59, 60]. 

60. Segmentation of densities in the tomogram is useful for illustrative purposes and to obtain 

quantitative measurements from surface data. Two options are currently available: the basic 

modeling tools in 3dmod, and the more detailed 3D segmentations in Amira. 

(A) Performance of initial contour segmentation of proteins and cell and viral membranes in 

3dmod  

i. Filter the tomogram (nonlinear anisotropic diffusion), if needed. 

ii. Create contours of components that are then meshed into surfaces using 

imodmesh. 

iii. Take manual measurements with the drawing tools feature, saving the ‘info text’ 

dialog to file. 

iv. Run and plot statistical analyses such as neighbor density analysis (nda program) 

and distances between objects (mtk program). 

(B) Performance of detailed segmentation of membranes and molecules of interest in Amira 

i. Import the binned and/or filtered tomogram into Amira and filter to smooth 

pixel edges and display as orthoslices. 

▲ CRITICAL STEP Make sure that Amira does not flip the data. To correct 

improper flipping, select ‘rotate around y-axis’ after the volume is initially 

imported into the program. 

ii. Segment tomographic data semiautomatically in Amira. Use of the masking 

option is helpful in selecting continuous membranes. Note that the use of a 

Wacom Cintiq monitor is very helpful for direct, on-screen drawing of contours. 
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iii. Create surfaces using ‘SurfaceGen’ and ‘Smooth Surface’ under the project tab to 

create a smoothed 3D surface model, then select ‘Surface View’ for visualization. 

iv. After segmentation, label objects with the 3D annotation tool, which is useful for 

making measurements. For segmented data, measurements can be made using 

the 2D and 3D length and angle tools. 2D and 3D measurements can be made in 

the orthoslice view and surfaces can be measured in 3D. Similarly, angles can be 

measured in both 2D and 3D. Make sure to name each measurement in the 

‘measurement properties’ window, and then export them to a spreadsheet for 

quantification (Figures 10–12). 

 

Particle picking for subvolume averaging ● TIMING 1 d 

61. Selection of particles using EMAN2 [48]. Load the tomogram (Step 59) into EMAN2’s boxer 

graphical user interface with the following example command line:  

 e2spt_boxer.py tomogram.rec --invert --inmemory --low-pass=80  

Set the box size relatively small (4–10 pixels) to begin with to avoid box overlaps when 

selecting closely spaced particles. Use the xyz views to make certain that the boxes are well 

centered on the densities. Save the coordinates as ‘box file’. 

62. Using IMOD’s ‘point2mod’ command, convert the boxed particle coordinates to a model 

file for use in alignment and averaging in PEET (Step 64). 

63. Editing of the model file. Open the tomogram (from Step 59) and model file (from Step 62) with 

IMOD and save the model object points as ‘Scattered’. The IMOD command ‘imodtrans’ 

can be used to scale the model files so that particles can be picked in a binned tomogram 

and a corresponding model file can be made for the unbinned tomogram.  
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Subvolume alignment, averaging, and classification ● TIMING 1–6 months 

64. There are several image processing packages that incorporate subvolume analysis, and here 

we highlight two that are commonly used in our group. Use option A to align and classify 

subvolumes using PEET and option b to do so using EMAN2. 

(A) Alignment and classifying of subvolumes using PEET  

i. Scale the PEET [49, 50] motive list (.csv files) generated after initial alignments 

(in Excel) to match unbinned tomographic data. Use this file as input (under the 

PEET ‘Setup’ tab ‘Initial Motive List’) for running fine alignment. When running 

PEET, we typically select the option ‘save individual aligned particles’ (under the 

PEET ‘Run’ tab ‘Optional / Advance Features’). The individual aligned particles 

can be inspected in IMOD and screened manually to ensure that no misaligned 

particles are used to generate the final subvolume average. A final subvolume 

average of the manually screened aligned particles can be generated using the 

PEET command ‘averageAll’ or the IMOD command ‘clip’. 

(B) Alignment and classification using EMAN2  

i. With EMAN2’s ‘e2spt_classaverage.py’ script [47], use binned tomograms 

(binned by a factor of 2 or 4) to generate an initial subvolume average and to 

explore different alignment parameters, including box size, angular search range 

and search distance, and masking options, and selection of an appropriate 

starting reference. 
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TROUBLESHOOTING 

Trouble shooting advice can be found in Table 1. 

 

TIMING 

Steps 1–7, preparation of EM grids: ~1–2 d 

Steps 8–14, culture of cells on EM grids: 1–2 d 

Step 15, introduction of virus to cells: 30 min to 3 d 

Steps 16–27, vitrification of grids by plunge-freezing: 1 h 

Steps 28–36, cryo-fLM imaging: 30–45 min 

Steps 37–40, creation of low-magnification cryo-TEM maps: 20–30 min 

Steps 41–45, correlation of the TEM map with the CLEM map: 30 min 

Steps 46 and 47, intermediate-magnification montaging: 30–60 min 

Steps 48–51, tilt series acquisition: 6–18 h 

Steps 52–54, processing and combining of high-resolution CLEM overlay images: 1 d 

Steps 55–59, processing of tilt series data: 5–6 h per data set 

Step 60, segmentation of tomograms: 1–3 d 

Steps 61–63, particle picking for subvolume averaging: 1 d 

Step 64, subvolume alignment, averaging, and classification: 1–6 months 

Box 1, coating of grids with extracellular matrix components: 8–24 h 
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ANTICIPATED RESULTS 

This protocol describes how to perform cryo-CLEM on intact, virus-infected or transfected 

mammalian cells. The success and quality of the acquired data depend heavily on the handling of the 

TEM grids during grid preparation, especially during transfers from the plunge-freezing apparatus to 

grid boxes and the microscopes. Figure 13 provides examples of suboptimal grids for cryo-CLEM 

imaging. Examples of ice contamination from the atmosphere and ice morphological changes due to 

warming are shown, as well as how grids that are bent or otherwise uneven do not produce maps 

that correlate well in either microscope. 
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FIGURE LEGENDS 

Figure 1. Flowchart of the steps for CLEM of mammalian cells. The protocol begins with the 

selection of the mammalian cells, the culturing of the cells on EM substrates, the infection or 

transfection protocol, and specimen evaluation by light microscopy. Next, the samples are plunge-

frozen with an automated vitrification system. The frozen grids are then imaged and mapped by 

cryo-fLM and cryo-TEM instruments. Map coordinates from cryo-fLM and cryo-TEM are 

combined for correlation purposes to facilitate cryo-EM data collection. From the correlation 

map(s) and images, intermediate-magnification montages and cryo-ET data are acquired. The 

imaging data are then evaluated for further image processing, to include segmentation, 

quantification, and subvolume analysis. 

 

Figure 2. Use of fLM to determine cross-sectional cell thickness and cell permissivity to RSV. (a) 

Extended-focus images of six cell lines infected with RSV and immunostained for the RSV fusion 

protein (red), nucleocapsid protein (green), and nucleus (DAPI, blue). Colocalization of viral 

proteins indicates that the cells are actively producing virus for imaging. (b) Single-axial section 

through the middle of each cell shown in (a). The XZ view in b illustrates the relative thickness of 

the cultured cells and shows that the cells will be thin enough at the periphery for TEM imaging. 

Spinning-disk confocal and laser-scanning confocal images are shown. Scale bars, (a) 10 µm, (b) 1 

µm. NPC, Niemann–Pick type C. 

 

Figure 3. Carbon evaporation onto gold Finder EM grids. (a) Carbon evaporation setup: (i) carbon 

rods, (ii) shield, and (iii) EM grids in the Petri dish. (b) Result of carbon evaporation. Displaced EM 

grid shows qualitatively how much carbon was evaporated, which corresponds to ~5 nm, according 

to the calibrated piezo transducer gauge. 
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Figure 4. Representative light microscopy image of the ideal cell density present on an EM grid. 

MRC-5 cells cultured on a carbon-coated gold EM grid before infection or plunge-freezing. 

Asterisks identify representative healthy MRC-5 cells that are spreading across the carbon film of the 

EM grid. 

 

Figure 5. Gatan Cryoplunge3 system setup for plunge-freezing. Note that tissue culture incubator 

(not shown) is located immediately to the left of the unit. (a) Complete setup showing the following: 

(i) ethane temperature control, (ii) blot timer, (iii) relative humidity and temperature gauge, (iv) wet 

sponges for chamber humidification, (v) Gentle Blot blotters, (vi) plunge rod, and (vii) liquid 

nitrogen Dewar flask containing liquid ethane cup. (b) Work-space setup on Styrofoam surface for 

freezing: (i) small cap full of prewarmed PBS for washes, (ii) prepared fiducials, (iii) MatTek dish 

containing grids for freezing, and (iv) forceps for loading into plunge rod. (c) Forceps with grid in 

place between the GentleBlot blotters with blotting paper. 

 

Figure 6. Leica EM Cryo CLEM system. (a) System setup consisting of the following: (i) liquid 

nitrogen pump, (ii) temperature control unit, (iii) Leica DM6 light microscope with motorized stage, 

(iv) 50× cryo objective HCX FL Apo, NA 0.9, WD 0.28 mm, (v) cryo CLEM stage, (vi) microscope 

control unit, (vii) STP stage controller, (viii) cryo-transfer shuttle, (ix) fluorescence light source, and 

(x) PC with LAS X software. (b) Inside of the cryo-transfer shuttle, showing the following: (i) 

cartridge-loading block, (ii) grid storage box, and (iii) transfer rod cartridge gripper. (c) Vitrified 

TEM grid (circled) loaded into cartridge for transfer. 

 

Figure 7. Cryo-fluorescence microscopy grid map of HIV-1 virus-like particles tethered to HT1080 

cells collected using the Leica LASX software. Cells were transfected with a 3:1 ratio of pVRC-
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3900/GagOpt-mCherry and pEGFP-tetherin. Region from a central 3 × 3 grid of images with 10% 

overlap collected in (a) bright-field, (b) HIV-1 mCherry-Gag (red—Texas Red filter), and (c) 

EGFP-tetherin (green—GFP filter) microscopy. Red boxes in all three panels indicate registration 

points. Green boxes in all three panels denote data acquisition points. 

 

Figure 8. Cryo-TEM map of grid with coordinates imposed from Leica LASX software. (Left) cryo-

CLEM workflow viewed through SerialEM navigator window on the cryo-TEM computer. Cryo-

TEM map in the center window with red registration numbers and green data acquisition points is 

derived from cryo-fLM map and navigator file. Cryo-fLM map in the right-hand window highlights 

the same registration numbers and data acquisition points that are present on the cryo-TEM map 

(center). 

 

Figure 9. Entire cryo-CLEM imaging workflow with an HIV-1 Gag-tetherin specimen. (a) Overlay 

of cryo-fLM and cryo-TEM montage. Inset is the point of interest, with yellow fluorescent signal 

representing colocalization of mCherry-Gag (red) and EGFP-tetherin (green). (b) 10,000× polygon 

montage. White box indicates area where tilt series was collected. (c) Tomographic slice (6.14 nm) 

through a cluster of HIV-1 VLPs tethered to HT1080 cell extension. Scale bars, (a) 50 µm (inset is 

3×), (b) 2 µm, and (c) 200 nm. 

 

Figure 10. Cryo-CLEM imaging of retroviral endocytosis and fusion. (a–c) Double-labeled HIV-1 

particles pseudotyped with avian sarcoma and leukosis virus (ASLV) Env glycoprotein. (a) Cryo-

CLEM of ASLV Env pseudotyped HIV-1 particles bound to CV-1/TVA950 cells. Central region is 

the overlay of the cryo-EM montage onto the cryo-fLM image. Red square indicates the tomography 

data in b and c. (b) Tomographic slice, with segmentation, of ASLV Env pseudotyped HIV-1 
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particles undergoing endocytosis. The viral membrane (light blue) and mature core (yellow) are 

rendered. Clathrin cages (purple) surround several viral particles. (c) Enlargement of one clathrin 

cage (purple) surrounding a viral particle (light blue). Scale bars, (b) 250 nm, (c) 100 nm. 

 

Figure 11. Montage maps provide cellular context for cryo-ET data. (a) Montage of RSV A2-

infected A549 cells taken at 10,000× using the energy filter for improved contrast. The cell 

membrane is regular and intact, with filamentous RSV protruding from it. Scale bar, 2 µm; inset 

scale bar, 500 nm. (b) Segmented cryo-ET data from inset in a indicating membrane (cyan), 

glycoproteins (yellow), RNP (red), and actin filaments (magenta). Data were collected at 8,000× on a 

DE-20 camera system. Binned by 2, pixel size is 14.94 Å. Scale bar, 500 nm. 

 

Figure 12. Quantitative segmentation data of HIV-1 particles with tetherin. Cells are transfected 

with pNLenv1-deltaU and pEGFP-tetherin. Measurements made along segmented tethers (red) 

connecting HIV-1 virions (yellow, transparent) to each other, as indicated by the thin white lines. 

Orientation axes of the mature HIV-1 core (purple) are identified as black lines. Scale bar, 50 nm. 

 

Figure 13. Examples of poor-quality grids for cryo-CLEM imaging. (a) A cryo-fLM map of a 

slightly bent grid produces focus gradients within each stitched image, preventing accurate 

localization of regions of interest. (b) A low-magnification cryo-EM grid map of a 3-mm grid that 

has been bent before cryo-EM imaging. Aside from the obvious missing carbon in most grid 

squares, there are large variations in z height. (c) Image showing ice over 2-µm holes in the 

Quantifoil carbon film. W indicates ice that has warmed above the transition temperature (~−150 

°C) to create crystalline artifacts. x indicates ice contamination from the atmosphere that has landed 

on the grid. Both can be attributed to transfer steps. 
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Table 1. Troubleshooting table 
 
Step Problem Possible reason Solution 
6 Grids float on 

the medium 
Surface of grids is 
hydrophobic because of 
insufficient glow discharging 
Air bubbles are attached to 
the grid 

Adjust the settings on the plasma cleaner 
(Step 5) 
Introduce grids into solutions slowly and 
vertically to avoid formation of bubbles 
(Step 6) 

15, 31, 38 Carbon film is 
torn 

Rough handling of the grids 
Forceps have been damaged 
Grids were allowed to dry 
out 
Carbon film was damaged 
during blotting 

Handle grids gently 
Avoid using forceps with bent tips 
Do not aspirate grids to dryness (Steps 8 
and 12; Box 1) 
Reduce compressed nitrogen gas PSI on 
Gatan CryoPlunge3 unit (Step 16) 

Too many 
cells on the 
grid 

Seeding density is high 
Cells are over confluent 

Use a lower initial seeding density (Step 13) 
Grow the cells for a shorter time (Step 14) 

Not enough 
cells on the 
grid 

Low initial seeding density 
Cells are not adhering to the 
grid 

Seed at a higher density (Step 13) 
Include growth factors or coat carbon with 
extracellular matrix proteins (Step 7; Box 1) 

Cells are too 
rounded 

Low initial seeding density 
No extracellular matrix 
solutions applied to the grids 
Virus infection is too high 

Seed at a higher density (Step 13) 
Coat carbon with extracellular matrix 
proteins (Step 7; Box 1) 
Lower MOI of virus (Step 15) 

31, 38 Ice is too thick Blotting conditions are 
inadequate 
Cells are too confluent 

Use a longer blot time (Step 25) 
Remember to rotate blotters (Step 26) 
Reduce the seeding density (Step 14) 

38 Ice is too thick 
on one half of 
the grid 

Grid is not centered and 
held evenly in plunge device 
forceps 

Make sure that tips of forceps do not 
extend past the rim of the grid (Step 21) 

38, 48 Ice on the grid 
has a freckled 
appearance 

Warming past the 
vitrification point (i.e., above 
–150 °C) has occurred 

Check the temperature of the cryo-fLM 
stage (Step 28) and expedite grid transfers 
(Steps 27, 29, 35, and 37) 

Lots of cell 
debris in the 
ice 

Cytotoxicity from virus 
infection or transfection 
Cells were damaged during 
blotting 

Cryo-plunge at an earlier time point (Step 
15) 
Add an extra or longer DPBS wash to 
remove debris (Step 22) 
Adjust the blot settings (Step 25) 

Cell 
membranes 
appear 
ruptured or 
blebby 

Blotting conditions are too 
severe 
Grid became too dry before 
blotting 
Cells were exposed to low 
temperatures 

Lessen the blot force (Step 25) 
Reduce exposure to air and evaporation 
(Steps 21–26) 
Reduce time spent out of the incubator 
Do not place culture dishes on a cold 
benchtop and avoid holding the grid near 
liquid nitrogen while loading the plunge rod 
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Step Problem Possible reason Solution 
(Step 24) 

Large amounts 
of solid ice 
particles on 
grid surface 

Ice contamination from 
atmosphere 

Do grid transfers in a humidity-controlled 
room (relative humidity <30%) 
Use Plexiglas shields or wear a facemask 
when transferring (Steps 27, 29, 35, and 37) 

48 Gold fiducials 
aggregated in 
the ice 

Initial solution of gold 
fiducials has precipitated 

Vortex gold fiducial solution before use 
(Step 20) 
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ABSTRACT 
 
Novel preventatives could help in efforts to limit Vibrio cholerae infection and the spread of cholera. 

Bacteriophage (or phage) treatment has been proposed to be an alternative intervention, given the 

rapid replication of virulent phages, prey specificity, and relative ease of finding new virulent phages. 

Phage tropism is dictated in part by the presence of phage receptors on the bacterial surface. While 

many phages that can kill V. cholerae have been isolated, whether this pathogen is able to defend 

itself by neutralizing phage binding is unknown. Here we show that secreted outer membrane 

vesicles (OMVs) act as a defense mechanism that confers protection to V. cholerae against phage 

predation and that this OMV-mediated inhibition is phage receptor-dependent. Our results suggest 

that phage therapy or prophylaxis should take into consideration the production of OMVs as a 

bacterial decoy mechanism that could influence the outcome of phage treatment. 
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IMPORTANCE 
 
Phages have been increasingly realized for the significance of their interactions with bacterial cells in 

multiple environments. Bacteria use myriad strategies to defend against phage infection, including: 

restriction modification, abortive infection, phase variation of cell surface receptors, phage-inducible 

chromosomal islands, and CRISPR-Cas systems. The data presented here suggest that the apparently 

passive process of OMV release can also contribute to phage defense. By considering the effect of 

OMVs on infection of V. cholerae by three unique virulent phages, ICP1, ICP2 and ICP3, we show 

that, in vitro, a reproducible reduction in bacterial killing is both dose- and phage receptor-dependent. 

This work supports a role for OMVs as natural decoys to defend bacteria from phage predation. 
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INTRODUCTION 

Cholera, caused by toxigenic strains of V. cholerae, is a profuse secretory diarrheal disease endemic to 

many countries with poor sanitation infrastructure and limited access to clean water and food [1]. It 

is estimated that 1.3 to 4 million cases of cholera occur annually with 23,000 to 143,000 deaths [2]. 

Cholera symptoms can be ameliorated with the standard care of oral rehydration therapy or fluids 

administered intravenously for severe cases, yet if left untreated can result in death within several 

hours [3].  

 

Given the explosive rapid onset of disease and risk of mortality, control efforts have focused on 

generating and administering vaccines against cholera. Whole cell killed and live attenuated cholera 

oral vaccines are available (reviewed in [4]. Additional alternative approaches are being pursued to 

prevent V. cholerae infection, including phage prophylaxis [5, 6] and an outer membrane vesicle 

(OMV)-based vaccine [7-10]. Recently, oral administration of a cocktail of three virulent phages, 

named ICP1, ICP2, and ICP3, which were isolated from rice-water stool samples of cholera patients 

in Bangladesh [11], was shown to protect against V. cholerae infection in infant mice and infant rabbit 

models of colonization and disease [6]. Potentially, phages could also be used to reduce the numbers 

of V. cholerae or other water-borne bacterial pathogens in aquatic reservoirs.  

 

OMVs are non-replicating, spherical nanostructures produced during bacterial growth. These outer 

membrane enclosed structures are composed of outer membrane lipids, outer membrane proteins, 

and periplasmic components. It has been shown that OMVs play several roles in bacterial biology, 

including assisting interactions between bacterial cells and delivering of cargo proteins, toxins, and 

nucleic acids to neighboring bacteria and host cells [12-15]. V. cholerae OMVs are immunogenic and 

it has been shown that mucosal immunization of adult female mice with OMVs provides maternal 
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protection to their suckling pups from V. cholerae colonization [7-10]. Similar immunization 

strategies and outcomes have been observed with OMVs against other pathogenic bacteria [16, 17].  

 

Given that OMVs are comprised of bacterial membrane components, their potential to act as decoys 

– defense mechanisms that bacteria employ to protect themselves against external insults, including 

antibiotics, antimicrobial peptides, and bacteriophage infection – has been explored by others [14, 

18]. In this work, we set out to explore whether V. cholerae OMVs can act as a defense mechanism 

against predation by the virulent phages ICP1, ICP2, and ICP3. We show that OMVs produced by 

two representative modern cholera pandemic strains can inhibit (neutralize) all three phages, and we 

show this neutralization is receptor-dependent for two of the phages whose receptors have been 

identified. 
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MATERIALS AND METHODS 

Bacterial strains and growth conditions 

For all experiments, V. cholerae and isogenic mutants were routinely grown in Luria-Bertani Miller 

(LB) broth or on LB agar (Thermo Fisher Scientific) at 37°C with aeration. V. cholerae strains and 

phages used in this study are listed in Table 1. V. cholerae HC1037 was isolated at the Cholera 

Treatment Center Jacmel, Haiti, in January of 2014 from a cholera patient rice-water stool sample.  

 

Bacteriophage stock preparation 

To obtain high titer phage stocks, 40 ml cultures of V. cholerae E7946 were grown to mid-

exponential phase (absorbance OD600 nm = 0.2-0.3). A single plaque stock was inoculated into the 

culture and supplemented with calcium chloride at a final concentration of 5 mM to aid phage 

adsorption. The infected culture was incubated at 37°C with aeration for 1.5 hours and then treated 

with sodium citrate at a final concentration of 50 mM to block further phage adsorption. The 

infected culture was centrifuged for 15 minutes at 8,000 x g and the supernatant was transferred to a 

50 ml conical tube. The supernatant was filter-sterilized using a 0.22 µm filter (Millipore). A 0.2 

volume of 5x phage precipitation buffer (20% Polyethylene glycol MW 8000, 2.5 M NaCl) was 

added and mixed by inversion. The mixture was incubated for 24-48 h at 4°C to precipitate the 

phage, after which the phage was pelleted by centrifugation for 15 minutes at 10,000 x g at 4°C using 

a Beckman Coulter floor centrifuge with a F13-14x50Cy rotor. The supernatant was removed by 

decanting, and the tube was centrifuged again for 1 minute at 7,000 x g to allow subsequent removal 

of the last traces of supernatant. The phage pellet was resuspended in STE Buffer (100 mM NaCl, 

10 mM Tris-HCl pH 7.5, 1 mM EDTA) supplemented with 10 mM MgSO4 to help stabilize the 

phage and stored at 4°C until use.  
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Outer membrane vesicle isolation  

To isolate OMVs, V. cholerae was struck out on an LB agar plate and incubated overnight at 37°C. 

The following day, an individual colony was inoculated into 6 ml of LB broth and grown for ~8 

hours at 37°C with aeration in a roller drum. This culture was then sub-cultured in a 1:100 ratio in 

600 ml of LB broth and incubated overnight at 37°C with aeration. Cultures were chilled in an ice-

water bath for ~10 minutes, then centrifuged for 10 minutes at 10,000 x g to pellet bacterial cells. 

The supernatants, which contained the OMVs, were filtered through a SteriCup 0.22 µm filter 

system (Millipore) to remove any remaining bacterial cells, and an EDTA-free protease inhibitor 

cocktail (Roche) was added. OMVs were pelleted from culture filtrates by centrifugation at 28,000 

RPM for 3 hours and 15 minutes using a Beckman Coulter Optima L-90K ultracentrifuge with an 

SW 32 Ti rotor. After removal of supernatants by decanting, OMV pellets originating from one 600 

ml culture were resuspended in a total of 0.5 ml of phosphate buffered saline (Boston BioProducts) 

and stored in aliquots at -80°C. OMV protein concentration was measured using the Modified 

Lowry Protein Assay kit (Thermo Fisher Scientific). 

 

Phage neutralization assays 

For phage neutralization assays, 10,000 plaque-forming units (PFU) of phage were added to OMVs 

at the specified amount (25, 10, 1, or 0.2 µg) in a final volume of 200 µl LB and vortexed to mix. 

Mixed samples were incubated for 1 hour at room temperature. Mid-exponential growth phase 

cultures of wild type V. cholerae E7946 or HC1037 were used as host bacteria for plaque assays. 

Cultures of the host bacteria were centrifuged for 5 minutes at 4,000 x g, washed once in LB broth, 

and adjusted to an absorbance (OD600 nm) of 0.5. Phage alone or phage/OMV mixtures in a total 

volume of 90 µl were added to 100 µl of host V. cholerae and were allowed to adsorb for 10 minutes 

at room temperature. The mixtures were then transferred to 6-well, clear, untreated tissue culture 
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plates (Corning). To each well, 3 ml of molten 47˚C 0.3% agarose in LB broth was added, mixed by 

gentle swirling, and allowed to cool and solidify. The plates were incubated for ~4 hours at 37˚C to 

allow plaque formation. After visually counting plaques, the titer of plaque-forming units per ml of 

phage added was calculated. Results are shown as log change in PFU ml-1 compared to the phage 

only (no OMVs added) control. 

 

Bacteriophage-OMV imaging using cryo-electron tomography 

The interactions between OMVs and ICP phages were characterized using cryo-electron 

tomography (cryo-ET). One µl of V. cholerae HC1037 OMVs at a concentration of 8.4 mg ml-1 

(protein content) was added to 100 µl of phage at a titer of ~1010 PFU ml-1 in phosphate buffered 

saline and incubated for 1 hour at room temperature. After incubation, 10 nm BSA-treated colloidal 

gold fiducials (Electron Microscopy Sciences, Hatfield, PA) were added as alignment markers. The 

sample (4 µl) was applied to glow discharged, 200 mesh copper Quantifoil R 2/1 TEM grids 

(Quantifoil Micro Tools Gmbh, Jena, Germany) before plunge freezing with a Vitrobot Mark III 

system (FEI, Hillsboro, OR). Images were acquired on a JEOL JEM-2200FS field emission TEM 

(JEOL Ltd., Japan) operating at 200 kV and equipped with an in-column Omega energy filter (slit 

width of 20 eV) and a Direct Electron DE-20 (Direct Electron, LP, San Diego, CA). Bi-directional 

tilt series were collected at 10,000. nominal magnification (6.14 Å/pixel) semi-automatically using 

the SerialEM software package [31]. Data sets were acquired with a tilt range of -62° to +62° at 2° 

increments, a defocus of -6 µm, and a total electron dose of ~120 e-/Å2 [32, 33]. Images were 

recorded at 12 frames per second and motion corrected using scripts provided by Direct Electron. 

IMOD software [34] was used for CTF-correction of the images by phase inversion and for three-

dimensional (3D) reconstruction of the tomograms by r-weighted back-projection. 3D 

segmentations were done manually using the Amira package (FEI Visualization Sciences Group, 
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Hillsboro, OR). 

 

Statistical analyses 

Graphs were plotted using Prism 7 software (GraphPad) and statistical analyses were done using 

Student’s two-tailed t-test. 
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RESULTS  

V. cholerae OMVs inhibit phage infection 

To evaluate whether V. cholerae OMVs inhibit phage predation, OMVs isolated from spent culture 

supernatants of wild type V. cholerae O1 El Tor strain E7946 [19] were incubated with the V. cholerae 

O1-specific virulent phage ICP1 [11, 20] prior to measuring bacterial killing, using plaque formation 

on the V. cholerae E7946 strain as a proxy (Figure 1). We observed a significant and dose-dependent 

inhibition of plaque formation by OMVs. It has been shown that the O1-antigen of the V. cholerae 

lipopolysaccharide (LPS) is the receptor for ICP1 [11, 21]. To test whether the observed phage 

neutralization is receptor-dependent, we performed plaque assays using OMVs from an acapsular 

derivative of the V. cholerae O139 serogroup strain MO10, as well as OMVs from an E7946 ΔwbeL 

rough mutant that fails to synthesize O1-antigen [21]. Addition of OMVs from either the O139 

strain or the E7946 rough mutant did not reduce ICP1 infection, indicating that the presence of O1-

antigen in OMVs is required to neutralize this phage (Figure 1). 

 

To investigate whether the neutralizing effect observed for V. cholerae O1 OMVs on ICP1 was a 

general phenomenon, we performed similar neutralization assays using two additional virulent 

phages, ICP2 and ICP3. We observed that while there was a significant, dose-dependent inhibition 

of ICP2, the magnitude of inhibition was approximately half of that observed for ICP1 (0.5 logs 

less) and only at the two highest OMV doses tested (25 and 10 µg) (Figure 2). The receptor for ICP2 

was previously shown to be the outer membrane porin OmpU [22]. We hypothesize that the lower 

level of neutralization of ICP2 by OMVs may be due to the known low level of expression of 

OmpU during growth in vitro in Luria-Bertani Miller (LB) broth [23]. Despite the low level of 

expression of OmpU under the conditions tested, we observed that OMVs purified from E7946 

OmpU G325D, which is an ICP2 resistant point mutant [22], failed to neutralize ICP2 at the highest 
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OMV dose tested (Figure 2). These results indicate that OMV-mediated neutralization of ICP2 is 

dependent on the presence of the ICP2 receptor, OmpU. 

 

As observed for ICP1 and ICP2 neutralization, addition of OMVs showed a dose-dependent 

reduction in the ability of ICP3 to infect (Figure 3), albeit again to a lower magnitude than ICP1 

inhibition (Figure 1). The receptor for ICP3 is currently unknown. 

 

Modern (7th pandemic) cholera epidemics have been attributed to a succession of three types of V. 

cholerae O1 El Tor strains, called Wave 1, 2, and 3, with V. cholerae E7946 belonging to Wave 1 [24]. 

Wave 2 have replaced Wave 1 strains beginning in the late 1970s, and Wave 3 have subsequently 

replaced Wave 2 strains beginning in the late 1980s. Wave 3 strains, which now dominate as the 

cause of cholera epidemics in South Asia, Africa, and Haiti, have recently been shown to be 

hypervirulent [25]. To evaluate whether ICP1, ICP2, and ICP3 can also be inhibited by OMVs from 

a Wave 3 strain, plaque assays were performed using a V. cholerae clinical isolate, HC1037, from the 

ongoing epidemic in Haiti. We observed an order of magnitude reduction in plaque formation for all 

three phages (Figure 4), indicating that OMVs from distinct V. cholerae strains, including the most 

current pandemic strain, can neutralize virulent phages. 

 

Our results thus far suggest that V. cholerae OMVs are able to neutralize phages by acting as decoys, 

whereby presumably the phage tail fibers bind to receptors on the OMV surface, therefore 

precluding the tail fibers from interacting with bacteria. We sought to directly visualize and confirm 

these interactions using cryo-electron tomography (cryo-ET). OMVs purified from HC1037 were 

used to neutralize phages ICP1, ICP2, and ICP3 and samples were applied to copper TEM grids, 

immediately flash frozen in liquid ethane, and stored in liquid nitrogen. Grids were then imaged by 
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cryo-electron microscopy to observe phages and OMVs. For a subset of individual phages bound to 

OMVs, tilt series were acquired and reconstructed via cryo-ET. Three representative tomograms of 

phages bound to OMVs are shown in Figure 5. A slice through the three-dimensional volume is 

displayed, and thus the OMVs appear as circles. The sizes and morphologies of all three phages were 

consistent with a previous work using traditional transmission electron microscopy [11]. We often 

observed direct contact between phages and one, sometimes two, OMVs, with the contact being 

exclusively at the tail end of the phages. Quantification of phages bound to OMVs was not possible 

by this method because we observed a large difference in binding between phages and OMVs to the 

carbon substrate on the copper TEM grids. Contact between a subset of the phage tail fibers and 

individual OMVs can be seen in each example, with the bound OMV being offset from the central 

axis of the phage tail. The phage tails were not observed to be contracted nor was DNA ejected 

from the capsids. 

 

Altogether, our data indicates that OMVs can neutralize virulent phages by engagement of phage tail 

fibers with phage receptors on the OMV surface. This engagement presumably prevents or 

interferes with productive phage adsorption to the V. cholerae surface.  
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DISCUSSION 

OMVs are naturally secreted by gram-negative bacteria and have been implicated in a diversity of 

biological roles, including cell-to-cell communication and biofilm integrity (reviewed in [12-15]). 

Because OMVs have essentially the same surface protein, lipid, and carbohydrate structures as the 

bacterial cells that produce them, they may serve as natural decoys to defend the bacteria that secrete 

them against harmful products. Indeed, OMVs have been described as a virulence mechanism, 

where their secretion dampens the effects of host antimicrobial peptides and administered 

antibiotics, which target the OMVs instead of the bacterial cells (reviewed in [14]). 

 

Similarly, OMVs would seem to be natural decoys to protect bacteria from virulent phages. 

However there have been few reports demonstrating this. Escherichia coli OMVs were previously 

shown to neutralize bacteriophage T4 175 [18, 26], while the cyanophage PHM-2 can directly 

interact with Prochlorococcus, resulting in contraction of the phage tail, and ultimately DNA release 

[27]. Here we provide further support for this biological function of OMVs by showing that OMVs 

produced by pathogenic strains of V. cholerae can neutralize three different virulent phages. The 

three virulent phages we tested, ICP1, ICP2, and ICP3, are naturally found in association with 

pathogenic V. cholerae in patient stool samples from Bangladesh, and thus the frequency of 

interaction between them is likely high. In this work, we show that OMVs reduced phage predation 

in a dose- and receptor-dependent manner.  

 

Because the concentrations of OMVs that naturally accumulate in the vicinity of V. cholerae in 

aquatic reservoirs, in biofilms, and in the human intestinal tract are unknown, it is not possible at 

present to positively state that V. cholerae OMVs neutralize phages in nature. Additionally, mutants 

of V. cholerae that fail to make OMVs have not been isolated as yet, and so it is not possible to 
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quantify the role of OMVs in protection from phage predation during infection or in aquatic 

environment microcosms. However, because V. cholerae does produce OMVs, it is reasonable to 

assume that they protect V. cholerae from phage predation to an extent commensurate with the rate 

of OMV production and accumulated OMV concentration. 

 

Multiple phage defense strategies are used by bacteria, each targeting different stages of phage 

infection. Phase variation or mutation of cell surface receptors, restriction-modification systems, 

abortive infection, CRISPR-Cas, phage-inducible chromosomal islands, and bacteriophage-exclusion 

systems [28] have all been shown to contribute to the protection of bacterial cells. How these 

processes are regulated and integrated to ensure bacterial cell survival remains to be fully 

understood. We suggest that the data presented here further supports the idea that OMVs can also 

contribute toward phage-defense, by acting as decoys in a receptor-dependent manner. 

 

Our results add to the increasing recognition of OMVs as important bacterial secreted products. 

OMVs have potentially important differences with other canonical secretion systems, including 

continuous OMV production, exacerbated OMV production under stressful conditions to the 

bacteria, and encasing of virulence factors and signaling molecules by a membrane lipid bilayer that 

is protective against degradative enzymes [29, 30]. Our findings add to a growing body of data 

showing that OMVs act as a first line of defense against external insults. 
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FIGURE LEGENDS 

Figure 1. LPS O1-antigen in OMVs is required to neutralize ICP1. Titration of V. cholerae E7946 

OMVs, or OMVs from V. cholerae O139 or E7946 DwbeL, on a fixed concentration of prey (E7946) 

and phage ICP1 (~10,000 PFU). n = 3 for all, except for 25 µg of OMVs where n = 6. The 

horizontal solid lines indicate mean ± standard deviation. **P = 0.0018 for 25 µg, *P = 0.036 for 10 

µg, *P = 0.0398 for 1 µg and *P = 0.019 for 0.2 µg. 

 

Figure 2. OmpU in OMVs is required to neutralize ICP2. Titration of V. cholerae E7946 OMVs, or 

OMVs from E7946 OmpU G235D mutant (OmpU*), on a fixed concentration of prey (E7946) and 

phage ICP2 (~10,000 PFU). n = 10 for 25 µg; n = 4 for 10, 1, and 0.2 µg of OMVs; and n = 6 for 

OmpU G325D. The horizontal solid lines indicate mean ± standard deviation. ****P = <0.0001 for 

25 µg, *P = 0.0121 for 10 µg and *P = 0.0135 for OmpU G325D. 

 

Figure 3. OMVs neutralize ICP3. Titration of V. cholerae E7946 OMVs on a fixed concentration of 

prey (E7946) and ICP3 (~10,000 PFU). n = 6 for all. The horizontal solid lines indicate mean ± 

standard deviation. ***P = 0.0006 for 25 and 10 µg, **P = 0.0053 for 1 µg and *P = 0.0224 for 0.2 

µg. 

 

Figure 4. OMVs from a V. cholerae Wave 3 pandemic strain neutralizes all three ICP phages. 

Titration of V. cholerae HC1037 OMVs on a fixed concentration of prey (HC1037) and ICP1, ICP2, 

and ICP3 (~10,000 PFU). n = 3 for all. The horizontal solid lines indicate mean ± standard 

deviation. *P = 0.0076 for ICP1, **P = 0.02, *P = 0.0093. 
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Figure 5. Tail fibers of ICP phages interact with V. cholerae outer membrane vesicles (OMVs). Cryo-

electron tomography slices and 3D segmentations of V. cholerae HC1037 OMVs free or bound to tail 

fibers of (A) 459 ICP1, (B) ICP2, and (C) ICP3. Not all OMVs are shown in the 3D segmentation 

460 panels. Scale bars, 100 nm. 

  



 173 

Figure 1 
 
 
 
 

 
 

  



 174 

Figure 2 
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Figure 3 
 
 
 
 

 
  



 176 

Figure 4 
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Figure 5 
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Table 1. Bacterial strains and bacteriophages used in this study. 
 

Strain Genotype and description Reference 
AC53 V. cholerae O1 El Tor Ogawa E7946 19 
AC5423 V. cholerae O1 El Tor Ogawa HC1037 This study 
AC4623 E7946 ΔwbeL 21 
AC3276 V. cholerae O139 MO10 ontA::pGP 35 
AC4682 E7946 OmpU G325D 22 
ICP1 Bacteriophage ICP1_2011_A; Myoviridae family 11,20 
ICP2 Bacteriophage ICP2_2004; Podoviridae family 11 
ICP3 Bacteriophage ICP3_2007; Podoviridae family 11 
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ABSTRACT 

Caulobacter crescentus is a gram-negative bacterium that divides asymmetrically to produce a sessile 

stalked cell and a motile swarmer cell, which expresses a polar flagellum and polar type IVc pili. 

ϕCbK is a bacteriophage that initially adsorbs to the C. crescentus flagellum through a head filament 

and uses flagellar rotation to reach the cell pole. It has been hypothesized that ϕCbK uses pilus 

retraction to position itself for attachment at the pilus portals, although there is no known retraction 

ATPase in the C. crescentus assembly complex. Treatment with anti-PilA antibody reduced both 

motility and ϕCbK adsorption, suggesting that antibody binding blocks pilus retraction and prevents 

the phage from reaching the receptor at the cell pole. ϕCbK adsorption is also negatively impacted 

by the addition of CCCP, indicating that the proton motive force is involved in pilus dynamics. 

Negative stain and cryo-electron microscopy indicate that antibody treatment increases the number 

of cells with extended pili, demonstrating that pilus retraction has been stalled. This study 

demonstrates the role of type IVc pilus retraction in ϕCbK adsorption. The data support a model of 

ϕCbK adsorption in which the phage localizes at the cell pole using flagellar rotation, attaches to the 

pilus filament through its tail fiber, and then uses retraction of the pilus to reach the pilus portal 

where it injects the genome. 
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INTRODUCTION 

Type IV Pili (T4P) are the most widespread class of pili in bacteria [1].  T4P are found in multiple 

bacterial species, from pathogens such as Enteropathogenic Escherichia coli [2], Vibrio cholerae [3], 

Neisseria meningitidis [4], and Pseudomonas aeruginosa [5], plant pathogens such as Xanthomonas campestris 

[6], and even archaeal species [7].  T4P are highly flexible and extremely thin ranging from 5 to 8 nm 

in diameter, yet capable of growing to several micrometers in length.  T4P systems were historically 

subdivided into two classes by amino acid sequence similarity and length, type IV pilus class A 

(T4aP) and type IV pilus class B (T4bP) [8, 9].  The T4aP found in P. aeruginosa has a 5-6 amino acid 

long leader sequence and a mature pilin length averaging 150 amino acids.  T4aPs are present in 

many Gram-negative bacteria and the machinery components necessary for expression of a T4aP are 

encoded on multiple segments throughout a bacterial species genome [10].   

 

T4bP pilins in contrast typically have a leader sequence of 15-30 amino acids and a mature length of 

approximately 190 amino acids [8]. This class has been found on enteric bacteria colonizing the 

intestine such as EPEC, ETEC, and V. cholerae. The components of T4bP systems are encoded on 

contiguous operons [10]. A subgroup of T4bP are the Tight Adherence (Tad) or Fimbrial low-

molecular weight protein (Flp) pili, which like T4aP are found on a broad spectrum of bacteria [11], 

but encode a very small pilin of 40 to 80 amino acids and whose only known function is adherence 

to a surface [9]. Flp pili are found on a diverse range of pathogenic bacteria, such as P. aeruginosa [12] 

Haemophilus ducreyi [13, 14] and Aggregatibacter actinomycetemcomitans [13, 15].   

 

Caulobacter crescentus is a non-pathogenic bacterium that divides in an unusually polar manner, 

forming a daughter sessile stalked cell and a daughter swarmer cell [16].  The species has long been a 

model system for the bacterial cell cycle [17] and the bacterial flagellum [18-20] because of its non-
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pathogenic nature and polymorphic lifecycle.  This species expresses polar pili (Caulobacter pilus 

assembly, Cpa) [21], previously categorized as Flp pili because the 14 amino acid leader sequence is 

cleaved from the prepilin to produce a 45 amino acid mature pilin and the genes for the pilus and 

the pilus assembly apparatus are encoded on an operon [22]. Recent phylogenetic analysis by Ellison 

et al., however revealed a more distantly related class, type IV pilus class C (T4cP), to which the Cpa 

pilus belongs [23]. The T4cP lack homologues to the retraction ATPases found in T4aP and some 

T4bP, although retraction of Cpa pili has been directly visualized [23].  

 

C. crescentus expresses several global regulatory proteins that control the transformation of a swarmer 

cell into a sessile cell once a bacterium attaches to a surface. Some of the most important cell cycle 

regulation proteins are TacA, SpmX, and CtrA, with CtrA controlling expression of the Cpa operon 

[24]. Expression of each regulatory protein is highly controlled, and abnormal expression of any one 

regulatory protein causes severe growth defects [25-29]. Swarmer cells express both a flagellum for 

motility and surface sensing [30-32] and Cpa pili, which are used by C. crescentus to anchor the 

bacterium to a surface [21]. The pilus enables the cell to adhere to the bottom of a freshwater 

streambed, form a holdfast structure [32], and transform into a sessile cell, where it can begin cell 

division. Lack of pilus expression alters biofilm formation in C. crescentus [33] and the bacteria 

become unable to tether themselves to a single point in a freshwater environment. The Cpa pilus has 

several core proteins found in other T4P systems, such as a main pilin subunit, PilA, assembly 

ATPases, CpaE and CpaF, and a dodecameric secretin, CpaC [22, 34]. It contains several associated 

proteins, such as outer membrane, periplasmic, and inner membrane assembly proteins, as well as 

proteins of unknown function [34]. The pilus portal is believed to be the receptor for irreversible 

attachment for C. crescentus phages such as ϕCbK, a large prolate siphophage that initially adsorbs to 

the C. crescentus flagellum using a head filament [35]. Strains which lack pilus expression are resistant 
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to phage infection [28], and it has been hypothesized that retraction of the pilus plays an important 

role in bringing the phage body into contact with the bacterial cell membrane [36]. We therefore 

sought to investigate the interactions between ϕCbK and C. crescentus by blocking pilus retraction 

using antibody binding and to better understand T4cP retraction in C. crescentus by dissipating the 

proton motive force. 

 

  



 184 

MATERIALS AND METHODS 

Strains and Growth Conditions 

The Caulobacter crescentus strains, such as NA1000 and its derivatives, used in this study are listed in 

Table 1.  All Strains were grown for overnight at 30oC with aeration in peptone yeast extract (PYE; 

0.2% peptone, 0.1% yeast extract, 1 mM MgSO4, 0.5 mM CaCl2).  These cultures were used in the 

protocols listed below. 

 

Motility Assay 

20 one µL drops of culture were placed on semi-solid PYE plates with 0.3% agar and grown for 48 

hours at 30oC. Diameters of the motility zones formed from each drop were measured at 24 and 48 

hours post inoculation. For cultures exposed to anti-PilA antibody, cells were incubated with 

dilutions of the antibody 45 minutes prior to inoculation on semi-solid plates. For motility assays 

with CCCP, CCCP was added to the semi-solid agar at the concentrations ranging from 1 – 50 µM. 

 

Determination of Phage Adsorption Efficiency  

The method used was adapted from the double overlay agar assay previously described [37, 38].  

Briefly, 30 mL of an overnight culture of C. crescentus NA1000 grown in 1 mM MgSO4 PYE was 

centrifuged for five minutes at 8000 x g and the supernatant decanted.  The cell pellet was 

resuspended and then diluted in PYE adsorption media (4 mM MgSO4) to obtain an OD600 of 0.6. 

Nine mL of the diluted culture was placed in an 125 mL Erlenmeyer flask and incubated for 30 

minutes at 30°C and 60 rpm with and without the addition of dilutions of the anti-PilA antibody or 

CCCP. One mL of 1 x 106 PFU/mL ϕCbK in 4 mM MgSO4 PYE was mixed with the 9 mL of 

diluted culture for a multiplicity of infection (MOI) of 0.001.  Every 5 minutes, 100 µL aliquots of 

the C. crescentus cultures were removed from the flask and mixed in Eppendorf tubes containing 900 
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µL of ice-cold PYE and 30 µL chloroform for 45 minutes, as the ϕCbK completes its lytic cycle in 

C. crescentus at 50 minutes or later. Once all time points were collected, the Eppendorf tubes were 

centrifuged at 4°C for five minutes at 12000 × g. 100 µL of the phage-containing supernatant was 

mixed with 400 µL of a phage infection indicator strain (bNY304; OD600 = 0.3), mixed with 4.5 mL 

of molten 0.5% 1 mM MgSO4 PYE agar and overlaid on a plate containing 20 mL of 1.5% 1 mM 

MgSO4 PYE agar. The plates were incubated overnight at 30°C before counting PFU.  A control 

flask containing only phage was maintained in parallel for the duration of the experiment. The 

adsorption rate constant (K-value) was calculated by plotting relative PFU over time for each 

adsorption and dividing the slope of the regression line by the viable bacteria cell number. K-values 

listed in Tables 2 and 3 are means of 3 separate regression lines. 

 

Preparation of Grids for Transmission Electron Microscopy 

Negatively stained grids. 400-mesh carbon-formvar copper grids (EM Sciences; Hatsfield, PA) were 

glow discharged for 30 seconds. C. crescentus cultures were treated with 1:500 anti-PilA antibody or 

10 µM CCCP for fifteen minutes then four µL were applied to the grids and allowed to adsorb for 

five minutes.  Grids were washed once with distilled water, stained for 45 seconds with 1% uranyl 

acetate (UA), and allowed to air dry.   

 

Cryo-grids. C. crescentus cultures were treated with 1:500 anti-PilA antibody or 10 µM CCCP for fifteen 

minutes then mixed with 10 nm BSA-treated colloidal gold (Electron Microscopy Sciences, Hatfield, 

PA). To visualize ϕCbK adsorption, ϕCbK was added to the cultures 10 minutes prior to plunge-

freezing at an MOI of 10. Four µL aliquots were applied to Quantifoil Cu R 2/1 200 mesh grids and 
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plunge-frozen using an FEI Vitrobot Mark III (FEI, Hillsboro, Oregon). Grids were stored in liquid 

nitrogen prior to imaging. 

 

Transmission Electron Microscopy 

Negatively stained specimens were imaged on a JEOL JEM-1400 transmission electron microscope 

(TEM; JEOL, Ltd., Japan) equipped with a LaB6 filament and operated at an accelerating voltage of 

120 kV. Images were digitally captured on a Gatan US1000 (2k × 2k) CCD camera (Gatan, 

Pleasanton, CA). 

 

Cryo-grids were imaged on a JEOL JEM-2200FS transmission electron microscopy (JEOL, Ltd., 

Japan) equipped with a field emission gun, Omega energy filter (20 eV slit width), and Direct 

Electron DE-20 (Direct Electron, LP, San Diego, CA). Tilt series images were acquired at 12 frames 

per second, 10,000× nominal magnification (6.14 Å/pixel), and -6 µm defocus, over a tilt range of 

+62° to -62° degrees at 2° increments semi-automatically using the SerialEM package [39]. Total 

electron dose ranged from 120 to 130 e-/Å2. Images were motion corrected using scripts from 

Direct Electron, LP, and tomograms were reconstructed by r-weighted back projection using the 

IMOD package [40, 41]. 

 

Statistical analyses 

Graphs were generated using Prism 6 software (GraphPad Software, Inc.) and statistical analyses 

were performed using one-way ANOVA and Dunnett’s multiple comparisons test at 95% 

confidence interval. 
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RESULTS 

Despite the lack of a retraction ATPase in T4cP, pilus retraction in C. crescentus has been directly 

visualized [23] and it has long been suggested that pilus retraction is responsible for bringing the 

ϕCbK phage tail to the receptor at the cell pole [36]. To test this hypothesis, we sought to physically 

block pilus retraction by allowing antibody binding along the pilus filament. We inoculated wild-type 

C. crescentus with dilutions of anti-PilA antibody ranging from 1:500 to 1:10000 to test if motility or 

the ϕCbK adsorption rate was affected (Figure 1A and 1B). We examined the potential effects of 

antibody binding on cell motility in a motility assay (Figure 1A). At 24 hours incubation, cells treated 

with a 1:10000 dilution of antibody showed a slight but significant decrease in colony diameter 

compared to wild type C. crescentus colonies (Figure 1A). The effect was more pronounced for cells 

treated with a 1:1000 dilution of antibody, which also a showed significant difference from the 

1:10000 dilution treated cells. These data suggest that antibody does bind and inhibit pilus retraction 

as this is required for cell motility in T4P expressing cells [5, 42], however binding does not appear 

to affect the flagellum, which explains why cells remain motile.  

 

We observed a dose-dependent reduction in the adsorption of ϕCbK phage after antibody treatment 

(Figure 1B). The K-values for ϕCbK adsorption in the presence of anti-PilA antibody are listed in 

Table 2. The adsorption K-values were significantly lower for cells treated with anti-PilA antibody at 

1:10000, 1:1000, and 1:500 dilutions. This suggests two possibilities: 1) the ϕCbK phage tails bind 

the pilus filament and antibody along the filament prevents retraction and irreversible binding of the 

phage to the receptor at the cell pole or 2) antibody binding along the pilus filament blocks the 

ϕCbK phage tail from binding the pilus filament altogether. Both would require that the ϕCbK 

phage tail initially binds the extended pilus filament and retraction of the pilus brings the phage to 

the receptor at the cell surface. 
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To prevent pilus retraction in C. crescentus chemically, we treated cells with carbonyl cyanide m-

chlorophenyl hydrazone (CCCP). CCCP is a proton ionophore that dissipates the proton motive 

force (PMF), uncoupling electron transfer from ATP synthesis. To assess motility in the presence of 

CCCP, we performed motility assays on semi-solid agar plates containing CCCP at various 

concentrations. We observed a reduction in motility at 5 and 10 µM CCCP (Figure 2A). This was 

expected, as flagellar rotation is known to be powered by the PMF [43]. We did not observe any 

bacterial growth on semi-solid agar plates containing 50 µM CCCP. We similarly observed a dose-

dependent reduction in ϕCbK adsorption (Figure 2B). The K-values for ϕCbK adsorption in the 

presence of CCCP are listed in Table 3. The K-value for adsorption at concentrations of CCCP 

higher than 1 µM was significantly lower than for untreated cells, indicating that the PMF is involved 

in the ϕCbK adsorption process.  

 

Because ϕCbK is known to initially bind reversibly to the C. crescentus flagellum through its head 

filament and use flagellar rotation to concentrate at the cell pole [38], we also performed 

experiments in ΔmotA and ΔtipF mutants. The ΔmotA strain assembles a flagellum that is incapable 

of rotating [44, 45] and the ΔtipF strain does not assemble a flagellum [44]. In this way we can 

observe the results of dissipating the PMF without the confounding effects that the flagellum or 

flagellar rotation contribute to the ϕCbK adsorption process. The ϕCbK adsorption rate is 

substantially lower in these strains compared to wild type NA1000, as previously reported (Figure 3) 

[38]. The rate was further reduced by treatment with anti-PilA antibody or CCCP, indicating that the 

PMF is also involved during the pilus stage of ϕCbK adsorption. 

 

To quantify the effects of antibody and CCCP treatments on pilus dynamics, we used negative stain 

electron microscopy to count the number of cells with extended pili. Example images are shown in 
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Figure 4. 52% (55/106) of untreated cells expressed pili, while 65% (53/81) of cells that had been 

treated with a 1:500 dilution of anti-PilA antibody had extended pili. This increase supports the 

hypothesis that antibody binding physically blocks pilus retraction. Additionally, we are able to 

visualize extra density along the pilus filaments in the presence of anti-PilA antibody compared to 

untreated cells (Figure 4A and 4B). Interestingly, after the addition of 10 µM CCCP, only 15% 

(21/139) of cells expressed pili. A possible explanation for this reduction could be that the PMF is 

involved in both pilus assembly and retraction. This would result in fewer pili, and as we observed, a 

lower ϕCbK adsorption rate (Figure 2B). 

 

To further investigate the effects of anti-PilA antibody binding in C. crescentus, we imaged the cells by 

cryo-electron tomography (cryo-ET) (Figure 5). We observed a similar increase in the number of 

cells expressing pili when comparing untreated cells to cells in the presence of anti-PilA antibody as 

we saw by negative stain imaging. Cryo-ET also revealed that on cells expressing pili, the number of 

pili per cell was greater when treated with antibody than without treatment (Figure 5A and 5B). 

Untreated cells expressing pili had an average of 1.3 pili per cell while antibody treated cells 

expressing pili averaged 2.9 pili per cell. To increase the number of infection events available for 

imaging on the EM grids, we infected cells treated with 1:500 or 1:1000 dilutions of anti-PilA 

antibody at an MOI of 10 for cryo-ET. ϕCbK phages were resolved with head filaments interacting 

with the flagellum, with tails binding pilus filaments (data not shown), and with tails bound to the 

cell pole (Figure 5C2 and 5C3). Similarly to the negative stain images, density corresponding to 

antibody could be resolved along the pilus filaments, and in some cases several pili bundled together 

(Figure 5C1). The increase in the number of cells expressing pili and the number of pili on these 

cells indicates that antibody binding of the pilus filament physically prevents retraction. That we 

found phages bound to the cell pole despite having blocked retraction is not surprising because the 
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flagellar mechanism of adsorption was still functional for these cells. This is also reflected in the 

ϕCbK adsorption data in which not all adsorption is prevented at these dilutions of antibody (Figure 

1B). Concentration of the phages at the pole through flagellar rotation could bring the tail into close 

enough proximity to bind the pole without the use of pilus retraction. We rarely observed phages 

that had ejected their genomes bound to the cell pole, however, which may indicate that antibody 

binding affects the irreversible binding step at the cell pole. Future experiments will include cryo-ET 

imaging of anti-PilA antibody and CCCP treatments of ΔmotA and ΔtipF strains with and without 

ϕCbK infection to help elucidate pilus specific interactions. 
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DISCUSSION 

Ellison et al. recently directly visualized retraction of the T4cP of C. crescentus by fluorescently labeling 

a cysteine knock-in of PilA using maleimide dyes [23]. Retraction was physically blocked by the 

addition of a large polyethylene glycol maleimide and this tension was shown to provide a surface-

sensing signal for the cell. Because ϕCbK is known to use the pilus during the adsorption and 

attachment process, we sought to understand whether the phage exploited the pilus retraction 

process to reach the cell receptor for irreversible binding. We physically blocked retraction using an 

antibody against the major pilin protein, PilA, which led to reduced motility and ϕCbK adsorption, 

indicating that ϕCbK utilizes pilus dynamics during its adsorption process. Chemically preventing 

retraction using the proton ionophore CCCP dramatically reduced ϕCbK adsorption, suggesting that 

the PMF is required for this process, both in wild type and flagellar mutant strains.  

 

Imaging by negative stain electron microscopy after treatment with anti-PilA antibody showed an 

increase in the number of cells expressing pilus filaments, confirming that pilus retraction was 

blocked by antibody binding. After treatment with CCCP we observed a decrease in the number of 

cells expressing pili, suggesting that the pilus assembly process depends on the PMF, as well. Cryo-

ET experiments of cells treated with antibody showed similar results. In the context of treatment 

and phage infection, cells often expressed multiple pili and phages were not observed to eject their 

genome into the cells, indicating that an essential step in the adsorption process had been blocked. 

 

We propose a model in which the ϕCbK phage initially adsorbs to the flagellum using the phage 

head filament (Figure 6A), allowing it to use flagellar rotation to concentrate at the C. crescentus cell 

pole (Figure 6B). The phage tail fibers then bind the extended pilus filament (Figure 6C), and 

retraction of the pilus brings the phage tail to the receptor on the cell surface (Figure 6D).  
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Pilus retraction in C. crescentus has been shown to function in surface sensing [23] and here we show 

that it is also required for pilus specific phage adsorption. The T4b toxin co-regulated pilus (TCP) of 

Vibrio cholerae similarly lacks a retraction ATPase, but is retractile and TCP retraction is necessary to 

bring CTXϕ, the lysogenic phage encoding the major virulence factors of V. cholerae, to the 

bacterium [46, 47]. TCP retraction is facilitated mechanically by the minor pilin TcpB. It will be of 

great interest whether the T4cP of C. crescentus uses a similar means for retraction or if its mechanism 

is unique. 
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FIGURE LEGENDS 

Figure 1. Effects of pretreating NA1000 cells with dilutions of anti-PilA antibody.  (A) Motility of 

NA1000 cells treated with anti-PilA antibody. Columns represent mean diameters of colonies grown 

for 24 hours on semi-solid agar relative to the untreated control. Treatment is noted on the x-axis. 

Mean colony diameter of both antibody treated groups are significantly lower than untreated cells at 

24 hours of growth. Error bars represent standard deviation.  **P = 0.0068, ****P < 0.0001, ***P = 

0.0001. (B) Phage adsorption assays of cells treated with varying dilutions of antibody. Data 

represent the mean percentage of the natural log of plaque forming units (PFU) over time from 

three independent experiments.  

 

Figure 2. Effects of pretreating NA1000 with CCCP. (A) Motility of NA1000 cells treated with 

CCCP. Columns represent mean diameters of colonies grown for 24 hours on semi-solid agar 

relative to the untreated control. CCCP concentration is noted on the x-axis. Mean colony diameters 

of groups treated with CCCP at 5 µM or higher are significantly lower than untreated cells at 24 

hours of growth. Interestingly, treatment with 1 µM CCCP resulted in a significant increase in mean 

colony diameter. Error bars represent standard deviation.  ****P <0.0001. (B) Phage adsorption 

assays of cells treated with CCCP. Data represent the mean percentage of the natural log of plaque 

forming units (PFU) over time from three independent experiments. 

 

Figure 3. Effects of antibody and CCCP treatment on strains lacking flagellar rotation or flagellar 

filaments. Anti-PilA antibody and CCCP treatments reduce the rate of ϕCbK adsorption in both (A) 

ΔmotA and (B) ΔtipF strains, indicating that the treatments are not acting solely on the flagellum. 
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Figure 4. Negative stain electron microscopy of (A) untreated, (B) 1:500 anti-PilA antibody treated, 

and (C) 10 µM CCCP treated NA1000 cells allows quantification of the number of cells expressing 

pili. Antibody is observed as additional density coating the pilus filaments in (B). Scale bars, 200 nm. 

 

Figure 5. Cryo-ET slices of NA1000 cells (A) untreated, (B) 1:500 anti-PilA antibody treated, and 

(C) 1:500 anti-PilA antibody treated and infected with ϕCbK at an MOI of 10. (A1, A2, B1, and B2) 

the number of extended pilus filaments increases upon addition of anti-PilA antibody. (A3 and B3) 

Flagella of untreated and antibody treated cells. (C1) A bundle of pilus filaments observed after 

antibody treatment and ϕCbK infection. (C2) A ϕCbK phage with a full capsid attached to the C. 

crescentus cell pole. (C3) The ϕCbK tail attached to the cell pole. White arrowheads indicate pilus 

filaments, black arrows indicate flagella, black arrowheads indicate a bundle of pili, the white asterisk 

indicates a full ϕCbK capsid, and the white arrowhead indicates the ϕCbK tail attached to the cell. 

and Scale bars, 100 nm. 

 

Figure 6. Model of ϕCbK adsorption to C. crescentus. (A) the ϕCbK head filament wraps the 

flagellum. (B) Flagellar rotation concentrates phages at the cell pole. (C) the ϕCbK tail fiber adsorbs 

to the extended pilus filament. (D) pilus retraction brings the ϕCbK tail to the receptor at the cell 

pole. Green, ϕCbK; Blue, pilus; magenta, flagellum; yellow, S-layer; orange, outer membrane; red, 

inner membrane. 

 

Supplementary Figure 1. ϕCbK adsorption assay of cells treated with 10 µM CCCP 15 minutes 

after the addition of ϕCbK phages. CCCP treatment immediately reduces the rate of ϕCbK 

adsorption. 
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Figure 4 
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Figure 5 
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Figure 6 
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Supplementary Figure 1 
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Table 1. Bacterial strains used in this study 
 

Strain  Phenotype Source 
C. crescentus NA1000 Synchronizable derivative of CB15 Marks et al.  
C. crescentus ΔmotA Deficient flagellar stator Huitema et al., 

Radhakrishnan et al. 
C. crescentus ΔtipF No flagellum Huitema et al.  
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Table 2. Rate of phage adsorption to anti-PilA antibody treated C. crescentus 
 

Strain  Mean K Value 
Relative to NA1000 
(untreated) +/- 
Standard Error 

P-value (Compared 
to NA1000 
untreated) 

R2 of Mean of 
Regression 
Lines for % LN 
of PFU  

NA1000 (untreated) 100 1 0.97 
 

NA1000 1:10000 anti-
PilA Antibody 

66.5 +/- 1.7 0.0071 0.95 
 

NA1000 1:1000 anti-
PilA Antibody 

61.4 +/- 7.5 0.0027 0.95 
 

NA1000 1:500 anti-
PilA Antibody 

33.1 +/- 16.1 <0.0001 0.96 
 

ΔpilA 8.9 +/- 6.3 <0.0001 0.93 
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Table 3. Rate of phage adsorption to CCCP treated C. crescentus 
 

Strain  Mean K-Value 
Relative to NA1000 
(untreated) +/- 
Standard Error 

P-value (Compared 
to NA1000 
untreated) 

R2 of Mean of 
Regression 
Lines for % LN 
of PFU  

NA1000 (untreated) 100 1 0.97 
 

NA1000 1 µM CCCP 97.5 +/- 21.3 0.9998 0.96 
 

NA1000 5 µM CCCP 23.9 +/- 21.4 0.0027 0.823 
 

NA1000 10 µM CCCP 9.4 +/- 11.6 0.0006 0.430 
 

NA1000 50 µM CCCP 2.4 +/- 0.2 0.0003 0.55 
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ABSTRACT 

Caulobacter crescentus is a small, free-living, Gram-negative alpha-proteobacterium that commonly lives 

in oligotrophic fresh and salt-water environments. C. crescentus is host to many bacteriophages, 

including bacteriophage ϕCbK, which first adsorbs to cells by interactions with the bacterial 

flagellum. In this study we established that, in addition to their impact on flagellar structure and 

motility, the presence of specific flagellins in the assembled flagellar filament directly influenced the 

adsorption efficiency of the flagellotropic bacteriophage φCbK to C. crescentus. To investigate the 

relationship between C. crescentus flagellum composition and φCbK predation, we used a number of 

approaches, including motility and bacteriophage adsorption assays, negative stain transmission 

electron microscopy (TEM), cryo-electron microscopy (cryo-EM), and cryo-electron tomography 

(cryo-ET). We have now generated straight flagellum mutants and are optimizing imaging conditions 

for the determination of a detailed structural model to provide understanding about C. crescentus 

flagellum assembly and ϕCbK interactions with the flagellar filament. 
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INTRODUCTION 

Bacterial flagella are necessary for the initial interactions that occur between flagellotropic 

bacteriophages and their hosts [1-17]. In most cases, phage tail fibers wrap directly around the 

flagellum as the bacteria swim, efficiently facilitating the consequential irreversible attachment of the 

phages to their hosts. An alternative strategy has evolved for ϕCbK and the other ϕCbK -like phages 

of Caulobacter crescentus (ϕCb13 and others), in which a headfirst mechanism is exploited to establish 

the initial contact with the flagellar filament [4, 18]. While both the headfirst and tailfirst approaches 

increase the phages’ chances of infecting the host cell, the method used by ϕCbK and ϕCbK -like 

phages proves to be more advantageous in several ways. Firstly, the head filament – flagellum 

connection efficiently increases the local concentration of phages around the cell pole where the cell 

surface receptors to the phage are located. Secondly, headfirst contact simultaneously leaves the 

ϕCbK tails unconstrained and available to detect and bind the pilus portal for irreversible 

attachment. The molecular mechanisms and structural contacts that regulate the interfaces between 

phage ϕCbK and the Caulobacter flagellum, however, are not well defined. 

 

The bacterial flagellum is composed of three major structures: the motor (basal body), the hook, and 

the filament. The basal body, which drives the complex, is located within the cell wall; the hook 

attaches to the basal body and extends beyond the bacterial outer membrane; and the flagellar 

filament assembles at the end of the hook. Bacterial flagellar filaments are long tubular structures 

that arise from the assembly of multiple secreted subunits of flagellin [19, 20]. An examination of the 

bacterial flagellar filament genes shows that there is a high degree of sequence conservation in C-

terminal and N-terminal D0 and D1 regions of most flagellins. D0 and D1 are associated with 

flagellin polymerization and form the lumen of the flagellar filament [21] and specific regions of D1 

are known recognition sites for the innate immune systems of mammals and plants [22-24]. 
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Conversely, the two surface-exposed domains, D2 and D3, are present on the outer lobes of the 

flagellum and are highly variable [21]. Analogous to an antibody response, both molecular and 

structural specificities may be present between bacteriophage and the bacterial flagellum as a whole, 

or more specifically to parts within domains of the flagellin protein.  

 

The number of flagellin genes present in bacterial genomes is highly variable. For example, some 

bacteria have a single flagellin gene, such as Escherichia coli and Bacillus subtilis, whereas others 

maintain multiple flagellin genes, including Helicobacter pylori, Rhizobium meliloti, Salmonella enterica 

serovar Typhimurium, and the Vibrionaceae [25]. In addition to bacterial phase variation orchestrating 

the expression of a single flagellin to produce an active flagellum in species such as Campylobacter 

jejuni and Salmonella, almost 50% of bacterial species, including C. crescentus, assemble flagella 

composed of several flagellin proteins [26]. That said, the rationale behind the need for a bacterial 

species to actively retain multiple flagellin genes is not understood. It is possible that seamless 

flagellar filament assembly may necessitate the inclusion of multiple flagellins. Alternatively, the 

inclusion of multiple flagellins may provide the organism with an ability to combat environmental 

pressures such as survival in a particular environment, improved pathogenicity, or resistance to 

bacteriophage predation. The likelihood of the latter has been highlighted in studies to determine the 

factors that regulate phage infection specificity in C. jejuni, a species known to exhibit phase variation 

in the expression of flagellum proteins and capsular polysaccharide (CPS) [27, 28]. Similarly, 

Salmonella also expresses its two flagellins, fliC and fljB, in a phase variable manner [29, 30]. As with 

the C. jejuni phage, the success of flagellotropic Salmonella phage infection of the host is highly 

dependent on the flagellins present in the Salmonella flagellar filament [31].  
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The C. crescentus flagellum has been a model for understanding the composition, handedness, and 

structure of bacterial flagella [32-34]. The C. crescentus flagellar filament is composed of six 

independent flagellin subunits [35]. The flagellins are expressed from six genes that are located on 

two separate loci in the C. crescentus genome. The alpha locus contains the fljJ (29 kDa flagellin), fljK 

(25 kDa flagellin) and fljL (27 kDa flagellin) genes as well as the two flagellin translation regulators, 

flaF and flbT. The beta locus includes the fljM, fljN and fljO genes, all of which encode 25 kDa 

flagellins [26, 35]. Previously, it was determined that alterations to the inclusion of the six flagellins 

into the C. crescentus flagellum did not improve motility or speed profiles, but caused either 

maintenance of or a reduction to wild type motility patterns [26]. It is possible that the selection of 

specified flagellins in the flagellum may regulate other structure-function relationships, such as 

bacteria-bacteriophage interactions. 

 

In this study we established that, in addition to their impact on flagellar structure and motility, the 

presence of specific flagellins in the formed flagellar filament directly influenced the adsorption 

efficiency of the flagellotropic bacteriophage ϕCbK to C. crescentus. By combining motility and 

bacteriophage adsorption assays with negative stain transmission electron microscopy (TEM), cryo-

electron microscopy (cryo-EM), and cryo-electron tomography (cryo-ET) of C. crescentus mutants 

infected with ϕCbK, we propose that multiple flagellins are structurally required for proper assembly 

and function and that the ϕCbK adsorption mechanism has adapted to the multi-flagellin flagellum.    
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MATERIALS AND METHODS 

Bacterial strains and growth conditions 

Bacterial strains used in this study are noted in Table 1. All C. crescentus strains were grown in 

peptone yeast extract (PYE; 0.2% peptone, 0.1% yeast extract, 1 mM MgSO4, and 0.5 mM CaCl2) 

modified from Schmidt and Stanier [36, 37]. For phage adsorption assays, PYE contained 4 mM 

instead of 1 mM of MgSO4. Plating medium contained 1.5% (wt/vol) Bacto agar.  

 

Motility assays 

In order to confirm the motility phenotypes of the flagellin mutants we carried out motility assays as 

previously described [4]. Briefly, PYE soft-agar plates containing 0.3% (wt/vol) agar were stab-

inoculated with colony forming units (CFUs) from plates that had been incubated overnight. 

Motility zone diameters were measured on three separate plates after 72 hours of incubation at 30°C, 

and are presented as percentage motility with respect to the wild type strain NA1000. 

 

Evaluation of adsorption kinetics 

Phage adsorption to the C. crescentus flagellum was measured as previously described [4, 36, 38] after 

the systematic removal of one or more flagellins. Briefly, overnight cultures of C. crescentus were 

infected with ϕCbK at a multiplicity of infection (MOI) of 0.001 in PYE adsorption media (4 mM 

MgSO4). A parallel control flask contained only phages. Adsorption proceeded with slow shaking 

(60 rpm) at 30 °C for 45 minutes. Aliquots of 100 µl were mixed in ice-cold tubes containing 900 µL 

of PYE medium and 30 µL of chloroform to disrupt bacterial cells; after 45 minutes, samples were 

centrifuged (5 minutes at 12000 x g, 4 °C) to precipitate bacterial debris. The supernatant containing 

unabsorbed phages was used to infect an indicator strain (C. crescentus bNY30A; OD600=0.3) and 

overlaid on PYE agar. Plates were incubated at 30 °C overnight for PFU enumeration. The 
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adsorption rate constant (K) was calculated by plotting relative plaque-forming units over time and 

dividing the slope of the regression line by the viable bacterial count.  

 

Electron microscopy of C. crescentus  and φCbK adsorption to C. crescentus  cells  

Samples were prepared for TEM by first glow discharging 400-mesh copper, carbon-coated, 

formvar grids (EM Sciences) for 40 seconds. Five µl of overnight cultures of C. crescentus were 

applied to the grids and allowed to adsorb for one minute before being washed three times with 

fresh PYE and stained with 1% phosphotungstic acid (PTA; pH 6.8) for 1 minute. 

 

Negatively stained C. crescentus cells were imaged on a JEOL JEM-1400 transmission electron 

microscope (TEM; JEOL, Ltd., Japan) equipped with a LaB6 filament and operated at an 

accelerating voltage of 120 kV. In order to capture the total length of the bacterial flagellum, images 

at a low magnification of 2,000× were digitally captured on a Gatan Ultrascan US1000 (2k × 2k) 

CCD camera (Gatan, Pleasanton, CA). Images were imported into ImageJ and flagellar length was 

quantified using the measure analysis option [39]. The average flagellum length for each C. crescentus 

strain was determined from at least 25 (except strain FljJ) flagella that were intact and attached to the 

cell. The presence or absence of flagella and the ability of φCbK to infect the C. crescentus strains was 

also investigated. 

 

To characterize ϕCbK adsorption to C. crescentus strains by cryo-ET, bacterial overnight cultures 

were grown to an OD600 of 0.6, infected at an MOI of 10 and incubated without shaking for 15 

minutes at 30°C. Four µL aliquots were plunge frozen onto glow-discharged, 200 mesh, copper 

Quantifoil grids (Quantifoil, Germany) in liquid ethane using a Vitrobot Mark III (FEI, Hillsboro, 



 219 

Oregon).  BSA-treated 10 nm colloidal gold was either previously applied onto the grids and air 

dried or mixed with the sample for homogeneous gold distribution in the ice.  

 

Cryo-EM and cryo-ET data collection was carried out using a JEOL JEM-2200FS 200 kV FEG-

TEM with an in-column Omega energy filter (slit width 20 eV). Images were collected at 12 frames 

per second with a Direct Electron, LP DE-20 direct electron detector (San Diego, CA) and motion 

corrected using scripts from the vendor. A cumulative electron dose between 120 e-/Å2 and 140 e-

/Å2 was used for tilt series acquisition from -62° to +62° and images were acquired at 10,000× 

nominal magnification (6.14 Å/pixel) and -6.0 µm defocus. Tilt series images were automatically 

collected with 2° angular increments using SerialEM [40]. Tomograms were reconstructed from the 

aligned images using the IMOD package [41]. 2D projection images were acquired at 40,000× 

nominal magnification (1.38 Å/pixel) with a total electron dose of 20 e-/Å2.  

 

f l jK mutagenesis 

To produce straight flagellum mutants composed of FljK, fljKT103C was PCR amplified from a C. 

crescentus ΔfljJLMNO strain with a cysteine knock-in the fljK gene (YB6528) using primers fljK-F-

BamHI and fljK-R-HindIII and the GeneMorph II random mutagenesis kit. The products were 

digested with BamHI and HindIII and ligated with similarly digested pMR10 for 12 hours at 16°C. 

The digested insert and vector were treated with recombinant shrimp alkaline phosphatase prior to 

ligation to prevent re-ligation of the vector. The ligation was dialyzed for 30-60 minutes using 

Millipore membrane filters with 0.025 µm pore size floating on MilliQ water then used to transform  

C. crescentus ΔfljJKLMNO (TPA2357) by electroporation. fljKT103C amplified using Phusion High-

Fidelity DNA Polymerase was used as a control. Strains were screened for loss of motility using 

motility assays as described above. Non-motile mutants were labeled using Alexa Fluor 594 C5 
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Maleimide dye and imaged by fluorescence microscopy to determine if they expressed straight 

flagellar filaments. 

 

Fluorescence microscopy 

To assess the flagellar morphology of the motility defective strains, 1 µl of stained cells was spotted 

onto the glass portion of a MatTek dish (P35G-1.0-14-C). A 2x2x1 mm pad consisting of 1% 

agarose in M2 (1X) salts was placed on top of the spotted cells, trapping the cells between the glass 

coverslip and agarose pad. Up to four individual strains were simultaneously imaged on each 

MatTek plate. Imaging was performed on a Nikon Eclipse Ti microscope with a 100×, 1.49 NA oil 

immersion objective using a spinning disk confocal head (CSU-22, Yokagawa) and an EMCCD 

camera (Clara; Andor).  

 

Flagellar filament purification 

Straight flagellar filaments purification was based on filament preparations as described previously 

by Faulds-Pain et al. [26]. Briefly, an overnight culture was diluted 1:10 in 250 ml of PYE and grown 

until mid-exponential phase. Cells were removed from the culture by centrifugation at 10,000 × g 

for 15 min. The supernatant was then ultracentrifuged using an SW-32 Ti rotor at 27,000 rpm for 30 

min. The pellet was resuspended in 20 ml of PBS and centrifuged at 17,500 × g for 15 min to 

remove remaining cells. The supernatant was ultracentrifuged again at 27,000 rpm for 30 min. The 

pellet was resuspended in 50 µl of PBS. Filaments were stored at 4°C until grid preparation. 
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RESULTS 

C. crescentus  flagellum structure 

The length of the flagellum for the C. crescentus strains examined ranged from 0.1 µm to 10 µm with 

a mean of 3.4 µm (Figure 1, Figure 2, and Table 2), which is in good agreement with previous 

measurements of isolated flagellar filaments [26, 42]. Driks et al. [43] proposed that the largest (29 

kDa) flagellin subunit (FljJ) is used to initiate the assembly of flagellin subunits in C. crescentus by 

forming a short flagellar segment to which other flagellins assemble. Our negative stain EM and 

cryo-ET results of the ΔfljKLMNO mutant agree with this model as we resolved the combined 

length of the flagellar filament and flagellar hook to be between 120 nm and 160 nm, respectively 

(Figure 2B and Figure 3B). The only other mutant strain that presented extremely short flagella was 

the ΔfljJKLM mutant (Figure 1 and Figure 2H). Similar to ΔfljKLMNO, the flagella of ΔfljJKLM cells 

were limited in length and extended only several hundred nm, or less, from the cell pole. The results 

illustrated that the ΔfljJKLM mutant was unable to produce a full-length flagellum and further 

substantiated the requirement for another flagellin for proper filament assembly. The impact of the 

incorporation of an additional flagellin with FljN and FljO for the synthesis of a flagellum of average 

length was confirmed with the ΔfljJKL strain. The mean length of the flagellum for ΔfljJKL was 4.3 

µm (Figure 1 and Figure 2J). Of great interest was that with the addition of the fourth 25 kDa 

flagellin, FljK, the average length of the flagellum decreased to 3.6 µm (Figure 1 and Figure 2L). 

This may be evidence to support that structural nuances associated with the individual flagellins 

promote or inhibit formation, strength, and ultimate structure of the filament. 

 

The results of Driks et al. also indicate that the intermediate size (27 KDa) flagellin (FljL) may serve 

as an adapter between FljJ and the subsequent assembly of the smaller (25 KDa) flagellin subunits 

(FljK, FljM, FljN and FljO). Similar work by Minnich et al. [44] supported this hypothesis by 
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illustrating that deletion mutants of fljJ and fljL assemble a shortened flagellum. We observed an 

increase in filament length upon the addition of FljL to FljJ and close to wild type filament lengths 

when FljJ and FljL were combined with one or more 25 kDa flagellin (Figure 1 and Figure 2), 

providing additional support for this model. 

 

Examining the collection of 15 strains expressing various combinations of flagellins, we found that 

flagellum length, although highly variable, generally correlated with motility (Figure 1). The strains 

exhibiting motility closest to wild type levels were ΔfljMNO, ΔfljK, and ΔfljM. This suggests that the 

combination of FljJ with FljL and one or more of the 25 kDa flagellins is required for wild type 

motility. Motility was slightly reduced in mutants expressing one or more 25 kDa flagellin but 

lacking FljJ or FljL, and it was further reduced in mutants expressing one or more 25 kDa flagellin 

but lacking both FljJ and FljL (Figure 1). Low levels of motility were seen for mutants only 

expressing FljJ, FljL, or FljJ and FljL, which corresponds to the truncated filament lengths observed 

for these strains.  

 

Kinetics of phage adsorption. 

Reduced motility results in decreased phage ϕCbK adsorption to C. crescentus [4], a result that extends 

to phage Chi [2], B. subtilis phage PBS1 [45], and Agrobacterium tumefaciens phages GS2 and GS6 [46]. 

In the case of φCbK, we wanted to determine whether in addition to motility per se, the composition 

of a flagellum also affected adsorption rates. Similar to our previous study which included C. 

crescentus strain ΔtipF (no flagellum) [4], we determined that C. crescentus strains ΔfliF (non-flagellated) 

and ΔfljJKLMNO (no flagellins), examined in this study, had significantly reduced motility levels and 

greatly reduced ϕCbK adsorption rates (Figure 1).  
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Examining a collection of 15 strains expressing various combinations of flagellins, we found that 

three strains had ϕCbK adsorption rates close to that of wild type: ΔfljLMNO (FljJ and FljK only), 

ΔfljL and ΔfljM, indicating the FljJ and FljK flagellins are important for ϕCbK adsorption (Figure 1). 

Deletion of either fljJ or fljK leads to ϕCbK adsorption rates that are half that of wild type rates, 

suggesting that FljJ and FljK are equally necessary for wild type levels of adsorption. The 

ΔfljKLMNO and ΔfljJLMNO strains had adsorption rates of 14% and 37% of the wild type rate, 

respectively, indicating that FljJ and FljK must be present together (Figure 1 and Table 2).  

 

The addition of FljL to FljJ or FljK increased the rate of ϕCbK adsorption from 14% for 

ΔfljKLMNO to 34% for ΔfljKMNO and 37% for ΔfljJLMNO to 47% for ΔfljJMNO, but comparison 

of adsorption rates of ΔfljLMNO (99%) with ΔfljMNO (45%) and ΔfljMNO (45%) with ΔfljM 

(101%) indicates that FljL counteracts the combination of FljJ and FljK, unless FljN and FljO are 

present. The addition of FljN and FljO also counteracts the adsorption rates provided by FljJ and 

FljK unless FljL or FljM is present. This can be seen by comparing ΔfljLM adsorption (65%) with 

ΔfljM adsorption (101%) or ΔfljL adsorption (93%). Expression of the 25 kDa flagellins in any 

combination examined did not achieve wild type levels of ϕCbK adsorption, although the addition 

of FljK to the β-flagellins increased the adsorption rate from 23% to 65% (ΔfljJKL compared to 

ΔfljJL), further implicating an important role for FljK in the adsorption process. The compositional 

requirements for ϕCbK adsorption are therefore fairly complex. While the presence of FljJ and FljK 

is sufficient, FljL must be offset by the addition of FljN and FljO and FljN and FljO must be offset 

by the addition of FljL or FljM in order for ϕCbK to achieve rates of adsorption similar to wild type. 
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Cryo-electron tomography of ϕCbK adsorption 

The adsorption of ϕCbK phage along the flagella of the flagellin deletion strains was examined by 

cryo-electron tomography. It was noted that ϕCbK phage were adsorbed along the length of the 

flagella of flagellin mutant strains and that the overall structure of the flagella was comparable to the 

flagella of wild type cells (Figure 3A, 3C, and 3D). We resolved intact flagella for all flagellin deletion 

strains, except for ΔfljKLMNO (Figure 3B) and ΔfljJKLM, which had flagella stubs and no ϕCbK 

phage adsorbed headfirst along the truncated flagellum length. Cryo-ET investigations of the ϕCbK 

-infected ΔfljKLMNO mutant established that ϕCbK was able to attach to the pole of the 

ΔfljKLMNO mutant in spite of limited adsorption due to the truncated flagellar filament (data not 

shown). Interestingly, the ΔfljKLMNO mutant supports ϕCbK infection, albeit at a greatly reduced 

level when compared with the other strains (Figure 1). Cryo-ET imaging of the ϕCbK-infected 

ΔfljJLMNO and ΔfljK strains revealed that the head filament of ϕCbK interacted with the flagella to 

support the adsorption process despite reduced rates of adsorption (Figure 1, Figure 3C and 3D). 

Thus, ϕCbK head filament interactions with the flagellum at the ultrastructural level appear to be 

unaffected by the flagellin composition of the flagellar filament. 

 

Cryo-EM structures of the flagellar filament 

We would now like to develop a detailed structural model of the flagellar filament by cryo-EM, to 

provide an understanding of multi-flagellin filament assembly and the potential implications this has 

on phage adsorption to the flagellum. The determination of high-resolution cryo-EM structures of 

helical assemblies generally requires that the filaments be straight. Flagellar filaments can be locked 

into L- and R-state straight conformations by mutation of the residues involved in L to R switching 

[47]. 
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Using random mutagenesis, we have generated a number of straight filaments composed of the FljK 

flagellin. A strain with a cysteine knock-in within the fljK gene was used so that the filaments could 

be fluorescently labeled with a maleimide dye for screening purposes [48]. Three single amino acid 

changes conferring straight flagella have been identified so far: T198I, L201Q, and N130S and 

imaged by negative stain EM (Figure 4 and Figure 5). Filaments from the FljK N130S mutant have 

been prepared and imaged by cryo-EM (Figure 6). The current preparation is at low concentration 

and cryo-EM shows densities corresponding to debris, so further purification will be required. 

 

The next steps will include the generation and structural determination of straight filaments 

composed of FljM and of both FljK and FljM. No structures of multi-flagellin flagella have yet been 

solved to high resolution, so comparison of these structures is poised to provide a great contribution 

to the understanding of flagellar filament structure and assembly. 
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DISCUSSION 

It has been well established that bacterial flagellins adopt a hairpin-like structure with the extended 

D2 and D3 regions forming the area exposed at the flagellar filament surface. In light of this 

structural characteristic common to flagellin proteins, amino acid substitutions present in this area 

are likely to generate antigenic diversity, as has been reported in other bacterial species [49]. In 

contrast, the C-terminus and N-terminus of the flagellin structure are conserved due to their 

contribution to flagellum shape [50] and their role in the formation of the flagellar filament core [51, 

52].  Taking into consideration these characteristics and our findings, we hypothesize that flagellin 

redundancy in C. crescentus contributes to flagellum assembly and function and that flagellotropic 

phages, such as ϕCbK, interact preferentially with specific combinations of flagellins.  

 

Although there appeared to be some correlation between length and adsorption and between 

motility and adsorption, there were exceptions in both cases. ϕCbK adsorbed poorly to all strains 

with short flagella, but adsorption was variable in strains producing longer filaments, indicating that 

the composition of the flagellum is important to this process. Previous research by Yen et al. [53] on 

Agrobacterium spp. illustrated that deletions of secondary flagellin genes brought about increased 

infectivity by phages. For the Agrobacterium system, it has been suggested that a specific, primary 

flagellin subunit, namely FlaA, is the site for phage tail docking and that the absence of the 

secondary flagellin genes increased the density of FlaA along the filament, hence increasing the 

efficiency of infection. In the C. crescentus – ϕCbK system, the interactions seem to be more complex. 

Our study illustrates that FljJ and FljK are important for ϕCbK adsorption and removal of the 27 

kDa flagellin FljL increases the efficiency of ϕCbK adsorption, but only in the absence of FljN and 

FljO. The removal of FljN and FljO also increases adsorption efficiency unless FljL or FljM is 
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present. Only three combinations of flagellins were capable of supporting wild type levels of ϕCbK 

adsorption and no mutants produced adsorption rates superior to wild type. 

 

Our previous research has shown that ϕCbK adsorption to the flagellar filament and the rotation of 

the flagellum allow for an increase in the local concentration of viral particles around the pilus 

portals of C. crescentus, which are the sites of irreversible attachment and genome injection [4]. Our 

results complement this unusual adsorption mechanism by providing evidence that the initial 

adsorption of ϕCbK is affected by the composition of flagellins in the flagellar filament and 

specifically favored by the presence of 25 kDa flagellins. 

 

The consequence of flagellin redundancy could also be alterations to flagellum surface structure that 

would ultimately regulate phage susceptibility. This hypothesis has led us to study high-resolution 

structures of the C. crescentus flagellum and how alterations to flagellin composition impact the 

structure.  
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FIGURE LEGENDS 

Figure 1. Flagellin deletion strain flagellum length measurements, cell motility, and ϕCbK  

adsorption kinetics. The distribution of flagellum lengths is shown with the black points indicating 

individual measurements of each flagellum. Error bars indicate standard deviation. The central bar 

represents the average length measurement for each strain. Strain motility (dark grey bars) and 

adsorption of phage ϕCbK (grey bars) to each strain were measured in triplicate and are presented as 

the percent difference from the wild type C. crescentus strain (NA1000). The black boxes indicate the 

presence of the corresponding flagellin. 

 

Figure 2. Transmission electron microscopy images of negatively stained C. crescentus flagellin gene 

deletion strains examined. The images depict that most strains examined maintained near-to-wild 

type length flagella. Only ΔfljKLMNO (B) and ΔfljJKLM (H) presented a severely truncated flagellum 

that lacked an appreciable flagellar filament (Figure 1). Scale bars, 1 µm; inset scale bar in 3B is 200 

nm. 

 

Figure 3. Averaged slices merged with segmentations through three-dimensional tomographic 

reconstructions of representative ϕCbK -infected C. crescentus cells selected from all strains examined. 

(A, C and D) Phages were observed either adsorbed along the length of the flagellum or attached to 

the cell poles of strains investigated. (B) C. crescentus ΔfljKLMNO assembles a short flagellum. Insets 

highlight the ϕCbK head filament wrapped around the C. crescentus flagellum. Scale bars, 200 nm. 

 

Figure 4. Fluorescence light microscopy of single amino acid change motility defective strains. (A) 

Positive control expressing unmutagenized FljKT103C. (B-D) Strains forming straight flagella with the 
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mutations T198I (B), L201Q (C), and N130S (D). We observed ejected flagella and flagella attached 

to the distal end of the stalk of some cells. Scale bars, 2 µm. 

 

Figure 5. Negative stain electron microscopy of single amino acid change motility defective strains. 

(A) Positive control expressing unmutagenized FljKT103C. (B-D) Strains forming straight flagella with 

the mutations T198I (B), L201Q (C), and N130S (D). We observed ejected flagella and flagella 

attached to the distal end of the stalk of some cells. Scale bars, 1 µm. 

 

Figure 6. Cryo-EM of purified FljKN130S flagellar filaments. (A and B) Representative cryo-EM 

images of filaments purified from the strain containing an N130S mutation in FljK. The filaments 

are straight and the lumen of the filaments can be resolved. Black arrows indicate flagellar filaments, 

the black arrowhead indicates a flagellar hook, and white arrowheads indicate debris remaining after 

the filament preparation process. Scale bars, 100 nm. 
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Figure 1 
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Figure 2 
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Figure 3 
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Figure 4 
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Figure 5 
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Figure 6 
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Table 1. C. crescentus flagellar mutants used in this study.  
 
 
Mutation Strain Genotype 

Wild type NA1000 syn-1000, synchronizable derivative 
of a C. crescentus wild type strain 

ΔfliF LS1218 ΔfliF 
ΔfljJKLMNO TPA2357 ΔfljJ ΔfljK ΔfljL ΔfljM-ΔfljO 
ΔfljKLMNO TPA2354 ΔfljK ΔfljL ΔfljM-ΔfljO 
ΔfljJLMNO TPA2353 ΔfljJ ΔfljL ΔfljM-ΔfljO 
ΔfljJKMNO TPA2346 ΔfljJ ΔfljK ΔfljM-ΔfljO 
ΔfljLMNO TPA2356 ΔfljL ΔfljM-ΔfljO 
ΔfljKMNO TPA2352 ΔfljK ΔfljM-ΔfljO 
ΔfljJMNO TPA2344 ΔfljJ ΔfljM-ΔfljO 
ΔfljJKLM TPA1140 ΔfljJ ΔfljK ΔfljL ΔfljM 
ΔfljMNO TPA1299 ΔfljM-fljO 
ΔfljJKL TPA970 ΔfljJ ΔfljK ΔfljL 
ΔfljLM TPA1300 ΔfljL ΔfljM 
ΔfljJL TPA934 ΔfljJ ΔfljL 
ΔfljJ TPA663 ΔfljJ 
ΔfljK TPA2234 ΔfljK 
ΔfljL TPA916 ΔfljL 
ΔfljM TPA541 ΔfljM 

 
Deletion mutants are from Faulds-Pain et al. [26]. 
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Table 2. Tabulated assays performed to determine flagellum length, motility rate, and rate of ϕCbK 
adsorption. 
 

Strain 
Flagellum length 

(µm) 
Motility 

(Percentage of NA1000) 
ϕCbK Adsorption 

(Percentage of NA 1000) 

Wild type 5.9 100 100 
ΔfliF 0 6 8 
ΔfljJKLMNO 0 6 9 
ΔfljKLMNO 0.1 10 14 
ΔfljJLMNO 3.4 52 37 
ΔfljJKMNO 0.9 20 11 
ΔfljLMNO 3.7 75 99 
ΔfljKMNO 1.8 30 34 
ΔfljJMNO 4 78 47 
ΔfljJKLM 0.4 8 1 
ΔfljMNO 5.3 95 45 
ΔfljJKL 4.3 54 23 
ΔfljLM 4.6 85 65 
ΔfljJL 3.6 54 65 
ΔfljJ 4.2 81 51 
ΔfljK 4.4 103 51 
ΔfljL 4.8 72 93 
ΔfljM 4.7 109 101 
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Chapter 6: Discussion 
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CRYO-ELECTRON MICROSCOPY 

Since its development, cryo-electron microscopy (cryo-EM) has played an important role in 

structural biology and is contributing more and more with recent advances. New developments are 

broadening the cryo-EM spectrum from whole cells to peptides, allowing more biological questions 

of greater complexity to be answered and there is still room for improvement.  

 

The timing and capturing of rare and specific events on the macromolecular and cellular levels is 

now possible using microsprayers and CLEM, respectively, for time-resolved imaging. 

Reproducibility in the sample preparation and grid preparation processes should continue to 

improve as grid-based purification methods and the development of vitrification devices such as the 

Spotiton and cryoWriter mature and expand. Beam-induced motion is being addressed both by the 

grid substrate and through the use of correction algorithms that utilize the high-frame rate of direct 

electron detectors. 

 

Advances in electron detection over the past several years have provided remarkable improvements 

for cryo-EM data collection and quality. Further increasing frame rates, the use of counting mode on 

all systems, and increased pixel sizes will provide even higher DQEs and super resolution mode 

should allow direct electron detectors to be used beyond Nyquist frequency [1].  

 

While phase plates have shown extraordinary promise for cryo-EM, there are still improvements 

that can be made. Usage is generally limited to those with expertise [2-4] and takes a considerable 

amount of time, so workflow development will be incredibly important for more widespread 

implementation. Higher reproducibility in the manufacture of phase plates and methods for 

evaluating phase plate quality during use will also prove to be useful. Phase plates should allow 
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increasingly higher resolution structural work, particularly for small samples, and for entire datasets 

to be collected more quickly since fewer images will be required. 

 

As CLEM continues to develop, labeling strategies that are retained between live cell and cryo-EM 

imaging will allow more complex biological questions to be addressed and simultaneously 

fluorescent and electron-dense markers will aid in more precise correlation between light and 

electron microscopy. Combining cryo-FIB milling of cryo-samples with cryo-CLEM will provide a 

method for thicker specimens to be investigated and improvements to sample stability between 

steps of the workflow will help the process become more user-friendly. 

 

The recent developments in cryo-EM imaging, along with improvements in image processing, have 

allowed tremendous growth in the field over the last few years. We expect this expansion to 

continue, with cryo-EM providing structures to higher resolutions and answers to increasingly 

intricate biological questions. 

 

CRYO-CLEM APPLICATIONS 

In Hampton et al. (Chapter 2), we developed a workflow for the investigation of viral entry, 

assembly, and release in the context of mammalian cells by cryo-correlative light and electron 

microscopy [5]. This opens a variety of opportunities for the study of interactions between viruses 

and host cells. In the context of RSV assembly, many questions remain concerning glycoprotein 

arrangements, glycoprotein interactions with matrix, and the association between matrix and the 

ribonucleoprotein (RNP) complexes. Fluorescent labeling of these components would allow us to 

track their trafficking within the cell, cryo-preserve the sample, and locate specific events by cryo-

CLEM. This technique will also be useful in understanding host factor contributions to RSV 
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assembly. We are particularly interested in the role of the cytoskeleton, as we have often observed 

microtubules and actin at assembly sites (Figure 1A and 1B), as well as actin within released viral 

filaments by cryo-electron tomography (cryo-ET) (Figure 1C and 1D). Cryo-CLEM will also be 

utilized for the continued study of the HIV-1 fusion process. Combined with live-cell imaging, cryo-

CLEM will allow us to identify HIV-1 cores at various stages of uncoating and, with the additional 

use of cryo-focused ion beam (cryo-FIB) milling, could provide higher resolution information about 

nuclear import of the pre-initiation complexes (PICs). 

 

Cryo-CLEM also has applications outside of mammalian virus studies. The development of a 

Caulobacter crescentus strain with a cysteine knock-in the major pilin protein, PilA, has allowed us to 

fluorescently label the Cpa pili with maleimide dyes [6]. We have begun using cryo-CLEM to 

investigate pilus dynamics in C. crescentus. Figure 2 illustrates this process using pili labeled with Alexa 

Fluor 594 C5 maleimide (red) and blocked with a large polyethylene glycol maleimide conjugate 

(PEG5000-mal, ~5000 Da). C. crescentus cells autofluoresce at an excitation wavelength of 488 nm 

(green), allowing us to easily locate cells. The cryo-light microscopy map (Figure 2A) was correlated 

to the cryo-EM map (Figure 2B) and a tomogram was collected where red signal corresponding to 

labeled pili was present at a cell pole (Figure 2C and 3D segmentation in 2D). Cryo-ET revealed that 

additional density coats the pili in the presense of PEG5000-mal. 

 

VIBRIO CHOLERAE  OUTER-MEMBRANE VESICLES PREVENT BACTIOPHAGE 

INFECTION 

The work described in Chapter 3 revealed that Vibrio cholerae is able to defend itself against 

bacteriophage infection by secreting outer membrane vesicles (OMVs), which act as a decoy. Cryo-

ET studies revealed ICP phages directly interacting with OMVs, but suggested that the phages do 
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not eject their genomes into the OMVs. To investigate this further, we collected large montages of 

phages incubated with OMVs preserved on cryo-EM grids and quantified the number of full or 

empty phages that were associated or not with OMVs. We found that 81% of ICP1 phages 

associated with OMVs were full and 92% of ICP3 phages associated with OMVs were full, further 

supporting that these phages do not eject their genomes into the OMVs (Figure 3). Only 57% of 

ICP2 phages associated with OMVs were full, however, indicating the possibility that these phages 

are capable of ejecting their genomes into the OMVs (Figure 3). To further investigate genome 

ejection, it will be important to quantify the number of empty and full phages outside of the context 

of OMV interactions for comparison.  

 

One hypothesis for the lack of genome ejection for ICP1 and ICP3 is that the phages are able to 

sense the curvature of the membrane to which they are attaching. Since the membrane curvature is 

much greater for OMVs than for a bacterial cells, perhaps the phages don’t initiate a necessary step 

in the genome ejection process. Whether or not the phages can detach from the OMVs would also 

be of interest. If the phages do not eject their genomes into the OMVs and are capable of detaching, 

they may remain infectious. OMV inhibition of the phages would therefore be only temporary. 

 

The results of the study indicate that OMVs could play an important role in bacterial defense against 

bacteriophages. With growing interest in phage therapy, this will be a consideration that could affect 

the treatment outcomes. While it is unknown in what quantities OMVs are produced and present 

during bacterial infections, they have the potential to neutralize phage and could therefore be a 

confounding factor. 
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PILUS RETRACTION IN CAULOBACTER CRESCENTUS  IS REQUIRED FOR 

ϕCbK INFECTION 

Further study of type IVc pilus (T4cP) retraction in C. crescentus will require elucidation of the 

mechanism of retraction. The Cpa pilus may utilize minor pilins, as was shown for the Vibrio cholerae 

toxin-coregulated pilus (TCP) [7], it may use an ATPase that is unrelated to the T4aP retraction 

ATPases, or the T4cP may have an entirely unique mechanism. The structures of two T4aP 

machines have been solved by cryo-ET and sub-tomogram averaging [8, 9]. Gold et al. revealed 

major conformational changes between the open and closed state of the Thermus thermophilus T4aP 

machinery and Chang et al. developed a pseudo-atomic model of the Myxococcus xanthus T4aP 

machine, mapping all of the known components [8, 9]. Such structural analysis of the C. crescentus 

pilus would provide an understanding of the Cpa complex and allow identification of the proteins 

involved in the assembly and retraction processes. This could also be done in the context of phage 

infection to provide information about receptor binding and genome translocation into the cell. 

 

STRUCTURAL SPECIFICITY OF THE BACTERIOPHAGE ϕCbK HEAD FILAMENT 

TO THE CAULOBACTER CRESCENTUS FLAGELLUM 

Determining the structural changes associated with different flagellins as well as with multiple 

flagellins will help us to understand why almost 50% of flagellated species encode more than one 

flagellin. Comparison of the mutations that lock the C. crescentus flagellum into the L- or R-states 

with those that lock that flagella of other species into straight conformations could provide broader 

information about flagellum assembly and how related the process is among species.  

 

Our data supports a model of C. crescentus flagellum assembly in which FljJ initiates filament 

formation, followed by FljL as an adaptor, and the 25 kDa flagellins as the extended filament. It will 
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be interesting to examine whether this relates to other species, such as Vibrio cholerae. V. cholerae 

encodes five flagellins, flaACEDB, on two loci and assembles a sheathed flagellum [10]. In a 

collection of V. cholerae flagellin mutants, we found that filament length varies greatly depending on 

composition and in some strains, the diameter of the flagellar sheath is much more variable (Figure 

4). We hypothesize that the different flagellins are required for proper assembly and that interactions 

with the sheath vary between flagellins. As flagella are important virulence factors for V. cholerae, 

future studies should examine the effects that flagellar composition has on V. cholerae infection. 

 

OVERALL CONCLUSIONS 

Cryo-EM preserves biological specimens in a close-to-native state and allows us to directly visualize 

the electron density of the sample without artifact-inducing fixation or staining. We have used cryo-

EM to study the interactions between viruses and their hosts in two systems: 1) Mammalian viruses 

infecting cells cultured on EM grids, providing novel insights into RSV morphology and assembly 

mechanisms and HIV-1 entry and fusion events (Chapter 1, Chapter 2, Appendix A, and Appendix 

C); and 2) Bacteriophage interactions with bacterial cells and their components, offering new 

understanding of bacterial defense mechanisms (Chapter 3), T4cP function (Chapter 4), the role of 

multiple flagellins in flagellar assembly and phage adsorption (Chapter 5), and phage-induced 

bacterial lysis (Appendix E). Cryo-EM has proven to be a valuable tool for the study of host-

microbe interactions. 
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FIGURE LEGENDS 

Figure 1. Actin filament involvement in RSV assembly and morphology. HeLa cells infected with 

RSV contain actin filaments near and inside a filamentous RSV particle: (A) tomographic slice and 

corresponding segmented view (B) (cyan: membrane; yellow: glycoproteins; red: RNP; cyan green: 

actin in the budding viral filament; green: actin filament inside cell). (C) Tomographic slice of RSV 

infected BEAS-2B cells. (D) Tomographic slice of RSV infected Niemann-Pick Type C (NPC) cells 

showing actin filaments in released filamentous RSV. Note the RSV viral proteins are resolved in 

both assembling and released viral filaments. Scale bars, 200 nm. 

 

Figure 2. Cryo-correlative light and electron microscopy of Caulobacter crescentus pili labeled with 

Alexa Fluor 594 C5 maleimide (red) and blocked with a large polyethylene glycol maleimide 

conjugate (PEG5000-mal; ~5000 Da). (A) Cryo-light microscopy map allowing the identification of 

cells expressing pili. The green signal results from autofluorescence of the cells. (B) Cryo-EM map 

showing densities corresponding to the cell fluorescence shown in (A). (C and D) Tomographic slice 

and segmentation of the cell pole of the C. crescentus cell indicated in (A) and (B) with a white box. 

The red fluorescence in (A) correlates to the three extended pili shown in (C) and (D). Scale bars, 

(B), 10 µm and (C), 200 nm. 

 

Figure 3. Quantification of phages with full or empty capsids and their association with V. cholerae 

OMVs. Phages were incubated for 1 hour with V. cholerae OMVs before application to an EM grid 

and plunge-freezing. Large montages of the grid were collected on a JEOL JEM-2200FS 

transmission electron microscope. Phages within the holes of the Quantifoil carbon film were 

counted and classified based on whether the capsid contained the phage genome and whether they 

were associated with OMVs. 
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Figure 4. Flagellum length and diameter measurements of V. cholerae flagellin deletion strains. V. 

cholerae cultures were applied to EM grids and plunge-frozen and cells were imaged on a JEOL JEM-

2200FS transmission electron microscope. Measurements of flagella were made from images of 

filaments attached to intact cells. The black points indicate individual measurements of each 

flagellum and the error bars indicate standard deviation. The central bar represents the average 

length or diameter for each strain. 
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Figure 1 
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Figure 2 
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Figure 3 
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Figure 4 
 
 
 
 

 
  



 260 

Appendix A: Native immunogold labeling of cell surface proteins and viral glycoproteins for 

cryo-electron microscopy and cryo-electron tomography applications 
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ABSTRACT 

Numerous methods have been developed for immunogold labeling of thick, cryo-preserved 

biological specimens. However, most of the methods are permutations of chemical fixation and 

sample sectioning, which select and isolate the immunolabeled region of interest. We describe a 

method for combining immunogold labeling with cryo-electron microscopy (cryo-EM) and cryo-

electron tomography (cryo-ET) of the surface proteins of intact mammalian cells or the surface 

glycoproteins of assembling and budding viruses in the context of virus-infected mammalian cells 

cultured on EM grids. In this method, the cells were maintained in culture media at physiologically 

relevant temperatures while sequentially incubated with the primary and secondary antibodies. 

Subsequently, the immunogold-labeled specimens were vitrified and observed under cryo-conditions 

in the transmission electron microscope. Cryo-EM and cryo-ET examination of the immunogold-

labeled cells revealed the association of immunogold particles with the target antigens. Additionally, 

the cellular structure was unaltered by pre-immunolabeling chemical fixation and retained well-

preserved plasma membranes, cytoskeletal elements, and macromolecular complexes. We think this 

technique will be of interest to cell biologists for cryo-EM and conventional studies of native cells 

and pathogen-infected cells. 
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INTRODUCTION 

Cryo-electron microscopy (cryo-EM) technologies and techniques were established in order to retain 

specimen hydration during direct-image and diffraction data acquisition with the transmission 

electron microscope (TEM) [1]. Much of the early work in the late 1970s and early 1980s focused on 

improving cryo-fixation approaches [2, 3] cryo-holders for specimen introduction into the TEM [4-

6], and low-dose data acquisition schemes for viruses, macromolecules, and small cells [7-10]. Later, 

as microscopes became more automated and intermediate voltage microscopes were more 

accessible, cryo-electron tomography (cryo-ET) emerged as the leading approach for determining 

the three-dimensional (3D) structures of pleomorphic objects, such as asymmetric viruses and 

bacteria [11-15]. Cryo-EM imaging, combined with single particle analysis and cryo-ET united with 

sub-volume averaging, is a major branch of the structural biology continuum, and over the past forty 

years have matured to the level where many biological structures are now determined at sub-

nanometer to atomic-level resolutions [16-19]. 

 

Of great interest to those who employ cryo-EM methods to investigate cellular ultrastructure and 

the localization patterns of complexes within and surrounding cells, as is the development and 

application of target-specific labeling strategies [20]. Already, the feasibility of antibody labeling for 

purified macromolecules, viruses, and isolated organelles has been demonstrated [21, 22]. These 

studies have enabled investigators to determine the 3D structures of low molecular weight proteins 

by single particle cryo-EM [23], where proteins localize on specific regions of a virus [22], and the 

structural rearrangements that occur when a neutralizing antibody binds with the target antigen [24-

28]. However, similar procedures have not been widely applied to studies of whole, intact 

mammalian cells because of the concerns associated with retaining cell viability during 

immunolabeling; the thicknesses of cells and the impact this has on cryo-preservation and cryo-EM 
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imaging; and early reports of antibody-induced membrane protein ‘capping’ on live cells [29, 30]. 

Therefore, techniques were developed that combined the benefits of initial cryo-preservation of cells 

by high-pressure freezing with chemical fixation through freeze substitution, embedding in 

hydrophilic resins, sectioning, and immunolabeling. Although these more traditional approaches 

have been used for countless immunolocalization studies for conventional electron microscopy [31, 

32], there are a number of intrinsic issues associated with methods that include chemical fixation 

[33]. Most notably, fixation is required to prevent specimen degradation during subsequent steps of 

the procedure. However, fixation, dehydration, and embedding not only alter the antigen 

conformation, and thus hinder antibody binding, but also severely obscure or even remove 

ultrastructural detail. In addition, residual aldehydes from the fixative can potentially cross-link 

immuno-reagents to the cell or tissue and therefore lead to potential negative background 

immunolabeling. These additive negative effects limit the ability to resolve localization patterns at 

the molecular level via both conventional immuno-EM and hybrid cryo-immuno EM approaches. 

 

In this study, we describe the procedures used for the immunogold labeling of live mammalian cells 

cultured on carbon-coated gold EM-support grids. Here, we performed native-state immunogold 

labeling of a cell-derived protein and of a viral glycoprotein. The first target protein labeled was 

tetherin (BST-2), a cellular restriction factor that inhibits the release of enveloped viruses from the 

plasma membrane of infected cells [34, 35]. We demonstrated site-specific labeling of tetherin and 

tetherin microdomains during the restriction of HIV-1 virus and virus-like particle (VLP) release 

from the plasma membrane of HT1080 cells. The second protein labeled was the fusion (F) 

glycoprotein of human respiratory syncytial virus (hRSV) in the context of an active infection of 

HEp-2 and HeLa cells. In this case, the hRSV F glycoprotein was labeled with a monoclonal 

antibody, palivizumab [36, 37], at sites of virus assembly, on assembling and budding virus particles, 
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and on released virus particles. We also describe some of the challenges associated with the 

immunolabeling method and provide detailed approaches for optimum labeling and specimen 

preservation for both cryo-EM and conventional EM applications. 
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MATERIALS AND METHODS 

Antibodies and Reagents 

Rabbit anti-tetherin antisera [38] was provided by Dr. Paul W. Spearman (Department of Pediatrics, 

Emory University, Atlanta, GA). Dr. Philip J. Santangelo (Department of Biomedical Engineering, 

Georgia Institute of Technology and Emory University, Atlanta, GA) supplied the palivizumab, a 

humanized monoclonal antibody that targets the antigenic site II of the hRSV fusion (F) 

glycoprotein [36, 37]. MedImmune, LLC, commercially manufactures palivizumab under the brand 

name Synagis for the prevention of hRSV infections in high-risk infants. The secondary antibodies, 

which included the 6-nm gold-conjugated goat anti-human IgG, F(ab’)2 fragment of goat anti-rabbit 

IgG, and protein G, were purchased from Electron Microscopy Sciences (Hatfield, PA). 

 

Cell culture, Transfection, and Immunolabeling for Tetherin 

HT1080 cells, obtained from the American Type Culture Collection (Manassas, VA), were 

maintained in high-glucose pyruvate DMEM (GIBCO; Grand Island, NY) supplemented with 10% 

fetal bovine serum (FBS), 5 mM penicillin-streptomycin, and 5 mM l-Glutamate. Cells were grown 

in an incubator at 37°C with 5% CO2. HT1080 cells (20,000-30,000) for tetherin immunogold 

labeling were seeded on pre-sterilized, 0.2% collagen coated Aclar disks or gold R2/1 Quantifoil 

TEM grids (Quantifoil, Germany) 24 hr before transfection. 

 

HT1080 cells were co-transfected with either mCherry Gag (1:3 ratio codon optimized Gag) or with 

an HIV-1 Vpu- and Env-deficient provirus cDNA [39] (kindly provided by Klaus Strebel, NIAID, 

Bethesda, MA) and eGFP-tetherin, using jetPRIME (Polyplus-Transfection Inc.; New York, NY), 

according to the manufacturer’s instructions. 
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Immunogold labeling of tetherin on HIV-1 transfected HT1080 cells was carried out 16 hr post-

transfection. Transfected cells on Aclar disks or gold Quantifoil TEM grids were maintained in 

growth medium in a 37°C incubator before immunogold labeling. Rabbit anti-tetherin antiserum 

[38] was added directly into the medium at a 1:200 dilution of the original stock solution (endpoint 

titer of 1×108/ml). Primary antibody incubation proceeded for 1.5 hr at 37°C, during which time the 

dishes were gently shaken periodically to facilitate antibody binding. After primary antibody 

incubation, cells were gently washed with medium four times for 30 sec each. The secondary 

antibodies, either the 6-nm gold-conjugated F(ab’)2 fragment of goat anti-rabbit IgG or protein G, 

were then added to the medium directly at a 1:20 dilution of the original stock solutions (10–20 

µg/ml) and allowed to incubate for 1.5 hr at 37°C. The cells were washed after secondary antibody 

incubation as described above. Cells cultured on the Aclar disks were washed twice with phosphate-

buffered saline (PBS) and then fixed with 2.5% glutaraldehyde in 0.1 M phosphate buffer (pH 7.4) 

for conventional electron microscopy examination. Cells grown on the gold Quantifoil TEM grids 

were plunge-frozen immediately after the final wash with culture medium. 

 

hRSV Purification 

HEp-2 cells cultured in T75 flasks at 60% to 80% confluence were inoculated with RSV at a 

multiplicity of infection (MOI) of 0.01 in 3 ml serum-free medium for 1 hr, after which 12 ml of 

complete growth medium was added. The infection continued for approximately four days (>80% 

cytopathic effect, CPE), with 5 ml of complete media added each day. The flasks were then frozen at 

-80°C before purification. After thawing in a 37°C water bath, the contents of each flask were 

clarified at 1,902 × g for 7 min at 4°C. The supernatant was centrifuged using a 20% sucrose 

cushion at 90,353 × g (SW41 Ti, Beckman) for 3 hr at 4°C. The virus-containing pellet was 

resuspended in 100 µl Hanks Balanced Salt Solution (HBSS) after a brief wash and stored at -80°C. 
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The final titer of the virus was ~2–5×108 plaque forming units per ml (PFU/ml). The purified virus 

was then used to infect the HeLa or HEp-2 cells [40]. 

 

Cell Culture, RSV Infection, and Immunolabeling for hRSV F Glycoprotein 

HeLa and HEp-2 cells (ATCC CCL-2 and CCL-23, respectively) were maintained in DMEM growth 

medium with 4.5 g/L d-glucose (Lonza), 4 mM l-glutamine (BioWhittaker), 10% fetal bovine serum 

(Sigma-Aldrich), and 1% penicillin-streptomycin (Sigma-Aldrich). Cells were grown in an incubator 

at 37°C with 5% CO2. For hRSV F glycoprotein immunogold labeling, 100,000–150,000 HEp-2 cells 

or HeLa cells were seeded on pre-sterilized, pre-incubated (with complete medium) Aclar disks or 

gold R2/1 Quantifoil TEM grids in MatTek dishes (MatTek Corp., MA) 4–8 hr prior to infection. 

 

Cells for immunogold labeling were inoculated with an MOI of 10 with hRSV in serum-free media. 

Complete growth media was added after 1 hr. Infected cells were incubated at 37°C for 24 hr. 

Palivizumab was then added directly into the medium at 5 µg/ml and the cells were allowed to 

incubate for 1.5 hr at 37°C, during which time the culture plates and MatTek dishes were shaken 

gently to facilitate antibody binding. After primary antibody incubation, the cells were gently washed 

with complete medium 4 times for 30 sec each time. The secondary antibodies, 6-nm gold-

conjugated goat anti-human IgG or protein G, were then added to the medium directly at 1:20 

dilution of the original stock solutions (10–20 µg/ml) and allowed to incubate for 1.5 hr. Washes 

were repeated as described above after secondary antibody incubation. Cells on Aclar disks were 

washed twice with PBS and then fixed with 2.5% glutaraldehyde in 0.1 M phosphate buffer (pH 7.4) 

for conventional transmission electron microscopy examination. Cells on the gold Quantifoil TEM 

grids were plunge-frozen immediately after the final wash with culture medium. 
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Immunogold Labeling Controls 

Primary Antibody Specificity Control 

HT1080 cells transfected with only HIV-1 Gag were incubated with anti-tetherin antiserum and 6-

nm gold particles conjugated with secondary antibodies, as described above. Following immunogold 

labeling, cells were fixed for conventional electron microscopy examination. The HT1080 cell line 

does not constitutively express tetherin [34]; therefore, one would not expect to see immunogold 

labeling in the absence of exogenous tetherin. 

 

Capping and Patching Control 

To test whether capping and patching occurred during the labeling process, we performed 

immunogold labeling of tetherin on transfected, chemically fixed HT1080 cells. The labeling was 

done following standard pre-embedding immunogold protocols [41]. 

 

Conventional TEM Sample Preparation and Imaging 

Fixed cells on Aclar disks were washed twice with 0.1 M phosphate buffer (pH 7.4) after overnight 

fixation with 2.5% glutaraldehyde in the same buffer. Cells were then post-fixed with 1% osmium 

tetroxide in 0.1 M phosphate buffer (pH 7.4) for 1 hr. Following graded ethanol dehydration, cells 

were infiltrated, embedded, and then polymerized in Eponate 12 resin (Ted Pella Inc., Redding, CA). 

Ultrathin sections were cut using a Leica Ultracut S ultramicrotome at a thickness of 70 nm. Sections 

were then stained with 5% uranyl acetate and 2% lead citrate and imaged on a Hitachi H-7500 

transmission electron microscope (TEM, Hitachi High-Technologies, Japan) equipped with a SIA 

L12C 16-megapixel CCD camera (SIA, Duluth, GA) or a JEOL JEM-1400 TEM (JEOL Ltd., Japan) 

equipped with a Gatan US1000 2k×2k CCD camera (Gatan, Pleasanton, CA). 
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Cryo-TEM Sample Preparation, Imaging, and Image Processing 

Prior to sample vitrification, a 4-µl aliquot of 10- or 20-nm gold nanoparticles (Sigma-Aldrich) was 

applied to the surface of the TEM grid. These gold nanoparticles were used for image alignment in 

the 3D tomographic reconstruction process [42, 43]. Cells cultured on the gold Quantifoil TEM 

grids were vitrified by rapid immersion in liquid ethane using a Gatan CryoPlunger3 (Cp3) 

apparatus. Cryo-grids were transferred to a Gatan 914 high-tilt holder maintained at -178°C. Cryo-

specimens were imaged with JEOL JEM-2200FS 200-kV field emission gun transmission electron 

microscope equipped with an in-column Omega energy filter (slit width 20 eV) and a Gatan US4000 

4k×4k CCD camera. Polygon montages and tilt series were acquired using SerialEM software [44]. A 

single-axis tilt series was collected over an angular range of -62° to 62°, with a 2° tilt increment. The 

total electron dose applied to the specimens did not exceed 120–150 e-/Å2. Tilt series images were 

acquired at 30,000× nominal magnification (calibrated pixel size of 0.737 or 0.764 nm) with -4 to -8-

µm defocus applied. Tomographic reconstructions were generated with IMOD using the r-weighted 

back-projection algorithm [42, 43]. 
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RESULTS AND DISCUSSION 

The rationale for this study was to develop a strategy for the improved identification of the 3D 

localization patterns of membrane-bound proteins associated with enveloped virus-infected cells 

while retaining structural information at a macromolecular resolution (2–10 nm). First, we examined 

tetherin placement at sites of HIV-1 VLP and HIV-1 virus assembly and release using HT1080 cells. 

Second, we studied hRSV F glycoprotein location and order using hRSV-infected HEp-2 and HeLa 

cells. In order to achieve our aims, we used a native immunolabeling process followed by rapid 

sample vitrification methods or chemical fixation and conventional TEM specimen processing that 

allowed for the proteins, viral particles, and cells to remain whole and well preserved. 

 

In the protocol, each protein-specific primary antibody was applied to the cultured cells and allowed 

to incubate for 1.5 hr while the cells were maintained at 37°C with 5% CO2. The specimens were 

gently washed and then incubated with a 6-nm gold-conjugated secondary antibody for 1.5 hr at 

37°C with 5% CO2. As with the studies of vaccinia virus assembly by Roos et al. (1996) [22], it was 

necessary to use gold-conjugated secondary antibodies as an electron-dense marker in order to 

resolve the locations of the primary antibodies and target proteins along the cell and viral surfaces. 

 

Targeted Labeling of Cellular and Viral Proteins 

We sought to determine whether a native-immunolabeling approach would be specific to the protein 

targets of interest. We therefore examined the method as applied to the immunolabeling of tetherin 

on HIV-1 and tetherin co-transfected HT1080 cells. It has been well established that tetherin, an 

interferon-induced protein, when expressed, functions to inhibit the release of HIV-1 and other 

enveloped viruses [45-49]. In addition, multiple immunofluorescence microscopy studies as well as 

conventional and immuno-TEM experiments have shown that tetherin and budding HIV-1 VLPs 
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and HIV-1 viruses localize in specific domains along the plasma membrane [38, 41, 50-52]. 

However, many of the previous imaging experiments incorporated chemical fixation, which 

subsequently may have altered or compromised the ultrastructure of the cells and viruses, as well as 

the structure of the labeled target protein complexes. Cryo-EM imaging of the unfixed tetherin 

immunolabeled HT1080 cells highlighted the presence of 6-nm gold clusters at HIV-1 VLP and 

HIV-1 virus assembly and budding sites along the cellular plasma membrane (Figures 1, 2). A similar 

distribution profile of immunolabeled tetherin was present on HT1080 cells that were native-

immunolabeled and subsequently chemically fixed and processed for conventional TEM (Figure 3). 

The black arrowheads in Figures 1-3 and Supplementary Figure 1A and 1B indicate a subset of the 

6-nm gold clusters in the image field that are associated with immunolabeled tetherin. All of the 6-

nm gold clusters are linked with tetherin on the cell plasma membrane, between the cell plasma 

membrane and HIV-1 VLPs and virions, or between extended networks of HIV-1 VLPs and 

virions. 

 

Capping and patching was reported in late 1970s for some membrane proteins when bivalent 

binding molecules, such as immunoglobulin, were applied to the live cells [29, 30]. It was speculated 

that the cross-linking effect of immunoglobulin caused the proteins to redistribute within the plasma 

membrane and form either multiple patches or a single cap. This rearrangement of the proteins 

could potentially inhibit the determination of native membrane protein distribution patterns. We 

therefore examined whether aggregates of antibodies noted by unusual gold particle localization 

patterns, i.e., patches or caps, were present on the cell surfaces of the native-immunolabeled 

specimens, as compared with conventionally processed samples. If this phenomenon were present, it 

would obscure the identification of tetherin-rich regions along the plasma membrane and at sites of 

virus assembly and budding. We determined that antibody-induced capping and patching did not 
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occur, because, in images of both the native-immunolabeled and conventionally processed 

specimens, the distribution of antibody immunolabeling was equivalent (Supplementary Figure 1A, 

1B). We also assessed the level of immunolabeling specificity; here, we did not transfect the cells 

with tetherin but followed with the native-immunolabeling procedure and standard processing steps. 

The absence of tetherin in the cells resulted in the complete loss of tetherin labeling (Supplementary 

Figure 1C). 

 

We then examined another distinct biological system to validate the performance of the native-

immunolabeling protocols. Here, we wished to resolve the presence and arrangement of the hRSV F 

glycoprotein on virus particle assembly and budding from HeLa and HEp-2 cells. HRSV presents 

three surface glycoproteins: the fusion (F) and the attachment (G) glycoproteins, and the small 

hydrophobic (SH) protein, which is significantly smaller in size [53]. The two major glycoproteins (F 

and G) work in concert to establish and maintain an active infection in host cells; explicitly, the 

epithelial cells of the lower respiratory tract. HRSV is a major viral pathogen that causes acute lower 

respiratory tract infections mainly in infants, young children, and immunosuppressed adults [54]. To 

combat the virus, a series of neutralizing antibodies have been, and continue to be, developed 

against both glycoproteins. Currently, only one that targets the F glycoprotein is used in the 

prevention of hRSV infections in high-risk cases, palivizumab [36, 37]; it is this antibody that we 

used for our analyses. Cryo-EM and cryo-ET imaging of hRSV particles revealed both unlabeled and 

immunolabeled glycoproteins along the entire length of viral filaments and at sites of virus assembly 

at the cell plasma membrane (Figures 4, 5; Supplementary Figure 2). The immunolabeling of the 

hRSV F glycoprotein was consistent with that which has been previously reported. The hRSV F 

glycoprotein, when labeled for direct stochastic optical reconstruction microscopy (dSTORM) 

imaging, was present along the length of viral filaments [40], which is consistent with our results. 
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However, at EM-level resolution, where we are able to resolve the individual glycoproteins [55, 56], 

we expected to find the distribution of the immunolabeled F glycoproteins to be impacted by: (1) 

the ratio and organization of the F and G glycoproteins on the virus, and (2) the steric 

hindrance/accessibility associated with the primary and 6-nm gold-conjugated secondary antibody 

with the F glycoprotein antigenic site II [57]. The native immunolabeling of the hRSV F 

glycoprotein underscores this level of glycoprotein organization (Figures 4, 5; Supplementary Figure 

2). We examined whether employing different secondary antibodies would alter immunolabeling 

efficiency and the distribution of the gold particles. No variability in label distribution was noted 

when either the 6-nm gold-conjugated goat anti-human IgG or protein G was applied 

(Supplementary Figure 2). Conventional TEM processing and imaging of samples post-

immunolabeling disclosed comparable labeling efficiencies and arrangements of the 6-nm gold 

clusters along hRSV viral filaments and at the hRSV assembly sites along the plasma membrane 

(Figure 6). 

 

Preservation of Cellular Ultrastructure 

One significant compromise researchers make when immunolabeling a specimen for EM is with 

respect to ultrastructure preservation. Most protocols require chemical fixation using either 

paraformaldehyde or a combination of paraformaldehyde and glutaraldehyde and, in some cases, 

post-fixation with osmium tetroxide, in order to stop biological activity and stabilize cell 

architecture. However, chemical fixation might disrupt antigenicity of the target macromolecules and 

may alter the cellular ultrastructure. Therefore, we examined the 2D projection images and 3D 

reconstructions of the cells and viruses to address whether the native immunolabeling technique 

would inadvertently deteriorate the stability of known cellular and viral structures. In all cryo-

preserved samples of the HIV-1 cDNA and tetherin co-transfected HT1080 cells, cellular structures, 
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such as membranes, the cytoskeleton, intracellular vesicles, and macromolecular complexes were 

intact and well preserved (Figures 1, 2). The morphology and architecture of the native-

immunolabeled cryo-preserved cells was comparable to unlabeled cells also preserved by vitrification 

[data not shown and [58]]. In particular, long tracts and extended networks of actin filaments were 

well resolved in the areas associated with HIV-1 virus assembly, budding, and restriction (Figure 2). 

We also studied the images and 3D volumes of the cryo-preserved hRSV-infected HeLa cells and 

determined that cellular structures were intact and consistent with those of unlabeled cells (Figure 5). 

As with the HT1080 cells, HeLa cells also contained extensive actin networks and distinct cell 

membranes, a hallmark of well-preserved cellular structure. 

 

Three-Dimensional Structure and Localization Information 

The main rationales behind the development and application of this native-immunolabeling 

approach for cells and virus-infected cells were to: 1) rapidly identify regions of interest on a cell, 2) 

determine the 3D spatial relationships between the immunolabeled entity and other macromolecular 

complexes, and 3) retain cellular and viral ultrastructural integrity. We used 2D cryo-EM imaging to 

quickly pinpoint regions of importance and cryo-ET to generate 3D volumes of released viruses and 

the virus-transfected or virus-infected cells. The gold labels were critical for locating sections of the 

grids with labeled virus, in the case of hRSV (Figure 4), or regions of the cells where viral particles 

were assembling (Figures 4, 5) or for HIV-1 association with tetherin (Figures 1, 2). The 6-nm gold 

particle conjugates used for immunolabeling the target proteins could be clearly differentiated from 

the 10-nm or 20-nm gold particles used for cryo-ET image alignment (Figures 2, 5; Supplementary 

Figure 2). 
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In our analysis of the 3D volumes of the tetherin-labeled HIV-1 cDNA and tetherin co-transfected 

HT1080 cells, we were able to identify and assess the nature of tetherin along the plasma membrane. 

As has been reported previously, we show that tetherin-enriched regions resided as discrete areas, or 

microdomains, on the plasma membrane [41, 50]. The tetherin-containing regions were also closely 

associated with regions of HIV-1 VLP and virus assembly and budding. Immunolabeled tetherin 

macromolecules were resolved as small fibrous extensions on the cell membrane, between the cell 

membrane and viral particles, and between viral particles (Figure 2). Characteristic HIV-1 VLP and 

virus particle structures were preserved in all samples examined [59-63]. HIV-1 VLPs ranged from 

78 nm to 182 nm in diameter (mean ± SD, 115 nm ± 20; n=178) and contained highly ordered 

regions of the Gag lattice (Figure 1). Both immature Gag-containing and mature, cored HIV-1 virus 

particles were observed bound to the plasma membrane of the HT1080 cells by filamentous 

extensions (Figure 2). 

 

We examined the 3D volumes of the hRSV viral filaments and hRSV-infected cells immunolabeled 

for the F glycoprotein to determine: 1) the location and organization of the F glycoprotein on the 

viral filaments, 2) the relationship between the F glycoprotein and other hRSV structural proteins 

located in the interior of the viral filaments, and 3) discrete sites of virus assembly on the cell 

surface. The placement of the immunolabeled hRSV F glycoproteins was easily determined both 

along extending viral filaments (Figure 4) and at sites of assembly (Figure 5). The arrangement of the 

hRSV F glycoprotein along viral filaments was consistent with that which has been reported 

previously [55, 56]. The matrix protein and ribonucleoprotein (RNP) complex were also resolved 

along the viral membrane in close proximity to the glycoproteins (Figure 4) [55, 56]. Native 

immunolabeling of the hRSV F glycoprotein also proved useful for identifying the location of an 

early stage of virus assembly (Figure 5). Studies of this early event will play a significant role in our 
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understanding of the coordination of hRSV viral proteins during assembly and subsequent budding 

at the plasma membrane. 2D cryo-EM imaging allowed us to locate a small patch of 6-nm gold 

particles on the plasma membrane of an hRSV-infected HeLa cell (Figure 5A). The 3D tomographic 

reconstruction revealed the hRSV glycoproteins on the membrane surface and the matrix protein 

and the RNP complex coalescing under the membrane. Actin filaments were also visualized in the 

cell cytoplasm beneath areas containing the viral proteins. Results from the hRSV experiments 

highlight that native immunolabeling of surface proteins provides guidance for cryo-ET data 

collection; in this case, assistance for locating the early stages of hRSV assembly. 

 

In summary, we have demonstrated the practicality of a native-immunolabeling approach for cells 

and virus-infected or virus-transfected cells that can be used for both cryo-EM and conventional 

EM strategies. This methodology provides a rapid means for immunolabeling proteins and protein 

complexes present on the membranes of cells and viruses. The ultrastructure of the immunolabeled 

cells was retained to high fidelity, contrary to conventional immunolabeling strategies. When the 

cryo-preserved labeled specimens were imaged by cryo-EM, the regions of interest were readily 

identified and the 3D spatial relationships between specific complexes were determined at 

macromolecular resolution. Immunolabeled specimens that were processed for conventional TEM 

also retained plasma membrane integrity, cytoplasm and cytoskeleton organization, and virus 

architecture. 

 

In this study, we used ‘indirect’ immunolabeling, whereby a gold particle-conjugated secondary 

antibody was applied. To further expand the utility of native immunolabeling for correlative imaging 

from light microscopy to electron microscopy, fluorescently labeled secondary antibodies conjugated 

with gold particles could be employed. This strategy would facilitate the light microscopic 
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identification of specific cells grown on a substrate prior to sample preservation for cryo-TEM or 

scanning electron microscopy (SEM) imaging. In addition, future investigations to improve the 

method will include employing gold-conjugated primary antibodies to ‘directly’ immunolabel the 

target and the use of smaller gold particles to minimize size-associated steric hindrances. 

 

The focus of this study was to investigate the localization patterns of proteins and complexes 

present on the membrane surfaces of cells and virus-infected or virus-transfected cells. Further 

improvements and advancements are required for the targeted native-state, electron-dense labeling 

of macromolecules within the interior of cells and viruses. Current conventional, pre-embedding 

immunolabeling methods of whole cells generally necessitate the permeabilization of the plasma 

membrane for the introduction of antibodies and marker-conjugated antibodies into the cell 

cytoplasm [64]. However, the process of permeabilizing the plasma membrane may alter membrane 

integrity or cell ultrastructure, neither of which is ideal for cryo-EM structural studies. Consequently, 

several approaches are under development and incorporate the use of ferritin [65], quantum dots 

[66], or metallothionein [67-69] fusion constructs for the targeted labeling of macromolecules. 

However, even though each technique has shown promise in specific biological instances, none have 

been widely used in cryo-EM analyses due to incompatibilities with cell types, inability of the target 

protein to assemble properly, or cytotoxicity associated with the reagents. Concurrent with the 

exploration of electron-dense probes for cryo-EM, high-precision correlative light and electron 

microscopy (CLEM) approaches have been realized [70-72]. These advances may have eliminated 

some of the need for using an electron-dense marker to determine the placement of complexes 

within a cell. However, immunolabeling with electron-dense markers will remain an essential tool for 

all areas of electron microscopy because it permits the assessment of interactions between 

complexes at resolutions not readily achievable by fluorescence microscopy. 
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Finally, we did not computationally ‘remove’ gold particles from the 2D images or 3D 

reconstructions [42]. This approach, combined with the use of smaller gold particles may be 

advantageous for improved 3D structure interpretation. Due to the utility and easy implementation 

of the method we have described for labeling thicker biological specimens, such as whole 

mammalian cells, for cryo-EM investigations, we believe it will be an advantageous technique for 

ultrastructural analyses of many cellular systems. 
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FIGURE LEGENDS 

Figure 1. Cryo-electron tomography of immunolabeled-tetherin and HIV-1 virus-like particles 

(VLPs) attached to an HT1080 cell. (A) The central projection image from a tilt series of HIV-1 

VLPs tethered to the edge of an HT1080 cell. Image was low-pass filtered using ImageJ (Gaussian 

blur, [73]). (B–D) Slices (7.64 nm) near the bottom (B), through the middle (C), and at the top (D) 

of the 3D reconstruction, showing a visible, ordered Gag lattice in the HIV-1 VLPs and 

immunogold-labeled tetherin located on the plasma membrane (D) and on HIV-1 VLPs (B–D), as 

indicated by black arrowheads. Cytoskeletal elements are visible, as indicated by white arrowheads in 

a 3D tomographic slice (D). Insets in (B–D) (black boxes) are 2× magnification. White asterisks 

indicate the immature HIV-1 Gag lattice in insets for panels (B) and (C). Gold fiducial markers, 20 

nm in diameter, were added to the sample and used as image alignment aids during the 3D 

tomographic reconstruction process. Scale, 50 nm. 

 

Figure 2. Cryo-electron tomography (Cryo-ET) of immunolabeled tetherin and HIV-1 virions 

attached to an HT1080 cell microspike. (A) Cryo-TEM 2D image montage of HIV-1 tethered to a 

thin HT1080 cell extension. The dashed white box highlights the area of enlargement in (B). (C and 

D) Slices (8.84 nm) through the 3D reconstruction; black arrowheads indicate immunogold-labeled 

tetherin located between HIV-1 virions and the plasma membrane. Preserved cytoskeletal elements 

are visible in the 2D images and the 3D tomographic slices, as indicated by white arrowheads. White 

asterisk was placed over typical mature HIV-1 conical cores in panel (C) and the inset for panel (D). 

Insets in (B–D) (black boxes) are 2× magnification. Gold fiducial markers, 20-nm in diameter, were 

added to the sample and used as image alignment aids during the 3D tomographic reconstruction 

process. Scale (A) 500 nm; (A) and (B–D) 100 nm. 
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Figure 3. Conventional transmission electron microscopy of native immunolabeled tetherin on 

HIV-1 VLPs and HIV-1 virions attached to HT1080 cells. (A and B) Low and high magnification 

images, respectively, of native immunolabeled tetherin on the plasma membrane of an HT1080 cell 

and HIV-1 VLPs. Black arrowheads point to immunogold labeling. (A and C) Actin filaments 

extend through the cell, as indicated by white arrowheads. (C and D) Low and intermediate 

magnification images, respectively, of native immunolabeled tetherin on the plasma membrane of an 

HT1080 cell and HIV-1 virions. Black arrowheads point to immunogold labeling. White asterisks are 

placed over the immature HIV-1 Gag lattice in the inset of panel (B). Black asterisks cover the 

mature HIV-1 conical core in the inset of panel (D). Insets in (A–D) (black boxes) are 2× 

magnification. Scale (A, C) 500 nm; (B, D) 200 nm. 

 

Figure 4. Cryo-transmission electron microscopy and cryo-electron tomography of hRSV-infected 

HeLa cells with the hRSV F glycoprotein immunolabeled. (A) Low magnification montage of 

released, filamentous hRSV particles and a HeLa cell extension (white asterisk). (B and C) Higher 

magnification views of the montage in (A) highlighting immunolabeling of hRSV F along the viral 

filaments. (B–C) Dashed box (B) and solid box (C) are indicated in (A). (D) Slice (7.64 nm) from the 

3D reconstruction of the area in (B) illustrating hRSV filaments with surface glycoproteins and 

immunogold (black arrowheads). Note the presence of ribonucleoprotein (RNP) in some of the viral 

filaments (white arrowheads). Insets in (C) and (D) (black boxes) are 2× magnification. Gold fiducial 

markers, 20 nm in diameter, were added to the sample and used as image alignment aids during the 

3D tomographic reconstruction process. Scale (A) 2 µm; (B, C) 500 nm; (D) 200 nm. 

 

Figure 5. Early hRSV assembly site detected by native immunolabeling. (A) 2D cryo-electron 

microscopy image of an hRSV assembly site; the 6-nm gold particles indicate the location of the 
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hRSV F glycoprotein (black arrowheads) at the upper surface of the plasma membrane. (B and C) 

Segmented 3D volume of the hRSV and cellular macromolecules. (B) Top view. (C) Cut-away and 

side view of (B) with 90° rotation applied. The cell membrane is presented in cyan. The filamentous 

actin network is noted in green. The matrix protein is depicted in blue. The glycoprotein densities 

are highlighted in magenta. Red tubular densities correspond to ribonucleoprotein (RNP). Gold 

densities are the 6-nm gold particles conjugated to the secondary antibody. (D–F) Slices (7.64 nm) 

through the reconstructed 3D volume showing the gold on the top (D, black arrowheads), a quarter-

plane slice noting the hRSV viral proteins (E, white asterisk), and a bottom slice highlighting the 

actin filaments (F, white arrowheads). Inset in A is 2× magnification, insets in D-F are 1.5× 

magnification. Gold fiducial markers, 20 nm in diameter, were added to the sample and used as 

image alignment aids during the 3D tomographic reconstruction process. Scale (A, B, D–F) 200 nm; 

(C) 50 nm. 

 

Figure 6. Conventional transmission electron microscopy (TEM) of hRSV with the native F 

glycoprotein immunolabeled. (A–C) Black arrowheads point to immunogold labeling along viral 

filaments both at assembly sites and of released hRSV filaments. (A) White arrowheads note actin 

filaments and the white asterisk points to a mitochondrion. (B) Assembling viral filament extended 

from the plasma membrane. (C) Intermediate magnification image of filamentous hRSV virion with 

immunogold labeling of the F glycoproteins. Inset in (A) is 3× magnification, insets in (B) and (C) 

are 2× magnification. Scale (A) 500 nm and (B and C) 200 nm. 

 

Supplementary Figure 1. Conventional TEM of immunolabeling controls for tetherin. (A) Native 

immunolabeled HT1080 cells, transfected with eGFP-tetherin and mCherry-Gag. (B) Capping 

control of immunolabeled HT1080 cells transfected with eGFP-tetherin and mCherry-Gag. Cells 
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were fixed prior to incubation with antibodies. (C) Tetherin antibody control, immunolabeled 

HT1080 cells transfected only with mCherry-Gag. Note the absence of tetherin immunolabeling. (A-

C) Black arrowheads note 6 nm gold particles. Insets in A, B and C (black boxes) are 2X. Scale bars 

200 nm. 

 

Supplementary Figure 2. HRSV F glycoprotein secondary antibody labeling control. Comparison 

of 2D cryo-TEM images (A and C) and slices (B: 7.37 nm and D: 7.64 nm) through the 3D 

reconstructions (B and D) of native immunolabeled hRSV F glycoproteins. (A and B) The secondary 

antibody was a 6 nm gold-conjugated protein G and (C and D) was 6 nm gold-conjugated goat anti-

human IgG. Arrowheads indicate immunogold labeling of the hRSV F glycoprotein. Insets are 2X. 

Gold fiducial markers 10 nm (A and B) or 20 nm (C and D) in diameter were added to the sample 

and used as image alignment aids during the 3D tomographic reconstruction process. Scale bars 200 

nm. 
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ABSTRACT 

Background 

Red blood cell (RBC) transfusions are a common, life-saving therapy for many patients, but they 

have also been associated with poor clinical outcomes. We identified unusual, pleomorphic 

structures in human RBC transfusion units by negative-stain electron microscopy that appeared 

identical to those previously reported to be bacteria in healthy human blood samples. The presence 

of viable, replicating bacteria in stored blood could explain poor outcomes in transfusion recipients 

and have major implications for transfusion medicine. Here, we investigated the possibility that 

these structures were bacteria. 

 

Results 

Flow cytometry, miRNA analysis, protein analysis, and additional electron microscopy studies 

strongly indicated that the pleomorphic structures in the supernatant of stored RBCs were RBC-

derived microparticles (RMPs). Bacterial 16S rDNA PCR amplified from these samples were 

sequenced and was found to be highly similar to species that are known to commonly contaminate 

laboratory reagents. 

 

Conclusions 

These studies suggest that pleomorphic structures identified in human blood are RMPs and not 

bacteria, and they provide an example in which laboratory contaminants may can mislead 

investigators. 
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BACKGROUND 

Red blood cell (RBC) transfusions are a common and often life-saving therapy, but have been 

associated with significant morbidity and mortality [1]. The mechanisms responsible for this 

association remain unclear. During the course of studying RBC-derived microparticles (RMPs), 

which originate from RBC membrane blebbing and accumulate over time in stored human RBC 

units, we detected submicron, pleomorphic structures by negative-stain electron microscopy (EM). 

A review of the literature revealed previous reports of identical, submicron, pleomorphic structures 

in human blood that were characterized as bacteria [2, 3]. McLaughlin et al. concluded that the 

pleomorphic structures were bacteria based on bacterial 16S rDNA sequencing, flow cytometry-

based fluorescent in situ hybridization studies, the apparent ability of the structures to replicate, and 

their sensitivity to antibiotics [2]. However, bacteria could not be cultured by standard techniques. 

Intrigued by the possibility of viable nanobacteria in RBC transfusion units as a possible etiology of 

poor clinical outcomes after transfusion, we examined the pleomorphic structures isolated from 

RBC storage units further, and conclude that these structures are not bacteria, but rather RMPs. 
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METHODS 

The Emory University IRB approved all studies and study participants gave written consent prior 

study participation. 

 

Isolation of RBC-derived vesicles 

Leukocyte-depleted RBC transfusion units were obtained from the blood bank at Emory University 

Hospital and stored from 0–42 days under standard conditions at 4°C. Blood product samples were 

obtained through a syringe port using a sterile 18-gauge needle under aseptic conditions. Samples 

were then prepared using a protocol developed to isolate microparticles (MPs). RBCs were 

centrifuged at 1900 x g for 1 minute to pellet cells, the supernatant was transferred to a sterile tube, 

and centrifuged a second time at 800 x g for 10 minutes to pellet any residual RBCs. The 

supernatant was then centrifuged at 16,100 x g for 20 minutes to pellet MPs. The MP pellet was re-

suspended in molecular grade PBS and either studied immediately or frozen in aliquots at minus 

80°C. 

 

Electron microscopy 

Negative s taining  

The Robert P. Apkarian Integrated Electron Microscopy Core, Emory University performed 

transmission electron microscopy of the RBC vesicles using a standard negative staining protocol. 

Briefly, 400-mesh carbon coated copper grids were made hydrophilic by glow discharging. A 5 µl 

droplet of the vesicle isolate, either unfixed or fixed with 2.5% glutaraldehyde, was placed on the 

grid, after 5 minutes, the grid with the suspension was rinsed by briefly touching the sample side to 

three drops of distilled water. The excess water on the grid was then removed by blotting the side of 

the grid on a piece of filter paper. For negative staining, 5 µl of 1% phosphotungstic acid (PTA) was 
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applied onto the grid immediately after water removal, and then removed as described above after 

30 seconds. The grid was allowed to completely dry before viewing in the microscope. 

 

TEM  

For thin-section TEM examination of embedded RBC vesicles, the samples were fixed with 2.5% 

glutaraldehyde in 0.1 M sodium cacodylate (pH 7.4). Samples were then washed with the same 

buffer twice and post-fixed with 1% osmium tetroxide and 1.5% potassium ferrocyanide in the same 

buffer, dehydrated through a graded ethanol series to 100%, and embedded in Eponate 12 resin 

(Ted Pella Inc., Redding, CA). Ultrathin sections were cut on a Leica UltraCut S ultramicrotome 

(Leica Microsystems Inc., Buffalo Grove, IL) at 70 nm, and counter-stained with 4% aqueous uranyl 

acetate and 2% lead citrate. Sections were examined using a 120 kV JEOL JEM-1400 LaB6 

transmission electron microscope (JEOL, Ltd., Japan) equipped with a Gatan 2k x 2k US1000 CCD 

camera (Gatan, Inc., Pleasanton, CA). 

 

SEM  

For SEM examination of RBC vesicles, the samples were fixed with 2.5% glutaraldehyde in 0.1 M 

sodium cacodylate buffer (pH 7.4). The samples were then placed onto poly-L-lysine coated silicon 

chips and washed with the same buffer twice before post-fixation with 1% osmium tetroxide in the 

same buffer and dehydration through a graded ethanol series to 100%. Silicon chips with vesicles 

were then loaded into a Polaron E3000 critical point drying apparatus to exchange 100% ethanol for 

liquid CO2. Once liquid CO2 was brought to its critical point, it was vented slowly. The samples on 

the silicon chips were coated with 8 nm chromium in a Denton DV-602 Turbo Magnetron Sputter 

Coater (Denton Vacuum, LLC, Moorestown, NJ) before imaging on the upper-stage of a Topcon 

DS-150 field emission-scanning electron microscope (FE-SEM). 



 306 

Cryo-e le c tron microscopy and cryo-e l e c tron tomography  

Purified RBC microparticles (4 µl) were applied to Quantifoil R 2/1 TEM grids and plunge frozen 

using an FEI Vitrobot Mark III system (FEI, Hillsboro, OR). 10 nm BSA-treated colloidal gold 

fiducial markers were mixed with the sample prior to freezing. Images were acquired using a JEOL 

JEM-2200FS field-emission TEM (JEOL Ltd., Japan) operated at 200 kV and equipped with an in-

column Omega energy filter (slit width: 20 eV). Montages were collected on a Gatan US4000 4k × 

4k CCD camera (Gatan) at 10,000× nominal magnification. Montages were stitched together prior 

to particle counting and diameter measurements. Diameters were measured using the imodinfo 

command by placing open model points at two ends of the particles. Tilt series were collected using 

the SerialEM software package [4] from -62° to 62° at 2° increments, with a defocus of -6 µm and a 

total dose of ~135 e-/Å2. Tilt series were recorded on a Direct Electron DE-20 (Direct Electron, 

LP, CA) at 12 frames per second and a nominal magnification of 10,000× (pixel size 6.14 Å) [5]. 

Frames were motion corrected using scripts provided by the vendor (DE). The images were CTF-

corrected by phase inversion and the three-dimensional reconstructions were calculated via the 

weighted-back projection algorithm using IMOD software [6]. The reconstructed volumes (binned 

by 2) were further denoised using nonlinear anisotropic diffusion as implemented in IMOD. 

 

Microbial DNA analysis 

DNA was isolated from microparticle pellets, molecular grade water, and a colony of Streptococcus 

pneumoniae using a QIAamp DNA Mini Kit according to the manufacturer’s specified protocol for 

bacteria (Qiagen). As an alternative, DNA was extracted using a conventional phenol-chlorophorm 

extraction protocol [7]. Standard agarose gel electrophoresis was carried out on a 1% agarose 

accompanied by a 1kb DNA ladder (NEB). The same universal 16S PCR primers used by 

McLaughlin et al. were utilized to amplify 16S rDNA: BSF8/20 (5′-
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AGAGTTTGATCCTGGCTCAG-3′) and the reverse primer BSR1541/20 (5′-

AAGGAGGTGATCCAGCCGCA-3′) [2]. PCRs were performed in 20 µl reaction volumes with 

1X Q5 High Fidelity Master Mix (New England Biolabs), 1 µM forward and reverse primer, and 6 ul 

of DNA template. Reactions were carried out on a Biorad C1000 Touch Thermocycler with the 

following conditions: 98°C x 10 minutes, (98°C x 10 seconds, 70°C x 30 seconds, 72°C x 30 

seconds) x 38 cycles, 72°C x 2 minutes. PCR products were purified using a Qiaquick PCR 

Purification Kit per the manufacturer’s protocol and sent for commercial first pass sequencing 

(Beckman Coulter) using the BSF8/20 and BSR1541/20 primers. 

 

16S rDNA qPCR of  human serum  

Under aseptic conditions, blood was collected into serum vacutainers (BD) from 3 healthy donors 

(no medications). Cells were removed by centrifugation (3,000 x g for 7 minutes) and serum was 

incubated for 0, 5, or 10 days at 30°C. DNA was extracted from 100 ul of serum as described above 

and used as a template for qPCR. Universal 16S primers developed previously for 16S rDNA qPCR 

were utilized: EUBAC-F (5′-TCCTACGGGAGGCAGCAGT-3′) and EUBAC-R (5′-

GGACTACCAGGGTATCTAATCCTGTT-3′) [8]. These primers were selected for qPCR because 

the amplicon size was more appropriate for qPCR studies than the primers used by McLaughlin et 

al. Reactions were performed in 20 µl volumes with 1X Quantitect SYBR Green Master Mix, 300nM 

forward and reverse primers, and 8.8 µl DNA. Thermocycler conditions were: 95C x 10 minutes, 

(95°C x 15 seconds, 60°C x 1 minute) x 40 cycles. All reactions were performed in triplicate. Relative 

expression was calculated as 2-dCt and converted to fold-change by normalizing to the mean 

expression at day 0. Data was analyzed using a one-way ANOVA with the assistance of Prism 

(Graphpad). 
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Flow cytometry 

Isolated particles were stained with 10 µM calcein-AM (Life Technologies) and anti-CD235a (GPA) 

fluorescently labeled antibody (PE/Cy7; BioLegend), incubated at room temperature for 20 minutes, 

and analyzed on a BD LSR flow cytometer (BD Biosciences). The concentration of RMPs in a 

sample was calculated by ratiometric comparison after adding a known concentration of Flow-

Check Fluoroshperes (Beckman). 

 

miRNA analysis 

Total RNA was isolated using a miRNeasy Mini Kit according to the manufacturer’s protocol 

(Qiagen) and analyzed on an Agilent Bioanalyzer with the RNA 6000 Pico Kit by standard protocol. 

qRT-PCR analysis of miR-451 was performed using Qiagen products (miScript II RT Kit, miScript 

Primer assay) and analyzer on a StepOne Real-Time PCR System (ThermoFisher). 

 

Western blot 

Particles were lysed in RIPA buffer, exposed to brief sonication, and protein was quantified using 

the BCA assay. 0.3 µg of protein was separated by gel electrophoresis, transferred to a nitrocellulose 

membrane, and probed using an anti-hemoglobin-alpha antibody (Santa Cruz Biotechnology; sc-

21005). 
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RESULTS 

Electron microscopy of RMPs 

Several groups have published electron micrographs of RMPs, thus we expected to find a mostly 

spherical morphology [9, 10]. However, negative-stain EM images (Figure 1A and 1B) of the unfixed 

pellet obtained from the supernatant of stored RBC units appeared identical to images published by 

McLaughlin et al. and Szymanski et al. [2, 3]. In both of these latter cases, the pleomorphic structures 

were reported to be bacteria. We consistently identified similar pleomorphic structures in RBC units 

obtained from >6 healthy donors; these structures were present immediately after donation (day 0) 

as well as after several weeks of storage at 4°C, under standard blood bank conditions. We reasoned 

that these pleomorphic structures were either RMPs with unusual morphology (possibly due to 

artifact), or they were in fact microbial in nature. We systematically ruled out possible sources of 

artifact, including: RBC centrifugation, washing of the carbon grid with water, a lack of albumin in 

the isolated pellet. We also performed TEM and SEM of fixed pellets (Figure 1C–1F). Regardless of 

how the unfixed samples were prepared, negative-stain EM reliably produced images represented in 

Figure 1A and 1B. However, detailed analysis of fixed material by TEM and SEM revealed that, 

whereas some of the vesicles were pleomorphic and rod-like in shape, many retained the expected 

ellipsoidal shape (Figure 1C–1F) [9, 10]. Further, comparison of fixed and unfixed samples by 

negative-stain EM showed mostly ellipsoidal versus mostly pleomorphic, rod-like shaped vesicles 

respectively (Figure 1G and 1H). To definitely determine the native structure of the vesicles, two-

dimensional (2D) cryo-electron microscopy (cryo-EM) images were acquired and three-dimensional 

(3D) cryo-electron tomography (cryo-ET) data sets were recorded and processed. 2D Cryo-EM 

micrographs and 3D cryo-ET reconstructions revealed predominantly round (77%) rather the 

pleomorphic vesicles (23%) and the presence of a single lipid bilayer (Figure 2) instead of the 

complex cell wall of a bacterial species. Average vesicle diameter was 190–288 nanometers. 
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Interestingly, while most vesicles appeared to be filled with a dense granular substance, a significant 

fraction (23%) did not, appearing “empty” (Figure 2A and 2B). 

 

Microbial DNA analysis of vesicles identifies common contaminants 

To further assess whether bacterial DNA is present in the supernatant of stored RBC units, a large 

microparticle pellet was isolated by sequential centrifugation of RBCs (100mL) that had been stored 

for 42 days under standard blood bank conditions. The pellet contained ~3 billion submicron, 

calcein-positive vesicles, as determined by flow cytometric analysis. DNA was extracted from the 

pelleted material and analyzed by standard gel electrophoresis. S. pneumoniae was used as a positive 

control, and molecular grade water or molecular grade water passed through the Qiagen DNA 

extraction protocol were negative controls. Despite the isolation of very large numbers of these 

vesicles, no genomic DNA was observed by gel electrophoresis (Figure 3A). Similar results were 

obtained using a phenol-chloroform based DNA extraction protocol. Subsequently, PCR was 

performed on the pelleted material using the same universal 16S rDNA primers as described by 

McLaughlin et al. PCR product was observed in pelleted vesicles and both positive and negative 

controls (Figure 3B). The PCR product from each sample was purified and sequenced by single pass 

sequencing (Beckman Coulter Genomics) using the same 16S rDNA primers (S1 File). BLAST 

analysis revealed that 16S sequences in the pelleted material were highly similar to Pelomonas spp. 

Sequences from molecular grade water and water passed through the Qiagen extraction protocol 

were related to Bradyrhizobium spp. and Propionibacterium spp., respectively. All three species are 

known to be common contaminants in laboratory reagents [11]. Of note, both species identified by 

McLaughlin et al. are also now known to be typical contaminants (Stenotrophomonas spp., Pseudomonas 

spp.). As expected, 16S rDNA amplified from S. pneumonia DNA was identified as S. pneumonia (raw 

sequences available in supplemental material). 
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16S rDNA levels are unchanged in human serum incubated for up to 10 days 

To further rule out the possibility of viable bacteria in the blood of healthy humans, serum from 3 

donors was subjected to 16S rDNA qPCR analysis after incubation for 0, 5, and 10 days. The 

abundance of 16S rDNA would be expected to increase over time if viable, replicating bacteria were 

present. Here, we did not find any change in the amount of 16S rDNA over time (ANOVA, p = 

0.53) (Figure 3C). 

 

Flow cytometry, miRNA, and protein analysis indicate isolated structures are RMPs 

Flow cytometric analysis demonstrated that all vesicles in the pelleted material from RBC storage 

units were positive for glycophorin-A (GPA), a RBC specific surface antigen, and calcein-AM 

(Figure 4A), suggesting that they were membrane-bound and intact [12]. Calcein-AM is a non-

fluorescent, membrane permeable dye that becomes fluorescent and membrane impermeant after it 

is cleaved by esterases. RNA isolated from the vesicles was characterized using an Agilent 

Bioanalyzer and revealed that it contained only small RNA (Figure 4B). miR-451, a miRNA known 

to be highly enriched in RBCs was highly abundant in both RBC and in RMP fractions, as compared 

to RNA isolated from cultured human aortic endothelial cells (HAECs), which have low levels of 

miR-451 and were used as a negative control (Figure 4C). High levels of hemoglobin-alpha were 

detected in protein lysate of the vesicles and RBCs (Figure 4D). Since the RMP pellet was washed 

extensively with PBS prior to RNA or protein isolation, it is not expected that the miR-451 or 

hemoglobin-alpha was derived from lysed RBCs in the stored unit. 
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DISCUSSION 

In summary, unfixed negative-stain EM of material in the extracellular fluid of RBC storage units 

identified pleomorphic structures that appeared identical to those previously reported to be 

circulating bacteria. Our results suggest that these pleomorphic structures are RMPs, not viable 

bacteria. First, genomic DNA was undetectable in the extracellular material, even when very large 

numbers of vesicles were used for DNA isolation. Second, incubation of serum samples from 

healthy humans at 30°C for up to 10 days failed to show any increase in bacterial 16S rDNA 

content. Third, bacterial 16S rDNA sequences amplified by PCR, both in this study and in previous 

studies, are known to be common contaminants in laboratory reagents [11]. Lastly, isolated vesicles 

had intact membranes, RBC specific antigen on their surface, and relatively abundant amounts of 

hemoglobin alpha and miR-451, a miRNA highly expressed in RBCs [13]. 

 

The unusual, pleomorphic nature of the vesicles present in unfixed negative-stain EM appeared to 

largely be due to the vesicles remaining flexible and deformable just prior to grid preparation. 

Whereas, most vesicles were observed to be ellipsoidal when fixed for negative-stain EM, thin-

section TEM, or SEM. However, a small fraction of particles seemed to have a rod-shaped 

morphology. Why RBC-derived vesicles would assume this seemingly energetically unfavorable 

morphology is not clear, though it may be related to the unique structural proteins or lipid content 

responsible for the biconcave shape of RBCs. The cryo-EM studies revealed the presence of “full” 

and “empty” MPs. We suspect the granular material in the full MPs is hemoglobin, and that the 

empty MPs are ghost MPs, which others have observed in stored RBC units [14]. 

 

While it is accepted that bacteria transiently transmigrate into healthy human circulation, the concept 

that naturally occurring, viable nanobacteria routinely circulate in blood is not well supported. In 
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general, the existence of nanobacteria is controversial [15], and, whereas multiple groups have 

provided evidence that nanobacteria-like structures can form spontaneously in human serum, the 

consensus opinion is that these structures are likely mineraloprotein complexes rather than microbes 

[16, 17]. 

 

CONCLUSIONS 

The existence of pleomorphic nanobacteria in healthy human blood has been described elsewhere; 

however, our study suggests that pleomorphic structures observed in negative-stain electron 

micrographs of human RBC storage units are RMPs and that 16S rDNA PCR products associated 

with these RMPs are contaminants, commonly known to be present in laboratory reagents. 
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FIGURE LEGENDS 

Figure 1. Representative electron micrographs of pelleted material from supernatant of RBC storage 

units. (A and B) Negative-stain EM images of the unfixed material, showing pleomorphic structures. 

(C and D) Thin-section TEM images, showing membrane encapsulate vesicles. (E and F) SEM 

images. (G and H) Negative-stain EM of fixed (G) versus unfixed (H) structures. Vesicles were 

isolated and imaged as described in Methods section. 

 

Figure 2. Representative 3D cryo-electron tomograpahy data and visual characterization of RBC-

derived microparticles (RMPs). (A) Slices through 3D volumes of RMPs. (B) RMPs were measured 

and were characterized as either round or pleiomorphic, and as either full or empty. The number of 

each particle type, percent of the total, mean diameter, and standard deviation are presented in the 

table. 

 

Figure 3. Analysis of bacterial DNA in pelleted material from RBC storage units and serum. 

RMPs were isolated from ~100 mL of RBCs stored under standard conditions for 42 days. (A) 

Genomic DNA was isolated and analyzed by gel electrophoresis. Molecular grade water and DNA 

from S. Pneumoniae served as negative and positive controls, respectively. Band reflective of genomic 

DNA was only observed in positive control lane. (B) Isolated DNA was also subjected to 16S 

rDNA PCR analysis, using universal primers. PCR product was observed for all samples assessed. C, 

Serum from 3 healthy donors was incubated at 30°C for 5 and 10 days, and then analyzed using a 

16S rDNA qPCR assay. No significant difference in 16S rDNA was observed between the different 

time points. 
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Figure 4. Vesicles isolated from supernatant of RBC storage units are membrane-bound, intact, and 

contain RBC surface antigen and RBC-specific miRNA. (A) Unstained vesicles (red, bottom left) or 

vesicles co-stained with calcein-AM and fluorescent anti-GPA (blue, top right) were analyzed by 

flow cytometry. >99% of the vesicles were positive for calcein-AM and anti-GPA. ( B)RNA from 

vesicles was analyzed by Agilent Bioanalyzer. Peak on electropherogram at 25 nt is internal standard 

and small peak to the right reflects small RNA. This electropherogram is representative of 

Bioanlyzer data from six different RBC storage units. (C) Levels (Ct values) of miR-451 were 

assessed by qRT-PCR in stored RBCs, the RMP pellet, and in human aortic endothelial cells 

(HAECs, negative control). (D) Hemoglobin-alpha content of RMP pellet and stored RBCs, as 

assessed by Western blot. Blot is representative of six different RBC storage units. 
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Figure 3 
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Figure 4 
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ABSTRACT 

Respiratory syncytial virus (RSV) is a leading cause of infant hospitalization and there remains no 

pediatric vaccine. RSV live-attenuated vaccines (LAVs) have a history of safe testing in infants; 

however, achieving an effective balance of attenuation and immunogenicity has proven challenging. 

Here we seek to engineer an RSV LAV with enhanced immunogenicity. Genetic mapping identifies 

strain line 19 fusion (F) protein residues that correlate with pre-fusion antigen maintenance by 

ELISA and thermal stability of infectivity in live RSV. We generate a LAV candidate named OE4 

which expresses line 19F and is attenuated by codon-deoptimization of non-structural (NS1 and 

NS2) genes, deletion of the small hydrophobic (SH) gene, codon-deoptimization of the attachment 

(G) gene and ablation of the secreted form of G. OE4 (RSV-A2-dNS1-dNS2-ΔSH-dGm-Gsnull-

line19F) exhibits elevated pre-fusion antigen levels, thermal stability, immunogenicity, and efficacy 

despite heavy attenuation in the upper and lower airways of cotton rats. 
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INTRODUCTION 

In the 1960s, a formalin-inactivated RSV (FI-RSV) vaccine primed for enhanced illness in infants on 

natural infection [1]. This phenomenon was replicable in animal models and considered dependent 

on RSV naive status [2]. Subsequent studies using subunit-based vaccines also primed for 

immunopathology in animals [3, 4]. These early RSV vaccines encouraged development of LAVs, 

which do not prime for enhanced disease in animals or seronegative infants [2, 5]. However, 

development of pediatric RSV LAV strains with sufficient attenuation and immunogenicity has been 

difficult [6]. To address these dual challenges, newer RSV LAVs have incorporated genetic 

modifications rationally designed to retain or enhance immunogenicity compared with wild type 

virus [7-9] because natural infection may be suboptimally immunogenic for LAVs derived by classic 

attenuation methods. 

 

Recent elucidation of the structure of the pre-fusion conformation of RSV F protein (pre-F [10]) 

and discovery of its importance as a natural immunogen [11] has had implications for RSV vaccine 

development. The high capacity of pre-F to elicit neutralizing antibody titres has been demonstrated 

in multiple vaccine platforms, including purified proteins [12-14], virus-like particles [15], and 

recombinant parainfluenza viruses [16]. Use of pre-F in passive immunization, either by anti-pre-F 

monoclonal antibody (mAb) prophylaxis or by boosting RSV neutralizing antibody (nAb) titres in 

pregnant mothers with pre-F protein-based vaccines, holds promise for reducing RSV disease in the 

youngest infants [14]. Nevertheless, active immunization of infants with a replicating RSV vaccine 

could potentially have a large child health benefit if protection spanned beyond the persistence of 

passively acquired maternal Ab. Since natural RSV infection induces anti-pre-F nAb [11], we 

hypothesized that RSV with enhanced pre-F expression would have increased LAV immunogenicity. 
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Here we first identified a chimeric RSV strain A2-line19F with enhanced pre-fusion antigen levels, 

thermostability and immunogenicity compared with parental strain A2. We then incorporated 

line19F into an RSV LAV candidate ‘OE4’ with the genotype RSV-A2-dNS1- dNS2-ΔSH-dGm-

Gsnull-line19F. We found that OE4 exhibited elevated pre-fusion antigen levels, thermal stability, 

immunogenicity, and efficacy despite heavy attenuation in the upper and lower airways of cotton 

rats. 
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METHODS 

Cells and animals 

HEp-2 (ATCC CCL-23) and Vero (ATCC CCL-81) were cultured in minimal essential medium 

(MEM) containing 10% fetal bovine serum (FBS) and 1 µg ml−1 penicillin, streptomycin and 

amphotericin B (PSA) [8]. BSR-T7/5 (a gift from Ursula Buchholz, National Institutes of Health, 

Bethesda, MD) were cultured in Glasgow's minimal essential medium (GMEM) containing 10% 

FBS and 1 µg ml−1 PSA supplemented with 1 mg ml−1 Geneticin with every other passage [8]. BEAS-

2B cells (ATCC CRL-9609) were cultured in RMPI containing 10% FBA and 1 µg ml−1 PSA [17]. 

The cell lines were not authenticated, and they were negative for mycoplasma using the LookOut 

Mycoplasma detection kit (Sigma). Normal human bronchial epithelial (NHBE) cells were purchased 

from Lonza and differentiated 4–6 weeks at air–liquid interface (ALI) as described [8]. Prior to 

infection, NHBE-ALI cultures exhibited trans-epithelial resistance. Human airway epithelial (HAE) 

cells from airway specimens of patients without defined lung disease were isolated by the University 

of North Carolina (UNC) Marsico Lung Institute Tissue Culture Core [18]. Patients provided 

informed consent under UNC at Chapel Hill Institutional Review Board-approved protocols from 

the National Disease Research Interchange (NDRI, Philadelphia, PA). Primary cells were cultured 

initially in a cell culture-treated flask before being seeded at a density of 3 × 105 cells per Transwell 

disk. Similar to NHBE cells, HAE cells were cultured at ALI for 4–6 weeks forming differentiated 

polarized cultures [18]. 

 

Six- to eight-week-old female BALB/c mice (The Jackson Laboratory or Charles River) were 

maintained under pathogen-free conditions until the time of use. The Emory University Institutional 

Animal Care and Use Committee (IACUC) approved the mouse studies. Male and female Sigmodon 

hispidus cotton rats were bred and housed in the vivarium in Baylor College of Medicine. These 
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cotton rats were ∼75 to 150 g of body weight at the start of the experiments, and all experimental 

protocols were approved by the Baylor College of Medicine's IACUC. Inbred Sigmodon hispidus 

cotton rats at Sigmovir Biosystems, Inc. (Rockville, MD) were utilized in a challenge study approved 

by the Sigmovir IACUC. All mouse and cotton rat experiments were conducted in accordance with 

the Guide for Care and Use of Laboratory Animals of the National Institutes of Health, as well as 

local, state and federal laws. Mice and cotton rats were randomly assigned to groups based on 

sequential selection from an inventory, and investigators were not blinded to outcome assessment. 

 

Assembly and rescue of recombinant RSV viruses 

The following recombinant viruses were previously described: A2, A2-line19F, A2-line19F(M79I), 

A2-line19F(R191K), A2-line19F(K357T), A2-line19F(Y371N), A2-line19F(I557V), A2-

line19F(K357T/Y371N) and A2-mKate2-2-20F/G [19-21]. The bacterial artificial chromosome 

(BAC) construct for OE4 was generated through modification of the published BAC containing A2-

mKate2-line19F(I557V) [20]. The gene for monomeric Katushka 2 (mKate2, K), a far-red 

fluorescent reporter, is in the first gene position of the RSV antigenomic cDNA. Inclusion of 

mKate2 in this position did not attenuate RSV in vitro or in mice [20]. Deletion of SH (ΔSH) was 

performed by recombination-mediated mutagenesis (recombineering) [20]. The following 

oligonucleotides (Integrated DNA Technologies/IDT) were used to PCR-amplify the galK cassette 

such that the amplicon termini are homologous to the target site to replace SH with galK: dSH50f 

(5′-

AGATCTAGTACTCAAATAAGTTAATAAAAAATATACACATGGACGTCCATCCTGTTGA

CAATTAATCATCGGCA-3′), where the underlined portions represent the 50 nt immediately 

upstream of the SH gene start in the BAC, and dSH50r (5′-

GTCTTAGCGGTGCGTTGGTCCTTGTTTTTGGACATGTTTGCATTTGCCCCTCAGCACT



 331 

GTCCTGCTCCTT-3′), where the underlined portion represents the complement of 50 nt beginning 

with the G gene start in the BAC. The non-underlined portions of the primers are specific to the 

galK cassette, as described41. Recombination in E coli resulted in replacing SH, from the beginning of 

the gene start to the end of the SH-G intergenic region, with the galK cassette. The following 

complementary oligonucleotides were annealed and used for removing the galK cassette in the 

second step of recombineering: dSH100f (5′-

AGATCTAGTACTCAAATAAGTTAATAAAAAATATACACATGGACGTCCATGGGGCAA

ATGCAAACATGTCCAAAAACAAGGACCAACGCACCGCTAAGAC-3′) and dSH100r (5′-

GTCTTAGCGGTGCGTTGGTCCTTGTTTTTGGACATGTTTGCATTTGCCCCATGGACGT

CCATGTGTATATTTTTTATTAACTTATTTGAGTACTAGATCT-3′). Precise deletion of SH 

was confirmed by sequencing, yielding A2-K-ΔSH-line19F(I557V) BAC. The human codon-

deoptimized NS1 (Supplementary Figure 5) and NS2 (Supplementary Figure 6) coding regions were 

digested from the BAC used for recovery of A2-dNSh previously described and ligated into the A2-

K-ΔSH-line19F(I557V) BAC yielding an A2-K-dNSh-ΔSH-line19F(I557V) [8]. This construct was 

used for recovery of OE4+wild type A2 G (termed OE4+wtG). Codon deoptimization of G was 

performed through substitution in silico of all codons least frequently used based on human codon 

usage bias into the RSV G sequence of A2. A point mutation (M48I) was introduced to ablate the 

secreted form of G (Supplementary Figure 7). The coding region of codon-deoptimized G (dG) was 

synthesized by GenScript and cloned by restriction digestion and ligation into the A2-K-dNSh-ΔSH-

line19F(I557V) BAC yielding A2-K-dNSh-ΔSH-dG-line19F(I557V) yielding the recovery BAC for 

OE4. The rescue of DB1 was previously described [9]. DB1–357/371 was generated through 

introduction of the line 19F residues K357 and Y371 into the DB1 coding sequence. The BAC for 

rescue of A2-del-M2-2 was generated by recombineering. We deleted 234 nt (from the seventh 

codon to the stop codon) of M2-2, as had been done previously for RSV ΔM2-2 [22]. The following 
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oligonucleotides were used to PRC-amplify the galK cassette for the first step of recombineering, 

delM2-1-f (5′-

TTAGTGATACAAATGACCATGCCAAAAATAATGATACTACCTGACAAATACCTGTTGA

CAATTAATCATCGGCA-3′) and delM2-2-r (5′-

ATTGTTTGAATTAATAATGTAACGATGTGGTGAGTGTTAGAATTGAGTGTTCAGCAC

TGTCCTGCTCCTT-3′). The following complementary oligonucleotides were annealed and used 

for the second recombineering step, M22_100f (5′-

TTAGTGATACAAATGACCATGCCAAAAATAATGATACTACCTGACAAATAACACTCAA

TTCTAACACTCACCACATCGTTACATTATTAATTCAAACAAT-3′), and M22_100r (5′-

ATTGTTTGAATTAATAATGTAACGATGTGGTGAGTGTTAGAATTGAGTGTTATTTGT

CAGGTAGTATCATTATTTTTGGCATGGTCATTTGTATCACTAA-3′). Precise deletion of the 

targeted 234 nt was confirmed by sequencing. A version of OE4 without the mKate2 gene was also 

generated from pSynkRSV-dNS1-dNS2-ΔSH-line19F by excising the coding region containing the 

mKate2 gene with KpnI and AvrII. The resultant fragment containing mKate2 flanked by identical 

BlpI sites was then excised using BlpI, and the flanking fragments were ligated to generate 

pSynkRSV-dNS1-dNS2-ΔSH-line19F without mKate2. Recombinant viruses described in this 

paragraph were rescued in BSR-T7/5 cells [20], and virus stocks were propagated in Vero cells. 

 

The panel of RSV strains used for quantification of RSV nAb titres in cotton rat anti-sera were 

generated by first having cDNAs of F and G genes of the following A and B strains synthesized 

(GeneArt, Invitrogen): RSVA/1998/12-21 (JX069802), Riyadh A/91/2009 (JF714706/JF714710); 

and RSV B strains NH1276 (JQ680988/JQ736678), 9320 (AY353550), and TX11-56 

(JQ680989JQ736679). The G and F gene segments were cloned into the A2-K BAC by restriction 
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digestion and ligation, and the reporter viruses were recovered by transfection into BSR-T7/5 cells, 

followed by propagation of stocks in HEp-2 cells as was previously described [9]. 

 

RSV thermal stability 

Virus aliquots were thawed at room temperature, pooled in 15 ml conical tubes, and mixed 1:1 with 

serum-free MEM before vortexing for 30 s. After vortexing, 1.5 ml of each virus suspension was 

transferred to replicate tubes to be incubated at either 4 or 37 °C in water baths. At designated time 

points, the tubes containing virus suspensions were removed, vortexed for 30 s each, and 300 µl was 

transferred to tubes then frozen in liquid nitrogen and stored at −80 °C. Quantification of titre was 

either determined by counting fluorescent focus units (FFU), if the virus was mKate2-expressing, or 

by plaque assay. For quantification by FFU titre, after all time points had been collected, samples 

were thawed on ice, vortexed 30 s, and serially diluted by 10-fold reductions in serum-free MEM in a 

96 well plate. Once serially diluted, 50 µl of each dilution in triplicate was transferred to a 96-well 

plate containing confluent Vero cells. The virus was spinoculated onto the cells at 2,900g for 30 min 

at 4 °C before being overlaid with a 0.75% methylcellulose suspension in complete MEM. The plates 

were incubated at 37 °C for 2 days before FFU were counted. The methods for plaque assay have 

been previously described [19]. Plates of Vero cells infected for immunoplaque assay were incubated 

at 37 °C for 6 days prior to processing. 

 

Pre-F antigen ELISAs 

Virus aliquots were thawed and diluted in MEM to yield high-titre stock suspensions. Then 100 µl of 

each virus stock suspension was added in triplicate to wells in a 96-well Costar Assay Plate, High 

Binding (Corning). The plates were covered and incubated at room temperature overnight. The next 
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day, the virus suspension was dumped from the plate, and the plate was washed once with 150 µl per 

well of PBS-Tween (PBST, 0.05% Tween20 in PBS) followed by addition of 150 µl of 5% BSA (in 

PBS) per well for blocking. The plate was incubated at room temperature for 2 h. Pre-F-specific 

mAb MPE8 [23] was generated in HEK293-X2FreeStyle cells (U-Protein Express, BV) using human 

codon-optimized VH and VL sequences. Motavizumab mAb which binds pre-F and post-F was 

kindly provided by Nancy Ulbrandt (MedImmune/AZ). MPE8 and motavizumab antibodies were 

prepared by diluting the antibodies to 1 µg ml−1 in PBS before further dilution of 1:10,000 to 

1:320,000 by serial dilutions in 1% BSA. Following blocking, the plate was washed once again with 

150 µl per well of PBST before 100 µl of the serially diluted primary antibodies were applied to the 

wells. The plate was incubated for 2 h at room temperature before being dumped and washed three 

times with 150 µl per well of PBST. After washing, 100 µl of a 1:10,000 dilution of anti-human-HRP 

antibody in 1% BSA was applied and the plate incubated for 1 h at room temperature. Then the 

plate was dumped and washed three times with 150 µl of PBST before 100 µl of a pre-mixed 

reactive substrate reagent mixture (R&D Systems) was applied to catalyse a colorimetric reaction. 

The plate was covered and incubated for ∼10 min before the reaction was quenched by the addition 

of 100 µl of 0.2 N sulfuric acid. The plate was read at 450 nm on an ELISA plate reader. Background 

absorbance levels were subtracted from the test sample absorbance readings and plotted to a curve. 

The ratio of the area under the curve for MPE8 (pre-F) to the area under the curve for 

motavizumab (pre-F and post-F, total F) was calculated to determine pre-F level normalized to total 

F. The identical ELISA procedure was replicated using D25 instead of MPE8 as an additional 

measure of pre-F antigen levels. 
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To determine the stability of pre-F in OE4 compared with A2 at 4 °C over time, we incubated vials 

of virus for 0, 3 or 7 days and similarly applied 100 µl of each virus stock suspension in triplicate to 

wells in a 96-well Costar plate. We incubated the plates at 4 °C overnight, such that the final time 

points at time of measurement were 1, 4 and 8 days, respectively. We then performed ELISAs using 

MPE8 and motavizumab as above, but kept the plates and substrates at 4 °C or on ice for the 

remainder of the experiment. 

 

Western blotting 

Western blots were performed on infected Vero cell lysates harvested in RIPA buffer as described 

[8] using polyclonal rabbit antisera specific to NS1 (1:5,000) and NS2 (1:400; gifts from Michael 

Teng, USF Health), D14 (1:5,000; anti-RSV N; gift from Edward Walsh, University of Rochester), 

131-2G (1:2,000; anti-RSV G, MAB858-2-5; Millipore), motavizumab (1:5,000; anti-F; gift from 

Nancy Ulbrant) or GAPDH (1:5,000), followed by peroxidase-conjugated anti-rabbit, anti-mouse or 

anti-human secondary antibodies (1:10,000; Jackson ImmunoResearch) (Figure 3 and Supplementary 

Figure 8). Densitometry analyses were performed using Image Lab software (Bio-Rad). 

 

Viral replication in immortalized and primary cell cultures 

The media from 70% confluent Vero or BEAS-2B cells in six-well plates was aspirated, and 0.5 ml 

of virus at a multiplicity of infection (MOI) of 0.01 was added to replicate wells for each of the time 

points to be acquired for each virus strain. The plates were rocked at room temperature for 1 h. 

Following infection, the virus was carefully aspirated and the monolayers washed twice with 1 ml of 

PBS before 2 ml of pre-warmed complete E-MEM (Vero) or RPMI (BEAS-2B) was added. The 

plates were incubated at 37 °C and 5% CO2 for the duration of the time courses. Time points were 

acquired at 1, 12, 24, 36, 48, 72 and 96 h post infection. At each time point, the monolayers were 
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scrapped into the supernatant, vortexed briefly and flash frozen in liquid nitrogen before storage at 

−80 °C. NHBE cells from two donors were differentiated at ALI and the monolayers washed with 

PBS before being infected apically with 100 µl of virus at an MOI of 2.6. The virus was left to 

incubate for 2 h at 37 °C before removal and three subsequent washes with PBS. At designated time 

points, 150 µl of differentiated medium without inducer was incubated on the apical surface for 

10 min at 37 °C before harvesting and transfer into microcentrifuge tubes. The process was repeated 

to yield a total of 300 µl of pooled apical wash, which was frozen in liquid nitrogen and stored at 

−80 °C for later titration. Similar to the NHBE infection, HAE cells from two donors were 

differentiated at ALI, the apical surface washed with PBS, and infected with an initial MOI of 6.7. 

Following 2 h incubation at 37 °C, the virus inoculum was aspirated, the apical layer washed three 

times with PBS and the culture incubated at 37 °C. For each designated time point, the apical layers 

were washed with 425 µl of media for 30 min at 37 °C and the supernatant stored at −80 °C. FFU 

titration was performed for all analyses as described above on either HEp-2 or Vero cells. 

 

Attenuation and efficacy in mice 

For determination of viral load, 7-week-old female BALB/c mice (Charles River) were infected i.n. 

under sedation with 100 µl of virus in serum-free MEM. On days 2, 4, 6 and 8, the mice were 

euthanized and the left lung harvested and homogenized for viral FFU titre assay. Titres below the 

limit of detection were assigned a value equal to half of the limit of detection. To assess the genetic 

stability of OE4 NS1, NS2, F and G genes in vivo, we also used the lung homogenate from day 6 

post infection to sequence the genes of interest after passage in mice. We first isolated viral RNA 

directly from lung homogenate using Nucleospin RNA purification kit (Macherey-Nagel) and 

performed reverse transcription using SuperScript III reverse transcriptase (Thermo-Fisher). We 
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then amplified regions of interest using PfuTurbo DNA polymerase (Agilent) and obtained 

sequences via GenHunter Corp. 

 

For determination of serum nAb titres and challenge studies, 7-week-old female BALB/c mice 

(Jackson) were infected i.n. with 100 µl of virus in serum-free MEM. On days 35, 70 and 100, the 

mice were sedated and serum samples obtained via submandibular vein bleeding. Sera were stored at 

−80 °C until quantification by a FFU microneutralization assay [8]. Neutralization titres were 

determined by co-incubating heat-inactivated (56 °C, 30 min) sera, which had been two-fold serially 

diluted with 50–100 FFU of virus for 1 h at 37 °C. The serum-virus mixtures were then spinoculated 

onto HEp-2 monolayers in 96-well plates at 2,900g for 30 min at 4 °C before being overlaid with 

0.75% methylcellulose in complete MEM. FFU per well were counted 2 days later, and EC50 titres 

were determined by nonlinear regression analysis (GraphPad Prism). To challenge the mice after 

vaccination, the mice were sedated on day 102 post inoculation and infected i.n. with 105 PFU A2-

line19F. After 4 days, the viral load was determined on the left lung by plaque assay on HEp-2 cells. 

 

Histopathology in mice 

Female 8-week-old BALB/c mice (Jackson) were sedated and infected intranasally with either mock 

solution or 105 FFU of A2, A2-line19F, OE4 or A2-del-M2-2. After 8 days, the lungs were 

harvested, fixed, sectioned and stained with Periodic acid-Schiff (PAS). Morphometric quantification 

of airway PAS positivity was performed on digitized slides using a Mirax digital pathology system 

(Zeiss) and Histoquant software as previously described [19]. All airways in the sections were 

analysed. 
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Attenuation and efficacy in cotton rats 

For determination of viral load in naive animals, 8- to 10-week-old male and female cotton rats were 

sedated and inoculated i.n. with 105 FFU of virus in 100 µl in serum-free MEM at Baylor College of 

Medicine. On day 4 post infection, the cotton rats were killed. For acquisition of lung lavage washes, 

the left lobe of the lung was excised and transpleurally lavaged with 3 ml of Iscove's media with 15% 

glycerin mixed with 2% FBS-MEM (1:1). For acquisition of nasal wash, the jaws were first 

disarticulated and the head was removed. A solution of 1 ml of Iscove's media with 15% glycerin 

mixed with 2% FBS-MEM (1:1) was washed through each nare for a total of 2 ml of volume. 

Titration was performed by plaque assay on HEp-2 cell monolayers. For determination of nAb 

titres, 8- to 10-week-old male and female cotton rats at Baylor College of Medicine were sedated and 

inoculated i.n. with 105 FFU of virus in 100 µl of serum-free MEM. On day 42, serum was obtained 

via the orbital plexus of the cotton rats and stored at −80 °C until analysed as described above. To 

assess efficacy, cotton rats were challenged on day 42 post infection (following i.n. vaccination with 

3 × 105 FFU) with 1 × 106 FFU i.n. of RSV strain A2-line19F at Sigmovir Biosystems Inc. On day 4 

post challenge, the nasal turbinates were homogenized in 3 ml of HBSS supplemented with 10% 

SPG, and the left lung was homogenized in 3 ml of HBSS supplemented with 10% SPG. The nasal 

and lung tissue titres were determined by plaque assay as described above. 

 

Enhanced disease study in cotton rats 

Groups of five 6- to 8-week-old female cotton rats were vaccinated intranasally with either 105 FFU 

of OE4, MEM (mock treatment), or intramuscularly with FI-RSV (lot 100; 1:125) at Sigmovir, Inc. 

On day 21, FI-RSV-vaccinated rats were boosted with a second identical vaccination. On day 42, all 

cotton rats were challenged intranasally with 1.35 × 105 PFU of A2-line19F. On day 48 (day 6 post 

challenge), the cotton rats were killed and the lungs excised, perfused with 10% formalin and 
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sections of paraffin-embedded inflated lungs were stained with hematoxylin-eosin (H&E). The slides 

were scored by a pathologist blinded to the groups on a scale of 0 to 4 based on increasing severity 

of peribronchial mononuclear inflammatory cell infiltration, perivascular mononuclear inflammatory 

cell infiltration, interstitial pneumonitis and alveolitis. 

 

Cryo-ET 

BEAS-2B cells were seeded on gold R2/1 Quantifoil TEM grids in MatTek dishes and were infected 

when subconfluent (30–40%) at an MOI of 10 using A2 and OE4 strains. Twenty-four hours post 

infection, infected cells on gold Quantifoil TEM grids were plunge frozen using a Gatan CryoPlunge 

3 apparatus (Gatan, Inc., Pleasanton, CA). For the A2 strain that was heat-treated, BEAS-2B cells 

were seeded on gold R2/1 Quantifoil TEM grids in MatTek dishes and were infected when 

subconfluent (30–40%) at an MOI of 10 with the A2 strain. Twenty-four hours post infection, the 

MatTek dishes containing TEM grids were incubated for 30 min at 55 °C [24]. Immediately after 

heat treatment, infected cells on gold Quantifoil TEM grids were plunge frozen using a CryoPlunge 

3 apparatus. In all instances, 4 µl of BSA-conjugated 10 nm gold nanoparticles was applied onto the 

TEM grid prior to cryoplunging. Cryogrids were stored in liquid nitrogen prior to imaging with a 

JEOL JEM-2200FS TEM at 200 kV (JEOL Ltd., Japan), which is equipped with a field emission 

gun, an in-column Omega energy filter with a slit width of 20 eV. Tilt series were recorded semi-

automatically using the SerialEM package from −65° to 65° at 2° increment step, −6 µm defocus, 

with a total dose of ∼120 e− Å−2 [25-28]. Images were recorded on a Direct Electron DE-20 camera 

(Direct Electron, LP, San Diego, CA) at 12 frames per second at a nominal magnification of 10,000 

resulting in a pixel size of 0.614 nm. 
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Tilt series frames were motion corrected prior to tomographic reconstruction using python scripts 

provided by the manufacturer (Direct Electron, LP). Motion corrected frames were used for 

tomographic reconstruction in the IMOD software package using the weighted back-projection 

algorithm, and the 10 nm gold nanoparticles were used as fiducials to align frames at the different tilt 

angles [29]. Reconstructed three-dimensional volumes (unbinned and binned by a factor of 2) were 

also CTF-corrected by inversing the phase and de-noised by nonlinear anisotropic diffusion. 

 

Subvolume averaging and model fitting 

Subvolumes of RSV glycoproteins were manually selected (3,827, 2,567 and 1,313 subvolumes for 

A2, OE4 and A2-heat, respectively) from tomograms binned by a factor of 2, using EMAN2 

e2spt_boxer.py script [30]. Initially, two-fold binned data were used in the subvolume averaging 

process. Alignments and averaging were performed in PEET 1.11.0 Alpha version, and each 

subvolume was normalized (‘flgNormalize=1') prior to alignment and averaging [31]. Initial 

orientations of the subvolumes were determined using SpikeInit. Particles were considered 

duplicates if the centre-to-centre distance was <60 Å for A2 and OE4 and 40 Å for A2-heat 

samples; only the ones with the highest cross-correlation coefficient values were kept. The initial 

reference was a previously published post-fusion F glycoprotein (EMDB-2393) low-pass filtered to 

60 Å. A soft-edged cylinder mask was applied during alignment to eliminate contributions from the 

neighbouring particles. Using the two-fold binned data, six iterations were run with missing wedge 

compensation (eight weight groups) and the resulting averages indicated three-fold symmetry, 

consistent with the crystal structures. Thus, we imposed C3 symmetry by creating a three-fold 

symmetric data set: the first set are the aligned particles, the second and third sets have all the same 

tilt angles and positions as the first set, but with either 120° or 240° of twist rotation along the y axis 

applied using modifyMotiveList in PEET. The initial subvolume averages were used as references for 



 341 

refinements with C3 symmetry imposed, and three more iterative refinements were run with smaller 

transitional and angular search ranges and increasing high-frequency cutoff values. The respective 

translation information from the two-fold binned data were scaled by a factor of two to match the 

unbinned tomograms, and were used as input MotiveList for three more iterative refinements on the 

unbinned data. The final subvolume averages (final pixel size of 6.14 Å, unbinned) with C3 

symmetry were reconstructed from 2,268, 1,687 and 823 subvolumes, for A2, OE4 and A2-heat, 

respectively. The final density maps of F were low-pass filtered to FSC=0.143 cutoff calculated in 

PEET, and masked using a soft edged cylinder generated using SPIDER [32]. The atomic crystal 

structures of pre-fusion and post-fusion F glycoprotein (PDB IDs 4JHW and 3RRT, respectively) 

were manually fitted into the final electron density maps using Chimera [33]. 

 

Immuno-TEM 

BEAS-2B cells were seeded on Alcar disks in 24-well plates and were infected when subconfluent 

(50–70%) at an MOI of 10 using A2 and OE4 strains. Twenty-four hours post infection, anti-pre-F 

(MPE8) [23], anti-post-F (131-2A) [34, 35], anti-F (motavizumab, gift from Nancy Ulbrant) and anti-

G (131-2G, MAB858-2-5; Millipore), primary antibodies were added to RPMI-1640 medium at a 

final concentration of 5 µg ml−1. After primary antibody incubation for 1.5 h at 37 °C, cells were 

washed four times with RPMI-1640 medium, and then incubated for 1.5 h at 37 °C with goat anti-

human (used for MPE8 and motavizumab) or goat anti-mouse (used for 131-2A and 131-2G) 

secondary antibody conjugated to 6 nm gold particles in RPMI-1640 medium at a final concentration 

of 10–20 µg ml−1. Following additional medium washes, cells were fixed in 2.5% glutaraldehyde at 

4 °C overnight. The next day, fixed cells on Aclar disks were washed with 0.1 M phosphate butter 

(pH 7.4) followed by pre-fixation with 1% OsO4 in 0.1 M phosphate buffer for 1 h. The cells were 

then washed with deionized water before dehydration at 5 min intervals in graded concentrations of 
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ethanol (25, 50, 75, 95 and 100%). The cells were then treated with a 1:1 resin mixture of 100% 

ethanol and Eponate 12 for 1 h, followed by polymerization with 100% Eponate 12 resin overnight 

in the oven. Ultrathin sections were cut between 60 and 80 nm in thickness, and then stained using 

5% uranyl acetate and 2% lead citrate. Sections were imaged as montages using SerialEM software 

on a JEOL JEM-1400 TEM (JEOL Ltd., Japan) equipped with a Gatan US1000 2 k × 2 k CCD 

camera (Gatan) at × 8,000 nominal magnification [25, 36, 37]. 

 

Montages were assembled using sloppyblend.com script, and further measurements and 

quantification were done using the blended maps. The six groups of data (70 montages, 1,515 viral 

particles) were randomly blinded among groups prior to quantification. Total membrane length of a 

viral particle was measured using imodinfo command by placing open model points along the viral 

membrane, where distinct membrane morphology is present. The 6 nm immunogold particles on 

both sides of viral particle membranes were counted separately. Gold particle intensity per particle 

was calculated using total gold particles on the viral membrane divided by total viral membrane 

length (gold particles per µm of membrane length). Representative images for the immuno-TEM 

were selected based on the average gold particle intensities along the membrane. 

 

Statistical analyses 

All statistical analyses were computationally performed using GraphPad Prism. The number of 

replicates and type of statistical analysis performed are described for all experiments in the figure 

legends. No statistical methods were used in predetermining sample sizes. 
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RESULTS 

Pre-fusion F ELISAs 

Metastable pre-F undergoes a dynamic transition to form a thermodynamically stable six-helix post-

fusion bundle that facilitates viral and host membrane fusion [10, 14]. Since both pre-F and post-F 

are present on RSV virions in prepared virus stocks [25, 36], we evaluated the relative amount of 

pre-F antigen in RSV stocks using an ELISA-based approach to compare MPE8 with motavizumab 

antibody binding. MPE8 is a human monoclonal antibody that preferentially binds to two highly 

conserved anti-parallel β-strands on pre-F, which are rearranged in the post-fusion conformation to 

render them less accessible to antibody binding [23]. Motavizumab, in contrast, stably binds to both 

pre- and post-fusion F. We found that strain A2-line19F, which expresses the F protein of strain line 

19 in the background of the prototypical A2 strain [19, 38], exhibited significantly higher relative 

binding to MPE8 than did strain A2 (Figure 1a). We confirmed this finding using the human 

monoclonal antibody D25, which binds to a distinct antigenic site on pre-F (antigenic site Ø) [10] 

with even greater specificity than MPE8 [39]. We found that A2-line19F exhibited higher relative 

binding to D25 than A2, which was similar in magnitude and correlated with MPE8 binding (Figure 

1b). 

 

Five unique amino-acid residues distinguish line 19F from A2 F: M79, R191, K357, Y371 and I557 

(Supplementary Figure 1) [19]. We generated A2-line19F mutants by substituting A2 residues in 

place of the unique line 19F residues [19]. To determine the effects of these residues on pre-F 

antigen levels in virus stocks, we performed MPE8 and motavizumab ELISAs on the recombinant 

A2-line19F mutant viruses. We found that residues M79, K357 and Y371 contributed to line 19 F 

pre-F antigen levels (Figure 1a). These results were consistent with previous data showing that the 

K357/Y371 residues together impeded A2-line19F fusion activity in vitro [19].  
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Thermal stability assays 

We next evaluated the thermal stability of A2-line19F compared with A2. RSV is known to be a 

heat-labile virus, and elevated temperatures can trigger the transition from pre- to post-fusion F [24]. 

We therefore hypothesized that RSV with enhanced pre-F levels would be more resistant to 

temperature inactivation. We analysed thermostability at 4 and 37 °C because thermostability at 4 °C 

may have implications for retention of vaccine potency in cold chain, whereas thermostability at 

37 °C has more relevance for physiological conditions. We found that RSV A2-line19F infectivity 

was more thermostable over time than A2 at both temperatures (Figure 2a,b), a phenotype that was 

mediated in part by the residues K357 and Y371 (Figure 2c). We then introduced K357 and Y371 

into the F of a genetically divergent vaccine strain DB1, which expresses a consensus F gene of the 

antigenic subgroup B ‘Buenos Aires' (BAF) clade. We previously described the generation of DB1, 

which also contains codon-deoptimized non-structural protein genes and deleted SH gene, with a 

genotype RSV-A2-dNS1-dNS2-ΔSH-BAF [9]. DB1 expressed low levels of pre-F antigen and was 

thermally unstable; however, incorporation of the K357 and Y371 residues to generate DB1–

357/371 enhanced MPE8 binding (Figure 1a) and partially restored thermal stability (Figure 2d). 

These data demonstrated that residues 357 and 371 modulated not only MPE8 binding, a correlate 

of pre-F antigen levels, but also viral resistance to thermal inactivation in viral stocks. 

 

Generation of RSV live-attenuated vaccine OE4 

We next generated a novel RSV LAV called OE4, by incorporating line 19F into a multi-component 

vaccine designed to achieve attenuation, improved immunogenicity and genetic stability. We 

previously codon-deoptimized the NS1 and NS2 genes, which encode two nonstructural proteins of 

RSV that suppress host innate immunity by targeting interferon pathways and suppressing apoptosis 

[40, 41]. Codon deoptimization of NS1 and NS2 genes was genetically stable and reduced NS1 and 
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NS2 protein expression, resulting in virus attenuation with slightly enhanced immunogenicity in 

mice [8]. We subsequently deleted the small hydrophobic (SH) protein gene with the goal of 

increasing the transcription of downstream viral genes, including F, by altering their proximity to the 

viral leader [42]. The deletion of SH is also mildly attenuating in mice and chimpanzees, but 

conferred no apparent attenuation in a vaccine candidate in children [42-44]. Last, we codon-

deoptimized the RSV attachment (G) glycoprotein gene and ablated the secreted form of G by a 

point mutation. RSV expresses a membrane-bound form (Gm) and a secreted form (Gs) of G, which 

are not required for viral replication in immortalized cell lines [45-48]. RSV G is capable of eliciting 

protective neutralizing antibodies [34]. However, G is less conserved than F and suppresses the 

innate immune response through chemokine mimicry [49, 50]. G functions as an antigen decoy and 

can alter dendritic cell signalling and activation through interactions with C-type lectins [51, 52]. The 

resulting genotype of the OE4 vaccine candidate was RSV-A2-dNS1-dNS2-ΔSH-dGm-Gsnull-line19F 

(Figure 3a). Using western blotting, we demonstrated that OE4 had decreased expression levels of 

NS1, NS2 and G as expected compared with parental A2 (Figure 3b,c). We additionally found that 

OE4 had higher levels of F expression than A2-line19F, likely attributable to the deletion of SH 

(Figure 3d,e). 

 

Analysis of OE4 surface glycoproteins 

We analysed the MPE8 and D25 binding of OE4 and measured vaccine thermal stability at 4 and 

37 °C. Similar to A2-line19F, OE4 exhibited high relative pre-F antigen levels by antibody binding 

(Figure 1a,b) and thermal stability (Figure 2a,b) consistent with its expression of the line 19F protein. 

We further explored this relationship by quantifying pre-F stability as measured by MPE8 binding of 

OE4 and A2 from virus stocks incubated at 4 °C over time. Relative pre-F antigen levels declined in 

both viruses over a period of 8 days (Supplementary Figure 2a). Therefore, the kinetics of thermal 
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stability of A2 and OE4 infectivity did not correlate with the decay of pre-F antigen levels. However, 

OE4 maintained greater than twice the levels of pre-F antigen levels at each time point compared 

with A2 (Supplementary Figure 2b), and a minimal threshold of pre-F may be sufficient to maintain 

infectivity. 

 

In order to assess the overall structure of the virions and glycoprotein incorporation into RSV A2 

and OE4, we then performed thin-section transmission electron microscopy (TEM), native 

immuno-TEM, and cryo-electron tomography (cryo-ET) of viruses budded from BEAS-2B cells, an 

immortalized human bronchial epithelial cell line. In all cases, virus-infected cells and released 

virions were analysed following minimal sample processing to maximize preservation of the native 

structure of the virions. First, native immunogold labelling combined with thin-section TEM was 

performed using mAbs that preferentially bound pre-F (MPE8), post-F (131-2A), total F 

(motavizumab) or G (131-2G) (Figure 4a) [26]. The density of gold particles per membrane length 

was quantified for each virus and immunolabel (Figure 4b) [53]. OE4 virus particles exhibited a 

greater density of incorporated pre-F and total F than A2, potentially due to the deletion of SH. 

There was no significant difference in the amount of post-F detected on the surfaces of A2 and 

OE4 particles. G protein density on OE4 particles was significantly reduced, as was expected in the 

setting of codon-deoptimization of the G gene. 

 

When visualized by cryo-ET, A2 and OE4 virus particles were morphologically similar and formed 

filaments with abundant glycoprotein spikes on the surface, matrix protein lining the inside of the 

viral membrane, and ribonucleoprotein complex in the interior of the virions (Figure 5a–c) [25, 26, 

36]. To further investigate the conformations of RSV F on the surfaces of A2 and OE4 virions in 

their native states, we then calculated subvolume averages of F structures from the cryo-ET data. 



 347 

These studies demonstrated that the majority of F proteins on both viruses in their native states 

immediately after budding was in the pre-F conformation (Figure 5). The application of heat (55 °C 

for 30 min) triggered the conformational change from pre- to post-F, providing direct evidence of 

the relationship between temperature and pre-F stability (Figure 5c,f,i,j). 

 

Characterization of OE4 in cell culture and primary cells 

We next characterized the OE4 vaccine candidate in vitro by measuring attenuation levels in 

immortalized cells and in primary human airway epithelial cells (Figure 6). In Vero cells, which were 

used for virus stock generation, OE4 grew to titres slightly below the parental unattenuated A2-

line19F (Figure 6a). OE4 was more attenuated relative to wild type in BEAS-2B cells (Figure 6b). 

We then evaluated OE4 growth in primary human airway epithelial cells, which are an established 

system for approximating RSV LAV attenuation in seronegative children [54]. We implemented two 

models, NHBE-ALI and HAE-ALI, and found that OE4 was significantly attenuated in both 

models (Figure 6c,d) and exhibited deficiency in spreading through the cultures (Figure 6e). The 

codon deoptimization of G in OE4 contributed significantly to the level of attenuation compared 

with OE4 expressing wild type G (OE4+wtG) in NHBE-ALI (Figure 6c), likely due to the 

previously described attachment role of G in primary cells [46]. 

 

Characterization of OE4 in BALB/c mice 

To measure relative levels of attenuation in vivo, we inoculated mice intranasally (i.n.) and measured 

lung viral loads on days 2, 4, 6 and 8 post infection. We found that OE4 was moderately attenuated 

compared with A2 and A2-line19F in this model (Figure 7a). We compared lung viral loads of mice 

inoculated with OE4 with and without the mKate2 gene and found that reporter had no effect on 

viral attenuation (Supplementary Figure 3), consistent with previously published results [20]. We 
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sequenced the NS1, NS2, G and F genes of OE4 from virus recovered from mouse lungs on day 6 

post infection, and there were no mutations in these genes. To analyse immunogenicity, we then 

vaccinated mice and measured nAb titres on days 35, 70 and 100 and found that OE4 elicited nAb 

titres equivalent to A2-line19F and higher than A2 at each time point post infection (Figure 7b). 

Following i.n. inoculation, the mice were then challenged on day 102 with A2-line19F, and the OE4-

vaccinated mice were completely protected against the challenge (Figure 7c). We next measured 

OE4 mucus production in the lungs of mice. We previously demonstrated that A2-line19F induces 

increased airway mucin expression, a measure of pathogenicity in this model [19, 38]. However, 

OE4, which also expresses line 19F, induced lower levels of airway mucin expression than A2-

line19F in mice (Figure 7d and Supplementary Figure 4), indicating that the attenuating genetic 

modifications in OE4 modulated the mucogenic phenotype. Subsequently, we compared OE4-

induced mucin expression with a reconstituted RSV mutant containing a deletion of M2-2 (A2-del-

M2-2), the primary genetic modification of a clinically advanced LAV candidate [7]. The deletion of 

M2-2 results in reduced viral replication and elevated transcription of downstream RSV genes (for 

example, NS1, NS2, SH, G, F and so on), which represents a different attenuation strategy than 

OE4. It should be noted that our reconstituted A2-del-M2-2 is not identical to MEDI-ΔM2-2 due to 

minor genetic differences between the A2 backbones. Because the deletion of M2-2 results in 

increased levels of non-essential virulence proteins, we hypothesized that A2-del-M2-2 would be 

mucogenic in mice. Compared with OE4, we found that A2-del-M2-2 induced significantly more 

airway mucin expression (Figure 7d and Supplementary Figure 4). 
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Characterization of OE4 in cotton rats 

OE4 attenuation and immunogenicity were next evaluated in cotton rats, a more permissive model 

of RSV infection. In cotton rats, OE4 was highly attenuated in the upper and lower respiratory 

tracts, and more attenuated than A2-del-M2-2 (Figure 7e,f). Despite significant attenuation, OE4 

induced relatively high levels of serum nAb against a panel of RSV strains representing RSV 

diversity (Figure 7g). OE4-vaccinated cotton rats were completely protected against RSV challenge, 

not only in lungs (Figure 7h) but also in the upper respiratory tracts (Figure 7i). Thus, OE4 

established effective mucosal immunity despite being highly attenuated in cotton rats. 

 

Last, a primary concern highlighted by the failure of the FI-RSV vaccine candidate is the potential 

for vaccine-enhanced priming for disease on natural RSV infection. Although RSV LAV candidates 

have not been shown to cause enhanced illness, we evaluated whether the novel vaccination strategy 

employed by OE4 would prime for enhanced disease upon challenge in cotton rats. Results 

demonstrated that RSV challenge did not cause enhanced histopathology following infection with 

OE4 compared with mock (Figure 8). In contrast, FI-RSV did result in enhanced disease associated 

with elevated peribronchiolar infiltration and alveolitis. 
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DISCUSSION 

We identified a chimeric RSV strain A2-line19F that had increased relative MPE8 binding, increased 

thermal stability in viral stocks and increased immunogenicity in vivo compared with parental strain 

A2. A2-line19F differs from A2 by only five unique residues within the F protein. Incorporation of 

two of these residues (357/371) into a heterologous vaccine strain DB1 conferred increased relative 

MPE8 binding and increased thermal stability at 4 °C. To exploit these properties in an RSV LAV, 

we incorporated the line 19F protein into a rationally designed vaccine candidate OE4 with the 

genotype RSV-A2-dNS1-dNS2-ΔSH-dGm-GSnull-line19F. Like A2-line19F, OE4 had increased 

relative MPE8 and D25 binding and increased thermal stability compared with RSV A2. OE4 was 

also immunogenic and highly efficacious in BALB/c mice and cotton rats, despite significant levels 

of attenuation in vitro and in vivo. The mutations incorporated into OE4 were genetically stable in 

virus recovered from BALB/c mice. Furthermore, lung histopathologic staining demonstrated that 

OE4 was not mucogenic in mice, nor did it cause enhanced histopathology following RSV challenge 

in cotton rats. 

 

One inherent limitation of our study is that neither mice nor cotton rats fully recapitulate RSV 

disease in humans. In our study, for example, we observed a difference in the attenuation levels of 

OE4 in our two animal models. Whereas OE4 was highly attenuated in cotton rats and in human 

primary airway epithelial cells, it was less attenuated in BALB/c mice. We also found that OE4 was 

more immunogenic in BALB/c mice than in cotton rats. We suspect these discrepancies were 

attributable to strain-specific differences in the attachment and infectivity of the line 19F protein and 

the differential effects of codon-deoptimized G protein in cotton rats compared with mice. For 

example, Teng et al. demonstrated that deletion of G from an RSV clinical stain was completely 

attenuating in cotton rats [48], whereas Widjojoatmodjo et al. [55] found that RSV-ΔG was only 
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moderately attenuated in mice. Nevertheless, OE4 was significantly attenuated in both animal 

models and was capable of inducing protective neutralizing antibodies. 

 

A second limitation of our study relates to the utilization of MPE8 and D25 ELISAs to quantify 

pre-F antigen levels in viral stocks. Both MPE8 and D25 are monoclonal antibodies that 

preferentially bind to the pre-fusion conformation of F; however, the conformational specificities of 

these two antibodies have not been fully validated. MPE8, in particular, competes with palivizumab 

[23] and binds only 10–20 times better to pre- than post-fusion F [39]. D25, in contrast, binds at the 

apex of the pre-fusion trimer at the antigenic site Ø which undergoes marked structural 

rearrangement upon transition to post-F [10]. Thus, D25 binds with even greater specificity to pre- 

than post-F (100-fold) [39]. Nevertheless, limited cross-reactivity with post-F has been observed, 

and a monomeric form of F has also been identified which retains pre-fusion-specific epitopes [13, 

56]. Despite these limitations, both MPE8 and D25 demonstrate relatively high pre-F specificity, and 

generated consistent results among the viruses analysed in this study. 

 

Native immunogold labelling combined with thin-section TEM also demonstrated increased pre-F 

and total F on the surface of OE4 compared with A2. We suspect the increased incorporation of 

total F into OE4 was attributable to the deletion of the SH gene, which shifted the F gene towards 

the viral promoter. The vast majority of F in both OE4 and A2 was in the pre-fusion conformation, 

likely because the virions were maintained in their native states and not subjected to viral harvesting 

and stock preparation. Subvolume averaging of the F structures confirmed that the majority of F 

was in the pre-fusion conformation. However, application of heat to A2 triggered the 

conformational change to post-F, clearly demonstrating a relationship between temperature and pre-

F stability. Although these results demonstrate that heat triggers the transition from pre- to post-
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fusion F, the relationship between temperature and pre-F stability remains incompletely defined. 

Similarly, the favourable immunogenicity to attenuation profile of OE4 is likely multifactorial and 

cannot be attributed specifically to the expression of pre-fusion F or to thermostability. 

 

In conclusion, we identified key molecular determinant positions of RSV line 19F which were 

associated with both thermal stability and the availability of the pre-F antigen. Genetically modifying 

these residues to thermally stabilize and boost immunogenicity of RSV LAVs represents a promising 

new approach to next-generation RSV vaccine design. Using reverse genetics, we rationally designed 

a novel RSV LAV OE4 that incorporated line 19F into the genotype RSV-A2-dNS1-dNS2-ΔSH-

dGm-GSnull-line19F. In addition to being thermally and genetically stable, OE4 was also highly 

immunogenic and efficacious despite significant attenuation in vitro and in vivo. These data 

demonstrate that we fundamentally altered RSV immunogenicity and generated a promising LAV 

candidate that merits further investigation. 
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FIGURE LEGENDS 

Figure 1. MPE8 and D25 ELISAs. (A) Ratio of direct ELISA using MPE8, a pre-F-specific mAb, 

to direct ELISA using motavizumab, a total F mAb. Values are normalized to strain A2. For A2-

line19F mutants, the asterisks show significant differences compared with A2-line19F. (B) Ratio of 

direct ELISA using D25, another pre-F-specific mAb, to direct ELISA using motavizumab. All 

graphs represent the means+s.d.'s of at least two experimental replicates, and data were analysed by 

one-way ANOVA. When significant, P values are shown as a bracket between groups (P<0.0005) or 

by asterisk when compared with A2-line19F (*P<0.05; **P<0.005; ***P<0.0005). 

 

Figure 2. Thermal stability assays. Thermal inactivation was carried out either by incubation of virus 

at 4 °C (A,C,D) or 37 °C (B). The viruses in c labelled 79, 191, 357, 371, 557 and 357/371 represent 

A2-line19F containing substitutions at these indicated positions with A2 residues. The virus in c 

labelled DB1-357/371 represents DB1 with substitutions of line 19F residues at positions 357 and 

371. Viruses were harvested at the indicated time points and titrated by FFU or PFU assays. All 

graphs represent the means+s.d.'s of at least two experimental replicates combined, and data were 

analysed by two-way ANOVA (*P<0.05; **P<0.005; ***P<0.0005; ****P<0.00005). 

 

Figure 3. Design of live-attenuated vaccine OE4 and expression of viral proteins. (A) Schematic of 

RSV LAV OE4 genome including codon deoptimization of the NS1, NS2 and G genes, deletion of 

the SH gene, and incorporation of the line 19F gene. (B) Western blotting of Vero cells infected 

with A2 (white), OE4 (green) or OE4 expressing wild type G (OE4-wtG, grey) for NS1, NS2, N 

and G. An A2-Gnull mutant was included as a control. (C) Western densitometry analyses were 

normalized to A2 expression levels. (D) Western blotting of Vero cells infected with mock, A2-

line19F (white), OE4-wtG (grey) or OE4 (green) for F, N and GAPDH. (E) Densitometry results 
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were normalized to A2 expression levels. Densitometry results represent the means+s.d.'s of at least 

two experimental replicates and representative blots are shown. Statistical analyses were performed 

by one-way ANOVA (***P<0.0005; ****P<0.00005). d, codon-deoptimized; F, fusion protein; G, 

attachment glycoprotein; L, large polymerase; M, matrix; mK2, monomeric Katushka2; N, 

nucleoprotein; NS1/NS2, nonstructural proteins 1 and 2; P, phosphoprotein; SH, small 

hydrophobic protein. 

 

Figure 4. Immunogold labelling of RSV surface glycoproteins F and G. (A) Representative TEM 

images of BEAS-2B cells infected at an MOI of 10 with A2 (black) or OE4 (green) and labelled with 

MPE8 (pre-F mAb), 131-2A (post-F mAb), Motavizumab (total F mAb) or 131-2G (G mAb) and 

probed with gold-labelled secondary antibodies. (B) Quantification of the amount of immunogold 

particles per measured membrane length per virion. For each labeling condition, more than 100 

virions (graph data points) were evaluated for each virus. The red lines represent the mean particle 

densities along the membrane for each condition. Significant differences are indicated by 

***P<0.0005 determined by t-test with Welch's correction. Scale bars represent 200 nm. 

 

Figure 5. Cryo-electron tomography of RSV virions and subvolume averaging of the F 

glycoprotein. (A-C) Tomographic slices (6.14 nm) of A2, OE4 and A2-heat (55 °C for 30 min) 

virions showing overall virus structure and the organization of surface glycoproteins (insets). Inset in 

OE4 is rotated 180°. Scale bars are 200 nm for A2 and OE4, and 100 nm for A2-heat. (D-L) 

Subvolume averages and modelling of RSV F structures in pre- and post-fusion conformations. 

Central slices (6.14 Å in thickness) of the averaged structures lowpass filtered to 40 Å for A2 (D), 

OE4 (E) and A2-heat (F). Quasi-atomic models generated by fitting the RSV pre-fusion F (PDB ID 

4JHW) and RSV post-fusion F (PDB ID 3RRT) crystal structures into the subvolume averages, with 
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side views (G-I) and top views (J-L) for A2 (G,J), OE4 (H,K) and A2-heat (I,L). Note the height 

difference between the ectodomain of A2/OE4 and A2-heat. The measurements were made from 

the top of the membrane to the top of the head domain. Scale bars, 10 nm (D-F); 5 nm (G-L). 

 

Figure 6. OE4 replication in immortalized and primary cell cultures. Vero (A), BEAS-2B (B), 

primary normal human bronchial epithelial cells differentiated at air–liquid interface (NHBE) (C), 

primary human tracheobronchial airway cells differentiated at air–liquid interface (HAE) (D) were 

infected with A2-line19F (black), OE4 (green) and in HAE, OE4+wtG (green dash) at MOI=0.01 

(Vero and BEAS-2B), MOI=2.6 (NHBE), or MOI=6.7 (HAE). Samples were titrated by fluorescent 

focus unit (FFU) assays on Vero cells. (E) Representative images of infected HAE cultures. Scale bar 

represents 200 µm. Graphs depict the means±s.e.s of the means combined from three experiments 

(Vero and BEAS-2B), from two donors in duplicate (NHBE), or from six cultures from a single 

donor per virus (HAE). When significant, P values are shown relative to A2-line19F (*P<0.05; by 

two-way ANOVA). 

 

Figure 7. Attenuation and efficacy of OE4 in mice and cotton rats. (A) Lung viral loads were 

determined in mice inoculated i.n. with 106 FFU of A2, A2-line19F or OE4 at the indicated time 

points. (B) Serum nAb titres were measured in mice inoculated with 106 FFU of A2, A2-line19F or 

OE4. (C) Mice were inoculated with 106 FFU of A2, A2-line19F or OE4 then challenged with 

105 PFU of A2-line19F on day 102. Lung viral loads were determined day 4 post challenge. (A-C) 

Graphs represent combined data from two experiments of 5–10 mice per group. (D) Mice (five per 

group) were inoculated with mock, A2-line19F, OE4 or A2-del-M2-2, and lungs were harvested 8 

days post inoculation for histological quantification of airway mucin expression. Each dot represents 

an airway, and graph shows >300 airways per group in one of two experiments with similar results. 
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(E,F) Viral load on day 4 in cotton rat lung homogenates (n=3) (E) and nasal washes (n=3) (F) 

following i.n. inoculation with 105 FFU of A2, OE4 or A2-del-M2-2. (G) Cotton rats (six per group) 

were inoculated with mock, RSV A (Tracy), OE4 or A2-del-M2-2, and serum nAb titres against 

representative RSV strains were determined on day 42 post inoculation using pooled sera. EC50 was 

calculated by non-linear regression, and data represent EC50+upper limit of the 95% confidence 

interval. (H,I) Cotton rats (five per group) were inoculated with mock, A2, or OE4, challenged on 

day 42 with 106 FFU of RSV A2-line19F, and viral loads on day 46 were measured in nasal washes 

(I) and lung lavages (H). *P<0.05; **P<0.005; ***P<0.0005; ****P<0.00005 by one-way (C-F,H,I) 

or two-way (A,B) ANOVA. 

 

Figure 8. Histopathology following RSV challenge in cotton rats. To evaluate for vaccine 

attributable enhanced disease post challenge, groups of five cotton rats were inoculated 

intramuscularly with FI-RSV or intranasally with either mock or OE4. Animals vaccinated with FI-

RSV also received a boost on day 21 p.i. All animals were challenged with A2-line19F on day 42 p.i., 

lungs were harvested 4 days later and histopathology scores were performed (A). Representative 

haematoxylin and eosin stains for FI-RSV (B), mock (C) and OE4 (D) vaccinated rats are shown. 

Scale bars represent 200 µm. Data are represented as mean + s.d. *P<0.05, **P<0.005 by two-way 

ANOVA. 

 

Supplementary Figure 1. Pre-fusion (pre-F) and post-fusion F (post-F) conformations labeled with 

four unique residues of line 19 F. The labeled images of pre-F (PDB accession number 4JHW) and 

post-F (PDB accession number 3RRT) were generated using previously described crystal structures 

(10). 
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Supplementary Figure 2. Stability of A2 and OE4 pre-F over time at 4ÆC. (a) Ratio of direct 

ELISA using MPE8, a pre-F specific mAb, to direct ELISA using motavizumab, a total F mAb., 

on virus incubated at 4ÆC over 8 days. Ratio values are shown without normalization. (b) 

Normalized ratios of OE4 to A2 at days 1, 4, and 8. t = number of days at 4ÆC. All data for each 

time point reflect the means + standard deviations of triplicate series of serial dilutions of virus after 

incubation. Statistical analyses were performed by one-way ANOVA, (****, P < 0.00005). 

 

Supplementary Figure 3. Comparison of mouse lung viral loads of OE4 with and without 

mKatushka-2 reporter. BALB/c mice (n=5) were infected i.n. with 4 x 105 PFU of virus per mouse. 

On days 2, 4, 6, and 8, the mice were euthanized and the left lung harvested for viral titration. Titers 

below the limit of detection were assigned a value equal to half of the limit of detection (dashed 

line). Means are indicated by red bars. Statistical analyses were performed by two-way ANOVA, (*, 

P < 0.05; **, P < 0.005; ***, P < 0.0005); ****, P < 0.00005). 

 

Supplementary Figure 4. Representative airway mucin expression. Mice (5 per group) were 

inoculated with mock, A2-line19F, OE4, or A2-del-M2-2, and lungs were harvested 8 days 

postinoculation for sectioning and staining with periodic acid Schiff (PAS). Representative images 

are shown. Scale bars are 100 µm. 

 

Supplementary Figure 5. Nucleotide and amino acid sequences of codon-deoptimized non-

structural protein NS1. 

 

Supplementary Figure 6. Nucleotide and amino acid sequences of codon-deoptimized non-

structural protein NS2. 



 368 

 

Supplementary Figure 7. Nucleotide and amino acid sequences for codon-deoptimized attachment 

G protein. 

 

Supplementary Figure 8. Raw western blot images for Figure 3b. Western blotting of Vero cells 

infected with A2, A2-G-null, OE4 expressing wild-type G (OE4-wtG), or OE4 were performed for 

G (A), N (B), NS1 (C), and NS2 (D).  
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ABSTRACT 

All dsDNA phages encode two proteins involved in host lysis, an endolysin and a holin that target 

the peptidoglycan and cytoplasmic membrane, respectively. Bacteriophages that infect Gram-

negative bacteria encode additional proteins, the spanins, involved in disruption of the outer 

membrane. Recently, a gene located in the lytic cassette was identified in the genomes of 

mycobacteriophages, which encodes a protein (LysB) with mycolyl-arabinogalactan esterase activity. 

Taking in consideration the complex mycobacterial cell envelope that mycobacteriophages 

encounter during their life cycle, it is valuable to evaluate the role of these proteins in lysis. In the 

present work, we constructed an Ms6 mutant defective on lysB and showed that Ms6 LysB has an 

important role in lysis. In the absence of LysB, lysis still occurs but the newly synthesized phage 

particles are deficiently released to the environment. Using cryo-electron microscopy and 

tomography to register the changes in the lysis phenotype, we show that at 150 min post-adsorption, 

mycobacteria cells are incompletely lysed and phage particles are retained inside the cell, while cells 

infected with Ms6wt are completely lysed. Our results confirm that Ms6 LysB is necessary for an 

efficient lysis of Mycobacterium smegmatis, acting, similarly to spanins, in the third step of the lysis 

process. 
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INTRODUCTION 

Bacteriophages, the viruses of bacteria, are key elements for biosphere equilibrium, playing a 

fundamental role in bacterial evolution through constant interactions with their hosts [1, 2]. To 

guarantee their own survival, double-stranded DNA (dsDNA) phages, which represent more than 

95% of known bacterial viruses [3], must lyse their hosts. At the end of a lytic cycle, the new phage 

particles need to be released into the environment, where new host bacteria are potentially available 

for new infection cycles. The main barrier to phage release is the bacterial cell envelope, and thus, 

compromising this barrier is the main goal of the lytic process. To accomplish this goal, dsDNA 

phages synthesize two essential lysis proteins, endolysins and holins. Endolysins are enzymes that 

disrupt the bacterial cell wall (CW) by cleaving one or more of the five bonds in peptidoglycan (PG). 

Holins are small proteins that accumulate in the cytoplasmic membrane (CM) and that, at a 

genetically defined time, form holes in this cell membrane allowing the access of active endolysins to 

the PG layer or the activation of previously exported endolysins [4, 5]. Phages that infect Gram-

positive hosts only require the synthesis of these two proteins to compromise the bacterial envelope 

and consequently for cell burst. However, phages that infect Gram-negative hosts have to face an 

additional barrier, the outer membrane (OM). It has been shown recently that disruption of this 

barrier is also required for cell lysis [6]. This is achieved by a third class of lysis proteins named 

spanins. The best studied spanins are the λ Rz and Rz1 proteins which are an inner membrane and 

outer membrane protein, respectively. These two proteins form a complex that spans the entire 

periplasm mediating the fusion of the CM with the OM. This results in the elimination of the last 

barrier to phage release and consequently, lysis of the host [7-9]. Spanin genes, which may encode a 

sole protein (T1 Gp11) or two subunits like the λ Rz and Rz1 proteins, have been identified in 

nearly all phages infecting Gram-negative hosts [10, 11]. This indicates that, for phages infecting 
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Gram-negative hosts, lysis is a three-step event where each component of the cell envelope, i.e., CM, 

CW and OM is sequentially attacked by holins, endolysins and spanins, respectively [9]. 

 

Studies of mycobacteriophage Ms6, a phage that infects Mycobacterium smegmatis, have shown that the 

lysis cassette composition reflects the complexity of the cell envelope of its host [12]. Although 

mycobacteria are classified as Gram-positive bacteria, they have a complex cell envelope composed 

of a CM, similar to other bacterial CMs [13, 14], surrounded by a peptidoglycan layer covalently 

linked to arabinogalactan (AG) which is in turn esterified to a mycolic acid (MA), forming the 

mycolyl arabinogalactan-peptidoglycan (mAGP) complex [15]. The MAs are long fatty acids that 

constitute the inner leaflet of a true OM. The outermost leaflet is composed of various glycolipids, 

including trehalose mono and dimycolate, phospholipids and species-specific lipids [16, 17]. Finally, 

a capsule is composed of proteins, polysaccharides and a few lipids [18, 19]. Thus, phages that infect 

mycobacteria have to overcome this complex envelope for a successful infective cycle. The Ms6 lysis 

cassette is composed of five genes [20] (Figure 1). In addition to the holin and the endolysin 

functions, Ms6 encodes a chaperone-like protein (Gp1) that is involved in the delivery of the 

endolysin to the PG [21-23] and an additional lysis protein, Lysin B (LysB), identified as a lipolytic 

enzyme with the ability to cleave ester bonds of both short and long fatty acids [24]. Experiments 

with components of the mycobacterial cell envelope showed that Ms6 LysB is a mycolyl-

arabinogalactan esterase that cleaves the ester bond between the mycolic acids and the 

arabinogalactan, and this allows the separation of the OM from the CW [25]. Analogies can be made 

between Ms6 LysB and the spanins, where Ms6 LysB functions to mediate the final step of host cell 

lysis. 
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In the present work, we examine the importance of Ms6 LysB in phage lysis and taking advantage of 

cryo-electron microscopy (cryo-EM) and tomography (cryo-ET), we compare the Ms6 wild type 

lysis phenotype with that of a Ms6 mutant lacking the lysB gene. We present evidence that absence 

of LysB in the Ms6 infection cycle results in incomplete lysis and suggest that the LysB role in lysis 

parallels that of spanins. 
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MATERIALS AND METHODS 

Bacterial Strains, Phages, Plasmids and Culture Conditions 

Mycobacteria strains, phages, plasmids and oligonucleotides used in this study are listed in Table 1. 

M. smegmatis strains were propagated in 7H9 medium (BD Biosciences, San Jose, CA, USA) with 

shaking or Middlebrook 7H10 (BD Biosciences), supplemented with 0.5% glucose, at 37 °C. When 

appropriate, 1 mM CaCl2 or 15 µg/mL kanamycin was also added to the media. For induced 

conditions, cells were grown in 7H9 supplemented with 0.2% succinate and induced with 0.2% 

acetamide. 

 

Construction of Ms6 Mutant Phage 

Construction of Ms6 mutant phage was performed using Bacteriophage Recombineering of 

Electroporated DNA (BRED) in M. smegmatis as described previously [21, 26]. Briefly, for deletion 

of gene lysB from the Ms6 genome, a 100 bp oligonucleotide (Pr∆lysB), with 50 bp of homology to 

either flanking region to be deleted was generated. This fragment was extended by PCR to a 200 bp 

dsDNA substrate using two 75 bp extender primers, PrExt∆lysBFw and PrExt∆lysBRv, sharing 25 

bp of homology with either end of the 100-mer. After purification, using MinElute PCR Purification 

Kit (QIAGEN, Hilden, Germany), the 200 bp substrate was co-electroporated with Ms6wt DNA 

into electrocompetent recombineering cells of M. smegmatis mc2155:pJV53. Cells were resuspended in 

7H9 supplemented with glucose and CaCl2, incubated at 37 °C for 2 h (prior to lysis) and plated on 

top agar lawns with M. smegmatis mc2155. Individual plaques were recovered and eluted in 100 µL of 

phage buffer (10 mM Tris-HCl, pH 7.5, 10 mM MgSO4, 68.5 mM NaCl, 1 mM CaCl2), for two 

hours at room temperature and analyzed by Deletion Amplification Detection Assay (DADA)-PCR 

[26] with primers DADA ∆lysB-PCRFw/DADA Ms6-PCRRv to detect lysB deletion. Mixed primary 

plaques containing both wild type and mutant alleles were eluted as described above, and serial 
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dilutions were plated with M. smegmatis. Individual secondary plaques were screened by DADA-PCR 

using the same pair of primers. 

 

Plasmid Construction 

To construct plasmid pAG1, a DNA fragment containing the lysB gene was obtained by PCR 

amplification using Ms6 genomic DNA as template, with primers PrlysBFw/PrlysBRv and Pfu high-

fidelity polymerase (Promega®, Madison, WI, USA). Primers were designed in order to have the 

restriction sites that allow the correct insertion into the shuttle vector pVVAP (V. Visa and M. 

McNeil; unpublished). All oligonucleotides used were purchased from Thermo Scientific (Waltham, 

MA, USA) and are listed in Table 1. DNA amplification, plasmid isolation and electrophoresis were 

carried out using standard techniques [27]. All constructs used in this study were validated and 

verified by nucleotide sequencing. 

 

One Step Growth and Single Burst Experiments 

One-step growth curves and burst size determination assays [28] were adapted to mycobacteria and 

carried out in exponential growth phase cell cultures [21]. Briefly, 108 M. smegmatis cells were 

suspended in 1 mL of a phage suspension at 108 plaque forming units (PFU)/mL. After 50 min of 

adsorption at 37 °C, nonadsorbed phages were inactivated with 100 µL of 0.4% H2SO4 for 5 min 

followed by neutralization with 100 µL of 0.4% NaOH. The mixture was diluted 1:100 in 7H9 media 

and aliquots were taken at intervals of 30 min to quantify the number of phage particles [21]. The 

obtained results are means of three independent experiments. 

 

A similar procedure was used for burst size determination except that 10 µL of infected cells were 

diluted in supplemented 7H9 in order to obtain one infected cell/mL. Then, 50 mL of the infected 



 392 

culture was aliquoted into 1 mL volumes and incubated for 3 h at 37 °C. Each sample was plated 

with 200 µL of M. smegmatis cells and top agar (4 mL) on 7H10 medium and incubated at 37 °C for 

24 h. Phage plaques were counted, and the Poisson distribution of (P(n)) was applied to determine 

the burst size (BS): P(n) = (e−c × cn)/n! (e < 1), where P(n) is the probability of samples having n 

infected cells, c is the average number of infected cells per tube, and BS (total plaque count in the 50 

plates)/(total number of infected cells) [21]. The obtained results are means of three independent 

experiments. 

 

Determination of the Number of Phage Particles Released during the Infection Cycle 

To determine the number of phage particles released into the supernatant or retained in cells, M. 

smegmatis was grown up to an OD600 = 0.5, infected with Ms6wt or Ms6ΔlysB at a MOI of 1 and 

incubated at 37 °C for 3 h. Aliquots were taken at 90 min and 180 min post adsorption and 

separated by centrifugation into supernatant and pellet fractions. The pellets were suspended in ice-

cold phage buffer and sonicated twice for 5 s, with a 30 s interval. Each supernatant and the 

sonicated pellets were serially diluted using phage buffer and plated on a top agar lawn of M. 

smegmatis to determine the number of phage particles. Data represent the mean of three independent 

experiments. 

 

Cryo-Transmission Electron Microscopy Sample Preparation, Imaging, and Image 

Processing 

To observe the lysis phenotype of Ms6wt or Ms6ΔlysB, cells were infected as described above for the 

one step growth experiment except that the phage input was 100-fold higher. At each time point, 

200 µL aliquots were mixed with 10-nm gold nanoparticles (Sigma-Aldrich®, St. Louis, MO, USA). 

The nanoparticles were later used for image alignment in the 3D tomographic reconstruction 
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process [29, 30]. Four µL of the pre-mixed samples were applied to TEM grids that were vitrified by 

rapid immersion in liquid ethane using a Gatan CryoPlunger3 (Cp3) apparatus (Gatan, Pleasanton, 

CA, USA). Cryo-grids were transferred to a Gatan 914 high-tilt holder maintained at −178 °C. Cryo-

specimens were imaged with JEOL JEM-2200FS 200-kV field emission gun transmission electron 

microscope (JEOL Ltd., Tokyo, Japan) equipped with an in-column Omega energy filter (slit width 

20 eV), a Gatan US4000 4k × 4k CCD camera, and a Direct Electron DE-20 direct detector (Direct 

Electron, LP, San Diego, CA, USA). Projection images and tilt series were acquired using SerialEM 

software (http://bio3d.colorado.edu/SerialEM/) [31]. Single-axis tilt series were collected over an 

angular range of −62° to 62°, with a 2° tilt increment using the DE-20 direct detector. The total 

electron dose applied to the specimens did not exceed 120 e−/Å2. Tilt series images were acquired at 

10,000× nominal magnification (calibrated pixel size of 0.614 nm) with −4 to −8 µm defocus 

applied. Tomographic reconstructions were generated with IMOD using the r-weighted back-

projection algorithm [29, 30]. 
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RESULTS 

Ms6 LysB Deletion Decreases Viral Progeny Release 

To understand how Ms6 LysB contributes to phage-induced lysis, we took advantage of the 

Bacteriophage Recombineering of Electroporated DNA (BRED) strategy [26] and constructed an 

Ms6 derivative mutant lacking gene lysB. The Ms6ΔlysB was able to form plaques on M. smegmatis at 

equivalent efficiencies to that of the wild type (wt); however, a reduction in plaque size produced by 

the mutant was observed (Figure 2A). In a complementation assay, where LysB production was 

provided from plasmid pAG1, the wild type phenotype was restored, indicating that plaque size 

reduction is a consequence of LysB absence. 

 

To test whether this phenotype results from changes in the phage growth parameters, one-step 

growth and single-burst experiments were performed. M. smegmatis cells were infected with Ms6wt or 

Ms6ΔlysB at a multiplicity of infection (MOI) of one. The one-step growth curves (Figure 2B) 

obtained for Ms6wt and Ms6ΔlysB show that the latent period is similar and that LysB has no effect 

on the lysis timing; however, the number of infective particles released after Ms6ΔlysB infection was 

lower than in an Ms6wt infection. Single-burst experiments performed to compare the viable 

progeny released from single cells show that a Ms6wt infection released an average of 147 ± 27 

viable phages per bacterium, while Ms6ΔlysB yielded a reduced burst size of approximately 53 ± 14, 

where the ± values indicate the mean SD of three independent experiments. Again, when LysB was 

provided in trans, the wt burst size was restored. These results show that, although Ms6ΔlysB can 

accomplish lysis of the host cell, the overall process seems to be less efficient. 
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Ms6 Is Trapped in Cell Debris in Absence of LysB 

Taking into consideration the observed lysis defect and that: (i) LysB is produced at a late stage of 

the infection cycle as other lysis proteins, (ii) this protein is a lipolytic enzyme that cleaves the 

linkage of the mycobacterial OM to the mAGP complex; we hypothesize that the reduced burst size 

results from a release defect and not from a reduction in the number of synthesized phage particles. 

To address this question, we performed a time course infection assay with either Ms6wt or Ms6ΔlysB 

and at each time point the cell pellet was separated from the supernatant and the number of phage 

particles in each fraction was determined. As observed in Figure 3, at 90 min post-adsorption the 

majority of the phage particles are not yet released and the number of PFU in the supernatant is 

similar for both phage infections. However, at 180 min post-adsorption, for the wt phage infection 

over 90% of phage particles are free in the supernant and only 7% are in the pelleted fraction, while 

for the Ms6ΔlysB infection, a remarkable 47% of total phage progeny is retained in the pellet. These 

results confirm that the reduced number of phage particles obtained for the mutant phage, in the 

single burst experiment, results from a deficient cell lysis, where part of the newly synthesized 

virions are trapped in incompletely lysed cells. 

 

Cryo-EM Shows Incomplete Cell Lysis in Absence of Ms6 LysB 

To prove that the unreleased phage particles remained trapped in incompletely lysed cells, we used 

cryo-electron microscopy (cryo-EM) and cryo-electron tomography (cryo-ET). This method allows 

us to visualize the host cell lysis and the viral progeny in their native environment and to examine 

the lysis behavior of M. smegmatis infected with Ms6wt or Ms6ΔlysB. From each infected M. smegmatis 

culture, with either Ms6wt or Ms6ΔlysB, aliquots were plunge frozen on copper grids for cryo-EM 

assessment. 
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Figure 4 shows collected images of infected cells at 90 and 150 min post-adsorption. At 90 min, no 

lysis is yet observed (Figure 4A,C). At 150 min post-adsorption, cells infected with Ms6wt burst and 

release almost all the phages (Figure 4B), while cells infected with Ms6ΔlysB show incomplete lysis 

and many phages are not released (Figure 4D). Incompletely lysed cells are still captured up to 240 

min post-adsorption with the mutant phage, while for the wild type infection only free phage 

particles and cell debris are observed. 

 

Cryo-ET data collection was performed on Ms6ΔlysB infected cells. In Figure 5A, a central slice 

through the 3D tomogram shows phages inside the incompletely lysed cell and what appears to be 

lesions throughout the cell envelope. To facilitate the visualization of the phages and to demonstrate 

they are inside the cell, segmentations of several 3D tomographic volumes was performed. With this 

method, it is possible to render the structures or regions of interest in the tomogram (Figure 5B). It 

is clear that many phages are inside the incompletely lysed cell despite the evident deformation of 

the cell envelope. It is also clear that most of the CM and PG are absent, while the OM still remains 

as a veil surrounding and holding some of the cell content. 
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DISCUSSION 

It is well known that lysis of the bacterial host is the last event of dsDNA phage lytic cycle, so that 

the new synthesized phage particles may be released into the environment and infect new available 

hosts. Compromising the bacterial cell barriers is a sine qua non condition to achieve this final step. 

Although the role of holins and endolysins has long been well defined, targeting the CM and the CW 

respectively, the importance of spanins in lysis has only recently been established [9]. The best 

characterized spanin is that of phage λ, which is composed of two subunits, the Rz and Rz1 

proteins, that, once localized to the inner and outer membranes, respectively interact by the C-

termini of their periplasmic domains to form a complex that spans the entire periplasm [7, 10]. For 

many years, Rz/Rz1 were considered auxiliary genes, because under laboratory conditions λ lysis 

could be achieved in the absence of these genes, unless the OM was artificially stabilized by the 

presence of millimolar concentrations of Ca2+ [32]. Recently, Berry et al. [7, 9] have demonstrated 

that, in nature, in absence of stabilizing cations, these proteins are required for λ lysis, as induction 

of λ lysogens in the absence of a spanin function results in lysis failure. The infection cycle 

terminates leading to spherical cells where the CM and PG have been disrupted, but the OM 

remains intact, indicating that the latter is an important barrier to lysis. In a λ lytic cycle, the Rz-Rz1 

complexes accumulate in the envelope during the morphogenesis phase. It was suggested that, 

following PG disruption by the endolysins, the spanins function by fusing the inner and outer 

membrane. This results in outer membrane disruption and consequently cell lysis [7, 9] [7,9]. 

 

This spherical phenotype in the absence of spanins has also been observed in infections with phages 

P2 [33] and PRD1 [11]. The presence of Rz/Rz1 equivalents in the lysis cassette, of nearly all 

bacteriophages that infect Gram-negative hosts, strengthens the idea that to accomplish lysis, in 
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addition to compromising the CM and the CW through the action of holins and endolysins, these 

phages also need to disrupt the OM [7, 10]. 

 

In this work, we show that mycobacteriophage Ms6, a phage that infects the mycobacterial species, 

M. smegmatis, in addition to the holin and endolysin functions also requires an additional lysis protein 

to overcome the last cell barrier. We provide evidence that Ms6 LysB parallels the function of 

spanins. 

 

Mycobacteria, which are members of the Corynebacteriales order, are bacteria that, despite being 

classified as Gram-positive, share a complex cell envelope. In addition to a CM and a CW, they also 

contain an OM, which is an asymmetrical bilayer where the inner leaflet, composed of long chain 

mycolic acids, is linked to the CW through an ester bond to AG. This peculiar OM confers to 

mycobacteria their characteristic impermeability and resistance to therapeutic agents, and as so, is 

also predicted to be a barrier to mycobacteriophage-induced lysis [13-17]. We have previously shown 

that Ms6 LysB is a lipolytic enzyme that cuts the linkage between AG and MA on the mycolyl-

arabinogalactan-peptidoglycan complex [24, 25]. 

 

We have observed that, in contrast with Ms6 LysA [22] and in general with phage endolysins, the 

Ms6 LysB, under our laboratory conditions, is not essential for the phage life cycle, since the Ms6 

derivative mutant lacking gene lysB is viable and capable of forming plaques in M. smegmatis. We have 

observed, however, a reduction in the plaque size. In a one-step assay, we could demonstrate that in 

absence of LysB there is a defective phage release at the end of an infection cycle. Indeed, in the 

single burst experiment a reduction of 64% in the number of free phage particles per bacterium was 

observed. This is in agreement with the reduced plaque size of Ms6ΔlysB, a phenotype that was 
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reverted to the wild type when LysB was provided in trans. Since Ms6 LysB is produced during late 

gene expression, from gene lysB, which is part of the lysis cassette, a role in host lysis is obviously 

expected. 

 

A reduced phage release, together with a reduced plaque size was also reported for the LysB of 

mycobacteriophage Giles; however, and in contrast to phage Ms6 where absence of LysB did not 

affect the timing of lysis, the authors observed that lysis induced by GilesΔlysB was delayed in 30 

min when compared to the Gileswt [34]. It is not clear so far how the absence of Giles LysB affects 

the timing of lysis. 

 

The observation that, at the end of a Ms6ΔlysB infection, 47% of the phages are recovered from the 

cell pellet against only 7% in a Ms6wt infection, indicates that the reduced burst size results from a 

deficient phage release and not from a reduction in the number of new synthesized phage particles. 

In the absence of LysB, phage particles are trapped in incompletely lysed cells. Cryo-EM and cryo-

ET of infections in the absence of LysB clearly show unreleased phage particles inside cells infected 

with Ms6ΔlysB, while at the same time point (150 min post-adsorption) in a Ms6wt infection the cell 

completely bursts. The 3D tomogram also shows deformations of the cell, indicating that the OM 

still holds part of the cell content even after disruption of the CM and PG (Figure 5B), following 

holin and endolysin action. 

 

Our results support the notion that the role of Ms6 LysB in lysis equates to that of spanins, however 

with different modes of action, since the structure of mycobacteria OM is completely different from 

that of Gram-negative bacteria. While spanins function either as a complex (λ Rz-Rz1) or as a single 

protein (T1 Gp11) by fusing the CM and OM [35], Ms6 LysB protein functions as an enzyme that 
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detaches the OM from the CW by cleaving the bond that links these two structures. As a lipolytic 

enzyme, Ms6 LysB also acts as an esterase on other lipids containing mycolic acids, such as the 

trehalose dimycolate (TDM) [25], a glycolipid with an important role in M. tuberculosis pathogenesis 

[36]. However, it is unknown if cleavage of these lipids contributes to lysis. 

 

The fact that the vast majority of mycobacteriophages sequenced so far encode Ms6 LysB 

homologous proteins suggests that they have an important role in nature. This is also true for other 

phages that infect members of the mycolata group, a bacterial group that also contain a layer of 

mycolic acid-containing lipids in their envelope. Examples are the Rhodococcus equi phages 

ReqiDocB7, ReqiPepy6 and ReqiPoco6, which encode Ms6 LysB homologues [12, 37]. A huge 

number of genome sequences from phages infecting the same bacterial group is available at The 

Actinobacteriophage Database (http://phagesdb.org/), and here we can also find genes from several 

phages annotated as coding for Lysin B as exemplified by gp24 or gp41 from phages SoilAssassin and 

Ghobes, respectively, both infecting Gordonae terrae [38]. In other cases, although no LysB annotation 

exists, we could identify the GXSXG motif common to lipolytic enzymes in the deduced amino acid 

sequence of several genes, such as gp54 from the TPA4 phage, a lytic phage that infects 

Tsukamurella species (Figure S1). 

 

Collectively our results lead to the suggestion that mycobacteriophage-induced lysis is also a  

three-step process where holins subvert the cytoplasmic membrane followed by endolysins targeting 

the cell wall and LysB proteins disrupting the last barrier to mycobacteriophage release, the outer 

membrane. 
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Our present knowledge of the mechanism of bacteriophage lysis suggests that the complexity of 

phage lytic cassettes depends on their hosts. Hosts with a simpler envelope, like Gram-positive 

bacteria, require the phage to possess a simple lytic cassette, with genes encoding proteins targeting 

the CM and the PG. For bacteria with a more complex envelope that also contain an OM, 

degradation of the cell wall is necessary but not sufficient for lysis and phages need to produce 

specific proteins to overcome this barrier. Thus, phages that infect Gram-negative hosts or 

mycobacteria, in addition to holins and endolysins, synthesize spanins or lipolytic enzymes, 

respectively (Figure 1). 
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FIGURE LEGENDS 

Figure 1. Cell envelopes of bacteria (left) and representative lysis cassettes of their infecting phages 

(right). (A) Gram-positive bacteria; (B) Gram-negative bacteria; (C) Mycobacteria. The white 

segments in holin-like genes indicate the number and position of transmembrane domain coding 

sequences. Abbreviations: CapGlu, capsular glucan CM, cytoplasmic membrane; LA, lypoteichoic 

acid; LAM, lipoarabinomannan; LP, lipoprotein; LPS, lipopolysaccharide; P, protein; PG, 

peptidoglycan; PIMs, phosphatidylinositol mannosides; PLs, phospholipids; PO, porin; Pp, 

periplasm; TDM, trehalose dimycolate; TMM, trehalose monomycolate. Adapted from reference [5] 

with permission. 

 

Figure 2. (A) Phage plaques formed by Ms6 (top) or Ms6ΔlysB (bottom) on a lawn of M. smegmatis. 

The plaques formed by Ms6ΔlysB phage are smaller than the ones formed by the wild type Ms6; (B) 

one-step growth curves of Ms6wt (circles) or Ms6ΔlysB (squares) on M. smegmatis mc2155 show a 

lower number of plaque-forming units (PFU) released from Ms6ΔlysB infection. Both curves show 

similar progression up to 90 min post-adsorption showing no differences in the timing of lysis. T0 

marks the end of the adsorption and start of the one-step experiment. The PFU/mL at t = 0 was 

used to normalize PFU/mL of each time point. For each time point, the mean ± SD of four 

independent assays is indicated. 

 

Figure 3. Distribution of phage particles in the supernatant and pellet of M. smegmatis infected with 

Ms6wt or Ms6ΔlysB. Ms6 is trapped in cell debris in absence of LysB. At the indicated time points, 

the distribution of phage particles in the pellet and in the supernatant was determined as a 

percentage of the total amount of PFU counted in both fractions. The values indicate the mean ± 

SD of three independent experiments. 
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Figure 4. Cryo-EM images of M. smegmatis infected with Ms6wt or Ms6ΔlysB. At 90 min post-

adsorption, cells infected with Ms6wt (A) or Ms6ΔlysB (C) are still intact and no difference is 

observed. At 150 min post-adsorption, the abrupt burst of a cell infected with Ms6wt is clear (B) 

while cells infected with Ms6ΔlysB (D) do not lyse abruptly and deformations in the cell envelope are 

clearly visible. Scale bar (200 nm). 

 

Figure 5. Cryo-electron tomography of M. smegmatis infected with Ms6ΔlysB at 150 min post-

adsorption. (A) Slice through the tomogram of an infected cell; (B) segmented volume of the phage 

capsids (purple), cell membrane and PG (magenta) and the outer membrane (green). Scale bar (200 

nm). 

 

Supplementary Figure 1. Comparison of lysB genes from phages infecting members of the 

Mycolatagroup. (A) Illustrated are representatives of mycobacteriophages and phages infecting 

Rhodococcus equi, Gordoniae terrae and Tsukamurella spp. The genes marked with a white segment 

indicate genes not previously assigned as holins, but having predicted transmembrane segments. (B) 

Alignment of Ms6 LysB and putative LysB protein homologues. The conserved pentapeptide (G/A-

X-S-X-G) is highlighted on a grey background. Numbers refer to the amino acid positions.   
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Table 1. Bacterial strains, phages, plasmids, and oligonucleotides used in this study 

 

Name Description Source or 
Reference 

Bacteria     
Mycobacterium 
smegmatis mc2155 

High-transformation-efficiency mutant of M. smegmatis ATCC 
607 [26] 

Bacteriophages     
Ms6wt Temperate bacteriophage from M. smegmatis [27] 
Ms6ΔlysB 996 bp in-frame deletion of the Ms6 lysB gene This study 
Plasmids     

pJV53 Derivative of pLAM12 with Che9c 60 and 61 under control 
of the acetamidase promoter; Kanr [28] 

pAG1 lysB gene cloned into pVVAP This study 
pVVAP Mycobacteria shuttle vector carrying the acetamidase 

promoter; Kanr [29] 

Oligonucleotides Sequence 5’-3’ a   

PrΔlysB 

CTCGGCGGAAAAACCCTCCTCGTGGACGCGGTAG
CAGAACTGTTGGGCCACTGATAGGAGGCACCCAT
GCTGACACGTTCATTCTGGATCGACGCCGCCGAGC
G 

Ms6ΔlysB 

PrExtΔlysBFw 
CGAGATCCTGCGGCAACTGCGCGGATACAACCTCA
CTGGCTGGCCGCAGCTCGGCGGAAAAACCCTCGT
GGACG 

Extend 
Pr∆lysB 

PrExtΔlysBRv 
CCCCGGCGCCGAGGGTGGCGATCGCGGTTTGGGC
GAATGTGCGTATGGCACGCTCGGCGGCGTCGATC
CAGAATG 

Extend 
Pr∆lysB 

PrlysBFw GCGGATCCATGAGCAGAACTGTTGGGCC 

Includes 
BamHI site 
to clone in 

pVVAP 

PrlysBRv GGAAGCTTTGTGCGTAGGTAGTCGATG 

Includes 
HindIII site 
to clone in 

pVVAP 
DADA ΔlysB 
PCRFw 

GCGCTAGCAGAACTGTTGGGCCACTGATAG Ms6ΔlysB 

DADA Ms6-
PCRRv CGTCTCGTACTGCACGTACCGGTTCTTC Ms6ΔlysB 


