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ABSTRACT 
 
Cryo-electron tomography (cryo-ET) is a powerful method for investigating the 3D structure of 

intact cells, organelles, and complex protein macromolecules that cannot be crystallized or are too 

heterogenous for single-particle cryo-electron microscopy (cryo-EM). However, obtaining high-

resolution cryo-ET structures for many biologically important targets is still a challenge. To 

address this challenge, cryo-ET can be combined with other methods, including X-ray 

crystallography, single-particle cryo-EM, structure predictions, cross-linking mass spectrometry, 

biochemistry, and evolutionary analysis to produce integrative models. Recently, with the 

development of AI-based tools such as AlphaFold2, structure prediction has played an increasingly 

important role in integrative modeling. The combination of cryo-ET and structure prediction in 

particular has provided unprecedented insights into the ultrastructure of cellular components. This 

thesis focuses on two bacterial multi-megadalton protein complexes which are difficult to study 

by classical structural biology approaches: gas vesicles (GVs) and the Legionella pneumophila 

Dot/Icm type IV secretion system (T4SS). GVs are gas-filled protein nanostructures that regulate 

the position of certain microorganisms in water and consequently their access to sunlight and 

nutrients. Here, we investigate the mechanical properties of GVs and reveal the molecular structure 

of GVs and its implication for the assembly mechanism. The Dot/Icm T4SS is a macromolecular 

complex formed by approximately 27 proteins, utilized by L. pneumophila to hijack the host cell's 

biology for its replication purposes. A nearly-complete integrative model of this complex provides 

crucial insights into its structural organization and its evolution from conjugation to secretion, as 

well as the transportation of substrates into the host cell. 
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Chapter 1 
 

INTRODUCTION 

 

Gaining insight into the relationship between protein structure and function is crucial for 

understanding the biological processes that occur in living organisms. One of the earliest and 

widely adopted techniques that allowed scientists to determine protein structure was 

crystallography (Jaskolski, Dauter, and Wlodawer 2014). This was possible by growing crystals 

of the molecule of interest and using X-ray diffraction to determine the positions of atoms within 

the crystal lattice. Despite being highly effective in unveiling the structures of numerous biological 

macromolecules, crystallography has its limitations, particularly in the case of large and complex 

structures. Furthermore, protein crystallization occurs in non-native conditions, which hinders 

probing of the protein's conformational heterogeneity and might occasionally result in the capture 

of conformations that, although present, are not necessarily the most prevalent ones within the cell. 

 

The inherent limitations of crystallography prompted the development of single-particle cryo-

electron microscopy (cryo-EM) (Kühlbrandt 2014). Cryo-EM overcomes the most significant 

drawback of X-ray crystallography, which is obtaining a well-diffracting crystal. Instead, in cryo-

EM, the sample is rapidly frozen in a thin layer of ice and imaged using an electron microscope, 

producing high-resolution images of biological molecules in a frozen-hydrated state (preserving 

the protein in a near-native state). The images are then used to generate a three-dimensional density 

map of the macromolecule by averaging thousands of two-dimensional images captured from 



 

2 

different angles. Single-particle cryo-EM has revolutionized structural biology by enabling 

structure determination of complex macromolecules that are difficult or impossible to crystallize 

(Callaway 2020). This technique has revolutionized structural biology of membrane proteins and 

large and heterogeneous complexes and made significant contributions to our understanding of 

fundamental biological processes such as DNA replication (Xie et al. 2023; Jain et al. 2019; 

Lancey et al. 2021) and protein synthesis (Fromm et al. 2023), and is helping to advance drug 

discovery and design (Renaud et al. 2018). With many hardware and software developments in 

recent years, single-particle cryo-EM has become the method of choice for studying many difficult 

targets (Punjani et al. 2017; Zivanov et al. 2018).  

 

Single-particle cryo-EM has undoubtedly been a game-changing technique; however, it does have 

its limitations. One such limitation is the requirement for sample purification, which can often 

result in the loss of valuable information regarding the cellular context. Furthermore, larger and 

more complex protein assemblies can be challenging to purify while maintaining their integrity. 

These limitations have contributed to a growing interest in cryo-electron tomography (cryo-ET), 

which offers the unique advantage of studying the 3-D structure of intact cells and organelles 

(Oikonomou and Jensen 2017). Cryo-ET involves acquiring a series of 2-D images of a sample as 

it is tilted, which can then be reconstructed into a 3-D volume called tomogram. This technique is 

particularly useful for investigating large and complex structures. 

 

Cryo-ET has recently delivered some spectacular high-resolution structures allowing us to 

understand the ultrastructure of Rubisco inside alpha-carboxysomes (Metskas et al. 2022), 

visualize protein biogenesis at the ER membrane (Xue et al. 2022; Gemmer et al. 2023) or reveal 
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ribosome-antibiotic complexes inside intact cells (Tegunov et al. 2021). However, in all these 

cases achieving high resolution was possible either because of a large number of particles, the 

large size of the complex, and/or symmetry. Unfortunately, for many biological samples the 

resolution produced by cryo-ET is stuck at a single-digit nanometer scale. There are multiple 

factors limiting the resolution of cryo-ET maps (Hylton and Swulius 2021). The primary problem 

is that electron dose has to be distributed among many images to produce tilt-series, which results 

in images with significantly lower signal-to-noise ratio compared to the single-particle approach. 

Moreover frequently cryo-ET samples are thick and their thickness increases at higher-tilt angles, 

further reducing the signal-to-noise ratio. Among other problems are difficulties locating 

molecules of interest in the tomogram and a low number of particles per tomogram. Despite 

significant advances in data collection speed (Chreifi, Chen, and Jensen 2021; Chreifi et al. 2019) 

and software (Tegunov and Cramer 2019; Tegunov et al. 2021; Zivanov et al. 2022), it is still 

challenging to reach a near-atomic resolution for many biologically important targets.  

 

The limited resolution of cryo-ET can be overcome by combining it with other methods to produce 

integrative models (Koukos and Bonvin 2020). In this approach, X-ray crystallography, single-

particle cryo-EM, and structure predictions provide information about individual components of 

the system and their interactions, which can then be combined and docked into the molecular 

envelope obtained by cryo-ET with the help of cross-linking mass spectrometry, biochemistry, and 

evolutionary analysis. 

 

In the last couple of years, structure prediction has played an increasingly important role in 

integrative modeling. This was largely made possible by the development of AlphaFold2 (Jumper 
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et al. 2021; Mirdita et al. 2022), an artificial intelligence (AI)-based tool that predicts accuratley 

protein structure. The combination of cryo-ET and AlphaFold has opened a new era in structural 

biology and has produced some groundbreaking structures. Some notable examples include de 

novo protein identification in mammalian sperm (Chen et al. 2022) and a nearly-complete model 

of the nuclear pore complex (Mosalaganti et al. 2022). Both of these are examples of large 

macromolecular protein complexes that would be difficult to purify and study with single-particle 

cryo-EM or crystallography. Many important biological processes are driven by similarly complex 

assemblies, and understanding the structure and function of these complexes is critical for gaining 

insights into biological processes, developing treatments for diseases associated with their 

dysfunction, and structure-based engineering for biotechnology.  

 

This thesis focuses on two multi-megadalton bacterial protein complexes: gas vesicles (GVs) (A. 

E. Walsby 1994a; Pfeifer 2012) and the Legionella pneumophila defective in organelle 

trafficking/intracellular multiplication (Dot/Icm) type IV secretion system (T4SS) (Kubori and 

Nagai 2016; Hubber and Roy 2010). Chapters 2-4 focus on GVs, a unique class of bacterial gas-

filled protein nanostructures found in certain microorganisms. They act as buoyancy devices that 

regulate the position of these microorganisms in water and their access to sunlight and nutrients 

(A. E. Walsby 1994a). GVs are encoded by large gene clusters and are primarily composed of the 

highly-hydrophobic major structural protein GvpA, which forms the rib-like shell structure of 

GVs. Some gene clusters also encode for the accessory structural protein GvpC, which provides 

additional strengthening to the shell (Hayes, Buchholz, and Walsby 1992). GVs’ unique 

biophysical properties have enabled their use as genetically-encoded reporters and actuators of 

cellular function deep in tissue (Shapiro, Goodwill, et al. 2014; Bourdeau et al. 2018; Farhadi et 
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al. 2019; Wu et al. 2023; Farhadi et al. 2020; Lakshmanan et al. 2020; Hurt et al. 2023). Other 

applications take advantage of GVs’ refractive index, gas permeability, and susceptibility to 

magnetic fields (Shapiro, Ramirez, et al. 2014; Lu et al. 2018, 2020).  

 

Despite being discovered in the 19th century and their increasing use in bioengineering, little was 

known about the molecular structure of GVs or their assembly mechanism. In Chapter 2, the 

analysis of GVs derived from various bacteria is carried out to address discrepancies in dimensions 

reported in the literature, which arise from different methodologies used to measure them, and to 

establish accurate measurements that consolidate the existing literature. GV dimensions directly 

affect their mechanics, which is crucial for their applications as acoustic reporter agents. Thus, in 

Chapter 3, the effect of GV geometry on their buckling properties is investigated using a 

combination of computational and experimental approaches. This work shows that diameter is a 

key factor influencing GVs' mechanical properties while changes in length play a minor role. 

Finally, Chapter 4 describes the structure of the Anabaena flos-aquae GVs obtained through cryo-

ET and integrative modeling based on the homologous structure of Bacillus megaterium GVs. The 

structure reveals a corrugated pattern of the shell arising from the polymerization of GvpA which 

changes polarity at the center of the GV cylinder - a site that may act as an elongation center. The 

GV cylinder is additionally reinforced by the accessory protein GvpC, which forms a helical cage 

around the GvpA shell. 

 

Chapter 5 focuses on the Dot/Icm T4SS, another example of a bacterial macromolecular complex. 

During the infection process, L. pneumophila secretes over 300 proteins to hijack the host cell's 

biology for its own replication purposes (Kubori and Nagai 2016; Qiu and Luo 2017). The Dot/Icm 
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T4SS is one of the largest and most complex biological assemblies known and is formed by 

approximately 27 proteins. It spans across the outer and inner membranes. Despite its significance 

as a potential drug target, our current understanding of its atomic structure is limited to isolated 

subcomplexes. Due to the sheer size and complexity of this system, no successful purification 

attempts have been reported. Through improvements in the cryo-ET map quality and integrative 

modeling, a nearly-complete model of the T4SS has been constructed, providing important clues 

on how substrates might be transported into the host cell. Additionally, evolutionary and structural 

analysis reveals how a conjugative T4SS evolved its primary function from conjugation to 

secretion by incorporating a channel-forming protein, TssM (IcmF), and its interacting partner, 

TssL (DotU), from a bacterial type VI secretion system (T6SS). 
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Chapter 2  

MEASURING GAS VESICLE DIMENSIONS BY 

ELECTRON MICROSCOPY 

 

 

 

 

 

 

 

 

Adapted from: 

 

Przemysław Dutka, Dina Malounda, Lauren Ann Metskas, Songye Chen, Robert C. Hurt, George 
J. Lu, Grant J. Jensen, and Mikhail G. Shapiro. 2021. “Measuring Gas Vesicle Dimensions by 
Electron Microscopy.” Protein Science: A Publication of the Protein Society 30 (5): 1081–86. 
https://doi.org/10.1002/pro.4056. 
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Abstract  

Gas vesicles (GVs) are cylindrical or spindle-shaped protein nanostructures filled with air and used 

for flotation by various cyanobacteria, heterotrophic bacteria, and Archaea. Recently, GVs have 

gained interest in biotechnology applications due to their ability to serve as imaging agents and 

actuators for ultrasound, magnetic resonance and several optical techniques. The diameter of GVs 

is a crucial parameter contributing to their mechanical stability, buoyancy function and evolution 

in host cells, as well as their properties in imaging applications. Despite its importance, reported 

diameters for the same types of GV differ depending on the method used for its assessment. Here, 

we provide an explanation for these discrepancies and utilize electron microscopy (EM) techniques 

to accurately estimate the diameter of the most commonly studied types of GVs. We show that 

during air drying on the EM grid, GVs flatten, leading to a ~1.5-fold increase in their apparent 

diameter. We demonstrate that GVs' diameter can be accurately determined by direct 

measurements from cryo-EM samples or alternatively indirectly derived from widths of flat 

collapsed and negatively stained GVs. Our findings help explain the inconsistency in previously 

reported data and provide accurate methods to measure GVs dimensions. 
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2.1 Introduction 

Gas vesicles (GVs) are hollow, gas-filled protein nanostructures natively expressed in certain types 

of cyanobacteria, heterotrophic bacteria, and Archaea as a buoyancy aid (Walsby 1994a). 

Recently, it was discovered that the unique physical properties of GVs enable them to serve as 

genetically encodable contrast agents for ultrasound and other imaging methods, allowing deep 

tissue imaging of cellular function (Shapiro, Goodwill, et al. 2014; Shapiro, Ramirez, et al. 2014; 

Bourdeau et al. 2018; Lu et al. 2018; Farhadi et al. 2019, 2020; Lakshmanan et al. 2020). In 

addition, GVs are being applied to acoustic manipulation and therapeutic uses of engineered cells 

(Bar-Zion et al. 2019; Wu et al. 2019). 

Fully formed GVs adopt two predominant shapes—cylinders with conical ends or spindle-like. 

The GVs may be 0.1–2 μm in length, or even longer when heterologously expressed in more 

spacious mammalian cells (Farhadi et al. 2019). The mean diameter of GVs isolated from different 

species widely varies, but is relatively constant for the same type of GV. There is an inverse 

correlation between diameter and critical collapse pressure (Hayes and Walsby 1986). This 

correlation has important evolutionary consequences. While wider GVs can provide buoyancy at 

a lower energetic cost, they collapse at lower pressure. This is perhaps best reflected by analyzing 

the widths and collapse pressure of GVs isolated from Planktothrix spp. from Nordic lakes of 

different depths (Beard et al. 2000, 1999). Three types of GVs isolated from Planktothrix spp. had 

widths of ~51, 58, and 67 nm with respective collapse pressures of 1.1, 0.9, and 0.7 MPa, allowing 

them to adapt to the hydrostatic pressure in different lakes (Beard et al. 2000; Dunton and Walsby 

2005). 

Despite the importance of GVs' diameter for their biophysical properties, there are significant 

discrepancies in values reported in the literature. For example, the width of GVs from Anabaena 



 

10 

flos-aquae (Ana) measured inside cells by thin-section electron microscopy (EM) was ~70 nm 

(Anthony Edward Walsby and Fogg 1971), which is considerably smaller than the value obtained 

by negative stain EM (ns-EM) for isolated GVs—136 nm (Lakshmanan et al. 2017). Similar 

discrepancies can be observed for GVs from Halobacterium salinarum (Halo), whose reported 

values range from 45 to 250 nm (Lakshmanan et al. 2017; Simon 1981; Offner et al. 1998; Pfeifer 

2012). To some extent, these discrepancies could be explained by natural variability in diameter. 

However, analysis of width distributions for GVs from several species of cyanobacteria (Hayes 

and Walsby 1986) or Bacillus megaterium (Mega) (Farhadi et al. 2018) shows a narrow range. 

This inconsistency in diameter measurement was investigated almost 50 years ago by Walsby 

(Walsby and Fogg 1971). He observed that Ana GVs have a constant width of 70 nm when 

measured inside cells by thin-section EM, which was close to the value measured for the purified 

sample imaged using a freeze-etching technique (75 nm). In contrast, estimations by ns-EM ranged 

from 70 to 114 nm (Walsby and Fogg 1971). He suggested that the stain used in EM leads to 

swelling of GVs, which increases their diameter but has little effect on the length. As an alternative 

approach for assessing GV diameter, Walsby proposed indirect measurement based on the widths 

of flat collapsed GVs. The diameter of Ana GVs measured using this strategy was ~85 nm (Walsby 

and Bleything 1988). Archer and King gave another potential explanation for discrepancies in GV 

measurements. They proposed that the isolation process leads to deformations, increasing the 

width of GVs (Archer and King 1984). Regardless of these concerns, the diameter of GVs has 

been routinely assessed for isolated specimens by ns-EM. 

As GVs have attracted more attention in biotechnology applications, accurate estimates of their 

diameter have become a critical input into GV engineering. For that reason, we investigated the 

discrepancies in reported GV diameters using modern microscopy tools. Using these updated 
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techniques, we provide measurements for the most commonly studied GVs: Ana, Mega, and Halo. 

For Halo, we analyzed two different GV types, which are products of the independent gene clusters 

p-vac and c-vac. 

2.2 Results and Discussion 

To more closely evaluate the behavior of stained and air-dried GVs on the EM grid, we collected 

projection images for different types of GVs at 0° and 50° tilt and analyzed their morphology 

(Figure 2-1A, B). Although we predicted some degree of distortions to the cylindrical shape of 

GVs, the observed differences were unexpectedly large. For Ana GVs, there was an average of 

~55 nm width difference between measurements at these two angles. The pattern was similar for 

both Mega and Halo GVs, although to a different degree. This data indicates that all types of GVs 

flatten during the staining procedure, adopting an elliptic cylinder shape. 

Certain limitations of the ns-EM technology, such as specimen flattening or stain thickness 

irreproducibility, were previously described (Frank 2006). However, the observed deformation of 

the GV protein shell is not like the typical flattening reported before, where sample was mainly 

affected in z-direction with little to no effect on the x,y-dimensions (Frank 2006). Since GVs 

produce strong contrast on EM even without staining, we decided to take advantage of this unique 

property and evaluate the effect of the stain. Analysis of unstained, air-dried Ana GVs samples at 

0° and 50° tilts show on average ~20 nm difference in diameter (Figure 2-1C), which is 

significantly less than the stained sample, but not negligible. 
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Figure 2-1. Gas vesicles (GVs) flattening on the electron microscopy (EM) grid. (A) Schematic 
showing cross-section of the flattened GV at 0° and 50° tilt. (B, C) Representative projection 
images at 0° and 50° tilt for (B) negatively stained and air-dried Ana, Mega, and Halo GV; and 
(C) unstained, air-dried Ana GV. Scale bar, 200 nm. 
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Distortions to the GV shape are the effect of the unique mechanical properties of GVs' protein 

shell. In ns-EM, the sample lies on a carbon support; thus, we suspect that GVs are compressed by 

the surface tension of evaporating water. Notably, the degree of deformation appears to be 

correlated with critical collapse pressure. Halo GVs, which experience the most flattening, are also 

the least robust among investigated GVs, with collapse pressure of 0.1 Mpa (Lakshmanan et al. 

2017). In contrast, Mega GVs, which have a much higher collapse pressure of ~0.7 Mpa 

(Lakshmanan et al. 2017), flatten the least. 

To obtain more accurate measurements of GV diameter, we used two complementary methods. 

First, we imaged the GVs with cryo-EM, which preserves GVs' cylindrical shape. Unfortunately, 

cryo-EM is a more demanding technique, requiring time-consuming sample optimization, larger 

sample quantities, and access to a more sophisticated instrument. Alternatively, we inferred GV 

diameter from the widths of flat collapsed GVs with negative staining, as measured by Walsby 

and Bleything (Walsby and Bleything 1988). This method, which equates the collapsed GV width 

with half of the intact cylindrical circumference, should allow for a faster and more accessible 

estimation of GV dimensions. We decided to analyze diameter distribution for Mega, Ana, and 

Halo GVs using both strategies. 

Cryo-EM of intact GVs and collapsed ns-GV imaging resulted in similar values for each analyzed 

GV type (Figure 2-2, Table 2-T1), with differences within statistical error. Mega and Ana GVs 

appear to have a uniform diameter, varying within a narrow range (Figure 2-2C, Table 2-T1). In 

contrast, Halo GV diameters varied. Halo is capable of producing two types of GVs. Spindle-

shaped GVs are encoded by the p-vac gene cluster located on an endogenous plasmid, while the 

c-vac cluster located on a mini-chromosome generates cylindrical GVs (Pfeifer 2012). According 

to our measurements, the diameter of both types of Halo GVs varies (Figure 2-2C). However, 
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some of this variability may be due to imperfect classification. All GV types begin their assembly 

as bicones, which look like smaller spindle-shape p-vac Halo GVs (Pfeifer 2012). Thus, some c-

vac GVs, in their bicone phase, could have been classified as p-vac GVs. This misclassification 

could have made a minor contribution to the overall diameter distribution. Overall, the range of 

diameter values for different GV types suggest that Ana and Mega GVs have tighter regulation 

over diameter compared to Halo GVs. However, it is not yet known what the physiological 

consequences of this regulation are or how exactly the diameter is adjusted in growing GVs. 

Table 2-T1. GV diameters (mean ± SD) obtained by three EM-based methods. 

GV type Intact GVs (ns-EM)a (nm) Intact GVs (cryo-EM) 
(nm) 

Collapsed GVs (ns-EM) 
(nm) 

Mega 73 ± 14 52 ± 6 54 ± 5 

Ana 136 ± 21 85 ± 4 89 ± 6 

Halo (c-vac) 251 ± 51 111 ± 32 116 ± 21 

Halo (p-vac) 182 ± 22 171 ± 19 

Abbreviations: EM, electron microscopy; GVs, gas vesicles.  
aPreviously reported by (Lakshmanan et al. 2017) 
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Figure 2-2. Diameter determination for Mega, Ana, and Halo gas vesicles (GVs). (A) 
Representative cryo-electron microscopy (EM) of intact GVs used for direct diameter 
measurement. (B) Representative ns-EM images of collapsed GVs used for indirect diameter 
assessment based on widths of flat collapsed regions. Scale bar, 100 nm. (C) Diameter distribution 
for Mega, Ana, and Halo GVs measured by cryo-EM and collapsed ns-EM. Center line indicates 
median, the box limits denote the interquartile range and the whiskers absolute range. Each dot 
represents an individual measurement. Paired t test was performed between directly measured 
(cryo-EM) and calculated (ns-EM) diameters for each GV type. 

Taken together, our findings provide an explanation for discrepancies in previous GV diameter 

measurements reported in the literature. Although ns-EM is routinely used to evaluate the 

morphology and dimensions of intact GVs (Lakshmanan et al. 2017; Farhadi et al. 2018; N. Li and 
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Cannon 1998; Ramsay et al. 2011; Xu et al. 2014), our data show that this method causes GV 

flattening and inaccurate apparent diameter. Instead, cryo-EM of intact GVs and ns-EM of flat 

collapsed GVs provide correct dimensions that are mutually consistent between the two methods, 

as shown here for three commonly studied GVs variants. 

2.3 Material and Methods 

GV preparation 

GVs were either isolated from native sources (Ana and Halo) or expressed heterologously in 

Rosetta 2(DE3) pLysS Escherichia coli cells (Mega) as previously described (Lakshmanan et al. 

2017). In the final two or three rounds of buoyancy purification, sample buffer was exchanged to 

10 mM HEPES, pH 7.5. Concentrations were measured by optical density (OD) at 500 nm using 

a spectrophotometer (NanoDrop ND-1000, Thermo Scientific). To prepare collapsed GV samples, 

diluted samples were pressurized in a sealed syringe until the solution turned transparent. 

Negative stain EM 

For imaging of intact GVs, the purified sample was diluted to OD500 ~ 0.5 for Ana and Halo, and 

OD500 ~ 0.2 for Mega. Three microliters of the target sample was applied to a freshly glow-

discharged (Pelco EasiGlow, 15 mA, 1 min) Formvar/carbon-coated, 200 mesh copper grid (Ted 

Pella) for 1 min before blotting. Afterward, the sample was incubated for 1 min with a 0.75% 

uranyl formate solution before blotting and air-dried. Image acquisition was performed using a 

Tecnai T12 (FEI, now Thermo Fisher Scientific) EM at 120 kV, equipped with a Gatan Ultrascan 

2 k × 2 k CCD. 
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Cryo-EM 

For cryo-EM, Quantifoil R2/2 200 Mesh, extra thick carbon, copper grids (EMS) were glow 

discharged (Pelco EasiGlow, 10 mA, 1 min). Freshly purified Mega (OD500 ~ 1), Ana 

(OD500 ~ 15), and Halo (OD500 ~ 8) GVs sample was frozen using a Mark IV Vitrobot (FEI, now 

Thermo Fisher Scientific) (4°C, 100% humidity, blot force 3, blot time 4 s). Micrographs were 

collected on a 300 kV Titan Krios microscope (FEI, now Thermo Fisher Scientific) with an energy 

filter (Gatan) and equipped with a K3 6k × 4 k direct electron detector (Gatan). Data were collected 

using SerialEM software with a pixel size of either 1.4 Å (×64,000 magnification) or 2.15 Å 

(×42,000 magnification) and −2.5 μm defocus (Mastronarde 2005). 

Diameter determination 

All measurements were made using IMOD software (Kremer, Mastronarde, and McIntosh 1996). 

The cylinder/spindle diameter direct measurements from cryo-EM micrographs were performed 

only once for each GVs at its widest region. Indirectly diameter was calculated as 2w/π, where w 

is the width of the flat collapsed GV measured from the ns-EM micrograph. Sample from at least 

two independent preparations were used for each measurement. 

Statistical analysis was performed in GraphPad PRISM. To ensure normal distribution of the data 

a Shapiro–Wilk normality test, Kolmogorov–Smirnov test, and D'Agostino & Pearson test was 

performed. For all data sets, at least two calculated tests suggested normal distribution, thus a 

paired t test was employed. 
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Chapter 3  

GEOMETRIC EFFECTS IN GAS VESICLE 

BUCKLING UNDER ULTRASOUND 
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Abstract  

Acoustic reporter genes based on gas vesicles (GVs) have enabled the use of ultrasound to 

noninvasively visualize cellular function in vivo. The specific detection of GV signals relative to 

background acoustic scattering in tissues is facilitated by nonlinear ultrasound imaging techniques 

taking advantage of the sonomechanical buckling of GVs. However, the effect of geometry on the 

buckling behavior of GVs under exposure to ultrasound has not been studied. To understand such 

geometric effects, we developed computational models of GVs of various lengths and diameters 

and used finite element simulations to predict their threshold buckling pressures and postbuckling 

deformations. We demonstrated that the GV diameter has an inverse cubic relation to the threshold 

buckling pressure, whereas length has no substantial effect. To complement these simulations, we 

experimentally probed the effect of geometry on the mechanical properties of GVs and the 

corresponding nonlinear ultrasound signals. The results of these experiments corroborate our 

computational predictions. This study provides fundamental insights into how geometry affects 

the sonomechanical properties of GVs, which, in turn, can inform further engineering of these 

nanostructures for high-contrast, nonlinear ultrasound imaging. 
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3.1 Introduction 

Ultrasound imaging has demonstrated tremendous potential for monitoring biological processes 

due to its deep tissue penetration and noninvasive operation. Recently, the gas vesicle (GV)—a 

unique genetically encoded, gas-filled, protein-shelled nanostructure—was developed as a new 

type of contrast agent (Shapiro, Goodwill, et al. 2014; Lakshmanan et al. 2016), reporter gene 

(Bourdeau et al. 2018; Farhadi et al. 2019; Hurt et al., n.d.), and biosensor (Lakshmanan et al. 

2020) to connect ultrasound images to dynamic biological activities such as gene expression and 

enzyme activity. To enable the sensitive detection of GVs in intact animals, imaging techniques 

must overcome the background linear scattering of tissues. This task is accomplished by ultrasound 

pulse sequences, such as amplitude modulation, which exploit the ability of GVs to produce 

nonlinear ultrasound scattering (Maresca et al. 2017; Maresca, Sawyer, et al. 2018; Rabut et al. 

2021). This ability hinges on the mechanical buckling of GVs—an abrupt transition in mechanical 

response due to an external load. Specifically, above a threshold acoustic pressure known as the 

buckling pressure, the protein shell of a GV abruptly undergoes mechanical instability by 

exhibiting large, reversible deformations, which, in turn, lead to nonlinear scattering of ultrasound 

waves (Maresca et al. 2017; Cherin et al. 2017; Zhang et al. 2020). Previous work has shown that 

the protein composition of the GV shell can affect GV mechanical properties and acoustic buckling 

behavior (Lakshmanan et al. 2016, 2020; Cherin et al. 2017). However, the effect of GV geometry 

on buckling mechanics and ultrasound responsiveness remains uncharacterized. Distinct classes 

of GVs exhibit different characteristic dimensions with respect to length and diameter (Dutka et 

al. 2021), and the distribution of these parameters can depend on the cell type expressing the GVs 

(Farhadi et al. 2019). 
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In this work, combining computational modeling and experimental studies, we systematically 

investigate how the geometry of cylindrical GVs can affect their buckling behavior upon 

application of ultrasound pressure. Based on the dimensions of wild-type GVs obtained from 

cryogenic-electron microscopy (cryo-EM), we developed a series of finite element models of GVs, 

each with a distinct length or diameter. Our computational simulations predict that the diameter, 

rather than the length, can significantly alter the threshold buckling pressure of GVs under 

ultrasound. We then aimed to corroborate these predictions through experiments. To this end, we 

sorted GVs expressed by cyanobacteria into different populations based on diameter and recorded 

their respective nonlinear ultrasound scattering. We show that GVs with larger diameters exhibit 

stronger scattering of nonlinear ultrasound signals for a given acoustic pressure. This work reveals 

a fundamental relationship between GV geometry and buckling behavior, which provides guidance 

for the engineering of GVs with different sonomechanical characteristics for enhanced ultrasound 

imaging and potential multiplexed detection (Lakshmanan et al. 2016). 

3.2 Results and discussion 

Computational analysis 

We first investigated the effect of geometric features of GVs on their buckling response under 

ultrasound. We chose wild-type GVs expressed by cyanobacterium AnaS as a model system (Ana 

GVs) due to their common use in ultrasound studies. The shell wall of Ana GV is made of GvpA, 

a primary GV structural protein, and GvpC, a secondary GV structural protein (A. E. Walsby 

1994a). Previous experiments showed that stripped Ana GVs (AnaS), in which GvpC units have 

been selectively removed or digested, buckle and scatter nonlinearly above a certain acoustic 

pressure (Lakshmanan et al. 2016, 2020; Maresca et al. 2017; Maresca, Sawyer, et al. 2018). As 
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described in the material and methods section, for finite element analysis, we modeled the buckling 

of a stripped GV subjected to ultrasound overpressure. We first conducted simulations using a GV 

with an average length and diameter of 500 and 85 nm, respectively, which correspond to the 

average dimensions of wild-type Ana GVs (Dutka et al. 2021). We conducted an LBA, in which 

an eigenvalue problem is formulated upon the construction of the pertinent stiffness and mass 

matrix. We solved this problem using the Lanczos algorithm and obtained the first 10 modes of 

buckling. Figure 3-S3 depicts these buckling modes, with the first threshold buckling pressure 

predicted to occur at 332 kPa. Next, we solved the deformed postbuckling configurations and 

validated the results of the LBA. The compliant nature of the GV protein shell leads to large 

deformations upon buckling, which requires nonlinear analysis to resolve. The combination of a 

compliant protein shell and subsequent nonlinear geometric effects under ultrasound results in an 

output of ill-conditioned tangent matrices. To compute threshold buckling pressures under these 

conditions, we utilized a dynamic relaxation approach through explicit analysis. To compute the 

threshold buckling pressures for each buckling mode obtained, we conducted a series of 

simulations, independent of the LBA analysis, for an individual stripped GV, where the 

overpressure varies over a period of 1 μs, starting at 100 kPa and increasing in steps of 20 kPa 

until a pressure that causes the structure to buckle. Each simulation was designed with a total 

simulation time of 1 μs at 11.4 MHz frequency. 
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Figure 3-1. Geometric characterizations and computational modeling of GVs. (A) 
Representative cryo-EM image of a stripped GV (AnaS) isolated from cyanobacterium Anabaena 
flos-aquae. Scale bar, 50 nm. (B) Maximum percentage volume change in a GV as a function of 
applied ultrasound pressure. The sudden departure from a linear response indicates the onset of 
buckling in a GV, which is reminiscent of pitch-fork instability in bifurcation theory (Thompson 
2015). (B) Depictions from a finite element model of a GV with length and diameter dimensions 
of 500 and 85 nm, respectively. Both the initial configuration (left) and the buckled configuration 
at 331 kPa (right) are depicted.  

We quantified GV deformations by measuring the change in volume, which, prior to the onset of 

buckling, increases negligibly with externally applied cycles of ultrasound pressure. At the 

threshold pressure for the onset of buckling, an abrupt transition occurs in the GV deformation 

mechanics. Notably, this transition may not occur in response to all the cycles within an ultrasound 

pulse, due to the tapered nature of pulse amplitudes and to the nonlinear geometric effects of a GV 

exposed to ultrasound, which may induce the onset of buckling only after the GV experiences a 

few cycles of ultrasound pressure. We then identified the exact threshold buckling pressure that 

causes this nonlinear response, within a narrow range of 1 kPa, via a bisection method in which 

we ascertain the interval that contains the threshold buckling pressure by repeatedly bisecting each 

pressure interval and selecting the subinterval in which buckling commences. This bisection 

algorithm determined the threshold buckling pressure of AnaS GVs with dimensions of 500 nm in 

length and 85 nm in diameter to be 331 kPa (Figure 3-1). 
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Notably, it is possible that accounting for nonlinear deformations using explicit dynamic analysis 

based on volumetric changes may lead to a threshold buckling pressure lower than that obtained 

via LBA. These nonlinear deformations can accommodate buckling at pressures below the values 

obtained from LBA. We also conducted several numerical tests covering a range of mesh sizes 

and verified that the results of our calculations were not affected by the discretization resolution 

(Figure 3-S4). 

Geometry-dependent GV buckling 

After validating a computational model that captures the ultrasound-induced buckling of a GV 

with fixed geometry, we aimed to model the effect of different GV lengths and diameters on the 

threshold buckling pressure. To this end, we conducted a thorough sensitivity analysis using an 

exhaustive search approach, in which we created several distinct computational GV models, each 

of which having identical material properties, boundary conditions, and loading conditions, 

including an identical ultrasound pressure waveform. In these computational models, we also fixed 

the GV length (or diameter) and varied the GV diameter (or length) across a physiologically 

relevant range of values (Dutka et al. 2021; Lakshmanan et al. 2017). In each of the corresponding 

finite element models, the element type and the mesh size remained invariant, leading to a different 

number of elements and nodes across models. Additionally, for each model, with the details 

delineated in the previous subsection, both LBA and explicit dynamic analysis were conducted. 

We first investigated the dependence of threshold buckling pressures on GV diameter. We created 

two sets of models with fixed GV lengths of 300 or 500 nm, and in each set of models, we 

simulated a physiologically relevant range of GV diameters (Dutka et al. 2021; Lakshmanan et al. 
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2017). The results of the simulations are shown in Figure 3-2 with representative snapshots of the 

buckled GV configuration, which demonstrates that varying the GV diameter substantially impacts 

the threshold buckling pressure value. We quantified this dependency using a curve fit that is 

defined as 𝑃	 = 	𝐴𝐷! 	+ 	𝐵, with P and D being the buckling pressure and the GV diameter, 

respectively, and A and B being fitting parameters. We consequently obtained a value of 𝛼	 ≅ 	−3.	 

 
Figure 3-2. Diameter sensitivity analysis of GV buckling. The effect of GV diameter on the 
threshold buckling pressure at two fixed GV lengths: 300 (blue) and 500 nm (orange). Diagrams 
from simulations illustrate the buckled configuration of GVs with a fixed length of 300 nm and 
different diameters of 70 (left), 100 (middle), and 170 nm (right).  

Next, we investigated the dependence of threshold buckling pressures on GV length. Figure 3-3 

shows the results of simulations conducted for two distinct GV diameters, 60 and 83 nm, with 

illustrative depictions of buckled configurations for three representative GVs. In dramatic contrast 

to our results with varying diameters, the length sensitivity analysis shows that the threshold 

buckling pressure is virtually unaffected by differences in GV length over the typical range 

exhibited by AnaS GVs. This result is apparent with the exponent α being close to zero, obtained 

by fitting a function of the form 𝑃	 = 	𝐴𝐿! 	+ 	𝐵 to the data, where P and L are the threshold 
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buckling pressure and the GV length, respectively. We note that the ranges of lengths that we have 

incorporated correspond to Anabeaba GVs, and in GV morphologies, such as spindles and bicones, 

we anticipate the existence of a critical length, below which it would be the driving factor in GV 

buckling. 

 
Figure 3-3. Length sensitivity analysis of GV buckling. The effect of GV length on the threshold 
buckling pressure at two fixed GV diameters: 60 (blue) and 83 nm (orange). Diagrams from 
simulations illustrate the buckled configurations of GVs with a fixed diameter of 83 nm and 
different lengths of 350 (left), 450 (middle), and 600 nm (right).  
 

Considering the unsubstantial effect of GV length on the onset of buckling, we remark that the 

theory of cylindrical shells can help interpret our results for GV buckling. By examining the 

buckling theory of a shell subjected to external pressure, as well as the solutions of the 

corresponding eighth-order governing differential equation (also known as the Donnell stability 

equation), we determined the results for the limiting case of L >> D. For an isotropic shell, it can 

be shown that the buckling pressure P satisfies 𝑃	 = 	 "#
$!	('	(	)")

, with E, ν, and I representing the 

Young’s modulus, the Poisson’s ratio, and the moment of inertia of the cross section, respectively 

(Timoshenko, Woinowsky-Krieger, and Others 1959). Although our computational models of 
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GVs account for an anisotropic finite-length shell with conical ends, by going to high aspect ratios, 

the agreement of the integer parts of the exponents obtained from our simulations with those 

obtained from the idealized shell theory further posits that the diameter is the dominant 

dimensional feature influencing GV buckling. 

Experimental validation 

To experimentally validate the geometry-buckling relationship revealed by our simulation results, 

we first fractionated AnaS into different size distributions. Given that these GVs are expressed in 

a single species of cyanobacteria harboring the same gene cluster, we assume the material 

properties of the major structural protein of the shell (GvpA) to be the same and not dependent on 

GV geometry. To obtain a different size distribution of AnaS, we slowly increased the hydrostatic 

pressure around AnaS, leading to the irreversible collapse of some GVs, and characterized the 

geometry of the remaining GVs. Since previous studies showed a correlation between the threshold 

acoustic buckling pressure of a GV and its hydrostatic collapse pressure (Lakshmanan et al. 2016, 

2020), our simulation results led us to hypothesize that GVs surviving higher pressures without 

collapse would have smaller diameters and generate less buckling-induced nonlinear ultrasound 

contrast. Because collapsed GVs do not scatter light as intact GVs do, we quantified the number 

of intact GVs remaining by measuring the OD500 after exposure to different hydrostatic pressures. 

The OD500 of AnaS remained unchanged when exposed to low hydrostatic pressure, and it 

significantly decreased above a certain pressure until all GVs collapsed. By setting the applied 

hydrostatic pressure at 200 kPa, approximately 30% of GVs remain intact, whereas at a pressure 

of 220 kPa, only ∼10% GVs remain intact (Figure 3-4A). Notably, GVs that remain intact at 200 

kPa have a higher hydrostatic collapse pressure than the original GV population, indicating that 

our hydrostatic pressure treatment at 200 kPa successfully selected GVs that are mechanically 
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more robust and resist higher hydrostatic pressures. The absolute length and diameter distributions 

of pressure-treated GV samples were characterized by cryo-EM (Figure 3-4B). We found that the 

length distribution of GVs does not change significantly and is independent of pressure treatment 

(Figure 3-4C). However, it is clear that increasing applied hydrostatic pressure led to smaller 

average diameters in remaining intact GVs (Figure 3-4D). Specifically, a 200 kPa precollapse step 

destroys any GVs with a diameter larger than 90 nm. This observation supports the prediction that 

the mechanical properties of GVs depend on the diameter—but not length—resulting in 

significantly different susceptibility to hydrostatic pressure. 

 
Figure 3-4. Experimental validation of the GV geometry-buckling relationship. (a) 
Hydrostatic collapse pressure curves for stripped GVs isolated from cyanobacterium Anabaena 
flos-aquae (AnaS), with (orange) and without (blue) precollapse hydrostatic pressure treatment at 
200 kPa. Dashed lines indicate the pressure and corresponding OD500 for samples that were 
collected for cryo-EM and nonlinear ultrasound imaging analysis. (b) Representative cryo-EM 
images of AnaS used to measure lengths and diameters of GVs from the control sample (left) and 
after incubation at a hydrostatic pressure of 200 (middle) and 220 kPa (right). Scale bars, 100 nm. 
(c and d) Length (c) and diameter (d) distributions of the intact GV fraction after exposure to the 
indicated hydrostatic pressure. Center line indicates median, the box limits denote the interquartile 
range and the whiskers absolute range. Each dot represents an individual measurement. Asterisks 
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indicate statistical significance by one-way ANOVA tests (∗∗∗∗p < 0.0001); ns, no significance. 
(e) Nonlinear ultrasound signals from AnaS (n = 4) as a function of acoustic pressure from samples 
with (orange) and without (blue) precollapse hydrostatic pressure treatment at 200 kPa. Asterisks 
represent statistical significance by unpaired t-tests (∗∗∗∗p < 0.0001, ∗∗∗p < 0.001, ∗∗p < 0.01, ∗p < 
0.05). Error bars represent mean ± SEM, where not seen, are hidden by symbols. 

 

The sonomechanical buckling behavior of GVs with different size distributions was studied using 

nonlinear ultrasound imaging, which detects nonlinear scattering signals generated by GV 

buckling (Figure 3-S5). As hydrostatic pressure treatment of GV samples at 220 kPa reduces the 

number of GVs below the level needed for reliable ultrasound imaging, we proceeded with 

imaging only AnaS without pretreatment or after pretreatment with 200 kPa. We found that, at the 

same concentration of intact GVs, pressure-treated GVs require a higher threshold pressure to 

generate detectable nonlinear signal compared with GVs that did not undergo precollapse 

treatment (Figure 3-4 and 3-S6). This set of results agrees well with our modeling prediction that 

GVs with larger diameters buckle at lower threshold pressures and would thus be expected to 

generate nonlinear signals at lower pressures compared with GVs with smaller diameters. 

Moreover, when the acoustic pressure is increasing, a larger portion of GVs will be able to buckle, 

therefore contributing to a higher nonlinear signal (Figure 3-S7). The apparent experimental 

buckling thresholds were 300 and 350 kPa for untreated AnaS and precollapsed AnaS, 

respectively. These experimental values are not far from the threshold buckling pressures predicted 

by our model (263 and 331 kPa, respectively) based on the largest diameter observed in a sample 

population of GVs, supporting the general validity of our simulations. The fact that our 

experimental values for threshold buckling pressure are slightly larger than the computationally 

predicted values can be explained by the fact that only a small fraction of GVs possess the largest 

diameter observed in a given sample population, and the sample may therefore not generate a 



 

31 

detectable amount of ultrasound signal until GVs with smaller diameters start to buckle at higher 

pressures. Notably, the pressure pretreated GV sample exhibited a peak nonlinear ultrasound signal 

at a higher pressure (above which the signal declines due to acoustic collapse of the GVs) than the 

GV sample not subjected to precollapse treatment, again suggesting that the pressure required to 

collapse GVs becomes higher after precollapse treatment (Figure 3-S8). Experimental validation 

further supports the correlation between the hydrostatic collapse pressure and threshold acoustic 

buckling pressure: GVs with lower hydrostatic collapse pressures tend to buckle at lower acoustic 

pressures and generate higher x-AM signals than GVs with higher hydrostatic collapse pressures 

under the same ultrasound conditions, a result that has also been observed in other studies 

(Lakshmanan et al. 2016, 2020). 

3.3 Conclusion 

The sonomechanical buckling properties of GVs were systematically investigated through finite 

element simulations and experiments. Computational results predicted that the GV diameter, but 

not the length, strongly influences the buckling behaviors of GV. We have determined that there 

is an inverse cubic relation between the threshold buckling pressure and the GV diameter. Above 

the threshold buckling pressure, ultrasound is predicted to induce large deformations of the GV 

shell, which agrees with the experimentally observed nonlinear acoustic backscattering response 

of GVs. Our computational models and analysis were corroborated by the results of experiments 

using nonlinear ultrasound imaging of GVs having the same genotype but different size 

distributions. Our results elucidate the effect of geometry on the sonomechanical buckling of GVs, 

which has the potential to guide future engineering of GVs as highly sensitive and specific 

ultrasound contrast agents, reporter genes, and bio- sensors, resulting in the advancement of high-
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precision, nonlinear imaging. In addition, mechanical insights into GV interactions with ultrasound 

waves may benefit other GV-enabled technologies such as acoustic manipulation of engineered 

cells and cell-based therapeutics (Wu et al. 2019; Bar-Zion et al. 2021). 

3.4 Materials and Methods 

Computational modeling of GV buckling 

We developed a finite element model of a single stripped GV (Lakshmanan et al. 2017) isolated 

from Anabaena flos-aquae (AnaS), in which we adopt the GV shape and geometry from a cryo-

EM image (Figure 3-1). The adopted geometry consists of a cylindrical shell with conical ends. 

In view of experimental observations (Figure 3-S1A), we assume a uniform GV diameter within 

the cylindrical segment of the protein shell. We model the protein wall as a continuum shell with 

a thickness of 2.4 nm and a shell density of 1350 kg/m3 (Lakshmanan et al. 2017; Pfeifer 2012; 

Dutka et al. 2022). In order to account for the rib-like structure of the GV wall, we incorporate an 

elastic anisotropic material model, with elastic moduli across and along the principal axis of the 

GV of 0.98 and 3.92 GPa, respectively (Maresca et al. 2017). We also assign a Poisson’s ratio of 

0.499, which produces the desired incompressibility. While the material parameters are not 

obtained from direct experimental measurements, and since we aim to study the geometric effects, 

having values that lie within a range of parameters consistent with those of protein-based 

biological materials (Gosline et al. 2002) is sufficient for our purposes. The model is then 

discretized using shell elements. We subject the exterior and the interior surfaces of the GV to an 

initial pressure of 101 kPa, modeling both the inner gas pressure and the pressure of the 

surrounding environment. Given that the size of GVs and the wavelengths of ultrasound pulses 

considered in this study are below 1 μm and above 100 μm, we assume that the pressure 
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experienced by GVs are isotropic and uniform. Also, we assume that the ultrasound-induced shear 

waves in the liquid-like surrounding environment of GVs are negligible. Moreover, we note that 

the acoustic radiation force and the effects thereof are not considered in this study, as the acoustic 

radiation force on a single GV at the frequency and pressures utilized in this study are exceedingly 

smaller than the normal force arising from the primary acoustic pressure (Wu et al. 2019). To 

prevent rigid body modes in our simulations, in which the entire GV structure would undergo 

translations and rotations without any elastic deformation, we subject the vertices at both the top 

and bottom conical ends of the GV to the zero displacement Dirichlet boundary condition. We 

have confirmed that these boundary conditions will not affect the buckling modes and pressure. 

We aim to characterize the buckling pressure of GVs, where buckling refers to a mechanical 

instability at which a sudden abrupt deformation occurs. We note that our framework could be 

applied to other GV-like particles, where characterizing the reversible buckling is of interest. We 

first conduct linear buckling analysis (LBA) and solve the corresponding eigenvalue problem to 

obtain the threshold buckling pressures. LBA’s computational cost is several orders of magnitude 

less than other computational methods for buckling analysis and is useful when only characterizing 

the buckling pressure is of interest. Upon the onset of buckling, the soft protein shell undergoes 

large deformations, which cannot be resolved using linear analysis. We therefore solve for 

postbuckling configurations using explicit dynamic analysis, which is a particularly powerful 

technique when a computational problem includes measures of discontinuity, such as buckling, in 

the solution (Bisagni 2000; Lanzi 2004). In this analysis, the governing equilibrium equations are 

solved by an explicit integration operator, using an explicit central finite difference scheme. For 

the explicit dynamic analysis, two reasonable assumptions are made to account for the inner gas 

pressure dynamics. First, we assume an isothermal buckling mechanism. Second, we neglect 
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diffusion of gas across the GV shell, and treat the encapsulated gas as trapped within a GV, since 

the gas efflux time is substantially longer than an ultrasound cycle at the frequency used in this 

study (Walsby et al. 1992; Kunth et al. 2018). Using these assumptions, we simulate the GV 

response to acoustic excitation by applying an additional oscillatory overpressure in the form of a 

tapered sine-burst pulse amplitude signal applied for 1 μs at a frequency of 11.4 MHz, which is a 

typical ultrasound setting used experimentally for imaging and is well below the resonance 

frequencies of GVs (Zhang et al. 2020). We have also confirmed that by conducting a separate 

computational frequency analysis, where we obtained the lowest resonance frequency to be 328 

MHz. Figure 3-S2 shows the first four resonant modes and the corresponding frequencies. 

Moreover, in the explicit dynamic analysis, we introduce numerical bulk viscosity damping to 

eliminate numerical artifacts and to smear nonphysical oscillations in the solutions obtained by 

utilizing linear and quadratic damping coefficients equal to 0.06 and 1.2, respectively (Shim et al. 

2012). The selected element size in the discretization of the model is at least one tenth of the 

dilatational wavelength, and time steps are automatically incorporated to ensure satisfaction of the 

Courant-Friedrichs-Lewy stability criterion (Achenbach 2012). Calculations for both LBA and 

explicit dynamic analysis are carried out using Abaqus (Dassault Systèmes Simulia, France). 

GV preparation and quantification 

GVs were purified from AnaS as previously described (Lakshmanan et al. 2016, 2017). 6 M urea 

solution was added to purified native GVs, and two subsequent rounds of centrifugal flotation and 

removal of subnatant were preformed to prepare stripped GVs (AnaS). Two rounds of dialysis in 

PBS were performed to exchange the media. We determined the concentration of GVs by 

measuring the optical density at 500 nm (OD500) with a spectrophotometer (NanoDrop ND-1000, 
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Thermo Fisher Scientific, Waltham, MA, USA). For AnaS, OD500 = 1 corresponds to a 

concentration of 184 pM or a volume fraction of 0.04% of GVs in an aqueous suspension. 

Cryo-EM characterization and image analysis 

The geometry of AnaS samples subjected to precollapse pressures was characterized using cryo-

EM as described before (Dutka et al. 2021). A 3-μL volume of a sample with OD500 = ∼5 was 

applied to C-Flat 2/2-3C grids (Protochips, Cary, NC, USA) that were freshly glow discharged 

(Pelco EasiGlow, 10 mA, 1 min, Pelco, Fresno, CA, USA). GV samples were frozen using a Mark 

IV Vitrobot (FEI, now Thermo Fisher Scientific) (4°C, 100% humidity, blot force 3, blot time 4 

s). Micrographs were collected on a 200 kV Talos Arctica microscope (FEI, now Thermo Fisher 

Scientific) equipped with a K3 6k × 4k direct electron detector (Gatan, Pleasanton, CA, USA). 

Multiframe images were collected using SerialEM 3.39 software (Mastronarde 2005) with a pixel 

size of 1.17 Å (36,000× magnification) and a defocus of −2.5 μm. Super-resolution movies were 

corrected for gain reference, binned by a factor of 2, and motion corrected using MotionCor2 

(Zheng et al. 2017). GV dimensions were measured using IMOD 4.12 (Kremer, Mastronarde, and 

McIntosh 1996). Statistical analysis was performed in GraphPadPRISM. 

GV diameter consistency analysis 

To quantify the stability of the diameter of individual GVs from multiple cryo-EM images, we 

selected start and end coordinates for individual GVs and subsequently cropped the cylindrical GV 

tube into segments with ∼10 nm distance using RELION (Zivanov et al. 2018). To obtain accurate 

estimates of GV diameter, we analyzed density profiles for each segment located in the central 

section of the GV tube using Fiji (Schindelin et al. 2012) (Figure 3-S1A). To evaluate diameter 
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consistency, we calculated the standard deviation of each GV diameter as a percentage of the mean 

diameter (Figure 3-S1B). 

Collapse of GVs with defined pressure 

A sample of purified AnaS with OD500 = ∼20 was loaded in a sealed flow-through quartz cuvette 

(Hellma Analytics, Plainview, NY, USA) connected to a pressure controller (Alicat Scientific, 

Tucson, AZ, USA) with N2 gas supplied to apply a headspace overpressure. Nitrogen gas was 

chosen because it is chemically inert and easily accessible. The pressure was slowly increased by 

20 kPa at each step, and the OD500 was measured with a spectrophotometer (EcoVis, 

OceanOptics, Winter Park, FL, USA). 

Ultrasound imaging of GVs and image analysis 

10 μL GVs were dispersed in 10 μL 1% (mass/volume) agarose in PBS and loaded into a 

homemade gel phantom made of 1% agarose, with a final OD500 = 2 measured with a 

spectrophotometer (NanoDrop ND-1000, Thermo Fisher Scientific). A Verasonics Vantage 

programmable ultrasound scanning system with an L22-14v 128-element linear array transducer 

(Verasonics, Kirkland, WA, USA) transmitting at 15.6 MHz was used to perform ultrasound 

imaging. The gel phantom and transducer tip were both immersed in a volume of PBS to conduct 

imaging. A customized nonlinear ultrasound imaging protocol, namely cross-amplitude 

modulation (x-AM) (Maresca, Sawyer, et al. 2018), was used to specifically characterize the 

nonlinear contrast of GVs at a distance of 5 mm from the transducer and eliminates any nonlinear 

ultrasound propagation within the medium. Specifically, an automated voltage ramp script 

implemented in MATLAB was used to acquire x-AM signals at each specified voltage step ranging 
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from 1.6 (corresponding to a peak positive pressure of 150 kPa) to 10 V (corresponding to a peak 

positive pressure of 734 kPa) with 0.5-V increments. The transmitted pressure level was calibrated 

using a fiber-optic hydrophone (Precision Acoustics, Dorchester, UK), and the peak positive 

pressure was termed “acoustic pressure,” as shown in Figure 3-4. Since the wavelength is more 

than 100 times larger than the vesicle size, we assumed that the GV is experiencing an isotropic 

uniform pressure and that pressure waves from GV buckling would also be approximately 

isotropic. 
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3.6 Supplementary Data 

 
Figure 3-S1. Diameter consistency analysis. (A) Diameter measurements of individual GVs. For 
each individual GV, the diameter was measured at increments of 10 nm along the main axis. (B) 
Table of summarized data showing diameter consistency across individual GVs.  
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Figure 3-S2. Resonant frequencies of gas vesicle with length and diameter of 500 nm and 85 
nm, respectively. 
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Figure 3-S3. The first ten modes of buckling (i.e., eigenvectors) and the corresponding 
threshold buckling pressures (i.e., eigenvalues) obtained through linear buckling analysis 
(LBA). 

 

 

 

 

 

 



 

41 

 
Figure 3-S4. Mesh sensitivity analysis. GV buckling simulations (with GV length and diameter 
set to 500 nm and 85 nm, respectively) are carried out using three different mesh sizes. A buckled 
configuration is depicted for each of the three models with discretization lengths as follows: (a) 9 
nm, (b) 6 nm, and (c) 4.5 nm. Our results show that all three models predict an identical threshold 
buckling pressure of 331 kPa. 
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Figure 3-S5. GV volume change. (A) Simulated radius change of AnaS normalized to the original 
radius (R0) when exposed to 11.4 MHz and 331 kPa ultrasound. (B) The Fourier transform of 
GV’s radial excursion.  
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Figure 3-S6. Nonlinear ultrasound signals from AnaS (n = 4) as a function of acoustic 
pressure from samples with (orange) and without (blue) pre-collapse hydrostatic pressure 
treatment at 200 kPa. Error bars represent ± SEM, where not seen, are hidden by symbols. 
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Figure 3-S7. Buckling of an ensemble of 10000 non-interacting GVs with a Gaussian 
distribution of lengths and diameters, with lengths varying between 500 to 1000 nm and 
diameters varying between 70 to 100 nm. 
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Figure 3-S8. Quantification of remaining GVs by B-mode ultrasound imaging after exposure 
to different acoustic pressures under xAM imaging. Error bars represent ± SEM, where not 
seen, are hidden by symbols. 
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Chapter 4 

 STRUCTURE OF ANABAENA FLOS-AQUAE GAS 

VESICLES REVEALED BY CRYO-ET 
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Abstract                                                    

Gas vesicles (GVs) are gas-filled protein nanostructures employed by several species of bacteria 

and archaea as flotation devices to enable access to optimal light and nutrients. The unique physical 

properties of GVs have led to their use as genetically-encodable contrast agents for ultrasound and 

MRI. Currently, however, the structure and assembly mechanism of GVs remain unknown. Here 

we employ cryo-electron tomography to reveal how the GV shell is formed by a helical filament 

of highly conserved GvpA subunits. This filament changes polarity at the center of the GV 

cylinder—a site that may act as an elongation center. Subtomogram averaging reveals a corrugated 

pattern of the shell arising from polymerization of GvpA into a β-sheet. The accessory protein 

GvpC forms a helical cage around the GvpA shell, providing structural reinforcement. Together, 

our results help explain the remarkable mechanical properties of GVs and their ability to adopt 

different diameters and shapes. 
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4.1 Introduction 

A fundamental property of many living organisms is their ability to move within their environment, 

with single-celled organisms capable of swimming, swarming, and aligning with magnetic fields. 

The molecular machines underlying many of these motility functions have been characterized in 

detail (Komeili et al. 2006; Krause et al. 2018; Wadhwa and Berg 2022). Yet the structure 

underlying one of the oldest evolved forms of motility-flotation-remains more mysterious. Some 

cyanobacteria, heterotrophic bacteria, and archaea regulate their buoyancy in aquatic environments 

to access sunlight and nutrients using intracellular flotation devices called gas vesicles (GVs) 

(Walsby 1994a; Pfeifer 2012). These unique protein nanostructures consist of a gas-filled 

compartment, typically ~100 nm in diameter and ~500 nm in length, enclosed by a ~3 nm-thick 

protein shell (Figure 4-1A) that can withstand hundreds of kPa of applied pressure (Lakshmanan 

et al. 2017; Dutka et al. 2021). The interior of the shell is strongly hydrophobic, keeping out water 

while allowing gas molecules to diffuse in and out on a sub-millisecond timescale (Walsby 1994a; 

Pfeifer 2012). 

 

In addition to their biological significance, GVs are a subject of intense interest for biotechnology. 

Analogously to fluorescent proteins, opsins and CRISPR nucleases, GVs’ unusual biophysical 

properties can be harnessed for other purposes. The gaseous composition of GVs allows them to 

scatter ultrasound waves, enabling their use as genetically-encoded reporters and actuators of 

cellular function deep in tissues (Shapiro, Goodwill, et al. 2014; Bourdeau et al. 2018; Farhadi et 

al. 2019; Wu et al. 2019; Farhadi et al. 2020; Lakshmanan et al. 2020; Bar-Zion et al. 2021). Other 

applications take advantage of GVs’ refractive index, gas permeability and susceptibility to 
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magnetic fields (Shapiro, Ramirez, et al. 2014; Lu et al. 2018, 2020). 

 

GVs were discovered in the 19th century, but we still have limited knowledge of their structure and 

assembly. GVs adopt a cylindrical shape, with conical caps (Figure 4-1A). Their components are 

encoded in operons containing relatively few genes (8-23+, depending on the species) (Pfeifer 

2012). One of these genes encodes the main structural protein, GvpA, a small (~8 kDa), highly 

hydrophobic protein that polymerizes to form the GV shell (Walsby 1994a). In some species, the 

gene cluster contains a secondary structural protein called GvpC, which binds to the exterior of 

the shell to provide mechanical reinforcement (Hayes, Buchholz, and Walsby 1992). The 

remaining genes encode proteins whose functions are not well understood, possibly including 

chaperones, assembly factors, and additional minor shell constituents. GVs are nucleated as 

bicones which then elongate into a cylindrical shape with low-pitch helical ribs (Pfeifer 2012; 

Offner et al. 1998), but their detailed molecular structure is not known. 

 

Here, we apply state-of-the-art cryo-electron tomography (cryo-ET) and sub-tomogram averaging 

techniques to GVs from the cyanobacterium Anabaena flos-aquae (Ana). These GVs are among 

the best studied by biophysicists (Walsby 1994b; Maley et al. 2017; Cai et al. 2020) and the most 

commonly used in biotechnology applications (Lakshmanan et al. 2016, 2020; Hurt et al., n.d.). 

We show that the Ana GV shell is formed by a continuous helical filament of repeating GvpA 

subunits, giving rise to a corrugated cylindrical structure with terminal cones that taper over a 

conserved distance. Near the middle of the cylinder, the angle of corrugation is inverted, 

suggesting a potential elongation center for GV biosynthesis. The corrugated shell is externally 

reinforced by circumferential rods of GvpC. Combining our cryo-ET data with an atomic model 
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of the homologous Bacillus megaterium (Mega) GvpA protein determined in a complementary 

study (Huber et al. 2022), we build an integrative model of the Ana GV. This model explains the 

connection between the GV shell and GvpC and highlights the structural conservation of GVs 

between diverse species. Finally, we extend our study with biochemistry and computational 

modeling to corroborate our model and explore its implications for GV engineering. 

  

4.2 Results 

Molecular architecture of GVs 
Ana GVs are long, cone-tipped cylinders with diameters of 85 ± 4 nm (Dutka et al. 2021) and 

lengths of 519 ± 160 nm (Lakshmanan et al. 2017) (Figure 4-1A and B). Although GVs have 

apparent helical symmetry, they are prone to deformations in thin ice (Figure 4-S1) and are 

therefore intractable for cryo-EM helical processing. For this reason, we decided to use cryo-ET. 

However, cryo-ET analysis of GVs presents its own challenges. We observed that GVs are highly 

sensitive to electron dose, losing high-resolution features quickly before deflating and shrinking 

(Movie S1). To mitigate this effect, we limited the total electron dose to ~45 electrons/Å2 per tilt-

series, which is ~2.5 times lower than typically used for high-resolution sub-tomogram averaging 

(Peukes et al. 2020; Metskas et al. 2022). 

 

We started by examining large-scale structural features. While the diameter and length of GVs 

have been characterized (Walsby and Bleything 1988; Dutka et al. 2021), the conical ends and 

their connection to the cylindrical body are less studied. Close inspection of individual caps in our 

cryo-tomograms revealed a heterogenous morphology that deviated from simple conical structure 

(Figure 4-1C and D). We observed two elements in the majority of cones: a pointed closed tip, 
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and a rounded transition region between cone and cylinder (Figure 4-1D). The height of the 

conical caps was 59 ± 6 nm, independent of cylinder diameter (Figure 4-1E). The rounding of the 

base was more pronounced in GVs with larger diameters, so we also examined cryo-tomograms 

of Bacillus megaterium (Mega) GVs, whose average diameter is ~30 nm smaller than that of Ana 

GVs. However, Mega GVs showed similar rounding at the cap transition (Figure 4-S2), 

suggesting that this is a conserved feature of the structure independent of width. 

 
Figure 4-1. Molecular architecture of Ana GVs. (A) Schematic representation of an Ana GV 
with average dimensions annotated. (B) Representative slices at the indicated z-heights from a 
cryo-electron tomogram of an individual GV. Inset shows an enlargement of the area indicated by 
the black dashed box. Scale bars, 50 nm. (C) Central tomographic slices of two conical GV ends 
with different morphologies. Scale bars, 50 nm. (D) Enlarged views of the areas indicated by 
orange (apex) and blue (cone to cylinder transition) dashed boxes in C. Scale bars, 10 nm. (E) 
Distribution of the diameters and heights of conical GV ends, n= 132. Orange dashed line indicate 
average height of the cones (59 ± 6 nm). 
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The GvpA spiral reverses polarity in the middle of the cylinder 
 
The GV shell consists of a low-pitch helix, running the length of the GV (Figure 4-2A and B). 

Near the middle of the GV, however, the angle of the helix abruptly inverted. Previously, Waaland 

and Branton (Waaland and Branton 1969) noticed that one rib in the middle of the GV cylinder 

appears to be thicker than the others and suggested that this could be the growth point, where new 

GvpA subunits are added. Indeed, this abnormal rib was clearly visible in our tomograms (Figure 

4-2A). To obtain a better understanding of the rib architecture in that region, we applied 

subtomogram averaging, which revealed that the angle of corrugation is opposite above and below 

the central rib (Figure 4-2B). This polarity inversion occurs within one rib, and the continuity of 

the spiral is not broken (Figure 4-2B and C). We were unable to distinguish whether the polarity 

of GvpA subunits changed relatively gradually within the space of one helical turn, or abruptly 

from one monomer to the next. We also could not tell whether additional proteins are present at 

the inversion point. 

 
Figure 4-2. Polarity inversion point. (A) Enlargement of the tomographic slices from Figure 1B 
(indicated by the orange dashed box) at different z-heights. Blue dashed outline indicate section 
where polarity changes. Scale bars, 50 nm. (B) Subtomogram average of the middle region of the 
GV where the ribs reverse polarity. Arrows denote the rib where polarity is reversed. (C) Enlarged 
view of the subtomogram average in (B) highlighting the inversion of the helical assembly. 
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By inspecting hundreds of cryo-electron micrographs of GVs from different species (A. flos-aquae, 

B. megaterium and Halobacterium salinarum) we found that the polarity inversion point is a 

conserved feature (Figure 4-S3). Although in general the inversion point was near the middle of 

the cylinder, in some cases it was located closer to one end (Figure 4-S3A). If it is the nucleation 

point, this suggests that GvpA subunits are not always added symmetrically in both directions. 

Additionally, we observed some examples where a GV exhibited different diameters on either side 

of the inversion point (Figure 4-S3B). While we saw examples in all three species, it was most 

frequent, and most pronounced, in GVs from H. salinarum (Halo). 

 

 Sub-tomogram averaging of the GV shell 

To understand the molecular details of the GV structure, we applied subtomogram averaging to 

the Ana GV shell, both in its native state and after biochemically removing the reinforcing protein 

GvpC to produce “stripped” (AnaS) GVs. Initially, we tried averaging tubular sections of the GVs. 

However, due to flattening and the low number of particles, the resolution of this approach was 

limited (Figure 4-3A). As an alternative, we decided to average only small sections of the shell 

with randomly seeded particle centers similar to an oversampling method (Peukes et al. 2020; Wan 

et al. 2020). This strategy produced a higher number of particles and allowed more rigorous 3D 

classification to remove distorted particles. With this method, we produced subtomogram averages 

of native Ana (Figure 4-3B and 4-S4) and AnaS (Figure 4-S5) GV shells with global resolutions 

of 7.7 Å and 7.3 Å, respectively (Table 4-T1 and Figure 4-S4 and 4-S5). Despite high global 

resolution, our maps manifested a certain degree of anisotropy with significantly lower resolution 

the in Y-direction (Figure 4-S4D and 4-S5D). The particle poses after subtomogram averaging 
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indicate that all particles are oriented outward and consistent with a helical arrangement (Figure 

4-S6). Typically, we observed one significant break in the particle poses per GV, which 

corresponds to the inversion point. However, due to the strong effects of missing wedge artifacts 

on tubular structures, such as GVs, they typically appear as two disconnected arches. As a result, 

we observed a fraction of misaligned particles in the direction of the missing wedge. Furthermore, 

flattening of the GV cylinder and small variability in diameters could lead to inaccurate alignment 

of some particles, resulting in blurring of the structure, particularly in the Y-direction, and limiting 

resolvability of the secondary structures. Although the GV corrugated structure has strong features 

in the X- and Z-directions, there are no features in the Y-direction that could aid subtomogram 

alignment. A visual examination of the maps revealed that despite the lower resolution, the map 

for the native Ana GV shell had higher quality (Figure 4-S3F-G and 4-S4C). For this reason, we 

used the native GV shell map for further interpretation, and the AnaS map was only used to 

determine the position of GvpC. 

 

The subtomogram average revealed a prominent pattern of beveled ribs, giving rise to the 

corrugated GV shell. The shell was ~4 nm wide at its thickest and only ~1 nm thick in the region 

between adjacent ribs (Figure 4-3C). We also observed pores in this region, at the interface 

between neighboring ribs of the spirals (Figure 4-3B), likely allowing gas to diffuse in and out of 

the GV. In contrast to the complex exterior face of the GV shell, the gas-facing interior appeared 

relatively smooth. 
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Figure 4-3. CryoET structure of the Ana GV shell. (A) Initial, low-resolution subtomogram 
average of a cylindrical GV segment. (B) Orthogonal views of a higher-resolution (7.7 Å) sub-
tomogram average of the native Ana GV shell. (C-E) Cross-sections of the subtomogram averages 
of the GV shell: (C) native Ana GV, (D) AnaS GV, and (E) superimposed. (F-G) Projections 
trough the subtomogram average of the native Ana GV map. (F) Projection along the GV helical 
axis. In the right panel color-coded densities corresponding to GvpA and GvpC. (G) Projection 
trough the neighboring subunits forming GV helix. In the bottom panel color-coded densities 
corresponding to GvpA and GvpC. Scale bars, 2 nm. (H) Segmented density map of the native 
Ana GV indicating the locations of GvpC. 
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Comparing the maps of native Ana and AnaS GVs (lacking GvpC), we noticed a pronounced rod-

like structure positioned along the GV ribs that is absent in AnaS (Figure 4-3C-E). Previously, 

various models for GvpC binding to the GV shell have been proposed (Buchholz, Hayes, and 

Walsby 1993), with most of the field favoring one in which GvpC spans longitudinally across 

GvpA ribs (Maresca, Lakshmanan, et al. 2018; Lakshmanan et al. 2020). Our structure shows 

instead that GvpC binds circumferentially to the thickest part of the GV shell, thereby creating a 

spiral cage around the GV cylinder (Figure 4-3F-H). We do not yet know whether the GvpC 

filament binds the central inversion rib or extends to the conical caps, where the decreasing radius 

of curvature might be prohibitive, or whether it is continuous, as the average would blur away 

gaps. 

Conserved assembly of GvpA and its consequences on GV development and mechanics 
 
The resolution of our Ana GV density map was sufficient for rigid-body fitting of a homology 

model of GvpA. Taking advantage of the high degree of conservation of the protein, we used the 

structure of GvpA2 from B. megaterium solved by helical reconstruction in a contemporaneous 

study (Huber et al. 2022). The only substantial difference between GvpA from Ana and Mega is 

an extended C-terminus in the latter (Figure 4S7), so our homology model was complete and fit 

well into our cryo-ET density map (Figure 4-4A and 4-S8). After docking the model to our map, 

we observed that the fit of alpha helices is not perfect. It could be either because of limited 

resolution of our maps or these helices adopt slightly different conformation comparing with B. 

megaterium GvpA2.  The GvpA spiral is formed by the polymerization of individual subunits, 

resembling the packing of amyloids. All domains of the small GvpA protein play a role in building 

the GV shell (Figure 4-4B), packing into a tight structure with only small pores contributing to 

the remarkable stability of GVs; we find purified GVs are stable for years at cool or ambient 
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temperature. 

 

 
Figure 4-4. Conserved assembly of GV shell. (A) Segmented ~8 Å resolution structure of two 
adjacent GvpA ribs determined by subtomogram averaging (grey surface), fitted with a homology 
model of GvpA based on GvpA2 [PDB ID: 7R1C(Huber et al. 2022)]. (B) Domain annotation 
within an individual GvpA. (C) Conservation analysis of GvpA determined by 
ConSurf.(Ashkenazy et al. 2016) (D, E) Negative-stain EM images of collapsed GVs from (D) 
A.flos-aquae and (E) H.salinarum. Arrows indicate separated GvpA filaments. Collapse Pressure 
(CP) is indicated above. Scale bars, 50 nm. (F) Location of tolerated mutation sites (yellow 
spheres) in the GvpA structure (blue). (G) Map of all tolerated mutations in GvpA. Original 
sequence colored by conservation score as in C. 
 
As mentioned above, the only major difference between B. megaterium GvpA2 and A. flos-aquae 

GvpA is the presence of an elongated C-terminus (Figure 4-S7). This C-terminus was not resolved 

in a recent structure solved by helical processing (Huber et al. 2022), presumably due to its 
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flexibility. In our cryo-tomograms of Mega GVs, we observed additional density on the surface of 

the shell that is absent from the structures of AnaS and native Ana GV shells (Figure 4-S9). The 

density was not highly regular but appeared connected. It may be that this extra density belongs to 

the C-terminus of GvpA2, which perhaps plays a role in stabilizing the GV shell. 

 

The sequence of GvpA, the major structural protein, is highly conserved in all GV-producing 

species (Englert, Horne, and Pfeifer 1990; Griffiths, Walsby, and Hayes 1992) and we think it is 

likely that its structure is similarly conserved, as evidenced by a model from B. megaterium GvpA2 

(Huber et al. 2022) and fitting into the density of A. flos-aquae GvpA. Remarkably, though, GvpA 

can assemble into GVs with varying diameters (Figure 4-S10A) (Dutka et al. 2021) and 

morphologies (Figure 4-S10B and 4-S10C). For instance, the largest Halo GVs are ~7-times larger 

in diameter than the smallest Mega GVs. One key to understanding different morphologies may 

lie in what appears to be a hinge region located between helix ⍺1 and strand β1 (Figure 4-S4B), 

where a conserved glycine resides (Figure 4-4G and 4-S7). Small sequence differences in GvpA 

have been suggested to contribute to different morphologies of GVs (A. E. Walsby 1994b). H. 

salinarum contains two independent GV gene clusters, p-vac and c-vac (Pfeifer 2012). The 

sequences of the GvpA encoded by the two clusters are 94% identical (Figure 4-S7), yet these 

cluster can produce GVs with either a lemon shape (Figure 4-S10B) or more typical cylindrical 

shape with conical caps (Figure 4-S10C). 

 

We used ConSurf (Ashkenazy et al. 2016) to visualize the evolutionary conservation of GvpA, 

revealing that the most conserved residues are located in the β-sheets and ⍺-helices (Figure 4-4C). 

In contrast, the N-terminal domains of the protein responsible for interactions between neighboring 
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ribs showed the greatest variability (Figure 4-4C). Within the generally conserved β-strands, the 

most variable sites were those interacting with the N-terminus from the subunit below. This 

variability in amino acid composition in the domains responsible for holding adjacent ribs together 

might be one factor contributing to differences in the mechanical strength of GVs. Under 

hydrostatic pressure, GVs can collapse, forming flattened sacs (Dutka et al. 2021). The critical 

pressure required to collapse GVs varies greatly between species. For example, the hydrostatic 

collapse pressure threshold of Ana GVs is 587 kPa, while that of Halo GVs is 59 kPa, an order of 

magnitude lower (Lakshmanan et al. 2017). By EM imaging, we found that Ana GVs collapse 

without major disruptions to the rib structure (Figure 4-4D), while collapsed Halo GVs often 

exhibit major disruption of the rib structure and separation of the GvpA filament (Figure 4-4E). 

This supports the idea that the strength of connectivity between ribs varies between species. 

 

To test the importance of conserved GvpA residues in GV assembly, we mapped tolerated 

mutations by screening a scanning site-saturation library of GvpA mutants in Escherichia coli 

engineered to express a hybrid gene cluster encoding the structural proteins GvpA and GvpC from 

the Ana GV gene cluster and the accessory proteins from the Mega GV gene cluster. GV-producing 

mutant clones were identified by nonlinear x-wave ultrasound (xAM) (Figures 4-4F,G and 4-

S11). The results largely correlated with observed evolutionary conservation, with the highest 

number of function-retaining mutations occurring in the evolutionarily variable C-terminal coil 

(Figure 4-4G). Interestingly, the only conserved region that tolerated mutations well was helix 

⍺2, which is not involved in interactions between monomers, but rather plays a crucial role in 

GvpC binding (see below). 
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GvpC forms a helical spiral around the GV shell 
 
Having identified GvpC in our subtomogram average of the Ana GV shell (Figure 3-3H), we next 

investigated how GvpC binds to GvpA and how multiple GvpC proteins might cooperate to 

strengthen GVs. GvpC is predicted to form an amphipathic ⍺-helical structure composed of a 

characteristic 33-residue repeating sequence (Walsby 1994b; Jumper et al. 2021; Mirdita et al. 

2022) (Figure 4-S12A). A. flos-aquae GvpC consists of 5 such repeats, plus short N- and C-

termini. To build a model of GV shell decorated with GvpC, we fitted a poly-alanine helix of a 

length corresponding to one repeating unit into our subtomogram average (Figure 4-5A-B). 

 

We found that GvpC binds perpendicularly to the surface-exposed ⍺2 helices of GvpA, directly 

above the hydrophobic pockets (Figure 4-5B-5C). Although there is insufficient density to anchor 

the helix, we predict that GvpC binds to GvpA with its hydrophobic side facing the shell. In 

addition to being amphipathic, GvpC also has an unequal distribution of charge (Figure 4-12B). 

In our model, GvpC binds directly above the negatively-charged C-terminus of GvpA (Figure 4-

S12C). One 33-residue repeating sequence of GvpC interacts with approximately four GvpAs, 

indicating a GvpC to GvpA ratio of at least 1:20 if saturated. This is close to the previously 

calculated ratio of 1:25 (Buchholz, Hayes, and Walsby 1993). 

 

Despite multiple rounds of 3D classification and application of different focus masks, we were 

unable to resolve the junctions between neighboring GvpC molecules. Instead, GvpC appeared as 

a continuous helical belt. To get a better understanding of GvpC-GvpC and GvpC-GvpA 

interactions, we performed chemical cross-linking coupled with mass spectrometry (XLMS) 

(Table 4-T2). Most of the cross-links we observed were between the N-terminus of GvpA and 
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apparently random locations on GvpC (Figure 4-5D), which is consistent with the close 

association between the N-terminus of GvpA and the GvpA ⍺2 helix in the adjacent rib, where 

GvpC binds, in our structure (Figure 4-5A). However, we did not observe any cross-links between 

GvpC and helix ⍺2, potentially due to the unfavorable orientation of the lysines. Among GvpC-

GvpC cross-links, the most interesting was between K36 and K174 (Figure 4-5D). The distance 

between these residues is ~20 nm, too far for an intramolecular cross-link (Merkley et al. 2014), 

suggesting that GvpC termini are either closely packed or potentially interact head-to-tail (Figure 

4-S13). 

 

To quantify the effect of increasing GvpC occupancy on GV stabilization, we used solid mechanics 

simulations to estimate the applied pressure at which the GV shell starts to buckle–a parameter 

relevant to its ability to withstand hydrostatic pressure, as well as produce nonlinear signal in 

ultrasound imaging. We implemented several finite element models of a GV shell, each 500 nm in 

length and 85 nm in diameter, and with a custom density of GvpC molecules. From a continuous 

belt, representing 100% GvpC, we randomly removed GvpC-length (25 nm) segments of the helix 

to achieve the desired saturation for each model (Figure 4-5E). We subjected the outer surface of 

each GV shell to uniform normal stress, simulating hydrostatic or acoustic pressure, and obtained 

a critical buckling pressure by linear buckling analysis. We observed a simple linear dependence 

of buckling on scaffolding protein density (Figure 4-5F), consistent with previous experimental 

findings that GvpC level can be utilized to modulate the GV buckling threshold (Lakshmanan et 

al. 2016). 
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Figure 4-5. Mechanical reinforcement of the GV shell. (A) Segmented ~8 Å resolution 
subtomogram average of neighboring A.flos-aquae GvpA monomers connected by GvpC (grey 
surface) fitted with a model of GvpA and a poly-Ala chain corresponding in length to one repeating 
sequence of GvpC. (B) Resulting GvpC binding model. (C) GvpC binding site (dashed black box) 
at the hydrophobic pockets between ⍺2 helices of GvpA. The surface of GvpA is colored by 
hydrophobicity. (D) Crosslinked sites between GvpA and GvpC identified by mass spectrometry. 
(E) Finite element shell models of a GV with a length of 500 nm and width of 85 nm and the 
indicated degree of GvpC saturation. (F) Buckling pressure as a function of GvpC density. The 
orange line represents a simple linear regression fit. 
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4.3 Discussion 

The GV shell has remarkable mechanical properties: despite being only ~3 nm thick, it is highly 

stable and can withstand up to hundreds of kPa of pressure. This is achieved by tight packing of 

the GvpA subunits into a low-pitch helix that forms a corrugated cylinder. On the macroscopic 

level, corrugation is typically used when flexibility is important (e.g., pipes) or to increase 

durability and strength (e.g., unpressurized cans). One or both of these properties might be 

similarly important for GV function. Our data indicate that GV cylinders can be significantly 

deformed without collapsing the structure (Dutka et al. 2021). This elasticity of the GV shell may 

be crucial for adapting to pressure fluctuations in vivo, and enables GVs to be used as contrast 

agents in high-specificity nonlinear ultrasound imaging (Maresca et al. 2017). We noticed a highly-

conserved glycine between helix ⍺1 and strand β1 of GvpA. The single hydrogen in the side chain 

of glycine gives it much more flexibility than other amino acids (Huang and Huang 2018), 

suggesting that this region may act as a hinge that confers elasticity on the shell structure and lets 

it adapt to different geometries, such as those observed in terminal cones or the bodies of lemon-

shaped GVs. 

 

The primary contact between adjacent GvpA subunits is mediated by lateral interactions of 

antiparallel β-strands in an extended sheet, resembling the aggregation of β-amyloids (Liberta et 

al. 2019; Berhanu et al. 2015). Such assemblies are typically stabilized by an extensive network 

of backbone hydrogen bonding, conferring outstanding strength (Paul et al. 2016). Such strength 

is also observed in GVs from diverse species; individual GvpA monomers can only be dissociated 

from the polymer by harsh chemical treatment (Walker and Walsby 1983; Belenky, Meyers, and 

Herzfeld 2004). That backbone interactions are the main force driving subunit polymerization is 
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consistent with the wide range of diameters observed in different species (Dutka et al. 2021): as 

the curvature of the cylinder changes, the relative positions of backbone residues will be affected 

much less than those of side chains. We find that GvpA domains involved in forming the GV wall 

have a low tolerance for mutations, likely due to selective pressure to preserve the highly 

hydrophobic composition of the β-sheets and maintain interactions with the linker domain 

connecting subsequent coils of the helix. Our scanning mutagenesis data largely correlate with 

results obtained for Halo GVs (Knitsch et al. 2017). Interestingly, however, Halo GVs appear to 

be more tolerant to mutations in the conserved regions, possibly because unlike Ana or Mega GVs 

they are synthesized without turgor pressure in the cells. 

 

Stacked ribs of the continuous GvpA polymer are joined by interactions of the coiled N-termini 

from one row of subunits with the β-strands of the subunits in the next. We observe that the 

strength of these inter-rib interactions varies between species, likely related to evolutionary 

variability in the N-terminal linker. It was previously observed that the critical collapse pressure 

of Mega GVs is much higher than that of Ana or Halo GVs (Lakshmanan et al. 2017), likely due 

to the narrower diameter of Mega GVs (Beard et al. 1999, 2000; Salahshoor et al. 2022). However, 

we note that the C-terminus of Mega GvpA is longer than in other species and in our tomograms 

of Mega GVs, we observed extended irregular surface densities connecting ribs. We suggest that 

these extra densities correspond to the extended C-termini of B. megaterium GvpA2 and may 

confer additional mechanical strength. 

 

Other mechanisms also enhance the strength of the GV shell. Almost all GV gene clusters encode 

an additional, minor structural protein, GvpC, that binds to the GvpA helical spiral and reinforces 
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the shell (Walsby and Hayes 1988; Lakshmanan et al. 2016); we find that GvpC binds to the 

surface-exposed ⍺2 helix of GvpA. In our mutational analysis, this helix was relatively mutation-

tolerant, suggesting that it has a minimal role in GvpA shell integrity and instead acts primarily as 

an adapter for GvpC. In contrast to previous models of GvpC spanning ribs, we find that GvpC 

instead tracks along ribs, forming a spiral cage around the GV cylinder. Our XLMS results indicate 

close conjunction of GvpC molecules and, even with multiple masking and 3D classification 

strategies, we never observed discontinuity in the GvpC rod in our subtomogram averages. 

Although we could not resolve interactions between GvpC N- and C-termini, we previously 

showed that their removal leads to a significant drop in critical collapse pressure of Ana GVs 

(Lakshmanan et al. 2016). Here, we used finite element simulations to quantify the reinforcing 

effect of GvpC density on GV buckling and find that the degree of strengthening is directly 

proportional to the amount of GvpC bound. However, full GvpC occupancy is not required for full 

strengthening, and small gaps in the GvpC cage have a negligible effect on collapse pressure. Even 

though our work focused on Ana GVs, it is possible that the GvpC binding model is conserved 

between different species of GVs. Previously, the interaction between GvpA and GvpC was 

studied in H. salinarum by split-GFP assay (Jost and Pfeifer 2022) providing similar results to 

those obtained in our XLMS analysis.  

 

In the initial stage of assembly, GVs grow as bicones until reaching their target diameter; at that 

point, growth elongates the central section, producing cylinders which can reach several 

micrometers in length (Pfeifer 2012; Farhadi et al. 2019). The trigger for this transition is unclear. 

Our data show that the height of mature cones is relatively constant, regardless of GV diameter, 

indicating that the number of helical turns/height is the measured quantity, rather than the number 
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of GvpA subunits. Our observation of a polarity inversion near the middle of the GV suggests that 

this is the site of cylinder elongation, with individual subunits being incorporated in both 

directions. In some cases, we observed that the elongation center was located closer to one end of 

the GV, suggesting a mechanism that does not require GvpA subunits to be added symmetrically 

in both directions. Although GV cylinders typically exhibit a uniform diameter, we documented 

some examples with different diameters on either side of the elongation center. We observed 

variations in the shape of conical ends, both within and between GVs. This hints that mismatches 

in GV geometry might arise in the initial bicone growth stage, but further investigation is needed 

to fully dissect the mechanism of GV morphogenesis. 

 

Currently, the method of choice for solving the structure of helical assemblies is helical 

reconstruction (Egelman 2015; He and Scheres 2017). However, the large and nonuniform 

diameter of Ana GVs (~85 nm) and their susceptibility to deformation during cryopreservation 

present challenges for this approach. Cryo-ET and subtomogram averaging can circumvent these 

limitations by focusing on smaller, and therefore more uniform, 3D sections of the object of 

interest. Subtomogram averaging can reach high resolution in certain favorable cases such as for 

large (Tegunov et al. 2021) or symmetrical (Schur et al. 2016; Metskas et al. 2022) proteins, but 

for most targets, resolution has remained limited. Here we show that even with a fairly challenging 

target, recent developments in cryo-ET data collection and subtomogram averaging methods 

combined with integrative modeling make it possible to obtain a sufficient resolution to dock an 

atomic model. Our work, together with a complementary study of Mega GVs (Huber et al. 2022). 

advances our understanding of the molecular architecture of GVs and may inform further 

engineering of GVs to serve as genetically-encoded contrast agents and biosensors. 
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4.4 Limitations of the Study 

Using subtomogram averaging we determined the structure of the Ana GV protein shell, providing 

insight into GV morphogenesis and explaining their unusual mechanical properties. Because of 

the high conservation of GvpA, we were able to build an integrative model of the Ana GV shell 

using the homologous structure of B. megaterium GvpA2 (Huber et al. 2022). However, the limited 

resolution of our map allowed us only for a rigid-body fitting. Despite the high homology of GvpA, 

there might be a subtle difference between the structure of GvpAs from different organisms 

reflecting unique proprieties of each GV type. Additionally, we are not able to discern if there are 

any conformational changes caused by GvpC binding. Future higher-resolution studies will be 

necessary to allow for flexible fitting of GvpA models to extend our knowledge on GV evolution 

and mechanics. Additionally, to better understand how GVs are assembled will require 

biochemical and structural work focusing on the GV initiation and elongation process. 

  

4.5 STAR Methods 

Resources availability 

Lead contact 

Further information and requests for resources and reagents should be directed to and will be 

fulfilled by the lead contact, Grant J. Jensen (grant_jensen@byu.edu). 
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Materials availability 

This study did not generate new unique reagents. 

Data and code availability 

The unprocessed tilt series used for the data analysis are available upon request. Representative 

tomograms for Ana, Mega, and Halo GVs have been deposited in the Electron Microscopy Data 

Bank (EMDB) under accession codes EMDB: EMD-29922, EMD- 29925, EMD-29924, EMD-

29923. Subtomogram averages for native Ana and AnaS GV shell have been deposited in EMDB 

under accession codes EMD-29921 and EMD-29916, respectively. The integrative model of Ana 

GvpA/GvpC has been deposited in the Protein Data Bank (PDB): PDB 8GBS. The XLMS data 

have been deposited to the ProteomeXchange Consortium with the dataset identifier PXD038631. 

The code for ultrasound data collection and processing is available upon request. 

Experimental model and subject details 

GVs were produced either in native sources, Anabaena flos-aquae (Ana) and Halobacterium 

salinarum NRC1 (Halo), or expressed heterologously in Rosetta 2(DE3)pLysS Escherichia coli, 

Bacillus megaterium (Mega). We followed previously published protocols by Lakshmanan et al. 

(Lakshmanan et al. 2017) describing in details bacterial growth conditions specific for production 

of each GV type investigated here. 
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Methods details 

GV preparation 

GVs were isolated as previously described (Lakshmanan et al. 2017). In the final steps of buoyancy 

purification, the sample buffer was exchanged for 10 mM HEPES, pH 7.5. To obtain GVs stripped 

of GvpC (AnaS), 6 M urea solution was added to purified native GVs and two additional rounds 

of buoyancy purification were performed. AnaS GVs were subsequently dialyzed in 10 mM 

HEPES, pH 7.5. Concentrations were measured by optical density (OD) at 500 nm using a 

spectrophotometer (NanoDrop ND-1000, Thermo Scientific). 

Cryo-ET 

A freshly purified GV sample was diluted to OD500 = ~20 (Ana and Halo), ~3 (AnaS), or ~1 (Mega) 

and mixed with 10 nm BSA-coated gold beads. A 3 μL volume of sample was applied to C-Flat 

2/2 - 3C grids (Protochips) that were freshly glow-discharged (Pelco EasiGlow, 10 mA, 1 min). 

GV samples were frozen using a Mark IV Vitrobot (FEI, now Thermo Fisher Scientific) (4°C, 

100% humidity, blot force 3, blot time 4 s). 

Tilt-series were collected on a 300 kV Titan Krios microscope (Thermo Fisher Scientific) equipped 

with a K3 6k × 4k direct electron detector (Gatan). Multi-frame images were collected using 

SerialEM 3.39 software (Mastronarde 2005) using a dose-symmetric tilt scheme. Super-resolution 

movies were acquired at a pixel size of 0.8435 Å (53,000× magnification) with varying defocus 

from - 1.0 to - 3.5 μm. Tilt-series of Halo and Mega GVs were collected from -60° to 60° with 3° 

increments. Tilt-series of native Ana GVs were collected in two sessions. The first set was 

collected from -60° to 60° with 3° increments and the second from -44° to 44° with 4° increments. 

For AnaS GVs, data were collected from -45° to 45° with 3° increments. Due to the rapid shrinking 
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of GVs during exposure to the electron beam (Movie S4.1), the total accumulated dose in all cases 

was limited to 45 electrons/Å2. Data collection parameters are summarized in Table S4.1. 

 

Raw movies were binned by a factor of 2 and gain- and motion-corrected on-the-fly using Warp 

(Tegunov and Cramer 2019). Assembled tilt-series were exported to Dynamo (Castaño-Díez et al. 

2012) for automated alignment using autoalign_dynamo (Burt et al. 2021). Aligned tilt-series were 

CTF corrected and full tomograms were either reconstructed in Warp with a pixel size of 10 Å or 

manually aligned and reconstructed using Etomo (Mastronarde and Held 2017). 

Subtomogram averaging – inversion point 

Sub-volume extraction, alignment, and averaging were performed using the Dynamo software 

package (Castaño-Díez et al. 2012). Particles for subtomogram averaging of the inversion site were 

manually selected from GVs with a diameter of ~85 nm, yielding a total of 68 particles. Sub-

volumes were extracted from 4x binned tomograms with a final pixel size of 6.748 Å and 

180x180x180 box size. The initial reference for particle alignment was generated by averaging 

segments with azimuth-randomized orientations. Due to the low number of particles, subtomogram 

averaging was not performed according to a gold standard. Instead, convergence of the structure 

was analyzed by changes in particle shifts and cross-correlation scores. During the final rounds of 

refinement, a soft cylindrical mask was applied to the central 40% of the GV tube. 

  

Subtomogram averaging – GV shell 

Subtomogram averaging was carried out using Dynamo,(Castaño-Díez et al. 2012) Warp 

(Tegunov and Cramer 2019), Relion-3.1 (Zivanov et al. 2018), and M (Tegunov et al. 2021) 
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software packages. Data transfer between Dynamo and Warp/M was carried out using a set of tools 

provided by warp2catalogue and dynamo2m (Burt et al. 2021). Particle selection and initial 

reference generation were performed using the Dynamo package. Orientations and positions of 

shell sections were determined using geometrical tools for particle picking in Dynamo (Castaño-

Díez, Kudryashev, and Stahlberg 2017). Initial estimates of positions and orientations on the GV 

shell were generated with an interparticle distance of ~150 Å (~3 ribs). Particles were extracted in 

Dynamo with a pixel size of 10 Å and averaged. After removal of duplicated particles, data was 

transferred to Warp and subtomograms were reconstructed with a pixel size of 5 Å based on the 

alignment information from Dynamo. Subtomograms were subsequently refined in RELION, re-

reconstructed at 2.5 Å/pixel and 3D classified without alignment in RELION. After 3D 

classification, several additional rounds of 3D refinement were carried out in RELION. Finally, 

subtomograms were reconstructed at 1.687 Å/pixel and iteratively refined in RELION and M using 

a soft-edged mask around ~3 or 4 adjacent ribs. Although we did not see a resolution boost after 

iterative refinement of the tilt-series parameters in M, subsequent refinement in RELION produced 

a better-quality reconstruction when applied to particles reconstructed after M refinement. Final 

maps were post-processed in RELION. The resolution was estimated using a soft-edged mask 

around ~3-4 adjacent ribs in 3DFSC program (Tan et al. 2017). The final results are summarized 

in Figures 4-S4, 4-S5, and Table 4-T1. 

  

Model building and validation 

Although the density map for AnaS reached a higher overall resolution, individual features were 

better resolved in the map of native Ana GVs (Figure 4-S4), so all model building was performed 

using this map. To build the GvpA model, a high-resolution cryo-EM structure of the homologous 
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GvpA2 from B. megaterium (PDB: 7R1C) (Huber et al. 2022) was fitted into the segmented cryo-

ET density map corresponding to an individual subunit in UCSF Chimera (Pettersen et al. 2004). 

The GvpA amino acid sequence was rebuilt by manual replacement of mismatched residues in 

Coot (Emsley et al. 2010). The A. flos-aquae GvpA model was subsequently refined by rigid-body 

fitting using the Phenix real-space refinement tool (Adams et al. 2010). The refined GvpA model 

was used to populate a larger section of the cryo-ET map in UCSF Chimera (Pettersen et al. 2004). 

The multimeric GvpA model was further refined by rigid-body fitting in Phenix to maximize fit 

into the density map. The GvpC model was built as a poly-Ala chain in Coot. The poly-Ala chain 

corresponds in length to a single 33-residue repeating sequence of GvpC and spans across four 

subunits of GvpA. 

 

The quality of the fit was analyzed by visual inspection and fitting scores from UCSF Chimera 

(Figure 4-S8). We roughly placed four GvpA subunits at the height of one rib and performed a 

global search using “fitmap” command in Chimera. Subsequently, we analyzed scores for cross-

correlation and fraction inside density for each fit. The three best results with similar fitting scores 

all fit our density map very well and are only different in that they shift by one subunit along Y 

(the are essentially all the same “fit”). We obtained similar results with a starting point at the height 

of other ribs. 

  

Negative stain EM 

To prepare collapsed GV samples, the purified GV sample was diluted to OD500~ 0.5 and 

pressurized in a sealed syringe until the solution turned transparent. Three microliters of the target 

sample was applied to a freshly glow-discharged (Pelco EasiGlow,15 mA, 1 min) Formvar/carbon-
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coated, 200 mesh copper grid (Ted Pella) for 1 min before blotting. Afterward, the sample was 

incubated for 1 min with a 0.75% uranyl for-mate solution before blotting and air-dried. Image 

acquisition was performed using a Tecnai T12 (FEI, Thermo Fisher Scientific) EM at 120 kV, 

equipped with a Gatan Ultrascan 2 k×2 k CCD. 

Cross-linking mass spectrometry (XLMS) 

The cross-linking procedure was carried out according to the manufacturer’s instructions (Thermo 

Fisher). In brief, a freshly purified sample of native Ana GVs in 10 mM HEPES, pH 7.5 was mixed 

with an excess of cross-linker: either DSSO or BS3 (Thermo Fisher). The sample was incubated 

for 1h at room temperature and subsequently the reaction was quenched with Tris buffer at a final 

concentration of 20 mM. 

The crosslinking samples were digested in an S-Trap mcrio spin column (Protifi, USA) according 

to the manufacturer's instructions. For trypsin digestion, an additional aliquot of trypsin was added 

after 24 hours on the S-trap column and the digestion continued for another 24 hours. After elution 

and drying, peptides were suspended in LCMS-grade water containing 0.2% formic acid and 2% 

acetonitrile for further LC-MS/MS analysis. LC-MS/MS analysis was performed with an EASY-

nLC 1200 (Thermo Fisher) coupled to a Q Exactive HF hybrid quadrupole-Orbitrap mass 

spectrometer (Thermo Fisher). Peptides were separated on an Aurora UHPLC Column (25 cm × 

75 μm, 1.6 μm C18, AUR2-25075C18A, Ion Opticks) with a flow rate of 0.35 μL/min for a total 

duration of 43 min and ionized at 1.7 kV in the positive ion mode. The gradient was composed of 

6% solvent B (2 min), 6-25% B (20.5 min), 25-40% B (7.5 min), and 40–98% B (13 min); solvent 

A: 2% ACN and 0.2% formic acid in water; solvent B: 80% ACN and 0.2% formic acid. MS1 

scans were acquired at a resolution of 60,000 from 375 to 1500 m/z, AGC target 3e6, and a 

maximum injection time of 15 ms. The 12 most abundant ions in MS2 scans were acquired at a 
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resolution of 30,000, AGC target 1e5, maximum injection time 60 ms, and normalized collision 

energy of 28. Dynamic exclusion was set to 30 s and ions with charges +1, +7, +8, and >+8 were 

excluded. The temperature of the ion transfer tube was 275°C and the S-lens RF level was set to 

60. For cross-link identification, MS2 fragmentation spectra were searched and analyzed using 

Sequest and XlinkX node bundled into Proteome Discoverer (version 2.5, Thermo Scientific) 

against in silico tryptic digested Dolichospermum-flos-aquae GvpA from the Uniprot database. 

The maximum missed cleavages were set to 2. The maximum parental mass error was set to 10 

ppm, and the MS2 mass tolerance was set to 0.05 Da. Variable crosslink modifications were set 

DSS (K and protein N-terminus, +138.068 Da) for BS3 crosslink and DSSO (K and protein N-

terminus, +158.004 Da) for DSSO crosslink, respectively. For BS3 crosslink, the dynamic 

modifications were set to DSS hydrolyzed on lysine (K, +156.079 Da), oxidation on methionine 

(M, +15.995 Da), protein N-terminal Met-loss (-131.040 Da), and protein N-terminal acetylation 

(+42.011 Da). For the DSSO crosslink, the dynamic modifications were set to DSSO hydrolyzed 

on lysine (K, +176.014 Da), DSSO Tris on lysine (K, +279.078 Da), oxidation on methionine (M, 

+15.995 Da), protein N-terminal Met-loss (-131.040 Da) and protein N-terminal acetylation 

(+42.011 Da). Carbamidomethylation on cysteine (C, +57.021 Da) was set as a fixed modification. 

The false discovery rate (FDR) for crosslinked peptide validation was set to 0.01 using the 

XlinkX/PD Validator Node and crosslinks with an Xlinkx score greater than 30 were reported 

here. The raw data have been deposited to the ProteomeXchange Consortium (Deutsch, Bandeira, 

and Sharma, n.d.) via the PRIDE (Perez-Riverol et al. 2019) partner repository. 

Scanning site saturation library generation and screening 

The scanning site saturation library was constructed via a Gibson assembly-based version of 

cassette mutagenesis as previously described (Ravikumar et al. 2018). Briefly, the A. flos-aquae 
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GvpA coding sequence was divided into sections that tiled the gene, and oligos were designed to 

have a variable middle region with flanking constant regions against which PCR primers with 

Gibson overhangs were designed. The variable region was designed to sequentially saturate each 

residue with every amino acid other than the WT at that position, plus a stop codon to produce 

truncation mutants (i.e., the size of such libraries is 20 * [# of amino acids in the protein]). Oligos 

were synthesized as a pool by Twist Biosciences, and were amplified by 10 cycles of PCR (both 

to make them double-stranded and to add overhangs for Gibson assembly) using Q5 polymerase 

(according to the manufacturer’s protocol, but with 5 μM of each primer) and assembled with the 

rest of the GV gene cluster (i.e., Ana GvpC and Mega GvpR-GvpU) into a pET28a vector via 

Gibson assembly using reagents from New England Biolabs. Assembled libraries were 

electroporated into NEB Stable E. coli and grown in Lennox LB with 100 ug/mL kanamycin and 

1% glucose (Ammar, Wang, and Rao 2018). Plasmid DNA was miniprepped (Econospin 96-well 

filter plate, Epoch Life Science) and verified by Sanger sequencing. Ultrasound-based phenotyping 

of mutants was performed in BL21-AI (Thermo Fisher) as previously described (Hurt et al., n.d.), 

and all screened mutants were sequenced using the evSeq pipeline (Wittmann et al. 2022). 

Finite element simulation 

We first developed a finite element model of a single stripped GV isolated from A. flos-aquae 

(AnaS). The geometry, adapted from the cryo-EM images, comprises a cylindrical shell with 

conical ends, with height and diameter, respectively, of 500 nm and 85 nm. The protein wall was 

idealized as a continuum shell with a thickness of 2.8 nm and a shell density of 1350 kg/m3. The 

rib-like structure of the gas vesicle wall was mirrored in the computational model by an elastic 

anisotropic material model, with elastic moduli across and along the principal axis of the GV of 

0.98 GPa and 3.92 GPa, respectively (Maresca et al. 2017). In order to simulate the nearly 
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incompressible nature of the protein shell, we assigned a Poisson’s ratio of 0.499. We note that the 

material parameters were not obtained from direct experimental measurements, but rather chosen 

such that, in addition to falling within a range of parameters consistent with those of protein-based 

biological materials (Gosline et al. 2002), they effectively replicated the buckling pressures 

observed experimentally. 

 

We next added a helical rod that spirals around the cylindrical portion of the GV shell, modeling 

the GvpC molecules. We modeled the GvpC rod as a shell of radius 0.6 nm. The helical structure 

was generated by assigning a pitch of 4.9 nm. The finite element model of the resultant wild-type 

GV was obtained by discretizing the entire geometry with quadrilateral shell elements of effective 

side length 1 nm with reduced integration (i.e., S4R elements) in Abaqus (Dassault Systemes 

Simulia, France). These general-purpose shell elements with only one integration point within each 

element are capable of capturing both tensile and in-plane bending, and, with a sufficiently fine 

mesh size, are computationally cost-effective. We subjected the interior surfaces of the GV to an 

initial pressure of 101 kPa, modeling the inner gas pressure. We further subjected the vertices at 

both the top and bottom conical ends of the GV to a zero-displacement Dirichlet boundary 

condition, which prevented rigid body translations and rotations of the entire GV structure. 

 

In order to investigate the effect of GvpC density on the buckling pressure, we first computed the 

total length of the helix where N, D, and z are the total number of turns, the perimeter of the GV 

cross-section, and the pitch of the helix, respectively. Given the pitch and the length of the 

cylindrical segment of the GV model, 416.5 nm, the total number of turns was computed as 85. 

We thus computed the total length of the helix as 22.702 micrometers. Given that the length of 
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GvpC is ~25 nm, about 908 GvpC molecules constituted the helix in our model. We generated six 

additional finite element models with distinct GvpC saturation levels of 90%, 80%, 60%, 40%, 

20%, and 10%, for which we randomly removed about 90, 180, 360, 540, 720, and 810 GvpC 

units, respectively. 

 

We conducted linear buckling analysis (LBA) and solved the corresponding eigenvalue problem 

to obtain the threshold buckling pressures for each model. We solved this problem using the 

Lanczos algorithm and obtained the first ten modes of buckling. Unlike the buckling modes (i.e., 

eigenvectors), which were virtually identical at different levels of GvpC saturation, the buckling 

pressures (i.e., eigenvalues) were remarkably dependent on the GvpC density, with an almost 

linear monotonic relation, where decreasing the saturation level decreases the buckling pressure. 

Figure 4-S14 depicts the buckling modes and pressures for 100%, 60%, 20%, and 0% GvpC 

saturations. 

  

Bioinformatics and visualization 

Protein sequence alignment was carried out using Clustal Omega (Sievers et al. 2011) and 

visualized with Jalview (Waterhouse et al. 2009). Protein conservation analysis was performed 

using ConSurf (Ashkenazy et al. 2016). Data were visualized using GraphPad Prism, IMOD 

(Kremer, Mastronarde, and McIntosh 1996), Chimera (Pettersen et al. 2004), and ChimeraX 

(Goddard et al. 2018), Identified crosslinks were visualized using xiNET (Combe, Fischer, and 

Rappsilber 2015). 
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Quantification and statistical analysis 

The heights of the GVs’ conical ends (Figure 4-1E) were manually measured from cryo-electron 

tomograms using ImageJ. The average height is calculated from 132 conical ends and reported as 

mean±SD. 

  

The subtomogram averages were determined using software listed in the Key Resources Table. 

Details of the data processing are displayed in Figure 4-S4 and 4-S5, and Table 4-T1. The 

resolution anisotropy and final FSC curves (Figure 4-S4D and 4-S5D) were determined using the 

3DFSC package. 

  

The ultrasound data (Figure 4-4F and 4-S11), XLMS analysis (Figure 4-5D and Table 4-T2), 

and finite element simulation (Figure 4-5E-F and 4-S14) were analyzed using software listed the 

Key Resources Table. 

  

No other statistical analyses were performed. 
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4.7 Supplementary Data 

 
 
Figure 4-S1. GV flattening in the thin ice. (A) XY and (B) XZ tomographic slices of the 
deformed Ana GV. Scale bars, 50 nm. 
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Figure 4-S2. The architecture of Mega GVs. (A) Representative central slice from cryo-electron 
tomogram of individual Mega GV. (B) Central tomographic slices of the Mega GV conical ends 
with slightly different shapes. Scale bars, 50 nm. 
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Figure 4-S3. GV Polarity inversion point. (A) Location of the polarity inversion point. (B) GVs 
can have different diameters on either side of the inversion point. The black arrows indicate the 
location of the inversion point.   
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Figure 4-S4. CryoET data processing for the native Ana GV shell. (A) Simplified schematic 
of the subtomogram averaging workflow highlighting crucial steps in the pipeline. (B) Orthogonal 
views of the final average. (C) Gray-scale orthographic slices of the native Ana GV shell in the 
positions indicated by the green and yellow dashed lines in B. Orange and blue arrows point to 
GvpC rod and GvpA subunits, respectively. (D) Global FSC curve for AnaS GV shell (yellow), 
and map anisotropy analysis by FSC curves in X (pink), Y (purple) and Z (blue) directions. 
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Figure 4-S5. CryoET data processing for AnaS GV shell. (A) Simplified schematic of the 
subtomogram averaging workflow highlighting crucial steps in the pipeline. (B) Orthogonal views 
of the final average. (C) Gray-scale orthographic slices of AnaS GV shell in the positions indicated 
by the blue and orange dashed lines in B.  (D) Global FSC curve for AnaS GV shell (yellow), and 
map anisotropy analysis by FSC curves in X (pink), Y (purple) and Z (blue) directions. 
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Figure 4-S6. Particle poses. (A) Orthogonal views of the particle orientations after subtomogram 
averaging for a representative tomogram of native Ana GV. Blue arrows indicate the position of 
the inversion point. Misaligned subtomograms are marked with yellow asterisks. (B) Tomographic 
slice showing that the missing wedge orientation corresponds with the most distorted particles. 
Scale bar, 25 nm. Orange lines indicate position of the missing wedge. 
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Figure 4-S7. Protein sequence alignment. Sequence alignment among homologs of the major 
structural protein (GvpA) from Mega, Ana, and Halo (p-vac and c-vac gene clusters). 
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Figure 4-S8. Model fitting validation. (A-B) Visual inspection of secondary structures matching 
with cryoET density. (A) Isosurface rendering. Dashed lines indicate positions of the orthographic 
slices visualized in B. (B) Gray-scale orthographic slices of the native Ana GV shell. Secondary 
structures of GvpA and GvpC are overlayed with the cryoET density visible in orthographic slices. 
Orange arrows indicate position of the GvpC and blue arrows positions of the GvpA fragments 
that bind GvpC. (C) Results of the rigid-body fitting of four GvpA molecules in Chimera using 
“fitmap” command. Three best scoring results are highlighted by the orange dashed box. (B) The 
three best results with similar fitting scores (orange dashed box in panel A) all fit our density map. 
Each fit from left to right are only different in that they shift by one subunit along Y-axis. 
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Figure 4-S9. Additional densities on the surface of Mega GVs. (A,B) Slices from cryo-electron 
tomograms of individual Mega GVs show additional density on the surface. Defocus values: (A) 
-5 µm and (B) -1 µm. (C) Enlarged section form B as outlined by orange dashed box. (D, E) 
Superimposition of subtomogram averages (Figure 3C and D) for AnaS and Ana GV shell. Orange 
arrows indicate extra densities. Scale bars, 20 nm. 
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Figure 4-S10. GVs adopt a wide range of diameters and different morphologies. (A) 
Schematic showing difference in rib curvature between smallest (Mega) and largest (Halo) 
measured diameter(Dutka et al. 2021). (B,C) Representative central slices from cryo-electron 
tomograms of individual Halo GVs encoded by (B) p-vac and (C) c-vac gene clusters. Scale bars, 
50 nm. 
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Figure 4-S11. Ultrasound images of E. coli clones expressing select GvpA mutants. Pre-minus-
post-collapse nonlinear xAM images of clones of E. coli expressing GVs with the indicated 
mutations in GvpA. All the shown mutants display clear non-zero contrast and therefore 
successfully form GVs. Wild type GvpA (AC) and GFP are included as positive and negative 
controls, respectively. Color map corresponds to SBR, the signal-to-background ratio. *Mutations 
K56N and Q65K occurred in the same clone. GV expression is more pronounced on the edges of 
the patches because of those cells’ increased access to nutrients. 
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Figure 4-S12. Hydrophobicity and charge distribution on GvpC surface. (A,B) AlphaFold2 
predicted models of full-length GvpC. (A) Hydrophobicity of the GvpC surface. (B) Distribution 
of the electrostatic potential of the GvpC surface. (C) Distribution of the electrostatic potential on 
the GvpC binding model. 
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Figure 4-S13. Distances for different scenarios of Lys cross-linking between GvpC molecules. 
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Figure 4-S14. Buckling modes of GVs with different degrees of GvpC saturation. The first ten 
buckling modes and pressures were obtained from linear buckling analysis for GV with distinct 
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saturation levels of GvpC. Rows from top to bottom represent GvpC densities of (A) 0%, (B) 20%, 
(C) 60%, and (D) 100%. 
  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

98 

Table 4-T1. Data collection and processing parameters for GV shell. 

  Native GVs AnaS GVs 

Magnification 53,000× 53,000× 

Voltage (keV) 300 300 

Energy Filter Yes Yes 

Slit width (eV) 20 20 

Pixel size (Å) 0.8435 0.8435 

Defocus range (µm) 1.5 to 3.5 1.5 to 3.5 

Defocus step (µm) 0.5 0.2 

Tilt range (min/max, step) -60/60°,3° or -44/44°,4° -45/45°,3° 

Tilt scheme Dose-symmetric Dose-symmetric 

Total dose (electrons/Å2) ~45 ~45 

Frame number 10 or 5 10 

Tomograms used/acquired 127/368 28/103 

Number of cylinders 136 32 

Final subtomograms (no.) 73,866 28,887 

Symmetry C1 C1 

Map resolutions 
(FSC = 0.143) 

7.7 Å 7.3 Å 
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Table 4-T2. List of validated cross-linked peptides. 

Cross-

linker type 

Protein 1 Sequence 1 Protein 2 Sequence 2 Cross-linked 

residues 

Score 

Cross-links 

BS3 GvpC MISLMAK GvpA MAVEK 0-0 31.72 

BS3 GvpA MAVEKTNSSSSLAEVIDR GvpC ISLMAKIR 5-7 53.19 

DSSO GvpC QEHQSIAEKVAELSLETR GvpA AVEK 18-1 65.91 

DSSO GvpC EFLSVTTAKR GvpA AVEK 36-1 60.36 

DSSO GvpC IAQAEKQAQELLAFYQEVR GvpA AVEK 109-1 58.99 

DSSO GvpC TAQAKEQK GvpA AVEK 174-1 43.9 

Cross-links (inter- or intra- molecular) 

DSSO GvpC QEHQSIAEKVAELSLETR GvpC EFLSVTTAKR 18-36 102.98 

DSSO GvpC TAQAKEQK GvpC ESLLKFR 174-182 86.63 

DSSO GvpC EFLSVTTAKR GvpC TAQAKEQK 36-174 84.36 

DSSO GvpC QEQAEKQAQELQAFYK GvpC EFLSVTTAKR 43-36 71.03 

DSSO GvpA MAVEK GvpA AVEK 0-1 49.79 

DSSO GvpA ILDKGIVIDAWVR GvpA AVEK 22-1 58.99 
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Chapter 5 

STRUCTURE AND FUNCTION OF  

THE Dot/Icm T4SS 
 

 

 

 

 

 

 

 

 

 

 

Adapted from: 

 

Przemysław Dutka*, Yuxi Liu*, Stefano Maggi*, Debnath Ghosal, Jue Wang, Stephen D. Carter, Wei 
Zhao, Sukhithasri Vijayrajratnam, Joseph P. Vogel, Grant J. Jensen#. 2023. “Structure and Function of the 
Dot/Icm T4SS”. bioRxiv, 2023. https://doi.org/10.1101/2023.03.22.533729 
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Abstract 

The Legionella pneumophila Dot/Icm type IV secretion system (T4SS) delivers effector proteins 

into host cells during infection. Despite its significance as a potential drug target, our current 

understanding of its atomic structure is limited to isolated subcomplexes. In this study, we used 

subtomogram averaging and integrative modeling to construct a nearly-complete model of the 

Dot/Icm T4SS accounting for seventeen protein components. We locate and provide insights into 

the structure and function of six new components including DotI, DotJ, DotU, IcmF, IcmT, and 

IcmX. We find that the cytosolic N-terminal domain of IcmF, a key protein forming a central 

hollow cylinder, interacts with DotU, providing insight into previously uncharacterized density. 

Furthermore, our model, in combination with analyses of compositional heterogeneity, explains 

how the cytoplasmic ATPase DotO is connected to the periplasmic complex via interactions with 

membrane-bound DotI/DotJ proteins. Coupled with in situ infection data, our model offers new 

insights into the T4SS-mediated secretion mechanism. 
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5.1 Introduction 

Bacterial type IV secretion systems (T4SS) are among the largest macromolecular complexes 

known and are present in most classes of bacteria (Backert and Grohmann 2018). T4SSs are used 

to translocate DNA and protein substrates across bacterial cell envelopes, often into other target 

cells in a contact-dependent manner (Li et al. 2019). For example, conjugative T4SSs drive 

bacterial conjugation by facilitating DNA transfer, an important process in the spread of antibiotic 

resistance (Dubnau and Blokesch 2019). 

 

Legionella pneumophila is a Gram-negative bacterial pathogen that causes a form of pneumonia 

called Legionnaires’ disease. There have been 10,000 reported cases of Legionnaires’ disease in 

the USA so far with a 10% fatality rate (Dooling et al. 2015). L. pneumophila causes disease by 

surviving and replicating within alveolar macrophages (Hubber and Roy 2010; Qiu and Luo 2017). 

Intracellular survival is mediated by a specialized T4SS known as Dot/Icm (defective in organelle 

trafficking/intracellular multiplication). The Dot/Icm system exports over 300 effector proteins 

into host cells that modulate the host’s cell biology, including its histone modification, 

transcriptome, proteome, and vesicle trafficking (Kubori and Nagai 2016). This results in the 

prevention of phagosome-lysosome fusion and the establishment of a vacuole permissive for 

bacterial replication. 

 

In situ (Ghosal et al. 2017; Chang et al. 2018; Ghosal et al. 2019; Kaplan et al. 2022; Chetrit et al. 

2018; Park et al. 2020) and in vitro (Chung et al. 2019; Durie et al. 2020; Sheedlo et al. 2021; 

Macé et al. 2022) structural studies of T4SSs have revealed their complexity and elegance. Our 

early cryo-electron tomography (cryo-ET) studies (Ghosal et al. 2017, 2019), and those of others 
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(Chetrit et al. 2018; Park et al. 2020), revealed the overall architecture of the intact Dot/Icm T4SS 

in situ and began to dissect the molecular organization of this complex (Ghosal et al. 2019; Chetrit 

et al. 2018). Single particle reconstructions then resolved the outer membrane complex (OMC) 

and periplasmic ring (PR) to near-atomic resolution, identifying new components and symmetry 

mismatches between the OMC and PR (Durie et al. 2020; Sheedlo et al. 2021). 

 

To provide a more comprehensive understanding of the system, here we collected an order of 

magnitude more data and performed extensive subtomogram averaging with a focus on mobile 

connections within the system. Exploiting the improved quality of our maps, new structural and 

biochemical data, and advances in protein structure predictions, we construct a nearly complete 

molecular model of the L. pneumophila Dot/Icm T4SS. Our model incorporates over 460,000 

atoms, more than double the number of atoms in any previous model of the system (Sheedlo et al. 

2021; Ghosal et al. 2019; Chetrit et al. 2018; Park et al. 2020). Together with an analysis of 

compositional heterogeneity and infection in situ, our model sheds light on the T4SS-mediated 

secretion mechanism. We particularly highlight the role of IcmF as a primary component that 

forms a central hollow cylinder. We show that IcmF is a flexible protein spanning the inner 

membrane (IM) with a Ras-like domain on the cytosolic site. IcmF, and its interacting partner 

DotU, play a crucial role in polar targeting (Ghosal et al. 2019), biogenesis (Ghosal et al. 2019) 

and secretion of effectors (VanRheenen et al. 2004). Furthermore, we show that the cytosolic 

ATPases connect with the periplasmic complex via a linker domain formed by DotI:DotJ 

complexes and the collar density, connections we propose form an important signaling pathway 

between the cytoplasm and the OMC.  
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5.2 Results 

Compositional Heterogeneity of the Dot/Icm T4SS 

To further characterize the T4SS beyond our previous work (Ghosal et al. 2019), we collected a 

much larger dataset of approximately 900 tomograms, resulting in ~5,700 particles (Figure 5-S1). 

Because our previous work had shown that a fusion of superfolder green fluorescent protein 

(sfGFP) to the C-terminus of DotF (DotF-sfGFP) stabilizes the complex (Ghosal et al. 2019), we 

again imaged this strain. We also imaged a derivative strain with an additional DotB (E191K) 

mutation, which locks the cytoplasmic ATPase DotB onto membrane-associated DotO ATPase 

(Sexton et al. 2005; Ghosal et al. 2017, 2019; Chetrit et al. 2018). Subtomogram averages were 

produced using data combined from both strains. 

 

One notable feature of the Dot/Icm T4SS and related systems is the unique architecture of the 

cytoplasmic ATPases (Chetrit et al. 2018; Macé et al. 2022). Typically, AAA+ ATPases assemble 

into hexameric structures, but in T4SS, DotO and its homologs (e.g. VirB4) form a unique hexamer 

of dimers. Each copy of DotO in a dimer is in a different conformation (Chetrit et al. 2018; Macé 

et al. 2022). In our previous work, the structure of the cytoplasmic complex was unclear, possibly 

due to compositional heterogeneity (Ghosal et al. 2017, 2019). Here we conducted extensive 3D 

classification to gain a better understanding of the composition and heterogeneity of the inner 

membrane complex (IMC) in situ (Figure 5-S2). After testing several programs, we obtained the 

best results using the I3 subtomogram averaging package (Winkler 2007). 

 

We performed 3D classification using a simple cylindrical mask enclosing the entire T4SS. This 

approach allowed us to classify a fraction of the particles that lack the IMC (14%, Class I) (Figure 
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5-S2A). We then used the remaining particles to perform focused refinement and classification on 

the IMC. This approach revealed two additional classes of particles. In the largest class (72%, 

Class II), the arrangement of the ATPases was ambiguous. Although we could resolve a central 

barrel surrounded by external densities, their connectivity and symmetry was unclear. This class 

might reflect either a partially assembled state or misalignment of particles. The final class, which 

contained only 14% (Class III) of the original data set, exhibited the previously described hexamer-

of-dimers arrangement (Chetrit et al. 2018). Notably, the presence of the hexamer of dimers was 

associated with a change in the IM curvature. However, no difference in the distance between the 

IM and outer membrane (OM) was observed, regardless of the cytoplasmic complex composition. 

 

To confirm our classification results we analyzed individual particles imaged in thin L. 

pneumophila cell lamella prepared by cryogenic focused-ion-beam milling (cryo-FIB-milling). 

Substantial heterogeneity in the cytoplasmic complex was observed (Figure 5-S2B). We identified 

particles without IMC, with asymmetric IMC density, and with characteristic V-shaped IMC 

density connecting to the collar via the linker domain, confirming our 3D classes. 

 

After performing focused refinement on the IMC in particle classes II and III, 13-fold symmetry 

was no longer apparent in the OMC, indicating that the periplasmic and cytoplasmic densities are 

not rotationally linked. To analyze the potential stabilizing effect of the linker connecting with the 

collar, we performed another round of focused refinement with a mask around the periplasmic 

complex and examined how much the particles moved. We found that particles shifted 

substantially more in class II where the linker and outer ATPases were not well-resolved (Figure 

5-S2C) compared to class III where the linker, outer ATPases and collar were better resolved 
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(Figure 5-S2D). In both cases clear 13-fold symmetry was restored in the OMC. These results 

suggest that the linkers connect the periplasmic and cytoplasmic domains and stabilize the 

complex. This is consistent with previous cryo-ET data showing that the linker domain is only 

present after association of the IMC (Park et al. 2020). 

  

Domain Architecture of the System 

To obtain a structure of the complete T4SS, we performed a series of focused refinements. First 

we carried out focused refinement on the previously well-characterized periplasmic region (Ghosal 

et al. 2017; Chetrit et al. 2018; Ghosal et al. 2019). The resulting structure at ~21 Å resolution 

(Figure 5-S3) matched previously-published in situ subtomogram averages well in that region 

(Ghosal et al. 2017, 2019; Chetrit et al. 2018). The only notable difference compared with other 

subtomogram averages of that region was the presence of “elbow” density connecting the OMC 

and periplasmic ring (PR), which is likely due to the presence of sfGFP at the C-terminus of DotF. 

The collar domain appears to be connected to both the PR and elbow (Figure 5-1A and 5-S4). In 

Helicobacter pylori, the collar is also connected to the PR (Figure 5-S4C). Park et al. (2020) 

however suggested that the Dot/Icm T4SS collar connects directly to the OMC through a contact 

near the DotF-corresponding density (Figure 5-S4D). 
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Figure 5-1. Architecture of the Dot/Icm T4SS. (A) Segmented side view of the composite cryo-
ET map. (B) 3D rendering of the density from focused refinement on the IMC from Class III after 
applying 6-fold symmetry during post-processing highlighting the novel “comma” density (blue). 
Densities outside the IMC are masked out. (C,D) Central tomographic slices through the 
symmetrized IMC reconstruction as indicated by corresponding, color-coded, dashed lines in B. 
Scale bars, 10 nm. 
 
Second, we performed focused refinement on the region containing the collar, linker, and a portion 

of IMC (Figure 5-S5). A characteristic feature of the T4SS and related systems are symmetry 

mismatches between individual components. The best characterized mismatches are in the OMC 

and PR (Durie et al. 2020; Sheedlo et al. 2021). More recently, another symmetry mismatch was 

proposed between the collar and linker domain of Dot/Icm T4SS (Park et al. 2020). In our average, 

we observe the transition from a 13-fold symmetry in the collar to 6-fold symmetry in the linker 

(Figure 5-S5B-C). The linker domain emerges from the IM and bends towards the collar density 

(Figure 5-S5A). Our ability to resolve different symmetries within the same refinement suggests 

that the elements may be structurally linked. 
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Third, we performed focused refinement on the IMC in Class III and noticed previously 

undescribed additional density between the outer ATPases (Figure 5-1B-D). In our initial 3D 

classification, we did not apply any symmetry and the initial alignment used particles with 

randomized orientations along the symmetry axis of the particle. Even in the asymmetric 

reconstruction, the uncharacterized density is highly regular (Figure 5-S6A). To obtain a higher-

quality average, we applied 6-fold symmetry to the map (Figure 5-1B-D). The uncharacterized 

density emerges near the bottom of the outside DotO protomers and bends downward in the shape 

of a comma. While this density has not been described before, we observed a weaker but related 

structure in the prior map of the IMC from the Liu group (EMD-7612) (Chetrit et al. 2018) (Figure 

5-S6B-C). In that map, however, the comma density disappears quickly with increasing threshold 

whereas it does not in our map. One possible explanation is that the presence of the DotF-sfGFP 

fusion stabilized complete particles and/or allowed better classification (Ghosal et al. 2019). 

Finally we merged the maps, using the best-resolved detail at each position, to produce the 

composite cryo-ET map of the system (Figure 5-1A and 5-S1). 

  

Integrative Model of the Dot/Icm T4SS 

The improved quality of our cryo-ET maps, newly-available high-resolution structures of some 

Dot/Icm T4SS components (Sheedlo et al. 2021), and the recent structure of a related conjugative 

T4SS (Macé et al. 2022), combined with advances in protein structure prediction (Jumper et al. 

2021) (Figure 5-S7) offered us the opportunity to update and extend the molecular model of the 

L. pneumophila Dot/Icm T4SS (Figure 5-2 and Movie 5-S1). We began by fitting previously 

known and characterized components of the T4SS. First, we docked the single-particle 

reconstruction of the OMC and PR (Sheedlo et al. 2021) into the corresponding densities in our 
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cryo-ET map (Figure 5-S8), accounting for nine components of the system: DotC, DotD, DotF, 

DotG, DotH, DotK, Dis1, Dis2, and Dis3. As mentioned above, the elbow is most likely a result 

of the DotF-sfGFP fusion. Consistent with this prediction, we were able to fit 26-copies of sfGFP 

into the elbow density, resulting in a ring sandwiched by the DotF copies facing in opposite 

directions (Figure 5-S9). In the single-particle reconstruction, only the C-terminus of DotF was 

resolved in both OMC and PR (Sheedlo et al. 2021). Since DotF is known to self-interact (Vincent 

et al. 2006), we built homodimers in ColabFold. We predict that the N-terminal domains of DotF 

dimerize, forming a coiled-coil structure, and then penetrate the IM with the transmembrane 

domain, with potentially flexible N-termini exposed in the cytoplasm (Figure 5-S9D). We show 

this detail in Figure 5-S9D, but because corresponding density is not seen in our cryo-ET map, 

allowing us to place these structures confidently (likely because of flexibility), we did not include 

the N-terminal domains of DotF in the deposited model shown in Figure 5-2. 

 

Previously, we identified IcmX as a major component of the plug density by comparing difference 

maps between wild-type and various T4SS mutants (Ghosal et al. 2019). We ran structure 

predictions for several different oligomeric states of IcmX, with the best results for a tetramer or 

pentamer (Figure 5-S10A-C). The IcmX pentamer had a higher modeling score, as determined by 

ColabFold (Mirdita et al. 2022), and occupied a larger volume fraction in our density map. 

Additionally, we noticed a similarity in shape between the IcmX plug density and the stalk density 

from the conjugative T4SS (Macé et al. 2022) (Figure 5-S10D). Notably, the stalk density is 

generated by VirB5, which is also a pentamer. In addition, IcmX and VirB5 occupy similar “on-

axis-in-the-periplasm” positions in the Dot/Icm and conjugative T4SSs, respectively, further 

indicating their structural and functional relationship. Taking all of this into account, we modeled 
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IcmX as a pentamer into our final model (Figure 5-2 and 5-S10E-F). 

 

Between the PR and the IM there is a hollow cylinder. In our previous research, we proposed that 

DotG may be a crucial component of this cylinder (Ghosal et al. 2019). No cylinder was seen, 

however, in the single-particle reconstructions of the purified OMC and PR complex/complexes, 

which clearly contained DotG (Sheedlo et al. 2021; Durie et al. 2020). Later cryo-ET data showing 

different assembly stages of the Dot/Icm T4SS revealed one stage where the OMC, with a fully-

formed dome structure consisting of DotG also had no signs of a cylinder (Park et al. 2020). 

Moreover, the N-terminus of DotG is formed by a variable number of 10 amino-acid repeating 

sequences (Figure 5-S11A) (Gomez-Valero et al. 2019).  The location of the repeats in DotG, 

along with their variable number, suggests that DotG does not form the cylinder. Instead, we 

believe it extends from the PR to form the collar and then penetrates the IM (Figure 5-S11B). We 

show this detail in Figure 5-S11, but the predicted structure for the N-terminus of DotG is low 

confidence, so we did not dock it into the collar region of our cryo-ET map. 
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Figure 5-2. Molecular model of L. pneumophila Dot/Icm T4SS. Integrative model constructed 
by docking experimental and predicted protein structures into the in situ cryo-ET density maps. 
The OMC and PR structures are from PDB 7MUS (Sheedlo et al. 2021), while the DotB structure 
is from PDB 6GEB (Prevost and Waksman 2018). The remaining atomic models are 
AlphaFold/ColabFold (Jumper et al. 2021; Mirdita et al. 2022) predictions. OM – outer membrane; 
IM – inner membrane; * – unmodeled portion of the uncharacterized comma density in the IMC. 
The OM, IM, and collar are illustrated as isosurfaces. 
 
Two additional candidates that could form the cylinder are DotA and IcmF. Given that DotA is a 

predicted polytopic membrane protein, and assembles into ~10 nm hollow rings upon secretion by 
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planktonic bacteria (Nagai and Roy 2001), it is unlikely to be a major component of the cylinder. 

IcmF shares sequence homology with TssM, which forms a decameric (pentamer of dimers) 

channel within the type VI secretion system (T6SS) (Figure 5-S12A-B) (Ghosal et al. 2019). The 

AlphaFold prediction for the structure of the IcmF monomeric structure has three domains: a 

cytoplasmic domain, a transmembrane domain, and a periplasmic domain (Figure 5-S12C-D). 

The transmembrane domain for IcmF was not annotated in UniProtKB, but DeepTMHMM 

(Hallgren et al. 2022) confirmed its presence (Figure 5-S12C). Six subunits of the C-terminal 

domain of IcmF fit well into the cylinder density of our cryo-ET map (Figure 5-2 and 5-S12E-F). 

In T6SSs, TssM (homolog of IcmF) and TssL (homolog of DotU) interact and function to recruit 

T6SS baseplate proteins to the T6SS membrane complex (Ma et al. 2012; Logger et al. 2016; 

Zoued et al. 2016). In the T4SS DotU and IcmF are co-dependent on each other for stability 

(Sexton et al. 2004) and ColabFold’s IcmFcyto:DotU dimer model predicts the proteins also interact 

within their transmembrane helices and cytosolic portions (Figure 5-S13A-E). Modeling in these 

transmembrane domains, the IcmFcyto:DotU complex is well-positioned to occupy the upper 

portion of the comma density (Figure 5-2 and 5-S13F). 

 
The IMC is primarily composed of two ATPases, DotO and DotB. DotO is a homolog of VirB4 

and when associated with the T4SS complex exists in a unique hexamer of dimer formation at the 

inner membrane (Chetrit et al. 2018; Macé et al. 2022). DotB is a homolog of VirB11 and is 

recruited to the DotO dodecamer in an ATP-dependent manner (Sexton et al. 2005). Since DotO 

does not possess a transmembrane domain, it likely requires another protein to recruit it to the 

membrane. In the conjugative T4SS, VirB4 is anchored to the IM via interactions with VirB3 and 

VirB8. Six VirB3 molecules bind to the inner six subunits of VirB4, whereas trimers of VirB8 

interact with the outer six subunits of VirB4 (Macé et al. 2022). VirB8 trimers further extend to 
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the periplasm via a transmembrane helix where they form periplasmic arches, stabilized by 

interactions of the C-terminal domain (Macé et al. 2022). In the Dot/Icm T4SS, we found a 

similarity between IcmT and VirB3 (Figure 5-S14A). DotI/DotJ were previously recognized as 

homologs of VirB8 (Figure 5-S15A) (Ghosal et al. 2019). 

 

Unfortunately, the resolution of our map is not sufficient to model a protein as small as IcmT on 

its own. As a result, we built a model of the DotO:IcmT subcomplex with ColabFold and fit it to 

the density map (Figure 5-S14). The predicted model shares high structural similarity with the 

homologous structure from the conjugative T4SS. The completed model of the inner DotO:IcmT 

hexamer fits the cryo-ET map well (Figure 5-2 and 5-S14J). In the conjugative T4SS, each VirB8 

trimer creates a periplasmic arch with its N-terminal helices and then elongates a cytoplasmic 

domain that binds the VirB4 ATPase (Figure 5-S15B) (Macé et al. 2022). Since biochemical data 

indicates DotI and DotJ exist as a heterotrimer with a 2:1 DotI:DotJ stoichiometry (Kuroda et al. 

2015), we first built a model of a DotI:DotJ heterotrimer (Figure 5-S15). We then used it to model 

the DotI:DotJ:DotO subcomplex, thus allowing us to optimize its position within the cryo-ET map. 

Finally, we positioned the crystal structure of DotB (Prevost and Waksman 2018) beneath the inner 

DotO hexamer (Figure 5-2 and 5-S16), guided by structural and biochemical data (Park et al. 

2020; Sexton et al. 2005). 

 

Several transmembrane domains of the Dot/Icm proteins appear to be artificially located below the 

IM in our final model (Figure 5-S17A). In our cryo-ET map of class III (fully assembled complex) 

(Figure 5-S2A), the IM appears to be less curved than in many individual particles (Figure 5-

S2B). It is likely that the discrepancy we observed is due to variability in the curvature of the IM 
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among individual particles, resulting in the flattening and blurring of the IM in the subtomogram 

average. As a result, the leaflets of the bilayer are not resolved (as they are in the OM) (Figure 5-

S17A). As we have previously noted, the curvature of the IM is correlated with the resolvability 

of the linker domain. To investigate this further, we evaluated the effect of the linker-forming 

proteins (DotI:DotJ) on the membrane curvature prediction. In their absence, the predicted 

membrane is flat (Figure 5-S17B), similar to the class I and II averages (Figure 5-S2A). However, 

the addition of DotI:DotJ (Figure 5-S17C) results in a membrane curvature resembling that of the 

class III average (Figure 5-S2A). These results are consistent with changes in the IM curvature 

being associated with the docking of the DotO ATPase via the DotI:DotJ linker. 

Functional adaptations of the IcmF/TssM protein family 

TssM has been extensively studied in the context of T6SSs (Rapisarda et al. 2019; Yin, Yan, and 

Li 2019). Analysis of the cytoplasmic domain revealed the presence of nucleotide binding motifs, 

and biochemical data confirmed nucleotide hydrolysis activity (Sexton et al. 2004; Ma et al. 2012). 

Further detailed sequence analysis revealed that IcmF/TssM belongs to the P-loop NTPase family 

and contains Walker A and Walker B motifs, typically associated with GTPase activity (Ma et al. 

2012). By searching for structural homologs of IcmFcyto, we discovered a remarkable similarity 

with eukaryotic small GTP-binding proteins (Ras) (Figure 5-3A-C), a class of proteins that act as 

molecular switches to quickly turn on and off signaling pathways. Specifically, the AlphaFold 

model of IcmFcyto shares strong similarity with Arf1, a small G protein that regulates membrane 

traffic in eukaryotic cells (Renault et al. 2003). Notably, the homology includes highly conserved 

crucial residues involved in magnesium and GDP binding (Figure 5-3B-C). Given this similarity, 

combined with the observation that TssM is capable of hydrolyzing GTP (Ma et al. 2012), we 

propose that the cytoplasmic domain of IcmF/TssM proteins contain a Ras-like domain. 
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Another potentially crucial structural adaptation of IcmF is the presence of hinge regions. In the 

cryo-EM structure of TssM, a hinge region was identified in the middle section of the channel, 

allowing the protein to rotate and adopt two distinct conformations (Durand et al. 2012; Rapisarda 

et al. 2019). A second hinge region was proposed at the base of the periplasmic domain of TssM 

(Rapisarda et al. 2019). Both regions are conserved in IcmF (Figure 5-3D-F and 5-S12A). IcmF 

flexibility might play a crucial role in substrate transport through the cylinder and/or contribute to 

the small cap-like density observed on top of the cylinder in our cryo-ET map (Figure 5-1). 

 

Figure 5-3. IcmF is a flexible protein with a Ras-like domain. (A) Composite model of the 
T4SS with IcmF and DotU highlighted. (B) Cytoplasmic domain of IcmF, which is superimposed 
with the crystal structure of eukaryotic small G-protein Arf1 (PDB 1R8Q, shown in 
green)(Renault, Guibert, and Cherfils 2003). (C) Structural preservation of the nucleotide-binding 
site in the IcmF predicted model. A GDP molecule bound to Arf1 and residues critical to nucleotide 
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binding are shown in sticks following the same coloring scheme. (D) IcmF domain annotation. (E) 
Structure alignment of IcmF model with cryo-EM structures of TssM from T6SS in two 
conformations. TssMI and TssMO denote molecules forming the inner and outer parts of the T6SS 
core complex channel, respectively. (F) Enlarged view of the cylinder/channel-forming portion of 
the IcmF and TssM indicating potential hinge regions. 

T4SS tethers to the host membrane during early infection 

Our atomic model is based on inactive T4SSs expressed in planktonic bacterial cells. We therefore 

went on to investigate the architecture of actively secreting L. pneumophila T4SSs within infected 

hosts. For host cells, we used human U937 monocytic cells, as they serve as an established model 

system for the study of L. pneumophila macrophage interaction (34). In order to slow substrate 

translocation, and potentially stabilize actively secreting Dot/Icm T4SS complexes that contain a 

substrate, we challenged U937 cells with L. pneumophila cells expressing a chimera of the T4SS 

substrate RalF with a tightly folded version of ubiquitin (V76G). Legionella containing vacuoles 

(LCV) could be observed associating with mitochondria and ER, typical of infections with wild-

type cells (Figure 5-4 and 5-S18) (Escoll et al. 2017). Ninety-five percent of the T4SS particles 

found (49/52) exhibited a similar conformation as planktonic T4SS. However, 3 particles were 

observed in a clearly different state with tethers between the bacterial OM and the membrane of 

the LCV (Figure 5-4 and 5-S18). Similar sites were previously reported in L. pneumophila 

infections of amoeba, suggesting the mechanism of translocation is conserved in the mammalian 

system (Böck et al. 2021). Notably, the IM in the 3 particles with tethers adopted a sharp curvature 

similar to that seen in class III planktonic T4SS (Figure 5-S2A-B), suggesting that the IMC is 

fully assembled when the T4SS is tethered to the LCV. In contrast to the planktonic class III 

particles, additional density could be observed between the OMC and PR of the three particles 

with tethers (Figure 5-4 and 5-S18), likely representing T4SS substrates. 
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Figure 5-4. L. pneumophila T4SS tethers to the host membrane during early infection.  
Representative tomographic slice (A) and segmented model (B) illustrating a T4SS observed 
inside L. pneumophila cells infecting human U937 cells at 1 h post-infection. OM (orange) – L. 
pneumophila outer membrane; IM (orange) – L. pneumophila inner membrane; LCV (cyan) – L. 
pneumophila containing vacuoles. L (orange) – L. pneumophila cells; hER (brown) – Endoplasmic 
reticulum of U937 cells. Scale bar, 100nm. (C) Enlarged T4SS particles identified in A (blue 
frame) and a different cell shown in Figure 5-S17C (red dashed frame). The particle tethered to 
the host membrane is enclosed by the blue frame; the particle without tethering site is indicated by 
the red dashed frame. The panels on the right depict the individual particles making the OMC, PR, 
and the cylinder schematically. Scale bars, 50nm.  
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4.3 Discussion 

The L. pneumophila Dot/Icm T4SS is a large macromolecular machine composed of ~30 proteins. 

Twenty-two of the proteins form the core system and 8 are part of a distinct membrane-associated 

complex, the Type IV Coupling Protein (T4CP) complex (Meir et al. 2020; Lockwood et al. 2022; 

Sheedlo et al. 2022). Of the 22 proteins forming the core system, our model contains 17 proteins, 

with over 460,000 total atoms, comprising one of the largest and most complex macromolecular 

structures modeled to date. Compared to the structure of the conjugative T4SS published last year 

(Macé et al. 2022), our model revealed four major novelties, which are discussed individually 

below (Figure 5-5). 

 

Figure 5-5. L. pneumophila Dot/Icm T4SS is a hybrid system. Left panel – atomic model of the 
conjugative T4SS (PBD 7O3J, 7O3T, 7O3V, 7O41) (Macé et al. 2022) with VirB11 model (PDB 
2GZA, shown in green) (Hare et al. 2006) placed as proposed by Mace et al. (2022). Central panel 
– integrative model of the L. pneumophila Dot/Icm T4SS (this study). Right panel – composite 
model of T6SS core complex. Periplasmic domain (TssJ/TssM) is from the single particle cryo-
EM reconstruction (PDB 6IXH) (Yin et al. 2019), the cytosolic domain of TssM (yellow) is an 
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AlphaFold prediction, and TssL is from a crystal structure (PDB 3U66) (Durand et al. 2012). 
Cytosolic domains of T6SS are placed based on our previous structure of the T6SS (EMD-8600) 
(Chang et al. 2017). Homologous components between the systems are marked with the same 
colors. 

IcmF cylinder 

The first difference is the presence of IcmF forming a central hollow cylinder in the Dot/Icm T4SS 

in place of the conjugative T4SS component VirB6. In the conjugative system, VirB6 forms a 

pentameric, conical platform on the axis of the system adjacent to the IM (Macé et al. 2022). Mace 

et al. (2022) proposed that VirB6 scaffolds the assembly of the pilus, which is made up of VirB2 

subunits. In contrast, the Dot/Icm system does not appear to encode a VirB6 homolog or any pilin 

subunits, nor has a pilus structure been observed. Although the Dot/Icm T4SS appears to have 

been derived from an IncI plasmid conjugation system, additional adaptations were apparently 

required to secrete the wider variety of substrates (over 300) exported by L. pneumophila into host 

cells (Gomez-Valero et al. 2019; Gomez-Valero and Buchrieser 2017). These changes included 

the incorporation of new components such as secretion chaperones and DotU/IcmF, which are 

homologs of the T6SS factors TssL/TssM (Nguyen et al. 2018; Durand et al. 2012). Since the 

Dot/Icm system does not contain a VirB6 homolog, and the periplasmic portion of IcmF is located 

in a similar place as VirB6 in the conjugative system (Figure 5-5), we propose the VirB6 platform 

in conjugative T4SSs was replaced with IcmF in the Dot/Icm T4SS. In T6SSs, TssM forms a 

channel just above the IM through which the Hcp rod of the T6SS (a large cargo) is projected 

(Wang et all 2019); in the Dot/Icm T4SS, IcmF appears to form a central hollow cylinder through 

which substrates traverse from the IMC to more distal portions of the T4SS complex in the 

periplasm. In addition, both IcmF and TssM contain hinge regions, which may be critical to the 

export of larger sized cargo. 
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Comma density, IcmFcyto and GTP hydrolysis 

The second major difference observed in our model is the presence of a cytoplasmic density which 

we called the comma. We assigned the upper portion of this density to the cytoplasmic domains 

of IcmF and DotU. TssL/TssM, homologs of DotU/IcmF, function to stabilize the T6SS complex 

and recruit an assembly platform of proteins known as the baseplate (Ma et al. 2012; Logger et al. 

2016; Zoued et al. 2016). Similarly, DotU/IcmF stabilize the T4SS complex as part of their role in 

mediating optimal Dot/Icm substrate export (Sexton et al. 2004). In contrast to TssL/TssM, 

however, DotU/Icm perform an additional function as they are necessary and sufficient to target 

the Dot/Icm T4SS to the bacterial poles (Ghosal et al. 2019). Based on the interaction of 

TssL/TssM’s cytoplasmic domain with other T6SS baseplate components, it is likely that 

DotU/IcmF’s cytoplasmic domains bind another factor(s) and this may account for the density in 

the lower portion of the comma. Potential candidates for this factor(s) include a polar-localizing 

determinant, an as-yet-unidentified Dot/Icm component, and/or possibly an early-translocated 

Dot/Icm substrate. 

 

We further found that IcmFcyto consists of a Ras-like domain, but the role of GTP hydrolysis 

remains unclear. One possibility is that nucleotide hydrolysis by IcmFcyto is required for the proper 

targeting and/or assembly of the Dot/Icm T4SS complex. Alternatively, nucleotide hydrolysis 

could mediate conformational changes in the cytoplasmic ATPases and cylinder, allowing 

substrates to engage with the complex and/or cause the IcmF cylinder to open. Finally, secretion 

through the T4SS is contact-dependent (Alvarez-Martinez and Christie 2009; Cascales and 

Christie 2003; Christie 2016), and our in situ data shows T4SS particles making contact with the 
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host membrane. Another possibility is therefore that host contact induces a signal that is 

transmitted through the periplasmic components of the Dot/Icm T4SS to IcmFcyto, resulting in GTP 

hydrolysis and recruitment of other factors to the complex. 

Collar 

The third major difference is the presence of the periplasmic density we called the collar. We 

propose that a portion of the N-terminus and/or the middle domain of DotG containing the repeats 

forms the collar for several reasons. First, in the Helicobacter pylori Cag T4SS, the resolved 

fragment of CagY, the DotG homolog, in the PR faces the collar, which hints that the unresolved 

repeating fragment could extend further to form the collar (Sheedlo et al. 2020). This is further 

suggested by a well-resolved connection between the PR and collar in our earlier cryo-ET structure 

of the Cag T4SS (Chang et al. 2018). Second, we note that there is no similar repeat-rich, middle 

domain of VirB10, the DotG homolog in conjugative systems, and no collar has been seen in 

structures of those systems (Macé et al. 2022; Khara et al. 2021; Hu et al. 2019). Finally, there are 

13 copies of DotG in the OMC, and we found that the collar also has 13-fold symmetry. 

Unfortunately, the low resolution of the collar density and the lack of confident structural 

predictions for these domains of DotG prevented us from modeling this region. The purpose of the 

collar remains unclear. One intriguing possibility is that the repeat-rich middle domain of DotG 

allows the T4SS cylinder to expand in either width or height to accommodate large conformational 

changes during substrate export or penetrating a host cell membrane. 
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Plug 

The fourth major difference is the plug, composed of IcmX in the Dot/Icm system. Interestingly, 

both IcmX and VirB5 form pentameric cone-shaped structures on-axis in the periplasm. VirB5 is 

later found at the tip of extended pili (Macé et al. 2022), however, and the Dot/Icm system is not 

thought to build a pilus. The IcmX pentamer is also located closer to the OM than VirB5. Other 

differences include the Dot/Icm T4SS being only partially assembled in an ∆icmX mutant, with no 

cylinder and an altered conformation of the PR (Ghosal et al. 2019), and IcmX being released from 

planktonically grown bacteria (Matthews and Roy 2000; Segal, Feldman, and Zusman 2005). 

Based on these observations, we hypothesize that IcmX functions either as a scaffold for assembly 

of the Dot/Icm T4SS and/or as a plug in non-secreting T4SSs, waiting to be expelled at the onset 

of substrate export. 

DotI:DotJ linkers 

One similarity between the conjugative and Dot/Icm systems is the presence of a hexameric set of 

linkers spanning the IM. Previously, we reported that the linker/collar region (formerly referred to 

as “wings”) appears flexible (Ghosal et al. 2019). The linker formed by DotI:DotJ complexes 

provides a docking site at the IM for the outer six subunits of the DotO dodecamer. Based on their 

location, another potential role of DotI:DotJ could be sensing conformational changes from the 

outer DotO subunits during substrate transport, propagating them through the collar to the 

OMC/PR, thereby allowing for plug release and secretion of effector proteins. 

Secretion pathway  

While here we have emphasized the novel role of IcmF in forming a hollow cylinder through which 

substrates pass, the entire Dot/Icm system appears to be an extended channel. Effectors likely first 
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interact with the T4CP DotL ATPase, then pass through the opening of the dodecameric DotO 

ATPase, across the IM, through IcmF and finally the PR/OMC. Although data suggest that 

unfolded T4SS substrates are preferred (Sheedlo et al. 2022; Amyot et al. 2013), we could not 

identify any obvious hydrophobic patches along the secretion path that would protect hydrophobic 

fragments of unfolded targets from refolding. Considering the wide variety of effector proteins 

secreted through the T4SS (Lockwood et al. 2022), it is possible that some substrates are secreted 

in folded or partially-refolded forms. In support of that notion, expulsion of IcmX would create a 

chamber of sufficient size to allow small proteins to refold. 

Integrative modeling 

Much of cell biology is driven by large, multi-subunit flexible complexes that are challenging or 

impossible to purify or reconstitute, so may only be available for study within intact cells. Here 

we have demonstrated an integrative approach to characterize such structures. New cryo-ET 

instrumentation, methods, and software (Chreifi et al. 2021; Chreifi et al. 2019; Mastronarde 2005; 

Winkler 2007) made it possible to image the T4SS directly in situ (Oikonomou and Jensen 2017) 

and overcome stoichiometric variance by collecting and classifying thousands of particles. 

Focused refinement mitigated the effects of flexibility. Recent developments in single-particle 

cryo-EM methods (Durie et al. 2020; Sheedlo et al. 2021) and structure prediction with AlphaFold 

(Jumper et al. 2021; Mirdita et al. 2022; Evans et al. 2022) provided atomic models of individual 

components and sub-complexes. The docking of these structures into our cryo-ET maps illustrates 

what is becoming possible in a new era of integrative modeling. 
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5.3 Materials and Methods 

L. pneumophila strains preparation 

L. pneumophila strain (JV9082) expressing a DotF-sfGFP from the chromosome was constructed 

by allelic replacement into strain Lp02 using the suicide plasmid pJB7255 (DotF-sfGFP). pJB7255 

was constructed by cloning two PCR products (generated by PCR using primers 

JVP2973/JVP2990 and JVP2992/JVP2993, respectively) into the R6K suicide plasmid pSR47S 

(Table 5-T1). The PCR products were digested with BamHI/NotI and NotI/SacI, respectively, and 

ligated into BamHI/SacI-digested pSR47S. 

 

L. pneumophila strain (JV9298) expressing DotB(E191K) and DotF-sfGFP from the chromosome 

was constructed by allelic replacement into strain JV9082 using the suicide plasmid pJB7487. This 

plasmid was constructed by subcloning a ~1.2 kb fragment (BamHI/SalI) containing DotB 

(E191K) from plasmid pJB2920 (Sexton et al. 2005) into BamHI/SalI-digested pSR47S.  

Sample preparation for cryo-ET 

L. pneumophila strain (JV9082 and JV9298) was cultured as previously described (Ghosal et al. 

2017). In short, L. pneumophila were grown to stationary phase in CYE media supplemented with 

150 ug/mL ferric nitrate, 400ug/mL of L-cysteine and 100ug/mL of thymidine. Bacteria cells were 

collected and resuspended in the same growth media to OD600 = 6.0. Resuspended culture was 

mixed with 10 nm gold beads as fiducial markers and then applied onto glow-discharged copper 

R2/2 200 mesh Quantifoil holey carbon grids (Electron Microscopy Sciences) in Vitrobot Mark 

IV (Thermo Fisher Scientific). Grids were plunge frozen with liquid ethane/propane mixture (Tivol 

et al. 2008) and stored at liquid nitrogen temperature. 
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Cryo-ET data collection       

Tilt series were collected at 300 keV at pixel sizes 2.65 Å/pix on a Titan Krios (Thermo Fisher) 

equipped with a K2 or K3 camera. One-hundred micron objective aperture was inserted during 

collection and a 20 eV slit energy filter (GATAN EFTEM) was used to improve contrast. For 

whole cell tomograms, either cell pole was targeted for collection. Tilt series were collected bi-

directionally from 0 deg to 60 deg on each side, with 2 or 3 deg steps. A total of 100 electrons/Å2 

was distributed evenly across the tilt series. Tilt images were collected either as a single image or 

a stack of 10 frames in the super resolution mode. 

Tomograms reconstruction and subtomogram averaging 

Raw image stacks were motion corrected with MotionCor2 (Zheng et al. 2017) and assembled into 

tilt series with the IMOD newstack program (Kremer et al. 1996). For subtomogram averaging in 

EMAN2, tilt series alignment and subsequent tomogram reconstruction was performed 

automatically within the EMAN2 tomography pipeline (Chen et al. 2019). EMAN2 reconstructed 

4* binned tomograms were used in the IMOD 3dmod program to manually pick particles. An 

effort was made to include as many top views as possible. Particle coordinates were picked to be 

centered visually at the point where the cylinder meets the IM; an orientation was also recorded to 

have the particles aligned as closely as possible to what is shown in Figure 5-1A. The center and 

orientational information were then converted to particle records in EMAN2. Subsequent 

subtomogram averaging was performed using the manual alignment information as the starting 

point in EMAN2. We used 2* binned particles for the initial round of averaging, focusing on the 

density in the periplasmic space with C13 symmetry enforced. Then aligned particles were allowed 

to move locally with a cylindrical mask containing the whole particle. The alignment information 

was used to extract unbinned particles and the same local refinement was repeated. Next, sub-tilt 
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refinement was performed to obtain the best StA map for the whole particle. 

 

For subtomogram averaging in Dynamo (Castaño-Díez et al. 2012) and I3 (Winkler 2007), tilt 

series alignment was performed either manually or automatically in Etomo on 2* binned tilt 

images. We used tomo3d (Agulleiro and Fernandez 2015) to reconstruct 2* binned weighted back-

projection tomograms from the aligned tilt series. Then we used an in-house script to transfer the 

aligned particle coordinates into a Dynamo compatible form (script available: 

https://doi.org/10.5281/zenodo.7659617) and performed StA in Dynamo with a mask enclosing 

the entire particle and C13 symmetry enforced. The aligned particles were extracted again from 

the tomograms. These sub-tomograms were treated as individual tomograms containing one 

particle in I3. The particle alignment orientation was also transferred into I3 with an in-house script 

(script available: https://doi.org/10.5281/zenodo.7679253). Initially I3 StA was carried using a 

soft-edge cylindrical mask enclosing the entire system to exclude particles without assembled IMC 

using classification. The rotational angle around the C13 symmetry axis of the remaining particles 

were randomized and the particles were further classified using a soft-edge cylindrical mask 

around the IMC. The class with the fully assembled IMC complex was used for further focus 

refinement on either the IMC or connection between the cytoplasm and periplasm. At any step of 

data processing in I3 we did not apply symmetry to the reference map. Final reconstructions with 

well-resolved symmetry were eventually symmetrized to aid model building. Crucial steps in the 

data processing pipeline are summarized in Figure 5-S1. The resolution estimation is performed 

on the unfiltered, unsymmetrized maps using ResMap (Kucukelbir et al. 2014) (Figure 5-S3).  The 

composite map was created in ChimeraX using vop maximum command (Goddard et al. 2018). 
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Subtomogram averaging – data analysis 

To test symmetry of the collar, the cryo-ET map from focused refinement on collar/IM connection 

was further masked out to only include the collar ring. Rotational cross-correlation was calculated 

using dynamo_symmetry_scan function in Dynamo (Castaño-Díez et al. 2012) (Figure 5-S5B). 

 

Using an in-house python script (script available: https://doi.org/10.5281/zenodo.7679388), 

particle shift between two iterations was calculated as the total shift of the particle center as 

recorded in the I3 output after each iteration . 

Cryo-FIB milling 

L. pneumophila strain (JV9298) was cultured similarly as for the whole cell tomography. Grid 

preparation follows the same procedure as described above, except that bacterial cells were 

resuspended to OD600 = 20.0 and applied onto glow-discharged copper R2/2 200 mesh Quantifoil 

holey carbon grids. Excess material on the grid was removed by manual blotting from the back 

before plunge-freezing. Frozen grids were mounted into Autogrids (Thermo Fisher Scientific) and 

transferred into an FEI Versa 3D equipped with a Quorum PP3010T Cryo-FIB/SEM preparation 

system (Quorum Technologies LLC, East Sussex, UK) operating at cryogenic temperatures. 

Samples were sputter coated with a thin layer of platinum (15 mA, 60 sec) and then imaged with 

the SEM at 10 keV. Identified areas with multiple layers of bacterial cells were further subject to 

stepwise milling with 30keV gallium ions, starting from 0.3 nA beam current and gradually 

stepping down to 10 pA, to generate final lamellae approximately 150-300 nm thick (Lam and 

Villa 2021). Tomograms were reconstructed in IMOD (Mastronarde and Held 2017) and processed 

with IsoNet (Liu et al. 2022). 
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Infection assay for cryo-ET 

Human U937 cells (ATCC CRL-1593.2) were grown in RPMI1640 supplemented with 10% FBS 

and L-glutamine for several passages and then subjected to a 72-h incubation with 12-O-

tetradecanoylphorbol-13-acetate (TPA) for differentiation. Differentiated U937 cells became 

adhesive and were seeded onto gold London Finder grids (Au H2 R2/2, Quantifoil) coated with 

vitronectin (25 µg/mL in 1xPBS, pH 7.4), allowing for a 48 h incubation at 37˚C. L. pneumophila 

Lp02 expressing CyaA tagged RalF attached to an irremovable ubiquitin chain (Lp02 CyaA-

RalF::V76G) (Amyot et al. 2013) was induced at OD600 = 2 to 2.5 with 250 µM IPTG for 4-5 h. 

U937 cells were infected at an MOI of 100 for either Lp02 CyaA-RalF::V76G or JV9082 and 

vitrified after 1 h in the presence of 10 nm gold beads as fiducials. Tilt-series were collected bi-

directionally at 33 000 x equipped with the Volta Phase Plate from -54˚ to 54˚ with an increment 

of 3˚. A total of 100 electrons/A2 was distributed evenly across the tilt-series. Each tilt-image was 

collected in the super resolution mode either as a single image or a stack of frames. Tilt-series 

were phase corrected and reconstructed with SIRT in IMOD (Zheng et al. 2017). Tomograms were 

further processed with IsoNet (Liu et al. 2022) and manually segmented with Amira 

(ThermoFisher). 

Modelling 

All the maps were segmented using the Segger package in ChimeraX (Goddard et al. 2018; Pintilie 

et al. 2010; Pintilie and Chiu 2012). Available experimental structures for OMC/PR (Sheedlo et 

al. 2021) and DotB (Prevost and Waksman 2018) were fitted in the map using the fitmap command. 

The atomic models of the remaining components were predicted using AlphaFold/ColabFold 

(Figure 5-S7) (Jumper et al. 2021; Evans et al. 2022; Mirdita et al. 2022). We used the R388 T4SS 

structure (PDB 7OIU) (Macé et al. 2022) as scaffold for the positioning of DotO, IcmT and 
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DotJ:DotI2 atomic models. Detailed information on placing Dot/Icm T4SS components into our 

density maps are described below.   

OMC/PR 

The single particle cryo-EM of the OMC/PR (Sheedlo et al. 2021) was fitted as a rigid body into 

the corresponding density in the cryo-ET map from focused refinement on the periplasmic 

complex (Figure 5-S8). Fitting was guided by the 13-fold symmetry of the OMC.  

DotF/GFP 

DotF consists of a TM in position 53-75 followed by a coiled-coil region (135-176). The C-

terminal portion of DotF has been solved (208-269) and is occupying two different positions: a 

C13 ring beneath the Dis3 protein of the OMC and a C18 ring in the PR (Sheedlo et al. 2021). 

DotF IM localization and its ability to self-interact has been reported before (Vincent et al. 2006). 

Considering the coiled-coil region, we build a DotF dimer in ColabFold. The model dimerizes in 

this region with long flexible linkers connecting to the N- and C- terminal. We positioned the 

coiled-coil region of this model halfway between two DotF C-terminal domain solved structure 

and the TM helix in density corresponding to the IM. We build the linkers in MODELLER (Sali 

and Blundell 1993) and symmetrized it with the respective symmetry of the PR and OMC (Figure 

5-S9). 

 

Given the DotF-sfGFP high local concentration the sfGFP may dimerize or form high molecular 

weight aggregates (Stepanenko et al. 2016). To our knowledge the only available structure of a 

native GFP dimer is the extra-superfolder GFP (PDB 5B61) (Choi et al. 2017) a close homolog of 
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the sfGFP superimposing with a RMSD of 1.8 Å (Choi et al. 2017). We fitted the structure in the 

collar by rigid docking and applied C13 symmetry (Figure 5-S9). 

IcmX 

IcmX as a main component of the plug was identified based on the analysis of the T4SS mustants 

(Ghosal et al. 2019). However, symmetry of the IcmX is unknown. For that reason, we tested 

structure predictions for multiple symmetries as generated by ColabFold. The best results were 

obtained for tetramer and pentamer with overall scores for pentamer being higher. Thus, we fitted 

IcmX pentamer as a rigid body into the plug density in ChimeraX (Figure 5-S10).   

DotG 

DotG repetition were identified using the MOTIF search tool of the Japanese GenomeNet service 

(Kanehisa 1997). As previously reported (Gomez-Valero et al. 2019) five copies of the 

Pentapeptide_4 repeat motif was found.  Given the low score ranging from 3.1e-06 to 6.8e-12 and 

the Alphafold DotG model not showing the classic right-handed β-helical structure typical of the 

pentapeptide repeat motif we investigated the repetition sequence. The GenomeNet identified 

repetition were aligned in MEGA using MUSCLE (Edgar 2004a, 2004b). For this multiple 

alignment we were able to identify a 10 amino acid pattern, as previously described(Vincent et al. 

2006), starting with a Lys or Arg and ending with a Leu or Iso. We therefore extracted those 

sequence and built a sequence logo using WebLogo3 (Crooks et al. 2004) to identify the motif 

sequence. This motif ([KR]-X-A-G-[FY]- [STND]-X-X-X-[LI]) is different form the pentapeptide 

repeat sequence ([STAV][DN][LF][STR][G]) and explain the discrepancy of the DotG AlphaFold 

model with the solved structures. In order to investigate the fold of this repetition we scanned the 

PDB database with this motif but only the DotG protein was found. 
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IcmF:DotU 

IcmF and DotU proteins are present in both T4SS and T6SS (TssM and TssL, respectively) 

(Durand et al. 2012). The T6SS proteins have been extensively characterized and the structure of 

both proteins has been solved (Yin et al. 2019; Rapisarda et al. 2019; Robb et al. 2012; Ruiz et al. 

2020; Chang and Kim 2015; Durand et al. 2012). The TssM monomeric structure is characterized 

by the presence of three domains spanning across the inner membrane. The periplasmic portion 

consists of four helix-bundle domains connecting a β-sheet rich domain, involved in TssJ binding. 

The periplasmic domain is connected by a TM helix to the cytoplasmic ATP binding domain (Ma 

et al. 2012). TssL:TssM interaction involves a 110-aa TssM extension of the nucleotide binding 

domain (Logger et al. 2016) and a cleft on the TssL structure (Asp74, Glu75, Gly137 and Phe138) 

(Zoued et al. 2016).  

We closely inspected IcmF and DotU AlphaFold models for T4SS and T6SS shared features. In 

the IcmF Uniprot page there is no TM helix annotated, but DeepTMHMM (Hallgren et al. 2022) 

predicted, with high confidence, a TM in position 317-338 (Figure 5-S12C). While a C-terminal 

TM helix is predicted for DotU. Sequence alignment of DotU with TssL revealed conservation of 

the residue involved in TssM binding (Figure 5-S13A). Given the high conservation of IcmF and 

TssL predicted interacting regions we run AlphaFold multimer. In the IcmFCyto:DotU dimer model 

the proteins are interacting with the cytosolic portion of IcmF and DotU with the two 

transmembrane helices in a good orientation. We built the IcmF cylinder by manually placing it in 

the map region forming the central cylinder and applying C6 symmetry (Figure 5-S12). We then 

manually placed the IcmFcyto:DotU in the newly identified comma density and manually rebuilt 

the IcmF linker and reoriented the DotU TM helix to cross the membrane density in our map 

(Figure 5-S13).  
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DotO:IcmT 

The DotO biological assembly consists of DotO dimers arranged in a hexamer (Park et al. 2020; 

Macé et al. 2022). Interaction between DotO and IcmT allows DotO-membrane tethering. We 

therefore built a DotO2:IcmT trimer atomic model. ColabFold modeled the DotO dimer in the 

isoform involved in hexamer assembly rather than the dimer formation. Therefore we used R388 

T4SS structure (PDB 7OIU) (Macé et al. 2022) as a template to position the outer DotO subunits. 

Superimposition of the DotO:IcmT with VirB4(TrwK):VirB3(TrwM) revealed a good RMSD 

between the two structures and similar positioning of IcmT in comparison to TrwM (Figure 5-

S14F). A DotO monomer was further aligned with its VirB4 (TrwK) counterpart to generate the 

dimer. The DotO2:DotT trimer was fit into the map from focused refinement on the IMC using 

Powerfit (Zundert and Bonvin 2015) and C6 symmetrized in ChimeraX. This generated a clash 

between DotO C-terminal domains in the inner protomers. In the Colabfold DotO dimer this region 

is predicted to fit in a cleft region of the other subunit (Figure 5-S14G). We used this prediction 

to remodel the clash.  

DotI:DotJ 

To model the DotI:DotJ subcomplex we submitted to ColabFold a 2:1 DotI:DotJ assembly based 

on the available biochemical data (Kuroda et al. 2015). This model can be divided into two regions: 

a transmembrane helix bundle and the periplasmic part connected by a flexible loop. The TM helix 

trimer superimposes well with the VirB8 (TrwG) triple helix (RMSD = 0.501), preserving the 

position of the TM segment. Therefore, we used this conformation for the positioning of the helix 

bundle in DotO proximity. The periplasmic portion consists of the two DotI globular domains 

modeled with the alpha helices facing the interior of the complex. This orientation is the same as 

one of the conformations resolved in the DotI crystal (Figure 5-S15G) (Kuroda et al. 2015). This 
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configuration is also adopted by VirB8 (TrwG) for the formation of the arches region in the 

conjugative T4SS (Macé et al. 2022). We manually positioned the DotI periplasmic part in the 

linker density and applied C6 symmetry. The flexible linkers were built using MODELLER (Sali 

and Blundell 1993). 

DotB 

The DotB structure has been solved and characterized by mutagenesis study. In vivo cryo-ET 

studies revealed its ability to induce a conformational change in DotO upon binding (Sexton, Yeo, 

and Vogel 2005; Prevost and Waksman 2018; Park et al. 2020). We used the available mutation 

data (Sexton et al. 2005) to place DotB into the cryo-ET map below the inner DotO hexamer 

(Figure 5-S16).    

Bioinformatics and visualization 

Membrane simulation. Since the IM in our STA is bend, we used PPM3.0 web server (Lomize, 

Todd, and Pogozheva 2022) to investigate proteins orientation. This server allows protein-induced 

membrane deformations using membrane systems reflecting the properties of gram-negative inner 

membrane. 

Protein sequence alignment was performed using Clustal Omega (Sievers et al. 2011) and 

visualized with Jalview (Waterhouse et al. 2009). Data were visualized using GraphPad Prism, 

IMOD (Kremer, Mastronarde, and McIntosh 1996), and ChimeraX (Goddard et al. 2018). 
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5.6 Supplementary Data 
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Figure 5-S1. CryoET data processing. Simplified schematic of the data processing workflow 
highlighting crucial steps in the pipeline. 
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Figure 5-S2. Compositional Heterogeneity of the inner membrane complex (IMC) in situ. (A) 
3D class averages of T4SS with different compositions of the IMC. Top panel, side view. Bottom 
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panel, cross-section at the position indicated by the green arrows in the top panel. Percentages 
indicate the number of particles within each class. OM – outer membrane; IM – inner membrane.  
Yellow and pink arrows indicate the collar and linker densities, respectively. Scale bars, 10nm. 
(B) Individual T4SS particles from FIB-milled samples witch matching composition. Scale bars, 
20 nm. Orange arrows indicate the cytosolic ATPases. (A,B) IM curvature is marked by white 
dashed lines. (C,D) Histograms showing total shifts required to restore 13-fold symmetry in the 
OMC for particles included in Class II (C)  and Class III (D) after focused refinement on the IMC. 
Insets show a cross-section at the position indicated by orange (C) and blue (D) arrows in (A), 
respectively. The left and right subpanels represent OMC structure before and after symmetry 
recovery. Scale bars, 10 nm. 
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Figure 5-S3. Resolution estimations. (A-B) Resolution estimation of the EMAN2 subtomogram 
average of the periplasmic region with C13 symmetry applied. (A) Fourier Shell Correlation (FSC) 
curve with an orange horizontal line indicating a 0.143 threshold. FSC0.143 = 21 Å.  (B)  Side view 
of the corresponding density map. (C-F) Because gold-standard processing is not implemented in 
I3, the resolution estimation for maps from I3 was analyzed using ResMap.  Resolution was 
estimated using unfiltered, symmetrized maps. (C-D) Resolution estimation for the map with local 
refinement on the collar/IM connection. (E-F) Resolution estimation for the IMC. 
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Figure 5-S4. Connectivity of the collar density. (A) Side view of the periplasmic complex. (B) 
Enlarged sections as indicated in (A) by dashed outlines. E – elbow; PR – periplasmic ring; C – 
collar; L – linker. (C) Central slices through sub-tomogram averages of H. pylori cag T4SS (EMD-
7474) (Chang et al. 2018). Scale bars, 20 nm. (D) Central slices through sub-tomogram averages 
of L. pneumophila Dot/Icm T4SS reproduced from Figure 5-2E in Park et al. (Park et al. 2020). 
Scale bars, 10 nm. (C,D) In panels on the right, beige and green marked densities indicate collar 
and PR, respectively. 
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Figure 5-S5. Symmetries of the collar and IMC. (A) Central tomographic slice from the focused 
refinement of the collar/IM region. (B) 3D rotational cross-correlation for the collar region marked 
by a blue arrow in (A). (C) Cross-sectional views at the positions indicated by color-coded arrows 
in (A). Scale bars, 10 nm. 
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Figure 5-S6. Previously unreported density in the IMC. (A) 3D rendering of the unsymmetrized 
density from focused refinement on the IMC from Class III (Figure 5-S2A). Densities outside the 
IMC are masked out. (B,C) Cryo-ET density maps of the IMC displayed at different threshold 
levels with colored densities corresponding to DotO, DotB, and uncharacterized comma density. 
(B) EMD-7612 (Chetrit et al. 2018). (C) This study. 
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Figure 5-S7. Dot/Icm T4SS components used to build the integrative model. (A) 
Experimentally determined structures. (Left) Single-particle cryo-EM structure (PDB 7MUS) of 
the periplasmic core complex (Sheedlo et al. 2021) and (right) crystal structure (PDB 6GEB) of 
DotB (Prevost and Waksman 2018). (B) Monomeric AlphaFold structure predictions for Dot/Icm 
T4SS components. The models are colored by local model confidence estimated with a predicted 
local distance difference test (pLDDT) (Jumper et al. 2021). UniProtKB accession numbers are 
indicated in the parenthesis. 
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Figure 5-S8. Fitting the atomic models of the OMC and PR into the cryo-ET density map. 
(A) 13-fold symmetrized cryo-ET map (gray) of the T4SS periplasmic region with the atomic 
models of OMC and PR (PDB 7MUS) (Sheedlo et al. 2021). (B) Enlarged section from (A) as 
indicated by the red dashed box. (C,D) Cross-sections at the positions indicated by blue (C) and 
orange (D) dashed lines in panel (A). 
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Figure 5-S9. Elbow density attributed to sfGFP. (A) Atomic models of the OMC and PR (PDB 
7MUS) (Sheedlo et al. 2021) fit into the cryo-ET map. DotF subunits are colored in orange. The 
atomic model of sfGFP (green) dimer (PDB 5B61) (Choi et al. 2017) fit into the elbow density. 
(B) Inset shows enlarged section of the elbow density. The position of DotF-GFP fusion in our 
construct is indicated by blue spheres. (C) Cross-section the elbow density ring at the positions 
indicated by a blue arrow in panel A, with 26-copies of sfGFP. (D) Predicted localization of the 
coiled coil and transmembrane N-terminal domains of DotF. Subunits of the DotF portions 
localized in the OMC and PR are colored in orange and yellow, respectively. 
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Figure 5-S10. Modeling IcmX into the plug density. (A) AlphaFold/ColabFold predictions for 
the tetramer and pentamer of IcmX colored by pLDDT fit into the segmented plug density. (B) 
Modeling scores as returned by ColabFold for the highest-ranked models. pLDDT – predicted 
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local distance difference test, representing local accuracy; pTM – predicted TM-score, 
corresponding to overall topological accuracy; ipTM – interface pTM score. (C) Heatmap 
represents the inter-chain accuracy of the model for the highest-rank pentameric model. Each pixel 
in the heatmap indicates alignment error in Angstroms for a pair of two residues. The metric 
indicates the positional uncertainty at residue x if the predicted and actual structures are aligned 
on residue y (Varadi et al. 2022). Blue represents low error. (D) Atomic model of the conjugative 
T4SS (PBD 7O3J, 7O3T, 7O3V, 7O41) (Macé et al. 2022) with the VirB5 pentamer forming a 
stalk with structural similarity to IcmX. (E) Rigid-body fitting of the pentameric model of IcmX 
into the cryo-ET map. (F) Enlarged view as indicated by the blue dashed outline in panel E. 
  
  
  
  
  
  
  
  
  
  
  
  
  
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

148 

 
Figure 5-S11. DotG as potential collar forming protein. (A) Weblogo plot showing consensus 
sequence of the 10 amino-acid repeating sequence in DotG. (B) Schematic representation showing 
how DotG could continue from the PR to form the collar and eventually anchor in the IM. Atomic 
model of the OMC and PR (PDB 7MUS) (Sheedlo et al. 2021) in black. DotG highlighted in beige. 
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Figure 5-S12. Modeling IcmF into the cylinder density. (A) Protein sequence alignment 
between TssM (T6SS) and IcmF. (B) Structure alignment between the structure of one of the TssM 



 

150 

monomers that form the T6SS core complex channel (PDB 6IXH)(Yin, Yan, and Li 2019) and a 
monomer of IcmF as predicted by AlphaFold. (C) IcmF topology prediction by DeepTMHMM 
(Hallgren et al. 2022). (D) IcmF model colored according to the predicted topology. (E-F) Rigid-
body fitting of the IcmF hexamer into the cylinder density of the cryo-ET map. (F) Cross-section 
at the position indicated by the blue dashed line in panel E. 
  
  
  
  
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

151 

 
Figure 5-S13. Modeling the IcmFcyto:DotU subcomplex. (A) Protein sequence alignment 
between TssL (T6SS) and DotU. Orange dots indicate the location of the residues important for 
TssM:TssL interaction in T6SS (Zoued et al. 2016). These residues are conserved in DotU. (B) 
AlphaFold/ColabFold prediction of the IcmFcyto:DotU heterodimer. The inset shows the structural 
similarity between the DotU model and the crystal structure of TssL (PDB 3U66) (Durand et al. 
2012). (C)  IcmFcyto:DotU model colored by pLDDT. (D) Modeling scores as returned by 
ColabFold for the highest-ranked model. For a full description see Figure 5-S10. (E) Location of 
conserved residues in DotU identified previously as important for the TssM:TssL interaction 
(Zoued et al. 2016). Residues are seen here to be located close to the IcmFcyto:DotU interaction 
interface. Our interpretation is that point mutations disrupt tertiary structure and therefore the 
IcmFcyto:DotU interaction. (F) Docking of the IcmFcyto:DotU subcomplexes into the top of the 
comma density in the cryo-ET map. 
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Figure 5-S14. Modeling the IcmT:DotO ATPase subcomplexes. (A) Protein sequence 
alignment between VirB3 and IcmT. (B) Structure alignment between the experimentally 
determined structure of VirB3 (PDB 7O41) (Macé et al. 2022) and AlphaFold prediction for IcmT. 
(C-D) Predicted structure of IcmT:DotO subcomplex from AlphaFold/ColabFold. (D) IcmT:DotO 
model colored by pLDDT. (E) Modeling scores as returned by ColabFold for the highest-ranked 
model. For a full description see Figure 5-S10. (F) Overlay of the IcmT:DotO predicted model 
with the experimental structure of homologous VirB3/VirB4 (PDB 7O41) (Macé et al. 2022). The 
inset shows the conserved binding site of IcmT and VirB3. (G-I) AlphaFold/ColabFold model for 
DotO dimer with IcmT. (G) The C-terminal portion responsible for inter-subunit interaction 
between DotO is indicated by a dashed circle. (H) Predicted model colored by pLDDT. (I) 
Modeling scores as returned by ColabFold for the highest-ranked model. For a full description see 
Figure 5-S10. (J) IcmT:DotO inner hexamer fit into the cryo-ET map (gray). 
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Figure 5-S15. Modeling the DotI:DotJ:DotO subcomplex. (A) Protein sequence alignment 
between VirB8, DotI, and DotJ. (B)  Structure of the VirB8:VirB4 subcomplex (PDB 7O41) (Macé 
et al. 2022). (C) Structure alignment between the experimentally determined structure of VirB8 
(PDB 7O41) (Macé et al. 2022) and AlphaFold prediction for DotI. (D)  2:1 DotI:DotJ subcomplex 
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structure predicted by ColabFold/AlphaFold. (E) DotI:DotJ model colored by pLDDT. (F) 
Modeling scores as returned by ColabFold for the highest-ranked model.  (G) Alignment of the 
periplasmic portion of the DotI dimers comparing the AlphaFold prediction and a crystal structure 
(PDB 3WZ5) (Kuroda et al. 2015). (H) Subcomplex of DotO dimer with DotI:DotJ trimer modeled 
based on the VirB8:VirB4 structure. (I) The cytosolic portion of the DotI:DotJ:DotO subcomplex 
fit into the cryo-ET map. (J) DotI periplasmic portion fit into the cryo-ET map. 
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Figure 5-S16. Placement of DotB. DotB crystal structure (PDB 6GEB) (Prevost and Waksman 
2018) docked into the density below the inner DotO hexamer in the cryo-ET map. The fully 
assembled ATPases (DotO:DotB) are anchored to the IM through IcmT (inner DotO) and 
DotI:DotJ (outer DotO). C – comma density.  
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Figure 5-S17. Localization of the transmembrane domains in the IM. (A) Model of the IMC 
fit into the cryo-ET map. Cytosolic portions of the proteins are not shown. (B,C) Simulated 
membrane topology using PP3 package for the model with IcmT:IcmF complex (B) and 
IcmF:IcmT:DotI:DotJ complex (C). Predicted transmembrane regions are highlighted in green. 
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Figure 5-S18. Additional examples of L. pneumophila inside host cells during early infection. 
(A-C) Representative tomographic slices of intracellular Legionella imaged at 1 h post-infection. 
OM (orange) – L. pneumophila outer membrane; IM (orange) – L. pneumophila inner membrane; 
LCV (cyan) – L. pneumophila containing vacuoles. L (orange) – L. pneumophila cells; hER 
(brown) – endoplasmic reticulum of U937 cells. Particles tethered to the host membrane are 
enclosed by blue frames; particles without a tethering site are indicated by red frames.  The panels 
on the right depict individual particles making the OMC, PR, and cylinder schematically. Scale 
bars, 100 nm for main panels and 50 nm for the insets.  
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Table 5-T1. Primers used for L. pneumophila strains preparation. 

Primer name Sequence (5’-3’) 

JVP2973 CGCGGATCCTGAAGGAGGAATTCGCCAATGATGGCAGAGCACGAT
CAAAATAATG 

JVP2990 GGAGCGGCCGCTCATCATTTGTACAGTTCATCCATACC 

JVP2992 GGAGCGGCCGCGAAGATAGTTGAGGCGTATATGGCTG 

JVP2993 CCCGAGCTCCTCTCTATTAATTAGTCTTATATATTGTTCC 
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CONCLUSIONS 

This thesis explores the structure and its functional implications for two large bacterial 

macromolecular complexes, GVs and T4SS. Despite being vastly different, they both constitute a 

significant challenge for any structural biology method. GVs are perhaps the largest 

macromolecular assemblies known, and in some cases, can reach several micrometers in length. 

In addition to being large, GVs' dimensions are highly irregular, adding an additional layer of 

difficulty for any method that requires averaging. Another consequence of GV's size and 

mechanical properties is their tendency to flatten in the ice, which breaks helical symmetry. 

Finally, GVs are highly sensitive to radiation damage; they rapidly shrink when exposed to an 

electron beam, reducing the maximum electron dose that can be used for imaging. This leads to 

noisy images which are more difficult to process and reconstruct to obtain high-quality tomograms.  

 

L. pneumophila T4SS, on the other hand, presents a very different set of challenges. There is no 

reported successful purification of the intact Dot/Icm T4SS, requiring it to be investigated in intact 

cells. This results in a thick sample (250-300 nm) with only a few particles per tomogram (~3-5), 

calling for the collection of a large dataset to obtain a sufficient number of particles that can be 

averaged and classified. Moreover, T4SS is a highly dynamic system that can exist in several 

different configurations and exhibits symmetry mismatches between separate components, further 

complicating data processing. 

 

These challenges can be overcome using integrative modeling guided by cryo-ET maps. The 

integrative model revealed that GvpA subunits polymerize in an amyloid-like fashion to form the 
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GV shell, which is further reinforced by the GvpC rod that creates a helical spiral around the GV 

cylinder. This model provided answers to fundamental questions on how GVs are formed 

explaining their mechanical resilience, and how gas diffuses in and out of the GVs. Additionally, 

this work elucidated the evolutionary relationships between different types of GVs, and how they 

might regulate their mechanical properties between different species. Importantly, cryo-ET 

provided insight into the biogenesis of GVs, revealing that they might assemble from a single point 

at the center of the cylinder by adding individual subunits of GvpA in opposite directions. These 

findings provide valuable information for further development of GVs as acoustic reporter genes. 

However, this research focused mainly on fully assembled GVs. Future work should focus on 

understanding how the assembly process is initiated and how GVs grow as bicones and eventually 

transition to cylinders. GV gene clusters encode proteins other than GvpA and GvpC with 

unknown functions, usually referred to as “accessory proteins.” It is crucial to understand the role 

of these accessory proteins to manipulate them and develop new variants of GVs with desired 

functions for their biotechnological applications. Finally, to fully embrace GVs' potential, it will 

be necessary to study their interactions with other cellular components and the consequences of 

their heterologous overexpression on cellular machinery and fitness. 

 

Similarly, a nearly complete model of the Dot/Icm T4SS is an important milestone in the field that 

builds on several decades of functional, biochemical, and structural work dedicated to 

understanding this molecular machine. For the first time, we have a clear picture of the localization 

of the key protein components of the system and their interactions. This work provides important 

clues on how the system might work as a complex network, communicating signals from outside 

in and inside out to secrete over 300 different proteins and hijack the host's biology. The integrative 
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model of the T4SS will serve as a framework to build and test hypotheses on how substrates are 

translocated to the host. For example in the cytoplasmic portion of the system, there are several 

enzymes with NTPase activity that must be responsible for substrate delivery, unfolding, and 

pushing it through the system, but the exact function of each of these proteins is unclear. Another 

mystery is the size of the complex. If the T4SS is translocating unfolded cargo, why is it so 

complex and large? Finally, the integrative model presented here is based on an inactive system, 

but to fully understand its mechanism, it will be necessary to solve the structure of the system in 

an actively secreting form. 

 

Both GVs and T4SS are examples of large and complex biological assemblies that are very 

difficult to study using traditional structural biology methods. Integrative modeling has proven to 

be successful in both cases and has helped to resolve decades-long mysteries about both systems. 

However, this methodology is still young and will continue to grow, especially with current 

advances in protein structure prediction and the rising interest in cryo-ET. This necessitates the 

development of standardized methods for validating integrative models to further advance 

structural biology and move away from studying isolated proteins without their physiological 

context. 
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