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Abstract 

Tubulin is a universally conserved molecule, found in all three domains of life. Tubulin 

filaments use energy derived from GTP binding and hydrolysis to organize cytoplasm. Although 

tubulin homologues share the same fold to their monomers and similar protofilament 

architecture, they assemble filaments with unique geometric designs.  Moreover, despite sharing 

the mechanism of self-assembly, wherein tubulin subunits require GTP binding to polymerize, 

and their polymerization stimulates GTP hydrolysis, tubulins exhibit distinctive dynamic 

properties. Together, unique filament architectures and dynamic properties determine a specific 

set of biological functions each tubulin family performs. The origins of tubulin filament 

architectural diversity and distinctive dynamic behavior are not well understood.  

We have been studying PhuZ tubulins, which are encoded by a few very large 

Pseudomonas ϕKZ-like bacteriophages. Our studies have shown that PhuZ assembles 

dynamically unstable spindle-like arrays that organize bacteriophage DNA at the cell midpoint, 

which somehow facilitates phage infectivity. Moreover, PhuZ monomer structure has the 

canonical tubulin fold, with a unique, highly conserved and extended C-terminus. The C-

terminus mediates protofilament contacts and is critical for polymerization both in vitro and in 

vivo.  

The main focus of this manuscript is the structural investigation of the molecular 

mechanisms underlying PhuZ dynamic behavior. In an attempt to explain how GTP binding and 

hydrolysis drives PhuZ filament turnover, we have conducted a number of electron 

cryomicroscopy studies (cryo-EM) on PhuZ filaments in both pre- and post- hydrolysis states. 

PhuZ forms a polar three-stranded polymer with an unusual subunit orientation. Its C-terminus 

guides a cooperative assembly of the three-stranded filament by mediating both longitudinal and 
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lateral interactions.  Upon assembly, the longitudinal interface, C-terminus and tubulin fold 

undergo polymerization-competent rearrangements. We propose that the energy of GTP binding 

is stored in the displacement of these structural elements. Also, our structural studies have 

revealed how the energy of GTP hydrolysis is stored in the PhuZ filament lattice. In particular, 

GTP hydrolysis, initially sensed by the T3 loop and C-terminus, is accompanied by unwinding 

and supercoiling of the filament lattice. Based on these observations, we propose an 

assembly/disassembly pathway of PhuZ filament. 
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 The tubulin cytoskeleton is an elaborate network of filaments, used by a cell to scaffold 

or move its environment. Tubulin filaments harness the energy of GTP binding and hydrolysis to 

continuously reorganize themselves and concomitantly power a multitude of energetically 

unfavorable cellular processes. Tubulin homologues are encoded by both eukaryotes and 

prokaryotes, and even by non-living entities such as bacteriophages (Kraemer et al., 2012; Oliva 

et al., 2012). Eukaryotes encode α/β-tubulin that assembles into microtubules, the polymers 

central to numerous essential cellular processes, such as segregation of genetic material, 

organization of cellular structures and facilitation of intracellular transport, cell motility, and 

division. Prokaryotes require FtsZ for recruitment of the septation machinery during binary 

fission. TubZ filaments facilitate stability of virulence plasmids in Bacillus species. Finally, there 

are tubulins such as BtubA and BtubB from Prosthecobacter, and TubZ encoded by Clostridium 

botulinum phage c-st, precise biological functions of which have yet to be described (Sontag et 

al., 2005; Oliva et al., 2012).  

Turnover of tubulin filaments is regulated on multiple levels. Microtubule assembly is 

controlled by the relative ratios of α- and β-tubulin isotypes, post-translational modifications, 

GTP binding and hydrolysis and proteins that associate with α/β-tubulin (Nogales, 2001). 

Regulation of assembly of prokaryotic tubulin filaments is simpler and depends on 

genetic/structural variability, GTP binding and hydrolysis, and actions of associated proteins. 

The Introduction will briefly describe findings of the past and recent structural studies that 

contributed to our understanding of how distinctive structural features of tubulin monomers 

confer unique three-dimensional (3D) structures of filaments they assemble. Moreover, this 

chapter will briefly summarize how nucleotide regulates tubulin filament turnover. The chapter 

serves as a precedent for the studies described in this manuscript, which have been concerned 
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with understanding how PhuZ monomer structural uniqueness, nucleotide binding and hydrolysis 

regulate its filament structure and dynamics. 

 

Tubulin Structure and Nucleotide Binding 

Although primary sequence identity between eukaryotic and prokaryotic tubulin families 

can be as low as 7%, all tubulin homologues share the same fold, the tubulin fold (Nogales et al., 

1998). The tubulin fold consists of the two major functional domains: the GTP-binding domain 

(S1-S6 strands and H1-H6 helices) that contains the Rossman fold and the intermediate domain 

also known as the GTPase activation domain (S7-S10 and H8-H10). The two domains are 

separated by the long helix H7.  The GTP-binding domain has a number of conserved loops that 

engage nucleotide (T1 through T6). The T1 through T4 loops make primarily backbone contacts 

with the nucleotide, and the T5 loop coordinates the sugar moiety. T4 contains the key tubulin 

consensus sequence, GGGTG(S/T)G, known as the G-box, that binds the phosphates (Nogales et 

al., 1998).  

The GTPase site is sandwiched between longitudinally-adjacent subunits that assemble 

protofilaments in a head-to-tail manner. The activation domain facilitates GTP hydrolysis on the 

GTP-binding domain via a set of conserved acidic residues found on T7 and H8 (Nogales et al., 

1998). These interactions involve one subunit binding GTP and another acting as its GTPase-

activating protein or GAP, catalytic residues of which are positioned in a close proximity to the 

γ-phosphate of GTP (Nogales et al., 1998b). These residues polarize a water molecule for 

nucleophilic attack on the γ-phosphate. 
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Unique Termini Delineate the Conserved Tubulin Fold 

The conserved tubulin fold is accessorized by divergent C- and N-terminal sequences. 

Flexible C-termini are found on the outer surfaces of tubulin filaments.  α/β-tubulin contains the 

unique C-terminal domain that includes the C-terminal hairpin formed by the antiparallel long 

helices H11 and H12, and the negatively charged, and flexible C-terminal tail (Lowe et al., 2001; 

Nogales et al., 1998). The domain is found on the microtubule exterior (Nogales et al., 1999) and 

binds a myriad of motors, and MAPs that regulate microtubule dynamics, and define its 

functions (Garnham et al., 2015; Serrano et al., 1984). The C-terminal tails are the most 

genetically and chemically diverse stretches of amino acids among α- and β-tubulin isoforms 

(Garnham and Roll-Mecak, 2012; Roll-Mecak, 2015). These variations confer distinct dynamic 

properties to microtubules enriched in certain α/β-tubulin isoforms (Panda et al., 1994). 

Moreover, the tails regulate microtubule assembly and architecture. Indeed, subtilisin-treated 

brain tubulin that lacks the tails assembles at a significantly lower critical concentration, forming 

polymer structures other than tubes (Bhattacharyya et al., 1985; Roll-Mecak, 2015).  

The FtsZ C-terminus consists of the intrinsically disordered C-terminal linker, highly 

conserved C-terminal tail and short C-terminal variable region (CTV). The variable in primary 

sequences C-terminal linker is needed for cooperative assembly of FtsZ filaments (Buske et al., 

2015). The C-terminal tail is a site of interactions between FtsZ and other members of the 

septation apparatus, e.g. FtsA and ZipA (Ma and Margolin, 1999; Mosyak et al., 2000). Finally, 

the CTV region has been described to mediate lateral interactions between FtsZ filaments (Buske 

et al., 2015).  

The carboxy-terminus of TubZ consists of long H11 followed by the flexible and basic C-

terminal tail. The tail binds TubRC, an adaptor protein in complex with the centromeric DNA 
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repeats, which in turn stabilizes the filament (Ni et al., 2010; Aylett and Lowe, 2012; Fink and 

Lowe, 2015). Moreover, a cryo-EM 3D reconstruction of two-stranded TubZ filament suggests 

that the tail is involved in filament nucleation by forming longitudinal contacts (Montabana and 

Agard, 2014). Indeed, truncating the extreme C-terminus abrogates TubZ filament assembly in 

vitro (Montabana and Agard, 2014). 

Roles of tubulin N-termini are not well known. Many FtsZ and TubZ have a short N-

terminal helix, H0. FtsZ protofilament utilizes the helix for longitudinal contacts (Oliva et al., 

2004), and TubZ uses it as a part of its general fold (Ni et al., 2010). Additionally, the study by 

Montabana and Agard, 2014 proposes that H0 is a part the lateral interface in four-stranded TubZ 

filament, and the stretch of lysines at the N-terminal loop stabilize the longitudinal interface in 

two-stranded TubZ filament. 

We just begin to understand functional significance of the tubulin termini. Due to high 

flexibility of these regions there is a shortage of structural data showing their configurations in 

the context of polymers. Indeed, there is but a handful of high-resolution structures of tubulin-

like polymers with only partially resolved C-terminal peptide sequences (Oliva et al., 2004; 

Montabana and Agard, 2014; Garnham et al., 2015).  

 

Tubulins Assemble Filaments with Distinctive Architectures 

A unique ultrastructure of a tubulin filament is an emergent property that arises from 

genetic variability. As longitudinal contacts are made between conserved sequences, tubulin 

homologues assemble structurally similar protofilaments. On the other hand, inter-strand 

contacts, often ionic in nature, are made primarily by loops divergent in sequences and lengths, 

which defines exclusive filament architectures (Cleveland, 1987).    
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α/β-tubulin heterodimers assemble microtubules. Microtubules are hollow cylindrical 

polymers with an outer diameter of 25 nm. In cells a microtubule usually consists of 13 

protofilaments arranged in the B-lattice with a single seam of A-lattice contacts (Davis and Gull, 

1983; Evans et al., 1985). The γ-tubulin complexes constrain the 13-stranded geometry of 

microtubule (Kollman et al., 2010). Differential ratios of α- and β-tubulin isoforms are believed 

to contribute to assembly of microtubules with non-thirteen-stranded geometries (Cleveland, 

1987; Savage et al., 1989).  In vitro microtubule lattice can accommodate from 12 up to 17 

protofilaments as a result of a set of flexible loops, such as the M-loop, that guide the formation 

of the lateral interface (Chretien and Wade, 1991; Sui and Downing, 2010).  

In cells, FtsZ is believed to form single-stranded filaments, assembled into a continuous 

ring through lateral contacts at the cell mid-zone (Li et al., 2007; Szwedziak et al., 2014). The 

exact molecular nature of these lateral contacts is not known, since in vitro FtsZ forms a variety 

of superstructures, ranging from single-stranded filaments, rings and sheets under different 

polymerization conditions and depending on the species-specific genetic differences (Erickson et 

al., 1996; Buske et al., 2015). This structural diversity precludes high-resolution studies of FtsZ 

filament structure. Recent mutagenesis studies have suggested that the highly variable CTV 

region of FtsZ from B. subtilis is necessary and sufficient to form inter-strand contacts in vitro. 

On the other hand, FtsZ from E. coli forms exclusively single-stranded filaments in vitro and its 

higher-order assembly in cells must be facilitated by other proteins (Buske et al., 2015; 

Szwedziak et al., 2014). 
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The Energy of GTP Binding is Stored in a Similar Manner within the Conserved Tubulin 

Fold 

 All tubulin homologues assemble in a GTP-binding dependent manner. How GTP 

binding induces polymerization-compatible structural changes in a tubulin subunit is not well 

understood. For example, α/β-tubulin heterodimer exists in two conformational states - straight 

(polymer state) and curved (solution state) (Erickson and Stoffler, 1996; Lowe et al., 2001; 

Ravelli et al., 2004). The allosteric model proposes that curved α/β-tubulin heterodimer 

straightens in context of the lateral interface of a growing microtubule lattice (Buey et al., 2006; 

Rice et al., 2008). Transition to a straight, polymerization-competent state is accompanied by a 

number of structural rearrangements within the tubulin fold of both α- and β-tubulin subunits, 

such as: rotation of their intermediate domains, movements of the T7 loop, H8 and H7 helices, 

and adjacent H6-H7 loop (Ravelli et al., 2004).   

FtsZ exhibits analogous to α/β-tubulin intra-subunit structural changes upon 

polymerization (Chen and Erickson, 2011). Similarly to the eukaryotic homologues, structural 

changes in the globular core of soluble FtsZ are independent of GTP binding. The X-ray 

crystallography studies on FtsZ showed no structural changes when the molecule is bound to 

GDP vs. GTP (Oliva et al., 2007). Unlike the conformational changes described for α/β-tubulin, 

polymerization-competent structural changes in an FtsZ subunit must be induced by the 

longitudinal assembly into a single-stranded filament (Chen and Erickson, 2011). 

Polymerization-dependent conversions in the TubZ globular core have not been observed, most 

likely due to inability to resolve these subtle conformational changes in the low-to-medium 

resolution structures of TubZ filaments(Aylett et al., 2010; Montabana and Agard, 2014) 
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Effect of GTP Hydrolysis on Tubulin Filament and Subunit Structures 

 Nucleotide hydrolysis induces diverse global and local structural rearrangements within 

a tubulin filament and subunit. At the early stages of microtubule disassembly hydrolysis of GTP 

leads to a subtle compaction (2 Å) of the interdimer longitudinal interface, collapse of the loops 

that directly engage the E-site nucleotide and translation of the catalytic T7 and H8 of α-subunit 

towards the minus end(Alushin et al., 2014)Moreover, H7 and the intermediate domain of the α-

subunit are displaced towards the plus end, and the C-terminal domains of both subunits move 

away from the lumen in response to hydrolysis (Alushin et al., 2014). Finally, at later stages of 

disassembly protofilaments separate and curve at the minus ends of shrinking 

microtubules(Mandelkow et al., 1991)  

Similarly to α/β-tubulin protofilaments, FtsZ protofilaments curve in response to GTP 

hydrolysis (Lu et al., 2000). The T3 loop relaxes after release of the γ-phosphate, which was 

proposed to trigger a hinge-opening motion of the longitudinal interface (Li et al., 2013).  

 TubZ filaments assume two different structures in a hydrolysis-dependent manner 

(Montabana and Agard, 2014). A four-stranded TubZ filament (GDP state) is ~120 Å in diameter 

with a hollow lumen and four-fold planar symmetry. The protofilaments in a two-stranded TubZ 

filament (GTP-like state) have minimal interstand contacts, and are offset from each other by a 

half-pitch distance. Additionally, the GDP-bound protofilaments are more twisted and present a 

hinge-like opening motion around the GTPase site. Montabana and Agard, 2014 propose that the 

two-stranded form is an intermediate state on the pathway to the four-stranded geometry. 
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Dynamic Behavior of Tubulin-like Filaments 

  After GTP is hydrolyzed a free energy, released after cleavage of the phosphate bond, is 

stored in the tubulin filament lattice, making the lattice metastable and, subsequently, triggering 

its disassembly. The released tubulin subunits exchange GDP for GTP and assemble new 

polymers. Rates of subunit addition and loss at filament ends define directional movement of the 

filament that can occur by either of the two major mechanisms called “treadmilling” or “dynamic 

instability” (Wegner, 1976; Mitchison and Kirschner, 1984). Treadmilling happens when the rate 

of subunit association at one end is equal to the rate of subunit loss at the other end of a filament, 

resulting at net growth of one end and net disassembly of another. Dynamic instability is the 

ability of polymer to stochastically switch between growth and rapid disassembly. The rapid 

disassembly of individual filaments happens when they lose GTP caps (Mitchison and Kirschner, 

1984). The GTP caps consist of GTP-bound subunits that crown the ends of a GDP-liganded 

filament whereby stabilizing it. Microtubules are dynamically unstable filaments, while TubZ 

filaments treadmill (Fink and Lowe, 2015; Larsen et al., 2007). Both types of dynamic behavior 

have been reported for FtsZ filaments (Popp et al., 2010; Redick et al., 2005).  

 

PhuZ Tubulin Homologue 

My thesis work in the Agard lab has been focused on structural and mechanistic studies 

of a novel tubulin cytoskeleton, called PhuZ, encoded by Pseudomonas bacteriophages. This 

novel tubulin family was found to have the conserved tubulin fold accessorized by the unique C-

terminus and higher-order in vivo assembly, and dynamic properties resembling those of 

microtubules (Erb et al., 2014; Kraemer et al., 2012). Intrigued by these findings, I wanted to 

know how the C-terminus contributes to the PhuZ filament architecture and assembly, and what 
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are the molecular origins of PhuZ dynamics. Chapter 2 describes the PhuZ filament structure and 

delineates mechanisms for the roles the C-terminus and GTP play in PhuZ assembly. Chapter 3 

describes a refined assembly and disassembly mechanisms, both derived from cryo-EM 

structures of the PhuZ filament in pre- and post-GTP hydrolysis states.  
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SUMMARY 

Tubulins are a universally conserved protein superfamily that carry out diverse biological 

roles by assembling filaments with very different architectures. The underlying basis of this 

structural diversity is poorly understood. Here, we determine a 7.1 Å cryo-EM 

reconstruction of the bacteriophage-encoded PhuZ filament and provide molecular-level 

insight into its cooperative assembly mechanism. The PhuZ family of tubulins is required 

to actively center the phage within infected host cells, facilitating efficient phage 

replication. Our reconstruction and derived model reveal the first example of a three-

stranded tubulin filament.  We show that the elongated C-terminal tail simultaneously 

stabilizes both longitudinal and lateral interactions, which in turn define filament 

architecture.  Identified interaction surfaces are conserved within the PhuZ family, and 

their mutagenesis compromises polymerization in vitro and in vivo. Combining kinetic 

modeling of PhuZ filament assembly and structural data we suggest a common filament 

structure and assembly mechanism for the PhuZ family of tubulins. 
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INTRODUCTION 

Tubulins play diverse and critical roles in eukaryotic and prokaryotic cell biology. In 

eukaryotes, α/β-tubulin heterodimers typically assemble into 13-protofilament microtubules 

required for chromosome segregation and cellular trafficking. By contrast, monomers of FtsZ 

facilitate septation in bacteria and archaea via protofilaments, and perhaps sheet-like structures 

(Lu et al., 2000; Li et al., 2007; Aylett et al., 2011), and the plasmid segregation protein TubZ 

from Bacillus thuringiensis forms 2- and 4-stranded filaments (Aylett et al., 2010) (Montabana & 

Agard, unpublished data).  This remarkable diversity in polymer architecture is mirrored by a 

significant divergence in protein sequence, which leads to variations in the length of loops and 

the presence or absence of N/C-terminal extensions (Nogales et al., 1998a; Ni et al., 2010). 

However, the underlying physical basis for these differences in filament structure is only poorly 

understood.  

Despite significant divergence in primary amino acid sequences, the core fold of the 

tubulin/FtsZ superfamily of proteins is highly conserved. The structure consists of the 

nucleotide-binding N-terminal domain and the activation domain, which facilitates GTP 

hydrolysis via interaction of catalytic residues on the T7 loop, and H8 with the nucleotide-

binding domain of the previous subunit in the filament. The two globular domains are separated 

by a long central helix, H7. Limited regions of strong sequence conservation are found in the 

loops required for GTP binding and hydrolysis, such as the G-box, the T7 loop and H8 (Nogales 

et al., 1998a). The divergent C-terminal tails of many tubulins are directly involved in binding 

associated factors and regulatory proteins (Aylett et al., 2011). Beyond these core structural 

elements, all tubulin homologues have a remarkably similar longitudinal (head-to-tail) mode of 

assembly (Nogales et al., 1998b; Lowe and Amos, 1999) that is dependent on GTP binding 
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(Weisenberg, 1972; Bramhill and Thompson, 1994). Moreover, assembly juxtaposes the catalytic 

T7 loop of one subunit with the GTP exposed in the interface of the one below, whereupon 

stimulating its hydrolysis. 

Recently a new set of tubulin-like proteins, encoded by bacteriophages, has been 

described (Oliva et al., 2012; Kraemer et al., 2012; Aylett et al., 2013). One of these proteins, 

PhuZ, from bacteriophage 201φ2-1 (hereafter referred to as PhuZ201) was shown to form a 

highly-dynamic, spindle-like cytoskeleton within infected Pseudomonas chlororaphis cells that 

functions to both cluster and center 201φ2-1 phage particles at the cell midpoint. Interfering with 

PhuZ201 dynamics perturbs centering and compromises phage production (Kraemer et al., 2012). 

PhuZ201 belongs to the PhuZ family of tubulin homologues (Kraemer et al., 2012), encoded by 

the genomes of very large bacteriophages from the “φKZ-like viruses” genus and the phage EL 

(Krylov et al., 2007; Lavigne et al., 2009). Virion particles of these giant Pseudomonas phages 

(211-317 kb in size) can have heads as large as 145 nm in diameter and 200 nm tails (Fokine et 

al., 2007). For such large viruses, diffusion within the host cell is likely quite restricted, perhaps 

explaining the reliance on a tubulin cytoskeletal element. 

The atomic structure of PhuZ201 bound to GDP showed that while PhuZ201 has a 

conserved tubulin/FtsZ-like fold, it possesses several unique features, including an unusually 

long helix H11, and an extended C-terminus. PhuZ201 also lacks H6, which contributes to 

longitudinal interactions in other tubulin homologues (Kraemer et al., 2012; Nogales et al., 

1999), raising questions as to how PhuZ201 forms filaments.  Though the crystal lattice appeared 

to contain protofilaments, adjacent longitudinal subunits were separated far more than usual, 

forming a “relaxed” longitudinal interface, and the vast majority of intra-protofilament 
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interactions were derived from the interactions between the C-terminal tail and the adjacent 

longitudinal subunit. Highly conserved acidic residues on the C-terminal tail of one subunit (the 

“acidic knuckle”) make electrostatic contacts with a basic patch, formed by H3, H4 and H5, of 

its longitudinal neighbor.  The importance of these C-terminal tail interactions for filament 

assembly was confirmed both in vitro and in vivo by mutagenesis (Kraemer et al., 2012). 

Together, these structural and functional results suggested a unique mechanism of filament 

assembly. Recently, atomic structures of a closely related PhuZ protein, PhuZKZ (φKZ TubZ), 

encoded by the bacteriophage φKZ, were solved revealing a high degree of structural similarity 

to PhuZ201, equivalent extensive longitudinal interactions mediated by the C-terminal tail, but 

with a more canonical tubulin/FtsZ “tense” longitudinal interface (Aylett et al., 2013). 

In this work, we use cryo-EM to define the first high resolution three-dimensional (3D) 

architecture of a three-stranded tubulin filament, and use a combination of solution 

polymerization measurements, kinetic modeling, and mutational analyses to confirm the 

relevance of this architecture in vitro and in vivo, and to understand the PhuZ201 assembly 

mechanism. Based on a derived pseudo-atomic model and site-directed mutagenesis, conserved 

charged residues within the C-terminus are identified that are essential for stabilizing three-

stranded lateral interactions and filament assembly. These data allow us to propose a model for 

the structural origins of polymer metastability. Finally, by virtue of the high conservation of the 

residues that form filament contacts in PhuZ201, we propose that the mechanism of PhuZ201 

filament assembly and its architecture are also conserved among the members of the PhuZ 

family. 

 



! 19!

 

RESULTS 

PhuZ201 assembles three-stranded filaments. To gain molecular insight into the mechanism of 

phage centering by PhuZ201, we sought to determine the three-dimensional filament structure by 

electron microscopy (EM). While the filaments might have seemed to be two-stranded at first, 

the unusual pattern of regular intensities along the filament axis seen in reference-free two-

dimensional (2D) class averages of negatively stained PhuZ201 filaments is more consistent with 

a three-stranded architecture (Fig. 1A). These observations suggested a filament geometry 

distinct from that seen in the crystal (Kraemer et al., 2012). Fourier transforms of reference-free 

2D averages of 500 segments of PhuZ201 polymerized in either 1mM GTP or the slowly-

hydrolysable GTP analogue, GMPCPP, looked indistinguishable, suggesting a similar filament 

architecture in the GDP or GTP state (Fig. 1B). As a result, and to avoid potential structural 

heterogeneity resulting from variability in GTP hydrolysis, the reconstruction was performed on 

frozen-hydrated PhuZ201 filaments assembled in the presence of 1mM GMPCPP. 

To look for complementary evidence of this unusual three-stranded organization and to 

gain insight into the assembly mechanism, PhuZ201 growth kinetics were measured by right-angle 

light scattering at various concentrations in saturating (1 mM) GTP (Fig. 1C). Polymerization 

experiments were carried out in BRB80 buffer pH 7.2 to limit the formation of bundles, and the 

resultant critical concentration of 2.5 ± 0.1 µM was slightly lower than that previously reported 

for polymerization at pH 6.8 (Kraemer et al., 2012). No single step model for progression to the 

nucleus, defined as the minimum number of monomers assembled where polymerization is more 

favorable than depolymerization, fit the experimental data. Instead, a multi-step formalism 
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derived from that developed by Flyvbjerg and colleagues (Flyvbjerg et al., 1996), where multiple 

subunits can come together in multiple steps, was applied with modeling in Berkeley Madonna, a 

differential equation-based modeling software. The data were best described by a model wherein 

filaments form in two major kinetic steps: first bringing six monomers together, followed by 

further addition of a dimer. A nucleus size of six is consistent with a three-stranded filament, 

where forming two full layers would satisfy all inter-monomer contacts required for growth. 

Cryo-EM in conjunction with a single particle helical analysis method (Frank et al., 1996; 

Egelman, 2000, 2007) was used to determine the 3D structure of the PhuZ201-GMPCPP filament 

(Experimental Procedures). To better assess the resolution of the final map and to minimize 

overfitting, we used the “gold standard” procedure in which two separate reconstructions are 

independently developed from non-overlapping halves of the data and then compared at each 

cycle to optimize estimation of the current resolution, and filtering for the next round of 

parameter refinement (Scheres and Chen, 2012). The final PhuZ201 3D map had a conservative 

resolution of 7.1 Å, based on the 0.5 Fourier Shell Correlation cutoff (Fig. S1A), and had refined 

to the helical symmetry parameters of 

 -116.4° rotation and 14.4 Å axial rise per subunit. The determined helical parameters were 

robust, as convergence to the same solution was achieved from different starting values of both 

helical parameters (Fig. S1B, and data not shown). While the filament is a left-handed one-start 

helix, the azimuthal rotation of less than -120° per subunit results in an overall right-handed 

supertwist (Fig. 2A). The hand of the supertwist was confirmed by tomography (data not shown). 

Moreover, computational experiments using different helical symmetries were done to 

demonstrate that all three strands were parallel (data not shown). The three-stranded architecture 

of the polymer is distinct from that of other cytomotive filaments characterized to date (Fig. 2B). 
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PhuZ201 subunits are uniquely oriented within the filament. To interpret the cryo-EM map on 

a molecular level a pseudo-atomic model of the PhuZ201 filament was built using the known 

atomic structure (Kraemer et al., 2012) (Fig. 2C). At the obtained resolution, although individual 

β-strands were not resolvable, all α-helices, many loops and the C-terminal tail (the most C-

terminal 21 residues) could readily be fit, allowing unambiguous docking of the PhuZ201 atomic 

model into the map. Fitting of the two globular domains and H7 separately into the map density 

resulted in a better fit to the map; the overall displacement was less than 1 Å suggestive of slight 

conformational changes within the tubulin core. However, such simplistic fitting resulted in a 

worse fit for a number of loops, and we felt the resolution was insufficient to justify the 

significant rebuilding required. Consequently, we focus here on the compromise fit, treating the 

entire core as a single rigid body. By contrast, the C-terminus (H11 and the C-terminal tail) 

required significant adjustments to fit into its corresponding cryo-EM density (Fig. S1). 

Particularly, the acidic knuckle (the last 13 residues of the 21 residues of the C-terminal tail) 

(Kraemer et al., 2012) needed to be moved together with the upper subunit, which resulted in ~6 

Å displacement and 10.8° rotation of the knuckle towards the outer surface of the filament (Fig. 

S1C). This preserved all of the acidic knuckle interactions observed in the crystal structure 

(Kraemer et al., 2012). An important consequence of this movement was to prevent clashes 

between the knuckle with H5 of the upper subunit and H9 of a subunit in the neighboring strand. 

To adapt to the movement, the rest of the tail structure needed to be repositioned towards the 

neighboring strand. Since the required motion was complex, a flexible fitting procedure was used 

(Supplemental Experimental Procedures), shifting residues F295-I302 of the tail by on average 

3.5 Å towards the adjacent strand to bring them into their map density (Fig. S1D). Additionally, 

H11 was tilted by 6° towards the lumen to reposition it more upright within the three-stranded 
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filament (Fig. S1E). The overall correlation coefficient between the model and the map improved 

from a starting value of 0.610 to 0.640 following fitting. 

The model of the PhuZ201 filament (Fig. 2C, Movie S1) revealed that the subunit 

orientation along the filament axis is unique with the subunit rotated by ~180º about the long 

axis of the filament when compared with α/β-tubulin’s orientation within microtubules and TubZ 

subunit’s orientation within the four-stranded filament (Nogales et al., 1999), (Montabana & 

Agard, unpublished data). Particularly, the PhuZ201 N-terminus faces the exterior of the filament 

and most of the C-terminus (H11 and the C-terminal tail) faces the interior (Fig. 3A, B). The N-

terminal domain defines the outer surface of the filament, whereas the lumen is dominated by the 

activation domain, H11 and the C-terminal tail. The acidic knuckle is largely sequestered from 

solvent along the axis of the filament (except for E310), but, of course, would be fully solvent-

exposed at the plus end of the filament. The crescent-shaped subunits are oriented such that the 

curved helices H1, H2 and H3 construct the outer surface of the filament (Fig. 3A), and the 

straight long helices H5, H7, and H11 (Fig. 3B), surrounding the large acidic pocket left in place 

of the missing H6, outline the lumen. The filament is not a hollow tube, as its lumen is filled by 

the map densities connecting the protofilaments and the densities corresponding to the C-termini 

(Fig. 2B, Movie S1). The unique monomer orientation arises as a consequence of distinctive 

lateral interactions for a tubulin/FtsZ-like filament. 

Based on the fit model, the C-terminus of each PhuZ201 subunit contacts three other 

subunits: a laterally adjacent dimer as well as the adjacent longitudinal subunit (Fig. 3C). To aid 

in describing the unique interactions that a subunit makes within the three-stranded filament, we 

label subunits contacted by a subunit (#0) as follows: #1 is a longitudinally adjacent subunit 
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within the same protofilament, #2 is a laterally adjacent subunit at the plus end and #3 is a 

laterally adjacent subunit at the minus end of the neighboring protofilament (Fig. 3C). As 

described previously, the nine, primarily charged, most distal C-terminal residues of the acidic 

knuckle of the subunit #0 contact subunit #1 (Kraemer et al., 2012), while at least three other 

contacts are formed between other residues in the C-terminal tail and residues in the subunits #2 

and #3. These interactions are electrostatic/polar in nature and contribute 680 Å2/subunit of 

buried surface area. In detail, D303 and D305 of the acidic knuckle of the subunit #0 were found 

to be in close proximity to K238 of H10 and R217 of H9 of the subunit #2 (Fig. 3D). 

Additionally, N299 of the subunit #0 seems to form a polar interface with Q157, found in the S6-

H7 loop of the subunit #3, while R290 of H11 (#0) contacts E225 in the H9-S8 loop of the 

subunit #3 (Fig. 3D, E). The abovementioned fitting adjustments to the C-terminus were 

essential to make these inter-strand contacts, thereby providing insights into structural 

rearrangements that accompany filament formation. 

Mutations to conserved residues in the predicted lateral interface disrupt PhuZ201 filament 

formation. To test the validity of the predicted lateral interaction surfaces, point mutations to 

some of the residues were generated and mutants were tested for the ability to polymerize by 

right-angle light scattering, high-speed pelleting assay and negative stain EM. Based on 

proximity in the model, alanine mutations were made to putative salt-bridge forming residues 

D303, D305 within the conserved IIDXDD motif and the also well-conserved R217 (Fig. S2). 

Importantly, D303 and D305 were solvent-exposed in the PhuZ201 crystal structure and 

consequently did not appear to be relevant for the formation of longitudinal interactions 

(Kraemer et al., 2012). The D303A mutation had a mild effect on PhuZ201 assembly, with a 
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critical concentration of 3.7 ± 0.2 µM and a slightly longer lag phase than that observed for the 

wild type (Table S1, Fig. 4A). The D305A mutation was more severe, with the mutant 

assembling at a critical concentration of 4.1 ± 0.4 µM (Table S1). The D305A assembly curve 

had a long lag phase and decayed soon after it reached its peak, which suggested assembly of 

less stable filaments (Fig. 4A). Combining these mutations had an additive effect, with the 

D303A/D305A double mutant polymerizing with a critical concentration of 9.4 ± 0.3 µM (Table 

S1), a lag phase longer than either of the single mutants, and a rising and falling polymerization 

curve similar to the one measured for D305A, likely indicative of polymer instability (Fig. 4A). 

In order to examine unstable structures the double mutant formed, it was assembled in excess 

GMPCPP and imaged via negative stain EM. The mutant still formed three-stranded filaments, 

although very rarely (Fig. S3A). By contrast, the R217A mutation resulted in no detectable 

polymerization measured by right-angle light scattering, even at concentrations as high as 30 µM 

(Fig. 4A). In the presence of GMPCPP, PhuZ201-R217A formed only amorphous structures (Fig. 

S3B). 

 These observations supported the relevance of R217 and D305, which are predicted by 

the model to form a salt bridge stabilizing the lateral interface (Fig. 3D). To test this prediction, 

individual charge reversal mutations, R217D and D305R, along with the charge-swap double 

mutant, R217D/D305R, were generated, and their functional consequences examined. Similar to 

the R217A mutant, PhuZ201-R217D was unable to form any detectable polymer at concentrations 

up to 30 µM (Fig. 4A, B), but formed amorphous structures in GMPCPP (Fig. 4C). The D305R 

mutant was also severely polymerization-compromised (Fig. 4A, B), with a critical concentration 

of 8.0 ± 0.2 µM (Table S1). The mutant no longer appeared to assemble into three-stranded 
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filaments, but formed rare, short and twisted structures with a variable number of strands (Fig. 

4D). PhuZ201-D305R polymerized with almost no lag phase and was unstable in GTP, suggesting 

that the structures it formed lacked key stabilizing interactions (Fig. 4A). By contrast, combining 

the R217D and D305R mutations recovered polymerization (Fig. 4A, B), albeit with a 

significantly higher critical concentration (5.9 ± 0.3 µM) (Table S1). Importantly, the double 

mutant also restored formation of three-stranded filaments (Fig. 4E). These observations support 

the existence of a salt bridge between R217 and D305, and confirm its importance for polymer 

assembly. 

 To test whether PhuZ201 uses the same surfaces for its assembly in vivo, we examined the 

ability of these mutant proteins to make filaments in P. chlororaphis cells. Fusion constructs of 

the wild type and the mutant versions of PhuZ201 fused to green fluorescent protein were 

generated, and conditionally expressed from a plasmid. Both the D303A and D305A mutations 

impaired filament formation in vivo (Fig. 5A, B), with the D305A single mutant and the 

D303A/D305A double mutant having the most severe affects. Additionally, the R217A, R217D 

or D305R mutants completely eliminated filament formation in cells (Fig. 5C, D). In accordance 

with the in vitro observations, the double mutant R217D/D305R resulted in a partial restoration 

of the ability to assemble filaments in about 15% of cells when expressed at high levels (grown 

in the presence of 2% arabinose) (Fig. 5C, D). Those filaments that formed were dynamic and 

appeared to be similar to the wild type filaments. The in vivo observations are completely 

consistent with the in vitro assembly behavior of the mutants, suggesting that PhuZ201 assembles 

into filaments with at least three strands. These findings demonstrate the importance of the 

conserved residues for the establishment and stability of lateral interactions, and suggest a 

conserved mechanism for the filament formation within the PhuZ family of tubulin homologues. 
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Comparison of the filament structure to crystal structures reveals origins of twist and 

movement of the C-terminal tail. As demonstrated nicely by a morph (Movie S2) between the 

crystallographic protofilaments (3r4v and 3ZBQ) (Kraemer et al., 2012; Aylett et al., 2013) and 

the structure of the three-stranded filament, the PhuZ201 dimer undergoes a striking 

rearrangement upon incorporation into the filament lattice. PhuZ201 subunits form a canonical 

tense tubulin/FtsZ longitudinal interface in the presence of the γ-phosphate (Movie S2). Within 

the PhuZ201-GMPCPP filament a subunit buries 840 Å2 surface area at the tense interface as 

opposed to 188 Å2/subunit at the relaxed interface observed within the PhuZ201-GDP crystal 

(Kraemer et al., 2012) (Fig. 6A). To compare subunit packing within the filament to the post 

GTP-hydrolysis arrangement depicted within the PhuZKZ-GDP (3ZBQ) protofilament (having no 

twist and 43.5 Å pitch) (Aylett et al., 2013),  we modeled the straight protofilament by separately 

superimposing two PhuZ201 monomers over a PhuZKZ longitudinal dimer using the N-terminal 

domains (residues 2-160 in PhuZ201 and 4-174 in PhuZKZ), but excluding the activation domains 

and the C-termini,  for alignment. The post-hydrolysis longitudinal interface in the PhuZKZ-like 

dimer model buries 930 Å2/subunit. While the ~11° twist between longitudinally adjacent 

subunits and the slightly smaller pitch of the PhuZ201-GMPCPP filament (43.2 Å) results in a 

small decrease in the longitudinal buried surface area compared to the PhuZKZ-like subunit 

packing, the overall effect is to tighten contacts around the GTP-binding pocket. Within a 

GMPCPP dimer the contact surface between H10 and H7 is weakened, but tighter contacts are 

established between the T7 and the S2-S3 loops, and the catalytic N-terminus of H8 with the T3 

loop of the subunits #1 and #0 respectively (Fig. 6B). Measured distances from the catalytic Asp 

on the T7 loop to the β-phosphate are the same in the PhuZ201-GMPCPP dimer and the PhuZKZ-
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like state: 6.7 Å and 6.8 Å respectively, but much shorter than in PhuZ201-GDP (10.5 Å) (Fig. 

6B). 

The other significant consequence of filament formation is that both the twist and the 

structural rearrangement of the C-terminus contribute to the establishment of the lateral interface 

(Movie S2). The twist between longitudinal subunits brings the finger-like IIDXDD motif of the 

subunit #0 and the shape-complementary basic cavity, defined by R217 and K238, of the 

laterally adjacent subunit #2, ~5 Å closer towards each other.  Moreover, the C-terminus of the 

subunit #0 pulls away from the side of the longitudinal subunit #1 in order to form lateral 

interactions with the subunits #2 and #3 (Fig. 6A and Movie S2). While the majority of the 

contacts made by residues of the acidic knuckle remain intact, the remaining residues of the C-

terminal tail and H11 (K294-D306) separate in order to establish lateral interactions (Fig. 6A). 

This movement shifts the Cα of N299 of the subunit #0 ~2 Å closer towards the Cα of Q157 of the 

subunit #3 placing the two alpha carbons ~5 Å apart. The C-terminal helix, H11, of the subunit 

#0 is also tilted towards the central axis of the filament to form a putative salt bridge between 

R290 and E225 of the subunit #3. The net result of these C-terminal tail movements is a 

significant loss of the intra-subunit buried surface area: 780 Å2/subunit in the filament vs. 1,226 

Å2/subunit in the crystal (Kraemer et al., 2012) (Fig. 6A). This energetically unfavorable loss of 

intra-protofilament interactions is compensated by the establishment of new lateral interactions, 

resulting in an overall larger surface area buried per subunit in the three-stranded filament versus 

the crystallographic protofilament. 

 

DISCUSSION 
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While the core tertiary structure is well conserved in the tubulin/FtsZ superfamily, a high degree 

of sequence variation, including insertions and deletions in loops and termini, leads to divergent 

filament morphologies. Since only the structures of microtubules and TubZ have been 

determined to even moderate resolution (Sui and Downing, 2010), (Montabana & Agard, 

unpublished data), we are just beginning to understand how these sequence variations define 

polymer architecture. Here, we describe the unique three-stranded filament structure of a phage-

encoded tubulin homologue, PhuZ201, at 7.1 Å resolution by cryo-EM. Docking the crystal 

structure of PhuZ201-GDP (Kraemer et al., 2012) into the map reveals the critical role that the C-

terminal tail plays in filament assembly. As previously noted, the acidic residues in the tail of 

one subunit (#0) bind to a well-defined basic pocket in the longitudinal subunit (#1) to stabilize 

protofilament interactions (Kraemer et al., 2012). Remarkably, the other solvent exposed acidic 

residues, within the conserved IIDXDD motif, are shown here to mediate lateral interactions 

with both #2 and #3 subunits in adjacent protofilaments. To mediate lateral contacts, the C-

terminal tail undergoes a significant conformational rearrangement upon assembly, trading off 

intra-protofilament interactions for inter-protofilament interactions, with only the acidic knuckle 

retaining its original longitudinal contacts. While tubulin C-termini have been described to be 

involved in binding interactions with non-tubulin partners, this use of a C-terminus in defining 

filament architecture, leading to cooperative assembly represents a new polymerization 

mechanism. 

Importantly, residues forming both the lateral and longitudinal contacts observed here for 

PhuZ201 are conserved in the related phage tubulins PhuZPA3 and PhuZKZ (Fig. S2 and Fig. S4A, 

B). While D303, D305 and R217 are found in all three homologues, lysine (K238) is 
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conservatively substituted for arginine in PhuZPA3 and PhuZKZ. Moreover, the putative polar 

interface most likely exists in PhuZPA3 and PhuZKZ as well, since N299 and Q157 are identical or 

have conservative substitutions in these proteins. Finally, the putative electrostatic interface 

between R290 and E225 is conserved in PhuZKZ, and while R290 is missing in PhuZPA3, there is 

an arginine one helical turn away (R294) that could interact with E225. Thus, based on 

conservations of critical interactions, we propose that both PhuZKZ and PhuZPA3 form similar 

three-stranded polymers. In support of this, a 2D class average of segments from PhuZPA3 

filaments shows a pattern characteristic of a three-stranded polymer (Fig. S4C, Fig. 1A).  By 

contrast, the fourth, more evolutionary divergent PhuZ family homologue, PhuZEL, encoded by 

bacteriophage φEL that does not belong to the “φKZ-like viruses” genus (Lavigne et al., 2009), 

shows significant variations at the lateral interface, suggestive of a different filament 

architecture. We had also previously identified a subset of proteins (Cb, Ck, Ca and Cl) 

belonging to a family of Clostridial chromosomal tubulin homologues that also have acidic 

knuckle sequences (Kraemer et al., 2012). Intriguingly, these tubulins show conservation in a 

number of the key interactions that define the polymer contacts identified here (Fig. S2), 

suggesting their filament morphologies may be related. 

The structural and kinetic data from this study and the three structures described in 

previous studies (Kraemer et al., 2012; Aylett et al., 2013) provide insight into the mechanism of 

PhuZ filament assembly and the role of the γ-phosphate in setting up the metastability required 

for filament dynamics (Fig. 7). We propose that these structures relate to distinct stages in the 

assembly process. First, GTP-bound monomers (PhuZKZ 3ZBP) (Aylett et al., 2013) would 

associate via the extensive interactions between the C-terminal tail of one monomer (#0) and 
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binding pocket of the #1 monomer forming longitudinal dimers (PhuZ201 3r4v) with a relaxed 

subunit-subunit interface (Kraemer et al., 2012). In the presence of GTP, this state is likely in 

equilibrium with a compacted form corresponding to a straight tense interface observed within 

the crystallographic protofilament (PhuZKZ 3ZBQ) (Aylett et al., 2013). The linker allows the 

longitudinal subunit-subunit interface to elastically transition between these two states: relaxed 

(47Å) (Kraemer et al., 2012) and tense (~43.5 Å) (Aylett et al., 2013). Three of these dimers then 

laterally associate further reorganizing the C-termini, twisting and moving out their C-termini to 

fulfill all of the filament contacts within the hexameric nucleus. The energetically unfavorable 

loss of longitudinal contacts and strain from the twisting are stabilized by the newly formed 

lateral interactions and the presence of the γ-phosphate. The filament then grows by further 

addition of GTP-bound monomers and dimers. We propose that upon GTP hydrolysis, strain 

resulting from twisting and displacement of C-terminal interactions within each subunit is 

trapped by cooperative lattice interactions, leading to metastability and highly dynamic 

filaments.  

Previous work had shown that dynamic PhuZ filaments are necessary for clustering and 

centering phage particles within the host bacterial cell. Interfering with filament dynamics leads 

to offset fragmented clusters and a significant decrease in phage burst size (Kraemer et al., 

2012). Given its conservation among the members of the PhuZ family, the specific choice of a 

three-stranded architecture must somehow be particularly important for the viral replication 

cycle. One possibility is that the three-stranded filament morphology could provide a stiffer 

structure than the more common two-stranded architecture of plasmid-segregating prokaryotic 

actins in order to move such very large phage particles (200nm+) or their genomes in a crowded 
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cytoplasm. Another intriguing possibility is that the filament’s three-stranded architecture might 

be a structural adaptation that facilitates interactions directly, or indirectly through an adaptor 

protein, with three-fold symmetry centers within the capsid or tail. 

There are a number of potential protein-protein interaction surfaces in PhuZ that could be 

functionally important. Of particular note is the acidic C-terminal tail. Within the body of the 

filament the tail is sequestered in the lateral interface, but it is completely exposed at the plus-

end of the filament. Thus, this could provide a unique polar binding site for linkage to DNA or 

the phage in a manner reminiscent of the interaction between ParM filaments and the end-

binding ParRC complexes that connect the filament to plasmid DNA (Garner et al., 2007; 

Gayathri et al., 2013). Alternatively, among the conserved surfaces exposed along the filament is 

an acidic patch, defined by D235, D259 and D263, that is in close proximity to the lateral 

interface formed by the IIDXDD motif and the basic pocket defined by R217 and K238 (Fig. 

S4B). 

The unusual three-stranded architecture of the filament and the novel role of the C-

terminus pose intriguing questions about PhuZ filament dynamics and its biological role. 

Although the filament structure suggests how the energy of GTP is stored within the helical 

lattice - through the bending of the C-terminus and the supertwist - how this structure defines the 

dynamic properties of the polymer remains to be explained. Future high-resolution structural 

studies of PhuZ201 bound to different nucleotides, both in monomeric and filamentous forms, 

complemented by kinetic solution and modeling studies are needed to answer this question. 

Beyond this, the major issues going forward concern the physical and possible regulatory 

coupling of polymer dynamics to phage maturation and host cell positioning. Whether this only 
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involves phage-encoded proteins or whether host proteins are also recruited remains to be 

determined. 

ACCESSION CODES 

The EM reconstruction and atomic coordinates have been deposited in the Electron Microscopy 

Data Bank, and the RCSB Protein Data Bank with accession codes EMD-5783 and 3J5V 

respectively. 

EXPERIMENTAL PROCEDURES 

Protein Expression and Purification. The genes encoding PhuZPA3 and PhuZ201 were cloned 

into pET28a (+) with a 6-His tag on the N terminus and expressed in BL21(DE3) cells under an 

IPTG-inducible T7 promoter. The PhuZ201 mutants were generated by two primer site-directed 

mutagenesis PCR. 1 mM IPTG was added once cells reached an OD600 of  0.7 at 37°C and 

protein was allowed to express for 8 hr at 16°C before the cells were pelleted. Cells were lysed in 

a buffer containing 250 mM KCl, 50 mM HEPES pH 7.4, 1 mM MgCl2, 10% glycerol, 1mM 

DTT. EDTA-free protease inhibitor tablets were included during lysis. 250 mM imidazole was 

added to elute the protein from the Ni-NTA resin. The 6-His tag was cleaved overnight at 4°C by 

thrombin protease, followed by gel filtration chromatography (Superdex 200) in a buffer as 

described above, but omitting glycerol. 

Negative Stain Electron Microscopy. 10 μM PhuZ was polymerized in BRB80 pH7.2 with the 

addition of 1 mM GMPCPP for 2 min at room temperature. 4 μl of polymerized protein was 

applied to carbon-coated grids after glow-discharging, unbound sample was washed away with 

water and grids were stained with 0.75% uranyl formate. Micrographs were collected on Tecnai 
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T12 or T20 microscopes (FEI Co.) using accelerating voltage 120 kV or 200 kV and 

magnification X52,000 or X50,000 respectively. Images were recorded with a 4k X 4k charge-

coupled device (Gatan, Inc.). 

Sample Preparation and Data Collection for Cryo-Electron Microscopy. 20 μM of PhuZ201 

was polymerized in 50 mM HEPES pH 8, 125 mM KCl, 5 mM MgCl2, 5% glycerol and 1 mM 

GMPCPP for 1 minute at room temperature. 2 µl samples were applied on C-FLAT holey carbon 

grids and plunge-frozen into liquid ethane using Vitroblot (FEI Co.) Micrographs were collected 

on Technai F20 operating at 200V.  Images were recorded with an 8k X 8k TemCam-F816 

camera (TVIPS) at a magnification X62,000, corresponding to a pixel size of 1.204 Å. Total 

electron dose was in the range of 25-30 e- per Å2 and images were acquired over an underfocus 

range of 0.7 to 2.5 µm. 

Image Processing. CTFFIND was used to determine defocus parameters (Mindell and 

Grigorieff, 2003). Contrast transfer function (CTF) was corrected by applying Weiner filter to 

the entire micrograph. 461 cryo-EM micrographs were CTF-corrected, and 460-pixel segments 

with 40 pixels shift for each segment were extracted from the micrographs. The large segment 

size was chosen to maximize the accuracy of image alignment in the initial rounds of 

reconstruction. Reconstructions were determined by iterative helical real space reconstruction 

(IHRSR) (Egelman, 2000), performed essentially as described by Egelman et al, 2000, but 

following the “gold standard” procedure (Scheres and Chen, 2012) with two models refined 

independently to optimize resolution estimates and minimize data overfitting.  SPIDER (Frank et 

al., 1996) was used for multireference alignment, projection matching, back projection and 

hsearch_lorentz program was used for symmetry search (Egelman, 2000). A preliminary 
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reconstruction (reconstructed without the application of the “gold standard” procedure) of the 

filament starting from a plain cylinder was carried out. Then, the obtained model was low-pass 

filtered to 40Å and used as starting references for the reconstruction (with the application of the 

“gold standard” procedure) of the cryo-EM map shown in this work.  Reference projections were 

generated at 2° intervals perpendicular to the helix axis and up to 12° out-of-plane tilt. The 

segments were rejected based on the excessive shifts perpendicular to the helix axis and rotations 

deviating from average rotations for filaments. Filaments containing less than 70% (initial 

rounds of alignments) or 90% (final rounds of alignment) segments determined as having the 

same polarity were discarded. After ten initial rounds of alignment, the segments were 

recentered, applying the determined in the tenth round of refinement shift values, with respect to 

the helix axis. Then, the segments were masked to 260 pixels along the helix axis, to minimize 

the effect of filament bending, and 120 pixels perpendicular to the axis with a cosine-edged 

mask. The initial rounds of projection matching were carried out using 2X binned data, while the 

final rounds were performed on unbinned images. An FSC curve was calculated between the two 

reconstructions at the end of each refinement round and the volumes were low-pass filtered to an 

estimated resolution, and then these volumes were used as the references for the next round of 

refinement. At the last round of refinement the half reconstructions were combined to obtain the 

final cryo-EM model. A total of 69,729 unique PhuZ201 subunits contributed to the final 

reconstruction. The map was low-pass filtered to 7.1 Å and sharpened with a -1200 Å2 B-factor. 

While this is somewhat large value, even at this level of sharpening the map had very little noise. 

Molecular graphics and analyses were performed with UCSF Chimera (Pettersen et al., 2004). 

Noise in the final 3D map was eliminated for display purposes using UCSF Chimera “Hide 

Dust” option (Pettersen et al., 2004). 
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Light Scattering. Protein was thawed and spun at 80,000X RPM in a TLA100 rotor (Beckman) 

at 4° C prior to all light scattering assays. Right-angle light scattering was conducted by mixing 

PhuZ201 with BRB80 pH 7.2 (80 mM PIPES, 1 mM MgCl2, 1 mM EGTA, pH 7.2 with KOH) 

containing GTP using a micro-volume stopped-flow system designed in-house. An illumination 

wavelength of 532 nm was used. Critical concentrations were determined by plotting the 

maximum intensity versus PhuZ201 concentration for each mutant. The x-intercept of this plot 

was used as the critical concentration. 

Pelleting assay. Protein samples were spun down for 5 min at 4°C at 80,000X RPM in a 

TLA100 rotor (Beckman) to remove protein aggregates. 10 μM protein was polymerized in 

BRB80 pH 7.2, 1mM DTT and 2mM GTP for 2 min at room temperature and spun down at 

80,000X RPM for 30 min at 4°C.  Supernatant and pellet were analyzed by SDS-PAGE 

electrophoresis using 12% gel, stained with a Coomassie reagent. 

Strain Construction. All mutant strains used (Table 1) were constructed via site-directed 

mutagenesis PCR on the previously published pME28 (Kraemer et al., 2012), which is the wild 

type GFP-PhuZ201 genetic fusion borne in the broad range Pseudomonad vector pHERD30T (Qiu 

et al., 2008). Pseudomonas chlororaphis 200B-1 cells were prepared and transformed as in 

(Howard et al., 2007). 

Filament Expression Levels in Mutant Strains. P. chlororaphis cells bearing the respective 

mutant plasmids (Table 1) were grown overnight at 30ºC on a Hard Agar plate (Thomas et al., 

2008) supplemented with gentamicin sulfate at 25 μg/mL. To prepare the microscope slides, 

agarose pads were made with 25% LB, 75% distilled H2O, 13 mg/mL agarose, 0.1 μL/mL FM4-

64 membrane dye, 0.1 μL/mL gentamicin (concentration 25 μg/mL), and the appropriate amount 
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of arabinose. A single colony of cells was then transferred to the slide pad and incubated for 2 

hours at 30ºC in a humidified chamber. Images of the live cells after 2 hours of incubation were 

analyzed using ImageJ for total number of cells and number of cells expressing filaments at 

different arabinose concentrations. Cells were imaged on a Deltavision Deconvolution system 

(Applied Precision/GE) IX70 Olympus microscope with 100x 1.4 PlanApo lens. 

Table 1 −  Strains and plasmids used  
 
Strain Organism Plasmid/Mutation Citation 
ME41 P. chlororaphis 200B-

1 

pME28/GFP-PhuZ (Kraemer et al., 2012) 

ME91 P. chlororaphis 200B-

1 

pME57/GFP-PhuZD303A This paper 

ME92 P. chlororaphis 200B-

1 

pME58/GFP-PhuZD305A This paper 

ME93 P. chlororaphis 200B-

1 

pME61/GFP-PhuZD303305A This paper 

ME102 P. chlororaphis 200B-

1 

pME62/GFP-PhuZR217A This paper 

ME103 P. chlororaphis 200B-

1 

pME63/GFP-PhuZR217D This paper 

ME104 P. chlororaphis 200B-

1 

pME64/GFP-PhuZD305R This paper 

ME105 P. chlororaphis 200B-

1 

pME65/GFP-PhuZR217DD305R This paper 
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FIGURE LEGENDS 

FIGURE 1. PhuZ201 assembles three-stranded filaments and forms hexameric nucleus. (A) 

Section of a micrograph of negatively stained PhuZ201 filaments polymerized in excess 

GMPCPP. Inset: reference free 2D average of 500 segments of PhuZ201 polymer. (B) Fourier 

transforms of reference free 2D averages of 500 segments of PhuZ201 polymerized in 1mM GTP 

(left) or 1mM GMPCPP (right) show that the pitch of the filament is the same and is ~43 Å. 

(left) GTP is hydrolyzed soon after assembly resulting in PhuZ201-GDP filaments. (C) 

Determination of the nucleus size for PhuZ201. PhuZ201 was polymerized at varying concentrations 

in excess GTP. Solid lines are experimental data and circles are modeling results indicating a 

hexameric nucleus that grows by monomer and dimer addition. 

 

 

FIGURE 2. Cryo-EM map and pseudo-atomic model of PhuZ201 filament. (A) and (B) Cryo-

EM map of PhuZ201 filament with each protofilament presented in a different color. (A) Map has 

helical symmetry of -116.4° rotation and 14.4 Å rise per subunit.  (B) End-on view of the 

filament shows that it is a trimer with 96 Å diameter. (C) Pseudo-atomic model of PhuZ201 

filament. In gray surface is the cryo-EM density fitted with the atomic models of PhuZ201 in 

salmon. See also Figure S1and Movie S1. 

 

FIGURE 3. PhuZ201 subunit is uniquely oriented within the filament and makes lateral 

contacts via a set of conserved residues.  (A)-(E) PhuZ201 subunit is colored by the following 



! 41!

scheme: brown, N-terminal domain; yellow, H7; violet, activation domain; rosy brown, H11; 

cyan, C-terminal tail; GDP:Mg2+ is colored by element. Cryo-EM map density is represented as a 

gray mesh (D) and (E). (A) Exterior and (B) luminal views of a subunit within the filament. (C)-

(E) Lateral contacts within the three-stranded filament. Alpha carbons of the residues predicted 

to mediate lateral contacts are shown as spheres. (C) C-terminus of a subunit #0 makes contacts 

with the longitudinal subunit #1 and with the subunits #2, and #3 of a lateral dimer. Filament 

ends are designated as (+) end with the C-termini and (-) end with the activation domains. (D) 

D303 and D305 of #0 contact K238 and R217 of #2 respectively; N299 of #0 contacts Q157 of 

#3; (E) R290 of #0 contacts E225 of #3. See also Figure S2. 

 

FIGURE 4. Mutations to residues predicted to mediate lateral contacts disrupt PhuZ201 

assembly in vitro. (A) Right-angle light-scattering traces of PhuZ201 wild type (WT) and mutants 

polymerized in 1mM GTP. The following concentrations were used: 3 µM WT in black, 5 µM 

D303A in red, 7 µM D305A in green, 9 µM D305R in dark blue, 30 µM R217A in purple, 30 

µM R217D in orange, 10 µM D303A/D305A in violet, and 6 µM R217D/D305R in cyan. (B) 

Polymerization of PhuZ201 mutants in excess GTP was assayed by high-speed pelleting assay as 

described under “Experimental Procedures” with supernatant (S) and pellet (P) fractions 

analyzed by SDS-PAGE. (A) and (B) Charge reversal mutant R217D/D305R partially restores 

the ability to form filaments. (C)-(E) Sections of micrographs of negatively stained PhuZ201 

mutants polymerized in excess GMPCPP. PhuZ201 single mutants R217D (C) and D305R (D) are 

unable to form three-stranded filaments, but the double mutant R217D/D305R (E) assembles 

three-stranded filaments (inset). See also Table S1 and Figure S3. 
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FIGURE 5. PhuZ201 assembles via the same set of lateral surfaces in vivo as in vitro. (A) and 

(C) Fluorescent micrographs of uninfected P. chlororaphis cells expressing various GFP-PhuZ201 

mutant constructs. (A) Shown are the three tail mutants D303A, D305A and the double mutant 

D303A/D305A at 0.4%, 0.75%, and 2% arabinose induction. Wild type PhuZ201 is in the last 

strip for comparison. All mutants have compromised filament formation. (B) Quantitation of data 

in (A) indicating that of the three mutants, only D303A shows any appreciable polymerization at 

2% arabinose. (C) Shown are the four tail mutants R217A, R217D, D305R and the double 

mutant R217D/ D305R at 0.4%, 0.75% and 2% arabinose induction. The single mutants are 

unable to make filaments, but the charge reversal in the double mutant partially restores filament 

formation. (D) Quantitation of the concentration data from (C). All scale bars = 1 micron. 

 

FIGURE 6. Comparison of the longitudinal packing between PhuZ201-GDP, PhuZKZ-like-

GDP and the three-stranded filament. (A) and (B) Longitudinal subunits within a dimer are 

labeled as #0 and #1. (A) PhuZ201 dimers representative of the packing within the crystal (3r4v) 

(Kraemer et al., 2012) (left) vs the three-stranded filament (right) are shown as molecular 

surfaces.  (left) PhuZ201 subunit packing within the crystal: the C-terminal tail of the subunit #0 

in blue forms extensive interactions with the side of the subunit #1 in gray. The dimer has a 

relaxed longitudinal interface with 47 Å spacing. (right) PhuZ201 subunit packing within the 

three-stranded filament: the C-terminal tail of the subunit #0 in red forms weak longitudinal 

contacts with the side of the subunit #1 in gray. The dimer has a tense canonical tubulin/FtsZ 

longitudinal interface with 43.2 Å spacing. (B) Magnified view of the longitudinal interfaces in: 

PhuZ201-GMPCPP dimer in salmon, PhuZ201 mimicking subunit packing as in a PhuZKZ-GDP 

dimer (3ZBQ) (Aylett et al., 2013) in gray and a PhuZ201-GDP dimer (3r4v) (Kraemer et al., 
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2012) in yellow.  The dimers were superimposed via the residues (2-271) corresponding to the 

N-terminal domains and the activation domains, but excluding the residues corresponding to the 

C-termini, of the subunits at minus ends.  Measured distances from the catalytic Asp on the T7 

loop to the β-phosphate are: 6.7 Å the three-stranded filament, 6.8 Å in PhuZKZ-GDP-like state, 

and 10.5 Å in PhuZ201-GDP. See also Movie S2. 

 

FIGURE 7. Model for PhuZ assembly. GTP-bound PhuZ is in green and GDP-bound is in 

purple. PhuZ monomers as seen in the crystal (3ZBP) (Aylett et al., 2013) assemble dimers with 

a tense longitudinal interface as in the crystal structure (3ZBQ) (Aylett et al., 2013) or the 

relaxed interface as in the crystal structure (3r4v) (Kraemer et al., 2012). Three dimers form a 

hexameric nucleus with subunits displaying the intramolecular contacts as seen in the pseudo-

atomic model described in this work. The nucleus grows by the addition of dimers and 

monomers. GTP is hydrolyzed soon after filament assembly. 
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SUMMARY 

A bacteriophage-encoded tubulin homologue family, called PhuZ, harnesses dynamic 

instability to organize genomes of ϕKZ-like bacteriophage at the midline of their 

Pseudomonas hosts, facilitating phage infectivity. How GTP binding and hydrolysis control 

PhuZ dynamics at the molecular level is not understood.  Here we present electron cryo-

microscopy reconstructions of the PhuZ filament from the bacteriophage ϕPA3  in a pre- 

and two post- hydrolysis states at 3.5 Å, 4.1 Å and 8.1 Å resolutions, likely representing 

distinct stages in depolymerization. Resolution was significantly improved using a newly 

developed algorithm that corrects for helical disorder and bending by refining helical 

symmetry parameters per filament segment. Here we provide an atomic description of 

PhuZ structural changes that occur upon polymerization, revealing similarities to αβ-

tubulin, thereby suggesting broad conservation within the tubulin family. By contrast, we 

show that GTP hydrolysis is sensed by the divergent PhuZ C-terminus, leads to 

destabilization and disassembly of the PhuZ family specific three-stranded helical lattice. 

Together, this study provides a molecular description of how nucleotide state can be 

harnessed by the tubulin fold to regulate filament assembly, metastability and disassembly.  
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INTRODUCTION 

The tubulin cytoskeleton is an elaborate network of filaments that scaffolds and facilitates 

the transport of cellular contents. Microtubules harnesses the energy of nucleotide binding and 

hydrolysis to polymerize and disassemble , and are notable in that they can stochastically switch 

between growth and disassembly phases, a process known as dynamic instability (Mitchison and 

Kirschner, 1984). In conjunction with a broad array of cellular proteins, this permits the spatial 

and temporal assembly of the dynamic microtubule cytoskeleton to be exquisitely tuned for a 

biological function. Underlying the dynamic instability phenomenon is the idea that GTP 

hydrolysis is slow compared to filament growth, allowing an intrinsically labile GDP core to be 

stabilized by GTP-bound subunits at its plus end (GTP cap) (Mitchison and Kirschner, 1984). 

The microtubule rapidly depolymerizes when hydrolysis catches up to its end. Although the 

phenomenon has been studied for decades, the structural basis of dynamic instability is not well 

understood. 

Crystallographic studies on isolated αβ-tubulin heterodimers and electron crystallography 

on Zn2+-induced sheets of protofilaments have reveled that free GDP-tubulin is in a curved 

configuration that straightens within the microtubule  (Lowe et al., 2001; Ravelli et al., 2004; 

Rice et al., 2008) , providing the first insights into how the lateral interaction energy is stored 

within the microtubule lattice.  Straightening is accompanied by a rotation of the intermediate 

domain, longitudinal translation of the helices 6, 7 and the connecting loop, and consequent 

remodeling of the loops located at the longitudinal interface in both subunits. More recent studies 

subsequently revealed that the growing microtubule lattice, and not the GTP is the relevant 

allosteric effector, but that GTP stabilizes lattice incorporation. Although the observed structural 
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changes provided a basis for the rapid microtubule disassembly, the direct link between the 

nucleotide hydrolysis and dynamic instability was not established.  

A more direct relation between nucleotide state and stability of the microtubule lattice, has 

come from the recent high-resolution cryo-EM reconstructions of microtubules in GTP-like and 

GDP states. Alushin et al., 2014 proposed that the energy of GTP hydrolysis is stored in the 

energetically unfavorable configuration of the post-hydrolysis nucleotide-binding site, activation 

domain and H7 in α-tubulin. How these findings extend the generality of the observed structural 

changes to dynamics of other tubulin homologues remain to be described. 

While dynamic instability was once thought to be a unique feature of microtubules within 

the tubulin superfamily, recently a bacteriophage-encoded tubulin homologue, called PhuZ was 

also found to exhibit microtubule-like dynamic properties (Erb et al., 2014). The PhuZ family of 

tubulins is encoded by large ϕKZ-like Pseudomonas bacteriophages (Krylov et al., 2007; 

Kraemer et al., 2012). In the infected host cell, PhuZ filaments are spatially ordered such that 

their minus ends are at the poles, and their plus ends radiate outwards resembling a primitive 

spindle apparatus (Erb et al., 2014). These dynamic spindles organize the bacteriophage 201ϕ2-

1 nucleoid at the cell midpoint, which by an unknown mechanism facilitates phage production 

(Kraemer et al., 2012). PhuZ filaments are structurally  (Zehr et al., 2014) and biophysically 

polar and exhibit dynamic instability both in vitro and in cells  (Erb et al., 2014) . The 

mechanistic molecular aspects of dynamic instability of PhuZ are not known. 

Although primary sequence identity between PhuZ and αβ-tubulin is remarkably low 

(~15%), they share the same basic tubulin fold (Nogales et al., 1998). This fold in PhuZ consists 

of the two major functional domains: the GTP-binding domain (S1-S6 strands and H1-H5 

helices) and the GTPase activation domain (S7-S10 strands and H8-H10 helices) (Kraemer et al., 
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2012). The two domains are separated by the long helix H7.  The GTP-binding domain has a 

number of conserved loops that engage nucleotide (T1 through T6), and the activation domain 

has the T7 loop and helix H8 that stimulate hydrolysis of GTP via a set of conserved acidic 

residues (Nogales et al., 1998; Kraemer et al., 2012). 

Because the rest of the primary sequences are divergent, PhuZ proteins form distinct 

higher-order assemblies with unique physical properties. While PhuZ subunits within a 

protofilament are arranged in a canonical head-to-tail manner, the protofilament itself is 

structurally elastic unlike those of other tubulin homologues. The elasticity is defined by a long 

and flexible C-terminus that provides extensive longitudinal contacts, thereby stabilizing 

protofilament formation (Kraemer et al., 2012; Aylett et al., 2013). The C-termini appear to 

function as flexible tethers allowing the protofilament longitudinal interfaces to compact and 

relax. Moreover, moderate resolution (7.1Å) cryo-EM studies indicated that the C-termini also 

guide the assembly of the atypical three-stranded architecture through distinct lateral contacts to 

three adjacent subunits (Zehr et al., 2014).  

A comparison of the X-ray crystallography structures of PhuZ from the bacteriophage 

201φ2-1 (PhuZ201) in its soluble states (Kraemer et al., 2012; Aylett et al., 2013) with the 

polymer conformation derived from the cryo-EM map suggested a plausible assembly pathway 

(Zehr et al., 2014). More specifically, we proposed that GTP binding facilitates a compaction of 

the longitudinal interface from the unusually extended conformation seen in the crystal structure 

(Kraemer et al., 2012) into a more canonical tense tubulin/FtsZ-like conformation (Aylett et al., 

2013). As shown by the filament, the interface would then twist, presumably making the filament 

lattice more GTPase active and properly positioning the filament lateral surfaces to form 

contacts. Concomitantly, the C-termini adopt a bent conformation, trading some of the 



 62 

longitudinal contacts for the lateral interactions. These observations suggested that PhuZ 

filament could store the energy of GTP binding in the displacement of the C-terminal 

interactions and the supertwist of the filament (Zehr et al., 2014) . At the medium resolution of 

the cryo-EM reconstruction we were able to infer only large-scale structural changes.  

To address the central question of how GTP regulates PhuZ filament turnover, in this work 

we use high-resolution EM analyses to determine the 3D atomic structures of the PhuZ filament 

in both pre- and post- hydrolysis states. PhuZ filament structures from the bacteriophage ϕPA3  

were solved in a GTP-like state (bound to GMPCPP) to 3.5 Å and GDP states to 4.1 Å and 8.1 Å. 

The derived atomic model revealed polymerization-competent changes in the tubulin fold of a 

PhuZ subunit, providing a more refined view of the polymerization mechanism. Independently, 

we propose that the two reconstructions of PhuZ-GDP filament represent different temporal 

states of its metastable lattice in the process of disassembly. Using a newly implemented 

algorithm that refines helical geometry parameters for each filament segment, we observe a 

break down of the helical order within the GDP-liganded lattice. These global changes are 

accompanied by local rearrangements in the T3 loop and C-terminus. The cryo-EM results in 

combination with negative stain EM analyses of the morphological changes in the disassembling 

PhuZ lattice, lead to a model wherein hydrolysis-triggered changes in the longitudinal and lateral 

filament interfaces cause the three-stranded helical lattice to unwind into a highly-unstable state 

with a twisted ribbon architecture. 

 

RESULTS'

3D'reconstruction'of'PhuZ'filament.'We!used!cryo+EM!to!obtain!a!detailed!view!of!

the!PhuZ!filament!lattice!in!a!pre+hydrolysis!state. The data on frozen hydrated PhuZ 
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filaments, polymerized in excess GMPCPP, were collected at 300 kV using a single electron 

counting K2 direct detection camera operated in super-resolution mode (Fig. 1A). Individual 

movie frames were aligned with respect to one another to compensate for the beam-induced 

motion before summing (Li et al., 2013a). Fourier transforms of aligned image sums show a high 

quality of the collected data with Thon rings extending to nearly ~3.2 Å  (Fig. 1B).  

We used extensive image sorting in combination with single-particle helical analysis 

methods to obtain an initial 3D reconstruction of PhuZ filament (Materials and Methods). First, 

to get a homogeneous subset of filament segments, the data were extensively classified in 2D 

with RELION (Scheres, 2012a). Class averages revealed clearly discernable secondary structure 

elements and suggested high structural order of the PhuZ-GMPCPP filament lattice (Fig. 1C). 

An initial reconstructions of the PhuZ filament at 4.5 Å, using gold-standard FSC=0.143 criteria, 

was obtained using Spider and the iterative helical real space reconstruction (IHRSR) (Table S1, 

Fig. S1A) (Frank et al., 1996; Egelman, 2000; Egelman, 2007; Scheres and Chen, 2012) . The 

map had refined to the helical symmetry parameters of -118.4° rotation and 14.4 Å axial 

translation per subunit, a helical geometry slightly different from its previously studied 

homologue, PhuZ201 (-116.4° rotation and 14.4 Å translation) (Zehr et al., 2014).  Filament 

segments were further classified in 3D against multiple references and their parameters were 

refined with FREALIGN (Grigorieff, 2007; Lyumkis et al., 2013), which improved the 

resolution of the map to 4.0 Å (FSC=0.143) (Fig. S1A). Finally, the map was refined using the 

FREALIX software package operated in a single-particle mode (Rohou and Grigorieff, 2014).  

Consistent with the high structural order observed in the 2D class averages of PhuZ-

GMPCPP filament segments, the distribution of the helical parameters for these segments is 

narrow (Fig. 1C; Fig. 5A and B, Table 1). In an attempt to improve the resolution of the PhuZ-
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GMPCPP map, a set of filament segments with helical geometry parameters within one standard 

deviation from the mean (from 117.8° to 118.9° twist per subunit and   from 14.1 Å to 15.0 Å 

rise per subunit) was used to obtain a 3D reconstruction (Table 2). A visual inspection revealed 

that the overall quality of the map has not changed; the map is better resolved in some areas, but 

its quality has declined in other regions (Fig. S3A). Moreover, the 3.5 Å reconstruction with a 

smaller number of asymmetric units included (61%), shows a slightly better signal-to-noise 

ratios only around FSC cutoff=0.143, but worse at lower spatial frequencies (Table 2, Fig. S3B).  

The nominal resolution of the reconstruction is 3.5Å (FSC=0.143 cutoff) (Fig. S1A). 

Consistent with the FSC, map detail is high quality and much more uniform throughout the 

subunit in the FREALIX reconstruction than with either of the other two methods. The 

nucleotide-binding site, including the GMPCPP and Mg2+ ion are well resolved, individual β-

strands clearly separated, and majority of the side-chains are visible (Fig. 2).  

Atomic'model'building.'To!fully!interpret!high+resolution!features!of'the!map, we 

built an atomic model of PhuZ-GTP. Because the resolution of the map is not uniform and is 

somewhat lower at the outer surface of the filament, we combined several strategies to obtain a 

chemically accurate model. First, a homology model of PhuZ from the closely related 

bacteriophage ϕPA3 crystal structure was subjected to flexible fitting with molecular dynamics 

flexible fitting software (MDFF) (Trabuco et al., 2008). The semi-automated procedure ensured 

model’s stereochemical correctness during the initial fitting steps that involved significant 

rebuilding of the backbone and side-chains in some areas. Next, minor adjustments to the 

backbone and side-chain atoms were performed using Coot (Emsley and Cowtan, 2004). The 

coordinates and B factors were then refined in REFMAC (Brown et al., 2015). Finally, MDFF 

was again performed to optimize local stereochemistry, especially for distal parts of side chains 
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and side chains not resolved in the cryo-EM reconstruction. The individual model-versus-map 

FSC curves indicate that the model agrees better with the map using the combined approach than 

that of MDFF alone (Fig. S1C). Additionally, to access the reliability of the model, we calculated 

their EMRinger scores (Barad et al., 2015). The score improved from 2.2 for the model 

generated by MDFF alone to 2.7 when the combined approach was used. Both scores were 

substantially above 1.0, the threshold value for models fitted into EM maps resolved in the range 

from 3 Å to 4 Å, attesting to their high quality (Barad et al., 2015). 

PhuZ polymerization is accompanied by conformational changes of the H7 helix and 

activation domain. In addition to the previously reported large-scale rearrangements of the C-

terminus upon polymerization (Zehr et al., 2014), the current results resolve a restructuring of the 

PhuZ longitudinal interface and alterations within its tubulin fold. For comparison, the two 

longitudinal dimers representing a solution state of PhuZ (PDB ID: 3r4v) (Kraemer et al., 2012)  

and its polymer form (this work) were aligned by the β-sheet of the GTP-binding domain, 

excluding the short and most structurally variable strand S3 (Fig. 3C). A morph between the 

dimers reveals a 1.2 Å longitudinal shift of the H7 towards the plus-end interface, a bending of 

the top of this helix, and a repositioning of the T6 loop by 2.2Å such that it establishes contacts 

with the H10-S9 loop of the subunit up above (Fig 3A; Video 1).  Additionally, the motion in the 

top of H7 results in pi-stacking interactions between the base of nucleotide and Y161 of H7, and 

hydrogen bonding of the base with D165, also found in the helix (Fig 3A; Video 1). Similar 

interactions have been described for other tubulin homologues, such as α/β-tubulin and FtsZ!

(Lowe and Amos, 1998; Lowe et al., 2001).  

Helix 7 provides a mechanism to couple these changes at the longitudinal interface and 

nucleotide binding site to alterations in the activation domain and the minus-end interface, which 
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then interacts with the adjacent plus end interface. (Fig 3B; Video 1). The side-chains for K36 

(T2) at the minus end and the catalytic D187 of the subunit at the plus end, both well resolved in 

the map, are positioned to support a salt bridge (Fig 3D). EM density for the other catalytic 

aspartate side chain, D190, is missing. Based on the fitting results combined with molecular 

dynamics simulations, D190 would make an ionic bond with K58 in the T3. 

Finally, the changes at the longitudinal interface are accompanied by an ~8° rotation of the 

activation domain in the direction of the GTP-binding domain. The helix 7 and T7 make a 

hydrophobic interface and number of hydrogen bonds with the activation domain, respectively. 

The net effect of all these motions is that the plus end, minus end and the activation domain all 

reorganize as a single unit in response to the polymerization, providing a tight coupling between 

conformational changes within the tubulin subunit, formation of an optimal longitudinal 

interface, and the activation of the catalytic machinery for GTP hydrolysis (Fig 3B; Video 1).  

Previously, based on an approximate main chain juxtaposition we proposed that strands 

forming the lateral interface are stabilized by ionic interaction between R217 and D305 as well 

as R238 and D303 (Zehr et al., 2014). This was tested by making R217D and D305R mutations. 

While the single mutations abrogated three-stranded filament formation, the double mutation 

partially restored polymerization, supporting the proposed interaction. The current 

reconstruction, with the well-resolved densities corresponding to these side-chains with the 

exception of D305, indicates a XÅ shift compared to the previous model such that the correct 

pairing is R217 with D303 and R238 and D305 (Figure 6). This may explain why the double 

mutant R217D/D305R was unable to fully restore activity to wild-type levels (Zehr et al., 2014). 

GTP hydrolysis leads to global rearrangements of the filament lattice. To understand 

molecular mechanisms underlying PhuZ dynamic instability and the role of GTP hydrolysis, we 
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performed high-resolution analyses of the PhuZ-GDP filament structure. First, we wanted to 

enrich for GDP-liganded filaments. Because PhuZ, unlike many other tubulins, does not 

polymerize in GDP  (Diaz and Andreu, 1993; Erickson et al., 1996) , PhuZ filaments were 

assembled in GTP and then allowed to age in solution before visualization, where upon GTP 

depletion. Light scattering shows a rapid growth in polymer during the first 30 seconds after 

addition of 400uM GTP to 40 uM PhuZ, followed by a slower rise at plateau at 200 seconds (Fig. 

4A, inset). The curve started to decay at 400 seconds, suggesting a net filament disassembly. 

Whether the slower rise phase is due to increased bundling, changes in the filament morphology, 

or decreased GTP levels is unclear. 

We examined the overall morphological changes that occur within the PhuZ filament 

lattice at different times after GTP addition by negative stain EM. During the rapid growth phase 

filaments appeared to be long, well-ordered and fairly straight (Fig. 4B; Fig. S4A). This 

morphology was similar to that of GMPCPP filaments, suggesting that widespread hydrolysis 

had not occurred in the lattice (Fig. S4B). In contrast, the filament lattice exhibited a much 

rougher appearance with a non-uniform diameter and less distinct subunit organization at the 

onset of the equilibrium phase (Fig. 4C; Fig. S4C). Roughening of the lattice and its subsequent 

disassembly were not triggered by GTP hydrolysis itself, but seemed to be a consequence of 

release of the cleaved phosphate. Filaments grown in the presence of GTP and 1mM beryllium 

fluoride (BeF3) were stable, quite uniform, and devoid of the rough appearance as in Fig. 4C   

(Fig. S4D, E). BeF3 is a phosphate analogue that mimics the transition state after the gamma-

phosphate cleavage, but before the phosphate dissociation (ADP-Pi).   

Strikingly, at the late stages of the equilibrium phase the rough filament lattice unwinds 

along its length, forming flat sheets of parallel protofilaments (Fig. 4D; Fig.2 F). While not 
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quantified, it appears that some of these can have more than three strands, perhaps suggesting an 

alternative, transient growth mode. Some of these sheets assumed twisted-ribbon morphology 

when were not physically restrained by the rough filament lattice at their ends (Fig. 4E,F). 

Notably, this twisted-ribbon architecture resembles that formed by of the PhuZ201 mutants in the 

lateral interface, D305R (Fig. 4G) previously examined in the presence of excess GMPCPP 

(Zehr et al., 2014). These results are suggestive of an increased lability of the lateral interface 

post-GTP hydrolysis and phosphate release. Owning to the heterogeneity of the twist in the 

ribbon-like structures, we were unable to obtain meaningful reference-free 2D averages to get a 

more detailed view of this interesting state. Together, the negative stain results establish that 

hydrolysis and phosphate release occur early during the assembly phase, and that there is a 

progressive loss in well organized three-strand architecture as the GDP-filaments age. However, 

presumably due to the presence of a GTP-cap, the metastable PhuZ-GDP can continue to support 

filament growth for some time.  

PhuZ-GDP shows an increase in the helical flexibility of its filament lattice.  To gain a 

molecular-level view of at least the earliest responses to GTP hydrolysis, we sought to determine 

a cryo-EM reconstruction of well-ordered, yet metastable PhuZ-GDP filament present in the 

steady state phase. Towards this end, 150 seconds after adding GTP, samples were frozen and 

imaged as described for the PhuZ-GMPCPP samples. Our attempts to vitrify filaments at the 

later stages of the assembly equilibrium phase have been unsuccessful, as very few filaments 

could be observed, suggesting that interactions with the carbon film were stabilizing disassembly 

intermediates, allowing observation in negative stain. The reconstruction was carried out 

following the procedure described for the PhuZ-GMPCPP map. The data sorted in 3D with 

FREALIGN generated three distinct classes with a little more than half of the images grouped 
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into classes A and B and the rest placed into class 1 (Fig. S2A, Table S2). One class (class 1) 

contained about 33% of the filament segments and was resolved to 4.1Å.  By contrast, the other 

two classes (classes A and B) yielded maps at considerably lower resolutions (8.1Å and 7.3Å, 

respectively) and displayed hollow or partially hollow lumens (Fig. S2A, C, Table S2). This was 

somewhat surprising given that for the GMPCPP map, the long helix 11 and C-terminus that fill 

the lumen were the best-ordered regions of the map. In an attempt to obtain a higher resolution 

reconstruction of PhuZ filament state with a disorganized lumen, images from the classes A and 

B were combined to produce a single class, class 2 (Fig. S2B). Unexpectedly, we found that 

doubling the number of images did not improve the resolution of the reconstruction (Fig. S1C). 

One possibility is that the filament segments sorted in these two classes are structurally 

heterogeneous. 

Driven by the profound changes seen in negative stain, we were particularly concerned that 

helical disorder within the relaxing PhuZ lattice could be the dominant factor limiting resolution.  

Estimation of the local helical parameters for each filament segment revealed that in addition to 

changes in the mean helical geometry values between the GMPCPP and GDP data sets, there is 

significantly more helical flexibility in the GDP dataset, especially for the class 2 (Fig. 5A and 

B, Table 1). In contrast, segments in the class 1 have a wider spread of values around the mean 

for the helical geometry parameters (Fig. 5A and B, Table 1). 

 Omission of the filament segments with helical parameters one standard deviation from 

the mean significantly improved the quality the map (Table 2, Fig. S3C and D). The class 1 

reconstruction, resolved at 4.1 Å, was obtained including segments with the twist per subunit 

values between 118.2° and 119.1° and rise per subunit values between 14.3 Å and 15.0 Å (Table 

2). The reconstruction displays a better definition of some surface loops and many more resolved 
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side-chains when compared to the volume containing all the segments (Fig. S3C).  These 

improvements are not reflected by the FSC, most likely as a result of a smaller number of 

asymmetric units used for the refinement (60%) (Fig. S3D, Table 2).  

The class 2 segments are the most structurally flexible (Fig. 5A and B, Table 1). The twist 

per subunit values ranging from -117.8° to -119.7° and rise per subunit values from 13.9 Å to 

15.6 Å were chosen for the 3D reconstruction (Table 2). Visibly the reconstruction only 

improved marginally (Fig. S3E). With only 36% of the total asymmetric units included, the FSC 

curve, passed through 0.143, indicates a resolution drop from 7.3 Å to 8.1 Å (table 2, Fig. S3F). 

Not enough data and/or large deviations in geometry within each segment may explain these 

unexpected results.    

PhuZ-GDP reconstructions show relaxation of the C-terminus and the T3 loop. The 

increased disorder in the GDP-liganded lattice is likely a direct consequence of GTP-hydrolysis- 

induced changes in the intra- and inter-protofilament interfaces. The missing luminal density in 

the classes A and B corresponds to the PhuZ C-terminus and suggests its relaxation post 

hydrolysis (Fig. 6A). The class A misses most of the C-terminal density except for the very end 

of the C-terminal tail, residues from 306 to 315 of the “knuckle” (Kraemer et al., 2012). The C-

terminus in the class B is more ordered: in addition to the ten most C-terminal residues, a weak 

density corresponding to H11 is also present (Fig. 6A). The interactions between the negatively 

charged knuckle of one subunit and the basic patch, formed by helixes H3-H5, of its longitudinal 

neighbor (Kraemer et al., 2012) also remain intact during PhuZ polymerization (Zehr et al., 

2014), while the rest of the C-terminal structure rearranges. Moreover, a number of loops facing 

the lumen are not resolved as well. Among these are the S6-H7 and H9-S8 loops, which were 

predicted to form inter-protofilament contacts with the C-terminus (Zehr 2014). These cryo-EM 
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results are consistent with the observations on the negatively stained disassembling filaments 

displaying relaxation between the strands.   

The much higher resolution of class 1 permits a more detailed analysis of local changes, 

likely corresponding to the earliest phases of post-hydrolysis relation as density for the γ-

phosphate and Mg2+ are greatly reduced as observed by strong negative densities in a GMPCPP-

Class 1 difference map (Fig. 6B). Particularly notable is a structural reorganization of the T3 

loop, where density for residues G55 and R54 are also greatly reduced (Fig. 6B). G55 is part of 

the conserved tubulin GXG motif that in the GMPCPP structure contacts the γ-phosphate, (Fig. 

6B and C). Consequently, loss of the γ-phosphate causes relaxation of the loop. Indeed, the T3 is 

frequently disordered in the crystal structures of tubulin homologues bound to GDP (Aylett et al., 

2013; Kraemer et al., 2012; Li et al., 2013b). The T3 loop has been described to form a 

longitudinal interface in tubulin-like protofilaments. The absence of the EM density for the 

arginine 54 indicates weakening of the longitudinal interface in the post-hydrolysis filament 

lattice. The arginine side-chain is well-defined in the PhuZ-GMPCPP structure where it makes a 

salt-bridge with D82, found in the loop H3-S4 of the longitudinal plus-end subunit (Fig. 6C and 

D). We made the D82A mutant to verify the structural observation. The mutant fails to 

polymerize in excess of GMPCPP (data not shown).  

MATERIALS AND METHODS 

Protein Expression and Purification. The gene encoding PhuZ from ϕPA3 was cloned 

into pET28a (+) with a 6xHis-tag on the N-terminus and expressed in BL21(DE3) cells under an 

IPTG-inducible T7 promoter. 1 mM IPTG was added once cells reached an OD600 of  0.7 at 37°C 

and protein was allowed to express for 8 hr at 16°C before the cells were pelleted. Cells were 

lysed in a buffer containing 250 mM KCl, 50 mM HEPES pH 7.2, 1 mM MgCl2, 10% glycerol 
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and 1mM DTT. EDTA-free protease inhibitor tablets were included during lysis. 250 mM 

imidazole was added to elute the protein from the Ni-NTA resin. The 6xHis-tag was cleaved 

overnight at 4°C by thrombin protease, followed by gel filtration chromatography (Superdex 

200) in BRB80 pH 7.2, 1mM DTT. 

Specimen preparation. PhuZ-GTP cryo-EM sample preparation. PhuZ was thawed and 

spun at 80,000X RPM for 20 min in a TLA-100 rotor (Beckman) at 4° C to remove protein 

aggregates. 50 μM PhuZ was polymerized in BRB80 pH7.2 and 1 mM GMPCPP for 1 minute at 

room temperature. 2 µl samples were applied to glow-discharged C-FLAT holey carbon grids 

with 1.2μm hole size, 400 mesh. The grid was blotted for 5 seconds with > 90% humidity and 

plunge-frozen into liquid ethane cooled by liquid nitrogen using Vitroblot (FEI Co.)  

PhuZ-GDP cryo-EM sample preparation. The sample was prepared following the protocol 

for the PhuZ-GMPCPP sample, but using 80 μM PhuZ in BRB80 pH 7.2 and 400 μM GTP. The 

protein was polymerized for 150 seconds at room temperature. The polymerization time was 

determined by the right-angle light scattering procedure as described in the Results section. 

Instrumentation and data acquisition. Image stacks were collected on an FEI TF30 

Polara microscope (FEI) equipped with a field emission electron source and operated at an 

accelerating voltage of 300 kV. The images were recorded by the Gatan K2 Summit camera 

operated in super-resolution counting mode, using UCSFImage4, a semi-automated acquisition 

package. The images were recorded at 31,000X magnification, corresponding to a super 

resolution pixel size of 0.61 Å per pixel. The dose rate was set to 10.4 electrons per physical 

pixel per second on camera and total exposure time was 6 seconds, corresponding to a total 

accumulated dose of 42 electrons per Å2. The images were collected as movie stacks of 30 

subframes with 0.2 seconds of exposure time per subframe and acquired over a defocus range 
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from -0.9 μm to -2.3 μm. ~820 image stacks were collected on the PhuZ polymerized in 

GMPCPP and  ~1960 image stacks were collected on the PhuZ polymerized in GTP.  

Image processing. Image stacks were binned twice, which corresponds to a pixel size of 

1.22 Å/pixel. Images were motion–corrected using the entire subframes(Li et al., 2013a)Image 

sums consisting of all 30 subframes were used for processing. Particles were manually selected 

using boxer in EMAN program suite (Ludtke et al., 1999)220-pixel filament segments with 40 

pixels shift for each segment were extracted from the micrographs. CTFFIND3 was used to 

determine CTF parameters (Mindell and Grigorieff, 2003). Segments with a low signal-to-noise 

ratio, bundles or broken segments were discarded after 100 rounds of iterative 2D classification 

with the Relion software package (regularization parameter T=2) (Scheres, 2012b) .  Segments 

sorted into highly populated 2D classes were used for further processing.  The reconstruction 

was determined by iterative helical real space reconstruction (IHRSR), essentially as described 

by Egelman et al., 2000, but following the “gold standard” procedure (Scheres and Chen, 2012) 

as described in Zehr et al., 2014. SPIDER (Frank et al., 1996) was used for multireference 

alignment, projection matching, back projection and hsearch_lorentz routine was used for 

symmetry search (Egelman, 2000). Contrast transfer function (CTF) was corrected by applying 

Weiner filter to the entire micrograph using Focusramp program (written by D.A.A.). Next, 

refinement of the alignment parameters together with 3D classification were performed with 

FREALIGN (Grigorieff, 2007; Lyumkis et al., 2013)Initially, 3D maps were refined against a 

single reference until no further improvements in resolution estimations were observed. Data up 

to 10Å were included in the initial rounds of the refinement and up to 5 Å for the PhuZ-

GMPCPP map and PhuZ-GDP class 1 in the final rounds.  PhuZ-GMPCPP and PhuZ-GDP data 

sets were divided into 3 classes using RSAMPLE (Lyumkis et al., 2013)and classified. 
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Refinement iterations were performed until the segment composition for each class and 

occupancy for each segment converged to nearly constant values. For each of the classes, 

segments with occupancies of > 70% were extracted and further refined against a single 

reference. 1 major class was obtained for PhuZ-GMPCPP and three for PhuZ-GDP. The 3D 

reconstructions generated by FREALIGN were sharpened with negative B factors using bfactor 

program (http://grigoriefflab.janelia.org/bfactor). 

Model building and refinement. PhuZ-GMPCPP model building. An initial homology 

model of PhuZ from the bacteriophage ϕPA3 was built using MODELLER software and the X-

ray structure of PhuZ from the bacteriophage 201ϕ2-1 (PDB ID:3r4v) as a template (Sali and 

Blundell, 1993; Kraemer et al., 2012). The helical symmetry parameters were applied to the 

model to built a starting model of PhuZ filament consisting of 9 subunits, and the model was 

rigid-body fitted into the cryo-EM density using Situs software (Wriggers,!1999). The filament 

model was flexibly fitted into the cryo-EM density using MDFF (Trabuco, 2008). A central 

subunit, refined in the presence of neighboring subunits, was extracted for further model 

building. To improve the fit of backbone atoms and side, real space refinement of the model was 

performed with Coot software (Emsley and Cowtan, 2004). After one round of model building, 

the resulting model was used to build a nonamer again. For the first round of refinement with 

REFMAC v.5.8  secondary structure restraints were generated using ProSMART (Murshudov et 

al., 1997; Nicholls et al., 2014)A section of the cryo-EM density, corresponding to the model, 

was masked out and converted to structure factors using “SFCALC”mode in CCP4. The 

structure factors were used for restrained refinement of the filament model. The refinement 

included data up to 3.5 Å.  Iterative rebuilding of the model using Coot and REFMAC v.5.8 was 
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repeated until no further improvements in the R-factor and Fourier shell correlation of the model 

to the map. The stereochemical quality of the final structure was validated by PROCHECK.  

Structure visualization and analysis. Molecular graphics and analyses were performed 

with UCSF Chimera (Pettersen et al., 2004). Alignment of protein structures was done using 

FATCAT software (Ye and Godzik, 2003). The difference map was generated using diffmap 

program (http://grigoriefflab.janelia.org/diffmap). 

Atomic'modeling'of'monomeric'PhuZPA3'in'GTP'bound'state.'The!initial!atomic!

model!of!monomeric!PhuZPA3!was!built!based!on!the!crystal!structure!of!PhuZ201!in!GDP!

bound!state!(PDB:!3R4V)[1].!The!corresponding!amino!acid!residues!were!mutated!

according!to!the!sequence!alignment!and!the!GDP!molecule!was!replaced!by!GTP!using!

VMD![2]!and!CHARMM!topology!file[3,!4].!'

Molecular dynamics flexible fitting (MDFF). Symmetry-restrained molecular dynamics 

flexible fitting (MDFF) was employed to fit atomic models of PhuZPA3 into cryo-EM density 

maps  (Chan et al., 2011; Trabuco et al., 2008; Trabuco et al., 2011) The MDFF was performed 

iteratively to avoid the clashes at the protein interface when constructing filament based on 

monomeric structure, i.e. the MDFF was applied to monomeric PhuZPA3 and the resulting 

structural model was used to build dimeric PhuZPA3 with longitudinal interface and refined with 

MDFF. The MDFF model of dimeric PhuZPA3 was subsequently used to build a hexametric 

model and the lateral interface was further refined with MDFF. The final MDFF was performed 

using a short filamentous model with nine PhuZPA3 monomers. For all the models, the initial rigid 

body docking was performed using SITUS  (Wriggers, 2010) and the proteins were then solvated 

in a box of water molecules with 150 mM NaCl in VMD (Humphrey et al., 1996) using 15 Å of 
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padding in all directions. Extra ions were added to neutralize the systems. All MDFF were 

carried out with the following procedure: the solvated system were energy minimized for 5000 

steps and equilibrated for 1 ns with protein backbone, nucleotide and Mg restrained to their 

initial postions. The equilibrated systems were then coupled to the electron density maps using 

MDFF. An initial energy minimization were performed for 5000 steps with a coupling constant, 

gscale = 1, followed by 3 ns MDFF with gscale = 0.3. The final model at each stage was 

obtained by applying another 5000-step energy minimization to remove thermal fluctuation 

while coupling to the map with gscale=3. The simulations were carried out at temperature T=350 

K to enhance the protein conformational sampling. All MDFF were performed with NAMD 2.10  

(Phillips et al., 2005) using the CHARMM36 force field with CMAP corrections  (Best et al., 

2012; MacKerell et al., 1998; Mackerell et al., 2004).   

Atomic model of filamentous PhuZPA3 in different nucleotide states. An atomic model of GTP 

bound PhuZPA3 was first obtained by performing MDFF against a preliminary cryo-EM density 

map at 3.8 Å resolution using the procedure described above. The agreement between the model 

and the map was visually inspected and the model was manually refined using Coot and Refmac. 

After the density map is further refined to its final resolution of 3.5 Å, the MDFF was performed 

again to optimize the final atomic model for PhuZPA3 in the GTP bound state. After replacing 

GTP with GDP, this GTP bound PhuZPA3 structure was taken as the starting structure and fitted 

into the GDP bound PhuZPA3 density map at 4.1 Å resolution to obtain the one of the GDP bound 

PhuZPA3 atomic models, which subsequently served as the starting structure for the MDFF 

calculation of the second GDP bound PhuZPA3 atomic model against the 6.5 Å density map for 

the GDP bound state. To have a control group for the MDFF calculation at 4.1 Å resolution, the 
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GTP bound PhuZPA3 structure was also fitted to a 4.1 Å resolution density map that was 

generated by low pass filtering the 3.5 Å GTP bound map. 
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FIGURE LEGENDS 

FIGURE 1. Data collection and 2D analysis on frozen-hydrated PhuZ filaments. (A) A 

micrograph of frozen-hydrated PhuZ filaments polymerized in GMPCPP (scale bar = 100 nm) 

and its power spectrum with tone rings extending to 3.2 Å (B). (C) Reference-free 2D class 

averages of PhuZ-GMPCPP filament segments show secondary structure elements. 

FIGURE 2. Atomic-level 3D view of PhuZ-GMPCPP filament. 3D density map of PhuZ-

GMPCPP filament filtered to 3.5 Å resolution shown as mesh isosurfaces (A-C). A ribbon 

diagram of the atomic model of PhuZ bound to GTP derived from the map (D). (A) The GTP-

binding site with the loops T2-T6 and helices H1 and H7 that bind GTP, colored in red. Mg2+ and 

its corresponding EM density are colored in green. (B) The beta strand S4 (residues 83 - 89) 

found within the GTP-binding domain of PhuZ shows well-resolved EM densities for all of the 

side-chains. (C) A portion of the C-terminus (displayed residues 272 - 302 of the total 272 - 315) 

with most of the side-chains seen in the 3D reconstruction. 

FIGURE 3. Structural changes that accompany PhuZ polymerization. (A) Ribbon diagram 

depicting the H7 and adjacent loop S6 of one subunit and a part of the activation domain of the 

longitudinally adjacent subunit including the H10-S9 loop in soluble (violet) and polymer states 
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(purple). The S6 and H7 undergo subtle conformational changes, translating by 2.2 Å and 1.2 Å, 

respectively, in response to compaction and twisting of the longitudinal interface. Residues Y161 

and D165 that bind the base of GTP are shown as sticks. (B) A ribbon diagram showing the 

restructuring of the activation domain with only of its beta sheet displayed and T7 loop in 

response to the upward movement of the H7. (D) The GTPase site of PhuZ filament shows 

catalytic D187 (T7) and D190 (H8) making ionic bonds with the lysines 36 (T2) and 58 (T3), 

respectively, as deduced from the cryo-EM reconstruction and molecular dynamics calculations. 

FIGURE 4. Negative-stain EM analysis of disassembling PhuZ filaments. (A) Right-angle 

light-scattering traces of 40 μM PhuZ polymerized in 400 μM GTP. PhuZ filament population 

was analyzed by negative-stain EM (B-F) at different time points after GTP addition. The time 

points are indicated on the curve in bold letters (A), which correspond to the panel labeling in 

this figure (B-F). (A) Negatively-strained PhuZ filaments are long, well-ordered and straight at 

20 s post-GTP addition. (B) PhuZ filaments have rough appearance and high curvature when 

visualized at 150 s post-GTP addition. (C) The PhuZ lattice unwinds into flat sheets at 260 s 

after GTP addition and assumes twisted-ribbon architecture (E and F). PhuZ filaments with the 

twisted-ribbon morphology resemble a mutant in the lateral interface, D305R. This mutation was 

made in the PhuZ homologue from the bacteriophage 201ϕ2-1 (PhuZ201-D305R) and described 

in Zehr et al., 2014. (B-G) Scale bar = 100 nm.  

Figure 5. Distribution of local helical parameters for PhuZ filament segments. (A and B) 

Estimated local helical parameters, rise and twist per subunit, for each filament segment, 

consisting of N=15 helical subunits. The primitive helical unit cell is projected N times with 

relative shifts and rotations dictated by the current helical geometry being tested and the 

combined projection image is compared to the experimental image. The distribution of the 
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helical parameters is shown in blue for PhuZ-GMPCPP, in green for PhuZ-GDP class 1 and red 

for PhuZ-GDP class 2. The PhuZ-GDP data show wider distribution of helical parameter values 

than the PhuZ-GMPCPP data (A and Table 1). (Table 2) A list of parameters used to refine the 

3D PhuZ filament reconstructions with subsets of segments and employing the per-segment 

helical parameters refinement routine in FREALIX.  

Figure 6. GDP-liganded lattice displays relaxation of the lateral and longitudinal interfaces. 

(A) The cryo-EM 3D classes of PhuZ-GDP, isolated using FREALIGN, show relaxation of the 

C-terminus. A PhuZ subunit, extracted from each class, is shown as a solid isosurface, colored in 

violet for the class A and gray for the class B. The Class 1 of PhuZ-GDP (originally solved at 4.1 

Å) was low-pass filtered to 8.1 Å for comparison and is shown as a tan solid isosurface. A ribbon 

diagram depicting the C-terminus is in turquoise. The outer surface of PhuZ filament is labeled 

as outside and the inner as lumen. (B) A detailed view of PhuZ GTP-binding site with the loops 

labeled as T2 -T6. Only the backbone atoms are displayed. R54 and G55 are shown in red, GTP 

is colored by heteroatom, the magnesium ion is in green and the rest of the atomic model is in 

purple. A calculated difference map between 3D reconstructions of PhuZ-GMPCPP and PhuZ-

GDP (class 1) is shown as a green mesh isosurface. To generate the difference map both the 

PhuZ-GMPCPP and the class 1 maps were scaled against an atomic model, low-pass filtered to 

4.1 Å with the Butterworth filter and subtracted from each other. For visualization purposes 

smaller disconnected parts of the difference map were hidden with the “hide dust” option using 

UCSF Chimera. The difference map shows density features around the γ-phosphate, R54 and 

G55. (C) Alignment of amino acid sequences of tubulin homologues using Mafft with default 

settings in Jalview (Waterhouse et al., 2009). The!amino!acid!positions!are!indicated!at!the!

beginning!of!each!line.!Abbreviations!for!sequences!encoding!tubulin!homologues!are:!
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PhuZ(201Φ2+1)!from!phage!201Φ2+1,!PhuZ(ΦPA3)!from!phage!ΦPA3,!PhuZ(ΦKZ)!from!

phage!ΦKZ,!PhuZ(ΦEL)!from!phage!ΦEL,!FtsZ!from!Bacillus subtilis, TubZ from Bacillus 

thuringiensis and α-and β-tubulin from Bos Taurus. Conserved sequences are highlighted in dark 

or light blue to show highly and less conserved residues, respectively. R54 and G55 are marked 

with (★). (D) D82 in the H3-S4 loop and R54 in the T3 loop make an ionic bond in PhuZ-

GMPCPP reconstruction but not in PhuZ-GDP (class 1) map. Both maps were low-pass filtered 

to 4.1 Å for comparison. 

Figure 7. Refined model for PhuZ assembly/disassembly cycle. PhuZ monomers assemble 

dimers with the tense longitudinal interface as in the crystal structure (PDB ID: 3ZBQ) (Aylett et 

al., 2013) or relaxed interface as in the crystal structure (PDB ID: 3r4v) (Kraemer et al., 2012). 

Three dimers form a hexameric nucleus with subunits displaying the filament contacts as 

described in (Zehr et al., 2014)  and this work. Polymerization is accompanied by 

rearrangements of the C-terminus (Zehr et al., 2014) , H7 and the activation domain. The nucleus 

grows by the addition of dimers and monomers. GTP is hydrolyzed soon after filament assembly 

leading to relaxation of longitudinal (the T3 loop) and lateral (the C-terminus) contacts. The 

PhuZ lattice unwinds into sheets that supercoil into fragile polymers with twisted ribbon 

architectures.  
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Supplementary Table 1.  Parameters for the PhuZ-GMPCPP 3D classes. 

Supplementary Figure 1.  Cryo-EM reconstruction of PhuZ-GMPCPP and atomic model 

fitting. (A) Gold-standard Fourier shell correlation (FSC) curves, calculated for the PhuZ-

GMPCPP map initially obtained using IHRSR procedure, and then refined using FREALIGN 

and FREALIX software packages, show significant improvements. (B) FSC curve comparing 

atomic model flexibly fitted using MDFF along or in combination with refinements in Coot and 

REFMAC with the PhuZ-GMPCPP cryo-EM map. The model fitted using MDFF only is less 

similar to the map as indicated by the 0.5 FSC cutoff. 

 

Supplementary Table 2.  Parameters for the PhuZ-GDP 3D classes. 

 

Supplementary Figure 2.  3D classification of PhuZ-GDP dataset. (A) 3D PhuZ-GDP classes 

obtained using FREALIGN. The classes A and B show hollow or partially hollow lumens. The 

images sorted to classes A and B were combined to obtain class 2 (B). FSC curves for the initial 

reconstruction of PhuZ-GDP using IHRSR and its subsequent refinement and 3D classification 

in FREALIGN. The resolution of the reconstruction did not improve when the particles sorted 

into the classes A and B were combined to produce the class 2. 

 

Supplementary Figure 3.  A comparison of PhuZ filament structures obtained with and 

without per-segment helical parameter refinement and using all or a subset filament 

segments.  (A) PhuZ-GMPCPP map shows no improvements when refined using a subset of 

filament segments and employing per-segment helical parameter refinement. Stars indicate side 

chains that were resolved better or lost their definition during the refinement. (C) PhuZ-GDP 
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(class 1) map showed significant improvements if refined using a subset of segments and for 

which helical parameters were refined. (C) Little to no improvements were observed for PhuZ-

GDP (class 2) map. (B,D and F) FSC curves for the reconstructions.  

 

Supplementary Figure 4.  Related to Figure 4. (A,C and F) The entire field of view of 

filament populations visualized at different times post-GTP addition. Enclosed in white bounding 

rectangles are sections of the micrographs shown in the Figure 4 (B-D). (A) PhuZ filaments 

visualized at the very early times of assembly (20s post-GTP addition) have not hydrolyzed GTP 

as they are morphologically similar to PhuZ polymerized in GMPCPP (B). (D and E) BeF3 

stabilizes PhuZ filaments polymerized in GTP.  
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Chapter Four 

 

Complementary Studies on PhuZ Structure and Assembly Mechanism 
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This chapter will describe experiments that were not published, but were essential to 

obtaining the published data described in chapters 2 and 3.   

 

Results and Discussion 

PhuZ Filament Geometry  

Our efforts to obtain a cryo-EM reconstruction of PhuZ filament at a sub-nanometer 

resolution had been unsuccessful for a while. Without clear understanding why the structure 

could not be refined to a resolution better than 15 Å, we reasoned that one of the causes may be 

application of wrong symmetry parameters to the unsymmetrized volume during the 

reconstruction process. To test this hypothesis, first we wanted to verify whether PhuZ filament 

is indeed three-stranded and determine its absolute hand using tomography. ±60° tilt series were 

collected on single PhuZ filaments, stained with 2% uranyl formate and on two-stranded TubZ 

filaments, used as a positive control. The end-on view of a single PhuZ filament seen in the 

tomographic reconstruction (Fig. 1A,B) confirmed its three-stranded architecture, and indicated 

that it is a right-handed filament (Fig. 1C). Unexpectedly, when the volume was symmetrized 

testing a wide range of symmetry parameters describing a right-handed, tree-stranded, one-start 

helical geometry the quality of the reconstruction still would not improve.  

 

PhuZ Assembly Conditions 

An alternative explanation to the reduced quality of the cryo-EM reconstruction was 

structural heterogeneity of the specimen. PhuZ filaments extensively bundle in ice, and filament 

segments accidentally extracted along these bundles, could lead to misalignment of images 

during the reconstruction. The bundles were observed when PhuZ was polymerized in either the 
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Hepes Buffer or Brb80. The composition of each buffer is listed in Chapter 6. More 

unpolymerized monomer was observed on EM grids when polymerization reactions were carried 

on in the Hepes buffer than in Brb80. Moreover, filaments in Brb80 buffers looked longer and 

more ordered. Consequently, Brb80 was chosen as a polymerization buffer for the rest of the 

experiments.  

In an attempt to minimize bundling, PhuZ was polymerized over wide ranges of pH and 

salt concentration in Brb80, summarized in Table 1, and then imaged.  Amount of bundling was 

not significantly reduced when PhuZ concentration was lowered; neither changes in pH of the 

buffer had any effect.  Single filaments were more numerous at increased salt concentrations, but 

these filaments were shorter, and the number of filaments per hole had decreased. Additionally, 

PhuZ aggregated in salt concentrations above 160 mM (the concentration of salt in Brb80). With 

these results in mind, we chose to use Brb80 with no additional salt and at the physiological pH 

of 7.4. 

 

Orientation of a PhuZ Subunit within the Filament  

 Chapter 2 mentions that PhuZ subunit within the filament has an unusual orientation, 

which is opposite from the orientations of subunits within a microtubule and TubZ filament.  

This unusual orientation was identified using biochemistry and low-resolution structural results, 

but not the 7.1 Å cryo-EM map, which was obtained later. Specifically, we first tested whether 

the subunit orientation seen in the two-stranded X-ray filament (PDB ID: 3r4v) (Kraemer et al., 

2012) is representative of its packing within the three-stranded helix (Fig. 2A). In the two-

stranded filament the interstrand contacts are very limited with only R43 (H2) making an 

electrostatic surface with D256 (S9-S10 loop) (Fig. 2A). To test the hypothesis, R43 was 
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mutated to alanine and the mutant ability to polymerize was examined. R43A purified as 

partially degraded species (Fig. 2B). Nevertheless, a pelleting assay showed that the mutant was 

able to assemble filaments to the wild-type levels (Fig. 2C) and these filaments were three-

stranded (Fig. 2D).  

 Alternatively, the N-terminus of PhuZ was tagged to verify its orientation within the 

filament. In contrast, tagging of the C-terminus abolished filament assembly (Kraemer et al., 

2012). The N-terminus was tagged with GFP. The PhuZ-GFP filament was then reconstructed in 

3D to determine location of the label. Surprisingly, the extra density for GFP was found at the 

outer filament surface (Fig. 3B).  Using this knowledge, a preliminary pseudo-atomic model was 

constructed by rigidly docking the X-ray PhuZ monomer structure into a 15 Å cryo-EM 

reconstruction (Fig. 3C). D303 and D305 within the C-terminal tail were predicted to form a 

lateral electrostatic surface with R217 and K238 as described in Chapter 2. 

 

Atomic Model Building  

 To fully interpret a GTP-like state of a PhuZ filament, we built its atomic model by 

flexibly fitting PhuZPA3 homology model into the 3.5 Å PhuZ-GMPCPP map (Chapter 3). 

Initially the model was built using molecular dynamic flexible fitting (MDFF) procedure 

(Trabuco et al., 2008) as described in Chapter 3.  Many of side chains and some of the backbone 

atoms were still found outside the EM density after the flexible fitting procedure (Fig. 4A).  

These atoms were manually adjusted using real space refinement in Coot, followed by the 

refinement in REFMAC as described in Chapter 3.   

 Some of side-chains, especially aspartates and glutamates, were not resolved in the cryo-

EM reconstruction, which significantly complicated fitting of the model. To improve our ability 
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to see these side chains, we used the approach originally described by (Mitsuoka et al., 1999) . 

The idea is that the negatively charged oxygen atoms scatter positively at resolutions better than 

~6 Å, but otherwise the scattering is negative at all lower resolutions. The negative low-

resolution scattering masks our ability to see O- atoms. As a result, the negatively charged side-

chains should be better resolved in the experimental map calculated by omitting the low-

resolution data. As exemplified by Fig. 4A, many of the negatively charged side-chains gained 

extra Coulomb potential density when the map was band-pass filtered between 5.5 Å and 3.5 Å. 

Similar results were observed for the map calculated using movie frames 1 through 3 (to 

minimize effects of radiation damage) when compared to the map obtained using all 30 frames, 

but without application of the dose filter (Fig. 4B)  (Grant and Grigorieff, 2015).   
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Figure 1. PhuZ is three-stranded, right-handed filament. (A) A slice through a tomogram 

shows an end-on view of a single PhuZ filament. Pattern of intensities, highlighted by the 

white dotted line (B), indicate the three-stranded nature of PhuZ filament. (C) A slice 

through a tomogram shows that PhuZ filament is right-handed. PhuZ strands intertwine 

in a similar manner as the two strands of a right-handed TubZ filament, indicated by the 

white solid lines (D).  

 

Figure 2. Identifying lateral contacts based on crystal packing. (A) Two-stranded 

crystallographic filament (PDB ID: 3r4v). Two strands make lateral interactions via R43 

and D256, magnified in inset. (B) Pelleting assay was performed with wild-type protein 

and R43A mutant polymerized in 1 mM GMPCPP. “S” stands tor supernatant and “P” for 

pellet. R43A filaments are three stranded as indicated by 2D class averages of negatively-

stained filament segments extracted from micrographs (C).  

 

Figure 3. Identifying subunit orientation within PhuZ filament. Negative-stain 3D 

reconstructions of PhuZ filament without (A) and with GFP tag (B). GFP was appended 

to the N-terminus of PhuZ (C).  (B) The regular protrusions observed on the outer surface 

of the filament correspond to GFP. (C) Pseudo-atomic model showing a tentative 

prediction of PhuZ subunit orientation within the filament. N-termini are colored in 

violet.  

Figure 4. Computational approaches to recover Coulomb potential densities for 

negatively charged side-chains. (A) 3D reconstruction of PhuZ-GMPCPP including data 
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up to 3.5 Å represented as a yellow solid surface and reconstruction including data only 

from 5.5 Å to 3.5 Å shown as gray mesh. Amplitudes for each reconstruction were scaled 

to match those calculated from the docked atomic structure. The band-pass filtered map 

displays a better-defined density for the side-chain. The side-chain initially fitted using 

MDFF in orange was adjusted with Coot and REFMAC in red to better fit its 

corresponding density. (B) 3D reconstruction of PhuZ-GMPCPP including all 30 movie 

frames represented as a gray solid surface (without application of the dose filter) or using 

frames 1 through 3, shown as a red mesh surface. The map reconstructed using only first 

three frames has a better-defined density for the side-chain. 
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Buffer pH Additional Salt, (mM) Observations
Brb80 6.9 Filaments are, straight, well-ordered, very log and bundle extensively
Brb80 7.4 Filaments are, straight, well-ordered, very log and bundle extensively
Brb80 7.9 Filaments are, straight, well-ordered, very log and bundle extensively
Brb80 8.4 Filaments are, straight, well-ordered, very log and bundle extensively
Brb80 6.9 50 Filaments are, straight, well-ordered, short, single. Some protein aggregation
Brb80 6.9 100 Filaments are, straight, well-ordered, very short, rare,  singles. Significant protein aggregation

Table 1. Polymerization Conditions for PhuZ
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Introduction  

With all the work described in Chapters 2 and 3 we have gained an atomic-level view of 

one of a kind bacteriophage-encoded tubulin filament PhuZ, and have gotten an appreciation for 

the mechanisms underlying its dynamic behavior. PhuZ is the first viral tubulin homologue that 

has been characterized both in vitro and in vivo (Kraemer et al., 2012; Zehr et al., 2014; Erb et 

al., 2014). Unexpectedly, we found that PhuZ monomer structure and its polymerization-

dependent reorganization, filament dynamic properties, and in vivo assembly are reminiscent of 

those of the microtubule-based cytoskeleton (Kraemer et al., 2012; Zehr et al., 2014; Erb et al., 

2014).  Given this, we want to know the molecular mechanisms that underlie PhuZ dynamics and 

its in vivo organization. Studying these mechanisms using PhuZ as a model system, will allow us 

to potentially define a set of fundamental properties shared by members of the tubulin 

superfamily.  

 

Molecular Mechanism of PhuZ Dynamic Instability 

For most tubulin-mediated processes the underlying dynamics of a polymer plays a 

central role. Understanding nucleotide-dependent conformational changes that accompany 

polymerization, hydrolysis and depolymerization is essential to fully appreciate tubulin filament 

dynamics. Although in Chapters 2 and 3 we have suggested nucleotide-dependent PhuZ turnover 

cycle, there is much work that needs to be done to refine the proposed mechanisms. 

 

Verifying Assembly-competent Conformational Changes  

In Chapters 2 and 3, based on the x-ray crystallographic observations (Kraemer et al., 

2012; Aylett et al., 2013), we proposed that a soluble PhuZ-GTP longitudinal dimer transitions 



! 112!

between relaxed and compact states.  There is no kinetic data to back up this model. The static in 

nature structural observations may describe the conformational states of PhuZ constrained by the 

crystal packing, and are not representative of PhuZ states in solution. One of the techniques that 

could be used to observe conformational changes within a PhuZ dimer is solution is the double 

electron-electron resonance (DEER) (Jeschke, 2012). The method uses a couple of spin labels 

usually added to cysteines for distance measurements in the range from 2 to 6 nm. PhuZ has only 

one soluble cysteine with the rest buried in the protein core and; thus, it will not require 

mutations to introduce additional or mutate existing cysteines. The dimer itself could be 

constructed from the two mutants that interact with each other, but not themselves: D82A, a 

mutant in the longitudinal interface (Chapter 3) that does not polymerize, and Δtail-PhuZ-

D190A, a tailless mutant that does not polymerize and hydrolyze GTP. The DEER experiment 

would be able to resolve whether PhuZ longitudinal dimer assumes one of the two or both 

proposed conformational states, or adopts a continuum of conformations in between the relaxed 

and compact structural forms.  

Moreover, it would be important to confirm the proposed restructuring of the activation 

domain and H7 that accompany PhuZ polymerization (Chapter 3). As the structural comparison 

was made between PhuZ201 and PhuZPA3 that share only 45% identity, there is a possibility that 

the described movements are due to the sequence divergence and otherwise do not exist or larger 

in magnitude in the same species. It is necessary to obtain a near-atomic cryo-EM reconstruction 

of PhuZ201-GMPCPP to verify the proposed mechanism. Obtaining the structure should not be 

challenging, as the sample preparation, visualization and image processing are well-established 

procedures in our lab.  
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The near-atomic 3D reconstructions of filaments that the two PhuZ homologues assemble 

may show the structural origins of the filament supertwist. The twist per subunit values differ by 

2° between the two structures, -116.4° for PhuZ201 and -118.4° for PhuZPA3. Since the 

longitudinal contacts around the GTPase pocket are quite conserved, the degree of the twist most 

likely is determined by the C-terminally-mediated lateral interface. After mapping the areas of 

divergence in the lateral interface, one then could use site-directed mutagenesis to swap these 

areas between the two homologues.  To check whether the helicities of the resulting chimera 

filaments have changed, it would be necessary to perform their cryo-EM 3D reconstructions. For 

an initial analysis low (~20 Å) resolution maps would be sufficient to identify changes in the 

twist, and whether the predicted surfaces are important determinants of the twist. The analysis on 

negatively stained filaments should be avoided, as PhuZ filaments appear to be bent and 

flattened in tomographic reconstructions (data not shown). Sample distortions would lead to 

estimations of wrong average symmetry parameters values. Alternatively, one could calculate 

helical symmetry parameters of PhuZPA3 H11-swap mutant that contains H11 from PhuZ201. The 

construct is already purified and stored in -80 °C. The tail of PhuZ is conserved and the more 

divergent in primary sequences H11 helices may be sufficient to reprogram the geometries of the 

filaments. 

 If the above-mentioned experiments work, it would be very interesting to know how 

PhuZ filament supertwist influences its dynamic properties. In Chapter 2 we proposed that 

twisted filament strands are more GTPase active than straight protofilaments. To test this, one 

could design filaments with various degrees of twist per subunit and check for their GTPase 

activity and other biophysical properties.  Finally, the ability of filaments with various degrees of 

twist to facilitate phage replication could be tested.  
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 If twisting of a PhuZ protofilament stimulates GTP hydrolysis, one would expect PhuZ201 

to have a higher hydrolysis rate than that of PhuZPA3. Previously, we estimated GTPase rates of 

PhuZ201 and PhuZPA3. Dr. Kraemer estimated that a PhuZ201 subunit hydrolyzes from 1 to 3 GTP 

molecules per minute (Kraemer, 2014), and my initial estimations suggested that PhuZPA3 subunit 

hydrolyzes 3 GTP molecules per minute (Fig. 1B). While my measurements were performed at 

very low PhuZ concentrations to minimize filament bundling (3 μM and 5 μM), with the 

assumption that the bundling could hinder rates of inorganic phosphate release from the filament 

lattice, Dr. Kraemer performed measurements at these and much higher concentrations of 

protein. Additionally we used different assays, which vary in detection sensitivity. Consequently, 

GTPase rate measurements need to be repeated using the same experimental procedures for both 

homologues.  

  

Visualizing a Detailed Mechanism of Hydrolysis and Filament Disassembly. 

 The current near atomic resolution of PhuZ-GMPCPP (3.5 Å) does not permit to see all 

of the important atomic interactions within the intersubunit active site to fully explain the 

mechanism of GTP hydrolysis. In particular, at this resolution the water molecule that is being 

polarizes by the catalytic aspartates and other waters, needed for the attack on the γ-phosphate, 

are not resolved. Waters are usually resolved at resolutions better than 2.5 Å. To refine the 

structure to a sub 2.5 Å resolution, a much larger data set than the one mentioned in Chapter 3 

(~10,500 asymmetric units in the final reconstruction) is required. Additionally, it is necessary to 

improve specimen assembly conditions. PhuZ-GMPCPP lattice, although fairly ordered, still 

contains a large number of filament segments with helical parameters significantly deviating 

from the mean values (Chapter 3). Moreover, PhuZ-GMPCPP filaments appear to bundle 
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extensively in ice, and accidental extraction of filament segments from the bundles is inevitable 

during particle picking. Both helical disorder and particles containing filament bundles limit 

resolution of the reconstruction. We have noticed that PhuZ filaments polymerized in excess of 

GTP and BeF3 appear to be much more ordered, significantly straighter and less aggregated in 

comparison to D190A filaments assembled in GTP or wild-type filaments assembled in 

GMPCPP. Although using BeF3 is not ideal, as it mimics PhuZ-GDP-Pi transition state and not a 

GTP state of the filament, one can gain an invaluable insight into a post-hydrolysis-pre-

phosphate release state of the active site. One also could test whether PhuZ-GMPCPP or PhuZ-

D190A assembled in GTP forms more ordered, single filaments in the presence of BeF3.  

 Chapter 3 mentioned that PhuZ filaments in post-GTP hydrolysis states had been 

resolved to lower resolutions than the PhuZ-GMPCPP structure, owning to the structural 

heterogeneity of the assembly. Again a large data set and/or improved sample preparation are 

needed to obtain more detailed views of the GDP-liganded lattice. Chapter 3 also mentions that 

PhuZ filaments at the equilibrium phase of assembly are unstable in ice and cannot be vitrified 

for visualization. My recent experiments showed that PhuZ filaments could be stabilized using 

the approach described by (Garner et al., 2004). In particular, a small percentage of D190A in a 

reaction containing wild-type protein and GTP stabilizes filaments, apparently by forming “GTP 

caps” (Fig. 2A). At 5% of D190A no disassembly was detected as indicated by the light-

scattering curve. This approach would not only permit to obtain a larger number of filaments per 

grid square, but also to collect data at later times post-GTP addition and potentially resolve these 

structural states. 

 Although, capped filaments are still structurally heterogeneous, forming flat sheets, tubes 

and single-stranded species (Fig. 2B), one could collect a large data set and then computationally 
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separate these different states. Since the GDP-liganded filament lattice undergoes an 

unprecedented reordering and assumes non-three stranded geometries, computational algorithms 

that automatically determine initial helical symmetry parameters are essential to get correct final 

3D reconstructions (Desfosses et al., 2014). Moreover, it would be necessary to use extensive 

sorting in 2D and 3D, followed by helical symmetry sorting in FREALIX, as described in 

Chapter 3, to resolve different structural states. An alternative way to stabilize the disassembling 

PhuZ-GDP lattice is to add BeF3 to the polymerization reactions containing wild-type protein 

and GTP at different times post-GTP addition.  

It would be important to know a role of the C-terminus at the plus end of a PhuZ 

filament. The C-termini of the three subunits at the plus end are not engaged by the longitudinal 

or lateral interactions. One possibility is that the C-terminal tails stabilize the metastable PhuZ-

GDP filament lattice. For instance, the long C-terminal tails may reach toward adjacent strands 

and crosslink them to each other or cap GTP binding sites hindering addition of new monomers 

and hydrolysis of GTP molecules bound by the three subunits. To investigate this, PhuZ filament 

plus end must be reconstructed in 3D. To maximize number of filament ends per field of view, 

D190A filaments need to be aged for at least 10 minutes after addition of GTP and before 

vitrification. My preliminary results suggest that initially long D190A filaments appear to 

become increasingly brittle as they age in solution, forming numerous short filaments. To have 

enough contrast to extract filament ends from micrographs and subsequently align them in 2D 

and 3D, it is necessary to use the “high exposure” technique (Grant and Grigorieff, 2015). 
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PhuZ Biological Function 

Tubulin filaments temporospatial organization in cells is vital for their function. 

Microtubule nucleation and organization by microtubule organizing centers is needed for 

partitioning of genetic material, motility, intracellular trafficking, etc. TubZ filaments are 

nucleated by the TubRC centromeric complexes, and their directional growth enables faithful 

segregation of low-copy plasmids in bacteria (Fink and Lowe, 2015). PhuZ assembles primitive 

spindles that organize phage DNA in infected Pseudomonas cells (Kraemer et al., 2012; Erb et 

al., 2014).  Proteins mediating assembly of PhuZ spindles are yet to be discovered.  

 

In Search of PhuZ-binding Proteins  

 Prokaryotic genes encoding segregation machinery usually consist of three components: a 

centromeric region, adaptor protein that binds to the centromere and protein that forms dynamic 

filaments in a nucleotide-dependent manner. Using this knowledge, we predicted that a short 

open reading frame, we called it phuZR, encodes an adaptor protein that links PhuZ to the phage 

DNA. Sequence homology search failed to find significant hits. We purified this protein to 

homogeneity and determined that it assembles a 44 kDa tetramer (Fig. 3B). Multiple assays 

suggested that PhuZR does not bind PhuZ filaments directly in vitro. We proposed that a third 

component, a centromeric DNA, may be needed for PhuZ and PhuZR to interact. Thorough 

examination of the adjacent DNA sequences for direct repeats returned negative results. 

Nevertheless, we decided to structurally characterize this protein with the hope that it may have a 

structural homologue with known function (Fig. 3C-E). We solved the X-ray crystal structure of 

PhuZR to 1.1 Å. Unfortunately, aside from having a ferredoxin fold and two oppositely charged 

flat interfaces, the structure of PhuZR is unique.   
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 With all the work that has been done so far on characterizing PhuZR, it is worth to 

continue studying this protein, as the close proximity phuZ and phuZR genes suggest that their 

products should work in the same biological pathway. For example, an easy way to verify 

whether these two proteins interact, it to fluorescently tag PhuZR and look for its co-localization 

with PhuZ-GFP in infected cells. If PhuZR associates with PhuZ, it should either decorate 

filaments along their lengths, concentrate at cell pole locations that nucleate and anchor filament 

minus ends, or produce a punctate pattern at the plus ends of filaments, if PhuZR functions as an 

adaptor protein linking PhuZ filaments to phage DNA or capsids.  Alternatively, the two proteins 

could be Strep-tagged and co-expressed in infected cells for a reciprocal pull-down. 

 Our collaborators, the Pogliano lab, have been working on identifying what binds to 

PhuZ. Single cell mass spectrometry analysis on cells infected with 201ϕ2-1 allowed them to 

pinpoint a set of proteins expressed at the same time as PhuZ (~30 min post-infection). 

Currently, these proteins are being tagged with a fluorescent marker and their co-localization 

with PhuZ is being monitored. So far at least thirty PhuZ-interacting candidates have been 

examined. While the localization patterns of these candidates are intriguing, there is no 

indication that any of them associate with PhuZ. The drawback of the method is its sensitivity: a 

low-copy number adaptor protein may not be detected by this approach. 

 An alternative approach is to systematically tag genes adjacent to phuZ with a fluorescent 

tag and examine their cellular localizations in relation to PhuZ-GFP filaments. Although, most 

putative protein-encoding genes in ϕKZ-like phages have little or no homology to the known 

viral genes, they are functionally clustered into blocks:  genes involved in morphology, DNA 

replication and expression (Cornelissen et al., 2012). phuZ is located in the “morphology block”, 

suggesting its possible involvement in phage assembly. Consequently, one could tag genes in the 
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morphology block with a fluorescent protein, and examine their cellular distributions in relation 

to PhuZ. Once the desired co-localization patterns are found in infected Pseudomonas, the genes 

could be co-expressed in E. coli to verify whether their products interact directly. If the 

interactions with PhuZ are direct, these proteins could be purified for biophysical and structural 

analyses. If interactions require other proteins, then a pull down with Strep-tagged PhuZ and a 

PhuZ-interacting protein from infected cell lysates would be needed. 

Finally, only genes around phuZ that code for polypeptide sequences conserved among 

the PhuZ-encoding phages could be examined (Fig.4). While this approach would simplify and 

speed up the screening process, PhuZ-binding proteins unique to each phage would be 

overlooked. I already cloned the conserved gp21 and gp30 genes for recombinant expression in 

E. coli. Their products express and are ready to be purified and biochemically characterized.  

 PhuZ-binding proteins may also be isolated biochemically. Precisely, one could add 

PhuZ-D190A filaments to clarified lysates of infected cells, and then collect the filaments with 

associated proteins by centrifugation through a sucrose cushion (Kellogg et al., 1989). An 

alternative method is to pass a crude lysate of infected cells through affinity columns loaded with 

PhuZ-D190A filaments or PhuZ-D82A monomers (Kellogg et al., 1989). Finally, Strep-tagged 

D190A filaments and D82A monomers, expressed in infected cells, could be isolated by affinity 

chromatography in complexes with other proteins. Mass spectrometry analysis must be used as a 

final step in identifying isolated proteins.  

Since phuZ is found in the “morphology block” of the genome, its product potentially 

interacts with the phage capsid or tail proteins. Because ϕKZ-like phages are very large, they 

would pellet during crude lysate preparations at speeds above 14,000 rpm, or would not be 

retained in complexes with PhuZ during pull down experiments, or get stuck on top of affinity 
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columns. Consequently, it is necessary to lyse infected cells before tails and capsids are 

assembled (~1 hour post-phage addition to a bacterial culture) during the first round of infection.   

 Another approach to identify PhuZ associated proteins is by editing phage genome. 

Conventional genetic approaches are not feasible with ϕKZ-like phages due to the large sizes of 

their genomes (from ~260 kb to ~317 kb) and lytic infectious cycle. Consequently, selected 

genes could be edited by the clustered regularly interspaced short palindromic repeat  (CRISPR) 

interference approach (Doudna and Charpentier, 2014). Infected cells with silenced genes could 

be examined for changes in PhuZ-based spindle assembly and dynamics.  

 

Materials and Methods 

Purification of PhuZ-D190A 

Purification protocol for D190A mutant is found in (Kraemer, 2014). 

 

Measurement of PhuZPA3 GTPase rate  

The generated inorganic phosphate (Pi) was quantified by the malachite green assay. 10 μL of 3 

or 5 μM PhuZ polymerized in 1mM GTP in Brb80 pH 7.4 was diluted to 100 μL. Subsequently, 

70 μL of solution A (42 mmol/L Na2MoO4 dissolved in 1 mol/L HCl), 30 μL of solution B 

(0.042% malachite green in 1% polyvinyl alcohol) and 30 μL of solution C (30% H2SO4) were 

added. After color development, absorption was read at 626 nm. 

 

Stabilization of PhuZ filaments by substoichiometric concentrations of D190A mutant  

40 μM PhuZ WT was mixed with substoichiometric amounts of D190A in Brb80 pH 7.4 at room 

temperature. GTP was added to a final concentration of 400 μM. Reaction was allowed to 
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proceed at room temperature and polymerization kinetics was measured by right-angle light 

scattering system designed in house. An excitation wavelength of 530 nm was used. 

 

Expression and purification of PhuZR 

To express and purify PhuZR follow the procedure described for PhuZ in Chapter 6. 
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Figure 1. Estimation of PhuZPA3 GTPase rate using malachite green phosphate release assay. (A) 

Standard curve with the average absorbance for each phosphate standard as nM of inorganic 

phosphate (Pi) vs. absorbance at 626 nm.  (B) Pi release vs. time in min. 3 μM PhuZ in 1mM 

GTP shows a linear increase in activity with time. The slope of this line is [Pi released in 

nM]/(min*PhuZ in nM) indicates that PhuZ molecule hydrolyzes 3 GTP/min. 

Figure 2. Stabilization of PhuZ filaments with limited amounts of PhuZ-D190A mutant. (A) 

Right-angle light scattering traces of 40 μM PhuZ and 0% in blue, 100% in red, 2.5% in green 

and 5% in violet of D190A polymerized in 400 μM GTP in Brb80 pH 7.4. (B) Negatively stained 

WT PhuZ and 2.5% D190A polymerized in 400 μM GTP in Brb80 pH 7.4. Polymers were aged 

for 15 minutes in solution before visualization. Stabilized PhuZ-GDP filaments form multi-

stranded flat sheets (†) and single filaments (*) in addition to three-stranded rough polymers (◊). 

Scale bar=100 nm. 

Figure 3. Structural characterization of PhuZR. (A) Negatively stained PhuZR, scale bar=100 

nm. (B) SEC-MALS of 10 μM of PhuZR (Wyatt 050S5). PhuZR forms 44 kDa tetramer. (C) 

PhuZR crystal and its diffraction pattern (D). (C) Growth conditions for PhuZR crystals and X-

ray data (D). X-ray structure of PhuZR. 

Figure 4. Open reading frame conservation around PhuZ. (A) “gp” stands for “gene product”. 

Protein sequence similarity for gp19 through gp39 of Pseudomonas bacteriophages ϕPA3 (red 

squares) was compared with protein sequences from ϕKZ (blue), 201ϕ2-1 (green) and ϕEL 

(orange) using PSI-BLAST. For ϕKZ, 201ϕ2-1 and ϕEL only protein-coding sequences 

conserved with those of ϕPA3 are shown. PhuZPA3 is gp28. 
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PhuZR 5.5mg/ml 
25%(w/v) PEG3,350
0.1M Tris pH8.5
0.2M NaCl
Growth time ~1month

Space group: Primitive orthrombic  P222

Screw Axis P21221

Unit cell dimensions: 52.67Åx62.302Åx88.095Å

Negative Stain MALSA B

C D

E 1.1 Å Structure of PhuZR
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Chapter Six 

 

Selected Protocols 
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Selected Buffers and Protocols 

PhuZ Polymerization Buffers 

Hepes Buffer: 50mM Hepes-HCl (pH7.2), 125 mM KCl, 1!mM!MgCl2,!1!mM!EGTA 

BRB80!(1X):!80!mM!PIPES>KOH!(pH7.2),!1!mM!MgCl2,!1!mM!EGTA!

PhuZ Purification Buffers 

Lysis Buffer 

• 50mM HEPES pH 7.4 

• 250 mM KCl 

• 1mM MgCl2 

• 10% glycerol 

• sterile filter 

• add 1mM DTT fresh 

 

Wash Buffer 

• 50mM HEPES pH 7.4 

• 250 mM KCl 

• 1mM MgCl2 

• 10% glycerol 

• 10mM imidazole 

• sterile filter 

• add 1mM DTT fresh 
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Elution Buffer 

• 50mM HEPES pH 7.4 

• 250 mM KCl 

• 1mM MgCl2 

• 10% glycerol 

• 250mM imidazole 

• sterile filteradd 1DTT fresh 

 

Thrombin Cleavage Buffer 

• 50mM HEPES pH 8.0 

• 150 mM KCl 

• 1 mM MgCl2 

• 5 mM CaCl2 

• 10% glycerol 

• sterile filter 

 

S200 Buffer: 

• 50mM HEPES pH 7.4 

• 250mM KCl 

• 1mM MgCl2 

• sterile filter 
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• add 1mM DTT fresh 

 

 

Brb80 pH7.2: 

• 1mM MgCl2 

• 1mM EGTA 

• 80mM PIPES 

• KOH to bring pH=7.4 

• sterile filter 

• add 1mM DTT fresh 

 

Phage Buffer 

10ml 1M Tris, pH 7.5 

10ml 1M MgSO4 

4g NaCl 

980 ml ddH2O 

• Stir ingredients in a beaker 

• Aliquot 100ml in glass bottles 

• Autoclave on liquid cycle for 30 min 

PhuZ Purification Protocol: 

 

• Induce 6 L of E coli with 250mM IPTG overnight at 16 C° 
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• Make sure you have prepared the following: 

• All buffers at pH=7.4 and 4°C 

• 400 ml Lysis buffer  

• 200ml Wash buffer 

• 50ml Elution buffer 

• 2L Thrombin cleavage buffer 

• Add 1mM DTT final concentration to the buffers fresh with the exception of the 

Thrombin cleavage buffer 

 

• Split cold lysis buffer in half, with one bottle containing 4 EDTA-free protease inhibitor 

tablets 

• Make sure to completely dissolve tablets. Break them in the bottle using glass stick. 

• Use the Lysis buffer with protease inhibitor and dounce to homogenize cell pellet 

• Add 15ml of the lysis buffer into the conical tube with cells and use glass stick to 

dissolve some of the pellet 

• Put these 15ml in the douncer and push up and down to homogenize 

• Douncer is found by the sink 

• Transfer the homogenized lysate into 50ml conical tube 

• Repeat until all of the pellet is fully resuspended  

• Lyse cells in emulsiflex  

• Reserve 45ul of the sample to run on SDS gel 
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• Spin cells for 45min at 35k XG at 4°C (use 25.5 rotor) 

• Align pins and bulges to ensure the tight fit of the rotor in the centrifuge 

• Use 50 ml centrifuge tubes (sure the o-rings are in place) 

• Collect 45ul supernatant and 45ul pellet (add ddH2O to thre black line) to run on the gel 

 

• While waiting for the spin to be done, prepare Ni column 

• Find tube, cap, reservoir 

• Use 12ml of Ni-NTA slurry (6 ml bed volume in 50% of 20% ethanol) 

• Get rid of the ethanol  

• NOTE: never allow Ni beads to dry out 

• Equilibrate the Ni column with the other half (200 ml) of lysis buffer that was put aside 

earlier 

• Put lysate in the column 

• Put the lid on top 

• Wrap the column top and bottom with parafilm to prevent leakage 

• Rotate for 1.5 hours in the 4 C° room 

• Collect flow-through into a beaker 

• Collect 45 ul of supernatant to run on the gel 

• Wash the Ni-column with 200 ml of the Wash buffer 

• Collect 45ul of the wash for the gel 

• Elute with 24 ml of Elution buffer (incubate for 20min in the buffer before collecting 

protein) 
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• Collect 45 ul to run on SDS gel 

 

• Add 15 ul 4X sample buffer to each tube  

• Run 5ul of each sample on the 4-12% SDS gel  

 

• The used Ni beads are regenerated by someone in the lab, so do not throw them away  

• Make 50ml of 20% ethanol to collect the Ni resin for reuse 

 

• Inject the eluted protein sample fractions mixed with Thrombin (100units/ul) into the 

appropriate dialysis cassette (30kDa) 

• Put the cassette into 2L Beaker with Thrombin cleavage buffer with stir bar and rotate 

overnight in the 4C° room 

 

 

S200 Purification 

 

• Equilibrate the S200 column with S200 buffer  

• Using 15ml syringe extract protein from the dialysis cassette  

• Set aside 45 ul sample to verify whether the 6xHis tag was cleaved (PhuZ filaments arev 

ugly and bundle a lot when the tag is not cleaved) 

• Concentrate cleaved protein from Xml to 5ml for injection into 5ml loop. Use Millipore 

filter  (30,000 MWCO)  
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• Use 16.25 rotor to concentrate to 5 ml 

• Run S200 column and collect peak fractions  

• S200 column setup:  

• Filter sample with 0.1ul filter before injecting into the loop to prevent ruining column 

with having protein aggregates/polymers 

• Change the sample collecting cuvettes in the frac 920 tube sensor 

• Position the arm of the tube sensor such that the red straw is centered above the first 

cuvette 

• Wash 5ml loop (beige) with 10 ml of S200 buffer before injecting protein 

• Prevent introducing air 

• Open “methods” 

1. Run program S200 elute (Christian) ( 

2. Make sure “variables” are correct 

3. Wash-Inlet_A1_ (I use A1)=on 

4. Flow rate 1.00 

5. Pressure for this column 0.5 

6. Check if column position is correct under “column position” option 

7. Equilibrate with 1.1 column volume 

 

• After collecting your fractions 

• Wash your column with ddH2O. Run the same program, but with all zeros AFTER 

“equilibrate with” option 
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• Concentrate your protein again with Millipore filter  (30,000 MWCO)  

• Freeze at -80 °C 

• Before performing experiments, dialyze protein for a few hours in Brb80 ph 7.2 buffer at 

4 °C  

 
!

 
 
Plaque Assay 
 
For P. chlororaphis 
 

• Take 201ϕ2-1 lysate and serially dilute to 10-10 using phage buffer 

• Infect 0.5 ml of saturated, overnight bacterial culture with 10 ul of each of the dilutions  

• Make sure you have a negative control (phage buffer added to bacteria) 

• Incubate 10 min at room temperature for the phage to attach to bacteria 

• Add 4.5ml of molten top agar that is 55 °C or less. We usually use HA Top Agar that is 

0.35% agar/L 

• Quickly pour out onto a dry HA plate, and swirl gently to make sure the distribution is 

even 

• Wait 15-20 minutes for the top agar to solidify 

• Place at 30°C for overnight incubation 

• Count and record the number of plaques per plate 

• Titer (pfu/ml) = (plaques of x plate/#ul of lysate you added to bacteria) x (1000 ul/mL) x 

dilution factor 

For P. aeruginosa (PA01) 
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• Make sure you are making the below modifications to the plaque assay above as the 

ϕPA3 plaques can be hard to see 

•  You need to use only 100 ul of cells/plate 

•  PA01 liquid culture must not be clumpy. The clumps are phage resistant  

• For the “overnight incubation” leave plates at RT instead of 37 °C. Otherwise, the PA01 

will overgrow and start secreting colored compounds that obscure seeing plaques 

 

Infection of bacterial on plates 

• Grow liquid P. chlororaphis culture to logarithmic phase (OD600 = 0.3) 

• Spread 0.3 ml of culture on a 10 cm bacterial plate (standard size) using sterile "hockey 

stick" spreader 

• Incubate plates at 30 °C for 3-4 hours 

• Add 10 ul of 201ϕ2-1 lysate and spread over the surface of the plate very gently (I use 

the side/bottom of a sterile 50 ml falcon tube - but be careful not to tear the agar) 

• Incubate at 30 °C, waiting the desired amount of time (for maximum phage nucleoid 

formation, I wait 70 min) 

• Squirt 2 ml of sterile buffer or liquid media using a clean hockey stick 

• Scrape the cells off the plate and suck up liquid into a tube  

• Flash freeze immediately to halt the infection  

Phage infection efficiency  

• Perform Plaque assay to determine number of pfu/ml  

• Grow 5m of overnight culture of PA01  
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• Transfer into two tubes with fresh LB and grow to OD600 ~ 0.7 

• Meanwhile have LB agar plates ready (warm to 37 °C) and 30% top agar at 55 °C 

• Infect one tube with ϕPA3 at MOI=1 for 10 min (let stand on a bench top for 10 

min) 

• Centrifuge infected cells at 4000rpm for 10 min at room temperature 

• Wash twice with TBS (50mM Tris-HCl, pH7.4, 120mM NaCl) followed by spin 

to remove non-adsorbed phages 

• Dilute 1/1000 in LB 

• Mix 100 ul of diluted culture with 100 ul of non-infected, exponentially growing 

PA01 and top agar 

• Plate on LB and incubate at room temperature 

• Perform a minimum of 5 platings to estimate the mean of plaque forming units 

per ml of culture  

 

Preparation of  P. aeruginosa competent cells and transformation by electroporation  

• Six milliliters of an overnight culture grown in LB medium are equally distributed into 4 

microcentrifuge tubes and the cells were harvested by centrifugation at room temperature 

for 1–2 min at 16,000g 

  

• Cell pellet in each tube is washed twice with 1 ml of room temperature 300 mM sucrose 

and cell pellets are re-suspended in a combined total of 100ul of 300 mM sucrose 

 



! 139!

• For electroporation, 500 ng of chromosomal DNA purified via the QIAamp kit, is mixed 

with 100 ul of electrocompetent cells and the mixture is transferred to a 2 mm gap width 

electroporation cuvette. After applying a pulse (settings: 25 AF; 200 V; 2.5 kV on a Bio-

Rad GenePulserXcellk; Bio-Rad), 1 ml of room temperature LB medium is added at 

once 

 

• Cells are transferred to a 1.5 ml tube and shaken for 1h at 37 °C 

 

• Cells then harvested in a microcentrifuge tube. Supernatant is discarded and cell pellet is 

resuspended in the residual medium.  

 

• The mixture is plated on an LB + antibiotic plate. The plates are incubated at 37 °C until 

colonies appeared (usually within 24 h) 
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