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Abstract. 

Ferritins are ubiquitous proteins used to sequester and store iron in almost all life 

forms. In classical ferritins, iron is oxidised from Fe(II) to Fe(III) and then stored as a 

ferrihydrite mineral within a spherical nanocage made up of 24 ferritin subunits. The 

encapsulated ferritin (EncFtn) family do not store iron in this manner, but instead use 

another protein, encapsulin (Enc), for iron storage following iron oxidation by the 

encapsulated ferritin. Encapsulins form large, hollow icosahedral structures which 

house the EncFtn and ion minerals.  

Previous work from our group on the Rhodospirillum rubrum encapsulated ferritin 

(Rru-EncFtn) has demonstrated its metal binding and ferroxidase activity. The crystal 

structure of the EncFtn from Pyroccocus furiosus (Pfc-EncFtn) and Haliangium 

ochraceum (Hoch-EncFtn) have also been determined. These show that the EncFtn 

family shares a common architecture, consisting of a decameric ‘ring-doughnut’ 

structure, with ten monomers arranged as a pentamer of dimers, and a conserved 

ferroxidase centre active site (FOC). 

Here, mass spectrometry methods were used to investigate the dynamics and stability 

of the EncFtn proteins. These studies revealed Pfc-EncFtn and Rru-EncFtn both 

adopt a decameric assembly. However, Hoch-EncFtn exists in a range of 

oligomerisation states. Interestingly, no odd numbered higher-order oligomerisation 

states of Hoch-EncFtn are observed, implying that the assembly is through the 

association of dimer units, not monomer units. Subsequently, mass spectrometry 

studies allowed the determination of the assembly pathway of the decameric 

structures through the association of EncFtn dimer units via a metal dependent 

assembly pathway.  

Further native mass spectrometry and ion mobility studies were performed on a series 

of Rru-EncFtn amino acid variants to probe the functional role of a putative metal entry 

site. The entry site was found to attract metal ions towards the FOC and restrict the 

flow of iron into the FOC. Studying the entry site of EncFtn has led to a proposed 

mechanism for the inhibition of ferroxidase activity by divalent metals. Zinc can 

irreversibly displace iron in FOC, preventing further iron oxidation during the inhibition 

process. 
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Finally, having gained insight into the EncFtn structure and function, the Enc:EncFtn 

complex was studied using electron cryo-microscopy (Cryo-EM). A single-particle 

reconstruction of the complex was determined. This reveals an unexpected spatial 

relationship between the EncFtn and encapsulin shell. The encapsulin sequesters 

exactly four EncFtn decamers, which are arranged in a pseudo-tetrahedral geometry 

within the icosahedral encapsulin shell. This arrangement is a mismatch of symmetry, 

with each EncFtn in a unique environment within the encapsulin shell. The cryo-EM 

structure obtained is the first high resolution structure of the complex and reveals the 

structural relationship between encapsulins and their cargoes for the first time. 

Together, this work provides unique insights into the structure and function of a novel 

iron storage system. The encapsulin and encapsulated ferritins studied are from a 

diverse range of habitats, including halophilic and thermophilic, and allow over double 

the iron storage of classical ferritins in these environments. This study analysed the 

tools these organisms utilise to adapt to fluctuating iron levels, the encapsulin and 

encapsulated ferritin. The novel discovery of the mismatch symmetry of EncFtn in the 

Enc icosahedron raises significant questions for the evolutionary development of the 

proteins in these environments. 
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Lay Summary. 

Iron is essential to life but needs to be managed carefully within cells as it can react 

with oxygen and make toxic products that can damage DNA and proteins in the cell. 

Ferritins are proteins that form spherical cages that can safely store iron by turning it 

into an insoluble mineral, which cannot react further. A new type of ferritin, called 

encapsulated ferritin (EncFtn) does not form its own cage, but instead uses a separate 

protein cage, encapsulin, as an iron storage system. EncFtn have a unique, ring-

doughnut shaped 3D structure made of ten parts and are housed within the 

icosahedral encapsulin. This thesis focuses on the structure and stability of these 

proteins using native mass spectrometry and cryogenic electron microscopy. 

Native mass spectrometry is the study of proteins in the gas phase whilst retaining 

their 3D structure. This study enables to observe if the ring-doughnut structure is 

consistent between different EncFtn and how this ten-part structure assembles. 

Furthermore, native mass spectrometry allows us to detect the number of iron ions 

bound to the EncFtn. 

Cryogenic electron microscopy (cryo-EM) is an imaging technique that lets us view 

biological molecules. Biological molecules are not compatible with the dehydrating 

conditions of some imaging processes. Cryo-EM uses frozen samples to overcome 

this problem and allow imaging at the near-atomic level. This work employs cryo-EM 

to elucidate the structure of encapsulin filled with EncFtns. 
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Overview of structural biology techniques,  primarily focussing on 

native mass spectrometry and cryogenic electron microscopy.  

Introduction to the structure and function of encapsulated ferritins 

and encapsulins. 
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 Structural Biology   

Proteins are long chains formed of amino acids that play critical roles in all life forms. 

Proteins perform an array of tasks in the structure, processes and function of all cells, 

making them the ultimate player in keeping organisms alive. Proteins can adopt a 

wide variety of complex structures allowing them to execute such a diverse range of 

roles. Protein structure is described by hierarchies: primary secondary, tertiary and 

quaternary. Primary structure (or more aptly primary sequence) refers to the order of 

amino acid residues in the protein polypeptide chain. Secondary structure is the 

localised organisation into α-helices, ß-sheets and turns. Proteins fold into the three-

dimensional shape with the lowest energy but maximum stability, which makes its 

tertiary structure. Only some proteins exhibit quaternary structure as it is the 

descriptor for multimeric proteins (those formed of more than polypeptide 

chain/subunits). 

The structures of proteins determine their biological role and activity, and therefore 

characterising proteins in biological systems is of importance to understanding the 

system itself. The field of characterising protein and cellular structures is known 

structural biology. 

1.1.1  Structural Biology Techniques Overview 

Structural biology aims to understand the 3D structure of proteins to provide insight 

into how they function and interact. There are a wealth of structural biology techniques 

to investigate protein structure, such as, X-ray crystallography, nuclear magnetic 

resonance (NMR) spectroscopy, cryogenic electron microscopy (cryo-EM), and native 

mass spectrometry (MS). With each technique having its own unique benefits and 

limitations1. As of July 2020, the RCSB protein databank (PDB) has; 148299 

structures which have been solved by x-ray crystallography, 13068 structures 

determined by NMR, and 5490 cryo-EM structures.  

X-ray crystallography is a well-established technique in structural biology and has 

been heavily utilised in the field since determining the atomic structure of myoglobin 

in 1958 2. X-ray crystallography experiments may provide atomic resolution models 

of proteins and is not limited by the molecular weight of the protein sample. Water-

soluble proteins, macromolecular complexes and membrane proteins have all been 

successfully studied by X-ray crystallography 3,4; however, the technique has several 

limitations 5. The production of protein crystals can be labour intensive and it is not 

possible for all proteins, particularly highly flexible proteins and those with intrinsic 
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disorder or high flexibility 6,7. Another limitation is caused by the interaction between 

the protein molecule and the X-ray itself which can damage the protein and disrupt its 

structure 8–10. Furthermore, when a protein is in a crystalline state, there is little 

flexibility within the structure (although, high-occupancy alternate conformations can 

be modelled), consequently providing a ‘snapshot’ of the structure with limited protein 

dynamics reflected within it. 

Nuclear magnetic resonance (NMR) spectroscopy allows the study of protein 

structure and protein dynamics in solution 11–13. NMR is limited to the study of relatively 

small molecular weight proteins or domains, due to increased molecular weight 

leading to more complex spectra (with multiple overlapping peaks), and faster 

magnetization relaxation times (allowing less time for signal collection) 14,15. Isotopic 

labelling and protein deuteration are methods which help negate these limitations, 

allowing the successful study of a 900 kDa protein complex 16. NMR also requires 

large amounts of purified protein sample (typically several mg) for adequate signal to 

noise ratios 17. Although NMR typically utilises aqueous protein samples, solid-state 

protein NMR can be used allowing the study of membrane proteins and aggregations 

18–20. Solid state NMR can be used to create atomic resolution models but the spectra 

are complex and requires isotope labelling; as a result is, the technique is severely 

limited by the molecular weight of the protein being studied (protomer masses studied 

are typically less than 10 kDa) 21,22. 

Cryo-EM is routinely used to determine the structures of proteins in the megadalton 

mass range, but current image alignment algorithms have limited success with low 

mass proteins (<150 kDa) due to a lack of image contrast in this mass range. Although 

recent advances in technology, such as phase plates and direct electron detectors, 

cold field emission guns (FEGs), and energy filters, are allowing smaller samples to 

be imaged and near-atomic resolution structures have now been obtained of samples 

of around 150 kDa 23–25. In cryo-EM, proteins are flash cooled in a thin layer of vitreous 

ice with the aim of retaining their solution structure and multiple conformations can be 

observed 26. This allows the sample to maintain a structure closer to its native state 

than in crystallography. Further advantages of cryo-EM over other structural biology 

techniques are: heterogeneous samples can be successfully studied, and only a small 

amount of protein is required 26,27. 

Native mass spectrometry allows the study of protein dynamics by gently introducing 

protein samples to the gas phase, retaining the protein’s solution phase structure 
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during the ionisation process 28. Thus, this technique allows topological investigations 

to be performed. Although native MS does not provide atomic structural details, it 

allows the analysis of proteins (structured and disordered protein) across a range of 

masses and oligomerisation states, and analysis can be performed in a relatively short 

timescale 29–31. One limitation of native mass spectrometry is current instrumentation 

cannot acquire high resolution data on proteins larger than approximately 2 MDa32. 

Due to the limitations of each technique, a complementary integrated structural 

biology approach is the best way to gain the fullest understanding of biological 

systems 33–36. This study will use both cryo-EM and native mass spectrometry due to 

their complementary nature.  

1.1.2 Native Mass Spectrometry 

Protein mass spectrometry allows the study of individual proteins and individual 

conformations from heterogenous solution mixtures with high-throughput and 

accuracy. A range of mass spectrometry techniques have been developed for protein 

analysis from single protein studies to the complete protein population present in a 

biological system (proteomics). These studies can be performed using protein peptide 

fragments or intact proteins. Here I will focus on the application of mass spectrometry 

of intact proteins in structural biology studies. 

1.1.2.1 Core Principles of Mass Spectrometry 

Mass spectrometry (MS) characterises ions based on their mass-to-charge ratio 

(m/z), and thus the ion’s molecular mass. There are three key stages to a mass 

spectrometry experiment: sample ionisation into the gas phase, ion separation based 

on their m/z value, and ion detection. As proteins are non-volatile in nature, MS has 

only been used in structural biology since the development of ‘soft’ ionisation 

techniques, such as matrix assisted laser desorption ionisation (MALDI) and 

electrospray ionisation (ESI) 37,38. These ionisation techniques allow the analysis of 

intact proteins in the gas phase, which is known as native mass spectrometry. 

1.1.2.2 Native Electrospray Ionisation 

The term “native MS” was first used in 2008 39, but the technique was developed 

around thirty years ago 40. Protein samples are analysed from a volatile salt solution 

of neutral pH, such as ammonium acetate, to allow effective ionisation at low 

pressures 41. Native MS is generally performed in “positive ion mode” where the 

charged species are produced by the addition of a proton (represented by the formula 
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[M+nH]n+ where a range of n values are observed) 42. Analysing proteins under native 

conditions, as opposed to denatured in liquid chromatography mass spectrometry  

(LC-MS), leads to less complex charge state distributions (CSD) as there are fewer 

solvent accessible ionisable sites for protons to be added (Figure 1.1). Multiple 

protons are added to the protein surface which leads to a relatively narrow charge 

state distribution (Figure 1.1 B) 43,44. During native MS, protein structure and 

complexes stay intact (in the case of urease in Figure 1.1 B, the charge state 

distribution in the native mass spectrum corresponds to the assembled 24-mer). If a 

protein is denatured (or disordered), it will have a less compact surface andhus 

greater proportional surface area than an equivalently sized globular protein, and 

consequently have additional ionisation sites leading to more observed charge states 

in the CSD compared to a folded protein (Figure 1.1 A). 

 

Figure 1.1: Denatured and native protein mass spectra. 

Denatured (A) and native (B) mass spectra of urease. A: α- and β- monomers of 
urease are observed and are represented by orange circles and pink triangles 
respectively. B: The native mass spectrum of α12β12 intact urease. The CSD 
observed for the native urease is more compact at higher m/z than those of 
denatured urease. Figure adapted from (Heck, 2008)39. 
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To allow the study of proteins by native MS, they need to be gently introduced to the 

gas phase by a “soft” (low energy) ionization technique, such as electrospray 

ionization (ESI) 38. ESI provides a sensitive method for analysing micro-litre volumes 

(or nano-litre volumes in nanoelectrospray, nESI) of analytes dissolved in volatile salt 

solutions, such as ammonium acetate 45. In ESI, analyte is sampled directly from 

solution through an ESI capillary with a directly applied high voltage of approximately 

5 kV (Figure 1.2). A counter-electrode is used to generate an electric field which 

causes separation of the charges in solution in the tip of the capillary 46. This creates 

a Taylor cone due to the high concentration of charge at the solution meniscus. Highly 

charged droplets containing the analyte are ejected from the Taylor cone producing a 

jet of charged droplets. Evaporation of the volatile solvents leads to decreasing size 

of the droplets and a subsequent increased density of charge within the droplet. 

Eventually, the columbic repulsion within the droplet is greater than the droplets 

surface tension and fission of the droplet occurs. Columbic fission successively 

occurs until unsolvated, charged analytes are produced 47. 

  

Figure 1.2: Schematic of ESI. 

The analyte solution undergoes charge separation due to the high potential 

difference between the ESI capillary and MS inlet. This produces a Taylor cone at 

the analyte meniscus and droplets are ejected. Droplets of analyte undergo 

successive fission and evaporation until only charge analyte remains. 
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There are three ionisation models for the production of charged gas-phase ions; the 

ion evaporation model (IEM, Figure 1.3 A), the charge residue model (CRM, Figure 

1.3 B), and the chain ejection model (CEM, Figure 1.3 C). Small molecules are 

believed to undergo IEM where the charge is localised to edge of the ESI droplet 48. 

The charged analyte will migrate to the droplet surface and be ejected from the droplet 

by the high electric field present.  

Proteins, and other larger molecules, are proposed to enter the gas phase during ESI 

via CRM or CEM, depending on their solution-phase structure. Ordered proteins in 

their native state follow CRM where they remain in the droplet during the IEM of small 

molecules and evaporation of the droplet 49. Ultimately, this produces droplets 

containing one analyte which experiences charge transfer when the solvent shell fully 

evaporates. Denatured, disordered and hydrophobic proteins display a unique ESI 

behaviour explained by the CEM 50. The hydrophobic and electrostatic factors of these 

proteins drive them to the droplet surface, similar to that seen for small analytes in 

IEM. The protein is ejected starting from one terminus and charge transfer occurs 

during this ejection. 

Figure 1.3: Ionisation models in ESI. 

The three models of ionisation in ESI: IEM (A), CRM (B) and CEM (C). A: Small 

molecule analytes are expelled from the droplet as a result of desorption and 

evaporation. B: The native protein remains in the droplet until the droplet has 

evaporated and is not much larger than the protein itself. Charge transfer from the 

droplet to protein then occurs. C: Similar to IEM for denatured protein. Charge 

transfer occurs as the denatured protein is ejected from the droplet. 
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The allocation and location of charge on protein ions is dictated by multiple factors; 

the basicity of each amino acid in the gas-phase, coulombic repulsion, and the charge 

solvation potential. Experimental evidence suggests they are located to the most 

basic residues in solution-phase 51. 

Unlike in LC-MS, protein samples in native MS have not undergone separation prior 

to analysis and so require a mass analyser to do so. Mass analysers have varying ion 

separation efficiency, mass range, resolution, and techniques of ion separation. A 

brief overview of the separation by time-of-flight (ToF), ion mobility (IM) and Fourier-

transform ion cyclotron resonance (FT-ICR) will be given in this work.  

1.1.2.3 Analysers Used in Native Mass Spectrometry 

1.1.2.3.1 Time-of-flight 

Time-of-flight (ToF) analysers separate ions based on the time taken for them to 

transit through a field free region (drift region) 52. Ion packets are accelerated in pulses 

with a fixed kinetic energy (Ek) towards the drift region where they are separated by 

their velocities before reaching the detector (Figure 1.4). The kinetic energy of an ion 

with mass of m, velocity of v, charge of q and accelerated by an applied voltage of Vs 

is shown in Equation 1. Charge (q) is given in the SI units of coulombs and can be 

converted to charge in mass spectrometry (ion charge, z in m/z) as q of an ion is equal 

to the product of the ions charge (z in Equation 1) and elementary charge 

(1.602×10−19 C; e in Equation 1). 

𝐸𝑘 =
𝑚𝜈2

2
= 𝑞𝑉𝑠 = 𝑧𝑒𝑉𝑠 

Equation 1: The kinetic energy of an ion with mass and velocity of m and v. 

An ions velocity upon leaving the accelerator region can be calculated by rearranging 

Equation 1 into Equation 2. 

𝜈 = (
2𝑧𝑒𝑉𝑠
𝑚

)

1
2⁄

 

Equation 2: Ion velocity in ToF. 

Thus, at identical Ek an ion with a lower mass will have a higher velocity than an ion 

of greater mass (Figure 1.4).  
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After their initial acceleration in the accelerator region, ions travel towards the detector 

in a straight line and at constant velocity (v). The time (t) it takes to traverse the drift 

region (L, labelled in Figure 1.4) and reach the detector is given by Equation 3.  

𝑡 =
𝐿

𝜈
 

Equation 3: The relationship between time, distance and velocity.  

The velocity of an ion in ToF (Equation 2) can be substituted into Equation 3 to 

demonstrate that an ions m/z can be calculated from t (Equation 4). This shows that 

an ion of lower mass will reach the detector faster than an ion of higher mass. 

𝑡2 =
𝑚

𝑧
(
𝐿2

2𝑒𝑉𝑠
) 

Equation 4: The m/z of an ion in a ToF mass analyser.  

Generally, ToF analysers have poor mass resolution with ions of the same m/z ratio 

producing a distribution of flight times. This can be caused by variation in initial kinetic 

energy and the duration of the ion pulses. To counter for differences of kinetic 

energies of ions with the same m/z ratio, a reflectron is used. The reflectron reverses 

the direction of the velocity of each ion. Ions with greater kinetic energy travel further 

into the reflectron and therefore take longer to be reflected (Figure 1.5) 53. 

Figure 1.4: Schematic of analyte separation in linear ToF. 

A fixed kinetic energy is applied to ions in the accelerator region, and they are then 

separated by their m/z in the drift region. The smaller protein (with a smaller m/z, 

orange) arrives at the detector before the protein with a larger m/z (pink). 
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Additionally, the reflectron increases the length of the drift region allowing greater 

separation. 

 

 

1.1.2.3.2 Fourier-transform ion cyclotron resonance mass spectrometry 

(FT-ICR MS). 

FT-ICR MS produces the highest mass resolution and accuracy of all the mass 

spectrometry platforms 54,55. Ions are held inside the FT-ICR analyser cell between a 

set of trapping plates (Figure 1.6 A). The FT-ICR cell consists of two sets of electrode 

plates perpendicular to one another (Figure 1.6 A): the detection plates and the 

excitation plates. The cylindrical ion trapping cell improves the dynamic range and 

mass accuracy of FT-ICR MS 56. Ions are analysed within a fixed magnetic field, B, 

where they move in a circular radius on the xy plane as they are subjected to Lorentz 

force (Equation 5).  

 

Figure 1.5: Schematic of a ToF mass spectrometer with a reflectron. 

Ions accelerated into the drift region by an applied voltage. Ions with greater initial 

kinetic energy but the same mass penetrate further into the reflectron and so take longer 

to be reflected. This improves the resultant mass resolution. 
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𝐹 = 𝑚𝑎 = 𝑚
ⅆ𝑣

ⅆ𝑡
= 𝑚

𝑣2

𝑟
= 𝑞𝑣𝐵 

Equation 5: Lorentz Force in FT-ICR MS. 

Mass, velocity and charge are represented by m, v and q respectively. The ions 

move in a circle of radius r. 

 

When an ion is travelling in a directional magnetic field (B), the Lorentz force acts as 

perpendicular to the plane of B. This causes the path of the ions to bend into a circle, 

Figure 1.6: Schematic of a FT-ICR cell and forces acting within the cell. 

A: Three sets of opposed plates form the FT-ICR cell. Ions enter the cell and are 

held by the trapping plates. The cell is formed by detection and excitation plates 

which allow it to function. The direction of the magnetic field is shown by B. B: 

Lorentz force acts perpendicular to B causing an ion with velocity of v to move in a 

circular path. 
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assuming the ions are travelling at constant speed and not subject to collisions 

(Figure 1.6 B).  

Equation 5 describes the ion velocity in the xy plane. Angular velocity is given in 

Equation 6. 

𝜔𝑐 =
𝑣

𝑟
 

Equation 6: Angular velocity equation 

Angular velocity can be substituted into the Lorentz force equation (Equation 5) to 

give an equation which represents the ion cyclotron motion (Equation 7). 

𝜔 =
𝑞𝐵0
𝑚

 

Equation 7: The ion cyclotron motion equation 

Ions of given m/q will have the same ICR frequency, independent of their velocity. If 

B0 is constant, the ions m/z can be calculated from the cyclotron frequency. 

The ions are localised to the centre and travel with a tight cyclotron orbit (Figure 1.7 

A). Ions are excited into a larger, detectable radius when an electric field is applied to 

Figure 1.7: Schematic of ion excitation within an FT-ICR cell. 

A: Ions travelling in a cyclotron orbit. B: An electric current is applied across the 
excitation plates (blue) which excites a specific m/z of ion into a larger orbit (green). 
As ions pass over the detection plates (grey) they create an alternating current. 
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the excitation plates. The frequency of the field applied corresponds to the excitation 

of a particular m/z value (the ions cyclotron frequency) (Figure 1.7 B). The excited 

ions induce an alternating current as they pass detection plates. This ion current is 

detected as a free induction decay (FID) signal in the time domain. The Fourier-

transform of this FID can be converted into a mass spectrum.  

The FT mass analyser has several intrinsic strengths - the accuracy of the frequency 

measurements allows FT-ICR MS to obtain high accuracy mass measurements. In 

addition, the cyclotron frequency of an ion is independent of its kinetic energy allowing 

FT-ICR MS to achieve ultra-high resolution. 

1.1.2.4 Ion Mobility Mass Spectrometry 

In ion-mobility mass spectrometry (IM-MS), ions are separated by their average 

collision cross-section (CCS, Ω) as well their mass and charge. During traditional ion 

mobility, ions are pulsed into a drift tube filled with an inert gas. Smaller, compact ions 

will experience fewer collisions with the drift gas and so will traverse through the cell 

faster than larger, more extended conformations and so have smaller drift times. The 

mobility of an ion (K) through a traditional drift cell is calculated from their drift time 

(Equation 8) 57. 

𝑘 =
𝐿

(𝑡𝐷𝐸)
 

Equation 8: Ion mobility (k) of ions in a classical drift tube 

The length of the drift cell, ion drift time and applied electric field within in the drift 

cell are represented by L, tD and E respectively. 

 

Ion mobility is a complementary technique to mass spectrometry and when used in 

conjunction, every ion detected will have an m/z and drift time. In the context of a 

native protein MS experiment, the calculated CCS of a protein ion can afford insight 

into its gas phase conformation, protein folding and overall structure.  

Currently, there are four kinds of ion mobility device; travelling wave ion mobility 

(TWIM), drift time ion mobility (DTIM), field asymmetric ion mobility, and trapped ion 

mobility spectrometry (TIMS) 58. TWIM was used in this study. 

In traditional DTIM, the CCS of an ion is directly proportional to its drift time as 

determined by the Mason-Schamp relationship (Equation 9) 59,60. 
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𝛺 =
3𝑒𝑧

16𝑁
(
2𝜋

𝜇𝑘𝐵𝑇
)
0.5 1

𝑘
 

Equation 9: Mason-Schamp Equation. 

Where e represents the elementary charge, z is the charge of the ion, N is the 

density of the drift gas, μ is the effective mass of the analyte ion in the drift gas, kB is 

the Boltzmann constant, T is the temperature of the drift gas and k is the mobility of 

the ion as defined in Equation 8. 

 

In TWIM, ions travel through a drift cell filled with an inert gas (such as nitrogen). A 

current is pulsed across the drift cell along a series of stacked rings which creates a 

travelling wave (Figure 1.8 A) 61,62. The wave carries ions through the cell based on 

the ion’s mobility (Figure 1.8 B). Ions are overtaken by the waves and those with less 

mobility are overtaken more often, making the drift time through the cell mobility 

dependent 63,64. Drift time is also impacted by the height and velocity of the travelling 

wave and the inert gas used. 

   

Figure 1.8: Schematic of TWIM. 

A: A travelling wave (blue) is produced by a current across stacked rings B: The 

travelling wave carries ions and separates them by their mobility. The travelling wave 

is shown by a blue line and the drift gas by light blue spheres. 
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In TWIM, there is no simple relationship between drift time and CCS and so, the 

Mason-Schamp equation cannot be used to determine CCS. To calculate the CCS of 

an ion in TWIM, the acquired drift times must be calibrated; a calibrant of known mass 

and CCS must be analysed under identical instrument parameters to the analyte. In 

this study, a denatured protein is used as a calibrant to ensure its CCS is not affected 

by the instrument source conditions (which can cause protein unfolding). However, 

native proteins are typically used to calibrate native CCSs 60. Equation 10 describes 

the relationship between drift time and CCS in TWIM 65.  

𝛺 = 𝐴𝑧 (𝑡𝐷 −
𝑐√𝑚 𝑧⁄

1000
)

𝑥

√
1

𝑚
+

1

𝑚𝐺
 

Equation 10: CCS and drift time relationship in TWIM. 

Where A is a calibration fit-determined constant, z is the ion charge, tD is the drift 

time of the ion, c is an instrument dependent coefficient, m/z is the ion’s mass-to-

charge ratio, x corresponds to the slope of the exponential calibration curve, m is 

molecular weight of the analyte ion, and mG is the molecular weight of the drift gas. 

 

The CCS of a protein is most useful when used as a comparative technique. 

Comparisons can be made between protein variants (assuming there is a 

conformational change), and between apo- and ligand-bound proteins. Protein 

complexes have been seen to retain their solution phase structures during IM-MS 66 

and the CCS values can be compared to molecular sizes calculated from a protein 

structure or structural model 67. The CCS determined from IM-MS can be used to form 

structural limits in computational protein modelling 39. IM-MS allows the detection of 

multiple coexisting structural confirmations, and a provides insight into protein 

dynamics. 

Ion mobility  mass spectrometry data is represented with drift plots (Figure 1.9 B) and 

arrival time distributions (Figure 1.9 C) which can be aligned with mass spectra 

(Figure 1.9 A) to elucidate how ions with the  same m/z value but different 

conformations exist in a sample.  
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Figure 1.9: Representation of ion mobility mass spectrometry data. 

The IM-MS spectrum (A), drift time plot (B) and arrival time distribution (C) of a 

small heat shock protein A: The mass spectrum of observable ions. B: A heat map 

of drift against m/z. Intense areas of the heat map correspond to the peaks 

observed in A. C: The arrival time distribution of all the ions observed. Figure 

adapted from Ruotolo et al, 200859. 
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1.1.2.5 Applications of Native Ion Mobility Mass Spectrometry in Structural 

Biology 

Initially there was doubt regarding the use of mass spectrometry to investigate native 

protein complexes due to the importance of water in maintaining protein structure in 

solution and the effect of the hydrophobic environment of the mass spectrometer on 

the hydrophilic surface of proteins 68. However, there is now a wealth of evidence to 

suggest that, in most globular proteins, hydrogen bonding and van der Waals 

interactions between amino acid residues are strong enough to retain the natural 

tertiary and quaternary structure in the gas phase. Moreover, computational studies 

suggest dehydration leads to increased numbers of hydrogen bonds and so, there is 

improved gas phase stability 69. 

Native MS can be used to study a wide range of protein interactions and complexes, 

including protein-protein interactions 70; protein-ligand complexes 71; protein-metal 

complexes 72; as well interactions with cofactors and DNA 73. Due to the scope of use, 

native MS is a sought-after technique and is used in a number of fields, such as 

structural biology where it can be used to gain insight into the stability of complexes; 

and in medicinal chemistry where it can be utilised in drug-target screening39. The 

continuous development of native mass spectrometry instrumentation has to led to it 

becoming a powerful tool in structural biology and medicinal and biology chemistry 

74,75.   

1.1.2.5.1 Protein-Ligand Interactions 

Since the early 1990’s, native mass spectrometry and associated techniques have 

been used to study protein-ligand interactions 76.  Following the release of IM-MS for 

commercial use in 2004 28, there has been a rapid increase in its use for protein-ligand 

interactions 77. IM-MS has been used to understand the binding of proteins to small 

molecules, such as tryptophan, 66, and nucleotides 78. One gas phase study of a 

protein-DNA complex resulted in the construction of a 3D model based on these IM-

MS data 79 highlighting the importance of integrative structural biology with native MS 

and computational modelling. 

1.1.2.5.2 Studies of Large Protein Complexes 

The improvement and modification of ToF instrumentation coupled with additional 

methods of ion separation have pushed the upper limit of the dynamic range of native 

mass spectrometry, leading to the successful study of an 18 MDa viral assembly 80. 

The optimised use of detergents in native MS allowed the analysis of intact membrane 
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proteins when previously only the soluble and non-membrane-embedded subunits 

could be studied 81,82. Of particular note was the successful study of an intact rotary 

ATPase in the gas phase, which is composed of approximately 30 subunits 83. High 

resolution native mass spectrometry has allowed the intact study of large 

macromolecular complexes such as GroEL (801 kDa) and the proteasome (730 kDa) 

84. Surface induced dissociation (SID) MS is a tandem mass spectrometry technique 

which allows the dissociation of protein complexes with minimal unfolding of subunits 

85,86. The development of SID provided the dissociation pathway of the GroEL 

tetradecamer (801 kDa) highlighting that topological information can be garnered of 

large complexes 87.  

1.1.2.5.3 Protein Assembly and Oligomerisation Pathways 

Native mass spectrometry coupled with ion mobility has achieved a number of 

advances in biomedical science, including: revealing the assembly pathway of spider 

silk (which has potential in biomedical applications due to its strength) 88; the metal-

dependent assembly of a dodecameric aminopeptidase 30, and improving the 

understanding of how the oligomerisation of amyloid-β proteins impacts Alzheimer’s 

disease 89.  

1.1.2.5.4 IM-MS for Collision Induced Unfolding (CIU) Experiments 

IM-MS can be used for collision-induced unfolding (CIU) experiments, in which the 

CCS of a protein is determined as a function of the energy supplied to the system.  As 

the energy increases, a compact protein conformation will transition to a more 

unfolded and extended conformation (Figure 1.10 A) as the weakest bonds are 

disrupted, but cleavage of covalent bonds does not occur. This is observed as an 

increase in the CCS which can be combined with IMMS spectra and plotted as a heat 

map. The heatmap present the gas-phase unfolding pathway of the ion and are 

referred to as CIU ‘fingerprints’ (Figure 1.10 B). Thus, these studies can reveal the 

relative thermal stability of a protein complex and gives insight into how a native 

protein unfolds in the gas phase. Typically, multi-domain proteins are observed to 

unfold one domain at a time until fully unfolded in CIU experiments.   
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Figure 1.10: Schematic of CIU with a representative a CIU fingerprint. 

A: Cartoon depiction of the CIU pathway of a protein. The protein starts in its 

compact form (C, blue), and then unfolds into an intermediate folded conformation 

(I, purple) with increasing collision voltage. Finally, the protein is unfolded into an 

extended conformation (E, pink). B: Collision voltage is plotted against drift time to 

create a CIU ‘fingerprint’. The intensity of the conformation (C, I and E) are shown 

using a colour scale. The fingerprint allows visualisation of the conformational 

transition points. Figure adapted from Dixit et al, 2018218. 
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1.1.3 Transmission Electron Microscopy (TEM). 

Transmission electron microscopy (TEM) is an imaging technique where a beam of 

electrons pass through a specimen to form an image (TEM images are called 

micrographs) 90. The instrument is similar to a conventional microscope, however, 

instead of photons illuminating the sample, electrons are used. Electrons have a much 

shorter wavelength than visible light allowing them to image samples with a resolution 

range of micro-meters to angstroms. An electron with an energy of 100 kV has a 

wavelength of approximately 4 picometers, leading to its use in imaging smaller 

structures than conventional microscopy, such as cell sections and proteins 91. The 

first TEM image was demonstrated in 1931 by Max Knoll and Ernst Ruska but TEM 

did not display a resolving power greater than light microscopy until 1933 92. 

1.1.3.1 TEM Overview 

A typical TEM consists of an electron source, electromagnetic lenses to focus the 

electron beam, and a method for viewing and recording images of the specimen 

(Figure 1.11). To image with electrons, the microscope must be held under high 

vacuum; the vacuum is a necessity in TEM as it increases the mean free path of the 

electrons in the beam due to the absence of gas interaction, and it prevents arcing 

between the cathode and ground. 
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The images produced in TEM are projections of the sample. The grey-scale images 

obtained in TEM are either produced in two depending on the detector being used. 

Typically lighter areas of the image are proportional to the number of electrons 

transmitted through that area of the sample and detected at the detector, but for direct 

electron detectors, electrons are simply counted and normalised to a 32 bit greyscale 

24,27. The electron beam interacts with the sample resulting in electron scattering 

(Figure 1.12), with forward scattered electrons being responsible for TEM image 

formation. Back scattered electrons are also generated but play no role in image 

formation, however they are utilised in Energy-dispersive X-ray spectroscopy (EDS) 

during imaging 93,94. Forward scattered electrons can either be elastically or 

inelastically scattered 95. Elastically scattered electrons have their path altered but do 

not lose energy, whereas inelastically scattered electrons experience energy loss as 

Figure 1.11: Schematic of a TEM. 

The electron beam (blue) is directed by electromagnetic lenses (grey arcs) through 

apertures down the central axis of the microscope (dashed black line). A magnified 

image of the specimen is produced and can be viewed by a detector or on a 

fluorescent screen. 
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it is transferred to the sample. The energy transfer to the sample from inelastically 

scattered electrons can result in X-ray emission, sample ionisation, free radical 

formation and secondary electron scattering. Only elastically scattered electrons 

positively contribute to image formation but for every elastic scattering event, there 

are 3-4 inelastically scattering events 96. This inelastic scattering limits image 

resolution by damaging the sample. 

 

1.1.3.2 Negative Stain TEM and Cryo-EM of Proteins and Viruses. 

Image contrast can be achieved in two primary ways in transmission electron 

microscopy, phase contrast and amplitude contrast. Phase contrast is based on 

Figure 1.12: Electron scattering caused by an electron beam interacting with a 

sample in a TEM. 

If the electron beam of the microscope hits the electron cloud of a specimen, the 

electrons are not transmitted but instead scattered. The incident electrons can be 

deflected (elastically scattering) or collide with specimen electrons resulting in 

energy loss (inelastic scattering) and possible production of X-rays or secondary 

electrons. 
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differences in electron wave phases and their interference. Amplitude contrast is 

generated either by excluding widely scattered electrons from the image or emerges 

by sample absorption of electrons. Biological material has poor amplitude contrast in 

images, as they are formed primarily of carbon, nitrogen and hydrogen which have 

low atomic masses and so electrons are poorly scattered. As biological samples do 

not have amplitude contrast, contrast arises by phase alternation. This is achieved 

using a phase contrast method, such as defocus phase contrast (DPC) 97, but this 

results in lower resolution, creating a play-off between contrast and resolution 98. To 

lessen the reliance on phase contrast, amplitude contrast can be generated by using 

heavy metal staining. 

Heavy metal staining allows imaging of biological samples with good amplitude 

contrast at room temperature. Samples are adsorbed onto a support film (typically a 

continuous thin layer of formvar or carbon) and stained with a heavy metal salt, such 

as uranyl acetate. This leads to the sample being enveloped in stain and rapidly 

dehydrating during sample preparation 99. In negative staining, the sample is 

visualised by the absence of stain as the stain surrounds the protein but is typically 

excluded from the protein volume 100 (Figure 1.13 A). In positive staining, the sample 

becomes stained leaving the support film free from stain (Figure 1.13 B). Electron 

scattering by the heavy metal stain creates amplitude contrast and results in an 

improved signal to noise ratio in images.  

Figure 1.13: Heavy metal staining in TEM. 

A macromolecular sample (blue hexagon) imaged by negative (A) and positive 

(B) staining. A: The stain fully surrounds sample and so the sample appears light 

on a dark background. B: The sample forms a thin shell around the sample, and 

can possibly penetrate the sample, leading to a dark sample on a light 

background. 
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Negative staining can be used to generate 3D reconstructions 101 and provide insight 

into complex stability 102, and subunit stoichiometry 103. However, the resolution is 

limited by how well the sample is enveloped by the stain which is related the salt grain 

size 104. Heavy metal staining is also problematic as it introduces artefacts, 

consequently lowering resolution 98. Additionally, the stain can cause deformation of 

the specimen due to compression 105. Leading to phase contrast being used for high 

resolution data collection, such as in cryo-EM. 

Biological samples face additional problems when analysed by TEM. Firstly, water 

evaporates in the vacuum of the microscope, and so samples cannot be viewed in 

their native environment. The second issue is that biological material has poor 

contrast in images, which although can be countered with staining, has its own 

limitations, as discussed previously. Finally, the electron beam causes radiation 

damage which destroys biological structure. These limitations can be overcome to a 

great degree by using cryogenic electron microscopy (cryo-EM). 

 

1.1.3.3 Cryo-EM. 

Cryo-EM is carried out at cryogenic temperatures with samples encased in vitreous 

ice, which limits radiation damage and prevents dehydration (preserving the structure) 

within the vacuum 106,107. Cryo-EM is an ideal technique for the analysis of large 

biomolecular structures, as samples can be directly visualised and imaged in their 

native, aqueous environment. To ensure that vitreous ice is formed, the sample must 

be frozen rapidly (approximately rate of 106 K/s) 108. The frozen sample must be 

vitreous to prevent ice crystals forming in or around the protein which can disrupt its 

structure. Ice crystals also impact image quality as they will diffract electrons from the 

beam. Although hexagonal ice is prevented by freezing the sample quickly, cubic ice 

can still form when the vitreous ice layer warms during sample transfer 109. 

Cryo-immobilisation of proteins is achieved by blotting the sample to create an 

extremely thin layer and then plunge freezing in a cryogen, such as liquid ethane 110. 

Ethane and propane are commonly used cryogens in cryo-EM sample preparation 

due to their similar heat capacity to water and melting points being marginally higher 

than the boiling point of nitrogen 111; thus allowing rapid sample vitrification. For cryo-

EM analysis, grids of copper or gold with a regular mesh are coated with a support 
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film (typically carbon) with regularly perforated holes (Figure 1.14) 112. The sample 

can then be imaged in ice suspended within the holes.  

 

Vitrified proteins must be imaged at cryogenic temperatures (typically at -180 °C), 

which is known cryo-EM. Although radiation damage is limited in cryo-EM, it is best 

to image biological samples at low-dose due to radiation sensitivity 113. In low dose 

mode, an area of interest is identified in a ‘search’ mode with a low electron dose. The 

microscope is then focussed a short distance away from the area of interest at a 

magnification chosen for imaging and then the image is acquired. Images obtained 

by cryo-EM differ to those from heavy metal staining due to lower contrast in cryo-EM 

micrographs (Figure 1.15). 

Figure 1.14: Schematic of cryo-EM grid. 

A representation of a cryo-EM grid showing the relationship between the grid, the 

mesh squares of holey carbon and the sample suspended in ice. 

Figure 1.15: Negative stained micrograph and cryo-EM micrograph of virus-

like particles. 

Virus-like particles produced by the yeast Ty retrotransposons imaged by negative 

stained TEM (A) and cryo-EM (B). The scale bar in each image represents 500 Å. 

This figure was adapted from Al-Khayat et al, 1999219. 
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Being able to image specimens in their aqueous environment gives cryo-EM an 

advantage over X-ray crystallography and mass spectrometry. Cryo-EM is a quickly 

evolving area which has achieved near atomic resolution of various structures 

including mitochondria and ribosomes. The Coulombic (electrostatic) potential maps 

used to resolve structures from cryo-EM data are generated by single particle analysis 

(SPA). 

1.1.3.4 Single Particle Reconstruction.  

Single particle analysis (SPA) assumes protein particles are embedded in the vitreous 

ice in a range of orientations and is a homogenous population. Single particle analysis 

is an image processing technique which combines particles selected and extracted 

from multiple micrographs to form 3-dimensional reconstructions. A single particle 

cryo-EM dataset contains hundreds or thousands of micrographs which can 

potentially contain millions of particles. The process of SPA is complex with multiple 

steps. Succinctly, particles are extracted from micrographs, aligned and grouped into 

2D subsets displaying approximately the same orientation within the ice. Each particle 

imaged in a micrograph is a projection of the protein’s 3D structure. Projection 

theorem is utilised by SPA, and this demonstrates that the 2D projections represent 

central slices of the 3D Fourier transform of the protein (Figure 1.16 A). As the 2D 

transforms share a central point of the 3D transform, a reverse Fourier transform gives 

the density map. In practice, the experimental 2D projections are combined to give 

the 3D reconstruction via an iterative process 114. Reference projections of the 3D 

object are calculated in all directions to allow determination of the orientation of the 

experimental projections. The experimental projections are matched to the references 

providing orientations for the experimental projections relative to the 3D structure 

(Figure 1.16 B and C). 2D Fourier transforms of the experimental projections produce 

2D slices of the 3D Fourier transform. The 3D reconstruction is calculated by aligning 

the 2D slices of the 3D Fourier transform and calculating the inverse Fourier 

transform. Repeating these steps in an iterative manner improves the alignment of 2D 

slices and thus the resolution of the 3D reconstruction.   
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1.1.3.5 Highlights of Cryo-EM in Structural Biology 

1.1.3.5.1 Early Cryo-EM Structures and the Resolution Revolution 

In 1975, the structure of the purple membrane protein was determined by electron 

microscopy (Figure 1.17 A) 115. The following year, the 3D structure of the ribosome 

was solved using single particle methods (Figure 1.17 B) 116. These were some of 

the first protein structures by electron microscopy but was of a dehydrated sample. 

The development of flash freezing of samples in the 1980’s led to the current field of 

cryo-EM 109. Cryo-immobilisation of proteins combined with hardware and software 

advances, led to the first cryo-EM structures being solved, such as the structures of; 

bacteriorhodopsin 117, and the Hepatitis B virus (Figure 1.17 C)  118. 

  

Figure 1.16: Projection theorem in cryo-EM. 

A: In projection theorem, the 2D projection of a 3D object (left side in A) is 

equivalent to the a central 2D slice of the 3D Fourier transform of that 3D object 

(right side in A). B: Reference projections of the 3D object C: Experimental 

projections are matched with reference projections. This figure was adapted from 

Nogales and Scheres, 2015114. 
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Improvements in image processing methods and the invention of direct electron 

detectors has led to a dramatic increase in the resolution obtainable by cryo-EM 

(known as the resolution revolution 119,120), with a near-atomic resolution structure of 

the ribosome reported in 2013 121. 

1.1.3.5.2 Cryo-EM of Low Molecular Weight Proteins 

Cryo-EM is typically suited to larger proteins as they have advantages in signal 

processing. Larger particles and particles with strong features typically align the best 

and so cryo-EM has historically been used to study proteins larger than 1 MDa. The 

resolution revolution has allowed the successful SPA reconstructions of much smaller 

proteins, with near-atomic resolution being achieved for a protein with a molecular 

weight of 52 kDa 122.  

 

  

Figure 1.17: Early electron microscopy protein structures.  

A: Model of the seven α-helices of the purple membrane protein from Henderson and 

Unwin, 1975 115. B: The first ribosome model from Lake, 1976 116. C: Model of 

Hepatitis B virus from Bottcher et al, 1997 118. 
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1.1.3.5.4 Cryo-EM of Asymmetric Samples  

 

Single particle analysis has proven most successful on samples which are large, 

homogeneous and symmetrical, such as viruses 123, as the accuracy of particle 

alignment is dependent on the presence of features to guide alignment, and the 

signal-to-noise ratio of the extracted particles. SPA utilises the inherent symmetry in 

structures to assist in 3D structure determination. For example, the icosahedral 

structure of viruses is formed of at least 60 asymmetric units and so each asymmetric 

unit is visualised in 60 orientations 124. This is utilised by averaging when the 

orientation is known. Large, symmetric protein structures are therefore ideal 

candidates for cryo-EM, such as icosahedral viruses (Figure 1.18 A and B) 125. 

However, the application of symmetry leads to the loss of asymmetric features in the 

structure. Advances in SPA have allowed the investigation of non-symmetric features 

in samples 126, for example the discovery of portal-like assembly in the Caliciviridae 

family of viruses (Figure 1.18 C) 125.  

 

 

 

Figure 1.18: Cryo-EM structure of a calicivirus. 

Icosahedral reconstruction of a virion (A) and receptor decorated virion (B) of feline 

calicivirus. C: The portal-like assembly of feline calicivirus which has a unique 3-fold 

symmetry axis in the structure. The structures are coloured according to local 

resolution. This figure was adapted from Conley et al, 2019 125. 
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1.1.3.5.5 Cryo-EM at Near Atomic Resolution 

The improvement of image processing algorithms combined with the ongoing 

development of detectors (particularly the advancement of direct electron detectors 

such as the Falcon 4 by Thermo Scientific) and EM hardware, has led to an increase 

in the resolution of cryo-EM structures with atomic resolution being obtained recently 

(Figure 1.19) 127,128. For example, a 1.2 Å resolution reconstruction has been 

achieved for apo-ferritin and 1.7 Å resolution reconstruction of a human membrane 

protein (of approximately 200 kDa) 127. In high-resolution cryo-EM structures, 

Coulombic potential is localised onto atoms when the map is viewed at a high 

threshold (Figure 1.19 upper panels). Map threshold relates to the confidence in the 

map for a given voxel (a 3D pixel). Every voxel has a numerical value for the 

probability of an electron being in that location. When you change the density 

threshold, you change the cut-off for this value and consequently, voxels with a value 

lower than the threshold are set to zero. Succinctly, the threshold is a confidence of 

electrons being in that location, the higher the threshold, the more confidence you 

have in your structure 129. 

 

 

Figure 1.19: Cryo-EM at atomic resolution of apo-ferritin. 

Three residues from apo-ferritin shown at high- and low-density thresholds (red and 

grey meshes respectively). Figure adapted from Yip et al, 2020 128. 
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1.1.3.5.6 Cryo-EM in a Pandemic 

The advancements in cryo-EM have resulted in it being used to generate the first 

structure of the SARS-CoV-2 spike protein in the coronavirus world pandemic in 2020  

130. The spike protein of SARS-CoV-2 is an important target in the treatment of 

coronavirus as it interacts with the host cell 131 and so the solving of this structure is 

of great importance to fighting the pandemic. Since this initial structure, many 

additional structures of the spike protein in different conformations have been solved 

by cryo-EM, highlighting its critical role in structural biology 132. 

1.1.4 Summary of X-ray Crystallography, Native MS and Cryo-EM 

The structural biology techniques discussed in this section each have unique benefits 

and limitations (Table 1.1), depending on the scientific question being asked. No one 

technique is better than another as their advantages are relative to the scientific 

context in which they are being used. 

To achieve the best outcome when studying a structural biology problem, these 

techniques are best used in tandem – a strategy referred to as integrative structural 

biology. It is this approach that has been utilised in this study to gain insight into the 

structure of a novel iron storage system, known as encapsulin: encapsulated ferritin 

complexes. 
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Table 1.1: Benefits and Limitations of X-ray crystallography, NMR, Cryo-EM and Native Mass Spectrometry 

Technique Benefits of Technique Technique Limitations and Difficulties 

X-ray 

crystallography 

Generates high-resolution atomic structures 

Can be used for proteins of any size 

 

Requires ordered crystals which can be labour 

intensive to obtain 

Only shows limited dynamic information 

High amount of sample required 

Not suited for highly dynamic proteins 

NMR 
Protein studied in solution 

Structure and dynamics can be studied  

 

Best suited to low molecular weight proteins 

Requires large amounts of pure/labelled sample 

 

Cryo-EM 

High resolution structures becoming more common 

Protein in native, aqueous state 

Recovery of multiple protein states 

Optimal on proteins larger than 150 kDa 

Requires high-end microscopes and  

Image processing capabilities (CPU, GPU) $$$ 

Transfer of cryo-immobilised sample tricky as 

needs to remain close to -180 °C 

Native MS 

Reflects dynamics of a protein 

Protein stability can be determined 

Study proteins over a range of oligomerisation states 

High throughput 

Cannot produce a typical ‘structure’ 

Most applicable to proteins smaller than 1 MDa 
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 Introduction to Encapsulin-Encapsulated Ferritin Systems 

1.2.1 Ferritins 

1.2.1.1 Biological Iron and Fenton Chemistry. 

Iron is essential to almost all forms of life due to its role in crucial redox proteins 133. 

Iron is contained within the heme cofactor of proteins, such as cytochrome P450s 134 

and haemoglobin 135; which are critical for metabolism and oxygen transport 

respectively. Iron can also be directly bound to amino acid residues (including 

cysteine, histidine and glutamate) of non-heme enzymes and found in iron-sulfur 

clusters like those of ferredoxins 136.  

Iron exists in a range of oxidation states in biological systems, but is most commonly 

found in its second (Fe(II), ferrous iron) and third (Fe(III), ferric iron) oxidation state 

133. The oxidation state of iron is important to cells not only for its catalytic role in 

enzymes, for example, the activity of cytochrome P450s is reliant on oxidation and 

subsequently spin state 137, but also its solubility and reactivity. Ferrous iron is stable 

in acidic and anaerobic conditions but is easily oxidised to the ferric form in the 

presence of oxygen, so must be carefully managed in aerobic species. Hydrogen 

peroxide, a by-product of respiration 138, readily oxidises ferrous iron leading to 

dangerous hydroxyl radicals in a reaction known as the Fenton reaction 139,140. Fenton 

chemistry is believed to involve an inner-sphere electron-transfer mechanism 

(Scheme 1) in which iron is oxidised by hydrogen peroxide to form ferric iron, a 

hydroxyl radical and a hydroxide ion. The hydroxyl radical can damage genetic 

material, cause oxidative degradation of lipids, and cause protein aggregation unless 

managed by cells. 

L-Fe2+ + H2O2 → L-Fe3+ + ˙OH + -OH 
 

Scheme 1: The Fenton reaction.  
Reaction scheme showing the production of a hydroxyl radical from the oxidation of 
Fe(II) to Fe(III). L-Fe represents the ligand co-ordinated iron ion. 
 

The oxidation of ferrous iron poses another bioavailability problem for aerobic cells, 

as ferric iron is poorly soluble at cellular pH.  

The toxicity and solubility issues associated with iron lead to a requirement for strict 

iron homeostasis in all organisms 141. Typically, intracellular iron storage and release 

is maintained by family of proteins known as ferritins (with the exception of yeast and 

several lactobacilli) 133,142–144. 
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1.2.1.2 The Structures of Classical Ferritin, DPS, Bacterial Ferritins and 

Bacterioferritins. 

Ferritins are ubiquitous proteins which catalyse the oxidation of ferrous iron and store 

it as ferric iron oxyhydroxides within their cage-like structure (Figure 1.19). Classical 

ferritins form a 24-meric cage with a hollow core for iron storage, which is seen in 

almost all life forms (including horse 145, human 146 and E. coli 147). This conserved 

structure suggests an importance to its function, implying each species requires 

ferritins for iron storage (with the exception of yeast and several lactobacilli) 133. 

Classical ferritin in higher eukaryotes is usually formed of heteropolymers with a 

heavy chain (H-chain, approximately 21 kDa) and light chain (L-chain, approximately 

19 kDa); the heavy chain oxidises the iron whilst the light chain is responsible for iron 

mineralisation and displays no iron oxidation activity 148. Ferritins from crustaceans 

contain both H- and L-chain sites in their primary sequences and perform the tasks of 

both chains, creating a “hybrid‐type ferritin” 149. A third ferritin (type M ferritin) is 

observed in amphibians and is also responsible for iron oxidation 150,151. 

There are three forms of ferritins found in microbes; mini-ferritin (also known as DNA 

binding protein from starved cells or DPS), DPS-like (DPSL) proteins, bacterial ferritin 

(Ftn) and bacterioferritin (Bfr) 152–154. All are capable of oxidising ferrous iron and iron 

mineral storage; however, the main role of DPS is to protect DNA during oxidative 

stress 155,156. DPS has a 12-subunit structure (compared to the 24-subunit structure 

of classical ferritin, Ftn and Bfr), which may be due to its differing function from the 

other ferritins.  

All of the discussed ferritins have a quaternary structure which resembles a hollow 

sphere (Figure 1.20). Classical ferritin, bacterial ferritin and bacterioferritin form 

octahedral structures with an outer diameter of 12 nm and an inner diameter of 8 nm, 

allowing storage of approximately 4500 iron ions 145.  
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Figure 1.20: Quaternary structures of microbial ferritins. 

The quaternary structures of bacterial ferritin (A, PDB: 4IWJ), bacterioferritin (B, PDB: 1NF4) and DPS (C, 2YJK) represented with 

cartoon secondary structure. A single monomer from each structure is shown in pink and coordinated iron ions are shown as red spheres. 

The heme groups coordinated by bacterioferritin (B) are shown in yellow. Structures in A, B and C are from Pseudonitzchia multiseries 
220, Desulfovibrio desulfuricans 221, and Microbacterium arborescens 222 respectively. 
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Each ferritin monomer coordinates two iron ions in its active site, the ferroxidase 

centre (FOC) (see Section 1.2.2.2 for further information). The FOC of bacterial 

ferritins and bacterioferritins also lie in the centre of the monomer, but for DPS it is 

between monomer interfaces 156. Although Ftn and Bfr both resemble classical ferritin, 

Bfr differs as it also coordinates b-type heme groups. The heme group is believed to 

aid in the release of iron from inside the Bfr by facilitating in electron transfer via an 

NADH-FMN oxidoreductase 157. DPS has an outer diameter of 9.5 nm and an inner 

diameter of 5 nm, enabling 500 iron ions to be stored, hence it being referred to as 

mini-ferritin 158. Phosphate is thought to play a role in the release and incorporate of 

iron in ferritins and is suggested to be in the cores of mammalian and bacterial ferritin 

159,160. 

Classical ferritin monomers consist of a four alpha-helix bundle with an up-down-up-

down topology, followed up a shorter helix which sits at approximately a 45° angle to 

the four-helix bundle (Figure 1.21). This architecture is referred to as a ferritin fold 

and critical for their iron oxidation and storage function. 

 

  

Figure 1.21: The ferritin four-helix bundle.  

The ferritin fold is a four-helix bundle followed by a shorter α-helix at the C-terminus. 

A: A schematic of the four-helix bundle present in 24-meric ferritins. The monomer 

termini are highlighted by N and C. B: The front and side view of a monomer of 

human heavy chain ferritin (PDB: 4YKH). 
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1.2.1.3 The Chemistry and Metal Binding of Ferritins. 

In addition to the iron ions bound in the FOC, a number of additional, weak metal 

binding sites have been identified in crystallographic studies, where iron was soaked 

into the crystals. Four iron binding sites have been identified in heavy chain ferritin 

from humans; the di-iron FOC (iron shown as red spheres in Figure 1.22), two 

additional iron ions are observed next to the FOC (yellow spheres in Figure 1.22), 

two iron ions are coordinated within the 3-fold symmetry pore (purple spheres in 

Figure 1.22), and a final iron ion is bound within the 4-fold symmetry pore (green 

spheres in Figure 1.22). These sites are proposed to be involved in ferritin chemistry 

and play roles in oxidation, iron attraction and entry, translocation of iron across the 

shell, iron release from ferritin, and iron mineralisation 161. 

Figure 1.22: Iron binding sites in ferritin. 

Cartoon representation of human H-chain ferritin (PDB: 4YKH) with iron ions shown 

as spheres. A single H-chain monomer is shown in pink, and each iron binding site 

is highlighted by differently coloured spheres. A: 24-meric ferritin cage shown in blue 

with a monomer highlighted in pink. B: Front and side view of a ferritin monomer 

showing the four iron binding sites. The di-iron FOC is shown by red spheres, the 3-

fold symmetry pore binding site is shown by purple, the 4-fold symmetry pore by 

green spheres, and the additional iron binding site next to the FOC by yellow 

spheres.  
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The FOC of classical ferritins (except L-chain which has no ferroxidase activity) co-

ordinates two iron ions (Fe(II)) with one histidine residue, and at least three glutamic 

acid residues (Figure 1.23). In human H-chain ferritin, one iron ion (FeA) is bound by 

two glutamic acids (E27 and E62 which both exhibit monodentate binding to FeA) and 

a histidine (H65); the second iron ion is coordinated by two glutamic acids (E62 with 

monodentate coordination, and E107 with bidentate coordination). A tyrosine residue 

(Y34) is in close proximity to the FOC and is highly conserved in classical ferritins 

where it is thought to assist in Fe(II) oxidation 162. 

 

The mechanism for the iron oxidation which occurs in the FOC of ferritins is not fully 

understood but is believed to involve an oxidation agent, mostly likely O2 or H2O2 163. 

It has not been determined if the FOC has to be fully occupied for oxidation to take 

place, or if it can proceed with only one Fe(II) ion bound. There are three proposed 

models for the Fe(II) oxidation and subsequent mineralisation reaction in ferritins: the 

Figure 1.23: The ferroxidase centre of classical ferritins. 

A: A monomer of human H-chain ferritin shown in a pink cartoon style with the di-

iron FOC (red spheres) and FOC residues highlighted by a dashed box. B: Iron 

binding sphere of classical ferritin, with FOC residues in stick form and iron ions 

represented as red spheres. One iron ion (FeA) is bound by E27 (orange), E62 

(green), H65 (yellow) and the other is coordinated by E107 (blue), and E62 

(green). The FOC neighbouring tyrosine (Y34) is in purple. 
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protein catalysis model (A in Scheme 2), the crystal growth model (B in Scheme 2), 

and the Fe(II) and H2O2 detoxification model (C in Scheme 3) 163. A combination of 

the three models is also possible.  

A: 2Fe2+ + O2 + 4 H2O → 2FeOOHcore + H2O2 + 4 H+ 

B: 4 Fe2+ + O2 + 6 H2O → 4 FeOOHcore + 8 H+ 

C: 2 Fe2+ + H2O2 + 2 H2O → 2 FeOOHcore + 4 H+ 

Scheme 2: Proposed mechanisms of iron oxidation in ferritins. 

An intermediate of A in Scheme 2 is [Fe3+-O-O-Fe3+]2+ which is a μ-peroxodiferric 

species. This species is short lived and blue in colour and has been observed by 

Raman spectroscopy and Mӧssbauer spectroscopy 164 suggesting A is the 

mechanism of oxidation. The μ-peroxodiferric species decays into di-ferric oxygen 

during its transfer from the FOC to the core of the ferritin where it is stored as mineral 

Fe(III) 165. The ferroxidase activity of a ferritin is assayed by monitoring levels of Fe(III) 

by Ultraviolet–visible spectroscopy. The production of Fe(III) results in a change in 

absorbance at 315 nm 166. There is also evidence for model B, as iron is seen to enter 

ferritin at higher rates once a Fe(III) has started to form. Instead of every iron being 

oxidised in the FOC, iron is oxidised directly on the forming Fe(III) core 163. 

When there is an abundance of Fe(II) within cells, the iron must enter the ferroxidase 

centre of ferritins, become oxidised and then be stored as Fe(III). When there is a 

shortage of iron, the reverse process must occur. Although the understanding of this 

is crucial for understanding cellular iron regulation and a great deal of work has been 

done into this field 167–169, the exact process of iron entry and exit of classical ferritins 

is not fully understood. However, studies have shown that phosphate anions can 

trigger the iron loading of ferritins 170 suggesting phosphate plays a role iron entry to 

ferritins. 

It is generally accepted that iron ions traverse the shell through pores of the ferritin 

cage located at their symmetry axes. The 3-fold symmetry channel has negatively 

charged residues (glutamate and aspartate) on its inner surface which act as a 

hydrophilic tunnel to guide through the positively charged Fe(II) ion (Figure 1.24 A 

and B) 161. Although phosphate anions are involved in the deposition and release of 

iron in ferritins, the negative charge of the 3-fold pore suggests they enter ferritin by 
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another process. The 4-fold symmetry pores of ferritins are the proposed exit route 

for ions. Four histidines (one from each chain of the symmetry axes) surround the 

pore on the inner surface of the ferritin and bind iron (Figure 1.24 C and D). An electric 

potential exists across the cage and allows expulsion of Fe(III) (and the hydrogen ion 

by-product from the ferroxidase mechanism) from the inside of the ferritin cage 171. 

The method of iron entry and exit in bacterial ferritins and bacterioferritins is still 

unknown, although several theories have been proposed 172,173. 
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Figure 1.24  Figure 1.24: Iron entry and exit in classical ferritins. 

A: The quaternary structure of classical ferritins with its 3-fold symmetry pore highlighted by purple, blue and green 

monomeric chains. The two iron ions bound in this pore are represented as purple spheres. This pore is thought to 

be the iron entry site in classical ferritins. B: The two iron ions in the proposed entry site are coordinated by an 

aspartate (D131) and a glutamate (E134) from each of the three chains. C: The classical ferritin 4-fold symmetry 

pore formed by yellow, pink, blue and green monomeric chains. This pore binds a single iron ion shown in green. 

D: The iron ion (green sphere) is held in the 4-fold pore by a histidine (H173) from each chain 
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1.2.2 Encapsulated Ferritins. 

In 2009, a ferritin-like protein (NE0167) which forms a doughnut-shaped, annular 

quaternary structure (PDB ID: 3K6C (2009), unpublished) was discovered. Sequence 

analysis of NE0167 yielded two distinct classes of homologues; ferritin-like proteins 

similar to NE0167, and ferritin-like proteins associated in the genome to another 

protein. The associated proteins resemble the capsid protein of bacteriophage HK97 

and are known as encapsulins (Enc, see Section 1.2.3) 174,175. The family of ferritin-

like proteins associated with encapsulins are known as encapsulated ferritins 

(EncFtn), as the ferritin-like proteins are encaged within the encapsulin capsid 174. An 

encapsulation sequence (ES) of between 10 and 40 amino acids is located at the C-

terminus of the ferritin-like protein and directs them into the encapsulin shell, where 

the ES interacts with the inner surface of the encapsulin nanocompartment Eight 

residues of the ES have been shown docked into a binding pocket of the encapsulin 

nanocompartment inner surface but no more of the ES was resolved176. The 

encapsulation sequences of the EncFtn family proteins share similar motifs 

(LT/GI/VGSLK). The crystal structure of the encapsulated ferritin from Rhodispirillum 

rubrum was determined by our group in 2016 177. The protein forms a decameric 

annular structure of D5 symmetry with ten iron ions held within this decamer assembly 

(Figure 1.25 A). The ten monomers are arranged in alternating orientation in the 

decamer (one orientation shown in blue and the other in green in Figure 1.25 A). The 

EncFtn monomer consists of two long, antiparallel α-helices (α1 and α2) followed by 

a shorter α-helix (α3) at the C-terminus (Figure 1.25 B). 
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The decameric structure has a pentamer-of-dimers assembly with two distinct dimer 

interfaces. Two antiparallel monomers assemble with two iron ions bound within the 

centre, creating the “FOC dimer interface” (Figure 1.26). This interface is stabilised 

by the coordination of metal ions, 10 hydrogen bonds and 8 salt bridges (see Chapter 

4 for in-depth dimer analysis). 

Figure 1.25: The structure of encapsulated ferritins. 

A: Cartoon representation of the decameric structure of the EncFtn from R. rubrum 

(PDB ID: 5DA5). Iron ions shown as red spheres and the alternating monomer 

arrangement within the decamer is highlighted by green and blue alternating 

coloured monomers. B: Schematic and cartoon secondary structure of the EncFtn 

monomer subunit with labelled α-helices, and N- and C-termini. 
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The EncFtn FOC dimer displays similar iron binding to that seen in the FOC of 

classical ferritins 177. However, in encapsulated ferritins, the two iron ions are held 

within a dimer interface as opposed to being in the centre of a monomer unit as seen 

in classical ferritins. Both structures have the iron ions coordinated in a 4-helix bundle 

177 (Figure 1.27 A and C) and have similar iron coordination spheres (Figure 1.27 B 

and D). There are six iron coordinating residues in the EncFtn ferroxidase centre (3 

from each monomer): four glutamic acids (E32 and E62) and two histidines (H65) 

(Figure 1.27 D). Each iron ion is coordinated by five carboxyl oxygens (monodentate 

coordination from E62, and bidentate from E32 and E62’) and the nitrogen from H65.

Figure 1.26 : The FOC dimer of EncFtn. 

A: The FOC dimer is highlighted in green and blue in decameric, annular structure 

of EncFtn (grey). B: The FOC dimer subunit consists of a 4-helix bundle and 

coordinates two iron ions. 
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Five FOC dimers of EncFtn come together to form the pentamer-of-dimers assembly 

seen in the decamer structure, joining at the non-FOC interface (Figure 1.28 A). The 

non-FOC interface creates the second distinct dimer form of EncFtn (Figure 1.28 B) 

The non-FOC interface is stabilised by 20 hydrogen bonds and 14 salt bridges (further 

analysis of the non-FOC dimer interface in EncFtns is in Chapter 4). 

As seen in classical ferritins, EncFtn contain metal binding sites in addition to the 

FOC. Two metal binding sites are observed within the FOC dimer interface (in addition 

to the di-iron FOC itself) and coordinate one and two calcium ions respectively (Figure 

1.29 A). These sites are proposed to the iron entry and iron exit sites in EncFtn. The 

putative iron entry site binds one calcium in the crystal structure, and the putative exit 

site coordinates two calcium ions (Figure 1.29 B). Fe(II) ions are believed to enter 

the FOC via the entry site and leave through the exit site following oxidation (Figure 

1.29 C). It is worth mentioning that the calcium ions in these sites were assigned due 

to the high concentration (140 mM) of calcium acetate used in crystallisation 

conditions 177. This metal ion was assigned with reference to anomalous scattering at 

the iron edge of 1.74 Å and modelling alternative metals in this site. 177. Therefore, it 

is possible that other 2+ cations may bind within these sites; however, in these crystal 

structures it was not iron.  

Figure 1.28: The non-FOC dimer of EncFtn. 

A: Cartoon representation of the pentamer-of-dimers structure with a non-FOC 

dimer highlighted in blue and green. B: A non-FOC dimer of EncFtn with one 

monomer in green and the other in blue. 
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Figure 1.29: Metal binding in EncFtn and the proposed iron pathway through the EncFtn FOC dimer. 

A: Side-on and bottom-up view of the FOC with coordinated calcium ions as yellow spheres and iron ions as red spheres. Metal 

ion size is relative to the ion van der Waals radius. B: The metal binding sites in EncFtn, with the entry site shown with pink 

residues, the FOC with yellow residues and the exit site with purple residues. C: The proposed iron pathway through EncFtn. 

Metal binding sites are coloured as in B, Fe(II) is shown in red and Fe(III) in brown. 
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The putative metal entry site is located on the inner circumference of the annular 

EncFtn assembly, where one Ca(II) ion is coordinated in the FOC dimer interface. 

The calcium ion is coordinated by two glutamates (Glu31 and Glu34) from each 

monomer of the FOC dimer (Figure 1.30 A) 177. The exit site is located on the outer 

circumference of the EncFtn annular structure and has partial occupancy of two Ca(II) 

ions. Two glutamates (Glu61 and Glu64) and one histidine (His57) from each 

monomer in the FOC dimer coordinate the two calcium ions (Figure 1.30 B) 177. 

 

 

The iron oxidised by encapsulated ferritins is believed to be stored within the 

encapsulin cage, instead of within their quaternary structure as seen for other ferritins. 

  

Figure 1.30: The putative iron entry and exit sites in EncFtns. 

A: Glu31 (pink) and Glu34 (purple) from each monomer coordinate the calcium ion 

(yellow sphere) in the entry site of EncFtn, which is located within the interface of 

the FOC dimer. B: The exit site binds two calcium ions (yellow spheres) which are 

coordinated by His57 (purple), Glu61 (pink) and Glu64 (orange) on each monomer 

of the FOC dimer. 
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1.2.2.1 Structural Biology Studies of Encapsulated Ferritins. 

Encapsulated ferritins can be studied by several structural biology techniques (as 

shown in 177). X-ray crystallography was used to determine the annular structure of 

the EncFtn as discussed in the previous section. LC-MS and native MS have also 

been utilised in the structural studies of EncFtn by the Clarke group 177. Native-ESI 

MS analysis has been used to verify the decameric assembly of EncFtn proteins as 

seen in solution-based experiments (Figure 1.31 A) and molecular mass analysis of 

EncFtn decamers from native MS was used to elucidate the number of iron ions 

associated with the EncFtn complex. In addition, native MS revealed that, in the 

absence of iron, EncFtn was monomeric, and the decameric assembly was initiated 

by iron (and other divalent metal) addition. (Figure 1.31 A).In addition, the 

encapsulated ferritin decamer structure, and CCS has been observed by ion mobility 

mass spectrometry and is similar to that of the crystal structure (Figure 1.31 B) 177.  

  

Figure 1.31: Native MS of EncFtn 

A: Iron mediated assembly of EncFtn from monomers (spectra 1 and 2, blue circles) 
to decamer (spectra 2 and 3, green circles). B: IM-MS analysis of the EncFtn 
decamer showing a single conformation in its drift time arrival profile. The top insert 
shows the theoretical m/z of the EncFtn decamer with; no metal ions bound (red 
line), 10 iron ions bound (green line), and 15 iron ions bound (blue line). The bottom 
shows the arrival time distributions of the EncFtn decamer charge states with the 
24+ charge state extracted and plotted on the right. This figure is adapted from He 
et al, 2016 177. 
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1.2.3 Encapsulins 

1.2.3.1 Micro- and Nano-compartments. 

Cellular metabolism and reaction pathways can produce toxic by-products which can 

damage proteins, DNA, and lipids, or become involved in wasteful side reactions. 

Eukaryotes use membrane-bound organelles, such as lysosomes, to prevent this 

damage by housing dangerous reactions in cellular compartments. In a similar 

manner, bacteria and archaea use large protein-based compartments to sequester 

these reactions and act as barrier from the cytosol 178–180. One of first known examples 

of compartmentalisation was found in the carboxysome microcompartment, which co-

localises ribulose bisphosphate carboxylase (RuBisCO) and carbon dioxide 

(produces by carbonic anhydrase) to increase activity during photosynthesis. The 

carboxysome shell limits loss of carbon dioxide, increasing its concentration in the 

vicinity of RuBisCO 181.   

1.2.3.2 The Structure and Function of Encapsulins. 

One recently discovered nanocompartment utilised by bacteria and archaea is the 

encapsulin system 174,182,183. As seen with other cellular compartments, encapsulins 

protect the cell from potentially dangerous reactions by housing cargo enzymes, such 

as EncFtn. Together the Enc:EncFtn complex acts like a classical ferritin, with EncFtn 

oxidising iron and the Enc lumen used for mineral Fe(III) storage. Due to the larger 

size of the encapsulin compared to ferritin, the Enc:EncFtn complex has been termed 

an ‘iron megastore’, capable of storing up to 10,000 iron ions 184. 

Encapsulin (Enc) nanocompartments are hollow icosahedral complexes, which range 

in size from 20 nm to 42 nm 182,185. Encapsulins are structurally related to the viral 

capsid protein (gp5) of the HK97 bacteriophage and share the HK97 phage-like fold 

in their shell proteins (Figure 1.32)186. Given the shared homology between 

encapsulin and virus capsid proteins, an evolutionary relationship has been proposed 

between the two 187,188. 
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Figure 1.32: The shared phage-like fold in the HK97 bacteriophage capsid and 

encapsulin. 

Monomeric subunits of the HK97 bacteriophage capsid (A, PDB:1OHG) and the 

encapsulin shell proteins from Thermotoga maritima (B, PDB:3DKT), Pyrococcus 

furiosus (C, PDB: 2E0Z) and Quasibacillus thermotolerans (D, PDB: 6NJ8). C: 

Comparison of the structures of A (blue), B (purple), C (green) and D (pink) showing 

similar A- and P-domains. A noticeable difference between the monomers is that the 

E-loop of B is shifted away from the others. 
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The encapsulin shell is formed from either 60, 180 or 240 monomeric subunits, which 

accounts for the variety of sizes observed for encapsulins (Figure 1.33). This is 

consequence of the structural differences in the E-loops of their monomer subunits 

(Figure 1.32 E). The 60-mer consists of 12 pentamers (similar to viral pentons) at the 

vertices of the icosahedral structure (Figure 1.33 A, five monomers of the pentamer 

are coloured pink, yellow, green, blue and purple). The 180-mer and 240-mer 

encapsulins are icosahedra so must contain 12 pentameric vertices (Figure 1.33 B 

and C, highlighted with coloured monomers) but have additional hexamers (similar to 

a football) 189. The structures of encapsulins have been successfully determined by 

both X-ray crystallography 35,174 and cryo-electron microscopy 184,190,191. 

 

The encapsulin shell protein self-assembles into compartments which display 

icosahedral symmetry regardless of the number of subunits in the shell. Icosahedral 

geometries have 3 different rotational symmetry axes (Figure 1.34): 3-fold, 5-fold 

(highlighted in Figure 1.33)  and 2-fold. Each triangular face of an icosahedron can 

be split into 3 equivalent parts which are equivalent to one monomer of a 60-mer 

encapsulin and known as icosahedral asymmetric units (IAUs) (Figure 1.34 A). The 

pores of encapsulin are located at the 3-fold and 5-fold symmetry axes of the 

encapsulin shell. It proposed that the 5-fold pore allows the selective intake of small 

molecules into the encapsulin lumen 35,186,192. 

Figure 1.33: Encapsulins formed by 60, 180 and 240 monomer subunits. 

Encapsulin formed of; 60 (A, PDB: 3DKT), 180 (B, PDB: 2E0Z) and 240 (C, PDB: 

6NJ8) subunits. Pentagonal vertexes (formed of 5 monomer subunits with 5-fold 

symmetry) have been highlighted in pink, yellow, green, blue, and purple in each 

encapsulin. 
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The structural similarity between viruses and encapsulins has led to the adoption of 

Caspar Klug Theory of describing virus assembly using T-numbers (Figure 1.35) 193. 

It is built upon the idea of IAUs where 60 identical subunits can be arranged with 3 

monomers on each triangular icosahedral face. Caspar Klug Theory enumerates the 

relationship between pentagonal and hexagonal faces of a capsid by mapping the 

triangular faces of an icosahedron onto a hexagonal lattice. The lattice consists of 

regular hexagon except at the vertices of the icosahedron, which must be pentagons 

due to their 5-fold symmetry axis (Figure 1.35 A shows the pentagonal faces of an 

icosahedron and how these can be represented as a dodecahedron). The pentagons 

Figure 1.34: Icosahedral symmetry of encapsulin nanocompartments. 

The 3-fold (A), 5-fold (B) and 2-fold (C) icosahedral symmetry axes of a 60-mer 

encapsulin (PDB: 3DKT). Each triangular face of the icosahedron is composed of 

three encapsulin monomers, shown in pink, purple and blue in an icosahedron and 

an encapsulin in A. Monomers have been equivalently coloured in both a simplified 

icosahedron represented and 3D encapsulin structure to highlight the 5-fold and 2-

fold symmetry axes (B and C respectively).  
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allow the lattice to bend into a 3D shape upon which a regular icosahedron can be 

mapped on to. The Caspar Klug Theory can be simplified into Equation 11, which 

uses the number of ‘jumps’ needed to get from one pentagon to the next pentagon to 

calculate the T-number. 

T = h2 + hk + k2 

Equation 11: Triangulation number. 

The number of ‘jumps’ in a straight line from one pentagon to the next pentagon is 

described by h (black lines in Figure 1.35 B – E) and k represents the number of units 

shifted either side of the line of h to reach the next pentagon (purple lines in Figure 

1.43 C and E). In the case of a 240-mer structure (Figure 1.35 D), there are no k 

‘jumps’, and two h ‘jumps’ so it has a T=4. Therefore 60-meric encapsulins have a 

triangulation number of 1 (T=1), 180-meric encapsulins are T=3, and 240-meric 

encapsulins are T=4. 

Figure 1.35: Casper Klug Theory of virus symmetry and T-numbers. 

A: The pentamer face of an icosahedron made of five IAUs. For the simplest 

icosahedral structure, there are 12 pentamers. B – E: Viral capsids displaying T-

numbers of T=1 (B), T=3 (C), T=4 (D) and T=7 (E). Polyhedra models were made in 

ChimeraX (Goddard et al., 2018)209.   
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Encapsulins with ferritin-like cargo proteins (encapsulated ferritins) can be of T=1 or 

T=3 symmetry. The encapsulated ferritin from P. furiosus has T=3 symmetry and can 

hold 30,000 iron ions 174. There are three different genomic relationships seen 

between an encapsulin and its associated encapsulated ferritin (Figure 1.37). The 

first class have an encapsulin protein with an encapsulated ferritin directed into it with 

a C-terminal encapsulation sequence. The encapsulated ferritin gene is found 

upstream to the encapsulin gene with a linker of varying lengths between them. An 

example of this is seen in the encapsulated ferritin of T. maritima 182. The second class 

is only seen in archaea, where a single gene encodes a single polypeptide of both the 

encapsulin and encapsulated ferritin protein (i.e. P. furiosus encapsulin and 

encapsulated ferritin are encoded on one gene with a single open reading frame). 

Additionally, due to the direct fusion, archaeal encapsulated ferritins lack the C-

terminal encapsulation sequence seen in other encapsulated ferritins. The final class 

is seen in M. xanthus and has the encapsulin gene and three additional encapsulated 

ferritin genes distributed across the genome (all with encapsulation sequences). The 

field of studying encapsulins has rapidly grown over the last four years, and so it is 

possible that this final class of gene relationship may be a different class of 

encapsulin, such as encapsulins with iron-mineralizing encapsulin-associated 

Firmicute (IMEF) cargo. 
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The structural relationship between encapsulins and their cargo protein is not known, 

despite structures being available for a number of encapsulin structural studies 

(Figure 1.38)174,182,183,194.  

These studies have been hindered by the use of icosahedral and crystallographic 

averaging in their structure determination and refinement, and low-resolution data, 

which have prevented the interior cargo protein from being resolved. The 

encapsulation sequence that directs cargo into the encapsulin lumen has been 

observed to bind to the interior shell of encapsulin182, but the number of cargo proteins 

within the encapsulin and their relationship to the encapsulin shell is unknown.  

 

 

 

 

 

 

Figure 1.37: Simplified diagram of genomic relationship between encapsulin 

and encapsulated ferritins.  

A: The encapsulin gene (dark blue box) is found upstream of the encapsulated 

ferritin gene (light blue box) in a single operon. The encapsulated ferritin gene has a 

C-terminal encapsulation sequence (yellow). B: A single gene encodes encapsulin 

and encapsulated ferritin in archaea. The pink area of the box represents the EncFtn 

domain of the gene and the purple area of the box represents the encapsulin 

domain. C: Myxococcus xanthus encapsulin system has three encapsulated ferritin 

genes (light green boxes) all with encapsulation sequences (yellow). The encapsulin 

gene (dark green box) is only directly next to one encapsulated ferritin gene. 
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Native mass spectrometry has been utilised to determine the number of cargo 

proteins within an encapsulin shell, however there is poor resolution due to 

overlapping spectra of different species present in the sample 195. In addition to the 

60-mer expected for encapsulin, a 58-mer of encapsulin and an unknown species are 

also observed making the assignment of cargo loading difficult, but it is believed that 

there was one DyP-type cargo (dye de-colourising peroxidase) hexamer within the 

60-mer encapsulin cage. 

The work presented in this thesis uses native mass spectrometry and cryo-EM to gain 

structural insights into encapsulated ferritins and the encapsulin-encapsulated ferritin 

complex, by utilising ion mobility and high-resolution mass spectrometry platforms, 

and advances in processing of cryo-EM data (such as asymmetric SPA).  

Figure 1.38: Cryo-EM structures of encapsulins. 

A: The cryo-EM structure of the T=4 encapsulin from Q. thermotolerans. i: The 

icosahedral structure of the encapsulin shell was determined and is shown coloured 

by local resolution. The icosahedral faces are shown by black lines and symmetry 

axes by red shapes.no clear density is seen for the cargo protein (red dashed lines 

in ii show averaged cargo density). B: Cryo-EM reconstruction of a T=1 encapsulin 

which has a relatively defined external structure (i) but an unclear interior cargo (ii, 

cargo protein shown as red density). The encapsulin nanocompartment is coloured 

radially with blue towards the centre of the density and white to the exterior density. 

A was adapted from Giessen et al, 2019 190 and B was adapted from Putri et al, 

2017 194. 
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of this investigation.  
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  Scientific Context of this Investigation 

2.1.1 Published Work on this Project  

 

Prior to the start of this investigation, the Marles-Wright and Clarke groups co-

authored a paper on the encapsulin and encapsulated ferritin from Rhodospirillum 

rubrum (Rru-EncFtn) 177. This was the first characterisation of EncFtn (both 

structurally and functionally) and used the complementary techniques of X-ray 

crystallography; native mass spectrometry (MS); transmission electron microscopy 

(TEM); and ferroxidase enzymatic activity assays.  

The crystal structure of EncFtn was determined as a homodecameric annular 

assembly, the topology of which is a pentamer of dimers (See Section 1.2.2.3 for 

more details and Figures 2.1 A). Each EncFtn subunit is formed of two long anti-

parallel helices (α1 and α2) followed by a shorter helix (α3) (Figure 2.1 B) .The 

structural arrangement of the EncFtn dimer is similar to a monomeric unit of classical 

ferritin, and contains a ferroxidase centre with two iron ions bound within the centre 

each dimer, creating the “FOC dimer interface” (Figures  2.1 C). Five of these dimers 

then come together to form the pentamer of dimers, joining at the non-FOC dimer 

interface (Figure 2.1 D). 

Figure 2.1: Architecture of the encapsulated ferritin decamer and its 

subcomplexes. 

A: The annular decamer assembly of EncFtn shown in a side-on and top-down view, 

with a simplified representation of topology underneath. The decamer structure has 

ten iron ions bound (red spheres). B: An EncFtn monomer in the same orientation 

as A with a simplified cartoon. C: The FOC dimer in cartoon form and a topological 

representation with two coordinated iron ions (shown in red). D: The non-FOC dimer 

with cartoon secondary structure, and a simplified representation.  
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There are six iron coordinating residues in the EncFtn ferroxidase centre (3 from each 

monomer): four glutamic acids (Glu32 and Glu62) and two histidines (His65). An 

additional metal binding site (believed to be the iron entry site) is formed of Glu31 and 

Glu34 and coordinates calcium in the crystal structure (Figure 2.2 A). 

Native mass spectrometry and ion mobility mass spectrometry (IM-MS) studies 

revealed that Rru-EncFtn exists as a decamer in the gas phase with a comparable 

collision cross section (CCS) to that of its crystal structure. Heterologous expression 

of Rru-EncFtn in Escherichia coli grown in iron-limited minimal media leads to the 

majority of the Rru-EncFtn being observed as a monomer. Rru-EncFtn was observed 

to decamerise with the addition of iron(II). 

Rru-EncFtn amino acid sequence variants were created for each of the FOC residues 

(E32A, E62A and H65A). These resulted in reduced ferroxidase activity, thus 

confirming the importance of iron binding residues for ferroxidase activity (Figure 2.2 

B). Native MS of the FOC variants reveals that both E32A and E62A show charge 

state distributions consistent with decameric assembly, similar to what was observed 

for Rru-EncFtn-WT. However, H65A exists only as monomer and dimer. 

Figure 2.2: The FOC residues of EncFtn and ferroxidase activity of FOC 

variants. 

A: The six iron coordinating residues in the EncFtn ferroxidase centre (3 from each 

monomer of the FOC dimer) and a neighbouring tyrosine from each monomer are 

shown. The residues are coloured as: E32 (purple); E62(pink); and H65 (orange). A 

neighbouring tyrosine (Y39) is shown in yellow and iron ions as red spheres. B: 

Relative ferroxidase activity of the EncFtn FOC variants compared to wild-type 

EncFtn. Each of the variants displays lower ferroxidase activity. B is from He et al, 

2016177. 
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There is currently no published Enc:EncFtn complex structure; while crystals were 

produced by Dr Didi He, they did not diffract. However, TEM reveals regularly sized, 

icosahedral encapsulins typical of a T=1 assembly (60 Enc monomers per encapsulin, 

Figure 2.3 A), in both the absence and presence of Rru-EncFtn 177. Taken together, 

the structural data and biochemical analysis affords a model for the Enc-EncFtn 

complex. The arrangement of bound encapsulation sequences seen in the T. 

maritima encapsulin (Figure 2.3 B) would position the centre of the decameric annular 

structure over the 5-fold pore of the encapsulin (Figure 2.3 C). The icosahedral cage 

of the encapsulin allows an EncFtn to be positioned at each of internal five-fold 

vertices with a total of 12 EncFtn per Encapsulin nanocage. 

 

2.1.2 Unpublished Work prior to this Project 

2.1.2.1 Homologues of Rru-EncFtn 

Genes encoding encapsulated ferritins have been found in a wide variety of bacteria 

and archaea from a range of ecological niches. Three EncFtn representatives from 

different environments were studied predominantly by Dr Didi He of the Marles-Wright 

group. As discussed in Section 2.1.1, the structure and function of the EncFtn from 

the proteobacterium R. rubrum was studied. R. rubrum is a mesophilic facultative 

anaerobe found primarily in brackish water, such as ponds and streams. The R. 

rubrum encapsulin and encapsulated ferritin are two distinct genes in which the 

EncFtn is upstream to the encapsulin (See Section 1.2.3.3). The EncFtn from 

Figure 2.3: Model of EncFtn docking to Enc. 

A: The Enc nanocompartment with a pentamer highlighted in pink B: The interior of 

the pink pentamer in A with an EncFtn shown in blue. The encapsulation sequence 

of EncFtn (as a peptide) is shown bound to the Enc inner surface in green. C: Model 

of EncFtn docked onto the encapsulin shell by alignment of localisation sequences. 

A single pentamer of Enc is shown in pink and a decamer of EncFtn is shown in 

blue. 
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Haliangium ochraceum (Hoch-EncFtn) shares this genomic context and is also 

housed within a T=1 Encapsulin nanocage. H. ochraceum is an aerobic, obligate 

halophile which grows at 20–40°C and in 0.5–6% NaCl 196. In contrast to the 

similarities of Rru-EncFtn and Hoch-EncFtn, the Encapsulin and EncFtn from 

Pyroccocus furiosus (Pfc-EncFtn) is encoded as a single gene. P. furiosus is an 

anaerobic hyperthermophilic archaeon and grows optimally at approximately 100 °C 

197. A further difference is the P. furiosus Encapsulin nanocage forms a T=3 assembly 

(180-mer) and consequently forms a larger icosahedral shell.  

The X-ray crystal structures of Hoch-EncFtn and Pfc-EncFtn have been successfully 

determined, with both forming a pentamer-of-dimers annular structure, as seen in 

Rru-EncFtn 198. Pfc-EncFtn differs slightly in structure to Hoch-EncFtn and Rru-

EncFtn as it has a more ordered N- and C-termini with a longer alpha helix observed 

at the C-terminus. The iron coordinating residues of the FOC are conserved across 

the three EncFtns; however, no metal ions are observed in the crystal structure of 

Hoch-EncFtn.  

2.1.2.2 Variants of Rru-EncFtn Iron Entry Site 

The crystal structure of Rru-EncFtn revealed a secondary metal binding site 

coordinating calcium proposed to be the iron entry site of EncFtn. The metal 

coordinating residues, Glu31 and Glu34, are positioned in a manner that could bind 

and coordinate iron in an octahedral geometry prior to its entry to the FOC. Another 

residue (Trp38) is in close proximity to the entry site and seems to sterically constrain 

the position of Glu31 through stacking interactions. Single point amino acid variants 

were made of Glu31 (E31A), Glu34 (E34A) and Trp38 (W38G) to determine if the iron 

site influences the structure and function of Rru-EncFtn (site-directed mutagenesis 

was performed by Didi He of the Marles-Wright group).  

Crystal structures of E31A and E34A variants were successfully determined and 

reveal the characteristic pentamer-of-dimer architecture of EncFtns. E31A has no 

effect on metal binding of Rru-EncFtn with two iron ions bound within the FOC as 

shown in the crystal structure and metal interaction with the entry site observed by 

steady state fluorescence199. E34A also contains two iron ions coordinated in the FOC 

but no metal is observed in the entry site. Crystals could not be grown for W38A and 

so alternative methods of analysis will need to be performed to establish the effect of 

the mutation.  
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 Project Aims/Objectives 

This project will build on the studies discussed in Section 2.1 and has four distinct 

aims.  

Mass Spectrometry Studies of Rru-EncFtn Homologues. 

Crystal structures have been obtained for Hoch-EncFtn and Pfc-EncFtn but due to 

these being frozen ‘snapshots’, they give limited information of the dynamics and 

stability of the proteins. Native MS and IM-MS can provide information on the 

structural dynamics of proteins as seen for Rru-EncFtn in 177. The first aim of this 

thesis is to investigate the gas phase stability and oligomerisation state across 

members of the EncFtn family. 

The Assembly Pathway of Encapsulated Ferritins. 

Rru-EncFtn expressed in minimal media (limiting the bioavailability of iron) exists 

solely as a monomer. Rru-EncFtn assembles into its decamer structure with the 

addition of Fe(II), but the intermediate assembly stages from monomer to decamer 

are unknown in the assembly pathway. The second aim of this study is to use native 

MS and IM-MS to determine the assembly pathway of encapsulated ferritins.   

Mass Spectrometry Studies of Iron Entry Site Variants of Rru-EncFtn. 

Native MS provided valuable insight into the FOC single point mutations of Rru-

EncFtn in He et al, 2016177 with their gas phase oligomerisation states being 

consistent with observed solution phase data. Equivalent studies for the iron entry site 

variants of Rru-EncFtn should be of similar merit, especially as there is no crystal 

structure of W38G. The third aim is to understand how the iron entry site of EncFtn 

influences its oligomerisation states and gas phase stability. 

Structural Studies of an Enc-EncFtn Complex. 

Although EncFtn structures have been successfully determined by the Marles-Wright 

group, to date crystallographic studies of an Enc:EncFtn complex have been 

unsuccessful. Encapsulin structures have been determined by various groups but 

have not provided insight into the interior relationship with their cargo proteins. Taken 

together, these data have provided the foundation of a hypothesis of the relationship 

between the Encapsulin nanocage and EncFtn where it is predicted there is one 

EncFtn decamer per Encapsulin pentamer. The final aim of this study is to determine 

the structural relationship between the Encapsulin shell and EncFtn using cryo-EM. 



 

 

 

  

Native Mass Spectrometry Studies of 

Encapsulated Ferritins. 

 

 

Mass spectrometry studies of encapsulated ferritins from 

Rhodisprillum rubrum (Rru-EncFtn), Pyroccocus Furiosus (Pfc-

EncFtn), and Haliangium Ochraceum (Hoch-EncFtn) 

 

 

 

 

Data from this chapter was published in Biochemical Journal 198  

(Appendix IV). 
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 Introduction to the EncFtn Homologues. 

Encapsulin nanocompartments and their associated EncFtns are found in archaea 

and bacteria from a variety of ecological niches, which may influence their structure, 

function and iron content. Previous work by the Marles-Wright and Clarke groups has 

focussed primarily on an encapsulated ferritin from R. rubrum (Rru-EncFtn) which is 

primarily found in brackish water (see Section 2.1.2.1).  

As discussed in Chapter 2, recombinant encapsulated ferritins from the 

hyperthermophilic archaea Pyrococcus furiosus (Pfc-EncFtn) and Haliangium 

ochraceum (Hoch-EncFtn) have been produced to study alongside Rru-EncFtn. 

These were chosen as representatives of the diverse organisms which have been 

found to have encapsulated ferritin genes. Rru-EncFtn displays an annular, pentamer-

of-dimers structure (discussed in detail in Section 1.2.2.3) which is distinct to other 

members of the ferritin superfamily. Studying Pfc-EncFtn and Hoch-EncFtn will 

demonstrate if the unique, annular structure of Rru-EncFtn is conserved across the 

EncFtn family. Furthermore, it allows for comparison between the EncFtn family to 

determine how their ecological origin affects their structure and function.   

Pfc-EncFtn differs to Hoch-EncFtn and Rru-EncFtn as its gene encodes both 

encapsulin and encapsulated ferritin as a polypeptide with a single open reading 

frame, in contrast to Enc and EncFtn from R. rubrum and H. ochraceum which are 

two distinct genes (Figure 3.1).  
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A multiple sequence alignment and analysis of the EncFtn homologues reveal that 

Hoch-EncFtn and Pfc-EncFtn have an 18% amino acid sequence identity with each 

other and share 58% and 22% with Rru-EncFtn (PDB: 5DA5) respectively (Figure 

3.2).   

Figure 3.1: Schematic representation of encapsulin and encapsulated ferritin 
genes from R. rubrum, P. furiosus, and H. ochraceum. 

The separate genes for Enc and EncFtn of R. rubrum (Rru_A0973 and Rru_A0974) 
and H. ochraceum (Hoch_3836 and Hoch_3837) are shown by blue and green 
boxes respectively. The encapsulation sequences of Hoch-EncFtn and Rru-EncFtn 
are represented as yellow shading in the EncFtn genes. The single open reading 
frame for the Enc and EncFtn of P. furiosus (PFC_05175) is shown in a pink to 
purple gradient box. The encapsulated ferritin and encapsulin genes of each 
homologue are highlighted by labelled, black, dashed boxes. 
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The ferroxidase centre is strictly conserved between the homologues (Glu32, Tyr39, 

Glu62 and His65) as is Glu61 of the putative exit site (see Section 1.2.2 and Figure 

1.30 for more detail of additional metal binding sites). However, an additional metal 

binding site, believed to be the entry site for iron into the encapsulated ferritin, has 

variation in the EncFtn homologues (Figure 3.2). The putative entry site of Hoch-

EncFtn and Rru-EncFtn is formed by two glutamate residues (Glu31 and Glu34) and 

a single tryptophan residue (Trp38), but these are not present in the Pfc-EncFtn. Pfc-

EncFtn has an alanine (Ala31) and an aspartate (Asp34) in place of the glutamates 

and a leucine (Leu38) instead of tryptophan.  

  

Figure 3.2: Sequence alignment of encapsulated ferritins from R. rubrum, P. 
furiosus, and H. ochraceum. 

Protein sequences of encapsulated ferritins from the R. rubrum (Rru-EncFtn), P. 
furiosus (Pfc-EncFtn) and H. ochraceum (Hoch-EncFtn) constructs used in this 
study. The proteins used in this chapter do not contain their encapsulation sequence 
and have a C-terminal His-tag as this variant of Rru-EncFtn was used to obtain the 
EncFtn crystal structure (PDB: 5D5A). The Rru-EncFtn structure was aligned with 
the sequences to highlight the secondary elements present in the structure. The 
ferroxidase centre residues and putative secondary metal binding site residues are 
highlighted with triangles and diamonds respectively. Protein sequences were 
sourced from uniprot and the alignment was performed with Clustal Omega, and 
then formatted using ESPript 223–225.  
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3.1.1 Crystal Structures of EncFtn Homologues 

X-ray crystal structures of Rru-EncFtn, Pfc-EncFtn and Hoch-EncFtn were obtained 

by Dr Didi He and Dr Jon Marles-Wright. These crystal structures show that the 

annular, decameric quaternary structure is conserved across the family (Figure 3.3). 

The EncFtn homologues share electrostatic surface features and have a negatively 

charged tunnel on the inner circumference of the decamer, believed to be the iron 

entry site. Hoch-EncFtn (Figure 3.3 A) and Rru-EncFtn (Figure 3.3 C) have highly 

similar structures, whereas Pfc-EncFtn (Figure 3.3 B) differs at both termini. The N-

terminus of Pfc-EncFtn forms an extended loop, narrowing the inner circumference of 

its annular structure. The Pfc-EncFtn C-terminal α3 helix has two additional turns 

when compared to Hoch-EncFtn and Rru-EncFtn. 

 

Figure 3.3: Crystal structures of Hoch-EncFtn, Pfc-EncFtn and Rru-EncFtn. 

A: Crystal Structure of Hoch-EncFtn. Monomers are shown in yellow and orange. 

No iron is bound in the Hoch-EncFtn crystal structure. The N- and C- termini are 

labelled and the five-fold symmetry axis is highlighted by a grey pentagon B: Pfc-

EncFtn crystal structure. Monomers are shown in two shades of purple and 

associated iron is shown as orange spheres. C: Rru-EncFtn crystal structure. The 

monomers are coloured blue and green, bound iron is shown by orange spheres 

and bound calcium by grey spheres.  Crystal structures were obtained by Jon 

Marles-Wright and Didi He. This image is from (He et al. 2019)177.  
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The crystal structures of Pfc-EncFtn and Rru-EncFtn show ten iron ions bound within 

the pentamer-of-dimers (2 ions within each FOC dimer). The crystal structure of  

Hoch-EncFtn does not contain iron ions, which is likely due to its crystallisation 

conditions. Hoch-EncFtn was crystallised in a buffer at pH 5.5, and consequently the 

histidine residue of the FOC is mostly protonated (approximately 70%, assuming a 

side-chain pKa of 6.0) making it unable to co-ordinate iron. 

In this chapter, Rru-EncFtn, Pfc-EncFtn and Hoch-EncFtn were structurally 

characterised by native mass spectrometry. Their gas phase stability and 

oligomerisation states have been discussed in relation to pH and the ecological niches 

of their native microbes. Rru-EncFtn and Pfc-EncFtn crystallised at neutral pH but 

Hoch-EncFtn did not, instead it required the more acidic pH of 5.5. To investigate the 

effect of pH on assembly and stability, each EncFtn was studied across this pH range 

(pH 8.0 to pH 5.5). 

The crystal structures obtained for the EncFtn homologues differ in their C-termini due 

to truncation and tagging (Table 3.1 and Appendix I). As Pfc-EncFtn is natively found 

in a single polypeptide with its encapsulin, a shortened protein sequence was used 

which only encodes its EncFtn protein. Similarly, shortened versions of Hoch-EncFtn 

and Rru-EncFtn were produced which do not include their encapsulation sequence. 

These modified proteins of Hoch-EncFtn and Pfc-EncFtn produced the crystals 

utilised for X-ray crystallography. To aid in protein purification, a His-tagged and 

shortened construct was created for Rru-EncFtn which was then used in X-ray 

crystallography studies. To ensure fair comparisons of stability, all the protein 

samples used for mass spectrometry analysis are the shortened His-tagged versions 

of each protein (Appendix I). 

Protein Nomenclature in Chapter 3 

 

This chapter focuses on the EncFtn proteins from R. rubrum, P. furiosus and H. 

ochraceum. Each of these was produced as a truncated sequence (no 

encapsulation sequence present) with a C-terminal Hexahistidine-tag. These 

EncFtns are referred to in this chapter as Rru-EncFtn, Pfc-EncFtn and Hoch-

EncFtn.  
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Table 3.1: Summary of EncFtn homologue data prior to this study 

Protein EncFtn EncFtn EncFtn 

Native species Rhodisprillum rubrum Pyrococcus furiosus Haliangium ochraceum 

Bacteria / Archaea Proteobacterium Archaeon Myxobacterium 

Ecological niche Ponds, streams Abyssal ocean vents Coastal seas 

Environmental trait  Mesophilic Hyperthermophile Halophile 

Amino acids present in 

truncated construct 
1-96 1-99 1-98 

Structure 

Pentamer of Dimers Quaternary 

Structure 

 

Pentamer of Dimers Quaternary 

Structure 

 

Pentamer of Dimers Quaternary 

Structure 

 

Iron in structure? 10 10 No 

Crystallisation 

conditions 

0.14 M calcium acetate, 15% 

(w/v) PEG 3350 

0.2 M sodium chloride, 0.1 M 

Bis-Tris (pH 5.5), 20% (w/v) 

PEG 3350 

0.2 M lithium sulphate 

monohydrate, 20% (w/v) PEG 

3350 



 Expression and Purification of EncFtn Homologues 

The EncFtn homologues were expressed in E. coli BL21 (DE3) grown in 2YT media 

using a modified pET-28a vector compatible with the CIDAR MoClo standard 200 

(plasmids created by Dr Didi He, and Dr Laura Tuck, Marles-Wright lab). Rru-EncFtn, 

Pfc-EncFtn and Hoch-EncFtn were purified using His-Trap affinity chromatography 

(Figure 3.4) followed by size exclusion chromatography (SEC) (Figure 3.5) (see 

Sections 8.24 and 8.25). SEC was performed using a Superdex S200 column (16/60) 

equilibrated with SEC Buffer (50 mM Tris–HCl, pH 8.0, 150 mM NaCl). 

SDS-PAGE following His-Trap and SEC purification revealed that pure protein was 

present for each homologue. Rru-EncFtn and Hoch-EncFtn are partially resistant to 

SDS and denaturation by heat and appear as monomer and dimer bands in SDS-

PAGE gels (Figure 3.4 A and C). Pfc-EncFtn is more resistant to heat and SDS with 

major decamer bands and minor monomer bands visible in SDS-PAGE gels (Figure 

3.4 B). 

To study the solution phase behaviour of the homologues, they were subjected to 

SEC (Figure 3.5). Rru-EncFtn elutes from SEC as two peaks (67.6 mL and 82.9 mL), 

which correspond to decamer and tetramer when compared to calibration standards 

(standard curve of the column available in supplementary information of 198). Hoch-

EncFtn elutes as three peaks of increasing abundance. The peaks are consistent with 

decamer (approx. 70 mL); tetramer (81.6mL); and a dimer form (87.6 mL). Pfc-EncFtn 

elutes as a single peak at 64 mL, which is larger than calibration suggests for a 

decamer.  
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Figure 3.5: SEC chromatogram of EncFtn homologues. 

Rru-EncFtn (“Rru_His” green trace), Pfc-EncFtn (“Pfc_His” pink trace) and Hoch-

EncFtn (“Hoch_His” orange trace) were purified by SEC (s200 16/60 column). The 

peaks at approx. 70 mL correspond to approximate molecular masses >130 kDa 

and so have been assigned as decamer. Peaks at 80 mL are consistent with 

tetramer when compared to calibration standards and those at 90 mL to dimer. 

Figure from (He et al. 2019)177. 

Figure 3.4: SDS-PAGE gels of EncFtn homologues after purification by SEC. 

SDS-PAGE gels (15 % w/v polyacrylamide) of elution fractions following SEC using 

an Unstained PageRuler protein ladder (ThermoFisher) as “M”. A: Rru-EncFtn 

SDS-PAGE gel displaying oligomers consistent with monomer and dimer. Peak 1 

and 2 correspond to 67.6 mL and 82.9 mL of SEC. B: Pfc-EncFtn SDS-PAGE gel 

showing decameric and monomeric oligomers present in peak 1 (64 mL) of SEC. 

C: Hoch-EncFtn gel showing three peaks of SEC (peak 1, 69.7 mL; peak 2, 81.6 

mL; and peak 3, 87.6 mL) which each contain monomer, dimer and tetramer 

oligomers. Figure from (He et al. 2019)177. 
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 Mass Spectrometry Studies of Encapsulated Ferritins 

LC-MS was performed on each homologue using standard LC-MS conditions (see 

Section 8.4) and a monomeric protein concentration of 5 μM.  

Homologue samples were desalted prior to native MS and analysed at a monomeric 

protein concentration of 50 μM. The standard parameters used for native ESI were: 

gas pressure 0.65 psi; nanoelectrospray voltage 1.55 kV; sample cone 100 V; 

extractor cone 0 V; source temperature 60°C; trap turned off; and source backing 

pressure 6.00 mbar. The sample cone voltage and trap collision voltage were 

increased to destabilise the decamer and cause dissociation into monomer subunits. 

The instrument parameters were optimised to achieve mass resolving power to allow 

the estimation of iron association to the complexes. Nitrogen was used as the drift 

gas for all ion mobility mass spectrometry. The ion mobility separation (IMS) wave 

velocity was tuned for each ion mobility experiment. Typically, conditions were as 

follows; wave velocity of 400 m/s and wave height of 25 V. Spectra were acquired 

over 3 minutes. To obtain collision cross sections of samples, denatured bovine 

myoglobin was used to calibrate the IM-MS data via DriftScope (using CCS data found 

in Appendix II). Data was processed using MassLynx version 4.1 (Waters Corp.). For 

collision induced unfolding experiments, protein samples were prepared and the 

Synapt G2 was set up as for IM-MS. Samples were analysed from 10 V to 66 V in 2 

V increments. Data was processed using Spyder CIUSuite 201.  
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3.3.1 Mass Validation by LC-MS 

The accurate masses of the homologues were verified by LC-MS (Table 3.2). 

Table 3.2: Average molecular masses of encapsulated ferritins obtained by LC-
MS. 

Protein 

Observed 

Average Mass  

(Da) 

Assignment 

Theoretical 

Average Mass 

(Da) 

Rru-EncFtn 
13194.20 ± 0.19 monomer without Met 13194.47 

26387.19 ± 1.37 dimer without Met 26388.94 

Hoch-EncFtn 
12663.85 ± 0.06 monomer without Met 12664.12 

12794.22 ± 0.78 monomer with Met 12795.31 

Pfc-EncFtn 13622.35 ± 0.42 monomer without Met 13622.40 

The starting Methionine residue is not always retained, and this has been indicated in 

“Assignment”. Error values generated from MassLynx 

Hoch-EncFtn exists both with and without its initial starting Met (Figure 3.6) which 

causes difficulty assigning accurate masses to higher order charge states (this issue 

is of particular relevance in Section 3.3.4). 

  

Figure 3.6: LC-MS spectrum of Hoch-EncFtn with two species present. 

Hoch-EncFtn exists as two species: retaining its starting Met (pink circles) and 

losing its starting Met (blue circles). 
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3.3.2 Native Mass Spectrometry Analysis of Rru-EncFtn 

Results from native mass spectrometry of Rru-EncFtn show it has a decameric gas 

phase oligomerisation (Figure 3.7), which is consistent with its crystal structure and 

previous mass spectrometry studies performed by the Clarke group 177. The native 

mass spectrum for Rru-EncFtn has five major charge states (22+ to 26+) which 

correspond to the mass of the Rru-EncFtn decamer (Figure 3.7, pink triangles). The 

charge state distribution observed is typical of native protein mass spectrometry and 

indicates that Rru-EncFtn is in its native oligomerisation state.. A minor species is also 

observed which is consistent with the iron-free Rru-EncFtn monomer (Figure 3.7, blue 

circles). 

 

Sufficient mass resolving power was achieved during native MS of Rru-EncFtn to 

assign the iron-loading in the complex which was found to be found to be between 10 

and 15 Fe(II) ions per decamer. This was seen across the 22+ to 26+ decameric 

charge states, the 25+ charge state analysis is shown in Figure 3.8.  

Figure 3.7: Native MS of Rru-EncFtn. 

Native nanoelectrospray ionisation (nESI) spectrum of Rru-EncFtn consistent with 

decameric assembly. The decameric charge state distribution is represented with 

pinks triangles with charge states annotated above each triangle which correspond 

to the 22+ to 26+ charge states. Monomer charge states (blue circles, 5+ to 8+) are 

also observed.  
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The dissociation pattern observed at 200 V agrees with a proposed theory of the 

dissociation of encapsulated ferritins; “ejected monomer theory” (Figure 3.10) 202. In 

ejected monomer theory, a highly charged and denatured monomer is ejected from 

the decamer during gas phase dissociation. 

  

Figure 3.9: Gas phase disruption of Rru-EncFtn. 

nESI spectra of Rru-EncFtn displaying dissociation of decamer charge state 

distribution into a charge state distribution consistent with the Rru-EncFtn monomer. 

Oligomeric states are represented by the following coloured shapes: decamer, pink 

triangles; monomer, blue circles; and dimer, green squares. The sampling cone 

voltage was increased from 100 V through to 200 V. For clarity, only the first and 

last charge states of the monomer and dimer charge state distributions have been 

labelled in the ‘200 V’ bottom panel.  
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Enabling the trap of the mass spectrometer allows for further activation. With this 

increased activation, Rru-EncFtn dissociates into monomer, decamer and nonamer 

charge states as expected for ejected monomer dissociation (Figure 3.11). 

  

Figure 3.10: Cartoon representation of ejected monomer theory. 

A: EncFtn decamer structure with dimers coloured pink and yellow. B: Nonamer of 

EncFtn with a missing pink monomer which has been ejected during dissociation. C: 

Denatured, ejected monomer from decamer 

Figure 3.11: Native mass spectrum of Rru-EncFtn subject to further 

dissociation. 

Oligomerisation states are represented by the following coloured shapes: decamer 

is pink triangles; monomer is blue circles; dimer is green squares; and nonamer is 

yellow crosses. The sampling cone voltage was increased to 200 V with the trap 

then activated (50 V) to allow maximum dissociation of the decamer charge state. 
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Interestingly, a dimer species is also observed during dissociation of Rru-EncFtn 

(green squares in Figures 3.11 and 3.12) suggesting ‘atypical’ dissociation 202. The 

dimer observed for Rru-EncFtn in native MS is a minor species relative to the Rru-

EncFtn monomer and does not bind iron (dimer m/z matches that of apo-dimer for a 

given charge state) and so is believed to be an artefact of MS as opposed to a 

dissociated subcomplex of the assembly (Figure 3.12).The loss of iron is indicative 

of denatured dimer as opposed to a dissociated subcomplex which has retained its 

quaternary structure.. 

 

3.3.3 Native Mass Spectrometry Analysis of Pfc-EncFtn 

Native mass spectrometry of Pfc-EncFtn was performed with the same instrument 

parameters used for Rru-EncFtn. Similar to Rru-EncFtn (Figure 3.7), native MS 

analysis of Pfc-EncFtn reveals a charge state distribution consistent with decameric 

assembly (charge states 22+ to 26+) (Figure 3.13). The decameric charge state 

distribution is elongated (charge states 27+ to 39+ in Figure 3.13) with low intensity, 

higher charge states observed. The elongated charge states are likely due to flexible 

regions of the protein.. As observed with Rru-EncFtn (Figure 3.7), a charge state 

distribution consistent with iron-free Pfc-EncFtn monomer (6+ to 17+) is also observed 

(Figure 3.13, blue circles).  

Figure 3.12: Mass spectrum of the dissociation of Rru-EncFtn in the monomer 

m/z region. 

Oligomerisation states are stressed by coloured shapes: monomer is blue circles; 

and dimer is green squares. As in Figure 3.10, the sampling cone voltage was 

increased to 200 V with the trap then activated to allow maximum dissociation of the 

decamer charge state 
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Iron binding of the complex was assigned by analysis of the decamer charge states 

(Figure 3.14). Pfc-EncFtn was observed to bind approximately 20 Fe(II) ions. This 

iron occupancy is double of that of theoretical maximum iron loading (10 Fe(II) per 

decamer as seen in the crystal structure) but may be due to iron ions binding in the 

additional metal binding sites of EncFtn. Alternatively, this could be caused by other 

adducts (e.g. sodium) causing a broadening of the Pfc-EncFtn decamer charge state 

peaks. 

Figure 3.13: Native mass spectrum of Pfc-EncFtn with a sampling cone 

voltage of 100 V. 

nESI spectrum of Native Mass Spectrum of Pfc-EncFtn. Decamer charge states 

(22+ to 39+) are highlighted with pink triangles and monomer charge states (6+ to 

17+) are highlighted by blue circles. The  charge states corresponding to the 

elongated form of the protein are 27+ to 39+. 
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The gas phase stability of Pfc-EncFtn decamer was examined by increasing the 

sampling cone voltage (Figure 3.15). During cone voltage induced dissociation Pfc-

EncFtn dissociates from decamer to monomer, indicating it also dissociates by 

ejecting a highly charged monomer. Unlike Rru-EncFtn, no dimer charge state 

distributions are observed for Pfc-EncFtn. 

  

Figure 3.14: Decameric charge state distribution and Fe association of Pfc-

EncFtn. 

A: Decameric assembly of Pfc-EncFtn with the 22+ to 38+ charge states observed. 

B: Iron loading of the 25+ charge state (m/z: 5491.5, bold annotation in A) as a 

representative charge state which shows each decamer binds an average of 20 

Fe(II) ions. All Pfc-EncFtn are observed to bind approximately 20 iron ions.The 

grey line represents the theoretical mass of the apo-decamer (m/z: 5449.96); the 

red line corresponds to 10 associated Fe(II) ions (m/z: 5471.56); and the blue line 

corresponds to 20 associated Fe(II) ions (m/z: 5493.16).  
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3.3.4 Native Mass Spectrometry and Ion Mobility Analysis of Hoch-EncFtn 

3.3.4.1 Native Mass Spectrometry of Hoch-EncFtn 

Interestingly, native mass spectrometry of Hoch-EncFtn, with a sampling cone voltage 

of 100 V, did not reveal a decamer assembly as predicted but instead a series of 

oligomerisation states were observed (Figure 3.16). The major species is dimer (8+ 

to 12+) (Figure 3.16, green squares); additionally, monomer (7+ to 13+), tetramer 

(13+ to 16+), hexamer (17+ and 18+), decamer (22+ to 25+) and dodecamer (23+ to 

25+) are also observed (Figure 3.16, blue circles, purple diamonds, orange stars, 

pink triangles and red double daggers, respectively). This dynamic nature of Hoch-

Figure 3.15: Dissociation of the Pfc-EncFtn decamer by increased cone 

voltage. 

nESI spectra of Pfc-EncFtn displaying dissociation of the decameric charge state 

distribution into a charge state distribution consistent with the Pfc-EncFtn monomer. 

Oligomerisation states are represented by the following coloured shapes: decamer 

is pink triangles and monomer is blue circles. The sampling cone voltage was 

increased from 100 V through to 200 V. For clarity, only the first and last charge 

states of the monomer charge state distributions have been annotated.  
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EncFtn is also observed in solution, as it appears as greater range of oligomerisation 

intermediates in SEC than Rru-EncFtn and Pfc-EncFtn (Figure 3.5). 

Although suitable mass resolving power was achieved, the number of  associated iron 

ions could not be determined as the protein exists as a mixture of proteoforms (with 

and without its starting Met residue, Figure 3.6). The ratios between proteoforms are 

unknown so m/z values will include both this Met issue as well as adducts or bound 

iron. Varying instrument parameters had no impact on the distribution of species, even 

when the sample was minimally activated with low cone voltage.  

 

Interestingly, no odd numbered oligomers are observed (with the exception of 

monomer) suggesting that Hoch-EncFtn exists as an equilibrium of dimers and 

higher-order multiples of dimers. Furthermore, this indicates that oligomerisation 

states of higher order than dimer are formed by the association of dimer subunits. The 

observation of even numbered oligomers also implies that one of the two dimer 

interfaces is partially unstable.  

To further probe the gas phase stability of Hoch-EncFtn, the sample cone voltage was 

incrementally increased (Figure 3.17).  

Figure 3.16: Native mass spectrum of Hoch-EncFtn with a sampling cone 

voltage of 100 V. 

nESI spectrum of Hoch-EncFtn with gas phase oligomerisation stressed with 

coloured shapes. Monomer peaks are labelled with blue circles; dimer with green 

squares; tetramer with purple diamonds; hexamer with orange stars; decamer with 

pink triangles and dodecamer with red double-daggers. 
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Hoch-EncFtn dissociates into monomer and dimer suggesting it dissociates by an 

‘atypical’ dissociation pathway.  At 200 V, no decamer is observed unlike Rru-EncFtn 

(Figure 3.9) and Pfc-EncFtn (Figure 3.15). This may be due the decamer being of 

lower abundance at 100 V relative to Rru-EncFtn and Pfc-EncFtn, as the Hoch-EncFtn 

100 V higher abundance oligomerisation states (i.e. tetramer) are still observed at 200 

V.  

Figure 3.17: Dissociation of Hoch-EncFtn by increased cone voltage. 

nESI spectra of Hoch-EncFtn displaying dissociation of decamer charge state 

distribution into a charge state distribution consistent with the monomer. 

Oligomerisation states are represented by the following coloured shapes: monomer 

shown as blue circles; dimer as green squares; tetramer as purple diamonds; 

hexamer as orange stars; decamer as pink triangles and dodecamer as red double-

daggers. The sampling cone voltage was increased from 100 V through to 200 V. 

For clarity only the dominant peak of each oligomerisation charge state distribution 

has been annotated.  
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Given that the crystal structure of Hoch-EncFtn is a decamer and crystals were 

obtained at pH 5.5 (Table 3.1), the influence of pH on Hoch-EncFtn oligomerisation 

was investigated by native MS. Native MS was conducted at pH 6.75 and pH 5.5, 

which revealed an increase in the abundance of the decameric species at lower pH 

(Figure 3.18, pink triangles). 

 

Figure 3.18: Native MS of Hoch-EncFtn from pH 8.0 to pH 5.5. 

Native nanoelectrospray ionization (nESI) mass spectrometry of Hoch-EncFtn 

acquired in 100 mM ammonium acetate (pH 8.0, pH 6.75 and pH 5.5). Hoch-EncFtn 

exists in various multimer conformations at pH 8.0. Increasing pH results in a shift to 

higher molecular weight charge state distributions. The major species at pH 5.5 is 

consistent with decameric structure (pink circles, 21+ to 25+). The appearance of an 

additional charge state (*) is also observed with increased pH which corresponds to 

a 20-mer assembly. 
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The lower order oligomerisation states present at pH 8.0 are reduced in abundance 

at pH 6.75, and significantly reduced at pH 5.5 with only tetramer (14+ and 15+) minor 

species observed. The mass spectrum at pH 5.5 has a decameric charge state 

distribution abundance similar to that seen for Rru-EncFtn and Pfc-EncFtn at pH 8.0. 

The gas phase stability of the Hoch-EncFtn decamer (pH 5.5) was investigated by 

analysing Hoch-EncFtn with increasing cone voltage (Figure 3.19). 

 

At pH 5.5, Hoch-EncFtn dissociates in a similar manner to Rru-EncFtn and Pfc-EncFtn 

(Figure 3.9 and Figure 3.15 respectively) with a major monomer species observed 

at a cone voltage of 200 V. 

Figure 3.19: Native MS dissociation of Hoch-EncFtn at pH 5.5. 

Native MS dissociation of Hoch-EncFtn with increasing cone voltage at pH 5.5. 

Oligomerisation states are highlighted by coloured shapes: monomer (blue circles), 

tetramer (purple diamonds), and decamer (pink triangles). A gas phase anomaly of 

a 20-mer is observed and annotated with grey asterisks.  
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3.3.4.2 Ion Mobility Mass Spectrometry of Hoch-EncFtn 

Ion mobility mass spectrometry was performed to determine if the minor decameric 

species  of Hoch-EncFtn observed at pH 8.0, is the same decameric structure 

observed as the major species at pH 5.5.  

Ion mobility mass spectrometry (IM-MS) separates ions by their size and shape (as 

well their mass and charge as seen in native mass spectrometry) based on their drift 

time through the gas filled ion mobility cell. More compact, folded protein ions will 

experience fewer collisions with the drift gas and have a lower drift time than larger, 

unfolded protein ions. A rotationally averaged collision cross section, Ω, can be 

calculated for each observed charge state and is characteristic of the size, shape, 

mass and charge of the ion (See Section 1.1.2.4 for more detail). 

Ion mobility mass spectrometry analysis of Hoch-EncFtn was collected with minimal 

collisional activation by optimising instrument parameters (Figure 3.20). Two discrete 

conformations of Hoch-EncFtn decamer are observed by IM-MS; a majority 

conformation with a compact structure and a minor conformation with a more 

extended, unfolded structure. The compact conformation of Hoch-EncFtn has a drift 

time of 13.5 ms and a collision cross section (CCS) of 55 nm2. The CCS of the 

compact conformation is slightly smaller than the calculated CCS of Hoch-EncFtn of 

60 nm2 calculated from the crystal structure as calculated by the ‘IMPACT’ software 

203. IMPACT (Ion Mobility Projection Approximation Calculation Tool) is a program that 

calculates the theoretical collision cross-section (CCS) of protein structures or models 

through the projection approximation method. This reduction in size (observed CCS 

is approximately 8% smaller than the theoretical CCS) is a common observation in 

IM-MS and believed to be due to the collapse of disordered regions in the gas phase.  
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Ion mobility mass spectrometry lowers instrument sensitivity and consequently, it was 

not possible to observe the decamer oligomerisation state at pH 8.0 (Figure 3.21 B). 

Collision cross sections of compact conformations of the Hoch-EncFtn at pH 6.75 was 

calculated and found to be 55 nm2 (Figure 3.21 A). The agreement of the CCS values 

measured at pH 6.75 and pH 5.5 suggests the same decameric arrangement is 

present at both pH.  

  

Figure 3.20: IM-MS analysis of Hoch-EncFtn at pH 5.5. 

Top panel: Ion mobility mass spectrum of Hoch-EncFtn at pH 5.5. Oligomerisation 

states are highlighted by coloured shapes: dimer is green squares; tetramer is 

purple diamonds; and decamer is pink triangles. Lower left panel: Arrival time 

distributions of the decamer ions seen in the top panel presented in a greyscale heat 

map. The heat map peak corresponding to the 24+ charge state is highlighted by a 

grey box. Lower right panel: The extracted plot of the 24+ charge state arrival time 

distribution 
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Native MS and IM-MS demonstrate the unfolding of the EncFtn decameric species 

when activated by the sampling cone and trap. Collision induced unfolding (CIU) by 

collisional activation induces the unfolding of complexes by gradually increasing the 

voltage the complex experiences and plotting the resultant spectra as a heat map to 

reveal the discrete conformations present at each voltage. 

At minimal activation, Hoch-EncFtn exists in a single compact decameric 

conformation at both pH 5.5 and pH 6.75 with a drift time of between 13 and 14 ms 

(Figure 3.22). Increasing the trap collision voltage causes a conformational change 

in the gas phase assembly into an extended conformation with a larger drift time. The 

compact drift time demonstrates that Hoch-EncFtn does not undergo unfolding prior 

to activation. 

  

Figure 3.21: Ion mobility mass spectrometry analysis of Hoch-EncFtn at pH 

6.75 and pH 8.0. 

IM-MS spectrum of Hoch-EncFtn at pH 6.75 (A) and pH 8.0 (B) showing a series of 

oligomerisation states, and the associated heat maps. Oligomerisation states are 

stressed by coloured shapes: monomer is blue circles; dimer is green squares; 

tetramer is purple diamonds; hexamer is orange stars and decamer is pink triangles. 
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CIU revealed that Hoch-EncFtn has a similar stability at pH 6.75 and pH 5.5 with both 

decamer conformations showing a distinct transition from the compact to an extended 

conformation (Figure 3.22). The transition from the compact to extended states was 

quantified using CIU50 values (the collision voltage required to convert 50 percent of 

the compact protein form into the adjacent extended state) and values of 47.0 V and 

44.9 V were obtained at pH 5.5 and pH 6.75 respectively. The similarity of these 

values and the CIU profiles suggest identical topology of the EncFtn decamer at both 

pH values. 

Taken together, native mass spectrometry and ion mobility studies on Hoch-EncFtn 

suggest that a stable dimer is readily formed at pH 8.0 and with decreasing pH, these 

dimers assemble into the higher-order pentamer-of-dimers structure seen in the 

Hoch-EncFtn crystal structure.   

Figure 3.22: Heat maps of CIU experiments and CIU50s on Hoch-EncFtn. 

CIU heat maps of Hoch-EncFtn at pH 5.5 (Ai) and pH 6.75 (Bi). The compact 

decamer conformations have drift times of 13.5 ms (labelled “C” in A i and B i). 

Increasing the trap collision voltage leads to an unfolding transition to an extended 

decamer conformation of larger CCS (drift times increasing) (labelled “E” in A i and 

B i). CIU50s of Hoch-EncFtn at pH 5.5 and pH 6.75 (A ii and B ii) show one 

discrete transition highlighted by a red trace. 
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3.3.5 Native Mass Spectrometry Analysis of Rru-EncFtn and Pfc-EncFtn 

with Varying pH 

Given the effect of pH on Hoch-EncFtn oligomerisation, the influence of pH on the 

EncFtn family members was studied by native MS.  

3.3.5.1 Mass Spectrometry of Studies of Rru-EncFtn with Decreasing pH 

Native MS analysis of Rru-EncFtn from pH 8.0 to pH 5.5 shows a disappearance of 

the minor monomer species present at pH 8.0 (Figure 3.23). Rru-EncFtn fully 

assembles into the annular decamer structure under acidic conditions as there is 

disappearance of the minor monomer species. However, this is to a far lesser extent 

than observed for Hoch-EncFtn as Rru-EncFtn already exists as a stable, major 

decamer at pH 8.0.  

   

Figure 3.23: Native mass spectrometry analysis of Rru-EncFtn from pH 8.0 to 

pH 5.5. 

Native MS of Rru-EncFtn at pH 8.0, pH 6.75 and pH 5.5. Decamer charge states are 

highlighted by pink triangles and monomer charge states by blue circles.  
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3.3.5.2 Mass Spectrometry of Studies of Pfc-EncFtn with Decreasing pH 

Native MS analysis of Pfc-EncFtn displays similar behaviour to Hoch-EncFtn and Rru-

EncFtn at increasingly acidic pH values (Figure 3.24). The abundance of the 

monomeric charge state distribution decreases with decreasing pH.  

 

  

Figure 3.24: Mass spectrometry analysis of Pfc-EncFtn from pH 8.0 to pH 5.5. 

Native MS of Rru-EncFtn at pH 8.0, pH 6.75 and pH 5.5. Decamer charge states are 

highlighted by pink triangles and monomer charge states by blue circles.  
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 Discussion of Structural Studies of the EncFtn Homologues 

Acquiring native mass spectra of Rru-EncFtn, Pfc-EncFtn and Hoch-EncFtn under the 

same instrument conditions, at pH 8.0 and on the same day, allows direct comparison 

of the differences in stability between the homologues (Figure 3.25). 

  

Figure 3.25: Native mass spectrometry studies of EncFtn Homologues at pH 

8.0. 

Native mass spectra of the three homologues collected using the same instrument 

parameters with a sampling cone voltage of 100 V at pH 8.0. Rru-EncFtn (“Rru”) 

shows a predominantly decameric charge state distribution highlighted by pink 

triangles. Pfc-EncFtn (“Pfc”) is observed as decamer (pink triangles) and monomer 

(blue circles) charge states. Hoch-EncFtn exists in monomer (blue circles), dimer 

(green squares), tetramer (purple diamonds), hexamer (orange stars), decamer 

(pink triangles) and dodecamer (red double-daggers) charge states. 
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Rru-EncFtn appears to be the most stable, existing primarily in a decameric structure 

with a cone voltage of 100 V. Pfc-EncFtn is slightly less stable than Rru-EncFtn with 

a higher abundance of monomer when a cone voltage of 100 V is applied. This is 

somewhat surprising, as Pfc-EncFtn is found in a hyperthermophilic archaea and 

consequently was expected to be the most stable of the homologues. The dissociation 

pathways of Rru-EncFtn and Pfc-EncFtn (Figures 3.11 and 3.17 respectively) show 

similar gas phase stability with increasing activation as both retain partial decameric 

oligomerisation at 200 V. In contrast, Hoch-EncFtn exists in multiple oligomerisation 

states in native MS at pH 8.0, implying it is the least stable homologue. Hoch-EncFtn 

is from a halophile and so may require high salt conditions to decamerise at pH 8.0. 

The decameric crystal structure of Hoch-EncFtn was obtained in a solution with 0.2 

M NaCl which may have aided the formation of the decamer, however KCl would more 

accurately mimic in vivo conditions. Salt is removed by buffer exchanging protein 

samples in to 100 mM ammonium acetate prior to mass spectrometry analysis to 

minimise salt adducts in spectra, which may cause the lower stability of Hoch-EncFtn. 

This lower stability leads to Hoch-EncFtn having a unique dissociation pathway as no 

decamer is observed at 200 V, however this may be due to the decamer assembly 

being a minor species for Hoch-EncFtn at lower activating conditions. All three 

homologues experience dissociation via the ejected monomer pathway with a highly 

charged and denatured monomer revealed with increased gas phase activation. 

Interestingly, dimer species is observed in Rru-EncFtn and Hoch-EncFtn suggesting 

they also undergo ‘atypical’ dissociation. Although no iron is bound within the Rru-

EncFtn dimer, implying that this may be an MS artefact, as an iron-bound dimer was 

previously observed 177. The Hoch-EncFtn dimer is readily formed and assembles into 

higher order structures suggesting it is a true native dimer. The lack of iron observed 

may be due to the dimer observed being the non-FOC dimer. 

Acidic conditions have an effect on each of the homologue’s oligomerisation states 

with all displaying decameric structures at pH 5.5 and showing a decrease in 

abundance of lower order assemblies (Figure 3.26). Acidic pH has the strongest 

impact on Hoch-EncFtn which displays pH-mediated assembly and strongly favours 

a decameric assembly.   
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Rru-EncFtn and Hoch-EncFtn have the most similar gas phase profiles at pH 5.5 with 

no monomeric charge states or extended decameric charge state distributions 

observed as with Pfc-EncFtn. The elongated charge state is likely due to the flexibility 

of Pfc-EncFtn. The His-tag of each EncFtn homologue is located on C-terminus and 

the Pfc-EncFtn C-terminal α3 helix has two additional turns compared to Hoch-EncFtn 

and Rru-EncFtn. The His-tag being attached to a longer helix may provide additional 

flexibility and consequent protonation, which could be why it is the only homologue to 

display an extended decameric charge state. The dissociation of Hoch-EncFtn at pH 

5.5 (Figure 3.19) is similar to that of the dissociation pathways of Rru-EncFtn and 

Pfc-EncFtn at pH 8.0 (Figures 3.9 and 3.15 respectively). This suggests that once 

the major decamer species is formed, it has a similar stability for all homologues.  

Figure 3.26: Mass Spectrometry Studies of EncFtn Homologues at pH 5.5. 

Spectra of the three homologues collected using the same instrument parameters 

with a sampling cone voltage of 100 V at pH 5.5. Rru-EncFtn (“Rru”) exists solely as 

decameric charge state distribution highlighted by pink triangles. Pfc-EncFtn (“Pfc”) 

and Hoch-EncFtn (“Hoch”) are both observed predominantly as a decameric charge 

state distributions (pink triangles).  
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The pH dependent assembly into higher order structures seen by the homologues (in 

particular Hoch-EncFtn) occurs from pH 8.0 to pH 5.5. This pH range covers the pKa 

of the Histidine side chain (pKa of 6.0) demonstrating that the decameric assembly 

seen with decreasing pH is influenced by the protonation of one or more His residues. 

There is a key His residue in the FOC which is predicted to be around 70% protonated 

within the Hoch-EncFtn crystal structure, leading to its inability to bind iron (Figure 

3.3). The protonation of this His residue gives rise to additional stabilising hydrogen 

bonds by residues normally involved in iron binding in the FOC. As decamerisation of 

iron-free subcomplexes is induced with acidic pH (Figures 3.18, 3.23 and 3.24), it is 

likely this is caused by the protonation of this His and the subsequent hydrogen bonds 

in the FOC. Alternatively, decreasing the pH may trigger a wider area of the protein 

(i.e. protonation of multiple residues and not just the FOC His) conformation affect 

which leads to assembly of the annular decamer. 

 Conclusions from Mass Spectrometry Studies of 

Encapsulated Ferritins 

Native mass spectrometry indicates that Rru-EncFtn is the most stable EncFtn 

homologue studied, existing predominantly as a decamer at pH 8.0. Pfc-EncFtn 

displays a gas phase stability similar to that of Rru-EncFtn and exists primarily as a 

decamer under the same conditions. Hoch-EncFtn has significantly different stability 

in the gas phase and exists as monomer, dimer, tetramer (dimer of dimers), hexamer 

(trimer of dimers), decamer (pentamer-of-dimers) and dodecamer (hexamer of 

dimers). All homologues favour assembly into the higher-order pentamer-of-dimers 

annular structure which is characteristic of the EncFtn family.  

A proposed theory from the gas phase oligomerisation states observed in Hoch-

EncFtn is that higher-order structures of EncFtn are formed by association of dimer 

subunits. This concept will be explored in Chapter 4.  

 



 

 

 

 

  

The Assembly Pathway of 

Encapsulated Ferritins. 

 

 

Mass spectrometry studies of Hoch-EncFtn and the Hoch-EncFtn-

H63A variant to elucidate the assembly of the annular, decameric 

EncFtn structure via a dimer association pathway  

 

 

Data presented in this chapter was published in Chemical 

Communications204 (Appendix IV). 
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 Introduction to the EncFtn Assembly Pathway via Dimer 

Association. 

As discussed in Chapter 3, the EncFtn from Haliangium Ochraceum (Hoch-EncFtn) 

exists as a dynamic structure in multiple even-numbered oligomerisation states in 

solution and gas phase (dimer, tetramer, hexamer, decamer and dodecamer) (See 

Section 3.3.4.1, Fig 3.18 and Fig 4.1).  

From this observation we hypothesised that oligomers of higher order than dimers 

(including the decameric annular structure, Figure 4.2 A) are formed by the 

association of dimer units. As previously discussed, EncFtn have two distinct dimer 

Figure 4.1: Native mass spectrum and SEC elution profile of Hoch-EncFtn. 

A: nESI native mass spectrum of Hoch-EncFtn in Ammonium Acetate (100 mM, pH 

8.0) reveals a range of oligomeric assemblies. Charge states are annotated,  and  gas 

phase oligomerization states are indicated by coloured shapes. Monomer shown as 

blue circles; dimer as green squares; tetramer as purple hexagons; hexamer as 

orange stars; decamer as pink triangles and dodecamer as red double-daggers.  

B: S200 size exclusion chromatogram highlighting solution phase oligomerisation of 

Hoch-EncFtn. Dimer peak highlighted in green, tetramer in purple and decamer in 

pink. 
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subcomplexes, the FOC dimer and non-FOC dimer (see Section 1.2.2 and Figures 

1.26 and 1.28 from Chapter 1 and Figure 4.2 B, C). The FOC dimer is the catalytic 

protomer containing the di-iron enzymatic ferroxidase centre (FOC) and is structurally 

resembles the four-helix bundle of classical ferritins. In the pentamer-of-dimers 

quaternary structure, FOC dimers join together at a second dimer interface (the non-

FOC interface) to form the characteristic EncFtn annular architecture. We propose 

that dimer association to form higher order assemblies is via either FOC dimer 

association or non-FOC dimer association (Fig 4.2 D, E)198. 

Figure 4.2: Structure of EncFtn decamer and dimers with cartoon 

representations, and potential assembly pathways. 

A: Annular pentamer of dimers structure of EncFtn (PDB ID: 5DA5) with transparent 

solvent accessible surface area (SASA) over cartoon secondary structure. Iron ions 

are shown as red spheres. B: The FOC dimer containing two iron ions bound in the 

FOC shown with cartoon secondary structure and transparent SASA, and a 

simplified representation. C: The non-FOC dimer in cartoon and simplified 

representation. The two possible assembly pathways of EncFtn via dimer 

association; the FOC assembly pathway (D) and the non-FOC assembly pathway 

(E). 
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This chapter studies the dimer association pathway leading to the annular EncFtn 

structure by mass spectrometry. To investigate this, a histidine 63 to alanine variant 

(H63A) in Hoch-WT (Hoch-H63A) was produced (see Appendix I for protein 

sequences and mutagenesis primers). As previously described 177 (see Chapter 2, 

section 2.1.1 and He et al, 2016177), this mutation disrupts the FOC-dimer interface 

and consequently, Hoch-H63A is only able to form monomers or non-FOC dimers and 

not higher order assemblies. Here we investigate whether  comparative mass 

spectrometry studies of Hoch-WT and Hoch-H63A will allow us to establish which 

dimer assembly pathway is favoured by EncFtn.  

Protein Nomenclature in Chapter 4 

 

Chapter 3 used a truncated, His-tagged variant of Hoch-EncFtn but this tag 

may bind iron and influence metal dependent assembly. To counter this, 

strep-tag variants were used in this chapter, herein known as Hoch-WT 

(strep tagged, truncated Hoch-EncFtn) and Hoch-H63A (strep tagged, 

truncated Hoch-EncFtn His63Ala variant).  
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 Dimer Interfaces of Hoch-WT 

Hoch-WT has dimer interfaces similar to that seen for Rru-EncFtn (see Chapter 1, 

Figures 1.26 and 1.28) due to their conserved, annular, quaternary structure. These 

interfaces are the non-FOC dimer and the FOC dimer. The main difference seen 

between the dimers of Hoch-WT and Rru-EncFtn is the lack of iron bound in the FOC 

of Hoch-WT, as discussed in Chapter 3. 

4.2.1 Non-FOC Interface of Hoch-WT 

The non-FOC interface of Hoch-WT has a buried surface area of 2383 Å2 with 18 

hydrogen bonds and 5 salt bridges (Figure 4.3). The centre of the Hoch-WT non-FOC 

interface has a high proportion of buried, hydrophobic residues and contains no 

disulfide bridges. 

 

 

  

Figure 4.3: Residues forming polar contacts of the non-FOC dimer interface. 

A: Two orientations of the non-FOC dimer with cartoon secondary structure. 

Monomers of the non-FOC dimer are coloured lilac and purple with polar contact 

residues represented as sticks. B: The lower conformation of A with transparent 

secondary structure and labelled residues.  
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4.2.2 FOC Interface of Hoch-WT 

The FOC interface of Hoch-WT is less extensive than the non-FOC interface and has 

a buried surface of 1186 Å2 with 8 hydrogen bonds, 16 salt bridges, and no disulfide 

bridges (Figure 4.4).  

The conserved FOC residues in Hoch-WT are Glu31, Tyr38, Glu31 and His64 (pink 

residues in Figure 4.4). However, no iron ions were observed bound in the crystal 

structure of the Hoch-WT FOC. We propose that this is due to the fact that His64 is a 

key iron binding residue in the FOC and Hoch-WT was crystallised at pH 5.5, and so 

this residue is likely to be approximately 70% protonated. In this state, His64 is unable 

to co-ordinate iron therefore there is no observed iron within the crystal structure. The 

putative iron entry and exit sites of Rru-EncFtn are also conserved within Hoch-WT 

but again, no metal ions are co-ordinated in these sites (yellow and green residues 

respectively in Figure 4.4).  

It should be noted that the residue numbering discussed in this section and in Figures 

4.3 and 4.4 are from the His-tagged version of Hoch-EncFtn, whereas this Chapter 

used the strepII-tagged for experimental work. This change causes a shift in 

numbering of amino acid residues (H64 in His-tagged Hoch-WT is equivalent to H63 

in strepII-tagged Hoch-WT). 
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 Figure 4.4: Residues forming polar contacts, the FOC, putative iron entry site and putative iron exit site in the FOC dimer of Hoch-

WT. 

A: Two conformations of the Hoch-WT FOC dimer with cartoon secondary structure (monomers of dimer shown in aqua and blue). The 

residues of the putative entry site are shown in yellow, the FOC are shown in pink and of the putative exit site in green. Residues forming 

the remaining polar contacts in the FOC dimer are shown in blue and aqua for their respective monomer. B: The lower conformation of A 

with transparent secondary structure and labelled residues. Residues are coloured as in A. 



 
The Assembly Pathway of Encapsulated Ferritins.
  105 

 Expression and Purification of Hoch-WT and Hoch-H63A 

Hoch-WT and Hoch-H63A were expressed in E. coli BL21 (DE3) using a pET-28a 

vector (plasmids created by Cecilia Piergentili, Marles-Wright lab). Cells were grown 

in 2YT media (1 L) supplemented with kanamycin. Hoch-WT and Hoch-H63A were 

purified using the Strep-Trap protocol using a StrepII-Trap HP (5 mL) column with 

Strep Trap buffer W and Strep Trap buffer E (see Section 8.2.6 and Table 8.2).  

4.3.1 Purification of Hoch-WT and Hoch-H63A 

Hoch-WT has a theoretical molecular mass of 12798.39 Da as calculated by the 

ExPASy ProtParam tool. Eluted fractions show two bands in SDS-PAGE at approx. 

13 and 26 kDa corresponding to Hoch-WT monomer and dimer respectively (Figure 

4.5 A). The appearance of dimeric EncFtn in denaturing SDS-PAGE has been 

previously noted 198 (Section 3.2). 

Hoch-H63A has an average mass of 12732.33 Da as calculated using the ExPASy 

ProtParam tool. Eluted fractions show a single band in LDS-PAGE at approx. 13 kDa 

which corresponds to the Hoch-H63A monomer (Figure 4.5 B). The loss of dimer 

bands for Hoch-H63A suggests the mutation has impacted dimer formation.  

Figure 4.5: SDS-PAGE gel of Hoch-WT and Hoch-H63A with annotated 

observed oligomerisation states.  

SDS-PAGE gels (4-12% precast gel, Invitrogen)  of Hoch-WT (A) and Hoch-H63A 

(B) with lanes labelled (left to right): PageRuler™ Prestained Protein Ladder, cell 

lysate, flow through, and the remaining lanes correspond to protein eluted by 100% 

Strep Trap buffer E. Oligomerisation states are labelled and highlighted by dashed, 

black boxes. 
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 Determination of the Assembly Pathway of EncFtn using 

Native Mass Spectrometry and Complementary Techniques 

4.4.1 Mass Validation by LC-MS of Hoch-WT and Hoch-H63A 

The masses of Hoch-WT and Hoch-H63A were verified by LC-MS (Table 4.1). 

Table 4.1: Average molecular masses of Hoch-WT and Hoch-H63A obtained by 
LC-MS. 

Protein 
Observed Mass 

(Da) 
Assignment 

Theoretical Mass 
(Da) 

Hoch-WT 
12666.19 ± 0.11 monomer without Met 12667.20 
25331.96 ± 0.47 dimer without Met 25334.40 

Hoch-H63A 12600.90 ± 0.04 monomer without Met 12601.13 

The starting Methionine residue is not always retained, and this has been indicated in 

“Assignment”. Error values generated from MassLynx v4.1. 

The observed masses of the Hoch-WT and Hoch-H63A were within 1.5 Daltons of 

their theoretical masses suggesting protein sequences were correct, thus, native 

mass spectrometry was performed on the samples. Interestingly, Hoch-WT is only 

observed with no Met unlike His-tagged Hoch-EncFtn (Section 3.3.1). Further 

analysis of the His-tagged Hoch-EncFtn reveals an additional glycine residue at the 

second position of the sequence which may be responsible for the partial retainment 

of Met. This glycine has been removed from the step-tagged version and 

subsequently only one proteoform is observed.   

4.4.2 Native Mass Spectrometry Analysis of Hoch-WT and Hoch-H63A 

The oligomerisation states of Hoch-WT and Hoch-H63A were analysed by native MS. 

Hoch-WT behaves similarly to His-tagged Hoch-EncFtn from Chapter 3 with MS 

analysis revealing a series of oligomerisation states. The major species observed is 

dimer (9+ to 11 charge states, green squares in Figure 4.6). Minor species of tetramer 

(13+ to 15+), hexamer (17+ to 18+) and decamer (22+ to 25+) species are also 

observed (Figure 4.6, purple diamonds, orange stars and pink triangles respectively).  
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In contrast to Hoch-WT, Hoch-H63A is observed exclusively as a dimer (Figure 4.7, 

green squares, charge states 7+ to 12+) when analysed by native MS. This 

observation demonstrates that the H63A mutation results in the loss of decameric 

quaternary structure and disrupts the formation of structures with higher order than 

dimer, as previously reported for equivalent mutation (H65A) in Rru-EncFtn 177. 

  

Figure 4.6: Native mass spectrum of Hoch-WT. 

nESI native mass spectrum of Hoch-WT in ammonium acetate (100 mM, pH 8.0). 

Gas phase oligomerisation states have been stressed with coloured shapes: dimer 

as green squares, tetramer as purple diamonds, hexamer as orange stars and 

decamer as pink triangles. 

Figure 4.7: Native mass spectrum of Hoch-H63A. 

Native mass spectrum of Hoch-H63A in ammonium acetate (100 mM, pH 8.0). 
Hoch-H63A exists solely as a dimer in the gas phase (highlighted by green 
squares). 
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4.4.3 Non-denaturing PAGE Analysis of Hoch-WT and Hoch-H63A 

Non-denaturing PAGE was performed to support the gas phase observation that 

Hoch-WT exists in multiple oligomerisation states whilst Hoch-H63A exists solely as 

one oligomerisation state, dimer (Figure 4.8). Three bands are observed for Hoch-

WT of varying size. Based on the oligomerisation states observed in native MS, these 

bands were tentatively assigned as dimer, tetramer and decamer. Hoch-H63A 

displays a single, major oligomerisation state of similar size to the lowest band of 

Hoch-WT, which suggests they are the same oligomerisation state. The H63A band 

appears slightly higher than Hoch-WT as it has one less charge per monomer due the 

His63A mutation. 

 

4.4.4 Ion Mobility Analysis of Hoch-WT and Hoch-H63A 

Ion mobility mass spectrometry was employed to investigate and compare the 

conformations and collision cross sections (CCS) of the dimer assemblies present in 

both Hoch-WT and Hoch-H63A. Hoch-WT and Hoch-H63A display highly similar IM-

MS arrival time profiles of their dimer charge states (green and purple in Figure 4.9 

respectively). Both dimers have CCS values of ~19.6 nm2 and similar widths in their 

CCS profiles (FWHM ~2.1 nm2 for Hoch-WT and ~2.3 nm2 for Hoch-H63A). As Hoch-

Figure 4.6: Native PAGE Analysis of Hoch-WT and Hoch-H63A. 

Invitrogen NativePAGE Bis-Tris Native PAGE gel of Hoch-WT and Hoch-H63A with 
ladder on outside lanes (NativeMark™ unstained protein standard, Invitrogen). 
Hoch-WT exists as multiple oligomerisation sates whilst Hoch-H63A is observed as 
solely one.  
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WT and Hoch-H63A have very similar mobility profiles, it suggests they adopt the 

same dimer form.  

 

Theoretical CCS values for the non-FOC dimer and FOC dimer were calculated from 

the Hoch-WT crystal structure (PDB: 5N5F) using IMPACT software 203. The non-FOC 

dimer has a considerably smaller theoretical CCS of 21.4 nm2 compared to the 25.3 

nm2 of the FOC dimer (grey dashed lines in Figure 4.9). The observed CCS for Hoch-

WT and Hoch-H63A is closer to the theoretical value of the non-FOC dimer which 

indicates the non-FOC dimer is the dimer present in both Hoch-WT and Hoch-H63A. 

However, it must be stressed that the theoretical CCS for the two distinct dimer forms 

assumes that the conformation of the free dimers are the same as their conformation 

whilst held within the annular decamer of the crystal structure. The non-FOC dimer 

has a relatively compact structure when extracted from the crystal structure (Figure 

4.10 A). Whereas, the FOC dimer has a larger structure with extended alpha helices 

formed by residues Ser76 – Glu97 that project from the compact central helical bundle 

on each side (highlighted by asterisks in Figure 4.10 A). These regions lock into 

higher order structures but would possibly be ‘free’ and flexible within this dimer form. 

Consequently, the theoretical CCS value for the FOC dimer may be unreliable. 

Figure 4.7: IM-MS drift time profiles of Hoch-WT and Hoch-H63A. 

Ion mobility drift time profiles of the profiles of the 10+ dimer charge state Hoch-WT 

(green) and Hoch-H63A (purple). Theoretical CCS of the non-FOC and FOC dimers 

are highlighted by grey dashed lines and cartoon representations. 



 
The Assembly Pathway of Encapsulated Ferritins.
  110 

 

 

4.4.5 Determining the Metal Content of Hoch-WT and Hoch-H63A by Mass 

Spectrometry 

A key difference between the two dimer forms is that the FOC dimer contains the 

intact catalytic centre which contains two bound iron ions. Whereas no complete 

catalytic centre is present in the  non-FOC dimer structure. Thus, determining the 

metal content in the dimer forms of Hoch-WT and Hoch-H63A may provide insight 

into the nature of the dimer subcomplex in these two variants.   

 

4.4.5.1 Native Mass Spectrometry Studies of Hoch-WT and Hoch-H63A to 

Determine Metal Content of Dimer Species 

Molecular mass measurement by native MS was used to assess the metal content of 

the Hoch-WT and Hoch-H63A dimers (Figures 4.11 A and 4.12 A) to help determine 

which dimers were present. The 10+ dimer charge state of Hoch-WT displays multiple 

adducts of varying molecular mass (Figure 4.11 B) but none of these are consistent 

with co-ordination of one iron ion (addition of +54 Da for Fe(II), blue line in Figure 

4.11 B) or two iron ions (addition of +108 Da for Fe(II), purple line in Figure 4.11 B). 

It is likely that these adducts are potassium or sodium, a common occurrence in 

Figure 4.8: The non-FOC and FOC dimers of EncFtn. 

Cartoon secondary structure and transparent SASA representation of the non-FOC 

(A) and FOC (B) dimers of EncFtns. The FOC dimer has two iron ions bound shown 

as red spheres, the potentially flexible α-helices are highlighted by asterisks. 
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protein native MS. Iron ions adducts were not observed in any dimer charge states 

for Hoch-WT.  

 

The higher order species of Hoch-WT present as broad peaks (Figure 4.6 and Figure 

12) due to limited mass resolving power of masses larger than 40 kDa, and therefore 

metal coordination of these charge states cannot be determined. This is a limitation 

of studying metalloproteins by native MS at higher mass.  

  

Figure 4.9: Native mass spectrum of the Hoch-WT dimer. 

A: nESI native mass spectrum of Hoch-WT dimer species. Dimer charge states are 
annotated and highlighted by green squares B: 10+ dimer charge state (bold in A) 
showing adduct peaks. The grey line represents the theoretical mass of the apo-
dimer (m/z: 2534.44); the blue line indicates the m/z of Hoch-WT dimer with one 
Fe(2+) ions bound (m/z: 2539.84); and the purple line corresponds to two 
associated Fe(2+) ions (m/z: 2545.24).   

Figure 4.10: Native mass spectrum of Hoch-WT tetramer. 

nESI mass spectrum of Hoch-WT tetramer with charge states labelled. Tetramer 

peaks are broad preventing metal coordination being assigned.  
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The Hoch-H63A 10+ dimer charge state has no adducts which correspond to the 

coordination of iron ions (Figure 4.13 B). The absence of co-ordinated iron suggests 

that the di-iron containing FOC is not intact in the subcomplex and suggests that the 

observed dimer is the non-FOC dimer. This is consistent with the data from the same 

variant in Rru-EncFtn and suggests the FOC interface of Hoch-H63A has been 

disrupted by the H63A mutation. No other dimer charge states of Hoch-H63A have 

iron adducts observed.  

 

  

Figure 4.11: Native mass spectrum of the Hoch-H63A dimer. 

(A) nESI mass spectrum of the dimer region of Hoch-H63A with charge states 
labelled and stressed with green squares. (B) The 10+ dimer charge state of Hoch-
H63A (bold label in A) with a series of adducts visible. The apo-dimer m/z is shown 
with a grey line (m/z: 2521.23). One Fe(II) ion bound to the apo-dimer has a 
theoretical m/z of 2526.63 (blue line), and two associated Fe(II) has a theoretical 
m/z of 2532.03 (purple line). 
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4.4.5.2 ICP-MS of Hoch-WT and Hoch-H63A to Establish Iron Content 

In order to investigate the metal content of the two proteins further, we employed 

Inductively coupled plasma (ICP) MS. ICP-MS determines the elemental composition 

of a sample with detection limits in the parts per trillion, and so was used to establish 

the iron content of Hoch-WT and Hoch-H63A. ICP-MS experiments were performed 

by Dr Kevin Waldron, University of Newcastle. 

ICP MS revealed that Hoch-H63A has no substantial iron content (Table 4.2). This is 

consistent with a dimer species with no iron bound. This is likely due to the loss of the 

iron coordinating H63 residue and indicates that dimer species is the non-FOC dimer. 

Significantly higher iron content was observed in Hoch-WT (29.1%, Table 4.2) 

although at sub-stoichiometric levels (10 irons per decamer of Hoch-WT). Iron content 

lower than a 1:1 stoichiometry (iron ion:EncFtn monomer) suggests not every Hoch-

WT oligomer binds iron. This can be explained by the dimer species not binding iron 

(as seen in Hoch-H63A) and iron only being associated with higher order assemblies.  

Table 4.2: Iron content of Hoch-WT and Hoch-H63A determined by ICP-MS.  

Protein [Fe]/[protein] % 

Hoch-WT 29.1 ± 17.1 

Hoch-H63A 5.6 ± 1.5 

Iron content of Hoch-WT (results previously published in He et al. 2016177) and 

Hoch-H63A proteins in SEC Buffer (Table 8.2). Technical replicates were performed 

in triplicate by Dr Kevin Waldron (Newcastle University) and the values shown are 

the mean with standard deviation. 
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4.4.5.3 High-Resolution Native MS of Hoch-WT and Hoch-H63A  

Due to mass resolution limitations, the identity of the adducts in Figures 4.11 and 

4.12 could not be established with high confidence. To overcome this and discern the 

adducted species, Hoch-WT and Hoch-H63A were analysed by high-resolution FT-

ICR native MS. This analysis confirmed that neither Hoch-WT nor Hoch-H63A dimer 

forms contain iron adducts (Figure 4.14). The adducts present in both dimer species 

are potassium and potassium-sodium adduct series which are commonly observed in 

native MS.  

The absence of iron implies that the dimer present is the non-FOC dimer, to further 

probe this theory the tetramer species of Hoch-WT was studied by native FT-ICR MS 

(Figure 4.15). A potassium adduct series is also observed in the Hoch-WT tetramer 

(Figure 4.15, theoretical isotope distribution shown by blue lines). This overlaps with 

Figure 4.12: High resolution native mass spectra of the Hoch-WT and Hoch-

H63A dimers. 

High resolution mass spectra of the 10+ dimer charge state of Hoch-WT (A) and 

Hoch-H63A (B). The peaks corresponding to the theoretical mass of dimer with no 

adducts is highlighted by green circles. Potassium and potassium-sodium adduct 

series are shown by blue and orange lines respectively. No indication of Fe(II) 

binding was observed in Hoch-WT or Hoch-H63A.  
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a peak corresponding to two iron ions bound to a tetramer species (Figure 4.15, 

theoretical isotope distribution in red circles and Figure 4.15 B). This suggests that 

two dimers come together with two iron ions bound between them. Interestingly, no 

peak is observed corresponding to a single iron ion bound suggesting that partial 

occupation of the FOC does not occur. The iron oxidation state has been tentatively 

assigned as Fe(II) as iron ions are believed to bind in the FOC as Fe(II) prior to 

oxidation. However, it is possible that the iron bound tetramer species could contain 

Fe(III) or a mixture of Fe(II) and Fe(III). The mass spectrum for the tetramer species 

in Figure 4.15 does have isotope resolution but has the theoretical isotope distribution 

of Hoch-WT4Fe2
2+ overlain on the spectrum to show the binding of two iron ions. 

Taken together, this indicates that the two dimers coming together to form the 

tetramer species are non-FOC dimers which bind together and form a tetramer at the 

FOC interface with two coordinated iron ions. These observations match the predicted 

stoichiometry (Hoch-WT4Fe2) of the non-FOC assembly pathway (Figure 4.2 E).  

4.4.6 Metal-mediated Assembly of Hoch-WT via Mass Spectrometry  

To establish if non-FOC dimers come together to form higher order assemblies with 

iron, iron-loading experiments were performed. Hoch-WT was incubated with iron 

Figure 4.13: High resolution FT-ICR native mass spectrum of the Hoch-WT 

tetramer. 

A: FT-ICR mass spectrum of the 13+ charge state of Hoch-WT. The theoretical 

isotope distributions of; the Hoch-WT apo-tetramer, Hoch-WT tetramer with two 

associated iron ions; and the Hoch-WT potassiated series, are shown purple circles, 

red circles and blue lines respectively. B: Region of the mass spectrum in A with 

overlapping isotope distributions consistent with Hoch-WT4Fe4 (red circles) and 

Hoch-WT4K+
4 (blue circles). 



 
The Assembly Pathway of Encapsulated Ferritins.
  116 

(1:1, 1:2 and 1:3 ratios of EncFtn monomer: iron ion) to allow higher order assemblies 

to form. Hoch-WT was then buffer exchanged into ammonium acetate to allow mass 

spectrometry analysis and to remove unbound iron to minimise non-specific iron 

adduction.  

MS analysis of iron-loaded Hoch-WT resulted in an observed increase in higher order 

oligomerisation states (specifically tetramer and hexamer) (Figure 4.16). After the 

addition of 150 μM iron, the number of non-specific iron adducts observed increased 

which led to a poor baseline and signal-to-noise ratio. To improve this, the complex 

was activated by increasing the cone voltage to remove non-specific iron and surface 

adducts. However, this also results in the dissociation of higher order assemblies, 

resulting in the appearance of monomer species.  

Figure 4.14: Iron mediated assembly of Hoch-WT via dimer association. 

Hoch-WT was loaded with various concentrations of iron chloride before native nESI 
analysis. Top panel: native nESI spectrum of Hoch-WT displaying a charge state 
distribution consistent with dimer (green squares). Lower panels: Higher order 
assemblies – tetramer (purple hexagons) and hexamer (orange stars) appear with 
the addition of iron. Addition of 150 μM iron leads to the appearance of overlapping 
adducts, preventing accurate peak assignment. Consequently, higher activation 
energy was required, causing the monomer charge state distribution to be observed 
(blue circles). 
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Iron loading experiments of Hoch-WT suggest that higher order subcomplex formation 

by dimer association is iron dependent. Coordination of iron by the FOC residues 

leads to formation of the FOC interface between two non-FOC dimers. Surprisingly, 

the “stable” dimer is not a dimer which contains the active site. The FOC of Hoch-WT 

is split between subcomplexes and is dynamic, despite being strictly conserved 

between EncFtn family members and being structurally similar to the classical ferritin 

monomer subunit. Consequently, the FOC interface has two roles within EncFtn; 

firstly, its role in enzymatic activity, and secondly its role in mediating the 

oligomerisation of subcomplexes.  

 Discussion and Summary of the EncFtn Assembly Pathway 

In conclusion, mass spectrometry studies have allowed the elucidation of the 

assembly pathway of the pentamer-of-dimers annular structure of the EncFtn family.  

The association of non-FOC dimers via the coordination of iron at the FOC interface 

by residues Glu30, Glu60 and His63 (for Hoch-WT) gives rise to the annular 

decameric assembly (Figure 4.17). 

 

  

Figure 4.15: The assembly pathway of encapsulated ferritins. 

The iron mediated assembly of EncFtn is shown using cartoon secondary structure 
for the different assemblies. The corresponding charge state distribution for each 
oligomerisation state is shown below the cartoon representation with each assembly 
stressed with different coloured shapes (dimer as green circles, tetramer as purple 
diamonds, hexamer as orange stars, and decamer as pink triangles).  
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This assembly pathway highlights the dynamic nature of the FOC interface and its 

dual role in mediating complex assembly and ferroxidase enzymatic activity. EncFtn 

are the only member of the ferritin superfamily whose assembly is mediated by; the 

formation of the ferroxidase centre. While the FOC dimer is similar to the four-helix 

bundle of classical and bacterioferritins (Figure 1.27 in Chapter 1); the role of the 

FOC in stabilising, the functional quaternary structure is novel to EncFtn proteins.  
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Iron Translocation in Encapsulated 

Ferritins. 

 

Mass spectrometry analysis of single point mutations of the iron 

entry site in encapsulated ferritins. In conjunction with high 

resolution FT-ICR mass spectrometry studies to determine the 

mechanism of inhibition of encapsulated ferritins by divalent metals.   

 

 

Data from this chapter has been published in the Journal of Biological 

Chemistry199 (Appendix IV). 
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 Introduction to the Metal Binding Sites in Encapsulated 

Ferritins, the Encapsulated Ferritin Iron Pathway, and FOC 

Inhibition. 

The crystal structure of the encapsulated ferritin from R. rubrum reveals that the FOC 

dimer has a maximum of five metal ions coordinated within its interface (Figure 5.1). 

These five metal ions consist of two iron ions and three calcium ions, and are located 

within 3 distinct sites - the ferroxidase centre (FOC, containing 2 Fe ions); as well as 

2 additional sites either side of the FOC, putatively termed the  ‘entry site’ and ‘exit 

site’ of EncFtns, which are occupied by calcium ions (Figure 5.2 A and C, see Section 

1.2.2.3 and Figure 1.28 for more in-depth analysis). The putative entry and exit sites 

of EncFtn are only partially occupied by calcium in the EncFtn crystal structure177. The 

presence of calcium in the crystal structure is likely due to the high concentration of 

Ca(II) in the crystallisation conditions (140 mM), as negligible amounts of calcium are 

observed in ICP-MS analysis of the purified protein prior to crystallisation screening 

177. The putative entry site is located on the inner circumference of the annular 

structure and the exit site on the outer circumference (Figure 5.1 A and B). The ability 

of the entry site to bind Ca(II) ions indicates this site may play a role in the attraction 

of metal ions, such as Fe(II), prior to their entry into the ferroxidase centre This 

suggests that iron enters the FOC from the centre of the EncFtn ring-like structure 

and exits on the outer surface following oxidation (Figure 5.1 A).  
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The two iron ions held within the ferroxidase centre are coordinated by three residues 

from each monomer; Glu32, Glu62 and His65 (Figure 5.2, Section 1.2.2.3 ). Each 

iron is coordinated by one nitrogen from the imidazole ring of one of the His65 

residues, carboxylates from Glu32 and Glu62 residues and a di-iron bond between 

the two iron ions.  

  

Figure 5.1: Metal ions bound within the EncFtn FOC dimer. 

A: FOC dimer of EncFtn showing two iron ions bounds within the ferroxidase centre 

(red spheres) and calcium ions bound in the putative entry and exit sites (grey 

spheres). B: The annular decamer structure with the FOC dimer from A highlighted 

in blue with two iron ions bound in the FOC (red spheres). The proposed pathway of 

iron in EncFtn is shown with an arrow. C: Alternative view of B, with metal binding 

residues in the entry site, FOC and exit site shown in green, lilac and yellow 

respectively. 
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A single calcium ion is held in what is proposed to be the iron ‘entry site’ of 

encapsulated ferritins (Figures 5.1 and 5.3) which is located on the inner 

circumference of the annular EncFtn structure. It is proposed that irons are briefly 

bound here prior to their entry into the FOC. The entry site calcium ion is coordinated 

by Glu31 and Glu34 on each of the monomer chains. The glutamates bind in a 

monodentate fashion (one carboxylate oxygen per glutamate binds the calcium). The 

glutamate residues are orientated to allow the coordination of Fe(II) ions in an 

octahedral geometry prior to their progression into the ferroxidase centre.  

  

Figure 5.2: Iron ions coordinated in the EncFtn FOC 

Side-on (A) and bottom-up (B) views of the FOC dimer of EncFtn. Two iron ions 

(red spheres) coordinated by His65 (green), Glu62 (yellow) and glu32 (orange) 

within the ferroxidase centre of EncFtn. 
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5.1.1 Potential Roles of the EncFtn Entry Site 

The entry site of EncFtn is of particular interest as it may act to control the access of 

metal ions to the ferroxidase centre, acting as an entry site for approaching metal ions 

as well as having a possible role in FOC interface stability. We have proposed multiple 

hypotheses for the role of the entry site: a flow restriction valve (Figure 5.4 A); a metal 

selectivity filter (Figure 5.4 B); or to attract and guide metal ions to the FOC (Figure 

5.4 C). The flow restriction valve function would limit the flow of metal ions to the FOC. 

A metal selectively filter prevents mismetallation and the subsequent inhibition of the 

FOC by competing metal ions. In the role of metal attraction, the entry site residues 

could act as an electrostatic funnel to direct metal ions into the FOC. These proposed 

roles are not exclusive, and it is possible that entry site may play a number of roles 

for EncFtns.  

  

Figure 5.3: The metal ion entry site of EncFtn with a calcium ion bound. 

Side-on (A) and top-down (B) view of the FOC dimer of EncFtn with the entry site 

highlighted in each. Glu31 (purple) and Glu34 (green) from each monomer 

coordinate the calcium ion (grey sphere) in the interface of the FOC dimer. The 

FOC residues are shown as blue sticks. 
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To determine the role of the entry site, a series of point mutants were created of the 

metal coordination residues and studied to understand the role of the residues within 

the entry site. 

5.1.2 The Iron Entry Site EncFtn Variants 

The four metal binding residues in the entry site of EncFtn consist of Glu31 (Figure 

5.5, purple residues) and Glu34 (Figure 5.5, green) from each monomer of the FOC 

dimer. In close proximity to Glu34 and Glu31’, and consequently the entry site, is a 

tryptophan residue (Trp38, Figure 5.5 pink) which is involved in the FOC dimer 

interface. Together Glu31, Glu34 and Trp38 are referred to as the entry site residues.  

Figure 5.4: The possible roles of the entry site 

Three potential functional roles of the entry site; flow restriction valve (A), metal 

selectively filter (B, with a competing metal ion represented by a grey sphere), and 

metal ion attraction (C). In each role depiction; the FOC residues are shown in blue, 

iron ions are represented by red spheres, and the Glu31 and Glu34 residues of the 

entry site are coloured purple and green respectively. 
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To test the hypothesis that metal ions move into EncFtn via the putative entry site and 

understand how the entry site influences the structure and stability of EncFtn, single 

point mutations were made to Glu31, Glu34 and Trp38.  

The metal binding glutamate residues were individually mutated to alanine to create 

EncFtn-E31A and EncFtn-E34A variants. As EncFtns are typically studied at pH 8.0, 

the carboxylate groups of the glutamate residues will be negatively charged. It is 

thought that these negative charges interact with metal ions and allow entry into the 

ferroxidase centre. By mutating these residues to alanine, the metal coordinating 

atoms are lost. Subsequently metal interactions with EncFtn will change, which should 

assist in determining the role of the entry site. Although Trp38 cannot directly bind 

metal, it was also chosen for mutation as it is proximal to Glu34 and Glu31’ and 

Figure 5.5: EncFtn entry site residues. 

The entry site of EncFtn is composed of two metal binding glutamates (E31, purple; 

and E34, green) and one tryptophan (W38, pink) per monomer. 
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potentially provides steric constraints for the glutamates; it may also  have a role in 

stabilising the FOC interface due to its hydrophobic nature. Two Trp38 variants were 

made; EncFtn-W38A and EncFtn-W38G. By mutating tryptophan to glycine: the 

hydrophobic property of the residue is lost; there is a significant size increase to the 

size of the entry site; and the residue will have a greatly increased flexibility. It should 

be noted that as the entry site occurs across a dimer interface, all single point 

mutations will appear twice in the entry site (once per monomer). 

5.1.3 Crystal Structures of the EncFtn Variants 

Crystal structures of EncFtn-E31A and EncFtn-E34A were determined by Dr Didi He 

and Dr Jon Marles-Wright (Marles-Wright lab, University of Newcastle). It was not 

possible to obtain crystals of EncFtn-W38A or EncFtn-W38G, implying that removal 

of this tryptophan results in a destabilised quaternary structure. 

The crystal structures of EncFtn-E31A and EncFtn-E34A adopt the same annular, 

pentamer-of-dimer structure observed in EncFtn-WT177,199. The FOC residues retain 

their positions and iron coordination geometry, indicating these entry site changes do 

not change the FOC structure. 

The entry site of EncFtn-E31A binds a calcium, as observed in EncFtn-WT, but with 

a longer coordination distance of 3.8 Å (Figure 5.6) than the 2.5 Å distance in EncFtn-

WT199. This suggests that the loss of E31 changes the metal binding properties, but 

not the overall structural arrangement of the entry site. 

The EncFtn-E34A entry site has no metal ions coordinated. In addition to the loss of 

E34, the EncFtn-E34A entry site has the E31 and W38 residues flipped away from 

the entry site compared to EncFtn-WT (Figure 5.6)199. Together the combined loss 

and movement of the entry site residues leads to a disruption of the entry site which 

prevents metal binding.  
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The ability of Glu31 and Glu34 to bind Ca(II) ions suggests that they may play a role 

in the attraction of metal ions, such as Fe(II), prior to their entry into the ferroxidase 

centre.  

5.1.4 Ferroxidase Activity of the EncFtn Variants 

Ferroxidase assays were performed by Dr Cecilia Piergentili (Marles-Wright lab) to 

gain insight into the functional role of the EncFtn entry site. Ferroxidase assays were 

performed with EncFtn-WT, EncFtn-E31A, EncFtn-E34A and EncFtn-W38A (Figure 

5.7). Ferroxidase assays monitor the production of Fe(III) to test the activity of the 

Fe(II) oxidation by EncFtn. A control of Fe(II) without protein is used to establish the 

base-line rate of iron oxidation in our experimental setup.  

Figure 5.6: Comparison of the entry site of EncFtn-WT, EncFtn-E31A and 

EncFtn-E34A 

The entry site residues of EncFtn-WT (grey), EncFtn-31A (green) and EncFtn-E34A 

(blue) are shown by stick representations. Coordinated calcium ions in the EncFtn-

WT entry site and the EncFtn-E31A entry site are represented by grey and green 

spheres respectively. This figure is from Piergentili et al, 2020198, and was made by 

Dr Jon Marles-Wright. 
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Interestingly, EncFtn-WT displays the lowest activity of the variants analysed. This 

observation suggests that the entry site plays a role in restricting the flow of metal 

ions to the FOC, acting as a valve, and limiting the rate of oxidation. However, the 

EncFtn-E34A variant displays significantly lower ferroxidase activity than EncFtn-

E31A and EncFtn-W38A. Structural analysis of this variant reveals the most extensive 

rearrangement within the entry site with no evidence of metal binding (Figure 5.6). If 

the entry site acted purely as a restriction valve on metal flow to the FOC, then higher 

activity would be predicted in E34A. Thus, it appears that the role of this site is a 

balance of factors, and electrostatic interactions in the entry site also play a role in 

attracting metal ions.  

Figure 5.7: Ferroxidase activity of the EncFtn variants  

Progress curves of the oxidation of Fe(II) to Fe(III) by EncFtn-WT (green line), 

EncFtn-E31A (blue line), EncFtn-W38A (orange line) and EncFtn-E34A (pink line). 

An EncFtn free control is shown by a dashed grey line. Each activity assay was 

performed in triplicate with standard deviation from the mean shown by the 

shading around each curve. This figure is from Piergentili C., et al, 2020198 and 

was made by Dr Cecilia Piergentili.  
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5.1.5 Zinc Inhibition of EncFtn 

The ferroxidase activity of each of the EncFtn variants decrease in the presence of 

zinc, showing that zinc inhibits ferroxidase activity (Figure 5.8; performed by Dr 

Cecilia Piergentili (Marles-Wright group, Newcastle University). Here I have used a 

mass spectrometry approach to investigate the mechanism of inhibition by zinc. We 

propose two possible sites for zinc inhibition: at the entry site blocking access to the 

catalytic FOC (in the variants which are capable of entry site metal binding); or direct 

binding at the ferroxidase centre of the EncFtn variants.  

In this chapter, the gas-phase oligomerisation, stability and collisional cross section 

of the EncFtn variants were experimentally determined by native mass spectrometry 

to determine the importance of the entry site residues to stability and assembly. In 

addition, this chapter utilises isotope depletion mass spectrometry with high resolution 

FT-ICR mass spectrometry205, to observe metal loading of EncFtn and consequently 

gain greater understanding of the EncFtn entry site role and the mechanism of EncFtn 

Figure 5.8: Zinc inhibition of ferroxidase activity of the EncFtn variants. 

A: Comparison of the ferroxidase activity of the EncFtn variants in the presence 

of solely iron, and iron and zinc. A control without EncFtn but with iron and zinc is 

shown by a grey dashed line. B: The end point values of A with percentage of 

inhibition shown above EncFtn variants’ column. Figure from Piergentili, et al 

2020198 and created by Dr Cecilia Piegentili. 
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inhibition. In isotope depletion mass spectrometry (ID-MS) recombinant  proteins are 

produced with depletion of heavy stable isotopes, 13C and 15N, resulting in simplified 

isotopic distribution in mass spectrometry analysis. This leads to  large increases in 

sensitivity and allows the observation of small changes in the mass of large protein 

complexes. Thus, for the study of metalloprotein complexes, the strategy provides 

greater confidence in the assignment of metal ions associated with the EncFtn. To 

allow the role of the entry site to be comprehensively understood, the aforementioned 

mass spectrometry techniques were performed in conjunction with crystallography (by 

Dr Didi He, Marles-Wright group), and ferroxidase assays (performed by Dr Cecilia 

Piergentili, Marles-Wright group). The isotopically depleted proteins used in this 

chapter were expressed by Kelly Gallagher (Clarke group).  

  

Protein Nomenclature in Chapter 5 

 

This chapter focuses on the wild-type (WT) EncFtn protein from R. rubrum, and 

single point variants in its iron entry site residues (Glu31, Glu34 and Trp38). Each 

of these was produced with its encapsulation sequence and no purification tags. 

These EncFtns are referred to in this chapter as EncFtn-WT (WT), EncFtn-E31A 

(E31A), EncFtn-E34A (E34A), EncFtn-W38A (W38A) and EncFtn-W38G 

(W38G). Collectively, these are referred to as the EncFtn Variants. 

Additionally, the WT EncFtn from R. rubrum was expressed in isotopically depleted 

media. This was produced as a truncated version with a strep-II tag and is herein 

referred to as ID-EncFtn.  
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 Expression and Purification of the EncFtn Variants and 

Isotopically Depleted EncFtns  

Information regarding the proteins and plasmids used in this chapter can be found in 

Appendix I. 

5.2.1 Expression and Purification of the EncFtn Variants 

The EncFtn variants used in this study were expressed and purified by Dr Cecilia 

Piergentili (Marles-Wright lab, Newcastle University). Briefly, the EncFtn variants were 

transformed into BL21 (DE3) E. coli cells and grown in LB media. Proteins were 

purified by anion exchange chromatography followed by size exclusion 

chromatography.  

5.2.2 Expression and Purification of ID-EncFtn 

ID-EncFtn was expressed by Kelly Gallagher (University of Edinburgh, Edinburgh) by 

resuspending a 10 mL LB cell pellet in isotopically depleted M9 minimal media (as 

shown in Gallagher et al, 2020205).  

ID-EncFtn was purified as reported in Chapter 4 and Section 8.2.6. The ID-EncFtn-

strep cell pellet was suspended in Buffer W (100 mM Tris pH 8.0, 150 mM NaCl), 

sonicated and clarified by centrifugation. The cell free extract was loaded onto a 

Strep-Trap HP column (5 mL, GE Healthcare), equilibrated with Buffer W according 

to manufacturer's instructions. Unbound proteins were washed out of the column with 

Strep Trap buffer W (5 column volumes). ID-EncFtn was eluted with Strep Trap buffer 

E (100 mM Tris pH 8.0, 150 mM NaCl, 2.5 mM desthiobiotin) (Figure 5.9).  
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Figure 5.9: SDS-PAGE gel of ID-EncFtn purification. 

SDS-PAGE gel (4-12% precast gel, Invitrogen) of ID-EncFtn with annotated 

observed oligomerisation state. Lanes correspond to (left to right): PageRuler™ 

Prestained Protein Ladder, cell lysate, flow through, and the remaining lanes 

correspond to protein eluted by 100% Strep Trap buffer E. ID-EncFtn is shown to 

elute in fractions 2 – 6.  
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 The Structure, Stability and Activity of the EncFtn Variants 

5.3.1 Mass Validation by LC-MS of the EncFtn Variants 

The accurate masses of the EncFtn variants were verified by LC-MS (Table 5.1). 

Observed masses demonstrate that all gene mutations were successful allowing 

further study of the EncFtn variants. Interestingly, dimer was only observed in EncFtn-

WT and EncFtn-31A, suggesting that mutation of Glu31 and Trp38 has an effect on 

structure and stability of EncFtn. 

Table 5.1: Average molecular masses of encapsulated ferritin variants obtained 

by LC-MS 

Protein 
Observed Mass  

(Da) 
Assignment 

Theoretical Mass 

(Da) 

EncFtn-WT 
15060.71 ± 0.14 monomer without Met 15061.55 

30120.78 ± 0.48 dimer without Met 30123.10 

EncFtn-E31A 15003.78 ± 0.03 monomer without Met 15003.51 

EncFtn-E34A 
15003.29 ± 0.07 monomer without Met 15003.51 

30006.20 ± 0.84 dimer without Met 30007.02 

EncFtn-W38A 14946.09 ± 0.08 monomer without Met 14946.42 

EncFtn-W38G 14932.33 ± 0.06 monomer without Met 14932.39 

The starting Methionine residue is not always retained, and this has been indicated in 

“Assignment” column. Error values generated from MassLynx.  

5.3.2 Native Mass Spectrometry of the EncFtn Variants 

5.3.2.1 Native Mass Spectrometry of EncFtn-WT 

As discussed in Chapter 2, the truncated and His-tagged version of EncFtn-WT 

(EncFtn-WT-sHis) has a decameric gas phase oligomerisation, which is consistent 

with its crystal structure (Chapter 3, Section 3.3.2). In order to complement structural 

information from crystallography of E31A and E34A, and functional analysis by 

enzymatic assay, we investigated the EncFtn variants by comparative native mass 

spectrometry.  

Prior to native MS analysis, protein samples were buffer exchanged into ammonium 

acetate (100 mM, pH 8.0). Native mass spectrometry was performed on a Synapt G2 

(Waters Corp, UK) and samples were infused with a nanomate nanoelectrospray 

robot (Advion Biosciences). The standard parameters used for native ESI were: gas 

pressure 0.65 psi; nanoelectrospray voltage 1.55 kV; sample cone 100 V; extractor 
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cone 0 V; source temperature 60°C; trap turned off; and source backing pressure 4.00 

mbar. The sample cone voltage and trap collision voltage were increased to 

destabilise the decamer and cause dissociation into monomer subunits.  

As discussed in Chapter 3, the native spectrum for EncFtn-WT-sHis has four major 

peaks (m/z values: 5299.66, 26+ charge state; 5521.68, 25+ charge state; 5762.90, 

24+ charge state; and 6059.21, 23+ charge state) which correspond to the mass of 

the EncFtn-WT-sHis decamer (13194.47 Da, Figure 5.10 A). To ensure EncFtn 

behaves the same in native MS regardless of the presence of purification tags or 

encapsulin sequence, EncFtn-WT-sHis and EncFtn-WT were analysed by native 

mass spectrometry under the same conditions and on the same day. These terminal 

modifications have little impact on the gas phase oligomerisation as decameric charge 

state distribution spectra are seen for both EncFtn-WT-sHis and EncFtn-WT (Figure 

5.10). The charge state distributions observed indicate that EncFtn-WT-sHis and 

EncFtn-WT are in their native oligomerisation state with retained quaternary structure. 

The EncFtn-WT decameric oligomerisation states (Figure 5.10 B) have higher m/z 

values (5822.58 for 26+, 6056.09 for 25+, 6308.79 for 24+, and 6583.98 for 23+) due 

to its larger mass of 15061.55 Da. 

Interestingly, an extended charge state distribution (27+ to 33+, Figure 5.10 ‘*’) is 

observed for EncFtn-WT decamer possibly caused by a second decameric 

conformation which is not present in the spectrum of EncFtn-WT-sHis. We postulate 

that this is due to the flexible encapsulation sequence in EncFtn-WT, which has been 

removed by the EncFtn-WT-sHis truncation. The encapsulation sequence is flexible, 

causing the extended charge state distribution observed. 
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5.3.2.2 Initial Native Mass Spectrometry Studies of the EncFtn Variants.  

To interrogate the stability and oligomeric states of the EncFtn variants, native mass 

spectrometry was performed on the same day with identical instrument parameters 

and initially analysed with sample cone voltage of 100 V (Figure 5.11). As discussed 

in the previous section (Section 5.3.2.1), EncFtn-WT exists as a decamer (charge 

states 23+ to 33+) when analysed with a sample cone voltage of 100 V (Figure 5.11, 

‘WT’). 

EncFtn-E31A behaves similarly to EncFtn-WT under native MS conditions, and exists 

solely as a decameric charge state distribution (CSD) centred around the 25+ charge 

state (charge states 23+ to 27+ are observed) (Figure 5.11, ‘E31A’). The EncFtn-

E31A decameric CSD is not extended as seen for EncFtn-WT, suggesting its 

encapsulation sequence is less flexible.  

In contrast to EncFtn-WT, both EncFtn-W38G and EncFtn-E34A  display monomeric 

and decameric CSDs (Figure 5.11, highlighted by blue circles and pink triangles 

respectively). The observed monomeric CSDs are wide and of high charge states (8+ 

to 16+ for EncFtn-E34A, and 8+ to 15+ for EncFtn-W38G) suggesting that gas phase 

Figure 5.10: Native MS Spectra of EncFtn-WT 

nESI spectra of EncFtn-WT-sHis (A) and EncFtn-WT (B) collected with identical 

instrument parameters. The decameric charge state distribution is represented with 

pinks triangles with charge states annotated above each triangle. The extended 

charge state observed in EncFtn-WT is highlighted by an asterisk.  
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dissociation of the decameric complex has occurred under the conditions employed. 

The monomeric CSD could not be eliminated by tuning instrument parameters 

suggesting that EncFtn-E31A and EncFtn-W38G decamers are less stable than 

EncFtn-WT. However, it is possible that the observed differences in stability and 

oligomerisation are caused by differing iron content during the expression and 

purification of these proteins. EncFtn-W38G and EncFtn-E34A both display extended 

decameric CSDs (Figure 5.11, asterisks) suggesting their encapsulation sequences 

experience protonation in a manner similar to that of EncFtn-WT. 

  

Figure 5.11: Native mass spectra of the EncFtn variants.  

Native nESI mass spectra of the EncFtn variants acquired under the same 

instrument conditions with a cone voltage of 100 V. Decameric CSDs are stressed 

with pink triangles and monomeric CSDs with blue circles. Individual charge states 

are annotated. 
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Native MS was performed on EncFtn-W38A during initial MS analysis, however 

EncFtn-W38A was poorly ionisable leading to a low observed ion count and there was 

high variability between spectra obtained under the same instrument conditions on 

the same day (Figure 5.12). EncFtn-W38A displays both monomeric and decameric 

CSDs in attained spectra, with the decameric CSD showing an extended 

conformation as observed in EncFtn-WT, EncFtn-E34A and EncFtn-W38G. However, 

the proportion of the conformation with higher charge states varies between spectra 

for EncFtn-W38A. 

 

Due to the irreproducibility encountered using EncFtn-W38A, this variant was not 

carried forward for further MS analysis. 

Overall, initial native MS observations suggest that the loss of Glu31 has little impact 

on the gas stability to EncFtn. In contrast, loss of Glu34 or Trp38 results in the 

destabilisation of the decameric assembly in the gas phase.  

5.3.2.3 Gas Phase Dissociation of the EncFtn Variants 

As initial Native MS suggested differences in gas phase stabilities between the EncFtn 

variants, gas phase dissociation experiments were performed to further probe the 

Figure 5.12: Native mass spectra of EncFtn-W38A 

Native mass spectra of EncFtn-W38A obtained under the same instrument 

parameters yet displaying different charge state distributions. Monomeric CSDs 

labelled with blue circles and decameric CSDs are pink triangles. 
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EncFtn variants. The gas phase stability of each EncFtn was determined by 

incrementally increasing sampling cone voltage and trap voltage of the mass 

spectrometer, which activates the complex and induces complex dissociation. 

The EncFtn-WT decamer dissociates into monomer and dimer subunits when 

subjected to an increasing sampling cone voltage and applying a trap voltage 

(Figures 5.13 and 5.16). The presence of a dimer species suggests an ‘atypical’ 

dissociation pathway as seen for EncFtn-WT-sHis in Chapter 3. No iron is observed 

associated to the dimer species. The EncFtn-WT decamer fully dissociates with a 

sampling voltage of 100 V. 

  

Figure 5.13: EncFtn-WT gas phase dissociation.  

Native nESI spectra of EncFtn-WT dissociating from decamer to monomer with 

increasing cone voltage. Decamer charge states highlighted by pink triangles, dimer 

with green squares and monomer with blue circles. The asterisk denotes the 

extended, decameric charge state. The sampling cone voltage was increased from 

100 V to 200 V and finally a 50 V trap voltage was applied to achieve maximum 

dissociation of the decamer charge state. 
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EncFtn-E31A and EncFtn-E34A display similar gas phase behaviour compared to 

each other (Figure 5.14). At a 200 V sampling cone voltage and a trap voltage of 50 

V, both EncFtn-E31A and EncFtn-E34A dissociate fully into monomer. In contrast to 

EncFtn-WT, no dimer species is observed during the dissociation of EncFtn-E31A 

and EncFtn-E34A (Figure 5.16 A, B and C). 

 

  

Figure 5.14: Gas phase dissociation of EncFtn-E31A and EncFtn-E34A. 

Gas phase dissociation, by increasing cone voltage and trap activation, of EncFtn-

E31A (A) and EncFtn-E34A (B). Oligomerization states are represented by the 

following coloured shapes: decamer (pink triangles); and monomer (blue circles). * 

denotes the extended, decameric charge state observed in EncFtn-E34A. The 

sampling cone voltage was increased from 100 V to 200 V and finally a 50 V trap 

voltage was applied to achieve maximum dissociation of the decamer. 
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Figure 5.16: Comparison of the gas phase dissociation of the EncFtn variants. 

Gas phase dissociation of EncFtn-WT (A), EncFtn-E31A (B), EncFtn-E34A (C), and EncFtn-W38G (D) with increasing cone voltage and 

trap activation, as shown in Figures 5.13 to 5.15 respectively. The oligomerisation states of each variant are highlighted by coloured 

shapes; decamers as pink traingles, monomer as blue circles and dimer as green squares.  
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5.3.3 Collision Induced Unfolding Studies of EncFtn-WT, EncFtn-E31A, 

EncFtn-E34A and EncFtn-W38G 

Collision induced unfolding (CIU) experiments were performed to gain a more detailed 

picture of the gas phase stability and structure of the EncFtn variants. The decamer 

complexes were gradually unfolded by collisional activation generated by increasing 

the trap voltage of the mass spectrometer in 2 V increments. The ion-mobility arrival 

time distribution obtained at each voltage increment were plotted as a function of 

activation voltage to produce heat map for each variant (Figures 5.17 to 5.20). Due 

to the lengthy acquisition time for each CIU experiment, it was not possible to collect 

data for all four EncFtn variants on the same day. Therefore, EncFtn variant CIU data 

was collected in two sets: EncFtn-WT, EncFtn-E31A, and EncFtn-E34A; and EncFtn-

WT and EncFtn-W38G. Subtle changes to the instrument from experiments being 

performed on different days means it is not possible compare all variants to one 

another, and so a CIU of EncFtn-WT was collected in both data sets to allow direct 

comparison between WT and each variant. Figures in this section (Figures 5.17 to 

5.20) are of the 26+ charge state of the decamer species of each variants, see 

Appendix III for all other charge states. 

Two discrete conformations are observed for EncFtn-WT , EncFtn-E31A, and EncFtn-

E34A; a compact conformation (‘C’ in Figure 5.17; drift time of 10.5 ms), and more 

extended and unfolded conformation (‘E’ in Figure 5.17; drift time of 12.5 ms). These 

three variants undergo a discrete transition from the C conformation to the E 

conformation as activation is increased. The similarity of the drift time of the two 

conformations for each variant suggesting they share the same overall structure and 

similar unfolding pathways. However, EncFtn-WT and EncFtn-E34A transition to their 

extended conformations with a CIU50 of 35.2 and 35.1 V respectively, whereas 

EncFtn-E31A has a CIU50 of 26.5 V for the equivalent transition (Figure 5.17 ii). This 

indicates that EncFtn-E31A is marginally less stable than EncFtn-WT and EncFtn-

E34A. The initial transitions to extended conformations are followed by a more 

complex transition above 40 V (Table 5.2, Figure 5.17 ii green trace), prior to their 

complete dissociation into monomeric (and dimeric for EncFtn-WT) subunits.  

Table 5.2: CIU50 for EncFtn-WT , EncFtn-E31A, and EncFtn-E34A. 

Variant 
CIU50 for discrete 

transition (V) 

CIU50 for complex 

transition (V) 

EncFtn-WT 35.2 48.2 
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EncFtn-E31A 26.5 42.4 

EncFtn-E34A 35.1 45.8 

Under minimally activating conditions, EncFtn-WT, EncFtn-E31A, and EncFtn-E34A 

exist as a major compact decameric conformation with a drift time of between 10 and 

Figure 5.17: CIU heat maps of the 26+ charge states of EncFtn-WT, EncFtn-

E31A and EncFtn-E34A 

The ion mobility drift time of the 26+ charge state of WT (A), E31A (B) and E34A 

(C). (i A-C)The compact decamer conformations have drift times between 10 and 

11 ms (“C”). Increasing the trap collision voltage leads to an unfolding transition to 

a decamer conformation of larger CCS (drift times increasing). This extended 

conformation is highlighted by the letter “E”. (ii A-C) CIU50 plots for WT, E31A and 

E34A with the transition from C to E shown as a red trace. A second, complex 

transition occurs at higher voltage and is represented as a green trace. CIU heat 

maps and CIU50 plots were constructed in CIU Suite2. 
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The data set collected for EncFtn-WT and EncFtn-W38G shows noticeable changes 

in the EncFtn-WT CIU profile. The transition to an extended conformation is observed 

with a CIU50 of 21.8 V instead of 35.2 V which is caused by the day-to-day variability 

of the mass spectrometer (Figure 5.19 A ii red trace and Figure 5.17 A ii red trace). 

However, relative comparisons between EncFtn-WT and EncFtn-W38G can still be 

drawn (Figures 5.19 and 5.20). 

EncFtn-WT behaves as seen previously and is initially observed in a compact 

conformation (drift time of 10.5 ms) and then transitions into an extended 

conformation (drift time of 12.5 ms) with increasing collisional activation (Figure 5.19). 

In contrast, although EncFtn-W38G shares similar C and E conformation, this variant 

occurs in the more extended conformation throughout each voltage of the collision 

induced unfolding experiment (Figure 5.19). The EncFtn-W38G extended 

conformation is observed as the major species in minimally activating conditions, and 

so no CIU50 can be obtained for this transition (67.5 % is in the extended 

conformation, Table 5.4). Whereas the extended conformation of EncFtn-WT is the 

minor species (35.2 % in the extended conformation, Table 5.4) (Figure 5.20). This 

indicates that the stability of the compact conformer of EncFtn-W38G is lower than 

EncFtn-WT. Both EncFtn-WT and EncFtn-W38G undergo a more complex transition 

(CIU50s of 34.5 V and 34.0 V respectively, Figure 5.19 A ii green trace and B ii red 

trace) before dissociating into subcomplexes.  
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Figure 5.19: CIU profiles and CIU50s of the 26+ decamer charge state of 

EncFtn-WT and EncFtn-W38G determined by ion mobility mass spectrometry. 

A and B i: The compact decamer conformations of the decameric assemblies of 

EncFtn-WT and EncFtn-W38G have drift times between 10 and 11 ms (“C”). 

Increasing the trap collision voltage leads to unfolding and extended decamer 

conformation. This extended conformation is highlighted by the letter E. A ii: 

EncFtn-WT undergoes a discrete transition (red line) followed by a more complex 

transition (green trace). B ii: EncFtn is already over 50% in an extended 

conformation and so only the complex transition is observed in CIU50 analysis (red 

trace).  
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The observed CCS from ion mobility experiments cannot be directly compared to the 

theoretical CCS from the crystal structures as crystal structures were obtained using 

His-tagged, truncated (no encapsulation sequence) versions. The difference between 

these versions is quite large as the proteins used in IM-MS have an additional 24 

amino acid residues compared to those in the crystal structures. As crystal structures 

are available for EncFtn-WT, EncFtn-E31A and EncFtn-E34A, theoretical CCS values 

were calculated (Table 5.5). The theoretical CCS values are considerably smaller 

than the observed CCS of the equivalent observed compact CCS for each of the 

variants e.g. EncFtn-WT has a theoretical CCS of 58.7 nm2 and an observed compact 

CCS of 71.40 nm2. This is due to crystal structures being obtained from truncated 

versions (no encapsulation sequence) of the EncFtns. The larger observed CCSs for 

the EncFtn variants suggest that this sequence is on the surface of the decamer as it 

has an increased cross-sectional area. Although the theoretical and observed CCS 

cannot be compared to each other, as there is minimal difference within the theoretical 

CCS values for each variant, and within the observed CCS values for each variant, 

this supports that there are only minor differences in their overall structures. Although 

there is no crystal structure of EncFtn-W38G, as its observed CCSs are in line with 

the other variants, its overall decameric structure is likely to be similar.  

Table 5.5: Theoretical and observed collision cross sections of the EncFtn 
variants 

Protein 
Theoretical 

CCS (nm2)* 

Observed 

Compact CCS 

(nm2) 

Observed 

Extended CCS 

(nm2) 

EncFtn-WT 58.7 71.40 80.62 

EncFtn-E31A 58.3 69.50 82.65 

EncFtn-E34A 58.4 71.30 81.68 

EncFtn-W38G - 71.17 81.41 

CCS values were calculated using DriftScope v2.5. 

* Theoretical CCS were calculated based on the truncated sHis crystal structures 

using IMPACT software. 

Taken together, native MS and IM-MS experiments suggest that there is little overall 

structural change between the EncFtn variants, with the exception of the loss of W38, 

which has a destabilising effect on the decameric assembly. This suggests that the 

entry site does not play a significant role in the structure of EncFtn, and the metal 

binding residues of the entry site do not influence EncFtn stability.  
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 Determining the Role of the EncFtn Entry Site and the 

Mechanism of FOC Inhibition 

5.4.1 Mass Validation of ID-EncFtn 

The mass of ID-EncFtn was validated by LC-MS, using depleted isotope ratios for 

carbon (99.95% C12, 0.05% C13) and nitrogen (99.99% N14, 0.01% N15) (Gallagher, 

K., et al 2020) (Table 5.5). 

Table 5.6 Mass validation of ID-EncFtn 

Protein 

Observed 

Average Mass 

(Da) 

Assignment 

Theoretical 

Average mass 

(Da) 

ID-EncFtn 12404.67 ± 0.06 
monomer without 

Met 
12404.46 

Errors generated by MassLynx v 4.1. 

5.4.2 Native FT-ICR Mass Spectrometry of ID-EncFtn 

Given the observations that zinc inhibits the ferroxidase activity of EncFtn (Figure 

5.8), native FT-ICR MS was performed to establish if the entry site acts as a selectivity 

filter and prevents zinc entering the FOC.  

ID-EncFtn was buffer exchanged into ammonium acetate (100 mM, pH 8.0) prior to 

native FT-ICR analysis using a 12T SolariX 2XR FT-ICR MS (Bruker Daltonics) 

equipped with a nanoelectrospray source. Source conditions and ion optics were 

optimized to transmit native proteins ions. Typically, 2 Megaword data was collected 

in QPD (2) mode to produce a 6 second FID, which resulted in a typical mass 

resolving power of ca. 300,000.  

As discussed in Chapter 4 (Section 4.4.5.3), FT-ICR provides isotopic resolution of 

native metalloproteins to allow assignment of coordinated metal ions. Coupled with 

isotope depletion, this results in a decrease of overlapping signals caused by 

proteoforms of similar mass (such as potassiated species as seen in Figure 4.14 in 

Chapter 4), allowing increased confidence in the assignment of bound metals.  

A truncated and strep(II)-tagged version of EncFtn-WT (ID-EncFtn; 

C544H839N157O173S2) was used for these experiments, as the lower mass (compared to 

EncFtn-WT with its encapsulation sequence) is more suited to the quadrupole range 

of the FT-ICR instrument used.  
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ID-EncFtn exists exclusively as an apo-monomer when analysed by FT-ICR MS, as 

seen for His-tagged for EncFtn expressed in minimal media (Figures 5.21 and 5.22 

A). This is due to the limited bioavailability of metals in minimal media and the media 

required for isotopically depleted proteins. The native FT-ICR mass spectrum of apo-

ID-EncFtn shows there is no metal bound when overlain with the theoretical depleted 

isotope distribution of each charge state (+7 charge state with theoretical model is 

shown in Figure 5.21). The mass spectrum of ID-EncFtn has a predominant 

monoisotopic peak and reduced isotope profile (approximately five isotope peaks), 

typical of isotope depletion mass spectrometry 205. 

The addition of Fe(II) to ID-EncFtn prior to buffer exchange and native MS reveals the 

loss of the monomeric CSD and appearance of a decameric species (Figure 5.22 B). 

This is consistent with the Fe(II)-dependent assembly of EncFtn seen in He et al., 

2016177, and of Hoch-EncFtn as discussed in Chapter 4. Addition of  Zn(II) before MS 

analysis produces a similar result with the disappearance of monomeric species and 

a decameric CSD being formed (Figure 5.22 C). This outcome supports previously 

reported solution-phase observations that metal-dependent assembly is not specific 

to iron177. Interestingly, loading ID-EncFtn with Fe(II), as before, followed by addition 

of Zn(II) leads to a decameric CSD similar to that observed for Zn(II)-mediated 

assembly (Figure 5.22 D). 

  

Figure 5.21: Apo-ID-EncFtn monomer 7+ charge state with isotope distribution 

model. 

High resolution ESI FT-ICR MS analysis of the 7+ apo-monomer charge state of ID-

EncFtn with theoretical isotope distribution of the isotope depleted protein overlaid 

as a scatterplot. 
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Unfortunately, isotopic resolution could not be attained for the decameric species 

shown in Figure 5.22, probably due to heterogeneous metal loading of ID-EncFtn 

(Figure 5.23).   

Figure 5.22: Metal mediated assembly of ID-EncFtn studied by native FT-ICR 

mass spectrometry. 

Native nESI FT-ICR mass spectra of: apo-ID-EncFtn (A); iron-loaded ID-EncFtn (B); 

zinc-loaded ID-EncFtn (C); and iron- and zinc-loaded loaded ID-EncFtn (D). 

Monomer charge states highlighted by blue circles, and a decameric CSDs by pink 

triangles. The first and last charge state of each distribution has been annotated. 
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The mass measurement obtained is sufficient for approximate assignment of metal 

loading, which can be aided by smoothing the decameric peaks (Figure 5.23, lower 

panels). The 23+ charge state of the decameric complex formed from the 

aforementioned Fe(II) loading has a m/z range consistent with between ten and 

twenty Fe(II) ions bound (Figure 5.24 A) which is consistent with previous findings 

using Q-tof based analysis (He, D., et al, 2016). The broad m/z range seen for the 

decamer CSD may be due to metal adduction, such as sodium or potassium which 

are commonly observed in native MS (an example of this is shown in Figure 4.14).  

Figure 5.23: Decameric CSD of iron-loaded ID-EncFtn: raw data vs smoothed 

data. 

Upper panels show the raw data of iron-loaded ID-EncFtn where no isotope patterns 

can be determined due the overlapping signals of heterogenous iron loading. The 

smoothed data (lower panels) allows for estimation of the number of associated metal 

ions. 
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ID-EncFtn has between 10 and 30 Zn(II) ions associated with the decameric species 

observed during Zn(II) addition experiments (Figure 5.24 B). The increased number 

of associated Zn(II) ions compared to Fe(II) ions suggests that zinc coordinates to 

more EncFtn metal binding sites than iron. If the entry site, FOC and exit site are all 

fully occupied, EncFtn can coordinate a maximum of 25 metal ions, suggesting that 

the Zn(II)-mediated decamer also has some additional metals bound (such as 

potassium adducts) or zinc is associating to the EncFtn surface. 

Figure 5.24: Metal loading of ID-EncFtn. 

A: The 23+ decameric charge state of iron-loaded ID-EncFtn. The theoretical m/z 

values of; apo-ID-EncFtn decamer, ID-EncFtn with 10 Fe(II) ions, and ID-EncFtn 

with 15 Fe(II) ions, are highlighted by grey, red and purple lines respectively. B: Zinc 

loading of the 23+ decameric charge state of ID-EncFtn. Lines corresponding to the 

theoretical m/z values of; apo-ID-EncFtn decamer (grey), ID-EncFtn with 15 Zn(II) 

ions (green), and ID-EncFtn with 15 Fe(II) ions (blue). C: Metal loading of the 23+ 

decameric charge state of ID-EncFtn with added iron and subsequently zinc. The 

grey line represents the theoretical m/z of apo-ID-EncFtn decamer. The orange line 

corresponds to the m/z of a zinc-loaded entry site, and iron-loaded FOC. The blue 

line highlights the m/z value of an ID-EncFtn decamer associated with 30 zinc ions, 

the maximum loading previously observed.  
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The ID-EncFtn decameric species observed after loading with Fe(II) and then Zn(II) 

has a higher m/z range than addition of either individually (Figure 5.24 C) – including 

the highest upper range of 30 Zn(II) ions seen in Figure 5.24 B. This suggests that 

both metals are associating with the complex simultaneously.  

If the entry site was acting as a selectivity filter (Figure 5.4 B) with zinc occupying the 

entry site and iron ions bound within the FOC, there would five zinc ions and ten iron 

ions associated with each decamer. There is no peak observed at this m/z value 

(orange dashed line, Figure 5.24) suggesting the entry site does not play this role in 

EncFtn. However, this assignment method does not consider the presence of surface 

bound metal ions or adducts, which may lead to higher m/z species.  

Gas phase disruption was performed to gain additional insight into the metal loading 

of ID-EncFtn following loading with iron and/or zinc. Gas phase disruption allows the 

dissociation of a protein complex whilst potentially retaining subcomplex assemblies 

and ligand interactions, thus providing insight into the topology of the original 

complex68.  

The decameric species of ID-EncFtn formed after Fe(II) loading (Figure 5.23 and pink 

triangles in the upper panel in Figure 5.25 i) dissociates into a highly charged 

monomeric CSD (blue circles in lower panel of Figure 5.25 i). This indicates ID-

EncFtn follows the ‘typical’ dissociation pathway of ejected monomer theory as 

discussed in Chapter 3 (Figure 3.10)67. However, a minor tetramer species is also 

observed (Figure 5.25 i, purple diamond), suggesting ‘atypical’ dissociation also 

occurs. Only one charge state of the tetramer is observed due to the low intensity of 

the species. 

  



 
Iron Translocation in Encapsulated Ferritins.
  155 

The tetramer species has a poor signal to noise ratio; however, its isotope distribution 

suggests the species consists of four ID-EncFtn with two Fe(III) ions bound (Figure 

5.25 ii purple circles).  

Interestingly, the theoretical isotope distribution for Fe(II) (Figure 5.26 orange circles) 

does not match the observed signal as well as the Fe(III) equivalent (Figure 5.26 

purple circles). Thus, our high-resolution MS suggests that the iron ions associated 

with ID-EncFtn have been oxidised and that ID-EncFtn is active.   

Figure 5.25: Gas phase disruption of iron-loaded ID-EncFtn and the isotope 

distribution of the tetramer complex. 

i: Native FT-ICR spectrum of ID-EncFtn before (upper panel) and after (lower panel) 

disruption. Prior to gas phase disruption (upper panel), only a decameric CSD is 

observed (highlighted by pink triangles). Under the activating conditions (lower 

panel), monomer (blue circles) and tetramer (purple diamond) CSDs are also 

observed. ii: The theoretical isotope pattern of [ID-EncFtn4 + 2Fe3+ + 8H] overlaid as 

a scatter plot (purple circles) onto the observed signal.  
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In light of our study examining the assembly pathway of EncFtns (Chapter 4), we 

propose that the EncFtn tetramer subcomplex (four ID-EncFtn monomers and two 

iron ions) consists of two non-FOC dimers bound together by a di-iron containing FOC 

(tetramer topology shown in brackets in Figure 5.27). Gas phase disruption 

experiments reveal the dissociation pathway of the iron-loaded ID-EncFtn is into 

monomer and a minor tetramer species formed of two non-FOC dimers (Figure 5.27). 

This pathway is in agreement with the proposed assembly pathway of EncFtn in 

Chapter 4204. This pathway suggests the decamer structure is formed by the iron-

mediated addition of non-FOC dimers, which shares the tetramer subcomplex 

architecture observed in this dissociation pathway. 

  

Figure 5.26: Theoretical isotope distribution of EncFtn tetramer binding Fe(II) 

vs binding Fe(III). 

The 14+ tetramer isotope distribution of iron-loaded ID-EncFtn with overlaid 

theoretical isotope distributions of ID-EncFtn4Fe3+
2 (purple circles) and ID-

EncFtn4Fe2+
2 (orange circles). 

Figure 5.27: Dissociation pathway of iron-loaded ID-EncFtn. 

Topology cartoon of iron-loaded the EncFtn decamer dissociating into tetramer and 

monomer. 
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In contrast to iron-loaded ID-EncFtn, zinc-loaded ID-EncFtn dissociates into 2 

prominent subcomplexes - monomer and dimer species (Figure 5.23 and Figure 5.28 

i), blue circles and green squares respectively). The presence of a highly charged 

monomer CSD and native dimer CSD suggests that zinc-loaded ID-EncFtn 

dissociates by both a ‘typical’ and ‘atypical’ pathway.  

  

Figure 5.28: Native FT-ICR spectra, gas phase disruption and the dimer 

species of zinc-loaded ID-EncFtn. 

i: Upper panel: native nESI spectrum of zinc-loaded ID-EncFtn in minimally 

activating conditions displaying solely a decameric CSD (pink triangles). Lower 

panel: The dissociated species with increased activation of the complex. Gas phase 

oligomerization states are highlighted by blue circles (monomer), green squares 

(dimer) and pink triangles (decamer). ii: Isotope distribution of the ID-EncFtn 9+ 

dimer subcomplex. ID-EncFtn under activating conditions with monomeric CSD 

highlighted by blue circles, dimer CSD by green squares and decameric CSD by 

pink triangles. Lower panel: 9+ dimer isotope distribution with theoretical model of 

ID-EncFtn2Zn(II)2 overlaid as a scatterplot. 
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Isotopic resolution was achieved for the dimer species, and the observed isotope 

distribution matches the theoretical isotope distribution of two ID-EncFtn monomers 

associated with two Zn(II) ions (Figure 5.28 ii). Interestingly, this is the only dimeric 

complex observed - there are no signals consistent with one, or three Zn(II) ions 

bounds, nor is there an apo-ID-EncFtn dimer peak, suggesting this is the only  

stoichiometric dimer species present. The presence of two metal ions associated with 

one EncFtn dimer species, suggests that the dimer present is the FOC dimer with two 

metals bound within the FOC.  

The differing dissociation pathways of iron-loaded ID-EncFtn (Figure 5.25) and zinc-

loaded ID-EncFtn (Figure 5.29) suggests that zinc stabilises the FOC dimer interface. 

This is in contrast to  the iron-loaded EncFtn, which has been shown to have a 

dynamic FOC interface (Chapter 4). This indicates that zinc has a higher affinity for 

the ferroxidase centre than iron, which is in line with its position in the Irving-Williams 

series. This supports the observation that zinc inhibits ferroxidase activity by binding 

at the FOC (Figure 5.8).  

Interestingly, the gas phase disruption spectrum of ID-EncFtn loaded with Fe(II) and 

subsequently challenged with Zn(II) is similar to the Zn(II)-loaded protein. Iron and 

zinc loaded ID-EncFtn dissociates into a dimer species and highly-charged monomer 

species (Figure 5.30).  

  

Figure 5.29: Simplified representation of the gas phase disruption of zinc-

loaded ID-EncFtn. 

Cartoon representation of the ID-EncFtn decamer dissociating into dimer and 

monomer subcomplexes during gas phase disruption experiments. 
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The dimer species observed has an isotope distribution consistent with the theoretical 

isotope distribution of two Zn(II) ions associated with two ID-EncFtn monomers 

(Figure 5.30 ii). This is the same dimer species observed when ID-EncFtn is loaded 

solely with zinc (Figure 5.28 ii).  

 

These observations suggest that zinc can displace iron in the ferroxidase centre, thus 

indicating that zinc binding occurs in the FOC. This supports the idea that the entry 

site does not act as a selectively filter to prevent competing ions from reaching the 

FOC, as zinc is not discriminated against, or held within the entry site (Figure 5.31).  

  

Figure 5.30: Native FT-ICR gas phase disruption and the isotope distribution 

of the dimer subcomplex of ID-EncFtn loaded with iron and zinc. 

i: Native FT-ICR mass spectrum of ID-EncFtn loaded with iron and zinc under 

minimally activating conditions (upper panel) showing decameric assembly (pink 

triangles). Activating this complex (lower panel) leads to appearance of monomer 

and dimer subcomplexes (blue circles and green squares respectively). ii: ID-

EncFtn2Zn2 dimer species with corresponding theoretical model in green circles.  
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 Discussion of the Role of the Entry Site and the Mechanism 

of EncFtn FOC Inhibition 

Four roles were proposed for the entry site of EncFtns: stabilising the FOC dimer; 

acting as a restriction valve; preventing mismetallation as a selectivity filter; and to 

attract and guide metal ions to the FOC (Figure 5.4).  

Native MS analysis reveals that Trp38 plays a role in stabilising the quaternary 

structure of EncFtn, as EncFtn-W38A is significantly less stable in the gas phase and 

has an unfolded decameric structure in the mildest activation conditions. However, 

Glu31 and Glu34 play no role in stability and display similar native spectra and CIU 

profiles to EncFtn-WT. This could explain why it is not possible to obtain crystals of 

Trp38 variants. 

The increased ferroxidase activity displayed by the entry site variants suggests that 

the entry site plays a role as a restriction valve. Although it seems counter-intuitive for 

an enzyme to have evolved to restrict its catalytic activity, there are possible reasons 

why this would be beneficial. The process of iron oxidation requires proton transfer 

and the formation of radicals, which needs to be carefully managed and so would 

benefit from a tightly controlled active site. Alternatively, the rate determining step of 

the Enc:EncFtn iron oxidation process may be the mineralisation step, requiring  the 

regulation of iron oxidation to allow mineralisation to occur without iron(III) ion build 

up.  

The crystal structure of E31A shows that metal binding can still occur in the entry site 

with calcium being bound by the Glu34 sidechain. In contrast, the E34A crystal 

Figure 5.31: Iron is displaced by zinc in EncFtn. 

Cartoon representation of the iron in iron-loaded ID-EncFtn being displaced by the 

addition of zinc. 
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structure binds no metal in its entry site as Glu31 is reoriented  away from the active 

site. This suggests that E31A can attract metal ions whilst E34A cannot. This is further 

supported by ferroxidase assays where E31A is shown to have a higher ferroxidase 

activity than E34A. Together this indicates that the entry site has a role in attracting 

metal ions to the FOC. 

Ferroxidase assays in the presence of zinc reveal that all the EncFtn variant activities 

are inhibited by zinc, suggesting zinc either, binds to the entry site (and the entry site 

acts as a selectivity filter preventing non-cognate metals from entering the FOC), or 

binds to the FOC of EncFtn. Native FT-ICR analysis shows that EncFtn undergoes 

different dissociation pathways in the presence of zinc and iron, with zinc ions strongly 

binding in the FOC dimer. EncFtn loaded with iron and subsequently loaded with zinc 

is observed to dissociate into a dimer subcomplex which only contains zinc ions. This 

indicates that zinc has reached the FOC as iron has been displaced, demonstrating 

that the entry site does not have a role as a selectivity filter, as mismetallation has 

occurred.  

Metal ions are thought to bind to the entry site then the FOC and, following oxidation, 

they then interact with the exit site in encapsulated ferritins. Steady state fluorescence 

reveals that Zn(II) ions interact with the entry site of encapsulated ferritins199. Native 

FT-ICR demonstrates that Zn(II) ions are then observed within the FOC centre 

suggesting that they have entered via the entry site. Zn(II) cannot be oxidised as it is 

redox inactive so cannot leave the FOC of EncFtn leading to inhibition of the active 

site.  
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 Conclusions of the Role of the Entry Site in EncFtns and 

EncFtn FOC Inhibition 

The metal binding residues of the entry site of EncFtn (Glu31 and Glu34) play key 

roles in metal ion attraction to the FOC, and in restricting the flow of metal ions into 

the FOC. Trp38 plays a role in the quaternary stability of EncFtn and in ensuring Glu31 

is in the correct orientation for metal binding in the entry site. The entry site of EncFtn 

does not act as selectivity filter and so EncFtn can suffer from inhibition and 

mismetallation.  

Presumably, the iron pathway in EncFtn begins with the initial binding to the entry site 

before entry into the FOC. Following oxidation, Iron(III) exits to leave EncFtn perhaps 

via the putative exit site. For further validation of both of these conclusions, crystal 

trials could be performed with the addition of zinc. This would demonstrate that zinc 

does reach the FOC and confirm its absence in the exit site.  
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 Introduction to the Structural Relationship between 

Encapsulin Nanocompartments and their Associated Cargo 

Proteins 

The structural relationship between encapsulin nanocompartments and their 

associated cargo proteins is not fully understood despite several structural studies on 

encapsulin complexes190,191,194 (see Section 1.2.3.3 and Figure 1.38 for more 

details). Previous work by the Marles-Wright group has focussed primarily on an 

encapsulated ferritin system from R. rubrum (primarily found in brackish water, such 

as ponds). The encapsulin from R. rubrum was found to assemble into its 60-mer 

icosahedral shell (with a diameter of 24 nm) containing its respective encapsulated 

ferritin when they are co-expressed. In addition, the group also demonstrated that in 

the absence of EncFtn, the encapsulin assembly is successful but the 

nanocompartments are empty. 

As discussed in Chapter 2, we have proposed a model for the Enc-EncFtn complex 

structure based on the unique structure adopted by the EncFtn cargo protein and the 

orientation of the FOC active site (see Figure 2.3 in Chapter 2)177.  In the model, the 

decameric annular structure of EncFtn is aligned with the Enc pentamer so that the 

inner circumference of EncFtn is aligned with the 5-fold pore of Enc (Figure 6.1 A). 

This would result in one EncFtn being positioned at each of the internal five-fold 

vertices with a total of 12 EncFtn per Encapsulin nanocage (Figure 6.1 B). 
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Figure 6.1: Proposed model for the structural relationship between the EncFtn cargo and icosahedral Enc shell. 

A: EncFtn decamer (orange) aligned with the 5-fold pore of Enc (blue). B: An encapsulin nanocompartment (blue) fully loaded with 

EncFtns (pink, orange, yellow, green, purple and grey) based on our model. One pentamer of Enc and one EncFtn have been cut away 

from the model to allow visualisation of inside and are shown in A. This proposed model was built in ChimeraX.  
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In this chapter, our hypothesis for the structural relationship between an encapsulin 

and its encapsulated ferritin cargo (Figure 6.1) was tested by determining the 

structure of the encapsulin:encapsulated ferritin complex from H. ochraceum.    

Protein Nomenclature in Chapter 6 

This chapter focuses on structural studies of the encapsulin nanocompartment and 

the encapsulin nanocompartment:encapsulated ferritin complex from  

H. ochraceum.  

The encapsulin nanocompartment was expressed with no purification tags and  to 

produce the encapsulin shell with no cargo. For simplicity, this will be referred to 

as Empty-Enc in this chapter.   

The encapsulin nanocompartment:encapsulated ferritin complex was expressed 

in a co-expression vector with no purification tags and is the encapsulin 

nanocompartment loaded with encapsulated ferritin cargo. This will be referred to 

as Loaded-Enc in this chapter. 
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 Expression and Purification Empty-Enc and Loaded-Enc 

6.2.1 Expression of Empty-Enc and Loaded-Enc 

Empty-Enc was expressed in a CIDAR MoClo level 1 vector (plasmid designed by Dr 

Jon Marles-Wright and created by Dr Efrain Zarazua-Arvizu, Marles-Wright lab) 206. 

Loaded-Enc was expressed in a level 2 CIDAR construct200 (plasmid created by 

Jasmine Bird, Marles-Wright lab) which allows the co-expression of the Enc shell 

protein and EncFtn protein. gBlock sequences are located in Appendix I. 

The plasmids were transformed into E. coli BL21(DE3) cells and grown in auto 

induction media containing appropriate antibiotic (kanamycin for Empty-Enc and 

ampicillin for Loaded-Enc).  

6.2.2 Purification of Empty-Enc and Loaded-Enc 

Empty-Enc and Loaded-Enc were purified in a three-step process: heat treatment 

(HT); anion exchange chromatography (AXC); and size exclusion chromatography 

(SEC) (Sections 8.22 – 8.24 ref to materials and methods).  

Due to the proposed thermal stability of encapsulins, the clarified Loaded-Enc and 

Empty-Enc lysates were initially purified by heat treatment at 85°C in Lysate Buffer 

(Table 8.2). The majority of endogenous E. coli proteins are denatured and 

precipitate, and so only Loaded-Enc/Empty-Enc and other heat stable proteins 

remained in solution; thus, enriching the recombinant protein complex in the lysate 

(Figure 6.2, lanes ending in “HT”). 

Following heat treatment, AXC was performed using a HiTrap Q Sepharose FF 

column pre-equilibrated with QA Buffer (20 mM HEPES, pH 8.0). Interestingly, neither 

Empty-Enc nor Loaded-Enc bound to the AXC column used, and both proteins elute 

in the AXC flow through. SEC was performed on a Sephacryl 400 column equilibrated 

with SEC buffer (20 mM HEPES, pH 8.0; 150 mM NaCl).  

SDS-PAGE after SEC purification revealed Empty-Enc as a pure protein with a single, 

monomer band at approximately 36 kDa (Figure 6.2 A). The equivalent SDS-PAGE 

for Loaded-Enc is more complex to analyse due to the presence of EncFtn (Figure 

6.2 B). A large dimer band is observed at approximately 36 kDa (similar to the single 

band seen for Empty-Enc) and a smaller band is observed at approximately 15 kDa. 

The band at 15 kDa has been assigned as monomeric EncFtn (Figure 6.2 C). EncFtn 

is partially resistant to SDS and heat denaturation and consequently exists as 

monomer and dimer bands in SDS-PAGE (as observed in Chapters 3 – 5 and Figure 
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6.2 C). The expected molecular mass of the EncFtn dimer is 29.33 kDa, which is very 

similar to the mass of the encapsulin monomer (28.97 kDa) leading to overlapping 

bands in the Loaded-Enc SDS-PAGE (Figure 6.2 B). 

 

 

Figure 6.2: SDS-PAGE gels of purification steps of Empty-Enc, Loaded-Enc 

and EncFtn. 

A and B: SDS-PAGE gels (4 – 12 % Bis Tris NuPAGE gel, Invitrogen) showing the 

purification steps of Empty-Enc (A) and Loaded-Enc (B). Heat treatment labelled as 

“HT”, Anion exchange flow-through labelled as “AXC FT”, and concentrated and 

pooled SEC fractions labelled as “SEC”. Purified Empty-Enc following SEC is 

highlighted by a black dashed box in A. The purified EncFtn monomer is highlighted 

by a box labelled EncFtn in B. Two overlapping bands at approximately 35 kDa are 

highlighted in B by a black dashed box and labelled as “Enc & EncFtn dimer”. C: 

SDS-PAGE highlighting the SDS and heat resistant of EncFtn for comparison to B. 
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 Mass Spectrometry Studies of Empty-Enc and Loaded-Enc  

LC-MS was performed on purified Empty-Enc and Loaded-Enc using standard LC-

MS conditions (see Section 8.4) and a monomeric protein concentration of 3 μM. The 

accurate masses of each protein were verified by LC-MS (Table 6.1). 

Table 6.1: Average molecular masses of Empty-Enc and Loaded-Enc obtained 
by LC-MS. 

Sample 

Protein 

in 

sample 

Observed Average Mass 

(Da) 
Assignment 

Theoretical 

Average Mass 

(Da) 

Empty-

Enc 

Hoch-

Enc 
28969.67 ± 0.23 Hoch-Enc monomer 28968.84* 

Loaded-

Enc 

  

Hoch-

Enc 
28813.24 ± 0.89 Hoch-Enc monomer 28812.66* 

Hoch-

EncFtn 

14667.42 ± 0.22 
Hoch-EncFtn 

monomer without Met 
14668.20 

29334.50 ± 0.64 
Hoch-EncFtn 

dimer without Met 
29336.40 

The starting Methionine residue is not always retained, and this has been indicated 

in “Assignment”. Errors generated by MassLynx v4.1. 

*The difference in theoretical mass for the two Hoch-Enc proteins are due to an 

additional C-terminal arginine residue in the Empty-Enc construct which is a cloning 

artefact from the MoClo kit used200.  

 

The denatured spectrum of Empty-Enc has a single charge distribution corresponding 

to the Hoch-Enc monomer protein (Figure 6.3 A, Table 6.1). The denatured spectrum 

of Loaded-Enc has three charge distributions; Hoch-Enc monomer, Hoch-EncFtn 

monomer protein, and Hoch-EncFtn dimer protein (Figure 6.3 B, Table 6.1). 

LC-MS analysis demonstrates that the Loaded-Enc sample contains both the 

encapsulin nanocompartment and EncFtn cargo proteins, whilst Empty-Enc only 

contains the encapsulin nanocompartment.    
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Figure 6.3: LC-MS spectra of Empty-Enc and Loaded-Enc. 

Mass spectra of proteins present in Empty-Enc (A) and Loaded-Enc (B) are 

highlighted with coloured circles; encapsulin nanocompartment monomer in purple, 

EncFtn monomer in blue, and EncFtn dimer in green. 
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 Visualisation of Empty-Enc and Loaded-Enc by TEM 

Having established the successful purification of Empty-Enc and Loaded-Enc, 

negative stain transmission electron microscopy was performed to verify that Empty-

Enc and Loaded-Enc were intact and assembled. Samples were adsorbed on glow-

discharged, copper grids (continuous carbon-formvar coated, 200 mesh) and 

negatively stained with uranyl acetate (2%) prior to imaging. Imaging was performed 

on a Jeol JEM1400 Plus transmission electron microscope at the University of 

Edinburgh. 

6.4.1 Negative Stain TEM of Empty-Enc 

TEM of negative stained Empty-Enc reveals a regularly shaped population of particles 

with an average diameter of 20.94 ± 1.77 nm (Figures 6.4 A – D and 6.5 A). This is 

a consistent with a T=1 type encapsulins assembly which have been shown to have 

diameters between 22-24 nm 182,185,191. The slightly smaller than average diameter 

observed for Empty-Enc is may be due to the dehydration and compression 

experienced from negative stain sample preparation. 

Some aggregations of Empty-Enc, with clusters of particles, was also observed during 

TEM. Analysis of the particle size distribution of the aggregated Empty-Enc 

assemblies revealed a slightly smaller diameter of 19.13 ± 1.75 nm compared to the 

dispersed, individual particles (Figures 6.4 E and F, and 6.5 B). Additionally, several 

aggregated particles appear to be broken. The smaller diameter of aggregated 

particles is potentially due to the compression on one another. It is also clear that the 

particle edges are less well defined in aggregations which may lead to errors in 

particle measurements, leading to the smaller average diameter. Another possible 

cause of aggregation is the low level of salt in the buffer. GFB has 150 mM NaCl; 

however,  as H. ochraceum is a halophile, a higher salt concentration may help reduce 

aggregation. It should be noted that other TEM studies of encapsulin assemblies have 

also displayed these aggregates, suggesting it is an artefact of the sample 

preparation, dehydration or the imaging process185. 

It is clear that two morphologies of Empty-Enc are observed by negative stained TEM, 

one where the encapsulin lumen is visible (Figure 6.4 G) and one where it is not 

(Figure 6.4 H). This is similar to finding in micrographs reported by Giessen and Silver 

2017185, which also display these two distinct morphologies. We propose that the 

encapsulins with a visible lumen have been penetrated by the uranyl acetate stain 

causing it to appear darker inside the nanocompartment (Figure 6.4 G). Whereas, 
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the nanocompartments which appear homogenous in colour have not been 

penetrated by stain and so appear lighter (Figure 6.4 H). This observed variation may 

be due to the grain size of the uranyl acetate salt present in the stain used.  

The background of the micrograph contains smaller negatively stained particles. I 

attribute this to monomers and sub-assemblies of the Empty-Enc, as LC-MS and 

SDS-PAGE shows only one protein species in the sample.  
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Figure 6.4: Morphological characterisation of Empty-Enc by negative stain 

TEM. 

A and B: Micrographs of two independently expressed and purified batches of 

Empty-Enc. Empty-Enc is observed both as individual nanocompartments (C and D) 

and as aggregations of various sizes (E and F). Empty-Enc has a visible lumen 

when it has been penetrated by stain (G) and appears homogenous in contrast 

when it has not (H). 
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6.4.1.1 Salt Stability of Empty-Enc 

To establish if aggregation of the encapsulin nanocompartment was influenced by the 

salt concentration of the Empty-Enc buffer, negative stain TEM was performed in 

various concentrations of sodium chloride. Empty-Enc was diluted (as in standard 

TEM protocol, Section 8.7) in four buffers, resulting in final NaCl concentrations of; 

150 mM (SEC buffer NaCl concentration), 500 mM, 1 M and 1.5 M. Aggregates of 

different sizes were observed across all salt concentrations (Figure 6.6), indicating 

that aggregation is likely caused by another factor, such as dehydration during sample 

preparation. NaCl has no effect on the diameter on the Empty-Enc diameter (Figure 

6.7 and Table 6.2), suggesting the nanocompartment is stable in NaCl up to 1.5 M. 

Interestingly, the background of the Empty-Enc micrographs becomes cleaner and 

clearer as salt concentration increases, suggesting that the free encapsulin 

monomers/sub-complexes are induced to assemble at high salt concentrations.   

Figure 6.5: Size distribution of individual and aggregated Empty-Enc. 

Histograms of the size distribution of individual (A) and aggregated (B) 

nanocompartments of Empty-Enc. Gaussian curves were fitted to the data by non-

linear least squares regression showing that individual Empty-Enc 

nanocompartments have a mean diameter of 20.94 nm with a standard deviation of 

1.77 nm, whereas aggregated nanocompartments display a smaller diameter of 

19.13 nm with a standard deviation of 1.75 nm. 
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Figure 6.6: TEM micrographs of Empty-Enc at different salt concentrations. 

Negative stain TEM was performed on Empty-Enc in buffers with NaCl 

concentrations of 150 nm (A), 500 nm (B), 1 M (C), and 1.5 M (D). Aggregations 

(left micrographs) and individual nanocompartments (right micrographs) of Empty-

Enc are observed at each NaCl concentration. 
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Table 6.2: Mean diameter of individual Empty-Enc in different NaCl 
concentrations. 

Salt Concentration (M) 
Average Diameter of Individual 

Empty Encs (nm) 

0.150 21.13 ± 1.80 

0.500 20.89 ± 1.74 

1.000 21.50 ± 1.85 

1.500 21.24 ± 1.88 

  

Figure 6.7: Size distribution of Empty-Enc at different NaCl concentrations. 

Histograms of individual Empty-Enc nanocompartments at increasing salt 

concentrations; 150 mM (A, green histogram), 500 mM (B, blue histogram), 1 M (C, 

purple histogram), and 1.5 M (D, pink histogram). Mean diameters are shown in 

Table 6.2. 
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6.4.2 Negative Stain TEM of Loaded-Enc 

Negative stain TEM of Loaded-Enc reveals individual nanocompartments and 

aggregations of regularly sized particles (Figure 6.8 A – D). Individual Loaded-Enc 

nanocompartments have a mean diameter of 21.42 ± 1.71 nm whilst aggregations 

have a smaller average diameter of 19.77 ± 1.77 nm (Figure 6.9). This trend was also 

observed in Empty-Enc and may be due the dehydration experienced in negative stain 

sample preparation.  

 

Figure 6.8: TEM of individual and aggregated Loaded-Enc nanocompartments. 

A and B: Negative stain TEM micrographs of two independently expressed and 

purified batches of Loaded-Enc. Loaded-Enc exists as both aggregated (C) and 

individual (D) nanocompartments when imaged by TEM. (E) Density is observed in 

the interior of the Loaded-Enc nanocompartment. 
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Excitingly, it is clear from TEM analysis that a regular density is clearly visible within 

the Loaded-Enc nanocompartment interior suggesting the EncFtn cargo has a 

structured organisation within the encapsulin nanocompartment (Figure 6.8 E). 

Consequently, cryo-EM was performed to gain insight into the structural relationship 

between the encapsulin shell and EncFtn. 

 

  

Figure 6.9: Size distribution of Loaded-Enc nanocompartments. 

Histograms of the size distribution of Loaded-Enc individual particles (A) and 

aggregated particles (B). Individual particles have an average diameter of 21.42 nm 

with a standard deviation of 1.71 nm. Aggregated particles are observed to have a 

smaller mean diameter of 19.77 nm and a standard deviation of 1.77 nm.  
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 Single Particle Cryo-EM of Loaded-Enc 

6.5.1 Loaded-Enc Cryo-EM: Data Collection 

Motivated by the density in the Loaded-Enc nanocompartment interior, cryo-EM grids 

of Loaded-Enc were prepared to obtain a single particle reconstruction of the 

encapsulin:encapsulated ferritin complex by cryo-EM. Particle distribution and ice 

thickness of grids was optimised by screening on a FEI F20 microscope at the 

University of Edinburgh (Figure 6.10) (see Sections 8.8.1 and 8.8.2.1).  

 

Optimised grids of Loaded-Enc were imaged at the Electron Bio-Imaging Centre 

(eBIC), Diamond Light Source using an FEI Titan Krios microscope equipped with 

Gatan K3 camera (Table 6.3 and Figure 6.11). A total of 8109 micrograph ‘movies’ 

were recorded and used for single particle analysis. 

  

Figure 6.10: Cryo-EM holey carbon grid of Loaded-Enc. 

A: A 2/2 Quantifoil grid with holes filled with amorphous ice. B: A section of a hole 

from A, showing Loaded-Enc particles. 
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Table 6.3: Data collection at eBIC. 

 Loaded-Enc 

Microscope FEI Titan Krios (300 kV) 

Camera Gatan K3 

Acquisition Mode Super-resolution 

Pixel size 0.326 Å/pix (super-resolution) 

0.651 Å/pix (physical) 

Total dose 40.509 e-/Å2 

Fractional dose 40 frames during a 1 s exposure 

Defocus range 0.7 – 2.5 μm (0.3 μm steps) 

Micrograph ‘movies’ recorded 8109 

Grid Gold Quantifoil R 2/2 

 

 

Interestingly, no aggregations of Loaded-Enc were observed by cryo-EM indicating 

that previously observed aggregations were an artefact of negative stain TEM.  

Figure 6.11: Cryo-EM micrograph of Loaded-Enc from a Krios imaged with a 

Gatan K3 camera. 

Particles of Loaded-Enc dispersed within amorphous ice imaged with a Gatan K3 on 

a Krios microscope at eBIC. 
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6.5.2 Loaded-Enc Cryo-EM: Single Particle Analysis 

The Loaded-Enc data set obtained from eBIC was used for single particle analysis to 

obtain a high-resolution structural model of the encapsulin:encapsulated ferritin 

complex. Data processing was performed using Relion 3.1 beta207 (Figure 6.12) with 

a pixel size of 0.978 Å and a box size of 512 pixels. Micrograph ‘movies’ were motion 

corrected using Motioncorr and CTF (contrast transfer function) corrected with 

CTFFIND. CTF correction is required to correct for aberrations from the microscope 

optics. Micrographs and their power spectra were manually inspected to check for 

images unsuitable for further processing (i.e. micrographs containing crystalline ice, 

drifting, charging, broken carbon, etc). 7306 micrographs of the 8109 collected were 

taken forward for further image processing steps.  

Particles from 20 micrographs across the full defocus range were picked manually 

and extracted to obtain reference-free 2D class averages (using a mask size of 384 

pixels). These 2D classes were used a template for auto-picking and 309,404 particles 

were picked from 7606 micrographs. Auto-picked particles were subjected to three 

iterations of extraction and 2D classification to remove any partial nanocompartments 

or erroneously picked particles. Loaded-Enc 2D class averages displayed 287,914 

particles resembling a nanocompartment with interior density which were taken 

forward for 3D structure determination. 3D classifications of Loaded-Enc with no 

symmetry imposed revealed 3 classes with varying degrees of internal structure clarity 

(Figure 6.13).  
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.

Figure 6.12: Loaded-Enc cryo-EM processing workflow. 

The processing pipeline within Relion 3.1 used to obtain the single particle reconstruction of Loaded-Enc. Arrows A and B highlight 

divergence in the workflow were two approaches were executed simultaneously to obtain the highest possible resolution structures of 

exterior and interior of Loaded-Enc. 
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The first class from 3D classifications clearly shows discrete interior ring-shaped 

densities, consistent with the annular EncFtn structure, and contains 117,879 

particles (left 3D class in Figure 6.13). Particles from this 3D class in Figure 6.13 

were used in 3D structure refinement with no symmetry imposed. This yielded an 

unsharpened and unmasked map with a gold standard resolution of 2.5 Å resolution 

by the 0.143 cut-off threshold. CTF aberration refinement and per-particle defocus 

fitting were performed using the Relion CTF refinement process, followed by a second 

3D structure refinement. The output particles of this job were then subjected to 

Bayesian polishing to correct for per-particle motion during sample exposure to the 

electron beam in the imaging process. The polished particles were then submitted for 

the final 3D structure refinement which was performed both with icosahedral 

symmetry imposed (Section 6.5.3.1) and with no symmetry imposed (Section 

6.5.3.2). The resultant maps were sharpened and masked to improve high-resolution 

structural features. 

  

Figure 6.13: 3D classifications of Loaded-Enc. 

The three 3D classifications of Loaded-Enc. Interior density is clearly visible within 

all classes and is discrete in the first class. The classes (from left to right) contain 

117879 particles, 102056 particles and 67979 particles respectively.  
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6.5.3 Structural Models of Loaded-Enc 

6.5.3.1 Icosahedral Reconstruction 

The resultant cryo-EM map from the icosahedral 3D structure refinement process has 

a resolution of 2.5 Å at the gold standard FSC threshold of 1.43 (Figure 6.14). 

6.5.3.1.1 Homology Modelling of the H. ochraceum encapsulin 

To begin building an atomic model of the H. ochraceum encapsulin protein, a 

homology model of the H. ochraceum encapsulin monomer was produced using the 

Phyre 2.0 server208. This was based on the structure of the encapsulin protein from T. 

maritima (Figure 6.15 A) and uses the Loaded-Enc encapsulin protein sequence 

listed in Appendix I. The homology model was manually docked into the EM map and 

then fitted into the map using the Chimera ‘fit in map’ tool to test 100 different potential 

Figure 6.14: Cryo-EM map of Loaded-Enc with icosahedral symmetry. 

Radially coloured cryo-EM derived map of the Loaded-Enc nanocompartment 

exterior (A) and a slice through the nanocompartment displaying the interior (B, 

cyan). C: Gold standard FSC curve of the masked structure (A and B). The FSC 

0.143 threshold is highlighted with a dashed line. 
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orientations (Figure 6.15 A)209,210. To allow easier recognition of secondary structure 

within the EM map, Gaussian filtering was performed on the map. The homology 

model fits well into the SPA generated EM map, allowing further structural analysis of 

the map and further atomic model building and refinement of the Loaded-Enc 

monomer structure. 

 

 

6.5.3.1.2 Model of Encapsulin Nanocompartment Shell 

The icosahedral EM map shows that the Loaded-Enc nanocompartment forms a T=1 

icosahedral structure composed of 60 monomers with clearly resolved secondary 

structure (Figure 6.16).  

  

Figure 6.15: Homology model of the H. ochraceum encapsulin 

nanocompartment monomer. 

A: The H. ochraceum encapsulin nanocompartment monomer with characteristic 

domains labelled. The N-terminus is highlighted in orange and the C-terminus in 

pink. B: The homology model fitted into the Gaussian filtered map. 
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The 2.5 Å resolution of the icosahedral Loaded-Enc structure from the 0.143 FSC cut 

off is the global estimate of the resolution of the structure but in reality, resolution 

varies across the EM map due to protein dynamics and so cannot be described by a 

single number. Local resolution processing can be performed in Relion to estimate 

the differences in resolution across an EM map211. This yields a locally filtered and 

sharpened map which can be used to highlight the resolution range of a map within 

one image. The Loaded-Enc EM map was assessed across a resolution range of 2.49 

to 3.48 Å (Figure 6.17). There is little variation across the map with most of the map 

having a resolution between 2.49 and 2.74 Å. Contouring the local resolution to the 

locally filtered map, highlights that the 5-fold symmetry pores have the poorest 

resolution of the structure, indicating some degree of flexibility within this region 

(Figure 6.17 A).   

Figure 6.16: Icosahedral model of the H. ochraceum encapsulin 

nanocompartment.  

A: 60 monomers of the H. ochraceum encapsulin were fitted into the icosahedral EM 

map, showing the T=1 quaternary icosahedral organisation. B – D: Secondary 

structure of the Loaded-Enc nanocompartment domains fit clearly into the EM map 

(E loop fit in B, A domain fit in C, and P domain fit in D). 
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6.5.3.2 Asymmetric Reconstruction 

To gain insight into the structural relationship between the encapsulin shell and the 

encapsulated ferritin in the Loaded-Enc complex, a 3D refinement was performed with 

no imposed symmetry. The resolution of the resultant map is 3.1 Å at the 0.143 FSC 

threshold (Figure 6.19). Interestingly, the EM map reveals four discrete densities 

within the encapsulin nanocompartment lumen, which are consistent in size and 

shape with four discrete EncFtn decamers. This is significantly fewer than the 12 

EncFtn predicted in our proposed encapsulin:encapsulated ferritin model hypothesis 

(Figure 6.1 B).  

The interior density of Loaded-Enc appears noisy and does not have sufficient 

resolution to resolve its secondary structure. This indicates that interior of the structure 

(Figure 6.19 B cyan coloured map) is of lower resolution that its exterior (Figure 6.19 

purple map) possibly due to motion/flexibility within the structure. To assess the 

resolution across the map, local resolution processing was performed (Figure 6.20). 

As seen in the icosahedral reconstruction, the 5-fold pores of the encapsulin 

nanocompartment display the lowest resolution of the exterior structure (Figure 6.20 

A) with a resolution of 4.23 Å compared to the 3.07 Å resolution of the 3-fold pores. 

There is a great difference in resolution of the interior density which displays a range 

of 4.80 to 7.68 Å (Figure 6.20 B). The locally sharpened filtered map from the local 

resolution processing, improves the signal-to-noise of the EncFtn density and reveals 

their annular structure, as there is a visible gap in the density corresponding to their 

Figure 6.19: Asymmetric cryo-EM map of Loaded-Enc showing four internal 

densities. 

The exterior and interior of the cryo-EM map of Loaded-Enc with no imposed 

symmetry. Map is radially coloured and displayed at a 0.018 threshold in A and 

0.010 threshold in B to highlight the internal density features. C: Gold standard FSC 

curve of the masked structure with the 0.143 threshold highlighted with a dashed 

line. 
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inner circumference (Figure 6.20 B). The outer face of the EncFtn has a higher 

resolution than the inner face, suggesting that there may be tethering of this face to 

the interior of the encapsulin nanocompartment. This is consistent with the location of 

the encapsulation sequence of EncFtn being on its outer face. 

To improve the resolution of EncFtn in the Loaded-Enc complex, Relion multi-body 

processing was performed214. Multi-body refinement considers the EM map as being 

comprised of multiple bodies. The bodies are deemed to move independently allowing 

the improvement of the signal to noise ratio in flexible areas of a protein and thus to 

improved maps. For Loaded-Enc, the encapsulin nanocompartment was treated as 

one individual body, and each of the four EncFtn densities were treated as separate 

bodies, for a total of five bodies within the Enc:EncFtn complex. The multibody map 

still does not afford resolution to resolve the structure of the EncFtn decamers, but 

does increase the signal from the EncFtn, allowing the docking of the H. ochraceum 

EncFtn crystal structure in this region (PDB: 5N5F) (Figure 6.21) (Table 6.4). The 

decameric, annular crystal structure fits well into the EncFtn body density, indicating 

that there are four EncFtn within one encapsulin nanocompartment in Loaded-Enc.  

  

Figure 6.20: Cryo-EM Map of the Loaded-Enc filtered and coloured by local 

resolution highlighting the internal organisation of EncFtn within Loaded-Enc. 

The locally filtered and sharped EM map of Loaded-Enc is shown coloured by local 

resolution. The exterior of the encapsulin nanocompartment is highly similar to that 

of the icosahedral reconstruction (A). The interior of the nanocompartment holds 

four EncFtn which are of significantly lower resolution than the shell (B). The colour 

key for the local resolution is shown on the right side of the figure. 
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Table 6.4: Multi-body resolutions of Loaded-Enc. 

Body Resolution (Å) 

Encapsulin nanocompartment 3.21 

EncFtn 1 8.16 

EncFtn 2 6.48 

EncFtn 3 6.71 

EncFtn 4 7.82 

 

These cryo-EM reconstructions show the structural relationship between the 

encapsulin nanocompartment shell and the cargo EncFtn protein. We see that in 

these maps there are 40 monomers of EncFtn inside the 60-mer capsid of encapsulin, 

so with a ratio of 3 encapsulin nanocompartment monomers to 2 EncFtn (Figure 

6.22). The EncFtn are located approximately 4 nm away from the encapsulin interior 

wall which corresponds to the encapsulation sequence on the EncFtn C-terminus. 

Figure 6.21: Fitting the EncFtn crystal structure into the multi-body refined EM 

map. 

The body of an EncFtn (cyan) and its position relative to the encapsulin 

nanocompartment interior wall (pink) (A and C). The crystal structure of EncFtn 

(purple) fits well into the EncFtn body density of Loaded Enc (B and D). The EM 

map is shown at 0.012 density threshold. 
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The encapsulation sequence of EncFtn is approximately thirty residues in length, of 

which eight docks directly onto the encapsulin nanocompartment interior 182,194. The 4 

nm gap indicates the entire encapsulation sequence is not docked. This has been 

previously observed in the T=4 encapsulin from Q. thermotolerans190. 

 

Interestingly, the four EncFtn decamers are in a tetrahedral arrangement within the 

encapsulin nanocompartment (Figure 6.23) (Table 6.5).  

Table 6.5: Distances between four EncFtn decamers in tetrahedral arrangement 

EncFtn 1 in 

Figure 6.23 

EncFtn 2 in 

Figure 6.23 

Distance between EncFtns (Å) 

Pink Blue 59.202 

Pink Green 57.892 

Pink Purple 57.094 

Purple Blue 58.486 

Purple Green 57.468 

Blue Green 56.936 

 

Figure 6.22: Quaternary structure model of the encapsulin:encapsulated 

ferritin complex. 

Four EncFtn decamers (pink, yellow, purple and green) are found within one 

encapsulin nanocompartment (blue). 
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Figure 6.23: The tetrahedral arrangement of EncFtn within the encapsulin nanocompartment. 

The four EncFtn densities (pink, green, purple and blue) within the encapsulin nanocompartment (A and B). The tetrahedral arrangement 

of the four EncFtn with yellow markers on the centre of their inner surface (C). 
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6.5.4 Discussion and Structural Analysis of the Encapsulin:Encapsulated 

Ferritin Complex 

6.5.4.1 Symmetry Mismatch of the Encapsulin:Encapsulated Ferritin 

Complex 

The tetrahedral arrangement of the EncFtn within the icosahedral encapsulin 

nanocompartment results in a clear symmetry mismatch between the shell and the 

cargo proteins in the in the Enc:EncFtn complex; as the two arrangements share no 

symmetry axes (Figure 6.24). This symmetry mismatch is further complicated by the 

symmetry of the EncFtn decamer, which is a pentamer of dimers with D5 symmetry 

arranged at each vertex of the tetrahedron. 

 

This is particularly interesting as the pores of the encapsulin nanocompartment allow 

iron access to the nanocompartment interior and subsequently EncFtn. As there is no 

common symmetry between the pores in the encapsulin shell and the EncFtn, the 

individual EncFtn decamers are in non-equivalent environments in terms of iron 

availability. This observation is somewhat unexpected, as symmetrical enzymatic 

architecture is usually most efficient and thus most often evolutionarily favoured. 

Structural analysis of the Enc:EncFtn complex reveals there are two major, distinct 

EncFtn environments (Figure 6.25). 

Figure 6.24: Tetrahedron within an icosahedron. 

A cyan tetrahedron within a purple icosahedron. Only two vertices of a tetrahedron 

can be aligned with the vertices of an icosahedron in a single orientation. 
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Figure 6.25: The four EncFtn environments within the icosahedral encapsulin nanocompartment viewed from the outside of the 

encapsulin nanocompartment. 

A – D top panels: Each EncFtn in the encapsulin:encapsulated ferritin complex viewed from outside the complex with a transparent 

encapsulin nanocompartment surface (grey). The lower panels show the same view of the encapsulin nanocompartment surface with the 

EncFtn orientations represented as coloured stars (stars are coloured respective of the equivalent EncFtn in the upper panels). The pores 

at the symmetry axes in the encapsulin are stressed with coloured shapes; 5-fold as orange pentagons, 2-fold as blue rectangles and 3-

fold as yellow triangles. EncFtns in A and B are in broadly equivalent environments, as are the EncFtns in C and D.   
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The first EncFtn environment is shared by two EncFtns and is roughly in line with the 

5-fold pore of the encapsulin nanocompartment (Figure 6.25 A and B).The shared 5-

fold symmetry of the EncFtn in these positions and the encapsulin nanocompartment 

is like that in our structural hypothesis of the Enc:EncFtn relationship (Figure 6.1 A). 

The second environment is shared by the remaining two EncFtns(Figure 6.25 C and 

D) and the EncFtn symmetry axes are misaligned with all of the encapsulin 

nanocompartment symmetry axes. This misalignment, combined with the number of 

EncFtn decamers within the complex, is inconsistent with our initially proposed model 

with twelve EncFtn decamers on each encapsulin nanocompartment pentamer 

(Figure 6.1). The interesting finding of there being four EncFtn instead of our 

theoretical twelve is likely due to steric hinderance. The gap between the interior 

encapsulin shell and EncFtn doesn’t allow the space for twelve EncFtns.  

6.5.4.2 Iron Storage Volume of Encapsulin and Classical Ferritin 

The determined structure of the Enc:EncFtn complex has a gap between the interior 

wall of the encapsulin shell and the encapsulated ferritins, and another gap in the 

middle of the EncFtn tetrahedral arrangement. It is likely that one of these is the 

location of the mineralised iron within the nanocompartment, however the iron mineral 

cannot be observed without an EDS equipped cryo-EM microscope.  

Previous comparative biochemical studies of a T=1 Enc:EncFtn complex with 

classical ferritins reveal that the complex holds approximately 4000 Fe(III) ions whilst 

classical ferritin only had a capacity of 500 iron ions 177. This is consistent with the 

lumen of an empty T=1 encapsulin nanocompartment which has a volume of 4180 

nm3 whereas the ferritin lumen has a much smaller interior volume of 268 nm3 

(volumes calculated based on spherical volume using the lumen radii), and so the 

empty encapsulin shell has a greater capacity for iron storage. With the knowledge 

that an encapsulin nanocompartment houses four EncFtns which each have a volume 

of 103 nm3, the ‘free’ volume within an encapsulin nanocompartment is 3768 nm3. 

The free volume within an Enc:EncFtn complex is fourteen times larger than that of a 

classical ferritin yet it only holds eight times the amount of Fe(III), suggesting not all 

of the interior volume in the is used for iron storage.    
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 Conclusions of Structural Studies on Encapsulin 

Nanocompartments 

The recombinant Enc:EncFtn complex from H. ochraceum (Loaded-Enc) was co-

expressed and its structure was determined by cryo-EM to 2.5 Å in an icosahedral 

reconstruction and 3.1 Å with no symmetry imposed. Excitingly, this is the first time 

the internal structure of an encapsulin:cargo complex has been resolved and it reveals 

there are four EncFtn located within the lumen of the Enc nanocompartment. This 

leads to a mismatch of symmetry between the EncFtn and the Enc, and consequently 

the EncFtn are not in conserved environments.   

There a number of intriguing questions arising from this newly discovered relationship 

between encapsulins and encapsulated ferritins: 

1. Where is iron stored within the lumen of the encapsulin nanocompartment?  

2. What iron mineral is produced in Enc:EncFtn complexes?  

3. Does the 3:2 ratio of Enc monomer:EncFtn monomer hold true for larger 

encapsulin systems?  



 

 

 

 

 

  

Conclusions 

 

 

Conclusions from this study and the future outlook of the project.  
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 Conclusions of this Study 

Encapsulated ferritins are a unique member of the ferritin superfamily due to their 

open annular quaternary structure which results in an inability to store iron without 

being in complex with an encapsulin nanocompartment177,185,190,199. This study 

presents native mass spectrometry studies of EncFtn giving insight into their gas 

phase stability, topology and assembly pathway. However, EncFtn exists and 

performs its physiological function whilst sequestered within an encapsulin 

nanocompartment and therefore analysis of the encapsulin:encapsulated ferritin 

complex is crucial in order to fully understand the structure and function of these iron 

storage systems. Thus, these mass spectrometry studies were performed in 

conjunction with electron microscopy analysis of EncFtn sequestered within 

encapsulin. 

The recombinant EncFtns from R. rubrum (Rru-EncFtn), P. furiosus (Pfc-EncFtn) and 

H. ochraceum (Hoch-EncFtn) share a conserved annular, pentamer-of-dimers 

quaternary structure. Gas phase studies show this holds true for Pfc-EncFtn and Rru-

EncFtn with decameric charge states observed for each. These also display similar 

stability and undergo gas phase disruption into monomer units under similar activation 

conditions. Hoch-EncFtn has a distinct solution-phase and gas-phase oligomerisation 

behaviour and exists as a range of even-numbered oligomerisation states (multimers 

of dimers), despite displaying a decameric assembly in its crystal structure. The apo-

Hoch-EncFtn crystal structure was obtained with crystallisation conditions at pH 5.5. 

Interestingly, increasing acidity during gas phase analysis leads to an increase of 

higher order assemblies of Hoch-EncFtn. The decamer is formed by the addition of 

dimer species in a pH-mediated assembly. 

The distinct gas phase oligomerisation of Hoch-EncFtn and its existence as different 

multimers of dimers, led to the elucidation of the EncFtn assembly pathway. Higher 

order assemblies of Hoch-EncFtn are formed by addition of dimers. To establish 

which dimer species (non-FOC or FOC) multimerises in the assembly pathway, 

comparative studies were performed on Hoch-WT and Hoch-H63A, which disrupts 

the FOC and can only dimerise as the non-FOC dimer. IM-MS revealed that the Hoch-

WT dimer and Hoch-H63A have similar CCS, indicating that dimer species in WT is 

non-FOC. High resolution MS analysis of the dimer species shows no iron bound 

within the dimer which is consistent with non-FOC dimer topology. The tetramer 

species of Hoch-WT has a mass in accord with Hoch-WT4Fe(II)2 suggesting the 
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tetramer is two non-FOC dimers bound together by two iron ions. From this 

observation, iron was added to Hoch-WT in a bid to mediate the assembly of higher 

order structures which was successful. Taken together, these data indicate that the 

EncFtn annular structure assembles through the addition of non-FOC dimers. The 

non-FOC dimers join together at the FOC interface where iron is coordinated. 

Interestingly, this means that the FOC interface is dynamic and dual purpose: not only 

does it bind the iron required for enzymatic activity, but it also mediates the 

oligomerisation of dimers in the assembly pathway. 

To gain further understanding of the FOC dimer interface and metal binding of EncFtn, 

the putative iron entry site of EncFtn was studied using three single point mutations 

in the entry site (E31A, E34A and W38G). Native MS revealed the W38G variant is 

significantly less stable than WT, E31A and E34A, highlighting the importance of the 

residue in stabilising the EncFtn quaternary structure. High resolution mass 

spectrometry was performed to interrogate iron binding and metal discrimination in 

EncFtn. Iron-loaded EncFtn dissociates into a tetramer species in the gas phase, 

which is consistent with EncFtn4Fe(II)2. This suggests two non-FOC dimers bound 

together with two Fe(II), as seen for Hoch-WT, and is in agreement with our proposed 

assembly pathway. EncFtn loaded with iron and subsequently zinc dissociates into a 

subcomplex which is observed to only contain zinc ions. This indicates that zinc has 

displaced the iron in the EncFtn FOC and consequently that the entry site does not 

discriminate between metals as mismetallation has occurred. Zn(II) cannot be 

oxidised so cannot leave the FOC of EncFtn leading to inhibition of the active site. 

Taken together, with ferroxidase assays by collaborators in the Marles-Wright group, 

we show that the entry site plays a role in managing the flow rate and attraction of 

metal ions to the FOC.  

Having attained insight into encapsulated ferritins, the encapsulin:encapsulated 

ferritin complex was studied to understand the structural relationship within the 

complex. Loaded-Enc was imaged by cryo-EM, and SPA led to the first structure of 

an encapsulin and its cargo protein allowing their relationship to be studied. It was 

found that one encapsulin nanocompartment holds four EncFtn decamers which are 

in a tetrahedral arrangement. Thus, there is a mismatch of symmetry in the complex 

(tetrahedron within an icosahedron) and so the four EncFtn do not share equivalent 

environments for iron access to the FOC via the encapsulin shell. A symmetry 

mismatch has been observed for other enzymes and for viruses126,215, and leads to 
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intriguing questions about the complex, such as the location of the oxidised iron and 

the iron transport across the encapsulin nanocompartment shell. 

 Future Outlook  

Enc:EncFtn are shown to hold eight times more iron as classical ferritins, despite 

having 14 times the ‘free’ volume available. This indicates only some of the encapsulin 

nanocompartment lumen is used for iron storage. To establish the where the oxidised 

mineral is stored within the lumen, electron microscopy could be performed with a 

microscope equipped with energy-dispersive X-ray spectroscopy (EDS) which allows 

elemental analysis of samples. In relation to this, perhaps there are less Fe(III) in 

Enc:EncFtn than classical ferritin in terms of storage space available because it is in 

a different mineral form. ICP-MS could be utilised to identify the composition of the 

stored iron mineral. 

The encapsulin:encapsulated ferritin complex was found to have a 3-to-2 ratio of 

encapsulin monomer to EncFtn monomer. It is not clear if this is the case for 

encapsulin nanocompartments with other cargo proteins or which form larger 

nanocompartments. Performing cryo-EM SPA as done in this study on larger 

encapsulins could determine this and allow further understanding of encapsulin: cargo 

relationship. 

To explore the unique EncFtn environments within the encapsulin nanocompartment 

and the transport of iron across the nanocompartment shell, hydrogen/deuterium 

exchange MS (HDX MS) could be performed. HDX-MS would provide insight into the 

structural dynamics of the encapsulin:encapsulated ferritin complex. Alternatively, 

dynamics information could be obtained with molecular dynamic simulations. These 

data would provide the basis for the selective blocking of encapsulin pores to 

determine the impact on iron oxidation.   
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 Recombinant Protein Expression 

8.1.1 Plasmid transformations 

Plasmids used in this study were prepared by Dr Didi He, Dr Cecilia Piergentili, 

Jasmine Bird and Dr Efrain Zarazua-Arvizu, all of the Marles-Wright lab, Newcastle 

University (Appendix I). 1.5 μl of plasmid was added to 25 μl competent E. coli BL21 

(DE3) cells and thawed on ice for 20 minutes. The mixture of plasmid and cells was 

heat shocked at 42 °C for 45 seconds in a water bath followed by recovery on ice for 

two minutes. Cells were supplemented with 200 μl of sterile outgrowth media (SOC 

Outgrowth Medium by New England BioLabs Inc) and shaken at 37 °C at 200 rpm for 

1 hour. This solution (50 μl or 100 μl) was then spread on LB-Agar plate with 

appropriate antibiotic (ampicillin (50 μg/ml) or kanamycin (35 μg/ml)). Negative 

controls were carried out in parallel where no plasmid was added to the cells. 

8.1.2 Cell Growth and Induction in LB or 2YT Media 

A falcon tube containing 10 ml of LB media or 2YT media was inoculated with an 

individual colony of transformed Escherichia coli BL21 (DE3) from the agar plates and 

grown overnight at 37 °C, with shaking at 200 rpm, to form starter cultures. 1 L of LB 

was inoculated with 10 ml starter culture and shaken at 37 °C until an optical density 

600 nm (OD600) of 0.5 was reached (approximately five hours). Cells were induced 

with IPTG (1 mM) and shaken overnight, 200 rpm, at 18 °C. Cells were harvested by 

centrifugation, 4,000 x g at 4 °C, and frozen (-20⁰C) until purification. 

8.1.3 Cell Growth and Induction in Auto-Induction Media 

Proteins from Chapter 6 (Empty-Enc and Loaded-Enc) were expressed in auto-

induction media (AI media) due to poor expression in LB and 2YT. AI media was 

prepared using reagents in Table 8.1 as in Studier, 2014216.  

Table 8.1 Reagents in AI media. 

Media Reagents Concentration  

Tryptone 1 % (w/v)  

Yeast Extract 0.5 % (w/v) 

Glycerol 0.5 % (v/v) 

Glucose 0.05 % (w/v) 

α-D-lactose 0.2 % (w/v) 

(NH4)2SO4 25 mM 

KH2PO4 50 mM 

Na2PO4.7H2O 50 mM 

MgSO4 2 mM 



 
Materials and Methods  203 

For expression, a single colony (from Section 8.11) was added to 1 L of autoinduction 

media supplemented with appropriate antibiotic and grown for 38 hours at 37 °C with 

shaking at 200 rpm. Cells were harvested by centrifugation at 4000 g. 

 Protein Purification 

Subsequent protein purifications were performed on an Äkta start. Buffers used in 

these purifications are listed in Table 8.2. 

Table 8.2 Buffer List. 

Buffer Name Composition 

Lysis buffer 
HEPES (20 mM), pH 8; MgCl2 (2 mM); 
lysozyme (1 mg/mL); and benzonase 

(12.5 – 25 unit/mL) 

Q-sepharose buffer A (QA) HEPES (20 mM), pH 8.0 

Q-sepharose buffer B (QB) HEPES (20 mM), NaCl (1 M), pH 8.0 

Size Exclusion Chromatography (SEC) 
buffer 

HEPES  (20 mM), NaCl (150 mM), pH 
8.0 

His-Trap buffer A 
HEPES (20 mM), NaCl (500 mM), 

imidazole (50 mM), pH 8.0 

His-Trap buffer B 
HEPES (20 mM), NaCl (500 mM), 

imidazole (500 mM), pH 8.0 

Strep-Trap buffer W Tris (100 mM), NaCl (150 mM), pH 8.0 

Strep-Trap buffer E 
Tris (100 mM), NaCl (150 mM), 
desthiobiotin (2.5 mM), pH 8.0 

 

8.2.1 Cell Lysis 

For EncFtn expression, cell pellets were resuspended in 10 x w/v of appropriate buffer 

(His-Trap buffer A for his-tagged proteins and Strep-Trap wash buffer for StrepII-

tagged proteins). Cells were lysed by sonication whilst on ice; sonication was carried 

out in twelve 30 second cycles (10 seconds sonication, 20 seconds rest). The lysate 

was clarified by centrifugation at 20,000 x g for 1 hour, 4 °C. 

For Empty-Enc and Loaded-Enc expression, cell pellets were resuspended in 10 x 

w/v of Lysis buffer and incubated at 37 °C, with shaking 200 rpm, for 1 hour. Cells 

were then cooled on ice for ten minutes before being lysed and clarified as above. 

8.2.2 Heat Treatment Protein Purification of Recombinant Proteins 

The supernatant from cell lysis was heated to 85 °C for 10 minutes in a water bath 

and transferred to 4 °C for 10 minutes. The supernatant was then collected after 

centrifugation at 10,000 g for 1 hour. 
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8.2.3 Anion Exchange Purification of Recombinant Proteins 

A 1 mL HiTrap Q Sepharose FF column from GE Healthcare Life Sciences was used 

on an ÄKTA™ start. The column and ÄKTA™ start system were equilibrated with QA 

buffer and the protein sample was loaded. Unbound proteins were removed by 

washing with QA buffer (5 column volumes). Bound sample was eluted by QB buffer 

(50 mM Tris-HCl, pH 8.0, 1 M NaCl) over a linear gradient of 0-100% over 5 column 

volumes (CV). Fractions containing the protein were pooled and concentrated using 

protein concentrators (35 kDa cut off, vivaspin). The column was regenerated by 

washing with water (4 CV), NaOH (0.5 M, 5 CV) and water (5 CV), prior to being 

stored in 20 % ethanol (5 CV). 

8.2.4 Size Exclusion Chromatography of Recombinant Proteins 

A gel filtration column (Sephacryl 400 for encapsulin purification, and Superdex 200 

for encapsulated ferritins) was equilibrated with SEC buffer. 1-2 ml of protein was 

loaded onto the column at 1 ml/min. Protein fractions (1 mL) were collected and 

subsequently pooled and concentrated if they contained the protein of interest. After 

use, the column was washed with NaOH and water. The column was stored in 20% 

ethanol. 

8.2.5 Immobilized Metal Ion Affinity Chromatography of His-tagged 

Recombinant Proteins 

Recombinant proteins with His-tags were purified using a HisTrapTM FF column (GE 

Healthcare) pre-equilibrated in His-Trap buffer A. Cell free extract was applied to the 

column and unbound proteins were washed from the column with 5 CV of His-Trap 

buffer A. His-tagged proteins were then eluted with a gradient of His-trap buffer B (5 

CVs). Eluted fractions were screened for the protein of interest by SDS-PAGE. The 

fractions with the protein of interest were pooled and concentrated using a protein 

concentrator of appropriate MW cut off. The column was regenerated by washing with 

water (4 CV), NaOH (0.5 M, 5 CV) and water (5 CV), prior to being stored in 20 % 

ethanol (5 CV). 

8.2.6 Strep-Trap Purification of Recombinant Proteins 

Recombinant proteins with StrepII-tags were purified using a StrepTrap HP column 

(5 ml, GE Healthcare). The column was equilibrated with water (5 CV) and Strep-Trap 

buffer W (5 CV) and the filtered, cleared lysate was loaded onto the column. Unbound 

proteins were washed from the column using Strep-Trap buffer W (5 CV). StrepII-

tagged proteins were eluted from the column using 100% Strep-Trap buffer W (6 CV). 
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Fractions containing protein of interest were identified, pooled and concentrated. The 

column was regenerated with washes of water (5 CV), NaOH (0.5 M, 5 CV) and water 

(5 CV). The column was then used for another purification or stored in 20% ethanol. 

8.2.7 SDS-PAGE of Recombinant Proteins 

To examine the purity of the protein sample after each purification step, sodium 

dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE) was performed. 20 

μL samples were made consisting of 10 μL of the protein sample being tested for 

purity and 10 μL of NuPAGE® SDS Sample Buffer (4X). Samples were centrifuged at 

10,000 x g for 1 minute, heated at 100⁰C and centrifuged again as before. The 

samples and a molecular marker (PageRuler™ Prestained Protein Ladder) were 

pipetted into NuPAGE® Novex® 12 well 4-12% Bis-Tris gels and ran in an XCell 

SureLock using a Consort power supply for 40 minutes at 185 V. The gel was stained 

with coomassie blue stain (0.1% Coomassie brilliant blue, R250), 40% methanol and 

10% acetic acid) or Expedeon InstantBlue Protein Stain. Gels were destained 

overnight with water. 

 Protein Concentration Determination 

8.3.1 Extinction Coefficient Calculation 

Following purification, protein concentration was initially evaluated using a Thermo 

Fisher Scientific NanoDrop to measure the A280 of the protein. Protein concentration 

was then calculated in mol/L using the protein of interest’s extinct coefficient 

(Appendix I).  

8.3.2 BCA Microplate Assay 

BCA microplate assays were performed according to manufacturer’s instructions of 

the PierceTM BCA Protein Assay Kit (Thermo Fisher Scientific). Briefly, BSA standards 

were prepared across a range of concentrations (25 to 1500 μg/ml). BCA working 

solutions were prepared by mixing A and B solutions in 50:1 ratio, and these were 

added to the BSA standards and the protein of interest. The plate was then 

covered and incubated at 37 °C for 30 min. Absorbance was recorded at 562 nm and 

a standard curve was plotted using these absorbances against the BSA protein 

concentration. This standard curve was used to determine the concentration of the 

protein of interest. 
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 Protein LC-MS 

Protein masses were determined using LC-MS. Protein samples at 5 – 10 μM were 

loaded on to a reverse phase C4 Aeris Widepore HPLC column, 50 × 2.1 mm 

(Phenomenex, CA, USA) attached to Ultra Performance Liquid Chromatography 

(Acquity). The column was initially equilibrated with water (0.1% formic acid), and a 

gradient of 5–95% acetonitrile (0.1% formic acid) over 10 minutes was employed. The 

UPLC system was connected to a Synapt G2 (Waters Corp.) for mass spectrometry 

analysis. Data analysis was executed using MassLynx v4.1. 

 Native Mass Spectrometry of Recombinant Proteins 

8.5.1 Native MS of Recombinant Proteins 

Prior to mass spectrometry analysis, protein samples were de-salted, and buffer 

exchanged into ammonium acetate (100 mM, pH 8.0 or pH 6.75 or pH 5.5) using 

Micro Biospin® Chromatography Columns (Bio-Rad, UK). Samples were then diluted 

with ammonium acetate to a final concentration of approximately 50 μM (based on 

the mass of the monomer). Mass spectrometry was carried out on a Synapt G2 

(Waters Corp.) and samples were infused into the Synapt using a nanomate 

nanoelectrospray robot (Advion Biosciences). Instrument parameters were optimised 

to preserve non-covalent interactions within the encapsulated ferritin complexes. 

Typically, parameters were: gas pressure 0.65 psi; nanoelectrospray voltage 1.55 kV; 

sample cone 100 V; extractor cone 0 V; source temperature 60°C; trap of 4 V; and 

source backing pressure 4.00 mbar. Spectra were acquired over 3 minutes. Data was 

processed using MassLynx version 4.1 (Waters Corp.). 

For metal loading experiments, fresh iron(II) chloride tetrahydrate or zinc acetate in 

0.1% (v/v) HCl was added to the EncFtn of interest (1:1 metal:protein concentration) 

prior to buffer exchange into ammonium acetate (100 mM; pH 8.0). 

8.5.2 High Resolution Native MS of Recombinant Proteins 

High resolution native MS experiments were performed with Dr David Clarke. Apo-

proteins or metal-loaded proteins were desalted into ammonium acetate (100 mM, pH 

8.0), as above, prior to MS analysis. High resolution native mass spectrometry was 

performed on a 12T SolariX 2XR FT-ICR MS (Bruker Daltonics) equipped with a 

nanoelectrospray source (Advion Biosciences). Source conditions and ion optics were 

optimized to transmit native proteins ions and when required, Continual Accumulation 

of Selected Ions (CASI) was employed to isolate charge states of interest. Typically, 



 
Materials and Methods  207 

2 Megaword data was collected in QPD (2 ω) mode to produce a 6 second FID, which 

resulted in a typical mass resolving power of ca. 300,000. The resulting data was 

processed using Data Analysis (Bruker Daltonics). 

 Ion Mobility Mass Spectrometry and Collision Induced 

Unfolding of Recombinant Proteins 

For ion mobility mass spectrometry (IM-MS), protein samples were buffer exchanged 

and diluted as for section 4.2.2. The travelling-wave mobility cell of the Synapt G2 

was activated by changing the mode of the Synapt to “mobility TOF”. Nitrogen was 

used as the drift gas for all ion mobility mass spectrometry. The ion mobility separation 

(IMS) wave velocity was tuned for each ion mobility experiment. Typically, conditions 

were as follows; wave velocity of 400 m/s and wave height of 25 V. Spectra were 

acquired over 3 minutes. To obtain collision cross sections of samples, denatured 

bovine myoglobin was used to calibrate the IM-MS data via DriftScope V2.5. Data 

was processed using MassLynx version 4.1 (Waters Corp.). 

Protein samples were prepared and the Synapt G2 was set up as for IM-MS. Samples 

were analysed from 10 V to 60 V in 2 V increments. Data was processed using 

CIUsuite or CIUsuite2. 

 Negative Stain TEM of Recombinant Proteins 

Purified encapsulins were initially imaged by negative stain transmission electron 

microscopy (TEM). Formvar coated copper grids were glow-discharged for 30 

seconds using a Pelco glow discharge system. Protein (SEC buffer, 0.1 mg/ml) was 

dropped onto the glow-discharged grids for 30 seconds and excess liquid was 

removed with sections of Whatman filter paper (grade 1, diameter 24.0 cm). The grids 

were washed with distilled water three times, followed by staining with 2% uranyl 

acetate for 15 seconds. Grids were left to air dry for 1 hour and then imaged with a 

JEOL JEM-1400 transmission electron microscope. Images were collected by a 

Gatan OneView camera and analysed using FIJI. 

 Cryo-EM Analysis of Recombinant Proteins 

8.8.1 Sample Vitrification 

Holey grids (gold, 200 mesh, r 2/2 by Quantifoil) were glow-discharged for 30 seconds 

using a Pelco glow discharge system. The grids were then mounted into a FEI vitrobot 

and 4 μl of encapsulin sample (3 mg/ml) was applied. Grids were then blotted (100% 
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humidity, 8 °C, blot force -5, wait time 10 seconds and blot time of 3 seconds) with 

Whatman filter paper (grade 1) and frozen in liquid ethane. 

8.8.2 Cryo-EM 

8.8.2.1 Cryo-EM Grid Screening Using an FEI F20 

Cryo-EM grid screening was performed on a FEI F20 microscope equipped with a 

FEG electron source (200 kV) at the University of Edinburgh.  

Prior to imaging, the microscope was aligned to ensure the electron beam passes 

down through the microscope in the centre of the lenses and apertures. This was 

performed from the top of the microscope to the bottom; condenser aperture, 

condenser astigmatism, eucentric height and objective aperture objective astigmatism 

were optimised. A gain reference was taken as required. 

The anti-contaminator was cooled using liquid nitrogen and allowed to equilibrate for 

at least 30 minutes before imaging.  

The cryo-holder (Gatan 915) was cooled to -184 °C in the cryo-transfer station using 

liquid nitrogen. The clip-ring (which secures the grid in the cryo-holder) was removed 

and a grid was transferred to the grid holder under liquid nitrogen and held in place 

with the clip ring. The grid shield was closed, and the cryo-holder was inserted into 

the microscope. Imaging was then performed in low-dose mode to minimise radiation 

damage to the sample. Low-dose mode utilises three modes: search (low 

magnification to find an area of interest on the grid); focus (at high magnification and 

on carbon approximately 1.5 μm away from the area being images); and image (the 

same magnification as focus, and the when the micrograph is obtained). 

8.8.2.2 Cryo-EM on an FEI Titan Krios at eBIC 

The cryo-EM dataset used for SPA was obtained at eBIC on a FEI Titan Krios 

microscope equipped with Gatan K3 camera (settings used are shown in Table 6.3). 

Alignments, grid transfer and imaging set up was performed by the eBIC local contact. 

8.8.2.3 SPA Processing, EM Map Analysis and Model Building 

SPA was performed in Relion 3.1 beta207 using the workflow shown in Figure 6.12. 

Maps were studied in chimera or chimera X210. Model fitting and building was 

performed in Coot and refined in Phenix212,213,217.  
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Appendix I: Tables of DNA and Protein Information. 

Chapter 3 

Primers in Chapter 3. 

Construct Forward Primer Reverse Primer Comment 

Rru-EncFtn GGCCCATGGCGCAGTCGAGCAATAGCACC AAGGAATTCGCCGCGGTGATCGGCCCCTC NcoI, BamHI 

Hoch-EncFtn GGCTTGGTCTCAAATGGGCAGCAGCGAACAGCTG GCGTAGGTCTCTAAGCTTATTCTTCCAGTTCCAGAATCG

GACGTTC 

BsaI sites 

Pfc-EncFtn GATCCATGGGCCTGAGCATCAACCCCACCCT GGCGGATCCTTAGGCCTCGATGCCGGTCAG NcoI, BamHI 

 

gBlocks used in Chapter 3. 

Construct Sequence Comment 

Rru-EncFtn GGCGGTCTCTAATGGCACAGAGCAGCAATAGCACCCATGAACCGCTGGAAGTTCTGAAAGAAGAAACCGTTAATCG

TCATCGTGCAATTGTTAGCGTTATGGAAGAACTGGAAGCAGTGGATTGGTATGATCAGCGTGTTGATGCAAGCACC

GATCCGGAACTGACCGCAATTCTGGCACATAATCGTGATGAAGAAAAAGAACATGCAGCAATGACCCTGGAATGGC

TGCGTCGTAATGATGCAAAATGGGCAGAACATCTGCGTACCTACCTGTTTACCGAAGGTCCGATTACCGCAATTAG

GTAGAGACCGAC 

BsaI sites, CIDAR 
MoClo A/C overhangs 

Hoch-EncFtn GACGGTCTCTAATGAGCAGCGAACAGCTGCATGAACCGGCAGAACTGCTGAGCGAAGAAACCAAAAACATGCATCG

TGCACTGGTTACCCTGATTGAAGAACTGGAAGCAGTTGATTGGTATCAGCAGCGTGCAGATGCCTGTAGCGAACCG

GGTCTGCATGATGTTCTGATTCATAACAAAAACGAAGAGGTGGAACATGCAATGATGACCCTGGAATGGATTCGTC

GTCGTAGTCCGGTTTTTGATGCACACATGCGTACCTACCTGTTTACCGAACGTCCGATTCTGGAACTGGAAGAAAG

GTAGAGACCGAC 

BsaI sites, CIDAR 
MoClo A/C overhangs 

Pfc-EncFtn GGCGGTCTCTAATGCTGAGCATTAATCCGACGCTGATTAATCGTGATAAACCGTATACCAAAGAAGAACTGATGGA

AATTCTGCGCCTGGCAATTATTGCAGAACTGGATGCAATTAATCTGTACGAGCAGATGGCACGTTATAGCGAAGAT

GAAAATGTGCGTAAAATTCTGCTGGATGTTGCCCGTGAAGAAAAAGCACATGTTGGTGAATTTATGGCACTGCTGC

TGAATCTGGATCCGGAACAGGTTACCGAACTGAAAGGTGGTTTTGAAGAAGTTAAAGAACTGACCGGCATCGAAAG

GTAGAGACCGAC 

BsaI sites, CIDAR 
MoClo A/C overhangs 

Double stranded DNA gBlocks were purchased from IDT. 
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Proteins in Chapter 3. 

  

Protein 

name in 

Chapter 

3 

Protein 

Description 
Sequence 

Amino 

acids 
Chemical Formula 

Average 

molecular 

weight 

(Da) 

pI 

Extinction 

coefficient 

(M-1 cm-1) 

Rru-

EncFtn 

EncFtn from  

R. rubrum. 

His-tagged 

and truncated. 

MAQSSNSTHEPLEVLKEETVNRHRAIVSVMEELEAVDW

YDQRVDASTDPELTAILAHNRDEEKEHAAMTLEWLRRN

DAKWAEHLRTYLFTEGPITAANSSSVDKLAAALEHHHH

HH 

116 C577H893N173O186S3 13325.67 
5.3

4 
19480 

Hoch-

EncFtn 

EncFtn from  

H. ochraceum. 

His-tagged 

and truncated. 

MGSSEQLHEPAELLSEETKNMHRALVTLIEELEAVDWY

QQRADACSEPGLHDVLIHNKNEEVEHAMMTLEWIRRRS 

PVFDAHMRTYLFTERPILELEHHHHHH 

103 C536H824N158O162S6 12265.76 
5.4

3 
13980 

Pfc-

EncFtn 

EncFtn from  

P. furiosus. 

His-tagged 

and truncated. 

MGLSINPTLINRDKPYTKEELMEILRLAIIAELDAINL

YEQMARYSEDENVRKILLDVAREEKAHVGEFMALLLNL

DPEQVTELKGGFEEVKELTGIEAQDPNSSSVDKLAAAL

EHHHHHH 

121 C605H970N166O191S4 13753.59 
4.8

8 
4470 
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Chapter 4 

Constructs used in Chapter 4. 

The Hoch-EncFtn gBlock used in Chapter 3 was also used in Chapter 4. Site directed mutagenesis (His to Ala) was performed by Dr Cecilia 

Piergentili to create Hoch-H63A. Primers used for the site-directed mutagenesis are shown in the table below. 

Proteins in Chapter 4. 

 

  

Protein 

Name in 

Chapter 

4 

Protein 

Description 
Sequence 

Amino 

acids 

Chemical 

Formula 

Average 

Molecular 

weight 

(Da) 

pI 

Extinction 

coefficient 

(M-1 cm-1) 

Hoch-WT 

EncFtn from  

H. ochraceum. 

StrepII-tagged 

and truncated. 

MSSEQLHEPAELLSEETKNMHRALVTLIEELEAVDWYQ 

QRADACSEPGLHDVLIHNKNEEVEHAMMTLEWIRRRS 

PVFDAHMRTYLFTERPILELEERSWSHPQFEK 

107 C562H868N158O173S6 12798.39 4.97 19480 

Hoch-

H63A 

Single point 

mutation of 

Hoch-WT. 

MSSEQLHEPAELLSEETKNMHRALVTLIEELEAVDWYQ 

QRADACSEPGLHDVLIHNKNEEVEAAMMTLEWIRRRS 

PVFDAHMRTYLFTERPILELEERSWSHPQFEK 

107 C559H866N156O173S6 12732.33 4.88 19480 
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Chapter 5 

Constructs used in Chapter 5. 

The Rru-EncFtn gBlock used in Chapter 3 was also used in Chapter 5. Site directed mutagenesis was performed by Dr Cecilia Piergentili 

to create the EncFtn variants. Primers used for site directed mutagenesis are shown in the table below. 

Primers used in this study. 

Construct Forward SDM Primer Reverse SDM Primer 

EncFtn-E31A CGTGTCGGTCATGGCGGAACTGGAAGCCG  CGGCTTCCAGTTCCGCCATGACCGACACG  

EncFtn-E34A CATGGAGGAACTGGCAGCCGTCGATTGGTAC  GTACCAATCGACGGCTGCCAGTTCCTCCATG  

EncFtn-W38A GCCGTCGATGCGTACGACCAGCGCGTCG CGACGCGCTGGTCGTACGCATCGACGGC 

EncFtn-W38G CTGGAAGCCGTCGATGGGTACGACCAGCGCG  CGCGCTGGTCGTACCCATCGACGGCTTCCAG  

Site-directed mutagenesis (SDM) primers. All primers were purchased from IDT. 
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Proteins in Chapter 5 

Protein 

Name 

in 

Chapter 

5 

Protein 

Description 
Sequence 

Amino 

acids 
Chemical Formula 

Average 

Molecular 

weight 

(Da) 

pI 

Extinction 

coefficient 

(M-1 cm-1) 

EncFtn-

WT 

EncFtn from  

R. rubrum. 

MAQSSNSTHEPLEVLKEETVNRHRAIVSVMEELEAVDWY

DQRVDASTDPELTAILAHNRDEEKEHAAMTLEWLRRNDA

KWAEHLRTYLFTEGPITAIEAADTAGEGSGGDAAKGATA

QGDGSLGIGSLKGEAALARPPRL 

140 C653H1036N192O220S3 15192.74 4.75 19480 

EncFtn-

E31A 

Single point 

mutation of 

EncFtn-WT. 

MAQSSNSTHEPLEVLKEETVNRHRAIVSVMAELEAVDWY

DQRVDASTDPELTAILAHNRDEEKEHAAMTLEWLRRNDA

KWAEHLRTYLFTEGPITAIEAADTAGEGSGGDAAKGATA

QGDGSLGIGSLKGEAALARPPRL 

140 C651H1034N192O218S3 15134.71 4.80 19480 

EncFtn-

E34A 

Single point 

mutation of 

EncFtn-WT 

MAQSSNSTHEPLEVLKEETVNRHRAIVSVMEELAAVDWY

DQRVDASTDPELTAILAHNRDEEKEHAAMTLEWLRRNDA

KWAEHLRTYLFTEGPITAIEAADTAGEGSGGDAAKGATA

QGDGSLGIGSLKGEAALARPPRL 

140 C651H1034N192O218S3 15134.71 4.80 19480 

EncFtn-

W38A 

Single point 

mutation of 

EncFtn-WT 

MAQSSNSTHEPLEVLKEETVNRHRAIVSVMEELEAVDAY

DQRVDASTDPELTAILAHNRDEEKEHAAMTLEWLRRNDA

KWAEHLRTYLFTEGPITAIEAADTAGEGSGGDAAKGATA

QGDGSLGIGSLKGEAALARPPRL 

140 C645H1031N191O220S3 15077.61 4.75 13980 
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EncFtn-

W38G 

Single point 

mutation of 

EncFtn-WT 

MAQSSNSTHEPLEVLKEETVNRHRAIVSVMEELEAVDGY

DQRVDASTDPELTAILAHNRDEEKEHAAMTLEWLRRNDA

KWAEHLRTYLFTEGPITAIEAADTAGEGSGGDAAKGATA

QGDGSLGIGSLKGEAALARPPRL 

140 C644H1029N191O220S3 15063.58 4.75 13980 

ID-

EncFtn 

EncFtn from  

R. rubrum. 

StrepII-

tagged and 

truncated. 

Expressed in 

isotopically 

depleted 

media 

MAQSSNSTHEPLEVLKEETVNRHRAIVSVMEELEAVDWY

DQRVDASTDPELTAILAHNRDEEKEHAAMTLEWLRRNDA

KWAEHLRTYLFTEGPITAIRSWSHPQFEK 

107 C549H848N158O174S3 12534.15 5.04 24980 
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Chapter 6 

gBlock used in Chapter 6. 

Construct Sequence Comment 

Hoch-Enc GGCGAAGACATAATGGATCTGCTGAAACGTCATCTGGCACCGATTGTTCCGGATGCATGGTCAGCAATTGATGAAG

AAGCCAAAGAAATTTTTCAGGGCCATCTGGCAGGTCGTAAACTGGTTGATTTTCGTGGTCCGTTTGGTTGGGAATA

TGCAGCAGTTAATACCGGTGAACTGCGTCCGATTGATGATACACCGGAAGATGTTGATATGAAACTGCGTCAGGTT

CAGCCGCTGGCCGAAGTTCGTGTGCCGTTTACCCTGGATGTTACCGAACTGGATAGCGTTGCACGTGGTGCAACCA

ATCCGGATCTGGATGATGTTGCCCGTGCAGCAGAACGTATGGTTGAAGCAGAAGATAGCGCAATTTTTCATGGTTG

GGCACAGGCAGGTATTAAAGGTATTGTTGATAGCACACCGCATGAAGCACTGGCAGTTGCAAGCGTTAGCGATTTT

CCGCGTGCAGTTCTGAGCGCAGCAGATACACTGCGTAAAGCCGGTGTTACCGGTCCGTATGCACTGGTTCTGGGTC

CGAAAGCCTATGATGACCTGTTTGCAGCAACCCAGGATGGTTATCCGGTTGCAAAACAGGTGCAGCGTCTGGTTGT

TGATGGTCCGCTGGTTCGTGCAAATGCCCTGGCAGGCGCACTGGTTATGAGCATGCGTGGTGGTGATTATGAACTG

ACCGTTGGTCAGGATCTGAGCATTGGTTATGCATTTCATGATCGTAGCAAAGTGGAACTGTTTGTGGCAGAAAGTT

TTACCTTTCGTGTTCTGGAACCGGGTGCAGCCGTTCATCTGCGTTATGCATAAAGGTATGTCTTCGTC 

CIDAR MoClo A/C 
overhangs 
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Proteins in Chapter 6 

The additional Arg residue (bold, underlined) in the Empty-Enc construct is a cloning artefact from the MoClo kit used. 

Protein 

Name 

in 

Chapter 

6 

Protein 

Description 
Sequence 

Amino 

acids 
Chemical Formula 

Average 

Molecular 

weight 

(Da) 

pI 

Extinction 

coefficient 

(M-1 cm-1) 

Empty-

Enc 

Encapsulin 

from  

 H. ochraceum 

MDLLKRHLAPIVPDAWSAIDEEAKEIFQGHLAGR

KLVDFRGPFGWEYAAVNTGELRPIDDTPEDVDMK

LRQVQPLAEVRVPFTLDVTELDSVARGATNPDLD

DVARAAERMVEAEDSAIFHGWAQAGIKGIVDSTP

HEALAVASVSDFPRAVLSAADTLRKAGVTGPYAL

VLGPKAYDDLFAATQDGYPVAKQVQRLVVDGPLV

RANALAGALVMSMRGGDYELTVGQDLSIGYAFHD

RSKVELFVAESFTFRVLEPGAAVHLRYAR 

267 C1296H2032N356O388S5 28968.84 4.88 26930 

Loaded

-Enc 

Encapsulin 

from  H. 

ochraceum 

MDLLKRHLAPIVPDAWSAIDEEAKEIFQGHLAGR

KLVDFRGPFGWEYAAVNTGELRPIDDTPEDVDMK

LRQVQPLAEVRVPFTLDVTELDSVARGATNPDLD

DVARAAERMVEAEDSAIFHGWAQAGIKGIVDSTP

HEALAVASVSDFPRAVLSAADTLRKAGVTGPYAL

VLGPKAYDDLFAATQDGYPVAKQVQRLVVDGPLV

RANALAGALVMSMRGGDYELTVGQDLSIGYAFHD

RSKVELFVAESFTFRVLEPGAAVHLRYA 

266 C1290H2020N352O387S5 28812.66 4.82 26930 

EncFtn from  

H. ochraceum 

MSSEQLHEPAELLSEETKNMHRALVTLIEELEAV

DWYQQRADACSEPGLHDVLIHNKNEEVEHAMMTL

EWIRRRSPVFDAHMRTYLFTERPILELEEEDTGS

SSSVAASPTSAPSHGSLGIGSLRQEGKED 

131 C636H1001N181O214S6 14799.39 4.70 13980 
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Appendix II: Myoglobin Reference used in IM-MS. 

 

In IM-MS experiments, CCS was calibrated by using the known mass and CCS of 

denatured myoglobin, shown below.  

Literature CCS (A2) m/z Charge state 

1673 2120 8 

1758 1885 9 

2796 1696 10 

2942 1542 11 

3044 1414 12 

3136 1305 13 

3143 1212 14 

3230 1131 15 

3313 1061 16 

3384 998 17 

3489 943 18 

3570 893 19 

3682 849 20 

3792 808 21 

3815 772 22 
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Appendix III: Collision Cross Sections and CIU50s of Decamer 

Charge States of EncFtn Variants . 

Protein 
Charge 

State 

 CCS and CIU50 of the 

Compact Decamer 

Conformation 

CCS and CIU50 of the 

Extended Decamer 

Conformation 

EncFtn-WT 

23+ 71.19; 35.1 V 80.12 nm2; 48.4 V 

24+ 71.62; 35.2 V 80.45 nm2; 48.3 V 

25+ 71. 83; 35.4 V 80.93 nm2; 48.0 V 

26+ 71.40 nm2; 35.2 V  80.62 nm2; 48.2 V 

EncFtn-E31A 

23+ 68.92 nm2; 26.5 V 82.17 nm2; 42.6 V 

24+ 69.06 nm2; 26.5 V 83.06 nm2; 42.4 V 

25+ 69.71 nm2; 26.5 V 82.56 nm2; 43.0 V 

26+ 69.50 nm2; 26.5 V 82.65 nm2; 42.4 V 

27+ 69.88 nm2; 26.2 V 82.44 nm2; 42.0 V 

EncFtn-E34A 

23+ 70.22 nm2; 34.9 V 82.65 nm2; 46.0 V 

24+ 71.68 nm2; 35.3 V 82.65 nm2; 45.9 V 

25+ 71.45 nm2; 35.0 V 82.65 nm2; 45.3 V 

26+ 71.30 nm2; 35.1 V 81.68 nm2; 45.8 V 

EncFtn-W38G 

23+ 71.04 nm2; n/a 81.49 nm2; 34.3 V 

24+ 71.74 nm2; n/a 82.17 nm2; 34.0 V 

25+ 72.08 nm2; n/a 81.23 nm2; 34.1 V 

26+ 71.17 nm2; n/a 81.41 nm2; 34.0 V 

27+ 70.83 nm2; n/a 81.32 nm2; 34.0 V 
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Appendix IV: Publications 

Conservation of the Structural and Functional Architecture of Encapsulated 

Ferritins in Bacteria and Archaea 

Didi He*; Cecilia Piergentili*; Jennifer Ross*; Emma Tarrant; Laura R. Tuck; C. Logan 

Mackay; Zak McIver; Kevin J. Waldron; David J. Clarke; Jon Marles-Wright. 

Biochem J (2019) 476 (6): 975–989.  

* co-first/equal authorship 

DOI: https://doi.org/10.1042/BCJ20180922 

Abstract 

Ferritins are a large family of intracellular proteins that protect the cell from oxidative 

stress by catalytically converting Fe(II) into less toxic Fe(III) and storing iron minerals 

within their core. Encapsulated ferritins (EncFtn) are a sub-family of ferritin-like 

proteins, which are widely distributed in all bacterial and archaeal phyla. The recently 

characterized Rhodospirillum rubrum EncFtn displays an unusual structure when 

compared with classical ferritins, with an open decameric structure that is 

enzymatically active, but unable to store iron. This EncFtn must be associated with 

an encapsulin nanocage in order to act as an iron store. Given the wide distribution 

of the EncFtn family in organisms with diverse environmental niches, a question arises 

as to whether this unusual structure is conserved across the family. Here, we 

characterize EncFtn proteins from the halophile Haliangium ochraceum and the 

thermophile Pyrococcus furiosus, which show the conserved annular pentamer of 

dimers topology. Key structural differences are apparent between the homologues, 

particularly in the centre of the ring and the secondary metal-binding site, which is not 

conserved across the homologues. Solution and native mass spectrometry analyses 

highlight that the stability of the protein quaternary structure differs between EncFtn 

proteins from different species. The ferroxidase activity of EncFtn proteins was 

confirmed, and we show that while the quaternary structure around the ferroxidase 

centre is distinct from classical ferritins, the ferroxidase activity is still inhibited by 

Zn(II). Our results highlight the common structural organization and activity of EncFtn 

proteins, despite diverse host environments and contexts within encapsulins. 
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Mass Spectrometry Reveals the Assembly Pathway of Encapsulated Ferritins 

and Highlights a Dynamic Ferroxidase Interface 

Jennifer Ross; Thomas Lambert; Cecilia Piergentili; Didi He; Kevin J. Waldron; C. 

Logan Mackay; Jon Marles-Wright; David J. Clarke 

Chem. Commun. (2020), 56, 3417-3420 

DOI: https://doi.org/10.1039/C9CC08130E 

Abstract 

Encapsulated ferritins (EncFtn) are a recently characterised member of the ferritin 

superfamily. EncFtn proteins are sequestered within encapsulin nanocompartments 

and form a unique biological iron storage system. Here, we use native mass 

spectrometry and hydrogen–deuterium exchange mass spectrometry to elucidate the 

metal-mediated assembly pathway of EncFtn. 
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Dissecting the structural and functional roles of a putative metal entry site in 

encapsulated ferritins 

Cecilia Piergentili*; Jennifer Ross*; Didi He*; Kelly J. Gallagher; Will A. Stanley; 

Laurène Adam; C. Logan Mackay; Arnaud Baslé; Kevin J. Waldron; David J. Clarke; 

Jon Marles-Wright 

J Biol Chem (2020) In press. 

* co-first/equal authorship 

• DOI: 10.1074/jbc.RA120.014502 

Abstract 

Encapsulated ferritins belong to the universally distributed ferritin superfamily, which 

function as iron detoxification and storage systems. Encapsulated ferritins have a  

distinct annular structure and must associate with an encapsulin nanocage to form a 

competent iron store that is capable of holding significantly more iron than classical 

ferritins. The catalytic mechanism of iron oxidation in the ferritin family is still an open 

question, due to differences in organization of the ferroxidase catalytic site and 

neighboring secondary metal binding sites. We have previously identified a putative 

metal binding site on the inner surface of the Rhodospirillum rubrum encapsulated 

ferritin at the interface between the two-helix subunits and proximal to the ferroxidase  

center. Here we present a comprehensive structural and functional study to 

investigate the functional relevance of this putative iron entry site by means of 

enzymatic assays, mass-spectrometry, and X-ray crystallography. We show that 

catalysis occurs in the ferroxidase center and suggest a dual role for the secondary 

site, which both serves to attract metal ions to the ferroxidase center and acts as a 

flow-restricting valve to limit the activity of the ferroxidase center. Moreover, 

confinement of encapsulated ferritins within the encapsulin nanocage, while 

enhancing the ability of the encapsulated ferritin to undergo catalysis, does not 

influence the function of the secondary site. Our study demonstrates a novel 

molecular mechanism by which substrate flux to the ferroxidase center is controlled, 

potentially to ensure that iron oxidation is productively coupled to mineralization. 




