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Abstract  
Neisseria gonorrhoeae infects the human genitourinary tract. In its O2-limited host niche, N. 
gonorrhoeae relies on nitrite as the terminal electron acceptor in anaerobic respiration. In this 
process, nitrite is reduced to nitric oxide by the copper (Cu)-dependent nitrite reductase, 
AniA.  

AniA is essential for biofilm formation and therefore, N. gonorrhoeae infection. AniA exists 
on either side of the outer membrane and is a target for vaccines and novel antimicrobials. Cu 
insertion into the AniA active site, and thus enzyme activity, requires a periplasmic Cu-
binding accessory protein AccA. AccA is thought to be specific to AniA, however AccA is 
part of a larger family of periplasmic Cu binding proteins. Therefore, another protein may be 
able to replace AccA. To test this, AccA was replaced with PCuAC from Thermus 
thermophilus, creating an ∆accA/pCuAC+ mutant strain. Microaerobic cultures of this mutant 
did not grow or consume nitrite, however, both could be rescued upon the addition of Cu salt. 
This suggests that in the presence of PCuAC but without AccA, AniA does not acquire Cu and 
is inactive unless Cu is supplied. This suggests PCuAC cannot insert Cu into AniA and AccA 
is required for this process in cells. This was tested using purified proteins, Cu transfer to 

apo-AniA via Cu(I)-PCuAC was found to be 15X slower than from Cu(I)Cu(II)-AccA. 
Therefore, showing PCuAC cannot insert Cu into AniA at a rate to support bacterial growth. 

This study indicates that the interaction between AccA and AniA is specific and favourable 
for the transfer of Cu. This specificity suggests the feasibility of targeting the AccA-AniA 
interactions for novel antimicrobials against multi-drug-resistant N. gonorrhoeae. 
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Chapter 1 – Introduction 
1.1 Metals in biology 
Metals are essential for life, with a third of proteins and nearly half of enzymes requiring a 
metal ion for function (1). Metalloproteins contribute to all areas of cellular metabolism and 
the metal cofactors can have different roles. Metals can impart structure upon proteins, such 
as the role of zinc in zinc finger motifs. Metals can also act as Lewis acids to coordinate and 
activate a substrate through binding to a lone pair of electrons, such as in zinc hydrolases (2). 
Alternatively, metals can act as reducing or oxidising agents in catalysing redox reactions, 
such as copper (Cu) in cytochrome cbb3 oxidase (3–5). Metals can bind to the protein 
scaffold directly, via the amino acid side chains, with those containing N, O and S being 
common ligands, including His, Glu, Asp, Met, Cys, and to a lesser extent Trp and Tyr (6). 
Metals also bind to proteins indirectly via organic ligands, such tetrapyrroles in vitamin-B12 
or haem, and sulfides in iron-sulfur clusters (5). 

Proteins and their metal binding sites are inherently flexible, and the binding affinity of 
proteins to metals follows the Irving-Williams series (7). Therefore, if a metal higher in the 
Irving-Williams series is present in surplus, then metal-binding sites that favour metals lower 
in the series can be mis-metalated by the metal with higher binding affinity (8). Metal 
homeostatic mechanisms, such as metal sensors, metal transporters, metallochaperones and 
storage proteins, are required to maintain the correct metal availability in cells(9). These 
systems ensure that metalloproteins receive their correct metal cofactors and protect other 
proteins from becoming mis-metalated (5,8). If the homeostatic mechanisms fail or the 
capacity is exceeded, the cellular availability of metals increases, this can have a detrimental 
effect on the cell. Excess metals can catalyse the production of reactive oxygen species 
(ROS) from Fenton-like reactions, or can cause toxicity through the mis-metalation of 
proteins (Fig. 1.1) (1,5). 
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Figure 1.1. The toxic effects copper a) Irving-Williams series of transition metal protein 
binding affinities with Cu(II) binding the tightest. Cu(I) is not a transition metal however it is 
known for competitive binding to proteins (8). b) Fenton chemistry by redox-active iron and 
copper to produce ROS.  

1.2 Copper in biology 
The evolution of photosynthesis resulted in the formation of an O2-rich atmosphere. This 
resulted in the oxidising of sulfides to sulfates, which led to the release and increase in 
bioavailability of previously sequestered Cu(II), therefore kickstarting the evolution of 
cuproproteins (10). It is thought that cuproproteins first evolved to deplete the levels of free 
dioxygen within cells. One of the earliest cuproenzymes, phenol oxidases, reduce dioxygen 
and couple this reduction to the oxidation of a phenol and the production of water (11). 
Cuproproteins now have key roles in electron transfer due to their redox activity, including in 
aerobic and anaerobic respiration, and superoxide dismutation in bacteria (12–14). However, 
the redox activity of Cu can also be detrimental to life, as it can catalyse Fenton-like reactions 
to produce ROS (Fig. 1.1b). In addition, Cu is prone to mis-metalating other metal binding 
sites, as it has the highest binding affinity to proteins in the Irving-Williams series (Fig. 1.1a). 
For example, in Escherichia coli, Cu mis-metallates the iron-sulfur clusters in dehydratases 
which prevents growth (10,15).  

1.2.1 Copper homeostasis in cells 
Due to the position of Cu in the Irving-Williams series and its tendency to mis-metalate 
proteins, copper levels are tightly controlled by homeostatic mechanisms which keep “free” 
copper levels to almost  zero (15). Cu is buffered by numerous Cu chelators including 
transcriptionally-induced metallochaperones and small molecules, such as glutathione, which 
contribute to buffering Cu when transcriptionally-induced homeostatic mechanisms are 
impaired (16). Under normal conditions this high affinity Cu buffer is maintained at a high 
enough concentration that under normal conditions, at equilibrium, metalation of the buffer is 
thermodynamically favoured so Cu is not transferred to unwanted metal sites (Fig. 1.2) (16). 

 

Figure 1.2. Energy diagram of the metalation of a non-specific metalloprotein from a high 
affinity Cu buffer. P – metalloprotein B – Buffer. Red = unfavourable.  
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The transcriptional regulation of Cu homeostatic proteins is predominantly controlled by Cu 
sensors. Bacterial metal sensors bind metals in accordance with the Irving-Williams series, 
however the correct allosteric change in the protein only occurs upon binding of the correct 
metal. This results in the DNA binding affinity being altered; inducing or repressing 
transcription (15,17). In response to increased Cu levels, Cu-sensing metallosensors regulate 
multiple genes relating to Cu homeostasis. This includes the upregulation of Cu exporters, such 
as, the P1-type ATPase, CopA, by cueR (18), and the Cu efflux system CusCBA by CusR (19). 
Other Cu resistance proteins are also upregulated. For example, the multi-Cu oxidase CueO 
and the metallochaperone CopZ by CopY (3), CueP (20) and CopG (19), which sequester Cu 
and traffic it to export systems. 

In bacteria, cuproproteins and their folding are compartmentalised to the periplasm to avoid 
mis-metalation of proteins that bind weaker binding metals. For example in the cyanobacterium 
Synechocystis PCC 6803, manganese cupin A (MncA) and Cu cupin A (CucA) have the same 
structure and metal binding site (21). Therefore, MncA folds and is metalated in the cytoplasm, 
before being exported to the periplasm by the Tat pathway whereas CucA is exported by the 
Sec pathway where it is metalated and folds in the periplasm (21).  

1.2.2 Cuproproteins 
Cu sites within proteins can bind either Cu(I) or Cu(II) which favour different coordination 
geometries. Cu(I) centres favour a tetrahedral conformation as Cu(I) has a full d orbital (d10) 
meaning the Crystal Field Stabilisation Energy is 0 for both octahedral and tetrahedral 
geometries (22). This results in no electronic preference for either coordination and therefore 
steric preferences are dominant, and a tetrahedral geometry is preferred due to its lower 
coordination number. As Cu(I) is a soft acid, it favours soft bases such as sulfurs and conjugated 
nitrogens. Therefore, Cu(I) often forms complexes with His, Cys, and Met (22). On the other 
hand, Cu(II) centres, favour a square planar geometry because of the orbital degeneracy of its 
d9 electron configuration. This results in a tetragonal distortion of the dx2-y2 and dz2 orbitals to 
remove the degeneracy and increase the stability of the complex. This is known as the Jahn-
Teller effect and results in a shortening of the equatorial metal-ligand bonds, and an elongation 
of the axial metal-ligand bonds to the point where they are lost resulting in a square planar 
geometry(22).  
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Figure 1.3. The type I Cu site a) Oxidised (i) and reduced (ii) T1Cu sites showing the 
structures of red, green, and blue sites as well as the angle changes from green to blue. b) 
Schematic of the Cys-S – Cu charge transfer in blue and green T1Cu sites which result in their 
characteristic absorbance spectra. c) Relative energy of square planar and tetrahedral 
complexes for both oxidation states of Cu, as well as the kinetic barrier imposed by the protein 
between the two states. Parts (a) and (b) were taken and adapted from “Thermodynamic 
equilibrium between blue and green Cu sites and the role of the protein in controlling function”, 
respectively (23). 

The chemistry underlying Cu binding results in distinct classifications of Cu-binding sites, 
notable for this study are the Type I (T1Cu) and Type II (T2Cu) Cu sites (24). The T2Cu site 
predominantly binds Cu with 3 or 4 ligands, with at least one being His, and are classified 
based upon very little to no absorption in the UV/Vis range due to the lack of a thiol in the 
binding site. The T2Cu centre is redox-active, and the prevalence of 3 ligand binding sites 
allows for the vacant coordination position to be occupied by an exogenous ligand meaning the 
site is often catalytically-active and binds to the substrate (25).  

The presence of T1Cu sites classifies a protein as a blue Cu protein due to the strong blue 
colour exhibited by strong absorbance at 600 nm, and often a weaker absorbance at 460 nm. In 
these sites, Cu is bound by 2 His, 1 Cys and 1 other ligand (often Met) (26). The Cu ion present 
is redox-active; allowing switching between Cu(I) and Cu(II).  Consequently, the energetically 
favoured geometry for the site switches between tetrahedral and square planar upon reduction 
or oxidation of Cu (23). However, switching between two geometries is not kinetically 
possible, due to the structural constraints of the protein; providing a large kinetic energy barrier 
(Fig. 1.3c). Therefore, the ligands in the site allow for the geometry of the Cu site to sit between 
square planar and tetrahedral in a distorted tetragonal geometry. This allows for the greatest 
energetic favourability for Cu(I) and Cu(II), and the minimal energy for reorganisation between 
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the two Cu oxidation states, whilst accounting for any steric effects imposed by the protein 
(27). The blue character of T1Cu sites depends on the positions and bond lengths of the Cu-
Cys and Cu-Met bonds. A more blue T1Cu site has greater distortion towards tetrahedral, 
resulting in longer Cu-Smet bond and shorter Cu-Scys bond. This leads to weak thiolate s  to Cu 
charge transfer (high energy) and a strong π to Cu charge transfer (low energy), which results 
in greater absorbance at ~600 nm and a blue appearance. The green T1Cu results from a more 
tetrahedral shape and a strong thiolate s  to Cu and a weak π to Cu charge transfer, resulting in 
greater absorbance at lower wavelengths (~460 nm) and the protein appearing more ‘green’ 
(Fig. 1.3b). Sites are often partially flexible and intermediates between the two sites are 
common, resulting in absorbance at both wavelengths to varying degrees. This allows for the 
tuning of the reduction potential of the Cu site (Fig. 1.3a) (23).  

1.2.3 Copper Metallochaperones 
A consequence of Cu being buffered within cells is that the rate of Cu acquisition directly from 
the buffer by cuproenzymes is often too slow to meet biological needs. Instead, many 
cuproenzymes rely on Cu metallochaperones to acquire Cu ions (Fig. 1.4 b(iii)). Cu 
metallochaperones can also protect against Cu stress as Cu trafficking and direct metalation of 
cuproproteins prevents Cu from becoming solvated and also avoids mis-metalation by ensuring 
specificity (5). The transfer of Cu from the metallochaperone occurs through a process of 
associative ligand exchange. The two proteins form a complex with both bound to the metal, 
then the metal binding ligands of the target protein displace the ligands of the metallochaperone 
(Fig. 1.4 a) (28). The transfer of the metal from the metallochaperone to the target results in a 
conformational change in both proteins and thus the dissociation of the complex (28). 
Metalation occurs down a thermodynamic gradient from the metallochaperone with a lower 
binding affinity and higher free energy, to the target protein with a higher binding affinity and 
lower free energy in a favourable interaction (Fig. 1.4 bi) (29). Buffers, such as glutathione, 
and other small molecules bind Cu weaker than metallochaperones. Therefore, the difference 
in free energy is greater and therefore more thermodynamically favourable (Fig. 1.4 b(ii)) (29). 
However, due to no favourable interactions between buffer molecules and the target protein, 
the kinetic barrier to metalation is far greater, thus making the rate of metalation too slow for 
biological process to occur. Metallochaperones provide a smaller kinetic barrier to metalation 
whilst still offering a thermodynamically favourable route (30). 
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Figure 1.4. Metallochaperone to target protein Cu transfer. a) ligand transfer between a 
metallochaperone and the target protein in metalation. b) Energy diagrams for metalation of 
proteins by Cu by metallochaperones (i), from small buffer molecules (ii) and overall 
metalation process in cells. M - metallochaperone P - target protein B – Buffer. Green = 
metalation occurs at a sufficient rate, red = metalation is slow.   

In addition to metalation having to be thermodynamically favourable, the metallochaperone 
and target protein must have favourable protein-protein interactions based on structure and 
complementary amino acid residues. For example, metalation of the Ccc2 ATPase (the target 
cuproprotein) from Saccharomyces cerevisiae by Atx1 (the Cu metallochaperone) resulted in 
favourable hydrophobic and hydrophilic intermolecular interactions between pairs of amino 
acid residues, holding the 2 proteins together (28). Similarly, the formation of transient 
metallochaperone-target protein complexes between Atox1 and Wilson Disease protein 4 was 
enthalpically and entropically favourable, making the complex more thermodynamically stable 
than the individual proteins; promoting metalation (31).  On top of this, specific interactions 
are required between amino acid residues. For example, CopZ, but not the structurally similar 
MNKr2, could metalate CopY, due to the proteins having distinct surface charges, Substituting 
Q38, R39, D45 and N46 in the protein interface with lysine to introduce a positively charged 
face subsequently resulted in MNKr2 being able to metalate CopY (32). This suggests that the 
correct surface charge distribution is likely essential for Cu transfer due to intermolecular salt 
bridges increasing the stability of the complex. 

Studies have shown that Cu is essential for the metallochaperone-target protein complex to 
occur (28). Apo-metallochaperone and apo-target protein interactions are less favourable than 
interactions where Cu is present (28,31,33). The metallochaperone, Hah1, bound to Cu(I) or 
Cd(II), showed different interactions with target cuproprotein, MNK1, at the interface of the 
metal binding loops. There were also differing ligands in the metal complexes formed: Hah1-
Cu(I) formed more favourable interactions and metalated MNK1,whereas Hah1-Cd(II) did not 
(33). These results suggest that Cu is required to form metallochaperone-protein complexes, 
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preventing mismetalation as well as the formation of complexes without Cu, which would 
block the site from metalation by holo-metallochaperones. 

1.3 Copper in Neisseria gonorrhoeae and metalation of AniA 
Neisseria gonorrhoeae is a obligate human pathogen that infects the genitourinary tract (34). 
Cu is required for essential enzymes in N. gonorrhoeae, including the nitrite reductase, AniA, 
and cytochrome cbb3 oxidase (35). N. gonorrhoeae lacks a complete Cu homeostasis 
pathway: lacking cueR and cueO, as well as many other known Cu resistance genes (36). The 
genome of N. gonorrhoeae does encode the Cu efflux protein, CopA, however unlike in other 
species, it is transcriptionally regulated by NmlR, which responds to nitrosative stress, as 
opposed to Cu (36).  

Upon infection, N. gonorrhoeae inhabits an O2-limited host niche.  Under these conditions, 
the Cu-dependent nitrite reductase, AniA, utilises nitrite as the terminal electron acceptor in 
anaerobic respiration, where it reduces nitrite (NO2-) to nitric oxide (NO) in the 
denitrification pathway (37). AniA is upregulated by the FNR transcription factor in response 
to low oxygen conditions, and has been shown to be essential for biofilm formation and 
therefore infection (Fig. 1.5) (38,39). Antibodies against AniA have also been found in the 
serum of infected patients, suggesting it is located on either side of the outer membrane (40). 
This has led to interest in AniA being a potential target for vaccines, as well as the 
development of small peptide inhibitors (41,42). 

 

Figure 1.5. Regulation, Cu insertion, and function of AniA 
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AniA is a member of a larger family of Cu-dependent nitrite reductases encoded for by the 
gene nirK. Although most NirKs are found in the periplasmic space, AniA contains a lipid 
soluble domain, which allows its association to the outer membrane (43). AniA is a homotrimer, 
with each monomer consisting of two structurally similar cupredoxin domains, with the N-
terminal domain containing the T1Cu site. AniA also contains 3 T2Cu sites with ligands across 
each monomer-monomer interface (Fig. 1.6 a,b) (37). The T2Cu centre acts as the active site 
of AniA and directly binds nitrite (NO2-) through its vacant coordination position (Fig. 1.6 b). 
NO2- can be reduced via a Cys-His bridge directly linking the T1Cu site to the T2Cu site, which 
allows for electron transfer from one Cu ion to the next and then to the substrate (Fig. 1.6 b) 
(41). Each monomer of AniA also has an extended C-terminal which allows for inter-subunit 
b-strand complementation between two monomers. This extension is seen in most NirKs that 
have been structurally characterised, and deletion has been shown to reduce the trimer stability 
and enzyme activity of NirKs (41,44–47).  

There are three classes of NirKs, class I, II, and III, with classes I and II being trimers 
containing 2 domains per monomer, and class III being a hexamer containing 3 domains per 
monomer with an extra T1Cu or haem group. AniA is considered part of the class II family of 
NirKs which are almost exclusively found in extremophiles and pathogens (37). Classes I and 
II can be classified based on the electronic properties of the T1Cu site which causes them to 
appear different colours, with class I NirKs absorbing light at ~600 nm and consequently 
appearing more blue, and Class II NirKs showing greater absorbance at ~450 nm compared to 
at ~600 nm, therefore appearing more green. Class II NirKs are more structurally diverse, and 
like AniA, are often membrane-bound (43). The key structural difference between class I and 
II are two shortened loops, namely the linker loop and the tower loop in Class IIs (Fig. 1.6 a). 
This structural difference explains why AniA is a Class II NirK, despite higher absorbance at 
600 nm (Fig. 1.6 c). The shortening of the linker loop, which sits between the two cupredoxin 
domains, may allow for closer association with the membrane and the shortening of the tower 
loop is thought to allow for the interaction with its electron donor (37).  
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Figure 1.6. Structural and biochemical characterisation of AniA. a) Crystal structure of 
AniA ‘Front’ (i) and ‘back’ (ii) with the Cu sites highlighted in yellow and the tower (i) 
(K217-P227) and linker (ii) loops (G199-K205) in red (41). b) The T1Cu (H94, C135, H143, 
M148) and T2Cu (H99,H134,H289*) sites of AniA. c) Absorbance spectrum of the T1Cu site 
of fully Cu-loaded AniA, absorbance peaks at 460 nm and 600 nm. 

1.4 AccA and periplasmic copper metallochaperones  
In N. gonorrhoeae, AniA is thought to be metalated by the periplasmic Cu metallochaperone, 
AccA (14). AccA has found to be essential for AniA activity in vivo, and therefore 
microaerobic growth. In vitro, it has been shown that AccA delivers Cu to both the Type I and 
Type II Cu sites within AniA (30). Like AniA, AccA is regulated by the FNR transcription 
factor in response to low oxygen levels and shows no regulation in response to changes in Cu 
levels (30). AccA consists of a cupredoxin-like fold with an extended finger like domain. The 
primary Cu binding site lies between these two domains and consists of a His-X10-Met-X22-
His-X-Met (Fig. 1.7) (48). AccA also has a His and Met rich C-terminal extension that 
preferentially binds Cu(II), which is thought to be unstructured both with and without Cu (G. 
Luscombe, MRes thesis, 2024) This gives AccA a Cu binding stoichiometry of 2:1. AccA 
also has 4 metal binding ligands surrounding the primary Cu binding site, which increases the 
site’s binding affinity for Cu. This has been termed the Cu-track (Fig 1.7b) (30). 
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Figure 1.7. The copper metallochaperone, AccA a) Draft Crystal structure of AccA from N. 
gonorrhoeae without the C-terminal tail (48). b) the amino acid sequence of AccA with the 
key regions of the protein labelled: the signal peptide (purple), the Cu track (green), the 
primary Cu binding site (red), and the Met and His-rich C-terminal tail (blue).  

AccA is essential for microaerobic growth in N. gonorrhoeae and can metalate AniA under 
Cu-starved conditions. However, upon supplementation with Cu AccA is no longer required 
for microaerobic growth or AniA activity. AccA has no effect on aerobic growth of N. 
gonorrhoeae with a ∆accA strain showing the same growth phenotype as the wild type. This 
suggests that AccA is a specific metallochaperone for AniA (30). In N. gonorrhoeae, any 
mutations to reduce the binding affinity of AccA results in no growth, suggesting relatively 
high binding affinity of AccA to Cu(I) (KD = 2.0 × 10-17 M) is essential for the acquisition of 
Cu within N. gonorrhoeae. The exact mechanism for the metalation of AniA by AccA is not 
fully known, with AccA mutants without the primary Cu binding site, Cu track, and C-
terminal tail still being able to metalate AniA in vitro. This suggests that all of the regions 
identified may play a role, but none are essential. In some PCuAC-family metallochaperones, 
where a C-terminal tail is present, the C-terminal tail has been shown to be the site of Cu 
transfer to its Cu target site, this does not appear to be the case for AccA (49). 

Finger Domain 

Cupredoxin-like fold 

Primary Cu binding site 

b) 

a) 
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AccA is member of the PCuAC-family of Cu metallochaperones proteins, which stands for 
periplasmic CuA chaperone after one of the first characterised PCuAC proteins which 
metalates the CuA site in cytochrome c oxidase in T. thermophilus (12).  All of the 
metallochaperones consist of a cupredoxin-like fold with the finger domain extension, many 
share the His-X10-Met-X22-His-X-Met, but this is not universally conserved (Discussed in 
chapter 5). The C- terminal tail is also not conserved. As well as the CuA site in cytochrome c 
oxidase site both the T1Cu and T2Cu sites in AniA, PCuAC proteins have other targets, 
including Sco like proteins (50) and multiple sites in the pMMO complex (51). Often in the 
metalation of membrane-tethered Sco like proteins, this occurs upstream to CuA and CuB Cu 
centre assembly. Here, PCuAC is not always essential for the final assembly to occur, possibly 
suggesting that the metallochaperones may only be required under Cu starved conditions 
(52).  

In addition to the PCuAC family of metallochaperones, many other families of Cu 
metallochaperones exist in the periplasm across bacterial species. Many of these periplasmic 
Cu chaperones are responsible for Cu efflux and protection against oxidative stress. These 
include CusF and CopG, both thought to load Cu(I) into the CusCBA efflux pathway, with 
CopG either replacing or loading CusF (53). CopG is thought to have dual role as a Cu 
oxidase, protecting against Cu stress by oxidising the more toxic Cu(I) to Cu(II) (53), as well 
as aiding in Cu efflux as a Cu metallochaperone. CueP is a periplasmic Cu chaperone found 
in Salmonella enterica sv. Typhimurium. CueP metalates the Zn-Superoxide dismutase to 
Cu,Zn-superoxide dismutase, preventing build-up of reactive oxygen and nitrogen species as 
well as sequestering Cu. This proteins are often induced by Cu sensors in response to Cu 
intoxication (20)(53).  

1.5 project aims  
Across bacterial species, the presence of both aniA and accA is not conserved. Some species 
in Achromobacter, Alcaligenes and Nitrosomas contain the aniA gene, but not the accA gene. 
Furthermore, across Neisseria species, accA is conserved, but N. shayeganii and N. 
wadsworthi do not contain aniA, which is the case for the majority of the Betaproteobacteria 
species (30). This suggests that the interactions between AccA and AniA may not be 
universally specific. AccA-like proteins may potentially form favourable interactions with 
and metalate other target proteins in other bacterial species. AniA may be able to be metalated 
by other mechanisms and in other species either by forming favourable interactions with 
other metallochaperones or not requiring a metallochaperone at all (30). The face of AniA 
that allows for protein-protein interactions for Cu insertion may be flexible to allow for the 
acquisition of Cu from multiple sources. A NirK from Sinorhizobium meliloti has been shown 
to have a flexible surface for protein-protein interactions with the electron donor, two pseudo 
Azurins (SmPAZ1 and SmPAZ2) both donate electrons to NirK at the same site but form 
different protein-protein interactions with NirK (54). This suggests that the surface of AniA 
may also be innately flexible and therefore, be able to bind other metallochaperones in 
replace of AccA.  

In this project we aim to test this hypothesis by seeing if the favourable interactions between 
AccA and AniA to allow for Cu insertion can be replicated with another metallochaperone 
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that is not present in the N. gonorrhoeae proteome. To do this we have chosen two 
metallochaperones: a structural homologue in PCuAC from Thermus thermophilus and a 
structurally distinct metallochaperone in CueP from Salmonella enterica sv. Typhimurium. 
We aim to test first whether we can replace AccA in N. gonorrhoeae, then determine the 
mechanism to why or why not the metallochaperones cannot metalate AniA, using purified 
proteins. If we determine that the two non-native metallochaperones cannot replace AccA 
this would suggest that AccA is likely a specific metallochaperone for AniA. Therefore, the 
interactions between the two proteins could be targeted in the development of novel 
antimicrobials against the infection of N. gonorrhoeae.  

PCuAC, Thermus thermophilus 
PCuAC from T. thermophilus (hereafter PCuAC) is one of the most structurally similar Cu 
metallochaperones to AccA (Fig. 1.8). PCuAC binds Cu(I) in a 1:1 stoichiometry. PCuAC 
inserts two Cu ions into the CuA site of the ba3 cytochrome c oxidase with the aid of the 
disulphide reductase, Sco1, which is often found in the same operon (12). It is hypothesised 
that Sco1 reduces the disulfide bond in the CuA site, allowing two cysteines to aid in the 
formation of the metal complex via metalation by PCuAC (12). PCuAC binds Cu at the 
primary site via the His-X10-Met-X21-His-X-Met Cu binding motif (Fig. 1.8). PCuAC lacks 
the secondary Cu binding site at the C-terminal tail. Therefore, 1 PCuAC proteins will 
metalate one Cu site. In comparison, one AccA protein could, theoretically, metalate 2 Cu 
sites (30). Therefore, double the amount of PCuAC would be required to metalate AniA 
compared with AccA. PCuAC also does not contain any Cu-track surrounding the primary Cu 
binding site. This could be a contributing reason the lower binding affinity seen for PCuAC to 
Cu(I) (KD = 2.2 x 10-15 M)(12). This binding affinity is lower than AccA variants that cannot 
deliver Cu in N. gonorrhoeae, but can in vitro (30). If this binding affinity is correct, it is 
likely that PCuAC will not be able to acquire Cu in N. gonorrhoeae.  
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Fig. 1.8. Structure of PCuAC from T. thermophilus. The amino acids in the primary Cu site 
are shown as well as the key regions of the protein (PDB ID: 2K70) 

CueP, Salmonella enterica sv. Typhimurium 
CueP is a Cu resistance protein from Salmonella enterica sv. Typhimurium that metalates Zn-
superoxide dismutase to produce the active Cu,Zn-superoxide. CueP contributes to S. 
enterica virulence especially in limited oxygen conditions and is expressed in response to 
increased Cu (13). Apo-CueP is a homo dimer which upon binding of Cu is predicted to form 
a dimer of dimers with two Cu(I) ions at the dimer-dimer interface (55,56). The Cu binding 
sites are predicted to be identical, occurring between the separate monomers of each dimer. 
These Cu sites consist of His94 and Cys104 from each monomer to form a tetrahedral 
complex (Fig.1.9) (56). The binding affinities of the two sites is assumed to be identical with 
femtomolar affinity (KD = 1 x 10-15 M) and it can be metalated by Cu(I) reduced by the 
disulfide reductases ScsB and ScsC (57). CueP shares no structural similarity with AccA, but 
each protein-Cu complex can bind 2 equivalents of Cu, therefore the same number of CueP 
proteins would be required to metalate AniA. CueP also has a binding affinity closer to the 
range seen for AccA and the ∆Cu-track AccA variant, therefore it should be able to acquire 
Cu from the periplasm of N. gonorrhoeae (30).  

 

Figure 1.9. Crystal structure of the apo-CueP dimer with the Cu-binding ligands of each 
monomer labelled (PDB ID: 4GQZ). The structure of the dimer of dimers is unknown.  
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Chapter 2: Materials and methods  
2.1 Bacterial strains and growth methods 
Table 2.1. Reagents for microbial growth. All chemicals were supplied by Melford.  

 

2.1.1 Neisseria gonorrhoeae 
The strain used in this study was Neisseria gonorrhoeae strain 1291 (Lab collection). N. 
gonorrhoeae was propagated on soft GC agar (2:1 Oxoid agar powder to GCBL powder) 
supplemented with Kellogg’s I and II, as described by Dillard (58). Bacteria were incubated 
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for 18-20 hours at 37 ˚C in an air-tight container (Oxoid AnaeroJar 2.5 L) with 5-9% 
atmospheric CO2 (generated by CO2  gas generator sachets, Oxoid). 

N. gonorrhoeae microaerobic cultures (30 mL broth in 50 mL screw-capped tubes) were 
prepared with a starting OD600 value of 0.1 in gonococcal base medium liquid (GCBL) as 
described by Dillard (58). Kellogg’s I and II supplements, and 5 (v/v) % sodium bicarbonate 
were added to the medium immediately before use, along with sodium nitrite to a final 
concentration of 2 mM. The medium was pre-warmed to 37 ˚C before inoculation. The liquid 
cultures were incubated for 8 hours at 37 ˚C without shaking. Sodium nitrite was additionally 
added to a final concentration of 2 mM at t = 5 and 7 hours. OD600 values were taken at t = 0, 
4, 5, 6, 7, and 8 hours. After 8 hours, the liquid cultures were centrifuged (4800 RCF for 5 
min at 4 ˚C in a Hettich Rotina 380 R) and the pellets were resuspended in 1 or 0.5 ml GCBL 
containing 20 (v/v)% glycerol for cultures with a final OD600 value of greater or less than 0.3, 
respectively. The suspensions were stored at -80 ˚C for subsequent biochemical assays.  

N. gonorrhoeae aerobic cultures (15 mL broth in 50 mL screw capped tubes) were prepared 
in parallel to the microaerobic growths to a starting OD600 value of 0.1 in GCBL(58). Liquid 
cultures were incubated at 37 ˚C with continuous shaking in the orbital mode at 200 rpm. 
Sodium nitrite was supplemented to a final concentration of 2 mM at time = 0 hours. OD600 

values were measured every hour of growth. 

2.1.2 Escherichia coli 
Escherichia coli DH5a was used for sub-cloning of all N. gonorrhoeae genetic constructs 
and the propagation of plasmids for the overexpression of both AniA and PCuAC proteins. 
For overexpression of AniA, E. coli BL21(DE3) Rosetta 2 pLySs was used, and for PCuAC, 
E. coli BL21(DE3) Codon(+) was used. E. coli strains were propagated from glycerol stocks 
on LB agar containing the appropriate antibiotics (Table 2.1) and incubating overnight at 37 
˚C. 

2.2 Cloning and generation of constructs 
The sequence of the PCuAC protein was obtained from the genome of Thermus thermophilus, 
the sequence of CueP was obtained from Salmonella enterica sv. Typhrium and the sequence 
for CopG was obtained from E. coli. These constructs were designed by S. Firth and 
synthesised commercially by IDT as gBlockR gene fragments. The sequences for all 
constructs were confirmed using Sanger sequencing at Durham Biosciences Genomics 
Facility. 

2.2.1 Generation of Golden Gate Assembly constructs in N. gonorrhoeae 
All the N. gonorrhoeae mutant strains described in this project were generated by 
homologous recombination of constructs into the wild-type strain of N. gonorrhoeae 1291, 
which is naturally competent in its piliated form. Golden Gate assembly (New England 
Biolabs) was used to generate the genetic constructs. The sections of DNA being assembled 
were: 1000 bp of the 5’-upstream flanking sequence of the accA gene, the non-native 
metallochaperone gene fused to the gene encoding the accA N-terminal leader sequence, a 
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specR cassette encoding spectinomycin resistance (amplified from pCTS32 plasmid), and 
1000 bp of the 3’-downstream flanking sequence of the accA gene.  

The specR gene was directly downstream of the accA gene without its own promoter and it 
was upstream of the accA stop codon. The specR gene was followed by the Neisseria DNA 
uptake sequence GCCGTCTGAA, which allows for the uptake of the construct into the 
gonococci (58). The 5’-upstream and 3’-dpwnstream flanking regions of accA subsequently 
allow for the correct recombination into the genome. 

Firstly, all sections of DNA, except the metallochaperone gene, were amplified by PCR using 
the Q5 DNA polymerase (New England Biolabs) and primers that contained BsaI cleavage 
sites and the appropriate overhangs (Table 2.2). PCR products were subcloned into the SmaI 
site of plasmid pTRB479 (Blower Lab, Durham University), which lacks BsaI cleavage sites, 
before assembly using the NEB® Golden Gate Assembly Kit (BsaI-HF®v2) following the 
manufacturer’s protocol. The desired final assembly was in the order: 5’-upstream > 
metallochaperone > specR > 3’-downstream (Fig. 2.1). This assembly approach was 
ultimately unsuccessful (data not shown).  

 

 

Figure 2.1. Desired genetic construct for insertion into N. gonorrhoeae, where 
metallochaperone = pCuAC, cueP, or copG.  

In the second approach the accA®specR vector was amplified by PCR, removing the accA 
gene (Table 2.2). This vector contains all aspects of the construct required for the 
transformation into the correct position in the genome of N. gonorrhoeae. The 
metallochaperone genes were also amplified by a separate PCR reaction (Table 2.2). All PCR 
products were then assembled using the NEB® Golden Gate Assembly Kit (BsaI-HF®v2) 
following the manufacturers protocol (Fig. 2.1). The assembled plasmids were checked by 
PCR, to verify insertion of the metallochaperone genes. The results showed the correct 
product lengths for pCuAC and copG constructs, and a mixture of two products for cueP. The 
correct product for cueP was obtained by selection after transformation into N. gonorrhoeae 
1291 (Chapter 3.2).  

Transformation of all pCuAC, cueP, and copG -containing plasmids into E. coli DH5α was 
attempted, however this was unsuccessful. Instead, the plasmids were amplified by PCR 
(Table 2.2). The PCR product was sent for Sanger sequencing at Durham Biosciences 
Genomics Facility. These sequencing results showed that the pCuAC and cueP constructs, but 
not copG, were assembled correctly. Therefore, the copG construct was not used in any 
further investigation.  
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To transform into N. gonorrhoeae, the pCuAC and cueP-containing constructs were linearised 
by PCR using primers 5’upstream-F and 3’ downstream-R (Table 2.2). Transformation 
followed the procedure followed by Dillard (58). Briefly, 8 piliated (appear opaque) colonies 
of N. gonorrhoeae were selected and streaked through 10 µl of 1 µg of linearised DNA on 
GC agar plates. The plates were incubated at 37 ˚C for 7 hours and colonies were re-streaked 
onto fresh GC agar plates containing spectinomycin. These new plates were incubated at 37 
˚C for 18 hours. From each transformation, 8 colonies were selected at random, propagated 
on fresh GC agar plates containing spectinomycin, and verified by colony PCR and Sanger 
sequencing. For the cueP transformants, all GC agar plates were supplemented with 10 µM 
Cu (Chapter 3).  

2.2.2 Generation of PCuAC overexpression constructs in E. coli  

Overexpression constructs for Tt-PCuAC were generated by S. Firth using the pCuAC gene 
previously codon optimised for E. coli. The gene was amplified by PCR for Ligation 
Independent Cloning (LIC) using primers PCuAC O/E -F and -R to generate 5’ and 3’ LIC 
overhangs (Table 2.2). The gene was inserted into the StuI site of pSATL vector, which 
created an N-terminal His6-SUMO tag for protein purification. To achieve this insertion, the 
vector and pCuAC gene were incubated with dTTP or dATP, respectively, and T4 DNA 
polymerase (New England Biolabs) to create complementary overhangs. 
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Table 2.2. Primers used in this study with the Bsa1 cleavage sites underlined. 
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Table 2.3. Plasmids generated and used in this study 

 

2.3 Protein Overexpression and Purification 
Table 2.4. Buffers used for protein purification and their recipes 

 

2.3.1 Overexpression and purification of AniA protein  
E. coli BL21:AniA, generated by S. Firth (30), was plated on LB agar containing kanamycin 
and chloramphenicol (Table 2.1) and incubated at 37 ˚C overnight. Cells from the plates were 
resuspended in 10 mL of LB medium, which were then used to inoculate 2 L flasks 
containing 1 L of LB to an OD600 of 0.01 with kanamycin and chloramphenicol then added 
(table 2.1). Cultures were shaken at 200 rpm at 37 ˚C until they reached an OD600 of 0.6. The 
cultures were cooled to 22 ˚C. Protein expression was induced by adding IPTG to a final 
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concentration of 0.1 mM and more kanamycin (Table 2.1) was added to the cultures to 
maintain the selection pressure or the plasmid. The cultures were then shaken for a further 4 
hours. Cells were harvested by centrifugation in an Avanti J26-XP centrifuge with a JLA-
16.250 rotor (5000 rpm, 15 min, 4 °C) (Beckman), resuspended in resuspension buffer (Table 
2.3), lysed by sonication (Amplitde: 40%) using a Q700CA sonicator with 4207 Sonicator 
probe (Q sonica), and finally clarified by centrifugation (21000 rpm, 4 ˚C, 15 minutes) using 
an Avanti J26-XP centrifuge with a JA-25:50 rotor (Beckman). Any remaining insoluble 
debris and aggregates were removed by filtration through 0.45 µm polyethersulfone (PES) 
filter. 

Cell lysates that contained AniA protein were loaded onto a HisTrapTM HP 5 ml column 
(Cytiva). The column was washed with 20 column volumes (C.V.) of His-Trap A buffer or 
until the solution absorbance at 280 nm returned to baseline. The bound protein was eluted 
with 3 C.V. of His-Trap B buffer. Protein-containing fractions were diluted three-fold with 
Q-column A1 buffer to reach an overall NaCl concentration of <50 mM. The diluted sample 
was then loaded onto a HiTrapTM Q HP 5 mL column (Cytiva) and washed with 20 C.V. of 
Q-column A1 buffer to remove any remaining unbound proteins. AniA was then eluted with 
3 C.V. of Q-column B1 buffer. Thrombin (10 U or 5 U per 1 mg of protein; Cytiva) was 
added to the eluted protein and the mixture was incubated overnight (room temperature, 60 
rpm) to remove the His6 tag. The cleaved protein was re-loaded on a HisTrapTM HP 5 ml 
column. The desired, cleaved AniA protein was found in the flow through. The column was 
then washed with 20 C.V. of His-Trap A buffer to remove any weakly bound, cleaved AniA. 
Any uncleaved His6 tagged AniA was eluted with His-Trap B buffer and stored for future 
purification. All fractions containing the cleaved AniA were combined and diluted in Q-
column A1 buffer to a NaCl concentration <50 mM and finally loaded onto a HiTrapTM Q HP 
5 mL column. The column was washed with 20 C.V. of Q-Column A1 buffer then the protein 
was eluted in 1 mL fractions with Q column B buffer and stored at -80 ˚C. 

2.3.2 Overexpression and Purification of PCuAC  
E. coli BL21 codon(+) pSAT1L:PCuAC was grown overnight at 37 ˚C shaking at 200 rpm in 
LB medium containing both ampicillin and chloramphenicol (Table 2.1). The culture medium 
was then used to inoculate 1 L of LB medium in 2 L flasks to an initial OD600 reading of 0.01 
with ampicillin and chloramphenicol added (Table 2.1). The cultures were then grown at 37 
˚C shaking at 200 rpm until an OD600 > 0.4 was reached (3-4 hours). The cultures were cooled 
on ice and protein overexpression was induced by a final concentration of 0.1 mM IPTG. 
More ampicillin was also added to maintain the selection pressure for the plasmid (Table 2.1), 
and the cultures were shaken at room temperature (22 ˚C) for a further 16 hours. The cultures 
were centrifuged (6000 rpm, 4 ˚C, 15 minutes) using an Avanti J26-XP centrifuge with a 
JLA-16.250 rotor. The bacteria were resuspended in the resuspension buffer and lysed by 
sonication (Amplitude: 40%) using a Q7000CA sonicator with the 4207 Sonicator probe. The 
lysed cells were clarified via centrifugation (21000 rpm, 4 ˚C, 15 minutes) using an Avanti 
J26-XP centrifuge with a JA-25:50 rotor. The remaining aggregates and other solid debris 
were removed through filtration with 0.45 µm PES filter. 
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Cell lysates containing His6-SUMO tagged PCuAC were loaded on to a HisTrapTM HP 5 ml 
column. The column was then washed with 20 C.V. of His-Trap A buffer or until the 
absorbance at 280 nm remained constant. The bound His6-SUMO tagged PCuAC was then 
eluted with 3 C.V. of His-trap B buffer. The fractions containing eluted protein were then 
combined and diluted to a NaCl concentration <50 mM and loaded onto a HiTrapTM Q HP 5 
mL column. After washing with 20 C.V. of Q-column A2 buffer, PCuAC was eluted wit 3 
C.V. of Q-column B2 buffer. Fractions containing PCuAC protein were combined and 
incubated overnight with His tagged-hSENP2 SUMO protease (Blower Lab, Durham 
University) at 4 ˚C with shaking at 50 rpm to cleave the His6-SUMO tag. To remove the tag 
and protease, the sample was loaded on to a HisTrapTM HP 5 ml column. The PCuAC protein 
was found in the flow through which was collected. The column was washed with 20 C.V. of 
His-trap A buffer to remove weakly bound PCuAC. Any uncleaved His6-SUMO tagged 
PCuAC was eluted with 3 C.V. of His-trap B buffer and stored for any future purification. The 
flowthrough and His-trap A buffer wash fractions containing PCuAC were combined and 
loaded onto a HiTrapTM Q HP 5 mL column to remove any negatively charged contaminants. 
PCuAC was found in the flow through. The pH of the flowthrough was reduced to 5.9 through 
the addition of solid MOPS free acid. The protein was then loaded onto a HiTrapTM SP HP 5 
ml column (Cytiva). The column was washed with 10 C.V. of SP-column A buffer, which 
resulted in some loss of protein. PCuAC was eluted in 500 µL fractions with SP-column B 
buffer.  

2.3.3 Confirmation of protein via mass spectrometry 
The molecular weights of all purified proteins were confirmed using Time-of-Flight 
Electrospray ionisation mass spectrometry in the positive ion mode at Durham University’s 
Mass Spectrometry service, Department of Chemistry. Protein sequences were also confirmed 
by the Proteomics Facility, Department of Biosciences, Durham University.  

2.4 Calculating rate of nitrite consumption by N. gonorrhoeae  

2.4.1 Calculating nitrite consumption 
Nitrite consumption by intact N. gonorrhoeae cells was measured using Griess reagent 
(Sigma Aldrich) (59). Frozen pellets from microaerobic cultures were thawed on ice and 
resuspended in GCBL. The volume of GCBL used depended on the final OD600 values. The 
ΔaccA/accA+ strain grew to a high OD600 value (> 0.4) and was diluted in 1.5 ml GCBL.  
Other strains were diluted to achieve approximately the same concentration of cells. Two 250 
µl aliquots were taken from the resuspension. The first aliquot was set aside for quantification 
of protein content (described below). The second aliquot was immediately incubated at 37 ˚C. 
After 10 minutes, 200 µL of this suspension was added to 3 µL of 100 mM NaNO2, to reach a 
final nitrite concentration of 1.5 mM and to initiate nitrite consumption. The reaction 
mixtures were sampled at t = 0, 1, 2, 3, 4, 5, 7, and 10 minutes and 5 µL of each were 
immediately diluted 20-fold into a 1:1 mixture of deionised water and Griess reagent. When 
nitrite is added to Griess reagent, the Griess reagent turns pink and absorbs light at 545 nm. 
Therefore, the concentration of nitrite at each time point was determined by comparing the 
absorbance of each sample against a standard curve of nitrite (4, 2, 1, 0.5, 0.25, 0.125, 
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0.0625, and 0 mM) diluted 20-fold in the same 1:1 mixture of deionised water and Griess 
reagent. 

2.4.2 Measurements of protein concentration in cells 

Total amounts of protein in N. gonorrhoeae pellets were determined using the QuantiPro™ 
BCA kit (Sigma) following the manufacturer’s guidelines. The first 250 µL aliquot from 
section 2.4.1 was centrifuged at 16,200 × g for 1 minute and resuspended in 250 µL of 
Phosphate-buffered saline (PBS). The suspension was frozen until further use. When needed, 
the suspension was thawed and serially diluted by 2.5, 5, 10, 20, 40, 80, 160-fold in PBS. 
Each dilution (20 µL) was then added to the Quantipro™ BCA reagent (180 µL) in a flat-
bottomed 96-well microtiter plate, which was wrapped in cling film and incubated at 50 ˚C 
for 2 hours. The absorbance of each sample was measured at 562 nm and compared to a 
standard curve of Bovine Serum Albumin (BSA; 400, 300, 200, 100, 50, 25, 12.5, 0 µg/mL). 

2.4.3 Calculating percentage rate of nitrite consumption vs WT control 

Nitrite concentrations were plotted against time and a linear regression was used to calculate 
the slope and, therefore, the rate of nitrite consumption in µM / min. This rate was then 
normalised to the protein concentration in each sample to generate the concentration of nitrite 
consumed in µmol per min per g of protein.  

2.5 Determining metal concentrations of N. gonorrhoeae strains 
Bacteria were cultured overnight at 37 ˚C on GC agar plates containing CuSO4 (final 
concentrations of 0 µM and 10 µM for all strains or 0, 1, 5, 10, 20, 40, 100 µM for N. 
gonorrhoeae ΔaccA/accA+). Cells were collected and resuspended in PBS.  Half of the 
suspension was pelleted (4800 RCF, 5 min, 4°C) whilst the other half was stored for protein 
concentration determination (Chapter 2.4.2). The pellet was washed with 50 mM EDTA, and 
then digested with nitric acid (45%, 2 hours, 90 °C). The levels of manganese (Mn), iron 
(Fe), Cu, and zinc (Zn) were determined using Inductively coupled plasma mass spectrometry 
(ICP-MS) at the Metallomics Facility, Durham Biosciences. Metal levels were normalised to 
protein concentrations. Cellular metal concentrations were expressed as µmol metal/µg of 
protein.  

2.6 Estimation of metal binding affinity via ligand competition 

2.6.1 Principles of equilibration competition reactions to estimate KD 
An unknown metal binding affinity of a protein can be accurately determined by equilibrium 
competition with spectrophotometric probes with known affinities at a particular pH. This 
process involves measuring the concentration of either the free probe or the metal-bound 
probe at equilibrium.  The binding affinity of the protein can be calculated via mass-balance 
equations. 

To determine the dissociation constant (KD) of a protein, the metal (M) must be able to be 
transferred from the protein (P) via competition with the ligand (L) with a known KD at a 
fixed pH. Where all ligands form complexes with the metal in a 2:1 ratio, competition at 
equilibrium and the exchange constants (Kex) can be described by: 
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(eq. 1) 

                          [ML2][P] 

P + ML2 ⇌ PM + 2L     Kex = ———— = KD(P) β2(ML2) 

                          [L]2[MP] 

Where P = Protein, L = Ligand/Probe, M = Metal, and KD = dissociation constant and β2 = 
conditional accumulated formation constant for ML2, for a specific pH. Where: 

(eq. 2) 

           [ML2] 

β2(ML2) = ———— 

               [M(aq)][L]2 

 

Kex can be measured due to the spectroscopic probes reporting [ML2] and the other 
components can be calculated by mass balance. Both the total concentrations and equilibrium 
concentrations of the probe, protein, and metal can be determined by a competition assay and 
measuring the absorbance of the solution. DynaFit (BioKin) can then be used to fit the data 
and if the binding affinity of the probe is known, then the unknown KD of the studied protein 
can be calculated (60,61). 

2.6.2 Determination of metal and probe concentrations 
Concentrations of stock solutions of CuSO4 were estimated using excess bathocuproine 
disulfonic acid (BCS) as a colorimetric reporter for Cu(I). A master stock was prepared 
containing excess BCS (1 mM) and sodium ascorbate (2 mM) in 50 mM MOPS buffer pH 
7.2. Different serial dilutions of CuSO4 were added to this master mix and left to incubate for 
~1 minute. A UV/Vis spectrophotometer (Genesys®) was then used to measure the 
absorbance at 483 nm of each solution to obtain the concentration of [CuI(BCS)2]3- using the 
Beer-Lambert Law and an extinction coefficient of ε483 = 13000 cm-1 M-1. This reported the 
concentration of CuSO4 in the stock.  

(eq. 3) 

2 BCS + CuI ⇌ CuI(BCS)2 

The concentrations of the colorimetric probes BCS, bicinchonic acid (BCA), and ferrozine 
(Fz) were estimated using the stock of CuSO4 with a known concentration. A master stock 
solution was prepared of the probe (with a presumed concentration of 120 µM), and sodium 
ascorbate (2 mM) in 50 mM MOPS buffer pH 7.2. A serial dilution of CuSO4 was prepared in 
deionised water and 15 µL was added to 135 µL of the master stock solution. The absorbance 
at 483 nm was then measured and the results were plotted against Cu concentration. DynaFit 
(BioKin Ltd) was used to fit the curves to an equation describing the equilibrium of Cu 
binding (eq. 3 as representative for BCS). Each curve showed an abrupt end point 
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corresponding to the concentration at which the probes became saturated which lay between 
2 Cu concentrations. This endpoint was used to determine the stock probe concentrations 
using the Cu:Probe ratio of 1:2. These generated curves were then used for the control curves 
in all protein ligand competition assays.  

Table 2.5. Properties of the colorimetric probes used in this study (60).  

Probe Complex Binding constant: 
β2 (Μ-2)  

Holo λmax 
(nm) 

ε (cm-1 M-1)  

BCS [CuI(BCS)2]3- 6.3 × 1019 483 13000 

BCA [CuI(BCA)2]3- 1.6 × 1017 562 7900 

Fz [CuI(Fz)2]3- 1.3 × 1015 470 4320 

 

2.6.3 Estimation of the Cu(I) binding affinity of PCuAC  
The dissociation constant (KD) of PCuAC was determined by competition with the 
colourimetric probes BCS, BCA, and Fz (Table 2.5). A master stock solution containing the 
probe, PCuAC (40 µM or 20 µM), and sodium ascorbate (2 mM) in 50 mM MOPS buffer pH 
7.2 was prepared. A known concentration of CuSO4 (15 µL) was added to 135 µL of the 
master stock in a 150 µL UVette® (Eppendorf®). The optical spectrum for each solution was 
then recorded between 400 nm and 800 nm. The absorbance at λmax for each probe (Table 2.5) 
was plotted against Cu concentrations. The data were fitted to a curve describing the 
equilibrium between the probe and PCuAC in DynaFit, which was then used to calculate the 
KD value for PCuAC. The BCS competition assay was performed in triplicate, while the BCA 
and Fz competition assays in duplicate.  

2.7 Measuring copper loading into AniA 
To measure the metalation of the T1Cu site of AniA, all Cu loading experiments were 
performed in 50 mM Tris-HCl (pH 7.4, 150 mM NaCl,15 v/v % glycerol). A known 
concentration of CuSO4 or Cu(I)-PCuAC was added to apo-AniA (70 µM) in a 2:1 molar 
ratio. Solution absorbances, either at a fixed wavelength or over the entire visible range were 
measured over time using the Genesys® UV/vis spectrophotometer or Cary 3500 Compact 
UV-Vis spectrophotometer (Agilent).  

To measure the final stoichiometry of AniA, the protein mixture was loaded onto a 1 mL Q-
Column (Cytiva) and washed with Q-column A1. PCuAC was found in the flow through 
while AniA was bound to the column and was eluted with Q-column B1. Protein 
concentrations in the different fractions were determined as above, and the samples were sent 
for ICP-MS analysis at Durham Biosciences Metallomics facility. 

2.8 Estimation of Protein Concentrations  
The protein concentration of both PCuAC and AniA in samples was determined using the 
solution absorbance at 280 nm. The extinction coefficients (ε) were predicted using ExPASy 
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ProtParam based on the amino acid sequences. For AniA it was predicted that ε280 = 24870 
cm-1M-1 while for PCuAC it was ε280 = 8480 cm-1M-1.  

The concentration of PCuAC was also independently determined by quantifying the 
concentration of bound Cu(I), assuming a stoichiometry of 1:1 Cu:PCuAC, as previously 
demonstrated (12). Excess Cu and excess sodium ascorbate were added to PCuAC and 
incubated on ice for 30 minutes. Unbound Cu was removed using a PD-10 desalting column 
(Cytiva). Holo-PCuAC (50 µL) was denatured in 50 mM MOPS pH 7.2 and 6 M guanidine 
hydrochloride (50 µL). Exactly 75 µL of the denatured sample was added to 75 µL of 50 mM 
MOPS pH 7.2 containing excess BCS and 2 mM sodium ascorbate to determine the 
concentration of Cu. BCS should outcompete the denatured PCuAC for Cu(I), therefore the 
total Cu concentration of the sample can be determined using the extinction coefficient for 
[CuI(BCS)2]3- (Table 2.5). Because PCuAC binds Cu in a 1:1 ratio, the concentration of 
PCuAC is the same as that of Cu. This assumes that the metal binding site of PCuAC is 
completely saturated with Cu(I).  

2.9 Mass photometry 
Mass photometry on the Refeyn OneMP instrument (Refeyn) uses light scattering to measure 
mass of molecules in solution. The instrument was calibrated using commercial protein 
marker standards and blanked with 1X PBS buffer. Each protein sample was serially diluted 
to give a final concentration in the 10 nM range. Light scattering was measured for 1 minute 
and compared to the calibration curve. The calculated mass of the protein was plotted against 
the number of counts. The experiments were only performed once and therefore the data is 
preliminary.  
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Chapter 3: The effect of non-native metallochaperones on N. 
gonorrhoeae and AniA 
3.1 The role of non-native metallochaperones in AniA activity in vivo 
N. gonorrhoeae uses a truncated denitrification pathway to grow under limited-O2 conditions 
(Chapter 1.3). These conditions can be generated in vitro by growing N. gonorrhoeae in static 
cultures with the addition of nitrite at regular intervals. The bacterial pellets from these 
growths can then be used to assess nitrite consumption, and therefore activity, of AniA. 
Under these conditions, it has been shown that the metallochaperone AccA is required 
metalation of AniA and therefore AniA activity and N. gonorrhoeae growth. This requirement 
disappears when the media is supplemented with Cu, which negates the need for a 
metallochaperone (30).  

There are three possible variables that affect metalation in vivo: (1) the ability for the 
metallochaperone to form favourable interactions with the target protein; (2) a favourable 
thermodynamic gradient for metal transfer from the metallochaperone to the target; and (3) 
the ability for the metallochaperone to acquire Cu from the cell (16). The first two of these 
can be tested in vitro. However, due to the very specific, but unknown bioavailability of Cu in 
the periplasm of N. gonorrhoeae, the third possibility can only be tested by comparing the 
results from both in vivo and in vitro experiments (discussed later). 

For example, previous work by S. Firth showed that, in vitro, AccA mutant proteins that 
displayed reduced binding affinities for Cu(I), such as ∆Cu-track-AccA and ∆Cu-primary-
AccA (Fig. 1.7 b), can still metalate the T1Cu site of AniA in vitro to a similar extent with 
the wild-type AccA protein (30). However, a N. gonorrhoeae ∆Cu-primary-accA mutant 
strain displayed a complete reduction of growth. This observation suggests that mutant AccA 
proteins can form the favourable interaction with AniA. However, due to their lower binding 
affinity to Cu(I), it was hypothesised that these mutant proteins cannot acquire Cu(I) from the 
buffered periplasmic Cu pool. As a result, Cu(I) cannot then be delivered to AniA.  

3.2 Generating N. gonorrhoeae metallochaperone mutants  
To determine the ability of the non-native metallochaperones, CueP and PCuAC, to metalate 
AniA in N. gonorrhoeae, the soluble domain the AccA protein in N. gonorrhoeae was 
replaced by the soluble domains of CueP and PCuAC to generate the ∆accA/cueP+ and the 
∆accA/pCuAC+ mutant strains, respectively. The transcriptional promotor and terminator and 
the N-terminal leader peptide of accA were left intact so that the non-native 
metallochaperones would be expressed and matured in the same way as AccA. A 
spectinomycin-resistant cassette was inserted immediately downstream of the protein coding 
region as a selection marker.   

The accA+ strain containing the specR gene was used as the isogenic parent control in all 
experiments because it displayed the same growth phenotype as wild-type N. gonorrhoeae 
1291 (30). Conversely, the ∆accA deletion strain containing the specR gene was used as the 
isogenic negative control.  
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Figure 3.1. Visualisation of the constructs for the insertion cueP and pCuAC genes into 
N. gonorrhoeae 1291. The specR cassette directly follows the accA gene. The 5’-upstream 
and 3’-downstream regions flanking the metallochaperone®specR cassette allow for 
homologous recombination, transcription, and translation of the cassette akin to that of the 
wild-type accA gene. The 5’ upstream-forward and 3’ downstream-reverse primers were used 
for amplification from genomic DNA to check correct uptake.  
 
N. gonorrhoeae transformants containing the desired metallochaperone sequence were 
screened on GC agar plates containing spectinomycin. For the ∆accA/pCuAC+ mutants, eight 
colonies were selected and confirmed by colony PCR using the 5’ upstream-forward and 3’ 
downstream-reverse primers (Fig. 3.1, 3.2 a) and Sanger Sequencing. For the ∆accA/cueP+ 
mutants, initially no colonies were obtained suggesting no uptake of the cueP gene. 
Supplementation with 10 µM CuSO4 resulted in growth of colonies, suggesting that an 
increased cellular Cu availability is required for the growth of the ∆accA/cueP+ mutants. 
Uptake of the cueP®specR cassette was identified by colony PCR using the 5’ upstream-
forward and 3’ downstream-reverse primers (Fig. 3.1, 3.2 b) and Sanger Sequencing. The 
observation that the ∆accA/cueP+ mutants only grew on Cu-supplemented plates suggests 
that CueP may impact cellular Cu homeostasis, which will be assessed later in this chapter. 
All future experiments using ∆accA/cueP+ were conducted by preparing bacteria initially on 
GC agar supplemented with 10 µM CuSO4. 

 

Figure 3.2. DNA agarose gel of colony PCR of N. gonorrhoeae ∆accA/pCuAC+ and 
∆accA/cueP+ transformants (a) Colony PCR amplification of pCuAC to 3’-downstream and 
5’-upstream to pCuAC, respectively. (b) Colony PCR amplification of cueP to 3’-downstream 
and 5’-upstream to cueP, respectively. 
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3.3 PCuAC cannot functionally replace AccA in N. gonorrhoeae.  
The ability for PCuAC to metalate AniA was assessed by measuring growth and NO2- 

consumption under microaerobic conditions of two replicate ∆accA/pCuAC+ mutant strains. 
These measurements were compared to both accA+ and ∆accA control strains, which were 
grown and assessed in parallel. It was hypothesised that PCuAC would not metalate AniA. 
Therefore, there would be no growth under microaerobic conditions due to a lack of AniA 
activity.  

As reported previously, the accA+ grew while the ∆accA did not (14,30). As expected, the 
∆accA/pCuAC+ strains did not grow, much like ∆accA (Fig. 3.3a), which is consistent with 
inactive AniA. Supplementation with Cu(II) salt recovered growth in both ∆accA/pCuAC+ 

strains and the ∆accA strain, suggesting a restoration of AniA activity.  

AniA activity in each strain was then assessed by measuring the rate of nitrite consumption. 
The control accA+ strain consumed nitrite, suggesting active AniA, whereas the ∆accA showed 
no consumption, suggesting inactive AniA (Fig. 3.3b). The ∆accA/pCuAC+ strains did not show 
any nitrite consumption either, and therefore no AniA activity (Fig, 3.3b). Addition of Cu(II) 
salt restored nitrite consumption. Therefore, PCuAC cannot functionally replace AccA in the 
metalation of AniA in N. gonorrhoeae since the ∆accA/pCuAC+ strains exhibited the same 
phenotype as ∆accA. The recovery with supplemented Cu suggests that PCuAC does not have 
any other effects on the denitrification pathway and microaerobic growth in N. gonorrhoeae. 
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Figure 3.3. The N. gonorrhoeae ∆accA/pCuAC+ mutant phenocopies the N. gonorrhoeae 
∆accA mutant. a) Growth curves of accA+ (filled circles), ∆accA (filled squares), and 2 
independent ∆accA/pCuAC+ (open circles and open triangles) strains of N. gonorrhoeae 1291 
under microaerobic conditions. Cells were grown in the presence of final concentrations of 0, 
1, 10 µM CuSO4. Data points represent n=3, with the error bars being standard deviation. b) 
Rate of nitrite consumption (in µM per minute per µg of N. gonorrhoeae protein) in pelleted 
cells from cultures in panel (a). Individual data points (n=3) are displayed, along with error 
bars representing standard deviation. 

3.4 CueP cannot functionally replace AccA in N. gonorrhoeae  
As with PCuAC, the ability for CueP to metalate AniA was assessed by measuring growth and 
NO2- consumption under microaerobic conditions. Due to the structure of CueP being 
dissimilar to that of AccA, it was hypothesised that CueP would not be able to metalate AniA. 
However, the previously determined binding affinity of CueP to Cu(I) is more similar to that 
of AccA (57). For reasons previously stated (section 3.2) all strains in this experiment were 
grown overnight on plates supplemented with 10 µM CuSO4. The experiments were 
performed using two replicate ∆accA/cueP+ mutant strains with ΔaccA/accA+ and ΔaccA 
strains as controls.  

As observed in Figure 3.3a, the ΔaccA strain did not grow while the ΔaccA/accA+ strain did. 
As predicted, the ΔaccA/cueP+ strains exhibited no growth (Fig. 3.4a). Upon supplementation 
with Cu(II), growth of the ΔaccA/cueP+ and the ∆accA strains was recovered. In line with the 
microaerobic growths, nitrite consumption is restored in both the ΔaccA/cueP+ and ∆accA 
strains by supplementation with Cu(II) salts. This suggests that CueP cannot metalate AniA in 
N. gonorrhoeae.   
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There is a minor increase in growth and nitrate consumption of the ∆accA/cueP+ and ∆accA 
mutant strains in the CueP experiment compared to the ∆accA/pCuAC + and ∆accA mutant 
strains in the PCuAC experiments. This is seen more prominently in the growth curves of the 
accA+ strains, where the final OD600 reading increases from 0.34 in the PCuAC experiment to 
0.53 in the CueP experiment (Fig. 3.3, Fig. 3.4). This increase in growth is seen across all 
mutant strains, including accA+ and ∆accA. The increases in growth and nitrite consumption 
are likely due to the higher levels of background Cu present in the cells in the CueP 
experiment, due to growth on Cu-supplemented plates, as the increase is seen for the ∆accA 
strains, as well as the ∆accA/cueP+ strains.  

 

Figure 3.4. The N. gonorrhoeae ∆accA/cueP+ mutant phenocopies the N. gonorrhoeae 
∆accA mutant. a) Growth curves of accA+ (filled circles), ∆accA (filled squares), and 2 
independent ∆accA/cueP+ (crossed circles and open squares) strains of N. gonorrhoeae 1291 
under microaerobic conditions. Cells were grown in the presence of final concentrations of 0, 
1, 10 µM CuSO4. Data points represent n=3, with the error bars being standard deviation. b) 
Rate of nitrite consumption (in µM per minute per µg of N. gonorrhoeae protein) in pelleted 
cells from cultures in panel (a). Individual data points (n=3) are displayed, along with error 
bars representing standard deviation. 

3.5 Replacing AccA with PCuAC or CueP did not affect aerobic growth  
The non-native metallochaperones could have an effect outside of the denitrification pathway. 
In its native T. thermophilus, Tt-PCuAC metalates the CuA centre of cytochrome c oxidase 
(12). The Cytochrome c oxidase in N. gonorrhoeae does not have a CuA centre however it 
does contain a CuB centre (35,62). Tt-PCuAC has not been shown to metalate the CuB centre 
which is still present the cytochrome c oxidase of T. thermophilus. However, a PCuAC 
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homologue from Rhodobacter sphaeroides has been shown to aid in the metalation of the 
CuB centre of its cytochrome c oxidase (52). Therefore, PCuAC could affect the metalation of 
the CuB site of the cytochrome c oxidase in N. gonorrhoeae. 

The strains were grown under aerobic conditions to confirm whether the metallochaperones 
had any adverse effects. It was shown that both mutations resulted in no difference in growth 
phenotype compared to the accA+ strains (Fig. 3.5). However, the ∆accA strain did show a 
decreased growth phenotype compared to the other strains (Fig. 3.5). This has not previously 
been seen in similar experiments conducted by other group members (30). 

The reduced growth of the ∆accA strain observed in this study is most likely a result of the 
growth conditions.  The previous studies were conducted with 50 ml media in 250 ml conical 
flasks, compared to 15 ml in 50 ml Falcon tubes here. The smaller surface area exposed to air 

in this experiment will likely lead to less oxygen saturation in the media and therefore a greater 
reliance on the denitrification pathway. Previous work has found that in the experimental set 
up used in previous experiments, the accA, aniA and norB genes essential for denitrification 
are upregulated under these conditions (63). Therefore, under these conditions, N. gonorrhoeae 
likely depends more greatly on the denitrification pathway, as the oxygen saturation is likely 
less under these conditions compared to those in the previous experimental set up. This 
observation that accA+/pCuAC+ and ∆accA/cueP+ strains grew as well as the accA+ strain 
suggests that the non-native metallochaperones may partially compensate for the loss of AccA 
under these partially O2-limiting culture conditions.  

In order to test this hypothesis, the aerobic growths of accA+ strain and the ∆accA strain, 
alongside the two metallochaperone mutant strains, should be repeated under the conditions 
used by S. Firth (30). The upregulation of genes essential for denitrification could also be tested 
under both experimental set ups to compare the oxygen saturation under both sets of conditions.  

 

 

 

 

  

Figure 3.5. Replacing AccA with PCuAC and CueP had no effect on aerobic growth. a) 
Growth of accA+ (filled circles), ∆accA (filled squares), and 2 ∆accA/pCuAC+ (open circles and 
open triangles) strains of N. gonorrhoeae 1291. b) Growth of accA+ (filled circles), ∆accA 
(filled squares), and 2 ∆accA/cueP+ (crossed circles and open squares) strains of N. 
gonorrhoeae 1291. Data points represent n=3 with the error bars being standard deviation.  
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3.6 Supplementation of agar with CuSO4 results in an increase in cellular Cu levels. 
N. gonorrhoeae ∆accA/cueP+ mutant strain required 10 µM CuSO4 for growth. The final 
OD600 value observed of the accA+ and ∆accA strains grown on Cu-supplemented plates was 
greater than those grown without supplementation (Fig. 3.3ai, Fig. 3.4ai). It was hypothesised 
that this increase in growth may be due to initial higher levels of cellular Cu, which may lead 
to some metalation of AniA. ICP-MS was used to measure the cellular Cu levels of the 
metallochaperone transformants (∆accA/pCuAC+ and ∆accA/cueP+), as well as wild-type and 
∆accA strains of N. gonorrhoeae 1291. The background levels of Fe, Mn, and Zn were also 
measured to evaluate the impact of Cu on other metals essential for N. gonorrhoeae growth 
(64). All metal levels were normalised using protein concentrations within each sample. 

The accA+ strain showed a ~2-fold increase in cellular Cu when grown on 10 µM Cu-
supplemented agar plates compared to none supplemented agar plates. The same result was 
seen in all other strains of N. gonorrhoeae (Fig. 3.6a). The Cu concentrations within N. 
gonorrhoeae 1291 ∆accA/accA+ were then measured over a series of Cu concentrations 
supplemented into the agar plates (Fig. 3.6b). The increase in total cellular Cu from 0 µM Cu 
to 10 µM Cu was within the range seen previously and then as the Cu concentration of the 
agar increased, so did cellular Cu (Fig. 3.6b).  The levels of all other metals remained 
constant, suggesting changes in cellular Cu concentration do not affect the levels of other 
metals within N. gonorrhoeae.  

Although we do not know the bioavailability of this Cu, it can be presumed that an increase 
in cellular Cu is responsible for the increase in growth and nitrite consumption. It is likely 
that much of this Cu is localised to the periplasm of N. gonorrhoeae due to homeostatic 
mechanisms keeping cytoplasmic Cu levels and availability low. A higher level of Cu within 
the periplasm likely means that Cu is occupying a weaker binding buffer than under normal 
conditions. This could mean that Cu can be more easily transferred from the buffer into AniA, 
resulting in the increase in growth and nitrite consumption.  
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Figure 3.6. Copper supplementation results in an increase in intracellular copper levels 
in all strains. a) Cu, Fe, Zn, and Mn in accA+, ∆accA, ∆accA/pCuAC+ and ∆accA/cueP+ strains 
of N. gonorrhoeae 1291. Cells were grown on 0 µM or 10 µM CuSO4 -supplemented agar 
plates. Individual data points (n=3) are displayed along with error bars representing standard 
deviation. b) Cu, Fe, Zn, and Mn concentrations in the accA+ strain of N. gonorrhoeae 1291. 
Cells were grown on 0, 1, 5, 10, 20, 40, 80, 160 µM CuSO4-supplemented agar plates. 
Individual data points (n=3) are displayed along with error bars representing standard 
deviation. 

3.7 Discussion: neither PCuAC nor CueP support microaerobic growth in the presence 
of nitrite 
Neither the N. gonorrhoeae ∆acca/pCuAC+ strain nor the N. gonorrhoeae ∆accA/cueP+ strain 
showed any growth or AniA activity under microaerobic conditions, in line with the 
phenotype displayed by N. gonorrhoeae ∆accA. This suggests that neither PCuAC nor CueP 
can metalate AniA in N. gonorrhoeae. At this stage, there are three potential reasons to why 
these non-native metallochaperones cannot metalate AniA which are based on the process 
being both thermodynamically and kinetically favourable. For a favourable thermodynamic 
reaction to occur, the Cu ion must move from a site of weaker Cu binding affinity (a higher 
free energy) to a site of stronger binding affinity (a lower free energy) (Fig. 3.7 bii) (29). To 
be kinetically favourable, the transition state formed between the donor and acceptor must 
have a relatively low free energy (Fig. 3.7 biii). This occurs when the metallochaperone, Cu, 
and the target protein form a transient ternary complex (65). 

The first of the three potential reasons why the non-native metallochaperones cannot metalate 
AniA is that the non-native metallochaperones cannot acquire Cu from the periplasmic Cu 
buffer (Fig. 3.7bi). There is no known or predicted periplasmic Cu sensor in N. gonorrhoeae. 
Therefore, the Cu availability within the periplasm is not known, nor can it be predicted (16). 
However, it must be that buffered Cu within the periplasm has a similar free energy of 
metalation to AccA, because AccA can access this Cu pool and transfer it to AniA.  
Consistent with this proposal, a N. gonorrhoeae mutant ∆Cu-track AccA variant, which has a 
KD value between 7.0 x 10-16 M and 8.6 x 10-15 M (~30 to 370-fold weaker than AccA), was 
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able to partially restore AniA activity in N. gonorrhoeae. On the other hand, mutants 
expressing AccA variants with even weaker binding affinity than the ∆Cu-track AccA variant 
failed to grow (30). Therefore, the much lower KD of PCuAC stated in the literature (KD = 2.2 
X 10-13 M (12)) suggests that PCuAC will not acquire Cu from the periplasmic buffer. CueP, 
on the other hand has a binding affinity (KD = 1 X 10-15 M (57)) more similar to that of the 
∆Cu-track AccA. Therefore, it likely can acquire Cu form the periplasmic buffer, at least 
partially.  

The other two hypotheses relate to the intermolecular interactions between the 
metallochaperone and AniA. Firstly, the Cu ion must travel down a favourable 
thermodynamic gradient from a site of higher free energy (weaker binding affinity) to a site 
of lower free energy (stronger binding affinity) (Fig. 3.7 bii). Due to both PCuAC and CueP 
having calculated KD values greater than that of AccA, it is likely that both metallochaperones 
would set up a favourable thermodynamic gradient for the delivery of Cu Thus, the more 
likely reason that metalation does not occur is that the metallochaperones cannot form the 
favourable interactions with AniA in order to form a transient complex. This lack of 
favourable interactions would mean the free energy of the transient complex would be too 
high to be viable. PCuAC and AccA have similar overall structures. However, the specificities 
of the structures and the individual amino acids likely required for metalation differ, as well 
as the charged surface and topology of the two proteins (discussed in chapter 5). It has been 
shown that structurally similar proteins with different charged surfaces cannot form 
favourable complexes with the other’s target protein (66). As for CueP and AccA, there is no 
similarity in structures or amino acid sequence. Therefore, this complete lack of conservation 
strengthens the hypothesis that CueP will not interact with AniA. 

One caveat to these experiments is that it is unknown whether the nonnative PCuAC and CueP 
metallochaperones are correctly exported to and folded in the periplasm, or, whether the 
metallochaperones are subsequently broken down. Data obtained by qPCR after this study was 
completed suggested that the metallochaperones are correctly expressed within N. gonorrhoeae 
in line with how AccA would be (K. Djoko). However, no work has been conducted to confirm 
that the metallochaperones are present and stable in the periplasm, although Fig. 3.5 suggests 
a different phenotype to the ΔaccA strain. Further work by tagging the metallochaperone and 
detecting by western blot could be used to determine whether the stable metallochaperones 
exist within the periplasm of N. gonorrhoeae (67). 

 



 

35 
 

 

Figure 3.7. The pathways of metal insertion into AniA a) AccA can acquire Cu ions from 
the periplasm and deliver the Cu ions to the Cu sites of AniA. It is not known whether PCuAC 
and CueP can acquire Cu from the periplasmic buffer, or if it cannot deliver the Cu ions to the 
Cu sites within AniA. b) general energy model of insertion of Cu into AniA. The relative 
energy of the buffer (B), metallochaperones (M) and AniA. The curved arrows show the 
direction of Cu transfer and the double headed arrows either represent the change in free 
energy between sites (∆G0) or the activation energy for transfer (∆G‡). (i) A metallochaperone 
unable to acquire Cu from the periplasmic buffer; (ii) a metallochaperone with too strong a 
binding affinity (too high KD) to metalate AniA, and (iii) a metallochaperone that cannot form 
favourable interactions with AniA. Green = metalation occurs, Red = metalation will not 
occur.   

  

a) 

b) (i) (ii) (iii) 
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Chapter 4: Biochemical analysis of PCuAC and AniA 
Chapter 3 suggests that two different non-native metallochaperones cannot metalate AniA in 
N. gonorrhoeae. From these in vivo experiments, it can be predicted that either the non-native 
metallochaperones cannot form favourable interactions with AniA to transfer Cu, or that they 
cannot acquire Cu from the buffered Cu pool within the periplasm of N. gonorrhoeae. 
Biochemical analysis of purified metallochaperones can provide an insight into which 
prediction would be more likely. Since PCuAC is a homologue of AccA, it was chosen instead 
of CueP, which has little similarity in sequence or structure to AccA. If purified PCuAC 
cannot metalate purified AniA, then it is likely that PCuAC cannot form favourable 
interactions with AniA. However, if purified PCuAC can metalate purified AniA, it is likely 
that PCuAC cannot acquire Cu within the periplasm of N. gonorrhoeae and therefore cannot 
deliver Cu to AniA. 

4.1 Protein purification 

4.1.1 PCuAC  
PCuAC is a homologue of AccA. However, PCuAC does not have the Met and His-rich C-
terminal tail that was used in the purification of AccA to bind to a His-trap column. 
Therefore, the purification strategy for PCuAC followed that employed by S. Firth (30) for the 
purification of ΔC-terminal tail variant of AccA. 

PCuAC was overexpressed with a His6-SUMO tag that bound to Nickel in a HisTrapÔ 
column and gave the tagged PCuAC a theoretical pI of 7.8. Therefore, the protein would stick 
to a His-trap column followed by the positively charged anionic exchange Q column at pH 
8.0 due to the protein being negatively charged at this pH. The His6-SUMO tag was then 
cleaved by hSENP2 (Blower lab, Durham University). This produced untagged PCuAC 
protein with a theoretical pI of 9.05. This allowed untagged, positively charged PCuAC to 
flow through a Q column at pH 8. The pH was then reduced and PCuAC stuck to a negatively 
charged cationic exchange SP column, as the protein is positively charged at pH 6.0. This 
produced the pure PCuAC protein. The purified PCuAC protein migrated on an SDS-PAGE 
gel as three bands, suggesting three distinct proteins (Fig. 4.1 a). To separate and identify 
these proteins, the sample was loaded on to a size exclusion column. Interestingly, the protein 
eluted from the column as a single, sharp peak (Fig. 4.1 bi). Based on the calibration table for 
this column (Cytiva), the mass of the protein was roughly 13 KDa, which is expected for 
PCuAC (exact size = 13295 Da). The protein peak was re-analysed by SDS-PAGE gels and 
three bands were still present, but, this time, the high molecular weight bands appeared to be 
concentration-dependent (Fig. 4.1 bii).  All three bands were confirmed to be PCuAC by ESI+ 
Mass Spectrometry and proteomics, suggesting that the higher molecular weight bands are 
aggregates formed during the denaturing of the protein. 
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Figure 4.1. Purification of PCuAC a) SDS-PAGE gel of purified PCuAC after elution off the 
SP column in the initial purification. b) Elution of PCuAC from SEC showing the 
chromatogram with A280 (blue) and A260 (purple) (i) and SDS-PAGE gel of PCuAC pre-load 
and elution (ii). Each gel lane was labelled with their corresponding elution fraction from 
SEC (ii).  

4.1.2 AniA  
AniA was overexpressed and purified using the method developed by S. Firth (30) and 
adapted from Boulanger and Murphy (37). A His6-tag was attached to the C-terminal of the 
protein. The His6-tag was cleaved by thrombin and removed. The resulting un-tagged AniA 
showed the correct expected mass of 35015 Da. However, the mass spectrum also showed a 
second peak at 33170 Da. This suggests that AniA has been cleaved at a secondary site 
resulting in a truncated product. The two AniA proteins cannot be separated by size exclusion 
chromatography due to their similar sizes (Fig. 4.2 a). To suppress the undesirable secondary 
product, cleavage was performed with half the amount of thrombin. This approach resulted in 
a lower yield of protein, but importantly, only the full length 35015 Da protein was present 
(Fig. 4.2 b). 
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Figure 4.2. Purification of AniA a) Size exclusion chromatography purification of AniA: 
chromatogram of AniA elution (i), SDS-PAGE gel of SEC purified AniA showing the sample 
before loading and the elution in fraction B4 (ii). b) SDS-PAGE Gel from subsequent 
purification of AniA using half the recommended amount of thrombin.  

4.2 PCuAC binding affinity to Cu(I). 
The binding affinity of PCuAC to Cu(I) was previously determined to be KD = 2.2 × 10-13 M 
(12). This affinity of PCuAC is 10000-fold weaker than the that of AccA which has been 
determined to be KD = 2.0 × 10-17 M (30). Due to this difference, while AccA can acquire 
Cu(I) from the periplasm of N. gonorrhoeae, it is possible that PCuAC cannot (Fig. 3.3 bi). 
However given the similarities in the structures of the two proteins and the conserved Cu 
binding site ligands, the reason for this large difference in binding affinities is unclear. 
Binding affinity depends on the pH and buffer used, as well as the experimental procedure, 
which could therefore result in different values (60). A closer look at the methods used by 
Abriata et al. (12) revealed that PCuAC was competed with DTT for binding Cu(I). A KD 
value of 6.3 × 10-12 M was used for DTT at pH 7.4. However, more recent studies determined 
a higher binding affinity, namely KD = 2.5 × 10-15 for DTT (68). This new affinity is 3 orders 
of magnitude tighter than previously thought. Therefore, the affinity of Cu(I) for PCuAC is 
likely underestimated. To directly compare the binding affinity of PCuAC and AccA, the KD 

of PCuAC needs to be determined under the same conditions as used for AccA and using the 
same experimental set up (30). 

To re-examine the binding affinity of PCuAC for Cu(I), three colorimetric probes with known, 
but varying, binding affinities to Cu(I) were used in ligand exchange competition assays. The 
three probes all bind Cu(I) with a 2:1 ratio ([CuIL2]3-). These probes were ferrozine (Fz), 
bicinchoninic acid (BCA), and bathocuproine disulfonic acid (BCS) (Table 2.5). Adding 
CuSO4 in the presence of ascorbate as a reductant resulted in a linear increase in absorbance 
up to the point of saturation, which occurred at ½ of the ligand concentration as expected 
(Fig. 4.3 aii, bii, and cii). This titration gave the control curves for each experiment.  

a b) (i) (ii) 
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For the initial competition assays with Fz and BCA, Cu was titrated into a mixture containing 
the probe and 20 µM PCuAC. Solution absorbances were measured (Fig. 4.3 bi, ci). A 
competition curve was plotted, using the absorbance maxima at each Cu(I) concentration 
(Fig. 4.3 bii, cii). Solution absorbances did not increase until the added Cu concentration 
surpassed 20 µM, suggesting that PCuAC outcompeted both probes. At Cu concentrations 
higher than 20 µM Cu, the Fz and BCA competition curves displayed the same gradients as 
the control curves, suggesting that there are no extra binding sites for Cu(I) in PCuAC that 
could compete with Fz or BCA.  The competition curve plateaued at 20 µM higher Cu 
concentration than the control curves, accounting for the addition of PCuAC. These data 
suggest a relatively strong binding affinity of PCuAC (KD < 10-15 M). The flat line until 20 
µM Cu also suggests that PCuAC binds Cu with a 1:1 stoichiometry as expected.  

Titrating Cu into a mixture of 100 µM apo-BCS and 40 µM apo-PCuAC resulted in an 
increase at absorbance at all concentrations of Cu (Fig. 4.3 ci). The absorbance at 483 nm for 
each Cu(I) concentration was plotted and compared to that of the control curve containing no 
apo-PCuAC (Fig. 4.3 cii). The competition curve showed a shift with saturation occurring at 
82 µM Cu, as opposed to 50 µM for the control curve, indicating that BCS and PCuAC 
directly competed for Cu(I). The competition curve was fitted to an equilibrium model with 
one PCuAC Cu(I) binding site using DynaFit®. This yielded a KD value of 5.7 × 10-17 M (± 
2.2 × 10-17 M), similar to that of the primary Cu(I) binding site of AccA (KD = 2.0 × 10-17 M 
(30)). Curves with binding affinities 10× stronger and 10× weaker were simulated (Fig. 4.3 
cii). The curve generated from the data clearly sits between the two simulated curves, 
increasing confidence in our estimate.  
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Figure 4.3. PCuAC competes with BCS for Cu(I). i) Absorption spectra of a Cu(I) titration 
into PCuAC (for Fz and BCA: [PCuAC] = 20 µM, and for BCS: [PCuAC] = 40 µM) and 
spectroscopic probe (a) Fz: 120 µM, b) BCA: 93 µM, and c) BCS: 94 µM,). ii) Ligand 
competition titration of the spectroscopic probe (a) Fz, (b) BCA, and (c) BCS, PCuAC and 
Cu(I), measured by the ratio of apo-probe to total probe calculated using the know extinction 
coefficients at the absorbance maxima (Fz: 470 nm, BCA: 562 nm, and BCS: 483 nm. All 
experiments were conducted in 50 mM MOPS pH 7.2.  

4.3 Copper transfer from PCuAC to AniA 
Based on the binding affinity of PCuAC, which is similar to that of AccA, it can be speculated 
that PCuAC can acquire Cu(I) from the periplasmic Cu(I) buffer of N. gonorrhoeae. 
Therefore, the likely hypothesis for the growth defect observed in the ∆accA/pCuAC+ mutant 
is that PCuAC cannot transfer its bound Cu to AniA. This is likely due to a lack of favourable 
protein-protein interactions. To test this hypothesis, Cu transfer was assessed between 
purified AniA and PCuAC proteins in vitro. The T1Cu centre of AniA is spectroscopically 
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active, absorbing light in the UV/vis region with peaks at 460 nm and 600 nm (37). The T2Cu 
site is spectroscopically silent and does not interfere with measurements conducted. Adding 2 
molar equivalents of CuSO4 to 70 µM of purified AniA increased the absorbances at both 460 
nm and 600 nm. The increase was initially rapid and then plateaued over time (Fig. 4.4 ai and 
c). The final scan of the protein after 3 hours showed the major peak at 600 nm and a smaller 
peak at 460 nm, characteristic of AniA  

To determine if PCuAC can metalate AniA, 2 molar equivalents of Cu(I)-PCuAC were added 
to apo-AniA solution, as AniA has 2 Cu binding sites whereas PCuAC only has one. The 
results showed a minimal increase in absorbance. The rate of absorbance increase by PCuAC 
was 28× slower than that of CuSO4 (Fig. 4.4 aii and c). This suggests that PCuAC cannot 
metalate AniA in vitro, likely because it does not form favourable interactions with AniA. 
When compared to Cu(I)Cu(II)-AccA, the rate of metalation by PCuAC was approximately 
15× slower.  

No method was used to assess the rate of metalation into the T2Cu site of AniA, which is 
spectroscopically silent. The PCuAC loading experiments were performed with Cu(I) whereas 
the CuSO4 loading experiments were conducted with Cu(II). The T1Cu centre is only 
spectroscopically active if Cu(II) is bound and not Cu(I). We assumed that any Cu(I) 
transferred to AniA would be oxidised to Cu(II) since the experiment was exposed to air. 
However, we could not be sure that this was the case. Therefore, to determine whether any 
Cu (either Cu(I) or Cu(II)) was in fact transferred to AniA, the Cu content of each protein 
must be measured. The two proteins were first separated using HiTrap Q column, which 
binds negatively charged species. PCuAC (theoretical pI: 9.05), was found in the flow 
through, while AniA (theoretical pI: 5.33) was eluted using salt. The concentration of Cu in 
each protein fraction was then measured by ICP-MS. After three hours, an average of 0.64 
equivalents of Cu remained per PCuAC and an average of 0.14 equivalents of Cu in AniA 
(Fig. 4.4 c). This small increase in Cu equivalents in the AniA sample supports the proposal 
that only a small amount of Cu is transferred from PCuAC to AniA, in line with the small 
increase in absorbance shown in figures 4.3 b and c. However, this only accounts for 1.42 
equivalents of the original Cu added, which should be 2.0. This suggests that either some Cu 
has been lost in the separation process, which could occur during the washing of AniA before 
elution. The more likely outcome is that either the protein or Cu concentration was incorrect. 
Cu(I) interferes with A280 in PCuAC. Therefore, the concentration of PCuAC could have been 
overestimated. Alternatively the high levels of NaCl could interfere with the ICP-MS 
readings for Cu (69). In future experiments, the protein concentrations should be calculated 
using BCA assays to avoid interference in the A280 values. To check if Cu is lost, the exact 
volumes of each sample containing protein should be measured to account for the exact 
amount of Cu both before and after. 

These experimental results confirm that purified Cu(I)-PCuAC did not metalate the T1Cu site 
in purified AniA. AccA can metalate AniA in vitro (30), therefore it must form favourable 
interactions and provide a favourable thermodynamic gradient for the transfer of Cu from its 
primary Cu site to the Cu sites in AniA. Based on the comparable binding affinities of AccA 
and PCuAC, it is likely that the thermodynamic gradient the Cu centre in PCuAC to the Cu 
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sites in AniA is favourable. Therefore, this supports the hypothesis that PCuAC and AniA 
cannot form the favourable interactions and therefore form the transient complex required to 
allow for Cu to be transferred.  

 

 

Figure 4.4. PCuAC cannot transfer Cu to AniA in vitro. a) UV-Vis spectra of the T1Cu 
centre of 70 µM AniA over time upon addition of 2 equivalents of CuSO4 (i), and 2 
equivalents of Cu(I)-PCuAC (ii). Grey lines represent T = 0 and the experiment end point. 
The time points represent T = 1 minute for (ai) and T= 5 minutes for (bii). (aii) is 
representative spectrum of two independent repeats. b) The absorbance of the T1Cu centre of 
AniA, at 600 nm in the presence of 2 molar equivalents CuSO4 (black) and 2 molar 
equivalents Cu(I)-PCuAC (grey) over 120 minutes from the spectra of (a). Experiments were 
performed in duplicate. c) Percentage metalation of metal binding sites of PCuAC and AniA 
before and after the reaction time course. Experiments were performed in duplicate. All 
kinetic experiments were performed in 50 mM Tris buffer pH 7.4, 150 mM NaCl, and 20% 
glycerol.  

4.4 Copper induces the trimerization of AniA over time 
Purified holo-AniA protein exists as a homotrimer containing six Cu ions, with the T2Cu 
centres sitting at the monomer-monomer interfaces with ligands from both. As it is thought 
that apo-AniA exists as a monomer (30), it was speculated that Cu insertion at monomer-
monomer T2Cu sites may be essential for trimer formation. To verify these previous 
observations, both apo- and holo-AniA were analysed by mass photometry. For holo-AniA, a 
mass of 103 kDa was measured (Fig. 4.5a), which is consistent with the presence of a 
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homotrimer of a mass of 105 kDa. For apo-AniA, the buffer signal obscured the protein 
signal at 30 kDa, meaning that the mass of apo-AniA could not be determined. However, the 
lack of the peak at 105 kDa suggests an absence of trimer, consistent with the previous work.  

After confirming that holo-AniA exists as a trimer and apo-AniA does not, we tested whether 
trimerization could be measured over time. A rough experiment was conducted where the 
mass of AniA solution was measured upon the addition of 3 molar equivalents of CuSO4.  The 
presence of a peak at 103 KDa was measured before, immediately after, and an hour after the 
addition of Cu. This showed that the amount of trimer increased over time, but only a small 
amount was detected (Fig. 4.5b). There was no standard peak to compare the size of the 
trimer peak to, nor could the area under the peak be calculated. Therefore, the exact amount 
of trimer could not be quantified. Refinement of this experiment would have to be conducted 
to obtain data to determine the rate of trimerization of AniA. This would include using a 
buffer which does not cause interference at lower molecular weights, so that the monomer 
could be visualised. Also, using a protein standard of known concentration, could be used to 
normalise the size of each AniA peak for each reading. The experiment would also have to be 
conducted at regular time intervals.  

What we can tell from this preliminary data is that the addition of Cu(II) ions induces 
trimerization of AniA. The roles of the T1Cu and T2Cu centres in trimerization are not 
known. However, both ∆T1Cu and ∆T2Cu AniA show some trimerization in the holo form, 
however this is not complete, suggesting a less stable complex (30). This suggests that the 
Cu-protein bonds of the T2Cu centre are not essential for trimerization of AniA but may aid 
in its formation and stability once formed. It was hypothesised that binding of Cu ions to 
T1Cu site results in a conformational change elsewhere in the monomer, which subsequently 
allow for favourable intermolecular interactions between the monomers to form a trimer(70). 
Therefore, it may be that metalation of both sites individually aid in trimerization, but 
metalation of both sites in wild-type AniA allow for a fully stable trimer to occur. 

 

Figure 4.5. Holo-AccA but not apo-AniA exists as a trimer. Refeyn mass photometry data 
of (a) apo- and holo- AniA (b) time course experiment of the addition of excess CuSO4. 
Measurements were conducted in 1X PBS with AniA in the 10-8 M range.  

a) b) 

Mass [KDa] 
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4.5 Discussion 

4.5.1 Tt-PCuAC has a similar binding affinity to AccA  
The newly calculated KD of Tt-PCuAC (KD = 5.7 × 10-17 M) suggests that its binding affinity 
to Cu(I) is comparable to AccA (KD = 2.0 × 10-17 M), as well as other PCuAC homologues 
from Streptomyces lividans (KD: 2 × 10-16 M (71)) and Bradyrhizobium japonicum (KD: ≤ 1× 
10-16 M (72)). This finding was expected, based on the shared HXnMX21/22HXM binding 
motif and overall structural homogeneity between the PCuAC-family metallochaperones. 
Unlike AccA, PCuAC does not contain a Cu track, which is suggested to increase the binding 
affinity of the primary site to Cu(I) (30). Therefore, the KD of PCuAC to Cu(I) was predicted 
to be more similar to that of the ΔCu-track AccA mutant, which was calculated with BCS and 
BCA to give 7.0 x 10-16 M and 8.6 x 10-15 M, respectively. However, the value for BCS, 
which was used to calculate the KD for PCuAC, is within the range seen for other PCuAC 
proteins. Therefore, the Cu track may play a less important role in Cu binding than previously 
thought.  

This newly determined KD(CuI) value for PCuAC is in the same range as that of AccA, which 
suggests that PCuAC should be able to acquire Cu in the periplasm of N. gonorrhoeae, whilst 
also allowing for a favourable thermodynamic gradient for the transfer of Cu to AniA. 
Therefore, as two of the three criteria for Cu loading in vivo are met, this suggests that AniA 
and PCuAC cannot form transient complexes to allow for the delivery of Cu to AniA.   

4.5.2 AccA-AniA is a specific metallochaperone-target protein pair 
Despite the similar structures of AccA and Tt-PCuAC (discussed in chapter 5), PCuAC was 
unable to metalate either Cu site in AniA in vitro. Therefore, it is likely that no other 
structurally distinct metallochaperone, like CueP, will be able to metalate AniA.  

One major difference between Tt-PCuAC and AccA is that Tt-PCuAC does not have a C-
terminal tail. Therefore, it only binds one molar equivalent of Cu as Cu(I). The AccA mutant 
most similar to that of PCuAC is the ∆C-terminal tail AccA mutant that lacks the C-terminal 
tail domain and only binds one equivalent of Cu. Cu(II)-∆C-terminal AccA metalated AniA at 
a slower rate than the wt-AccA and other AccA variants tested (30), but still at a higher rate 
than that of Cu(I)-PCuAC to AniA. Cu(I) was used for the PCuAC loading experiments, and 
although the Cu(I)-∆C-terminal AccA experiments are yet to be performed, Cu(I)-∆C-terminal 
AccA will likely still metalate AniA at a higher rate.  

Performing metalation studies with both of the proteins loaded with Cu(I) instead of Cu(II) 
would provide greater context for the role of the overall structure in the metalation of AniA. 
Future work could also be conducted using another protein from the PCuAC family which 
contains a C-terminal tail such as PCuC from Bradyrhizobium japonicum(72). 
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Chapter 5: Conclusions and future work 
5.1 AccA is a specific metallochaperone for AniA 
The key finding from this work is that PCuAC cannot functionally replace AccA in the 
metalation of AniA. Therefore, it is likely that AccA is a specific metallochaperone for AniA. 
This is likely due to the requirement for specific interactions between amino acids of AccA 
and AniA that cannot occur between PCuAC and AniA. Despite the overall structures of the 
two proteins being very similar, their amino acid sequences only share a 34% similarity. This 
difference may account for their different protein targets, which are AniA for AccA and 
cytochrome c oxidase for PCuAC. Structural alignment of the backbones of AccA and PCuAC 
(Fig. 5.1 a) shows that both proteins share the highly conserved cupredoxin-like fold, which 
is responsible for Cu binding (73). The spatial orientation of the conserved Cu(I) binding site 
is near identical (Fig 5.1. b). 

It has been established that Cu must be delivered via a transient complex involving ligands 
from both the metallochaperone and target protein (74).  Therefore, the regions either side of 
the primary Cu binding site of both AccA and PCuAC are likely involved in interactions with 
their target proteins. Comparing AccA and PCuAC, these regions share little identity, leading 
to distinct surface topology and surface charge distribution (Fig 5.1). AccA must form the 
correct interactions with AniA for complex formation. Therefore, AccA likely has key amino 
acids that pair with key amino acids in AniA to allow for docking to occur. AccA has a large 
positive region below the primary Cu binding site surrounding Arg30, as well as distinct 
charges on the end of the cupredoxin-like fold comprising of Glu34 and Lys114. The same 
end of the cupredoxin-like fold is also much bulkier than that of PCuAC. The loop on AccA 
consists of 9 amino acids, with the four protruding being Val, Glu, Gly, and Met. In 
comparison, the same loop in PCuAC consists of 7 amino acids, with the four most prominent 
being Pro, Gly, and Pro. Therefore, it is unlikely that this region of PCuAC would be able to 
dock with AniA. PCuAC also has a much longer finger domain with distinct positively and 
negatively charged regions seen in front on view (Fig. 5.2 b) which are in an opposite 
orientation in AccA (Fig. 5.2 a). Therefore, steric and electrostatic hindrance likely occurs 
between AniA and PCuAC. In comparison, the charges on AccA likely allow for specific salt 
bridges to form with AniA and the overall topology of AccA will likely allow for 
complementary docking. In PCuAC, the lack of/difference in charge at a set location would 
likely prevent the correct electrostatic interactions from occurring. The difference in overall 
topology between PCuAC and AccA may prevent complementary docking or cause steric 
hindrance between PCuAC and AniA, causing repulsion between the two proteins. Previous 
work has shown no metal transfer occurs between metallochaperones with identical folding, 
but distinct charged faces due to unfavourable electrostatic interactions (66)( Chapter 1.2.3). 
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Figure 5.1: Structural alignment of AccA and PCuAC. a) structural alignment of AccA 
(orange) and PCuAC (magenta) with conserved (blue) and similar (Cyan) amino acids within 
2 Å. b) Primary Cu binding sites showing the side chains of the Cu binding ligands. AccA: 
Draft Structure(48), PCuAC PDB ID: 2K70 (12).  

 

Figure 5.2. Surface charge distribution of AccA and PCuAC, showing the front on and 
side view of AccA (a) and PCuAC (b), highlighting the region surrounding the primary Cu 
binding site with negative (red) and positive (blue) charges. AccA: Draft Structure (48), 
PCuAC PDB ID: 2K70 

PCuAC AccA a) b) 

a) b) 
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The exact interactions that occur between AccA and AniA during metal transfer are currently 
not known. On top of this, the mechanism of ligand exchange is also unknown. AccA 
coordinates Cu(I) with 4 ligands and has a full coordination sphere. In contrast, more 
classical, cytoplasmic Cu-binding metallochaperones have at least one empty coordination 
site, allowing for associative ligand exchange to occur with the target (Fig. 1.4 a) (28). 
Another periplasmic Cu metallochaperone, CusF from E. coli, which transfers Cu(I) to the 
Cu(I)-effluxing CusABC transporter, also coordinates Cu(I) with a full coordination sphere. 
Molecular dynamics simulations have shown that during the interactions between CusCBA 
and CusF, the cation-π bond between Trp and Cu(I) is broken via a conformational change, 
which then allows for associative ligand exchange to occur (75). Similarly, CopC from 
Pseudomonas syringae has been crystallised with bound Cu(I) and Cu(II) with either 
complete or incomplete coordination of the Cu ions depending on the pH. This suggests that 
the a ligand may dissociate to allow for associative ligand exchange to occur when CopC is in 
contact with its target protein (76).  

To explain how AccA delivers Cu(I) to AniA with a full coordination sphere, we proposed the 
following model (Fig. 5.3). AccA has a low KD value for Cu, therefore it can acquire Cu from 
the buffer even under Cu starvation. The finger-domain of AccA is potentially flexible. This 
allows the interaction with AniA to trigger a conformational change, “pushing” the finger 
domain away from the Cu binding site. This would overcome the energy barrier for 
dissociation of either one or both of the Cu-Smet bonds. The lack of a full coordination sphere 
would then allow for associative ligand exchange to occur as seen in Fig. 1.4 (a). The Cu 
binding site consisting of only three (or less) ligands will have a weaker binding affinity than 
the Cu binding site consisting of the complete set of four ligands and would allow for Cu to 
be transferred down a thermodynamic gradient to AniA. Therefore, this could mean AccA 
could have a stronger affinity to Cu(I) than AniA, and thus explain why AniA cannot acquire 
copper without the aid of AccA under conditions of Cu starvation (Fig. 5.3. b). Once AccA 
transfers this Cu to AniA, Cu is likely trapped due to a lack of solvent exposure of the T1Cu 
site (Fig. 5.3). If it is true that PCuAC cannot form favourable interactions with AniA, the 
finger domain of PCuAC likely cannot be “pushed” back to break the Cu-ligand bonds.  
Therefore, the lower binding affinity state of the metallochaperone will not be achieved and 
Cu cannot be transferred down a favourable thermodynamic gradient. 

 

a
) 

b
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Figure. 5.3. Proposed scheme for Cu acquisition and transfer by the primary Cu site of 
AccA to the T1Cu site of AniA. a) schematic of the proposed Cu transfer mechanism from 
AccA to AniA. b) the proposed energy diagram for Cu transfer from the Cu buffer to AccA to 
AniA under Cu starvation conditions. Red = unfavourable reaction. The steps in this process 
are labelled on both diagrams: (A) The finger domain of apo-AniA is flexible to allow for 
the acquisition of Cu, upon Cu binding the finger domain is set in the position seen in the 
holo-AccA crystal structure with a full coordination sphere (48). This gives the strong 
binding affinity calculated (30). (B) Holo-AccA interacts with apo-AniA which pushes the 
finger extension, breaking the Cu-ligand bonds. (C) Holo-AccA* now binds Cu with 2 or 3 
ligands, allowing for associative ligand exchange and Cu transfer to occur, resulting in the 
release of holo-AniA and apo-AccA (a). The process would repeat or occur simultaneously 
until all 6 Cu sites are filled.   

There was not enough time in this project to experimentally deduce the interactions between 
AccA and AniA via NMR or co-crystallisation. Instead, we predicted them in silico using 
AlphaFold 3. AlphaFold 3 predicted that AccA can bind to AniA but not PCuAC. However, 
these predictions have relatively low confidence at the protein-protein interface. The 
predicted interactions between AccA and the AniA monomer and the AniA trimer both situate 
the correct Cu-containing face of AccA near the T1Cu site of AniA (Fig. 5.5a). On the other 
hand, PCuAC, is predicted to interact with AniA via the non-Cu- containing face (Fig. 5.5b). 
These predictions support the idea that the interactions between the correct face of PCuAC 
and the Cu-binding region of AniA are weak and/or unfavourable.  

Looking at the AlphaFold 3 predictions of AccA-AniA complexes in more detail (Fig. 5.5a), 
the predictions with the trimer are much more consistent with little or no variation between 
predictions. For the monomer, each prediction shows some variation in the position around 
the T1Cu, suggesting weaker interactions between the two proteins. This is interesting 
because our current hypothesis is that apo-AniA receives Cu as a monomer, not a trimer. In 
addition, there is evidence that the monomer conformation is different to that of the trimer. 
This is due to evidence that the T1Cu undergoes a change in orientation from a more square 
planar conformation to a more tetrahedral conformation, based on a change in the ratio of the 
peaks at 460 nm and 600 nm (70). This change would likely require a conformational change 
across the whole protein to overcome both steric and energetic constraints. This can be 
supported by the T1Cu site of AniA not being solvent accessible in the trimeric structure 
(Fig.5.4). This site must be more solvent accessible in the apo-structure to receive Cu. 
AlphaFold bases the structural predictions on the rigid crystal structure of holo-AniA. 
Therefore, it does not take into account that this hypothesised conformational change may 
occur. Therefore, to better predict the interactions, a structure of apo-AniA is needed.  

We presume that AccA metalates both the T1Cu and T2Cu sites of AniA. However, 
AlphaFold 3 does not predict any interaction between AccA and AniA near the T2Cu site. We 
have varied the stoichiometry of AccA, AniA, and Cu (all simulations not shown), but these 
variations do not change the predictions. Therefore, AlphaFold 3 offers no insight into how 
the T2Cu site of AniA acquires Cu from AccA.  
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Figure 5.4. The T1Cu centre is not solvent exposed. Amino acids (a) and electrostatic 
potential surface (b) surrounding the T1Cu and T2Cu centres in AniA 

 

Figure 5.5. Representative structures from AlphaFold 3 generated structures of a) 
1AccA:1AniA:2Cu (i) and 3AccA:3AniA:6Cu (ii) and b) 1PCuAC:1AniA:2Cu (i) and 
3PCuAC:3AniA:6Cu (ii). Regions surrounding the primary Cu sites of the metallochaperones 
are highlighted in blue and the Cu centres in AniA are highlighted in magenta.  
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5.2 Comparing AccA with other PCuAC homologues 
Table 5.1. The publicly available structurally characterised PCuAC-family proteins, 
including their Cu binding ligands and target for Cu transfer.  

 

Table 5.2. Comparison of the identity of the PCuAC-family proteins with AccA. Finger 
domain sequence is defined as the first binding residue of the extension to the end of the beta 
fold where present. 

 

There are 5 structurally characterised PCuAC-family proteins in the PDB database. These are 
AccA and Tt-PCuAC, which were studied in this work, as well as ECuC from Streptomyces 
lividans (50), PmoF1 and PmoF2 from Methanotrophs (51), and DR1885 from Deinococcus 
radiodurans (77). Each of these proteins consist of the recognisable cupredoxin-like fold with 
an elongated finger domain (Fig. 5.6). All but PmoF1 have a metal binding site in the 
opening between the finger domain and the cupredoxin-like fold, although the identities of 
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the Cu(I)-binding ligands vary. Backbone structural alignment of all the proteins shows the 
cupredoxin-like Cu-binding domain all align with high similarity. However, the finger 
domain varies in length between 7 and 17 amino acids. In addition, only Tt-PCuAC and AccA 
share any amino acid sequence in this domain with both containing a VMXMR motif at the 
C-terminal end of the finger (Table 5.2). 

The amino acid backbones and overall structural folds across the PCuAC family of proteins is 
well conserved, but the sequence identities of the proteins is relatively low (Table 5.2). AccA, 
Tt-PCuAC, and ECuC appear to have the highest level of structural alignment. These 
metallochaperones also share the His-X10-Met-X21,22-His-X-Met Cu binding motif. This has 
given the three metallochaperones similar affinities for Cu in the subfemtomolar range (This 
work; (30,50)). Therefore, the conservation seen within the proteins is predominantly in the 
binding motif and overall structural fold, which likely maintains the high binding affinity for 
Cu(I). The low sequence identity between the proteins likely results in the difference in 
electrostatic surfaces of the proteins and therefore the differing protein targets. Despite AccA, 
Tt-PCuAC, and ECuC sharing the highest identity, and PCuAC and ECuC the same target, the 
charged surfaces, and the amino acids that are likely involved in protein-protein interactions, 
differ greatly. This is likely due to a lack of conservation in charged surfaces in their target 
enzymes, where the topology and charges of the target enzymes will play key roles in their 
position and functions within the cell. The role of metallochaperones is to interact with and 
transfer Cu to their target proteins. Therefore, the metallochaperones must be the protein that 
evolves to fill the required role, whilst the target enzyme must be conserved for its overall 
function.  
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Figure 5.6. Structural comparison of the structurally characterised PCuAC family 
proteins. a) Structural alignment of PCuAC family proteins: AccA (orange), Tt-PCuAC (PDB: 
2K70) (cyan), Sl-ECuC (PDB: 3ZJA)(green), Msp-PCuAC (PDB:6P16) (pink), DR1885 
(PDB:1X9L)(purple). b) Surfaces of AccA (i), PCuAC (ii), and ECuC (iii), showing charge 
and topology around the primary Cu binding site of each metallochaperone. 

The diversity of PCuAC-family proteins is seen not only across bacterial species, but also 
within species, and more specifically, within the same operon. The genome of Methylosinus 
trichosporium and other methanotrophs encodes 3 PCuAC homologues all within the pMMO 
operon. pMMO is a Cu-dependent enzyme that oxidises methane to methanol and is the main 
metabolic enzyme for methanotrophic bacteria. The three PCuAC homologues present are 
PmoF1, PmoF2, and PmoF3. The exact target of each metallochaperone is unknown, but each 
may play a different role in the metalation of the pMMO complex. Therefore, despite likely 
originating as one enzyme, the 3 PCuAC variants have evolved vastly different structures to 
perform a specific function within the cell. PmoF3 contains the Cu-binding motif His-X10-Met-
X21,22-His-X-Met, seen in AccA and PCuAC. However, PmoF1 and PmoF2, bind only Cu(II) 
via an N-terminal, HX10H, histidine brace. PmoF2 can also bind zinc, in the primary PCuAC 
binding site, coordinated by His-111, His-83, and Glu-113, and may also be able to bind Cu 
(51) (Fisher et al., 2019). PmoF1 and PmoF2 share a sequence identity of 54%, with 67% 
positive matches (NCBI Blastp) and also share almost identical structural folds and similar 
electrostatic surfaces (Fig. 5.7). Again, differences in electrostatic surfaces can be seen 
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Primary Cu binding site 
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particularly around the Cu-binding sites (Fig. 5.7b). These regions may be responsible for the 
metallochaperone interacting with the target protein and consequently result in different 
cellular functions of the metallochaperones.  

The finding that AccA exists in some genomes when AniA does not could be explained by the 
high conservation of the overall fold of the protein but lack of conservation in key regions of 
the proteins (like in PmoF1 and PmoF2). It may be the case the metallochaperones have 
evolved with new target proteins, whilst conserving the regions of the protein responsible for 
Cu-binding.  

 

Figure 5.7. Structural comparison of PmoF1 and PmoF2. f) Structural alignment of holo-
PmoF1 (pink) and holo-PmoF2 (green). Electrostatic surfaces of PmoF1 (b) and PmoF2 (c) 
showing the histidine brace binding site (i) and the site of the classic PCuAC-family Cu 
binding site where PmoF2 binds Zn (ii) 
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Zinc binding 
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5.3 The PCuAC-family of metallochaperones deliver nutrient copper  
Many Cu metallochaperones in the literature are reported to be transcriptionally activated in 
response to increased Cu availability within cells (15). These include CopZ and CusF, which 
function to buffer high Cu and protect cells from Cu toxicity (78,79). CueP is another 
example -  it both appears to sequester Cu and metalate enzymes associated with Cu toxicity 
(80). Therefore, Cu metallochaperones were thought to exist to prevent the well-known 
deleterious cellular effects of Cu (15). 

Despite having multiple different targets, the PCuAC-family proteins all aid in Cu insertion 
into key metabolic enzymes essential for growth (81) (Table 5.1). These PCuAC-family 
proteins also tend to have relatively low KD values in the subfemtomolar range (this work; 
(30,50,72)). In comparison, other periplasmic Cu metallochaperones that respond to Cu 
toxicity, such as CueP and CusF, have higher KD values of ~10-15 M and >10-12 M, 
respectively (79,82). The conservation of the PCuAC family’s high binding affinities to Cu(I) 
is certainly consistent with a role for AccA in metalating AniA under conditions of Cu 
limitation in N. gonorrhoeae (30), PCuAC from R. spharaeroides being essential only under 
Cu limited conditions (52), and PCuC from B. japonicium being induced in response to Cu 
starvation (72). However, under these conditions of low Cu, Cu is unlikely to have 
deleterious effects. Therefore, all PCuAC metallochaperones likely follow the model for Cu 
transfer described in chapter 5.1 (Fig. 5.3) rather than following the previous 
metallochaperone model and energy diagram described in Fig. 1.4 (a and biii), with the 
PCuAC having a lower KD value than both the buffer and the target protein. This would result 
in the metallochaperones having an essential role in bacterial metabolism. 

Often, the supplementation of Cu into ∆pCuAC bacterial strains rescues the growth 
phenotype, suggesting that Cu can be transferred directly from the buffer to the target protein 
(30,49,52). In the presence of higher cellular, it may be that Cu can be transferred directly 
from the buffer via mass action, as seen in the addition of 1 µM CuSO4 in Fig. 3.3 and 3.4. 
However, copper insertion is still slow due to the kinetic barrier to direct metalation and the 
similar free energies leading to transfer of Cu or the equilibrium favouring the higher number 
of metal binding sites in the buffer. Therefore, the presence of a metallochaperone with a 
higher affinity than the buffer and the target protein will likely speed up metalation, but it 
would not be the sole mechanism of Cu insertion into the target protein.  

This mechanism of Cu insertion may be a key indication as to why AniA appears in some 
genomes where AccA does not (30). It may be the case that AccA is not present in some 
genomes where AniA exists, because AniA not the key enzyme in metabolism. More likely, if 
the bacteria species occupies conditions where Cu starvation is rare, there may be no need for 
a high binding affinity metallochaperone to acquire Cu. Notably, supplementation of Cu into 
N. gonorrhoeae cultures resulted in no requirement of AccA for the metalation of AniA to 
occur.  

5.4 Future work 

The purpose of this work was to determine whether AccA and AniA form a specific 
metallochaperone-metalloenzyme pair, which would enhance the understanding of the 
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mechanism of Cu delivery from AccA to AniA. One further experiment to explore the 
specificity of AccA for AniA would be to conduct point mutations of PCuAC, as conducted by 
Cobine et al. (32). These could include mutating E54 to K and K56 to E: switching the 
charges of the finger domain to mimic the charged surface of AccA. To mimic the topology 
of the AccA, the loop on the left-hand side of the cupredoxin-like fold in PCuAC could be 
extended and a glutamate added in, to mimic the loop in AccA (Fig. 5.2). Conducting an 
experiment where the charged surfaces of the proteins are the same, but the length of the 
finger domain still differs, could provide an understanding of the flexibility of apo-AniA. 
Opposite experiments could also be conducted to mutate amino acids in AccA that potentially 
play a role in complex formation. These could be mutations of charged amino acids to give 
opposite or neutral charges, or mutations of small or bulky amino acids to change the overall 
topology. Mutating one, or a few, at a time, could provide an insight into which amino acids 
have an essential role in Cu insertion.  

To gain a greater understanding of the interactions between AccA and AniA, structural 
analysis could be conducted. Most metallochaperone-metalloenzyme complexes are transient, 
meaning that they form and dissociate instantaneously upon the transfer of the metal and 
consequently do not exist without the metal being present (31). However, there is evidence 
from mass photometry that apo-AniA and apo-AccA form a complex (30). The formation of 
the complex between AccA and AniA can be confirmed by performing analytical SEC as the 
complex should be eluted from column as one singular peak. Using a technique such as SEC-
MALS could be used to determine the mass of the complex if eluted.  If it is confirmed that 
AniA and AccA form a complex, this could be isolated and crystalised for the structure to be 
resolved via X-ray diffraction. If the complex cannot be formed or is relatively unstable, 
AccA could be labelled for NMR to determine the protein regions in close contact upon 
complex formation. In addition, the complex could potentially be trapped via cross-inking, or 
by using a metal that cannot be transferred. Conversely, an approach using computational 
techniques could be used. Cross-linking mass spectrometry could be coupled with AlphaLink 
to provide a more confident prediction for the interactions between AccA and AniA. This 
method focuses sampling of potential binding sights by identifying interfaces; providing a 
more confident prediction for the overall structure of the complex formed (83).  
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