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Abstract 

V1VO ATPases are complex multimeric proteins that provide, via proton pumping 

activity, an appropriate environment for diverse processes of membrane trafficking and 

maintaining a constant state of cellular pH homeostasis. Subunit a of eukaryotic V-ATPases is 

proposed to be directly involved in the proton conduction, assembly and organelle-specific 

targeting of V-ATPase. Moreover, subunit a has been described as pH sensor element of V1VO 

ATPase, where it was found to interact with ARNO (ADP-ribosylation factor Nucleotide site 

Opener) [1], an activator of small GTPase, Arf6 (ADP-ribosylation factor 6) in a pH dependent 

manner. Here, two important binding sites a21-17 and a2368-395 (1-17 a.a. and 368-395 a.a.) of 

mouse subunit a2, which are involved in the ARNO binding, have been characterised by NMR 

spectroscopy and CD spectroscopy, indicating a proper folding of -helical formation of both 

peptides. The binding amino acids of a2 (a21-17) responsible for binding to the Sec7 

(Secretory7) domain of ARNO, have been identified and show a defined binding of the residues 

F6, E8, M10 and Q14 [2]. Further cloning, expression and NMR titration studies of subunit a 

construct a104-363 from Saccharomyces cerevisiae that lacks the two ARNO binding sites, a21-

17 and a2368-395 revealed weak interaction to ARNO. Small Angle X-ray Scattering (SAXS) of 

a104-363, revealed an elongated S-shaped conformation. Docking of a104-363 to the Sec7 domain 

on the basis of a21-17 / Sec7 binding indicates N-terminal domain of subunit a is located near 

the hinge region that links soluble N-terminal- with the membrane-integrated C-terminal 

domain, which is involved in proton-translocation [3]. In conclusion, the interaction between 

Sec7 of ARNO and the N-terminal domain of subunit a may cause structural changes at the 

hinge region of subunit a, which might affect the structure of the C-terminal domain and 

therefore also the proton-pumping activity [3]. 

Besides the pH dependent acid-base reaction and structure formation of proteins, 

regulated via V-ATPases, redox reactions are also highly significant for the survival of the cell 

to protect itself from superoxide and hydrogen peroxide, which are potential sources of damage 

to all macromolecules [4-7]. Alkyl Hydroperoxide Reductase (AhpR) is the primary 

hydroperoxide scavenger that reduces hydroperoxide to water and its corresponding alcohol 

and preventing therefore damages like protein oxidation, lipid peroxidation and DNA damages 

[4-7]. In this thesis, the crystal structure of both subunits of AhpR, the 56 kDa alkyl 

hydroperoxide reductase subunit F (AhpF) and 21 kDa subunit C (AhpC) from Escherichia 

coli have been solved to 2 Å and 3.3 Å resolution, respectively. AhpF crystal structure as well 

as solution structure derived from SAXS analysis revealed an elongated open conformation 
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structure. The AhpC crystal structure has been solved in its oxidised state that revealed five 

molecules in an asymmetric unit. The ring shape decamer conformation was generated using 

its symmetry related molecule. Furthermore, the AhpC structure in its reduced state has been 

reconstructed to 12 Å resolution using single particle cryo electron microscopy (cryoEM). In 

addition, dynamic light scattering (DLS) data and size exclusion chromatography reveal AhpF 

with a molecular mass of 126 kDa, which is corresponding to dimer conformation. Furthermore 

DLS data and EM micrographs indicate AhpC in be in a steady state between dimer and 

decamer conformation in solution. Taken the elongated open conformation of AhpF and the 

ring shape AhpC crystal structures together, the molecular mechanism of AhpR has been 

deduced using the so far known crystal structure of AhpF and AhpC from Salmonella 

typhimurium and the mechanism from the homologous Thioredoxin Reductase (TrxR) and 

Thioredoxin. The overall mechanism of AhpR is described for the first time and gives new 

insights into the molecular mechanism of AhpR that AhpF dimer prefers to form complex with 

AhpC decamer to accelerate the catalytic activity and thus, increase the chance in rescuing the 

cell from reactive oxygen species (ROS), like hydroperoxides. 

Beside hydrogen peroxide, bacterial cells are exposed to low pH in phagosomes of 

macrophages. In this study, DLS data and EM micrographs reveal that AhpC forms high 

molecular weight complexes indicating the second function of AhpC as molecular chaperon. 

The ring structures are stacked from 2 to 7 rings on top of another giving the possibility to 

prevent aggregation of proteins in low pH within its tube shape conformation. 
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1.1 Eukaryotic V1VO ATPase (V-ATPase) 

1.1.1. Function and regulation of V1VO ATPases 

Eukaryotic cells are compartmentalised with membrane-bound organelles, defined with 

specific functions. These compartments probably evolved to provide distinctive environments 

with a specific pH for optimal process of its respective metabolic pathways as well as to keep 

energy in the form of electrochemical gradients across the membrane [8]. Theoretically, all 

proteins are dependent on their environmental pH to maintain their structure as well as their 

catalytic activity and function. Protonation and deprotonation are essential for acid-base 

reaction and hence, crucial part of numerous metabolic reactions [9]. Furthermore, the proton 

motive force (ψH+) is the key for generation and conversion of cellular energy in the form of 

ATP, which has highly potential phosphoanhydride bonds. Because of the importance of 

intracellular pH in eukaryotic cells, it is stringently regulated.  

(A) (B) 

 
 

Figure 1.1: Model and localisation of V-ATPases. (A) Energy released during ATP hydrolysis on the V1 

catalytic domain of V-ATPases is used to drive the proton transport across the intracellular or plasma membrane 

(VO domain), (B) to acidify the respective cellular compartments and to generate the proton gradient across the 

membrane that is utilised for the endo- and exocytic protein trafficking as well as coupled transport via anti- and 

symporters such as electrophoretic uptake of malate in the plant cell vacuoles, electrophoretic transport of Cl–

across endosomal membranes via Cl–/H+ antiporter (ClC-5) and uptake of neurotransmitter via VMAT. EE = early 

endosomes; LE = late endosomes; LYSO = lysosome; PM = plasma membrane; CV = clathrin-coated vesicles; 

GA = trans-Golgi apparatus; RE = recycling endosome; SV = secretory vesicle. The V-ATPase model is modified 

according to Grüber and Marshansky, 2008 [10]. 

The pH varies among different cell organelles. The enzyme, which regulates pH of the 

organelles, is the vacuolar-type of H+-ATPases (V-ATPases). V-ATPases are ATP dependent 
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proton pumps and expressed on both surface of the cell and membrane of distinct compartment 

and modulate the pH inside and outside the cell (Figure 1.1A) [11]. V-ATPase is present on 

the endomembrane systems such as vacuoles, Golgi, lysosomes, secretory vesicles, storage 

vesicles, synaptic vesicles and endosomes (Figure 1.1B), and with increasing examples of V-

ATPase being associated with the plasma membrane such as kidney intercalated cells, 

osteoclasts, male reproductive tract and tumour cells to regulate the pH of the distinct 

environment of the cell (Figure 1.2) [10, 12-16]. Moreover, V-ATPases are involved in various 

physiological processes such as intracellular protein trafficking, targeting and degradation, 

enzyme maturation in lysosomes, accumulation and secretion of neurotransmitters, receptor 

mediated endocytosis besides the functions linked to their plasma membrane presence such as 

membrane energisation, bone resorption, acid secretion by macrophages, acid secretion and 

protein reabsorption of kidney cells, maintenance of pH for sperm maturation and keeping 

sperms in immotile state during its passage through vas deferens and epididymis are few of the 

functions that can be ascribed to V1VO ATPases [10, 12, 14, 16, 17]. 

(A) (B) 

  
(C) (D) 

  
Figure 1.2: Physiological roles of V-ATPases. V-ATPases located at the plasma membrane of (A) kidney intercalated 

cells, (B) osteoclasts, (C) male reproductive tract and (D) tumour cells to maintain the pH of the distinct environment in 

the cell. (Modified from Forgac, 2007) [11]. 
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Furthermore, V-ATPases are components in the midgut alkalisation of lepidopteran 

insects such as tobacco hornworm (Manduca sexta) larva and mosquito (Aedes aegypti) larva, 

where pH can go beyond 11 [18-20]. In the midgut goblet cells plasma membrane, a high 

amount of V-ATPases generate an electrochemical gradient of protons (H+). The generated 

proton gradient is then coupled to a 2H+/K+ antiporter to transfer K+ to the midgut, producing 

a high alkalinisation [18]. High midgut pH in the insects is thought to help in the breakdown 

of dietary tannins, to aid in the absorption process [20]. Vacuolar ATPases play an essential 

role in the accumulation of neurotransmitter at nerve endings during synaptic activity. 

Moreover, studies have also been shown that membrane fusion formed by the merger of two 

opposing VO domains of V-ATPase [21], in D. melanogaster and C. elegans and it has been 

found as a separate function of V-ATPase, independent of its proton pumping activity [11]. 

 Insights into the roles of V-ATPases in the physiological processes besides the proton 

pumping are constantly growing. V-ATPase was found to directly associate with Arf6 (ADP-

ribosylation factor 6), a low molecular GTPase and ARNO (ADP-ribosylation Factor 

Nucleotide site Opener), a GEF (GTP/GDP Exchange Factor) of Arf6, via subunit c and subunit 

a2 in mouse V-ATPase [1]. Arf interacts with ARNO on the scaffold provided by V-ATPase 

in a pH dependent manner and disruption of this interaction resulted in the reversible inhibition 

of endocytosis and blockage of protein trafficking between early and late endosomes [1, 22]. 

Arf and ARNO proteins are also involved in diverse signalling pathways such as cytoskeleton 

organization, maintenance of Golgi structure and function, synaptic transmission, epithelial 

cell migration and many more [23-25].  

1.1.2  Structural feature of V1VO ATPases 

V-ATPases are multisubunit complexes, composed of two main structural and functional 

components. Most V-ATPases are composed of 14 defined subunits and some accessory 

subunits [10, 26]. The V1 sector comprises eight subunits in the stoichiometry of 

A3:B3:C:D:E3:F:G3:H (Table 1.1) [10, 27-30]. The headpiece, A3:B3 forms the core of the 

catalytic centre that hydrolyses ATP. VO is mostly membrane-embedded and comprised of six 

different subunits, a1:d1:c4-5:c’1:c’’1:e in yeast V-ATPase (Table 1.1) [10, 11]. In higher 

eukaryotes, c’ subunit is missing, whereas accessory subunits Ac45 [31, 32] and M8-9 [33, 34] 

are found to be attached to the VO domain. A glycosylated VO associated subunit M9.7 has 

been identified in midgut and Malpighian tubules of M. sexta [35]. 

Various subunits of V-ATPases are expressed in different isoforms, especially in higher 

eukaryotes and multicellular complex organism, to achieve the target specific functions in the 
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endomembrane system [36, 37]. These include subunit d [38], subunit G [39], subunit C [40, 

41], subunit E [42] and subunit a [37, 43]. In Paramecium tetraurelia, 17 isoforms of subunit 

a have been identified, representing the highest number of isoform found in single organism 

for any of V-ATPase subunits [44]. In yeast, all subunits are encoded in single isoform by their 

respective single genes (Table 1.1), with the exception of subunit a, which is expressed in two 

different isoforms, Vph1 (vacuole specific) [45] and Stv1 (Golgi specific) [46]. 

Recently, the EM structure of the entire V-ATPase complex from S. cerevisiae has been 

solved at 11 Å resolution by single particle reconstruction using cryo electron microscopy [27]. 

The cryo-EM structure reveals the A3:B3 headpiece joined to the three peripheral stalks 

connecting V1 and VO segments (Figure 1.3) [27]. The peripheral stalk is made up of EG-

heterodimers and linked to the subunit B of the headpiece. The non-homologous region (NHR) 

of subunit A is clearly visible. Further subunit arrangement indicating subunit H, C and the N-

terminal domain of subunit a to be involved in EG-heterodimers association (Figure 1.3).  

 

Domain Subunits Yeast Gene MW (kDa) Function 

V1 A VMA1 70 Catalytic site, Nucleotide-binding 

B VMA2 60 Nucleotide-binding, regulatory, actin and aldolase binding 

C VMA5 40 Activity, assembly, reversible dissociation, actin binding 

D VMA8 34 Assembly, rotary 

E VMA4 33 Activity, assembly, peripheral stalk, RAVE, aldolase binding 

F VMA7 14 Activity, assembly, coupling 

G VMA10 13 Activity, assembly, peripheral stalk 

H VMA13 50 Regulator subunit, assembly 

VO a VPH1,STV1 100 Proton pumping, targeting, assembly, peripheral stalk, pH sensor 

d VMA6 40 Coupling, activity 

c VMA3 17 Proton transport, bafilomycin binding 

c’ VMA11 17 Proton transport 

c’’ VMA16 21 Proton transport 

 e VMA9 9 unknown 

Table 1.1: Subunits of the catalytic V1 and proton translocating VO domains of S. cerevisiae V-ATPase.  
V-ATPase subunit genes are shown along with the respective molecular weight of the protein subunits. Subunit 

function is also shown adapted from [10, 12, 15]. 
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Figure 1.3: 3-D cryo-EM structure of V1VO ATPase from S. cerevisiae at 11 Å resolution. The EM structure 

is revealing the subunit arrangement within an intact complex (EM Data Base ID: EMD-5476) [27]. NHR: 

Non-homologous region. 

V-ATPases are regulated by reversible disassembly causing dissociation of V1VO 

ATPase into V1 and VO in response to various physiological stress such as glucose deprivation 

[47] or a drop in the ATP to ADP ratio [48, 49]. Such regulatory mechanism is absent in the 

related A- and F-ATP synthase. Subunit C has been shown to be important in the regulation of 

this process [12, 48, 50]. This is the only subunit of V1VO ATPase that is proposed to be lost 

during this physiological regulatory process, when V1 is released from VO, via its binding to 

the actin cytoskeleton [12, 51]. Mutational analysis of subunit C has demonstrated that it plays 

a critical role in balancing activities such as V1VO assembly and ATPase activity [52]. Subunit 

C has no counterpart in A- as well as in F-ATP synthases. Its crystallographic structure reveals 

an elongated boot-shaped formation (Figure 1.4A) [53]. Other high resolution structures of the 

eukaryotic V1 ATPase that had been solved so far are the N-terminal segment E1-69 [54] and 

the C-terminal segment E133-222 [55] of subunit E from yeast and the N-terminal segment G1-59 

[30] and the C-terminal segment G61-101 [56] of subunit G from S. cerevisiae. The subunits E 

and G are required for ATPase activity. They form the peripheral stalk and are therefore 

important for the assembly of V1VO. Their structure is mainly α- helices, whereas the C-

terminal part E133-222 of subunit E reflects β- sheet formation [30, 54-56]. The N-terminal 

domain of subunit E (residues 19-39) has been mapped to bind with subunit G [57]. Moreover 
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the EG heterodimer including the head region from residues 158 to 277 of subunit C has been 

crystallised recently (Figure 1.4B) [58].  

(A) (B) (C) 

  

 

Figure 1.4: Crystal structures of V-ATPase subunits. High resolution structures of (A) subunit C (PDB: 

1U7L), (B) EG heterodimer (PDB: 4DL0) (C) subunit H (PDB: 1HO8) in cartoon presentation. 

The crystal structure of EG heterodimer highlights a noncanonical coiled coil formation, 

that is stabilized by its N-terminal end by binding to the head region of subunit C (Figure 1.4B) 

[58]. Moreover, the crystal structure of subunit H is comprised of mainly α-helices and divided 

into a large N-terminal domain, forming a shallow groove, and a small C-terminal domain, 

connected by a four-residue loop (Figure 1.4C) [59]. 

Lastly, the full length structure of central stalk 

subunit F has been solved in a combined manner using 

small angle X-ray scattering (SAXS), NMR and 

crystallography. The crystal structure of F1-94 shows a 

globular formation in Rossman fold with alternative α-

helices and β-sheets and a protruding flexible 

elongated C-terminal region F90-116, with the latter 

being solved using NMR (Figure 1.5) [60].  

Other subunits, whose low resolution structures 

are known so far by using SAXS analysis, are the 

boxing glove-shape structure of subunit d [61] and the 

 

Figure 1.5: Cartoon presentation of 

central stalk subunit F (PDB: 4IX9) [60]. 
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egg like shape structure of subunit F [62]. The crystal structures of the V-ATPase subunits C, 

E, F, G and H from S. cerevisiae accommodate well into their corresponding EM map of the 

entire yeast V-ATPase EM structure (Figure 1.6) [27]. 

 

Figure 1.6: Fitting of V-ATPase crystal structures into EM structure of V-ATPase from S. cerevisiae. 
The crystal structure of subunits C (yellow), E (red), F (orange), G (green) and H (blue) were fitted into their 

map segment (semi-transparent grey), respectively (EM Data Base ID: EMD-5476) [27]. 

Moreover, the electron microscopy data suggests that the VO membrane sector consist of 

a single subunit a associated with a hexameric complex of the four helical bundle subunit c 

(Vma3) [27, 63, 64]. The N-terminal cytosolic part of subunit a lies horizontally, partially 

associated to the C-terminal domain of subunit H along its length and faces to subunit C end to 

end (Figure 1.3) [27]. 

1.1.3 Subunit a of V-ATPases 

Subunit a is essentially involved in the process of proton conduction across the 

membrane [65]. All a subunits of V-ATPases consist of ~850 residues with a size of ~100 kDa 

[10]. In mice and humans, four different a isoforms (a1, a2, a3 and a4) have been described. 

Different isoforms are responsible for the localisation of V-ATPases to plasma membranes or 

specific intracellular compartments defined by specific function of the cell type respectively 

[66-70]. In Mus musculus all four isoforms are found in kidney proximal tubule cells. The a1-

isoform, a3-isoform, and a4-isoform are located at the plasma membrane, while the a2-isoform 
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is targeted to early endosomes in situ [71]. In yeast, two a subunit isoforms are identified and 

coded by VPH1 and STV1 [15]. These two isoforms are responsible for the localisation of VO 

section to vacuolar or Golgi compartments [72]. Besides the role in the localisation of V-

ATPase, chimeric experiments demonstrated the difference in S. cerevisiae Vph1p (vacuole 

specific) and Stv1p (Golgi specific) isoforms. A chimeric protein containing the N-terminus of 

the Golgi isoform Stv1p and C-terminus of the vacuole isoform, Vph1p, was targeted to the 

Golgi and the complex did not show reversible disassembly during glucose depletion [72], 

demonstrating that information for correct targeting is located on the N-terminus of subunit a 

and different isoforms have varied response to physiological conditions [66]. Whereas the C-

terminus has been shown to be involved in proton conducting and assembly of V-ATPases 

[73]. Thus, different isoforms containing V-ATPases exhibit function in the context of their 

location, making V-ATPases a functionally and regulatory diverse complex in cellular milieu.  

(A) (B) 

 

 

 

Figure 1.7: Topological model of subunit a. All a subunits consist of ~850 amino acids with a size of 

~100 kDa. The N-terminal region is facing to the cytosol, whereas the C-terminal region is membrane 

embedded. Currently two subunit a models are available with eight or nine transmembrane regions in 

discussion. These subunit a models are modified according to the predictions of (A) Marshansky, 2007 and 

Ochotny et al., 2006 by using in silico analysis and of (B) Nishi et al., 2003 by using crosslink and cysteine 

mutagenesis experiments. Differences of transmembrane segments facing to lumen or cytosol are highlighted 

in black. The obvious difference is in the very C-terminal segment a801-840/a806-840, in one model, it faces the 

cytosol (A) and in the other model into the lumen (B). 

On the other hand, N-terminal domain has been proposed to interact with subunit d and 

they may form the peripheral stator connecting V1 with VO together [74], to prevent energy loss 

through futile rotation of V1 with respect to VO, and reportedly suggested to interact with 

subunit A and subunit H [61, 75, 76]. It has been also suggested that the cavity of the boxing 

glove-shape structure of subunit d enables the binding of a-d domain to the non-homologous 

region (NHR) of subunit A in the process of reversible disassembly [30, 61]. The NHR is a 
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stretch of 90 unique amino acids of subunit A, found only in the V-ATPase and the A-ATP 

synthase [30, 77]. Subunit a was initially identified in the clathrin-coated vesicles and the 

chromaffin granules, which was partially exposed to the cytosolic face of the membrane due to 

free labelling with lactoperoxidase-catalysed radioiodination [78]. Unlike other peripheral stalk 

subunits, subunit a could be labelled by hydrophobic probes indicating that a second domain 

of subunit a is membrane embedded [78]. Subsequent analysis of various membrane 

preparations from diverse plant and animal origin confirmed that subunit a consists of a 

cytoplasmic N-terminal hydrophilic domain, and a C-terminal membrane hydrophobic domain 

(Figure 1.7; [79]). Trypsin cleavage experiments indicated that Vph1p is exposed in V-

ATPases and more interestingly, its susceptibility to cleavage in the presence of ATP and 

divalent cations varied [80]. Differences in cleavage sensitivity disappeared when V1 was 

released from the membranes [80]. These results showed that subunit a adopts a single 

conformation in the absence of the V1 domain and structural changes are accompanied during 

catalysis in the A3:B3 sector and possibly transmitted to the VO via subunit a, thus physically 

linking the catalytic sector, V1 with the proton channel, VO. To understand the topology and 

transmembrane helices orientation of Vph1p, single cysteine residue containing forms of 

subunit a were prepared by mutagenesis and their orientation was studied by the use of either 

membrane impermeable sulfhydryl reagent, AMS (4-acetamido-4’- maleimidylstilbene-2,2’-

disulfonic acid) or membrane permeable, MBP (3’-N-maleimidylpropionyl) biocytin [81]. 

Later, using cysteine mediated cross-linking, it was shown that R735 in TM7 helix is essential 

for proton conduction and is in contact with E145 in the TM4 of c and c’ and TM2 of c’’ of yeast 

V-ATPase [65, 82, 83]. According to these data and additional NMR structure and dynamic 

studies of a TM7 region peptide, involved in the proton conduction, showed that this 25 amino 

acid region forms two helices separated by a ball-and-joint type two amino acid linker that 

controls the opening and closing of a proposed swivelling interaction model between the 

helices of subunit c and a, in the proton hemi-channel of subunit a during proton conduction 

[83, 84]. 

1.1.4 Cellular and physiological relevance of subunit a 

Since V-ATPases and especially subunit a are involved in versatile physiological 

processes in different cell types, mutations in different subunit a isoforms cause various 

diseases. The a4 isoform is mainly expressed in the kidney cells [68]. Mutations in the gene 

encoding subunit a4 have been associated with distal (or type 1) renal tubular acidosis (dRTA) 

[83, 85] while mutation in the a3 isoform leads to a severe form of infantile malignant 
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osteopetrosis, characterised by defective osteoclast bone resorption [86, 87]. This disease is 

associated with the loss of hearing and visual impairment [86]. Furthermore, reported finding 

with genetic models showed that mutations in subunit a leading to disease conditions such as 

impaired glycosylation and cutis laxa, indicating the important role of this protein in processing 

and transport at the Golgi apparatus [88]. Mutations in v100, an a1 isoform in Drosophila 

melanogaster, showed impaired release of neurotransmitters and cause endosomal and 

phagosomal accumulation of degenerated photoreceptors, which lead to visual impairments 

[89]. Besides the classical role of V-ATPases to acidify the cellular compartments, additional 

phenomenon such as membrane fusion has been attributed to subunit a. These novel findings 

indicate the involvement of subunit a in the process of microglia cells mediated phagocytosis 

of dead neurons in the brain [90]. Moreover, physiological importance of V-ATPase in the 

kidney proximal tubule (PT) cells has been demonstrated, with the use of specific inhibitors of 

V-ATPase (for example, bafilomycin and concanamycin) and acidification uncouplers (for 

example, NH4Cl) (Figure 1.8B) [91]. Pathophysiological conditions such as Dent’s disease and 

related Fanconi’s syndrome are associated with deficient protein reabsorption and proteinuria 

in the kidney PT cells [1]. 

The phenomenon of endosomal V-ATPase mediated trafficking has now been 

understood in more detail, with the findings, that endosomal pH directly regulates vesicular 

signalling proteins, ARNO and Arf6, to control endosomal degradative pathways (Figure 1.8A) 

[1]. Subunit a2 has been demonstrated to be essentially involved, collectively with Arf6 and 

its cognate exchanger ARNO, in the endosomal pH sensory complex to regulate the protein 

sorting and degradation in the early endosomes in a pH dependent manner (Figure 1.8A) [1, 2, 

67]. Subunit a2 of mouse V-ATPase was found to associate with ARNO and subunit c with 

Arf6 directly. Inhibition of this interaction resulted in the reversible abrogation of endocytosis 

[1, 22]. The absence of endosomal acidification leads to disruption of membrane trafficking of 

carrier vesicles between early and late endosomes, causing the accumulation of cargo protein 

in early endosomes and therefore, inhibit of endocytosis (Figure 1.8B) [1, 91]. ARNO belongs 

to GEF (guanine nucleotide exchange factor), also known as cytohesin-2 and responsible for 

GTP/GDP exchange on small GTPase protein, Arf 6 (ADP-ribosylation factor 6) to activate 

and regulate its activities [24]. ARNO/Arf6 is involved in the regulation of endosomal vesicular 

trafficking [10], cytoskeleton organisation [92], lipid modification and rearrangement [25, 93], 

cell motility [94], membrane recycling [95], exocytosis in the neuroendocrine cells [23], and 

more interestingly carrier vesicle coat formation that is required to bud off vesicles from the 

early endosomes [1, 22]. ARNO is also known to undergo protein kinase C (PKC) mediated 
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phosphorylation in vivo at residue S392, however, the function of this modification remained 

largely unknown, as phosphorylation did not cause the activation of ARNO [96, 97]. 

(A) 

 

(B) 

 

Figure 1.8: V-ATPase in endosomal trafficking and degradation pathways of kidney proximal tubule 

(PT) cells. (A) Megalin and cubilin are multi-ligand receptors on the PT cells involve in the reabsorption of 

low molecular weight proteins (for example, albumin) [91]. Uptake of Alexa594 flurophore labelled albumin 

(red squares) is shown and its passage through early endosomes (EE) and late endosomes (LE) occurs in a pH 

dependent manner, generated by V-ATPase [91]. PM = Plasma membrane; CV = clathrin-coated vesicles; TGN 

= trans-Golgi network; RE = recycling endosome (B) Experimental approach that was used in the study of 

membrane trafficking between early and late endosomes. LE was labelled with green florescence, Rab7-EGFP. 

Bafilomycin blocked the cargo, albumin alexa594, passage between early and late endosomes. Mechanism of 

this membrane transport has been known to involve V-ATPase and small GTPase ARNO to modulate the 

endosomal trafficking and degradation pathways in a pH dependent manner, making V-ATPase a novel 

component of pH sensing machinery [1]. This model is modified according to Marshansky, 2007 [91]. 
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 In spite of considerable studies during the past few years, subunit a has emerged in 

performing vital roles and diverse functions of V-ATPase, the structural and biochemical data 

of this subunit is scant so far. Even the structural topology and positioning inside V-ATPase 

complex in particular the C-terminal membrane embedded part are not well understood and the 

interacting partners have not been studied thoroughly. Emerging roles of this enzyme with 

respect to the signalling proteins such as ARNO are also at very premature stages. 
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1.2 Alkyl Hydroperoxide Reductase (AhpR), a response to oxidative stress 

Besides the pH dependent acid-base reaction and structure formation of proteins that are 

regulated via V-ATPases, also redox reactions are highly significant for the survival of the cell. 

Exposure to hyperoxia, thus growth in 100% oxygen is a danger to the cells and leads to 

superoxide related damages. In S. cerevisiae V-ATPase genes were identified to be involved 

against high O2 damages and oxidative stress [104, 105]. Furthermore, besides multiple iron 

uptake genes, microarray study of vma2Δ mutant demonstrated the up regulation of one 

antioxidant gene, called the peroxiredoxin TSA2 [99]. Further studies revealed that V-ATPase 

inhibition with concanamycin A and vma2Δ, vma4Δ, vma10Δ, vph1Δ and stv1Δ mutations 

induce the up-regulation of the TSA2- promoter (Figure 1.9) [98].  

 

Figure 1.9: V-ATPases are linked to oxidative stress response in S. cerevisiae. V-ATPases lack in activity 

indicates a connection between cellular pH, iron, and redox homeostasis. Several vma mutants, in particular 

vma2 mutant as well as V-ATPases inhibited with concanamycin A induced up-regulation of an antioxidant 

gene, namely TSA2 and the iron regulon [98]. V-ATPases are involved in vacuolar protein sorting and vacuolar 

acidification, required for resistance to oxidative stress and removing damaged protein in lysosomal 

degradative pathway. During oxidative stress or in vma mutants (vma2Δ, vma4Δ, vma10Δ, vph1Δ and stv1Δ), 

TSA2 is up-regulated to support the folding of damaged protein as molecular chaperon [98-101]. Moreover, 

vma mutants revealed to be iron-deprived, possibly caused by the inability to mature Fet3p (ferrous transport 

3), the multicopper oxidase required for high affinity iron transport [102]. The maturation requires the insertion 

of copper into Apo-Fet3 located in an acidic post-Golgi compartment. The vma mutants fail therefore to provide 

an acidic environment in Golgi [102]. Thus the inability to mature Fet3 causes a defective iron transport and 

low iron level in vma mutants [102]. The up-regulation of iron up-taking proteins is regulated by iron-sensing 

transcription factor, Aft1 that binds to the iron regulon [103]. The up-regulation of iron up-taking proteins 

might be involved in repairing the respiratory chain. EE = early endosomes, LE = late endosomes; LYSO = 

lysosome, PM = plasma membrane; GA = Golgi apparatus; NU = nucleus; SV = secretory vesicle; MT = 

mitochondrium. 
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The loss of pH homeostasis in Golgi and lysosome may lead to disruption of the pH 

dependent copper cluster insertion into Apo-Fet3p in the Golgi compartment and the pH 

dependent lysosomal protein degradation of oxidative damaged protein [99, 105]. The up-

regulation of TSA2- promoter and iron regulon is hence a defence to oxidative stress in vma 

mutants (vma2Δ, vma4Δ, vma10Δ, vph1Δ and stv1Δ). TSA2, an Alkyl Hydroperoxide 

homologous protein might be involved in rescuing oxidative damage of the protein by 

preventing their aggregation as molecular chaperon (Figure 1.9). Furthermore bacterial TSA2, 

called AhpC (Alkyl Hydroperoxide Reductase, subunit C) reveals hemin binding activity and 

might protect heme for oxidative degradation [106]. Moreover, vma mutants revealed a lack of 

iron [107], possibly due to an uncompleted maturation of Fet3p (ferrous transport 3), the 

multicopper oxidase, which is part of the high affinity iron transport [102]. The copper loading 

of Apo-Fet3 occurs in the post-Golgi compartment. The inability to mature Fet3 causes 

therefore the insertion of Apo-Fet3 into the cell surface and hence a defective iron transport 

and a low iron level in vma mutants [102]. The iron-sensing transcription factor, Aft1 binds to 

the iron regulon and is responsible for the up-regulation of iron up-taking proteins [103]. High 

iron intake might be also involved in repairing respiratory chain complexes (Figure 1.9).  

Superoxide and hydrogen peroxide are potential sources in damaging all types of 

macromolecules that lead to protein oxidation, lipid peroxidation and DNA damages, including 

deamination of bases [4-7]. Eukaryotic cells as well as amoebae release therefore reactive 

oxygen species (ROS) including H2O2 (hydroperoxide) as a response against bacterial invasion 

[108-110]. A concentration of exogenous H2O2 (~30 µM) is sufficient to inhibit the growth of 

E. coli [111]. The protection from toxic and damaging effect of oxygen are regulated and 

coordinated in the bacterial system at least through redox sensitive proteins [112]. Active 

oxygens like superoxide and hydroperoxides occur endogenously from incomplete reduction 

of oxygen in the respiratory chain or through external agents like light, UV radiation and redox-

cycling drugs (Figure 1.4) [6, 7]. The main source of endogenous H2O2 is probably 

flavoenzymes, since they are abundant and prone to form univalent electron transfer reaction 

that produces superoxide and H2O2 as side products [113, 114]. In E. coli, the formation of 

endogenous hydrogen peroxides (H2O2) in aerobic condition is 10-15 µM/s [115], but despite 

the rapid H2O2 production, the steady-state level is restrained to 20 nM (Figure 1.4) [111]. 

Furthermore, exogenous O2
- cannot penetrate the bacterial membrane due to its negatively 

charged, while exogenous H2O2 can cross the lipid bilayer with similar permeability coefficient 

like water at physiological condition [111, 116]. When exogenous H2O2 concentration is higher 

than 0.2 µM the influx of H2O2 into E. coli exceed the endogenous H2O2 production that 
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increases the overall H2O2 within the cell [111]. 

 

Figure 1.10: Exogenous and endogenous sources of hydrogen peroxide for E. coli cells. Exogenous sources 

of hydrogen peroxide include H2O2-excreting microbes such as lactic acid bacteria, the NADPH oxidase 

responses of plants and macrophages and photochemically driven redox reactions. Endogenous source of 

hydrogen peroxide is the incomplete reduction of oxygen in the respiratory chain. OxyR protein in E. coli is 

the transcription factor for ahpC and ahpF genes in response to hydrogen peroxide and is sensitive to H2O2 

level of 0.1 µM. This figure has been adopted with modification from Mishra and Imlay, 2012 [117].  

High exogenous H2O2 level for bacteria cells occurs in the presence of lactic acid bacteria 

that excrete H2O2 competitively [110]. More prominently, bacteria trapped in phagosomes of 

macrophages encounter ROS, like H2O2 concentration of 5-10 µM, a concentration high 

enough to boost the intracellular H2O2 concentration [118]. As an adaptive defence against 

such high level of H2O2 the OxyR protein is well characterised in E. coli as a transcription 

factor. H2O2 activates OxyR protein via oxidising a crucial cysteine residue that leads to 

disulfide bond formation between C199 and C208 and hence to an active conformation [119, 

120]. OxyR is sensitive to H2O2 level of 0.1 µM, to ensure a quick response when H2O2 

concentration rises higher than the basal 20 nM [111, 121]. Deletion of the oxyR gene shows 

10- to 55-fold higher frequencies of spontaneous mutagenesis and oxidative damages to DNA 

[122]. It has been shown that over-expression of alkyl hydroperoxide reductase (AhpR) reduces 

the frequency of spontaneous mutagenesis in oxyR deletion mutant [122]. Subsequent studies 
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identified two proteins, AhpF (Alkyl Hydroperoxide Reductase subunit F) and AhpC (Alkyl 

hydroperoxide Reductase subunit C), to be part of the peroxidase system and member of the 

OxyR H2O2 regulon. The coding DNA sequence of ahpC and ahpF are in the same operon 

(Figure 1.11). The ahpF gene lies adjacent to the upstream gene ahpC and can be co-

transcribed. The only known regulation of the transcription of ahpC and ahpF is through the 

global oxidative stress activator OxyR as a response to oxidative stress (Figure 1.11) [123].  

 

 

Figure 1.11: OxyR operon for ahpC and ahpF genes. The OxyR DNA binding site (green) is located ~53 bp 

before the transcription start. Two genes, ahpC (grey) and ahpF (yellow) have the Gene ID: 12930899 and 

12931712, respectively [124, 125].  

The corresponding proteins to the ahpF and ahpC genes are the 56 kDa flavoprotein 

(AhpF) and 21 kDa protein (AhpC), which lacks a chromophoric cofactor [126]. Both proteins 

are soluble and important for the NADH and NADPH dependent reduction of H2O2 substrates 

to their corresponding alcohols and water. Amino acid sequence alignments identify AhpF as 

a member of the thioredoxin reductase (TrxR) like proteins, the branch of flavoprotein pyridine 

nucleotide and the family of disulfide oxidoreductase enzyme. The known active site cysteinyl 

residues of TrxR correspond to two conserved cysteine (C345/C348) in AhpF [127]. Although 

AhpF has 27 % identity to the E. coli TrxR, almost 200 amino acids at the N-terminal region 

within AhpF has no counterpart in TrxR [127, 128]. Sequence comparison of the C-terminal 

portion of AhpF to the corresponding TrxR sequence reveals 32 % identity. AhpC, however, 

does not show similarities to thioredoxin (Trx) in amino acid sequence, but AhpC homologues 

appear to be conserved throughout all kingdoms and belong to the family of peroxiredoxins 

[127]. Members of this family are primarily found in the cytosol, but also abundant within the 

mitochondria, chloroplast and peroxisomes, associated with nuclei and membranes [129]. 

AhpC and its peroxiredoxin family members are highly expressed in the cell, especially in E. 

coli it is among the ten most abundant proteins [130]. It has been suggested that the redox 

active cysteine disulfide of AhpF and AhpC are involved in the catalysis of hydroperoxide 

reduction [131]. 
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1.2.1 Alkyl hydroperoxide reductase system 

The Alkyl hydroperoxide reductase system consists of AhpF and AhpC. AhpF is a 

57 kDa protein, proposed to form a homo-dimer, and belongs to FAD-dependent NADH 

protein-disulfide reductase, which catalyses the reduction of redox-active disulfides in AhpC 

[128, 132]. AhpC is a homodecamer of 21 kDa subunits and a member of the peroxiredoxin 

family [127, 133, 134]. In overall AhpF has three domains: N-terminal domain (NTD) 

containing a redox-active disulfide centre, FAD binding domain (FAD) harbouring the redox 

active flavin, and NADH binding and redox-active disulfide-containing domain (NADH/SS) 

[128, 132, 135]. Limited proteolysis of AhpF from Salmonella typhimurium (StAhpF) revealed 

two soluble fragments. Both StAhpF fragments are important for the NADH-dependent 

reduction of the redox active disulfide of AhpC [132, 136]. The larger fragment (37 kDa), 

comprised of the C- terminal amino acids from 203 to 521, includes the FAD and NADH/SS 

domains. The NADH-dependent transhydrogenase and oxidase activities of the larger fragment 

remain active, but this fragment alone is only poorly capable to reduce AhpC [132]. The 

alignment of the larger fragment alone to the homologous E. coli thioredoxin reductase (TrxR) 

reveals a sequence identity of 33 %, including the conserved redox-active disulfide C345/C348 

in the NADH/SS domain [127, 128, 132]. The redox active C345/C348 in AhpF is 

corresponding to C138 in TrxR (Figure 1.12). 

(A) (B) 

  

Figure 1.12: Crystal structures of the C-terminal portion of AhpF from E. coli (EcAhpF212-521, PDB: 

1FL2) (A) and Thioredoxin Reductase (TrxR) from E. coli (PDB: 1TDF) [137, 138]. Both structures are 

depicted as monomer and both consist of two domains, the FAD domain (red) and the NADH domain (blue) 

(B). The redox active C345/C348 in EcAhpF212-521 and the corresponding redox active C138 in TrxR are 

labelled in green sticks and FAD in yellow sticks, respectively. 



 

 

Introduction    19 

 

Furthermore, the crystal structure of the C-terminal portion of AhpF from E. coli 

(EcAhpF212-521) comprised of 311 residues (A212-A521) (Figure 1.12A), which correspond 

closely to the large proteolytic fragment from StAhpF (residues 203-521), confirmed the 

structural homology to TrxR (Figure 1.12B) [137]. The C-terminal portion forms like TrxR a 

homodimer with a head-to-tail configuration. EcAhpF212-521 consists of a FAD domain and a 

NADH domain, whereas the N-terminal domain (NTD) and the linker region are absent. Its 

redox active cysteines C345/C348 are located closely to isoalloxazine ring of the FAD 

molecule (Figure 1.12A) [137]. Moreover, two further cysteine residues (C476/C489) were 

found in the large C-terminal fragment, exist as free thiols in oxidised AhpF and might not be 

involved in catalysis [137]. The smaller proteolytic fragment comprised of the residues 1-202 

including NTD and the redox-active disulfide centre C129/C132 [127, 132, 136]. Both redox-

active disulfide centres in AhpF (C345/348 and C129/C132) have the CXXC structural motif, 

which is also present in thioredoxin (Trx) and TrxR form. Mutations in AhpF from S. 

typhimurium, involving the two disulfide centres C129S/C132S or C345S/C348S, highlight 

that both redox active disulfide are essential for the catalytic activity of AhpF, and support the 

role of C129/C132 in the NTD to mediate the electron transfer between C345/C348 to AhpC 

active disulfide C47/C166 (Figure 1.14) [139]. The NTD of AhpF is directly responsible to 

reduce the redox-active disulfides in AhpC [132, 136]. Moreover, it has been shown that a 

chimeric protein composed of the first 207 

N-terminal residues of AhpF from S. 

typhimurium followed by the full length 

TrxR from E. coli, has preserved catalytic 

activity in AhpF/AhpC reductase assays 

[140]. Two mutants C132S and C345S of 

the chimeric protein highlighted the 

importance of both redox active centres in 

AhpC reductase activity, while TrxR 

activity requires only the C-terminal redox 

active centre [140]. This indicates that the 

C-terminal portion of AhpF and TrxR have 

redundant mechanism, whereas NTD of 

AhpF is critical and directly involved in 

AhpC reduction [140]. Furthermore, the 

NTD is assumed to be homologous to 

 

Figure 1.13: AhpF Crystal structure from 

Salmonella typhimurium (StAhpF, PDB: 1HYU) [135]. 

N-terminal domain (NTD), linker region, FAD domain 

and NADH domain are coloured in yellow, green, red 

and blue, respectively. The redox active C129/132 and 

C345/C348 are coloured in green sticks and FAD in 

yellow sticks. 
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thioredoxin and protein disulfide oxidoreductase (PDO), a thioredoxin-like (Trx-like) protein 

from Pyrococcus furiosis (PfPDO) (23% identical sequence), as shown earlier in the AhpF 

crystal structures from S. typhimurium (PDB ID: 1HYU) (Figure 1.13) [135, 136, 141]. The 

crystal structures of S. typhimurium as well as PfPDO revealed the existence of two fused 

thioredoxin like folds in the NTD [135, 141]. In PfPDO, each thioredoxin fold consists of one 

active disulfide centre, whereas the NTD of S. typhimurium comprises only one redox active 

disulfide centre, namely in the second thioredoxin fold with a distinct CXXC active site motif 

[135, 141]. The StAhpF crystal structure reveals all 521 amino acids are visible, highlighting 

all four regions (Figure 1.13). Electron transfer within AhpF starts from NADH and goes via 

FAD to the redox active disulfide C345/C348 at the C-terminal portion and from this disulfide 

to the N-terminal C129/C132 disulfide centre (Figure 1.14) [139]. The electron movement from 

AhpF to AhpC is predicted to occur via the redox centres C129/C132 of AhpF to the disulfide 

centre C47/C166 of AhpC (Figure 1.14) [140]. The crystal structure of AhpF from S. 

typhimurium is a homodimer, and positioned in a similar manner than the Trx/TrxR system 

(Figure 1.13, Figure 1.15) [135, 142]. The distance of both redox active centres in one 

monomeric AhpF molecule is 33 Å apart, whereas the distances between N- and C-terminal 

redox active centres among the AhpF homodimer are 35 Å. This conformation thus favours an 

inter- as well as an intramolecular reduction between the C- to N-terminal redox active disulfide 

of AhpF [135]. In fact, the electron transfer between the two disulfide centres occurs in an 

intramolecular manner, demonstrated via two heterodimeric AhpFs, in which either one of the 

two possible pathways was abolished, while the other pathway was kept intact in each 

heterodimeric AhpF constructs [143]. One heterodimer comprises of one C-terminal portion 

N208-A521 and one AhpF C345, C348S mutant without intramolecular activity. Hence this 

heterodimer has only the intersubunit electron transfer pathway active for the AhpC reductase. 

Likewise, the other heterodimer comprised of one C-terminal portion of N208-A521 with 

C345, C348S mutation and one intact wild type AhpF, which allows the electron transfer only 

through the intrasubunit pathway [143]. Indeed, the second heterodimer exhibited 42% AhpC 

reductase activity compared with wild type AhpF homodimer, whereas the first engineered 

heterodimer presented no activity [143]. 



 

 

Introduction    21 

 

 

Figure 1.14: Electron transfer of the Alkyl Hydroperoxide Reductase (AhpR) system. This figure has been 

adopted with modification from Wood et al. 2001 [135]  

The second subunit of AhpR is AhpC. In AhpC, both cysteines C47 as well as C166 are 

conserved. C47 is located at the N-terminal region within a valosin-containing protein (VCP) 

motif, which is also conserved in AhpC. Mutational studies using C47S mutants reveal no 

peroxidase activity, whereas in C166S mutants a 60% activity remains, highlighting the 

importance of C47 in the catalytic peroxidatic activity [144]. In NBD-Cl assays, the sulphur of 

C47 residue oxidises to cysteines sulfenic acid (RSOH) by peroxide substrates [145]. This 

sulfenic acid leads to a local unfolding of α2-helix residues into the loop region at the active 

site, that cause C47 to be exposed in close contact to C166 of the other AhpC subunit in a head 

to tail conformation and allowing the intermolecular disulfide bond formation [132, 134].  

1.2.2 Catalytic cycle of AhpF 

AhpF catalyses the hydride transfer from NADH via flavin and two different redox active 

disulfide bridges to the dithiol centre of AhpC [140]. AhpC facilitates significantly the 

peroxidative turnover rate and is the natural substrate of AhpF. AhpF alone recognises 

peroxides as substrate very poorly and AhpC by itself does not catalyse the NADH-dependent 

peroxide reduction [144]. Since the NTD of AhpF is homologous to Trx and the C-terminal 

portion, containing NADH/SS and FAD is homologous to TrxR, the catalytic mechanism of 

AhpF has been deduced analogously to the Trx/TrxR system [135, 138, 142].  
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Figure 1.15: Crystal structures of Thioredoxin Reductase (TrxR) from E. coli (left, PDB: 1TDF) and the 

heterodimeric crystal structure of the Thioredoxin Reductase and Thioredoxin complex (right, TrxR-Trx) from 

E. coli (PDB: 1F6M). Trx is coloured in yellow, FAD domain in red and NADH domain in blue. The redox 

active C138 correspond to C345/C348 in EcAhpF212-521 are labelled in green sticks. FAD and NAD(P)H are 

depicted in yellow and green stick, respectively. 

Furthermore, comparison of the EcAhpF C-terminal portion and TrxR with the twisted 

conformation of TrxR in complex with Trx suggests a domain movement favouring the 

intramolecular hydride transfer from the C- to the N-terminal disulfide centres [135, 137, 138, 

142, 146]. It was therefore proposed that during catalytic activity, the NADH/SS domain turns 

66° closely to FAD, this movement brings a bound NADH to the re face of the isoalloxazine 

ring of flavin for its oxidation (Figure 1.15) [142]. The rotation of the NADH/SS domain brings 

also the reduced dithiol (C345/348) to the surface, where it might be in position to reduce the 

NTD disulfide C129/C132 [135]. After the reduction of the NTD, the NADH/SS turns 66° 

back, bringing C345/C348 back to the re face of the flavin group, and the NAD+ to the surface 

for exchange with new NADH. The catalytic cycle of AhpF is complete after the hydride from 

NADH reached the redox active cysteines in NTD [135]. The NTD has two important roles. 

Firstly, it acts as a substrate for the C-terminal redox active disulfide bond, and then in turn 

reduced NTD acts as a protein disulfide reductase for redox active disulfide in AhpC [132, 135, 

140, 142]. However, despite the vast studies so far, the mechanisms for the dithiol-disulfide 

exchange from AhpF to AhpC are still poorly understood. Furthermore, the conformation of 

AhpF and its catalytic relevant intermediate while reducing AhpC is not known so far. 
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1.2.3 Catalytic cycle of AhpC 

AhpC from E. coli is a member of the peroxiredoxin family [127, 133, 134]. 

Peroxiredoxins have three different classes, the typical 2-C, atypical 2-C and 1-C enzymes on 

the basis of the number and sequence positions of cysteinyl residues [147]. AhpC from E. coli 

belongs to the typical 2-C peroxiredoxins. X-ray crystal structures of various 2-C peroxiredoxin 

(Prx) reveal the decameric ring formation [134, 148-152].  

 

Figure 1.16: The catalytic cycle of AhpC. The peroxidatic cysteine is shown as (CPH), sulfenic acid (CPOH), 

sulfinic acid (CPO2H) and the disulfide with resolving cysteine (CRH). The flavoprotein AhpF reduces AhpC. 

The figure is adopted with modification from Wood et al., 2003. 

 

For its catalytic activity, AhpC consists of two redox active cysteines (C47/C166). The 

cysteine residue 47 is the peroxidatic cysteine (CP) that attacks the hydroperoxide or alkyl 

hydroperoxide (ROOH) [153]. All AhpC enzymes catalyse its reaction with CP, a threonine (or 

serine) and an arginine. The CP and the T (S) belongs to a conserved motif consists of P-X-X-

X-T/S-X-X-CP, whereas the R is located apart in the AhpC primary structure [147, 154-156]. 

It is proposed that both S and R stabilize the CP sidechain in its transition state between thiolate 

form (CP-S-) and peroxide during the nucleophilic attack [157-159]. During this attack, the thiol 

group (CP-SH) of the peroxidatic cysteine (C47) oxidised to sulfenic acid (CP-SOH) with the 

release of H2O. The oxidation of CP unwinds the α-helix allowing the help of the other redox 

active cysteine 166, so called resolving cysteine (CR) located at the C-terminal end of the 

neighbouring monomer, to condensate sulfenic acid to an intermolecular disulfide bond (CPS-

SCR) [134]. The disulfide bond is guided with a partial unfolding of the α-helix that contains 

CP [153]. Therefore, during its catalytic cycle, AhpC alternates between locally unfolded when 

oxidised and fully folded when reduced [153]. The regeneration of oxidised AhpC is carried 
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out by the disulfide C129/C132 in the NTD of AhpF. It acts as an electron donor and reduces 

the disulfide bond between CP and CR to two catalytic active thiol groups [144]. Besides 

oxidative stress, eukaryotic AhpC is also involved in signal transduction at high H2O2 

concentration. AhpC undergoes an irreversible over oxidation from the sulfenic acid (CP-SOH) 

to sulfinic acid (CP-SO2H) [160-162]. This overoxidation is also coupled with structural and a 

functional change. During such overoxidation, AhpC loses its peroxidative activity to induce 

its second function as molecular chaperon. This functional change is guided with an assembly 

to higher order oligomers to high molecular weight (HMW) [100, 163-165]. Investigating the 

factors of AhpC to form HMW complexes might be therefore of great interest. For the 

hydroperoxidase activity, AhpCs are mandatory dimer that can reversible assemble to a 

decameric (α2)5 formation [134]. Despite the studies that has been done so far, the importance 

for AhpC decamerisation as well as the molecular mechanism for AhpC regeneration by AhpF 

is still not understood. Characterisation of AhpF and AhpC will give new insights into oxidative 

stress, since it is heavily involved in quite a number of diseases, such as rheumatoid arthritis, 

inflammatory bowel disorders, and atherosclerosis, and it is emerging as one of the most 

important causative agents of mutagenesis, tumor genesis, and aging [4, 166-169]. 
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1.3 Goals of this thesis 

Since the interaction between subunit a and ARNO (ADP-ribosylation factor nucleotide 

site opener), a guanine nucleotide exchange factor (GEF) of the small G protein ADP 

ribosylation factor (Arf) is of great interest, investigation of the binding site will be done by 

using NMR spectroscopy experiments.  

In order to characterise the binding motifs of subunit a to ARNO, the structure of two 

peptides (1-17 aa and 368-395 aa) of subunit a2 (mouse V-ATPase) involved in the ARNO 

association, will be investigated using NMR spectroscopy. Moreover, the first binding site of 

a2 (a21-17) with the Sec7 domain of ARNO, will be assessed using NMR titration experiments. 

These data will provide the first step to determine the interaction mechanism between subunit 

a and ARNO in high resolution. Further NMR titration experiments with subunit a construct, 

a104-363 with ARNO will prove and provide more structural features into the binding mechanism. 

Structural investigation of a104-363 using small angle X-ray scattering (SAXS) and 

crystallisation will be performed.  

Besides the cytosolic N-terminal hydrophilic charged domain, subunit a consists also of 

the C-terminal membrane hydrophobic domain that is responsible for the proton translocation 

and putatively for pH sensing [72]. To get an insight into the topology of subunit a, the 

constructs: a468-552, a582-649, a673-731, a478-537, a596-634, a653-727 and a801-840 from S. cerevisiae that 

contain putative soluble regions, facing either to the lumen or the cytosolic side were designed. 

Soluble constructs will be purified and undergo structural investigation using NMR and 

crystallisation.  

In addition to the pH dependent vesicle formation that is regulated via V-ATPases and 

ARNO association, redox reactions are also highly significant for the survival of the cell and 

are used as a defence against reactive oxygen species (ROS) during oxidative stress. Therefore, 

Alkyl Hydroperoxide Reductase (AhpR) subunits F and C will undergo structural 

characterisation using SAXS, crystallisation and cryo electron microscopy. 

The crystal structures of AhpF and AhpC from E. coli will give new insights into the 

mechanisms for the dithiol-disulfide exchange from AhpF to AhpC. New structural 

conformation of AhpF will be derived by SAXS analysis that helps to understand catalytic 

relevant intermediates of AhpF in reducing AhpC, a so far undescribed catalytic event. 

CryoEM studies of AhpC will provide information regarding its dynamics in oligomerisation 

and the importance for AhpC decamerisation for its dual activity as anti-oxidant enzyme and 

molecular chaperon in rescuing the cell from harmful hydroperoxides and low pH. 
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2.1 Materials 

2.1.1 Chemicals 

All the chemicals used for the study were of at least analytical grade. Chemicals were 

purchased from the following companies: 

 

2.1.1.1  Buffers and salts  

     Sigma (St. Louis, MO, USA) 

     USB (Sampscott, MA) 

     Calbiochem (Darmstadt, Germany)  

     Fluka (Sigma, Buchs Germany)  

     Roth (Karlsruhe, Germany) 

     Serva (Heidelberg, Germany)   

DTT Hoefer (San Francisco, CA, USA) 

Ni2+-NTA QIAGEN (Hilden, Germany) 

PefablocSC BIOMOL (Hamburg, Germany) 

PMSF Sigma (St. Louis, MO, USA) 

15NH4Cl Cambridge Isotopes Lab (USA) 

LB Media BD (Sparks, MD, USA) 

 

2.1.1.2 Electrophoresis Chemicals  

(Agarose, SDS, Glycine, APS etc.) Bio-Rad (Hercules, CA, USA)  

Antibiotics Calbiochem, Sigma and Gibco (Invitrogen) 

IPTG Fermentas (Vilnius, Lithuania) 

BSA GERBU (Heidelberg, Germany) 

 

2.1.2 Molecular biology materials 

Genomic DNA Saccharomyces cerevisiae (AH104 strain) 

Primers 1st Base and Research Biolabs (Singapore) 

Peptides NTU proteomics core facility, School of 

Biological Sciences, Nanyang Technological 

University, Singapore 

Pfu DNA Polymerase Fermentas (Glen Burnie, MD, USA) 

http://en.wikipedia.org/wiki/Vilnius
http://en.wikipedia.org/wiki/Lithuania


 

Material and Method  29 

 

 

NcoI, SacI Fermentas and New England Biolabs  

T4 DNA Ligase Fermentas and NEB 

Precision Proteases  (GE Healthcare, Uppsala, Sweden) 

Miniprep Plasmid Kit Qiagen (Hilden, Germany) 

Nucleobond AX mediprep Kit MN & Co (Düren, Germany) 

Escherichia coli expression strains DH5α, BL21 (DE3) 

pET-9d1 Grüber et al., 2002 [170] 

2.1.3 Chromatography materials 

2.1.4 Gel filtration 

Superdex 75 HR (10/30) GE Healthcare (Uppsala, Sweden) 

Superdex 200 HR (10/30) GE Healthcare (Uppsala, Sweden) 

2.1.5 Instruments and accessories 

Akta FPLC GE Healthcare (Uppsala, Sweden) 

Millex Filters (0.45 μM) Millipore (Bradford, USA) 

Syringe, needles and accessories BD Biosciences 

2.1.6 Protein concentration, estimation  

Centriprep YM10 Millipore (Co-cork, Ireland) 

Amicon ulta (3-30kDa) Millipore (Co-cork, Ireland) 

BCA Assay Kit Pierce (Rockford, IL, USA) 

 

2.1.7 Other instrumentation 

PCR Thermocycler: 

Biometra T personal Biometra 

Biometra T gradient Biometra 

Sonoplus Sonicator Bendelin 

Micropulser Electroporator Bio-Rad (Hercules, CA, USA) 

Ultraspec 2100 Pro- 

Spectrophotometer Amersham Biosciences 

BioSpec-Nano  Shimadzu, Tokyo, Japan 

2.1.8 Computer software 

Vector NTI 10.3.0 Invitrogen 
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SPARKY Goddard and Kneller, 1997 [171] 

Topspin 1.3 Bruker Biospin 

CYANA 2.1 Günthert et al., 1997 [172] 

TALOS Cornilescu et al., 1999 [173] 

MOLMOL Koradi et al., 1996 [174] 

PyMOL v0.99 DeLano Scientific LLC, USA [175] 

HKL2000 package Zbyszek and Wladek, 1997 [176] 

Refmac5 (CCP4 package) Murshudov et al., 1997 [177] 

MOLREP Vagin and Taplyakov, 1997 [178] 

PHASER McCOY et al.,2007 [179] 

CNS  Brunger et al., 1998 [180] 

Coot  Emsley and Cowtan, 2004 [181] 

Ramachandran plot  Ramachandran et al., 1963 [182] 

PROCHECK LASKOWSKI et al., 1993 [183] 

Quantity One Bio-Rad (Hercules, CA, USA) 

CCP4 1994 

PRIMUS Svergun, 1993 [184] 

Gasbor Svergun et al., 2001 [185] 

SUBCOMB Svergun et al., 2001 [185] 

EMAN2 Tang et al., 2007 [186] 

UCSF Chimera Pettersen et al., 2004 [187] 
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2.2 Cloning of subunit a (Vph1) constructs from S. cerevisiae V1VO ATPase 

To amplify the Vph1 coding region, oligonucleotide primers incorporating NcoI or SacI 

restriction site (underlined), were designed.  

Construct  Oligonucleotide sequence 5’-3’ 

a104-363 forward CGTTCCACCCATGGGTTCAGTGATAGATGATTATGTCCGG 

 reverse TTGGATAATGAGCTCTTAATCAATACCCAATCTTGCGATCATTTC 

a468-552 forward GTCCATGGGTGTCTTTTCCATGTACACAGG 

 reverse ATGAGCTCTTAAGAATAGGTCATGTGGATGAACC 

a582-649 forward GTCCATGGGTATCTTTGGTTATCTTTCCG 

 reverse ATGAGCTCTTATAGCAACCAAGGAATACAAACCAAG 

a673-731 forward GTCCATGGGTGCAGATGCTAGTTCTGAAGATTTG 

 reverse ATGAGCTCTTATGCAGTGTGCGAAACACAATTCAAAC 

a478-537 forward GTCCATGGGTATCTTCTCTAAAACTATGACTATTTTCAAG 

 reverse ATGAGCTCTTACATTTTGTAAGAATTAGAAAATAACAAAG 

a596-634 forward GTCCATGGGTGTTAAGGACGGAAAGCCTG 

 reverse ATGAGCTCTTATTGGACCTTTGCTTGATGAGGGTATAATTC 

a653-727 forward GTCCATGGGTTTACATTTCAAATTCACTCATAAAAAG 

 reverse ATGAGCTCTTAAACACAATTCAAACAGAATTCAATTGTATGAATAAC 

a801-840 forward GTCCATGGGTCACTGGGTTGAATCTATGTCC 

 reverse ATGAGCTCTTAGCTTGAAGCGGAAGAGCTTGCACTAG 

S. cerevisiae genomic DNA was used as template for polymerase chain reaction (PCR). PCR 

was set up in a total volume of 50 µl on ice as mentioned below with the appropriate 

concentration of constituents as: 

Reagents Amount 

Pfu buffer (10x) 5 µl 

DNTP's (2 mM) 1.5 µl 

Primers (100 M) 2 x 0.5 µl 

Template (genomic DNA) 1 µl 

MilliQ water 40.5 µl 

Pfu DNA polymerase 1 µl 

All reagents were pipetted into a PCR tube kept on ice all the time, mixing of the reagents was 

done by short centrifugation. PCR thermocycler (Biometra T personal) was preheated to 95 ºC 
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before reaction tubes were placed inside the machine. The following PCR thermocycler 

program was used for amplification: 

Cycle steps Temperature Time  

Lid 99 ºC  

Initial denaturation 96 ºC 3 min 

Cycle denaturation 96 ºC 30 sec 

Annealing 58 ºC 45 sec       30 cycles 

Extension 72 ºC 60 sec 

Final extension 72 ºC 5 min 

End 4 ºC  

Cycle denaturation, annealing and extension steps were repeated for another 29 cycles. Total 

time taken for the PCR program was 1 h 43 min 49 sec. 

After amplification, the PCR product was 

stored at -20°C, 5 µl of which was then 

applied onto an analytical agarose gel (1.5%) 

to check its quality. The gel was kept in 

ethidium bromide solution for 20 min and 

observed under UV light. The size of the PCR 

product was confirmed with the appropriate 

DNA marker. Remaining reaction mixture 

was applied onto a 1.5% preparative agarose 

gel. The portions corresponding to the correct 

PCR product were cut out immediately and 

purified by gel extraction kit (QIAGEN) as 

per the manufacturer’s protocol. The product was finally eluted in 30 – 50 µl volume of water 

or Tris-HCl buffer of pH 8.0. 1 µl of gel extracted PCR product was applied onto 1.5% 

analytical agarose gel for estimating the purity of the sample. Purified DNA was double 

digested overnight at 37 ºC by taking appropriate amount of NcoI and SacI enzymes. After 

overnight digestion, the reaction mixture was purified by enzyme reaction purification kit from 

QIAGEN again. Subsequently, ligation reactions between vector (Figure 2.1) and amplified 

PCR product were setup at room temperature. The reagents used were as follows:  

 

 
Figure 2.1: Modified pET-9d (+) vector showing 

full map and unique multiple cloning sites (MCS) that 

has been used to clone various genes [170]. 
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Ligase buffer (10x) 1.5 µl 

Vector (V) 50-100 ng 

Insert (I) Variable (1-5 times of vector) 

T4 Ligase 1 µl 

MilliQ water variable 

Total 15 µl 

The ligation mixture was kept at room temperature for 2 hrs. The reaction was terminated by 

precipitation of DNA from rest of the reaction mixture by adding 85 µl of Milli Q water to 

make a final volume of 100 µl. 1 ml of butanol was added into the mixture and mixed 

thoroughly. Then the mixture was centrifuged at 13,000 x g (using Eppendorf Mini-centrifuge) 

for 10 min., and the supernatant was discarded gently. The pellet was resuspended in 150 µl of 

70% ethanol and centrifuged again for 5 min. Supernatant was again removed and the pellet 

was re-dissolved in 10 µl of elution buffer (10 mM Tris-HCl, pH 8.5; EB buffer, QIAGEN) or 

Milli Q water. 5 – 10 µl of ligation mixture was used for the transformation into Escherichia 

coli DH5α cells. Single colonies were picked from the transformation plate on the next day and 

were incubated at 37 C. The plasmid DNA was isolated using standard protocol (QIAGEN 

mini-prep kit) and subsequently double digested and applied onto 1.5% agarose gel, in order 

to confirm the presence of ligated insert. Size of insert and vector were compared with 

appropriate controls and markers. Verified plasmid was finally transformed into E. coli BL21 

(DE3) or Rosetta-gamiTM2 (DE3) cells for protein production. E. coli BL21 (DE3) and Rosetta-

gamiTM2 (DE3) cells were both grown on 30 g/ml kanamycin-containing Luria-Bertoni (LB) 

agar plates, while the LB agar plates for Rosetta-gamiTM2 (DE3) cells have additional 12.5 

g/ml tetracycline and 100 g/ml chloramphenicol. E. coli BL21 or Rosetta-gamiTM2 (DE3) 

expression strains were purchased from Novagene (Darmstadt, Germany). 

2.2.1  Electroporation transformation 

Reagents 

SOB media: 20 g/l Tryptone 

  5 g/l Yeast Extract 

  0.58 g/l NaCl 

  0.18 g/l KCl 

  10 ml Mg-solution (1 M MgCl26H2O, 1 M MgSO4) 

 SOC media: SOB 100 mM Glucose 

Electroporation was done for the transformation of plasmid into electro-competent cells. 

Electro-competent cells were prepared as per the protocol from Current Protocols in Molecular 
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Biology (Wiley InterScience) manual. 1 – 50 ng of plasmid was added to 80 – 100 µl of 

competent cells and incubated on ice for 5 – 10 min. Electroporation was done at constant 

voltage of 2 500 V (Micropulser Electroporator, Bio-Rad). The cuvette was then immediately 

placed back on ice for 1 min., following addition of LB or SOC (SOB + 100 mM Glucose) 

media to total volume of 1 ml. The mixture was incubated at 37 °C for 1 h. Appropriate 

dilutions were prepared before plating the cells on antibiotic selection plates. 

 

2.3  Production and purification protein constructs 

2.3.1 Induction test 

Reagents for 4 x lysis buffer:  250 mM Tris/HCl, pH 6.8 

 9.2% SDS 

 40% Glycerol 

 0.2% Bromophenol Blue 

 1 mM DTT 

 

At least 3-4 single colonies were randomly picked up. They were grown to OD600 of 0.6 - 0.7 

at 37 °C with shaking of 170 – 200 rpm (Infors HT Minitron shaker). Final concentration of 

0.5-1 mM IPTG was then added to start induction. Mixture was kept at 30 – 37 °C for 2 – 3 h. 

The concentration of IPTG depends on the characteristics of protein being produced and the 

conditions that have been optimised for respective protein. Respective controls were left 

uninduced under identical conditions. Cells were pelleted down and resuspended with 60 µl of 

1x lysis buffer in presence of 1 mM DTT. Resuspended cell mass was heated at 95 ºC for 5 

min and 15 – 20 µl of each sample was loaded onto a 17% SDS polyacrylamide gel. The 

expression was more in the induced cultures ((+) supplemented with IPTG) than uninduced 

cultures ((-) not supplemented with IPTG). A representative induction gel is shown in Figure 

3.19.  

2.3.2 Solubility test for recombinant proteins 

Following the successful induction of proteins with appropriate concentration of IPTG at 

the optimised temperature and shaking conditions, solubility of the produced proteins was 

tested in various buffers as shown in Figure 3.20. 50 ml of culture was grown and induced with 

IPTG. Cells were pelleted down into five equal fractions by centrifuging at 10 000 x g for 

10 min. Freshly prepared protease inhibitors PefablocSC in water and/or 100 mM PMSF 

(dissolved in isopropanol) were added to a final concentration of 2 – 8 mM (PefablocSC) or 1 – 

2 mM (PMSF). Reducing agent such as DTT (1 mM) was used in the preparation. Resuspension 

was sonicated at 15% power with KE 76 tip of sonicator (Bandelin Sonoplus) three times for 
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one min each, with a cooling interval of two min between each cycle. Supernatant was then 

separated from the pellet by centrifugation at 10,000 x g and transferred to a fresh tube. Pellets 

were resuspended in the respective buffers as shown in the Figure 3.20. All the steps were 

carried on ice. 10 – 15 µl of pellet and supernatant were loaded onto a 17% SDS gel.  

2.3.3 Purification of a104-363 construct of the S. cerevisiae V1VO-ATPase 

To express His6-a104-363, liquid cultures were shaken in LB medium containing 

kanamycin (30 µg/ml) for about 6 h at 30 °C until an optical density OD600 of 0.6 - 0.7 was 

reached. To induce expression of His6-a104-363, the cultures were supplemented with isopropyl 

(thio)-β-D-galactoside (IPTG) to a final concentration of 1 mM. Following incubation for 

another 16 h at 20 °C, the cells were harvested at 8 500 x g for 12 min, 4 °C. Subsequently, 

they were lysed on ice by sonication for 3 x 1 min in buffer A (50 mM Tris/HCl, pH 8.5, 

200 mM NaCl, 1 mM DTT, 2 mM PMSF and 2 mM PefablocSC (BIOMOL)). Precipitated 

material was separated by centrifugation at 10 000 x g for 35 min. The supernatant was filtered 

(0.45 µm; Millipore) and passed over a 2 ml Ni2+-NTA resin column to isolate subunit a104-363, 

according to Grüber et al. (2002) [170]. The His-tagged protein was allowed to bind to the 

matrix for 1.5 h at 4 °C and eluted with an imidazole-gradient (25 - 250 mM) in buffer A. 

Fractions containing His6-subunit a104-363 were identified by SDS-PAGE [188], pooled and 

concentrated as required using Centricon YM-3 (3 kDa molecular mass cut off) spin 

concentrators (Millipore). Imidazole was removed by gel filtration chromatography using a 

Superdex 75 HR 10/30 column (GE Healthcare) and a buffer of 50 mM Tris/HCl, pH 8.5, 

200 mM NaCl and 10 mM EDTA. The purity and homogeneity of all protein samples were 

analysed by SDS-PAGE [188]. SDS-gels were stained with Coomassie Brilliant Blue G250. 

Protein concentrations were determined by bicinchoninic acid assay (BCA; Pierce, Rockford, 

IL., USA). 

2.3.4 Purification of a104-363, a653-727, a582-649, a673-731 and a801-840 constructs 

After successful solubility tests, proteins were then purified in large scale. To produce 

His3-a653-727, liquid cultures were incubated in kanamycin-positive (30mg/ml) LB medium at 

37 °C with shaking of 180 rpm, until an optical density OD600 of 0.6 - 0.7 was achieved. 

Expression of His6-a653-727 was obtained by adding of isopropyl (thio)-β-D-galactopyranoside 

(IPTG) to a final concentration of 1 mM. Following incubation for another 4 h at 37 °C, the 

cells were harvested at 8 500 x g for 12 min, 6 °C. Subsequently, they were lysed on ice by 

sonication for 3 x 1 min in buffer A (50 mM Tris/HCl, pH 8.5, 500 mM NaCl, 2 mM PMSF 
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and 2 mM PefablocSC (BIOMOL). Precipitated material was separated by centrifugation at 

10 000 x g for 35 min. Supernatant was filtered (0.45 μm; Millipore) and passed over a 2 ml 

Ni2+-NTA resin column to isolate subunit a, according to Grüber et al., (2002) [170]. His-

tagged protein was allowed to bind to the matrix for 1.5 h at 4 °C and eluted with an imidazole-

gradient (25 - 600 mM) in buffer A. Fractions containing His-tagged a653-727 were identified by 

SDS-PAGE [188], pooled and concentrated as required using Centricon YM-3 (3 kDa 

molecular mass cut off) spin concentrators (Millipore). Imidazole was removed by gel filtration 

chromatography using a Superdex 75 HR 10/30 column (GE Healthcare) and a buffer of 50 

mM Tris/HCl (pH 8.5), 500 mM NaCl and 5 mM EDTA.  

The other subunit a constructs: a582-649, a673-731 and a801-840 have been purified in the same 

way as described above. To produce His6-a104-363, liquid cultures were incubated in kanamycin-

positive (30 mg/ml) LB medium at 30 °C with shaking of 180 rpm, until an optical density 

OD600 of 0.6 - 0.7. After adding of IPTG to a final concentration of 1 mM, the liquid culture 

were incubated for another 16 h at 20 °C, the cells were harvested at 8 500 x g for 12 min, 6 °C. 

The lysis buffer buffer A (50 mM Tris/HCl, pH 8.5, 200 mM NaCl, 2 mM PMSF and 2 mM 

PefablocSC (BIOMOL)) differs for sonication and the following purification steps accordingly. 

The imidazole gradient was 25 mM to 300 mM. The purity and homogeneity of all protein 

samples were analysed as described in section 2.3.3. 

2.3.5 Purification of a1-388 construct from S. cerevisiae 

Subunit His6-a1-388 containing N-terminal His-tag was cloned and kindly provided by Dr. 

Raj Thaker [189]. The over expression was produced in Rosetta-gamiTM 2 cells and purified 

using the two-step protocol. The first step involved enrichment of His-tagged subunit a1-388 

protein by specific binding to Ni2+-NTA matrix and the second step employed ion-exchange 

chromatography using ResouceTM Q column (GE Healthcare), to remove remaining impurities. 

Buffer A of a1-388 purification contains: 50 mM Tris/HCl, pH 7.5, 500 mM NaCl, 2 mM PMSF 

and 2 mM PefablocSC (BIOMOL).  

2.3.6 Purification of Sec7- domain of ARNO from human (Homo sapiens) 

Recombinant Sec7-domain coding plasmid containing N-terminal GST-tag and C-

terminal His-tag in pGex6-P1 was kindly provided by Prof. Dr. Vladimir Marshansky (MGH, 

Harvard University, Boston, USA). The over-expression was performed in BL21 cells and 

purified using the three-step protocol as described in section 2.3.3 above. The first step 

involved enrichment of His-tagged Sec7 recombinant protein by specific binding to Ni2+-NTA 
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matrix. In order to cleave the N-terminal GST-tag from the Sec7-domain, eluted protein in the 

imidazole concentration of 75-200 mM were digested overnight with Precision Proteases (GE 

Healthcare). The second step employed affinity chromatography using GSTrapTM column (GE 

Healthcare). GST binds to the GSTrapTM column (GE Healthcare), whereas Sec7-domain of 

ARNO remains in the flow through. The final step was performed by using a Superdex 75 HR 

10/30 column (GE Healthcare). All purification steps were done in buffer A (50 mM Hepes, 

300 mM NaCl, pH 7.5). 

2.3.7 Purification of Alkyl Hydroperoxide Reductase subunit F (AhpF) from E. coli 

The expression of AhpF was produced in Rosetta-gamiTM 2 cells and purified using the 

two-step protocol as described above in section 2.3.3. The first step involved enrichment of 

AhpF by specific binding to Ni2+-NTA matrix. Eluted protein in the imidazole concentration 

of 20-100 mM were pooled and used for the second step employed ion-exchange 

chromatography using ResouceTM Q column (GE Healthcare), to remove remaining impurities. 

Buffer A of AhpF purification contains: 50 mM Tris/HCl, pH 7.5, 200 mM NaCl, 2 mM PMSF 

and 2 mM PefablocSC (BIOMOL). The final step was carried out in size exclusion 

chromatography using Superdex75 (GE Healthcare). AhpF eluted as single peak at 9 ml 

column volume. The purity and homogeneity of AhpF samples were analysed as described in 

section 2.3.3 on page 35. Protein concentrations were determined by bicinchoninic acid assay 

(BCA; Pierce, Rockford, IL., USA) as well as absorbance at 280 nm in spectrophotometer 

(BioSpec-Nano, Shimadzu) using extinction coefficients 34 755 M-1 cm-1. 

2.3.8 Purification of Alkyl Hydroperoxide Reductase subunit C (AhpC) from E. coli 

For the production of AhpC, E. coli strain BL21 (DE3) was used. The first purification 

step of recombinant His6-AhpC involved NiNTA resin column as described above in section 

2.3.3. To purify the oxidised form of recombinant proteins AhpC, no DTT was used in all 

following buffers. To avoid remaining DTT from the lysis buffer A, the Ni2+-NTA was initially 

washed with 10 column volumes of respective buffers without DTT and subsequently eluted 

with an imidazole gradient (0–300 mM) (Figure 3.42A). Buffer A of AhpC purification under 

oxidising condition contains: 50 mM Tris/HCl, pH 7.5, 200 mM NaCl, 2 mM PMSF and 2 mM 

PefablocSC (BIOMOL). Afterwards the second step employed ion-exchange chromatography 

carried out in ResourceTM Q column (GE Healthcare) was used, to clear impurities that bind to 

the column, whereas the AhpC remains in flow through. The flow through protein were pooled 

and concentrated using Centricon YM-10 (10 kDa molecular mass cut off) spin concentrators 
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(Millipore). To obtain the purest AhpC and to remove the final impurities size exclusion 

chromatography was applied using a Superdex 75 HR 10/30 column (GE Healthcare) and a 

buffer of 50 mM Tris/HCl, pH 7.5, 200 mM NaCl.  

To obtain AhpC in its reduced form, all three columns Ni-NTA, ResourceTM Q column 

(GE Healthcare) and Superdex 75 HR 10/30 column (GE Healthcare) were used in the same 

order like in oxidising condition, except buffer A of the purification contains additional 0.8 

mM DTT during Ni-NTA column and 1 mM DTT in ResourceTM Q column (GE Healthcare) 

and Superdex 75 HR 10/30 column (GE Healthcare). The purity and homogeneity of AhpC 

samples in oxidised and reduced form were verified as described in section 2.3.3. Protein 

concentrations were determined by bicinchoninic acid assay (BCA; Pierce, Rockford, IL., USA) 

as well as absorbance at 280 nm in spectrophotometer (BioSpec-Nano, Shimadzu) using 

extinction coefficients 24 075 M-1cm-1 for AhpC in oxidised form and 23 950 M-1cm-1 in its 

reduced form. 

2.4 Western blotting 

Reagents 

Blot transfer buffer:  25 mM Tris/HCl pH 8.3 

       192 mM Glycine  

       20% Methanol 

PBS:    10 mM sodium phosphate, pH 7.4 

       150 mM NaCl  

Proteins were separated on 17% resolving SDS-polyacrylamide gel at 15 mA constant 

for 45 min and transferred onto transfer buffer equilibrated nitrocellulose or 100% methanol 

activated PVDF membrane (Amersham) by wet transfer method (Bio-Rad). The membrane 

was blocked with 3% gelatine PBS-T (PBS; 0.1% Tween-20) for 1 h at room temperature, 

washed with PBS-T three times for 10 min each followed by incubated with primary antibody 

(diluted in 1% gelatine prepared in PBS-T) for additional 1 h at room temperature. After 

primary antibody binding, the membrane was washed as described above and incubated with 

HRP-conjugated secondary antibody for 1 h at room temperature. The membrane was washed 

again with PBS-T three times for 10 min each at room temperature and partially dried with 

Whatman paper to prepare for the development. Western blot was developed using 

chemiluminescent method with ECL PlusTM or Lumigen LMA 6 reagents (GE Healthcare, UK) 

as per the manufacturer’s specifications on Kodak X-ray film development station in the dark 

room.  
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2.5 Quantification of proteins by bicinchoninic acid (BCA) method 

BSA is used as a standard for protein quantification by BCA method. BCA reagent is 

available in kit form from Pierce (Rockford, IL, USA.) and instruction for measuring protein 

concentration was followed. In general, two dilutions of protein samples were taken and each 

of them was measured in triplicate to avoid any error in the measurement. Optical density was 

measured at 562 nm against blank. Standard curve with 50 μg/ml, 125 μg/ml, 200 μg/ml and 

250 μg/ml of BSA was then drawn from the OD562 and fitting equation was derived. That 

equation was used to calculate protein concentration.  

2.6 Circular dichroism spectroscopy 

Circular dichroism spectroscopy measures the difference between the absorption of right- 

and left handed circularly polarized light, arising due to the symmetry of particular molecule 

under consideration. Circular dichroism can be used to determine the secondary structure 

contents of protein in far UV range, where the peptide bond acts as active chromophore. Steady 

state CD spectra were measured in 0.1 mm quartz Hellma cell (60 µl volume) at 18 ºC on 

CHIRASCAN spectropolarimeter (Applied Photophysics) instrument at a step resolution of 1 

nm from 180 – 260 nm far UV range, of spectrum under continuous purging of N2 gas. Protein 

samples were buffer exchanged, reduced or oxidised by appropriate protocols before 

measurements. Each protein sample was measured in triplicates at a concentration of 2 mg/ml, 

with the buffer reading taken before and after protein sample. Averaged buffer base line was 

subtracted from average protein values using in built Chirascan software. Initial degree cm2 

dmol-1 units were converted into mean molar residue ellipticity (Θ) with the help of Chirascan 

software by giving appropriate cell path length, molecular weight, number of amino acid 

residues and protein concentration values. Final plotting was done in MS Excel (2003). In order 

to analyse the CD spectrum, the following algorithms were used: Varselec [190], Selcon [191], 

Contin [192], K2D [193]all methods as incorporated into the program Dicroprot [194] and 

Neural Net [195]. 

2.7 Dynamic light scattering (DLS) 

Dynamic light scattering (DLS) of AhpF and reduced and oxidised AhpC were carried 

out using Malvern Zetasizer Nano ZS spectrophotometer. DLS were measured in low-volume 

quartz batch cuvette (ZEN2112, Malvern Instruments) using 12 µl of 1-10 mg/ml of respective 

protein solution. After 60 s equilibration time, the backscattering at 173° was detected for all 
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proteins, accordingly. Scattering intensities were analysed by using the inbuilt software, 

Zetasizer to calculate the hydrodynamic diameter (DH), size, and volume distribution. 

2.8 NADH dependent peroxidase activity  

The NADH dependent peroxidase assay was monitored at 340 nm following the 

decrease in NADH absorbance. The assay were carried out at 25º C in a total volume of 100 µl 

containing 300 µM of NADH, 1 mM of hydrogen peroxide, 1 µM of both AhpC and AhpF and 

50 mM of phosphate buffer at pH 7.0, containing 100 mM of ammonium sulfate and 0.5 mM 

EDTA. All the reaction mixtures were added in the reaction buffer except the NADH, which 

is added at the end to start the reaction. The background reaction measured for all mixture 

without the AhpF is taken as a control. The maximum NADH oxidation activity shown in the 

presence of AhpC and the reaction is saturated at 6 min. The NADH oxidation was measured 

with multi wavelength scanning ranging from 280-540 nm at two different time scale. The first 

measurement was carried out immediately after all the reaction mixture was added and the 

second measurement was done after 6 min, when the NADH oxidation is saturated for AhpC. 

2.9 Solution X-ray scattering experiments and data analysis 

Small angle X-ray scattering (SAXS) data for a104-363 from S .cerevisiae and E coli AhpF 

were kindly collected by Prof. Dr. Manfred Roessle using standard procedures on the X33 

SAXS camera [196, 197] of the EMBL Hamburg located on a bending magnet (sector D) on 

the storage ring DORIS III of the Deutsches Elektronen Synchrotron (DESY). A photon 

counting Pilatus 1M pixel detector (67 x 420 mm2) was used at a sample - detector distance of 

2.4 m covering the range of momentum transfer 0.1 < s < 4.5 nm-1 (s = 4p sin(q)/l, where q is 

the scattering angle and l = 0.15 nm is the X-ray wavelength). The s-axis was calibrated by the 

scattering pattern of Silver-behenate salt (d-spacing 5.84 nm). The scattering from the buffer 

alone was measured before and after each sample measurement and the average of the 

scattering before and after each sample is used for background subtraction. A range of protein 

concentrations (1.5 to 6.4 mg/ml) and (2.5 to 6.1 mg/ml) were measured for S. cerevisiae a104-

363 and E coli AhpF, accordingly, to assess and remove any concentration-dependant inter-

particle effects. Construct a104-363 was measured in 50 mM Tris/HCl (pH 8.5) and 200 mM 

NaCl, 10 mM EDTA and 1 mM DTT and E coli AhpF in 50 mM Tris/HCl (pH 7.5) and 200 

mM NaCl, 10 mM EDTA and 1 mM DTT, respectively. The protein as well as the buffer 

samples have been injected automatically using the sample-changing robot for solution 

scattering experiments at the SAXS station X33 [198]. All the data processing steps were 
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performed automatically using the program package PRIMUS [184]. The forward scattering 

I(0) and the radius of gyration Rg were evaluated using the Guinier approximation [199] 

assuming that for spherical particles at very small angles (s < 1.3/Rg) the intensity is 

represented by I(s) = I(0) exp(-(sRg)
2/3). These parameters were also computed from the entire 

scattering patterns using the indirect transform package GNOM [185], which also provide the 

distance distribution function ρ(r) of the particle as defined:  

 dssrsrsIr  sin)(2)(   

The molecular mass of both proteins were calculated by comparison with the forward 

scattering from the reference solution of bovine serum albumin (BSA). From this procedure a 

relative calibration factor for the molecular mass (MM) can be calculated using the known 

molecular mass of BSA (66.4 kDa) and the concentration of the reference solution by applying 
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where I(0)p, I(0)st are the scattering intensities at zero angle of the studied and the BSA standard 

protein, respectively, MMp, MMst are the corresponding molecular masses and cp, cst are the 

concentrations. Errors have been calculated from the upper and the lower I(0) error  limit 

estimated by the Guinier approximation.  

Low-resolution models of S. cerevisiae a104-363 and E. coli AhpF were built by the program 

GASBOR and kindly guided by Dr. Malathy Sony S. Manimekalai [185]. GASBOR structure 

represents the protein as an assembly of dummy atoms forming a chain-compatible model 

inside a search volume defined by a sphere of the diameter Dmax. The spatial positions of these 

dummy atoms are approximately corresponding Cα atoms in the protein structure. The number 

of residues is equal to that in the protein. Starting from a random model, GASBOR employs 

simulated annealing to build a scattering equivalent model fitting the experimental data Iexp(s) 

to minimize discrepancy: 
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where N is the number of experimental points, c is a scaling factor and Icalc(sj) and σ(sj) are the 

calculated intensity and the experimental error at the momentum transfer sj, respectively. In 

order to compare the solution structure of a104-363 with the atomic structure of the stalk subunit 

a of the A1AO ATP synthase from M. ruber (PDB entry 3RRK, [200]), or the E. coli AhpF 

solution structure with the E. coli AhpF crystal structure determined in this thesis, the high 

resolution models have been aligned, respectively, using SUBCOMB [185]. This program 
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aligns all possible pairs of models and arranges the smallest average discrepancy among the 

models. 

2.10 In silico Sec7 and a21-17 docking experiments  

The AutoDock v.4 and AutoDock 4 Tools programs (The Scripps Research Institute) 

were used for docking of a21-17 peptide to Sec7 domain [201, 202]. Spatial structure of Sec7 

domain was taken from the crystal structure of the complex of Sec7/Arf1 with brefeldin A as 

a stabilization agent (PDB: #1S9D) [203] and all water molecules were removed from Sec7 

structure. The NMR structure of a21-17 in solution was also used for these docking experiments 

(Figure 3.3B). The Sec7 structure was rigid during docking. All backbone torsions in the helical 

part of a21-17 were also treated as non-rotatable, while most of other torsions were rotatable. 

The Sec7 domain was covered by 8 grids with 126 x 126 x 126 grid points and grid spacing 

has default value 0.375 Å. For each grid, the 1000 runs of the Lamarckian genetic algorithm 

with default settings were performed. Thus, in total 8 000 blind and random in silico docking 

experiments have been done. All docking results were sorted by final docked energy. The 

contact areas for peptide residues were estimated with PyMOL v.1.4 software (Schrödinger) 

[175] as a difference between solvent accessible areas without Sec7 and with Sec7. 

2.11 Nuclear magnetic resonance (NMR) spectroscopy 

NMR spectroscopy is a powerful technique used to study the structural and functional 

aspects of macromolecules such as proteins. With NMR technique, we can determine the 

solution structure of protein. We can also study biochemical and biophysical properties such 

as protein-ligand interaction to demonstrate new binding partners as well as to map the binding 

regions down to single amino acid level. Since hydrogen is one of the most receptive and 

abundant NMR active nuclei besides other isotopes such as 15N, 13C, 31P etc., it can be observed 

in magnetic resonance. Any nuclei having mass number, which exhibits net intrinsic magnetic 

momentum and angular momentum, can be defined as NMR active. All the NMR experiments 

were collected on Bruker Avance 600 MHz machines at SBS NMR-core facility. 

2.11.1 15N single and 13C 15N double labelling of proteins 

Reagents for Minimal Media (M9): 42 mM Na2NPO4 

22 mM KH2PO4 

8.5 mM NaCl 

1 g/L 15NH4Cl 

0.1 mM CaCl2 

2 mM MgSO4 

10 g D-Glucose 

http://www.schrodinger.com/
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30 µM FeCl3 

5 ng/l Thiamin 

Antibiotic 

LB Media  

For NMR experiments, either single (15N) or double (13C 15N) labelled recombinant proteins 

were produced in E. coli BL21 (DE3) cells and purified as explained above using established 

protocols. The clones were grown in M9 minimal media to get labelled protein. 30 ml of 

overnight culture was pelleted down at low centrifugal force at room temperature and washed 

with minimal media and then transferred to large volume of minimal media with OD600 of 0.1. 

Grow (37 ºC, 180 rpm) till OD600 of 0.6 - 0.7 was achieved. The culture was then induced with 

1 mM IPTG for 3 – 5 h or alternatively induced overnight at 20 ºC. Cells were harvested and 

frozen in liquid nitrogen and stored at –80 ºC till purification. 

2.11.2 One dimensional (1D) 1H and multi-dimensional (2D, 3D) 13C-15N NMR 

spectroscopy 

1D NMR spectra of various proteins were collected at temperatures ranging from 283 K 

to 308 K on core facility Avance 600 MHz instruments (Bruker, Billerica, MA). Unlabelled or 

labelled protein sample in phosphate buffer, pH 6.8 was used in presence of 10% D2O (v/v) to 

record the spectrum. For 2D experiments like HSQC (Hetero nuclear Single Quantum 

Coherence), 15N labelled proteins in 90% H2O and 10% D2O in 25 mM phosphate buffer (pH 

6.8) was used to collect data. Other 2D experiments used in the study were 2D NOESY and 

2D TOCSY for peptide data collection. Different parameters including temperature, buffer and 

protein concentration were optimised before making final measurements and pulse was also 

calibrated accordingly. 15N-13C labelled samples were utilized to collect 3D spectra such as 

CBCA(CO)NH, HNCACB in 10% (v/v) D2O lock signal. Baseline corrections were applied 

wherever necessary. The proton chemical shift was referenced to the methyl signal of DSS (2, 

2-dimethyl-2-silapentane-5-sulphonate) [Cambridge Isotope Laboratories] as an external 

reference to 0 ppm. 

2.11.3 NMR spectroscopy of a21-17 and a2368-395 from M. musculus 

For structure determination, appropriate amount of peptide a21-17 was dissolved in 

25 mM phosphate buffer 300 mM NaCl, pH 6.5 and 50% TFE. TOCSY and NOESY spectra 

of the peptide were recorded with mixing times of 80 and 300 ms, respectively, at a temperature 

of 25 ºC. TopSpin (Bruker Biospin) and Sparky suite [171] of programs were used for spectra 

processing, visualization and peak picking. Standard procedures based on spin-system 
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identification and sequential assignment were adopted to identify the resonances [204]. Inter 

proton distances were obtained from the NOESY spectra. NOESY peaks were categorized as 

strong, medium and weak based on the signal intensity and were translated into distance 

constraints as 3.0, 4.0 and 5.0 Å, respectively. Dihedral angle restraints as derived from 

TALOS [173] were employed to generate the three dimensional structure of the peptide in the 

CYANA 2.1 package [172]. In total 100 structures were calculated and an ensemble of 10 

structures with lowest total energy was chosen for structural analysis. 

2.11.4 Binding studies with NMR spectroscopy 

Interaction studies were performed between a21-17 and the Sec7 domain of ARNO using 

highly precise and reproducible technique of NMR. Binding studies with NMR have the 

advantage of monitoring interactions at single amino acid level. 1H-15N heteronuclear single 

quantum coherence (HSQC) spectrum of labelled protein was used as starting point, which was 

recorded at optimised condition. Ligand protein was added at increasing amounts under 

optimised temperature and buffer conditions. Respective 1H-15N HSQC spectra were then 

recorded. A constant amount (2 µM) of a21-17 was used, followed by adding unlabelled Sec7 

as binding partner at increasing amounts to a molar ratio of 1:1 – 1:2. Changes in chemical 

shift were then monitored in HSQC spectrum. Experiments were performed on Bruker Avance 

600 machine using Topspin for acquisition and processing of spectra. Respective spectra were 

overlapped to monitor chemical shift changes, further analyses were done in SPARKY [171]. 

2.12  Single Particle Reconstruction (SPR) using cryo-electron microscopy 

Single particle electron microscopy is becoming a commonly used method to examine 

macromolecular structures. Using in comparison to X-ray crystallisation and NMR, small 

amount of purified protein that are applied onto a grid before quickly vitrified into liquid ethane 

and kept under liquid nitrogen temperatures. Under this conditions the structure of proteins are 

excellent preserved, close to physiological condition at high resolution within the vitrified 

buffer. Isolated molecules collected data can be average into a 3D reconstruction.  

2.12.1 Cryo-EM image collection and processing 

The data was kindly collected by Jonathan Ng Thiam Seng in NUS Centre for 

BioImaging Sciences at the National University of Singapore (NUS). For cryo-EM image 

collection, 2.5 µl purified AhpC of 1 mg/ml concentration was applied onto C-Flat Holey 

Carbon Grids and subsequently blotted with filter paper for 1 s to reduce excess buffer before 
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flash-frozen in liquid ethane at 170 K using the FEI Vitrobot Mark IV plunger. Image 

acquisitions were performed on FEI Titan Krios electron microscope operating at 300 kV at 

liquid nitrogen temperature with a nominal magnification of 75 000 and an electron dose of 

20-25 e/Å2. The images were recorded on a 4,096- by 4,096 FEI Falcon direct electron detector. 

After calibration, the image pixel size was determined to be 1.14 Å. In total, 54 images were 

collected. Individual AhpC particle were selected semi-automatically, aided by the e2boxer 

tool, in Swarm mode, from EMAN2 [186] software package. A total of 1 183 particles were 

selected for image reconstruction. The defocus for each micrograph was estimated with 

EMAN2 and was in range between 2-6 µm underfocus. Initial model was built using EMAN2 

software and refinements were performed using multipath simulated annealing (MPSA) 

software assuming D5 symmetry [205]. Dr. Victor Kostyuchenko was kindly guiding me 

through the EMAN2 software and kindly performed the MPSA refinement. The final geometry 

of the AhpC cryo EM structure was checked, compared to the E. coli AhpC crystal structure 

and figures were created using Chimera software [187]. 

2.13 Crystallisation of protein constructs 

X-ray crystallography has an enormously high impact in providing accurate structural 

details at atomic resolution for bio-macromolecules and gives a deeper insight into the way 

how proteins may interact with each other and therefore capable to indicate molecular 

mechanism and biological functions of biomolecules. In this thesis, the crystal optimisation, 

data collection and data reduction were kindly guided by Dr. Asha M. Balakrishna, Dr. Malathy 

Sony S. Manimekalai and Dr. Ardina Grüber. In particular during a653-727 crystallisation, Dr. 

Ardina Grüber gave me helpful advises and Dr. Asha M. Balakrishna guided me fruitfully 

through the AhpF and AhpC crystallisation. Furthermore Dr. Asha M. Balakrishna and Dr. 

Malathy Sony S. Manimekalai guided me thoroughly through the AhpF and AhpC structure 

determination. 

2.13.1 Crystallisation of subunit a constructs 

Crystallisation of a653-727 was attempted using vapour diffusion method. Sparse matrix 

screens from Hampton research, Molecular dimensions and Emerald biosystems were used for 

the initial screening. Hanging drops were set up by mixing 1 μl of the purified a653-727 protein 

(3-16 mg/ml) in buffer B (50 mM Tris/HCl, pH 8.5, 500 mM NaCl) with 1 μl of the precipitant 

solution and incubated at 25 °C [206]. Initial needles were seen in Hampton research crystal 

screen 1 and Emerald biosystems Wizard screen 2. All these conditions were optimised for 



 

Material and Method  46 

 

 

precipitant concentration, protein concentration, salt concentration, pH and temperature. 

Crystals of a653-727 were produced in 10-15% (v/v) polyethylene glycol 3350 (PEG 3350), 

0.2 M MgCl2, 6H2O, 0.1 M Na- cacodylate (pH 6.5). Once protein crystals were confirmed, 

the crystallisation condition was further optimised via Hampton research additive screen or 

seeding, to decrease the nucleation and promote further crystal growth. Cryoprotectant solution 

was also optimised by testing different percentages of glycerol. The final cryoprotectant 

solution comprised of 15% (v/v) polyethylene glycol 3350 (PEG 3350), 0.1 M MgCl2, 6H2O, 

0.1 M Na- cacodylate (pH 6.5), 25% (v/v) glycerol. The crystals were quickly dipped in 

cryoprotectant solution and were flash-frozen in liquid nitrogen at 100 K. Optimised a653-727 

crystals were tested in the in-house machine. 

Attempt was also taken to crystallize subunit a1-388 by setting up drops in different 

crystallisation screen. Hampton research, Molecular dimensions and Emerald biosystems were 

used for the initial screening. The crystal screens were set up in hanging drops method by 

mixing 1 μl of the purified a1-388 protein (3-16 mg/ml) in buffer B (50 mM Tris/HCl, pH 7.5, 

150 mM NaCl) with 1 μl of the precipitant solution and incubated at 18 °C. 

2.13.2 Crystallisation of AhpF from E. coli 

 Crystallisation of E. coli AhpF was attempted in similar manner like subunit a constructs. 

The crystal screens from Hampton research, Molecular dimensions and Emerald biosystems 

were used for the initial screening. Hanging drops were set up in a 1:1 μl ratio of AhpF (3-16 

mg/ml) in buffer B (50 mM Tris/HCl, pH 7.5, 150 mM NaCl) and precipitant solution and 

incubated at 18 °C [206]. Initial needle bundles were seen in Hampton research crystal screen 

1, condition 39, which contains 100 mM Na- HEPES, pH 7.5, 2% (v/v) PEG 400 and 2M 

Ammonium sulfate. All these conditions were optimised for precipitant concentration, protein 

concentration, salt concentration, pH and temperature. AhpF produces crystal sheet bundles in 

0.1 M Na HEPES (pH 7.0), 2.5% (v/v) PEG 400 and 2 M Ammonium sulfate at 25 °C. Further 

improvement of larger crystal formation was obtained by using Hampton Research Additive 

ScreenTM. The adding of 10 mM cadmium chloride leads to crystal formation into the third 

dimension. Larger AhpF crystals suitable for X-ray diffraction measurements were finally 

obtained by the sitting-drop vapour diffusion method at 25 °C from a solution containing 10 

mM cadmium chloride, 100 mM Na- HEPES, pH 7.5, 2.5 % (v/v) PEG 400 and 2 M 

Ammonium sulfate. According to the improved condition, 1 μl protein solution of 2 mg/ml 

protein concentration was mixed with an equal volume of reservoir solution and equilibrated 
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against 150 μl reservoir solution. The low protein concentration of 2 mg/ml reduced the 

nucleation, hence only few and therefore larger sized crystals were obtained in 7 days. 

2.13.3 Crystallisation of E. coli AhpC 

Recombinant E. coli AhpC of 10 mg/ml concentration was used to set up crystals drops 

in Hampton Research crystal screen HR-110 and HR-112 and Emerald biosystems Wizard 

screen 1 and Wizard screen 2, in hanging drop plates with 2 µl droplet size per well in 1:1 μl 

ratio of AhpC in buffer B (50 mM Tris/HCl, pH 7.5, 200 mM NaCl) and precipitant solution 

at 18 °C. Initial needle bundles were observed in Hampton research crystal screen 2 #25 

(HR2#25) after two days and in Hampton research crystal screen 2 #23 (HR2#23), small crystal 

formation after 14 days. Both conditions were similar in their composition: HR2#25 contains 

1.8 M Ammonium sulfate, 100 mM MES (2- (N-morpholino) ethanesulfonic acid), pH 6.5, and 

10 mM cobalt chloride, whereas HR2#23 includes 1.6 M Ammonium sulfate, 100 mM MES, 

pH 6.5, and 10 % dioxane. Both conditions were optimised simultaneously. Ammonium sulfate 

concentration, protein concentration, dioxane concentration, pH and temperature were 

optimised to improve the growth and diffraction capability of AhpC crystals. The first larger 

size crystals that showed reflections in the diffraction image using the in-house machine 

(Rigaku) were observed under the condition 1.6 M Ammonium sulfate, 100 mM MES, pH 6.5, 

and 5 % dioxane using 8 mg/ml protein concentration. 

2.14 Crystal diffraction analysis of crystals 

The diffraction of a653-727 from S. cerevisiae V-ATPase and E. coli AhpF and AhpC 

crystals were tested in-house at 100 K on a Rigaku RAXIS IV image plate detector with a 

Rigaku RA-Micro 7 HFM rotating copper anode generator (Rigaku/MSC). All the diffraction 

data were indexed, integrated and scaled using the HKL2000 suite program and were kindly 

guided by Dr. Asha M. Balakrishna and Dr. Malathy Sony S. Manimekalai [176]. 

2.15 Data collection 

Together with Dr. Malathy Sony S. Manimekalai, single-wavelength datasets for E. coli 

AhpF and AhpC crystals were collected at 140 K on beamline 13B1 at the National 

Synchrotron Radiation Research Center (NSRRC, Hsinchu, Taiwan) using the ADSC Quantum 

315 CCD detector. Staff at beamline 13B1 (NSRRC) kindly provided technical assistance. All 

the diffraction data were indexed, integrated and scaled using the HKL2000 suite program 

[176]. All the crystals belong to tetragonal space group C2 and have similar unit cell parameters. 
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Single wavelength datasets of AhpC from E. coli were also collected at the protein 

crystallography beamline S06 PX at the Swiss Light Source (SLS) with a PILATUS 6M 

detector by Dr. Neelagandan Kamariah. Data sets were collected as a series of 0.2º oscillation 

images with 0.2 s exposure time with a detector distance of 500 mm. All diffraction data 

reduction, including indexing, integration and scaling was carried out in iMosflm program 

[207]. 

2.16 Crystal structure determination 

2.16.1 Crystal structure determination of E. coli AhpF 

 The structure of AhpF from Salmonella typhimurium (PDB 1HYU; [135]) was used as 

model for structure determination by molecular replacement method using the programs 

PHASER [179] and MOLREP [178]. Since the AhpF structure from S. typhimurium reveals a 

close confirmation structure, which leads to high R-factor, different domains from the residues 

1-182 and 203-521 have been used for molecular replacement separately. Rigid body 

refinement was carried out followed by difference Fourier syntheses calculations. Inspection 

of the FO–FC and 2FO–FC maps for the protein-ligand complexes, the AhpF clearly showed 

electron density corresponding to a bound flavin adenine dinucleotide (FAD) molecule as well 

as a cadmium ion. The ligand-bound form of E. coli AhpF was confirmed by omit map 

calculations using the CNS program [180]. Iterative cycles of model building and refinement 

were carried out using the programs COOT [181] and REFMAC5 [177] of the CCP4 suite 

(1994). The densities for all 521 amino acids, even for the linker region 192-202 are detectable. 

The latter is highly flexible as evident by the high B-factors (residues 192-202) > 70 Å2 for Cα 

atoms. High solvent content may have caused flexibility and since this region forms 

predominantly loops. The geometry of the final models was checked with PROCHECK [183] 

and the figures are drawn using the program PyMOL [175]. Structural comparison analysis are 

carried out using the SUPERPOSE program [208] as included in the CCP4 suite. 

2.16.2 Crystal structure determination of E. coli AhpC 

Initial phases for AhpC structure determination from E. coli were obtained by molecular 

replacement method using the related AhpC structure from S. typhimurium (PDB 3EMP, 

StAhpC) [209] using the programs PHASER [179]. Chainsaw software was used for model 

editing (Stein, 2008). Rigid body refinement was carried out followed by difference Fourier 

syntheses calculations. Inspection of the FO–FC and 2FO–FC maps reveals no clashes between 

the monomeric chains. The preliminary AhpC structure from E. coli (EcAhpC) clearly showed 
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electron density corresponding to additional amino acids. Since the crystal structure of all five 

StAhpC monomer chains in an asymmetric unit consist of 162 amino acids, amino acids were 

manually added to N- and C-terminal of the EcAhpC structure during iterative refinement and 

model building using the software COOT [181] and Refmac5 [177]. The final densities of 167 

amino acids from the 187 amino acids full length were observed in EcAhpC. The missing 20 

amino acids were located at the C-terminal segment reflecting a highly flexible part as evident 

by the high B-factors >70 Å2 for Cα atoms from C-terminal residue 163-167. The final 

geometry of the E. coli AhpC structure was checked with PROCHECK [183] and figures were 

created using program PyMOL [175]. Structural comparison analysis were carried out using 

the SUPERPOSE program [208] as included in the CCP4 suite. 
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3.1.1 Interaction studies between subunit a2 of V-ATPase and Sec7 domain of ARNO 

from M. musculus 

The new function as an endosomal pH sensing receptor for V-ATPases involves the 

interaction with ARNO in multiple sites in a pH-dependent manner [1, 96]. Precipitation assays 

of recombinant subunit a2 from mouse with GST-tagged ARNO and its Sec7- domain of 

ARNO revealed that they are associated to each other [1]. However, the amino acids of the N-

terminal part from subunit a, responsible for subunit a-ARNO interaction, have remained 

undefined so far. To identify these amino acid residues of subunit a, two important regions (1-

17 aa, called a21-17 and 368-395aa, called a2368-395) of subunit a2 (mouse V-ATPase), which 

are involved in ARNO binding, kindly provided by Prof. Dr. Vladimir Marshansky (MGH, 

Harvard University, Boston, USA), have been structurally characterised in this thesis. 

3.1.2 Secondary structure content of a21-17 

Among all subunit a peptides, the a21-17 peptide has the strongest binding affinity to Sec7 

domain of ARNO with dissociation constant Kd = 0.344 µM, which is comparable to the 

interaction between the entire cytosolic N-terminal a2N to full length ARNO protein with 

dissociation constant Kd = 0.313 µM [96]. While subunit a shows the strongest binding to the 

catalytic Sec7 domain and much weaker binding to the PH- and PB- domain, it is therefore of 

great importance to focus on the structural features of a21-17 first. To analyse the secondary 

structure of a21-17, circular dichroism (CD) spectrum was collected at the range between 190-

260 nm (Figure 3.1). For the CD-measurement the peptide a21-17 was dissolved in dissolved in 

water and 50% TFE (2,2,2-Trifluoroethanol). The spectrum showed a characteristic pattern for 

α-helical formation in the a21-17 peptide, which has a maximum (193 nm) and two minima (208 

and 222 nm). In overall there is 70% α-helix and 30% random coil present in this peptide, 

comparable to the secondary structure predictions based on the primary sequence of a21-17 

peptide. The ratio between the molar ellipticity values at 208 nm and at 222 nm is 0.93. 

  



 

N-terminal segment of subunit a is involved in V-ATPase and ARNO association 55 

 

(A) (B) 

 

 

Figure 3.1: CD spectrum of a21-17 between 190-260 nm. (A) Far UV-CD spectrum of a21-17. (B) Secondary 

structure prediction of a21-17 by psipred, where α-helix =  , coil =  and confidence of prediction = 

 [2, 210]. 

3.1.3 NMR solution structure of a21-17 from Mus musculus 

In order to understand the interaction mechanism between a2N and ARNO, the solution 

structure of a21-17 with the sequence 1MGSLFRSESMCLAQLFL17, has been solved using 

NMR. All residues of a21-17 peptide were assigned using 2D homonuclear total correlation 

spectroscopy (TOCSY) and 2D nuclear Overhauser effect spectroscopy (NOESY) experiments 

(Figure 3.2) [204]. In TOCSY and NOESY experiments, a21-17 was dissolved in 25 mM 

phosphate buffer, pH 6.5, 300 mM NaCl and 50 % TFE to a final concentration of 2 mM. 2D 

TOCSY and 2D NOESY were performed with 80 ms and 300 ms mixing times, respectively, 

at 25 ºC. The spectra of the a21-17 were processed using TopSpin programs (Bruker Biospin), 

and Sparky suite [171], which were used to visualise the spectrum and peak assignment.  

For the assignment of a21-17 peptide, standard procedures based on spin-system 

identification and sequential assignment using homonuclear TOCSY and NOESY experiments 

were used (Figure 3.2A). The resonances of all 17 amino acids were identified [204]. HN-HN 

region of the NOESY spectrum shows cross peaks for α-helical formation (Figure 3.2A). 

Distances between protons were obtained from the NOESY spectrum. Signal intensities of 

NOESY peaks were classified into strong, medium and weak, and converted into distance 

constraints of 3.0 Å, 4.0 Å and 5.0 Å, respectively. Dihedral angle restraints were obtained 

using TALOS software [173]. Using both distance constraints as well as dihedral angle 

restraints, the three dimensional solution structure of the a21-17 peptide was calculated in 

CYANA 2.1 package [172].  
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Figure 3.2: Analysis of 2D NMR spectra of a21-17. (A) Cross-peaks assignment of the HN-HN region of the 

NOESY spectrum of a21-17. Peak assignment was carried out in Sparky 3.1 software using TOCSY and NOESY 

spectrum [2, 171]. (B) Secondary structure prediction of a21-17 using H chemical shifts in comparison to their 

corresponding random coil values (BMRB) [2]. (C) The NOESY connectivity plot of peptide a21-17 [2]. 

Secondary structure was predicted using Hα chemical shifts, which reflects -helical 

formation between the residues F5 – L17 (Figure 3.2B). The NOESY connectivity plot of the 

peptides highlights HN–HN, Hα–HN(i, i+3), Hα–HN(i, i+4), and Hα–Hβ (i, i+3) connectivity 

(Figure 3.2C), supporting α-helical formation in the C-terminal region of a21-17. The 10 lowest 

energy structures were selected out of 100 generated structures for further characterisation. All 

10 calculated structures reveal an overall mean root square deviation (r.m.s.d.) of 0.31 Å in 

backbone alignment and 1.36 Å for the heavy atoms (Figure 3.3A). All 10 structures reveal 

energies lesser than -100 kcal/mol (Swiss-PdbViewer 4.1.0), no NOE violations larger than 0.3 

Å and no dihedral violations wider than 5º. The respective statistic for 10 structures are 

summarised in Table 3.1. The representative single structure depicts a maximum length of 
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25.78 Å, revealing α-helical formation from the residues 5 to 17 (21.1 Å) and an N-terminal 

region that is flexible and formed by amino acids 1-4, respectively (Figure 3.3B). Molecular 

surface electrostatic potential of the a21-17 peptide is highlighted in Figure 3.3C-E. The charged 

distribution of the helix reveals an amphiphilic surface. At one side of the peptide, the residues 

L4, M10, C11, L15, and L17 form a line of hydrophobic surfaces (Figure 3.3C). The opposite 

side reflects an amphiphilic surface potential, formed by positive charged R6 and the 

hydrophobic residues L12, A13, F16 and L17. In a 90˚ view to the amphiphilic surface, the 

peptide is mainly negative charged, formed by E8 (Figure 3.3C-E). 

(A) (B) 

 
 

(C) (D) (E) 

   

Figure 3.3: NMR structures of a21-17 from Mus musculus. (A) Overlay of ten lowest a21-17 energy structure. (B) 

Single NMR structure represented in cartoon [2]. (C-E) The molecular surface electrostatic potential of peptide 

a21-17 calculated using Pymol [2, 175]. Positive and negative potentials are highlighted in blue and red accordingly 

[2]. 
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Table 3.1: Structural statistics for a21-17 [2]. 

 

3.1.4 NMR titration of a21-17 (M. musculus) with human Sec7 domain of ARNO 

To analyse the interaction interface of subunit a involved in binding with Sec7 domain 

of ARNO, 1H - 15N heteronuclear single quantum coherence (HSQC) spectra of a21-17 in 1 mM 

concentration were collected at 298 K as a starting point. All 17 amino acids in the HSQC 

spectrum are referable to the a21-17 structure. For the titration assay, a21-17 and Sec7 protein of 

ARNO were dissolved in or buffer exchanged to 25 mM sodium phosphate (pH 6.5) buffer, 

300 mM NaCl and 50% TFE prior to the binding experiments. 

After optimising the HSQC spectra of a21-17, series of a21-17 HSQC experiments in the 

presence and absence of Sec7-domain of ARNO (22.1 kDa) [173] have been performed (Figure 

3.4) to identify the a21-17 residues involved in subunit a and Sec7-domain of ARNO assembly. 

The proteins were incubated 30 min prior for binding. The changes of chemical shifts reflect 

the binding residues of a21-17 and were observed in the HSQC spectra. The HSQC spectrum of 

1 mM a21-17 after titration with 1 mM of Sec7 domain of ARNO shows changes in chemical 

shifts, peak shapes and intensities.  
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Figure 3.4: NMR titration spectra of a21-17 (M. musculus) and human Sec7 domain of ARNO. Overlay 

of 2D 1H-15NHSQC spectrum of a21-17 alone (red) and a21-17 with Sec7 domain of ARNO (green), in 25 mM 

sodium phosphate buffer (pH 6.5) 300 mM NaCl at 298 K [2]. 
 

(A) (B) 

  
Figure 3.5: Chemical shift and loss of intensity plot of a21-17 and Sec7 domain of ARNO. (A) Change in 

chemical shift and (B) Loss of peak intensity after adding of unlabelled Sec7 domain of ARNO to unlabelled 

a21-17 at a molar ratio of 0.5. The stronger the decrease of the peak intensity upon titration the higher the plotted 

intensity ratio [2]. 

Binding of Sec7 induces a structural change in a21-17, which is indicated by changes in chemical 

shift, intensity and/or broadening in the resonance with respect to the NMR spectrum (Figure 

3.4). After adding of equimolar amount of Sec7 domain to a21-17, significant changes in the 

chemical shift were observed for residues F5, M10 and Q14 in the 1H–15N HSQC spectrum 

(Figure 3.5A) [2]. The residue E8 reveals a loss of signal intensity in the HSQC spectrum 

(Figure 3.5B). The loss of intensity of E8 may not be affected by direct amino acid interaction 

of E8 with the residue of the Sec7 domain of ARNO, but rather be caused of structural alteration 

at the actual binding site at F5, M10 and Q14. These four residues of a21-17 are conserved with 
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other mouse isoforms and the yeast homologue (Figure 3.6A). The interface forming amino 

acid M10 is also conserved from yeast to mouse with only one substitution to V10, which is 

found in mouse a3-subunit V-ATPase (Figure 3.6A). It is also noteworthy that E8 residue is 

also conserved with one substitution to Ala in yeast Vph1p (Figure 3.6A). The binding region 

of a21-17 is highlighted in the structure in red, whereas E8 in magenta (Figure 3.6B-C). 

(A) 

 

(B) (C) 

 
 

Figure 3.6: The binding region of a21-17 (M. musculus) to human Sec7 domain. (A) Protein sequence alignment 

of subunit a isoforms and yeast homologue. Alignment was created using AlignX software part of Vector NTI v9 

InforMax package. Identical amino acids are highlighted in yellow. (B) F5, M10 and Q14 are directly involved in 

Sec7 domain of ARNO association and highlighted in red and E8, which shows a conformational change caused 

by the actual binding site, is highlighted in purple. (C) Surface electrostatic potential of peptide highlighted in red 

or purple accordingly [2]. 

3.1.5 Secondary structural characteristics of subunit a2368-395 from Mus musculus 

The peptide a2368-395 is an elongated peptide comprised of the amino acids from 386 to 

402 of the subunit a2 isoform from Mus musculus. This peptide binds to ARNO as well, which 

is however not at the catalytic Sec7 domain, putatively at the regulative PH-domain [96]. To 

analyse how subunit a is involved in regulating ARNO and the control of endosomal carrier 

vesicle formation, attention has been paid to a2368-395. Firstly, the secondary structure content 

of a2368-395 peptide (2 mg/ml) dissolved in water and 50% TFE was determined using CD 
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spectroscopy (Figure 3.7A). Further, the secondary structure of subunit a was predicted using 

PSIPRED algorithm [210], showing the peptide is an α-helical structure in nature with an α-

helical content of 42%, 53% random coil and 5% β-sheet, which is in line with CD 

measurement (Figure 3.7B). 

(A) (B) 

 

 

Figure 3.7: Secondary structure analysis of subunit a2368-395. (A) CD spectrum of subunit a2368-395 measured 

at 18 ˚C. (B) Secondary structure analysis by online algorithm PSIPRED [210]. 

3.1.6 Amino acid residue assignment for structure calculation of a2368-395 

The region 368 – 395 of mouse V-ATPase subunit a2 isoform has been shown to be 

involved in ARNO protein association [96], regulating vital physiological processes of protein 

trafficking and degradation at the cellular level in a tightly co-ordinated and regulated manner 

[1, 91]. To solve the NMR structure, 2D experiments of NOESY and TOCSY were recorded 

at a mixing time of 100 ms and 80 ms, respectively. 2D NOESY experiments recorded at 200 

ms and 350 ms did not show any variation. All raw data were processed using Topspin software 

(Bruker). The amino acids in the primary structure of both ARNO peptides were assigned using 

standard procedures described in method section 2.11.3. All amino acids were assigned using 

both NOESY and TOCSY data. Figure 3.8A shows the assigned NH region of the 2D NOESY 

spectrum. Using the sequential walking, the primary protein sequence and their corresponding 

cross peaks were assigned in the overlaid 2D TOCSY and 2D NOESY spectrum. Identified 

cross peaks in HN-HN region are displayed in the Figure 3.8A, indicating α-helical features in 

the peptide. HN–HN, Hα–HN(i, i+3), Hα–HN(i, i+4), and Hα–Hβ (i, i+3) connectivity from 

the assigned NOESY spectrum were plotted in Figure 3.8B. Hα–HN(i, i+3) indicates α-helical 

formation between the residues G378 to Y387, whereby Hα–HN(i, i+2) between T372 and F375 

indicates a potential α-helical turn. 
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(A) (B) 

 

 

Figure 3.8: HN-NH region of a2368-395 NOESY spectrum and its connectivity plot. (A) Assigned cross-peaks 

in NH-NH region of the NOESY spectrum. Peaks were selected in sparky 3.1 software and identified based on 

TOCSY-NOESY spectra. (B) NOESY connectivity plot of a2368-395 peptide shows the cross talk of residues in 

space, indicating the presence of helical formation. 

3.1.7 Structure calculation of a2368-395 from Mus musculus 

Peak height and coordinates from assigned 2D NOESY spectra, the dihedral torsion angle 

from Hα, which were derived from TALOS software [173] and the primary amino acid 

sequence were used for automated structure calculation of a2368-395 by Cyana 2.1 package 

[172]. A compilation of 20 calculated a2368-395 structures reveal an r.m.s.d. of 0.297 Å for the 

residues 378-387 (Figure 3.9A). All 20 structures have energies lower than -100 kcal mol-1 

(Swiss-PdbViewer 4.1.0), no NOE violations larger than 0.3 Å and no dihedral violations wider 

than 5º. The statistics for 20 structures is summarised in table 3. The representative single 

structure of a2368-395 shows a total length of 43.05 Å and forms a flexible N-terminal region 

from 368-371 with helix extending from 372-375, followed by a short loop from 376-378 and 

a second helix at 379-387, while the remaining C-terminal region is flexible (Figure 3.9A-B).  
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(A) (B) 

  

(C) (D) 

  

Figure 3.9: NMR structure of peptide a2368-395 from Mus musculus. (A) NMR structure of the peptide a2368-395 

showing superimposition of 20 structures calculated by Cyana 3.1 package revealing a partially -helical. (B) 

Cartoon representation of a single NMR structure. (C) a2368-395 and (D) its 180 view, respectively, created by 

Pymol [175]. The positive and negative potentials are depicted in blue and red, whereas hydrophobic in light grey. 

 

The α-helical regions of a2368-395 are indicated in the NOE plot (Figure 3.8B). Analysis of the 

calculated structures showed therefore that two helices are present (Figure 3.9B), which might 

be crucial for the interaction with ARNO. Molecular surface electrostatic potential of the a2368-

395 peptide reveals an amphiphilic surface (Figure 3.9C-D). At one side of the peptide, residues 

E377, D384 and E393 form a negative charged surface (Figure 3.9C). The opposite side reflects 

an amphiphilic surface potential, formed by the N-terminal positive charge and hydrophobic 
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residues F375, F379, I382, V383, A385, Y386 V388 and Y391 (Figure 3.9C-D). The peptide 

at the helix region between G378-Y386 are either negatively charged or hydrophobic, which may 

allow ARNO to interact with this peptide.  

 

Table 3.2: Structural statistics for peptide a2368-395.  

3.1.8 Nuclear magnetic resonance spectroscopy of Sec7 domain of ARNO from H. 

sapiens 

In order to investigate the interaction interface of Sec7 domain (R61 to R252) of ARNO 

with subunit a and to verify a proper folding of this protein, one-dimensional NMR spectrum 

of Sec7 domain of ARNO was performed. The one dimensional NMR spectrum recorded in 

25 mM phosphate buffer, 300 mM NaCl (pH 6.5) revealed that the protein was folded. This 

was concluded from the characteristic pattern of peaks and well dispersed resonance lines of 

amide protons (6 to 10 ppm), α-protons (3.5 to 5 ppm), and especially from the uphill shifted 

methyl protons (-0.5 to 1.0 ppm; Figure 3.10) [211]. 



 

N-terminal segment of subunit a is involved in V-ATPase and ARNO association 65 

 

 

Figure 3.10: 1D NMR spectrum of the human Sec7 domain of ARNO. (A) One dimensional NMR spectrum 

of Sec7 domain was recorded at 298 K in 25 mM PO4 buffer, 300 mM NaCl (pH 6.5) on Bruker Avance 600 

MHz machine. Well dispersion of resonance peaks in HN region, α-protons and uphill shifted methyl peaks are 

the characteristics of natively folded protein. Strong peaks at 4.7 ppm represents water signal. 

 

 
Figure 3.11: HSQC Spectrum of the human Sec7-domain of ARNO. 2D1H-15N HSQC NMR spectrum of 

Sec7 domain of ARNO was recorded at 298 K in 25 mM phosphate buffer, 300mM NaCl (pH 6.5) on a Bruker 

Avance 600 MHz machine.  

HSQC experiments have been optimised in 25 mM phosphate buffer, 300 mM NaCl, pH 

6.5 by changing different parameters, e.g. temperature and concentration of protein. The well 

dispersed peaks and their line shape in the HSQC spectra (Figure 3.11) indicate that Sec7 

domain is folded. In total, 170 amino acids can be observed from the 22 kDa protein. In order 

to have an insight into the binding interface of Sec7 domain of ARNO to a21-17, 
1H-15N HSQC 

spectra of this protein were recorded at 298 K with a fixed concentration of 0.4 mM. The 

peptide a21-17 was titrated with 0.6 mM (1:1.5) to the Sec7 domain of ARNO. 
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Figure 3.12: HSQC titration experiment of the human Sec7-domain of ARNO and mouse a21-17. Overlay 

of 2D 1H-15N HSQC NMR spectrum of Sec7 domain of ARNO alone (red) and Sec7 domain of ARNO after 

titration of 0.6 mM a21-17 (blue) [2]. 
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After adding of 0.6 mM of a21-17 peptide to Sec7 domain of ARNO, significant changes 

in the chemical shift were observed, indicating binding of a21-17 to the Sec7 domain of ARNO 

(Figure 3.12). The changes are zoomed in the section and highlighted with an arrow (Figure 

3.12A-D). In total, 14 peaks with significant changes were identified. Nine of these peaks 

showed changes along the proton axis with decrease of ppm values, whereas three peaks 

showed changes with increase of ppm. Along the nitrogen axis, two shifts were observed 

(Figure 3.12D). One peak, labelled as 7 at [123.1/8.55ppm 15N/1H] has increased ppm at the 

nitrogen axis [123.5/8.55ppm 15N/1H], and the peak 12 reflects a combined change with 

decreased ppm of nitrogen and proton from [127.1/8.32 ppm 15N/1H] to [126.3/8.26 ppm 

15N/1H] (Figure 3.12D). Changes in shape or intensity of the peaks are not intensive, since all 

170 peaks are present and referable after the addition of a21-17 peptide. Broadening or losses of 

NMR signals in the resonances are therefore not affected by the binding. The significant 

changes in chemical shifts suggest that the binding between Sec7 and a21-17 is strong. 

In order to test whether binding and signalling between of V-ATPase and ARNO is 

evolutionary conserved in all eukaryotes, the interaction of the entire soluble region of 

recombinant yeast a1-388 proteins with human ARNO Sec7 domain was also studied by NMR 

spectroscopy in 25 mM phosphate buffer, 300 mM NaCl, pH 6.5. In these experiments, 14 

amino acids have also shown chemical shifts and losses in peak intensity, which are labelled 

with an arrow (Figure 3.13). Crucial shifts and intensity changes are highlighted in the section 

of Figure 3.13. Importantly, 12 out of the 14 peaks are showing chemical shifts and loss of 

intensity, which are comparable with those in a21-17-Sec7 titration experiment (Figure 3.12). 

This indicates that yeast a21-388 has the same Sec7 binding site as mammalian a21-17. The two 

additional changes in chemical shifts (peak 13 and 14) might be caused by the residues of a1-

388 that are not present in a21-17. 
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Figure 3.13: HSQC titration experiment of the human Sec7-domain of ARNO upon titration of yeast a1-

388. Overlay of 2D1H-15N HSQC NMR spectra of Sec7 domain of ARNO alone (red) and Sec7 domain of 

ARNO after adding of 0.3 mM a21-388 (green). 12 Peaks are changed either in chemical shift or in intensity and 

these changes are similar as the a21-17 titration in Figure 3.12. 
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The changes after adding a21-388 to Sec7 are smaller in comparison with a21-17 titration. 

This can be due to the use of the yeast isoform (a1-388, S. cerevisiae) that has 70% sequence 

similarity and 41% sequence identity to the a21-17 (M. musculus) (Figure 3.6A). In comparison, 

a21-17 has F5, E8 M10 and Q14 as a binding site to Sec7 of ARNO, while construct a1-388 has 

the conserved amino acids F9, M14 and Q18 (Figure 3.6A). Only one amino acid of a1-388 is 

different to the binding site of a21-17, namely A12 instead of E8. This change in amino acid 

sequence can affect the binding affinity of a1-388 to the Sec7 domain. Furthermore, compared 

to the a21-17 peptide, a1-388 is larger and has a three-dimensional folded structure, which might 

block the putative binding region at F9, A12, M14 and Q18, and thus makes it less accessible 

to the Sec7 domain of ARNO. 

 

  



 

 

 

 

 

3.2 Solution structure of V-ATPase subunit a104-363 derived by 

SAXS revealing the importance of its C-terminus 

 

 

 

 

L
o
w

 reso
lu

tio
n

 stru
ctu

re o
f V

-A
T

P
a

se su
b

u
n

it a
1
0

4
-3

6
3  in

 so
lu

tio
n

 
S

o
lu

tio
n

 stru
ctu

re o
f V

-A
T

P
a
se su

b
u

n
it a

1
0

4
-3

6
3  d

eriv
ed

 b
y

 S
A

X
S

 rev
ea

lin
g

 th
e 

im
p

o
rta

n
ce o

f its C
-term

in
u

s 



 

 



Solution structure of a104-363 derived by SAXS and the importance of its C-terminus  72 

 

3.2.1 Production, purification and secondary structure analysis of subunit a104-363 of the 

S. cerevisiae V-ATPase 

 In order to confirm the interaction at the very N-terminal a21-17 region, further NMR 

titration experiments of Sec7 protein with an N-terminal truncation of subunit a, Sca104-363 have 

been performed. Specific binding region, a21-17 of subunit a at the very N-terminal segment 

has been investigated prior of this study, which might be potentially involved in modulation of 

GDP/GTP exchange (GEF) activity of ARNO to its substrate Arf6 and Arf1, the GTP-binding 

proteins. Together with V-ATPase, ARNO and Arf6 regulate the switch in the endocytic 

pathway [2]. Since the interaction of Sec7 domain of ARNO with a21-17 and a1-388 of S. 

cerevisiae has been described, further analysis on different interaction sites of subunit a must 

be performed to understand the control and regulation of the vesicular trafficking within the 

endocytotic and exocytotic pathway [96]. Earlier, six peptides of the mouse a2 isoform (a21-17, 

a235-49, a2198-214, a2215-230, a2313-331 and a2386-402) showed interaction with ARNO, from which 

two peptides a21-17 and a235-49 have the strongest binding to the catalytic Sec7 domain of 

ARNO (Figure 3.14, [96]). Hence, to verify the Sec7 domain interaction, construct a104-363, 

which does not contain the terminal binding domains a21-17, a235-49 and a2386-402 of subunit a, 

has been constructed, purified and analysed before undergoing ARNO interaction studies. 

 

Figure 3.14: Sequence comparison of the cytosolic N-terminal region of subunit a from M. musculus and 

S. cerevisiae using Jalview 2.7 [212]. The secondary structure a21-17 solved by NMR and the major binding 

sites to the Sec7 domain are depicted above the sequence [2]. The other binding sites of subunit a to Sec7 

domain of ARNO are drawn in red lines [96]. The construct a104-363 is highlighted in green dashes [3]. 
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Soluble His6-recombinant protein a104-363 was purified using Ni2+-NTA affinity 

chromatography. A gradient of increasing imidazole concentration from 25 to 250 mM in 50 

mM Tris/HCl (pH 8.5), 200 mM NaCl, 10 mM EDTA and 2 mM PMSF has been used for 

protein elution. a104-363 eluted at 75 to 125 mM imidazole fractions which were subsequently 

applied to a Superdex 75 column (Figure 3.15A) to obtain the purest and monodispersed 

protein. Isolated a104-363 protein was applied onto an SDS-PAGE to verify the high purity of 

the protein (Figure 3.15A, lane 2).  

(A) (B) 

 
 

Figure 3.15: Size exclusion chromatography of a104-363 from S. cerevisiae and its CD spectrum. (A) 

Purification of a104-363 protein using Ni2+-NTA resin. Eluted proteins were pooled and applied onto a Superdex 

75 column using buffer (50 mM Tris/HCl, pH 8.5, 200 mM NaCl, 10 mM EDTA). Inserted SDS gels show 

purified a104-363 after Ni2+ -NTA resin (lane 1), and after Superdex 75 (lane 2) from the indicated fraction of the 

elution profile, respectively. (B) Far UV-CD spectrum of a104-363 (—) indicates the formation of α-helical 

content. 

 

 To analyse the secondary structure of recombinant a104-363, circular dichroism 

spectroscopy was applied (Figure 3.15B). Overall, 87.6% α-helix, 0.5% β-sheet and 11.9% 

random coil were calculated from the CD-spectrum, which is in line to the corresponding 

secondary structure predictions of a104-363 amino-acid sequence. The ratio of the molar 

ellipticity of both minima at 208 nm and at 222 nm is 0.96 [3].  

3.2.2 NMR titration experiments of S. cerevisiae a104-363 and human Sec7 domain of 

ARNO 

 In order to investigate the binding of S. cerevisiae a104-363 to the human Sec7 domain of 

ARNO, NMR titration were performed as described in section 2.11.4 [171]. The recombinant 

protein a104-363 as well as Sec7 domain of ARNO was buffer exchanged to 25 mM phosphate 

buffer, pH 6.5 and 300 mM NaCl. 1H-15N HSQC spectrum of Sec7 domain (residues R61 to 

R252) of ARNO was used as a starting point as described in earlier NMR titration experiments 



Solution structure of a104-363 derived by SAXS and the importance of its C-terminus  74 

 

with a21-17 and a1-388 (Figure 3.16, red peaks). The data acquisitions of 1H-15N HSQC spectra 

were performed with fixed concentration of 0.2 mM of Sec7 domain at 298 K. Subsequently 

a104-363 was titrated with 0.4 mM (1:2) to Sec7. The overlay of spectra from the titration 

experiments showed changes in chemical shift, especially in four peaks of the Sec7 domain, 

which are highlighted in the boxes (Figure 3.16), indicating the binding of a104-363 to Sec7 

domain [3]. In comparison to the Sec7 and a1-388 NMR titration (Figure 3.13), which include 

14 changes in chemical shifts, the NMR titration experiments of a104-363 to Sec7 domain showed 

only four chemical shift changes, suggesting weaker binding (Figure 3.13). Furthermore NMR 

titration between Sec7 and Sca1-388 showed more and wider chemical shifts, indicating stronger 

binding of a1-388 mainly via its very N-terminal site [2]. This result indicates that a104-363 is 

properly folded and also involved in association with ARNO, which may occur via the 

remaining homologues binding segments a2198-214, a2215-230 and/or a2313-331 (Figure 3.14). 

 

Figure 3.16: NMR HSQC spectra of Sec7 / a104-363 titration. Overlay of 2D 1H-15N HSQC spectrum of Sec7 

domain of ARNO alone (red) and upon titration of Sca104-363 (1:2, purple) in 25 mM sodium phosphate buffer 

(pH 6.5) 300 mM NaCl at 298 K. The titration experiments reveal chemical shifts of four peaks, highlighted in 

the section A-D [3]. 
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3.2.3 Solution structure of S. cerevisiae V-ATPase subunit a104-363 derived using SAXS 

The high purity of recombinant a104-363 protein allows the data collection from small-

angle X-ray scattering (SAXS) to analyse its folding in solution and to obtain the first low 

resolution structure of the eukaryotic V-ATPase N-terminal cytosolic segment of subunit a. 

SAXS patterns from a104-363 were obtained as described in Material and Methods section 2.9. 

SAXS data for a104-363 was collected by Prof. Dr. Manfred Roessle [196, 197] and the 

calculation was guided by Dr. Malathy Sony S. Manimekalai. The final scattering curve reflects 

a monodispersed protein in solution (Figure 3.17A). Low angles of the Guinier plots reveal 

good data quality without protein aggregation. The distance distribution curve of protein a104-

363 describes all paired distances within a structure, showing a radius of gyration Rg of 38.8 Å 

and a maximum dimension Dmax of 120 Å (Figure 3.17B). The comparison between the forward 

scattering values of the bovine serum albumin (BSA; 66.4 ± 2 kDa) as reference solution and 

a104-363 revealed a molecular mass of 30 ± 2 kDa for a104-363, which is in line to the size exclusion 

chromatography results (Figure 3.15). a104-363 is therefore in a monomeric state at the 

concentrations of 2 mg/ml used in this SAXS experiment. The distance distribution function 

ρ(r) reflects a single peak with an elongated tail. Its maximum p(r) is at 36 Å (Figure 3.17B), 

whereas the tailed shoulder from 84 Å to 120 Å represents the characteristics of an elongated 

a104-363 protein. 

(A) (B) 

 
 

Figure 3.17: Experimental scattering pattern (●) and its corresponding fitting curves (green line: 

experimental, red line: calculated) (A). (B) Distance distribution functions of a104-363, respectively. The curves 

of a104-363 are displayed in logarithmic unit for clarity [3]. 

From the scattering patterns, the solution structure of a104-363 was calculated ab initio 

using GASBOR, as shown in Figure 3.18 [185]. The generated a104-363 protein shape and its 

corresponding fitting curve reflect a good fitting within the experimental data with a deviation 

to the experimental curve of χ2 = 1.08 for the entire scattering range (Figure 3.17A). The 
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calculated SAXS structure of a104-363 reveals an elongated formation with an S-like shape 

(Figure 3.18, column1). The shape has a length of about 114 Å and a width of 39 Å. 

 

 

Figure 3.18: The solution structure of S. cerevisiae a104-363 is depicted in green spheres. The overall 

structure of a104-363 reveals a monomeric molecule in an elongated shape. The length of this model is 114 Å, 

whereas the width is 42 Å [3].  
 



 

  



 

 

 

 

 

 

 

3.3 Insights into the C-terminal transmembrane domain of 

the S. cerevisiae V-ATPase subunit a 
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3.3.1 Expression and purification of a582-649, a673-731 and a653-727 

In order to investigate the recruiting and scaffolding of small GTPases as well as the pH-

sensoring of subunit a [1], C-terminal constructs were designed according to predicted 

membrane topologies using ‘kyte Doolittle’ algorithm [91] or experimental studies with 

cysteine mutants [15]. In several studies, mammalian transmembrane proteins have been 

identified as having pH sensing capability whereby histidine residues have been identified in 

all of these proteins as an important component of the pH sensing mechanism [91].  

 
Figure 3.19: Induction test from subunit a constructs: a801-840, a582-649, a653-727, a468-552 and a673-731. The depicted 

SDS gel demonstrates induced (+) and uninduced (-) samples used in the current study. Induction was done with 

1 mM IPTG at 37 °C. Whole cell lysate was prepared by heating cells in 1x lysis buffer at 95 °C for 5 min and 

followed by electrophoresis on a 17% SDS gel. 

 
Figure 3.20: Solubility test of subunit a construct a653-727. (A) 17% SDS gel showing solubility test results from 

a representative protein, a653-727. Pellet (P) and supernatant (S) in various buffers (A-E) is shown on the gel 

representing preponderance of protein in the supernatant of various buffers. Buffer A: 50 mM Tris/HCl, 200 mM 

NaCl, pH 8.5; Buffer B: 50 mM Tris/HCl, 200 mM NaCl, pH 7.5; Buffer C: 25 mM Hepes, 200 mM NaCl, pH 7.5; 

Buffer D: 25 mM MES, 200 mM NaCl, pH 7.0; Buffer E: 50 mM phosphate, 200 mM NaCl, pH 6.5. 

These constructs a468-552, a582-649, a673-731, a478-537, a596-634, a653-727 and a801-840 contain a 

soluble C-terminal region facing either to cytosol or to the lumen, respectively, which might 
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be involved in association with other subunits E, F, G, H or C of the V1 complex. To study 

protein-protein interaction of these constructs of subunit a and to get the diffractable quality 

crystals, these subunit a constructs were cloned using PCR method by direct amplification from 

genomic DNA of S. cerevisiae as described in methodology section 2.2. The successfully 

cloned construct proteins were induced to overproduce protein in E. coli BL21 (DE3) (Figure 

3.19). Subunit a582-649, a673-731 and a653-727 were soluble and have been purified as described in 

2.3.4 (Figure 3.21). Since a653-727 shows overlapping sequences with a673-731 and is compared 

to a673-731 highly expressed and can be purified in high amount, all experiments were focused 

on a653-727, instead of a673-731. 

(A) (B) 

  

(C) 

 

Figure 3.21: Size exclusion chromatography of subunit a constructs from S. cerevisiae. (A) a582-649, (B) a673-

731 and (C) a653-727, all three purifications were started on Ni2+-NTA resin and subsequently followed on Superdex 

75 column using buffer (50 mM Tris/HCl, pH 8.5, 500 mM NaCl, 5 mM EDTA). Inserted section in figure is 

the respective SDS gel from elution peaks 1 and 2 after Superdex 75 (lane 2) of the corresponding construct. 
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3.3.2 Secondary structure content of subunit a582-649 and a653-727 

Secondary structure of a582-649 and a653-727 were assessed by CD spectroscopy from 190 

to 260 nm (Figure 3.22). According to the maximum at 192 nm and minima at 208 and 222 nm, 

both constructs reveal α-helical features. The resulting average secondary structure 

composition of a582-649 was 45% α-helix, 14% β-sheet and 41% random coil. In case of a653-727, 

37% α-helix and 63% random coil were identified. 

(A) (B) 

  

Figure 3.22: Far UV-CD spectrum of subunit a582-649 (A) and a653-727 (B). 

3.3.3 Crystallisation of subunit a653-727 from S. cerevisiae 

Crystallisation of construct a653-727 was performed to obtain the three-dimensional 

structure. Pure subunit a653-727 was used to set up crystallisation trials. The Hampton Research 

crystal screen HR-110 and HR-112 and Emerald biosystems Wizard screen 1 and Wizard 

screen 2 were used for initial screening, with a protein concentration of 4 – 16 mg/ml and 2 µl 

droplets per well in hanging drop plates. Initially, several kinds of needles were seen in 

Hampton research crystal screen 1 and Emerald biosystems Wizard screen 2 (Figure 3.23). 

(A) (B) (C) 

   
Figure 3.23: Selected pictures of initial a653-727 needles (A) Formation of a653-727 needles in the condition of 

0.2 M MgCl2, 0.1 M Hepes, pH 7.5, 30% iso-propanol at 18 ºC. (B) Formation of a653-727 needles in the condition 

of 0.2 M MgCl2, 0.1 M Hepes, pH 7.5, 30% iso-propanol at 25 ºC. (C) Formation of a653-727 needles in the 

condition of 0.2 M MgCl2, 0.1 M cacodylate, pH 6.5, 10% PEG3000. 
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(A) (B) (C) 

   

Figure 3.24: Crystal pictures of a653-727 after temperature optimisation to 25 ºC. Formation of a653-727 

crystals in the condition of 0.2 M MgCl2, 0.1 M cacodylate, pH 6.5, 15% PEG3350 by (A) with 5 mg/ml (B) 

with 6 mg/ml (C) by paraffin oil. 
 

(A) (B) (C) 

   

Figure 3.25: Selected pictures of a653-727 crystals using Hampton research additive screen. Crystallisation 

drops were done in the condition 0.2 M MgCl2, 0.1 M cacodylate, pH 6.5, 15% PEG3350 at 25 °C. (A) by 

adding of butandiol (4%). (B) by adding of sucrose (3%). (C) Condition of crystallisation drop is 0.01 M MgCl2, 

0.1 M Hepes pH 7.0, 15% PEG3350 and 5 mM NiCl2. 

Optimisation of these conditions was done by varying the precipitant and salt 

concentration, changing buffer or pH in grid screens, and changing temperatures. This resulted 

in the formation of small crystals in a condition containing 0.2 M MgCl2, 0.1 M cacodylate, 

pH 6.5, 15% PEG3350 (Figure 3.24). Numerous tiny crystals were observed after quick 

nucleation. These crystals were small in size (0.17 mm x 0.07 mm x 0.01 mm) and not 

diffracting in the in-house X-ray machine (Rigaku). Additional optimisation was performed 

with vary protein concentration, replacement of salt and adding of paraffin oil. These resulted 

in little improvements in the size of the crystals (Figure 3.24C). Attempts were also made by 

using additional Grid screens and Additive ScreenTM, besides micro- and macro-seeding at 

various steps (Figure 3.25). Nonetheless, crystal growth at 25 ºC and various protein 

concentrations resulted in bigger crystals (Figure 3.26). First, crystals diffracted to 4-5 Å 

(Figure 3.26) in the in-house machine (Rigaku). The diffraction pattern is not uniform and 

indicates an anisotropic pattern. After indexing the diffraction data of ten diffraction images of 

different angles by HKL2000 suite program [176], a653-727 showed high unit cell parameters (a 

= 545 Å, b = 177 Å, c = 295 Å), indicating that they are not single crystal and twinned. 

Diffraction spots are not in line and interfering or overlapping with other spots in the same 
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image. Therefore, a series of optimisations were made by varying different parameters and still 

under progress. However, additional conditions in different temperature and pH have to be 

optimised in future experiments. Moreover, crystallisation conditions in sitting drop method 

have to be set up as well. 

(A) (B) 

 
 

(C) (D) 

  

(E) (F) 

 
 

Figure 3.26: Selected pictures of a653-727 crystals with different protein concentration and its 

corresponding diffraction pattern. Crystal drops were set up in the condition 0.2 M MgCl2, 0.1 M cacodylate 

pH 6.5, 10% PEG3350 at 25 °C. (A) Crystallisation drop with 10 mg/ml (C) with 16 mg/ml. (E) with 7 mg/ml 

are showing diffraction pattern respectively to (B) 10 mg/ml (D) 16 mg/ml and (F) with 7 mg/ml. 



 

 

  



 

 

 

 

  

3.4 The open conformation of Alkyl Hydroperoxide 

Reductase subunit F (AhpF) from E. coli at 2 Å resolution 

using X-ray crystallography  
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3.4.1 Alkyl Hydroperoxide Reductase system against oxidative stress 

The mechanism for cell survival under oxidative stress has not yet been fully understood. 

An adaptive defence against reactive oxygen species (ROS) is characterised in E. coli, the 

OxyR protein, which is a transcription factor that induces the expression of AhpR under level 

of 0.1 µM H2O2 [4-7], to ensure a quick response when H2O2 concentration rises higher than 

the basal level, 20 nM [111, 121]. E. coli cells trapped in phagosomes of eukaryotic cells 

encounter ROS, a H2O2 concentration that is high enough to boost the intracellular H2O2 

concentration of the E. coli cell [108-110, 118]. As a response to oxidative stress, the global 

oxidative stress activator OxyR induces the transcription of the AhpR genes, ahpC and ahpF 

[123]. The corresponding proteins to the ahpF and ahpC genes are the 57 kDa flavoprotein 

(AhpF) and 21 kDa protein (AhpC), which lacks a chromophoric cofactor [126]. It has been 

shown that the overexpression of both AhpR proteins reduces the frequency of spontaneous 

mutants in oxyR deletion mutant under oxidative stress [122]. Hence, there is a great interest to 

investigate the structure and functional mechanism of both AhpF and AhpC, since superoxide 

and hydrogenperoxids are potential sources to damage all macromolecules leading to protein 

oxidation, lipid peroxidation and DNA damages, including deamination of bases[4-7]. New 

insights into the mechanism of the AhpR system may not only provide further information for 

anti-microbial targets, but also a step closer against ROS. 

3.4.2 Production and purification of AhpF from E. coli  

In order to accumulate pure E. coli AhpF, the affinity chromatography method, Ni2+-

NTA was used as the first purification step (Figure 3.27). Afterwards the ion-exchange 

chromatography column ResourceTM Q (GE Healthcare) was used to clear the remaining 

impurities, of which details are described in section 2.3.7. Pure E. coli AhpF is shown in SDS-

PAGE of Figure 3.27. In order to improve the purity and monodispersity of AhpF for 

crystallisation, an additional gel filtration step using Superdex 75 column was applied. AhpF 

eluted as a single peak at 9 ml column volume that corresponds to dimer conformation of AhpF 

(Figure 3.27C). Isolated E. coli AhpF was applied onto an SDS-PAGE and it showed high 

purity of the protein (Figure 3.27C). To confirm the monodispersity of AhpF, dynamic light 

scattering (DLS) was carried out using Malvern Zetasizer Nano ZS spectrophotometer as 

described in section 2.7 (Figure 3.28A). After 60 s equilibration time, the backscattering at 173° 

was detected for AhpF revealing a diameter of 9.4 nm and a molecular weight of 126.5 kDa ± 

14.8 kDa, which is in line with size exclusion chromatography, suggesting a dimer 

conformation of AhpF (Figure 3.28A). Moreover, the DLS profile of E. coli AhpF revealed 
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monodispersity of 11.7 %, which is suitable for crystallisation studies. To confirm the presence 

of AhpF, western blot of purified AhpF has been performed for N-terminal sequencing analysis 

using Edman degradation method (ABI Procise® 494 Protein Sequencer). The protein 

sequencing result of MLDTNMKTQLKA confirmed the presence of E. coli AhpF in solution. 

(A) (B) 

 
 

(C) 

 

Figure 3.27: Purification of E. coli AhpF (A) The purification was performed in buffer 50 mM Tris/HCl, pH 

7.5, 200 mM NaCl using an imidazole step gradient (0 – 250 mM) for elution of Ni2+-NTA bound protein. 

Fractions from 20 – 100 mM imidazole were pooled together for further purification steps. (B) Ion-exchange 

purification of E. coli AhpF. Protein containing fractions of Ni2+-NTA from AhpF were diluted with 50 mM 

Tris, pH 7.5 to reduce the salt concentration to 50 mM and applied onto the anion exchange column (Resource 

Q, 6 ml) for additional purification step. Protein bound to column media was eluted using a linear gradient (--

-) of buffer A (50 mM Tris/HCl, 50 mM NaCl, pH 7.5) and B (50 mM Tris/HCl, 1 M NaCl, pH 7.5) resulting 

in the protein separation as a sharp peak, containing pure protein (shaded peak area volume was pooled). SDS-

PAGE section shows 1 µl of pure eluted protein applied on a 17% SDS gel. (C) AhpF eluted as single peak at 

9 ml in Superdex 75 column that indicates AhpF in a dimer formation.  

Secondary structure of AhpF was determined by CD spectroscopy, from 190 to 260 nm 

(Figure 3.28B). The resulting average secondary structure composition was 19 % α-helix, 31 % 

β-sheet and 50 % random coil.  
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(A) (B) 

 
 

Figure 3.28: Spectroscopic analysis of E. coli AhpF. (A) Dynamic Light Scattering (DLS) of E. coli AhpF 

reveals a hydrodynamic radius of 4.7 nm, a molecular weight of 126.5 ± 14.8 kDa and a monodispersity of 

11.7 %. (B) Far UV-CD spectrum of E. coli AhpF (—) indicates the formation of α-helical content. 

3.4.3 NADH dependent peroxidative activity assay of AhpF from E. coli  

In order to analyse the catalytic activity of AhpF from E. coli, the NADH dependent 

peroxidase assay was monitored at 340 nm following the decrease in NADH absorbance. 

Oxidised (NAD+) and reduced (NADH) forms of this coenzyme revealed a difference in 

ultraviolet absorption spectra at 340 nm that makes it simple to measure the conversion from 

NADH to NAD+ and vice versa in peroxidase assay using a spectrophotometer. The decrease 

in NADH absorbance reflects the electron transfer within AhpF from NADH via FAD to the 

redox active disulfide C345/C348 at the C-terminal portion and to the N-terminal C129/C132 

disulfide centre [139, 143]. During peroxidative activity and reduction of AhpC, electron 

transfer may occur from AhpF to AhpC via the redox centres C129/C132 of AhpF to the 

disulfide centre C47/C166 of AhpC [140]. To illustrate the NADH oxidation, the peroxidase 

assay was measured with multi wavelength scanning ranging from 280-540 nm at two different 

time scale. The assay was carried out as described in section 2.8. All the reaction mixtures were 

added in the reaction buffer except for NADH, which was added lastly to start the reaction. 

The peroxidase assay was performed with AhpF alone (red lines), AhpC alone (green lines) 

and AhpF/AhpC together (black lines) (Figure 3.29). The absorbance of 300 µM NADH at 

reaction start (0 min) was 1.7 for both AhpF alone and AhpC alone, whereby AhpF/AhpC 

together revealed a starting absorbance of 1.6 that indicates high catalytic activity (Figure 3.29). 

The maximum NADH oxidation activity was shown indeed in the presence of AhpF/AhpC 

together (Figure 3.29, black line) and the reaction was saturated at 6 min with an absorbance 

of 0.29 (Figure 3.29, black dashed line). The NADH oxidation activity of E. coli AhpF alone, 



 

Open conformation of Alkyl Hydroperoxide Reductase subunit F at 2 Å resolution 91 

in the absence of E. coli AhpC, revealed an absorbance of 0.82 which indicates much lesser 

NADH oxidation compared to AhpF/AhpC together (Figure 3.29, red dashed lines).  

 
Figure 3.29: NADH dependent peroxidase activity of E. coli AhpF. The absorption of NADH (300 µM) at 

340 nm was observed in a range from 280-540 nm in presence of 1 µM E coli AhpF and/or AhpC, 1 mM 

hydrogen peroxide, 100 mM ammonium sulphate and 0.5 mM EDTA in 50 mM phosphate buffer, pH 7.0. 

NADH oxidation activity of AhpF in presence of AhpC is depicted in black line and the reaction was saturated 

at 6 min (black dashed line). The NADH oxidation activity of E. coli AhpF alone was also observed revealing 

an absorbance of 0.82 after 6 min (red dashed line). To analyse the background reaction, a mixture of AhpC 

alone was taken as a control, indicated as green line at reaction start and green dashed line after 6 min. 

To analyse the background reaction, a mixture of AhpC alone, in the absence of AhpF, 

was taken as a control (Figure 3.29, green lines), showing no NADH oxidation after 6 min 

(Figure 3.29, green dashed lines). Hence, NADH oxidation occurs only in the presence of AhpF, 

while AhpC facilitate this reaction. 

3.4.4 Low resolution structure of E. coli AhpF in solution 

In order to get structural insights of AhpF in solution, the first low-resolution structure 

has been solved using SAXS. SAXS patterns of AhpF were measured by Prof. Dr. Manfred 

Roessle as described earlier in Material and Methods section 2.9. With the help of Dr. Malathy 

Sony S. Manimekalai the model was built using GASBOR software [185]. The final scattering 

curve reflects a monodispersed protein in solution (Figure 3.30A). The low angles of the 

Guinier plot highlight a good data quality and no protein aggregation. The E .coli protein AhpF 
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in solution reveals a radius of gyration Rg of 38.6 ± 1.3 Å and a maximum dimension Dmax of 

135 ± 3 Å (Figure 3.30B). The molecular mass of E. coli AhpF was calculated as 75 ± 2 kDa 

based on the value of forward scattering obtained from bovine serum albumin (BSA; 66.4 ± 

2 kDa). Deviation in molecular mass estimation can occur for elongated proteins, since the 

reference protein BSA is a globular protein. The distance distribution function ρ(r) showed a 

single peak with a maximum in p(r) at 38 Å (Figure 3.30B) and an elongated tail from 84 Å to 

126.6 Å, which is the typical pattern for an extended protein. 

(A) (B) 

  
Figure 3.30: Small angle X-ray scattering pattern (●) and its corresponding fitting curves (—; green: 

experimental, red: calculated) (A). The curves of E .coli AhpF are displayed in logarithmic unit for clarity. (B) 

Distance distribution functions of AhpF.  

The solution structure of E .coli AhpF was generated ab initio using GASBOR software 

[185] from the scattering patterns (Figure 3.30A). The calculated fit, coloured in red of the 

AhpF shape accommodates well into the experimental data of the entire scattering curve 

(Figure 3.30A). The deviation of the calculated fit to the experimental fit, which is coloured in 

green, has a χ2 value of 1.13 (Figure 3.30A). The protein shape with the lowest χ2 is depicted 

in Figure 3.31, which appears to be an oval shape conformation at one side and on its 90° view, 

a flat and elongated molecule (Figure 3.31). The measured maximum length of the shape is 

about 125.7 Å, whereas the width is around 80.2 Å. The solution structure indicates the 

flexible- and dynamic-state of a protein, whereas the rigid crystal structure reveals a structure 

in solid-state. Hence the overall shape of AhpF solution structure appears to be broader with 

three prominent bulges (Figure 3.31). The E. coli AhpF shape reveals three distinct domain 

features, lower domain with dimensions of 31.1 x 36.2 Å, the middle domain with 52.5 x 31.2 

Å and upper domain with 44.6 x 61.8 Å. The three bulges in the shape correlate with the 

different AhpF domain, namely the N-terminal domain, the linker segment, FAD domain as 

well as NADH domain (Figure 3.31). The 90° view reveals a flat and stretched molecule, 
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indicating the linker segment sit at the narrow region in the middle of the shape and connects 

the N-terminal domain to the FAD domain (Figure 3.31). 

 

Figure 3.31: Solution structure of E. coli AhpF generated by Dammin software [213]. The shape of E .coli 
AhpF reveals an oval conformation with three prominent bulges, indicating the three domains, NADH domain, 

FAD domain and N-terminal domain. The 90° view highlights rather a flat and stretched molecule, suggesting 

the linker segment at the narrow region in the middle of the shape. 

3.4.5 Crystallisation and data collection of AhpF crystals from E. coli 

Initial crystallisation trials of E .coli AhpF have been set up by using different 

crystallisation screens from Hampton Research, Molecular Dimensions and Emerald 

Biosystems. Small crystals were observed under the condition 0.1 M Hepes, pH 7.5 and 20% 

(w/v) PEG 10 000 and needle bundles in 2 M ammonium sulfate, 100 mM Na-HEPES, pH 7.5 

and 2% (v/v) PEG 400 in hanging drops method. The crystal screens were set up by mixing 1 

μl of the purified AhpF (3-10 mg/ml) in buffer B (50 mM Tris/HCl, pH 7.5, 150 mM NaCl) 

with 1 μl of the precipitant solution and incubated at 18 °C. Both conditions have been 

optimised simultaneously. The small crystals that were observed under the first condition 0.1 

M Hepes, pH 7.5 and 20% (w/v) PEG 10 000 appeared unfrequently and rarely in 12 weeks 

that may due to a low nucleation rate. Hence reproducing these crystals were difficult under 

this condition. Since the crystallisation condition did not comprise of any salt, optimisation by 

adding different salt, using StockOptionsTM Salt from Hampton research has been performed, 

which resulted in no significant improvement in crystal growth. Furthermore, crystallisation 

trials with varying protein concentrations and additional grid screens of precipitant 
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concentration and Additive ScreenTM, micro- and macro-seeding at various steps have been 

carried out with no significant improvement of crystal growth as well. 

Since nucleation was a crucial step, Naomi’s NucleantsTM from Molecular dimensions 

has been used to facilitate the crystal formation. The addition of a single nucleant grain into 

the crystallisation drop 24 hours after drop setup has shorten the crystallisation time from 12 

weeks to 1 week (Figure 3.32). Also the numbers of crystals were increased from 2-3 crystals 

to more than a dozen of crystals in each drop, showing these nucleant grains facilitate crystal 

formation. However, the size of crystal under this crystallisation condition still has to be further 

optimised.  

(A) (B) 

  

Figure 3.32: Optimisation of E. coli AhpF crystals. (A) Initial edge truncated octahedron shaped crystals, 

highlighted with black arrow, were observed after 12 weeks with 10 mg/ml protein concentration in Hampton 

research crystal screen 2, condition 38, containing 100 mM Na-HEPES, pH 7.5 and 20% (v/v) PEG 10000. 

(B) The addition of Naomi’s NucleantTM has facilitated the crystallisation to 1 week with high number of 

crystals. 

Nonetheless, the simultaneous optimisation of the condition 2 M ammonium sulfate, 

100 mM Na-HEPES, pH 7.5 and 2% (v/v) PEG 400 revealed larger crystal, whereupon more 

attention had been focused to this condition. Initial cluster bundles were seen in crystallisation 

drops with 10 mg/ml protein concentration in Hampton research crystal screen 1, condition 39 

(Figure 3.33A). Hence conditions were optimised by changing precipitant concentration, 

protein concentration, salt concentration and pH. AhpF formed needle bundles in 2 M 

ammonium sulfate, 0.1 M Na-HEPES (pH 7.0), 2.5% (v/v) PEG 400 at 18 °C (Figure 3.33B). 

The formation of two dimensional, flake-like crystal bundles were obtained by increasing the 

incubation temperature to 25 °C. The plate shape crystals were observed after quick nucleation 

in comparison to the other crystallisation condition, Hampton research crystal screen 2, 

condition 38 (Figure 3.32, Figure 3.33C). 
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(E) 
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Figure 3.33: Optimisation of E. coli AhpF crystals. (A) Initial cluster bundles were seen in crystallisation drop 

with 10 mg/ml protein concentration in Hampton research crystal screen 1, condition 39, which contains 2 M 

ammonium sulfate, 100 mM Na-HEPES, pH 7.5 and 2% (v/v) PEG 400. (B) Conditions were optimised for 

precipitant concentration, protein concentration, salt concentration and pH. AhpF produces needle bundles in 2 M 

ammonium sulfate, 0.1 M Na-HEPES (pH 7.0). 2.5% (v/v) PEG 400 at 18 °C. (C) Two dimensional, flake like 

crystal bundles are formed at 25 °C. (D) Topview of crystal formation after using Hampton Research Additive 

ScreenTM. The adding to final concentration of 10 mM cadmium chloride initiates the formation of crystal bundles 

into the third dimension. (E) Side view of crystal formation after adding of 10 mM cadmium chloride in polarized 

light. (F) Micro seeding of crystal formation using pre equilibrated drops of 2 mg/ml induced the formation of 

single crystals, which remain thin in the third dimension. 

The adding of final concentration of 10 mM cadmium chloride from Hampton Research 

Additive ScreenTM initiates the formation of crystal bundles into three dimension and the 

polarisation of light (Figure 3.33D-E). Crystal formation using 2 mg/ml protein concentration 
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and micro seeding using overnight pre equilibrated drops in 2 mg/ml lead to nucleation of 2-3 

crystals per drop. The low concentration of protein induces fewer nucleation and slow growth 

of crystal. Hence the formation of few or single crystals results in further grow into three 

dimension (Figure 3.33F, Figure 3.35A). 

3.4.6 Data collection and structure determination of AhpF from E. coli 

Suitable crystals with the dimensions of (0.3 x 0.12 x 0.05 mm) were used for data 

collection. Firstly, AhpF crystals were mounted into crystal loops and subsequently dipped into 

cryoprotectant solution containing additional 20% (w/v) glycerol to the crystallisation solution 

and then immediately flash cooled in -170 °C by plunging the crystal into liquid nitrogen 

(Figure 3.35A). These single frozen AhpF crystals were used for single-wavelength native 

datasets collection. The measurements were performed together with Dr. Malathy Sony S. 

Manimekalai on beamline 13B1 at the National Synchrotron Radiation Research Center 

(NSRRC, Hsinchu, Taiwan), at 140 K (Figure 3.35B). In total, 360° of data were collected with 

 

Figure 3.34: Crystal structure determination strategy. Indexing, integration and scaling of collected 

diffraction data set were carried out in HKL2000 suite program [176]. Molecular replacement were performed 

for structure determination using PHASER program [179]. For initial rigid body refinement REFMAC5 

software was used [177] followed by difference Fourier syntheses calculations. AhpF structure was iterative 

refined by model building and restrained refinement in a combined manner using the software COOT [181] 

and REFMAC5 [177]. The 3D structure of the final model was analysed with PROCHECK [183] and for 

visualisation of AhpF model, PyMOL software were used [175]. 
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10 s per 1° frame using ADSC Quantum 315 CCD detector. The staff at beamline 13B1 

(NSRRC) kindly provided technical assistance.  

All collected diffraction data sets were indexed, integrated and scaled with HKL2000 

suite program and were guided by Dr. Asha M. Balakrishna and Dr. Malathy Sony S. 

Manimekalai (Figure 3.34) [176]. The crystals belong to monoclinic crystal system with C2 

space defined by α, γ = 90º and β ≠ 90°. The cell unit parameter and the molecular weight of 

E. coli AhpF (56 177 Da) were used to analyse the Matthews coefficient and solvent content 

[214]. The software Matthews_Coef of the CCP4 suite (1994) revealed a solvent content of 

59.11 % and Matthews coefficient Vm of 3.01, indicating 0.99 AhpF molecule in the 

asymmetric unit. 

(A) (B) 

  
(C) 

 
Figure 3.35: Crystallisation and data collection of E. coli AhpF crystals. (A) E. coli AhpF crystals used for X-

ray diffraction were finally obtained by sitting-drop vapour diffusion method under the condition, 2 M ammonium 

sulfate, 100 mM Na-HEPES, pH 7.5, 2.5 % (v/v) PEG 400 and 10 mM cadmium chloride. The low protein 

concentration of 2 mg/ml reduced the nucleation time, hence only few and therefore larger sized crystals have 

been obtained. (B) Single frozen crystal of E. coli AhpF mounted in crystal loop for diffraction data collection in 

NSRRC. (C) Representative diffraction image of E. coli AhpF crystal until 2 Å resolution. 

The AhpF crystal structure of Salmonella typhimurium (StAhpF, PDB 1HYU; [135]) was 

exploited for initial phasing by molecular replacement using PHASER program (Figure 3.34) 
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[179] and MOLREP [178]. To validate the quality of the obtained model, two scores were 

considered, the log-likelihood-gain (LLG) and the Z-score. The LLG indicates the quality of 

the predicted model in comparison to a random-atom model to the same data. The Z-score 

judges the signal-to-noise by comparing the LLG values of the predicted model with LLG 

values for a set of random rotations or translations. Z-score above 5 indicates a possible solution. 

Initial trial with StAhpF resulted in LLG of 102 and Z-score for the fast rotational function 

(RFZ) of 7.1 and fast translational function (TFZ) of 10.4 in Phaser, which is an acceptable 

solution [179]. To obtain a good solution for molecular replacement, the LLG has to be above 

120. To further improve LLG value as well as the Z-score, StAhpF were separated into the N-

terminal segment 1-182 aa and C-terminal segment 202-521 aa for model prediction using 

Phaser [179]. The putative flexible linker segment has been omitted in the model for the 

molecular replacement.  

(A) (B) 

 

 

 

(C) 

 

Figure 3.36: Preliminary E. coli AhpF crystal structure. (A) The preliminary E. coli AhpF structure reflects 

one elongated molecule in asymmetric unit. The linker region is not present in this structure. (B) The overlay 

of FO–FC and 2FO–FC maps of AhpF linker region of the preliminary AhpF structure after few rounds of manual 

refinements. Amino acids were attached to the N-terminal segment according to the green electron density. 

(C) The overlay of FO–FC and 2FO–FC maps of AhpF clearly showed the green electron density corresponding 

to the heavy metal cadmium (Cd2+) used in crystallisation set up.  

After separating the N- and C-terminal portion for molecular replacement, the LLG for 

the N-terminal segment arose to 210 and Z-scores, RFZ and TFZ were 17.7 and 15.6, 

respectively and the C-terminal part reached a LLG of 452 with Z-scores of RTZ 9.7 and TFZ 



 

Open conformation of Alkyl Hydroperoxide Reductase subunit F at 2 Å resolution 99 

29.5, reflecting a very good solution for both segments. The obtained predicted structure was 

subsequently used for rigid body refinement using the program Refmac5 (Figure 3.34) [177]. 

Initial rigid body refinements carried out in REFMAC5 software achieved an overall R-factor 

of 27.15 % and free R-factor of 28.53 %. (Figure 3.34) [177]. The initial structure reflects an 

elongated molecule. 

Data collection statistics  

 

Table 3.3: Summary of crystallographic data collection for E. coli AhpF. 
a Values in parentheses refer to the corresponding values of the highest resolution shell (2.07 - 2.00 Å). b Rmerge 

= ΣΣi|Ih - Ihi|/ΣΣi Ih, where Ih is the mean intensity for reflection h. 

The omitted linker region, residues 181-201 was not present in the structure (Figure 3.36). 

The overlay of FO–FC and 2FO–FC maps of E. coli AhpF clearly showed the green electron 

density corresponding to amino acids of the linker region and the heavy metal cadmium (Cd2+) 

used for crystallisation set up (Figure 3.36BC). Iterative cycles of model building and 

refinement were performed in a combined manner using the programs COOT [181] and 

REFMAC5 [177] of the CCP4 suite (1994) (Figure 3.34). Each cycle of model building 

allowed the attachment of an additional amino acid to its correspond green density of the linker 

region (Figure 3.36B). After manual refinement and model building of AhpF main chain as 
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well as side chain, 484 water molecules, 8 sulfates, 8 PEG molecules, 13 glycerol and 2 Tris 

molecules were added into the corresponding green electron density of the FO–FC map. The 

overall R-factor as well as free R-factor reached 14.14 % and 18.45 %, respectively (Table 3.4). 

The final model was validated with PROCHECK [183], and the software PyMOL was used for 

visualisation of AhpF model [175]. For structural comparison analysis, the program 

SUPERPOSE [208] was applied. 

3.4.7 Crystal structure of AhpF from E. coli 

The crystal structure of AhpF from E. coli (EcAhpF) reveals one molecule in an 

asymmetric unit and appears to be in an open conformation with the dimension of 120.5 Å x 

58.9 Å x 44.2 Å (Figure 3.37). All 521 residues of EcAhpF were modelled clearly into the 2Fo-

Fc electron density map, except for few residues in the loop region (residues 198-201), which 

have high temperature factors (>70 Å2 for Cα atoms). The overall EcAhpF structure consists of 

four distinct regions: the N-terminal domain (NTD, residues 1-196), the linker segment 

(residues 197-209), the FAD domain (residues 210-327 and 450-521), and the NADH/SS 

domain (residues 328-449). Overall, three redox centres are present in the structure, the FAD 

in the FAD domain, C345/C348 in the NADH/SS domain as well as C129/C132 in the NTD. 

The redox-active disulfide (C345/C348) is in close distance to flavin, but it is 72 Å apart from 

the C129/C132 in the NTD (Figure 3.37).  

The C-terminal portion of EcAhpF (residues 210-521) includes the FAD- and NADH/SS 

domain that is homologous to the Thioredoxin Reductase (TrxR). Similarly, both NADH/SS 

and FAD domains consist of a central five-stranded β-sheet conformation, sandwiched on one 

side by a smaller three-stranded β-sheet, and on the other side by three α-helices in the FAD 

domain and two α-helices in the NADH/SS domain (Figure 3.37). 
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Figure 3.37: Cartoon view of the E. coli AhpF crystal structure coloured by domain. The N-terminal 

domain (yellow) harbours its redox-active dithiol at the residues C129 and C132 (bright green) and is joined 

via the linker segment (green) to its C-terminal portion, the FAD domain (red) and the NADH/SS domain 

(blue). The NADH/SS domain comprised of its redox active disulfide at C345/C348 (bright green). In 90° view 

the flavin cofactor in the FAD domain is depicted clearly in yellow in the centre of the AhpF structure. Both 

redox active disulfides C129/C132 as well as C345/C348 are highlighted in green colour. 

The FAD domain contains a FAD binding site. The cofactor FAD is present in this 

structure and accommodates well into its binding pocket (Figure 3.37). The NADH/SS domain 

harbours the NADH binding site as well as the redox-active disulfide (C345/C348) near the 

flavin (Figure 3.38A). In this crystal structure the redox active NADH (or NAD+) is not found 

in its binding pocket in the NADH/SS domain. Cysteinyl residues within CXXC structural 

motif, which is also common in thioredoxin and TrxR, form the redox-active disulfide 

C345/C348 in the C-terminal portion as well as C129/C132 in the NTD of EcAhpF. The CXXC 

motif of the NADH/SS domain (C345/C348) is located closely to the flavin and adapts a short 

α-helix with a right-handed hooked disulfide conformation (Figure 3.38A). The shortest 

distance of the CXXC motif to flavin is 3.1 Å, which is the distance between C348 and the 

isoalloxazine ring of the FAD (Figure 3.38A). The distance between C345 and the C-4-X 
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isoalloxazine is 4.9 Å. The residues C345 and C348 of the NADH/SS domain in this AhpF 

structure are in an oxidised state (Figure 3.38B). The disulfide bridge between C345 and C348 

is clearly formed and its corresponding electron density is visible (Figure 3.38B). The distance 

between the two sulphur at C345 and C348 is 2.1 Å (Figure 3.38B). 

(A) 

 

(B) (C) 

 
 

Figure 3.38: Close view to the three redox active centres. (A) FADH is in close contact to the Sγ of C348, 

the most favourable position for reduction by the flavin. (B) The redox active centre of the NADH domain, 

C345 and C348 that is in close contact to the FADH remains oxidised. The B-factor for C345 and C348 were 

refined to 33.5 and 33.2 Å2, respectively. The 2Fo-Fc electron densities shown are contoured at 1σ (blue lines). 

(C) C129 and C132 in the N-terminal domain are in contrast in reduced state. The sulfur-sulfur distance is 

highlighted in dashed lines. The B-factor for C129 and C132 are 45.3 and 38.8 Å2, respectively.  

The C-terminal FAD- and the NADH/SS domains are joined to the NTD via linker 

segment (Figure 3.37). The linker segment of AhpF (residue 197-209 aa) adopts a loop-helix 

conformation. The B-factor of this segment is >70 Å2 for Cα atoms indicating a disordered and 

highly flexible region in solution. The residues 197-202 of this linker segment form the flexible 

loop, whereas the residues 203-209 form the α-helical conformation (Figure 3.37). The residue 

N208 of the helical conformation forms polar contact to the V312 backbone of the FAD domain, 

to stabilise the linker segment closely to the FAD domain. 
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The NTD (1-196) of AhpF not only shows homology to the Thioredoxin, it is also 

homologous to Glutaredoxin-like (GDX-like) proteins, and it contains a second redox active 

disulfide (C129/C132) in this AhpF structure (Figure 3.39). Structurally, NTD consists of two 

“fused” so called N- and C-terminal thioredoxin folds that include two conserved cis proline: 

cis-P62 and cis-P172 at the beginning of β-stand 3 and β-stand 7, respectively. The NTD 

reveals 8-stranded β-sheets embraced at one side by six α-helices and on the other side by one 

α-helix (Figure 3.39). The NTD redox centre (C129/C132) is located at the C-terminal 

thioredoxin fold and is reduced to its dithiol form (Figure 3.39), although no reducing agent 

like DTT or TCEP has been used during crystallisation in this depicted structure. The distance 

between the two sulfurs of C129 and C132 is 3.04 Å (Figure 3.38C). The corresponding 

electron density is clearly visible between C129 and C132 and reveals the reduced state 

between the two cysteines (Figure 3.38C). In comparison to C132, C129 is exposed to the 

surface in the crystal structure, while hydrophobic residues V171 and cis-P172 cover C132 and 

make it therefore solvent inaccessible (Figure 3.39). 

 

Figure 3.39: Close view to the NTD structure. E. coli AhpF structure (left) and a zoomed section of the NTD 

(1-196). NTD reflects two thioredoxin folds (yellow and green colour for the N-and C-terminal half). The redox 

active cysteines C129 and C132 are highlighted in green sticks. C129 is in comparison to C132 exposed, while 

hydrophobic residues V171 and cis-P172 shield C132.  
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Figure 3.40: E. coli AhpF dimer coloured by its four distinct regions, respectively. The second EcAhpF 

monomer is depicted in lighter shaded colour respectively and generated by its symmetry related molecule. The 

symbol (‘) highlights the symmetry related molecule. The two AhpF structures are connected via the FAD 

domain and the NADH/SS domain. 

The dimer conformation of AhpF was generated by its crystallographic 2-fold axis using 

a symmetry related molecule, revealing a head-to-tail dimerisation. The dimer interface covers 

mainly the FAD-FAD’ domain, which is with 2520 Å2 around 10 % of the monomeric total 

solvent accessible area of 25 103 Å2 [215]. The interface is stabilised by hydrophobic 

interactions and hydrophilic interactions like hydrogen bonds and salt bridges. The homodimer 

conformation of EcAhpF reflects a stretched molecule with a maximum length of 170 Å 

(Figure 3.40), giving the possibility of electron transfer from NTD redox active disulfide bond 

(C129/C132) to the redox active disulfide bond of AhpC. The distance between the two-

homodimeric NTD redox active disulfide bonds C129/C132 is 125 Å (Figure 3.40). 
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(A) (B) 

 

 

Figure 3.41: Six coordinated bonds of the cadmium ion link AhpF molecules to its symmetry related 

neighbour. (A) Cadmium ion is located in the interface between neighbouring AhpF molecules. Each cadmium 

ion binds to H85 and H130 of one AhpF molecule and connects another AhpF’ molecule via E110 and H114. 

(B) The cadmium ion has in total six coordinated bonds, two to E110’ and respectively each to H85, His114’, 

H130 and to one water molecule (W). The symbol (‘) highlight the symmetry related residue. 

Interestingly a cadmium ion with six coordinated bonds was found to be attached to the 

NTD and it was located adjacent to the redox centre (Figure 3.41A). Two highly conserved and 

catalytically important histidine side chains (H130 and H85) are protruded on the same side to 

make a positively charged groove wherein one cadmium ion from the crystallising solution is 

bound. This heavy metal ion forms additional three coordinated bonds to the symmetry related 

AhpF molecule residues E100 and H114 and one coordinated bond to a water molecule (Figure 

3.41). The occupancy of a cadmium ion is not surprising since the addition of 10 mM cadmium 

chloride into the crystallisation drop enhances the crystal growth into three dimensions (Figure 

3.33). Hence, cadmium chloride stabilises neighbouring symmetry related AhpF molecules. 

The B factor of the cadmium ion is 45.47 Å2. Another intriguing perspective of the cadmium 

ion is the coordinated bond to H130, which is in close distance to the redox active C129 and 

C132. Therefore, the possibility that a metal ion might be involved in the redox reaction 

between the NTD of AhpF to the redox active disulfide of AhpC cannot be ruled out. 

 

 

 



 

Open conformation of Alkyl Hydroperoxide Reductase subunit F at 2 Å resolution 106 

Refinement statistics  

  

 

Table 3.4: Statistics of crystallographic refinement for E. coli AhpF.  
a R-factor = Σ||FO| - |FC||/Σ|FO|, where FO and FC are measured and calculated structure factors, respectively. 
b R-free = Σ||FO| - |FC||/Σ|FO|, calculated from 5% of the reflections selected randomly and omitted from the 

refinement process. 
 

 

 

 

 

 

  



 

  



 

 

  

 
3.5 Alkyl Hydroperoxide Reductase subunit C (AhpC) 

crystal structure from E. coli at 3.3 Å resolution in its 

oxidised form  
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3.5.1 Production and purification of AhpC from E. coli under oxidised condition 

In order to investigate the redox reaction between AhpF and AhpC and to get a deeper 

insight towards the molecular mechanism, AhpC has to be investigated. The cloning of AhpC 

gene into pET9d-6His plasmid as well as expression and solubility test of AhpC protein were 

performed by Dr. Neelagandan Kamariah [170]. In order to purify the oxidised form of 

recombinant proteins AhpC, no DTT was used in all following buffers. To avoid that any DTT 

remain from the lysis buffer A, the Ni2+-NTA was initially washed with 10 column volumes of 

respective buffers without DTT and subsequently eluted with an imidazole gradient (0–300 

mM) (Figure 3.42A). Buffer A of AhpC purification contain 50 mM Tris/HCl, pH 7.5, 200 mM 

NaCl, 2 mM PMSF and 2 mM PefablocSC (BIOMOL). Afterwards ion-exchange 

chromatography was carried out using ResourceTM Q column (GE Healthcare), to clear 

impurities that bind to the column, whereas AhpC remains in the flow through. The flow 

through of AhpC was concentrated and further purified using size exclusion chromatography. 

Pure AhpC is shown in SDS gel section (Figure 3.42B). 

(A) (B) 

 

 

Figure 3.42: AhpC purification in oxidised condition (A) The Ni2+-NTA purification was performed in buffer 

A (50 mM Tris/HCl, 200 mM NaCl, pH 7.5) in absence of DTT using an imidazole gradient (10 – 300 mM) 

for elution of Ni2+-NTA bound protein. Fractions from 100 – 200 mM imidazole were pooled for further 

purification. AhpC was injected subsequently into ion-exchange column and remains in the flow through. (B) 

Gel filtration elution diagram of AhpC in S75 column using 50 mM Tris pH 7.5, 200 mM NaCl buffer. The 

volume of the shaded peak area was pooled and 1 µl of pure eluted protein were applied on a 17% SDS gel. 

3.5.2 Crystallisation, data collection and structure determination of AhpC crystals 

Crystallisation of AhpC was performed to analyse its three dimensional structure. Pure 

AhpC of 10 mg/ml concentration was used to set up crystal drops in Hampton Research crystal 

screen HR-110 and HR-112, and Emerald biosystems Wizard screen 1 and Wizard screen 2, in 

hanging drop plates with 2 µl droplet size per well at 18 °C. Needle bundles were observed in 
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Hampton research crystal screen 2 #25 (HR2#25) after two days and in Hampton research 

crystal screen 2 #23 (HR2#23), small crystal were formed after 14 days. Both conditions have 

similar composition: HR2#25 contains 1.8 M Ammonium sulfate, 100 mM MES (2- (N-

morpholino) ethanesulfonic acid), pH 6.5, and 10 mM cobalt chloride, whereas HR2#23 

consists of 1.6 M Ammonium sulfate, 100 mM MES, pH 6.5, and 10 % dioxane. Both 

conditions have been optimised simultaneously. The first larger size crystals that showed 

reflections in the diffraction image using the in-house machine (Rigaku) were formed under 

the condition 1.6 M Ammonium sulfate, 100 mM MES, pH 6.5, and 10 % dioxane using 8 

mg/ml protein concentration. The best crystals were obtained in 1.8 M ammonium sulfate, 100 

mM MES, pH 6.5 and 5 % dioxane, with 8 mg/ml protein concentration (Figure 3.43).  

(A) (B) 

  

(C) 

 

Figure 3.43: Crystal photograph of recombinant E. coli AhpC (0.1 mm x 0.1 mm x 0.1 mm) (A). (B) Single 

frozen crystal of AhpC mounted in crystal loop for diffraction data collection in NSRRC. (C) Representative 

diffraction image of AhpC from E. coli alkyl hydroperoxide reductase. 
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These crystals were then used for data collection. The crystals were quickly soaked into 

cryoprotectant solution containing 25% (w/v) glycerol in crystallisation liquid and flash-cooled 

in liquid nitrogen at 100 K. Together with Dr. Malathy Sony S. Manimekalai, single 

wavelength datasets for AhpC were collected at 140 K on beamline 13B1 at the National 

Synchrotron Radiation Research Center (NSRRC, Hsinchu, Taiwan) using a single frozen 

crystal of AhpC (Figure 3.43B). Using the ADSC Quantum 315 CCD detector, 100° of data 

were collected with 0.5º oscillation (20 s per 0.5° frame). Single wavelength datasets of AhpC 

were also collected at the protein crystallography beamline S06 PX at the Swiss Light Source 

(SLS) with a PILATUS 6M detector by Dr. Neelagandan Kamariah. Data sets were collected 

as a series of 0.2º oscillation images with 0.2 s exposure time with a detector distance of 500 

mm. Representative diffraction pattern of AhpC crystal is presented in Figure 3.43C. All 

diffraction data reduction, including indexing, integration and scaling were carried out in 

iMosflm program [207]. The results of data processing and data statistics for AhpC are 

summarized in Table 3.5.  

          Data collection statistics                       AhpC 

 

Table 3.5: Data collection statistics to E. coli AhpC.  
*Rmerge = ƩƩi|Ih - Ihi|/ƩƩiIh, where Ih is the mean intensity for reflection h. a Values in parentheses refer to the 

corresponding values of the highest resolution shell (2.07 - 2.00 Å). 
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AhpC was crystallised in a trigonal system with the space group P3121 and unit cell 

parameters a = 137.35, b = 137.35 and c = 147.45 Å. The crystals diffracted to 3.33 Å resolution. 

Assuming five molecules in the asymmetric unit, the solvent content for the AhpC crystal is 

68.2 % with a Matthews coefficient (Vm) of 3.87 Å3 per Dalton (Matthews, 1968). Initial phases 

were obtained by molecular replacement method with the related AhpC structure from 

Salmonella typhimurium (StAhpC; PDB 3EMP; [209]) using program PHASER [179]. 

Chainsaw software was used for model editing [216]. The LLG of 3436 and Z-score for the 

fast rotational function (RFZ) of 13.8 and for fast translational function (TFZ) of 114.5 in 

Phaser, highlighting a good solution [179]. To improve the electron density by solvent 

flattening and to reduce model bias that may occur at crystal structure below 3 Å, the program 

RESOLVE was used for prime and switch phasing [217]. The preliminary structure was 

subsequently used for 30 cycles of rigid body refinement using the program Refmac5 [177], 

obtaining an overall R-factor of 27.28 % and free R-factor of 28.20 %. The initial structure 

reflects five molecules in one asymmetric unit, where each molecule consisted of 162 amino 

acids. The overlay of FO–FC and 2FO–FC maps of AhpC clearly shows additional green electron 

density respectively to amino acids at the C-terminus. Iterative cycles of model building and 

refinement were performed in a combined manner using the programs COOT [181] and 

REFMAC5 [177] of the CCP4 suite (1994) (Figure 3.34). Each cycle of model building 

allowed the attachment of additional amino acid to its corresponding green density of the C-

terminal region. 

3.5.3 Crystal structure of AhpC from E. coli 

The crystal structure of AhpC from E. coli was solved at 3.3 Å resolution and revealed 

five molecules (A-E) in the asymmetric unit that form a half ring shape conformation. The full 

ring, decamer structure is generated by its crystallographic two-fold symmetry operation (A’-

E’) (Figure 3.44). The entire ring complex consists of five homodimers (α2)5, with an outer 

diameter of 123.7 Å x 115.4 Å calculated using MOLEMAN2 [218] and an inner diameter of 

55 Å and 60 Å measured between opposite molecules A/E’ and C/C’ using Pymol [175]. The 

thickness of the ring complex correspond to a monomer molecule and is 50 Å (Figure 3.44). 

The E. coli AhpC structure shows clear electron density for all the main chain atoms except for 

the C-terminus region, which is highly disordered. The molecules A, C and D showed clear 

and continuous electron density up to P167, whereas in molecule B it is up to C166 and in 

molecule E up to V165.  
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Figure 3.44: Crystal structure of oxidised AhpC from E. coli. Decamer (α2)5 of AhpC. Each asymmetric 

unit consists of five molecules (A-E), depicted in different colour and its crystallographic symmetry mates, 

depicted in grey (A’-E’). Dimer formations are between A-B, C-D and E-E’.  

Each AhpC monomer consists of seven β-sheets located in the centre of the molecule, 

flanked at one side by four and the other side by two α-helices. Furthermore, each monomer 

contains two cysteine residues namely peroxidative cysteine (CP47) and resolving cysteine 

(CR166). In this E. coli AhpC structure, electron densities are clearly visible up to CR166 in A, 

B, C and D chains. The residues after CR166 are mostly disordered in all the chains. The 

monomer molecules in each dimer are related by a two-fold symmetry and no significant 

structural differences were observed between each monomers in a dimer structure (Figure 

3.45A). The dimer structure reflects an oval shape with dimensions of 67.2 Å x 47.9 Å x 36.6 

Å, calculated using MOLEMAN2 (Figure 3.45A) [218]. The two molecules of each dimer are 

related by a two-fold symmetry and are tightly connected to each other (Figure 3.44B). The 

dimer interface is formed between β7 and β7’ of each monomer, which forms when two 

monomer combined a 14 stranded β-sheet dimer. The β7 and β7’ interface is stabilised by salt 

bridges between the residues K151 and G135 and hydrogen bonds between the residues D119, 

Q132, I134, E135, V136, A138, R150, and G142 (Figure 3.45A). The active site is composed 
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of the intermolecular disulphide bond between the CP47 from one monomer with CR166 from 

another monomer, interacting in a head to tail manner (Figure 3.45B).  

(A) (B) 

  

Figure 3.45: Dimer structure of oxidised AhpC from E. coli. (A) AhpC dimer between the molecules A 

(blue) and B (yellow). The redox active cysteines (C47/C166’ and C47’/C166) are depicted green, whereof 

C47’/C166 are forming an intermolecular disulfide bond and C47/C166’ are in the dithiol state. The dimer 

formation between A and B is also stabilised along both β7-sheets with hydrogen bonds and salt bridges, 

highlighted in arrows. (B) Electron density for the redox active C47’/C166 disulfide bond between molecule A 

(blue) and molecule B (yellow). The 2Fo-Fc density is contoured at 1 σ (blue lines). The symbol (‘) is used for 

residues of the partner subunit in the dimer formation. 

In E. coli AhpC structure, only two disulphide bonds (A166-B47 and C166-D47) were 

observed among the five AhpC molecules (A-E). This might be due to a highly disordered C-

terminus and also possibly due to radiation damage. The two intermolecular redox active 

disulfide bonds formed by C47 and C166’ contribute additional stabilisation to the dimer 

interface (Figure 3.45A). The 2Fo-Fc electron density map from chain A (residues F43 to V54) 

and chain B (residues H161 to P167) is shown in Figure 3.45B, reflecting the oxidised state 

between C47 and C166’ (Figure 3.45B). The electron density for the disulfide bridge between 

the respective CP47 and CR166’ are clearly visible (Figure 3.45B). CP47 is located close to the 

N-terminus of α2-helix and is part of the so-called CP-loop. In the oxidised form of AhpC, the 

CP is unwound to form a flexible loop, which exposed CP47 to the resolving cysteine CR166’. 

CR166’ is located at the very C-terminus of each chain of the crystal structure and is partially 

exposed (Figure 3.45A). 
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Figure 3.46: Oligomer interface of AhpC. The dimer-dimer interface between chain B (yellow) and chain C 

(green) reflects no hydrogen bond or salt bridges, rather patches of hydrophobic residues formed by F21, F43, 

F45, F77, A81 and W82 of each monomer.  

The oligomeric assembly at the dimer-dimer interfaces between chain B and chain C are 

mainly formed by hydrophobic residues F21, A41, F43, F45, F77, A81, W82, P100, G116 and 

L117. Hydrogen bonds or salt bridges between chain B and C are not found in this interface. 

This interface consists only of hydrophobic interaction (Figure 3.46). 

Refinement statistics  

  

 

Table 3.6: Statistics of crystallographic refinement for E. coli AhpC.  
a R-factor = Σ||FO| - |FC||/Σ|FO|, where FO and FC are measured and calculated structure factors, respectively. 
b R-free = Σ||FO| - |FC||/Σ|FO|, calculated from 5% of the reflections selected randomly and omitted from the 

refinement process. 

 



 

  



 

 

  

3.6 Single Particle Reconstruction of E. coli AhpC in 

reduced form using Cryo-Electron Microscopy at 12 Å 

resolution 
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3.6.1 Production and purification of AhpC from E. coli under reducing condition 

In order to understand the decamer ring formation of AhpC in solution, as shown in the 

crystal structure (Figure 3.44), dynamic light scattering and cryo Electron Microscopy 

(cryoEM) of AhpC in oxidised and reduced conditions as well as in different pH have been 

performed (Figure 3.48). To obtain AhpC in its reduced condition, recombinant protein AhpC 

was purified in the presence of DTT. Lysis 

buffer A of AhpC purification contains 50 

mM Tris/HCl pH 7.5, 200 mM NaCl, 2 mM 

PMSF, 2 mM PefablocSC (BIOMOL) and 

0.8 mM DTT. The 6xHis recombinant 

AhpC was applied to the Ni2+-NTA column 

and eluted with an imidazole gradient (0–

300mM) (Figure 3.47). Afterwards ion-

exchange chromatography was applied 

using ResourceTM Q column (GE 

Healthcare). AhpC remains in the flow 

through, whereas impurities bind to the 

column. The flow through of AhpC was 

concentrated using Millipore spin concentrator with a molecular-mass cut-off of 10 kDa and 

then further purified using size exclusion chromatography. Pure AhpC under reducing 

condition is shown in SDS gel section (Figure 3.47). 

3.6.2 Dynamic Light Scattering (DLS) of reduced and oxidised form of AhpC 

Both oxidised and reduced purified AhpC as described in section 2.3.8 were used for 

dynamic light scattering (DLS). Using Malvern Zetasizer Nano ZS spectrophotometer for DLS, 

the molecule dimension and molecular weight of AhpC were measured in solution. DLS were 

collected in low-volume quartz batch cuvette (ZEN2112, Malvern Instruments) using 12 µl of 

1 mg/ml protein solution. After 60 s equilibration time, the backscattering at 173° was detected 

for reduced and oxidised AhpC recombinant protein (Figure 3.48A). The oxidised form of 

AhpC reveals a hydrodynamic radius of 3.2 nm, dispersity of 21.9 % and a molecular weight 

of 146.1 kDa ± 32 kDa, whereas the reduced form a hydrodynamic radius of 4 nm, dispersity 

of 26 % and molecular weight of 184.2 kDa ± 48 kDa. Furthermore, oxidised and reduced form 

of AhpC in various pH were used for DLS measurement. The oxidised and reduced purified 

 

Figure 3.47: E. coli AhpC purification under 

reducing condition. Gel filtration elution diagram of 

AhpC in S75 column using 50 mM Tris pH 7.5, 200 mM 

NaCl buffer and 1 mM DTT. The volume of the shaded 

peak area was pooled and 1 µl of pure eluted protein 

were applied on a 17% SDS gel (section). 
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AhpC were buffer exchanged before DLS. In buffers with pH 5.4, no changes were observed. 

However, in 100 mM Na-acetate pH 4.4, the reduced form of AhpC, but not the oxidised form 

reveals an increase of its hydrodynamic radius to 16.2 nm, indicating a higher molecular weight 

of 4000 kDa.  

(A) (B) 

  
Figure 3.48: Dynamic Lights Scattering experiments of E. coli AhpC. (A) DLS measurement of AhpC 

indicates its hydrodynamic radius in oxidised (—) and reduced (---) form in 50 mM Tris/HCl pH 7.5, 200 mM 

NaCl. The reduced condition contains 1 mM DTT respectively. (B) Comparison of oxidised and reduced AhpC 

in low pH (100 mM Na-acetate pH 4.4). 

3.6.3 Single Particle Reconstruction (SPR) of AhpC from E. coli  

In order to investigate AhpC structure close to physiological condition and to prove that 

the ring formation is not due to high protein concentration during crystallisation, Single Particle 

Reconstruction (SPR) using cryo Electron Microscopy was applied.  

 

Figure 3.49: Cryo EM structure determination strategy. Images were initially imported and evaluated using 

EMAN2 program [186]. Individual particles were selected semi-automatically, aided by the e2boxer tool, in 

Swarm mode, from EMAN2 [186] software package. The contrast transfer function (CTF) correction and 

defocus for each micrograph was estimated with EMAN2 [186]. Initial model was built using EMAN2 software 

[186] and refinements were performed using multipath simulated annealing (MPSA) software [205]. The final 

geometry of the AhpC cryo EM structure was checked, compared to the E. coli AhpC crystal structure and 

figures were created using Chimera software [187].  
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Cryo EM facilities were kindly provided by Prof. Dr. Shee Mei Lok and data sets were 

kindly imaged by Jonathan Ng Thiam Seng in NUS Centre for BioImaging Sciences at the 

National University of Singapore (NUS). SPR is a strong tool to investigate large protein 

molecules under preserved condition in solution within the vitrified buffer. Small amount of 

purified AhpC with a concentration of 1 mg/ml was applied onto a C-Flat Holey Carbon Grid 

before quickly vitrified into liquid ethane. After vitrification, samples were kept under liquid 

nitrogen temperatures. AhpC was applied in reducing condition in buffer A 50 mM Tris/HCl 

pH 7.5, 200 mM NaCl and 1 mM DTT.  

(A) (B) 

 

 

(C) (D) 

 
 

Figure 3.50: Cryo electron microscopy images of E. coli AhpC. Micrograph of AhpC in its (A) oxidised and 

(C) reduced form. Selected particles are highlighted in boxes for class averaging. The box size was selected to 

192 pixels with a pixel size of 1.14 Å/pixel. Selected class average images of isolated AhpC particles in (B) 

oxidised and (D) reduced form. 

The electron micrographs reveal ring- and rod shape particles in oxidised and reduced 

condition of AhpC (Figure 3.50AC). AhpC in oxidised form shows quantity wise more rod 

shape particles compared to reduced form (Figure 3.50BD). The lengths of the rod shape 

particle vary in oxidised form, whereas rod shape particle in reduced form remain constant 

(Figure 3.50BD). The constant length of the rod shape particles in reduced form corresponds 

well to the diameter of the ring shape particle, indicating that the rod shape particle might be 

the side view of the ring shape particles. In oxidised form, the classes of rod shape particles 
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have the same length as the reduced form and longer length (Figure 3.50B). However, the 

images of reduced AhpC reveal larger amount of ring shaped particles than in the oxidised 

form, allowing the Single Particle Reconstruction (SPR) of reduced AhpC to be performed. A 

total of 54 images were collected for the 3D reconstruction of reduced AhpC and a set of 1183 

isolated molecules were selected for averaging into 40 different classes (Figure 3.49, Figure 

3.50BD). The 18 best-generated classes in different perspective were used for initial model 

building using EMAN2 software (Figure 3.49, Figure 3.50D) [186]. The initial model in 

reduced form was used as template for refinement by assuming D5 symmetry in the 3D 

reconstruction using MPSA software [205]. Dr. Victor Kostyuchenko kindly guided me 

through the EMAN2 software and performed the MPSA refinement. 

 

Figure 3.51: 3D reconstruction of AhpC using cryo EM in surface rendered presentation. Overall 

structure of AhpC on top view reveals a ring shape conformation. The ring structure has a dimension of 130 Å 

x 130 Å x 45 Å and consists of five well-defined oval shaped bulks labelled as A-E. The 90° view highlights a 

rod shape conformation. 

The 3D reconstructed AhpC structure reflects a ring shape conformation with a 

dimension of 130 Å x 130 Å x 45 Å (Figure 3.51). The inner and outer diameter of the ring is 

40 Å and 130 Å respectively. The ring structure reveals a five-fold symmetry reflected by five 

oval shaped segments. The segments are separated by narrow gaps. On top view of the ring, at 

least four small protrudings are projecting out of each segment.  
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Figure 3.52: Close view of one segment. Each segment has a dimension of 70 Å x 45 Å x 45 Å and reflects 

an additional two-fold axis, dividing each segment into two symmetrical regions (blue and yellow). On the left, 

one segment is depicted along its two fold axis. The topview (right) reveals that each region of a segment has 

three small protruding on both sides. One protruding at one side and two protruding at the other side. 

The side view reveals a rod shape conformation, highlighting the presence of small 

protrudings on both side of the ring formation (Figure 3.51). Each segment has a dimension of 

70 Å x 45 Å x 45 Å and reflects an additional two-fold axis, dividing each segment into two 

regions (Figure 3.52, left). The topview on one segment shows that each region has three small 

protruding, on one side one protruding and on the other side two protrudings (Figure 3.52, 

right). The final map resolution is 12.2 Å as measured using Fourier shell correlation of 

independent half-data sets with a cutoff at 0.5 (Figure 3.53).  

 

Figure 3.53: Fourier shell correlation (FSC) coefficient function of AhpC cryo EM data set. The FSC 

function between two halves of the AhpC cryo-EM dataset reveals a resolution of 12.2 Å at FSC=0.5. 

Since DLS data of AhpC in pH 4.4 indicates high molecular weight formation, electron 

micrographs were imaged to visualize the high molecular weight arrangement. For AhpC in 

pH 4.4, 128 images were kindly collected by Jonathan Ng Thiam Seng in NUS Centre for 

BioImaging Sciences at the National University of Singapore (NUS) and a set of 2380 isolated 
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molecules were selected for averaging into 40 different classes (Figure 3.54A). The 18 best-

generated classes in different perspective, generated using EMAN2 software are depicted in 

Figure 3.54B [186].  

(A) (B) 

 

 

Figure 3.54: Cryo Electron Microscopy images of AhpC in pH 4.4. (A) Representative micrograph of AhpC 

in its reduced form. Selected particles are highlighted in boxes for class averaging. The box size was selected 

to 128 pixels with a pixel size of 2.28 Å/pixel. (B) Selected class average images of isolated AhpC particles in 

reduced form. 

Cryo EM Micrographs depict ring shaped particles and rod shaped particles, whereas rod 

shaped particles are stacked mainly from two to four (Figure 3.54A). The tilted view indicates 

that the stacks of rod shape particles are stacks of rings on top of one another (Figure 3.54B). 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

4. Discussion 
 

  



 



 

Discussion     128 

4.1 Structural characterisation of subunit a binding to ARNO 

 Since the V-ATPase has been reported to play a crucial role in interaction of signalling 

proteins such as ARNO (GTP/GDP exchanger, Cytohesin-2) and Arf (small GTPase) via 

subunit a and c [1], respectively, high interest arises to obtain more structural information about 

the regions of ARNO that are involved in its direct association with subunit a. The N-terminal 

part of subunit a2 protein from mouse that is required for association with ARNO has been 

mapped in this thesis [96]. Subunit a2 is one of the four isoforms found in V-ATPase of mouse, 

which is mainly expressed in Golgi and early endosomes in kidney and liver cells [67] and has 

been associated with its novel function, acting as pH sensor element in a complex with ARNO 

and Arf proteins [1, 91] and playing a crucial role in the degradation pathways. In order to 

identify the binding motif, especially the amino acids involved in subunit a to ARNO 

association, studies were focused with peptides from essential regions of the subunit a2 of 

mouse V-ATPase, that showed interaction with ARNO in peptide pull-down experiments [96]. 

Six peptides of various regions of subunit a2 (a21-17, a235-49, a2198-214, a2215-230, a2313-331 and 

a2386-402) have been identified to be involved in the association of ARNO, whereof five of these 

peptides are located within the first 363 amino acids from the N-terminus (Figure 3.14) [10]. 

NMR structures of two important subunit a2 peptides a21-17 and a2368-395 have been solved in 

this study (Figure 3.3, Figure 3.9). Both important subunit a2 peptides a21-17 and a2368-395 have 

been recently shown to interact with ARNO (Arf-GEF) [96]. The peptide a2368-395 of subunit 

a2 has its binding site with amino acids 396-402 at the end of cytosolic region of the a2 model, 

whereas peptide a21-17 of subunit a2 is at the beginning of the N-terminal region (Figure 4.3) 

[96].  

The NMR structure of a2368-395 peptide (Figure 3.9) shows a flexible N- and C-terminal 

region and an α-helical part, which is in line with its secondary structure prediction using the 

PSI-PRED program (Figure 3.7B) [210]. The structure of a2368-395 contains two helical 

formations, whereby the helical formation from G378 to Y386 might be essential for the 

interaction with other proteins such as ARNO as it shows hydrophobic and a negative charged 

surface potential (Figure 3.9). A flexible loop and a second helix from T372 to K374 can be 

identified, which might be essential for the interaction or regulation with other domains of 

ARNO as well. Furthermore, the solution structure of peptide a21-17 (Figure 3.3) indicates an 

α-helical formation in CD- as well as in NMR spectroscopy experiments. NMR data indicate 

an α-helical formation at the C-terminus from F5 to L17 and a flexible N-terminal domain from 

M1 to L4, which is also in line with the predicted structure based on the primary sequence 
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using PSI-PRED program (Figure 3.1B) [210]. To analyse the interaction between a21-17 

peptide and Sec7 domain of ARNO, NMR titration experiments were used as a qualitative 

peptide binding assay, revealing that the Sec7 domain (R61-D252) of ARNO binds specifically 

to the a21-17 peptide. The α-helical degree of a21-17 peptide (76%), with the amino acid sequence 

1AMGSLFRSESMCLAQLFL17 from 5 to 17 is quite high and might be important for the 

interaction with the Sec7 domain of ARNO. The representative NMR structure of a21-17 

indicates at its α-helical segment one hydrophobic side formed by residues L4, M10, C11, L15, 

and L17 at one side and by L13, A14, F17 and L18 in the opposite side constitutes a promising 

surface for an hydrophobic and helix-helix interaction between subunit a and the Sec7 domain 

of ARNO. The residues F5, E8, M10 and Q14 indicated by the change of chemical shifts and 

the loss of intensity (Figure 3.5) are crucial for the association. Further titration studies using 

NMR confirm the binding between a21-17 and Sec7 domain of ARNO. 1H-15N HSQC spectra 

were recorded, when peptide a21-17 was titrated to the Sec7 domain of ARNO. The spectrum 

of the Sec7 domain of ARNO shows significant changes in the chemical shift, which come up 

to 18 peaks. This underlines that a21-17 probably joins entirely with its α-helical segment to the 

Sec7 domain. Since the changes in chemical shifts are significant, it can be suggested that the 

binding between Sec7 and a21-17 is strong. Furthermore, NMR titration experiments with the 

N-terminal segment a1-388 from S. cerevisiae against Sec7 domain of ARNO show the same 

chemical shifts as a21-17 titration (Figure 3.13), which indicate a1-388 interacts in a similar 

manner to Sec7 proteins like the mammalian a21-17. Hence the observed a1-388 / Sec7 association 

supports the importance of subunit a and ARNO interaction and to be evolutionary conserved 

among eukaryotes (Figure 3.13). 

The three-dimensional NMR structure of the peptide a21-17 was used to map and 

characterise the molecular interface between peptide a21-17 and the Sec7 domain. Therefore, in 

silico docking experiments were performed between a21-17 and Sec7 domain, showing that the 

peptide has its lowest energy in the groove between αG, αH and αJ of the Sec7 domain, that is 

similar to the Arf 1/6 small GTPases binding site (Figure 4.1) [2]. The peptide a21-17 forms an 

interface with its binding amino acids (F5, M10 and Q14) to αG, αH and αI helices of Sec7 

domain (Figure 4.1, zoomed section) [2]. The detailed view shows that of a21-17 binding site 

on Sec7 domain overlaps with interaction site of the regulatory Switch 2 of Arf1 and Arf6 small 

GTPases [2]. This might indicate that subunit a competes with the Arf protein to the Sec7-

ARNO binding site via various interaction sites to the Sec7 domain, to regulate the vesicular 

trafficking between endocytic receptor-mediated and macropinocytosis pathways [2]. 
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Figure 4.1: Putative binding site of the Sec7 domain to the a21-17 peptide. Mapping and characterisation of 

the molecular interface between peptide a21-17 and Sec7 domain, using in silico docking experiments performed 

with the program AutoDock v.4 [202]. The in silico docking experiments reveal the binding site of a21-17 near 

the catalytic site of Sec7. The zoomed section includes Arf1 or Arf6 (cyan), whose Switch2 region is sharing 

competitively the same binding site to Sec7 domain. 

Since the interaction of Sec7 domain of ARNO with a21-17 from M. musculus and a1-388 

of S. cerevisiae has been described earlier in this study, further analysis of different interaction 

sites of subunit a were performed to understand the control and regulation of the vesicular 

trafficking within the endocytotic and exocytotic pathway. With consideration of the six 

peptides of the mouse a2 isoform (a21-17, a235-49, a2195-214, a2215-230, a2313-331 and a2386-402) that 

showed interaction to ARNO, the N-terminal truncated a104-363 has been constructed to omit 

the two peptides regions a21-17 and a235-49 with the strongest binding to ARNO (Figure 3.14, 

[96]). Hence, a104-363 has been purified and analysed in ARNO interaction studies. In this 

Sec7/a104-363 titration experiments, 4 peaks of the Sec7 spectrum showed chemical shifts 

whereof 1 peak, which is labelled as B occurred in the Sec7/a1-388 titration experiments (Figure 

3.13 / Figure 3.16) [2, 3, 67]. In comparison to the NMR titration experiments between Sec7 

and Sca1-388 (Figure 3.13), Sca1-388 showed 14 wide chemical shifts, indicating strong 

association with a1-388 mainly through its very N-terminal segment formed by a21-17 and a235-

49 [2]. This result indicates that a104-363 is properly folded and still involved in binding to ARNO, 

which may occur via the homologues segment a2195-214, a2215-230, a2313-331 and/or a2386-402. 

In conclusion, in this study the specific and direct association between subunit a2 formed 

by the first amino acids (A1- L17) via residues F5, E8 and Q14 and Sec7 of ARNO could be 
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demonstrated. Further studies showed a21-17 as a significant part for signalling between V-

ATPase and ARNO and a potent inhibitor of the enzymatic GDP/GTP-exchange activity of 

ARNO with both Arf1 and Arf6 as substrate [2]. In silico docking experiments revealed, a21-

17 peptide binds to αG, αH and αI helices of Sec7 domain (Figure 4.1), the same binding pocket 

as Arf1 and Arf6 Switch 2 binding region [203, 219]. This leads to the assumption that a21-17 

peptide competes with Arf1 and Arf6 GTP-binding proteins for the Sec7 binding site. The 

interacting amino acids F5 and Q14 are conserved in eukaryotic isoforms (Figure 3.6A, Figure 

3.14). The data in this study revealed the structural basis and molecular mechanism between 

V-ATPase and ARNO. 

4.2 Solution structure of the N-terminal segment of subunit a, a104-363 from 

S. cerevisiae V-ATPase 

 Besides ARNO interaction studies, small-angle X-ray scattering (SAXS) of a104-363, was 

carried out. The low resolution structure of a104-363 confirmed its three dimensional folding. 

The structure reflects an elongated S-shape conformation with the dimension of 114 Å x 42 Å 

x 39 Å. Sequence alignment using the primary amino acid sequences of subunit a from S. 

cerevisiae V-ATPase and of the crystal structure of the cytosolic N-terminal segment of subunit 

a, a1-301 (Mra1-301), from the related archaea type A1AO ATP synthase from Meiothermus ruber 

[200] reveals a sequence identity of 12%. However, a structural alignment to the crystal 

structure of the cytosolic N-terminal segment of subunit a, Mra1-301 [200] was performed using 

the software SUBCOMB [185]. Structural comparison between the homologous region a80-268 

(Mra80-268) of the M. ruber structure with the low resolution solution structure of Sca104-363 

indicates high similarity in their dimension as both structures appear to be elongated. The 

superpose of the crystal structure of Mra80-268 into the shape of Sca104-363 is well aligned with 

an r.m.s. deviation of 1.8 Å (Figure 4.2, column 2). Moreover, the superposition of the entire 

crystal structure of Mra1-301 accommodates also well into the solution structure of Sca104-363 

with an r.m.s.d. of 1.66 Å. Since both structures, Mra80-268 and Mra1-301 fit closely to the Sca104-

363 shape, it can be suggested that the truncation of 104 amino acids in Sca104-363 does not affect 

its overall shape nor dimension (Figure 4.2, column 4).  
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Figure 4.2: Superimposition of a104-363 with the crystal structure of the homologous subunit a (Mra). The 
homologous counterpart Mra1-302, Mra78-301 and Mra80-268 of the A1AO ATP synthase from M. ruber were used 
for superimposition depicted in column 2-4, respectively [3, 200]. Column 2 the shape of Sca104-363 is compared 
to Mra1-301. The arrow in column 2 indicates the C-terminal loops of Mra80-301 and Sca104-363 shape. The 
protruding segment at the lower segment of Sca104-363 reflects therefore the very C-terminus of Sca104-363. 
Column 3 demonstrates Sca104-363 superimposed to Mra80-268. Column 4 shows the comparison of Sca104-363 with 
Mra1-301. The first 78 amino acids of Mra1-301 are excluded in Sca104-363 and highlighted in red. The arrow in 
column 4 indicates that N- (coloured in red) and C-terminus (blue) are in close contact to each other [3]. 

 Further structural comparison of Sca104-363 and Mra80-301 displays the C-terminal loop of 

Mra1-301 to the lower segment of the Sca104-363 shape as indicated by an arrow (Figure 4.2, 

column 2). Therefore, the additional extended segment at the lower region of Sca104-363 may 

represent the very C-terminus of Sca104-363. Further structural comparisons between Sca104-363 

with its homologous segment Mra80-301 as well as with the entire crystal structure Mra1-301 allow 

to identify the remaining C-terminal 62 amino acids to the lower part of Sca104-363 as highlighted 

with an arrow (Figure 4.2, column 2/4). Hence, both superpositions indicate that this protruding 

C-terminal region is located at the bottom loop domain of Sca104-363 (Figure 4.2, column 3). In 

addition, Mra80-268 can also be superimposed into the shape of Sca104-363 (Figure 4.2, column 

3), showing that the lobe of Mra1-301, formed by the residues 268–302, are located at the C-
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terminal region of Sca104-363 shape. The elongated central segment and the two lobes on both 

ends are still maintained (Figure 4.2A, column 3) [3]. Overall the solution structure highlights 

the dynamic of a structure with larger dimensions, in comparison to the rigid crystal structure. 

However, it is surprising that the dimensions and shape of Sca104-363 and Mra1-301, are not so 

different, implying that the first 78 amino acids of the N-terminus (red) are not included in the 

Sca104-363. The comparison of Sca104-363 and Mra1-301 indicates that N-terminus is located in 

close contact to the C-terminus (blue), which may highlight an stable and important role of the 

C-terminus [3].  

Furthermore, using the novel solution structure of Sca104-363 and its alignment to Mra1-301 

crystal structure as well as the NMR titration experiments that has been performed earlier in 

this study with Sca104-363 and a1-17 to the Sec7 domain of the ARNO, a structural model is 

proposed as shown in Figure 4.3A. The solution structure of Sca104-363 accommodates like a1-

17 also well into the groove formed by the helices αG, αH and αJ of the Sec7 domain [220], 

highlighting that the association to Sec7 may occur at the proximal lobe region without steric 

hindrance and clashes. A close view to the interaction model of the proximal lobe region of 

Sca104-363 and the groove region of the Sec7 domain (Figure 4.3B), indicates that the two helices 

αH and αJ from the Sec7 domain are in close contact to Sca104-363, that explains the chemical 

shifts in the NMR titration studies (Figure 3.16). 

(A) (B) 

 
 

Figure 4.3: Interaction model between Sca104-363 (green) and Sec7 domain of ARNO. (A) The Sca104-363 

solution structure and the Mra1-301 crystal structure (the N- and C-terminal ends are shown in red and blue, 

respectively) [200] were docked according to the a21-17 binding pattern as described earlier in Figure 3.6, whose 

binding residues are in magenta colour [2]. (B) The solution structure of Sca104-363 (green) fits well to the groove 

between αG, αH and αJ of the Sec7 domain (PDB: 1PBV, yellow) [3, 220]. 

   



 

Discussion     134 

 

Figure 4.4: Proposed interaction model between V-ATPase and Sec 7 domain of ANRO. The 3D 

reconstruction of the V-ATPase from S. cerevisiae (EM Data Base ID: EMD-5476) [27] was used for the Sca106-

324 solution structure (green), subunit C (PDB: 1U7L blue) and the c-ring (PDB 2BL2) [221] fitting into their 

respective position in the EM density. Sec7 (yellow) [220] has been aligned respectively as described in Figure 

4.3. The mechanistic model suggests that upon the Sec7 domain binding to the N-terminal a21-17 or the 

respective proximal lobe of Sca106-324 will affect the proton translocation at the interface between the c-ring and 

the C-terminal membrane-embedded domain of subunit a (green cylinder) [3]. 

The low resolution structure of Sca104-363 was superimposed into the 3D reconstruction 

of the S. cerevisiae V-ATPase (Figure 4.4) [27] and it fits clearly horizontal, above to the 

predicted c-ring. The Sca104-363 solution structure forms a part of the so-called collar domain. 

Sec7 binds putatively to both N- and C-terminus at the proximal lobe region of Sca104-363 

through its groove located at αG, αH, αI and αJ (Figure 4.4) revealing the binding site of Sec7 

and the N-terminal domain of subunit a is located near the hinge region, which joins the soluble 

N-terminal- with the membrane-integrated C-terminal domain involved in proton-

translocation. In conclusion, the interaction between Sec7 of ARNO and the N-terminal domain 

of subunit a may cause structural changes at the hinge region of subunit a, which might affect 

the structure of the C-terminal domain (Figure 4.4). These structural alterations may cause also 

alterations in proton-pumping activity (Figure 4.4) [3]. 

4.3 Characterisation of the putative C-terminal topology of subunit a 

Since the recruitment of Arf6 via subunit c has been demonstrated [1], it can be suggested 

that the C-terminal transmembrane part of subunit a of the V-ATPase may not be only involved 



 

Discussion     135 

in recruiting and scaffolding of small GTPases to their target membrane but also as a pH-sensor 

[1]. In several studies, mammalian transmembrane proteins have been identified as having pH 

sensing capability, whereby histidine residues have been identified in all of these proteins as 

an important component of the pH sensing mechanism [91]. Regarding the pH sensing of the 

a2 isoform of V-ATPase from mouse, it is suggested that histidine residues in a2 are involved 

in pH sensing. The mouse a2 subunit contains 21 histidine residues, of which seven residues 

(H93, H130, H236, H246, H248, H278 and H310) are located in the a2N cytosolic tail and are probably 

not involved in the pH sensing mechanism. The remaining 14 histidine residues are in the 

hydrophobic C-terminal transmembrane part [91]. The transmembrane part could also have a 

novel role as a modulator of Arf-GEF activity and ultimately as modulator of activity of Arf-

family small GTPases. Furthermore, subunit a acts as a proton channel that is physically linked 

to the catalytic V1 sector (Figure 4.4). The linkage between the V1 and VO part is not known so 

far. Therefore, the understanding of subunit a topology can give insight not only in recruiting 

and scaffolding of small GTPases like Arf6 and pH sensoring but also in the reversible 

assembly and disassembly of the V1 and VO complex, since subunit a is also associated with 

aldolase [10, 222]. Controversial predictions of six [223, 224], eight [70, 91, 225] or nine [67, 

226] transmembrane helices are recently discussed. Because of the problems encountered with 

the expression and solubility of subunit a constructs a468-552, a478-537, a596-634 and a801-840 from 

several sources, further studies were focused with constructs a653-727, a673-731 and a582-649. The 

proteins a653-727, a582-649, a673-731 and a801-840 were expressed and produced in E. coli. However, 

construct a801-840 shows a ladder like oligomerisation in SDS-PAGE after purification. The 

phenomena that constructs close to the membrane embedded or transmembrane region, might 

not inducible or soluble is not surprising, since they are hydrophobic, which tend to cause the 

protein to be unfolded, oligomerise or aggregate. In comparison the larger construct a653-727 

showed a higher expression rate than a673-731, therefore a653-727 was focused in this study. CD 

spectrum of purified proteins constructs a653-727 and a582-649 reflects the consentaneous 

secondary structure (Figure 3.22). Since the protein constructs a653-727, a582-649, a673-731 and a801-

840 are soluble, the transmembrane region and their putative soluble region of subunit a can be 

suggested as in Figure 4.5C. The number of transmembrane domain is still unclear, however 

the expression of the four proteins a653-727, a582-649, a673-731 and a801-840 gives new insights to 

approach the topological conformation of subunit a. These proteins are soluble and not 

membrane embedded. The proteins a582-649 and a673-731 are in line with in silico analysis (Figure 

4.5A) [91, 223], whereas the proteins a653-727 and a801-840 are based on experimental analysis 

(Figure 4.5B) [38].  
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(A) (B) 

  

(C) 

 

Figure 4.5: Model of subunit a from S. cerevisiae. (A) Topological model of subunit a predicted by in silico 

analysis with eight transmembrane domains [91, 223]. The construct a673-731is shown in orange; a582-649 in green 

and a468-552 in black colour. (B) Topological model of subunit a based on cysteine mutagenesis, chemical 

modification and cloning and expression experiments [38]. The construct a653-727 is shown in orange; a801-840 is 

shown in purple and a478-537 and a596-634 in black colour. (C) Suggested topological model of subunit a, based 

on producible protein constructs a653-727, a582-649, a673-731 and a801-840, which are not embedded in the membrane. 

The two analogue constructs a673-731 and a653-727, which have overlapping sequences, are 

predicted to be soluble based on either hydropathy analysis using ‘Kyte-Doolittle’ algorithm 

[91, 223] or experimental analysis [38]. Indeed both topological predicted constructs a653-727 

and a673-731 are producible, soluble and can be purified. It can be suggested that the region with 

the residues 653-731 is not part of the transmembrane domain (Figure 4.5C). Two further 

analogues constructs a582-649 and a596-634 from either in silico or experimental analysis are 

having also overlapping amino acid sequences. Interestingly, the shorter construct a596-634 [38] 

is not inducible. The longer constructs a582-649 is inducible, soluble and can be purified, and 
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hence more stable. It can be proposed that the region with the residues 596-634 is not part of 

the transmembrane domain as well. The topology of C-terminal transmembrane part of subunit 

a, which is supposed to be involved in recruiting and scaffolding of small GTPases to their 

target membrane as well as a pH-sensor, remains unclear and needs further investigation in the 

future. 

4.4 Crystallisation of subunit a construct a653-727 

To get insights into the 3D structure of subunit a (Vph1p), crystallisation trials were done 

with construct a653-727. Promising results were observed with the formation of needle clusters 

in an initial stage (Figure 3.23). Several optimisations of these conditions by varying precipitant, 

salt concentration and changing buffer or pH in grid screens and changing temperatures 

resulted in the formation of small crystals in a condition containing 0.2 M MgCl2, 0.1 M 

cacodylate, pH 6.5, 15% PEG3350 (Figure 3.23). However, additional optimisation was 

performed with varying protein concentration; replacement of salt and adding of paraffin oil, 

which resulted in little improvements in the size of the crystals by slowing down the 

equilibration between protein drop and reservoir (Figure 3.24). Additional grid screens and 

Additive ScreenTM were used to reduce the water molecule in the protein structure to promote 

protein crystallisation. Moreover, micro- and macro-seeding at various steps were carried out 

(Figure 3.25). First, crystal diffraction could show initial diffraction up to 4-5 Å (Figure 3.26) 

at the in-house machine at 113 K (Rigaku). The diffraction pattern is not uniform and indicates 

an anisotropic pattern. Indexing and spot peaking of the diffraction data of ten diffraction 

images from different angles by HKL2000 suite program [176] showed higher unit cell 

parameters, indicating that they are twinned and not a single crystal. Diffraction spots are 

dispersed, but interfering or overlapping with other spots in the same image. Therefore, a series 

of optimizations were made by varying the different parameters and still under progress. 

However, additional conditions have to be optimised in future experiments that will result in 

larger sized and less numbers of crystals that show a diffraction pattern in high resolution. 
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4.5 Structural and functional characterisation of AhpR from E. coli 

Besides the pH homeostasis, regulated via V-ATPases, redox homeostasis is highly 

significant for the survival of the cell. In particular the presence of superoxide and 

hydroperoxids increases the potential to damage all macromolecules within the cell [4-7]. 

Especially H2O2 (hydrogen peroxide) may inactivate critical enzymes, which contain 

sulfhydryl residues or iron-sulfur clusters at active-site by oxidizing their reactive thiols or iron 

(Fenton reaction), respectively [4-7]. The alkyl hydroperoxide reductase (AhpR) is the primary 

H2O2 scavenger and its over-expression reduces the frequency of spontaneous mutants [122, 

227]. Since oxidative stress and H2O2 are involved in quite a number of diseases, AhpF and 

AhpC have been characterised to give new insights into oxidative stress [4, 166-169]. 

4.5.1 The overall structure of AhpF from E. coli reveals an elongated conformation 

Here in this thesis the full length crystal structure of E. coli Alkyl Hydroperoxide 

Reductase subunit F (EcAhpF) has been solved to 2 Å resolution. The structure revealed for 

the first time an alternative conformation for the NTD domain which may give new insights 

into the electron transfer mechanism to its substrate AhpC. The conformation has been further 

validated by solution structural studies using small angle X-ray scattering (SAXS).  

 

Figure 4.6: Superimpose of the E. coli AhpF solution structure and its crystal structure. The 

superimposition of the AhpF solution structure and the crystal structure were performed using SUBCOMB and 

reveals a high overall similarity in their dimension as well as in domain formation [185, 228]. 
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Structural comparison of the overall AhpF crystal structure (Figure 3.37) and the low-

resolution structure in solution (Figure 3.31), reveal a similar conformation of both, the AhpF 

crystal and solution structure (Figure 4.6). The low-resolution structure of AhpF, shown in blue 

spheres, as well as its crystal structure reflects an elongated and stretched conformation (Figure 

4.6). The crystal structure of EcAhpF compares well with the solution shape with an r. m. s. 

deviation of 1.19 Å. The NTD, FAD and NADH domains were fitted to the upper, middle and 

lower domains of the shape, respectively (Figure 4.6). In both structures all four regions, NTD, 

linker segment, FAD as well as the NADH domain are distinguishable and in line to each other 

(Figure 4.6). The dimensions of the solution structure are quite similar to the monomeric crystal 

structure. Only the upper domain is wider when compared to the crystal structure that may 

indicate a dynamic NTD in solution. The proposed dimer configuration of AhpF, as proposed 

in line with Thioredoxin Reductase (TrxR) is not visible in this solution structure, assuming 

AhpF to be in an catalytic inactive state, since neither NAD(P)H nor AhpC is present in solution.  

4.5.2 The elongated conformation of AhpF gives new insights into its catalytic cycle 

Structural comparison of the AhpF crystal structure from E. coli (EcAhpF) to the 

homologous AhpF structure from Salmonella typhimurium (StAhpF) indicates that the folding 

of all four segments remains similar in both structures, when all domains have been compared 

separately (NTD domain: r.m.s.d of 0.54 Å for 192 Cα; FAD domain: r.m.s.d. of 0.64 Å for 

184 Cα; NADH/SS domain: r.m.s.d of 0.72 Å for 119 Cα) (Figure 4.7) [135]. The EcAhpF and 

StAhpF share high protein sequence identity of 95.4% and do not have any significant 

mutations that alter the structure and function. Furthermore, superimposition between the full-

length EcAhpF crystal structure solved in this thesis and the crystal structure of the C-terminal 

portion of the E. coli AhpF (A212-A521; EcAhpF212-521) reveals an r.m.s.d. value of 0.77 Å 

[137]. Major structural deviations are not found between both C-terminal portions. However, 

new in this full-length AhpF crystal structure from E. coli is the appearance of the 212 N-

terminal amino acids, corresponding to the NTD (1-195) and linker region (196-209). 

Furthermore, the overall EcAhpF conformation is different to StAhpF (Figure 4.7) [135]. 

EcAhpF is stretched to an elongated conformation, so that NTD and the C-terminal segment, 

including the FAD and NADH/SS domain are apart to each other. EcAhpF appears to be in an 

open conformation with the dimension of 120.5 x 58.9 x 44.2 Å, whereas StAhpF is in a 

compact and closed conformation [135] (Figure 4.7). In EcAhpF, the two-redox centres 

C345/C348 in the NADH/SS domain as well as C129/C132 in the NTD reveal a distance of 72 

Å, whereas the distance of the two redox centres in StAhpF is 35 Å (Figure 4.7). The NTD 



 

Discussion     140 

domain of EcAhpF is rotated and translated by about 178º and 1.25 Å, respectively, when 

compared with StAhpF and the screw axis is almost perpendicular to the molecule and passes 

through the linker region that is connecting the NTD domain to the FAD domain (Figure 4.7). 

The residues near the screw axis can be considered as a hinge region for this motion. The linker 

region residues K201 to E205 are involved in the hinge motion for the NTD domain rotation. 

K201 and A202, is likely to be important as a hinge region residues as they are highly 

disordered in the EcAhpF structure. Because of the possible hinge motion in the linker region, 

significant structural differences are observed (Figure 4.7). In the open conformation of 

EcAhpF, the helix is locally unfolded (LU, A203-N208), while in StAhpF the helical region is 

fully folded (FF, K201-K209), in order to accommodate the large movement of the NTD 

domain (Figure 4.7). Although the residues 197-202 of this linker segment are fully folded, 

structural superimposition of the α-helix in the linker region of EcAhpF reveals similar 

positioning as in StAhpF (Figure 4.7). In both structures, the α-helix is stabilised by residue 

N208 that forms polar contact to the V312 backbone of the FAD domain, keeping the α-helix 

of the linker segment close to the FAD domain. 

 

Figure 4.7: Structural comparison between EcAhpF and StAhpF. The most significant structural difference 

observed is the positioning of the NTD domain. NTD domain of EcAhpF is rotated and translated by about 178º 

and 1.25 Å compared to StAhpF. The helix in the linker region is in EcAhpF locally unfolded (LU) (A203-

N208) and in StAhpF is the helix fully folded (FF) (K201-K209), suggesting a large movement of the NTD 

domain along the α-helix in the linker region [135, 228]. 
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Furthermore, the StAhpF linker has hydrogen bonding interactions (T197 to A193 and 

K201 to D114) with the NTD domain while the EcAhpF linker region does not form any such 

interactions. The comparison also revealed a significant conformation difference in the NADH 

domain between the EcAhpF and StAhpF structures. The StAhpF NADH domain is compared 

to the EcAhpF NADH domain rotated about 9º and shifted about 0.79 Å about the screw axis 

running parallel through the centre of the molecule. The twisting region are formed by the 

residues K325-R327 and Q448-L451 in both structures. The residues K325, W326 and Q448 

act as a mechanical hinge. Besides these structural similarities, the redox centre at the NADH 

domain shows significant structural difference observed between the EcAhpF and StAhpF 

structures. In EcAhpF, the C345-XX-C348 motif sits above the flavin moiety of the FAD 

molecule, forming a short helix with a right handed hook conformation, while in StAhpF, the 

C345-XX-C348 motif adopts a non-helical conformation and shifted away from the flavin 

moiety because of the bound chloride.  

The B-factor comparison 

between EcAhpF and StAhpF reveals 

that the elongated NTD domain has a 

high B-factor (63.1 Å2) for main chain 

atom than the bent conformation 

(33.6 Å2), indicating a local motion at 

this region (Figure 4.8). The α-helix 

formation (203-209) of EcAhpF 

reveals a B-factor ~50 Å2 for Cα atoms 

and the loop formation (197-202) > 

70 Å2 for Cα atoms, indicating a 

disordered and highly flexible loop 

formation in solution. Particularly 

G198, A199, E200 and K201 are 

revealing a B-factor > 110 for Cα atoms and may undergo the largest conformational change 

(Figure 4.8). The average B-factor of the main chain Cα atom for FAD domain is 24.11 and 

24.92 Å2 for StAhpF and EcAhpF, respectively. The NADH domain of both structures reveals 

a difference in their average B-factor. The slight NADH domain rotation might be responsible 

for the higher B-factor in the StAhpF (41.57 Å2) when compared to the EcAhpF (31.18 Å2). 

Overall it can be suggested that AhpF alternates between a close and open conformation, while 

 

Figure 4.8: Overlay of EcAhpF and StAhpF B-factors. The 

elongated NTD domain of EcAhpF have high B-factor (63.1 

Å2) for main chain atom than the bent conformation (33.6 Å2) 

of StAhpF. The B-factors from both FAD domains are similar, 

while the NADH domain from StAhpF reveals a slight higher 

B-factor than the NADH domain from EcAhpF. 
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C345/C348 reduces C129/C132 in the close conformation and C129/C132 reduces the redox 

active disulfide C47/C166 of AhpC in the open conformation (Figure 4.7). 

Moreover, because of the high structural and sequence similarity of EcAhpF to TrxR 

[138, 142, 146], the mechanism for TrxR can be deduced analogously for EcAhpF as shown in 

Figure 4.9. TrxR corresponds to the C-terminal portion and Thioredoxin (Trx) to the NTD of 

AhpF. Sequence alignment between the C-terminal portion alone and TrxR from E. coli reveals 

a sequence identity of 32 %, whereas NTD alone and Trx1 or Trx-2 reveal an identity of 13.8 % 

and 10.8 %, respectively. So far two structural states of TrxR are known, the flavin reducing 

state (FR) and the flavin-oxidised state (FO) (Figure 1.15) [138, 142, 146]. Structural 

comparison of the EcAhpF C-terminal portion with TrxR from E. coli with flavin in the 

oxidised state (PDB: 1TRB) reveals an r.m.s.d. value of 1.35 Å for 292 Cα positions, reflecting 

a high similarity [138, 146].  

 

Figure 4.9: Structural comparison between EcAhpF and TrxR-Trx complex from E. coli. The TrxR 

corresponds to the C-terminal portion and the Trx to the NTD of EcAhpF [142]. The position of Trx is close to 

NADH domain while the NTD domain of EcAhpF is apart from the C-terminal portion. The EcAhpF structure 

has an additional linker region, which is absent in the TrxR-Trx complex. In both structures, the FAD- and 

NADH domain are very similar. If the FAD domain aligned separately, the NAD(P)H domain of TrxR is rotated 

by 67° [142, 228] 
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The flavin reducing conformation of EcAhpF can be deduced by structural comparison 

to the reduced TrxR in its so called “twisted conformation” co-crystallised with Trx (PDB: 

1F6M) (Figure 4.9) [142]. Both structures, in particular NADH- as well as the FAD domain of 

the C-terminal portion are very similar when the domains are aligned separately (FAD domain: 

r.m.s.d. of 0.64 Å for 119 Cα; NADH/SS domain: r.m.s.d of 0.72 Å for 89 Cα). If the FAD 

domain aligned separately, the NAD(P)H domain of TrxR is rotated by 67° (Figure 4.9). 

Similar to TrxR, the NADH domain of AhpF is assumed to adopt such a rotation. When such 

a rotation is also applied to AhpF, the entire NADH/SS domain comes closely to FAD, bringing 

a bound NAD(P)H to the re-face of the isoalloxazine ring of flavin [135, 137, 142] (Figure 4.9). 

The nicotinamide ring of NAD(P)H and the isoalloxazine ring system with its C-4-X above the 

isoalloxazine N-5 are brought to close contact for electron transfer [138, 142]. The rotation 

brings also the reduced dithiol (C345/C348) to the surface [142] (Figure 4.9). In this exposed 

position, reduced dithiol (C345/C348) can be easily oxidised via the redox active centre 

C129/C132 of NTD. When the NADH/SS domain turns 67° back, C345/C348 comes back to 

the re-face of the isoalloxazine ring, and the NAD(P)+ to the surface for exchange with new 

NAD(P)H [142]. During the rotation of the NADH domain, the NTD might not be in its close 

conformation as shown in StAhpF (PDB: 1HYU) [135], otherwise severe clashes may occur 

between NTD and the NADH domain (Figure 4.7). It can be proposed that NTD remains as in 

the EcAhpF crystal structure in an open and elongated conformation or in another so far 

unknown conformation, where no steric hindrance prevents this rotation. Such a NADH 

domain rotation similar to TrxR, can be indeed proposed for AhpF, since both proteins have 

beside high structural similarities also redundant function [136, 140]. The C-terminal portion 

of EcAhpF reduces the NTD specifically, even when the C-terminal portion and NTD are 

expressed separately, but not the related Trx [136, 140]. Moreover, the C-terminal portion like 

TrxR reduces both Trx and NTD, when both expressed separately [136, 140]. Considering that 

the C-terminal portion of EcAhpF prefers NADH and TrxR uses preferably NADPH for the 

reduction process (more details in section 4.5.4), the maintainance of reduced NTD relies on 

the cost of both NADH and NADPH, while reduced Trx only on the pool of NADPH. The 

reason for the specificity of the C-terminal portion of EcAhpF to NTD and that in turn also to 

the EcAhpC, but not Trx might be due to regulatory control or/and to save valuable NADH 

within the cell especially during an oxidative attack [140]. NTD, but not Trx recognises 

EcAhpC specifically, this ensures that the majority of NADH in a cell is utilised into EcAhpC, 

the first line of defense during oxidative stress.  
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4.5.3 The putative catalytic cycle of EcAhpF  

Due to the high structural similarity of EcAhpF to TrxR and the close conformation of 

StAhpF [135], the entire mechanism of the AhpF catalytic cycle can be deduced analogously 

as shown in Figure 4.11. Overall it can be suggested that AhpF has two alternate movements, 

one at the NADH domain and another one at the NTD. In EcAhpF, the NTD domain is in an 

open conformation to reduce the AhpC and the NADH domain adopts the stable FO 

conformation, where disulphide centre C345/C348 of the NADH domain are in face with flavin 

(Figure 4.11 conformation a). The NADH domain of EcAhpF may also adopt two distinct 

conformational changes namely flavin oxidised (FO) and flavin reduced (FR) states similar to 

the TrxR-Trx complex from E. coli [142]. While changing to the FR state, the NADH domain 

twists about 67º and would permit reduction of FAD by NADH and dithiol-disulfide 

interchange with NTD (Figure 4.11 conformation b). The second movement alternates between 

the close and open conformation, while C345/C348 reduces C129/C132 in the close 

conformation and C129/C132 reduces the redox active disulfide (C47/C166) of AhpC in the 

open conformation (Figure 4.11). 

The redox active centre C129/C132 of NTD is only brought close to C345/C348 disulfide 

centre of the C-terminal region, when C345/C348 is exposed to the surface and the linker region 

turns 178° downwards (Figure 4.11 conformation b-c). While turning, the locally unfolded 

residues 196-202 of the open conformation are bending downwards, following the helical turn. 

The residues 196-200 of this linker segment remain disordered in the fully folded StAhpF 

structure, whereas the residues 201-203 are forming the additional α-helical turn that brings 

NTD downwards. It is noteworthy that the details of the AhpF transition state during the 

hydride transfer from C345/C348 to C129/C132 are not clearly understood. The crystal 

structure of StAhpF (Figure 4.11, conformation c) may represent a possible position of NTD 

in which electrons maybe transferred from the NADH/SS domain (C345/C348) to the NTD 

redox active disulfide bond (C129/C132) [135]. However, while C345/C348 reduces 

C129/C132, the NADH domain or the NTD as shown in the reduced TrxR structure and StAhpF 

respectively, may have to go an additional conformational alteration, to bring C345/C348 and 

C129/C132 in closer contact (Figure 4.11 conformation d). After reducing the disulfide 

C129/C132 via C345/C348 of the NADH/SS domain, the NTD undergoes the conformational 

change, back to its elongated open conformation, giving the possibility of hydride transfer from 

the NTD redox active disulfide bond (C129/C132) to the redox active disulfide bond 

(C47/C166) of AhpC (Figure 4.11, conformation d). In this conformational change, the linker 
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region that connects NTD to the C-terminal portion of EcAhpF must undergo a 178° turn back 

to its elongated conformation, while the α-helix (203-208) unfolds to its LU state, containing 

only one helical turn (Figure 4.11 conformation d). The catalytic cycle of AhpF is completed 

after the transfer of electrons from NAD(P)H to the redox active disulfides C47/C166 of AhpC 

via its three integrated redox centres of EcAhpF. Both conformational changes, the bending of 

NTD and twisting of the NADH domain, may occur in a well co-ordinated manner, in order to 

trap the NTD by the NADH domain to reduce the C129/C132 disulphide. 

While the motion of TrxR is solely a twisting of the ball within the socket [142], the 

homologues AhpF has an additional hinge down movement of the NTD (Figure 4.11). The 

newly proposed alternate hinge movement of the NTD reveals also large conformational 

changes, which are plausible, since no steric hindrance or clashes with other domains may 

occur. Furthermore, the NTD is neither involved in the dimer-dimer interface between two 

AhpF molecules nor involved in any domain interaction within an AhpF molecule. NTD is 

therefore not locked in its position. Such large conformational movements of domains have 

been observed in a number of enzymes. Similar large hinge up and down movement has been 

observed in calmodulin and in GroEL [229, 230]. For integrin a so called ‘bent and upright’ 

conformation has been proposed [231]. Large rotation that involves breaking and remaking of 

interface contacts were described for iron binding to lactoferrin [232]. 

This thesis revealed a new AhpF conformation in that NTD is playing a crucial part in 

acting as a substrate for the C-terminal portion, and reduced NTD acts as a major catalytic 

component in protein disulfide reductase activity for AhpC reduction [132, 135, 140, 142]. 
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Figure 4.10: The putative catalytic cycle of AhpF from E. coli shown in a monomeric conformation. AhpF molecules are coloured according to their domains. The 

second monomer of the AhpF dimer is not depicted in this figure for easier visualisation. The catalytic cycle of AhpF involves in total three conformations, including two 

alternate movements of the NADH/SS domain and NTD. Different conformational states are depicted and labelled a-d. In each conformation two simultaneous steps occur 

(a) EcAhpF in its open conformation, NAD(P)H binds to NADH/SS domain and FADH2 reduces C345/C348. (b) Proposed EcAhpF structure modelled based to the reduced 

TrxR structure (PDB: 1F6M), that involves 67° rotation of the NADH domain, bringing a bound NADH close to flavin and C345/C348 exposed at the surface of the structure 

[142]. In this conformation NAD(P)H reduces FAD to FADH2 and C345/C348 is in its position to reduce C129/C132 of the NTD. (c) NTD undergoes large conformational 

changes, bringing C129/C132 closer to C345/C348 for hydride transfer as shown in the homologous AhpF structure from S. typhimurium [135]. The redox active centre 

C345/C348 of the NADH/SS domain or NTD in the StAhpF crystal structure may have to go in this step an additional conformational change, to bring C345/C348 and 

C129/C132 in closer contact. Subsequently, the NADH domain rotates back and releases NAD(P)+. Disulfide bond C345/C348 turns also back into close distance to FADH2, 

where it will be reduced. (d) EcAhpC turns back into its elongated open conformation to reduce the redox active disulfide bond (C47/C166) of AhpC. The catalytic cycle of 

AhpF restarts with the binding of NAD(P)H to NADH/SS domain [228]. 
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Figure 4.11: The putative catalytic cycle of AhpF from E. coli in dimer formation. AhpF molecules are coloured according to their domains. The catalytic cycle of AhpF 

in dimer conformation may occur as described in Figure 4.10 and involves three conformation including two alternate movements of NADH/SS domain and NTD. Different 

conformational states are depicted and labelled a-d [135, 142, 228]. 
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4.5.4 The redox active sites of AhpF from E. coli 

The detailed comparison of the redox active centres of EcAhpF structure with StAhpC as 

well as with TrxR reveals similarities as well as deviations (Figure 4.12). Like the StAhpF 

crystal structure, EcAhpF lacks the NADH cofactor in its NADH binding pocket, since no 

NADH was added during crystallisation [135]. Instead, sulfate, glycerol and PEG molecule 

from the crystallisation solution occupies the NADH binding channel (Figure 4.12). In 

comparison, the TrxR structure with NADP+ bound (PDB 1TDF, [138]) contains a conserved 

G-X-G-X-X-A motif common for NADP+ binding proteins as well as positive charged and 

conserved H175 and R176, favouring the contact of 2’phosphate of adenine into its binding 

pocket (Figure 4.12) [233]. EcAhpF has similar to StAhpF, instead of A a conserved G, 

common for NADH binding enzymes with the motif G-X-G-X-X-G (Figure 4.12) [234]. 

Furthermore, EcAhpF has instead of the positive charged H175 and R176 the negative charged 

E385 and the bulky F386 in the binding pocket, creating an unfavourable condition for the 

negatively charged phosphate (Figure 4.12). This suggests a preference of NADH to NADPH 

in EcAhpF.  

 

Figure 4.12: NADH binding pocket of EcAhpF and TrxR from E. coli. TrxR structure (grey) contains a 

bound NADP+ (green) (PDB 1TDF, [138]), a conserved motif G-X-G-X-X-A common for NADP+ binding 

proteins and the positive charged H175 and R176 (transparent). EcAhpF has a NADH binding pocket with the 

G-X-G-X-X-G motif [234], that contains a sulphate, a glycerol and a PEG molecule. Instead of the positive 

charged H175 and R176, EcAhpF has the negative charged E385 and the bulky F386 in the binding pocket, 

creating an unfavourable condition for the negatively charged phosphate. 
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The cofactor FAD is present in this structure and accommodates well into its binding 

pocket (Figure 3.37) similar to the crystal structure of EcAhpF212-521 [137]. The NADH/SS 

domain harbours the NADH binding site as well as the redox active disulfide (C345/C348) 

located near flavin (Figure 3.38B). Cysteinyl residues C345/C348 with CXXC structural motif, 

also common in thioredoxin and TrxR, form the redox-active disulfide in the NADH/SS 

domain of the C-terminal portion. This CXXC motif of the NADH/SS domain is located closely 

to the flavin and adapts a short α-helix with a right handed hooked disulfide conformation 

(Figure 3.38A). The residues C345 and C348 of the NADH/SS domain are in this AhpF 

structure in an oxidised state and forming a well-defined disulfide bridge (Figure 3.38C). The 

disulfide bond C345/C348 remains stable and not reducible, even the usage of 20 mM DTT 

and 1 mM TCEP (tris (2-carboxyethyl) phosphine) while crystallisation could not open this 

disulfide bond. Probably the close distance to FAD stabilised its configuration. The closest 

distance between FAD and the redox active disulfide C345/C348 is from the C-4-X of the 

isoalloxazine ring system to the sulphur of C348 residue with a distance of 3.1 Å (Figure 3.38), 

which is similar to the crystal structure of EcAhpF212-521, that reveals a distance of 3.0 Å [137].  

 

(A) 

 

(B) 

 

Figure 4.13: The proposed electron transfer among the redox active centres in EcAhpF. (A) The 

C345/C348 disulfide bridge of the NADH/SS domain (blue) is in close proximity to FAD in FAD domain (red) 

for electron transfer. C348 is the proposed direct electron acceptor. (B) The redox active C129/C132 in the 

NTD (yellow) is subsequently in close contact to C345/C348 for hydride transfer. C129 is playing a crucial 

role during the electron transfer. 
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The close distance of the homologous C349 to flavin in S. typhimurium has been 

proposed earlier in spectral analysis using circular dichroism in visible spectrum of single and 

double StAhpF cysteine/serine mutants [139], which is in line with the EcAhpF crystal 

structure. It can be therefore proposed that C348 is the hydride acceptor in this redox reaction 

as shown in Figure 4.13A. The NTD redox centre (C129/C132), which is located in the C-

terminal thioredoxin fold is in its reduced (dithiol) form of this EcAhpF structure (Figure 

3.38D), although no reducing agent like DTT or TCEP has been used in this depicted structure. 

The sulfur-sulfur distance between the cysteines is 3.04 Å (Figure 3.38D). C129 is in 

comparison to C132 exposed, while hydrophobic residues V171 and cis-P172 shield C132. 

Since C129 is more accessible than C132, it can be suggested that it may play two crucial roles 

during the EcAhpF catalytic cycle as shown in Figure 4.13AB. C129 might be the point of 

attack in its disulfide form during hydride transfer from C345/C348 redox centre as well as the 

attacking nucleophile during electron transfer from AhpF to AhpC. In this EcAhpF crystal 

structure, C129/C132 is fully reduced even no reducing agent has been used during 

crystallisation. It can be assumed that C129/C132 disulfide bridges were reduced by the 

C345/C348 redox centre to its dithiol form (Figure 4.13B). Furthermore, since AhpC was not 

present in crystallisation solution nor other electron acceptor, C129/C132 remain trapped in its 

reduced state in this crystal structure (Figure 3.38C, Figure 4.13B). From this 2 Å AhpF crystal 

structure can be concluded that two cysteines C348 and C129 of the two redox active disulfide 

bonds are important for the electron transfer from FADH to AhpC. 

4.6 Structural characterisation of AhpC from E. coli  

Besides AhpF, the Alkyl Hydroperoxide Reductase (AhpR) consists of a second protein, 

namely AhpC. The crystal structure of AhpC has been solved in this thesis to 3.3 Å resolution 

in its oxidised form. Overall the crystal structure of AhpC from E. coli reveals five molecules 

(A-E) in an asymmetric unit, that forms a decamer structure, generated by its crystallographic 

two-fold symmetry operation (A’-E’) (Figure 3.44). Comparison of structural features of the 

AhpC structure from E. coli with other currently available AhpC models highlights special 

features of the oxidised state of this structure. Besides the clearly visible disulfide bridge 

between CP47 and CR166’ (Figure 3.45B), is the unwound CP-loop, another feature which is 

formed due to the local unfolding of α2-helix, that exposes CP47 with its sulfenic acid (CP-

SOH) and allows therefore CR166’ to condensate with the release of water to an intermolecular 

disulfide bond (CPS-SCR). The overall topology of AhpC from E. coli (EcAhpC) is similar to 

AhpC from S. typhimurium (StAhpC). Superposition using secondary structure matching of 
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EcAhpC and StAhpC (PDB: 1YEP) gives r.m.s. deviation of 0.82 Å for common 796 Cα 

residues [134]. Likewise to StAhpC, the two cysteines, C47 of one EcAhpC molecule and C166’ 

of another EcAhpC’ form a disulfide bond to stabilise its dimer formation in the crystal 

structure (Figure 3.45). The dimeric interface of EcAhpC covers 1258.2 Å2 at each monomer, 

which is 14.3 % of the solvent accessible surface area of a monomer [215]. This dimer interface 

is stabilised besides the two disulfide bridges, mainly by hydrogen bonds and salt bridges at its 

β7 interface (Figure 3.45A). The distance between the two redox active disulfide within one 

dimer is 40 Å and therefore likely to be functionally independent. The sulphur atom of C166 

is partially exposed to the surface, whereas that of C47 is completely buried (Figure 3.45). 

C166 is therefore likely to be the point of attack for the hydride transfer from C129 of EcAhpF 

and C47 the active centre for the peroxidation of H2O2 (Figure 3.45A) [153]. The C166 

reduction via C129 of AhpF is likely a two-step reaction, in which the first reaction takes place 

between C166 of EcAhpC and C129 of EcAhpF to form a mixed disulfide bond between the 

two molecules, whereas the second reaction breaks the disulfide bond through an attack on 

C129 by C132 of EcAhpF (Figure 4.14).  

 

Figure 4.14: The proposed electron transfer between the redox active centre of EcAhpF and EcAhpC. 

The final of electron transfer of EcAhpF is completed after hydride transfer from the crucial C129 to the 

partially exposed C166 of AhpC. 

The suggestion that C166 of EcAhpC is the point of attack of C129 of AhpF is in-line 

with earlier studies shown that only C132S AhpF incubated with TNB-linked C46S AhpC 

generated a significant amount of higher molecular weight complex [235].  

4.6.1 The catalytic cycle of AhpC from E. coli 

Oxidised AhpC is only functional active for its peroxidative activity after reduction of its 

cysteines to their thiol form via AhpF. In this reduced state, when all cysteines are in thiol form, 

the dimer as well as the decamer formation remains stable, even no disulfide bond stabilises 

the dimer interface. It can be suggested that the redox active disulfides between the 
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corresponding AhpC dimer undergo conformational changes between the oxidised and reduced 

state to stabilise the dimer as well as oligomer interfaces. Structural comparison with the crystal 

structure of the StAhpC(C47S) mutant in its so called reduced state (PDB: 1N8J) may help to 

understand the catalytic cycle of the redox active disulfide bond, which is located near to the 

dimer interface (Figure 3.45A, Figure 4.15) [153]. The structural comparison reveals that the 

dimer interface of StAhpC(C47S) is formed between β7 and β7’ of each monomer, which is 

similar to the oxidised structure of EcAhpC (Figure 4.15). The β7 and β7’ interface is as shown 

in the oxidised AhpC structure (Figure 3.45A) stabilised by hydrogen bonds and salt bridges 

(Figure 4.15). However, there are two major differences at the dimer interface between the 

oxidised and reduced AhpC structure.  

The first difference involves the redox active cysteines C47/C166 and the α2-helix, in 

which C47 is located. In the oxidised form of AhpC, the dimer interface is stabilised by the 

two disulfide bonds, while the CP-loop at C47 is unwound. Due to the local unfolding of α2-

helix, CP47 is exposed to form an intermolecular disulfide bond with C166 the resolving 

cysteine (CPS-SCR) (Figure 3.45B, Figure 

4.16A). The remaining C-terminal 

residues after C166 are highly flexible and 

not visible in this crystal structure and may 

have no function in the oxidised state 

(Figure 4.16A). In the reduced state, α2-

helix winds to its fully folded (FF) 

conformation, bringing C47 and C166’ 

more than 10 Å apart and the sulphurs to 

opposite directions (Figure 4.16B) [147]. 

This conformational change brings 

peroxidatic cysteine CP47 to its active site. 

During hydroperoxide decomposition, 

CP47 is oxidised to cysteine sulfenic acid, 

which leads to local unfolding (LU) of the 

active site at C47 and converts the CP loop 

into a solvent accessible area and bringing 

C47 back to its position in oxidised state. 

In this oxidised state position, C47 is 

 

Figure 4.15: Superposition of AhpC dimer crystal 

structures. The EcAhpC crystal structure in oxidised 

form is depicted in yellow and blue colour, whereas the 

reduced StAhpC crystal structure (PDB: 1N8J) in orange 

and cyan colour. The dimer interface at β7 and β7’ is 

similar between the EcAhpC oxidised and StAhpC 

reduced form [153, 228]. 
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exposed to form a disulfide bond with the resolving cysteine CR166 (Figure 3.45B). The 

disulfide bond is holding the two partner monomers together in oxidised state (Figure 4.16A).  

The other major difference is the C-terminal amino acids after C166, which are not 

flexible in the reduced StAhpC(C47S) structure and hence visible in the crystal structure 

(Figure 4.16) [147]. The C-terminal end of one monomer reaches across the dimer interface to 

the other monomer in the reduced state, to hold both monomer together at the dimer interface 

(Figure 4.15, Figure 4.16B) [147]. It can be observed that in the reduced StAhpC, the residues 

from C166 onwards are forming defined hydrogen bonds at two regions to their partner 

molecule. The first region includes the residues C166, K169 and A168, forming four hydrogen 

bonds to G139’, G142’, R143’ and T49’, respectively, highlighted by arrows (Figure 4.16B). 

Interestingly, T49 is located at α2-helix. The winding to the fully folded α2-helix forms an 

additional interface for hydrogen bond to A168 (Figure 4.16B).  

(A) (B) 

  
Figure 4.16: Structural comparison between AhpC oxidised and reduced dimer crystal structures. The 

oxidised EcAhpC crystal structure is depicted in yellow and blue, whereas the reduced StAhpC crystal structure 

(PDB: 1N8J) in orange and cyan colour. (A) In the oxidised state the α2-helix at C47’ is locally unfolded (LU), 

that brings C47’ exposed to form disulfide bond with the resolving cysteine CR166 (green stick). (B) In the 

reduced state α2-helix at C47 is locally fully folded (FF). The winding of α2-helix to its fully folded 

conformation brings C47 and C166’ more than 10 Å apart and facing to opposite directions. Furthermore, the 

C-terminal amino acids after C166’ are visible and forming two patches of defined hydrogen bonds to its 

neighbouring monomer. The fully folded α2-helix forms an additional hydrogen bond to A168, whereas the 

very C-terminal end, G185 and I187 form three hydrogen bonds to F43, S86 and T88, respectively [153, 228]. 

The second region includes the residues at the very C-terminus, G185 and I187, which 

form three hydrogen bonds to F43, S86 and T88, respectively (Figure 4.16B). In the oxidised 

state, as indicated in the EcAhpC crystal structure, the C-terminus releases the other monomer 

in the dimer interface and becomes flexible again, to give space for the disulfide bond formation 

and probably recognising EcAhpF (Figure 4.16A). The catalytic cycle can be summarised in 

two simultaneous movements between oxidised and reduced AhpC. The first movement is the 
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alternate local folding and unfolding of α2-helix, bringing C47 in its active site in fully folded 

α2-helix or exposed for disulfide formation with C166. The second movement occurs at the C-

terminal residues after C166. These residues alternate between flexible in oxidised state and 

rigid in reduced state. In other words, in the oxidised state the disulfide bond stabilises and in 

reduced state the C-terminus stabilises the dimer formation (Figure 4.16).  

4.6.2 The decameric ring formation of AhpC from E. coli 

Several studies reported that the dimer form of peroxiredoxin exhibits less activity than 

the decamer form [236-238]. This observation is supported with the crystal structure in 

oxidised state (Figure 3.44), which shows that the redox active disulfide bond is in proximity 

to the oligomeric interface (Figure 3.44, Figure 3.45A). Hence oxidised or reduced state may 

have an influence to favour the dimer or decamer state.  

 

 

Figure 4.17: Structural comparison between the crystal structure and 3D reconstruction of EcAhpC. The 

superposition of the EcAhpC crystal structure in oxidised form and the 3D reconstruction in reduced form 

reveal similar dimension and a correlation coefficient of 0.91 [187, 228].  

To understand the relationship between the oxidised and reduced state to dimer and 

oligomer state of AhpC, DLS and cryoEM studies have been performed in this thesis, to give 

a clear insight, close to physiological conditions. DLS measurements of oxidised and reduced 

AhpC reveal the presence of oligomers in solution (Figure 3.48). The electron micrographs 

reveal that AhpC forms ring- and rod-shape like formation under oxidising and reducing 

conditions, which correspond to top- and sideview of the 3D reconstruction of AhpC (Figure 
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3.50). The lengths of the rod shape particle vary in the oxidised form, while it has constant 

length in reduced form (Figure 3.50), corresponding well to the diameter of the ring shape 

particle and indicating that the rod shape particle might be the side view of the ring shape 

particles. In the oxidised form rod shape particles have both similar length like the reduced 

form and a longer shape (Figure 3.50BD). The images of reduced AhpC reveal larger amount 

of ring shaped particles than in the oxidised form, allowing the performance of Single Particle 

Reconstruction (SPR) of reduced AhpC (Figure 3.51).  

(A) 

 
(B) 

 

Figure 4.18: Superposition of AhpC crystal dimer structures and its corresponding 3D reconstruction. 
(A) Close view of the superposition to one oval shaped segment and two AhpC monomers (blue and yellow) in 

oxidised form and (B) in reduced form (cyan and orange). The dimension of the 3D reconstruction of AhpC is 

larger than the crystal structure in oxidised form, highlighted with an arrow. The superposition of the 3D 

reconstruction and the crystal structure of AhpC in reduced form indicate that the additional volume represents 

the rigid C-terminal region of the reduced structure [153, 228]. 

The 3D reconstruction indicates similar shape and dimension to the AhpC crystal 

structure in oxidised state (Figure 4.17). Structural comparison highlights that the oxidised 

AhpC crystal structure accommodates well into the density of the 12 Å resolution 3D-

reconstruction of reduced AhpC, with a correlation coefficient of 0.91 as calculated using 

Chimera program (Figure 4.17) [187]. Each of the five oval shape segments of the reduced 3D 

reconstruction corresponds to two AhpC monomers (Figure 4.17). The close view to the 
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superposition of one oval shape segment and the crystal structure of AhpC in the oxidised form 

reveal that an oval shape segment has larger dimension than the corresponding oxidised crystal 

structure, which is highlighted with an arrow (Figure 4.18A). The superposition of the 3D 

reconstruction and the AhpC crystal structure in reduced form indicates that the additional 

volume might represent the C-terminal region responsible for the dimerisation in reduced form 

(Figure 4.18B). Since under oxidised condition the C-terminal region is flexible and hence not 

visible in the crystal structure, the additional volume in the 3D reconstruction under reducing 

conditions might represent the C-terminal region (Figure 4.18AB).  

(A) 

 
(B) 

 
Figure 4.19: The close view to the hydrophobic oligomer interface between two dimer structures. (A) 

Superposition of AhpC crystal structure in oxidised form (EcAhpC) and (B) in reduced form (StAhpC) in its 

corresponding 3D reconstruction. Oxidised and reduced dimer structure are coloured in their colour 

respectively [153, 228]. 
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Overall, the surface-rendered EM reconstruction correlates well with the solvent-

accessible surface revealed by the X-ray crystal structure of AhpC. The close view to the 

hydrophobic oligomer interface between chain B and chain C of the EcAhpC structure (Figure 

3.46) and its overlay to the surface rendered 3D reconstruction reveal that the hydrophobic 

residues, formed by F21, F43, F45, F77, A81 and W82 are well accommodated into the 3D 

reconstruction (Figure 4.19A). The additional surfaces are highlighted with arrow assuming 

the location of the C-terminal end of AhpC in reduced state (Figure 4.19B). Indeed, close view 

to the hydrophobic oligomer interface of the StAhpC crystal structure in reduced form and the 

superposition to the 3D reconstruction, respectively confirm the presence of the C-terminus at 

this region (Figure 4.19B). However, the C-terminus of the AhpC crystal structure cannot cover 

the entire space, which leads to the possibility that the C-terminal end might have different 

arrangement in the 3D reconstruction (Figure 4.19B).  

 
Figure 4.20: The side view to the hydrophobic oligomer interface between two dimer structures. The 3D 

reconstruction reveals a connection between two monomer subunits. The close view is highlighted in the section 

on the right side. The superposed AhpC crystal structure indicates the presence of three serines (S84, S85 and 

S86) and one threonine (T78). There might be a chance that under physiological condition hydrophilic hydrogen 

bonds may help to stabilise the so far known hydrophobic oligomeric interface of AhpC crystal structures [228]. 

The side view of the hydrophobic oligomer interface reveals connection between the 

monomeric AhpC molecules (Figure 4.20). The superimposed E. coli AhpC crystal structure 

indicates the presence of three serines (S84, S85 and S86) and one threonine (T78) in the 

respective AhpC monomer. In the crystal structure no hydrogen bonds occur in this interface. 

There might be a chance that under physiological condition hydrophilic hydrogen bonds may 

help to stabilise the so far known hydrophobic oligomeric interface of AhpC crystal structures 

(Figure 4.20). Threonine T78 has been shown to be crucial for the decamerisation [239]. 

Mutations T78I or T78D disrupt the decamer formation and revealed a 100-fold lower catalytic 

efficiency, indicating that the oligomeric interface and the decameric structure are very 
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important for the activity [239]. The importance to form a ring structure for its catalytic activity 

has been observed in recent studies in our lab, performed by Dr. Neelagandan Kamariah. C-

terminal truncation of EcAhpC containing the residues 1-172 (EcAhpCΔ172) reveals mainly a 

dimer formation in reduced state, shown in size exclusion chromatography, dynamic light 

scattering (DLS), and SDS-PAGE (data not shown), indicating the importance of the C-

terminus in AhpC ring formation. A strict dimer formation was not observed in the 

EcAhpCΔ172 oxidised form. Interestingly electron micrographs of the reduced EcAhpCΔ172 

construct, produced by Dr. Neelagandan Kamariah and Jonathan Ng Thiam Seng do not show 

ring like- or rod shape particles (data not shown), which lead to assume that the flexible C-

terminal residues are important for decameric ring formation in reduced state.  

In order to get an insight, whether EcAhpC has an additional molecular chaperon activity 

as proposed so far for eukaryotic cells [100, 163-165], DLS and cryo EM were performed in 

this thesis. It has been proposed that peroxidase function predominates in the lower MW forms, 

whereas the chaperone function predominates in the higher MW complexes. DLS of oxidised 

and reduced EcAhpC reveal the formation of low molecular weight complexes (LMW) close 

to physiological pH (Figure 3.48A). Since E. coli cells are not only exposed to hydroperoxides 

but also exposed to low pH in phagosomes of macrophages or in the lower intestine of their 

host, the formation of high molecular weight (HMW) complexes was investigated at different 

pH. Oxidised and reduced purified EcAhpC were therefore buffer exchanged for DLS 

measurements. In buffers until pH 5.4 no changes in complex formation were observed. 

However, in 100 mM Na-acetate pH 4.4 only the reduced form of EcAhpC reveals an increase 

of its hydrodynamic radius to 16.2 nm indicating a higher molecular weight of 4000 kDa, while 

the oxidised form remains in LMW complexes (Figure 3.48B). To confirm such a high 

molecular weight formation of EcAhpC, electron micrographs were imaged to visualize the 

HMW arrangement. Selected micrographs and 18 best-generated classes reveal the presence of 

ring shaped particles and rod shaped particles, whereas rod shaped particles are stacked mainly 

from two to four to each other (Figure 3.54). The tilted views in selected micrographs indicate 

that the stacks of rod shape particles are stacks of rings on top of one another (Figure 3.54). It 

can be proposed that besides the peroxidative reductase activity of EcAhpC against 

hydroperoxide, bacterial AhpC may has an additional redox-regulated chaperon activity. In this 

study, DLS data and EM micrographs reveal that EcAhpC forms high molecular weight 

complexes in low pH revealing the second function of AhpC as molecular chaperon in bacterial 

cells. The ring structures are stacked from 2 to 7 rings on top of another giving the possibility 

to prevent aggregation of proteins in low pH within its tube shape conformation (Figure 3.54).  
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4.6.3 The importance of the open conformation of AhpF and decameric ring formation 

of AhpC for the catalytic activity of AhpR from E. coli 

Analytical ultracentrifugation [134, 151] as well as size exclusion chromatography of 

AhpC in this thesis (Figure 3.42), leads to the assumption that AhpC is in an obligate dimer 

conformation and the dimer interface is stronger than the hydrophobic oligomer interface. The 

peroxidase assay performed in this thesis revealed that EcAhpF-EcAhpC is catalytic active and 

EcAhpF catalyses NADH independently of AhpC (Figure 3.29). However since activity studies 

have been shown that decameric AhpC is much more catalytic active than the dimer AhpC, it 

can be suggested that AhpC is preferred in decamer formation during catalysis [236-238]. Also 

the peroxidase assay with EcAhpF-EcAhpCΔ172, performed by Dr. Neelagandan Kamariah, 

revealed lesser NADH oxidation, indicating an importance of the C-terminal region for the 

catalytic activity (data not shown). Since electron micrographs of reduced EcAhpCΔ172 

construct, do not show ring like- or rod shape particles (data not shown), the assumption can 

be made that the decameric ring formation has a positive influence to the catalytic activity. 

Also StAhpC mutations T78I and T78D disrupt the decamer formation and revealed a 100-fold 

lower catalytic efficiency [239]. Since decamer formation is important but not essential for 

activity it can be assumed that the recovery of AhpC via AhpF for its catalytic activity may 

occur in dimer as well as in decamer state. To observe the presence of AhpC decameric ring 

formation in solution, cryoEM micrographs of AhpC in oxidised and reduced form were 

imaged, reflecting despite the slight dispersed protein behaviour a number of ring and rod 

shaped particles (Figure 3.50AC).  
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Figure 4.21: EcAhpF crystal structure in dimer conformation. Disulfide bond are shown in green spheres 

and EcAhpF is depicted in its corresponding domain colours. The open conformation of EcAhpF crystal 

structure in dimer conformation was generated using its symmetry related molecule and reveal a distance of 

125 Å between both redox active disulfide bond at the NTD, in topview (left) and side view (right). 

 

Figure 4.22: Crystal structure of AhpC from E. coli. The decameric ring structure of EcAhpC is depicted in 

grey colour and cysteins are shown in green spheres, topview (left) and side view (right). 
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Figure 4.23: Putative orientation of the catalytic active state of AhpR from E. coli. EcAhpF dimer coloured 

in its domain, respectively. Redox active cysteins are shown in green spheres and EcAhpC is depicted in grey 

colour. AhpF dimer structure was docked to the AhpC decamer structure. The distance between the two homo-

dimeric redox active disulfide bonds C129/C132 of EcAhpF is long enough to bridge the longest distance of 

120 Å between two opposing redox active disulfide bonds in AhpC structure. AhpF accommodates well on top 

of the AhpC ring. The side view of this docking reveals that redox active disulfides (C129/C132) in the NTD 

of AhpF, which are responsible for hydride transfer to (C47/C166) of AhpC are located closely to C47/C166 

[228]. 

It can be suggested that AhpC remains in a steady state between different oligomeric 

states while being catalytic inactive. It can be furthermore assumed that AhpF reduces AhpC 

preferable in its decamer state. Purification studies of the related Peroxiredoxin and NADH 

Peroxiredoxin Reductase from Thermus aquaticus reveal that both proteins once contaminated 

with each other are not possible to be separated using Superdex 200 [240]. Peroxiredoxin and 

NADH Peroxiredoxin Reductase elute together as complex with molecular mass of 400 kDa, 

which may indicate a possible complex formation between AhpC in the decamer state and 

AhpF in dimer state, as highlighted in Figure 4.23B [240]. In this thesis, size exclusion 

chromatography and DLS data of EcAhpF reveal a molecular size of ~120 kDa that reflects a 

dimer formation of this protein in solution (Figure 3.28). Taken both crystal structures, AhpF 

and AhpC presented in this thesis a hypothetical mechanistic model of AhpR can be proposed. 

The open conformation of the homo-dimer EcAhpF reflects to be stretched to a maximum 

length of 170 Å (Figure 3.40), giving the possibility of electron transfer from NTD redox active 

disulfide bond (C129/C132) to the redox active disulfide bond of AhpC (C47/C166). The 
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distance between the two homo-dimeric redox active disulfide bonds C129/C132 of EcAhpF 

is 125 Å, which is indeed long enough to cover the decameric structure of EcAhpC (Figure 

3.40, Figure 4.23A) and the longest distance of 120 Å between two opposing redox active 

disulfide bonds. Manual docking of EcAhpF homo-dimer to EcAhpC homo-decamer reveals 

that AhpF accommodates well on top of the AhpC ring (Figure 4.23B). The molecular surface 

around EcAhpF C129 and EcAhpC C166 show a general shape match. The side view of this 

docking reveals that both redox active disulfides (C129/C132) in the NTD of AhpF, which are 

responsible for hydride transfer to (C47/C166) of AhpC are located closely to C47/C166 

(Figure 4.23B). Furthermore the solution structure of EcAhpF derived by SAXS (Figure 4.6) 

reflects an open and stretch conformation similar to the AhpF crystal structure, so that the 

possibility of maximum length of 125 Å as a dimer conformation in the presence of AhpC is 

still given in solution (Figure 4.6A). Indeed, current ITC (isothermal titration calorimetry) 

experiments with various EcAhpF domains to EcAhpC were performed by Wilson Nartey in 

Prof. Grüber’s lab that reveal EcAhpF interacts only via its NTD, while the C-terminal portion 

show no interaction (data not shown). However, cryoEM studies of EcAhpF and EcAhpC could 

not show complex formation, suspecting a transient interaction between AhpF and AhpC in E. 

coli (data not shown). Only a transient interaction may explain the high catalytic activity rather 

than a rigid EcAhpF-EcAhpC complex. The Micrographs and DLS data from AhpC in oxidised 

and reduced form indicate the possibility of decamer formation in solution (Figure 3.48, Figure 

3.50). It is shown that AhpC in reduced form has the tendency to form more ring shape 

conformation. This seems plausible since once AhpF reduce an oxidised AhpC dimer, reduced 

AhpC dimers tend to form decamer formation. Once a decameric ring is formed, the catalytic 

activity is higher, since AhpF adapts well on top of the ring (Figure 4.23). The proposed 

catalytic cycle of AhpF as described in paragraph 4.5.2 (Figure 4.11) occurs without steric 

hindrance to AhpC (Figure 4.24). This suggested catalytic model of EcAhpF involves, in total, 

three conformations including two alternate movements of NADH/SS domain and NTD. The 

two large movements alternate between the stretch and twisted conformation at the NADH 

domain and the close and open conformation at the NTD (Figure 4.11). The 67° rotation of the 

NADH domain brings the bound NADH close to flavin and C345/C348 exposed at the surface 

of the structure (Figure 4.11b) [129]. This movement can occur without any clashes to the 

AhpC decameric structure, when AhpF remains on the ring structure (Figure 4.24b). 
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Figure 4.24: Putative catalytical model of EcAhpR. AhpF accommodates well on top of the AhpC ring. The in paragraph 4.6.1 and Figure 4.11 described mechanistic model 

of EcAhpF may occur in close contact to AhpC decamer structure to accelerate the catalytic activity of AhpR. All three conformations of AhpF including the two large movements 

at the NADH domain and NTD occur without clashes and steric hindrances to AhpC. For the reduced AhpC conformation in (b) and (c), the reduced AhpC structure from S. 

typhimurium was applied (PDB: 1N8J) [153, 228]. 
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Furthermore, the second movement involves the 178° turn of the NTD towards the 

twisted NADH domain that brings C345/C348 and C129/C132 to close distance. After 

C345/C348 reduce C129/C132 in the close conformation, the NTD moves 178° back towards 

AhpC ring, where C129/C132 of AhpF reduce the redox active disulfide (C47/C166) of AhpC 

in the open conformation (Figure 4.11c-d, Figure 4.24c-d). Also the second large movement of 

the NTD occurs without any steric hindrance and clashes with EcAhpC. After C129/C132 of 

EcAhpF reduce the redox active disulfide (C47/C166) of AhpC, AhpC winds from LU to its 

FF conformation at its α2 helix (Figure 4.16A, Figure 4.24b). At the FF conformation the thiol 

of the peroxidatic cysteine C47 is prone to be attacked by hydroperoxide. Hydroperoxide 

oxidises C47 to cysteine sulfenic acid (RSOH). The oxidation of C47 leads to unwind α2 helix 

to a local unfolded (LU) state that brings C47 back to its position in the oxidised form [153]. 

In this oxidised state position, C47 is exposed to form a disulfide bond with the resolving 

cysteine CR166 (Figure 3.45, Figure 4.24d). The disulfide bond is holding the two oxidised 

AhpC partner monomers together, while the C-terminal amino acids after C166 becomes 

flexible so that the redox active C129/C132 of NTD of the AhpF structure can reduce redox 

active disulfide (C47/C166) without any clashes or steric hindrance (Figure 4.10, Figure 4.24d) 

[147]. 

This thesis showed that under oxidative stress and low pH for example in phagosomes, 

E. coli cells have evolved intriguing strategies to survive. Here the dual function for AhpC as 

peroxidative reductase and molecular chaperone has been presented. The peroxidative 

mechanisms for the dithiol-disulfide exchange from AhpF to AhpC were poorly understood, 

because the conformation of AhpF and its catalytic relevant intermediate while reducing AhpC 

was not known so far. Furthermore, the physiological relevance for decameric ring formation 

of AhpC has not been clear. Here, the molecular mechanism between EcAhpF and EcAhpC 

was described for the first time. The new AhpF open conformation has been solved, in that 

NTD is playing a crucial part in acting as a substrate for the C-terminal portion of AhpF, and 

reduced NTD acts as a major catalytic component in protein disulfide reductase activity for 

AhpC reduction [132, 135, 140, 142]. CryoEM and DLS data reveal the decamer ring formation 

of AhpC in solution (Figure 3.48, Figure 3.50). The open conformation of AhpF and proposed 

mechanistic model explain the preference of AhpF to reduce AhpC in decamer ring formation 

then AhpC dimer form in its peroxidative activity (Figure 4.24). The function as molecular 

chaperone has been observed using cryoEM, showing two to seven AhpC rings stacked on top 

of each other, therefore forming a tube shape conformation and protecting proteins for 

denaturation.  
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Conclusions 

Subunit a has been described as pH sensor element of V1VO ATPase, where it was found 

to interact with ARNO (ADP-ribosylation factor Nucleotide site Opener) [1], an activator of 

small GTPase, Arf6 (ADP-ribosylation factor 6) in a pH dependent manner. Here, two 

important peptides a21-17 and a2368-395 of subunit a2 (mouse V-ATPase), involved in ARNO 

binding, have been structurally characterised by using NMR spectroscopy. The structures of 

both peptides show proper folding of α-helical formation. Moreover, the amino acids inside the 

N-terminal part (a21-17) of subunit a, responsible for subunit a-ARNO association, have been 

identified. The interaction site of a21-17 with the Sec7 domain of ARNO reveals a defined 

binding of residues F6, E8 and Q14 [2]. Further cloning, expression and NMR titration studies 

of subunit a construct a104-363 that lacks the two ARNO binding sites reveal weak interaction to 

ARNO. Small Angle X-ray Scattering (SAXS) of a104-363, reveals an elongated S-shaped 

conformation, which highlights the importance of its C-terminus in proton pumping and vesicle 

formation [3].  

Alkyl Hydroperoxide Reductase (AhpR) is the primary hydroperoxide scavenger. In this 

thesis the two subunits of Escherichia coli AhpR, the 56 kDa alkyl hydroperoxide reductase 

subunit F (AhpF) and 210 kDa homodecamer subunit C (AhpC) have been solved in 2 Å and 

3.3 Å resolution, respectively. The AhpC crystal structure has been solved in its oxidised state 

revealing a ring shape conformation, whereas AhpC structure in its reduced state has been 

reconstructed to 12 Å resolution, using single particle cryo electron microscopy (cryoEM). 

DLS data and the elution diagram of gel filtration reveal AhpF as dimer whereas DLS data and 

EM micrographs indicate AhpC as decamer in solution. Taken the elongated open 

conformation of AhpF and the ring shape AhpC crystal structures, the so far known crystal 

structure of AhpF and AhpC from Salmonella typhimurium and the mechanism from the 

homologous Thioredoxin Reductase (TrxR) and Thioredoxin, the first overall mechanism of 

AhpR was described and giving new insights into the molecular mechanism of AhpR in 

rescuing the cell from reactive oxygen species (ROS), like hydroperoxides.  

Besides hydroperoxide, bacterial cells are exposed to low pH in phagosomes of 

macrophages. In this thesis, DLS data and EM micrographs reveal that AhpC forms high 

molecular weight complexes revealing the second function of AhpC as a molecular chaperon. 

The ring structures are stacked from 2 to 7 rings on top of another giving the possibility to 

prevent aggregation of proteins in low pH within its tube shape conformation. 
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