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ABSTRACT 

 

Superoxide dismutases (SODs) have very significant biological importance, protecting 

organisms against reactive oxygen species such as superoxide. They are also known as the 

fastest enzyme with the largest kcat/Km of any known enzyme. To perform super-fast 

enzymatic function, SOD must shuttle proton-coupled electrons in an efficient systematic way. 

However, since its discovery in 1968, the mechanistic nature of SOD catalytic function remains 

vague. Wide-ranging approaches have attempted to uncover the catalytic mechanism of the 

manganese-containing SOD, MnSOD, but there were experimental limitations that obstructed 

the investigations. Here, the structural analyses of two dimer interface mutants of MnSOD, 

S126D and S126W, explored possible changes in water structure near the active site providing 

new information to examine the hypothesis of the Glu170 bridge as a key player in the proton 

shuttle in the outer-sphere mechanism. 

 

To gain insight into the mechanism of the proton-coupled electron-transfer (PCET) reaction 

mechanism, the technique of single-crystal X-ray crystallography was used to observe the 

three-dimensional structure of Escherichia coli MnSOD mutants, analytical ultracentrifugation 

was used to observe quaternary association in solution, and protein stability was assessed by 

differential scanning calorimetry. The key residue Ser126 at the conserved but asymmetric 

dimer interface of the MnSOD was mutated with the initial intent to generate a monomeric 

species. Ser126 is not essential for activity and is not part of the active site, whereas Glu170 

forms part of the dimer interface where Glu170 from one subunit forms part of the active site 

of the second subunit of the dimer. The loss of activity occurring in a monomeric MnSOD may 

indicate an alternative catalytic mechanism of the MnSOD enzyme. 

 

The substitution of Ser126 to Asp, intended to produce a monomeric species by charge 

repulsion, surprisingly produced a dimer at pH>7.5 with little change in structure at the Mn 

active site, but there was a 94 % reduction in catalytic activity. Partial loss of activity in Ec-

MnSOD-S126D may be due to electrostatic effects of the negative charge ~7 Å from metal 

centre perturbing the MnIII/Mn II redox couple. 
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The substitution of Ser126 to Trp, intended to produce a monomeric species by steric bulk, 

enforces mostly monomeric Ec-MnSOD S126W in solution form, coupled with a 99.9 % 

reduction in catalytic activity. Here one mutation to a conserved dimer interface led to altered 

tertiary structure and a completely different dodecameric domain-swapped quaternary 

association in the crystalline state and complete loss of activity in Ec-MnSOD-S126W in the 

solution state. In the course of evolution, higher and less often lower degrees of 

oligomerisation have arisen. Evolving complexity does not require multiple mutations. 

 

As part of the scholarship requirements, this dissertation contains a pedagogical component. 

Student conversations in a guided inquiry third-year biochemistry laboratory were recorded 

and analysed to discover the extent of higher-order critical thinking that might occur. Although 

students initially struggled to move beyond core first-year laboratory skills, they were at all 

times strongly engaged in the project-style experiment, which ran over three five- to eight-

hour sessions. Some progress in the level of inquiry was captured from their conversations 

from the first to the third laboratory session. A simple diagram and table were developed to 

help guide teachers in a guided inquiry-based learning in higher education.   
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Malang, Indonesia. 14 February 2015 at the 1st International Conference of Environmental 

Pollution on Human Health 2015. The mystery of reaction mechanism of manganese 

superoxide dismutase. Does the disruption of the dimer interface strategy work? 
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Week Day Lecture/Laboratory 

1 Monday Lecture 1 

Wednesday Virtual Lab 

Friday Lecture 2 

2 Monday Lecture 3 

Wednesday Lab 1: Protein Purification LDH 

3 Wednesday Lab 2: Protein Purification LDH 

4 Wednesday Lab 3: Protein Purification LDH 

 

�d�Z���� �•�š�µ�����v�š�•�[�� �����š�]�À�]�š�]���•���Á�Z���v�� ���}�]�v�P���]�v�‹�µ�]�Œ�Ç-based biochemistry laboratory on purification of 

LDH  

The laboratory: purification of lactate dehydrogenase (LDH) was believed to be a semi-guided 

inquiry-based experience where the students were asked to purify LDH protein enzyme with 

a multi-step purification process but ending by two different chromatography columns they 

had chosen. 

In this experiment the LDH was extracted from chicken breast muscle. The breast chicken was 

stirred with the extraction buffer and centrifuged to get the supernatant liquid which 

contained the LDH. The first step of the purification was separating the LDH by ammonium 

sulfate precipitation. The preparation was divided into two portions that were subsequently 

purified separately by two of three different columns: ion exchange chromatography, affinity 

elution from an ion exchange adsorbent, and dye ligand chromatography. To assess the 

relative effectiveness of these procedures, the specific activities of the enzyme from these 

two procedures were compared. The challenge of this experiment was that the SDS PAGE, 

which used to visualise the purity of protein, was only performed once at the end of the labs. 

Therefore, the students needed to track the presence of the protein by monitoring the specific 

activity in each stage by assessing two variables: the activity of the LDH, and protein yield.   

 

What I learnt from the biochemistry aspect 

In a group, the three students were asked to accomplish the experiment in three consecutive 

three-hour periods by sharing the tasks between the students. For example, on Day 1, the first 
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task included sample preparation, centrifugation, and carrying out ammonium sulfate 

fractionation of LDH, and dialysing ammonium sulfate fractions. The second task included 

preparation of two protein standard lines, diluting protein samples and standards, and 

measuring the absorbance of protein samples. The third task included practising the assay of 

LDH and carrying out assays on fractions from all steps. Sharing the roles did not mean that 

students do not need to know and understand the other roles, but it did mean that 

collaborative practices helped the group to accomplish multiple tasks in a very limited time. 

Practically, we helped each other when one task needed another person to complete. This 

sharing of roles was also applied in Day 2, but the roles were changed to make sure that we 

had different experiences in every single day. In Day 2, the second and third tasks of Day 1 

were met again, plus a new task was introduced, which was running two of the three listed 

chromatographic procedures to further purify the LDH dialysis fraction. In the Day 3, there 

were fewer tasks than on the other days. The protein from all fractions in every single 

purification stage was concentrated and analysed by denaturing SDS gel electrophoresis. 

Finally all the results were tabulated and compared with the results from other groups using 

the different chromatographic procedure.  

During the experiment, several problems were encountered by my group. The first was the 

justification to make two linear standard lines of the BSA protein at two different 

concentration ranges at two wavelengths. Regarding the enzyme assays, we initially struggled 

to obtain the slope corresponding to the initial rate. The problems commonly caused by lack 

of well-managed laboratory practices, such as labelling, calculations, and lack of experience 

and self-confidence in using standard experimental tools such as pipetting and diluting. The 

other problem was taking notes, collecting data into our laboratory books, but at the same 

time we needed to accomplish the laboratory work in a limited time. Using the kinetics 

software to analyse assay data was also challenging as this was a relatively new skill.  

I found that there was a gap in interpreting the chromatograms. Indeed, this part was 

absolutely important to answer the big question of the inquiry about the most effective 

chromatographic procedure for LDH purification. For example, to understand that the y axis 

constitutes absorbance at 280 nm, which corresponds to the protein yield in each fraction (x 

function). The highest peak does not necessarily correspond to the fraction that contains the 

LDH. The presence of LDH needed to be tracked by LDH assays. Furthermore, the purest 
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Figure 1.4. Discourse time-line for Group 1. 

There are 3 students (black) in group 1: numbered 4, 5, and 6. There are 4 students (black) from other 

group involved in the recording, numbered 2, 3, 8, and 9. There are four teachers/staff (blue) voices 

recorded: numbered 1 (present in days 1 and 2), numbered 11 (present at day 3), numbered 7 (present 

at every day 1 to 3), and numbered 10 (at day 2). 
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Figure 1.5. Discourse timeline for Group 2. 

There are 3 students (black) in group 2 : numbered 2, 3 and 4. There are 4 students from other group 

(black) involved in the recording, numbered 5, 7, 8 and 9. There are four teachers/staff (blue) voices 

recorded: numbered 1 (present in days 1 and 2), numbered 11 (present at day 3), numbered 7 (present 

at every day 1 to 3), and numbered 10 (at day 2). 
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Following and understanding a procedure. Unlike traditional laboratory, in inquiry-based 

learning the procedure information was limited and protocol was not mentioned in detail. In 

the conversations, the students discussed how to use  Spins  and Vivaspin centrifugal 

microconcentrators to desalt protein sample for SDS PAGE analysis and how to do it efficiently 

(faster). Again, the problems with dilutions also applied here. 

 

Connect science with daily life. For example, there was a conversation between students in 

one group explaining to his peer, used the analogy of desalting high protein concentration 

samples using a microcentrifuge with washing towels using washing machine. The process 

requires more time as those retain more water.  

 

Chromatography. In one conversation, a team got a chromatography fraction with a nice peak, 

not only based on its absorbance at 280 nm, but with the evidence of its specific activity. Then 

they collected that fraction and added it to another fraction that has also similar specific 

activity value. Immediately the teacher came and suggested to stop the machine. Then a 

student asked why they had to stop while the absorbance remains so high. The teacher 

reminds that the sample also contains NADH which absorbs at 340 nm. The student then had 

to decide whether the purification ends or not based on the chromatogram reading. 

 

Problem solving. When the reading of spectrophotometer was inconsistent, a student 

suggested to his peer to use other cuvete as a substances might still left in it. Otherwise, he 

suggested washing the cuvette properly with ethanol and re-auto zero the spectrometer. 

 

Publication or scientific communication. Sequencing samples for SDS PAGE analysis a common 

sense but this is essential to produce a high quality of publication as a scientist. The lane 

sequence would make sense if the student having a good understanding of the purification 

step process to communicate or publish their lab experiment results in an easy way. The 

challenge was that 10 lanes available per group. 

 

Leadership. In the conversation it is revealed that there is always a student in a group who has 

better leadership than others. He/she naturally dares to take risks and distribute tasks to the 

team to meet the targets or time. In average, they had better lab skills, but it does not mean 
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In the other words, in order to foster student learning in IBL, the teachers should consider the 

decision on how they respond to the student question by considering at which experimental 

stage they are doing their inquiry and which style the students are adopting. Students can 

pose a question at any stage of the cycle, then the answer should promote the student 

understanding to the following sequences. By these means, regardless of the stage of the 

students, students can examine the overall inquiry as a whole, not partially. This is particularly 

relevant in a multi-session lab teaching, where the students may struggle with the many 

concepts and procedures they encounter. 

The data sources suggested that the inquiry question which leads the lab achieving the goal 

are listed at the Table 1.5. There are levels of questions: remembering (1o), understanding 

(2o), and analysis (3o). The levels of questions refer to the descriptive rubric for discourse 

indicator (Marshall et al., 2010) which is relevant with the context of this inquiry-based 

laboratory. The combination of these question will be defined in other section. In the rubric, 

those four levels of questions constitute the pre-inquiry, developing inquiry, proficient inquiry, 

and exemplary inquiry.  

 

Table 1.5. Gradual critical questions of the LDH experiment. 

  Analysis (3o) 

 Understanding (2o) Based on the SDS PAGE 
results, what is the 
molecular weight of the LDH 
enzyme? 

Remembering (1o) Which protein 
sample/part/fraction(s) 
contain active LDH to 
collect? 
 

Does your sample contain 
LDH protein? What is the 
LDH activity of the sample?  

Among the techniques used, 
what is the most effective 
way among the three 
chromatography methods? 
 

What is the total protein 
concentration and the 
protein yield (%) of desired 
protein at each purification 
step? 

What is the protein 
concentration of the 
sample? Why is one 

chromatographic method is 
better than the other two to 
purify LDH? 

 What is the specific activity 
at each purification step? 

How much volumes of 
samples containing active 
LDH that you have 
collected? 
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has recently emerged and can be a future therapeutic target in cancer by using pro-oxidant 

approaches. The approach performs by controlling catalase expression targeted to the redox 

status of cancer cells (Glorieux & Calderon, 2017). Studies on knockout and transgenic mice 

reveal inconsistent and controversial results. However, the evidence is still limited and unclear 

that the oxidative damage has correlation with the alteration of the mitochondrial antioxidant 

mechanism. Therefore, further investigations are required to give a detailed mechanism 

(Sedlak & Musatov, 2017). 

In eukaryotes, electron-transfer enzymes are the first objects facing oxidative damage by 

hydrogen peroxide attacks. Thus, electron-transfer enzymes have their own way of protecting 

themselves against hydrogen peroxide. Some of these enzymes have the ability to decompose 

hydrogen peroxide, such as complex IV (cytochrome c oxidase CcO), cytochrome c, and 

complex III (ubiquinol-cytochrome c oxidoreductase) (Sedlak & Musatov, 2017). 
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Figure 2.3. Comparison of the active sites (left) and the quaternary structure (right) of SODs.  

(A) E. coli MnSOD (PDB: 1VEW), (B) E. coli FeSOD (PDB: 1ISA), (C) human CuZnSOD (PDB: 1PUO), and 

(D) Streptomyces coelicolor NiSOD (PDB: 1T6U). Diagrams created with PyMOL. 

A 

B 

C 

D 
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In terms of the origins of SODs, they have distinctive evolutionary relationships. For example, 

Cu-ZnSOD is not only found in eukaryotes (also referred to as SOD1 and SOD3 in humans) but 

also in some prokaryotes and archaea. However, NiSOD, the most recently discovered SOD, 

occurs only in several bacterial species. Moreover, a phylogenetic analysis found evidence that 

MnSOD, also known as the human SOD2, occurs in all major domains of life of eukaryotes and 

the cytoplasm of many bacteria (Smith & Doolittle, 1992). On the other hand, FeSOD can be 

found in the plastids of plants, primitive eukaryotes, archaea and bacteria. MnSOD and FeSOD, 

which share the same tertiary and dimer quaternary structures as well as active-site ligands 

to the metal centre (See Figure 2.4), have evolved from the same ancestral gene. However, 

they have diverged significantly from one another so that in many but not all cases the two 

metal ions, Mn and Fe, cannot functionally replace each other in the Mn/FeSODs. See active 

sites in Figure 2.3A and B.  

Based on crystal structures tracing from the Protein Data Bank (rcsb.org, accessed on 3 

December 2019), there have been 372 structures of SODs collected by X-ray crystallography. 

Taxonomically, they consist of 238 eukaryotes, 120 bacteria, 13 archaea and 1 virus. Of the 

total number of structures, they are dominated by the crystal structures of human (136), 

followed by the cow (Taurus boss) (23), Escherichia coli (20), Saccharomyces cerevisiae (19), 

Photobacterium leiognathi (9), Candida albicans (9), Caenorhabditis elegans (7) and other 

species in limited numbers. Based on the metal center, the Cu-ZnSOD family has the most 

entries (185), followed by the Mn/Fe SOD family (137) and NiSOD (12). 

There is only one wild-type human MnSOD (no human FeSOD) and it is observed in a homo-

tetrameric form. Currently, there are 27 crystal structures of human MnSOD identified. Of 

these, 25 structures were identified in homo-tetrameric form and two as modified homo-

dimers. There are 11 crystal structures of wildtype and mutants of E. coli MnSOD (abbreviated 

Ec-MnSOD); all are homo-dimers. All MnSODs and FeSODs share a common dimer structure, 

referred to as the canonical dimer. 

Beside some obvious differences, there are also some general similarities of these four 

metalloenzyme types. Firstly, the disproportionation reaction of superoxide takes place 

through alternate one-electron reduction and oxidation of their catalytic metal ions. Secondly, 

and this is the most prominent feature of SODs, the catalysis occurs at a rate close to the 
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diffusion limit. Thirdly, although the protein architectures of the four SOD classes are distinct, 

they all provide electrostatic guidance to the radical superoxide anion substrate and adjust 

the redox potential of the metal ions to a range appropriate for superoxide 

disproportionation. Lastly, the mechanism of disproportion requires the availability of a 

suitable proton source and enzymatic activity may be controlled through product (H2O2) 

inhibition. 

 

2.4 The Fe/MnSOD family 

The cytoplasmic FeSODs and MnSODs in bacteria have defensive functions in protecting the 

cell from superoxide. However, there are indications that in pathogenic bacteria they may 

have extra roles in infecting and colonising their host. Structurally, Fe/MnSODs share a high-

degree of sequence and three-dimensional structural homology (McCord, 1976).  

In addition, FeSOD and MnSOD have also a similarity in the mechanism in which the metal-ion 

oxidation state alternates between II and III. However, FeSOD and MnSOD are generally strict 

in recognising their metal ion. Thus, in spite of the high degree of structural similarity, either 

FeSOD or MnSOD requires a specific metal ion for activity (Parker et al., 1987). The structural 

basis of this high specificity of the enzymes remains elusive (Edwards, Whittaker, Whittaker, 

Jameson, & Baker, 1998). Nevertheless, a number of cambialistic enzymes have been reported 

that are mildly active with either Mn or Fe (Asensio et al., 2011; Lancaster, LoBrutto, Selvaraj, 

& Blankenship, 2004; Tabares, Bittel, Carrillo, Bortolotti, & Cortez, 2003).  

 A structure-based alignment of the FeSOD and MnSOD from E. coli is shown in Figure 2.4. 
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The MnSOD and FeSOD are isolated as dimers. In addition to shared tertiary structure, the 

interface between monomers is highly conserved. Many other Fe/MnSOD enzymes further 

associate into tetramers, such as the MnSOD from eukaryotic mitochondria, preserving the 

canonical dimer interface. The tetramers preserve nearly exact two-fold symmetry within the 

dimeric elements. Among Fe- and MnSODs, high sequence identity and shared dimeric 

structure are evidence that the MnSOD and FeSOD are family-related.  

 

2.5 Structural similarity of human and E. coli MnSOD 

MnSOD is found in both eukaryotes and prokaryotes. Human-MnSOD and E. coli MnSOD both 

have a subunit size of ~22 kDa and share substantial sequence identity of 43% when compared 

on a pairwise basis (see Figure 2.6). Three-dimensional structures of both wild-type E. coli 

MnSOD (1VEW) and human MnSOD (1N0J) are accessible in Protein Data Bank. A 

superposition of the structures of the MnSODs from E. coli and human is shown in Figure 2.7. 
  

Alignment statistics 

Score Expect Method Identities Positives Gaps 

173 bits(439) 7e-60 Compositional matrix 
adjust. 

90/209(43%) 123/209(58%) 18/209(8%) 

 

 

Figure 2.6. Structure-based alignment of MnSOD from two organisms, E. coli and human. 

The yellow shade highlights identical residues, the cyan shade highlights the position of protein ligands 

in the active site, and the magenta shade highlights key residues in hydrogen-bonding contact with or 

in close proximity to the active-site ligands. The alignment was made with BLASTP. 
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and Asp159 in human MnSOD). All four protein ligands at the active sites have essentially 

identical metal-bound distances and angles to form a trigonal-bipyramidal geometry, 

including a water-derived hydroxo axial ligand. The active-site residues of human MnSOD and 

Ec-MnSOD are closely superimposable in the vicinity of the manganese ion (see Figure 2.8).  

 
Figure 2.8. Residues at the inner and outer spheres of Ec-MnSOD and human MnSOD are 

absolutely conserved.  

The Ec-MnSOD (PDB: 1VEW) and human MnSOD (PDB: 1N0J) are represented by light grey and purple, 

respectively; residue labelling places the Ec-MnSOD label above that for human MnSOD, where they 

differ. Covalent bonds (between metal and protein ligands), hydrogen-bond networks and hydrogen 

bonds that span the dimeric interface of Ec-MnSOD and human MnSOD are represented by blue, red 

and yellow dashes, respectively.  For Ec-MnSOD (human MnSOD), Glu170 (Glu162) and Tyr174 

(Tyr166) from one subunit hydrogen bond across the canonical dimer interface to His171 (His163) and 

His30 (His30) of the other subunit For human MnSOD, a water-mediated hydrogen-bond network 

linking the -OH of Tyr34 to His30 and Tyr166 is not shown. 
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Figure 2.9. Superposition of Gln146Leu mutant of Ec-MnSOD onto wild-type Ec-MnSOD 

showing active-site differences.  

Gln146Leu structure in purple (PDB entry: 1EN6) and the wild-type structure in grey (PDB entry: 

1VEW). The hydrogen-bonding network is shown for wt Ec-MnSOD. This figure was drawn by PyMol.   

 

In human MnSOD, the structure and function of Gln143 (Gln146 in Ec-MnSOD) have also been 

investigated by Hsieh et al. (1998) and Leveque et al. (2000). Hsieh et al. (1998)  found that 

the mutation Gln143Asn made a significant change, where the side-chain amide nitrogen of 

Asn143 is 1.7 Å more distant from the manganese than in the wild-type enzyme (PDB: 1QNM). 

The Tyr34 side-chain hydroxyl in Gln143Asn shifts to be 0.6 Å more distant from the metal to 

accommodate an additional water molecule, which hydrogen bonds not only to Tyr34_OH and 

Asn143_OD1/ND2 but also to the water-derived Mn ligand. The mutation of the solvent-

pocket residue Gln146Asn decreases the overall catalytic activity by 2-3 orders of magnitude 

compared with the wild-type human MnSOD, but interestingly it slightly increased thermal 

stability by 2 °C to 90.7 °C.  

However, the mutation Gln143Ala to human MnSOD (PDB: 1EM1) made no significant change 

in the overall structure of the mutant enzyme (Leveque et al., 2000). There are, however, two 

new water molecules inserted into the hydrogen-bonded network at positions nearly identical 

with the OE1 and NE2 of the replaced Gln143 side chain. The mutation of the solvent-pocket 

residue Gln143Ala decreased kcat/Km by 250-fold and thermal stability was reduced by 16 °C. 

The mutant Gln143Ala showed a very low level of product inhibition and favoured Mn(II)SOD 
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in the resting state, whereas wild-type human MnSOD showed a high level of product 

inhibition and favoured an Mn(III) resting state. In addition, mutations to Gln143 alters metal 

specificity and active-site redox potential contributing to the decrease in catalytic activity for 

both mutants, Gln143Ala and Gln143Asn  (Grove & Brunold, 2008; Leveque et al., 2000). 

 

2.6.2 Tyrosine 34 

Tyr34 is a strictly conserved gateway residue in the outer sphere of the manganese superoxide 

dismutases of bacteria, human and other organisms. Although Tyr34 of Ec-MnSOD and human 

MnSOD are structurally superimposable, structure-based mutational analysis of Ec-MnSOD 

and human MnSOD reveal that Tyr34 of Ec-MnSOD has different involvement and function to 

the Tyr34 of the human in performing SOD activities. 

 

In Ec-MnSOD, conservative replacement of tyrosine by phenylalanine (Tyr34Phe, PDB: 1EN5) 

reduces by only 20% the superoxide dismutase activity relative to the wild-type Ec-MnSOD 

(M. M. Whittaker & Whittaker, 1997). Furthermore, the replacement of tyrosine by alanine 

(Tyr34Ala) interestingly retains essentially full superoxide dismutase activity of the wild-type 

Ec-MnSOD (Edwards et al., 2001a). Since the substitution of Tyr34Phe only gave small changes 

to the activity, Tyr34 is suggested not to be essential for superoxide dismutase activity. 

However, Tyr34 may function indirectly as a proton donor for turnover, coupled to a 

protonation cycle of the metal ligands which contribute to the catalytic rate enhancement of 

the Ec-MnSOD by as much as 20% over the observed steady-state rate. The water structure 

near the active site is largely conserved in the Tyr34Phe mutant, except that the water 

hydrogen-bonded to the hydroxyl group of Tyr34 in wild-type Ec-MnSOD is not observed in 

the Tyr34Phe mutant. However, as discussed later, mobile water molecules will not be 

observed in electron density maps, but such water molecules may be critical to the very rapid 

dismutation of superoxide. 

 

In human MnSOD, similar replacement  of tyrosine 34 by phenylalanine (Guan et al., 1998) led 

to two different crystal forms, orthorhombic (PDB: 1AP5, resolution 2.2 Å ) and hexagonal 

(PDB: 1AP6, resolution 1.9 Å). However, both crystal forms show similar structures which are 

closely superimposable with that of wild-type human MnSOD. Moreover, the phenyl rings of 
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the Tyr34Phe mutant and Tyr34 of the wild-type enzyme have similar orientation, but in the 

absence of the hydroxyl in Tyr34Phe for both human and Ec-MnSOD, the hydrogen-bonded 

chain from Tyr34 and extending to the manganese-bound solvent ligand is broken (see Figure 

2.10).  Catalytic analysis result shows the kcat for maximal catalysis of the Tyr34Phe is smaller 

by 10-fold than the wild-type, and the enzyme is more susceptible to product inhibition by 

peroxide than the wild-type.  These effects may be caused by the absence of this hydroxyl in 

Tyr34Phe, which leads to less proton donation to product peroxyl and kcat is decreased. 

Surprisingly, the Tyr34Phe mutant results in increased protein stability, with an increase in Tm 

as measured by differential scanning calorimetry, implying that the Tyr34 hydroxyl has no 

important role in stabilising active-site architecture. 

 
Figure 2.10. Diagram comparing the geometry of the active site in the wild-type and the 

Tyr34Phe mutant of human MnSOD.  

The native (PDB: 1N0J) is shown in grey, and Tyr34Phe MnSOD (PDB: 1AP5) is in green. Diagram shows 

that Phe34 cannot form a hydrogen bond to NE2 of Gln143. 

Further structure-based mutational analyses were performed to investigate the function of 

Tyr34 in human MnSOD through substitution of Tyr34 with five different amino acids: 

Tyr34Phe (PDB: 1AP5, 1AP6), Tyr34Ala (PDB: 1ZSP), Tyr34Asn (PDP: 2P4K), Tyr34His (PDB: 

1ZTE), and Tyr34Val (PDB: 1ZUK) (Perry et al., 2009). All the mutants retained the protein 

structure of the active site and the tetrameric quaternary assembly, but caused significant 

decreases in the catalytic rate constant for the reduction of superoxide. The Tyr34Val mutant 

structure shows an altered hydrogen-bonding network (a water appears at the site of the 
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Figure 2.11). The structure suggests that the mutation at a remote position as in Tyr174Phe 

may affect the metal reactivity and alter the effective pKa for hydroxide ion binding. The His30 

imidazole NH group hydrogen bond is suggested to play a key role in substrate binding and 

analysis (Edwards et al., 2001a). 

 
Figure 2.11. Structural comparison of wild-type Ec-MnSOD (PDB: 1VEW) and its Tyr174Phe 

mutant (PDB: 1I08).  

Superposition of dimer wild-type Ec-MnSOD (grey) and its Tyr174Phe mutant (grey-blue and orange 

for residues from the other subunit of the canonical dimer). 

 

In human MnSOD, structure-based mutations were performed to investigate the function of 

His30 through substitution of His30 with three different amino acids: His30Asp, His30Gln, and 

His30Val (A. S. Hearn et al., 2003). Among three mutants, kcat/KM of His30Val was decreased 

and product inhibition of His30Val was increased, both by two orders of magnitude compared 

with wild-type human MnSOD. Atom CG of the Val30 side chain occupies the approximate 

position of a water molecule in wild-type enzyme. The Val30 side-chain orientation has 

significantly interrupted catalysis by this overlap into the access channel which may blockade 

substrate-product access and exit and leads to the 100-fold decrease in the rate constant for 

dissociation of the product-inhibited complex compared with wild type.  

 

A study to compare the effects of single and double mutations on superoxide dismutase 

activities of His30Asn, Tyr166Phe and His30Asn/Tyr166Phe (PDB: 1PM9) of human MnSOD 
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was carried out (A. S. Hearn et al., 2004). The results reveal that the site-specific mutants 

His30Asn and Tyr166Phe, and the corresponding double mutant showed a 10-fold decrease 

in steady-state constants for catalysis. However, the effect of the double mutant on thermal 

stability was not greater than that of either single mutant, and structurally the conformational 

changes of each mutant resulted in loss of hydrogen bonds across the dimer interface, which 

caused the decrease in catalysis. 

 

2.6.4 Glutamic acid 170 

In the homodimeric Ec-MnSOD, the absolutely conserved Glu170 (Glu162 in homotetrameric 

human MnSOD) spans the dimer interface and forms a hydrogen bond with manganese ligand 

His 171 (His 163 in human MnSOD) of an adjacent subunit. To study the function of Glu170, 

replacement by alanine has been investigated in both E. coli (E170A) and human (E162A) 

MnSOD. 

 

There are significant differences noted in properties of Ec-MnSOD-Glu170Ala compared with 

an equivalent mutant from human MnSOD. The E. coli mutant loses catalytic activity 

completely and the dimer structure is destabilised in solution resulting in a mixture of dimer 

and monomer species. As isolated, iron has replaced manganese in the active site, which can 

then be replaced by manganese. Moreover, the iron-substituted Fe2-Ec-MnSOD-Glu170Ala 

resembles authentic Fe-specific Ec-FeSOD in spectroscopy results, and wild-type (Mn2) Ec-

MnSOD and Mn2-MnSOD-Glu170Ala are also spectroscopically similar. Reconstitution of Fe2-

MnSOD Glu170Ala with Mn(II) salts does not restore SOD activity. This is in contrast to the 

equivalent Glu162Ala mutation in human MnSOD, which is catalytically active although at only 

5-25% of the wild-type human MnSOD activity. The Glu162Ala human MnSOD mutant (PDB: 

3C3S) also retains its tetrameric form in solution and retains its specificity for manganese 

(Quint, Domsic, Cabelli, McKenna, & Silverman, 2008). The extensive tetrameric interface 

enforces retention of the canonical dimer structure, despite the loss of Glu162 in the 

Glu162Ala human MnSOD mutant.  

 

These differences occur distinctly while the crystal structures of the human and E. coli MnSOD 

shows nearly superimposable residues for the ligands of the metal and outer-sphere side 
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2.7 Problems with the conventional view of the mechanism 

MnSOD, as well as other SODs, protect cells from reactive oxygen species by catalysing the 

disproportionation of superoxide anion radicals. Considering that the substrate superoxide 

anion radical just has one single electron different than molecular oxygen product, this means 

that here the enzyme must have an extreme specificity and be finely tuned to perform its 

catalytic role, catalysing both the oxidation and reduction of the superoxide anion-radical. In 

addition, superoxide must be distinguished from other species that are roughly the same size 

in the cell (Crane et al., 1998). Studies have also been carried out to explain how this enzyme 

controls substrate specificity, substrate and product access, respectively, into and from the 

metal-ion active site. 

 
Figure 2.12. The substrate gateway of the outer sphere of Ec-MnSOD.  

The substrate gateway is constructed from Tyr34, His30 and Trp169 from one subunit, and two 

residues from the adjacent subunit of the canonical dimer: Glu170 and Tyr174 (top and middle). The 

substrate gateway provides access for small anions and solvent from the bulk solvent (outside surface 

of the protein) to enter the inner sphere through a solvent-filled funnel. The solvent-accessibility 

surface areas are calculated with PDBePISA online application (ebi.ac.uk). The picture was derived from 

PDB code 1VEW.   
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Substrate access to the active site occurs through a solvent-filled funnel that leads from the 

outside surface of the protein, which is exposed to the bulk solvent, towards the metal active 

site of each monomer, terminating at the metal-bound solvent molecule. The funnel is 

constructed from residues contributed by both subunits. The residues at the base of the 

funnel, Tyr34, His30 and Trp169 from one subunit and from the other Tyr174  and Glu170, are 

absolutely conserved among all Fe- and MnSODs and they partly shield the active site from 

the solvent, as shown in Figure 2.12. A small hole between the closely packed side chains 

provides access for small anions and solvent to enter the inner sphere. Thus, these essential 

residues have a key role as the substrate gateway (Edwards et al., 2001b). 

 

Figure 2.13. The inner (dark grey) and outer (light grey) spheres of the Ec-MnSOD.  

The hydrogen-bonded network in yellow dashes links Tyr34, Gln146 and the hydroxo/water ligand.  

The side chains of protein ligand His171 and Glu170 from the adjacent subunit in dimer Ec-MnSOD 

form a hydrogen bond across the dimer interface, as well as the His30 and Tyr174. The residues from 

the adjacent subunit are shown in orange. The picture was derived from PDB code 1VEW using PyMol. 

 

In the conventional view, a proton attaches to the coordinated hydroxide ligand on reduction 

to Mn(II) concomitant with oxidation of superoxide (see Figure 2.13). But the problem is that 

to transfer the proton from the solvent, the proton has to transfer from the gateway Tyr34, 

which is protic, to Gln146, which is hydrogen-bonded to Tyr34 and to the hydroxide ion ligand. 

However, Gln146 is non-protic and as noted in section 2.6.2, mutation of Tyr34 to Phe or Ala 

has negligible effect on activity, at least for Ec-MnSOD. Mutation of Gln146 to His causes 

Mn 
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significant reduction to 10% in activity but mutation to Leu still leaves 5% residual activity 

(Edwards et al., 2001a).  

 

Figure 2.14. The hydrogen-bonding network of the generally accepted proton shuttle.  

(A) Superposition of wild-type Ec-MnSOD onto its Gln146His mutant. (B) The hydrogen-bonding 

network for Ec-MnSOD. Ec-MnSOD-Gln146His (PDB: 1EN4) in blue and wild-type Ec-MnSOD in orange 

(PDB: 1VEW).  (C) The hydrogen-bonding network for the Gln146His mutant of Ec-MnSOD. A new 

hydrogen bond is formed between Asn73_O and His146_ND1, but the Gln146His mutant has lost 

hydrogen bonding to the hydroxyl group of Tyr34 and to N-H of Trp128. Interestingly, the catalytic 

activity is not completely lost, leaving a question: how is the proton shuttled to the hydroxo ligand if it 

has to pass through Tyr34 and His146 (or Leu146).  (D) The hydrogen-bonding network in FeSOD and 

cambialistic SODs with His equivalent to Gln146 of Ec-MnSOD (Mycobacterium tuberculosis (1IDS), 

Propionobacterium shermanii (1AR5, corrected), Sulfolobus (Saccharolobus) solfataricus (1WB8), S. 

acidocaldarius (1B06), Pyrobaculum aerophilum (1P7G, also MnSOD), Thermobacterium 

(Methanothermobacter) thermoautotrophicum (thermoautotrophicus) (1MA1).  
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Figure 2.17. Comparison of outer-sphere residues and water molecules of the Ec-MnSOD 

wild-type dimer.  

Subunit A superimposed to subunit B (right) and subunit C superimposed to subunit D (left). The 

structure shows the presence of water in subunits B and D, but absent in subunits A and C. Structures 

derived from PDB code 1VEW. Picture created by WinCoot. 

 

2.9 Hypothesis on role of Glu170 in MnSODs 

The hypothesis of this study is that proton accompanying reduction of the manganese centre 

is deposited on Glu170-OE2 and is then delivered to the nascent peroxo by a Grotthuss proton-

hopping mechanism through the chain of water molecules established between the 

superoxide (azide proxy) and Glu170, as shown in Figure 2.16. The participation of Glu170 in 

an outer-sphere proton transfer avoids protons passing through the narrow hole at the base 

of the substrate-access funnel that can lead to a traffic problem, and thereby accommodates 

the very fast rate of the reaction. The Glu170 of the opposite subunit almost symmetrically 

spans the dimer interface. Therefore, a potentially key residue at the dimer interface, the 

strongly conserved serine 126, which hydrogen bonds to itself across the dimer interface, was 

mutated to aspartic acid and tryptophan with the intent to generate a monomeric species 

from a tight homodimer interface. The monomeric species produced by these mutations 

means the absence of the Glu170 side chain in the adjacent subunit. These structure-based 

mutational analyses were carried out to gain insight into the mechanism of the proton-

coupled electron transfer (PCET) reaction in manganese superoxide dismutase. To date, there 

Mn 
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determined and as discussed in Section 2.8 there is evidence to cast doubt that the hydroxo 

ligand receives a proton to become a metal-coordinated water molecule for the Mn(II) state.  

This research proposes to study the structure of interface mutants of Ec-MnSOD, specifically 

the Ser126Asp and Ser126Trp mutants to investigate the roles of dimerisation of the MnSOD 

in forming potential communication pathways between subunits of the dimer (Figure 2.17). 

This structural analysis may help to elucidate the mechanism of proton-coupled electron-

transfer (PCET) reaction in manganese superoxide dismutase. 

 

The specific research questions of this study are: 

1. What are the structures of the MnSOD-S126D and MnSOD-S126W mutants? Are they 

dimeric or monomeric? 

2. If the structures are monomeric, what will be the effects on the enzyme activity? 

3. If the structures are monomeric, what is the effect of propionic acid or carboxylic acid 

addition, to complement loss of Glu170 interacting with metal ligand His171, on the 

activity and the structure of the mutant? 

4. What level of cooperative behaviour exists between the subunits of the obligate dimer 

pair? Is there any potential communication pathways between subunits of the dimer? 

Does the bridge of Glu170 provide a proton shuttle? 

5. What are the proposed potential proton-transfer pathways into the active site based on 

structural analysis? Can it explain why catalysis occurs near diffusion limits in MnSOD? 

6. Where is the site of redox-coupled proton uptake located and whether or not there are 

multiple sites of proton uptake? Which residues are associated with pH-dependent 

behaviour? 
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centrifugation at maximum speed for a minute. The pellet was resuspended with 8 M urea in 

an equal volume as the supernatant. Both fractions were run side-by-side on a 15% SDS PAGE 

gel for monitoring of protein expression. 

3.3.2 Large-scale expression of Ec-MnSOD-S126D and S126W     

For a starter culture, a single colony was picked and inoculated into 200 mL 25 g/L LB starter 

medium supplemented with 100 µg/mL ampicillin and grown overnight at 37 oC with 200 rpm 

agitation. The starter culture was inoculated into 4 L of 1xLB (25 g/L) medium with 100 mg/L 

ampicillin, and 30 mg/L MnCl2 salts. Ec-MnSOD wild-type culture was grown in 2xLB with 100 

mg/L ampicillin, and 30 mg/L MnCl2 salts. Cultures were grown in four flasks (5 L size) at 37 oC 

with vigorous agitation at a constant shaking speed (200 rpm) for overnight expression. The 

cells were harvested the next day by centrifugation at 6,000 rpm for 20 minutes using Fiberlite 

F9-4x1000y rotor at 4 oC. Large scale MnSOD-S126W expression used a fermentor. (See Table 

3.2) 

3.3.3 Large-scale expression of Ec-MnSOD wild-type   

E. coli strain AB2463 (Touati, 1983), which contains an antibiotic resistance plasmid (pDT1-5) 

carrying the MnSOD gene, was grown at  37 oC  in 2 L of 50 g/L LB medium (2xLB) in two flasks 

(5 L size) supplemented with 50 µL of 1 M MnCl2 and 100 mg/L ampicillin. After the optical 

density of the culture medium at 600 nm reached ~ 0.3, an additional 50 µg/mL of ampicillin 

was added hourly (J. W. Whittaker & Whittaker, 1991). Cells were harvested after overnight 

growth. 

 

3.4 Purification of wild-type Ec-MnSOD 

The purification of wild-type Ec-MnSOD was adapted from (J. W. Whittaker & Whittaker, 1991) 

with some modifications. 

3.4.1 Selective precipitation by ammonium sulfate  

The cell pellets were collected and resuspended in 40 mL lysis buffer (50 mM potassium 

phosphate buffer, pH 7.8) and lysed by two passages through a French Press (Aminco) at 5000 

psi. Soluble protein was separated from the insoluble material by centrifugation at 17,000 g 

for 40 minutes in a Fiberlite F21S-8X50 rotor at 4 oC. The pellet was discarded and ammonium 
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sulfate was added to 50% of saturation with gentle stirring for one and a half hour on ice. 

Contaminating proteins that precipitated were removed by centrifugation at 17,000 g for 30 

min in a Fiberlite F21S-8X50 rotor at 4 oC. A second ammonium sulfate cut was carried out on 

the supernatant to 75% of saturation and stirred for two hours on ice. The pellet was 

resuspended in 24 mL of 20 mM potassium acetate, pH 5.5 and dialysed against 100 volumes 

of the same buffer overnight with a regular buffer replacement every 12 hours. 

3.4.2 Cation exchange chromatography 

Step 1. 

Dialysate was transferred from the dialysis bag, then centrifuged at 17,000 g in a Fiberlite 

F21S-8X50 rotor at 4 oC for 20 min to separate the insoluble fraction. The supernatant (25 mL) 

was loaded onto a cation exchange column packed with Sephadex CM-50 resin equilibrated 

with 20 mM potassium acetate, pH 5.5. The eluate was monitored at 280 nm. Proteins were 

eluted using a stepwise salt gradient (the same buffer but containing 1 M NaCl) until the final 

concentration entering the column was 200 mM potassium acetate, pH 5.5.  

Step 2. 

Fractions containing MnSOD WT (23 kDa) were pooled to separate other proteins at 32 kDa 

by the same column Sephadex CM-50 resin but modified with a shallow gradient instead of 

stepwise  

3.4.3 Hydrophobic interaction chromatography 

A hydrophobic interaction chromatography technique was used to separate MnSOD wild type 

from higher molecular weight proteins based on the differences in hydrophobicities of 

proteins. In 20 mM potassium acetate pH 5.5, 10 mL of protein sample from fraction A3 (0.1 

mg/mL) was pre-salted with 2.5 M of NaCl and loaded onto a 50 mL tube containing washed 

phenyl-sepharose then inverted for two hours. The resin was washed by buffer (20 mM 

potassium acetate pH 5.5 containing 2.5 M NaCl then with 1 M NaCl). These eluates were 

pooled together, concentrated using micro Vivaspin 20 spin column with a MWCO of 10 kDa 

(Vivasciences), and washed two times by 0.2 M potassium phosphate pH 7.8 for SOD assay 

purposes. This pure MnSOD wild type was concentrated using micro Vivaspin 2 spin column 

until the concentration of protein reached 5 mg/mL. 
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3.5 Purification of Ec-MnSOD-S126D 

3.5.1 Selective precipitation by ammonium sulfate 

The cell pellets were collected and resuspended in 100 mL lysis buffer (50 mM potassium 

phosphate buffer, pH 7.8) and lysed by two passages through a French Press (Aminco) at 5000 

psi. Soluble protein was separated from the insoluble material by centrifugation at 17,000 g 

for 40 minutes in a Fiberlite F21S-8X50 rotor at 4 oC. The pellet was discarded and ammonium 

sulfate was added to 60% of saturation with gentle stirring for an hour on ice (Green & Hughes, 

1955). Contaminating proteins that precipitated were removed by centrifugation at 17,000 g 

for 30 min in a Fiberlite F21S-8X50 rotor at 4 oC. A second ammonium sulfate cut were carried 

out on the supernatant to 90% of saturation and stirred for two hours on ice. The pellet was 

resuspended in 16.5 mL of 10 mM potassium acetate, pH 5.5 and dialysed against 100 volumes 

of the same buffer for 2 days with a regular buffer replacement every 12 hours. 

3.5.2 Cation exchange chromatography 

A milky dialysate was transferred from the dialysis bag, then centrifuged at 17,000 g in a 

Fiberlite F21S-8X50 rotor at 4 oC for 20 min to separate the insoluble fraction. After keeping 

for one day, the protein solution was also getting milky, then centrifuged at 15,000 rpm in a 

Fiberlite F21S-8X50 rotor at 4 oC for 15 min. When the centrifuged solution was run in SDS-

PAGE gel, some of the protein was insoluble. The supernatant (50 mL) was loaded onto a 

cation exchange column packed with Sephadex CM-50 resin equilibrated with 10 mM 

potassium acetate, pH 5.5. The eluate was monitored at 280 nm. Proteins were eluted using 

a stepwise salt gradient (the same buffer with contains 2 M NaCl) until the final concentration 

entering the column was 200 mM potassium acetate, pH 5.5.  

 

3.6 Purification of Ec-MnSOD-S126W 

3.6.1 Selective precipitation by ammonium sulfate 

Cell pellets were collected and resuspended in 100 mL lysis buffer (50 mM potassium 

phosphate buffer, pH 7.8) and lysed by two passages through a French Press (Aminco) at 5000 

psi. Soluble protein was separated from the insoluble material by centrifugation at 17,000 xg 

for 40 minutes in a Fiberlite F21S-8X50 rotor at 4 oC. The pellet was discarded and ammonium 
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sulfate was added to 60% of saturation with gentle stirring for an hour on ice (Green & Hughes, 

1955). Contaminating proteins that precipitated were removed by centrifugation at 17,000 g 

for 30 min in a Fiberlite F21S-8X50 rotor at 4 oC. A second ammonium sulfate cut were carried 

out on the supernatant to 95% of saturation and stirred for two hours on ice. The pellet was 

resuspended in 16.5 mL of 10 mM potassium acetate, pH 5.5 and dialysed against 100 volumes 

of the same buffer for 2 days with a regular buffer replacement every 12 hours. 

3.6.2 Cation exchange chromatography 

A milky dialysate was transferred from the dialysis bag, then centrifuged at 17,000 g in a 

Fiberlite F21S-8X50 rotor at 4 oC for 20 min to separate the insoluble fraction. After dialysing 

for one day, the protein solution again became cloudy, and was removed from the dialysis bag 

and centrifuged at 15,000 rpm in a Fiberlite F21S-8X50 rotor at 4 oC for 15 min. SDS-PAGE gel 

showed that a portion of the protein was insoluble. The supernatant (50 mL) was loaded onto 

a cation exchange column packed with Sephadex CM-50 resin equilibrated with 10 mM 

potassium acetate, pH 5.5. The eluate was monitored at 280 nm. Proteins were eluted using 

a stepwise salt gradient (the same buffer which contains 2 M NaCl) until the final 

concentration entering the column was 200 mM potassium acetate, pH 5.5.  

3.6.3 Sodium chloride precipitation 

Peak fractions containing MnSOD-S126W were pooled in a beaker glass. Next, sodium chloride 

solution (up to 3.0 M concentration) was added with gentle stirring for an hour on ice. The 

pellet was resuspended in 10 mL of 10 mM Tris-Cl, pH 7.5 and dialysed against 100 volumes 

of the same buffer for 24 hours with a regular buffer replacement every 6 hours.  

3.6.4 Anion exchange chromatography 

An anion exchange technique was used to separate MnSOD-S126W from impurities based on 

their charges using positively charged diethyl-aminoethyl (DEAE) group. The protein sample 

(0.1 mg/mL) was loaded onto a 50 mL centrifuge tube containing washed DEAE then inverted 

for 30 minutes. The resin was washed gradually by buffer (5 mM Tris-Cl pH 7.5 containing 0.5 

to 2 M NaCl). The eluate was collected, then desalted and concentrated using micro Vivaspin 

20 with a MWCO of 10 kDa (Vivasciences). Table 3.2 summarises a comparison of protein 

expression and techniques of purification of MnSOD wild-type and S126D and S126W 

mutants. 
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For lower pH, further optimisation screens were performed by adding salts (KCl 0.1 M; MnCl2 

0.01 M-0.02 M; KSCN 0.1-0.2 M), ethanol 1.5%, and various concentration of PEG 1500 (20% 

to 26%) in 0.1 M Bis-tris propane, pH 6.8 (See Table 3.5). 

Table 3.3. Optimisation screen 1. 

% PEG 
1500 

SPG buffer at pH: 
8.4 8.7 9.0 8.4 8.7 9.0 

19       
22       
25       
28       

 EtOH 1.5% 
 

Table 3.4. Optimisation screen 2. 

0.1 M Bis- 
tris propane 

PEG 1500 PEG 3350 0.2 M 
Salt 26% 28% 30% 18% 20% 23% 

pH 6.5       KSCN 
      KCl 

pH 6.8       KSCN 
      KCl 

 

Table 3.5. Optimisation screen 3. 

PEG 1500* KCl   
10 mM   

KCl 10 mM 
EtOH 1.5 % 

MnCl2 
0.01M  

MnCl2 
0.02M 

KSCN 0.2 M  KSCN 0.1 M 
EtOH 1.5 % 

20 %       
23 %       
26 %       

* In buffer Bis-tris propane, pH 6.8. 

Screens were transferred to 21 oC or 4 oC incubators and examined under a microscope 

directly after set-up, daily for one week and then once a week. The sitting drop screens 

showed better results in crystal formation for Ec-MnSOD-S126D and -S126W mutants at 21 
oC.  

3.8.4 Crystal mounting 

Individual crystals of MnSOD-S126D and S126W were harvested in Cryo Loops (Hampton 

Research, USA) or Micro Loop (MiTeGen, USA) of suitable size and flash-frozen in liquid 
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United Kingdom), while far-UV (180-260 nm) spectra were recorded in a 0.1 mm cell at various 

temperatures (23 to 83°C). Sample concentrations were ~0.1 mg/mL and ~1 mg/mL for near-

UV and far-UV measurements, respectively, each in 50 mM potassium phosphate buffer, pH 

7.8. An average of 10 scans was recorded at 1 nm intervals at 0.25 s per point. The results 

were averaged and smoothed with a window factor of 3 nm and corrected for background 

signals from buffer. 
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Chapter 4 Characterisation of Ec-MnSOD-S126D  

In this chapter, the role of Glu170 in the dismutation of superoxide by Ec-MnSOD was 

explored. Ser126, which hydrogen bonds to Ser126 from the adjacent subunit across the 

dimer interface was mutated to Asp, with the intention that at the pH of maximum activity, 

~pH 7.8. Energetics calculations to estimate the charge repulsive energy were carried out 

using PISA to estimate the dimerisation stabilisation energy (Krissinel & Henrick, 2007). There 

would be charge repulsion of the negatively charged carboxylate side chain of the Asp126 

residue that would lead to a monomeric species. The hypothesis was that activity might be 

recovered by complementation with, for example, propionic acid replacing the role of Glu170. 

In Chapter 5, the steric bulk of tryptophan, as the S126W mutant, was used to break apart the 

dimer. Both mutations led to unexpected results.  

    

4.1 Expression and Purification 

The expression of Ec-MnSOD-S126D in SodA- E. coli QC 781 cells resulted in a good level of 

expression of the protein in the soluble fraction. The control, soluble wild-type Ec-MnSOD 

protein, was also well expressed in E. coli strain AB2463. Unlike strain AB2465, SodA- E. coli 

QC781 does not carry the E. coli MnSOD gene. However, both strains AB2465 and SodA- E. coli 

QC781 are transformed by the plasmid of pDT1-5, which contains an ampicillin antibiotic 

resistance gene and carries the sodA gene, which codes for MnSOD. 

 

Scaled-up protein expression involved several steps of purification (Figure 4.1). In the initial 

step, post-lysis centrifugation separated protein and non-protein parts of the cell lysate to 

produce crude extract in the supernatant. Ammonium sulfate precipitation at 60% of 

saturation to give more pure MnSOD-S126D protein in supernatant was followed by 90% of 

saturation in pellet. The stability of MnSOD-S126D at pH 7.8 provided an effective salt 

precipitation where many of the contaminating proteins are precipitated.  

 

The next step was cation exchange chromatography (Figure 4.2). To ensure correct buffer pH 

was used for cation exchange, the pI value of MnSOD S126D was estimated using SEDNTERP 
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Figure 4.1. Coomassie-stained SDS-PAGE of Ec-

MnSOD-S126D purification. 

From left to right: lysate of crude extract, supernatant of 

ammonium sulfate precipitation at 60% of saturation, 

pellet of ammonium sulfate precipitation at 90 % of 

saturation, supernatant of dialysate after centrifugation, 

and pure enzyme (23 kDa) after cation exchange 

chromatography steps. 

 

  

 

Figure 4.2. Cation exchange chromatography to purify Ec-MnSOD-S126D.  

(Top) Cation exchange chromatogram (Sephadex-CM50) to purify Ec-MnSOD-S126D. (Bottom) 

Coomassie-stained SDS-PAGE of eluate fractions from cation exchange chromatography. Ec-MnSOD-

S126D adsorbs to the matrix while other proteins pass through the column (A). Elution with a NaCl salt 

gradient leads to the enzyme being eluted quite early. Ec-MnSOD-S126D enzyme was distributed in 

fraction B. 
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activity but also a decrease in stability of the folded Ec-MnSOD S126D relative to wild-type Ec-

MnSOD.  

After baseline subtraction, a single asymmetric endotherm is observed for both native Ec-

MnSOD and the Ec-MnSOD-S126D mutant. The temperature of maximum heat capacity 

change, Tm, decreases, respectively, from 83o to 72 oC.  These asymmetric endotherms are 

best fit by two partially overlapping Gaussian models (Figure 4.13), a larger broader one 

(labelled Y) and a smaller one (labelled Z). These two unfolding events occur at similar 

temperatures with only ~2 oC difference in temperature. The lower temperature transition, 

transition Y, has almost double the enthalpy change compared to that of the higher 

temperature transition, transition Z.  Transition Y at 80-81 oC for wild-type Ec-MnSOD is 

attributed to the denaturation of the larger C-terminal domain, Gly87-Lys205, which involved 

the separation of N-terminal ligands to the manganese centre (His26 and His81) from the C-

terminal ligands (Asp167 and His171), and spontaneous dissociation of the dimer. The second 

unfolding event (peak Z) is tentatively attributed to the N-terminal domain, which largely 

comprises a pair of helices.  

The unfolding events of wild-type Ec-MnSOD give Tm ~81°C (labelled Y) and Tm ~83 °C (labelled 

Z), respectively. The S126D mutant has less thermal stability than the wild-type enzyme. The 

Tm for peaks Y and Z for S126D are decreased 10 °C relative to wild-type Ec-MnSOD (Figure 

4.13). The magnitude of their endotherms for Ec-MnSOD-S126D are substantially smaller than 

those for wild-type enzyme. The Tm, enthalpy and Aw parameters for these species are 

summarised in Table 4.6.  
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The CD spectra of Ec-MnSOD-S126D as a function of temperature are shown in Figure 4.15. 

 

 

  

 

 

 

 

 

 

 

 

Figure 4.15. Circular dichroism spectra of Ec-MnSOD-S126D as a function of temperature.  

Top: Far-UV CD spectra of Ec-MnSOD-S126D (180-260 nm) from 20 to 83 oC and 50 mM phosphate 

buffer at pH 7.8. Bottom: Near-UV CD spectra of Ec-MnSOD-S126D mutant (250-350 nm) from 23 to 

83 oC and 50 mM phosphate buffer at pH 7.8.  
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attracted into the positively charged active-site pit through electrostatic guidance of this 

cluster of positively-charged residues.  

 

4.6.1 Electrostatic surfaces of Ec-MnSOD-S126D at pH 8.7 and pH 6.8  

For the Ec-MnSOD-S126D structure at pH 8.7 (synchrotron data), for chains A and C, the base 

of the substrate-access funnel is shaded grey, whereas for chains B and F it is shaded deep 

blue (Figure 4.16).  For chain B and F, for calculations done at pH 7.0, Glu170 (from other 

subunit, or chain A/C) is calculated to be protonated (indicated by PropKa values, see Table 

4.7). The positive electrostatic potential in the substrate-binding pocket is associated with Mn 

as MnII. Interestingly, consistent with the 0.9 Å Ec-MnSOD-Y174F structures, the distance of 

OH (coordinated to the MnII) to Trp169 for chain B and F is generally shorter than for chains A 

and C. A similar pattern of electrostatic potential is observed for the structure of Ec-MnSOD-

S126D at pH 6.8 (Figure 4.16 and Table 4.7).   

  

MnSOD-S126D at pH 6.8 chain A; pKa = 8.81 MnSOD-S126D at pH 6.8 chain D; pKa = 6.63 

  

MnSOD-S126D at pH 6.8 chain C; pKa = 8.78 MnSOD-S126D at pH 6.8 chain B; pKa = 6.57 

Chain A 

Chain D 

Chain D 

Chain A 

Chain C 

Chain B 

Chain B 

Chain C 

Mn  
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slightly longer than that for the five-coordinate 0.9-Å resolution structure of Ec-

Mn(III)MnSOD-Y174F (PDB ID: 1IX9), but still substantially shorter than that observed in chain 

A. Curiously, the electrostatic potential for both subunits is strongly positive near the active 

site, although at pH 7, Glu170 from subunit B projected into subunit A  (the Mn(II) site) is 

mostly protonated and Glu170 from subunit B projected in subunit A (the Mn(III)-azido site) 

is  partly deprotonated. However, the difference in pKa is small and it appears that the 

negatively charged azido ligand has left a trace in subtle structural differences that have 

enhanced the positive electrostatic potential.    
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Ec-azido-MnSOD-S126D chain D; pKa = 8.16  Ec-azido-MnSOD-S126D chain A; pKa = 7.21 

  

Ec-azido-MnSOD-S126D chain B; pKa = 7.66 Ec-azido-MnSOD-S126D chain C; pKa = 6.86 

  

Ec-azido-MnSOD-Y174F chain A; pKa = 8.12 
(No azide present) 

Ec-azido-MnSOD-Y174F chain B; pKa = 6.27 
(azide bound) 

Figure 4.17. Electrostatic surfaces for Ec-azido-MnSOD-S126D and Ec-azido-MnSOD-Y174F 
structures. 

Note: The electrostatic potentials for Ec-azido-MnSOD-S126D are compromised by partial occupancy 

of the azido ligand at the Mn centre. For the Ec-azido-MnSOD-Y174F structure one subunit has an azido 

ligand in full occupancy (and is unequivocally MnIII), while the other subunit has an elongated Mn-OH 

bond, as expected for MnII.   

Chain D 

Chain A 

Chain A 

Chain D 

Chain B 

Chain C 

Chain C 

Chain B 

Mn  

Chain A 

Chain B 

Chain B 

Chain A 

Mn  
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4.6.3 Electrostatic surfaces of the 0.90-Å resolution structures of Ec-MnSOD-Y174F in its 

oxidised Mn(III) and reduced Mn(II) forms  

Ec-MnSOD-Y174F is an active mutant that retains about half the activity of wild-type Ec-

MnSOD. As such it is still turning over superoxide very quickly. The structure of this mutant in 

its reduced Mn(II) form has been determined to 0.90-Å resolution, giving unprecedented 

precision, and likely accuracy, to metal-ligand stereochemistry, including observation of the 

hydroxyl hydrogen positioned to hydrogen bond to the non-coordinated casrboxylate oxygen 

atom of Asp167.  The structure of the mostly oxidised Mn(III) form has also been determined 

to 0.90-Å resolution. Some reduction of the Mn(III) centre is to be expected under X-rays, even 

from a second-generation synchrotron.  The alternating pattern of electrostatic potential 

surfaces calculated for Ec-MnSOD-S126D and Ec-azido-MnSOD-Y174F is not observed here. 

The Mn(II) species shows a substantially more positive environment around the active site for 

both subunits compared to the Mn(III) species (Figure 4.18).  For the oxidised Mn(III) species, 

at pH 7 the Glu170 projected into subunit A is partially deprotonated, whereas that projected 

into subunit B is partially protonated. However, the difference is small. A rather greater 

difference in pKa for the the two Glu170 of the reduced Mn(II) species is calculated (Table 4.7).  

The intrinsic, although subtle, asymmetry in the hydrogen bonding Ser126_OG-H...OG-Ser126 

at the dimer interface, discussed earlier, possibly amplified by different crystal-packing effects 

on the subunits of the dimer, is tentatively advanced as the cause of the different calculated 

pKa. This asymmetry may also be responsible for the fully ordered Ec-azido-MnSOD-Y174F 

structure, whereas all other Mn- and FeSOD azido structures feature 50-50 disorder of the 

azido in the subunits of the dimer.   
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Ec-Mn(III)SOD-Y174F chain  A; pKa = 6.63 Ec-Mn(III)SOD-Y174F chain B; pKa = 7.29 

  

Ec-Mn(II)SOD-Y174F chain A; pKa = 8.13 Ec-Mn(II)SOD-Y174F chain B; pKa = 6.31 

Figure 4.18. Electrostatic surfaces of the 0.90-Å resolution structures of Ec-MnSOD-Y174F in 
its oxidised Mn(III) and reduced Mn(II) forms. 

 

4.6.4 Electrostatic surfaces of Ec-FeSOD and cambialistic Propionibacterium shermanii 

FeSOD 

Does the pattern of one subunit of the canonical dimer having the metal ion in its oxidised 

state and the other subunit having it in its reduced state also occur for the closely isostructural 

FeSOD? The FeSOD from E. coli is as specific for iron as the Ec-MnSOD is for Mn. On the other 

hand, the FeSOD from P. shermanii, Psh-FeSOD, is a cambialistic SOD being active with either 

metal, but much less so than the metal-specific Mn- and FeSOD from E. coli. The PropKa-

calculated pKa values for the Glu170-equivalent residues are entered in Table 4.7.  Of note is 

that the pI calculated for these two FeSODs (4.88 for Ec-FeSOD and 4.79 for Psh-FeSOD) are 

two log-units less than that calculated for Ec-MnSOD of 6.80 (varies slightly from wild-type to 

one or other mutant). The calculated pKa of the Ec-MnSOD Glu170-equivalent residues are 

Chain A 

Chain B 

Chain B 

Chain A 

Chain A 

Chain B 

Chain B 

Chain A 

Mn  
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noticeably reduced compared to the Ec-MnSOD values (Table 4.7). The electrostatic potentials 

calculated at pH 7 show a strongly negative potential near the active site of Psh-FeSOD (Figure 

4.19). However, this charge may be neutralised when the enzyme is working in its preferred 

acidic environment. The calculated pKa and derived electrostatic potentials for these two 

FeSOD are suggestive of a role for Glu170 in shuttling a proton onto the nascent peroxo 

moiety, but they are not as persuasive as the results of these calculations for Ec-MnSOD.  

 

  

Ec-FeSOD chain B; pKa = 7.07 Ec-FeSOD chain A; pKa = 6.32 

  

Psh-FeSOD chain A; pKa = 6.61  Psh-FeSOD chain B; pKa = 5.79 

Figure 4.19. Electrostatic surfaces of the iron specific FeSOD from E. coli and the cambialistic 

FeSOD from P. shermanii. 
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superoxide onto the Mn3+.  The electron-rich Mn2+ communicates to Glu170-OE1 through 

hydrogen bonding to metal-ligand His171 (Figure 4.21).  

 

Figure 4.21. Transfer of proton from solvent to Glu170-OE1.  

Note: At pH of maximum activity, the superoxide ion is partially protonated, and this proton may be 

transferred onto Glu170-OE1 as superoxide approaches the metal centre.  

 

Electron transfer from coordinated superoxo species to Mn3+ ion produces an oxygen 

molecule, which then diffuses from the active site. The overall entire net charge remains 

neutral, and a vacant site is left for another superoxide to approach. The rearranged hydrogen 

bonding network and departure of molecular oxygen are illustrated in Figure 4.22.   
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Figure 4.25. Proton transfer onto nascent peroxo species by Grotthuss proton hopping.  

The catalytic cycle is now almost complete. Once protonated, the hydroperoxo species is a 

poor ligand to the Mn3+ centre and it leaves the active site picking up another proton from 

solvent to form the other product hydrogen peroxide, H2O2 (Figure 4.26).   

 

Figure 4.26. Departure of the hydroperoxo species and acquisition of a proton from solvent 

to form hydrogen peroxide. The active site is ready to accept and oxidise another superoxide 

anion-radical. 

 

4.8 The substrate-inhibited species 

The hypothesis that Glu170 is the site of protonation, and not the coordinated hydroxide ion, 

for Ec-MnSOD appears confounded by the results of the E162A mutant of human MnSOD, 

which retains about 25% of the activity of wild-type enzyme (Quint et al., 2008) whereas the 
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4.9 Conclusions 

1. Except at the position of mutation, Ec-MnSOD-S126D dimer shows very little difference to 

the wild-type dimer, yet enzymatic activity is greatly reduced.  

2. Analytical ultracentrifugation (AUC) measurements giving KD indicate that at pH 7.8 Ec-

MnSOD-S126D is substantially dimeric at assay concentrations of enzyme, indicating that the 

reduced enzyme activity is correlated with negatively charged Asp126 perturbing 

electrostatics, but not structure, at the Mn site.  

3. Analytical ultracentrifugation (AUC) measurements giving KD indicate, on the other hand, 

that at pH 6.0 the protein is substantially monomeric at assay concentrations of enzyme, and 

activity is proportionately reduced from that observed for wild-type enzyme, indicating that 

less negatively charged half-protonated Asp126 perturbs the active site less than fully 

deprotonated Asp126 at pH 7.8.  

4. Coupled with the analysis in Chapter 2 that the coordinated hydroxide is an an environment 

that is unfavourable sterically and electrostatically for protonation of that hydroxide when Mn 

is in the +2 oxidation state. Complementation experiments where the propionate anion that 

replaces the Glu170 in monomeric Ec-MnSOD-S126D increased activity by at least a factor of 

two, coupled with structural, thermodynamic and activity data suggest that Glu170 is the site 

of proton uptake and delivery in the MnSOD enzymatic cycle.    

5. Tentatively I suggest that subtle structural differences in subunits of the intrinsically 

asymmetric canonical dimer collectively manifest themselves in differences in the pKa of 

Glu170, such that at pH ~7.0 one subunit (say A) has a negatively charged Glu170 from the 

other subunit (B) projected into it and the other subunit (B) has a protonated Glu from the 

one subunit (A) projected into it. The former situation is proposed to correspond to Mn(III) 

and the latter to Mn(II), as this maintains charge neutrality in the active site.           
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Chapter 5 Characterisation of Ec-MnSOD-S126W  

 

In Chapter 4, the strongly conserved serine 126, which hydrogen bonds to serine 126 from the 

adjacent subunit across the dimer interface, was mutated to aspartic acid in an attempt to 

transform the dimeric protein into monomeric subunits by charge repulsion of the negative 

charge of two carboxylate side chains. The expected monomeric species produced by these 

mutation would mean the absence of the Glu170 side chain in the adjacent subunit. However, 

structural and AUC results show that the strategy of charge repulsion produced partial 

monomer with predominantly dimer species, where the carboxylate side chain of Asp126 

hydrogen bonds across the dimer interface to the peptide NH of Asp126 and at pH 6.8 to itself 

via a shared proton. Nonetheless, the S126D mutation led to significantly reduced superoxide 

dismutase activity. 

Here, in Chapter 5, an alternative strategy is reported to generate a monomeric species from 

a tight homodimer interface. Serine 126 was mutated to tryptophan. The mutation of serine 

126 to tryptophan was intended to enforce monomeric MnSOD by steric bulk impediment by 

the bulky non-polar indole side chain. The experimental results of the Ec-MnSOD-S126W will 

be presented including characterisation of its quaternary state. These structure-based 

mutational analyses are intended to gain insight into the mechanism of the proton-coupled 

electron transfer reaction in manganese superoxide dismutase which was discussed in part in 

Chapters 2 and 4 and will be further discussed in the next chapter. 

 

5.1 Expression and purification of Ec-MnSOD-S126W 

The plasmid pDT1-5, which contains an ampicillin antibiotic resistance plasmid and carries the 

sodA gene that codes for Ec-MnSOD. was successfully modified using site-directed 

mutagenesis to encode expression of Ec-MnSOD-S126W, following the method described in 

the previous chapter. Sod A- E. coli QC781, which does not carry E. coli MnSOD gene, was 

transformed by the plasmid. The expression of Ec-MnSOD-S126W in SodA- E. coli QC781 cells 

resulted in a good level of expression of the protein in the soluble fraction. The soluble Ec-

MnSOD-wild-type protein was produced in E. coli strain AB2463 to be used as a control in 

assays.    
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In a small-scale protein expression of Ec-MnSOD-S126W, the 23-kDa protein of Ec-MnSOD-

S126W was expressed in high yield in the soluble fraction (Fig. 5.1). 

 
Figure 5.1. Coomassie-stained 
SDS-PAGE of Ec-MnSOD-S126W 
purification.  

From left to right: Molecular 
weight markers (in kDa axis), 
supernatant (S) and pellet (P) in a 
5 mL media with 25 mL tube, and 
supernatant (S) and pellet (P) in a 
50 mL media with 250 mL flask 
(see Chapter 3 for details of 
method). 

Optimisation of the purification of the scaled-up protein expression involved several steps that 

are slightly different to Ec-MnSOD wild type and its S126D mutant (see Table 5.1). In the initial 

step, post-lysis centrifugation similarly separated soluble protein and non-protein parts of the 

cell lysate to produce a crude extract in supernatant. Ammonium sulfate precipitation at 60% 

of saturation gave purer Ec-MnSOD-S126W protein in the supernatant. This was followed by 

95% of saturation, which precipitated Ec-MnSOPD-S126W into pellet. This saturation was 5% 

higher than that used for wild-type Ec-MnSOD. The stability of Ec-MnSOD-S126W at pH 7.8 

provided an effective salt precipitation where many of the contaminating proteins were 

separated from the target protein. 

Purification continued with cation exchange chromatography. Here, potassium acetate pH 5.5 

was used in cation exchange chromatography (J. W. Whittaker & Whittaker, 1991). The pI 

value of Ec-MnSOD-S126W was estimated using SEDNTERP (Laue, 1992; Lebowitz et al., 2002), 

which gave pI = 6.68. The Ec-MnSOD-S126W protein has net positive surface charge below 

this pI value. Therefore, to separate Ec-MnSOD-S126W from impurities a negatively charged 

Sephadex CM-50 ion exchange resin was used.  

To prepare the protein sample for cation exchange, the protein pellet obtained from 

ammonium sulfate fractionation was resuspended and dialysed against 100x volumes of 10 
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mM potassium acetate pH 5.5. At the end of the dialysis, centrifugation at 17,000 xg was 

carried out to separate insoluble material. 

In cation exchange, the pH 5.5 potassium acetate buffer, which was used as the eluent, is 

almost 1.2 magnitude below the pI (6.68). In low pH (pH lower than the pI), side chains of 

carboxylate amino acids, Asp and Glu, draw protons from water, and thus the total net charge 

of protein becomes more positive. The negatively charged resin attracts MnSOD to the resin 

more than the impurities. By changing the electrolyte charge of the buffer and increasing the 

salt concentration, the positively charged Na+ ion will displace the protein from the resin 

matrix. Overall, cation exchange effectively separated the impurities which lack interaction 

with the Sephadex resin in the column. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.2. Purification of Ec-MnSOD-S126W by cation exchange chromatography. 

(Top) Cation exchange chromatogram (Sephadex-CM50) to purify Ec-MnSOD-S126W. (Bottom) 

Coomassie-stained SDS-PAGE of Ec-MnSOD-S126W of pre-chromatography solution and eluate 

fractions from cation exchange chromatography. Lane 1: The pellet produced on precipitation with 
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higher (above 31 kDa) and lower (below 21.5 kDa) molecular weight.  (See Figure 5.3, lane 2). 

Hydrophobic interaction did not effectively separate Ec-MnSOD-S126W from the impurities. 

So, anion exchange chromatography was chosen, as it has different charge properties at 

higher pH. In a mini-preparation experiment, we compared two different resins: Q-anion 

exchange and DEAE-anion exchange. The resin was placed in a tube with the protein sample, 

inverted for 30 mins at low temperature (4 oC). Then the contents were washed gradually by 

5 mM Tris-Cl pH 7.5 containing 0.5 to 2 M NaCl. The results show that Q-anion exchange resin 

is less effective than DEAE-anion exchange resin to bind the impurities, as shown in Figure 5.3. 

For the final step of purification of Ec-MnSOD-S126W, DEAE-anion exchange was applied in 

larger scale purification. 
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Figure 5.3. Anion exchange to purify Ec-MnSOD-S126W. 

In a miniprep in a simply rotated tubes, Q-anion exchange (lanes 3 to 6) was less effective than 

DEAE-anion exchange (lanes 7-10) to bind the low molecular impurities in the final step. Lane 

1: Molecular weight markers (in kDa axis), lane 2:  weakly adsorbed species. 
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of the S126W mutant occupies the space of Arg181 for wild-type Ec-MnSOD, the first residue 

of the C-terminal tail (residues 181-205). This prevents the C-terminal tail of the S126W 

mutant from poking into the hole provided by loop 86-96, which links the N-terminal domain 

(residues 1-87) to the C-terminal domain (residues 88-205).  

 

Figure 5.4 Structure of one subunit of wild-type Ec-MnSOD (A) and Ec-MnSOD-S126W 

highlighting key domains.  

A, Wild-type Ec-MnSOD. The N-terminal domain (residues 1-87) is shown in green, the C-terminal 

domain (residues 88-180) in yellow and the C-terminal tail (residues 181-205) in magenta. B, Ec-

MnSOD-S126W. The C-terminal tail (residues 181-205) is shown in puce, the remainder in cyan. Trp 

residues are shown, carbon atoms coloured according to domain. Ser126 and Trp126 are shown as 

spheres.  
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Figure 5.7. Superposition of active site of Ec-MnSOD-S126W (grey) onto that of wild-type Ec-

MnSOD (cyan).  

Although the active site superimposes closely, second-shell residues Gln146, Trp169 and, especially, 

Glu170 from the other subunit of the dimer are substantially displaced.  

 

Application of crystallographic two-fold symmetry shows that the flipped-out C-terminal tail 

(residues 181-205) of one subunit pokes into the hole created by the flipped-out domain of 

another subunit, as shown in Figure 5.8.  There is remarkably close superposition of the C-

terminal tail, residues 181-205, of the domain-swapped Ec-MnSOD-S126W with that of wild-

type Ec-MnSOD. 
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Figure 5.8. Domain swapping of the C-terminal tails (residues 181-205) of Ec-MnSOD-S126W.  

A, Ec-MnSOD-S126W is shown in magenta and yellow. The two molecules are related by a 

crystallographic two-fold axis. Wild-type Ec-MnSOD (cyan) is superimposed on one subunit of the 

S126W mutant. B, Space-filling representation of the canonical dimer interface for Ec-MnSOD-S126W. 

C, Space-filling representation of the interface for the domain-swapped dimer of Ec-MnSOD-S126W. 

Solvent-exposed residues not in contact are shown in blue and cyan spheres. Respectively, for cyan 

and blue subunits, green and red spheres show residues in contact across the interfaces.  
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Interfacial contact areas and Gibbs free energy change to bury that surface from solvent are 

provided in Table 5.4 for wild-type Ec-MnSOD and its S126W and S126D mutants. In wild-type 

Ec-MnSOD about 9% of the surface is buried, with an associated strongly favourable Gibbs 

free energy change. The Complexation Significance Score (CSS) calculated by PISA gives a value 

of 1.000 for this interface, indicating high probability of formation in aqueous solution. No 

other solvent-stable interfaces are indicated. For the S126D mutant, the canonical interface 

area is identical (see also Chapter 4). The total protein surface area is somewhat less than that 

of wild-type and this is attributed to greater caution in interpreting electron density maps of 

highly flexible side chains for the S126D mutant compared to wild-type enzyme, as well as a 

somewhat lower temperature of data collection. Space group and crystal packing do not seem 

to be a factor here: wild-type Ec-MnSOD and S126D-azide (pH 9.1) are in space group C2221, 

S126D (pH 6.8) is in space group P1, S126D (pH 8.7) is pseudo-C2221 in space group P1211 

(twinned) and S126W is in space group P6322.    

  

For Ec-MnSOD-S126W, the surface area of an individual molecule is greatly increased over 

that of the wild-type and S126D mutant, due to the flipping out of the C-terminal tail (residues 

181-205). In addition, the canonical dimer interface, while more extensive, an artefact of the 

flipped out C-terminal tail, has markedly decreased stability due to movement of one subunit 

away from the other (Figure 5.6 and Table 5.4). The domain-swapped interface is extensive in 

the area buried and very favourable in terms of Gibbs free energy changes, in large part 

because of the interaction of the pair of extended stands between the subunits (Figure 5.8 

and Table 5.4). The C-terminal tail of Ec-MnSOD-S126W fits into the adjacent subunit the same 

as in wild-type enzyme (Figure 5.8A).   
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Figure 5.9. The dodecameric assembly of Ec-MnSOD-S126W. 

The C-terminal tail of one subunit pokes into the space vacated by the C-terminal tail of another 

subunit. Along with the quasi-dimer interface, this leads via crystallographic symmetry to the 

dodecameric species. The most stable interface is that created by the domain swapping of the C-

terminal tail. A, Dodecameric assembly of Ec-MnSOD-S126W viewed down the crystallographic three-

fold axis. B, Side-on view of dodecamer. C, Daisy-chain of domain-swapped molecules, looking down a 

crystallographic two-fold axis. There is a weak interface between the C-terminal helices (residues 194-

203) arrowed. Trp126 at the quasi-canonical dimer interface are highlighted as spheres.    

 

5.4  Characterisation of the quaternary state of Ec-MnSOD-S126W in the solution state  

5.4.1 Sedimentation velocity analysis by analytical ultracentrifugation 

In this study, the structure of the Ec-MnSOD-S126W mutant in the solution state was observed 

by utilising analytical ultracentrifugation (AUC) through sedimentation velocity experiments 

(Lebowitz et al., 2002).  In sedimentation velocity, the movement of solutes in high centrifugal 

fields is interpreted using hydrodynamic theory to define the size, shape and interactions of 

macromolecules. Here, we can observe the size of Ec-MnSOD-S126W protein in the solution 

state in kDa; then we can interpret the oligomeric state of the mutant and provide some 

evidence on the effect of pH and concentration to the interactions between monomers to 

form oligomers. The shape is also interpreted based on the frictional value.  

A B 
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To investigate the quaternary structure of Ec-MnSOD-S126W and to probe the stability of the 

quaternary structure in solution, a series of sedimentation velocity experiments were 

employed with varying concentrations of the protein and pH. Sedimentation velocity 

experiments of Ec-MnSOD wild-type and Ec-MnSOD-S126D have been reported in Chapter 4 

as a reference. 

 

5.4.2 Ec-MnSOD-S126W is predominantly monomeric in solution 

To investigate the quaternary structure of Ec-MnSOD-S126W and to probe its stability in a 

solution, sedimentation velocity studies of the mutant were employed at similar pH and 

protein concentrations to those used for the Ec-MnSOD wild-type experiments at pH 7.8 and 

pH 6.0. 

The results show that at both pH 6.0 and 7.8, the continuous sedimentation coefficient and 

mass distributions of Ec-MnSOD-S126D significantly change with change in protein 

concentration at each pH, compared to those of Ec-MnSOD wild-type. At pH 7.8 with 

concentrations of 0.6 and 1.3 mg/mL, the sedimentation velocity analysis of Ec-MnSOD-

S126W shows one peak in the c(s) distribution at sedimentation coefficient value 2.17 S, which 

in the c(M) distribution gives a molar mass of 23.9 ± 0.4 kDa, attributed to a monomeric Ec-

MnSOD-S126W mutant. However, at higher concentration of 2.6 mg/mL, the sedimentation 

velocity analysis of Ec-MnSOD-S126W shows two peaks, first the predominant species at lower 

molar mass and sedimentation coefficient attributed to a monomeric species of the mutant, 

and secondly a minor peak found at higher sedimentation coefficient of  3.0 S and molar mass 

of 42.9 kDa attributed to dimeric Ec-MnSOD-S126W. Sedimentation velocity analysis of Ec-

MnSOD-S126D at 0.6 and 1.3 mg/mL showed a relatively broad and slightly asymmetrical 

curve, tending to widen at higher S values. The weight-average standardised sedimentation 

coefficient and molar mass at each protein concentration are very close and repeatable 

indicating dimer species for wild-type Ec-MnSOD and Ec-MnSOD-S126D.  
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Figure 5.10. Analytical ultracentrifugation of Ec-MnSOD-S126W at pH 7.8, revealing 

quaternary structure.  

A, Sedimentation velocity data, showing absorbance versus distance from rotation axis versus time for 

Ec-MnSOD-S126W (only data from 2.6 mg/mL solution shown). B, Sedimentation coefficient c(s) 

distribution of Ec-MnSOD-S126W at pH 7.8. For the 0.6 mg/mL solution, f/ fo = 1.3, s20,w = 2.3 S and 
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Figure 5.11. Analytical ultracentrifugation of Ec-MnSOD-S126W at pH 6.0, revealing 

quaternary structure.  

A, Sedimentation velocity data, showing absorbance versus distance from rotation axis versus time for 

Ec-MnSOD-S126W (only data from 0.6 mg/mL solution shown). B, Sedimentation coefficients c(s) 

distribution of Ec-MnSOD-S126W at pH 6.0. For the 0.3 mg/mL solution, f/ fo = 1.1, s20,w = 2.6 S, and 
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Figure 5.12.  Large size quaternary structures of Ec-MnSOD-S126W at various pHs and 

concentrations.  

A, Sedimentation coefficient c(s) distribution of Ec-MnSOD-S126W at pH 7.8. B, Sedimentation 

coefficient c(s) distribution of Ec-MnSOD-S126W at pH 6.0. Reproducible sedimentation coefficients at 

5, 7 and at 10 S, as the highest oligomeric state. 
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5.4.4  Thermal stability of Ec-MnSOD-S126W by differential scanning calorimetry 

The thermal stability of Ec-MnSOD-S126W was determined by differential scanning 

calorimetry (DSC). The thermal stability of wild-type Ec-MnSOD described in Chapter 4 is also 

used for comparison to Ec-MnSOD-S126W at same pH 7.8. The disruption of the dimer 

interface of Ec-MnSOD-S126W mutant giving predominantly monomeric species observed by 

analytical ultracentrifugation measurements has shown that the steric bulk of Trp has  

successfully destabilised the dimeric quaternary structure, as well as deactivating the function 

of SOD enzyme.  

After baseline subtraction, a three-peaked asymmetric endotherm is observed for the Ec-

MnSOD-S126W mutant. Compared to Ec-MnSOD-wild-type, the temperature of maximum 

heat capacity of Ec-MnSOD-S126W mutant (Tm), changes, decreases from 83o to 73 oC.  These 

endotherms can be fitted by three symmetrical two-state curves with minor overlapping at 

each boundary to the adjacent peak (Figure 5.13): at lowest temperature, a broad small 

endotherm (labeled X), a large one (labeled Y), and at highest temperature a small one 

(labeled Z). These three events occur at different temperatures with ~10 oC gaps one to 

another: respectively, 53 oC, 63 oC, and 73 oC.  

 

Figure 5.13. Differential scanning calorimetry thermogram of Ec-MnSOD-126W dimer 

interface mutant results in three two-state fits at 53 oC, 63 oC, and 73 oC.  

The observed data are shown as the brown solid line, the calculated fits as solid grey, green and blue 

lines for transitions X, Y and Z, respectively, and the sum of the calculated fits as the dotted line.  

 

As the temperature transitions obviously indicate three independent events, it is interesting 

to know what is going on in each event by analysing and interpreting multi-scan differential 

X   Y           Z 
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heating, one interpretation of the data is that transition X at 53 oC for Ec-MnSOD S126W is 

attributed to the reversible flipping out and unfolding of the C-terminus domain of the 

monomer Ec-MnSOD S126W residues 181 to 205. This transition also occurs for the second 

and third heating (phases 3 and 5). The second unfolding event (peak Y), which also occurred 

in the second heating (phase 3) is attributed to the irreversible denaturation of residues 1-87 

(N-terminal domain of Ec-MnSOD), which involved the separation of N-terminal metal-binding 

ligands, His26 and His81, from the C-terminal ligands, Asp167 and His171. The third unfolding 

event (peak Z) comes up in the third heating is attributed to the denaturation of the rest of 

the C-terminal domain, residues 88-180. The reason for assigning irreversible denaturation of 

the N-terminal before denaturation of residues 88-180 of the C-terminal domain is that the 

initial endotherm is reversible. This would be incompatible with the next event being 

irreversible denaturation (transition Y) of the bulk of the C-terminal domain, but reversible 

refolding of residues 181-205 on cooling.  

An alternative and preferred explanation is that reversible transition X is associated with 

separation of the N-terminal domain from the C-terminal domain. Trp126 is immediately 

adjacent to Trp169, which forms part of the interface between the N- and C-terminal domains, 

as well as being part of the canonical dimer interface. Trp126 also influences the conformation 

of the dimer-interface loop 122-126, which then leads to steric clashes with the C-terminal tail 

(residues 181-185) that results in it flipping out to avoid these contacts (Figure 5.8) . Transition 

Y is associated with unfolding of the C-terminal domain (see below for support for this 

conjecture from circular dichroism.  Transition Z, which has a noticeably smaller enthalpy 

change than transition Y, is then associated with unfolding of the smaller N-terminal domain. 

Figure 5.15 shows schematically the three transitions. 

Figure 5.15. Schematic of the thermal 

denaturation of Ec-MnSOD-S126W. 

Bold shaded shapes indicate folded protein; 

gradient-shaded shapes denote unfolded 

protein. N and C denote the N-terminal and 

C-terminal domains. 
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5.4.5 Circular dichroism analysis of secondary and tertiary structural changes of Ec-MnSOD-

S126W  

To get more insight into the distinctive thermal stability of Ec-MnSOD-S126W, compared to 

wild-type Ec-MnSOD and its S126D mutant, circular dichroism (CD) measurements in the far-

UV and near-UV were made over the temperature range 20 to 100 oC to characterise thermal 

stability. Circular dichroism (CD) spectroscopy can also be used to confirm whether, or not, 

Ec-MnSOD-S126W mutant retained the same secondary and tertiary structure in solution as 

the wild-type enzyme, noting that CD does not give insight into quaternary structure.  

Before analysing thermal stability, CD spectra at room temperature (20 oC) were examined for 

differences in secondary and tertiary structure for Ec-MnSOD-S126D and Ec-MnSOD-S126W 

compared to wild-type Ec-MnSOD. The far-uv CD spectra of wild-type Ec-MnSOD and its S126D 

and S126W mutants are shown in Figure 5.16 A. The spectrum of the S126W mutant shows 

significant differences in the range 218 to 240 nm compared to the very similar spectra of 

wild-type enzyme and its S126D mutant, establishing that the S126W mutant has significantly 

perturbed secondary structure, as a result of a mutation intended to disrupt quaternary 

structure.  

To check whether, or not, the mutations had affected tertiary structure, CD spectra in the 

near-uv region (280-360 nm) were also measured. Ec-MnSOD is particularly rich in tryptophan 

residues (there are six Trp, distributed with five in the C-terminal domain, residues 88-205, 

and one in the N-terminal domain, residues 1-87). Thus, the region 285-295 nm, where Trp 

residues in chiral environments typically give CD signals, is likely to be very sensitive to any 

perturbations in tertiary structure. Wild-type Ec-MnSOD and its S126W mutant show 

significant differences in this region with the valley and peaks in the region 285-295 nm shifted 

to shorter wavelength as a result of the S126W mutation (Figure 5.16B). For monomeric Ec-

MnSOD, dimer-interface residues Trp169 and mutated Trp126 now lie on the surface and may 

not contribute significantly to the CD signal in the near-UV region due to conformational 

flexibility.  
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Figure 5.16. Comparison of circular dichroism spectra of wild-type Ec-MnSOD and its S126D,  

Far-UV (A) and near-UV (B) circular dichroism spectra of Ec-MnSOD-S126W compared to wild-type and 

the S126D mutant at 20 oC and 50 mM phosphate buffer at pH 7.8. Baseline (green); wild-type (red); 

S126D (blue); S126W (black). 

 

Trp189 and 194 become more exposed on unfolding of the C-terminal tail, residues 181-205. 

On loss of the N-terminal domain, Trp169 becomes even more exposed. Trp128 and Trp130 

in the C-terminal domain 87-180 remain substantially buried. There is only one Trp in the N-

terminal domain, Trp85, which is well buried inside this domain, when folded.   

Modelling of the far-UV spectra indicates that the changes are consistent with partial loss of 

helical structure for the S126W mutant compared to wild-type and the S126D (Figure 5.17 and 

Table 5.7). This loss of helicity and increase in beta-sheet content in the solution state are 

tentatively associated with the two helices of the C-terminal tail (residues 181-205) that in 

crystalline Ec-MnSOD-S126W are folded and inserted (domain-swapped) into a neighbouring 

molecule, and so on to form the observed dodecamer, but in the solution state are unfolded.   

 

 

 

 

A B 
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5.6 Concluding remarks 

The S126W mutation at the dimer interface and also near to the interdomain interface 

produced the desired monomeric protein in solution. However, the bulky Trp126 group also 

caused changes to the conformation of the loop preceding the C-terminal pair of helices, 

residues 181-205, which in wild-type protein tucks back into the structure to create a 

topological knot. In the crystal structure of Ec-MnSOD-S126W, the canonical dimer interface 

is substantially weakened and rearranged.  The steric bulk of Trp126 clashes with Trp169 and 

shifts the loop leading into the C-terminal tail, so that this tail flips out and domain-swaps with 

an adjacent molecule to create a dodecameric species in the crystalline state, traces of which 

are observed by AUC. Relative to wild-type enzyme, the S126W mutant showed an unusual 

three-stage unfolding of the protein, as observed by DSC. In addition, CD spectroscopy 

indicated that the S126W mutant had substantially different secondary structure and tertiary 

structure compared to wild-type enzyme.  The X-ray structure and the solution-state DSC and 

CD data together point to the steric bulk of the Trp126 perturbing the loop that leads into the 

C-terminal tail. Moreover, the data suggest that in solution this tail is unable to tuck into its 

parent molecule, and likely has adopted a two-stranded beta sheet conformation.  

The monomeric nature of Ec-MnSOD-S126W and consequent loss of Glu170 in the active site 

of the enzyme, along with a perturbed active site where Gln146 has moved, leads to this 

mutant being enzymatically dead. The data here point to Glu170 being a key part of the active 

site. As with the S126D mutant, Glu170 cannot be ruled out as the site of protonation. 
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6.3 Complementation experiments 

Based on the SOD assay, a more than two-fold increase in activity of Ec-MnSOD-S126D was 

observed on addition of 10-20 mM propionic acid. At the pH of measurement, pH 7.8, 

analytical ultracentrifugation measurements suggest that at assay concentrations 25-50% of 

this mutant is dimeric. Only a small 10% increase in activity of wild-type enzyme was observed 

in parallel control experiments. Thus, there appears to be a significant recovery of activity on 

adding propionate to replace the missing Glu170 in the active site of monomeric protein. 

Propionic acid might be a poor choice of carboxylate-bearing molecule where a better choice 

might have been a carboxylate at one end of a short alkyl chain and a polar uncharged at the 

other end to interact better with water. Therefore, the complementation experiments 

suggests that Glu170 is the site of proton uptake and delivery. This is consistent with the 

critical analysis made in Chapter 2 that the generally accepted site of proton uptake and 

delivery, the Mn-coordinated hydroxide, is incorrect.  

Knowing that the S126W mutant is monomeric at assay conditions, that the active-site 

structure has significantly changed, and that the enzyme is inactive, the complementation 

experiment was not run. Moreover, there was not have enough sample to do additional SOD 

assays. Preparing Ec-MnSOD-S126W protein was much more challenging relative to wild-type 

Ec-MnSOD and its S126D mutant. Therefore, it is almost certain that the addition of 

propionate acid would not complement loss of Glu170 interacting with metal ligand His171, 

as there is substantial change in the active site of the enzyme upon the S126W mutation. 

 

6.4 pH-dependent behaviour 

The AUC measurements signal a pH-dependent behaviour of Ec-MnSOD-S126D since it gives 

a higher proportion of monomeric protein at pH 6.0 compared to pH 7.8 in the solution state. 

From the X-ray protein structure analysis of Ec-MnSOD-S126D at different pH, can structural 

differences be seen at the molecular level in the crystalline state, and can residues be 

identified that are associated with pH-dependent behaviour? Obviously, there is direct 

dependence of the enzyme on pH as well as on temperature to the structure and function, 

and more specifically to the particular level of the alteration on the interaction between the 

amino acids that compose the protein chains. 
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By superimposing the structure of Ec-MnSOD-S126D at various pH, it is observed that at pH 

6.8 and pH 8.7, compared to pH of optimum activity for wild type enzyme of 7.8, Asp126 

shares approximately the same conformation, where like the wild-type enzyme with Ser126, 

it hydrogen bonds to itself, but Asp126 also hydrogen bonds to the peptide NH across the 

dimer interface (Figure 4.5). However, at the highest pH of pH 9.1, in the partial azido 

structure, Asp126 adopts a pair of different conformations (Figure 4.5). Ec-MnSOD-S126D still 

preserves hydrogen bonding to the peptide NH of Asp126 but the disorder leads to the 

interface being intrinsically asymmetric, like the wild-type enzyme with Ser126. Moreover, the 

carboxylate oxygens are sufficiently distant to each other to infer that there is no longer 

shared proton between the two Asp126. This is consistent with the PropKa3.1 (Olsson et al., 

2011) prediction of an average pKa for Asp126 in dimeric Ec-MnSOD-S126D of 9.64 (pH6.8), 

9.99 (pH 8.7) and 9.61 (pH 9.1, azide structure).  

 

6.5 Cooperative behaviour 

The results of an analysis of electrostatic surfaces of Ec-MnSOD and the S126D and S126W 

mutants, with Mn2+/3+/OH--/azide stripped out, shows that the dimeric Ec-MnSOD-S126D 

dimer has positive substrate-binding pockets, with one of its subunits consistently less positive 

than the other subunit. The pKa calculation and electrostatic surfaces reveal two different 

states in the Ec-MnSOD-S126D dimer structure: that is MnIII in one subunit and MnII in the 

other subunit, which is consistent across the three Ec-MnSOD-S126D dimer structures, and 

also for wild-type Ec-MnSOD-S126D. 

The signatures are indicated by criss-cross of the Mn and Glu170 alternative charges. First, the 

positive electrostatic potential in the substrate-binding pocket is associated with Mn as MnII, 

where the Glu170 (from the other subunit) is calculated to be protonated. Second, the less 

positive electrostatic potential in the substrate-binding pocket is associated with Mn as MnIII, 

where the Glu170 (from the other subunit) is calculated to be deprotonated. Both states then 

result in an overall net zero charge in the active site of protein, as shown below: 
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transferred from superoxo to Mn(III) to form Mn(II) and producing an oxygen molecule that 

then diffuses from the active site. The overall entire net charge remains neutral. 

Second, the first step leaves active-site neutral as [Mn2+/OH-/Asp167-COO- ]0  and protonated 

Glu170-COOH. However, as described in Section 6.5, the substrate-binding pocket is still basic 

but less positive and still attractive for and leads the superoxide to enter. Thus, the second 

half reaction begins with the entry of the superoxide ion. Now there is a net of -1 which is very 

unstable and leads to the Mn(II) transferring  the electron to the  superoxide, via an outer-

sphere mechanism, to forms peroxo which is hydrogen bonded to a water molecule connected 

to the protonated Glu170-COOH from the other subunit. Here, a second proton is transferred 

concomitantly by a Grotthuss proton-hopping mechanism from Glu170-COOH onto the 

nascent peroxo species to form a hydroperoxo ligand to the Mn(III). This ligand leaves the 

active site and picks up another proton from solvent to produce hydrogen peroxide.  

Proton delivery to the nascent peroxo by a Grotthuss proton-hopping mechanism as 

previously described enables the superoxide dismutase reaction to operate close to diffusion 

rate, unlike the conventional view which has many barriers where the proton has to pass 

through the gateway Tyr34 and Gln146 prior to protonate the hydroxo ligand to form a water 

ligand. So, the participation of Glu170 in an outer-sphere proton transfer avoids protons 

passing through the narrow hole at the base of the substrate-access funnel that can lead to a 

traffic problem, and thereby accommodates the very fast rate of the reaction. 

 

6.7 Redox-coupled proton uptake site 

For Ec-MnSOD-S126W, Glu170 hydrogen bonds to His171 of the adjacent subunit very 

similarly to that observed for wild-type Ec-MnSOD and its S126D mutant, but at conditions of 

assay the molecule is likely monomeric and inactive with the crystal structure revealing 

substantially different positioning of Gln146 in the active site.  For the S126D mutant, if at 

conditions of assay the structure is dimeric, then the low activity is assigned to the negative 

charge of the aspartate affecting the redox potential of the Mn centre so that a cycle of 

superoxide dismutation stalls with the enzyme unable to oxidise superoxide. In these cases, 

no conclusions can be made concerning potential proton pathways or the site of proton 

uptake and delivery.  
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