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ABSTRACT

The cyanide dihydratase enzyme from Bacillus pumilus C1 (CynDpum) is @ member of the
nitrilase superfamily and is known to specifically catalyse the conversion of cyanide into
formic acid and ammonia. This enzyme is a good candidate for bioremediation of cyanide
waste but the high alkaline pH of the cyanide waste water poses a problem in that it inactivates
the wild type enzyme and therefore improvement of stability is required in order to synthesize
an effective enzyme. Over the pH range of 6-8 the enzyme exists as short 18-subunit spirals
which associate to form long, more stable helical fibres at pH 5.4. The reason for this pH
dependent transition is not fully understood but it is hypothesized to be due to changes in the
charge of histidine residues. The aim of this project is to obtain a high resolution structure of
CynDpum, relate this to its function, and investigate the role of the histidines in oligomerisation
with aid of the structure. Using Cryo-electron microscopy techniques a three dimensional
reconstruction structure of purified CynDpum Was obtained at a resolution of ~5A. By flexibly
fitting a CynDpum homology model into this high resolution structure we were able to identify
amino acid residues involved in oligomerisation and stability as well as the role of the
histidines, with aid from additional mutagenesis studies. Interactions at the C-interfacial region
were shown to play the most crucial role in oligomerisation and included the His71-Asp275
and Arg67-Asp275 interactions. Mutations at His128, His184, His241 and His285 were shown
to affect the oligomerisation of the enzyme by indirectly disrupting interactions at the
interfacial regions. The Q86R+H305K+H308K+H323K mutations were shown to increase the
stability of the CynDpum by introducing a stronger arginine-arginine interaction at the D

interfacial region and a new strong interaction at the C-terminal region.
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CHAPTER I

LITERATURE REVIEW

1.1 Nitrilase classification

Nitrilases are thiol enzymes that are mostly involved in natural product biosynthesis and post
translational modification by performing a wide variety of non-peptide carbon-nitrogen
hydrolysis reactions (Pace and Brenner, 2001). These nitrilases are ubiquitous in nature and
are found in most species of plants, animals, fungi and many prokaryotes with more than 180
known members (Pace and Brenner, 2001; Gordon et al., 2013). The reactions performed by
the nitrilases can be classified into four types which include the nitrilase, amidase, carbamylase
and the amidase condensation reaction (Fig 1.1). These nitrilase reactions are generally chemo-
, regio-, or enantio- selective and because of these characteristics, nitrilases have become
commercially interesting in the chemical industry (Kiziak et al., 2005). Nitrilases that carry out
the nitrilase reaction are particularly interesting as they can directly hydrolyse nitriles which
are essential intermediates in the chemical synthesis of various products (Heinemann et al.,
2003).

Nitrilases are collectively classified into one group known as the nitrilase superfamily.
Members of the nitrilase superfamily are further divided into 13 branches (Fig. 1.2) as proposed
by Pace and Brenner (2001). This classification of nitrilases was achieved on the basis of global
and structure-based sequence analysis. Although members of the nitrilase superfamiliy have
been historically classified as nitrilase-related based on sequence analysis, only branch 1
members have been identified to carry out nitrile-hydrolysing activity to form corresponding
acids and ammonia (reaction a, Fig. 1.1). Members of branch 2-11 have apparent amidase,
carbamylase or amide-condensation activities (reaction b, ¢ or d; Fig. 1.1) and insufficient

information is known about the last four branches of the superfamily (branch 10-13).



(a) Nitrilase reaction
EnzSH Ny H:0 NH o HO EnzSH o
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R=CEN: R=C. NA, R—c” oAy R—C,:
SEnz & SEnz O-
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(b) Amidase reaction
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Figure 1.1. Four types of reactions carried out by the nitrilase superfamily members. Branch 1 nitrilases are known
to carry out the nitrilase reaction (reaction a). Branches 2—-11 members have amidase activities (reaction b) with
the exception of branch 5 and 6 members which carry out the carbamylase reaction (reaction c), and branch 9
members which carry out the amide-condensation reaction (reaction d). (Pace and Brenner, 2001)

1 - Nitrilase O

2 - Aliphatic amidase _

3 - Amino-terminal amidase _W)

4- Biotinidase (CCCC ) }{cierminaldomann]
5 - B-Ureidopropionase O
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9 - Apolipoprotein N-acyltransferase )
10 - Nit and Nithit [ = )

11-NB11 O

12-NB12 I ()

13 - Non-fused outliers /

Figure 1.2. Domain structures of the 13 branches of the nitrilase superfamily. Parentheses denote domains found
in only some members of the branch (Pace and Brenner, 2001).



1.2 Applications of the nitrilase enzymes

In industry, nitrilases have the potential to be used as biocatalysts due to the importance of
nitrile intermediates in the chemical synthesis of various products. Like most biocatalysts
nitrilases could potentially overcome some of the problems faced by traditional chemical
methods of converting nitriles, like the harsh conditions required, the formation of toxic by-
products and low chemical selectivity of reactions. There have been several successes in the
application of nitrile-converting organisms and isolated enzymes as biocatalysts. These
successes include the use of R. rhodochrous K22 to catalyse the conversion of adiponitrile to
5-cyanovaleric acid during the production of nylon-6 (Godtfredsen et al., 1985), the use of
Acremonium sp. to catalyse the selective mono-hydrolysis of trans 1,4-dicyano cyclohexane
during the production of Tranexamic acid, a homeostatic drug (Nishise et al., 1987) and the use
of the nitrilase from Rhodococcus sp. NDB 1165 by the company Lanza in their production of
nicotinic acid (vitamin B3) to allow them to use cyanopyridine as a substrate instead of the
more hazardous nicotine (Prasad et al. 2007). Some industrial applications of nitrilases are still
under development and these include the use of the nitrilases from Rhodococcus rhodochrous
J1 (J1 nitrilase) to aid in the production of acrylic acid (Nagasawa et al. 2000), the use of a re-
engineered nitrilase from Acidovorax facilis 72W in the production of glycolic acid from
glycolonitrile (Wu et al. 2008), the use of nitrilases for modifying the polymer polyacrylonitrile
to enhance dye uptake (Matama et al. 2007), and the use of the nitrilase from Alcaligenes
faecalis in the producuction of pure (R)-(-)-mandelic acid which is used in the production of
pharmaceuticals such as penicillins, cephalosporins, antitumor drugs, and anti-obesity agents
(Xue et al. 2011).

Nitrilases have the potential of being used in the bioremediation of industrial wastewater that
contains synthetic nitrile compounds. The release of nitrile compounds into the environment
must to be controlled due to the nitriles toxic, carcinogenic and mutagenic nature, and nitrilases
could potentially offer cheap and environmentally friendly solution for the detoxification of
these harmful nitriles. There have been a few successes were mixed cultures of bacteria
containing different nitrile hydrolysing enzymes were used to metabolize effluent containing
acrylonitrile, furmaronitrile, succinonitrile, and similar nitriles by growing the bacteria on these
components of waste (Wyatt and Knowles et al., 1995). Besides industrial waste there have
been accidental toxic spills of nitriles around the world. These spills include the cyanide spills
of 2006 in Ghana, 2006 in Czech Republic and others in Romania, Australia, China and the



Philippines (Kovac, 2000). Other sources of environmental cyanide contamination include the
marine ornamental industry where fish are stunned with sprayed cyanide to allow for easy

collection of the aquarium ornamental fish (Jones and Steven, 1997).

The incorporation of the herbicide degrading nitrilase gene from Klebsiella pneumoniae subsp.
ozaenae into commercial plants has been one of the most successful application of a nitrilase.
The incorporation of this bacterial gene has led to the successful construction of tobacco and
cotton plants that are resistant to high levels of nitrile-herbicides such as bromoxynil (Stalker
etal., 1988, Stalker et al., 1996). The incorporation of this and other similar nitrilase genes into
plants could potentially allow the use of new nitrile-herbicides as weed killers and prevent be

accumulation of hazardous nitrile-herbicides in plant based foods.

Several members of the nitrilase superfamily are found in mammalian genomes which encode
eight nitrilase enzymes (Barglow et al., 2008). These include the vanins, biotinidases and
pantetheinases involved in vitamin synthesis, and the glutaminase domain of glutamine-
dependent NAD* synthatase which generates ammonia from glutamine for NAD* synthesis
(Barglow et al., 2008). Studies done on some of these nitrilases could potentially lead to
insights that will help in drug design. One potential drug target in the treatment of tuberculosis
is the branch 7 glutamine-dependent NAD* synthetase. By exploiting Mycobacterium
tuberculosis’s dependence on NAD* synthetase in its NAD™ recycling pathways as opposed to
the human NAD+ recycling pathways which are not all dependent on NAD* synthetase, one
could exclusively target Mycobacterium tuberculosis by starving the pathogen of NAD™
(LaRonde-LeBlanc et al., 2009). Another potential drug target from the nitrilase superfamily
is the two amidases from branch 2, AmiE and AmiF, found in Helicobacter pylori, a human
gastric pathogen that colonises the mucus membrane of the stomach resulting in various
stomach disorders such as ulcers (Skouloubris et al., 1997, Skouloubris et al., 2001; Bury-Mone
et al., 2003, Dunne et al., 2014). AmiE and AmiF play a role in protecting the bacterium from
the harsh acidic stomach conditions thus making these amidases potential drug targets in the
eradication of the pathogen (Dunne et al., 2014). B-Ureidopropionases and the prominent
nitrilase-1 (Nit1) and nitrilase-2 (Nit2), which have been shown to exert effects on cell growth
in mice and possibly serve as tumour suppressor genes, are furthermore examples of nitrilase
superfamily members found in the mammalian genome (Lin et al., 2007; Barglow et al., 2008).
More insights about these nitrilases could potentially lead to the design of tumour suppressor

drugs.



1.3 Structure and homology of nitrilases

The nitrilase superfamily enzymes share a significant structural homology despite varying
sequence conservation (Fig. 1.3) and differing substrate affinities (Pace and Brenner, 2001).
There are over 30 crystal structures of nitrilase superfamily members that have been solved to
date, a number that keeps growing (Table 1.1). The first few crystal structures to be solved
include two members of branch 10 enzymes; Caenorhabditis elegans NitFhit (PDB ID:1EMS;
Pace et al., 2000) and Saccharomyces cerevisiae Nit3 (PDB ID:1F89; Kumaran et al., 2003),
and one member from branch 6, Agrobacterium N-carbamyl-D-amino acid amidohydrolase
(PDB ID:1ERZ; Nakai et al., 2000). These first crystal structures all displayed a consistent
afpfa sandwich monomer architecture, a monomer fold which was later found to be conserved
among the nitrilase superfamily enzymes (Thuku et al., 2009). Across all well characterised
nitrilase superfamily structures, the apfo. monomers have been shown to stack together to form
active dimer complexes. These dimer complexes often further associate to form larger

complexes which differ across the members of the superfamily (Table 1.1).

The C. elegans NitFhit and Agrobacterium N-carbamyl-D-amino acid amidohydrolase form
active tetramer while S. cerevisiae Nit3 protein forms dimers (Table 1.1). After the structural
elucidation of the C. elegans NitFhit, S. cerevisiae Nit3 and Agrobacterium N-carbamyl-D-
amino acid amidohydrolase structures, an increasing number of nitrilase structures began to
accumulate in the Protein Data Bank (PDB) with some structures possessing bound ligands and
mutations which have provided further insight into the structure and the catalytic mechanism
of some of these and other nitrilases (Table 1.1). Although the number of nitrilase superfamily
structures has been increasing over the years, it is only recently that the crystal structure of a
Branch 1 nitrilases has been solved. Branch 1 nitrilases have proved difficult to crystallise and
it is postulated to be due to the enzymes lack of symmetry that conforms to that which can be
packed into crystals due to the high degree of oligomerisation of monomers which results in
the formation of long complex quaternary structures. To date the Nit6803 nitrilase from
Synechocystis sp. Strain PCC6803 is the only branch 1 crystal structures that has been solved
(Zhang et al., 2014). Before this branch 1 crystal structure was solved, methods of structure
prediction such as homology modelling and electron microscopy (EM) were used. Homology
modelling has successfully helped in the structural model prediction of some branch 1 nitrilases
such as the cyanide dihydratase from Pseudomonas stutzeri AK61 (Sewell et al., 2005), the

nitrilase from Rhodococcus rhodochrous J1 (Thuku et al., 2007) and the cyanide dihydratase



from Bacillus pumilus C1 (Scheffer, 2006). These models were docked into low resolution 3D
EM maps to gain key insights into the oligomeric structure of the branch 1 nitrilases. These
branch 1 nitrilases were shown to have a two-fold symmetric structure which conserves a
afpaopPa and are homodimeric (Sewell et al., 2005; Thuku et al., 2007).
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Figure 1.3. Sequence alignment of the cyanide dihydratases CynDpumC1 from Bacillus pumilus C1 (Meyers et
al., 1993; Jandhyala et al., 2003), CynD8A3 from Bacillus pumilus stain 8A3 (Eicher, 2007) and CynDstu from
Pseudomonas stutzeri AK61 (Sewell et al., 2003) with the sequences of the four homologs: RRJ1, the nitrilase
from Rhodococcus rhodochrous J1 (Thuku et al., 2007); 3WUY, the extended helix forming nitrilase Nit6803
from Synechocystis sp. Strain PCC6803 (Zhang et al., 2014), 2VHI, the C-shaped B-alanine-synthase (faS) from
Drosophila melanogaster (Lundgren et al., 2008), 2PLQ, a non-spiral-forming aliphatic amidase from
Geobacillus pallidus RAPc8 (Kimani et al., 2007), 1ERZ, the N-carbanyl-D-amino acid amidohydrolase from
Agrobacterium sp. KNK712 (Nakai et al., 2000). The multiple sequence alignment was constructed using
ClustalW (Thompson et al., 1994). The approximate regions of the interacting surfaces based on CynDpunm are
indicated in the top line (A, C, and D-surface). The conserved interfacial alpha helices al, 02, 03, a5, and a6 are
highlighted in turquoise, yellow, green, violet and blue respectively. The C-terminal regions are highlighted in
bright green and the catalytic residue are highlighted in grey. The histidine residues are highlighted and underlined
inred.
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1.4 Oligomerisation and interfacial regions

A majority of the studied branch 1 nitrilases originate from microbial species and they have
been shown to form spiral quaternary structures in solution (Thuku et al., 2009). Some of these
branch 1 nitrilases that have been studied include cyanide dihydratases and cyanide hydratases
which either form helices of variable length or short terminating spirals which have a specific
number of subunits (Fig. 1.4). The cyanide dihydratase from Pseudomonus stutzeri AK61
(CynDstut) forms a 14-subunit spiral (Sewell et al., 2003) while the homologous enzymes from
Bacillus pumilus C1 (CynDpum) and Bacillus pumilus 8A3, form 18 and 22 subunit spirals,
respectively (Jandhyala et al., 2003; Eicher, 2007). Short spirals are formed by the nitrilases
from Rhodococcus rhodochrous J1 (Thuku et al., 2007) and Fusarium solani O1 (Vejvoda et
al., 2008), although the exact number of subunits has not been determined. The cyanide
hydratases from Gloeocercospora sorghi (Woodward et al., 2008) and Neurospora crassa

(Dent et al., 2008) occur as long, variable length helices.

It is understood that the quaternary structures formed by some of the branch 1 nitrilases are due
to the initial association of monomers to form dimers followed by the association of these
dimers to form the complex quaternary structures. Modelling of branch 1 nitrilases based on
solved nitrilase superfamiliy crystal structures, coupled with docking into 3D electron
microscopy reconstructions, has aided in the identification of interfacial regions or surfaces
that are involved in the association of monomers to form oligomers (Sewell et al., 2003, 2005;
Scheffer, 2006; Thuku et al., 2007, Woodward et al., 2008, Dent et al., 2009, Williamson et al.,
2010). Branch 1 nitrilases generally have six of these surfaces namely the A, B, C, D and F-
surfaces (Fig. 1.4-1.6). The association of subunits at different interfaces results in a variety of

oligomeric shapes that are observed in members of this nitrilase branch (Fig. 1.4).
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Cyanide dihydratase from Cyanide dihydratase from Truncated WT nitrilase from Cyanide hydratase from
Pseudomonas stutzeri, pH8 Bacillus pumilus C1, pH5.4 Rhodococcus rhodochrous J1 Gloeocercospora sorghi

Figure 1.4. Three dimensional electron microscopic reconstuction of the microbial nitrilases studied at low
resolution. The structures include the cyanide dihydratase from Pseudomonas stutzeri (Sewell et al., 2003),
cyanide dihydratase from Bacillus pumilus C1 (Scheffer, 2006), the nitrilase from Rhodococcus rhodochrous J1
(Thuku et al., 2007) and the cyanide hydratase from Gloeocercospora sorghi (Woodward et al., 2008). Calculated
helical symmetry and interfacial surfaces shown in bold (circled in red). The figure was produced using UCSF
Chimera (Pettersen et al., 2004).

The A-surface and C-surface are the only surfaces that have been visualized at atomic
resolution (Wang et al., 2001; Chin et al., 2007; Kimani et al., 2007, Lundgren et al., 2008;
Zhang et al., 2014). Evidence of the existence of other surfaces was shown when homology
models were docked into low resolution 3D electron microscopic reconstructions (Sewell et
al., 2003, 2005; Thuku et al., 2007; Woodward et al., 2008; Dent et al., 2009; Williamson et
al., 2010). Based on homology modelling using related nitrilase superfamily atomic structures
it has been demonstrated that the A-surface comprises of two conserved alpha helices, a5 and
a6 which correspond to residues 171-179 and 192-205 respectively, based on the CynDpum
homology model (Park et al., 2016)(Fig. 1.6). The association of these two a helices has been
shown to be common in both crystalline and spiral structures (Thuku et al., 2009). The A-
surface is located between two monomers and interactions at this surface are postulated to be
the basis of dimerisation. Although all the solved nitrilase superfamily structures possess the
two conserved A-surface a helices, it has been demonstrated that the intermolecular ionic and
hydrophobic interactions across this surface varies in different organisms (Wang et al., 2001,
Chin et al., 2007; Kimani et al., 2007).
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The C-surface is located approximately at right angles to the A-surface and the interactions
across this surface has been postulated to be the key to the elongation of the spiral quaternary
structures (Sewell et al., 2003). Through homology modelling the C-surface has been shown
to consist primarily of two insertions in the spiral forming nitrilases, relative to the non-spiral-
forming members of the superfamily (Thuku et al., 2009). The first insertion comprises of
residues 55-72 based on the CynDpum homology model (C-surface region 1) and is shown to
occur at the a2 helix region of the structure (Fig 1.5 and 1.6). The second insertion comprises
of residue 222—235 based on the CynDpum homology model (C-surface region 2) and forms a
small loop. The importance of the C-surface interactions has been demonstrated by the
structural comparison of the insertions from members of the superfamily that form different
oligomers (Park et al., 2016). The crystal structure of the B-alanine synthase (BaS) from
Drosophila melanogaster (PDB ID: 2VHI; Lundgren et al., 2008) which forms C-shaped spiral
oligomers demonstrates a different region 2 loop conformation when compared to the
corresponding loop from the Nit6803 from Synechocystis sp. Strain PCC6803 (PDB ID:
3WUY; Zhang et al., 2014) which forms an extended helix with six-fold symmetry. The aS
region 2 loop is more extended than the corresponding loop from Nit6803 and interacts with a
two-fold related loop from an adjacent monomers, an intermolecular interaction that is absent
in the Nit6803 structure (Fig.1.5). The BaS region 1 insertion is eight residues shorter than that
of Nit6803 and shows no intermolecular interactions across the C-surface while the Nit6803
structure demonstrates potential interactions between two-fold related region 1 amino acids
from an adjacent monomers (Fig.1.5). The difference in the C-surface interactions and
oligomerisation between these crystal structures illustrates how interactions across the C-
surface can dictate the overall oligomerisation of the nitrilase superfamily members. When
mutations were introduced at the C-surface insertions it was demonstrated that mutations at
region 1 affected the enzyme’s activity and oligomerisation more than region 2 (Park et al.,
2016), thus demonstrating that the interaction across the CynDpum C-surface may closely
resemble that of Nit6803 than BaS, although a high resolution structure of CynDpum IS required

to confirm this.

11



LU

(A
K,

> .
o/ L‘:/‘\/'.N ,

n

Figure 1.5. Comparison between the region 1 (green) and region 2 (red) insertions and the C-surface of the crystal
structure of (A) the C-shaped spiral forming p-alanine synthase (BaS) from Drosophila melanogaster (PDB ID:
2VHI; Lundgren et al., 2007) and (B) the extended helix forming Nit6803 nitrilase from Synechocystis sp. Strain
PCC6803 (PDB ID: 3WUY; Zhang et al., 2014).

The D-surface interactions occur across the groove of the spiral or helix and only exist when
the spiral completes one turn (Fig. 1.6). Nitrilases have little amino acid sequence conservation
around the D-surface but have a mixture of positively and negatively charged residues
suggesting the existence of strong electrostatic interactions across this surface (Fig. 1.3). Based
on homology modelling it is suggested that these electrostatic interactions are two-fold
symmetric and help maintain the elongating assembly during the oligomerisation of helical
nitrilases (Sewell et al., 2005; Thuku et al., 2007). The D-surface comprises of two nitrilase-
conserved alpha helices, al and a3, which corresponds to residue 22-39 and residue 83-95

respectively, based on the CynDpum homology model (Fig. 1.6).

The F-surface is not a common surface among helical nitrilases and if present, is located near
the D-surface. The F-surface is postulated to be involved in the further stabilization of the two-

fold symmetric interactions in enzymes that possess it such as the cyanide hydratases from
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Gloeocercospora sorghi (Woodward et al., 2008). It is postulated that interactions occurring
across the ‘C’ ‘D’ and ‘F’ surfaces influence the helical symmetry of helical nitrilases where
the enzymes with the ‘F’ surface show an increase in helical twist (Fig 1.4). The E-surface is
different from the other surfaces in that its contributors are asymmetric and arise from different
regions of the subunit (Fig. 1.4). The E-surface only occurs in terminating spirals (Sewell et
al., 2003).

Microbial nitrilases have been shown to possess an extended C-terminal sequence that is about
40-100 amino acid longer than that of other related homologous nitrilase structures (Fig. 1.3).
For helical nitrilases, this C-terminal region has not been visualized at high resolution but it is
postulated to be located in the inner surface of the helical structures based on distinct electron
densities observed on the inner surface of 3D EM reconstruction models of some of the helical
nitrilases (Sewell et al., 2003; Thuku et al., 2007)(Fig. 1.6C). The C-terminal tail has been
shown to play an important role in oligomerisation and activity in branch 1 nitrilases. The
CynDpum enzyme and the Rhodococccus rhodochrous J1 nitrilase have been shown to lose
activity after the truncation of the C-terminal by 28 and 55 residues respectively (Sewell et al.,
2005, Thuku et al., 2007). The removal of the C-terminal residues has also been shown to be
required for the formation of long regular helices by the Rhodococccus rhodochrous J1 nitrilase
(Thuku et al., 2007). The truncation the C-terminal region from the Rhodococccus rhodochrous
J1 nitrilase has been demonstrated to occur naturally by autolysis, a process which has been
recently shown to also occur with the Nit6803 from Synechocystis sp. Strain PCC6803 (Zhang
et al., 2014). The reason for this post-transcriptional cleavage is not fully understood but

demonstrates the importance of the C-terminal region.
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Figure 1.6. (A) View of a dimer homology model of the cyanide dihydratase from B. pumilus C1 nitrilase (Park
et al., 2016) the conserved interfacial alpha helices al, 02, a3, a5, a6, and a7 are highlighted in turquoise, yellow,
green, violet, blue and red respectively. The conserved catalytic residues are shown as spheres. The homology
model was built based on the structural homology of the nitrilase-related X-ray crystal structure of the nitrilases
Nit6803 from Synechocystis sp. Strain PCC6803 (PDB ID: 3WUY). (B) The docking of the same homology model
into the low resolution 3D electron microscopy reconstruction of the cyanide dihydratase from B. pumilus C1
(Mulelu, 2013). (C) The docking of the homology model into the low resolution 3D electron microscopy
reconstruction of the cyanide dihydratase from B. pumilus C1 (Mulelu, 2013) showing the location of interfacial
surfaces. (D) The docking of the homology model into the low resolution 3D electron microscopy reconstruction
of the cyanide dihydratase from B. pumilus C1 (Mulelu, 2013) showing the proposed location of C-terminal tail.
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1.5 Catalysis

All known members of the nitrilase superfamily have been shown to utilize a conserved
catalytic triad consisting of a glutamate, lysine and cysteine (Pace et al., 2000; Nakai et al.,
2000)(Fig. 1.5). Of the catalytic triad residues, the cysteine was the first to be discovered when
it was observed that inhibition of activity by labelling with a catalytic cysteine specific
iodoacetate resulted in an inactive form of the N-carbamyl-D-amino acid amidohydrolase (D-
NCAase) from Agrobacterium (Grifantini et al., 1996). Evidence of this catalytic cysteine was
reinforced by site directed mutagenesis experiments in which mutations of the cysteine
(Cys172 in D-NCAase) produced a non-functional enzyme (Grifantini et al., 1996). Through
topological mapping a solvent-accessible cleft or pocket in the D-NCAase was later identified
within the vicinity of the catalytic cysteine (Grifantini et al., 1996). Around this cleft, highly
conserved residues were identified by structural alignment of various nitrilase crystal
structures. The structural alignment identified four highly conserved residues, namely Glu47,
Lys127, Glu146 and Cys172 (based on D-NCAase sequence), which were located close to each
other and clustered near the floor of the pocket (Wang et al., 2001). It was then postulated that
the three conserved residues Cys172, Glu47 and Lys127 of D-NCAase (Cys164, Glu48 and
Lys130 in CynDpum Sequence) are most likely to participate in the amidohydrolytic reaction.
The essentiality of the first glutamate (Glu47 in D-NCAase) and lysine in catalysis was
demonstrated by mutagenesis experiments of Pseudomonas aliphatic amidases where E59Q
and K134N mutations of the aliphatic amidase resulted in an inactive enzyme while E59N and
K134R mutations resulted in an inactive and unstable enzyme (Novo et al., 2002). This not
only showed the importance of these residues in catalysis but also indicated their role in protein
stability. The participation of the second glutamate (Glul146) in catalysis was later confirmed
in the amidase reaction mechanism by mutational studies of the Geobacillus pallidus amidase
(Kimani et al., 2007; Weber et al., 2013).

A plausible catalytic mechanism was later proposed in which the catalytic cysteine acts as a
nucleophile, the glutamate acts as a general base catalyst and the lysine stabilizes a tetrahedral
intermediate (Wang et al., 2001; Andrade et al., 2007). The two conserved glutamates (Glu47
and Glu164) have been proposed to play a role in correctly positioning the substrate. This has
been demonstrated using substrate-bound crystal structures of D-NCAase, the formamidase
from Helicobacter pylori and the amidase from Geobacillus pallidus (Chen et al., 2003, Hung
etal., 2007; Weber et al., 2013). Based on the crystal structure of Nit6803 from Synechocystis
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sp. Strain PCC6803, it has been proposed that the second conserved glutamate (E142) may also
play a role in stabilizing and/or activating the catalytic triad by forming hydrogen bonds with
the catalytic lysine residue (Zhang et al., 2014). Although the catalysis mechanism of cyanide
dihydratases remains ambiguous, a general catalysis mechanism has been proposed (Jandhyala
et al., 2005; Thuku et al., 2009) (Fig. 1.7). The active site cysteine (Cys164) initiates a
nucleophilic attack on the substrate to form a lysine (Lys130) stabilised tetrahedral
intermediate (i) and this is followed by the increase of the cysteine’s nucleophilicity and proton
transfer which is initiated by one of the glutamates (Glu48), resulting in the release of ammonia
and formation of a thioester intermediate (ii). One of the glutamates (Glul137) then activates a
hydrolysis of the thioester intermediate leading to a second tetrahedral intermediate (iii), which

decomposes to release formic acid and the restoration of the enzyme.
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Figure 1.7. The proposed nitrilase catalytic mechanism of the Bacillus pumilus C1 cyanide dihydratase (Jandhyala
et al., 2005; Sewell, pers. commun.).
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1.6 Previous studies on the cyanide dihydratase from Bacillus pumilus C1

1.6.1 Characterisation

This study will focus on the cyanide dihydratase from Bacillus pumilus C1 (CynDpum), a
member of the branch 1 nitrilases. The Bacillus pumilus C1 organism was first isolated from
soil samples near a cyanide wastewater dam in South Africa (Meyers et al., 1991). CynDpum is
an enzyme that is known to convert cyanide directly into formate and ammonia (Fig. 1.1,
reaction a). The activity of the enzyme is optimal at a temperature range of 37°C—42°C and a
pH range of 7-8 (Jandhyala et al., 2005). Like most nitrilases, CynDpum has a homodimeric
building block with the affa-afpfa sandwich fold as previously mentioned. Over the pH range
of 6-8 the CynDpum enzyme exists as active short spirals approximately 18.9nm in length (Fig.
1.8). The spirals associate to form long active helical fibres at pH 5.4 (Sewell et al., 2005;
Wang et al., 2011)(Fig. 1.8). These fibres have a diameter of about 13nm and length of over
100nm (Jandhyala et al., 2005, Wang et al., 2011).

The reason for the termination of the spirals at pH 8 is still unclear but it was initially
hypothesized to be due to distortion of the helical symmetry, where the pH environmental
change affected the helical symmetry of the overall oligomeric structure by altering the inter-
subunit interactions responsible for the formation of the oligomeric structure (Sewell et al.,
2003). The onset of fibre formation has been shown to correspond to a small increase in activity
for the CynDpum Suggesting that the terminal subunits may be inactive (potentially caused by
the distortion of the helical symmetry) and that the structural transformation to long helices at
pH 5.4 results in more active subunits in the population thus increasing the activity (Jandhyala
et al., 2005; Sewell et al., 2005). It was later demonstrated that there is a correlation between
oligomerisation and stability of CynDpum, when the fibre lengths of CynDpum mutants were

compared with their stability (Wang et al., 2011).

A number of mutagenesis experiments have been carried out to investigate the C-terminal
residues and residues at the interfacial regions. A majority of single substitution mutation
studies were done on residues at interfacial regions (Fig 1.9A). These experiments have helped
identify substitution mutations that confer various characteristics to the native enzyme such as
destabilisation and increase in thermostability (Fig 1.9B). Using this information from these
experiments we were able to make hypothesis about residues involved in oligomerisation,

activity and stability of CynDpum.
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pH 5.4 pH 8.0 pH 9.0

Figure 1.8. Negative stain electron micrographs of the wild-type cyanide dihydratase from B. pumilus C1 at pH
5.4, pH 8 and pH 9, showing the different oligomeric states at the various pH (Wang et al., 2011).

Figure 1.9. Views of a dimer homology model of the cyanide dihydratase from B. pumilus C1 nitrilase at 180°
rotations (Park et al., 2016). (A) Regions that have been studied through mutagenesis experiments are highlighted
in red. (B) Regions in which mutagenesis studies have shown a loss of activity/protein aggregation are highlighted
in green while regions that demonstrated an increase in stability relative to the wild-type are highlighted in blue.
The homology model was built based on the structural homology of the nitrilase-related X-ray crystal structure of
the nitrilase Nit6803 from Synechocystis sp. Strain PCC6803 (PDB ID: 3WUY).



1.6.2 C-surface studies

Initial CynDpum mutagenesis experiments were done by Sewell et al. (2005) where a C-surface
mutation with excised insertions which resulted in a shorter C-surface 3 sheet, similar to those
found in non-spiral-forming homologs, showed inactivity or failure to express (A 219-233,
Table 1.2). This suggested that the C-surface interactions may be involved in fibre formation
and activation of the enzyme. In a more recent study a test on the involvement of the C-surface
residues in spiral formation was carried out by Park et al. (2016) in which the proposed C-
surface residues were all mutated to a cysteine with the aim of forming new disulfide bridges
at one or more positions (P55C-E72C and E222-E235C,Table 1.2). Although no conclusive
disulfide bridges were formed the experiment demonstrated that some of these C-surface
mutations lead to the loss of activity or change in the size of the oligomers formed or both these
effects. Both these C-surface studies suggested that the C-surface interactions may be involved

in both oligomerisation and activation of the CynDpum enzyme.
1.6.3 D-surface studies

When investigating the CynDpum D-surface, residues 90-97 (residues that could possibly form
salt bridges across the D-surface that stabilized the spirals) were mutated to residues 89-96
from the homologuous cyanide dihydratase from Pseudomonas stutzeri (CynDstwt) that cannot
form salt bridges across the D-surface ( MB3799, Table 1.2) (Sewell et al., 2005). The
mutations resulted in no loss of activity suggesting that the spirals were still active in the
absence of the salt bridge, thus the activity of CynDpum is not affected by the D-surface
interactions. In the same study a series of C-terminal truncations were also generated for both
CynDpum (A 279, A 293 and A 303, Table 1.2) and the homologous CynDstut (A 310) and it was
demonstrated that the CynDpum retained activity even after a larger truncation than that of
CynDswt. Because these enzymes only differ in residues on the D-surface and C-terminus, it
was suggested that the D-surface may be involved in the stabilization of the spirals which
contain truncated C-terminal tail (Sewell et al., 2005). In a recent study a D-surface CynDpum
mutation, Q86R (Table 1.2), was shown to significantly increase the length of the fibres formed
at pH 5.4 compared to those of the wild-type at the same pH, thus further demonstrating the D-
surface’s involvement in stabilization (Wang et al., 2011). Another mutation K93R (Table 1.2)
has been shown to increase the catalytic activity of CynDpum thus presenting evidence of a
relationship between the D-surface and the catalysis of the enzyme (Crum et al., 2016).
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1.6.4 A-surface studies

When CynDpym mutations of residues on the A-surface were created, they resulted in the
inactivation of the enzyme (Y201D, A202T and A204D; Table 1.2). This provides evidence of
the involvement of the A-surface in the activation of the enzyme and hence the need for

dimerisation in activation of the enzyme (Sewell et al., 2005; Crum et al., 2016).

1.6.5 C-terminal region studies

The importance of the C-terminal tail in CynDpum was first demonstrated when removal of more
than 28 C-terminal residues (A279, Table 1.2) resulted in the loss of activity as mentioned
above (Sewell et al., 2005). Histidines have been implicated in the transition from short spirals
to long helices because this structural change occurs as the pH drops to 5.4, a pH at which
histidine undergoes changes in charge (Histidine pKa of 6.0). There are 3 C-terminal tail
histidines in the amino acid sequence of CynDpum (Fig. 1.3) and these were proposed to be
involved in the pH dependent transition. The involvement of these histidines in the pH
dependent oligomerisation was first demonstrated by the fact that the highly homologous
CynDstwt, which lacks these C-terminal histidines, does not undergo the transition from short
spirals to long fibers at pH 6 (Sewell et al., 2005). Eicher (2007) demonstrated that a similar
strain of CynDpum from Bacillus pumilus 8A3 which also lacks these histidines on the C-
terminal tail forms aggregated and irregular short fibres at pH below 6 instead of regular long
fibres formed by the Bacillus pumilus C1 strain. To investigate this we mutated these C-
terminal histidines with an aim of preventing the pH dependent transition and extending the
fibre formation to a broader pH range (H305K, H308K, H323K, and CynDpum-swt, Table 1.2).
This study demonstrated that the C-terminal histidines are only partially involved in the pH
dependent transition from short spirals to long helices, hence other histidines in the CynDpum

may be involved (Mulelu, 2013).
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1.7 Motivation and study objectives

1.7.1 Motivation

Cyanide dihydratase enzymes have potential to be used in detoxification of cyanide waste
produced during industrial processes, such as leach mining, metal finishing, and
electroplating, as well as detoxification of accidental cyanide spills. Cyanide is a potent
inhibitor of cytochrome oxidase, making it toxic to aerobic organisms, and extended exposure
of humans to cyanide has been linked to certain neuropathies (Jandhyala et al., 2003).
Conventional methods used for cyanide detoxification, such as alkaline chlorination, use
hazardous chemicals that are both costly and generate toxic by-products, and therefore the use
of biological based methods would be desirable. Bacterial detoxification could provide a
cheap, on-site enzymatic solution. CynDpum is a good candidate because it does not need
additional cofactors and has a functionality over a wide substrate concentration (Jandhyala et
al., 2005). The drawback of this cyanide dihydratase enzyme is that cyanide wastes are highly
alkaline and have been shown to inactivate the wild-type enzyme, therefore improvement of
the stability would allow for a more effective use of this enzyme.

In previous studies we demonstrated that the stability of CynDpum is related to its
oligomerisation (Wang et al., 2011, Mulelu, 2010, Mulelu, 2013) and hence understanding the
process of oligomerisation can potentially help identify interfacial residues which can confer
high stability. This investigation will give us a better understanding of the mechanism for the
transition from short to long helices and the understanding of factors that dictate stability
which will lead to the design of useful industrial enzymes which can be used for
bioremediation. This study can potentially give more insights into other nitrilases and related

enzymes due to the high structural homology.

In a previous study (Mulelu, 2013) we investigated the factors involved in the oligomerisaton
of CynDpum in which we attempted to identify key amino acid residue responsible for the
formation of CynDpum 0ligomers. Using mutagenesis studies we investigated three C-terminal
histidines which we proposed are involved in fibre formation. Based on our results we
concluded that these three histidines are only partially involved in fibre formation and hence a
study has to be done on the 7 remaining histidines to identify the key histidine residue involved

in the pH dependent oligomerisation.
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1.7.2 Study objectives

The aim of this project is to obtain a high resolution structure of CynDpum, understand the

structure, relate this to its function, and investigate the role of histidines in oligomerisation with

help of the structure. This is to be accomplished by addressing three main objectives:

To obtain a high resolution structure of CynDpum.

Cryo-Electron Microscopy 3D reconstruction techniques will be used to obtain high
resolution 3D EM maps of CynDpum. A homology model will be docked into the 3D
maps to allow for interpretation.

Investigate the amino acid residues involved in the pH dependent oligomerisation
transition from spirals to helices of CynDpum.

Based on previous mutagenesis and structural studies, various CynDpym mutants will be
designed to help us identify the key amino acids involved in oligomerisation. As a
continuation of the Mulelu (2013) study the 7 remaining CynDpum histidines (His62,
His71, His128, His167, His184, His241 and His285) will be investigated as these are
likely to be the key residues involved in the observed pH dependent fibre formation. As
part of the investigation various CynDpum histidine mutants will be constructed, purified
and visualized under a transmission microscope at various pH to observe their
oligomerisation at both acidic and alkali pH. Electron microscopy 3D reconstruction
techniques will be used to visualise structural differences in the quaternary structure
between these CynDpum mutants and wild-type at the various pH, with the aid of the
solved high resolution CynDpum Structure.

To identify CynDpum mutations that confer stability.

Thermal shift assays will be used to characterise the stability of the CynDpum mutants.
The melting temperatures of the CynDpum mutants will be assayed using differential
scanning fluorimetry to confirm stability.

To investigate the structural role of the CynDpum mutations.

The refined high resolution structures obtained in the initial steps will not only allow us to

structurally characterise the CynDpum mutants constructed in this project but will also help us

characterise previous CynDpym mutants which were formed over the years of the CynDpum

study. The combination of all the mutational studies and the high resolution CynDpum Structure

will provide key insights in the overall structure of the enzyme.
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CHAPTER II
HIGH RESOLUTION THREE DIMENSIONAL STRUCTURES

2.1 Introduction

Obtaining a crystal structure of the CynDpum has proven challenging over the years thus making
it difficult to obtain accurate 3D atomic coordinates of this enzyme, and the use of predicted
structures such as homology models has proven unreliable. To date only one crystal structures
from branch 1 nitrilase members has been solved, namely the Nit6803 from Synechocystis sp.
Strain PCC6803 (Zhang et al., 2014). One of the main reasons why CynDpum cannot be
crystallized readily is its lack of symmetry that conforms to that which can be packed into
crystals due to the oligomerisation of monomers that results in the formation of long complex
quaternary structures. To overcome this limitation, we used Cryo-electron microscopy (Cryo-
EM) techniques to acquire a high resolution structure of CynDpum. Previous attempts to obtain
a high resolution structure of CynDpum have not been successful and one possible factor
preventing the acquisition of high resolution 3D cryo-EM structures of CynDpum could be the
enzymes low stability which results in structural variability of the enzyme in solution. As part
of a previous investigation (Mulelu, 2013) we designed and produced significantly more stable
CynDpum Vvariants through mutagenesis experiments in which we manipulated some of the
residues located at the interfacial regions and C-terminal tail. In the same investigation we
managed to construct two variants which showed higher stability compared to the wild-type.
These variants include the D-surface variant Q86R and the C-terminal histidine variant
H308K+H305K+H323K. In this chapter we describe how we combined the above mutations
to produce a more stable variant (Q86R+H308K+H305K+H323K) which is shown to be more
stable than both the parent variants in chapter 1V (section 4.4.4). This variant was expressed,
purified and visualised under the transmission electron microscope. A cryo-EM image dataset
of the Q86R+H308K+H305K+H323K variant was then collected on two different electron
microscopes, the FEI Polara at Birkbeck College, London, and the FEI Titan Krios at the
Buchmann Institute for Molecular Life Sciences, Frankfurt. An additional cryo-EM image
dataset of the wild-type CynDpum was also collected on the FEI Titan Krios to help determine
the structural changes conferred by the Q86R+H308K+H305K+H323K mutations. The cryo-
EM image datasets were then processed to produce 3D reconstructions using various programs.
The high structural stability of the Q86R+H308K+H305K+H323K variant was proposed to
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reduce structural variability in solution thus producing a more uniform structure which could

potentially be resolved at higher resolution than the wild-type using the cryo-EM techniques.

2.2 Review of cryo-EM and helical three dimensional reconstruction

The majority of non-viral biological assemblies that have been determined to near atomic
resolution using cryo-EM techniques are single particles although a large number of
prokaryotic, eukaryotic and archaeal protein complexes with significant roles exist as helical
polymers. These helical polymers include assemblies such as intracellular actin filaments,
myosin filaments, microtubules, extracellular collagen, keratin and bacterial flagella. Over the
past two years cryo-EM coupled with image averaging techniques has made significant strides
in structure determination of singular biological assemblies at sub 3 A resolutions. Some of
these great achievements include solving the 700 kDa proteasome from Thermoplasma
acidophilum at 2.8 A (Campbell et al., 2015), the 440 kDa anthrax protective antigen pore at
2.9 A (Jiang et al., 2015) and the Escherichia coli p-galactosidase at 2.2 A (Bartesaghi et al.,
2015). Despite having an advantage over single particle biological assemblies in that a single
view provides sufficient information to produce a 3D reconstruction, non-viral helical
complexes have only been structurally determined at resolutions around 4 A. These include the
bacterial flagellum (Yonekura, 2003) and nicotinic acetylcholine receptor (Unwin, 2005) both
solved at a resolution of 4 A. Helical complex structures have proven difficult to solve using
conventional structure determination methods such as X- ray crystallography. The major
drawback of the structural determination of helical complexes is their inability to form an
ordered crystal lattice due to their irregularly shaped surfaces. The only filaments that have
been demonstrated to pack with crystalline symmetry are those that have exactly two, three,
four or six subunits per turn (Egelman, 2007). With no requirement for crystal formation, cryo-
EM techniques have proven successful in elucidating the structures of helical polymers,
although presenting their own problems such as flexibility and disorder of the specimen’s
filaments. Real space computational approaches such as the lterative Helical Real Space
Reconstruction (IHRSR) algorithm have significantly provided solutions to some of these
problems (Egelman, 2007).

Besides the existence of more stable microscopes and new computational methods, one other
major contributing factor to the recent ability to obtain near-atomic resolution with cryo-EM is
the increase detective quantum efficiency (DQE) of new high-speed direct electron detectors
(Cheng, 2015; Henderson, 2015). The DQE is the measure of the additional noise added by a
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detector. Detectors with a high DQE consequently have a high signal to noise ratio which
results in higher image contrast. These new detectors, such as the FEI Falcon Il and the Gatan
K2 Summit, have high sensitivity and high readout speeds that make it possible to track
specimen movement during irradiation. Beam induced drifting of specimen during irradiation
has been shown to reduce image quality by causing image blurring and loss of high resolution
information (Henderson and Glaeser, 1985; Dubochet et al., 1988). The tracking of specimen
movement by the new detectors has made it possible to realign micrograph movie sub-frames
in order to reduce image blurring thus allowing for the acquisition of high resolution structures
(Brilot et al., 2012; Bai et al., 2013; Li et al., 2013). The use of higher electron energies in new
microscopes has also contributed in the acquisition of high resolution structures by reducing
the damage of radiation sensitive samples such as ice embedded biological samples (McMullan
etal., 2014)

2.3 Iterative Helical Real Space Reconstruction (IHRSR)

IHRSR is a robust algorithm developed by Egelman (2000) and was adopted from single-
particle methods for the reconstruction of helical filaments. This technique has overcome some
of the difficulties previously encountered in helical image analysis such as incorrect indexing,
specimen disorder and flexibility. To carry-out IHRSR, helical filaments are initially selected
from micrographs and then segmented to produce a stack of individual segments of appropriate
length. These segments are treated as individual particles in subsequent steps. An initial model
is then inserted into the algorithm (Fig. 2.1). The source of the initial model varies as it could
be generated computationally using the stack of segmented filaments, generated from previous
IHRSR runs or sourced from 3D models of homologous specimens. The above sources have
the potential of introducing model bias and hence a commonly used featureless cylinder is
preferable for initial reconstructions. Projections of the initial model are then generated by
azimuthally rotating the model at appropriate angle increments about the filament axis,
generating 2D reference projections for each rotation. The 2D references are then used for the
multi-reference alignment against all the segmented images of the helical filament (Fig. 2.1).
Multi-reference alignment is achieved by computationally calculating the best cross-
correlation of each individual segment image to each reference projection and assigning that
segment image to a reference projection that gives the highest cross-correlation. Thus the multi-
reference alignment will generate a list of x-shifts, y-shifts, in-plane rotation and out-of-plane

rotation parameters. This list is then used to apply the translational parameters and bring the
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aligned images into register with their assigned reference projection in order to generate an

asymmetric 3D volume by a process called back projection (Fig. 2.1).

Starting volume
Helically symmetric 3D
volume \

Rotate azimuthally by 4°
increment, project on to 2D
image

Impose helical
symmetry

f

[ 90° reference projections ]
Helical parameters
(Ad and Az)

Determine helical 0° 4° 8° 12° 16° ...
symmetry by least Sets of images, thousands of
squares fitting boxed helical filaments

Multi-reference
alignment

[ Asymmetric 3D volume ]

In-plane rotation, Out-of-plane
rotation, X-shift, Y-shift
Back projection parameters

Aligned rotated /

images, azimuthal
angular assignments

Figure 2.1. Schematic diagram of the cycle used the IHRSR algorithm (Egelman, 2000).

33



To further improve the reconstruction IHRSR takes advantage of the helical symmetry of the
helical filament which it imposes on the asymmetric 3D model (Egelman, 2000). Helical
symmetry is the symmetry of objects related by a coupled rotation about an axis with a
translation parallel to the axis and is defined by two parameters, the rise between adjacent
subunits (Az) and the rotation per subunits (Ag). In IHRSR the least-squares search algorithm
calculates the helical symmetry parameters (Az and A@) of the asymmetric 3D volume. The
least-squares search algorithm calculates the mean-squared deviation in density between
densities at symmetry-related positions in the asymmetric volume. The calculated helical
symmetry parameters are then imposed to the asymmetric 3D volume to produce a
symmetrized volume which is then used as a new reference for the next cycle (Fig. 2.1). During
the initial cycle the IHRSR algorithm imposes a set of user-defined helical symmetry
parameters to the first asymmetric 3D model. These initial helical symmetry parameters are
obtained either from previous reconstruction or calculated using Fourier-Bessel methods
(DeRosier and Klug, 1968). After the imposition of the helical parameters the whole process
is then iterated until a stable helical symmetry solution is obtained, that is until the helical
symmetry shows no further change and converges to a single solution (Fig. 2.1).

2.4 Resolution criteria

One problem with cryo-EM reconstruction is the lack of a standard technique of determining
the resolution of EM models. The concept of resolution is defined as the minimal distance
between two points in an image at which they can be still be distinguished from each other,
and has been widely used to assess the quality of 3D reconstructions. Determining the
resolution of EM model provides a measure of the extent at which reliable structural details
can be interpreted (Cardone et al., 2013). Over the years a number of methods to calculate the
resolution of 3D reconstructions have been developed. These methods include the Differential
Phase Residual (Frank et al., 1981), Q-factor (Kessel et al., 1985), Fourier Shell Phase Residual
(van Heel, 1987), Fourier Shell Correlation (FSC) (Harauz and van Heel, 1986), Spectral
Signal-to-Noise Ratio 3D (SSNR3D) (Penczek, 2002; Unser et al., 2005), and the R measure
method (Sousa and Grigorieff, 2007). The most commonly used method is the FSC method
(Harauz and van Heel, 1986) which is based on the comparison of two independent averages
from two randomly drawn subsets of equal size, in the Fourier domain. In this method the
Fourier transforms of the two subsets are compared and a measure of discrepancy is calculated

as a function of spatial frequency. Thus the FSC method measures the correlation as a function
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of resolution shells between Fourier coefficients computed from two independent

reconstructions, generated from two 2D image subsets of the same specimen.
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2.5 Materials and Methods

2.5.1 DNA Preparation

Site directed mutagenesis was performed using the KAPA HIFI PCR kit (Kapabiosystems,
Boston, USA). The Q86R+H308K+H305K+H323K plasmid was constructed by introducing a
Q86R mutation to an already constructed H308K+H305K+H323K plasmid (Mulelu, 2013).
The Q86R mutation was introduced to the H308K+H305K+H323K template plasmid,
consisting of the CynDpum mutated sequence inserted into a pet26b vector with kanamycin
resistance (Novagen, USA), by using overlapping mutagenic primers listed in Table 2.1. The

overlapping mutagenic primer PCR strategy is outlined in Fig. 2.2.

Table 2.1. Primer sequences used in site-directed mutagenesis. Primers written as 5°-3’. The underlined
nucleotides correspond to the substituted bases,

Primer Sequence

Q86R CCCTAGCTTAGCCATTCGCAAAATAAGTGAGGCAGC

GCTGCCTCACTTATTTTGCGAATGGCTAAGCTAGGG

Transformation
and plating

Nick repaired
plasmids in cloning
cells

PCR reaction Dpnldlgesnon of
template

Quickchange PCR PCR product
strategy (nicked plasmids) Final Product

(nicked plasmids + digested
template

Figure 2.2. Schematic diagram of the overlapping mutagenic primer PCR strategy.

PCR reaction were carried out in a 50 pl reaction mixture which consisted of 0.3 uM forward
primer, 0.3uM reverse primer, 1x KAPA HiFi Buffer, 0.3 mM KAPA dNTP Mix , 1 U of
KAPA HiFi DNA Polymerase and 1 ng of the H308K+H305K+H323K template plasmid. The
PCR reaction was run with the cycling conditions listed in Table 2.2. PCR product was then
subjected to Dpnl (Thermo Fisher Scientific, USA) digestion to remove the remaining template

DNA and 100 ng of the Dpnl digested PCR product was later used to transform chemically
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competent Escherichia coli (E.coli) DHa cells using the protocol described in section 2.3.2.
Overnight cell cultures of the transformed E. coli DHa were grown and the plasmid DNA was
then extracted. The success of the mutagenesis was validated by DNA sequencing. The wild-
type CynDpum plasmid was obtained from a previous study (Mulelu, 2013).

Table 2.2. PCR cycling conditions used in the construction of the Q86R+H308K+H305K+H323K variant
plasmid.

Step Temperature Duration Cycles
Initial denaturation 95°C 3 min 1
Denaturation 98°C 20 sec 20
Annealing 62°C 20sec

Extension 72°C 4 min

Final extension 72°C 10 min 1

2.5.2 Transformation and Expression

The wild-type or Q86R+H308K+H305K+H323K CynDpum plasmid DNA (100 ng) was added
to ice thawed Escherichia coli BL21 (DE3) chemically competent cells, and the mixture was
incubated on ice for 30 min. The mixture was then heat-shocked for 45 seconds at 42°C
followed by a 2 min chill on ice. Nutrient broth recovery medium was added to the mixture
which was then incubated at 37°C with shaking. The cells were then plated on LA + kanamycin
plates (25 pg/ ml kanamycin) and incubated at 37°C overnight. One of the E. coli BL21
transformed colonies was used to grow 5 ml of overnight starter culture which was then added
to 1 litre of nutrient broth (25 pg/ ml kanamycin) and cultured at 37°C to an ODsgo nm 0f 0.4—
0.6. Expression was then induced by adding IPTG to the culture to a final concentration of 1
mM. After the addition of IPTG the culture was incubated overnight at 30°C. The cell culture

was then centrifuged at 4000 x g for 15 min and the cell pellet was stored at -20°C.
2.5.3 Cell lysis

The stored cell pellets were thawed and resuspended in 50 mM Tris-HCI, pH 8 buffer with
EDTA-free protease inhibitors (Roche Ltd, USA) on ice and then sonicated for 6 min (15sec
pulsar on/off) using a Sonicator® 3000 (Misonix, USA). An ethanol and ice water bath was

used to cool the sample during the sonication. After sonication samples were centrifuged at

37



20000x g for 30 min and ammonium sulphate precipitation was immediately carried out on the

supernatant.
2.5.4 Ammonium sulphate (NH4).SO4 precipitation

Increasing amounts of ammonium sulphate were added using 10% saturation increments from
20%-50%. After each addition of ammonium sulphate, the sample was incubated for 20 min
on ice to allow proteins to precipitate out of solution. After incubation, the suspension was
centrifuged at 10000 x g for 10 min at 4’C. The supernatant was then collected and its volume
was measured in order to calculate the mass of ammonium sulphate needed for the next 10%
saturation increase. The ammonium sulphate was then added to the supernatant while the pellet
was resuspended in 50 mM Tris-HCI, pH 8 buffer. The process was repeated until there was
no further apparent protein precipitation. Samples were analysed by SDS-PAGE gel (section
2.3.9) to determine which fraction contained the CynDpum.

2.5.5 Anion exchange chromatography

The ammonium sulphate precipitation fraction with the CynDpum was run through a Q
Sepharose XL anion exchange column (Amersham Biosciences, Sweden) for further protein
separation. The proteins were eluted with a linear gradient from a low salt buffer (50 mM Tris-
HCI pH 8, 150 mM NaCl) to a high salt buffer (50 mM Tris-HCI pH 8, 1M NaCl) at a flow
rate of 2.5 ml/min. SDS-PAGE gels (section 2.3.9) were run for all fractions that produced a

Azsonm peak and the results were used to identify the fraction that contained the CynDpym.
2.5.6 Gel filtration size exclusion chromatography

The protein solution from the anion exchange chromatography was then run through a TSKgel
PWXL4000, HPLC gel filtration column (Tosoh Corporation, Tokyo) pre-equilibrated and run
with 150 mM NaCl in 50 mM Tris-HCI pH 8 buffer, at a flow rate of 0.5 ml/min. CynDpum
fractions with the highest A2sonm peak were collected and tested for activity using the picric
acid activity assay (section 2.3.7). SDS-PAGE gels (section 2.3.9) were also run for the
collected fractions to access the purity on the enzyme.
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2.5.7 Enzyme activity assay

The picric acid activity assay (Fisher and Brown, 1952) was used to measure cyanide degrading
activity of the purified CynDpum protein. 20 pl of 25 mM KCN was added to 80 pl of enzyme
solution in 50 mM Tris-HCI pH 8 buffer (5 mM final [KCN] in 100 pl reaction mixture). The
reaction was allowed to continue for at least 30 min at 37°C and stopped by addition of 80 pl
of the picric acid/carbonate mixture (50% picric acid, 50% carbonate). The samples were then
boiled for 5 minutes to allow the colour complex to develop. Distilled water at room
temperature (1 ml) was added to stop the colour reaction. Absorbance of 100 pl of this solution
was measured at 520 nm on a Multiskan spectrophotometer (Titertek, Helsinki). A brown to
yellow colour change represented cyanide degrading activity.

2.5.8 Protein concentration determination

The concentration of protein was determined using the Bradford assay (Bradford, 1976).
Bovine serum albumin was used to prepare 0.1-0.5 mg/ml protein standards. The protein
samples (10 pl) were mixed with 200 pul of the Bio-Rad protein assay solution (Bio-Rad, USA)
and allowed to incubate for 10 min at room temperature. The absorbance was then measured
at 595 nm in a Multiskan spectrophotometer (Titertek, Helsinki).

2.5.9 SDS-PAGE

SDS-PAGE was performed on BIORAD Mini-PROTEAN® 3 Cell (BIORAD, UK) gel
apparatus. 15 pl of protein samples were mixed with 5 pl of 4x Sample Loading Buffer. 10 pl
of the mixture was heated to 100°C for 10 min and then run on a 10% SDS polyacrylamide gel.
Page Ruler Prestained protein ladder (Thermo Fisher Scientific, USA) was used to determine
the molecular weight of the protein. After the run, the SDS gels were stained with Coomassie
Brilliant Blue R-250.

2.5.10 Negative stain electron microscopy

Purified samples from gel filtration chromatography were buffer exchanged in buffers of
desired pH using Nanosep 10kDa molecular weight cut-off, spin columns (Microsep Pty Ltd,
South Africa). The samples were buffer exchanged with 50 mM Citrate/ Na,HPO4 buffer at pH
5.4 or left in 50 mM Tris-HCI for pH 8 visualisation. Carbon-coated copper grids were glow-

discharged at a plasma current of 25 mA for 30 seconds using a EMS100x Glow Discharge
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Unit (Electron Microscopy Sciences, USA). 3 ul of protein solution was then placed on the
grid and allowed to stand for 30 seconds. The grid was then washed with 2 drops of water then
with 3 drops of uranyl acetate while blotting with filter paper between each wash. The grids
were blotted and air dried then viewed on the Tecnai T20 transmission electron microscope.
Micrographs were collected at 50 000 x calibrated magnification using a Gatan US2000 CCD
camera (Gatan, USA). The particle average lengths and length ranges were calculated from 50

randomly selected oligomers per pH condition.
2.5.11 Cryo-electron microscopy sample preparation
2.5.11.1 Sample preparation for the FEI Polara microscope

For the FEI Polara dataset, purified Q86R+H305K+H308K+H323K CynDpum at pH 8.0 was
buffer exchanged into citrate buffer pH 5.4 using a spin filter (Waters, USA) and diluted out to
a concentration of 0.07 mg/ml. Samples were stored at 4 °C for 48 hours prior to being applied
to the grids to allow elongation of the CynDpum helical filaments. Grids were prepared at 100
% humidity using a Vitrobot (FEI, USA). 4 ul of sample was applied to a glow-discharged
R2/2 copper grid overlaid with a 7 nm continuous carbon film (Quantifoil, Germany),
incubated for approximately 60 seconds, blotted from both sides (3.5 seconds) and plunge-
frozen in liquid ethane. The sample preparation was carried out with the generous help of Dr

Jean Watermeyer (Birkbeck College, London)

2.5.11.2 Sample preparation for FEI Titan Krios microscope

For the Q86R+H305K+H308K+H323K and wild-type CynDpum FEI Titan Krios datasets a
similar cryo-EM sample preparation procedure as section 2.3.11.1 was used but with more
experimentally refined conditions. The changes included the use of a diluted concentration of
0.2 mg/ml, a sample volume of 2.5 pl for the grid application and the use of R2/2 holey

carbon coated grids.
2.5.12 Cryo-electron microscopy data collection

2.5.12.1 Data collection on the FEI Polara microscope

Images were collected under cryo conditions using a liquid nitrogen-cooled FEI Polara

transmission microscope (FEI, The Netherlands) operated at 300 kV. Imaging was carried out
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using a GIF Quantum energy filter (20 e’V slit width) and a K2 Summit® Direct Detector
(Gatan, USA). Images were collected in counting mode at a dose rate of ~1 e/A?/sec
(approximately 5 e”/pixel per second), with the total dose of ~25 e"/A? fractionated into 100 x
0.25 sec sub-frames or 50 x 0.5 sec sub-frames. Serial EM software (Mastronarde, 2005) was
used for low-dose data collection. Images were collected at a defocus range of -2.5 —-0.4 um
at a magnification of 21834X with a calibrated physical pixel size of 2.29 A/pixel. The setup
of the FEI Polara microscope was performed with the generous help of Dr Dan Clare (Birkbeck

College, London)

2.5.12.2 Data collection on the FEI Titan Krios microscope

Images were collected under cryo conditions using a liquid nitrogen-cooled FEI Titan Krios
transmission electron microscope (FEI, The Netherlands) operated at 300 kV. Imaging was
carried out using a GIF Quantum energy filter (20 eV slit width) and a K2 Summit® Direct
Detector (Gatan, USA). Images were collected in counting mode at a dose rate of ~9.9 e
1A?/sec (approximately 7 e/pixel / second), with the total dose of ~59.4 e"/AZ fractionated into
30 x 0.2 sec sub-frames. The Gatan Microscopy Suite software (Gatan, USA) was used for
low-dose data collection. Images were collected at a defocus range of -2.5 — -0.5 um at a
magnification of 165000 X with a calibrated physical pixel size of 0.84 A/pixel. The setup of
the FEI Titan Krios microscope was performed with the generous help of Mr Deryck Mills
(The Max Planck Institute of Biophysics, Frankfurt)

2.5.13 Cryo-electron microscopy data processing
2.5.13.1 Data processing of the FEI Polara electron microscope images

Image processing was performed using multiple software as outlined in Fig. 2.3. Using
MOTIONCORR (Li et al., 2013), dose-fractionated sub-frames of each cryo-EM movie were
aligned using a whole-image method then averaged to produce motion-corrected average
images. The motion-corrected average images were uploaded into the Appion image
processing workflow (Lander et al., 2009). CTFFIND3 (Mindell et al., 2003) was used to
calculate the contrast transfer function (CTF) of each motion-corrected average image and
images with significant drift and astigmatism were discarded. CTF correction by phase-flipping
was carried out on entire images using ACE2 (Mallick et al., 2005). Helical particle picking

was accomplished interactively using Appion’s integrated Manual picker to produce helical
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segments of 160 x 160 pixels with 94% overlap, along the length of the fibre. The best
rotationally aligned segments were then identified and extracted using the image-sort-by-
statistic (Junksort) function from XMIPP (Sorzano et al., 2009), accessed within Appion. At
this stage of the image processing, the stack containing the best segments was exported to
SPIDER (Frank et al., 1996) where the segments were centred by applying integer x shifts only
and classified based on their diameter. The stack with the centred and diameter classified
segments was then subjected to iterative helical real space reconstruction (IHRSR) with
IHRSR++ scripts (Egelman et al., 2000 & Parent et al., 2010) in SPIDER (Frank et al., 1996).
IHRSR was carried out using initial helical parameters of Ap = -77.0° and Az =16.0 A, an in-
plane angle increment of 4° around the helical axis and out-of-plane tilt increments of 4° each
to a maximum of 32°. The cut segments were initially divided into two defocus groups (-
0.71pm — -2pm and -2um — -3.4um), were the images from the far from focus group (-2pum —
-3.4um) were used to generate a starting model for sequential IHRSR runs. Due to their high
contrast the far from focus images generated a starting model which improved the alignment
of the cut segments from the whole image stack during sequential IHRSR runs thus improving
the quality of the model. The final model was further sharpened by applying a B-factor
correction to the map using the EMBFACTOR (Fernandez et al., 2008) program. The
resolution range for the B-factor calculation was empirically determined using a trial-and-error
method were the noise level, continuity of backbone densities and features of side-chain

densities were monitored.
2.5.13.2 Data processing of the FEI Titan Krios electron microscope images

The FEI Titan Krios electron microscope images of the Q86R+H305K+H308K+H323K and
wild-type CynDpum Were processed using slightly different strategies to the FEI Polara electron
microscope images. The dose-fractionated sub-frames of the cryo-EM movie were initially
aligned using MOTIONCORR (Li et al., 2013) with a binning factor of 2 to produce motion-
corrected average images with a pixel size of 1.7 A/pixel. CTFFIND3 (Mindell et al., 2003)
was used to calculate the contrast transfer function (CTF) of each motion-corrected average
image and images with significant drift and astigmatism were discarded. Segments along the
length of the helical fibres were picked using E2HELIXBOXER from the EMAN suite (Ludtke
etal., 1999). SEGMENT from the SPRING package (Desfosses et al., 2014) was then used to
apply a complete CTF amplitude and phase correction and extract helical segments of 240 x

240 pixels with 94% overlap. The segment stacks were visually inspected using V2 of the
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EMAN suite (Ludtke et al., 1999) and bad segments (bent, overlapping and broken) were
manually deleted. At this stage of the image processing, the stacks containing the best segments
were exported to SPIDER (Frank et al., 1996) where the segments were centred by applying
integer x shifts only and classified based on their diameter. The stacks with the centred and
diameter classified segments were then used for the iterative helical real space reconstruction
(IHRSR) with IHRSR++ scripts (Egelman et al., 2000 & Parent et al., 2010) which run in
SPIDER (Frank et al., 1996). The model generated from the FEI Polara microscope dataset was
used as an initial model. This above step of using the binned images was introduced to allow
for a faster optimisation of the IHRSR processing and to produce the best starting model for

the following steps.

The second part of the image processing of the FEI Titan Krios data was performed as outlined
in Fig. 2.3. The original sub-frames of each cryo-EM image movie were aligned again using a
modified version of MOTIONCORR (Li et al., 2013, modified by Mr Michael Kunz,
Buchmann Institute for Molecular Life Sciences, Frankfurt) to produce motion-corrected
average images with no binning and with the original pixel size of 0.84 A/pixel. The modified
version of MOTIONCORR showed improved accuracy of frame alignment of the low contrast
unbinned frames than the original program. Using a similar procedure to that of the FEI Polara
data processing (Fig. 2.3), the motion-corrected average images were uploaded into the Appion
image processing workflow (Lander et al., 2009). CTFFIND3 (Mindell et al., 2003) was used
to calculate the contrast transfer function (CTF) of each motion-corrected average image and
images with significant drift and astigmatism were discarded. Complete CTF amplitude and
phase correction was carried out on entire images using ACE2 (Mallick et al., 2005). Helical
particle picking was accomplished interactively using Appion’s integrated Manual picker to
produce helical segments of 448 x 448 pixels with 94% overlap, along the length of the fibre.
The best rotationally aligned segments were then identified and extracted using the image-sort-
by-statistic (Junksort) function from XMIPP (Sorzano et al., 2009), accessed within Appion.
Due to the poor selection of good segments by Junksort, V2 (Ludtke et al., 1999) was used to
carry out an extra step of visual inspection and manual deletion of bad segments (bent,
overlapping and broken). The stack containing the best segments were exported to SPIDER
(Frank et al., 1996) where the segments were centred by applying integer x shifts only and
classified based on their diameter. The stacks with the centred and diameter classified segments
were then subjected to iterative helical real space reconstruction (IHRSR) with IHRSR++
scripts (Egelman et al., 2000 & Parent et al., 2010) in SPIDER (Frank et al., 1996). IHRSR was
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carried out using the previously determined helical parameters of A¢ =-77.0° and Az=16.5 A
as an initial estimate. The search templates were projections of the previous reconstruction with
in-plane angle increments of 1° around the helical axis and out-of-plane tilt increments of 4°
each to a maximum of 20°. To further improve the multi-reference alignment for the wild-type
dataset, out-of-plane tilt increments of 4° each to a maximum of 32° were used. To improve
the IHRSR reconstruction, the previous models obtained using the images with a binning factor
of 2 were used as a starting model. The final models were further sharpened by applying a B-
factor correction to the maps and scaling amplitudes using the EMBFACTOR (Fernandez et
al., 2008) program. Similar to the FEI Polara data, the resolution range for the B-factor
calculations were empirically determined using a trial-and-error method in which the noise

level, continuity of backbone densities and features of side-chain densities were monitored.
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Figure 2.3. Outline of the image processing method used to obtain the 3D reconstructions by using multiple
softwares.
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2.5.14 Resolution determination

The Fourier Shell Correlation (FSC) method was used for resolution determination. As
suggested by Yang et al. (2003), two semi-independent IHRSR 3D reconstructions were
generated using different arbitrary user-defined initial helical symmetry parameters and a
featureless cylinder as a starting model to prevent any false correlations at high frequencies.
The 3D model reconstructions were iterated to allow convergence of the helical symmetry and
the resultant models were used in subsequent steps. False corrections at high frequencies due
to common mask artefacts were avoided by using different inner tube radii during symmetry
imposition for each reconstruction. The two volumes were then aligned (using SPIDER) in z
and ¢ to bring them into register with each other before calculating the FSC. The resolution-
defining threshold value of 0.5 (Beck-Mann et al., 1997; Bottcher et al., 1997) and 0.143

(Orlova et al., 1997) were used to interpolate and calculate the resolution of the 3D models.

2.5.15 Visualisation and docking of homology model

Visualisations and inspections of the 2D images were performed in Appion (Lander et al.,
2009) and EMAN’s V2 (Ludtke et al., 1999). UCSF Chimera (Petterson et al., 2004) was used
to view the 3D reconstructions and to manually dock the homology model into the final
volume, aided by the ‘Fit model in map’ function. UCSF Chimera was also used to measure
the local correlation between two maps using the ‘Local correlation’ function. Simulated EM
maps were calculated and generated from a CynDpum homology model using pdb2vol function
in SITUS (Wriggers, 2012).
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2.6 Results

2.6.1 DNA Preparation and Purification

The introduction of the Q86R mutation to the already synthesised H305K+H308K+H323K
plasmid was successful and was confirmed by DNA sequencing. After protein expression a
three step purification process was used to purify the CynDpum enzymes. The successful
purification of the Q86R+H305K+H308K+H323K CynDyum variant was demonstrated by both
the appearance of a distinct single pronounced band of about 37 kDa (corresponding to the
monomeric size of CynDpum) in the SDS-PAGE gel (Fig. 2.4B) and the distinct sharp peak
around fraction 45 (7 ml elution volume) in the gel filtration chromatography elution profile
(Fig. 2.4A). The Q86R+H305K+H308K+H323K variant remained active throughout the
purification process and this was measured using the picric acid assay (Fisher and Brown,
1952). Wild-type CynDpum purification results were similar to the ones previously obtained
(Mulelu, 2013).

2.6.2 Negative stain electron microscopy

Using  negative  stain  electron  microscopy, we confirmed that the
Q86R+H305K+H308K+H323K variant formed significantly longer fibres (4-6 fold longer)
than the wild-type at pH 5.4 (Fig. 2.4C). Although shorter than the pH 5.4 fibres (~92 nm
average), the variant retained its fibre form at pH 8 (Fig. 2.4D) whereas the wild-type is known

to exist as short spirals (~23 nm) at the same pH.
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Figure 2.4. Protein purification data of the stable Q86R+H305K+H308K+H323K CynDpum Variant. (A) Gel
filtration chromatography elution profile where the elution of the CynDym variant at pH 8 was monitored by
measurement of absorbance at 280 nm, (B) 10% SDS-PAGE gel profile and negative stain electron microscopy
micrograph of the Q86R+H305K+H308K+H323K CynDpum variant at (C) pH 5.4 and (D) pH 8.

2.6.3 Cryo-electron microscopy data processing

2.6.3.1 Data processing of the Q86R+H305K+H308K+H323K CynDpum FEI Polara
electron microscope images

Using the purified Q86R+H305K+H308K+H323K CynDyum variant sample at pH 5.4 we made
cryo-EM grids. We then collected an image dataset using the FEI Polara electron microscope

in Birkbeck College, London. After optimisation of the enzyme concentration and blotting time
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using the Vitrobot (FEI, USA) an optimal concentration of the enzyme was obtained and this
was demonstrated by the non-overlapping, even distribution of the helical fibres (Fig. 2.5A).
The retention of contrast at low defocus levels demonstrated the presence of thin vitreous ice.

Figure 2.5. (A) Cryo-electron micrograph of the Q86R+H305K+H308K+H323K CynDpym variant at pH 5.4
collected on an FEI Polara microscope with marked helical particles picked using Appion’s integrated Manual
picker program. (B) CTFFIND3 generated graphical output containing a divided image with one half showing the
averaged power spectrum calculated from the micrograph (left) and the other half showing the simulated power
spectrum of the determined CTF (right).

The FEI Polara EM images were collected as dose-fractionated movie frames which were later
aligned and averaged using MOTIONCORR (Li et al., 2013). Correction of the CTF of the
microscope was then carried out in order to improve the final resolution of the 3D
reconstruction. CTF correction was carried out by first determining the image’s defocus and
astigmatism using CTFFIND3 (Mindell et al., 2003) and then applying the calculated CTF
using ACE2 (Mallick et al., 2005). For each micrograph CTFFIND3 generated a graphical
output containing a divided image with one half showing the averaged power spectrum
calculated from the micrograph and the other half showing the simulated power spectrum of
the determined CTF (Fig. 2.5B). Using these graphical outputs, micrographs demonstrating
significant drift and astigmatism were discarded and of the 147 micrographs originally
collected only 82 were kept for further processing (Table 2.3).

CTFFIND3 also generated a plot of the defocus levels of each micrograph (Fig. 2.6A) with a
confidence score of the calculation (Fig. 2.6B). The results from the CTFFIND3 showed an

even distribution of the image defocus, ranging from -0.71um — -3.4um with a majority of
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images within the range from -1.3um to -1.9um. Confidence score of the CTF calculations

were all above 99% demonstrating a high accuracy in the CTFFIND3 calculations.
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Figure 2.6. (A) Frequency distribution of defocus levels of collected micrographs calculated by CTFFIND3
during the CTF correction of the FEI Polara Q86R+H305K+H308K+H323K CynDpm dataset. (B) The CTF
confidence of the calculated CTF of each micrograph.

Particle picking was performed manually in which straight intact helical fibre were selected on
each micrograph while avoiding the selection of terminal areas of the fibres which may
introduce structural variability as shown in Fig. 2.5A. The selected fibres were then segmented
into 160 x 160 pixel segments with 94% overlap. The initial segmentation produced 29099
segments of which 21099 were discarded after analysis by XMIPP’s image-sort-by-statistic

49



function (Table 2.3) (Sorzano et al., 2009). The image-sort-by-statistic function automatically
sorts images and ranks them based on how closely they resemble the average, to allow the user
to determine and apply a cut-off where only the best images are selected. The helical segments
were further sorted based on their diameter to reduce the degradation of the final 3D model due
to the structural heterogeneity of the helical segments. The diameter size distribution of the
helical segments showed that a majority (4262 segments) of fibres were between 112128 A
and these segments were selected and used in the IHRSR (Fig. 2.7).

Table 2.3. Image pre-processing summary for the FEI Polara image dataset showing the number of micrographs
or segmented helical filaments after each image pre-processing step.

Number of micrographs collected 141
Number of micrographs after discarding of bad CTF images 82
Number of extracted segments after particle picking 29099
Number of segments in stack after sorting by statistics 8000
Number of segments in stack after manual sorting 8000
Number of segmented images in stack after sorting by diameter 4262
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Figure 2.7. (A) Image stack of the Q86R+H305K+H308K+H323K CynDpum Variant at pH 5.4 which consists of
centred and diameter classified helical segments viewed using the V2 program. The stack was produced by cutting
selected helical fibres from cryo-electron micrographs into 160 X 160 pixel segments. (B) Diameter size
distribution of the helical segments and (in red box) selected fibre diameter (112-128 A) of particles used in
IHRSR.

The diameter sorted stack was then subjected to IHRSR to produce a 3D reconstruction of the
Q86R+H305K+H308K+H323K CynDpum Vvariant. During the first rounds of IHRSR distorted
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maps were generated and the cause of this was traced back to the presence of high out-of-plane
tilt angles of some of the helical segments, tilt we initially assumed was minimal and negligible.
Thus before any data processing could be carried out, an additional out-of-plane tilt
optimisation was performed. The out-of-plane tilt optimisation involved carrying out multiple
IHRSR runs at incrementally increased out-of-plane tilt angles until the quality of the resultant
3D models showed no further improvement and the frequency distribution of the reference
projections generated from the multi-reference alignment showed a flat and even distribution.
As the out-of-plane tilt angle increased the high frequency cluster of the number of helical
segment images assigned to reference projections at angles at the user-defined upper and lower
limits decreased, and this decrease corresponded to improvement in the quality of the generated
EM maps (Fig. 2.8). From the out-of-plane tilt optimisation results we determined that an out-
of-plane tilt angle of 30° was ideal for further IHRSR processing. The out-of-plane tilt was also
evident when comparing the average power spectrum generated from a full dataset of the
helical segments (Fig. 2.9A) and the average power spectrum from a subset of helical segments
identified as not having no out-of-plane tilt during the multi-reference alignment (Fig. 2.9B).
The out-of-plane tilt was demonstrated by the blurring of diffraction spots from the average
power spectrum of all the helical segments when compared to the average power spectrum of
the 0° tilt helical segments, thus showing a misalignment during the superimposition of the
power spectra diffraction spots when helical segments with out-of-plane tilt are introduced
(Fig. 2.9).
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Figure 2.9. (A) Average power spectrum generated from a full dataset of the helical segments from the
Q86R+H305K+H308K+H323K CynDpum variant collected on the FEI Polara microscope. (B) Average power
spectrum generated from a subset of the helical segments identified as not having out-of-plane tilt during the
multi-reference alignment. Positions of layer lines with visible diffraction spots are indicated by the red arrows.
(C) Indexing of the power spectrum generated from the 0° out-of-plane tilt subset of the helical segments. The
positions of the diffraction spots corresponding to the calculated Bessel orders are highlighted in red.

IHRSR was run for 20 cycles, to a point where no further changes in the helical symmetry were
observed. The final IHRSR run converged at a helical symmetry solution with a twist of (Ap)
-77.0° and rise (Az) of 16.5 A. The same helical symmetry solution was obtained when IHRSR
was run using two half image datasets and two different sets of arbitrary user-defined initial

helical parameters, when calculating the resolution of the final 3D EM model (Fig. 2.10).
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Figure 2.10. Helical symmetry solution after 20 IHRSR iterations of the FEI Polara cryo-EM images of the
purified Q86R+H305K+H308K+H323K CynDyym variant. Two IHRSR runs were carried out using two half
image datasets and two different sets of arbitrary user-defined initial helical parameters. The IHRSR run
converged at a (A) Aphi of -77.0° and (B) Az of 16.5 A.

We obtained a detailed final model from the IHRSR (Fig. 2.11A) which we determined to be
at a resolution of 11.1 A using the FSC cut-off of 0.5 (Fig. 2.11B). Using the same FSC plot
the resolution of the final model was also determined to be 7.6 A using the FSC cut-off of
0.143. The final model was further sharpened by applying a B-factor to the map using the
EMBFACTOR (Fernandez et al., 2008) program. EMBFACTOR calculated and applied a B-
factor of -647.77 A? (using the resolution range of 7-12 A) which was used to scale up
spherically average amplitude of the EM map. The Guinier plot produced by EM-BFACTOR
after sharpening (Fig. 2.11D) showed the natural logarithm of the spherically average
amplitude of the unsharpened map, the noise weighted amplitude, the restored amplitudes after
sharpening, the zero scattering amplitude and the Wilson statistics as a function of the
resolution (1/d2). From the plot the amplification of the decaying spherically average amplitude
of both the experimental and noise weighted (Crf) amplitudes was observed after the
application of the calculated B-factor during the sharpening of the 3D reconstruction. The
sharpening improved the final model to the point where individual peptide alpha helices could
be seen and differentiated (Fig. 2.11B). A CynDpum atomic homology model which we
previously generated (Park et al., 2016) was then docked into the sharpened model to help
validate the model (Fig. 2.11E and F). The homology model showed a high correlation to the
sharpened model and most of the peptide backbone fitted perfectly in the EM density (2.11E
and F).
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Using the IHRSR calculated helical symmetry parameters, indexing of the diffraction spots
from the average power spectrum, generated from the 0° out-of-plane tilt subset of the helical
segments, was carried out (Fig. 2.9C). This step involved the comparing the ratios of different
principal maxima of different Bessel orders with those from the experimentally generated
power spectrum. The indexing scheme agreed with the left handed helical handedness which
has been previously determined for the wild-type CynDpum by platinum-carbon shadowing of
the CynDpum fibres (Jandhyala et al., 2003). The strong diffraction spot indexed as a Bessel
function of order -1 on the power spectrum and the IHRSR calculated helical symmetry
parameters both confirmed that the CynDpym Q86R+H305K+H308K+H323K variant exist as
a helix with a pitch of ~ 75 A and ~4.6 subunits per turn.
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Figure 2.11. (A) The final 3D reconstruction produced from the FEI Polara cryo-EM images of the purified
Q86R+H305K+H308K+H323K CynDpm variant. (B) The Fourier Shell Correlation (FSC) curve of the final 3D
reconstruction used to calculate the resolution of the model. (C) The EM-BFACTOR sharpened version of the
same final 3D reconstruction. (D) The Guinier plot produced by EM-BFACTOR after sharpening of the final 3D
reconstruction. (E) The docking of a CynDp;m homology model (Park et al., 2016) to the sharpened version of the
final 3D reconstruction. (F) The same docked model viewed at a 90° rotation.
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2.6.3.2 Data processing of the Q86R+H305K+H308K+H323K and wild-type
CynDpum FEI Titan Krios electron microscope images

Using the purified Q86R+H305K+H308K+H323K and wild-type CynDpum Sample at pH 5.4
we made cryo-EM grids. We then collected an image dataset using the FEI Titan Krios electron
microscope at the Buchmann Institute for Molecular Life Sciences, Frankfurt. Using the
knowledge gained when collecting and processing the FEI Polara EM data were able to
improve the conditions used for data collection on the FEI Titan Krios electron microscope.
Similar to the data collected on the FEI Polara microscope, the FEI Titan Krios micrographs
showed an optimal enzyme concentration demonstrated by the non-overlapping, even
distribution of the helical fibres (Fig. 2.12A and C). The FEI Titan Krios micrographs also
demonstrated the presence of thin vitreous ice by the retention of contrast at small defocus
levels as thick ice would have reduced the visibility of the fibres. On this microscope 302 and
230 micrographs were collected for the variant and the wild-type CynDpum, respectively (Table
2.4). Both these number of micrographs were substantially higher than those collected using
the FEI Polara microscope.

Table 2.4. Image pre-processing summary for the FEI Titan Krios image datasets showing the number of
micrographs or segmented helical filaments after each image pre-processing step.

Enzyme variant Q86R+H305K+H308K Wild-type
+H323K

Number of micrographs collected 230 302
Number of micrographs after discarding of bad CTF images 203 287
Number of extracted segments after particle picking 51697 60039
Number of segments in stack after sorting by statistics 45000 50000
Number of segments in stack after manual sorting 37946 35153
Number of segmented images in stack after sorting by diameter 28954 26284
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Figure 2.12. Cryo-electron micrograph of the Q86R+H305K+H308K+H323K (A) and wild-type (C) CynDpum
at pH 5.4 collected on an FEI Titan Krios microscope with marked helical particles picked using Appion’s
integrated Manual picker program. CTFFIND3 generated graphical output, containing a divided image with one
half showing the averaged power spectrum calculated from the micrograph (left) and the other half showing the
simulated power spectrum of the determined CTF (right), of the Q86R+H305K+H308K+H323K (B) and wild-
type (D) CynDpum.

The pre-processing of the FEI Titan Krios EM data was carried out using a similar method to
the one used for the FEI Polara EM dataset with slight variations. The FEI Titan Krios images
were collected as dose-fractionated movie frames which were later aligned and averaged. After
running CTFFIND3 on the averaged sub-frames for both the variant and wild-type CynDpum
FEI Titan Krios micrographs, sets of averaged and simulated power spectra were generated
(Fig. 2.12B and D). These power spectra generated from the FEI Titan Krios data showed less
defined Thon rings than those generated by the FEI Polara data. Although the Thon rings of
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the averaged power spectra produced from the FEI Titan Krios were less defined, the
CTFFIND3 program was still able to calculate the CTF but with lower confidence levels than
those of the FEI Polara data (Fig. 2.13B and 2.14B). The Thon rings of the averaged power
spectra were visible enough to show any signs of drift and astigmatism in the micrographs.
Micrographs with significant drift and astigmatism were discarded. About 12% and 5% of the
micrographs were discarded for variant and wild-type CynDpum respectively (Table 2.4). These
numbers of discarded micrographs were significantly reduced when compared to the number
of micrographs discarded during the pre-processing of the FEI Polara data in which 42% of the
micrographs were discarded. The defocus levels calculated by CTFFIND3 showed that a
broader defocus range was used during data collection of the FEI Titan Krios micrographs. The
calculated defocus of the Q86R+H305K+H308K+H323K CynDpum data ranged from -0.55 pm
—-2.9 pm with a majority of images within the range from -1.3 um to -2.3 um (Fig. 2.13A).
The calculated defocus of the wild-type CynDpum data ranged from -0.55 pm — -3.4 um with a
majority of images within the range from -0.8 um to -1.8 um (Fig. 2.14A).
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Figure 2.13. (A) Frequency distribution of defocus levels of collected micrographs calculated by CTFFIND3
during the CTF correction of the FEI Titan Krios Q86R+H305K+H308K+H323K CynDum dataset. (B) The CTF
confidence of the calculated CTF of each micrograph.

Particle picking and segmentation were carried out on the FEI Titan Krios datasets to produce
448 X 448 pixel segments with 94% overlap. The initial segmentation produced 51697
segments for the variant and 60039 for the wild-type (Table 2.4). These were further reduced
to 45000 and 50000 for the variant and wild-type respectively, after analysis by XMIPP’s
image-sort-by-statistic function. Due to the poor selection of good segments by the image-sort-
by-statistic function, V2 (Ludtke et al., 1999) was used to carry out an extra step of visual
inspection and manual deletion of bad helical segments which were either bent, overlapping of

broken. During this sorting process it was evident that fewer helical segment images were
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discarded for the FEI Titan Krios data (16% for the variant and 30% for the wild-type) when
compared to the FEI Polara data (72% for the variant).
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Figure 2.14. (A) Frequency distribution of defocus levels of collected micrographs calculated by CTFFIND3
during the CTF correction of the FEI Titan Krios wild-type CynDpum dataset. (B) The CTF confidence of the
calculated CTF of each micrograph.

Similar to the FEI Polara data, the helical segments from the two FEI Titan Krios datasets were
further sorted based on their diameter to reduce structural heterogeneity. The diameter size
distribution of the helical segments from the CynDpym variant data showed that a majority
(26284 segments) of fibres were between 113-129 A in diameter (Fig. 2.15) while the wild-
type CynDpum data diameter size distribution showed that a majority (26284 segments) of fibres
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were between 112-134 A in diameter (Fig. 2.16), and these segments were used in the
following IHRSR runs. The majority of helical segments from the CynDpum variant FEI Titan
Krios data and variant FEI Polara data had around the same diameter range while the majority
of helical segments from the wild-type CynDpum Titan Krios data were within a broader

diameter range, thus demonstrating slightly more structural heterogeneity for the wild-type

fibres.
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Figure 2.15 (A) Image stack of the FEI Titan Krios Q86R+H305K+H308K+H323K CynDyun variant at pH 5.4
which consists of centred and diameter classified helical segments viewed using the V2 program (Ludtke et al.,
1999). The stack was produced by cutting selected helical fibres from cryo-electron micrographs into 448 X 448
pixel segments. (B) Diameter size distribution of the helical segments and (in red box) selected fibre diameter
(113- 129 A) of particles used in IHRSR.
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Figure 2.16 (A) Image stack of the FEI Titan Krios wild-type CynDyum at pH 5.4 which consists of centred and
diameter classified helical segments viewed using the V2 program (Ludtke et al., 1999). The stack was produced
by cutting selected helical fibres from cryo-electron micrographs into 448 X 448 pixel segments. (B) Diameter
size distribution of the helical segments and (in red box) selected fibre diameter (112- 134 A) of particles used in
IHRSR.



Unlike the FEI Polara data no additional out-of-plane tilt optimisation step was required for the
Q86R+H305K+H308K+H323K CynDpum FEI Titan Krios dataset due to the minimal out-of-
plane tilt observed during the IHRSR (Fig. 2.17). The absence of major out-of-plane tilt was
demonstrated by the absence of blurring of diffraction spots (which was demonstrated by the
FEI Polara data) when the average power spectrum of all the helical segments was compared
to the average power spectrum of the 0° tilt helical segments (Fig. 2.18), thus showing that
most of the helical segment were within the same out-of-plane tilt angle. The minimal out-of-
plane tilt was also demonstrated by the absence of high frequency cluster of the number of
helical segment images assigned to reference projections at user-defined upper and lower limit
angles (-20 and 20°) during the multi-reference alignment (Fig. 2.17). Interestingly the wild-
type FEI Titan Krios dataset demonstrated this high frequency cluster when using the same
user-defined limits (-20 and 20°)(Fig. 2.19A), although no blurring of diffraction spots was
observed when the tilted and non-tilted average power spectra were compared (Fig. 2.20). The
user-defined out-of-plane limits for the wild-type FEI Titan Krios dataset were then set to a
higher angle (-32 and 32) to reduce the high frequency cluster at these limits (Fig. 2.19B), but
this unexpectedly did not improve the quality of the resultant 3D reconstruction (results not

shown).
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Figure 2.17. Frequency distribution of the reference projections for the Q86R+H305K+H308K+H323K FEI Titan
Krios data generated from the multi-reference alignment during IHRSR. An out-of-plane tilt angle of 20° was
used.
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Figure 2.18. (A) Average power spectrum generated from a full dataset of the helical segments from the
Q86R+H305K+H308K+H323K CynDyunm Variant collected on the FEI Titan Krios microscope. (B) Average
power spectrum generated from a subset of the helical segments identified as not having out-of-plane tilt during
the multi-reference alignment. Positions of layer lines with visible diffraction spots are indicated by the red
arrows. (C) Indexing of the power spectrum generated from the 0° out-of-plane tilt subset of the helical segments.
The positions of the diffraction spots corresponding to the calculated Bessel orders are highlighted in red.
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Figure 2.19. Frequency distribution of the reference projections for the wild-type CynDyum FEI Titan Krios data
generated from the multi-reference alignment during IHRSR. Out-of-plane tilt angles of (A) 20° and (B) 32° were
used.
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Figure 2.20. (A) Average power spectrum generated from a full dataset of the helical segments from the wild-
type CynDpum collected on the FEI Polara microscope. (B) Average power spectrum generated from a subset of
the helical segments identified as not having out-of-plane tilt during the multi-reference alignment. Positions of
layer lines with visible diffraction spots are indicated by the red arrows. (C) Indexing of the power spectrum
generated from the 0° out-of-plane tilt subset of the helical segments. The positions of the diffraction spots
corresponding to the calculated Bessel orders are highlighted in red.

IHRSR was run for 15 cycles for both the helical segments from the variant and wild-type
CynDpum FEI Titan Krios data. By 15 cycles no further changes in the helical symmetry were
observed for both datasets. There was no major difference in the final converged helical
symmetry values between the variant and the wild-type. The final IHRSR run converged at a
helical symmetry solution with a twist of (Ag) -77.0° and rise (Az) of 16.7 A for the variant
and a twist of (Ag) -77.2° and rise (Az) of 17.0 A for the wild-type. These helical symmetry
solutions were verified when IHRSR was run using two half image datasets and two different
sets of arbitrary user-defined initial helical parameters, when calculating the resolution of the
final 3D EM models (Fig. 2.21 and Fig. 2.2).
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Figure 2.21. Helical symmetry solution after 15 IHRSR iterations of the FEI Titan Krios cryo-EM images of the
purified Q86R+H305K+H308K+H323K CynDyym variant. Two IHRSR runs were carried out using two half
image datasets and two different sets of arbitrary user-defined initial helical parameters. The IHRSR run
converged at a (A) Aphi of -77.0° and (B) Az of 16.7 A.
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Figure 2.22. Helical symmetry solution after 15 IHRSR iterations of the FEI Titan Krios cryo-EM images of the
purified wild-type CynDyym variant. Two IHRSR runs were carried out using two half image datasets and two
different sets of arbitrary user-defined initial helical parameters. The IHRSR run converged at a (A) Aphi of -
77.2° and (B) Az of 17.0 A.

We obtained detailed models from the IHRSR for both the Q86R+H305K+H308K+H323K
CynDpum variant (Fig. 2.23A) and the wild-type CynDpum (Fig. 2.24A) which we then
calculated their resolution using the Fourier Shell Correlation (FSC) method (Yang et al.,
2003). Using the FSC cut-off of 0.5 the resolution of the final models was determined to be 6.8
A (Fig. 2.23B) for the variant and 7.4 A for the wild-type (Fig. 2.24B). Using the same FSC
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plot the resolution of the final models were also determined to be 5.0 A and 4.9 A for the variant

and wild-type respectively, using the FSC cut-off of 0.143.

These final models were further sharpened by applying a B-factor to the maps using the
EMBFACTOR (Fernandez et al., 2008) program. EMBFACTOR calculated and applied a B-
factor of -263.57 A? and -195.88 A? for the Q86R+H305K+H308K+H323K variant (Fig.
2.23C) and the wild-type (Fig. 2.24C) model respectively (using the resolution range of 5-12
A) which were used to scale amplitudes. Like with the FEI Polara data a Guinier plot was
produced by EM-BFACTOR after sharpening showing the amplification of the decaying
spherically average amplitude of both the experimental and noise weighted (Cref) amplitudes
after the application of the calculated B-factor during the sharpening (Fig. 2.23D and Fig.
2.24D).

A previously generated CynDpum atomic homology model (Park et al., 2016) was then docked
in to the sharpened models, to help validate the models. The homology model showed a high
correlation to the sharpened models and most of the peptide backbone fitted perfectly in the
EM densities (Fig. 2.23E—F and Fig. 2.24E—F). The high resolution of final sharpened models
was demonstrated by not only the appearance of individual peptide alpha helices but also the
appearance ridges within the individual peptide alpha helices corresponding to the helical turns
of the peptide backbone (Fig. 2.23D and Fig. 2.24D).

Indexing of the diffraction spots from the average power spectrum of the wild-type and the
Q86R+H305K+H308K+H323K CynDpum , generated from the 0° out-of-plane tilt subsets of
the helical segments, was carried out similarly to the FEI Polara data (Fig. 2.18C and Fig.
2.20C). The indexing of the power spectra from the Titan Krios data showed similar diffraction
patterns between the wild-type and the Q86R+H305K+H308K+H323K CynDpum, With both
enzymes demonstrating a strong diffraction spot at the layer line of ~75 A, indexed as a Bessel
function of order -1 and corresponding to the pitch of the helix. The similarity between the
diffraction patterns of the two variants demonstrates that the introduced
Q86R+H305K+H308K+H323K mutations did not confer major differences to the structural
positioning of the CynDpum subunits in helical fibres. The indexing of the power spectra and
the IHRSR calculated helical symmetry parameters both confirmed that both the wild-type and
Q86R+H305K+H308K+H323K CynDpum variant exist as left handed helices with a pitch of
~75 A and ~4.6 subunits per turn.
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Figure 2.23. (A) The final 3D reconstruction produced from the FEI Titan Krios cryo-EM images of the purified
Q86R+H305K+H308K+H323K CynDpum variant. (B) The Fourier Shell Correlation (FSC) curve of the final 3D
reconstruction used to calculate the resolution of the model. (C) The EM-BFACTOR sharpened version of the
same final 3D reconstruction. (D) The Guinier plot produced by EM-BFACTOR after sharpening of the final 3D
reconstruction. (E) The docking of a CynDp,m homology model (Park et al., 2016) to the sharpened version of the
final 3D reconstruction. (F) The same docked model viewed at a 90° rotation.
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Figure 2.24. (A) The final 3D reconstruction produced from the FEI Titan Krios cryo-EM images of the purified
wild-type CynDpum Variants. (B) The Fourier Shell Correlation (FSC) curve of the final 3D reconstruction used to
calculate the resolution of the model. (C) The EM-BFACTOR sharpened version of the same final 3D
reconstruction. (D) The Guinier plot produced by EM-BFACTOR after sharpening of the final 3D reconstruction.
(E) The docking of a CynDpym homology model (Park et al., 2016) to the sharpened version of the final 3D
reconstruction. (F) The same docked model viewed at a 90° rotation.
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To further help visually estimate the resolution of our final 3D reconstructions we constructed
various simulated 3D models from a previous CynDpum homology model (Park et al., 2016) at
different resolutions (Fig. 2.25). Using these resolution templates, we estimated the resolution
of the Q86R+H305K+H308K+H323K CynDpum FEI Polara and Titan Krios 3D reconstruction
to be at about 8 A and 5.5 A respectively. The FEI Titan Krios wild-type 3D reconstruction

was visually estimated to be about 5.9 A.

Figure 2.25. Simulated EM maps calculated and generated from a CynDpum atomic homology model (Park et al.,
2016) at resolutions of 3 A (A), 4 A (B), 5 A (C), 6 A (D),7 A (E) and 8 A (F).

Using UCSF Chimera’s local correlation function, the final models produced from the
Q86R+H305K+H308K+H323K and wild-type CynDyum FEI Titan Krios final 3D models were
aligned and local correlation was measured in order to assess the structural variations between
the two models. Using the resultant variation map, it was observed that there was less variation
around the core than the outer surface of each monomer of the two variants and a high level of

variation in the inner surface of the helical fibre (Fig. 2.26).
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Figure 2.26. Variance map of the wild-type and Q86R+H305K+H308K+H323K CynDpm 3D reconstructions
obtained from the FEI Titan Krios datasets. The variability of density is colour coded from blue indicating the
highest (local correlation=1) to red indicating the lowest (local correlation=0.8).
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2.7 Discussion

2.7.1 Purification

The CynDpum wild-type and Q86R+H305K+H308K+H323K variant were successfully purified
and confirmed by the presence of activity in the gel filtration peak fractions. SDS-PAGE gel
also confirmed the purity of the enzyme preparations with the observed 37 kDa band which
corresponds to the size of a CynDpum monomer. At pH 5.4 and pH 8 the size of the fibres
formed by the Q86R+H305K+H308K+H323K variant were significantly longer than those
previously observed for the wild-type but were of similar size to those previously observed for
the separate Q86R and H305K+H308K+H323K variants (Mulelu, 2013). This may suggest
that the combination of the Q86R and H305K+H308K+H323K variants may have not resulted
in a very high increase in stability compared to the separate Q86R and H305K+H308K+H323K
variants, but still resulted in a variant more stable than the wild-type CynDpym.

2.7.2 Data Collection

Previous attempts to obtain a high resolution cryo-EM structures by our group have been
unsuccessful. We previously only had access to old generation microscope such as the Tecnai
F20 equipped with a CCD camera or use of film. Access to more powerful microscope such as
the FEI Polara and Titan Krios, both equipped with a K2 Summit direct electron detector, has
greatly improved the quality of our cryo-EM reconstruction structures. The use of these
powerful microscopes has demonstrated that the major hindrance that previously prevented us
from acquiring high resolution structure was the use outdated CCD detectors as well as the
poor stability of the old microscopes. The major advantage that the direct electron detectors
have over the CCD or film is the ability to track specimen movement during irradiation thus
reducing image blurring. This was significantly demonstrated when an initial dataset of the
Q86R+H305K+H308K+H323K CynDpum variant from a different study was collected using
the FEI Falcon Il set to single exposer mode, with no tracking of specimen movement. The
resulted 3D reconstruction from this initial dataset was of low resolution (results not shown)
and the following datasets collected on the K2 with tracking of specimen movement produced
reconstructions of significantly higher resolution, thus demonstration the advantageous effect

of specimen movement tracking during irradiation.

The models produced by the FEI Titan Krios microscope where significantly more detailed

than the model obtained using the FEI Polara microscope. This improvement in the quality of
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the models does not necessarily demonstrate the FEI Titan Krios superiority over the FEI
Polara microscope as there were other factors that contributed to the improvement of the
models generated from the data from the FEI Titan Krios microscope. The first contributor to
the improvement in the quality of data collected on the the FEI Titan Krios microscope was the
optimisation of the cryo-grid preparation using the knowledge gained after processing the FEI
Polara data. For the FEI Polara data collection, cryo-grids with an overlaid film of carbon were
initially used with the aim of providing the helical filaments a flat support to ensure that all the
filaments overlaid horizontally on the cryo-grid with minimal tilt. These was shown to be
unsuccessful as a large out-of-plane angle was required to ensure a flat and even frequency
distribution of the reference projections during the multi-reference alignment (Fig. 2.8). With
this insight the next set of cryo-grids used were overlaid with a holey carbon film and these
were loaded in the FEI Titan Krios. For the Q86R+H305K+H308K+H323K FEI Titan Krios
data the use of holey cryo-grids showed a reduction in the amount of tilt of the helical fibres
and this may due to the restricted tilt movement by the extra thin layer of ice at the carbon holes
in which the filaments were embedded as opposed to the flexible carbon film present in the
cryo-grids used on the FEI Polara microscope. The holey carbon cryo-grids used when
collecting the wild-type FEI Titan Krios data showed the same high out-of-plane tilt as the FEI
Polara non-holey carbon grid data but unlike the FEI Polara data the adjustment of the degree
of tilt did not improve the quality of the final 3D reconstruction. This suggest that the observed
out-of-plane tilt on the wild-type FEI Titan Krios data may be due to poor multi-reference

alignment due to the higher structural variability of the wild-type CynDpum.

Although the holey cryo-grids reduced the tilt movement of the filaments, the lack of an
overlaid carbon film reduced the quality of the thong rings produced on the power spectra of
the micrographs (Fig. 2.5 and 2.12), thus slightly reducing the accuracy of the CTF
calculations. This was evident when comparing the percentage confidence of the CTF
calculation from the micrographs recorded from cryo-grids with a holey (Fig. 2.13B and Fig.
2.14B) and non-holey (Fig. 2.6) carbon film, were the percentage confidence of the CTF
calculations from the holey grids data were marginally lower than those calculated from the
non-holey grids data. This slight reduction in the accuracy of the CTF calculation did not
significantly affect the quality of the 3D reconstruction as the models produced from the holey
grids data were of higher resolution than the one from the non-holey grids. Another factor that
contributed to the resolution improvement of the models generated from the data from the FEI

Titan Krios microscope over the model generated by the data from the FEI Polara was the use
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of a higher magnification on the FEI Titan Krios microscope. The need to use a higher
magnification during data collection was first evident on the FSC plot generated for the 3D
model generated from the FEI Polara image dataset (Fig. 2.11B). This FSC plot was slightly
unhealthy in that it lacked the steepness generally displayed by healthy FSC plots. This less
steep FSC curve demonstrated that some of the structural information is located near the
nyquist limit of the data and this is due to a limit in the amount of information that can be
obtained from the data as a consequence of the low magnification. Using this information, the
magnification was greatly increased when micrographs were later collected on the FEI Titan
Krios microscope, although this significantly reduced the field of view hence reducing the
number filament per micrographs (Fig. 2.5 and 2.12), a disadvantage that was compensated by
increasing the total number of micrographs collected (Table 2.3 and 2.4). The FSC plots of the
3D models from the high magnification data showed a steeper and healthier curve and
demonstrated that minimal information is located near the nyquist limit thus demonstrating that
less high frequency information was lost from the original data during the processing of the 3D
models (Fig. 2.23B and Fig.2.24).

2.7.3 Data processing

During CTF correction two strategies were tested, one where a complete CTF amplitude and
phase correction was carried out, and one where only phase-flipping was carried out. During
the CTF correction of the FEI Polara micrographs it was apparent that the phase-flipping
approach resulted in a better model than the complete CTF correction approach (results not
shown). This is speculated to be due to the observed retention of more contrast after phase-
flipping than after a complete CTF correction. This contrast is later essential in accurately
calculating cross correlations between reference projections and segmented helical segments
during the multi-reference alignment step of IHRSR, thus the loss of contrast may
consequentially lead to misalignments which result in degradation of the quality of the 3D
reconstruction. Interestingly there were no major differences in the quality of the final models
produced using either CTF correction methods for the FEI Titan Krios datasets and no
distinguishable loss of contrast were observed between images obtained after CTF correction
by the two different approaches (results not shown). When comparing the helical segments
from the FEI Polara (Fig. 2.7) and the segments from the FEI Titan Krios data (Fig. 2.15A and
Fig. 2.16A) it was evident that the FEI Polara segment possessed more contrast after CTF

correction. This higher level of contrast in the helical segments from the FEI Polara data may
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have improved the results of the multi-reference alignment during IHRSR and may explain the
acquisition of a very detailed 3D reconstruction despite the use of a very low number of helical

segments (Table 2.3).

Before IHRSR was run a number of pre-processing steps were carried out to ensure that the
IHRSR was run using the best helical segment obtainable from the EM data. The first step in
accomplishing this was to discard micrographs that showed high levels of drift and
astigmatism. During this discarding, more micrographs were removed from the FEI Polara
datasets than the FEI Titan Krios data (Table 2.3 and 2.4) demonstrating the higher quality of
the images collected on the Titan Krios microscope which was due to an improved cryo-grid
preparation and an improved data collection technique. The same trend was observed when
comparing the number of helical segments discarded after segmentation of the picked helical
filaments from the two microscope’s datasets (Table 2.3 and 2.4). After the discarding of bad
micrographs, picking of helical filaments and segmentation of the filaments was carried out.
To reduce structural variability between helical segments, picking of helical filaments was
carried out while avoiding broken, overlapping, bent and terminal sections of the filaments
(Fig. 2.12). Structural variability was also minimised by the selection of segmented helical
fibres within a certain diameter range. Both the FEI Polara and Titan Krios datasets for the
Q86R+H305K+H308K+H323K CynDpum varaint showed that the majority of their helical
segment diameters were within the same range (Fig. 2.7A and Fig. 2.15A). The majority of the
wild-type CynDpum helical segment’s diameters were within a broader range than that of the
CynDpum variant (Fig. 2.16A) and this may be due to the previously demonstrated flexibility of
the wild-type CynDpum Wwhich lead to the creation of the more stable
Q86R+H305K+H308K+H323K CynDpum Variant.

To cut out the long picked helical filaments into smaller boxes segmentation was carried out.
One of the important parameter to consider during segmentation is the size of the boxes to be
cut out. In order to obtain an optimal box size, the box should not be too long as to include
structural variations from filament bending and internal disorder, which may introduce
misalignment during the IHRSR. The box size should also not be too short that the cross
correlation would be ambiguous during the multi-reference alignment in the IHRSR. The
optimal box size was calculated and optimized empirically for our structure. The optimal box
size of our CynDpum data was determined to be about 366 A X 366 A as smaller box sizes (293

A X293 A) resulted in 3D reconstruction of low quality (results not shown). Another parameter
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to be considered during segmentation is the percentage overlap of consecutive segments.
Unlike the box size this parameter was not determined empirically but rather calculated from
prior knowledge of the helical rise per subunit of the CynDpum (Mulelu, 2013). An overlap step
size of 23 A was determined as it would increase the number of segment images while

preventing ambiguous cross correlations during the multi-reference alignment in the IHRSR.

IHRSR was run using helical segments from the datasets and the process was iterated until a
stable helical symmetry was obtained. No major differences in the helical symmetry were
observed for all the final reconstruction including the wild-type dataset. It was previously
proposed that the cause of the termination of the elongation of helical fibres of the CynDpum
was due to the distortion in the helical symmetry which results in the collapse of the terminal
subunits thus preventing the further addition of subunit (Sewell et al., 2003). This was not the
case as both the variant and the wild-type displayed similar helical symmetries although having
different oligomerisation forms at the same pH’s, thus suggesting that other factors besides the
distortion of the helical symmetry may be responsible for the pH dependent oligomerisation of
CynDpum.

2.7.4 Structure evaluation and comparison

After IHRSR the resolution of the final 3D reconstructions was evaluated using the FSC
method. Determining the resolution of helical structures using the FSC method was shown to
raise more challenges than the resolution determination of single particle reconstructions.
These challenges include separating the full 2D image dataset into two independent subsets.
Due to the nature of helical structures and the extraction of overlapped images during
segmentation, it is difficult to produce two truly independent subsets as asymmetric units from
the same filament are duplicated and may be classified in the same subset. As a result, two
semi-independent subsets were used when calculating the resolution and this might have given
slightly inaccurate result. To help us validate the resolution accurately we constructed various
simulated 3D models from a previous homology model at different resolutions and used these
to visually estimate the resolution of our final models (Fig. 2.25). Using these resolution
templates we observed that the FSCos resolution calculation of the
Q86R+H305K+H308K+H323K CynDpum FEI Polara data was understated (11.1 A) as the
resolution templates suggested that the resolution was about 8 A, an estimate which agreed
with the corresponding FSCo.143 resolution calculation of the same structure (7.6 A)(Fig.

2.11B). A similar result was observed for the FEI Titan Krios datasets were in both cases the
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FSCos resolution calculations were understated (6.8 A for the variant and 7.4 A for the wild-
type) when compared to the visually estimated resolutions (5.5 A for both the variant and wild-
type) but unlike the FEI Polara structure the FSCo.143 resolution calculation of the FEI Titan
Krios structures were overstated (5.0 A and 4.9 A) as the resolution templates estimated lower
resolutions (Fig. 2.23B and Fig. 2.24B). These variable resolution results demonstrate the
unreliability of using one value to determine the resolution of a structure. This phenomenon is
common in cryo-EM reconstructions and the variable resolution results have been proposed to
be due to the specimen heterogeneity which translates into the reconstructions resulting in

distinct regions showing variable levels of details (Cardone et al., 2013).

The final models produced from the Q86R+H305K+H308K+H323K and wild-type CynDpum
FEI Titan Krios were aligned and variations between the two models were assessed (Fig. 2.26).
From the variation map produced from these two models it was observed that there was less
variation around the core than the outer surface of each monomer demonstrating that both the
variant and wild-type CynDpum may possess similar interactions that stabilise the core of the
monomers. A high level of variation was observed in the inner surface of the helical fibre, an
area previously proposed to be the location of the C-terminal tail (Sewell et al., 2003; Thuku
et al., 2007). The high variation may be due to the high structural variation between the C-
terminal tail of the variant and the wild-type as a consequence of introducing the
H305K+H308K+H323K mutations which are located at the C-terminal tail. The
H305K+H308K+H323K mutations may be conferring stability to the C-terminal tail of the
variant thus displaying high variations when compared to the more flexible C-terminal tail of
the wild-type CynDpum. The higher degree of flexibility of the wild-type’s C-terminal tail is

also demonstrated by the reduction of defined density around the C-terminal tail region.
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2.8 Conclusion

The Q86R+H305K+H308K+H323K CynDpum Variant was successfully constructed and it
demonstrated more stability than the wild-type CynDpum. Cryo-EM image datasets were
collected on two different microscopes, the FEI Titan Krios and FEI Polara using different sets
of conditions. After image processing it was demonstrated how these conditions such as the
use of grids with overlaid holey carbon film and use of high magnification can help improve

the quality of 3D reconstructions.

IHRSR was carried-out on using the cryo-EM image datasets and three high resolution 3D
structures  were generated. The 3D models include the FEI Polara
Q86R+H305K+H308K+H323K CynDpum structure at a resolution of 11.1 A, the FEI Titan
Krios Q86R+H305K+H308K+H323K CynDpum structure at a resolution of 6.8 A and the wild-
type CynDpum Structure at a resolution of 7.4 A. The stated resolutions were obtained using the
FSCos threshold but we have presented evidence that this threshold may greatly understate the
resolution. Nevertheless, the structures were still the highest resolution CynDpum Structures ever

obtained.

The comparison between the high resolution wild-type and CynDpum Vvariant structures
demonstrated that there are no major changes in the CynDpum helical symmetry after
introducing the stability conferring mutation, despite there being differences in the pH
dependent oligomerisation. This demonstrated that other factors may be involved in
oligomerisation of CynDpum other than the distortion of the helical symmetry. The comparison
between the wild-type and CynDpum Vvariant structures also showed that there is a high level of
variation around the postulated C-terminal region and this variation is proposed to be due to

the wild-type’s more flexible C-terminal tail.
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CHAPTER 111
CRYO-EM MAP MODEL FITTING AND REFINEMENT

3.1 Introduction

Due to the absence of a CynDpum crystal structure, methods such as homology modelling had
to be implemented in order to generate a structural prediction of the enzyme. Over the past
years, homology modelling of CynDpum structural models has been carried out and further
improvement of these models was done through a number of refinement steps which were
based on experimental insights obtained about the CynDpum enzymes and other related nitrilase
structures. Until recently the best model of the CynDpum Was generated through homology
modelling using six X-ray crystal structures of related but non-branch 1 nitrilases as templates
and further refinement was carried out using constrained molecular dynamics simulations
(Mulelu, 2013). The recent publication of the crystal structure of the branch 1 Nit6803 nitrilase
from Synechocystis sp. Strain PCC6803 (Zhang et al., 2014) has provided a number of
structural insights about the branch 1 nitrilases. This Nit6803 structure has also enabled the
generation of a more accurate CynDpum homology model which coupled with mutagenesis
experiments has provided insights about the structure of CynDpum (Park et al., 2016). In this
chapter we describe the refinement of this homology model using the high resolution 3D
structures obtained in chapter two and the structural insights obtained from these refined
models. We further interpret the refined CynDyum models by correlating these models to
previous mutagenesis experimental results, thus also validating the quality of the refined

models.
3.2 Review of near-atomic resolution cryo-EM map model fitting

3.2.1 Cryo-EM map model fitting

A cryo-EM map alone is limited in explaining the mechanisms of biochemical functions but
an accompanying atomic model derived from the same map can significantly increase the
information content of that cryo-EM map (Zhou, 2011). Although there has been an
improvement in the resolutions that can be achieved by cryo-EM techniques, there is still a lack
of tools for atomic model building and refinement using cryo-EM maps of near-atomic

resolutions. The use of current X-ray crystallography tools has proven challenging as they fail
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to converge on an accurate atomic model when using cryo-EM maps at near-atomic or
moderate resolutions ~4 A resolutions (Zhou, 2011; DiMaio et al., 2015). At this resolution the
maps contain regions with branched densities and only a few side chain densities which make
even backbone tracing difficult. In such cases it is favourable to first construct a homology
model and refine this model based on the cryo-EM map. The refinement of the atomic model
can then be achieved by optimizing the fit between the cryo-EM density map and the homology
model. Special methods have been developed in an attempt to improve the fitting and
refinement of atomic models in cryo-EM densities. These methods include molecular dynamics
flexible fitting (MDFF) and the Rosetta all-atom refinement approach (DiMaio et al., 2009).
The MDFF method is the most widely used method when fitting atomic models into EM maps
and although different approaches of this strategy have been developed (Volkmann et al., 2000;
Chapman, 1995; Chen et al., 2001; Wriggers et al., 2000; Wriggers and Birmanns, 2001;
Trabuco et al., 2008), it generally involves allowing many degrees of fitting during the
refinement thus permitting the atomic models to undergo conformational changes that improve
their correspondence to the EM map. The Rosetta all-atom refinement approach involves the
structural refinement of atomic models based on a local measure of their fit to the
corresponding EM densities, a measure which is also used to identify regions incompatible

with the densities which are then targeted for extensive rebuilding (DiMaio et al., 2009).

Some current X-ray crystallography tools have recently included additional tools designed to
help with the fitting of atomic models into near-atomic cryo-EM maps. The COOT program
(Emsley and Cowtan, 2004) contains tools that aid in the fitting of various sections of an atomic
model into a cryo-EM map such as rigid body refinement which allows movement of a single
or multiple residues as one rigid body, real space refinement which allows all atoms to move
and structural regularisation to correct peptide bond or side chain geometry, and apply
Ramachandran restraints. The real_space_refine program (Afonine et al., 2013) from the X-
ray crystallography software, Phenix (Adams et al 2010), has proven successful in the
refinement of atomic models using near-atomic cryo-EM maps (Afonine et al., 2015). During
the fitting the phenix.real_space_refine program implements both new real-space refinement
methods and in-depth structure validation, and integrates them into a refinement workflow to
produce refined models with no or minimal geometry violation such as rotamer or
Ramachandran plot outliers (Fig. 3.1). This refinement procedure involves a cycle of around
six steps (Fig. 3.1). The rigid body fitting step involves automated multi-zone rigid-body

refinement with large convergence radius and this step is followed by the model idealisation
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step which involves the repacking of the model to match requested secondary structure with
minimal deviation from the initial model, followed by idealisation of geometry. The model
morphing step involves large rigid-body translational shifts to match the EM map. The local
real-space fitting step is the most important step in the refinement step and it involves fitting
with the use of molecule specific geometries such as the secondary structure, Ramachandran
plots, CB-deviations and rotamer-specific restraints. This step also involves gradient-driven
(LBFGS) minimisation. The model morphing step is followed by simulated annealing which
is a molecular dynamic method that simulates the heating a protein followed by cooling steps
that allow the structure to evolve towards the energetically favourable final structure under the
influence of a force field derived from the constraints. After the simulated annealing step the
model is subjected to rotamer fitting in which a valid rotamer that fits the map best is chosen
and restrained to fit its current conformation. The whole refinement process is then iterated
until the best fit is obtained.
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Figure 3.1. Schematic diagram of the steps carried out during the real-space refinement in the Phenix program
(Afonine et al., 2015).



3.2.2 Model validation

Generated atomic models can be evaluated to assess what information can be extracted from
the model. Testing of the model is carried out by running calculations based on sequence
similarity, structural criteria and energetic criteria to help identify the most accurate model.
Different programs can be used to validate generated atomic models and the choice of the
program to use depends on the criteria being assessed. Programs such as RAMPAGE (Lovell
et al., 2003), PROCHECK (Laskowski et al., 1993) or WHATCHECK (Hooft et al., 1996) test
the model by identifying unreliable regions based on the models stereochemistry. Other
programs such as PROSAII (Sippl, 1993) and VERIFY 3D (Eisenberg et al., 1997) predict
unreliable regions of the model by generating graphs of energy distributions. PROSAII
generates a Z-score, which can be used to assess the quality of the model. The Z-score evaluates
the global model quality and is used to check whether the input structure is within the range of
scores that are usually found for native proteins of similar size (Oany et al., 2015). VERIFY
3D measures the correctness of the model based on its 3D profile by scoring the compatibility
of the model’s structure with any amino acid sequence (Eisenberg et al., 1997). The fitting of
the atomic models into cryo-EM maps can also be evaluated by calculating how well they fit
into their corresponding EM maps. This can be achieved by calculating the cross correlation
between the atomic model and the map (Map-CC) using programs such as the phenixbb
function available in the Phenix software (Adams et al., 2010).
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3.3 MATERIALS AND METHODS

3.3.1 Cryo-EM map model fitting and refinement

The previously generated homology model for CynDpum (Park et al., 2016) was used as a
starting atomic model for the model fitting. Coordinates from the Nit6803 nitrilase from
Synechocystis sp. Strain PCC6803 with an amino acid sequence identity of 32 % (PDB ID:
3WUY; Zhang et al., 2014) were used as a template to generate the homology model as this
was the only confirmed branch 1 nitrilase with both the C-surface insertions and a crystal
structure. The homology model was further refined by manually fitting atoms into the 3D
reconstructions generated in chapter two. Different sections of the homology model were
initially modified using COOT (Emsley and Cowtan, 2004) were a combination of
refinement strategies were implemented. These include rigid body refinement which allows
movement of a single or multiple residues as one rigid body, real space refinement which
allows all atoms to move and structural regularisation to correct peptide bond or side chain

geometry, and apply Ramachandran restraints.

The model’s stereochemistry and fit into the cryo-EM maps were further improved in a
pseudocrystallo-graphic manner using the Phenix program (Adams et al., 2010). In this method
EM densities corresponding to a single monomer were cropped out using UCSF Chimera
(Petterson et al.,, 2004) and put into an artificial P1 crystal lattices using the
map_to_structure_factors program in Phenix were structural factors are also calculated. The
structural factors of the models were then used for model refinement using the real-space
refinement implemented by the phenix.real_space_refine program in Phenix (Fig. 3.1)(Afonine
et al, 2013). The homology model was initially refined using the
Q86R+H305K+H308K+H323K CryoEM map and the resultant model was used as a starting
model for the wild-type EM map based refinement to help with the fitting in regions of weak
or missing densities as the wild-type EM map was of a lower resolution than
Q86R+H305K+H308K+H323K EM map.

3.3.2 Model validation

The quality of the generated models was validated using various programs which include
RAMPAGE (Lovell et al., 2003), PROCHECK (Laskowski et al., 1993), PROSAII (Sippl,
1993) and VERIFY 3D (Eisenberg et al., 1997). The superimposition of the atomic models and

calculation of their root mean standard deviation (RMSD) between their atoms was carried out
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using UCSF Chimera (Petterson et al., 2004). The accuracy of the model fitting was evaluated

using the phenixbb function available in the Phenix software (Adams et al., 2010)
3.3.3 Visualisation and docking of atomic models

UCSF Chimera (Petterson et al., 2004) was used to view the 3D reconstructions and to
manually rigid-dock the atomic models into the cryo-EM volumes using the ‘Fit model in map’

function.
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3.4 Results

3.4.1 Homology model validation

Using the structure of the nitrilase Nit6803 from Synechocystis sp. Strain PCC6803 (PDB ID:
3WUY) as a template a homology model of CynDpum Was previously produced (Park et al.,
2016). The quality of this homology model was first evaluated by the superimposition with the
template and calculation of the atoms RMSD (Fig. 3.2A). The calculated RMSD of the atoms
between the homolog model and the template was 0.524 A (Table 3.1) demonstrating that the
generated homology model is reasonably good and does not significantly deviate from the
template structure. The overall stereochemical quality of the homology model was validated
using RAMPAGE and PROCHECK. The Ramachandran plot generated from these programs
(Fig. 3.2B) showed that 93.6% of the residues were in the favourable region, 4.6% in the
allowed region and 1.8 % in the outlier region demonstrating that most of the amino acids are
in a phi-psi distribution consistent with right handed a-helix thus showing that the homology
model was of good quality. The homology model was further evaluated using PROSAII which
generated Z-score of -7.47 (Fig. 3.2C). This negative Z-score indicated that the homology
model was of good quality and that there is no significant deviation from the scores determined
for proteins of similar size. The last test done on the model was to check the packing quality of
each residue using the Verify-3D program (Fig. 3.2D). All the 3D-1D average scores were
above zero (Fig. 3.2; Table 3.1), thus providing computational evidence that the residues of the

homology model are in acceptable side-chain environments.
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Figure 3.2. Structural evaluation of the previously generated homology model (Park et al., 2016). (A) The
superimposition of the generated homology model and the nitrilase Nit6803 template from Synechocystis sp.
Strain PCC6803 (RMSD=0.524 A). (B) The Ramachandran plot generated from the homology model using
RAMPAGE. (C) The Z-score plot generated from the homology model using PROSAII. (D) The 3D-1D protein
scores for each residue of the homology model calculated using Verify-3D.

3.4.2 Cryo-EM map based model fitting and refinement

Manual fitting of the atomic models into both the Q86R+H305K+H308K+H323K and wild-
type cryo-EM maps was carried out using COOT (Emsley and Cowtan, 2004). The resolution
of the generated EM maps was sufficient to trace the peptide backbone of the proteins (Fig.
3.3A and B) and observe well defined densities in most regions with large and aromatic
residues (Fig. 3.3E). The resolution of the EM map also allowed straightforward tracing of the
peptide backbone through the a-helix regions (Fig. 3.3C) but this became more challenging
when tracing beta-sheets as these regions were abundant with branched and missing densities,

and lacked distinguishable large or aromatic side chain residues to aid the fitting (Fig. 3.3D).
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For both the variant and wild-type, only the backbone of residues 1-286 could be traced and
the C-terminal residues could not be fitted due to the presence of large uninterpretable densities
at the C-terminal regions. The manual fitting of the homology model into the cryo-EM maps
generated new atomic models which were accessed by calculating how well they fit into their
corresponding EM maps. This was achieved by calculating the cross correlation between the
atomic model and the map used to generate it (Map-CC). The map-CC of the variant model
greatly improved after the manual fitting (Table 3.1) and this increase in the map-CC was less
for the wild-type model due to the use of the pre-refined variant model as a starting model
rather than the homology model. The atomic models were further refined using the real-space
refinement program in Phenix (Adams et al., 2010). The real-space refinement further
improved the fitting of the variant model which was demonstrated by the increase in the map-
CC. The wild-type model did not demonstrate any significant changes in the map-CC after the
real-space refinement and this was expected as the pre-refined variant model was used as a

starting model.

Table 3.1. Calculated scores used in the validation and fitting assessment of the homology model,
Q86R+H305K+H308K+H323K and the wild-type CynDyum model.

Validation parameter Homology model | Q86R+H305K+H308K+ Wild-type
H323K

Ramachandran (Favourable 93.6 % 89.4 % 90.8 %

region)

Ramachandran (Allowed region) 4.6 % 9.2% 5.3%

Ramachandran (Outlier region) 1.8 % 1.4 % 3.9%

Z-score -7.47 -6.12 -6.48

Residues with 3D-1D average 100 % 93.4 % 95.5 %

score above zero

RMSD vs Nit6803 template 0.524 A n/a n/a

RMSD vs Homology model n/a 1.23 A 1.23 A

RMSD vs Mutant 1.23 A n/a 0.70 A

RMSD vs Wild-type 1.23A 0.70 A n/a

Map vs model overall CC before n/a 0.476 0.423

fitting

Map vs model overall CC after n/a 0.538 0.497

manual fitting

Map vs model overall CC after n/a 0.570 0.491

Real-space refinement
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The Q86R+H305K+H308K+H323K and wild-type cryo-EM map based refinement models
(Fig. 3.4A and 3.5A) were structurally validated using a similar method to the one used for the
homology model validation. The Ramachandran plot generated from the wild-type model
showed a slight increase in the number of residues in the outlier region when compared to the
homology model and variant model (Fig. 3.4B and 3.5B; Table 3.1). This may be due to the
slightly lower quality of the wild-type cryo-EM map which may result in the incorrect fitting

at region of low resolution.
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Figure 3.4. Structural evaluation of the cryo-EM map refined Q86R+H305K+H308K+H323K model. (A) The
structure of the cryo-EM map refined Q86R+H305K+H308K+H323K model. (B) The Ramachandran plot
generated from the Q86R+H305K+H308K+H323K model using RAMPAGE. (C) The Z-score plot generated
from the Q86R+H305K+H308K+H323K model using PROSAII. (D) The 3D-1D protein scores for each residue
of the Q86R+H305K+H308K+H323K model calculated using Verify-3D.
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This increase in the number of residues in the outliers region hardly affected the overall
stereochemical quality of the wild-type models as only ~4% of the residues were in this region.
The Z-scores calculated for both the refined models were slightly greater than that of the
homology model but were still negative enough to demonstrate the good quality of the models
(Fig. 3.4C and 3.5C; Table 3.1). The 3D-1D average scores were calculated using the Verify-
3D program to validate the packing quality of each residue in both the wild-type and mutant
model. The mutant and wild-type refined models both had a majority of their residue’s 3D-1D
average scores above zero, with too few residues with 3D-1D average scores below zero to
significantly affect the overall percentage of residues in acceptable side-chain environments
(Fig. 3.4D and 3.5D; Table 3.1).
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Figure 3.5. Structural evaluation of the cryo-EM map refined wild-type model. (A) The structure of the cryo-EM
map refined wild-type model. (B) The Ramachandran plot generated from the wild-type model using RAMPAGE.
(C) The Z-score plot generated from the wild-type model using PROSAII. (D) The 3D-1D protein scores for each
residue of the wild-type model calculated using Verify-3D.
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3.4.3 Overall structure comparison of the generated structures

There were no major structural differences between the homology model and the refined
models, and this was demonstrated by the low RMSD value (1.23 A) which was calculated
after the superimposition of the models (Fig. 3.6A; Table 3.1). Interestingly there were also no
significant difference observed between the Q86R+H305K+H308K+H323K and wild-type
(Fig. 3.6B) and this was validated by an even lower RMSD (0.70 A; Table 3.1).

Figure 3.6. Structural comparison of the homology model, the cryo-EM map refined
Q86R+H305K+H308K+H323K and wild-type models. (A) The superimposition of the homology model,
Q86R+H305K+H308K+H323K and wild-type model. (B) The superimposition of the cryo-EM map refined
Q86R+H305K+H308K+H323K and wild-type models. The homology model, Q86R+H305K+H308K+H323K
and wild-type models are coloured in brown, purple and blue, respectively.

Multiple EM map refined monomers models of the Q86R+H305K+H308K+H323K and wild-
type were docked into large EM maps to help investigate the interactions that occur at the
interfacial surfaces. Interestingly there were no major differences observed between the
positioning on the individual monomer after fibre formation between the mutant and the wild-
type despite the previously observed differences in oligomerisation of these two variants (Fig.
3.7).

92



Figure 3.7. The docking of the EM refined Q86R+H305K+H308K+H323K (A) and wild-type (B) atomic models
to the sharpened versions of the EM 3D reconstructions.

3.4.4 Structural insights

3.4.4.1 Interactions at the D-surface

The D-surface is the only interfacial surface which contained one of the mutations (Q86R) from
the Q86R+H305K+H308K+H323K variant. Based on the comparison between the mutant and
wild-type model there were no major structural changes conferred by the Q86R mutation and
the interactions at this surface were similar for both models (Fig. 3.8A and B). The two alpha
helices, al (residue 24-36) and a3 (residue 83-94), were previously postulated to be both
involved in the interaction across the D-surface but based on our structures it is evident that the
residues from the al helix may not participate in formation of this interface due to the large
distance between the residues from adjacent monomers. For the wild-type, the a3 helix is the
only helix involved in the formation of the D-surface (Fig. 3.8B). Based on the wild-type
structure an amide bridge interaction may occur between GIn86 and the GIn86 from an adjacent
monomer from another dimer. This GIn86-GIn86 interaction occurs at the Q86R mutation site
for the Q86R+H305K+H308K+H323K mutant and the substitution of the GIn86 to Arg86
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resulted in the introduction of a corresponding Arg-Arg interaction between two neighbouring
Arg86 across the D-surface (Fig 3.8A). Based on the comparison between the electron densities
from the wild-type and Q86R+H305K+H308K+H323K cryo-EM map it was observed that the
mutations introduced other new interactions across the D-surface in which the C-terminal tail
is involved (Fig 3.9A and B). The difference in the C-terminal tail electron density between

the wild-variants is also demonstrated in the variance map constructed in chapter Il (Fig. 2.26).

Figure 3.8. The atomic view of residues located at the D-surface of the (A) Q86R+H303K+H308K+H323K
CynDpum and the (B) wild-type CynDpym produced from the atomic coordinates of the cryo-EM refined models.
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Figure 3.9. The atomic view of residues located at the D-surface of the (A) Q86R+H303K+H308K+H323K
CynDpum and the (B) wild-type CynDpym produced from the atomic coordinates of the cryo-EM refined models,
and their corresponding cryo-EM densities.

3.4.4.2 Interactions at the C-surface

Based on both the wild-type and the Q86R+H303K+H308K+H323K variant structure, it is
demonstrated that the C-surface interactions are the predominant interactions in the
stabilisation of the oligomeric structure of CynDpum. The main C-surface interaction occurs
between 02 helix (residue 65-75) and a7 helix (residue 273-278) across monomers from
adjacent dimers (Fig. 3.10). The interaction between a2 and a7 include ironic interactions
between Arg67 and Asp275, and between His71 and Asp 275. Hydrophobic interactions also
occur between Tyr70, Tyr70 and Tyr278 at this surface. Another possible C-surface interaction
may occur between the two-fold symmetry related loop regions (residue 63-59) across
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monomers from adjacent dimers, although identification of specific interacting amino acid is

limited by the resolution of the cryo-EM map (Fig. 3.10).
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Figure 3.10. The atomic view of residues located at the C-surface of the wild-type CynDpym produced from the
atomic coordinates of the cryo-EM refined model.

3.4.4.3 Interactions at the A-surface

The A-surface was shown to only consist of interactions between the two-fold symmetry
related a6 helices (residue 196-204) across monomers from the same dimer (Fig. 3.11A), with
no observable evidence of the participation of the a5 helix (residue 171-179) across this surface
(Fig. 3.11B). Interactions between the 06 helices are formed by hydrophobic interaction
between Tyr200 and Tyr200 from the second monomer from the same dimer (Fig. 3.11A).
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Figure 3.11. The atomic view of residues located at the A-surface of the wild-type CynDpum produced from the
atomic coordinates of the cryo-EM refined model, consisting of the a6 helix (A) and the a5 helix (B).
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3.5 Discussion

3.5.1 Model fitting and refinement

A previously generated CynDpum homology model was refined based on the high resolution
cryo-EM maps of the Q86R+H305K+H308K+H323K and the wild-type. The low RMSD
values calculated between the homology model and both the mutant and wild-type
demonstrates a close relationship between CynDpum and the nitrilase Nit6803 from
Synechocystis sp. Strain PCC6803 which was used as a template during the construction of the
homology model. This close relationship may also exist with other branch 1 nitrilases and may
allow for more accurate structural predictions of the unsolved branch 1 nitrilases. Refinement
of the models based on the cryo-EM maps was challenging due to the limited resolution of the
maps and the lack of good near atomic resolution fitting tools. Initial refinement of the models
was attempted using molecular dynamics flexible fitting (MDFF) but this process was
unsuccessful and resulted in misfitting as higher resolution constraints were applied
demonstrating a low resolution limitation of MDFF based approaches. Although not ideal, X-
ray crystallography tools proved adequate in the fitting of atomic models into near atomic cryo-
EM maps. At near atomic resolution the location of side chains of large residues such as
aromatic residues were easy to identify. In contrast, smaller residues had little or missing
density making it challenging to accurately identify their locations. Some of the slightly larger
residue such as the Glu and Asp residues also had missing densities and this has been reported
in previous cryo-EM studies where it has been suggested that carboxyl groups are particularly
susceptible to radiation damage (Grigorieff et al., 1996; Mitsuoka et al., 1999; Sachse et al.,
2007). Only atomic coordinates of residues 1-286 could be fit into the wild-type and mutant
cryo-EM maps as after residue 286 the density corresponding to the residue were
undistinguishable. The high cluster of EM map density that prevent the accurate fitting at this
C-terminal region may be due to either the flexibility of the C-terminal tail or the high number
of intermolecular interactions between the C-terminal tail from neighbouring monomers which
result in the large undistinguishable densities. Although the final refined models had high map-
CC scores, the limited resolution of the maps and the use of a predicted homology model as a
template limits the amount of structural information that can be extracted but nevertheless the
models had enough structural information to help elucidated the interactions that occur at the

interfacial regions of CynDpum enzyme.

98



The small RMSD value calculated for the wild-type and mutant atomic models demonstrated
little structural variation between these enzymes, thus the Q86R+H305K+H308K+H323K
mutations confer small structural changes that ultimately result in significant changes to the
oligomerisation of CynDpum. The similarity between the mutant and the wild-type was also
demonstrated by the variance map produced in chapter 11 (Fig. 2.26) in which a majority of the

variations between the models occurred only at the C-terminal region.
3.5.2 Structural insights and effects of mutations
3.5.2.1 Interactions at the D-surface

Previous experiments have demonstrated the involvement of the D-surface in the stabilisation
of the CynDpum quaternary structure (Sewell et al., 2005; Wang et al., 2011, Mulelu, 2013).
The CynDpum D-surface was initially postulated to consist of interactions between two alpha
helices (al and a3) from adjacent monomers and it was suggested that a majority of these
interactions were salt bridges across this surface (Sewell et al., 2005). Based on our atomic
structures it was observed that only the a3 helix residues could participate across the D-surface,
and it was also observed that only a few salt bridges could be formed across this surface (Fig.
3.8). Although residues from the al helix may not be involved in the formation of the D-
surface, they have been shown to be involved in the general stabilisation of CynDpum as
mutation of the al glutamates to lysine (E27K, E31K and E35K, Table 1.2) results in
aggregation and insolubility of the enzyme (Gray, 2008).

In previous mutagenesis studies we identified the D-surface Q86R mutation which has been
shown to enhance the degree of oligomerisation of the CynDpum enzyme (Wang et al., 2011).
GIn86 is located at the D-surface a3 helix and we propose that its substitution to an arginine
removes the GIn86-GIn86 amide bridge interaction and introduces a more stabilising
interaction between a pair of Arg86 across the D-surface, thus increasing the stability of the
oligomeric structure of the enzyme and resulting in the observed increase in the degree of
oligomerisation (Fig. 3.8 and Fig. 3.12). Although this Arg-Arg interaction is not
electrostatically favourable it has been demonstrated that electrostatics-defying Arg-Arg
interactions are common in microenvironments of polarizable residues such as the D-surface
region, and act as a possible thermodynamic driving force favourable for protein-protein
interaction (Pednekar et al., 2009, Zhang et al., 2013). Another interesting mutation located at
the D-surface a3 helix is the K93R mutation which has been shown to enhance the catalytic

activity of CynDpum (Crum et al., 2016). Based on our structure there was no clear observed
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interaction that the Lys93 residue may be involved in but we postulated that the introduction
of an arginine at this position may introduce either an Arg93-Asn121 hydrogen bond or an
Arg93-Asp123 ionic bond which helps stabilise the catalytic residue and results in the observed

increase in the catalytic activity of the enzyme (Fig. 3.12).

The comparison between the wild-type and the mutant cryo-EM density maps demonstrated
that the Q86R+H305K+H308K+H323K mutations introduced a new interaction across the D-
surface that involves the C-terminal tail (Fig. 3.9A and B). Only the H305K+H308K+H323K
mutations, rather than the combination of Q86R+H305K+H308K+H323K, are the likely
contributors to the introduction of this interaction as they are the only mutations located at the
C-terminal region. The H305K+H308K+H323K mutant has been shown to enhance
oligomerisation (Mulelu, 2013) and this observed characteristic may be due to the introduction
of the additional interaction that further strengthens the D-surface interactions resulting in a
more stable enzyme. Although we were unable to obtain detailed structural information about
the C-terminal tail, comparing the difference in the density between the wild-type and the
Q86R+H305K+H308K+H323K mutant at this C-terminal region has demonstrated that the C-
terminal tail is highly involved in the oligomerisation of CynDpm. The
H305K+H308K+H323K mutations may introduce other new interaction besides the ones
observed at the D-surface, as a high structural variation was observed at the C-terminal region
when comparing the wild-type and Q86R+H305K+H308K+H323K cryo-EM maps (Fig. 2.26)
but based on the high similarity between the atomic models of these two CynDpym variants it
was demonstrated that the major interactions that confer the Q86R+H305K+H308K+H323K

mutant’s high stability characteristics are located at the D-surface.
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Figure 3.12. The atomic view of a3 helix residues located at the D-surface of the wild-type CynDyum produced
from the atomic coordinates of the cryo-EM refined model.

3.5.2.2 Interactions at the C-surface

There has been evidence that the putative C-surface may be the predominant region responsible
for fibre formation of CynDpum (Sewell et al., 2005). Using homology modelling two insertions,
present in the spiral forming CynDpum and not in non-spiral forming nitrilases, have been
identified (Thuku et al., 2009). These two insertions designated region 1 and 2 consist of
residues 5572 and residues 222—235 respectively (Fig. 3.13). Based on our cryo-EM structures
we observed that the C-surface region 2 residues are less likely to interact across the two-fold
symmetry as the distance between adjacent region 2 loops is shown to be greater than
previously proposed (Mulelu, 2013) (Fig. 3.13). In a recently published study, each of the
CynDypum residues from these insertions were investigated through mutagenesis studies (Park et
al., 2016). It was discovered that certain residues in the insertions, when mutated to a cysteine,
had an effect on the oligomerisation of CynDpum. Substitution mutations F57C and G61C
resulted in the formation of short 14-mers similar to those of the homologous cyanide
dihydratase from Pseudomonas stutzeri (Sewell et al., 2003) at pH 8. Based on our high

resolution structures the Phe57 is located at a highly hydrophobic area and may be required to
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stabilize the hydrophobic interaction around this zone thus an introduction of a cysteine may
lead to partial disruption in the oligomerisation of CynDpum (Fig. 3.13A). The Gly61 residue is
one of a few C-surface region 1 residues that could potentially interact across the two fold
symmetry axis at the C-surface (Fig. 3.13A). The substitution of the region 1 residues to
cysteines was postulated to introduce new disulphide bonds which could potentially result in
better stabilization of the enzyme but this was not the case as none of the cysteine mutations
around this two-fold axis region (F59C, 160C, G61C and H62C) introduced new disulphide
bonds (Park et al., 2016). The absence of new disulphide bonds demonstrates that none of
residues at the two-fold axis region are optimally aligned to allow Cys-Cys interactions
between corresponding residues from adjacent monomers, although Cys-Cys interactions
between cysteines from non-corresponding position may be possible as shown in our structures
(Fig. 3.13A). Other substitution mutations including W56C, E64C, T66C, F59C, Y70C, H71C,
Y233C and F234C resulted in the formation of a mixture of both the 14-mers and the native
18-mers at pH 8. A majority of the C-surface mutations that conferred changes in the
oligomerisation are located at the region 1 position thus confirming the unlikely interactions
between adjacent region 2 loops shown in our structures. Tyr233 and Phe234 from the proposed
region 2 loop at the C-surface may be responsible for stabilizing the two short a helices located
at this region and these stabilising interactions may result in structural changes that affect the
oligomerisation of the enzyme (Fig. 3.13B). The C-surface region 1 was shown to consist of a
cluster of hydrophobic residues which form hydrophobic interactions which may be
responsible for the stabilisation of this region. These hydrophobic residues include Pro55,
Trp56, Phe57, Phe59 and Phe69 and mutation of some of these residues may cause the
disruption of the stabilising hydrophobic interaction resulting in the observed changes in the
oligomerisation of the enzyme. Interestingly the R67C mutation caused partial defects in spiral
formation in which a mixture of short spirals, ring, C-shaped and smaller oligomers were
observed. Based on our atomic structure we demonstrated that the predominant interactions
that occur across the C-surface are the Arg67-Asp275 and His71-Asp275 ionic bond
interactions. These interactions and the higher degree of disruption in oligomerisation after the
introduction of the R67C mutation when compared to the introduction of the H71C mutation
illustrates that the Arg67-Asp275 may be the key interaction at the C-surface responsible for

maintaining the CynDpum 0ligomeric structure.

In the Park et al. (2016) study, it was also demonstrated how some of the residues from the C-

surface are crucial in the activity of CynDpum. A majority of the substitution mutations around
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the region 1 insertion resulted in < 50% reduction in activity when compared to the wild-type
(P55C, F57C, G61C, E64C, Y65C, T66C, R67C, F69C and Y70C) while only two region 2
mutations (Q230C and E235C) reduced activity to < 50%. Based on our atomic structures we
observed that some of the C-surface region 1 residues are located on or near the loop containing
the catalytic Glu48 residue. We hypothesise that the disruption of the C-surface region 1
interactions by the activity reducing mutations mentioned above destabilises the catalytic active
site by repositioning the catalytic Glu48 resulting in the observed reduction in the activity of
the enzyme. The C-surface region 2 residues are not located near any of the catalytic residue
and this explains why a majority of mutations at the C-surface region 1 resulted in reduction
of activity and only two mutations at the C-surface region 2 resulted in reduction of activity at
a lesser degree. In the same study it was observed that out of the 12 C-surface substitution
mutations that caused changes in oligomerisation, 10 of them conferred changes in both
oligomerisation and activity thus demonstrating a relationship between the oligomerisation and

activation of CynDpum.

In the Park et al. (2016) study on the C-surface interactions, all the C-surface region 1 and 2
residues were individually mutated to cysteines in hope of creating new disulphide bonds
across this surface if any of the residues interacted across the C-surface two-fold axis. No new
disulphide bonds were observed after the mutations thus validating our atomic models in which
the C-surface interactions were shown to occur between the residues of the a2 and a7 helix and
not across the C-surface two fold axis as previously proposed. The unlikely participation of the
C-surface region 2 residues mentioned above further validates our atomic models in which

region 2 residues from adjacent monomers are shown to be too far apart to interact (Fig. 3.13A).

The presence of the two C-surface insertions in spiral forming nitrilases relative to non-spiral-
forming homologues has demonstrated the important role of these insertions in the
oligomerisation (Sewell et al, 2003). When comparing the relationship between the C-surface
insertions of two crystal structures from two spiral-forming nitrilases, the C-shaped spiral
forming B-alanine synthase from Drosophila melanogaster (Lundgren et al., 2008) and the
extended helix forming Nit6803 nitrilase from Synechocystis sp. Strain PCC6803 (Zhang et al.,
2014), it was evident that conformations and interactions between neighbouring monomers
differ at the C-surface of the two crystal structures (Park et al., 2016). Based on our high
resolution structure we confirmed that the CynDpum C-surface insertions more closely resemble
those of the Nit6803 nitrilase than the -alanine synthase. The difference in conformations and

interactions at the C-surface between these two crystal structures, as well as our CynDpym
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structures, demonstrates that although the interaction at the C-surface are predominantly
responsible for oligomerisation they differ across spiral-forming nitrilase members and may
contribute to the different oligomeric structures observed in the nitrilase superfamily despite
the members having high monomeric structural homology.

\

Figure 3.13. The atomic view of residues located at the C-surface region 1 (A) and region 2 (B) of the wild-type
CynDpum produced from the atomic coordinates of the cryo-EM refined model. The residues of the C-surface
region 1 are highlighted in green and the residues of the C-surface region 2 are highlighted in red.
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3.5.2.3 Interactions at the A-surface

Interactions across the A-surface have been postulated to be the basis of dimerisation based on
structural comparisons between nitrilase superfamily members (Thuku et al., 2009). Although
the A-surface is common amongst nitrilase superfamily members, interactions across this
surface has been shown to vary between the members (Sewell et al., 2003; Sewell et al., 2005;
Thuku et al., 2007; Woodward et al., 2008, Dent et al., 2009; Williamson et al., 2010). The A-
surface interactions have been shown to be important in activation of CynDpym and were
previously postulated to occur between two alpha helices namely a5 and a6 (Sewell et al.,
2005; Crum et al., 2016). Based on our atomic structures we observed that only the a6 helix
residues are involved in interactions across the A-surface with only one hydrophobic
interaction between a pair of Tyr200 (Fig. 3.14A). This low number of interactions across the
A-surfaces demonstrates the possibility that the dimerisation of CynDpum may not occur at the
A-surface, but rather the C-surface. Due to the close proximity of the a6 helix to the a5 helix,
residues from the 06 helix may influence interactions at the a5 helix which contains the
catalytic Cys164 residue thus affecting the catalysis of the enzyme (Fig. 3.14). This was evident
when mutations introduced at the a6 helix (Y201D, A202T and A204D) rendered the enzyme
inactive (Sewell et al., 2005; Crum et al., 2016). The A202T mutation at the a6 helix was also
shown to cause the aggregation of the enzyme (Crum et al.,, 2016) demonstrating the
importance of interactions at the A-surface region in stabilising the structure of the CynDpym.
Interestingly a D172N mutation at the a5 helix was shown to increase the themostability of
CynDpum (Crum et al., 2016). Based on our atomic structures it was difficult to elucidate how
the removal of the negative Aspl72 charge to a polar Asn172 would result in an increase in
stability but we propose that the mutation may introduce interactions across two adjacent a5

helix at the A-surface resulting in more stable enzyme (Fig. 3.14B).
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Figure 3.14. The atomic view of residues located at the A-surface of the wild-type CynDpym produced from the
atomic coordinates of the cryo-EM refined model, consisting of the a6 helix (A) and the a5 helix (B).
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3.6 Conclusion

We successfully refined a previously constructed homology model (Park et al., 2016) by fitting
the model into the cryo-EM density maps obtained in chapter Il. The resolution of the cryo-EM
allowed for easy fitting of the peptide backbone, alpha helices and large side chain residues with
the fitting of beta sheets and loops proving more difficult. Two cryo-EM map refined atomic
structures were generated for the wild-type and Q86R+H305K+H308K+H323K mutant. Based on
this atomic structures we observed that the high stability conferred by the
Q86R+H305K+H308K+H323K mutations was due the substitution of the GIn86-GIn86 hydrogen
bond to a more stabilising Arg86-Arg86 interaction across the D-surface (Q86R) and the
introduction of a new C-terminal tail interaction across the D-surface as a result of the
H305K+H308K+H323K mutations. The C-surface interactions were shown to be the predominant
interfacial interaction responsible for the oligomerisation of CynDpum, were only residues from the
C-surface region 1 and none from region 2 were shown to participate across this surface. The major
interactions across the C-surface occur between the a7 helix and the o2 helix were the Arg67-
Asp275 and His71-Asp275 ionic bond interactions play a crucial role in oligomerisation of
CynDpum enzyme. A relationship between the oligomerisation and activation of CynDpum was
observed when analysing the C-surface interactions. The A-surface interactions were demonstrated
to play the role in the activation and stabilisation of the enzyme. The possibility of the A-surface’s
non-involvement in dimerisation was also illustrated with the possibility of dimerisation occurring
at the C-surface. Using a combination of the atomic structure and previous mutagenesis studies we
were not only able gain new insights into the structure of CynDpum but were able to validate the

accuracy of the our CynDpum atomic models at interfacial regions.
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CHAPTER IV

THE ROLE OF HISTIDINES IN THE OLIGOMERISATION OF
CynDpum

4.1 Introduction

CynDpum has been shown to exists as active short spirals over the pH range of 6-8, spirals which
associate to form long active helical fibres at pH 5.4 (Fig. 1.8) (Sewell et al., 2005; Wang et al.,
2011, Mulelu, 2013). The transition from short spirals to long helices occurs as the pH drops below
6.0 and this structural change points to the participation of histidine which is the only amino acid
that undergoes a change in charge around pH 5.4 (histidine pKa of 6.0). There are 10 histidines in
the amino acid sequence of CynDpum, three of which are located on the C-terminal tail (Fig. 1.3).
During a previous investigation of the factors involved in the oligomerisation of CynDpum by
attempting to identify key amino acid residue responsible for the formation of CynDpum 0ligomers,
using mutagenesis studies, it was demonstrated that the three C-terminal tail histidines (His305,
His308 and His323) were only partially involved in fibre formation and hence a study had to be
done on the 7 remaining histidines (His62, His71, His128, His167, His184, His241 and His285)
to identify the key histidine residues involved in the observed fibre formation of CynDpum. TO test
the involvement of these histidines, we mutated each of the histidines to either a lysine (to observe
the effect of substituting with a residue with the same charge but a higher pKa of 10), an aspartate
(to observe the effect of substituting with a residue with an opposite charge) or an alanine (to
observe the effect of substituting with a residue with no charge). Differential scanning fluorimetry
assays were also carried out on the histidine mutants to assess whether the observed changes in the
oligomerisation were due to a change in stability or the change in the structural conformation of
the mutants. Differential scanning fluorimetry assays were also used to help identify any histidine
mutants with increased stability caused by the substitution mutations. In this chapter we describe
the construction, solubility optimization, solubility validation and purification of the histidine

substitution mutants. We then describe the observed changes in the pH dependent oligomerisation
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of the CynDpum, conferred by the histidine substitution mutations, using the Transmission Electron

Microscope.
4.2 Differential scanning fluorimetry

Differential scanning fluorimetry (DSF) is a fluorescence-based thermostability assay developed
by Pantoliano et al. (2001). It is a high throughput screen method mainly used for buffer
optimization and ligand-induced stabilisation to allow rapid identification of ligands of target
protein from compound libraries during drug discovery (Pantoliano et al., 2001). DSF has been
successfully applied in buffer screening (Phillips et al., 2011), kinetic studies (Matulis et al., 2005),
ligand screening (Caver et al., 2005) and testing of the stability of different functional protein
variants (Lavinder et al., 2009). The principle behind DSF is that folded and unfolded proteins can
be distinguished through exposure to a hydrophobic fluorescent probe. The fluorescent probe is
quenched in aqueous solution but binds to the exposed hydrophobic interior of an unfolding protein
resulting in a sharp decrease in quenching which produces a readily detectable fluorescence
emission that can be measured as a function of temperature (Errisson et al., 2006). During the DSF
assay the temperature of the protein-probe solution is gradually increased as a function of time
leading to the unfolding of the protein and as this happens the fluorescent probe binds to its
exposed hydrophobic region resulting in a significant increase in fluorescence emission (Fig. 4.1).
As the temperature continues to increase more hydrophobic regions are exposed and an
exponential increase of the fluorescence is observed until a maximum is reached which is followed
by a steady decrease of the fluorescence (Fig. 4.1). This steady decrease in fluorescence is
postulated to be due to precipitation and aggregation of the protein. The temperature at which the
concentration of the folded and unfolded state of the protein reaches equilibrium is considered as
the melting temperature (Tm) and is defined as the midpoint temperature for the protein—unfolding
transition (Errisson et al., 2006). The simplest way to calculate Tm values is to determine the
maximum of the first derivative of the fluorescence versus temperature plot. T values are used to
calculate changes in the thermostability of the protein. The most commonly used fluorescent probe
is the SYPRO Orange dye, due to its high signal to noise ratio. Another property that makes
SYPRO Orange a favourable dye is its relatively high wavelength of excitation (465 nm excitation,
500 nm emission) which decreases the interference of the optical properties by any small

molecules which usually cause the quenching of the fluorescence intensity (Niesen et al., 2007).
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DSF is an excellent method to screen for conditions or mutations that stabilise proteins, owing to
the very small quantities of protein needed, reproducible results, quick simultaneous screening and
no required prior knowledge of the proteins (Matulis et al., 2005).
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Figure 4.1. Schematic of the Differential scanning fluorimetry were there is a recording of fluorescence intensity
versus temperature for the unfolding of a protein in the presence of SYPRO orange. (Goran tek-en, 2015)
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4.3 Materials and Methods

4.3.1 DNA Preparation

Site directed mutagenesis was performed using the KAPA HIFI PCR kit (Kapabiosystems, Boston,
USA). The histidine mutant plasmids were constructed by introducing individual histidine to
lysine/aspartate/alanine substitution mutations to the CynDpum Wild-type plasmid (Mulelu, 2013).
The histidine substitution mutation were introduced to the CynDpum Wild-type template plasmid,
consisting of the CynDpum Wild-type sequence inserted into a pet26b vector (Novagen, USA) with
kanamycin resistance, by using phosphorylated non-overlapping mutagenic primers listed in Table
4.1. The non-overlapping mutagenic primer PCR strategy outlined in Fig. 4.2. was used to
construct all the histidine substitution mutants except the H241K mutant. The construction of the
H241K mutant plasmid using the non-overlapping mutagenic primer PCR strategy was
unsuccessful and resulted in the use of the overlapping mutagenic primer PCR strategy outlined in
chapter 11 (Fig. 2.2).

@ *
© OAN—

OA—0
@ % \/ : >
PCR reaction /*\/® Ligation and Transformation

®- * \_/ template and plating Plasmids in cloning
/*\J@) removal cells
Non-overlapping PCR product Final Product

primer PCR strategy (phosphorylated non-circular (circularised plasmids with
plasmids) mutation)

Figure 4.2. Schematic diagram of the non-overlapping mutagenic primer PCR strategy.
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Table 4.2. Primer sequences used in site-directed mutagenesis of the histidine substitution mutants. Primers written
as 5°-3’. The underlined nucleotides correspond to the substituted bases.

Primer Sequence

H62A GTTTGCTTTTATTGGTGCTCCAGAATATACGAG
CAAGGATAACCAGGTAAAAATGCTTCTGGG

H62K GTTTGCTTTTATTGGTAAGCCAGAATATACGAG
CAAGGATAACCAGGTAAAAATGCTTCTGGG

H62D GTTTGCTTTTATTGGTGATCCAGAATATACGAG
CAAGGATAACCAGGTAAAAATGCTTCTGGG

H71A GAAAGTTCTATGCTGAATTATATAAAAATGCCG
TCGTATATTCTGGATGACCAATAAAAGCAAAC

H71K GAAAGTTCTATAAGGAATTATATAAAAATGCCG
TCGTATATTCTGGATGACCAATAAAAGCAAAC

H71D GAAAGTTCTATGATGAATTATATAAAAATGCCG
TCGTATATTCTGGATGACCAATAAAAGCAAAC

H128A GATTTAATAGGAAAAGCTCGGAAAATGAGAGC
CCCATTAGGATTAAACCAAAGCTGAGC

H128K GATTTAATAGGAAAAAAGCGGAAAATGAGAGC
CCCATTAGGATTAAACCAAAGCTGAGC

H128D GATTTAATAGGAAAAGATCGGAAAATGAGAGC
CCCATTAGGATTAAACCAAAGCTGAGC

H167A GTGCTGGGAGGCTCAAGTCCC
ATCAATCCGCCAAGGTTTCCAATTTC

H167K GTGCTGGGAGAAGCAAGTCCC
ATCAATCCGCCAAGGTTTCCAATTTC

H167D GTGCTGGGAGGATCAAGTCCC
ATCAATCCGCCAAGGTTTCCAATTTC

H184A CAAAATGAGCAGGTAGCTGTAGCCTCTTG
GGCATTCATCGCCATAAGATCAAGTG

H184K CAAAATGAGCAGGTAAAGGTAGCCTCTTG
GGCATTCATCGCCATAAGATCAAGTG

H184D CAAAATGAGCAGGTAGATGTAGCCTCTTG
GGCATTCATCGCCATAAGATCAAGTG

H241A CATTTAAGAGCGGGGCTACGTGCATTTAC
TTTCAAAGTAATCTCTTTGCTCCTGCG

H241K CATTTAAGAGCGGGAAGACGTGCATTTAC
TTTCAAAGTAATCTCTTTGCTCCTGCG

H241K * CTTTGAAACATTTAAGAGCGGGAAGACGTGCATTTACG
GTCCGGCCCGTAAATGCACGTCTTCCCGCTCTTAAATG

H241D CATTTAAGAGCGGGGATACGTGCATTTAC
TTTCAAAGTAATCTCTTTGCTCCTGCG

H285A GATCCGGCTGGAGCTTACTCCAA
AATATAATACTTGTAATCAATGACTCTTTCTAC

H285K GATCCGGCTGGAAAGTACTCCAA
AATATAATACTTGTAATCAATGACTCTTTCTAC

H285D GATCCGGCTGGAGATTACTCCAA

AATATAATACTTGTAATCAATGACTCTTTCTAC

*Second set of H241K non-phosphorylated overlapping mutagenic primers used after the unsuccessful non-overlapping mutagenic
primers
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PCR reactions were carried out in a 50 pl reaction mixture which consisted of 0.3 uM forward
primer, 0.3 uM reverse primer, 1x KAPA HiFi Buffer, 0.3 mM KAPA dNTP Mix , 1 U of KAPA
HiFi DNA Polymerase and 1 ng of the CynDpum Wild-type template plasmid. The PCR reaction
was run with the cycling conditions listed in Table 4.2. Depending on the success of the initial
PCR reactions, variable annealing temperature were used. PCR products were then subjected to
ligation using T4 DNA ligase (Thermo Fisher scientific, USA ) in order to circularise the
phosphorylated PCR product and 100 ng of the circularised PCR product was later used to
transform chemically competent Escherichia coli (E.coli) DH5a cells using the protocol described
in section 2.3.2. Overnight cell cultures of the transformed E. coli DHa were grown and plasmid

DNA was extracted in order to validate the success of the mutagenesis by DNA sequencing.

Table 4.2. PCR cycling conditions used in the construction of the of the histidine substitution mutant plasmids.

Step Temperature Duration Cycles
Initial denaturation 95°C 3 min 1
Denaturation 98°C 20 sec 20
Annealing 62°C (£ 5°C) 20sec

Extension 72°C 4 min

Final extension 72°C 10 min 1

4.3.2 Transformation

Transformation of E. coli BL21 using the histidine mutant plasmids was carried out as described
in section 2.3.2.

4.3.3 Solubility validation and optimisation

To test for solubility of each of the histidine mutant enzymes a single E. coli BL21 transformed
colony was used to grow 5 ml of overnight starter culture which were then added to 25 ml of
nutrient broth (25 pg/ ml kanamycin) and cultured at 37°C to an ODeoo nm 0Of 0.4-0.6. Expression
was then induced by adding IPTG to the culture to a final concentration of 1 mM. After the addition
of IPTG the culture was incubated overnight at 30°. The culture was then centrifuged at 4000 x g
for 15 min and the cell pellet sonicated as described in section 2.3.3. After centrifugation of the

sonicated sample, the soluble supernatant and the insoluble pellet were separated. The pellet was
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then resuspended using buffer of equal volume to the sonication supernatant and SDS-PAGE gels
were run on both fractions as described in section 4.3.7. To optimize the solubility one of the
histidine mutant with the least solubility (H241A) was expressed under different temperatures
(25°C and 30°C) and IPTG concentrations (0.05 mM, 0.1 mM, 0.2 mM, 0.5mM) to obtain the

optimal solubility conditions.
4.3.4 Protein Expression and cell lysis

Protein expression was carried out for all the histidine substitution mutants in 1 litre cultures
regardless of their solubility. Expression and cell lysis were carried out as described in section
2.3.2and 2.3.3.

4.3.5 Protein purification

Purification was carried out using a three-step purification process consisting of ammonium
sulphate fractional precipitation, anion exchange, and gel filtration chromatography as described
in section 2.3.4-2.3.6.

4.3.6 Protein concentration determination

The concentration of protein was determined using the Bradford assay (Bradford, 1976) as

described in section 2.3.8.
4.3.7 SDS-PAGE

SDS-PAGE analysis were carried out as outlined in section 2.3.9. SDS gels were stained with
Coomassie Brilliant Blue R-250. To increase stain sensitivity during solubility tests, SDS gels

were stained using the Acqua Stain protein staining reagent (Bulldog Bio, USA).
4.3.8 Enzyme activity assay

Enzyme activity was measured using the picric acid assay (Fisher and Brown, 1952) as described
in section 2.3.7.
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4.3.9 Negative stain electron microscopy

Negative stain electron microscopy sample preparation and visualisation were carried out as
described in section 2.3.10. The samples of purified soluble histidine CynDpum mutants were
visualized using negative stain electron microscopy at various pH to observe their oligomerisation
at both pH 5.4 and pH 8. Micrographs were collected using the Tecnai T20 transmission electron
microscope operated at 200 kV and equipped with a Gatan US2000 CCD camera (Gatan, USA).
Micrographs were collected at 25500 x and 44000 x magnification. The particle average lengths

and length ranges were calculated from 50 randomly selected oligomers per pH condition.
4.3.10 Differential Scanning Fluorimetry

Solutions containing 10 pl of SYPRO Orange (Sigma-Aldrich, USA) dilution and 30 pl of the
CynDpum sample both in the same buffer were made up in transparent 0.2 ml PCR tubes. Previously
optimised concentrations of CynDpum (0.1 mg/ml) and SYPRO Orange dye (5X) were used
(Mulelu, 2013). The tubes were placed in a Corbett Research Rotor Gene 6000 Real Time PCR
machine (Corbett Research Ltd, UK) where they were heated from 30°C to 95°C in increments of
0.5°C with a holding time of 30 sec, while the fluorescence changes were monitored and recorded
for each tube with wavelengths of excitation and emission at 490 nm and 575 nm respectively. To
obtain the temperature midpoint for the protein unfolding transition (Tm), the maximum value of
the first derivative of the fluorescence versus temperature curve was calculated. Two separate sets
of the DSF experiment were carried out for the different CynDyum Strains, with one set run in the
presence of 50 mM citrate/Na,HPO4 buffer at pH 5.4 and the other in 50 mM Tris-HCI at pH 8.
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4.4 Results

4.4.1 Solubility validation and optimisation

The construction of the 21 histidine substitution mutant plasmid was successful and confirmed by
DNA sequencing. Before any purification was to be carried out, the solubility of the histidine
substitution mutants was assessed by SDS-PAGE gels in which the presence of the protein of
interest band (37 kDa) was compared in the soluble and insoluble lysate fractions after cell lysis
of induced 25 ml cultures. The SDS-PAGE gels initially showed that only 6 of the 21 histidine
mutants expressed as soluble protein namely H62K, H71A, H71D, H71K, H241K and H285A
(Fig. 4.3). Initial experiments failed to express soluble protein and thus expression conditions were
further optimized. To optimize the solubility one of the histidine mutant which showed the least
solubility (H241A) was expressed under different temperatures and IPTG concentrations to obtain
the optimal solubility conditions (Fig. 4.4). The results showed that the most optimal condition for
solubility was when using 0.5 mM IPTG for induction and an expression temperature of 25°C.
These conditions were later used in the expression of all the histidine substitution mutants
regardless of their solubility.
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Figure 4.3. SDS-PAGE gels of insoluble and soluble lysate fractions of the histidine substitution mutants after cell

lysis. The position corresponding to the size of CynDyum (37 KDA) is indicated by the red arrows. The sizes and
positions of the protein markers are indicated on the left.
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4.4.2 Purification

After expression of all the soluble histidine mutants in litre cultures, the mutants were subjected
to a three-step purification process consisting of ammonium sulphate fractional precipitation,
anion exchange and gel filtration regardless of solubility. This large scale purification of the
histidine mutants that demonstrated insoluble or partial solubility on the previous SDS-PAGE gels
was carried out in an attempt to collect any small amounts of soluble protein that were not observed
on the SDS-PAGE gels due to the sensitivity of the gel stain. All the histidine mutants precipitated
out at the 40-50% ammonium sulphate saturation during the ammonium sulphate fractional
precipitation. After anion exchange the presence of the protein of interest band (37 kDa) was
checked using SDS-PAGE gels thereby also checking for solubility of any soluble histidine
mutants that were initially not identified during the previous solubility assessment (Fig 4.5). In
addition to the 6 soluble histidine mutants previously identified, 5 more histidine mutants were
identified as soluble after expression in litre cultures, namely H128K, H184D, H241A, H285D
and H285K. To increase purity and to separate different sized isoforms, the 11 soluble histidine
mutants were further subjected to size exclusion chromatography. The gel filtration elution profiles
of all the soluble histidine mutants except the H71D mutant showed a large peak around the elution
volume of 8 ml, corresponding to fractions 50-55 (~670 kDa) of the elution run (Fig. 4.6-4.16)
with the H62K, H128K and H285D mutants demonstrating other peaks corresponding to particles
of smaller molecular size. Although the H184D, H241A, H241K, H285A and H285K also showed
these small molecular size absorption peaks, these peaks did not contain protein that could be
detected by either electron microscopy and the Bradford assay (results not shown). The H71D
mutant eluted out as a single peak at an elution volume of 9 ml corresponding to fraction 57 (~410
kDa). Using the large gel filtration fraction samples, the purity of the mutants was assessed using
SDS-PAGE. A substantial 37 kDa band, corresponding to the CynDpum Was present for all the
soluble histidine mutant samples with a few smaller molecular weight bands present in some of
the mutants (H128K, H184D, H285A, H285D and H285K)(Fig. 4.5).
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Figure 4.5. SDS-PAGE gels of anion exchange (IEX) chromatography and gel filtration (GF) fractions of the soluble
histidine mutants that were successfully purified. The position corresponding to the size of CynDpum (37 kDA) is
indicated by the red arrows. The sizes and positions of the protein markers are indicated on the left.

4.4.3 Negative stain electron microscopy

After purification the 11 soluble histidine CynDpum mutants were visualized using the Tecnai T20
transmission electron microscope to observe their oligomeric state at acidic and alkali pH (Fig.
4.6-4.16). At pH 8, all the soluble histidine mutants existed as short spirals of similar length to
those of the wild-type, with lengths ranging from 12-42 nm, except the H285K mutant which had
shorter spirals with lengths ranging from 5-11 nm (Table 4.3). All the soluble histidine mutants
displayed an ability to associate from pH 8 short spirals to long fibres at pH 5.4 similar to the wild-

type, with fibre lengths ranging from 29-239 nm, except the H241K mutant which formed slightly
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shorter fibres than the wild-type (Fig. 4.13) and the H285K mutant which formed very short
filaments that are marginally classified as fibres (Fig. 4.16). The length of the short pH 5.4 fibres
formed by the H241K mutant ranged from 11-67 nm while those formed by the H285K mutant
ranged from 12-40 nm (Table 4.3). H128K and H285D formed significantly longer (but not
straight) fibres than those observed for the wild-type at pH 5.4 (Fig 4.10 and 4.15) while the H71D
mutant formed fibres which were slightly longer than the wild-type pH 5.4 fibres (Fig 4.8). The
length of the long pH 5.4 fibres formed by the H128K and H285D mutants ranged from 105-853
nm and 51-658 nm, respectively, while those formed by the H71D mutant ranged from 61-357
nm (Table 4.3).
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4.4.4 Differential Scanning Fluorimetry

DSF was carried out to measure the midpoint temperature of the protein—unfolding transition (Tm)
of the CynDpum histidine substitution mutants, wild-type and the Q86R+H305K+H308K+H323K
mutant in both pH 5.4 and pH 8 buffers. T was obtained by calculating the maximum value of
the first derivative curve (Fig. 4.17B and Fig. 4.18B) of the fluorescence versus temperature curve
(Fig. 4.17A and Fig. 4.18A). All the histidine mutants demonstrated an exponential increase of
fluorescence as the temperature was increased except the H128K mutant which only showed a
steady decrease fluorescence which may be due to early destabilization of the enzyme thus making
it difficult to measure the stability of this mutant. The T of the mutant enzymes were calculated
and they displayed a general decrease as the pH changed from pH 5.4 to pH 8 (Fig. 4.19A). The
Tm values of the mutants were then compared with that of the wild-type (Fig. 4.19B). At pH 5.4
all the histidine mutants demonstrated similar Tm to that of the wild-type while the
Q86R+H305K+H308K+H323K mutant showed a large increase in T, compared to the wild-type.
At pH 8 all the histidine mutants demonstrated similar Tm to that of the wild-type with the H71K
showing a slight increase relative to the wild-type. The Q86R+H305K+H308K+H323K mutant
showed a significant increase in Tr relative to the wild-type and all the histidine mutants at both
pH 5.4 and 8. The Q86R+H305K+H308K+H323K (pH 5.4 Tm = 68.6; pH 8 Tm = 64.7) mutant
demonstrated a higher thermostability than its parent variants Q86R (pH 5.4 Tm=66.3; pH 8 Tm=
61.0) and H305K+H308K+H323K (pH 5.4 Trm = 65.3; pH 8 T = 61.0)(Mulelu, 2013).

4.4.5 Activity

Cyanide degrading activity was tested on all the purified and soluble histidine substitution mutants.
All the histidine mutations had cyanide degrading activity except H71D, H285A, H285D and
H285K (Table 4.3). Interestingly some of the soluble mutants that formed fibres at pH 5.4 showed
no cyanide degrading activity namely the H71D, H285A, and H285D mutants.
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Figure 4.17. (A) DSF results showing the thermal denaturation of the CynDpum variants at pH 5.4. (B) The first
derivative of graph (A) where maximum value determines Tm. The individual Ty values were extrapolated and
summarised in Fig. 4.19A.
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Figure 4.18. (A) DSF results showing the thermal denaturation of the CynDyum variants at pH 8. (B) The first derivative
of graph (A) where maximum value determines Tm. The individual Tr, values were extrapolated and summarised in
Fig. 4.19A.
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4.5 Discussion

4.5.1. Solubility of histidine substitution mutants

Histidine single substitution mutants were constructed and the changes in oligomerisation
behaviour at various pH were observed. The histidine substitution mutations introduced a
variety of structural changes to the CynDpum enzyme. The most drastic of these structural
changes was the rendering of the enzyme insoluble by introduction of these single residue
mutations. The assessment of solubility was initially carried out in small volume cultures and
later carried out in larger volume cultures after the determination of optimum solubility
expression conditions. Some histidine mutants which were initially considered insoluble
demonstrated solubility when larger volume cultures were used. This demonstrates that the
optimised expression condition greatly improved the solubility of some of the histidine
mutants. When comparing the initial expression conditions with the optimised conditions both
the temperature and IPTG concentration were reduced after optimisation and this may have
resulted in lower levels of expression of the enzymes thus preventing the common intracellular
accumulation of the protein as insoluble aggregates of inclusion bodies, triggered by high levels

of protein expression in E. coli cells.

Of the 21 histidine substitution mutants expressed, only 11 showed soluble expression thus
demonstrating the importance of the CynDpum histidines in the correct folding of the enzymes.
The atomic models of CynDpum Obtained in chapter 111 suggest that a majority of the substitution
mutations that rendered the enzyme insoluble are located in the core of each CynDpum subunit
and these include H128A, H128D, H167A, H167D, H167K, H184A, H184K and H241D (Fig.
4.20-4.23). This was expected as the corresponding histidines are initially buried in a cluster
of charged, polar or hydrophobic side chains and any changes in any of the side chains would
potentially collapse the whole fold of the enzyme’s monomers resulting in insolubility. Based
on the atomic structures generated in chapter 111, His128 is postulated to be located in the
vicinity of a GIn115, forming a hydrogen bond which may be required for the stability of the
enzyme (Fig. 4.20). The formation of this hydrogen bond between the His128 and GIn115 may
be crucial in the solubility of CynDpum as the substitution of the His128 with an uncharged
residue (H128A) rendered the enzyme insoluble. Interestingly the substitution of His128 with
a negatively charged residue (H128D) rendered the enzyme insoluble while the substitution
with a positively charged residue (H128K) conserved the enzymes solubility. This was not

expected as both the introduced Asp128 and Lys128 were initially proposed to be capable of
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hydrogen bonding with GIn115 due to its polar nature, thus demonstrating that other
interactions around the His128 region besides the His128-GIn115 hydrogen bonding are

responsible for maintaining the enzymes stability and solubility.

- A
LYS 127 -

Figure 4.20. The cryo-EM map refined atomic model of the wild-type CynDpm showing the location of the
His128 and its neighbouring residues. The His128-GIn115 hydrogen bonding is depicted by the dashed line with
a bond distance of 1.81 A.

The His167 residue is located on the conserved 3-10 helix that contains the active site Cys164
and in close proximity to His184 (Fig. 4.21). His167 and His184 interact to form a hydrogen
bond which may be crucial in stabilising the enzyme and maintain its solubility as mutations
of either histidine residues resulted in the insolubility of the enzyme. Substitution of the
histidines resulted in the insolubility of the enzyme regardless of the charge of the substitution
residue (H167A, H167D, H167K, H184A and H184K) except the H184D mutation which
retained the enzymes solubility, thus demonstrating that the introduced Asp184 has the ability
to maintain the hydrogen bond with His167 allowing for stabilisation of the enzyme.
Interestingly the positions of His167 and His184 were shown to be conserved in the structure
of the branch 1 nitrilase Nit6803 from Synechocystis sp. Strain PCC6803 (PDB ID: 3WUY),

when the Nit6803 structure was structurally aligned and superimposed with the CynDpum
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structure (results not shown). The conservation of these histidines is also evident in the
sequence alignment of CynDpym With other branch 1 nitrilases (Fig. 1.3), thus demonstrating

the importance of the His167-His184 interaction in the stability and possibly in the positioning

of the catalytic Cys164 of CynDpum and other related branch 1 nitrilases.

VAL 185

GLU 166

VAL 183

HIS 167

AW, S

Figure 4.21. The cryo-EM map refined atomic model of the wild-type CynDpm showing the location of the
His167, His184 and its neighbouring residues. The His167-His184 hydrogen bonding is depicted by the dashed
line with a bond distance of 2.70 A.

The His241 residue forms a hydrogen bond with a negatively charged Glu195 (Fig. 4.22). The
His241-GIn195 hydrogen bond that is formed is not crucial in maintaining the enzymes
solubility as removal of the pH 8 polar His241 by the H241A substitution mutation had little
effect on the solubility of the enzyme. On the other hand the introduction of a negatively
charged residue through the H241D substitution mutation destabilises the enzymes and results
in insolubility and this may be due to the negative charge repulsion between the introduced
Asp241 and Glul95, hence the substitution mutation to introduce a positively charged lysine

(H241K) would retain the enzymes solubility as observed.
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Figure 4.22. The cryo-EM map refined atomic model of the wild-type CynDp:m showing the location of the
His241 and its neighbouring residues. The His241-Glu195 hydrogen bonding is depicted by the dashed line with
a bond distance of 2.27 A.

Interestingly some histidine mutants with mutations located around the interfacial regions also
resulted in insoluble protein expression. These include the H62A and H62D mutations. The
His62 is located around the C-surface region in which interactions may occur between the two-
fold symmetry related loop region (residue 63-59) across monomers from adjacent dimers (Fig.
4.23). Based on a previous study, no new disulphide bonds were formed when individual
residues from this loop were substituted to cystines (including H62C), demonstrating that there
may be no interaction across the two-fold symmetry related loop at the C-surface (Park et al.,
2016). Based on our atomic models it was shown that His62 has no clear residue partner that it
could interact with (Fig. 4.23), but a positive charge at this position is required for the solubility
of the enzyme as a substitution with a positively charged residue (H62K) did not affect the
solubility of the enzyme. The H62D mutation may introduce a Asp62-GIn230 hydrogen bond
and the H62A mutation may remove the positive residue at the His62 position, which both may

affect the structural conformation of the overall enzyme resulting in insolubility.
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Figure 4.23. The cryo-EM map refined atomic model of the wild-type CynDyum showing the location of the His62
and its neighbouring residues.

Rllpy

Only two histidines, His71 and His285, showed no disruption of solubility when substituted
with an alanine, aspartate or lysine. The His71 is located on the a2 helix at the C-surface (Fig.
4.24) while His285 is located near the C-terminal tail (Fig. 4.25). The retention of solubility
regardless of the substitution mutation demonstrates that these histidines are located in very
stable regions which are minimally affected by the introduction of different amino acid residues
or may have compensating effects to mutations. Based on our atomic model His71 forms a
hydrogen bond with Asp275 as previously described in section 3.4 4.2 (Fig. 4.24) while His285
may form a hydrogen bond interaction with Arg132 from an adjacent monomer (Fig. 4.25),

which helps stabilise the enzyme and maintains its solubility.
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Figure 4.24. The cryo-EM map refined atomic model of the wild-type CynDpum showmg the location of the His71
and its neighbouring residues. The His71-Asp275 hydrogen bonding is depicted by the dashed line with a bond
distance of 2.09 A.

,,‘,

ARG 132

Figure 4.25. The cryo-EM map refined atomic model of the wild-type CynDpum showing the location of the His
285 and its neighbouring residues. The His285-Arg132 hydrogen bonding is depicted by the dashed line with a
bond distance of 3.67 A.
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4.5.2. Purification of soluble histidine substitution mutants

The 11 histidine mutants that showed soluble expression were subjected to a three-step
purification process consisting of ammonium sulphate fractional precipitation, anion exchange
and gel filtration. All the soluble histidine mutants except H71D showed a large peak around
the gel filtration elution volume of 8 ml (~670 kDa) which correspond to the previously
observed 18mer molecular weight of around 666 kDa in the wild-type pH 8 gel filtration elution
profile. This demonstrated that the mutations of the soluble histidine mutants did not result in
any major changes in the number of subunits needed in the formation of the pH 8 short spirals
observed during the microscopy. Using the samples from the large fraction 50 peak, the purity
of the mutants was assessed using SDS-PAGE gels. Some of the soluble histidine mutants
showed the presence of smaller sized contaminants. These contaminants were unlikely to
interfere with the subsequent results as there were at low concentrations and too small in size

to be observed by electron microscopy.
4.5.3. Microscopy, thermostability and activity of the soluble histidine mutants

The purified soluble histidine substitution mutants were viewed under the transmission electron
microscope to observe the enzymes under different pH conditions. Thermostability of the
mutants was also measured to verify if the observed structural changes were due to changes in
the stability of the enzyme and also identify any mutations that confer higher stability. Of all
the histidine substitution mutations the H62K, H71A, H71K and H241A displayed similar
characteristics to the wild-type in terms of the pH dependent oligomerisation, thermostability
and activity. The similarity in the pH dependent oligomerisation between the H62K mutant and
the wild-type demonstrated that the His62 may not be directly involved in this oligomerisation.
On the assumption that the His62 were directly involved in the pH dependent oligomerisation,
one would expect the lysine from the H62K substitution to retain the positive charge at pH 8
(pka Lys=10) which His62 loses above pH 6 (pka His=6) and result in the retention of the fibres
at pH 8 as opposed to the observed short spirals. The H62K mutant also showed a presence of
additional smaller sized isomers when compared to the wild-type (Fig. 4.6) and this may be
due to the conformational variations coffered by the new introduced positive charged lysine

proposed to stabilise the H62K mutant.

The His71 substitution mutations are one of the two sets of mutations that resulted in mutants
that had no effect on the solubility of the enzyme. Similar to the H62K mutant the introduction
of the lysine at the His71 position (H71K) did not result in the retention of the fibres at pH 8,
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thus demonstrating no direct involvement of His71 in the pH dependent oligomerisation of
CynDpum. As previously observed on our atomic models, the His71 interacts with Asp275 to
form a hydrogen bond that helps stabilise the C-surface (Fig. 4.24). The introduction of the
H71K mutation may result in a stronger Lys71- Asp275 ionic bond interaction which may
confer the slightly higher thermostability observed at pH 8 for this mutant (Fig. 4.19). As the
pH was dropped to 5.4 the thermostability of the H71K mutant became similar to that of the
wild-type as the His71 of the wild-type gains a stronger positive charge below pH 6 resulting
in a His71- Asp275 hydrogen bond interaction of almost equal strength to the Lys71- Asp275
interaction from the H71K mutant. The removal of the polar His71 (H71A) did not result in
any major changes in the oligomerisation of the enzyme and this may be due to the reinforced
stabilisation conferred by the Arg67-Asp275 ionic bond which we previously identified as the
predominant interaction that stabilises the C-surface (Fig. 4.24). Only a small decrease in
thermostability was observed for the H71A mutant compared to the wild-type thus further
demonstrating the compensating effect of the Asp275-Arg67 ionic bond in stabilising the C-
surface. The introduction of an aspartate negative charge (H71D) not only improved the
oligomerisation at pH 5.4 but also interestingly rendered the enzyme inactive. This is good
evidence that demonstrates that the activity of the CynDpum enzyme is independent of the
oligomerisation of the enzyme. The slight decrease in thermostability relative to the wild-type
displayed by the H71D demonstrates that the improvement in the oligomerisation of this mutant
at pH 5.4 is due to the structural changes caused by the mutation as opposed to an increase in
the stability of the enzyme. Based on our atomic structure there is a possibility that the
introduction of an aspartate at the His71 position may result in the disruption of the native
His71-Asp275 hydrogen bond interaction, causing conformational changes at the C-surface
which allows for the addition of more subunits during oligomerisation. As previously observed
in section 3.5.2.2, the disruption of interactions at the C-surface may lead to the disruption of
the interactions between the o2 helix and the loop containing the catalytic Glu48 (Fig. 3.13)
hence the disruption of the His71- Asp275 C-surface interaction results in an inactive enzyme
and demonstrates the important role of His71 in the activation of the CynDpum enzyme. The
similar thermostability trend to that of the wild-type displayed by the H71D demonstrates that
the improvement in the oligomerisation of this mutant at pH 5.4 is due to the structural changes

caused by the mutation as opposed to an increase in the stability of the enzyme.

The H128K formed significantly longer but not straight fibres than those observed for the wild-
type at pH 5.4. Although H128K formed long fibres at pH 5.4 it interestingly displayed signs
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of denaturation at pH 8 under the microscope (Fig. 4.10) which was confirmed by the
continuous steady decrease in fluorescence in the differential scanning fluorimetry assay (Fig.
4.17). The long fibres formed by H128K at pH 5.4 were not straight and showed some
destabilisation in their overall structure. The introduction of the lysine in the H128K mutant
did not result the retention of the fibres at pH 8 but instead resulted in the destabilisation on the
mutant and this may be due to the introduced lysine forming a weaker hydrogen bond
interaction with GInl115 than the native His128-GIn115 interaction resulting in the partial
destabilisation of the fibres (Fig. 4.20).

The H241A mutant displayed similar characteristics to the wild-type while H241K formed
slightly shorter fibre than the wild-type demonstrating that the native His241 may not be crucial
in the pH dependent oligomerisation of CynDpum. Introduction of a lysine at this position
partially disrupted the pH dependent oligomerisation at pH 5.4 instead of retaining the fibre
formation at pH 8 due to the lysine’s high pKa, thus further demonstrating His241 non-
involvement in oligomerisation. Based on our atomic structure the hydrogen bond between the
native His241 and Glul195 (Fig. 4.22) may not be crucial in oligomerisation and stability as
removal of the polar His241 (H241A) did not affect the oligomerisation properties of the
enzyme and only slightly reduced its stability.

The substitution mutations at the His285 position all retained the enzyme’s solubility but
rendered the mutant enzymes inactive. This demonstrates the importance of the native His285
in the activation of CynDpum. The removal of the polar His285 (H285A) resulted in the
formation of slightly shorter fibres than the wild-type demonstrating the importance of the
native His285 in maintaining the structure of the fibres at pH 5.4. The H285A mutant is the
first mutant that we have encountered that has shown strong evidence of the disruption of the
fibre formation at pH 5.4. Based on our atomic model His285 may form a hydrogen bonding
interaction with Arg132 from an adjacent monomer which helps stabilise the enzyme and
maintains its solubility (Fig. 4.25). Arg132 is located on the same loop region containing the
catalytic Lys130 and introducing the H285A mutation at the His285 position may disrupt the
His285-Arg132 hydrogen bond which may result in the destabilisation of the active site hence
the inactivation of the enzyme. The H285K mutant formed very short fibres at pH 5.4 than
those formed by the wild-type and clearly showed evidence of the disruption of the pH
dependent oligomerisation of CynDpum, thus further demonstrating the important role of His285
in the oligomerisation of the enzyme. The enzyme inactivation and disruption of the pH

dependent oligomerisation by the introduction of the H285K mutation may also be due to the
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disruption of the native His285- Arg132 hydrogen bond between two adjacent monomers. The
formation of short oligomers by the H285A and the H285K mutant were shown to be not due
to the destabilisation but rather the conformational changes of the enzyme as the
thermostability assay showed only a small decrease in stability relative to the wild-type (Fig.
4.19). Although the H285D mutant was inactive it had the ability to form longer fibres than
those formed by the wild-type at pH 5.4. These fibres were more flexible compared to the wild-
type and were not longer as a result of an increase in stability but rather from the conformational
change caused by the introduced mutation as shown by the small decrease in thermostability
relative to the wild-type. The formation of the long fibres by the H285D mutant may be due to
the introduction of a strong ionic bond, between the mutant’s Asp285 and a neighbouring
Argl32 (Fig. 4.25), which may result in the conformational change of the enzyme that allows
further addition of subunits during oligomerisation. Similar to the H285A and the H285K
mutants, the inactivation of the H285D may be due to the disruption of the of the loop region
contain the potential catalytic Lys130 residue. The results above demonstrated that His285 may

be crucial in both activation and the pH dependent oligomerisation of CynDpum.

The thermostability assay was also able to verify the high stability of the
Q86R+H305K+H308K+H323K mutant and illustrated that this mutant was a good choice for
obtaining the CynDpum cryo-EM structure in chapter 11 due to its reduced structural variability.
The high melting temperatures from thermostability assay results of the
Q86R+H305K+H308K+H323K mutant also provided a standard to help access if any of the
histidine substitution mutations conferred a significant increase in stability and from our results

no histidine mutant displayed any significant increase in stability.
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4.6 Conclusion

A majority of the histidine substitution mutations resulted in some change in the solubility, pH
dependent oligomerisation, thermostability and activity when compared to the wild-type
enzyme. Only about 50% of the histidine substitution mutants displayed soluble expression
demonstrating that majority CynDpum histidines are required for the correct folding of the
enzyme which results in solubility and small changes such as single mutations at the histidine
positions may render the overall enzyme insoluble. Based on our atomic structure a majority
of the CynDpum histidine are located around the core of each CynDpum subunit thus explaining
the high sensitivity to mutational changes at these areas. The branch 1 nitrilase conserved
His167-His184 interaction was shown to be crucial in the stability and possibly in the
positioning of the catalytic Cys164 of CynDpum and other related branch 1 nitrilases. The
disruption of the pH dependent oligomerisation was not demonstrated by the introduction of
histidine to alanine mutations and no retention of the fibres at pH 8 was observed when histidine
to lysine mutations were introduced. This suggests that no one CynDpum histidine is responsible
for the observed CynDpum pH dependent oligomerisation but may be due to a combined effect
by multiple histidines or other residues, although the H285A and H285K mutation
demonstrated that His285 may be the most involved histidine in oligomerisation. From the EM
micrographs and the thermostability assay of H128K we observed that the quality and not only
the length of the fibres should be used to assess the stability of CynDpum mutants. The H71D
and the H285D mutants demonstrated that the activity of the CynDpum enzyme is not
necessarily dependent on the oligomerisation of the enzyme.
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CHAPTER V

STRUCTURE OF THE FIBRE FORMING HISTIDINE
SUBSTITUTION MUTANTS

5.1 Introduction

In the previous chapter we attempted to either enhance or disrupt the native pH dependent
oligomerisation of the CynDpum enzyme by mutating the histidines. During this study we
identified some histidine mutants that not only retained the native pH dependent
oligomerisation but demonstrated different oligomerisation properties and activities to those of
the wild-type enzyme. To understand the role of the mutations on the changes observed we
collected negative stain electron microscopy datasets of all the fibre forming histidine mutants
(H62K, H71A, H71D H71K, H128K H184D, H241A and H285D), processed this data to
produce low resolution 3D reconstructions. In this chapter we describe the acquisition of the
3D reconstructions of the fibre forming histidine mutants and how these models were used to
demonstrate variations in the helical symmetry of the mutants which helped investigate the role

of the fibres’ helical twist in the oligomerisation and activity of the CynDpym enzyme
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5.2 Methods and Materials

5.2.1 Negative stain electron microscopy sample preparation

Negative stain electron microscopy samples were prepared as described in section 2.3.10 using
only the pH 5.4 buffer.

5.2.2 Negative stain electron microscopy data collection

The negative stain electron microscopy method was used to collect datasets which were later
used for generate three dimensional reconstructions. Negative stain micrographs datasets of the
soluble histidine mutants that formed long fibres at pH 5.4 were collected on the Tecnai F20
transmission electron microscope. Datasets for the 3D reconstruction were collected at low
dose at 50 000x magnification using a Gatan US4000 CCD camera (Gatan, USA). The
calibrated sampling of 2.17 A/pixel and defocus of 0.8-1.0 um was used to manually capture

datasets of micrographs for each CynDpum Vvariant.
5.2.3 Image pre-processing

The Helixboxer program of the EMAN suite (Ludtke et al., 1999) was used to pick and extract
straight helical filaments from the micrographs. Power spectra were calculated for each of the
boxed helices with the removal of helices that failed to diffract. All the successful power spectra
were then averaged together and the resultant power spectrum was used to evaluate the data.
The boxed filaments were then further cut into several overlapping segments of 160 x 160
pixels with a shift of 10 pixels between adjacent segments, and all the segments were compiled
into a stack. The raw images were centred by applying x-shifts only, using SPIDER routines
(Frank et al., 1996). The new stacks were further visually inspected using V2 of the EMAN
suite (Ludtke et al., 1999) and bad segments (bent, overlapping or broken) were deleted from
the image stacks. The helical segments were then classified based on their diameter using
SPIDER routines (Frank et al., 1996) and later used in IHRSR.

5.2.4 Three-dimensional reconstruction

3D reconstruction was computed using the IHRSR++ software package (Parent et al., 2010) as
described in section 2.2. A featureless cylinder (130 A in diameter) was used as starting model
for IHRSR. For each mutant two separate IHRSR++ processes were run using different
arbitrary user-defined initial helical symmetry parameters to clearly observe any convergence

of the helical symmetry, thus validating the final solution. Although the initial helical symmetry
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parameters used varied, they were kept within the range of those of the wild-type CynDpum (A®
=-77.0°, Az=16.0 A).

5.2.5 Model validation

To validate the 3D reconstruction of the helical histidine mutants, simulated power spectra of
the reconstructions were generated and compared to the power spectra produced from the
original stack of helical segments. Visible layer lines from the pair of power spectra,
corresponding to axial spacings, were compared to assess if the solved 3D structures were

correct.

5.2.6 Resolution determination

The FSC method was used for resolution determination as described in section 2.3.14.
5.2.7 Visualisation

Visualisations of 2D images were done using BOXER and V2 both of the EMAN suite (Ludtke
et al., 1999). UCSF Chimera (Petterson et al., 2004) was used to view the 3D reconstruction
volumes and to dock in the wild-type atomic model (from Chapter 111) into the generated 3D

volumes, aided by the ‘Fit model in map’ function.
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5.3 Results

5.3.1 Data collection and image pre-processing

Negative stain micrographs datasets of the fibre forming soluble histidine CynDpum mutants
were collected on the Tecnai F20 transmission electron microscope at low dose. Although 11
of the soluble CynDpum histidine mutants formed fibres at pH 5.4 only 8 mutants formed fibres
long enough for 3D reconstruction. Around 100 micrographs were collected for each of the
datasets (Table 5.1). Straight intact fibres were selected from the micrographs (Fig. 5.1A) and
later used to generate stacks of segmented helical fibres (Fig. 5.1B). The segmented fibres were
then classified and selected based on their diameter, after which all the histidine mutants

retained more than 50% of their original helical segments except the H184D variant which lost

about 70% due to the its broad diameter range, thus demonstrating a high level of structural
variability (Table 5.1).

Figure 5.1. Representative image illustrating the pre-processing of EM micrographs of the CynDpum H71K
mutant. (A) Selection of helical fibres by boxing using the Helixboxer program (Ludtke et al., 1999). (B) Image
stack which consists of centred helical segments viewed using the V2 program (Ludtke et al., 1999).
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Table 5.1. Image pre-processing summary for the fibre forming CynDpum histidine substitution mutants.

Histidine | # of # of extracted # of segments in stack | # of segments in stack
Mutant micrographs segments after after manual sorting after sorting by
particle picking diameter
H62K 104 9768 6946 3850
H71A 102 11571 5923 5923
H71D 100 20404 18728 11390
H71K 103 23473 23327 16277
H128K 105 18319 14214 9920
H184D 130 17123 15952 4729
H241A 104 13130 13034 6840
H285D 103 21710 21256 17648

5.3.2 Electron microscopy 3D reconstruction

The stacks containing the segmented helical fibres of the histidine mutants were processed
using IHRSR to produce 3D models and calculate the helical symmetry parameter of the
CynDpum histidine mutants. The low resolution 3D reconstructions of the mutants (resolution
of 15-29 A; Table 5.2) were used to assess any structural differences (Fig. 5.2-5.9) and any
differences in the helical symmetry parameters (Table 5.2). Four of the histidine mutants
demonstrated the same helical symmetry parameters as the wild-type (H62K, H71K, H184D
and H241A) and four mutants had different helical parameters to those of the wild-type (H71A,
H71D, H128K and H285D).
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Table 5.2. IHRSR summary for the fibre forming CynDyun histidine substitution mutants and the wild-type
CynDpum,

Enzyme Final helical Diameter size Resolution at
variant symmetry FSCos
A phi Az Average diameter Modal A)
®) (A) (A) diameter (A)
H62K -76.9 16.7 136 132 17.6
H71A -73.0 17.3 147 130 29.3
H71D -71.2 17.4 139 128 20.8
H71K -77.0 16.2 128 126 16.2
H128K -74.4 17.0 156 139 22.2
H184D -77.1 16.1 142 132 15.3
H241A -77.2 16.4 134 132 18.3
H285D -73.7 17.1 128 126 18.7
WT -77.0 15.7 130 130 17.0

5.3.3 Model validation

Power spectra of the resultant reconstructions were generated and compared to the power
spectra produced by the segments from the raw data in order to validate the 3D models. Visible
layer lines from the pair of power spectra, corresponding to axial spacings, were compared and
it was observed that all the layer lines of the pair of power spectra of the different mutants were

identical thus demonstrating that all the reconstructions determined are likely to be correct.
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Figure 5.10. Comparison of the average power spectra of the CynDym mutants obtained from the raw images
(left) and from reconstructed maps (right) both showing layer lines corresponding to the axial spacing.
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5.4 Discussion

5.4.1 Helical symmetry of the fibre forming histidine mutants

Of the 11 soluble histidine substitution mutants only 8 formed long enough fibres to generate
3D reconstructions. The low resolution 3D reconstructions of the mutants were not detailed
enough to observe structural changes at a residue level but were enough to demonstrate the
helical arrangement of individual monomers thus allowing us to observe any variations in the
helical symmetry of these fibre forming histidine mutants. Of the 8 fibre forming histidine
mutants, 4 had mutations located at the C surface namely the H62K, H71A, H71D and H71K
mutant. The H62K mutant demonstrated no change in the helical symmetry when compared to
the wild-type (Fig. 5.2). The His71 substitution mutants were the only set of soluble mutants
that all formed helical fibres that were long enough to enable the generation of 3D
reconstructions. His71 is located at the 02 helix which interacts predominantly with the o7
helix of an adjacent monomer across the C-surface. The removal of the positive charge at the
His71 position (H71A) may have disrupted the a2-07 interactions resulting in a more loose
helical fibre that is demonstrated by the decrease in the helical twist (Fig. 5.3). The introduction
of a negative charge at the His71 position (H71D) may have a similar but slightly greater effect
as that of the H71A mutant in which the disruption of the C-surface interactions result in a
looser helical fibre and this is demonstrated by the greater decrease in the helical twist of the
H71D mutant (Fig. 5.4). The H71K mutant showed no change in the helical symmetry when
compared to the wild-type (Fig. 5.5). The introduction of the positive lysine at the His71
position may influence the interactions at the C-surfaces but not to the extent which results in
the disruption of the helical symmetry as observed for the H71A and H71D mutants. The H71K
mutation demonstrates the importance of the positive charge at the His71 position and how its
presence may help stabilize the positioning of the monomers thus maintaining the helical

symmetry of the CynDpum fibre.

The H184D and H241A (Fig. 5.7 and Fig. 5.8 ) mutations resulted in no changes in the native
helical symmetry while the H128K mutation resulted in a looser helical fibre illustrated by the
decrease in the helical twist and an increase in the diameter of the helical fibre when compared
to the wild-type (Fig. 5.6,Table 5.2). The decrease in the helical twist of the H128K mutant
may explain the observed high level of flexibility and low level of stability demonstrated by
the high variability in fibre diameter (Fig. 5.6C) and low thermostability (Fig. 4.17) observed
in chapter IV. His128, His241 and His184 are both located at the core of the CynDpym monomer
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thus making it challenging to propose mechanisms that results in the observed characteristics

of these mutants.

The H285D mutation resulted in the decrease of the helical twist. As mentioned in Chapter IV
the His285 position is located near the C-terminal tail and the H285D mutant’s change in
helical twist may be due to conformational changes that result from the introduction of the
Asp285-Arg132 ionic bond proposed in section 4.5.3.

It was previously hypothesised that the termination of the CynDpum short spirals at pH 8 is due
to the distortion of the helical symmetry which prevents the further addition of subunits to the
elongating helical fibres (Sewell et al., 2005). This distortion in the helical symmetry was
suggested to be due to pH dependent changes in the charge of one or more histidine residues.
Our result suggest that this pH dependent oligomerisation may not be due to the distortion in
the helical symmetry as some of the changes in charge at the histidine position distorted the
helical symmetry but did not cause any significant changes in the native pH dependent
oligomerisation of CynDpum (Chapter 1V). On the other hand our results do demonstrate that

His71, His128K and His285 are involved in maintaining the helical symmetry of CynDpum.
5.4.2 Activity of the fibre forming histidine mutants

The manipulation of some of the histidine did not only change the helical symmetry of the
enzyme but also rendered the enzyme inactive such as the H71D and H285D mutations. In one
of the previous studies on helical nitrilases it was discovered that changes in the helical
symmetry of some nitrilases by mutagenesis can potentially change the substrate specificity of
the enzyme (Woodward, 2011). It was proposed that as the helical twist of the nitrilase
decreases, the helical filament opens up and the diameter of the fibre increases, a property
displayed by the H128K mutant. The opening up of the helical filaments increases the size of
the active-size pocket thus allowing access for larger substrates ultimately changing the
substrate specificity of the nitrilase. The loss of activity by the H71D and H285D mutants may
be limited to cyanide degrading activity due to the decrease in the twist of the helical filaments,
thus these mutants could potentially be active against larger substrate. Interestingly the H71A
and the H128K mutant were active for cyanide despite displaying a decrease in the helical twist
demonstrating that the change helical twist will not necessarily affect the activity or change the
substrate specificity of the enzyme thus other factors are involved in the stabilisation of the

active-site pocket.
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5.5 Conclusion

Low resolution structures were obtained for the soluble fibre forming histidine substitution
mutants and these were used to observe variations in the helical symmetry of the fibres. The
3D structures of the His71 substitution mutants demonstrated the importance of the positive
charge at the His71 position in maintaining the helical symmetry of the CynDpum fibre. Our
structures demonstrated that the pH dependent oligomerisation of CynDpym may not be due to
the distortion in the helical symmetry as previously suggested. It was also demonstrated that
the loss of cyanide degrading activity by some of the histidine mutants was not solely due to
the changes in the helical symmetry of the helical filaments.
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CHAPTER VI
GENERAL DISCUSSION AND FUTURE WORK

6.1 Overview

Nitrilases such as the cyanide dihydratase from Bacillus pumilus C1 have potential to be used
in the detoxification of cyanide waste produced during industrial processes, such as leach
mining, metal finishing and electroplating. The drawback of this cyanide dihydratase enzyme
is that cyanide wastes are highly alkaline and have been shown to inactivate the wild-type
enzyme. We have carried out a number of mutagenesis experiments in an attempt to construct
alkaline pH tolerant variants of this enzyme by increasing its stability. The CynDpum enzyme
exists as short spirals over the pH range of 6-8 and these spirals associate to form long active
helical fibres at pH 5.4 (Jandhyala et al., 2003; Sewell et al., 2005; Wang et al., 2011; Mulelu,
2010; Mulelu, 2013). In previous studies we demonstrated that the stability of CynDpum is
related to its oligomerisation (Wang et al., 2011; Mulelu, 2010; Mulelu, 2013) and proposed
that understanding the process of oligomerisation could potentially help identify residues

which can confer higher stability.
6.2 Cryo-electron microscopy and atomic model refinement

To fully understand the mechanism of the oligomerisation of the CynDpum a high resolution
structure had to be obtained. Before this study the only available structures were low resolution
negative stain 3D EM reconstructions and homology models (Mulelu, 2013). Although these
models produced some good structural insights, they proved to be unreliable in certain regions.
Early attempts of obtaining a crystal structure of the CynDpum were unsuccessful thus an
attempt of obtaining a high resolution structure using cryo-EM coupled with 3D reconstruction
techniques was carried out. Using this cryo-EM technique, we were able to obtain three detailed
3D structures. Two Q86R+H305K+H308K+H323K CynDyum structures of 11.1 A and 6.8 A
resolution were obtained using the FEI Polara and FEI Titan Krios electron microscope
respectively. One wild-type CynDpum structure of 7.4 A resolution was obtained using the FEI
Titan Krios electron microscope. The structure from the FEI Polara was initially obtained and
the knowledge gained during its acquisition was later used to refine and optimise the data
collection method for the following FEI Titan Krios structures. The optimisation significantly

improved the quality of the structures thus demonstrating that the data collection method is
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unlikely to be the limiting factor in the further acquisition of higher resolution structures. We
propose that structural variability of the enzyme due to low stability may be the limiting factor
in the acquisition a higher resolution structure. We initially attempted to reduce the structural
variability by constructing the very stable Q86R+H305K+H308K+H323K CynDpum Variant
and although this improved the resolution of the final structure, it still demonstrated high
structural variability at some areas such as the C-terminal region. Thus, further work needs to
be carried out on improving the stability of CynDpum to produce a variant with limited structural
variability thus allowing for higher resolution structures to be obtained. The main challenge in
the construction of stable CynDpum Vvariants will be the maintaining as much of the native
structure of the enzyme as possible as we have demonstrated the high sensitivity of the CynDpum

structure to minimal mutations throughout this study.

One challenge encountered during the acquisition of the high resolution CynDpum EM
structures was the estimation of resolution. We stated the resolution of our structures using a
fixed-valued FSC threshold but we have observed an understating of the resolution when
visually comparing our structures with various simulated CynDpum EM density maps generated
at different resolutions. This method of resolution determination may not be ideal for EM
density maps as it was observed that different regions of our Cryo-EM map were of varying
resolutions. An alternative may be to calculate the local resolution of different regions in the
EM density map using programs such as Resmap (Kucukelbir et al., 2014) and report the
resolution as a range rather than a single value generated by fixed-valued FSC threshold

method which calculates the global resolution.

We successfully further refined a previous homology model of CynDpum (Park et al., 2016) by
flexibly fitting it into the density maps obtained from the cryo-EM. The resolution of the cryo-
EM density maps allowed for easy fitting of the peptide backbone, alpha helices and large side
chain residues with the fitting of beta sheets and loops proving more difficult. Although we
successfully managed to fit our homology model into our cryo-EM maps using
pseudocrystallographic methods such as the use of COOT (Emsley and Cowtan, 2004) and the
real_space_refine program (Afonine et al., 2013), it was evident that there is a lack of programs
designed to specifically fit atomic models into near atomic resolution cryo-EM maps. At
present, only a few programs are under development to specifically tackle this problem and
hence one may have to wait for the development of such programs in order to obtain the best

fit of atomic models into the near atomic resolution cryo-EM maps.
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6.3 Structural insights

Using the FEI Titan Krios image datasets we were able to obtain two cryo-EM map refined
atomic structures of both the Q86R+H305K+H308K+H323K and wild-type CynDpum. Based
on these atomic structures we observed that there is high structural similarity between the wild-
type and the Q86R+H305K+H308K+H323K mutant although differences in oligomerisation
and stability between these enzymes were observed. When comparing our two structures we
observed that the high stability conferred by the Q86R+H305K+H308K+H323K mutations
was due to the substitution of the GIn86-GIn86 hydrogen bond to a more stabilising Arg86-
Arg86 interaction across D-surface (Q86R) and the introduction of a new C-terminal tail
interaction across the D-surface as a result of the H305K+H308K+H323K mutations. We also
observed that interactions at the C-surface were the predominant interfacial interactions
responsible for the oligomerisation of CynDpum, in which only the residues from the C-surface
region 1, and none from region 2, are likely to participate across this surface. We observed that
the major interactions across the C-surface occur between the a7 helix and the a2 helix in which
the Asp275-Arg67 ionic bond and the Asp275-His71 hydrogen bond interactions play a crucial
role in oligomerisation of the CynDpum enzyme. The only significant structural difference
observed between the wild-type and the Q86R+H305K+H308K+H323K mutant was located
at the C-terminal region. For both enzymes it was difficult to fit in C-terminal residues into the
EM densities as there were a number of large and undistinguishable densities located at the C-
terminal region. Cryo-EM maps of higher resolution are needed to allow accurate fitting of the
C-terminal region. Solving the structure of the C-terminal tail would provide significant insight
as the C-terminal tail has been shown to play a crucial role in both the oligomerisation and
activation of the CynDpum enzyme (Sewell et al., 2005; Wang et al., 2011; Mulelu, 2013).

When comparing the crystal structure of the branch 1 helix-forming nitrilase Nit6803 from
Synechocystis sp. Strain PCC6803 (PDB code: 3WUY) and its distant, C shaped, non-spiral
forming homolog B-alanine-synthase (paS) from Drosophila melanogaster (PDB code: 2VHI),
it was demonstrated that the main difference between these structures was the conformation of
the C-surface region 1 and 2 (Park et al., 2016). Based on our CynDpum Structures we observed
that there was a higher structural similarity between the CynDpum and Nit6803 than the BaS,
and we proposed that most of the branch 1 nitrilases share this C-surface structural
conformation, which allows them to form extended helices. Further studies of structural
variations between the branch 1 nitrilases and the other members of the nitrilase superfamily

still have to be carried out to fully understand the factors that dictate the helix formation, but
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this may require more branch 1 nitrilase crystal structures to be solved, as only one is currently

available.
6.4 pH dependent oligomerisation

The participation of the histidines has been proposed in the pH dependent transition from short
spirals to long helices, as this transition occurs as the pH drops below 6.0 (Histidine pKa of
6.0). To investigate the role of the histidines in the oligomerisation of CynDpum we mutated all
the non-C-terminal tail histidines (His62, His71, His128, His167, His184, His241 and His285)
to either an alanine, aspartate or lysine. About 50% of the histidine substitution mutants
resulted in the insoluble expression demonstrating the importance of some of the histidines in
the solubility and hence the correct folding of the enzyme. The branch 1 nitrilase conserved
His167-His184 interaction was shown to be crucial in the stability and possibly in the
positioning of the catalytic Cys164 of CynDpum and other related branch 1 nitrilases. We
observed that the residues from the interfacial regions are not the only residues involved in
oligomerisation as other non-interfacial region histidine residues were shown to affect the
oligomerisation of the enzyme (His128, His184, His241 and His285). We observed that no
single CynDpum histidine is responsible for the observed pH dependent oligomerisation as no
one histidine mutation resulted in the complete disruption of the enzyme’s oligomerisation. We
propose that multiple histidines are responsible for the pH dependent oligomerisation with the
His285 being the most involved histidine in the oligomerisation. It is still unclear whether the
change in the histidines’ electrostatic properties directly affects the pH dependent
oligomerisation or does the change in the histidines’ charge confer conformational changes of
the overall CynDpum Structure which in turn results in the changes in oligomerisation. With the
help of our CynDpum structures further mutagenesis studies could be carried out in order to
elucidate the precise interactions in which these histidines are involved in.

Using low resolution negative stain EM reconstructions of the fibre forming histidine
substitution mutants (H62K, H71A, H71D H71K, H128K H184D, H241A and H285D) we
were able to observe variations in the helical symmetry of the mutant fibres and discovered the
importance of the positive charge at the His71 position in maintaining the helical symmetry of
the CynDpum fibre. The 3D structures also demonstrated that the loss of cyanide degrading
activity by some of the histidine mutants was not solely due to the changes in the helical
symmetry. It has been previously shown that the change in the helical symmetry of some

filamentous nitrilases by mutagenesis can potentially change the substrate specificity of the
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enzyme (Woodward, 2011). Two of the fibre forming histidine substitution mutations (H71D
and H285D) resulted in both the inactivation and the change in the helical symmetry of the
enzyme. The inactivation of these mutants may only be limited to cyanide degrading activity
and not other nitrile substrates, hence a substrate profiling study of these mutants may be
required to access if the change in the helical symmetry affected the substrate specificity of the
enzyme. Further investigation into the helical twist determining residues using a combination
of mutagenesis studies and high resolution CynDpum Structures could help identify specific
helical twist determining residues thus allow for the design of multiple substrate specific
industrial enzyme using the CynDpum as the sole template. A furture study on the enzyme
kinetics and pH profile of the CynDpum variants could also yield good insights and may help us

understand the relationship between the activity and oligomerisation of the enzyme.

Obtaining a crystal structure of the CynDpum has proven challenging due to the difficult
production of protein crystals. One of the factors preventing the formation of crystals has been
proposed to be the enzyme’s formation of complex quaternary structures. As one of our initial
goal we proposed that identifying the residues responsible for oligomerisation could potentially
help in manipulation of the oligomerisation, through mutations, to form isoforms of the enzyme
which may pack with crystalline symmetry and crystallise readily. This may prove even more
difficult than previously anticipated as we have shown that the CynDpum is highly sensitive to
minimal mutations. Disrupting the interactions at the interfacial region was proposed as a
strategy for the disruption of the overall oligomerisation of the enzyme. This strategy has also
been shown to be more challenging to implement as we have shown that the interaction at the
interfacial regions have a compensating mechanism which reduces or prevents changes at one

interfacial region from affecting the overall oligomeric structure of the CynDpum €nzyme.
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