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ABSTRACT

Nitrilases are moderately ubiquitous nitrile/cyanide-degrading enzymes, found in both eukaryotes
(animals, fungi, plants) and prokaryotes (archaea, bacteria) which catalyse the condensation and
hydrolysis of a wide range of non-peptide nitrile substrates and are involved in nitrile-post-
translational modification.

As Cyanide and related compounds are used extensively by humans in various industrial processes
which, due to carelessness and inadequate waste-management systems, contribute significantly to
the levels of toxic cyanide contamination in the environment nitrilases have been speculated to be
useful for bioremediation amongst other things.

Nitrile/cyanide hydrolysing enzymes have a broad range of substrates and they function via four
known pathways. Nitrilase and cyanide dihydratase completely hydrolyse nitriles and HCN
respectively to yield the corresponding acid and ammonia without going via an amide intermediate.
Nitrile hydratase and cyanide hydratase perform a single hydrolysis producing the corresponding
amide and formamide, respectively.

The nitrilases are known to form extensive quaternary structures including dimers, spirals and rods/
helices. Generally microbial nitrilases exist as homo-oligomers having a large molecular weight (>
300 kDa). These enzymes are known to oligomerise under conditions of substrate activation
(Rhodococcus rhodocrous) and pH change as is the case for the Cyanide dihydratase from Bacillus
pumilus C1 (CynDy,) which exists as a terminating spiral of ~16 subunits above pH 6 but forms a
long helical fibre below ~pH 6.

In this project the Cyanide dihydratase from strain 8A3 of B. pumilus was analysed using electron
microscopy at pH of 5.4, 6 and 8. These data were reconstructed at pH 6 and pH 8 using the single
particle reconstruction technique to resolutions of 29A and 31A respectively.

It is shown that at pH 6 the enzyme consists of 20 subunits (10 dimers) and at pH 8 22 subunits (11
dimers). These models show that CynD,, exists as an oligomeric spiral that terminates by
decreasing the helical radius and tilting the terminal subunits toward the helical axis. Below pH 5.4
CynDyu from strain 8A3 does not extend into a fibre as in Cl1, this is explained to be due to the lack
of 3 key histidine residues found on the C-terminal tail of CynD,,, Which point into the inner cavity
of the spiral and become charged below pH 6 producing a repulsion preventing the termination of
the spiral by narrowing of the helical radius and thus encouraging extension into the helical form.
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1. Literature review

1.1 Introduction

Nitrilases are reasonably ubiquitous nitrile/cyanide-degrading enzymes, found in both
eukaryotes (animals, fungi, plants) and prokaryotes (archaea, bacteria) which catalyse the
condensation and hydrolysis of a wide range of non-peptide nitrile substrates and are
involved in nitrile-post-translational modification (Pace & Brenner, 2001). The nitrilases
have evolved in response to the presence of cyanide compounds which are considered
(along with other molecules such as ammonia, carbonyls, amines etc.) to have been part
of the primordial soup that progressed through an intermediate group of nitriles into the
amino acid alphabet of life. Thus cyanide/nitrile compounds have been an important part

of nature before the inception of life (Commeyras et al., 2004).

Inorganic and Organic cyanide compounds are found widely dispersed in nature in a
range of forms including hydrogen cyanide (HCN), cyanide salts (e.g. KCN, NaCN),
more complex metal-cyanides (of which the most abundant species is CN coordinated to
iron, e.g. [Fe(CN)6]*, [Fe(CN)6]™), thiocyanates ([SCN]’, [Fe(NCS)(H;0)s]*) and
various nitriles (e.g. cyanoglycosides, pesticides) (Ebbs, 2004; Kjeldsen, 1999). These
compounds are commonly found in many organisms (mainly plants) as a synthesis
product and in soil and water systems as a toxic byproduct of human activity (Baxter &
Cummings, 2006). Cyanide compounds vary in toxicity from mildly toxic/distasteful to
lethal depending on the compound’s ability to release free cyanide which is a potent
inhibitor of cytochrome-c-oxidase whilst some nitriles are mutagenic or carcinogenic
(Banerjee et al., 2002). This characteristic of the cyanoglycosides has been exploited in
the production of anti-cancer drugs. Kousparou et. al. (Kousparou et al., 2002) have
created a novel anti-cancer treatment by combining the cyanoglycoside linamarin (as a
harmless prodrug) with a fusion protein consisting of an immunoglobulin specific for a

cancerous antigen (directing the enzyme to cancerous cells) and a beta-glucosidase,



linamarase, which hydrolyses linamarin resulting in the release of free cyanide at the site

of the malignant cells.

Plants, fungi, insects and bacteria produce cyanoglycosides primarily as a defensive
weapon and less commonly as a hormone (arthropods and plants). To confirm the
repellant nature of these compounds Tattersall et. al. (Tattersall ef al., 2001) transferred a
tyrosine-based cyanoglycoside synthesis pathway from the Sorghum bicolor plant to
Arabidopsis thaliana. Resistance to the flea beetle Phyllotreta nemorum, a pest of the
Brassicacaea family to which Arabidopsis belongs, was conferred to the new transgenic
A. thaliana. The compound produced is known as ‘dhurrin’. The major phytohormone
indole acetic acid is synthesised from a nitrile intermediate, indole acetonitrile in the
same plant family (Muller & Weiler, 2000). UV exposure has been shown to induce the
production of a nitrile antibiotic effective against bacteria and various fungi in the fungus
Trichoderma harzianum (Faull er al., 1994). A species of caterpillar, Calindoea
trifascialis, has the ability, when disturbed, to secrete a defensive substance consisting of,
amongst other compounds, mandelonitrile which acts as an effective ant deterrent
(Darling et al., 2001). Bacteria have been an invaluable source of insight into antibiotics
for the human race. Micromonospora echinospora is but one of a collection of bacteria
that have been shown to produce nitrile-based antibiotics. M. echinospora produces a
nitrile which acts against gram positive bacteria and drug-resistant strains of

Staphylococcus aureus (Sugawara et al., 1997).

Cyanide and related compounds are used extensively by humans in various industrial
processes which, due to carelessness and inadequate waste-management systems,
contribute significantly to the levels of toxic cyanide contamination in the environment.
Coal is often degassed to produce what is known as ‘town gas’, a hydrogen/methane-rich
substance used domestically in many countries for light and heat and to power gas-
engines. The oxidised product is a gas rich in hydrogen sulphide and hydrogen cyanide
which is purified by exposing it to bog iron ore to bind the cyanide in ferric metal
complexes and thiocyanates. The disposal of the saturated ore is an obvious problem

(Theis et al., 1994). Cyanide salts are used in chemical baths in the electroplating



industry which can spill into the environment. Certain metal-cyanides are used as anti-
clumping agents in road salts. These salts are used to de-ice roads in extremely cold
conditions and the overlaying of roads and concomitant run-off exposes soil and water
systems to potentially toxic cyanides. Probably the most extensive commercial use of
cyanide is in the mining industry where metals such as gold are leached from ore and
water-solubilised by binding to cyanide. This results in toxic collection pools (Kjeldsen,
1999; Baxter & Cummings, 2006; Akcil & Mudder, 2003). Some herbicides (e.g.
bromoxynil) are nitrile-based and expectedly cause a range of negative symptoms upon
prolonged exposure (Banerjee et al., 2002). As of 2005 the Agency for Toxic Substances
& Disease Registry ranked cyanide at 28" on its Priority List of Hazardous Substances
and had documented 45 sites of known Completed Exposure Pathways which are areas of
contamination linked to a receptor population (ATSDR, 2005b; ATSDR, 2005a). Taking
these issues into consideration it is not difficult to see that there exists a myriad of

potential applications for a nitrile-degrading enzyme.

Though Nitrile/cyanide hydrolysing enzymes have a broad range of substrates they
function via four known pathways. Nitrilase and cyanide dihydratase completely
hydrolyse nitriles and HCN respectively to yield the corresponding acid and ammonia
without going via an amide intermediate. Nitrile hydratase and cyanide hydratase perform
a single hydrolysis producing the corresponding amide and formamide, respectively.
Generally these amides enter a subsequent amidase pathway releasing ammonia and
converting the amide into its corresponding acid (Jandhyala et al., 2003; O'Reilly &
Turner, 2003) (Fig. 1). (see also: 1.5 Structure and Catalysis)
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Figure 1. The various reactions of the nitrile-hydrolysing enzymes. Adapted
from (O'Reilly & Turner, 2003).

Nitrilases, cyanide hydratases (CHT) and cyanide dihydratases (CynD) have been
grouped into branch 1 of the “Nitrilase Superfamily” of nitrilase-related enzymes based
on their sequence similarity. The family consists of 13 branches of which only members
of the first branch, the nitrilases, function as classical nitrilases while eight branches
exhibit amidase activity and several others are hybridised with other protein domains. All
the proteins in this superfamily are distinguished by a conserved Glu-Lys-Cys catalytic
triad which is absent in the Fe-S/heme-containing or Cobalt nitrile hydratases and thus
regardless of its functional similarity to the cyanide hydratase it is excluded (Huang et al.,
1997). The nitrilase-related proteins also contain a conserved affa-appa sandwich fold
and are generally multimeric (Pace & Brenner, 2001). These enzymes exhibit high
substrate-specificity and enantioselectivity and do not require the harsh reaction
conditions of traditional nitrile-converting protocols. These characteristics make the
nitrilases good candidates for the pharmaceutical industry. Also, the fact that a number of
bacteria produce nitrile-degrading enzymes makes them a viable alternative for

bioremediation of many industrial and agricultural sites (Banerjee et al., 2002).



1.2 Classification of the Nitrilases

Nitrilases are an important class of enzymes due to their fundamental role in cyanide
hydrolysis of a wide range of substrates. Based on the sequence and structural similarity
of 176 protein sequences Pace and Brenner (Pace & Brenner, 2001) classified the
nitrilase enzymes into a superfamily with 13 branches/subfamilies. Branches were
allotted according substrate-specificity of the enzyme and sequence similarity of the
residues surrounding the conserved catalytic triad (esp. the residue adjacent the catalytic
Cysteine residue on the C-terminal side). There are 4 kinds of reactions performed by the
superfamily. The first is that performed by the nitrilases which hydrolyses a
nitrile/cyanide to the corresponding acid and ammonia. This is performed in 2 hydrolysis
steps via a thiomidate intermediate resulting in an acyl group attached to the enzyme
which is subsequently released as the acid. The cyanide hydratases which only catalyse
the first half of this reaction belong to the same subfamily. The second mechanism is the
amidase reaction which involves the hydrolysis of an amide to a corresponding acid and
ammonia. Thirdly, the carbamylase reaction, similarly to the amidase reaction,
hydrolyses carbamides to an amine, ammonia and bicarbonate. The fourth and last
mechanism is analogous to a reversed amidase reaction performed by the N-
acyltransferases. This reaction attaches an acidic group to the N-terminal of a

polypeptide.

Figure 2 shows a graphical representation of the 13 branches of the superfamily with
domain fusions and residues adjacent the catalytic triad. Seven branches contain members
with nitrilase domains fused to other domains fulfilling either a ‘Rosetta Stone’ function,
whereby through a combined effort the domains fulfill a biochemical function or
allowing for specific cellular localisation. An example of this fusion is the NAD"
synthetase from Mycobacterium tuberculosis. NAD" synthetases catalyse the conversion
of deamido-NAD to NAD" by attaching an amide group derived from glutamine or free
ammonia. Pace et al. mention that E. coli NAD" synthetase has long been known not to
be able to utilise glutamine as a nitrogen source whilst M. tuberculosis NAD" synthetase

can. It was discovered that M. tuberculosis NAD" synthetase contained an N-terminal



nitrilase domain that E. coli NAD" synthetase lacked which transferred nitrogen by
hydrolysing glutamine thus fulfilling the role of a glutamine amidotransferase (Bellinzoni
et al., 2005; Pace & Brenner, 2001). This finding confirms that protein domains can act
in a modular fashion by contributing different functionalities.

The 13 branches are as follows (Pace & Brenner, 2001; Brenner, 2002):

Branch 1: Nitrilases

This is the true nitrilase branch inluding nitrilases, cyanide dihydratases and cyanide
hydratases and is found in plants, animals, fungi and bacteria. These enzymes, first
discovered in 1964, are involved in key processes such as the conversion of indole-3-
acetonitrile to the very important phytohormone indole-3-acetic acid in plants. This
process is catalysed by three similar nitrilases in A. thaliana: nitl, nit2 and nit3 which
also convert 3-phenylpropionitrile to phenylpropionic acid (Vorwerk et al., 2001).
Whereas, the same plant uses nit4, a cyanoalanine hydratase, to hydrolyse an
intermediate of cyanide detoxification, beta-cyano-L-alanine, to asparagine and aspartate
(Piotrowski & Volmer, 2006; Piotrowski et al., 2001). Generally the nitrilases fall into 3

categories depending on their preferred substrates: aromatic, aliphatic or arylacetonitrile.
Branch 2: Aliphatic amidases
This is the first group of 8 amidases. The members of this group are from bacteria and are

specific for aliphatic amide substrates like asparagine and glutamine. Included in this

branch is the aliphatic amidase from Pseudomonas.



Branch 3: Amino-terminal amidases

These amidases are very similar to Branch 2 but are specific for N-terminal residues. The
N-end rule of ubiquitination determines the cellular life time of a protein before it is
degraded by the fact that N-terminal residues differ in their affinity for ubiquitination.
Pace and Brenner point out that the enzyme responsible for this in brewer’s yeast, Ntal,
belongs to this subfamily. N-terminal Asn and Gln residues are considered tertiary
destabilising residues which, when hydrolysed to Asp and Glu by Ntal, become
secondary destabilising residues. These signal a more urgent demand for protein
degradation (Baker & Varshavsky, 1995).

Branch 4: Biotinidase

These enzymes have a preference for R-C=O(NHR”) amines and include amongst others
biotinidase, the vanins and GPI-80. Biotinidase is responsible for releasing biotin from a
precursor molecule (e.g. biocytin => biotin + lysine). Vanins have an as of yet unknown
substrate and both vanins and GPI proteins play an important role in the immune
response. Interestingly, the domain fusions show that these enzymes have C-terminal
domains that confer unique functional abilities much like the NAD" synthetases
mentioned above, while one of the vanins even contains an additional partial N-terminal

nitrilase domain (Fig. 2).

Note: branches 3,4 and 9 are the only branches able to act upon polypeptides.

Branch 5: p-ureidopropionases

These proteins are similar to the carbamylases and catalyse the conversion of N-

carbamyl-beta-alanine to beta-alanine, a reaction important in the catabolism of

pyrimidines (Rawls, Jr., 2006).
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Branch 6: Carbamylases

These enzymes are important for the decarbamylation of D-amino acids which are not
common to the protein alphabet of most life-forms but are used, for instance, extensively

in bacterial peptidoglycan cell walls (van Heijenoort J., 2001).

Branch 7/8: Glutamine-dependent NAD* synthetases

Branches 7 and 8 represent an elegant example of combining simple biochemical
functionalities, also known as “Rosetta Stone” fusions. The fusion of a Glutamine Amino
Transferase domain to an NAD" synthetase domain in certain prokaryotes (branch 7) like
M. tuberculosis and eukaryotes (branch 8) allows these essential catalysts to utilise

glutamine as a source of ammonia/nitrogen.

Branch 9: Apolipoprotein N-acyltransferases

This branch is identified by a reversed amidase reaction transferring fatty acids to protein
N-termini. Members of this group have been indicated to be important in various
bacterial pathways especially flagellar assembly. FigH, an essential structural protein in
the flagellar subunit assembly of Salmonella species is a lipoprotein that requires
modification by an apolipoprotein N-acyltransferase for correct functioning (Dailey &
Macnab, 2002). These proteins have an N-terminal hydrophobic domain and occasionally
a C-terminal dolichol phosphate mannose synthase domain which could be expected if
this branch is primarily involved in modification of proteins, especially those found in

cell walls.

11
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Branch 10: Nit

Nit is a plant/bacterial nitrilase homologue that was first found in the fly Drosophila
melanogaster and nematode Caenorhabditis elegans as a fusion with the Fragile
Histidine Triad protein (fhit), a mammalian tumour-suppressor protein (involved in cell
death). Nitl is found in mammals and is expressed separately to Fhit but they maintain
similar expression patterns suggesting involvement in a similar pathway, a theory which
is strengthened by the finding that these two proteins are fused in other organisms
(Pekarsky et al., 1998). The function of Nit in this context is as yet unknown,

Branches 11-13: The ‘Sundries’

These branches were used to designate groups of proteins that have no type-member to
identify them. Group 12 are however, distinctively fused to an N-terminal acyltransferase
and branch 11 has as of yet 1 member that has characteristic properties, AguB. This
enzyme from Pseudomonas is key in the metabolism of arginine to spermidine and is

known as an N-carbamyl putrescine amidohydrolase (Nakada et al., 2001).

13



1.3 Substrates, enantioselectivity and applications

In awd of identifving novel nimilases and enantivselective rends amongst the nitnlases
Robertson et al. (Robartson ef of ) 2004} recently created a collection of eDINA libraries
from 63] envieonmental metagenomic samples derived from seil and water systems
including Southeast Asia, Central Amcrica, the Arctic, Antarctics and others, The
resultiing fragments were eloned and exprossed in bacteria vielding up to 1 billion
individual clones. These clones were put through a screeming process to wst for the
ability to grow on selecled oitrles ws the sale nitropen source. This process eventually
vielded many putative nitribases of which 137 were sequenced, exprossed and underwent
a phylogenciic analysis including 13 nitrilase sequences from plants. fungi and bacteria

(Fig.3).
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The sequences divided into 6 definite clades having an intraclade sequence identity of
75% with the 9 known bacterial sequences falling into clades 1 and 2. The various
geographical locations yielded inconsistent sequence data. Some nitrilases were vastly
different within the same clade (e.g. 2A13 and 4A14) while a few very similar nitrilases
could be found in different clades (e.g. the spectrum of geographic locations in clade 1B)
(Fig. 3). Robertson et al. also postulate that the tendency for tropical samples to form
clusters within clades identifies a possible series of accelerated evolution events afforded

by the many microenvironments hospitable to microbial life in this type of ecosystem.

Nitrilases were then analysed to determine their substrate specificity and
enantioselectivity by monitoring the various enzymes’ abilities to hydrolyse 3 industrially
important synthetic intermediates: 3-hydroxyglutaronitrile, an intermediate in the
synthesis of the 3-hydroxy-3-methyl-glutaryl-CoA reductase inhibitor, cholesterol-
reducing drug Lipitor (Atorvastatin) (DeSantis ef al,, 2002); mandelonitrile, which
hydrolyses into the two useful enantiomers of mandelic acid used in the synthesis of
thrombin inhibitors amongst others (Inghardt et al., 2002); and phenylacetaldehyde
cyanohydrin, which also produces two valuable aromatic compounds. Clades 1A/B and 4
were especially selective for the hydrolysis of 3-hydroxyglutaronitrile to the S-
enantiomer product, 4-cyano-3-hydroxybutiric acid. There remained a small cluster of
enzymes in clade 1A specific for the R-enantiomer product. Whilst only ~35 % of the
enzymes were reactive with mandelonitrile, these were primarily found in clade 2 and
were almost all S-enantioselective. 50% of the enzymes were active on
phenylacetaldehyde cyanohydrin with most of them being found in clade 1A/B and some
having a representation in clade 4. Also, almost all of these representatives were S-
specific. Conclusively, sequence similarity and enantioselectivity are shown to be
correlated and the nitrilases have a wide substrate range. Also, due to the extraordinary
diversity in the microbial populations caused by rapid evolutionary explosions, there

exists a vast and potentially untapped resource for novel enzymes.

Microbes are known to produce many nitrilases and thus are able to colonise areas using

nitriles as their sole nitrogen source. Indeed, nitrilases have been identified and

15



characterised in several species of bacteria including some key species: Rhodococcus
rhodochrous which shows a very broad substrate range with preference for aromatic and
aliphatic nitriles; Bacillus pallidus, showing preference for aromatic nitriles;
Pseudomonas fluorescens which prefers arylacetonitriles; Nocardia sp., preferring
aromatic nitriles. Cyanide dihydratases have been found in Alcaligenes xylosoxidans,
Pseudomonas fluorescens, Pseudomonas stutzeri and Bacillus pumilus (O'Reilly &
Turner, 2003; Pace & Brenner, 2001). Fungi also express nitrilases (Fusarium solani,
Fusarium lateritium) and cyanide hydratases (Fusarium solani, Fusarium lateritium,

Gloeocercospora sorghi, Trichoderma harzianum) (Baxter & Cummings, 2006).

In a recent screen for novel nitrile-hydrolysing microorganisms, a large number of
bacterial and yeast strains were isolated from environmental and industrial areas in South
Africa (Brady et al., 2006). 150 bacterial strains were identified as nitrilase-producing by
their ability to grow on 3-hydroxy-3-phenylglycinonitrile. This number was reduced to 40
by further screening for the ability to grow on 3-hydroxy-3-phenylpropionitrile. These 40
strains were then submitted to further screening for a large range of substrate specificities
by allowing them to grow on various nitrile-containing media. Most of the enzymes came
from Bacillus, Pseudomonas and Rhodococcus genera with the latter producing the

widest substrate specificity.

16
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Figure 4 shows a comparison of the abilities of each genus to grow on a range of nitrile
substrates. Clear preference can be seen in all three genera for aliphatic nitriles
(substrates 1-3), phenylglycinonitrile (15) and propionitrile (16). The Rhodococci showed
an additional preference for benzamide (9), isobutyronitrile (13) and propionamide (17).
Almost none of the strains could utilise benzylidene malonitrile (7) and fumaronitrile
(12). The specificity of a series of bacterial whole-cell extracts was tested against a
number of industrial enzymes. Of all the strains Rhodococcus rhodochrous sp. 4 was

shown to have the widest range of substrate specificity.

Due to the wide range of substrates accessible by the nitrilase superfamily and their
unique enantioselectivity, they have become important players in the biocatalysis
industry. Many existent and potentially novel synthetic applications exist for these
enzymes as they also catalyse the hydrolysis of nitriles with fewer steps and under far
less extreme reaction conditions than are currently being used in the fine chemicals
industry (Mylerova & Martinkova, 2003). Some of the downsides are protein intolerance
of high reactant concentrations and temperatures. Also, for the wide spectrum of
substrates that these enzymes can hydrolyse, this is still a limiting factor when compared

to the extensive substrate range of alkaline/acid hydrolysis

Enzymes are restricted in their choice of substrate primarily by the size and shape of the
active site pocket into which the substrate docks. This has been studied in Rhodococcus
biocatalysis systems and it was discovered that all the substrates unavailable to the
specific strain were either larger than the pocket (228 A%) or imposed an intractable steric
hindrance. Also, enzymes have narrow temperature/pH ranges which are gradually being
overcome by the isolation of thermostable (>50° C) and wide pH range (2-13) strains of
Rhodococcus (Mylerova & Martinkova, 2003).

One of the logistical issues facing scientists is the development of suitable mechanisms
for the application of microbes or microbial enzymes to environmental issues and
industrial processes. Do we use whole cell cultures, cell extracts or purified enzymes?

Many techniques have been developed and been shown to be successful. Generally,

18



whole-cell systems are preferred due to the ease with which they are produced and the
high cost of purifying enzymes for commercial use. Gel-immobilised cell systems have
shown themselves to be successful. Common gel substrates include polyacrylamide,
Ca/Br alginate, K-carrageenan, pectate and polyvinyl alcohol (Mylerova & Martinkova,
2003). Rhodococcus has been used in this manner to degrade acrylamide by
immobilisation on polyacrylamide gels (Nawaz et al., 1998). Rhodococcus has also been
attached to other substrates: porous carbon (Maksimov et al., 2007), polyurethane foams
(Quek et al., 2006) and silicone polymers (Roach ef al., 2004) amongst others. Another
possibility is using lyophilised cells attached to a matrix as a biocatalyst. This has also
been shown to be successful, with the addition of necessary lyoprotectants, in the case of
Rhodococcus (Mylerova & Martinkova, 2003).

Both aerobic and anaerobic batch culture/reactor systems have been utilised extensively.
Some simple approaches use a produced biomass to ‘mop up’ cyanide and metal cyanides
with a higher affinity than activated charcoal. More complex systems involve suspended
solution and fixed film reactors for the treatment of toxic liquids by hydrolysis of nitriles.
A system employed at the Yellow Pine Mine site in Idaho, USA, involved isolating and
enriching nitrile-utilising bacteria native to the site and redeploying the enriched cultures
into the spent ore and tailing pond to leach out toxic metal-cyanides (Baxter &
Cummings, 2006).

Due to the beneficial characteristics of the nitrilases and nitrilase-producing organisms a
selection of novel biocatalytic applications can be devised for the enhancement of fine
chemical synthesis by reducing the number of chemical intermediates necessary and
removing the need for harsh reaction conditions. Also, these enzymes can be used for the
protection of the environment through the bioremediation of toxic sites produced by

various industries, not least of which is the mining community.
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1.4 The genetics and evolution of the microbial nitrilases

In response to Robertson ot al’s work in classifving a eollection of microbial nitrilase
sequences from eDNA libraries into 6 distinct clades (Robertson er af, 2004) (cf, 1.3,
pirs, 1), Podar ot al, went fudther and compered the sencne noighbourhood of some of
these sequences to their enzymatic activity (Podar er af, 2003} Originally, Robertson et
al. elassified 137 novel nitrilase seguences and 9 known bacteral sequences. With the
release of certain genome sequences Podar ¢t al were able W nelude an additional 9
mirjlascs from coltvated bacteria and subyect the whele dataset, onece again to
phylogenetic anulysis, rooting the tree with 3 plant und 4 fungal sequences, As scen
previously, all the cultivated bacterial sequences (now a total of 18) fell into clades 1 and

2 with up to a 70 % and 40 % identity respectively (Fig. 5).
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It is known that in the prokaryotes genes can be organised into ‘clusters’ or
‘neighbourhoods’. These are orthologous collections of genes with related function (and
their neighbours) loosely conserved between various organisms and are considered to be
of higher order yet very similar and sometimes inclusive of operons/regulons in which
genes with very strongly related functions are grouped under the same transcriptional
control mechanisms (Rogozin et al., 2002). Thus, between different organisms there
might be some genes missing or the order of the genes might differ. In this study, all of
the subfamily 1 genes were found to belong to the NitlC gene cluster. This cluster was
hypothesised to be an operon due to the fact that 6 of the genes are found on the same
DNA strand and are transcribed in the same direction. Only 4 clusters were available for
subfamily 2. Of these, 2 were identical and encoded the AraC regulatory protein but are
not organised on the same strand (Fig. 5).
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1.5 Structure and Catalysis

The two initial crystal structures of the nitrilase family which have formed the basis for
many assumptions about the rest of the superfamily are the NitFhit protein from the
nematode C. elegans and N-Carbamoyl-D-amino Acid Amidohydrolase (carbamylase)

from Agrobacterium.

NitFhit

The Fhit protein is a tumour-supressor in humans and its absence is a major contributor to
the acquisition of lung cancer. It is expressed as a single domain peptide in mammals and
fungi and as two domains in flies (D. melanogaster) and worms (C. elegans) with Fhit on
the carboxy terminal side. The N-terminal domain is a Nit protein with 22 % sequence
similarity to plant/bacterial nitrilases and 48 % similarity to the mammalian Nit
orthologues which are expressed separately to Fhit. These two proteins have been
implicated in a combined function and indeed in mice their mRNA expression patterns

have been shown to be similar (Pekarsky et al., 1998).

NitFhit is a 440 amino acid protein with a molecular weight of ~50 kDa but on a column
the native eluent has a molecular weight of ~200 kDa indicating that it is a tetramer. The
N-terminal Nit domain consists of 5 o-helices and 13 f-strands which are arranged in an
appa sandwich fashion. This is composed of 2 a-helices, a sheet of 6 B-strands, another
sheet of 6 B-strands and closes off with another 2 a-helices. These Nit domains are
arranged into a tetramer as shown in Figure 6 via the interaction of 2 interfaces. The A-
interface is considered to be the standard interaction forming 2 dimers and is mediated by
the two proximal helices 3 and 4 and their symmetry-equivalents. Thus, in the dimer the
sandwich fold is extended to become an 8-layered a-B-B-a-a-B-p-a fold. Strands 11 and
12, with their symmetry-equivalents in an antiparallel conformation, form the B-interface
for the interaction of 2 dimers (Sewell ef al., 2005). This extends the width of the B-sheet
portion of the sandwich to 12 strands. The active site, as with all members of the

superfamily, consists of a Glu-Lys-Cys catalytic triad. Glu54 is found immediately after
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the C-terminal vod of f-strand 2 (NS2) Lys 127 in e same position relative o NS3a and

also Cys16% relative o0 NST (Pace ef af,, 2004},
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N-carbamoyl-D-Amino acid Amidohydrolase

D-NCAase or DCase has been found in several bacteria and was crystallised from
Agrobacterium. This enzyme catalyses the hydrolysis of N-carbamoyl-D-Amino acids to
D-amino acids; an important constituent of bacterial cell wall peptidoglycan. Like Nit,
DCase also exists as a tetramer in the crystal structure but is most likely a dimer/trimer in
nature according to biochemical assays. The conserved a-p-p-o. sandwich fold and the
catalytic triad (Glu46-Lys126-Cy171) are retained. The A-interface, between members of
the dimer, is mediated by a-helices 5/6 (which, with the exception of certain
insertions/deletions, are identical to helices 3/4 in Nit) and the C-terminal tail which

interacts with NHS on the opposite monomer (Nakai et al., 2000).

Catalytic triad

The C-E-K catalytic triad is well conserved amongst the nitrilases and is used as the
primary criterion for entry into the nitrilase superfamily (Pace & Brenner, 2001). Nakai et
al.’s catalytic mechanism formed the basis for understanding catalysis in the nitrilase
family. According to the basic mechanism, Glu46 acts as a general base, extracting a
proton from Cys171 and activating it as a nucleophile either directly or via an abridging
water molecule. The thiol group is then able to make a nucleophillic attack on the
carbonyl/amide carbon the substrate (in this case an N-carbamoyl-D-amino acid) forming
a tetrahedral intermediate. The transiently negative carbonyl oxygen interacts with the
positive amide group of Lysl126 which stabilises the complex. After this, the same
carbonyl oxygen resumes its double bond nature forcing the amine group to adopt the
excess proton from Glu46 and leave as ammonia to be replaced by a water molecule
resulting in the acyl-enzyme intermediate. Once again, Glu46 acts as a general base and
activates the water molecule which subsequently performs an attack on the carbonyl
carbon forming a second tetrahedral intermediate which is released as an N-carboxy-

amino acid which eventually collapses to the D-amino acid (Nakai et al., 2000).
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Jandhyala et al. add that a similar mechanism takes place in the Cyanide dihydratases and
Cyanide hydratases (Jandhyala er al., 2005). Initially, the nucleophilic attack on the
amide carbon by cysteine causes the cyanide nitrogen to adopt a proton from lysine
forming the thioimidate intermediate. Lysine then replaces its lost proton by attacking
and activating a water molecule which subsequently attacks the amide carbon forming a
tetrahedral intermediate. At this junction either the C-S bond is broken releasing
formamide, as in the Cyanide hydratases or the C-N bond is broken releasing ammonia as
in the case of the Cyanide dihydratases. Once ammonia has been released, the pathway is
identical to the nitrilase mentioned above including nucleophillic attack by an activated

water molecule and eventually the release of formate.

After the structure of DCase was solved by Nakai et al., Chen et al. performed a series of
mutational studies to determine the specifics of binding and catalysis (Chen et al., 2003).
It is known from the crystal structure that the substrate is bound in a pocket constituted of
4 loops each harbouring a number of key residues that interact with the substrate. The
most striking mutation performed was that of mutating the catalytic cysteine (C172) to a
serine (C172S) and exposed the enzyme to N-carbamoyl-D-p-hydroxyphenylglycine
(HPG) for crystallization with a substrate. This mutation reduced the enzyme’s activity to
less than 0.1 %. Eleven interactions were identified between the substrate carboxyl group

175 and

and the pocket, five of which were hydrogen bonds. A key finding was that Arg
Arg'™ play an important role in providing substrate specificity for fitting of carboxyl-
containing substrates. Asn'”® was also implicated in correct docking of the substrate by
blocking part of the outer binding pocket with its large side chain helping to select for D-
enantiomer substrates. Fourteen interactions were found between the pocket and the
substrate carbamoyl moiety, seven of which were hydrogen bonds identified in the
C172S structure. On the floor of the binding pocket S172 was found at the C-terminal
side of beta sheet B7 with its hydroxyl group sticking into the pocket pointing directly at
the carbamoyl carbon of the substrate. Glul46 hydrogen bonds with the substrate
carbamoyl group and in conjunction with His144 represent the beginning of an H-bond

network in the pocket which serves to fix the geometry of Lys127 (Fig. 7).
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Quaternary structure

The nitrilases are known to form extensive quaternary structures including dimers, spirals
and rods/helices. Generally microbial nitrilases exist as homo-oligomers having a large
molecular weight (> 300 kDa) (Scheffer, 2006). The cyanide dihydratases from P.
stutzeri and B. pumilus C1 are known to form terminating spirals of length 14 and 16/18

subunits respectively (Jandhyala et al., 2003; Sewell ef al., 2003).

A cyanide dihydratase (CynDyum) was isolated from the bacterium B. pumilus in 1993
(Meyers et al., 1993).

Berman produced the two initial negative-stain reconstructions of B. pumilus CynD. The
first reconstruction being of the recombinant CynDy,r, (expressed in E. coli) at pH 6 and
the second being the native CynDp,m at pH 8 (already mentioned). Both structures were
reconstructed with a global dyad symmetry imposition based on assumptions about the
assembly of the spirals (Berman, 2003).

The pH 6 structure was shown at a resolution of 3.2 nm to consist of a 16-subunit
terminating spiral. A terminal region of partial density attached to both ends of the spiral
was noticed. Berman postulated that this indicates partial occupancy by an extra pair of
terminal subunits which was challenged by Scheffer (see later). The radius was shown to

decrease from 5.3 nm at the centre to 4.6 nm at the end thus inducing termination.

The native pH 8 structure was solved to a resolution of 3.4 nm and consisted of a similar
terminating spiral of 18-subunits with identical symmetry to the recombinant form. With
a central radius of 6.45 nm this structure is wider with a more prominent extrusion of

density on the outside surface.
The structure of the enzyme from the C1 strain was further refined for publication

(Jandhyala et al., 2003) and was shown by negative stain electron microscopy to be a

spiral of 18 dimers at pH 8 with a length and width of 18.5 nm and 9.5 nm respectively at
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a resolution of 3.2 nm (Fig. ¥). The spirals cxbibit twalold symmetry gboutr the A-
interface of the central dimer with pseudo-dyad symmetry in the centre ol cach dimer.
These spirals are found only above pH & below which (-pH 3.4} the cnaoyme associates w

[orm extended helices with left-handedness shown by unidirectional shadowing,

Figure & Single pardele recanstiaetion of Cwmlpom at a reselutien of 3.2 om., The thres views show
o0 * rotatens, A0 shaw the pear and ronl views of e twateld axis of svmmeny respoctively (e ©
shiows the A (prerfaced (andbvala ez af, 2003)

The enzvme has recently been characlenscd (Jandhyala ef of. 2005} Optimal pH for
CynDy, was shown o be around 7-2 with a sharp falloft in activity above 8.
lnterestingly, the [llofl below 7 showed a ‘kink” in the profile representing a slight
increase in activity as opposed to the steady rale of decrease found in the Cynl) of £
stutzeri (Cvald,,) and the CHT of (¢ seswf This has been suggested to be as g result of
multimerisation of the enzyme which is known to happen at a pH of 5-6 in the €1 strain
ol B. pumifus (Jamdhyvala ef o, 2003), Tn fact, il koown that the nitrilases from R
rhesctocirons T1 and NCIB 11216 exhibit an increased activity with cortain substrales upon
oligomensation and Jandhyala et ab. thesefore speculate this the tnehesion of the terminal
subunirs in helix fonnation locks them into an active conformation identical w the other

subuwimits (Jandhyvala er al. 2005),



Cynld,, has been shown by the same technique to be a 14-subunit spiral with the same
tewofold symmetny and a length of 1% om and Hameter o 12 nm (Sewell ef of, 2003).
The radius deercuses near the ends by gbout 1 nm. To explain this phenomenon, the
wehnigue of evlindrical projection allowed angular displacements ot subsequent subunits
in the spiral structura to be determined. The projection in figure 9 clearly shows that
subsequetit pseudo-dyad axes have lavger angular displacements and are thus closer to the

helical axis which socounts for the Tadial decresse upott lcrminalien in the spiral.

Cylindrical projection

3 REN R T
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¢ (%)
Figure 9. Cyvlindrical projechon ol the cyamde diloalratase fiom & stadzecd spaning a motation of
840 7, Angular displacement {pd 33 plotked againse mise (2h The global dyad axis 8 matked o the

cencer af an angular displacement of 07 and subsequent proudo-lyad axes (A-sorfaves) are indicaled
alony the s-axis (Sewell o @f 0 2003,

Thus Sewell et al postulate that there are two determining factors in spiral
terminationiextension: the decrensing terminal diameter of the spiral by about 2 nm near
the ends and the concomitant incrense in subunit tilt by 127 inwards wward the helical
axis. These two Taclors scrve to close un the spiral prevennng e addition of mote
subunits. The lerminating interaction is created by the last dimer tilting in toward the

helical axis and foming vhe E-surtace free hefon,

Alse, it is generalty accepted that avound 10 subunits (5 dimers) are required to complete
 single tum utler which dimers are added simultuncously (o apposite ends and thus
increasing the subunit mumber by increments of 4 at any one time, Thus we would capect

structures of 10, 14, L&, 22 ete subunits and not 12, 16, 20, This assumption can be

29



considerad & guideline at eyt based on the 16 subunil reconsiruction by Berman (Berman,
2003), Scheffer’s theory about combined models (Schetffer, 2006} and data presented

later 11 this thesis.

Scheffer proposed two possible explanations for the observed monomenic terminal
densitics in Berman™ 16 subunil pH & madel. The conclusion was made that the presence
of these densities was most likely due vo flexibility in the tenmimal dimer. The allermative
hypothesis being that Berman's reconsiuction was performed on a heterogeneous smnple
of 14- and 18-subunit particles producing a perceived Lo-subunit density, Indecd,
docking of a homology model Wy the density indicates that the optimal placement of the
lermingl dimer s in fact in 2 kelical pricntation with respect to its previous parmer. This
is not unexpected bearing in mind the tendency of CynDyyrm to [orm cxiended fibres.
Cynly, which has a well defined termnation forming the E-interaction does not exhibit
this orientation, Thus, CynDp. appears to have o weaker erminating snteraction which

favours extension (Fig. 1)

C-mminJs m bR
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E Ruirfars with
Dermnsd diesr B
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Vigure b Decked model of "16-subunit’ & paeesifas Omlr showmg teeminal density. Adapred from
{Bcheffor, 20063,



3D reconstructions of nitrilases from B. pumilus, P. stutzeri and G. sorghi have allowed

annotation of important contact surfaces (Sewell ez al., 2005; Scheffer, 2006):

(refer to sequence alignment: fig. 15)

Several mutation experiments have been performed to identify important residues
involved in oligomerisation and to elucidate whether this form of association is in fact

necessary for activity (Table 1 for all mutations).

A-surface
This surface represents the dimerisation interface and the global axis of symmetry
of known spirals, consisting of helices NH3/4 and includes the C-terminal

extension seen in CynDpyy, and CynDyg,.

C-surface

Allowing the sequential interaction of dimers along the spiral, this surface
consists of residues found in two insertions at the N-terminal of NH2 and on the
loop joining NS9/10 that are not present in crystal structures of non-extending
nitrilases. An NS9/10-loop deletion mutant (mutant 5, A219-233) shows no
activity which immediately lends weight to its suspected involvement in
oligomerisation and the enhancement of activity upon oligomerisation.
Additionally, crystal structures of the amidase enzyme show extended C-terminal
arms of two monomers locking in with each other to form the dimer. This
phenomenon is clearly demonstrated by the Amidase from Geobacillus pallidus
(Fig. 11). The ‘arm’ wraps around the side of the opposite monomer forming a
short a-helix before folding back upon itself and reentering the A-interface or
dimerisation surface. This extension stretches as far as V226 in the opposite
monomer of the amidase which would be the equivalent of M220 in CynDyyy, the
beginning of the second unique insertion sequence (between NS9/10) constituting
the C-surface. The similarity of the amidases to the cyanide dihydratases
(elaborated below: 1.6 The Amidase) suggests that the C-terminal extension
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performs a similar function and thus oot only plays an impertant role in
dimensation at the A-surfaee byt also oligomerisation ot the O-surface {Agarkar er
al.. 2006).

Flgure 11, Crysial stroctwre o Amedase tom Crendeacifies palfidus Rapl2s5 Manomers are shown
in velloa: and blue with e-lermioy] exlehsions 19 red and greso respectively. A and O swthces are
anniHiled.

D-surface

An interaction neticed as forming across the groove of the spiral in Cynl). Thig
surface is Implicated between the first and sixth dimers of a single tura, This
relationship is likely mediated by an intemaction between E90 and B94 (NH3) or
[0 and K93 wath thew svmmetry partmers on the opposite diuner (Fig. 14), Two
interesting mutations were recently created by Van der Vyver In our lab m an
atternp o distupt the Tesurfuce and thus hypothencully implicate it as the

primary stabilising interaction in the multimeric torms of CynD frefer 1o Table 1),



Cvnld, remains 0 the form of 8 teronatiog spiral regardless of pH. To test the
hypothesis that the D-surface interaction is the primary stabilising torce in the
extended fibrous fonm of the aitrilases, the D-surface of CvnDy i wis replaced
with the equivalent sequence of Cynlk,, (mutant &}, Contrary to expectations, the
new mutant retgined 5 ability o form fibres below pH 6 and counter intuitively

showed an inclination toward short fibre formation at higher pHs oo (Fig. 12).

pH 5.4 pHa pH &

Figure 12. Negative staln electron micmgraphs of CyoDp,, MBITHS mulanl al theee different plT values. Unpublished; courtesy of

Miss Leandii van der Vyver,

It is also commonly expected that the helix adjacent to NH3, WHI, ¢ontributes to
the I-surface. A glutwnate residue (E31) was identified as having the potential to
torm salt bridge across the groove and mutant 7 was created frome muant 6 by
addivicnally mutating (has eosidue 10 a lvsine (identcal 1o CynDy, ). Huaviog
opposite ¢harge the new mutant would thus be cxpeced W repel any avalable
like-charged side chatn provided by a participating svinmetey-related subunit
Electron micrographs of the mutant at pH 3.4 revealed fibee formation, Moreover,
the mutanl was seen to form even longer fibres than the previous mutant above

pH 6 (Fig. 13}.



A number of residues are suspected to coninbute 1o this mierface: On NHI 23E,
34D and 35E; 72E and TSK are found on NI2 which 15 adjacent but more likely
to form part of the C-surface; ETY is a very hikely camhiclate for a sale-bridge and

is situated on the loop berween NH2 and NH3I:, 87K in NII3 should also be

investigated though it shows no possible partner,

pHL 5.4 pH 6 pH 8

Figure 13 Neganve stain clectren nocrographs of Cynf, MB3AT90.2 pputanc ar three differcor pH o values. Unpublished. courtesy

of Miss Leandn van der Viover



Figure L4, Cynlbyy homolegy model, Eey D-surfave cesidues, swifaces and secondary structure
glernents are indicated.
E-surface

This surfice has been imphicated 10 Cynly, as being responsible tor rerminating
the spimal. The interaction is thought to be mediaed by residucs [ound im NH2 on
one side of the spital and in NS 12 on the other: residues E206 and D268 (Fig. 10}
in the 12" f-strand potentially form a salt bridge with the alicrnate half of 4 13-
surface interaction across the aroove (e residues 92RKNKDS on the C-terminal
end of s-helix 2} and thus fomation of the E-surface results m the ipso facto

exclusion of termimal subunit addition which requires new D-surfaces,

C-terminul extension
The Cotenminal exension (beginning at residue 291) is one of the mscriions $cen

in Cynld which iz absent in non-extending mitridases, polentially lmplicating it in



fibre formation. Mutations 1-3 served to remove increasing lengths of the C-

terminus and test for activity. It is shown by these mutations that after losing the

residues C-terminal of 293 (out of 330) CynDyum begins to lose activity and is

completely inactivated by removal of residues after 279. As the relationship

between activity and fibre formation has yet to be completely elucidated it is too

early to draw a definite conclusion as to the role of the C-terminal extension while

structural modelling data implicates it in the formation of the C and A surfaces.

Table 1: Mutations of the Cyanide Dihydratase from B. pumilus and their effects on activity

Mutant  Surface Change and location Activity
1 A303 A V303gtg => stop Full activity
2 A293 A M293atg -> stop Partial activity
A279 A Y279tat > stop Inactive
Y201tat = Dgac
4 Y201D/A204D A Inactive
A204gcg - Dgac
MKEMICLTQEQRDYF deleted
5 A219-233 C Inactive
E235gaa - Naac
6 MB3799 D 90EAAKRNE > AAARKNK Full activity
b 90EAAKRNE -> AAARKNK o
7 MB3799-2 D 31K Full activity

(Sewell et al., 2005)(b. pers. comm. Miss Leandri van der Vyver)
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Figure 15. Sequence alignment of cyanide dibydratases (rom B, pumilus Cl, P. stutzesi and four
homologues: 189, Nit3 from §. cerevisiae; 1331, PHDA2 from Pyrocaccus horikoshi, Tems, NitFhi
from (. elegans; DCasc from Agrobacterium. Secundary stueryral components are accurding to lems
and are indicated below the alignment. Interaclion surfaces are represented above the alignment and are
also positioned according to lems. Key residues for interacting autfaces are highlighted in black,
cotalytic tnad residues in grey (Scwell er al., 2005),

Scheffer produced two reconstructions of the cyanide dihydratase fibres from B. pronilus
at pH 5.4 (Scheffer, 2006). These were performed with 3701 negative-stain images and
used two different starting models:

a2 eylinder and a model of the cyanide hydratase from

G. sorghi. The models converged at a resolution of 19A, determined by generating a

Fourier Shell Correlation berween the two models and using the 0.5 cut-off criterion’,

The fibres were unequivocally shown to have one-start left-handedness by a shadowing

experiment.
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Figore 1h. Comparisan of the cvanide dibwdratase from P
sizizerd (opy adapred freom (Sowell e @l 2003) and £
prmifay dboiom (el adapled  rom {Scheffer. 2004).
Interaciine surfaces are indicated an the modals. Simdlaritics
can clearly be seen between the wo medels. Characteristic
bulpes can be scen i both models protrhing inla the vacant
arca abour the helical axds. These ape theorssd oo be
¥ _ oreuped by the unique C-erminal cxtension meluding f-
sheet 13,

The recensiruction shares fundamental suwctural characteristics with the CynD) from F,
stutzeri including: left-handadness, global dyad axis on the A-surliee, internal bulges and

intersubunil interactions meluding the € and [ surfaces (fig. 16).

The £ pruwmitus density was [Qtted wath a dimer homology model based on previously
solved structures. The insertions that are unique to Cynly were modefied as foops in the
same general area of the structure o fill up the neeessary density. This was specifically
important during docking as the dimers could [aee inward. tbat is, with the C-terminal
exlension protruding in loward the helical axis or outward. It was shown that docking the
modets with [-swand 13 of the C-termmnal exwnsion [ucing inward betier filled the
avalluble demsity especially the bulges on the cavity side of the smucture. Scheffer
postulates that due to it inherent variability and absence in nen-cxiending nizilases the

C-terminal extension most likely plays an mportant role in oligomerisation.
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1.6 The Amidase

Our group recently published the crystal structure of the aliphatic amidase from G.
pallidus RAPc8 (Kimani et al., 2007). This stereoselective enzyme catalyses amides to
the corresponding carboxylic acid and ammonia by amide-hydrolysis and acyl-transfer.
The amidase subunit shares the nitrilase a-B-f-a fold with CynD and exists as a hexamer
(of 3 dimers) in solution. The amidase also shares the same insertions and deletions with
CynD which makes it an excellent template for homology modeling especially as one of
the most important insertions, C-terminal extension, performs a homologous function by
acting as an interlocking ‘arm’ holding adjacent subunits together. Identically to CynD
the amidase forms the A-surface in between two monomers forming a dimer (and
maintaining the o-B-p-a:a-p-p-o sandwich seen in other nitrilases) and the C-surface in
between dimers. The A-surface comprises helices ¢5/6 (residues 172-186, 197-210) and
the C-terminal residues 273-340 (specifically o8, a9, «10 and «l1) which form an
interlock and exhibit a stabilizing force on the active site holding Cys166 in place. The C-
surface is created by the interaction of 0.7 (260-269) and the N-terminal loops of adjacent
subunits. The CEK nitrilase catalytic triad is conserved in RAPc8 (GluS9, Lys134,
Cys166) and the small active site pocket shows specificity for short aliphatic substrates.
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| B Aim

The previous work done on the cyanide dibydratase from B peeptiles €1 leaves a
collection of unanswered questions, oot least of which is how the quatemary structure
utidergees such dramatic alteration upon pH change. The role of thia peoject was to
determine the mechanism and cause of these transilions wnd to inteprale the results of the

other students ittt a coblierent madel].

The bacterium from which CwnD was lsolated was B presifuy 843 This strain is similay
to B prenfius C1 (the bacterium used in previous projects) but it was noliced that the
lustidine residucs found on the C-crminal extension of Cynidye, in CF are absent in 8A3
(fig. 17). Elucidating the structure of CynD,,, from strain 8A3 at various plls traversing
the point of struetueal transition from teroinating spirals (o extended Obres (which s -pH
.0, the pKa of histidine} would thus shed light on the transition and possibly implicate
the aferementioned histidines as key players (o this procesa, This hypothesis 15 explained

in 3.2 4 Histidines and nef-charge.

MNegative-stain micrographs of 8 pemifus 943 were analyvsed at 3 ditferent pH points: 8.
& oand 5.4 Single paticle reconstructions were performed «l pH 8 and 6 aclicving

resolutions of 31 A and 29A respectively. Finally, a homology model was docked into the

densitics,
1 I MISTIKFRARAYCAAPTYLNLEREVEXSCELIDZARSNIAFLVAFFEAFLEIIAWFAFT 50
aa3 = FT Y PR E A N PIY L L AT S I E L I D ERASHII I AT FERF 25 Y 2N AL &0

cl 41 GHPEYTREFYHELYENAYVELFSLAIQLNI SERKIANET Y VTSR ERCGGS I YLAOLWTNE 2240
A3 Bl CHPEYTERE-HILTXNEVEIFSLATOXTSEARKRNETYVCOISISIEDGEELYLAQLHENE Z20

cl LE1 MIMLIGEHREES SWARRS TWEDSGEE M T O TE I NLG LM CWEHS S PLOLMARNIGH 280
BRI 21 NIDLICEHFREMRASVAERLIWGDCSCSMMoVEPOTE ZCHLOCELHCWIHSY LD LMAKITRQI Z B0

Cl 1l FoVHYESKNECYFDDELSSREYYE Z R 1T PV oM TeaMY TESMEBMTI CLTOI0RDYPITEREE 340
BAI 191 SCVHYRSWFCYFLDELSSRYYAIATOTEVLKTSS LI TESMEBMIC L TCEQELYFETFLASL 240

Z1 241l ETCIYL2DGEa ISV EARTEG IR VAR T DVERY _ DY EVT ICFACHY SHO SLEMITFRZ 22T 300

Lttt S

BR3Y G4l MO enGE RISy oA e Y AN INVERY I DY Y Y I DERH Y SN SLSHNT R FT 500

i 9 FUVEELMNEQUNEVFTYEDILVOBCILEERY 320
EL3 301 PVVEQLHDNEMNEVLTYEALUYONEMOEEXY 230

Figure 17. Koy sequence differences between B, pumigfis strain 1 and 343, Diffenng residuecs
highhishied in vellow; suspecied key histidines are underlinesd,
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1.8 Introduction to SPR methodology

The Single Particle Reconstruction Method

The electron microscope is a powerful and versatile tool aiding visualisation of objects
not accessible by conventional light microscopy. The development of powerful
computation systems allows working through large mathematical calculations in vastly
reduced times to generate 3D reconstructions of 2D electron micrographs. Here follows a

description of the protocol used in this project:

1.8.1 Imaging in the Electron Microscope

The electron microscope employs a series of electromagnets as lenses, focussing a beam
of electrons (similar to glass lenses and photons in the light microscope) onto a specimen.
The basic principle in a light microscope is that photons passing through a specimen are
scattered by specific variations in refractive index (e.g. biological material) while
unscattered photons (those not interacting with specimen) pass through to generate an
image by producing contrast. This is analogous to electron microscopy in which electrons
interact with a specimen containing differences in electrostatic potential. Images are
formed in the Transmission Electron Microscope (TEM) when electrons experience
‘elastic scattering’: colliding electrons retain the same energy level but are deflected from
their original trajectory and produce high frequency information about the sample.
Inelastic scattering involves energy transfer from an electron to a sample atom and a

deflection of trajectory. This form of interaction contributes to noise in the image.

The objective lens is found immediately below the specimen and is thus the first to
receive image data from the specimen or ‘object’ being visualised. This lens is
convergent and produces a magnification of the image on a distant image plane.
However, there exists a point between the lens and the image plane where the unscattered
radiation converges on a point and scattered radiation creates an in-plane diffraction

pattern. This is known as the back focal plane and the pattern produced is the Fourier
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transform of the image. A Fourier transform converts an image into reciprocal space.
That is distances are inverted (e.g. 5 A in real space = 1/5 A in reciprocal space) and the
image is decomposed into its constituent frequencies. As both high resolution information
and the majority of noise are found at high frequencies a balance needs to be achieved
between these 2 factors that maximises resolution. Inverting this transform will

regenerate the original image (Dorset, 1995).

1.8.2 Staining

In electron microscopy staining serves to protect the integrity of the sample (which will
subsequently be exposed to a vacuum) and provide contrast. In this project the negative-
staining method was used in which a 2% uranyl acetate mixture that interacts strongly
with electrons is applied to molecules which are fixed on a carbon coated copper grid.
This stain coats the molecule and thus produces a ‘shell’ of contrast allowing us to
reconstruct the outer shape of the molecule. This is a fairly easy technique and involves
far less preparation than cryo-electron microscopy but potentially sacrifices an amount of
resolution. The two shortcomings of this technique are the distortion of a flexible
molecule when air-dried on a grid (as opposed to embedding in ice) and the meniscus
effect creating variation in the thickness of the stain, thus potentially rendering one side
of the protein ‘invisible’ to the microscope. This problem of partial concealment can be
overcome if the particle has suitable symmetry or by using the double-carbon coating
method.

1.8.3 Alignment and Averaging

The primary hurdle which needs to be overcome in Single Particle Reconstruction is
reducing noise. In microscopy ‘noise’ denotes ‘any contributions to the image that do not
originate with the object’ (Frank, 2006). The kind of noise encountered in the TEM is
stochastic noise and thus averaging of a set of aligned images (of the same projection)
should increase the Signal-to-Noise ratio dramatically as the random components cancel

each other out and the signal component is reinforced.
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1.8.4 The Projection Theorem

The projection theorem states that the 1D projection of a 2D function can be obtained as
the inverse 1D Fourier transform of a line normal to the direction of projection passing
through the origin of its 2D Fourier transform (Frank, 2006). This means that the Fourier
transform of a 1D projection of a 2D image will occupy a central line in the full 2D
Fourier transform of the original 2D image and thus the transforms of two projections of
an image from different angles will share a central point in Fourier space. This theorem
applies in 3 dimensions as well, so that the Fourier transform of a 2D projection of a 3D
volume occupies a central slice in Fourier space of the transform of the volume. Because
Fourier slices will all share a common line (a line that is identical in the absence of noise)
that passes through the centre of Fourier space, having 3 or more projection-transforms
allows us to determine the orientation of all projections relative to each other. By
implication this means that by collecting an adequate number of views of a 3D particle
with a TEM one can ‘populate’ Fourier space if the angles of the Fourier slices relative to

each other are known (fig. 18).
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Figure 18. The Projection Theorem.
Fourier transforms of projections of a 3D
volume are used to approximate the original
structure (Jinghua, 2007).
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Note that the central core of the 3D Fourier transform (representing lower frequencies)
will be filled much more rapidly than the peripheral high frequencies. As the high
frequencies contain the fine structural information, resolution is limited by the number of

projection orientations that can be obtained.



Chapter 2: Materials and Methods
2.1 Sample preparation and Microscopy

Four microlitres of purified enzyme solution was pippetted onto a fresh glow-discharged
grid previously coated with a thin carbon support film under vacuum. In order to reduce
precipitation between phosphate buffer and uranyl acetate, grids were subjected to two
successive water washes followed by staining with 2% uranyl acetate. At each step,
excess sample, wash and stain were blotted. Grids were air-dried before electron
microscopy. The salt concentration in the buffer was reduced by a 5-10-fold dilution with
distilled water. All staining was carried out at room temperature. Micrographs for image
processing were recorded slightly under focus on Kodak S0163 film under low-dose

conditions on a JEOL 1200EX II transmission electron microscope operating at 120 kV.
2.1.2, Picking, Filtering and Masking

Micrographs were picked using Boxer (Ludtke ef al., 1999), Ximdisp (Smith, 1999) and
Signature (Chen & Grigorieff, 2007) in 256 x 256 pixel boxes at a sampling rate of 2
A.pix”. 19 395 images were captured at pH 8 and 6732 at pH 6. These image stacks were
subsequently scaled down to 128 x 128 pixels (sampling rate of 4 A.pix?), filtered to
exclude frequencies outside of the range 1/16 A™ to 1/256 A™', normalised and finally the
images were masked with a circular Gaussian mask having a falloff function half-width
of 15 (Fig. 19).
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Chapter 3:  Results and Discussion

3.1 Micrographs

The negative stain micrographs reveal important information about the pH effects on
CynD (fig. 20). At pH 8 one can clearly see the homogeneous “elephant-like” shapes of
the 22-mer terminating spiral (note that the dark spots are aggregations of stain and were
not picked). The pH 6 micrograph is slightly more heterogeneous and a number of GroEL
particles are identifiable. The spirals are in the majority over a small number of transition
structures of differing size. As the majority of these structures are smaller than the spiral
they are possibly attributable to either protein degradation or a retarded and weaker spiral
assembly process. The majority of particles observed at pH 5.4 are of 2 kinds, the first
being long irregular strands and the second being small roughly tetramer-sized particles.
It is clear that the small particles are aggregating to form the irregular strands as various

transition stages of assembly can be seen on the micrograph (fig. 20 bottom slide).
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Figure 20, Negative stain Micvozcaphs of 8, pumiios 843 CynD
at 5 pHs, Top: pH 5, ‘clephanl-lke” fermanating sparals qre clearps
vigible, darker conzlomcrates are oxcess uranyl acctale staimn
mMiddle: pH &, spirals arc visible smoengst a cellection of
hetcrogenenns particles and sone GroEL Bottoms pH 5.4, consists
priran ]y of agpresated sirands and teteamer-sized subunits, A
Iociviclual subumit, B, Assmegdied sicaod showing oone of the
regukanny Iypical of Cwnld Rhres, O Terminal end ol extending
strand appoars te be comently being dugmented by leirmer-sioel
submls.
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3.2 Reconstructions and docking

Nate: for all sequence informarion refer ro Figure 31

3.2.1 Eliminating contribotion of contamipating GreEL

The micrographs were contaminated with GroEL particles a1 a ratio of ~5%. Projections
of a 13A electron micrograph reconstruction of GroEL (Braig of af ) 1994) were used 1o
“trap” prigections of GroEL, GroEL 15 3 eyvlimdneal strocture and thus has 2 preferred
major orientanons on a flac surfaee either upmght or lying On ity side. 4 unique projections
were selected bused on these preferred orientations and the ioherent symmetry of the
molecule. The image stacks were aligned o these projections wsing SPIDER (Frank e
al,, 1994 and sorted in order of comrelation t the projections, GroEL images were then

manually deleted from the stacks (Fig, Zi).

GraE. GriEL prujections

Flgore 21 & 284 mode] of GruEL wis used 10 senetale o trap-class and
remive LroEL projestions foom the imase slcks.
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3.2.2  leeration

Trnazes were aligned to §4 projections of a staming model of g eylinder with dimensions
30 x 64 pixels (120 x 256 A, volume of 2.89 x 107 A"y using SPTDER and subsequently
divided int classes based on correlation to a specific angular projeerion. Within classes
an arbimary ¢ut-ofl of 2 standard deviations from the mean comelation was used W
exclude bad images and the remuinder were averaged. These 84 averages were
hackprinected to recreate a density which was onee apain projected W produce a template

for the next round of alienment (fig, 22).

Frofeciians

1. Align 8. Project

Imagw siack

lteration Cycle

Ay Bragas

o

2, Average 3. Back-project

Figure 22, Ihe fterarion protcol used o revonsiruction walurmes ol Cynld. Images were aligned 1o
projecticn of 8 model and separared inmo classes; class averages weore then back-prijectd 1o create 4
virlurngy 2-101d symonnetey was imposed oo the volome, projections were made and the alignment
procedure woubd start again,
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Initially, only a narrow range of contrast (1.77, 1.99) and a high smoothing factor
(0.9994) were used in the SPIDER routine for back-projection to create a crude model
from the two stacks. This model was used as a basis for removal of noisy projections that
showed very low correlation and blank images. After excluding these images the stacks

were reduced to 7811 and 2599 images for pH 8 and pH 6 respectively.

Strong evidence has been presented (Sewell ef al., 2003) suggesting that CynD exhibits a
2-fold axis of symmetry perpendicular to the spiral axis which is due to it being
constructed of dimers. Thus, during iteration of the images the 2-fold symmetry was

imposed. Iteration of these images and the generation of densities proceeded as follows:

Both stacks eventually converged upon a terminating spiral structure (fig. 24 and fig. 28
for class averages). At pH 8 the structure had 22 subunits whilst the pH 6 structure had
20 subunits and resolutions of 31A and 29A respectively (determined by Fourier Shell
Correlation using the 0.5 Correlation Coefficient cut-off) (Fig. 23) (Frank, 2006). The
molecular weight for the 330 residue monomer is 37,295 Da (74,590 Da dimer). Thus,
the calculated molecular weights for the 22- 20-mer spirals are 820,490 Da and 745,900
Da respectively. Fischer et al. concluded that average protein density is not independent
and is actually a function of molecular weight (Fischer ef al., 2004). For high molecular
weight proteins (> 30 kDa) the proposed average density is 1.41 g/cm’. Using this value
the volume of a dimer was calculated as being 87,850 A® and thus a 20-mer 1.757 x 10°
A® and 22-mer 1.932 x 10° A%. After manually inspecting the volumes produced using
UCSF Chimera (Pettersen EF FAU - Goddard ef al., ), density thresholds were set to final
volumes of 1.575 x 10° A’ and 1.656 x 10° A® for the pH 6 20- and pH 8 22-mer
respectively (Figs. 25/6). This is justifiable as low resolution single particle
reconstructions such as these produce an outer shell of the molecule. The actual volume
occupied by the protein is thus probably significantly less. Images were represented in all
classes for both pHs but showed definite trends. This indicates a preferential orientation

of the molecule on the carbon grid (Fig. 27).

51



(B

o}

Fowirier Cormelailon
o L [=3
A n =

=
I

na-

Rl

a

o.oo 2,38 2.0 2.5 [RiE .25 Lol EEL o HE ES

14
FE__ phe

ligure 23, Fourier Shell Corrclation of pH 6 and pH 8 reconstruction:, Estimesld resalution
bazed on &5 conelution ewl-[Tis indicated on the graph,

[



Average correlalion

pHE

BLEEEEREEEEEERIN

psamerem
Tt | I 3130
[ ==
PR
1700 h o g tie g
! L H
1o | r NCERE tpp
! ; ,
! | | | 4
-
! | L 3
1500 4 1 i : +E @
1400 4 | | 40
|
| : | |
13001 4 | | | . 5
]—‘ ; |
L}
120 ————— 2 L - - = [}
L 10 0 an ar B A 0 e A a0
Ibvration ¥
pH 2
2R 250
faa |

P
b}

2

Rerrage Corrolaban
g
=

|

|

l.
8

;
ff - 153
1510 - |
|
|
| L
1400 I|
|
I + 5O
13oa - | ;
|
|
FOCAE S i RS s & = A : .
1 2 3 3 B § 7 & 9 1011 12 13 15 15 16 17 13 13 0 20 22 23 b 25 2 ¥
iteratica 8
[ At oo ol e |

Figure Z4. Convergence of reconsiruetions. Teraimon nomber s ploced auainst
Average Comelation and Standard Deviation for datasets at pH 6 and pH 8. The pH
G plot 1 divided Wto 4 ditferent construction 'stages” {see Tabfe 7).

Sandard devasicn



Figure 28, 29 A resalution reconstroction of Cynl» at pH 6. Top row is retated by 607 incremenls; botlom row s initially filed by 300 Then rotated by 60°
neremens,



Figure 26, 31 A resolution reconstruction of Oynld al pll & Tap row is rotated by 607 nerenments; hatkant row is initially tilted by 307 thew cotared by &)

mergmeniis
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3.2.3 A stage-based approach to pH 6

The pH 6 dataset required 4 different stages of refinement (labelled as A = D in Table 2
and Fig. 24). The first stage, A, produced a very low resolution model due to the very
narrow range of contrast and high smoothing factor used in back-projection. Stage B was
identical to Stage A with the exception that 2-fold symmetry was imposed. After this
Stage C involved halving the image set (2599 - 1299 images) based on correlation to the
last model in Stage B. This step dramatically improved resolution. The final step included
all available contrast in back-projection and excluded all smoothing effects. This stage
(D) also improved resolution as can be seen by an increase of ~200 (~10%) in the

correlation at which the iterations converged.

When this reconstruction was repeated from scratch with the reduced image set and only
the parameters (Table 2) from Stage D the data did not converge. In fact the resulting

model was egg-like in shape and did not resemble a spiral.

Table 2: Iteration cycle

pHS pHG
Subunits 22 20
Resolution 31A 29A
Images 7811 2599
Starting model 120 x 256 A cylinder 120 x 256 A cylinder
Total Iterations 27 100
Construction Stage A A B C D
Images 7811 2599 2599 1299 1299
Iterations 27 25 8 32 35
Search radius and increment For 3 rounds: 12,3 For 3 rounds: 12,3 10, 1 10,1 10,1
Subsequently: 10, 1 Subsequently: 10, 1
Radius 35 35 35 35 35
Contrast -1.77,1.99 1.77,1.99 177,199 177,199 -1.77,1.99
Back-projection
Smoothing 0 0.9994 0.9994 0.9994 0
Symmetry Yes No Yes Yes Yes

(See figure 25 for a visualisation of stages of construction)
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3.24 pH 8 converging on 2 volumes

A similar protocol was used for the initial reconstruction of the pH 8 dataset resulting in a
20 subunit volume indistinguishable from the pH 6 volume. However, when repeated
with only the Stage D parameters, the pH 8 dataset converged on a 22 subunit volume.
This reconstruction was repeated with two different starting models, the initial cylinder
and a conglomeration of 3 overlapping spheres. The resulting volumes remained identical

at 22 subunits.

To exclude the possibility of a heterogeneous sample plots were made of the frequency of
images at each correlation value. Scheffer (Scheffer, 2006) notes that a good indicator of
heterogeneity is a bimodal distribution of such a plot. This would be caused by two image
sets derived from different molecules being found to have different average correlation
values. Figure 29 shows a unimodal, indeed almost Gaussian, distribution in the pH 8
dataset. Scheffer’s situation may have arisen from heterogeneity along the fibre,

particularly in the D-surface interaction.
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Figure 29. Distribution of image ﬁ'equenaes and correlations in the pH 8 dataset.
Top: Number of images per Correlation value. Bottom: correlation coefficient of
each image. These graphs demonstrate a unimodal distribution of images suggesting
that only one species of molecule exists and thus a homogeneous sample.

Though this is a good indicator this criterion is not entirely conclusive. To further clarify
this issue and to exclude the possibility of anomalous effect from enforcing symmetry
both the pH 6 and pH 8 models were allowed to continue for 10 iterations without the
symmetry impositions. The result was that both models stayed essentially the same as a

20- and 22-mer at pH 6 and 8 respectively.
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Another indicator is partial density. If the terminal subunits were seen to be of partial
density, that is, they disappeared soon upon increasing the density threshold, it could be
postulated that they are a result of bad alignment. This could take place if a there is a
ratchet-like alignment of the oligomeric spirals leaving a fraction of images with subunits
extending beyond the real terminal subunit whilst still contributing to the density of the
central subunits. This is not the case with the pH 8 volume. In fact when increasing the
density threshold in Chimera the terminal subunits of the 22-mer are of the last pieces of
density to remain when all other density has disappeared. The pH 6 dataset was
reconstructed with the pH 8 22-mer volume as a starting model. The resulting volume
converged upon a low resolution 22-mer with partial density for terminal subunits. This

suggests that the particle is in fact a 20-mer.

The aligned datasets were classified using a k-means clustering algorithm which attempts
to find a natural clustering of data by treating data-attributes points in vector space
(Macqueen, 1966). If the aligned datasets were in fact ‘ratchetting’ one would expect to
find that individual datasets clustered into at least 2 distinct classes. This is not the case
therefore it is safe to deduce that the pH 8 and pH 6 particles consist of 22 and 20

subunits respectively.
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3.3 Homology modelling

Homology modelling was done using Modeller version 9 (Sali & Blundell, 1993).
Modeller assigns a Probability Density Function to the position of each atom and
attempts to satisfy a set of spatial restraints to predict by ab initio modelling the structure

of a selected target protein sequence against a template.

In the case of CynDpum, the most important areas from an evolutionary perspective are the
insertions that are missing from other nitrilases. Because they are missing it is difficult to
provide a complete template for modelling purposes. The C-surface (proposed to be the
interacting surface between dimers along the helix/spiral) is comprised primarily of 2
insertions in the sequence (Fig. 30): the first insertion being residues 54-71, the second

being 221-235. There is also a significant C-terminal extension.

Initially the secondary structure was predicted using PSIPRED (McGuffin et al., 2000)

online server. These predictions were included as constraints in the modelling process.

Three template sequences were chosen:

1J31 - Hypothetical protein PH0642 from Pyrococcus horikoshii

1ERZ - N-Carbamyl-D-Amino Acid Amidohydrolase from Agrobacterium tumefaciens
2PLQ - Amidase from Geobacillus pallidus

The three templates share the nitrilase domain whilst the third exclusively contains an

elongated C-terminal tail which was included to model the C-terminal extension of

CynDpum. As no sequence was available for the first two insertions, they were dealt with

as follows:

Insertion 1: According to PSIPRED predictions this insertion was constrained to 2
alpha helices. The first helix spans residues 55-58, the second 62-76
(effectively an N-terminal extension of A2 in the other sequences).

Insertion 2: This insertion had no defined secondary structure and was eventually

excluded from the model.
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The extension was modelled successfully, and similar to the amidase the tail wrapped
around its symmetry-related partner, interacting at the C-surface and returned to
contribute to the A-surface (see section on Quaternary structure). To model the A-
surface correctly dimer templates were used. ProSA (Wiederstein & Sippl, 2007) is a
program which recognises geometrical errors in protein models and assigns them an
overall Z-score based on correctness. The Z-score for this homology model was -3.89
which is within the range of scores for database crystal structures with the same number

of residues.

The resulting model had 12 o-helices and 10 B-strands (fig. 30). For the sake of
consistency, the secondary structural annotations have been generalised for the all the
homologues. This means that B6, 10, 12, 13 and a-8 aren’t present in CynDpum 8A3 but
have been included in the numbering scheme. Also based on the modelling and for
greater resolution, a2 and oS5 have been split into 2 helices each (thus ‘NH2 of the C-
surface’ is actually referring primarily to e2b). It should also be noted that the secondary
structural elements in the second insert are not highlighted as that specific insert was not
modelled. Therefore 10 could very well be present in nature. PSIPRED predicted that a2
extends backward through the first insertion sequence which is not the case for the

homologues.
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3.4 Docking

Models were docked mamaally using Chitera and aided by the ‘Fit model in map’
function to optimize the docking. Model-{itting was aided by the hgh definition of
dimers in the densily, Agrecing with Scheffer (Scheffer, 2006) the C-terminus was
docked facing inward toward the cavity of the spirul, This agrees well with the available
density. The pH § 22-mer was {itted with the A-swiface coinciding with the global 2-fold

1

axis of svinmetey, This axis coincided with the C-surface in the pH 6 20-mer moedel.

3.4.2 C-surface

As has been discussed, the pH ¢ parlicle consisis of 20 subunizs with an axis of symmefry
abour the C-surface whilst the pll § 22-mer is symumetrised wbout the A-surface. The C-

surface 1s comprsed of;

Residucs Sceondary Struclure  Sequence (TTydrophobic — red, Hydrophilic - bluc)
6276 a2 B BY) EEFYEELYEN

134 wd B

281-282 R B

295-307 a 9 - loop Enoor rr iR
325329 all n1

The [irs, and third sequenges are provided by one monomer, the sccond and lasl two by
its parmer and thus there is a pscudo-dyad symmetry about the mierfage (fig. 31} The
first sequenece (2} 1s contributed by an insertion relative to homologous sequences, The
last two sequences are o the C-terminal extension which wraps arournd the opposite
monomer and [olds back to form part of the A-surface. Thus 3 of the sequences that
create the C-interface are insertivns in B, pusiifus.  Also, the insertion that was not

modelled uppears 10 belong o the C-surface too and it consists ot the sequence; 219-

EVEEMICETOROE TAEGE - 242, This inscriion is known Lo be important



as a A219-233 deletion mutant is inactive, potentially implicating the C-interaction and
consequently oligomerisation as a requirement for activity (Table 1). Also, it has been
shown that the C-termunal deletion A293, which would delete u9/10/11 destrovs most of
the enzyme's activity. Extending the deletion to residue 279, thus excluding ¢R as well,
totally destroys activity (Table 1). Considering that an mcrease in pH is noticed below
pH 6 (Jandhyala er «f., 2005) (i.e. upon oligomerisation) and that the C-surface is

required for activity it is speculated that oligomerisation directly determines activity,

The fact that the majority of residues comprising the C-surface are insertion sequences
suggests that forming the C-interface is an evolutionary property of B. pumilus. The other
nitrilases known to share these three msertions are the Cyanide dihydratase from 2.
stutzerii (CynDy,) and the Cyvanide hydratase from G, sorghi (CHT). Both of these
proteins have the ability to extend by forming the C-interface. The fact that CynDy,
remains as a terminating spiral (Sewell er af., 2003) and CHT remains as an extended
fibre (Scheffer, 2006) regardless of pH indicates that the degrec of extension 1s not

dependent upon the C-surface.

Thus. the interaction between two dimers i1s mediated equally by hydrophobic and
hvdrophilic residues 1 the helices a2, ud, «8, u9 and all, one loop and an unknown

structure of which 4 of these sequences are msertions.



Figure 31. Intcedimer junetion of adjacent Cosurfaces. The inferacting regions seross the C-surlace are
highliphred widy ditfferenc colours: Chreen  62-To {02}, Red  395-307 (a%), Orange - 325329 {ol0)
The begioning and end af the nnmadelled insertion sequence s Righiighed o cyan (B2 15) snd vellow
(0243,

343 D-sarface

The D-surface is the scquence thar creates the inter-groove bond likely mediated by 90-
EAAKRNE-94 (NH3Y and potentially E31 (NII1} between dimers i=1 and i—6. The D-
interaction is considered to be the primary stabilising factor upom elongation us it holds

the extending helix‘spiral together in the direction of extension.

Three types of ner-groove bonds are noficeable in the pH & reconsnucten (fig. 32). Two
of these are D-interactions, the first of which is opposile t the middle C-surface and lies
on the plobal axiz of symmetry (fig. 32¢/f). This structure will be designuted D1 and 1%
mast likely mediated by the predicied S-EAAKRBNE-98 sequence 1n NH3 as the two
syimmetry-related WH3 helices containing this sequence lie neatly opposite each other
while NHL. contaming E31, is twisted wway from the inicmcden, The sccond [D-
interaction (12 fig. 32b/e) can be seen if the molecule is rotated by WY from the

symmetry axis. Because of symmetry there are 2 of these mteructions in the spiral and
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they are structurakly almosi identical to the first kind of D-interaction, The last interaction

mvolves the E-surface and is dealt with in 1ts 0w section below

Figore 32, The inter-geonve anteractions in Cynldoal pll 6. AT Bosarlace {13 TR DI-surfoce
viewed af Yt 1o the axis of svmmenry: ¢ T -surface interactiom viewed alang the axis of ssninetry
[reaem the rear” ol the moldecyls, Major connbuling helices ars labeled in I X — inset, low threshelding
generates an additional E-inteiaction Jabeled E2

The pH B strucmre has 4 tvpes of iwier-groove intetactions, 2 involving the D-surface, |
unknown interaction and 1 mvolving the F-surface (fig. 33} The symmetry-axis of the
22-mer runs throuph the A-swiface (between two monomers)h of the central duner, The -
mieractions at the ‘rear” of the molecula (D1, fiz. 33¢/6 appear to be shiftad with respect
o predicted micracting sequence in NH3. This is noi scen in the other D-interactions
akong the ‘side” of the melecule (D2, fig 33b/e) which ave essentially identical to those
scen at pH 6, This mght implicaie some other suspeel residues found in NH2: 72F and
75K, as well as 7% which is found on the loop jowning WH2 and NH3. Rather, what
scems to be happening is thai there are 4 number of vadations of the D-imteruction, This
is observed as a translation which 1= mild i D, greater in T2 and greatest in E (whach 15
henceforih annotaied as D33 If these tmnslations are inereasing it would indicate and

incrense n Ag {translation per subunit) and thus a decrease in helical radius.
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Figore 33, 'lhe intet-groove interactions i Cynld ac pEE %, AD: E-suoeface (D3}, B/E: D2-surface
wigwes] ar 907 e the aaas of svomery; O07 T -surfuees and hopothetical interaction vigwed along the
axis of symmetey from the “rear” of the medecuie. Major contribudng helices arc labeled in 1.

To further elucidare the interactions at the D-surface, a helix was penerated using a
program written by Sewell ealled HELIXBUILD using the 3A3 CwnDp,. homology
model, The helical parameters were opumised by docking the model into Scheffer’s man
of 8 purrifes OF CynD Nbre at pH 54 wsing COLOBES which is part of the SITUS
package (Wriggers ef wof, 1999 (fig. 34) COLORES wvields a comparable correlation
coclficient for each docking expeniment allowing one to track the optimsation of 3 model
when adpusting for fithing into a density volwne. The generated helix had the Tollowing
parameters: Ag — <7667, AZ — 1587, r = 445 A This helix was also docked into Van
der Wyver's map of B. pamifus O CyaD) fibre a1 pH 5.4 and yielded a high correlation
vitlue. WNH3 way shown to be the dominant conrributor to the D-inreraction as is the case

with terminafring spirals.
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Corralation coaficlent
-,

Figure 34, COLORES aptomization of helical pararmeters, Lelt: alier detonmining Aw and
Ax the aphitoul radius weas clucidated by sucecssive docking snd coreclation. Righe: the D-
surlace of Ihe gencrated helix with side view s inser showing that MH3 cootributes the
prifgry inlerac g,

Mutants MB3I799 and MB3799-2 (Table 1) which served to make the Tr-surface
positively<harged 1 the hopes of disrupling it (and  consequently  dismupting
uligumensaticn} formed more regular helices, The explanation for this might be that there
are nwmltiple salt-bridges that could form W creale the D-surface and by delenng
glutamate residues one is selecting against heterogenaity amongst the partieles. Tndecd,
Scheffer diseovered heterogeneily 1n her reconstruction of Cynld,, €1 al pH 5.4 by
noticing a bimodal distribution of image frequency to correlation cocfTicient (Scheffer,
2006). Separaling the two speeies {one a higher average correlation than the other) and
reconstructing individually yielded 2 helices with the following parameiers:

High Correlation - Ap=-T667 z— 1587

Low Correlation - Ap—-T62 z— 1591
The primary differcnce being half g degree in A, the rotation per subunit and at the D-
surface a translation of about LA for NH3 relative to iU's symmetry-related pantner
(NH3"Y This iranslulion is indicative of a switch between two possible binding states as
shown in figure 38 This transhalion could push E95 inwe 4 posilion which favours
interaclion with B4 over K93 explaining the higher correlation enefficient in the species
with four salt-bridges as opposed w only two, The lew correlation species could possibly

b stabilised by an additional interaction akso this hypothesis suggests differant D-surface
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interactions in the spirals e the translaed D (g 33e) s the untranslaed D2

mteraction (fig. 33h/e)

It must be noted that the pH ¥ density shows an unknown interactoen in perween the two
D1 intergetions (fig. 33%) which may be an artefactoal product of threshelding. The
expected residues involved in this interaction would be found in the loop between NS4

and NS5, WH3 and the loop between NS5 and K56,

The results of mutant ME37949 (table 1) indicate that removing ES0, E96 and exchanging
K93 with R94: 90EEAAKRNEYS: <2 SiA A ARKNKDG acts W stabilize the extension of
Cynln, This can be explained by the presence of 3 acidic residues in NHI. namely,
E3l, D34 and E35 and an interactien with K94 (fig. 36). This would alse explain the
continued stability of MB3799-2 in which the suspected bridge-former E31 was mutated
to K. Homology modelling of the helix shows that residue D34 15 in closer proximily Lo

K94, thus luture work would be w mutate the remaining two residues in WHI.

Figure 35, The DHinferactian of wo possible specices o5 O BAT doe tooa teanslation of N3 relarive
to WH3", A, The lugh comclaion rmsicl with sab-bndgey heoween ESO-R® and K493-E96. B, The low
correlalion model with a single salt-bridge between R94-E96.
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Figure 37, The E-swtace temuinaning inceraction ac
pH f Tradimonally, residwes D267 and D269 are
constleral w form s intecaenon by ibmming salt-
bridges with the D-surface residucs bat are oo far
away 1o this model findicated by cireles).

Figure 36, Three possible stabilicing sall bodges in
MB3T9G 194 petcntially interacts with either E51°,
D347 or £35" which are on BWH1™ of the apposite
dimer

344 E-surface (D3}

The E-surface forms the terminating interacdon at the ends of the spiral. This interaction
is thoughl 10 be fonmed by D267 and D269 (E266 and D268 in CyaD,,} inemcting with
the D-surface residues. Neither the pIT & nor the pH # models show this to be plausibie
(fig. 37). The E-inleraction al both pH & and pH 6 is whmost indhstinguishable from the T-
ieraction with rhe exception that the terminal subunit at pH 6 (s tilied counter-clockwise
along its own axis of svmmetry (A-surface} to the extent that lowerning the thresholding
ereales #oseeond F-interaction destgnated B2 {fig, 32x). This olong of the terminal dimer
in conjunction with the concomitant namrowing of the belicad  damcler would
hypothetically block the addition of another dimer. This interaction is most likely
mediated by residues in NH7 (K277, 281), NH11 (E327, E328) and the loop joining
WH4 and W57 (E153) These residues are directed towards the D-surface of the opposite
dimer. Thus this surface could be considered as one of the contributors to termination in
comjunetion with the olting of the terminal dimer and the nareowing of the helical

diameter.



3.5 Helical Radius

To determine whether terminal narrowing of the helical radius was in fact taking place,
the helical radius of both reconstructions was analysed by assigning a centre-of-gravity
(COG) to each subunit and measuring these distances from an assigned helical axis (fig.
38). Initially the two models were aligned (CHIMERA). The resulting subunit radii
produced a similar profile due to the almost identical electron density maps (fig. 39
Top/Middle). Terminal subunits narrow and appear to ‘close-off’ the spiral possibly
preventing further extension at pH 8 (penultimate dimers at pH 6). Both models also
demonstrate a narrowing near the centre of the spiral. Terminal narrowing at pH 6 is
mediated primarily by the penultimate subunits. The terminal subunits protrude away
from the helical axis into solution. This could be evidence of a termination mechanism as
the terminal subunits are directed away from the ideal position to accommodate an

additional dimer.

The diameter of the spirals with respect to the terminal COGs is 207.4 A for the 20mer at
pH 6 and 179.2 for the 22mer at pH 8 (fig. 38 B/E). The helical radii of the COG for the
dimers (A-interaction) were produced by averaging the subunit radii (fig. 39 Bottom).
These profiles were also similar in both reconstructions with the exception that the
penultimate dimers at pH 6 have a much narrower radius than pH 8. These results are
indicative of an increase in Ag and a decrease in helical radius. As the pH drops from § to
6 CynD potentially experiences a reconfiguration of interactions along the spiral
particularly a translation of the residues that make up the D-surface. This reconfiguration
results in the loss of a terminal dimer and termination at 20 rather than 22 subunits. In the
case of C1 a further reconfiguration must take place causing the extension into a fibre
probably mediated by the key Histidine residues which become charged below pH 6 (see
below: 3.6 Histidines and net-charge).
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3.6 Histidines and net-charge

Though CynDpum and CynDg, show ~70 % sequence similarity there are some key
~ differences which could account for the vastly different oligomeric natures of the
enzymes (Berman, 2003) (fig. 17). B. pumilus has a number of histidines which are
absent in P. stutzeri and are of interest due to the pKa of the histidine side chain which is

~6; the same as the pH transition point of the terminating spirals to extended fibres in

CynDpum.

These histidines could act by contributing an ionic force either by repelling or attracting
to stabilise the helical form of the enzymes as they make the transition below pH 6 and
become positively charged. These histidines are found in the C-terminal extension which
has been repeatedly modelled as facing the open space in the middle of the fibre (fig. 41).
It is postulated therefore that the positively charged histidines repel each other in the
fibre’s hollow discouraging formation of the terminal E-interactions as a result of
narrowing of the diameter of the fibres and tilting of the subunits. Thus, below pH 5 there
would be space for the addition of additional dimers at the ends of previously terminating

spirals and fibre formation would ensue.

To determine whether the presence of the histidines or lack thereof has an effect on the
structure upon pH shift, the charges in the area of the C-terminal extension were
calculated (Table 3, fig. 40). The data indicate that the histidines make the most
significant contribution to the net charge of the inner core of CynDyun C1. Consequently,
the net charge of this region in CynDgyy Cl1 increases from 0 to +1.7 when pH is
decreased from 8 to 6, whilst the charge of CynDyun 8A3 remains almost inert at 0.
Further decreasing the pH to 5.4 results in a net charge increase to almost +3 in CynDyym
C1 whilst pH 8 remains low at +0.32.

The termination of CynDpun elongation is most likely not a robust process and the

terminal spiral subunits are thought to exist in a state of fragile equilibrium (Scheffer,

2006). This shallow energy well implies that the spirals require small environmental
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changes to extend into fibres. The charge data supports this hypothesis as increased
charge seems to correlate with fibre extension below pH 6 in C1. Both Cl and 8A3
appear to decrease in size from pH 8 to pH 6 then C1 extends into a fibre as the core
charge exceeds a threshold value upon decrease to pH 5.4. As 8A3 lacks these histidines,
the core charge remains close to 0 and no extension is observed. An undetermined
cooperation of factors at various interaction surfaces which modifies the fragile
termination equilibrium is most likely causing the spirals to shorten briefly upon pH
decrease before extension. It is probable that fibres would increasingly extend as pH
decreases until core-charge repulsion (and concomitant extension) is balanced out against
the lack of charges in mandatory residues (e.g. Glutamate in the D-surface will have an
effective neutral charge below pH 4.5 and gradually become ineffective as a contributor

to salt-bridging).

Table 3: Charge distribution of the C-terminal extension of CynDpym

pH C1 Quaternary structure 8A3 Quatemary structure

Histidines only 8 +0.03 (+0.01)  Spiral (18mer) -1.00 Spiral (22mer)

3His (1His) 6 +1.68 (+0.56)  Spiral (14/18mer) -0.97 Spiral (20mer)
(In 8A3 charge is calculated for 5.4 +2.49 (+0.83) Fibre -0.89  Aggregate

the replacement residues)

8 +0.01 Spiral (18mer) 0.00 Spiral (22mer)

Net charge on all residues 6 +1.72 Spiral (14/18mer) +0.08  Spiral (20mer)
54 +2.80 Fibre +0.32  Aggregate

77



280
W 3 3370
PR o il iR o R
- GhS R G Ry B el
4 \
% 172
& iso S
S e
1.00 ! H""--.,__
/ H--x
8¢ .32 TSl
o
rh"‘-—-_q__ oo e
o a ., 0
5 5 § g5 ? ) gty B
pH
ERSR

Fignre 40, The not chanee of the CAcrminal cxtension at 3 pH values, The
soquence rhat was  selected i3 printed  (chargc-contobuting  tesiducy
Tiehlighied in red, fustidines buld):

Figure 41. C'ore charged residuss of Cynlip . Residucs in the Carboxyl ta1] are highlighled m red. A
View porpendicular to the noleculs. B Yiew down the corc

78



4. Conclusions

The structure of the Cyanide Dihydratase from Bacillus pumilus 843 was elucidated at
pH 8, 6 and 5.4 by the Single Particle Reconstruction method from Electron Micrographs.
CynDpum from B. pumilus C1 is known to exist as an 18-mer (9 dimer) spiral at pH 8 and
a 14/18-mer (7/9 dimer) spiral at pH 6 but spontaneously extends into a helical fibre at
pH 5.4. CynDyur 8A3 exists as a 22-mer (11 dimer) spiral at pH 8 and a 20-mer (10
dimer) spiral at pH 6 but forms asymmetrical fibrous aggregates at pH 5.4.

Homology modelling reveals a number of surface interactions key to oligomerisation.
The foremost of these is found between the subunits of an individual dimer and is known
as the A-surface.

The second interaction is created by the C-surface between dimers and is the primary
interaction necessary for extension. This surface is comprised of a mix of
hydrophobic/hydrophilic interactions contributed by residues found in o2, o4, o8, a9
(with the subsequent loop), a10 (found in the unmodelled 2™ insertion sequence) and
all.

The D-surface is postulated as being essential for spiral/helix formation as the primary
interaction across the helical groove. This interaction forms between a single dimer and a
symmetry-related partner 5 dimers further along the spiral/helix. In 8A3 at pH 8, 3
potential D-interactions are identified of which one interaction is most likely artefactual.
There exist 2 of each of the other D-interactions and these are primarily mediated by
residues in a3. The pH 6 model shows 2 types of D-interaction of which D1 exists as a
single and the D2 a double. Likewise, these interactions are mediated by a3. Helical
modelling using SITUS and optimised docking to CynDy,, C1 pH 5.4 produces a helix
(Ap = -76.67, AZ = 15.87, r = 44.5 A) which allows identification of a likely
heterogeneity in the quaternary structure. Two alternate forms of D-surface are
postulated, the High Correlation species (2 salt bridges) and the Low Correlation species
(a single salt bridge). This is supported by Scheffer’s results (Scheffer, 2006) and the fact
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that deletion mutants of 8A3 which served to remove glutamine residues and disrupt the
D-surface (and therefore oligomerisation) produced more regular helices by selecting
against heterogeneity. Docking of the helical model of 8A3 into Van Der Vyver’s
reconstructed MB3799/MB3799-2 fibres yields a high correlation and allows
identification of a potential stabilising interaction between 194 (a3) and D34’ (al’).

The final interaction is termed D3 (previously the E-surface) and is formed by the
terminal dimer. This surface is considered to contribute to termination by tilting and
narrowing of the helical radius thus blocking the addition of another terminal dimer.
Modelling shows D3 to be a slightly translated D-interaction which could include
residues found in a2 and the loop joining al and 2. At pH 6 a second “E surface” is
noticed (E2) adjacent to the initial one (between the terminal dimer and the dimer 4
places along). This interaction could be formed by residues K227 and D281 (a7), E327
and E328 (a11) and E155 (in the loop joining a4 and B7).

It is very likely that all three forms of D-interaction are merely translations of the same
interaction due to an increase in A¢ and a concomitant narrowing of the helical radius

resulting in termination.

An increasing net charge of the unique C-terminal extension which lines the vacant core
of CynDum is shown to correlate with helical extension in C1. However, the net charge
in 8A3 remains close to 0 due to the lack of key histidine residues. It is therefore
proposed that histidines found in the C-terminal region of C1 become positively charged
as pH decreases and exceed a threshold value in between pH 6 and pH 5.4 which causes
them to repel each other. This cross-core repulsion concomitantly disrupts the formation
of the E-surface interaction seen in the terminating spirals by preventing the narrowing of

the helical radius and the subsequent tilting of terminal dimers.
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