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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 Cl (CynDpum) 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 CynDpum 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 
CynDpum from strain 8A3 does not extend into a fibre as in Cl, this is explained to be due to the lack 
of 3 key histidine residues found on the C-terminal tail of CynDpum 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)6J4
, [Fe(CN)6r\ thiocyanates ([SCNr i

, [Fe(NCS)(H20)sfl 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, 
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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 et 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 et 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 
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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; Alecil & Mudder, 2003). Some herbicides (e.g. 

bromoxynil) are nitrile-based and expectedly cause a range of negative symptoms upon 

prolonged exposure (Banetjee et al., 2002). As of 2005 the Agency for Toxic Substances 

& Disease Registry ranked cyanide at 28th 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) 

6 
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RyO - R N - RyO 
+ NH4+ 

NH2 nitri Ie hydratase nitrilase ° 

HyO - HeN - HyO 
+ NH4+ 

NH2 ° cyanide hydratase cyanide dihydratase 

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-Slheme-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 aj3j3a-aj3j3a 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). 

7 
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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 
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nitrilase domain that E. coli NAD+ synthetase lacked which transferred nitrogen by 

hydrolysing glutamine thus fulfilling the role of a glutamine amidotransferase (Bellinzoni 

et ai., 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. 

9 
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Branch 3: Amino-terminal amidases 

These amidases are very similar to Branch 2 but are specific for N-termina1 residues. The 

N-end rule of ubiquitination determines the cellular life time of a protein before it is 

degraded by the fact that N-termina1 residues differ in their affinity for ubiquitination. 

Pace and Brenner point out that the enzyme responsible for this in brewer's yeast, Nta1, 

belongs to this subfamily. N -terminal Asn and Gin residues are considered tertiary 

destabilising residues which, when hydrolysed to Asp and GIu by Nta1, become 

secondary de stabilising 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-termina1 

domains that confer unique functional abilities much like the NAD+ synthetases 

mentioned above, while one of the vanins even contains an additional partial N-termina1 

nitri1ase 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 carbamy1ases and cata1yse the conversion of N­

carbamy1-beta-a1anine to beta-alanine, a reaction important in the catabolism of 

pyrimidines (Rawls, Jr., 2006). 

10 
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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. FlgH, 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 



Univ
ers

ity
 of

 C
ap

e T
ow

n
• -- • _<m .s.i"11 ,,7 1 [l l lC '.',1 1il -[ _.1 

~-, ... ~ ... ~' l v l ' l _'I{I ' _ J 1' " 1 '~ 1W'J1i 'E 
, '-0-.." , ~,,_ (ii , I 1,1) l!Iil i - ""","", [ ( H·,III , "'" • - ... ' ., iiiN g il lilll'1!lIIi ' l' MJI 
• .. -",~ M L(,"" U ' l~ __ " l!' "Tl (]~ Iii ~I~ iii 1'1 
,.""",- tic C I~I Iil!!f" - , I ,IW I ~I' ~I ~12il ~I 

' ................ - , ) /"" -.. _ , L l i , r . :'c lQi , ... 
• r ..... .-"""'.~ .... _ ... • .i!..lliJ 1m:il ·'I" -, I' III(] -liI q ... -.-.... -........... - :::::5!.- , 

" tlb ' 1., & 1"1 -, , ItIq , 1iI , MJI .. ... __ . , ~LI ,q 1ii!!1·' OIl" LiiLJ<1iI IoU 
.. ... fi> III) 1i!!"1 _ PI r .ltl L!wI1ll 9'~. II 

" """ . !!: [ , If) 1iIII:i1<1 -..J I I, lii,Iq vl!j , I ' 111 '~1 

" .... ,., ..... ~ .... .P, I IJ .'·I ~I I II I -W l d ~1 I ' ''~I 

f l{;.r . Z .... 'II .. I ~ ", aJ~'f>c. W!tlo J.oo .. 1>\-f .. , ...... Tho "",,!.>t ",-",,.," ""'I"·.....,ue4 .. , ,""plo b/"" • • B . • ''''''''''''' rc":dac~ ,,, th; '· "',..)1~· k",t ,""I, .... 
UI'P"u.1C icrt<f"l 1q><<>Cd 'lO' , <.Of P""" ' ... ..t.""'h" ..... 'tlQ' ....... w-.. ", ~..., <<1'''''''''' hlOi"'" do'. 0(1 .~ f.,,,,",",,,,,h ",...,.""" '" dq>~~.,J ~\' H oIuw 
,,""""'- 10:,.,) I<U<" "" ),<11"., _ ",.,....".. "o.Id 'OIoJ...., .. ... '" blu; .... t<n QD hdlt hi,,,, _ """"~.., .'_~M IB 9 .. '''''"' broacb..-., bbck kI«I'> • ., IP' ..... _ 
.............. 1 .. f>-I< b,. • ..,..,. (I'xc A 1Ircoo.,,,. 2001). 



Univ
ers

ity
 of

 C
ap

e T
ow

n

Branch 10: Nit 

Nit is a plantibacterial 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). Nit! 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). 
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The sequences divided into 6 defmite 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 IB) 

(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 et al., 2002); mandelonitrile, which 

hydrolyses into the two useful enantiomers of mandelic acid used in the synthesis of 

thrombin inhibitors amongst others (lnghardt et al., 2002); and phenylacetaldehyde 

cyanohydrin, which also produces two valuable aromatic compounds. Clades lAIB 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 lA 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 lAiB 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 
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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 jluorescens which prefers arylacetonitriles; Nocardia sp., preferring 

aromatic nitriles. Cyanide dihydratases have been found in Alcaligenes xylosoxidans, 

Pseudomonas jluorescens, 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. 
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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 A3
) 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, 
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whole-cell systems are preferred due to the ease with which they are produced and the 

high cost of purifying enzymes for commercial use. Ge1-immobilised cell systems have 

shown themselves to be successful. Common gel substrates include polyacrylamide, 

CalBr alginate, K-carrageenan, pectate and polyvinyl alcohol (My1erova & Martinkova, 

2003). Rhodococcus has been used in this manner to degrade acry1amide by 

immobilisation on polyacrylamide gels (Nawaz et aI., 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 et al., 2004) amongst others. Another 

possibility is using 1yophilised cells attached to a matrix as a biocatalyst. This has also 

been shown to be successful, with the addition of necessary 1yoprotectants, in the case of 

Rhodococcus (My1erova & 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 nitri1es. 

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 nitri1ases and nitri1ase-producing organisms a 

selection of novel biocata1ytic 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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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 I genes were found to belong to the Nitl C 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 nitri1ase family which have fonned the basis for 

many assumptions about the rest of the superfamily are the NitFhit protein from the 

nematode C. elegans and N-Carbamoy1-D-amino Acid Amidohydro1ase (carbamy1ase) 

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 wonns (c. elegans) with Fhit on 

the carboxy terminal side. The N-termina1 domain is a Nit protein with 22 % sequence 

similarity to p1antibacteria1 nitri1ases and 48 % similarity to the mammalian Nit 

ortho10gues 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-termina1 Nit domain consists of 5 a.-helices and 13 ~-strands which are arranged in an 

a.~~a. sandwich fashion. This is composed of 2 a.-helices, a sheet of 6 ~-strands, another 

sheet of 6 ~-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 8-1ayered a.-~-~-a.-a.-~-~-a. fold. Strands 11 and 

12, with their symmetry-equivalents in an antiparalle1 confonnation, fonn the B-interface 

for the interaction of 2 dimers (Sewell et al., 2005). This extends the width of the ~-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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N-carbamoyl-D-Amino acid Amidohydrolase 

D-NCAase or DCase has been found in several bal;teria 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-a 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 NH5 on the opposite monomer (Nakai et ai., 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 nuc1eophillic 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 Lys126 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 ai., 2000). 
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Jandhyala et ai. add that a similar mechanism takes place in the Cyanide dihydratases and 

Cyanide hydratases (Jandhyala et at., 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 aI., Chen et ai. performed a series of 

mutational studies to determine the specifics of binding and catalysis (Chen et at., 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 (CI72) to a 

serine (CI72S) 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 

and the pocket, five of which were hydrogen bonds. A key finding was that Arg175 and 

Arg176 play an important role in providing substrate specificity for fitting of carboxyl­

containing substrates. Asn 173 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 

CI72S structure. On the floor of the binding pocket SI72 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. Glu146 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 ofLys127 (Fig. 7). 
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Quaternary structure 

The nitrilases are known to form extensive quaternary structures including dimers, spirals 

and rodslhelices. 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 C I are known to form terminating spirals of length 14 and 16118 

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

A cyanide dihydratase (CynDpum) 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 CynDpum (expressed in E. coli) at pH 6 and 

the second being the native CynDpum 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 C 1 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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3D reconstructions of nitrilases from B. pumilus, P. stutzeri and G. sorghi have allowed 

annotation of important contact surfaces (Sewell et 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 CynDpum and CynDstu. 

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 NS9/1O-100p deletion mutant (mutant 5, ~219-233) 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 pallid us 

(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 CynDpum, the 

beginning of the second unique insertion sequence (between NS9/1 0) 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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reITorlllS a ,unibr funcllon Jnd thus oot only play, aD import:mt role in 

dimcri,adu[\ atlhc A·surfacc hUl also ol'gumcr;satil)/] at the C -surf.lce (Agarkar el 

aL 2(){)6) 

Fll/;"," t L Cr", ... l stn.octote 01" Amid"" ''''m (;,'")'",,,/I"S p",i<d~, RaplX Mon""",,, are ,00,",0 
in yellow",," olu" "ith ' -Le"",inal ",,"",io", i" oed ,.," gr«o ""]>«,,,01)'_ A ."d C ,"',>< .. "'~ 
"',"~l,,,t¢d 

Il·,urfllce 

An interactiun nuticcd as forming- "OW" the grouvc uf the ,piral in C:-nD Thi:; 

sutface i, lmrlicoted bem-""n the Ii"t and ,ixth dimers of a single tum, TI,is 

relationship is likely mcdiatcd by an inlcractiun bclWCCD E90 and R94 ('IH3) ,,, 

[,Wand K93 wilh the ir ,ymmetry partner, on tbe opposite dimer (Fig. 14), Two 

interestmg mutatloos were recently ere,,,,,,1 by Van ,I er Vyvor in uur lab m an 

ancmpl to d;,rupt lhe f).surfacc attd Ihu, hy])orhclically implocate it a, the 

rrimary ,mbili,ing interaction in tbe mulllmeric forms of CynD (reii!!" 10 Table J), 
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CynD"., remains in the fom> of a tCfDlInating spiral regardless ot pH. To test the 

hypothesi , that the D-,nriace interaction i, the rrimary 'tabilising force in tre 

ex ler.:led fibr""s fonn of the nitrila,e" the D-mrfa<:e of C)'TID"",,, wa, replaced 

with the equi,alent sequen~e of Cyn[)". (mmant Ii). Contrary to expectations, the 

new mutaut r<.'taiucci liS abihty 10 funn fibre, below pI! 6 Jnd counter intuttlvely 

sl:m'ed an incli!l.ltion loward ,hort fibre formation at higher rH' too (Fig. l2). 

pH 5.4 

Fig.," Il ~'gatj" <tain d,,-'tron mi(rogr"l'l .. ot" (,)"<,0"",0 ~m.l7\>'1 ","Lan' '" tl""" ,1,il<",,~ pll val""" lI''P "hii.ho>l: (',",L"'y "I 

ML" l<andn V," &;" V)~'or 

It is al"" commonly exrected that the helix adjacenlto NH.l, NH I, contribut"' to 

100 D- ,urt"",e, A ghltamate ,"siciue (E31) was ldeDll/ied as having the potential to 

form ,alt bridge across the groo>e and mutant 7 was created from mUlant ~ by 

additionally mutat ing Ihi , r""idue to a l)-~lLle (idemical to C~nD", ). Ha,'mg 

orPo,ite ~harge the """'. mutanl would thns he expeclCd to repd any a,'ailabk 

like-charged ,ide chain pro\'ided by a participating " 11lflletr)"-rela,,d subunit. 

Electron mIcrographs of the m"tant at pH 5,4 'e'ealed fihre formation . M or<:<1\'C', 

Ihe mutanl w", ,"en to fOlm e'en longer jibre, than the p,",'iou, mutJnt abow 

pH 6 (Fig. 13). 

JJ 
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, ... mnnl;l<:, of rnld~,"" fin' s~'Ted 10 c ...... ,nbu,~ 1<> Ihl< In'~cc' On t-H I 231::. 

:4D ~nd 3~t; 721: ~ 7~K a.-e fnund ,''' Nlil which " ;dj~c"\.'n l bUI "'{)re lI~ely 

,<> form pari of the C·; urfoce: E7~ 11 a vor)' likel)' car<lidalc fM a !oa\,·b!,dge alKI 

I. ,iru"ted on th~ loop bemcen )\lt2 and NH.l: ~7K 111 NIl3 aholll(1 ~Is<, t>. 

in"e;tigatcd Ih<>"gh,1 .r."," no \"'O'mhl. partner. 

pH ~,4 ,It 6 pItS 

~I~IJ" l.I "'&lm~ ".m doc,mn I • .>:rn;;r'l'h, "r (.~"n,.. " 'mlm·~ mu""", " 'hr", .,If"" .. !'ll ul", .. U~"N"h«l. 0..1UI",) 

M Ito .. LUodn ... 0 dcr V)wr 
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'" 

Hgur< 14. ()liD",,,, homol<>ilY modd. Ko), f)-",~-',o <""'''.''. ,ulfae<, an,1 =000"" "m<nlr' 
el",,,,,",,",, ,",bca"d 

E·.urface 

TI,;, slIlfuce has b"~ll implicateu m Cyni),.", a, being rC'i><'tl'iiJl~ lor ,mninating: 

InO "pnai. The incoraction i, 'hought to ~ medi .. ~d by T~,idu", found in NH2 On 

t\]"" ,ide of Ib.: >pirJI and in NS I 2 On th" other: re,iJues E.26f:> mld D268 (}';\:. 10) 

in the 12" !hlrand potentially form a ""It bri<lb'" with Ih~ allernate half of a D­

surf""," int<;rac!;un "'-'nJ"" the groove (i,c. ,.",idue, 92RKNK95 011 the C-t~rmin"1 

end of ,,-helix 2) and thm formatiun of Ih~ E·,ur[a,c result, in Ih" ipso bOlO 

.xclu.ion of l~nni",,1 ",bun; I aJdj1L()n wh ich requires new D-,urt""et., 

L-termin.l .~t,",ioll 

Th~ C-Imnlnal "~,"n"On (hcgi'lni ng at residue 291) i. one of the illS~rti<Jns seen 

in CynD which i, absent 111 non-extending: nilrib,~,. polCntially Llnplicating it in 
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fibre fonnation. 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) CynPpum 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 fonnation 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 ~303 A V303gtg ~ stop Full activity 

2 ~93 A M293atg ~ stop Partial activity 

3 ~79 A Y279tat ~ stop Inactive 

4 Y20lD/A204D A 
Y201tat ~ Dgac 

Inactive 
A204gcg ~ Dgac 

5 ~219-233 C 
MKEMICL TQEQRDYF deleted 

Inactive 
E235gaa ~ Naac 

6 MB3799 D 90EAAKRNE ~ AAARKNK Full activity 

MB3799-2b 
90EAAKRNE ~ AAARKNK 

7 D Full activity 
E31K 

(Sewell et al., 2005)(b. pers. comm. Miss Leandri van der Vyver) 
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FIglJrt I~, StqUalce alignment of <:y~mde J,hydrltas<:~ from 8 . p,u:tiJus C l. P 5!\II7'<;1I and fuur 
h"m"l"guc~ 11l'I9. !"ill f ..... ..n S. c .. n·,·ni, ... : Ij3l. Pll()(,42 f!"m f') TIX""U,< i1(mt o<lm, l cJlt ~. NIIFh I1 
from C t'll'glI1lS; IX'.3S1."" from Agrufmcrcdultl s.:c"nd;u-y <lI1I<:lulal cumpuncnli an: a"w:dmf: to l cm~ 
:Iud a~ mlhctot~'d below ~hc alignmem 11l 1crao:t~on ';llrfa<:c$ arc . t"pfCN.':I:1!d above the altgnment and ale 
alsu pos.uoned 3CCOfJing to lems. Ker residues fUf JI1tcnocu ng ~~L I" cc. alc lli\:llhghlw in black, 
c;o(;d}1.~· l n~d IboJuQ. in grq' (SC"'d l rl aI., 2005). 

Schefih produced h\ () recoJn$trul'tion~ nf Ihe cyanide dihydrat .... e fibn.'S fmm 8. IJllllllhis 

;11 pH 5.4 (Scheffer. 2006). These were perfomn:d wlI n 3701 negativc·stain Images and 

used two d Ifferent startmg models: a cylinder and a modcl of the cyamdc nydra t3sc from 

G, s(J r~}II, The modds converged at a r~olutivn of 19A, determmcd by gener'Lting a 

Founcr Shell Correlation betwecn the t\.vo moocls and U~ l!lg the '0.5 Cul-uff criterion'. 

The fibre s were unequivocally shown to bavc Ollc-start left- handedness by 3 ~had()wing 

cxperimcnt. 
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FI~. 'o I •. C"Lnp.ri"'''L of tbe cyollLdc dibydmta>c from f 
,'u"',..·' (1'1'1 ad"f'l,d f'{)In (~ ... wdl a al_ . 2003; .. >d B 
pum;h" ibo<lOCl! lefll ",1"I'to.:1 Ii,,," \,",belf,,_ 2(06) 
I "'7""'ln~ ",,[acc>".-c ,,,d'''-'L<d "n th' ,,,,>4;1,_ Sim,l,riti" 
CO" ckdrly be ;cen bctwcc"tl the ""0 moo,I,. n "","ri<1ic 
",I!>" ,all be ,re" i" both moxie!> pJ:(A".I1n¥ in!" Ll>< , ,,,, nt 
"'" ,bout tbe bel",1 ""is_ The"" ..-c ""'ori,,~1 Lo bc 
occup'o.1 h) the U"Iqu, C_tornti"o.l ,xton,ioo mdudin~ ~­
,hw 1) 

The ,ecumirucliurl share' fundamcntal "",ctural ch.aract~,i"ic, with tb~ CynU frum p, 

,,'Uloer; including: \cft-hanoodness. global dyad "XIS on the A-,u,f""e. inlernal hulges and 

imcnmhunil inlc'''''liuD'; including-thc C atld D <urfaces (fig. 16). 

The H. pumi/"s "ensity wa, lined v.ilh a dimer hOll",lo gy mood bJSed on preyiomly 

wlvcd structure,_ n,C inscrtlom that aIe unique 10 CynD were mu<.klkJ a, loop' in Ihe 

same general area of the ,I.!"eture Iu fill up lhe neees,ary dcn,ity This was si=ifically 

important during docklllg as the dlmers could face inwaId. ilial is, WLlh the C-Icrminal 

eXlemion prolrudi tlg itl LUward the hcl ieal ax i, or outward . h WJS shown Ihat docking the 

models with p-strJnd 13 of the C-I~TIl11nal exw""iun facing i"ward hener filled th" 

",'aiiablc ,k-"';ily especial I: thc hulge, on Ihc cavity 'ide of the sIDLerure. Schdkr 

"",rulare< that duc In it' inherent YJIiability and absence in nun·e'I~·Ddin" nilIila,c. the 

C-t.,,-minal ex tension mo,t lihl} play, an mlportam rule in ul ignmcri,ati"'L 
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1.6 The Amidase 

Our group recently published the crystal structure of the aliphatic amidase from G. 

pallidus RAPcS (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-~-~-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 a-~-~-a:a-~-~-a sandwich seen in other nitrilases) and the C-surface in 

between dimers. The A-surface comprises helices 0.5/6 (residues 172-1S6, 197-210) and 

the C-termina1 residues 273-340 (specifically as, 0.9, 0.10 and all) 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-terrnina11oops of adjacent 

subunits. The CEK nitri1ase catalytic triad is conserved in RAPcS (Glu59, Lys134, 

Cys166) and the small active site pocket shows specificity for short aliphatic substrates. 
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1.7 Aim 

The previous work dnne on the cyani<k dihydrat3.,e from fJ. pumi!u.I' Cl leave, a 

collection of lIIla",we,ed q"e"ioru;, illt least of which is how the quaternary ,trumae 

undCt"goes ,uch dramatic alteration upon pH change. The role of th', project "'3., to 

detemllne Ihe mechanism and cause of the,e n'albltiom and to ime!7><le the le,ult, of the 

other srude"t, imo a coherent model 

The bacterium from ,,1,ich CynD wa, i",lated \\,3., fJ. f!wnilu.I' 8A3. Thi, strain is 'imilar 

{() iJ. pumilus C1 (the bacterium u,ed in pre\-j(}u> JXOJ<'C1S) bm it v.'as nollee,i thm the 

lmridinc re,iduc, found (}n the C-termillal extensi(}n (}fCynJ)",,~ in Cl arC absent In SA3 

(fig. 17). Elucidating the structure of C)nD,><", from stram ~A3 at vanolLS plh traversing 

thc point (}f't",ctural \ran,irion from tmmnating ,pira], to extcnded fibre, (which i, _pH 

6.0. the pKa or histidmel wonld thu, shed light on {he tramitlOD a,ld possibly implicate 

the aforementioncd hi'tidillC' as key players in {his procc", This hyrOlh""" is explained 

in 3.2.4 Hmidines and net-charge. 

Negative-stain micrographs ot B pumilus ~A3 were analysed at 3 different pH points: ~. 

6 and 5.4. Sin"l" partide rec(}n,tmctl(}m ",ere p"rfOlmed ~t pH g and 6 achicvmg: 

resolutioru; of31A and 29,1" respectively Finally, n oolllOlogy mooel wa, docked into the 

den,ities. 

" .. , 
" " 
'" " 
c, ,., 
'" '" 
" '" '" m 

" '" '" '" 

v.r S IT 2U',"""" ;]~-M PIYUILI,..· ... ~SCI~: ~3MSNO:.y-L V""f 3AF: 20T "'" AFI "0 
'" ~: y ,~,'-! "-.', '.',,'.·,PI YWL".,".'~ ~s ". 0: ~ """,SN'''''''' VJo.FI' .H:'" Y""-' JoJ' I 6" 

""' EITHFYH.L YKNhVE I FSL>.I W 1 S ",'.',,,,", "!"Y'J ,:or S':" ,,;,:c~:": YL>,QLWO'NI' '" 
Cll 2E?rHER3~ "'-"".n I r SlJ-.I Q~I S£"""-"'£TY'iC'ISC'S' '-=S: COL>.QLIiFNI' '2 0 

N,mL 1 =<Rn-:R'.~V>'= I "'''''''''''''Je'< "' .• ,;;~.' '''''': (':.I< ':ow"";;'.' 'UlLMJ,," :NJ.,o;>< ,. 0 

NOUL I Oy-qJOOo:>l;.SV>.ER~ :IiGDC-SGSl04 2'inn: Cll~GG:.w:"Ii3!l~<i 2'-" U·l ""'''QN "0 

"~VK"H"I'GYFuu"~"~YY.'.:~.lQTF"':'>:""""Y~I'''''''''I(:~~O'O;wYF''''F:-UOG '(0 
3~VllV~.S"fGYf~ ~ I ISS "-YY"'~. TQTrr ..v.TSSIT71 3.~](8.~ I C T~' 3QR-YF37F>'.sC ,(., 

uc: y~ ,~~, OI SW-,"B'U G :~. Y.U :UV£R": ~y"yy, 0' r >.C-RY Sll ~ SLS' .""~ ~,." 3' 0 
><T(:: Y" ,n,,,,, ""'V'!','~"':', Y'''' InV .RV: ~ nY>: ~ I' N'H Y 5><';; SW~HN""'~ ,," 

cl '" ';'"",,!L"!QO("'VnHm';;YQ!CXOU~V "0 
... , '0' 2VJKQU1DlI:'-"IVLo:Y£ AIQYQNGIC.££:<" "0 

Fil(llf' 17. Koy >CQIlCl\CO difforooc," bctw",,, B. put"'/'" ""in Cl .nd 8",---' Oiffotina residu"" 
"i~"li~~I,d in y<:!loy" 'li>i>'",,,1 hy hi,hdID<"l! "'" utx!<:nin«J 
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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 ID projection of a 2D function can be obtained as 

the inverse ID 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 I D 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). 

DIRECTIONS OF VIEW \ f / 

".,,,,.l ~.'~ 
/ ..... 

TRANSMISSION IMAGE / 1 \ 
IS A PROJECnOH / J 

FOURIER TRANSFORIIATION~ ~ 
A PROJECTION GIVES'. • 
COEFFICIENTS IN AI,"" 

.. en" " .... "''' ""'" >.<:. 
RECONSTRUCTION 8Y f 
FOURIER SYNTHESIS 1 

" .. '" '''''~ .. ~ 
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 transfonn (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. 
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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 5-1O-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 et at., 1999), Ximdisp (Smith, 1999) and 

Signature (Chen & Grigorieff, 2007) in 256 x 256 pixel boxes at a sampling rate of 2 

A.pix-I. 19395 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-I), filtered to 

exclude frequencies outside of the range 1116 A-I to 11256 A-I, 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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3.2 Reconstructions and docking 

SOle: for uil '~I{u~nce information refer to Figur~ 30 

3.2.1 Eliminating contribution of contaminating GroEl. 

The micrograph, wcrc oontaminalCu with Gro.EL particle, al a ratio of -5%. Projection, 

of a 13A el""rron micrograph ,"construction of GroFL (Flraig d "I.. 1 \194) were nsed It) 

"'trop·· projecllon, of GroeL. OroEL"" cylindncal structure and thus kl, 2 preferred 

major orientat~)n' on a flar 'udaoe eithcr upright or lying On il, ,i,",. 4 urnq"" proJection, 

were selected based on the,e preferred Ofiontations and the inherent 'ymmetry of the 

mol""ule. The image 'tacks were aligned EO [hcse projeclion, using SPTlJER (hank d 

"I,. 1996) mKI ,oned in order ofcolTd"tion to the projections, OroEL imag.es were then 

manually deleled from the qach (Fig. 21). 

Align 

.. 
rl~u, 21. A ,,~A ,,,><.leI of GroEL w", "",,1 W i[=~"" , '"p_d,,, Iilld 
«ow .. " UmEL £"oj«:[;"''' "Om the 'mage .Luck,. 
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3.2.2 lIoraliu" 

Image, we", al igllffi to 84 projectIOn, ot" starting modd of a eyiln rlcr wIth dimensioll' 

30 x ti4 pi"eb (120 x 256 ,J" .'o lume of 2.89 ~ 10' A") u>ing SPIDER Jnd subsequently 

di.' i ~d into cia"., based on correlation to a ' pec ific angular PTojec[ion. Wi[hin classes 

on arbitrary ctll-off of 2 <Landard deviations from the mean corrobtioo wa, tl<.cd tn 

delude had imag", 000 the r<.-malD<lcr w~,e av~-raged. The," 84 awrag"' were 

backpcoJected to "",reate a den,ity winch was once agmn proj ec ted to pn><itiCe a te mpI"," 

for [he ne,,[ round of aiignmelll (fig. !2J. 

Pmj . ... '" 

, . Ali gn 5, Project 

Iteration Cycle 

4, Impose SymmelI)' 

o 
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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 fo~ 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 et ai., 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 et ai., 2004). For high molecular 

weight proteins (> 30 kDa) the proposed average density is 1.41 glcm3. Using this value 

the volume of a dimer was calculated as being 87,850 N and thus a 20-mer 1.757 x 106 

A3 and 22-mer 1.932 x 106 A3. After manually inspecting the volumes produced using 

UCSF Chimera (Pettersen EF FAU - Goddard et ai.,), density thresholds were set to final 

volumes of 1.575 x 106 A3 and 1.656 x 106 N 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). 
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3.2.3 A stage-based approach to pH 6 

The pH 6 dataset required 4 different stages of refmement (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 pH6 

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 0 

Images 7811 2599 2599 1299 1299 

Iterations 27 25 8 32 35 

For 3 rounds: 12,3 For 3 rounds: 12, 3 
Search radius and increment 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 1.77,1.99 1.77,1.99 -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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3.2.4 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 volwne indistinguishable from the pH 6 volwne. However, when repeated 

with only the Stage D parameters, the pH 8 dataset converged on a 22 subunit volwne. 

This reconstruction was repeated with two different starting models, the initial cylinder 

and a conglomeration of 3 overlapping spheres. The resulting volwnes 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 freque~ci~~ 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 vers~on 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 ai., 2000) 

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

Three template sequences were chosen: 

IJ31 - Hypothetical protein PH0642 from Pyrococcus horikoshii 

lERZ - 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-termina1 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 & SippI, 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 a-helices and 10 ~-strands (fig. 30). For the sake of 

consistency, the secondary structural annotations have been generalised for the all the 

homologues. This means that ~6, 10, 12, 13 and 0.-8 aren't present in CynDpum 8A3 but 

have been included in the numbering scheme. Also based on the modelling and for 

greater resolution, 0.2 and 0.5 have been split into 2 helices each (thus 'NH2 of the C­

surface' is actually referring primarily to a2b). 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 ~ 1 a could very well be present in nature. PSIPRED predicted that 0.2 

extends backward through the first insertion sequence which is not the case for the 

homologues. 
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3.4 Docking 

"I",kh W~Te doc~ cd m~T1Ilally u,ing Chimera aud aided by the 'Fit model in map' 

function 10 optimi,~ the doeling , -"lodel-fitting: "'"' aided by the hIgh definition of 

dim"", in the (lcn~ily. Agreeing wnh Scheffer (Sdldfer, 200(,) the C-terminm "'"' 

docked faciug inwald toward the cavity of the 'l'iml, "lbi, "grec'\< ",ell w;lh Ihe avai lahle 

'leusity. The pH 8 22-mcr wa, f[tted w il h the A-<u'face coiocidiug with the global 2-101(1 

axi, OfS.,1llnk,--try, Thi, axi, COinclded wilh lhe C-,urface in lhe pH 6 20-mer model 

3.4.1 C_,urface 

A, has ""en di,e""e,l, the pH () parucle consiSl' of 20 ,uhUM;" with.n .xi, of symmetry 

ahoul lhe C-,urfa"" whil 't the pH 8 22-mer i, 'Yl1llnctmcd "bum lhe A-'urfacc. The C_ 

surfuce i, compri.cct 0[; 

62-76 

2S1 _2S2 

295-307 

125_129 

Scconu",y SlnJeluTe Sequence (Tl )drOph<>l>;, - ,..,d, li)"dmp/lHK - bilK) 

,,2 ~ ... 

<.< 4 • 

0' I> 
,,9 - loop .... Q(lI'TI'~ 

,, 11 ~I_ 

The [irs, .nd lhird ~equences .re provided by one monomer, the ,econd and lasl ,"'0 hy 

its partner an,l Ums there i, "p,eudo-dyad ')'lllII>Ctry aboul lhe inlelfa,e (ti~. 31). The 

fi"t se'lu~Tlee «(12) is eonlrihuted hy an iMertion reiJtiv~ to homoiogom s.:quC'Jlce" The 

laS[ t\VO ,equence> om iu U,e C-terminal extcn,iOll wmeh "'rdl" around lhe opro,ite 

monOmer and fo lds had to fonn part of the A-surface. Thus 3 of U,e '~quenee, thm 

cream [he C-iuterface ore lU,ertiom in E, pumill/s, Also. lbe in~erl; on lhal wa, not 

moddled ""PC'''' 10 he long <0 the C-surface too aud it (oo,ists of the 'cqll~'llCC: 219-

1\1.\nr~-242. Thi, ins~Tlion i, kno",n lO he ,mportanI 
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as a 6219-2 33 dele tion mUlant is macti,c, pmcntially implicatmg thc C-inlcract1Qn and 

consequently oligolllcrisatioll as a requirement for activity (Tahlt' I). AI"O. it has ix..'Cn 

shown thai thc C-tcnmnal deletion Llr.29J. \\hich would dl'letc u9/ 1Qi li dC31roys most of 

Ihe cn?ymc·s activ ity. E:.\cnding thc delet ion tl) rcsidu.: 279. Ihus- ex.cludin!; u8 as well, 

totally des troy:. ac tivity (Table I). Cons idenng that an mcrease in pU is not iced helow 

pH 6 (Jarrdhyala 0" at., 2005) (i.e. UlX'n oligomeri ~ <ll ioll) and 111m the C -~ \L rface IS 

rcquired tor activity it is speculated that oligoll\ensalion d irectly (kt.:rmin.:s activi ty. 

The f'lct tit,lt the lIlajority of residues comprlSlIl!; the C-surface arc Illsertlon scquencc~ 

suggests lhat forming the C-interface is an evolutionary property of 8. Plllllilll~. The other 

nilrihlses known to share these three insertions are the Cyal\\lk dihydratasc from P. 

SIIlI:cl"ii (CynD,,,,) and the Cyanide hydrata~e fro m G . .wrghi (C HT). Roth of these 

proteins h;lv{' the ability to extend by fonning the C-interfaec. The laci thai CynD"u 

Kn1;lIlb 3S a t~'nninating splI""JI (Sewel l el a/ • 2003) and CHT rcmalM a.~ an extended 

fibre (S~~hcm~r. 2(06) regardless of pH i:-.dlcates th.11 the degree \!f exten"lon IS not 

dependent upon the C-surface. 

Thus. the inleractlOll bt'lwecn [WO dllllCrs IS medialed equally by hydroph<lbic and 

hydrophIlic residues III the helices u2, u4. u8. 1.19 and (Ill, one loop and an unknown 

stnlcturc of which 4 of these sequcnces arc i:ls.cniorL"s. 

66 
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3.4.3 ll-.urface 

The D-surface is thc sequence rh:u crc~tcs thc lmer-groovc bond likely medLat~d hy <)()­

EAAKRNE-96 (NII3) Olld rotentially EJI ('HIl) betv'een dim~r, i~ 1 and i-6. Til<: D­

Interaction i, considered to be the primary ,tabilising: factor upon dongation "~ it h"lds 

rhe extendi n~ hell x"" pJml togelhel in the di reetion of extension 

Three lyre' of imer-groo\'e bond. are noticeable in {he pll 6 reconstruction (fig. 32). Two 

of rhcsc <lrC D-in lcmc li ons, ,he [i"1 of which;' orro,itc {(lthc middle C_,;urfac~ and Ii", 

on the global axis of symmetry (fig. 32cJl) . Tlli' ,truCNr. wi!! be designated III ami is 

II!(I,I likely media{cd by the predic lcd 9O_EAAKRNF_% sequcnce in ,{H3 as {he two 

symmelry-related }"13 hel ic.,.; conlainin~ Ihis sequence lie neatly oproSlle each other 

wlule "HI. conlaining £31, is tWlSte,1 "way from the imcmction. The sceond [J . 

inreraclion (D2, fig. _Ubi.) can be "'~n jf Iho molecule i, rotated by <)(). from the 

symnli:lry axis. Because of symm. n-y tlm-e ar~ 2 of these inIC'll.Clion, In the ,piml and 
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ilie) arc ,rruclUmlly almo,,1 i<knticalw the first kInd ofD-lllleraeuon. The la,( mtera<:tion 

involves the E-surt:,ce and i, deJII w,th mils o",n ,ection helow 

FI&"" 32. TIl< '"""_g""'" in'",""'ioo< in C)',,[I '" pll o. A.on E_,",I"" (m); TleE. m_,",!'"", 
,·;,,,,,,d '" ""I to 1h< "';, of .')"'"""1)' (' 1" ))i_'ucf"" int", ... ,..., ,·.,,"<d .long the .,", "r ' ;lll'"'''Y 
[rom ll>: '"..,,,' 0'-11>: rooie<;ul, ~l.jor ('OIllriWin~ hdl(''' '" 1""01," 111 D X - ITIIol, low thro,hoI"in~ 
~'''' ' ''''' an :>i,~ (;"n >.I E_ ;,,,,,,~ct "", l:>bel ",I E2 

The pH R strucrure has 4 type, of intCt'gron,e mtcraction;: 2 involving the D.,urfacc, 1 

unknov.n lD(CractiOll and 1 illvolvmg Ihe F-,urface (fig. 3J). Th~ "ynunetr),-axlS of Ihe 

22-mer runs through the A-,",face (between ruo ntonnme",) of the central dltner. The 0-

mteraclioll" allhe 'rear" of the molecule (01, I1g. JJcil) appear to be ,hift",,[ with re'pect 

10 rredicted intcradiT1g >.Cqucnce in NH3. This is fIOl ,ecn in the olhcr O.,ntcrac\ions 

along Ib~ '"iM" of tho molecule (02, lil: JJbio) wbich are o"~nlially idemieal to those 

seen al pH 6. Tni; mighl implicatc >Orne oilier ,u,pcct re,iduc" [<lund in KH2: 72F and 

75K, a, well as E79 which is fOUlI(! on the loor joining NH2 and 1-,-113 Rather. what 

SeCm, W b;; bapp"ning '" Ihal tb~re are a number of vanatio& of the D-im.faelloo. This 

is obser\'ed a. a tran>lation which i, mild Hl Ol. greater in D2 and greate<t in E (which i< 

henceforth annotatcd a, 03). [f ilie,e tra",lall'l<1s arc n>crea,mg 11 w()uld indicate and 

increa,e in "''I' (translatioo p;!' subunit) and Ihus a decrease in hellcal radius. 

;8 
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• ~ ~ , ~ ~ , ". ~ . ' -. . . 

-... 
. '- . . 

. . . 

FlIP''' 33. Ttl< iJlter.groo>. ",to".c""".' j e y"1) '" pll ~_ A'D: ~,",fa," (lJ3); Ili h: l)"·<urtOc< 
vi,,,,,,) ,l< '1(1' 1o 11", ,n i, ,) r ,y"""",,,,; CIFo n 1_,,,.,,,,,,,, "no h)'!J<)tl><L ;.,.1 i ",,,,",,,,ti,," vi ow",) ."'n~ L)" 
"'''' of 'YDlffiWy from the "<lII" or the mQkolilc. Major COJltri~QJlil hd "'c> ore i"",lcd in 1). 

To furthel' ~l11c,dm~ II", imel'octions at II", D-,urfuc~, a helix wa, generated using" 

program "Till~n by Sew.U called HELlXBU1LD "'mg the gA3 C:-nD",,,,, homology 

mooel. Th. hdical parameter, wel'~ optlmis.d hy docking th~ model into Scheffel'" lllap 

or /I, p,milu8 C! CytlD fibre at pH 5.4 u>ing COU)Rl,S which i, part of th~ SITLS 

package (Wl'igg"" e/ ~I., 1'199) (til!,. 34). COLORES yield," comrarahle correlation 

~odricicnt for eac-h docking experiment allowmg: one to track the oplilm,atlOn of" model 

l<;h~T1 aciju>ling for fining into ~ ocn,;ly H,lulTlc. Thc gcncr~tcd hd ix h:ill the following 

p"fametcl"S: 1'1<;> - ·76.67. I'IZ - 15.87, r ~ 44.5 A. ThLS helix was alia docked into Van 

der Vyw,·, mar of B. pumil",\' CI CyttD tihre at pH 5A:md yicld~d a hi gh ~O]Tdati(>n 

value. NH3 \\i"' 'OO\\in to be the dommant contributor to the D-interaction as i, the c",,, 

with {~rmin"ting 'pi ",I, . 
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Muwnts MB379') atKl MB3799-2 (Table 1) which s~r .. ~d In make the rhurfi,"~ 

rositin1y-charged In ~r,;, hop~' of d"rupling it (>IIld consequently di,rupting 

<1ligumeris.ti<111j fonn"d more regular helice,. TIle ""plan"!;,)t\ till rhi, might he thaI there 

are multiple ,«,It-bridge, that ""uld «mn w "rc~lc Lh~ D-,urfacc and by <Ieleting 

glutamate residues roe is selecting again<l heterogeneiry """'Mg'! the panicle,. JnJc~d. 

Schell,," dj,c,wered heter,'gcncily in h~r rcc<Jnslruclion of (:Y11ll"" " Cl al pH 5.'1 by 

noticing a billl()(lal di'triburi,)n of image fl''''I1lency to corrcialion cocfTi"'~nt (Schdfcr. 

200~). Separaling the Iwo "l"'~i~, (one a higher awrage correlation thotl the other) and 

recolIs{ruding Indi vidually yiel~ 2 helice, w ilh lh.: rollo'Hug panl!n~l~Th; 

High <A.lITclalion 

Low Correhtion 

""<:> - -76.67 z-[5.87 

{j'i' - -7 ~2. z-15.91 

Th~ primary difference bemg balf a degree In "'\,. the rotalLon per subunit an(1 at the D­

,unitee J translation of all,,.,! lA to, NHl relatiw to i~" >O'm'nelr)"·rclat~d panncr 

(NH3·). "lb" ~n<l1SlaliQn is indicative of" ,witch between two possible bLllding states a, 

shown in figure .\5. Thi, tran,l~lion CQuid push E% imo a p<>61 lion which f"VO lLIS 

inleraclion with .R ~4 over K93 expi"ining the higher correlation c,)effieient in 'he 'peei", 

with tom ,alt-bridg~' a, opP'-,"cd ~o ""lO' ~wo. rh~".1w c<1ITelation 'peci., could possibly 

be w,bili,~d b~ all additional intemction also thi' hypothesi, sugge,rs different D-'urtaee 
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interaction, in the ,pir~l> e.g. the trUll,laled DI lfig. -'.Jeff) vs. lhe uT11'anslalcd D2 

inlcraclion (fill. 33h/.). 

It must b~ noted thaI the pH 8 density ,hows an unknuwn inlera~lion ;n bctwc-en the two 

Dl in\Craclioo' (fig. 33» whi~h may he an artefactual product of thre,holding. The 

expected r."du., In'ol'ed in thi, interaction would be fuun<l in lhe loop bct\vccn NS4 

and NS5, NH3 aod \he loop between NS5 and KS6 

The result, of mutant 'l.ID37<)<) (tahlr 1) indicate that removing E'KI, E96 and exchanging 

K93 with R94: 9OEEAAKR."H:% ~ 9OAAARK~-K% act" tu Slahili,e the nlension of 

CynD", ... Th;, can he e'lliained hy the presence of 3 acidic residues in NIIL namely. 

UL 034 UIld E35 and an interactiuo with K9~ (fig. .J6). This would also eqllain the 

conlinued ,tahility of MIH 7<)<)-2 in which the <ll'pected bridge-fonner EJ I wa, mutated 

to K. Homology modelling of the helix "now, that ,.,idue D34 is in cluser pro,i,mlY 10 

K94. [hus rulu"" work wuuld bc lu muta[c (he remaining two residue, in Nili. 

, 
, ' ' , " 
\ " ~ , 

\~ , 
\ 
,\ 

, " .. - '" ~ \ ' . 

I 

fit"" 35 . n, D-.,,,,,,,'ion 0'- ''''0 pO"iOl< 'p"c-i., o,'C)"n M3 d"" '0 " "",,1"''''0 of ,,113 rei",;" 
to :--I1ll' . .... Tho hiih coo-oJon"" mood wiLh "I'-l:>nd~" I:>e,wo,n E9\l-ft94 ,00 K93_f9~ II n ", low 
oo""I.Li(Io, mo.lel v.;,h" ""gl . '''I'_b'';d~. I><t ... oo R94_E% 
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M1l37W. L94 p""",,,lly ,"t='" wllh Clth<.~ EJ 1 " 
m4" Of UY "h",h >[, 00 "HI' of tl>e "1'1"""0 
dLmo.-

FI~.r< 37. The E_'OJf"", t<nHlJl.dng Jj""L,,-~i oo " 
pH 1>, Tr""l~\OII"II)', ",i,~"" D2~" .00 mm .co 
<omi,k.~",1 Ie> j,mn thi< ",toe""l",' by h)"'''"g ,.1,_ 
t>rid~cs WLrn Ihc lh",f»oc rc,idLl'~"'1 >.<" 10<' far 
."' . ,. In till, mod,liindlo,lcJ h, oirck>l. 

The E-,ur/ace forms the terminating interaction at the eoos of the spiml. Th" inknu:tion 

is thoughllo be fonn~d b) 0267000 02t,9 (E2M oM D268 in CynD,,,,) irtlemcting with 

the D-surtac~ residues_ };either the pll 6 tlOr the pH 8 model, ,how th", to be pbu,ihlc 

(fig. 37), Tile E-inleractioo al both pH 8 and pH 6" >ilinoM lll(h~ti~"i,hahk 1\"0'" the D­

inlerllClion with rhe CXC~l'tion that the tenninal suhw,it at pH 6 i, tilred counter-clockwise 

along its o"n .x i, of ,ymrnetry (A-surface) to the extent that lowering the Urre~holding 

creates ~ ,~eond F._int~racti"" d.:! igrt",ffi 1:'2 (fig. 32<). ThIS rilnng of the terminal dimer 

in cOlljlUlction with the COnConllt.1m n,rrrowiog of the b~h,,~1 dialnelCr would 

hypothOlic,lIy hlock the ,ddition of 'f>Oth"" dime,_ This interaction i, most likel) 

mediated by residues in NH7 (K177, D281), t>.H!! (1':327, f'328) and lhe loop Joining 

};H4 .nd KS7 (FIS5)_ Thcse ,e, idues are directed towards the D-surlace of tbe opposite 

dimer. Thus this ,uriJce could be considered as one of the cootributor; to terrnin~llOn in 

W<lJun"lIon " ith [he riltlng of the tenninal dimer and the narrowing 01' the belical 

diameter. 
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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 

ToplMiddle). 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 BIE). 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 ~q> and a decrease in helical radius. As the pH drops from 8 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 C I 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 CynDstu 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 CynDpum C 1. Consequently, 

the net charge of this region in CynDpum C 1 increases from 0 to + 1. 7 when pH is 

decreased from 8 to 6, whilst the charge of CynDpum 8A3 remains almost inert at o. 
Further decreasing the pH to 5.4 results in a net charge increase to almost +3 in CynDpum 

Cl whilst pH 8 remains low at +0.32. 

The termination of CynDpum 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 Cl. Both CI and 8A3 

appear to decrease in size from pH 8 to pH 6 then C I . 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 CynDpum 

pH Cl Quaternary structure 8A3 Quaternary structure 

Histidines only 8 +0.03 (+0.01) Spiral (l8mer) -1.00 Spiral (22mer) 

3His (lHis) 6 +1.68 (+0.56) Spiral (l4/18mer) -0.97 Spiral (20mer) 

(In SA3 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) 

5.4 +2.80 Fibre +0.32 Aggregate 
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4. Conclusions 

The structure of the Cyanide Dihydratase from Bacillus pumilus 8A3 was elucidated at 

pH 8, 6 and 5.4 by the Single Particle Reconstruction method from Electron Micrographs. 

CynDpum from B. pumilus Cl is known to exist as an l8-mer (9 dimer) spiral at pH 8 and 

a l4/l8-mer (7/9 dimer) spiral at pH 6 but spontaneously extends into a helical fibre at 

pH 5.4. CynDpum 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 a2, a4, a8, a9 

(with the subsequent loop), alO (found in the unmodelled 2nd 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 Dl exists as a 

single and the D2 a double. Likewise, these interactions are mediated by a3. Helical 

modelling using SITUS and optimised docking to CynDpum Cl pH 5.4 produces a helix 

(~q> = -76.67, ~Z = 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 MB37991MB3799-2 fibres yields a high correlation and allows 

identification of a potential stabilising interaction between L94 (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 a2. 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 D28l (a7), E327 

and E328 (all) and E155 (in the loop joining a4 and ~7). 

It is very likely that all three forms of D-interaction are merely translations of the same 

interaction due to an increase in ~cp 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 CynDpum is shown to correlate with helical extension in Cl. 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 C 1 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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