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Abstract 

Nitrile-containing natural products are rare in Nature, and there have been very 

few studies on the mechanisms by which they are synthesized and utilized.  The 

biosynthesis of 7-deazapurine containing natural products is a unique case whereby both 

formation of a nitrile and its conversion to an amide are documented. The overall theme 

of this work is to interrogate the biosynthesis of the nitrile intermediate in the pathway 

and its subsequent hydration to an amide. 

The biosynthesis 7-cyano-7-deazaguanine (preQ0), the key intermediate in the 

biosynthesis of the hypermodified base queuosine and the toyocamycin natural product, 

is accomplished by preQ0 synthetase through a series of unprecedented reactions whereby 

the carboxylate moiety of the substrate, 7-carboxy-7-deazaguanine (CDG), is 

successively activated by adenylation, reacted with ammonia, and dehydrated to produce 

the nitrile. This one-enzyme synthesis of a nitrile is unique as the only other known route 

to nitriles proceeds through at least two enzymes. 

Nitrile hydratases are metalloenzymes that selectively hydrate nitriles to the 

amide and are used industrially to produce acrylamide and nicotinamide. These enzymes 

use a trivalent iron or cobalt complex comprised of two backbone amidate ligands and 

three cysteine thiolate ligands of which two are modified to the sulfenato and sulfinato 

form. This work describes aspects of a particular nitrile hydratase, toyocamycin nitrile 

hydratase (TNH). Whereas most nitrile hydratases are heterodimeric, TNH is 

heterotrimeric, and yet what was discovered is that only the subunit containing the active 

site metal complex is required for activity. This single subunit analog of the protein was 

used for single turnover assays in 18O-labeled water to show with high resolution mass 
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spectrometry that the source of the product amide oxygen is actually the enzyme itself 

and likely the sulfenato ligand oxygen acting as a nucleophile. The mechanism of the 

active site complex synthesis is described showing that this is self-catalytic in the 

presence of cobalt(II) and molecular oxygen.  
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CHAPTER I 

A Review of Nitrile Biosynthesis and Degradation 
 
 

Abstract - The rarity of nitriles in biology is belied by the rich chemistry life has 

evolved to create and transform them. Nitrile containing compounds represent a small 

fraction of all those published, but reports of newly discovered nitrile containing 

compounds suggest the unique chemistry of this functional group has not gone unnoticed 

by evolution and may prove to have undiscovered importance. 1 Indeed the use of nitriles 

in pharmaceuticals for their incredibly small steric bulk and polarity is, like most 

advanced chemical inventions, probably already being used by life, and that importance is 

underscored by the presence of this functional group in essential modified RNA bases 

used in all kingdoms of life. 2,3,4 This chapter will focus on the varied means by which 

enzymes are utilized in biology to produce and transform nitriles.  

  

Nitrile Biosynthesis - Of the known nitrile containing natural products, there have 

only been two routes to their synthesis that have been described in mechanistic detail. 

The aldoxime pathway is the best characterized of those and is present in at least 2500 

species of plants as well as some arthropods. 1, 5 It involves multiple enzymes and 

produces cyanogenic glycosides that can act as a defense mechanism. 6 These cyanogenic 

glycosides are normally stored in vacuoles but are released into the cytoplasm upon 

herbivory where they encounter glycosidases that convert them into α-hydroxy nitriles 

that can then spontaneously form aldehydes and toxic cyanide (Fig. 1.2). 7  
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Figure 1.1 A summary of the enzymatic pathways herein described for the synthesis and 

transformation of nitriles.  
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Figure 1.2.  The biosynthetic pathway for the production of cyanogenic glycosides. 
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These cyanogenic compounds derive from amino acids in a two-enzyme pathway 

in which they are hydroxylated twice to form N,N-dihydroxy-amino acids which are 

degraded to aldoximes and then dehydrated to the nitrile by a second enzyme. Each step 

in this pathway is catalyzed by cytochrome P450 type enzymes (Fig. 1.2). 8 9 In typical 

fashion, these cytochrome P450 enzymes hydroxylate their substrate amino acids using 

molecular oxygen and NADPH as a reducing equivalent.10 The first step of 

dihydroxylation is accomplished by P450aa which when purified and reconstituted is 

shown to produce the singly and doubly N-hydroxylated products. It is then thought this 

can spontaneously decompose to the aldoxime. 8 From plants, the enzyme required for 

dehydration of the aldoxime to the nitrile, called P540ox, has been purified and shown to 

have activity, but its reaction mechanism has not been characterized. 11  

 

Enzymatic nitrile synthesis from aldoxime substrates, however, has been 

characterized with bacterial enzymes. This is accomplished by a unique heme enzyme, 

aldoxime dehydratase. 12, 13 This has been found among many bacteria and fungi many of 

which are also capable of nitrile hydration, and the pathway from amino acid to nitrile 

using the plant amino acid hydroxylase and bacterial aldoxime dehydratase has even been 

reconstituted in E. coli. 14, 15, 16 

 

Using a unique mechanism, this histidine ligated heme iron bacterial aldoxime 

dehydratase binds the substrate hydroxylated nitrogen directly through the ferrous heme 

iron. 17 The metal then donates electrons to the nitrogen to eliminate the hydroxyl group 

as water. The carbon nitrogen triple bond is then formed when the α-proton is abstracted 
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and the nitrogen iron bond is resolved leaving the iron in the resting ferrous state (Fig. 

1.3). 15 
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Figure 1.3. Mechanism of aldoxime dehydratase.  
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Bacterial pathways further metabolize these nitriles to the amide using nitrile 

hydratases, and they also typically possess amidases to finally produce ammonia and the 

corresponding carboxylic acid. 18 Some bacteria have even been observed to be able to 

survive with this aldoxime pathway using aldoximes as the sole source of nitrogen. 13 

Plant pathways on the other hand continue in producing cyanogenic glycosides by 

hydroxylation at the α-position followed with protection against decomposition to 

cyanide and aldehyde by glycosylation of the new hydroxyl, usually with glucose (Fig. 

1.2). 19 The important plant hormone indole 3-acetic acid is a derivative of indole 3-

nitrile, which may be synthesized from indole 3-acetaldoxime in similar fashion as the 

aldoxime pathway though direct in vitro evidence is lacking. 20 

  

The aldoxime pathway was the only known biosynthetic route to nitriles until the 

discovery of a nitrile synthetase used in the production of 7-dezapurines in S. rimosus. 21 

This enzyme is an essential part of many pathways that produce modified RNA bases and 

antibiotics, all of which share the ring structure of a 7-deazapurine and the nitrile 

intermediate, preQ0, which is derived from GTP. 3 The core steps in these pathways 

leading to the synthesis of the nitrile-containing preQ0 are conserved, and it is from this 

point that they diverge making use of three unique nitrile transforming enzymes to 

modify this nitrile group into an amine, amide, or amidino groups, all of which will be 

discussed in detail later.   

 

The nitrile synthetase, ToyM or QueC, catalyzes the conversion of 7-carboxy-7-

deazaguanine (CDG) to 7-cyano-7-deazaguanine (preQ0), using an ammonia-derived 
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nitrogen, and ATP  to activate the carboxylate. 21 ToyM activates the acid through 

adenylation allowing ammonia to attack to form the amide, 7-amido-7-deazaguanine. The 

nitrile is then formed through an unprecedented second activation of this new amide 

substrate, poising the oxygen to leave when the lone pair from the amide nitrogen forms 

the triple bond (Fig. 1.4). 22 
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Figure 1.4. Mechanism of nitrile synthetase, ToyM.  
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The evolution of a single enzyme capable of this dual substrate activation likely 

occurred through an amide synthetase gaining the ability to act upon its product amide. 

This is supported by the homology of nitrile synthetase to amide synthetases such as 

asparagine synthase. Additionally the first half reaction from carboxylic acid to amide 

proceeds much more quickly than the second, from amide to nitrile, suggesting the 

enzyme was under pressure to optimize the amide synthetase reaction before it gained the 

nitrile forming function. 22 

 

The synthesis of nitriles has only been mechanistically described in detail in two 

pathways, but it is known from studies of other nitrile producing organisms that these 

cannot account for all the known nitrile-containing natural products. Borrelidin and 

cyanosporoside are both nitrile-containing products derived from marine Streptomyces, 

and their biosynthesis suggests there are potentially many more routes to nitriles. 23, 24 

The elucidation of these pathways will thus double the known mechanistic paradigms for 

nitrile synthesis along with those of the aldoxime and nitrile synthetase pathways to 

significantly advance the understanding of the origin of many nitrile products.  

 

The operons corresponding to the biosynthetic routes to borrelidin and 

cyanosporoside suggest a common amine intermediate produced by pyridoxal phosphate 

dependent amino transferases acting upon a carboxylic acid or aldehyde carbonyl groups.  

It is then hypothesized that these routes diverge in the oxidation to the nitrile; in the case 

of cyanosporoside through the use of a flavin dependent oxidoreductase, and in the case 
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of borrelidin through the use of a cytochrome P450 hydroxylase acting similarly to those 

that produce aldoximes in the aldoxime pathway. 23, 24 

 

Nitrile Transformations - Nitrile compounds are typically toxic, such as the latent 

sources of cyanide already mentioned, but they also include many antibiotics, anticancer 

agents, and herbicides. 25, 26 Industrially produced nitriles pose a new challenge to 

biological defenses as they are usually neurotoxic, and though not lethal to bacteria, they 

do inhibit growth. 27, 28 Despite this, nitriles are quite resistant to biochemical 

transformation, passing through the body as pharmaceuticals usually unchanged. 2 This 

second part will focus on how organisms have evolved a variety of ways to convert 

nitriles.   

 

Nitriles are often hydrolyzed to their corresponding acids through the use of 

nitrilases, which are widespread from bacteria, fungi, animals, to plants. 29, 30 An active 

site cysteine thiolate is used to nucleophilicly attack at the nitrile carbon creating a 

thioimidate intermediate. Ammonia is lost by addition of water, and a second addition of 

water resolves the enzyme bound thioester regenerating the active site thiolate and 

freeing the acid (Fig. 1.5). 31  
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Figure 1.5. Mechanism of nitrilase.  
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This mechanism is supported by the ability of nitrilases to accept amides as 

substrates. 32 Indeed some nitrilases preferentially produce the amide and can thus be 

considered nitrile hydratases. 33 This is presumed to be the result of abortive release after 

the addition of the first water, but curiously for one such nitrilase, the amide product did 

not act as a substrate. Nevertheless the same conserved active site cysteine is required for 

catalysis to produce both acid and amide products supporting the overall mechanistic 

paradigm of nitrilases. 34 

 

For the majority of nitrilases and in synthetic chemistry, the hydrolysis of nitriles 

solely to the amide is hindered by the fact that amides are more susceptible to hydrolysis 

than the starting nitrile. Thus synthetically it is difficult to achieve nitrile hydration to the 

amide without also creating a carboxylic acid byproduct. A fascinating biological 

solution to this problem is the family of enzymes known as nitrile hydratases which are 

capable of converting a wide range of nitriles to their corresponding amides without any 

acid byproduct. 35, 36 

 

Nitrile hydratases employ a metal cofactor, either trivalent iron or cobalt, bound 

directly to the enzyme through three cysteine thiolate sulfurs and two backbone amidate 

nitrogens. These enzymes make a highly unique active site complex by post-

translationally modifying two of the equatorial thiolato ligands to the sufinato and 

sulfenato ligands, both of which are required for catalysis (Fig. 1.6A). 37, 38 This is an 

oxygen dependent modification, and the mechanism is still not understood. 39 
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The mechanism of these nitrile hydratases has been an active area of research for 

decades since their discovery and especially since the beginning of their use as 

biocatalysts on an industrial scale. 40 Recent computational and crystallographic studies 

have shown these enzymes likely bind the nitrile directly through the active site metal 

and use the sulfenato oxygen to nucleophilicly attack at the nitrile carbon. This 

metallocycle is then resolved by attack of water at the sulfenato oxygen allowing the 

original sulfenato oxygen to leave forming a bound imidate which can protonate and 

rearrange to the amide (Fig. 1.6B). 41 42 43 Recently this was tested using isotopically 

labeled water to show that after a single turnover, the amide oxygen does not derive from 

solvent water but rather the protein itself and thus likely the sulfenato nucleophile 

(Appendix C).  44 
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Figure 1.6.  (A) Structure of the active site of cobalt-type nitrile hydratase (PDB 1IRE).  

(B) Mechanism of nitrile hydratase.  
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Thiocyanate hydrolases are closely related to nitrile hydratases, and they employ 

the same unique active site cobalt complex including the cysteine sulfurs modified to the 

sufinato and sulfenato ligands to hydrolyze thiocyanate into carbonyl sulfide and 

ammonia. 45–47 Organisms with this enzyme appear to be able to utilize the resulting 

carbonyl sulfide as a source of sulfide for eventual anaerobic respiration to sulfate. 45  

 

The striking similarities between thiocyanate hydrolase and nitrile hydratase 

including the necessity of both the sulfenato and sulfinato ligands for catalysis, where 

oxidation to two sulfinato ligands abrogates activity, and the ability of thiocyanate to bind 

directly to the metal of thiocyante mimic complexes suggest thiocyanate hydrolases 

employ a mechanism very similar to nitrile hydratases. 48,49 Thiocyanate hydrolases 

hydrate thiocyante presumably first to the S-thiocarbamate which can then rearrange to 

carbonyl sulfide and ammonia.    

  

Thiocyanate hydrolases have not been shown to be capable of hydration of 

nitriles, but there is evidence that nitrile hydratases can accept thiocyanates to form a 

different set of products, the thiolate and presumably the formamide. 50, 51 This has even 

been used as a colorimetric test for a cobalt-type nitrile hydratase with the substrate 2-

nitro-5-thiocyanato benzoic acid where the resultant thiolate is highly colored and 

absorbs at 412 nm. 52 There is, however, contradictory evidence that not all nitrile 

hydratases are capable of such reactions. 53 The substrate binding pocket of thiocyanate 

hydrolase is notably different than those of nitrile hydratases, which could account for its 
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ability to selectively catalyze thiocyanate hydrolysis, but further experimental evidence 

will be required to fully describe the mechanism of these interesting enzymes. 46 

 

Though members of the nitrile hydratase family are able to catalyze the hydration 

of many different nitriles, the simplest nitrile, cyanide, is notably not a substrate for 

nitrile hydratases but rather a potent competitive inhibitor. 54 55 56 The enzymatic 

degradation of cyanide is accomplished mainly by two types of enzymes in the nitrilase 

family. 57 Cyanide hydratases, found in fungi, convert hydrogen cyanide into formamide. 

58 The mechanism appears to be that of other nitrilases based upon the presence of a 

strictly conserved active site cysteine residue that is essential for catalysis as well as their 

ability to accept longer chain nitriles as substrates. 59, 60 The other type is called cyanide 

dihydratase or cyanidase, which catalyzes the production of formate and ammonia. 61 

Interestingly from a mechanistic standpoint, though both types are homologous to 

members of the nitrilase family, cyanide dihydratase is distinct from cyanide hydratase as 

it does not produce detectable formamide intermediate and is incapable of accepting 

formamide as a substrate. 62 

 

Rhodanese is a widely distributed enzyme present in bacteria and humans and is 

thus likely a very ancient enzyme capable of detoxifying cyanide. 63, 64 It adds a sulfide to 

cyanide forming less toxic thiocyanate. An essential cysteine thiolate reacts with a sulfide 

donor, usually thiosulfite, to create an enzyme-bound persulfide with sulfite as a co-

product. 65, 66, 67 Cyanide can then attack the newly installed sulfur atom generating 

thiocyanic acid and regenerating the active site thiolate (Fig. 1.7). 68  



 
 

 25 

Figure 1.7.  Mechanism of rhodanese.   
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Two other mechanistic routes to cyanide metabolism take advantage of the unique 

chemical properties of cyanide distinct from other nitriles. The nucleophilicity of cyanide 

is used to create β-cyano alanine from cysteine by the plant enzyme β-cyanoalanine 

synthase, which is pyridoxal phosphate dependent. 69 This enzyme displaces the thiol 

group of cysteine with the cyanide producing hydrogen sulfide as a co-product. 70 The 

resultant nitrile is then amenable to metabolism by so called β-cyanoalanine nitrilases, 

though one of the major products is actually the amide, asparagine. 71, 72 Cyanide is also 

distinct from other nitriles in its ability to act as a substrate for nitrogenase. 73  Ammonia 

and methane are produced as the six electron reduced product as well as methylamine 

reduced with four electrons. 74 Though this may be thought of as a side reaction for the 

enzyme named for nitrogen reduction, organisms are able to survive using this 

nitrogenase activity with cyanide as the only nitrogen source, and bioremediation efforts 

to remove cyanide have even been tested using bacterial strains that have particularly 

high levels of nitrogenase production and cyanide resistance. 75. 76 

 

The preceding descriptions of cyanide metabolism may just be a fraction of what 

is used in biology to mitigate the toxicity of cyanide. From studies on bacteria using 

whole cell lysate, there is strong evidence of cyanide oxygenase and dioxygenase 

activity. 77, 78 Details on which enzymes are catalyzing these reactions and their 

mechanisms should prove to be fertile ground for research.   

 

Cyanate degradation is yet another example of unique chemistry employed by 

enzymes to degrade a carbon-nitrogen triple bond. These plant and bacterial cyanases  
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produce carbamate which breaks down spontaneously to ammonia and carbon dioxide. 79, 

80  But curiously, this reaction does not proceed by simple hydration. Instead the enzyme 

makes use of bicarbonate as a substrate to attack the cyanate creating carbon dioxide and 

carbamate, which degrades to a second carbon dioxide and ammonia (Fig. 1.8). 81   
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Figure 1.8.  Mechanism of cyanase.  

 

 

  



 
 

 29 

With the exception of enzymatic degradations of cyanide and cyanate, the nitrile 

transforming reactions described thus far have only been that of hydration or hydrolysis. 

The repertoire of biochemistry is not likely to be so limited, and two examples have been 

discovered to date that expand this to reduction to the amine and the addition of ammonia 

to form the amidino functional group. Both of these, nitrile reductase and archaeosine 

synthase, are found in the 7-deazapurine pathway and utilize the nitrile, preQ0, produced 

by nitrile synthetase.  

 

In eubacteria, the nitrile substrate preQ0 is reduced to the primary amine, preQ1, 

and used with further modification to become the hypermodified RNA base queuosine. 3 

This novel transformation was found to use NADPH as the reducing co-substrate. An 

essential active site cysteine residue is thought to add to the nitrile to form an enzyme-

bound thiol imine, which is the direct substrate for reduction to the tetrahedral enzyme 

bound amine that is further reduced to the primary amine in a second NADPH reduction 

that frees the cysteine thiol (Fig. 1.9). 82, 83, 84 This mechanism bears a striking 

resemblance to that of nitrilases wherein a cysteine thiol attacks the nitrile carbon to 

make an enzyme bound thiol imine that is more susceptible to attack by water than the 

nitrile, but in this case the enzyme is able to use this more reactive intermediate to 

catalyze reduction. The similarity in mechanism appears to be convergent as nitrile 

reductase is not related to other nitrilases but rather to the nucleotide binding family of 

GTP cyclohydrolases. 85 
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Figure 1.9. Mechanism of nitrile reductase.  
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Archaeosine is a modified RNA base found in all archaebacteria. 86 It is 

synthesized from the nitrile-containing RNA base, preQ0, that is already inserted into 

tRNA using a tRNA guanine transglycosylase. 87,88 Careful mechanistic studies were 

done to show that ammonia; from glutamine, asparagine, or simply authentic ammonia; is 

added into the nitrile without first hydrolyzing it to the amide and that this could be 

accomplished without any activating molecules such as ATP. 89   
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CHAPTER 2 

Summary of the Present Study 

In accordance with the University of Arizona Graduate College dissertation 

formatting guidelines, the appendices include three published papers, which represent the 

major original work and discoveries in this dissertation, and their summaries including 

the contributions of co-authors are included here.   

 

Appendix A is a description of studies done on nitrile synthetase. Before this 

work it was only known that nitrile synthetase uses a carboxylic acid, ammonia, and 

adenosine triphosphate as substrates to produce the product nitrile. To characterize this 

further, the substrate, 7-carboxy -7-deazaguanine (CDG) was synthesized and incubated 

with the enzyme, also known as ToyM. Using LC-MS, an intermediate amide was 

identified, and this 7-amido-7-deazaguanine, or ADG, was synthesized and proven to be 

competent for the production of the nitrile without the addition of ammonia. The nature 

of activation was explored where adenosine monophosphate was identified as a co-

product suggesting adenylation of the substrate carboxylic acid. This was supported with 

a pyrophosphate detection assay that showed both ADG and CDG incubated with ToyM 

produce pyrophosphate as a co-product, which showed both the substrate acid and 

intermediate amide are activated in the same way with adenylation. The adenylated acid 

intermediate was isolated and characterized in the absence of added ammonium salts to 

the assays. This was done using LC-MS and LC-MSMS with labeled natural abundance 

and uniformly labeled 13C adenosine triphosphate that produced the expected mass shifts. 

Finally, evidence from the rates of the two reactions, using CDG and ammonia or ADG 
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alone, was used to speculate that this enzyme may have evolved from an amide 

synthetase that gained the ability to carry out a similar reaction on its product amide, 

poising it for dehydration to the nitrile. This was thought to be so because the enzyme 

catalyzes the more complex condensation of ammonia, CDG, and ATP more quickly than 

the relatively simpler activation of ADG with ATP suggesting the enzyme has been 

optimized for the first reaction.   

 

Since their discovery nearly forty years ago, nitrile hydratases have been used as 

one of the only biocatalysts in industry where they produce kilotons of acrylamide and 

methacrylamide each year from acylonitrile and methacrylonitrile respectively. 40, 36 The 

utility of nitrile hydratases lies in their ability to hydrolyze nitriles under neutral, aqueous 

conditions to the corresponding amides using a relatively simple iron or cobalt cofactor. 

As a result, both the mechanism of hydration and that of post-translational active site 

synthesis have been the subject of a great deal of inquiry.  

 

The hydrolysis of nitriles to amides and then to carboxylic acids is often achieved 

using acid or base catalysts under reflux. Other methods using hydrogen peroxide have 

also been widely used. 90 The hydrolysis solely to the amide, however, is made difficult 

by the similar reactivities of amides and nitriles towards hydrolysis resulting in a mixture 

of amide and acid products. The enzymatic conversion of nitriles to amides without acid 

byproducts has thus been of enormous benefit. The main biocatalysts used for this are 

nitrile hydratases, which were discovered in bacteria for their ability to hydrate 
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acetonitrile. 40 And they were quickly thereafter used industrially to produce acrylamide 

and nicotinamide. 91 

 

Nitrile hydratases employ a low spin non-corrin cobalt or non-heme iron active 

site complex comprised of two peptide backbone amidate ligands and two cysteine sulfur 

ligands oxygenated to the sulfenic and sulfinic acids which together serve as the 

equatorial ligands. A third unmodified cysteine thiol acts as an axial ligand with the other 

site occupied by a solvent derived water (Fig. 2.1). 37, 38 This unprecedented complex is 

shared only with the closely related thiocyanate hydrolase. 46 
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Figure 2.1 The structure of cobalt type nitrile hydratase is shown with the full protein, a 

zoomed in region near the active site complex, and a schematic view of that same 

complex.  
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These enzymes are typically multimeric containing an α and β subunit that come 

together just around the active site metal complex. Appendix B describes work done on a 

single-subunit nitrile hydratase.  Toyocamycin nitrile hydratase (TNH) is a unique three-

subunit member of the nitrile hydratase family. The α subunits contain the active site 

complex, and the β subunits reside just above that complex with multiple conserved 

residues within hydrogen bonding distance of the modified cysteine ligands suggesting a 

key role in catalysis and possibly active site complex formation. Within TNH, the α 

subunit, ToyJ, is related to other nitrile hydratase α subunits, and the β and γ subunits are 

related to the N- and C- terminal halves of what is the single β subunit in other nitrile 

hydratases. It was discovered in the course of various experiments to add a hexahistidine 

tags to these three subunits that the α subunit can be expressed in soluble form without 

co-expression of the other two subunits, and remarkably this protein was the same orange 

color as the subunit-replete enzyme showing the active site complex was likely present. 

Metals analysis with inductively coupled plasma emission spectroscopy showed this 

single subunit, ToyJ, possessed a stoichiometric amount of cobalt. This was confirmed to 

be the case using high resolution mass spectrometry that showed the addition of one 

cobalt and three oxygen atoms consistent with a fully mature post-translationally 

modified complex. Electron paramagnetic resonance experiments showed that this cobalt 

was in the low spin d6 state consistent with subunit replete nitrile hydratases. Having 

proved that ToyJ is sufficient for active site synthesis, the activity of this enzyme in 

hydrating the substrate toyocamycin was tested. Remarkably ToyJ is active without the β 

and γ subunits. The role of these two additional subunits, without which the enzyme is 

clearly capable of nitrile hydration, was then analyzed. Comparing the activity of ToyJ 
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and ToyJKL with the natural substrate toyocamycin and a new substrate 3-cyanopyridine 

showed that these additional subunits, ToyKL, impart substrate specificity and catalytic 

efficiency.  For this, Dr. Linda Breci worked on the mass spectrometry on ToyJ, and Dr. 

Andrei Astashkin obtained the EPR spectra on the samples of ToyJ and ToyJKL.   

 

 

The mechanism of hydration is only now being detailed experimentally, but two 

discoveries made major advances towards uncovering it. The first is that the enzyme is 

inactivated when an exogenous ligand is bound to the axial position, nitric oxide in the 

case of iron-type nitrile hydratases and possibly carbon monoxide in the case of cobalt 

nitrile hydratases, which can be reversed with visible light that cleaves the metal axial-

ligand bond allowing for an exchangeable axial coordination site. 92, 93, 94 This suggests 

the substrate nitrile binds directly to the metal in the course of catalysis or that the axial 

hydroxo ligand acts as the nucleophile or that the axial hydroxo acts as a general base to 

activate a water molecule as the nucleophile (Fig 2.2A). The hydroxo ligand acting as a 

general base seemed to be most likely since the complex was thought to be exchange 

inert, a reasonable expectation for a low spin d6 complex, in the case of the cobalt type 

nitrile hydratases. However, crystallographic studies showed that isonitriles bind to the 

metal center, stopped flow experiments showed that addition of nitriles to nitrile 

hydratases caused spectroscopic changes similar to that of azide-bound nitrile hydratase 

mimics, and some mimic compounds were synthesized that are capable of reversibly 

binding nitriles directly to the low spin metal. 95, 96, 97 Additionally, electron paramagnetic 

resonance experiments proved that water derived oxygens can quickly exchange, and 
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computational studies showed this was likely the result of strong sigma donation from the 

axial thialoato causing an increase in the lability of the axial site trans to this. 98, 99, 100 

Together these suggested an initially unexpected role for the redox inactive metal centers, 

that of a Lewis acid to poise a bound nitrile for nucleophilic attack (Fig. 2.2B-D).   
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Figure 2.2 Possible mechanisms of nitrile hydratase. Bond from ligands to the rest of the 

enzyme are omitted for clarity. Representative references include A) Mitra and Holz, 

2007 126; B) Hashimoto et al., 2008 95; C) Hopmann, 2014 41; and D) Light et al. 2015 42.   
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The second major advance was the discovery that the post-translationally 

modified sulfenato and sulfinato ligands are required for activity. 39 The additional 

oxygens on the modified cysteine residues may be acting to withdraw electron density 

from the active site, increasing the Lewis acidity of the metal ion. 101 Studies on a series 

of (cysteinato-N,S)bis(ethylenediamine)cobalt(III) complexes where the sulfur is oxidized 

to the sulfenato and sulfinato forms demonstrated the higher electronegativity of the 

oxidized cysteine ligands and their higher field strength relative to thiolato ligands. 102 In 

nitrile hydratases, these oxygens are within hydrogen bonding distance of two conserved 

arginine side chains that further allow electron withdrawal from the metal. 103 

A more important role for the sulfenato was revealed when it was discovered that 

if it is oxidized to a sulfinato ligand activity is abolished. 104 This was shown in exquisite 

detail in crystal structures of thiocyanate hydrolase where the enzyme was only active 

with oxidation of the correct thiolato ligand to the sulfenato form, and it also showed the 

enzyme lost activity when this ligand was further oxidized to the sulfinato form. 48 Thus 

the sulfenate was proposed to act as a general base catalyst in activating a water molecule 

to attack the nitrile (Fig. 2.2B). 

It was overlooked that the sulfenato oxygen itself could be acting as the 

nucleophile. Early cobalt-sulfenato complexes demonstrated the nucleophilicity of this 

type of ligand, and computational studies on nitrile hydratases showed the sulfenato 

sulfur was likely to have a high positive charge able to support a strongly negatively 

charged sulfenato oxygen. 105, 106, 107 In one of the few known nitrile hydratase mimic 

compounds that hydrates nitriles, a sulfenato ligand is essential for this activity, and 

further, using labeled water, Heinrich et al. observed that exchange into this sulfenato 
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ligand was turnover dependent, clearly implicating the sulfenato as the nucleophile which 

first attacks the nitrile. 108 This was followed by evidence that the sulfenato ligand reacts 

with electrophilic boronic acids in an actual nitrile hydratase. 109  

 

Computational work has recently been published that supports both of these 

mechanistic insights: that the nitrile substrates bind directly to the active site metal in the 

axial position and that the sulfenate oxygen then attacks the nitrile carbon to form a 

metallocycle that is then resolved by attack of water at the sulfenato sulfur or, in a more 

circuitous route, by the axial thiolato sulfur attacking the sulfenato sulfur after which this 

disulfide is resolved by attack of water on what was originally the sulfenato sulfur ligand 

(Fig. 2.2C-D). 41, 42  

A clearer picture emerged with a time resolved crystallographic study in which 

important arginine residues had been mutated to slow the catalytic turnover of the nitrile 

hydratase used. What this demonstrated was an unambiguous structure of a metal bound 

nitrile that formed a covalent bond with the sulfenato oxygen, and this was confirmed 

using 18O-water and FTIR spectroscopy to show that the unique sulfenato stretch was 

perturbed by turnover dependent exchange. 43  

Concurrently, high resolution mass spectrometry experiments were done as part 

of this work described in Appendix C that characterized not only the enzyme in solution 

but also the product amide to show that an enzyme bound oxygen is the source of the 

amide oxygen, definitively ruling out an initial activated water nucleophile. This was 

done using a single subunit version of nitrile hydratase that was slow enough to allow for 

single turnover conditions in small volumes of 18O-labeled water. The enzyme and 
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substrate were mixed in 97% 18O-labeled water at various concentrations of substrate 

from sub-stoichiometric amount to four-hundred times that of enzyme. Mass 

spectrometry on the resultant products showed that after a single turnover, the vast 

majority of product did not contain labeled water and that only after multiple turnovers 

did the product incorporate the labeled oxygen from bulk solvent. Mirroring this, the 

protein was also characterized and showed a turnover dependent exchange of a single 

oxygen, all of which is consistent with the sulfenato acting as the initial nucleophile in 

catalysis. 44   

What remains to be resolved experimentally is the way in which water is finally 

incorporated into the catalytic cycle, either by attack directly on the sulfenato-sulfur or 

whether a disulfide is formed first after which water can attack the equatorial thiolato 

ligand to regenerate the sulfenate. This may be attempted by the capture of the disulfide 

species using mass spectrometry in which substrate and enzyme are mixed just prior to 

infusion, though not observing this potential intermediate will not lend support to either 

mechanism as the metal-bound disulfide may just be too reactive to observe.  

The synthesis of the active site complex in nitrile hydratases is a much less 

explored aspect of these enzymes. This entails the correct binding of iron or cobalt and 

the asymmetric oxidation of two equatorial cysteine thiols to the sulfenic and sulfinic 

acids. The source of the additional oxygen atoms and the mechanism of their addition to 

the cysteine sulfurs remains unknown, and experiments on these problems are detailed in 

chapter 3.  
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Chapter 3 

Characterizing the Post-Translational Synthesis of the Active Site Complex 

Abstract 

The active site complex of nitrile hydratases is unique in a variety of respects: it 

contains two post-translationally modified cysteine thiolate ligands oxidized to the 

sulfinato and sulfenato forms, it involves direct ligation of the metal to two deprotonated 

amide nitrogens derived from the backbone of the protein, and it contains cobalt or iron 

in their low spin trivalent state. 37, 38 Perhaps most significantly, the synthesis of such an 

unprecedented complex is accomplished in a self-catalyzed series of reactions. 39,  116   

Beyond this, very little is known about the mechanism of complex formation. In order to 

elucidate the mechanism of activation, the source of the oxygens on the modified cysteine 

sulfenato and sulfinato ligands must first be determined, and this chapter will described 

the design of experiments that will allow mass spectrometric characterization of in vitro 

activated nitrile hydratase to determine the source of the modified cysteine oxygen atoms 

using 18O-labeled water and molecular oxygen.  

 

Introduction 

 

The activation of nitrile hydratases has been shown in many cases to be dependent 

on separate activator proteins, which are specific to cobalt or iron type nitrile hydratase 

and are typically associated with nitrile hydratase in the same operons. 110, 111 These 
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activators in some cases appears to dissemble the subunits of nitrile hydratase to access 

the α subunits to insert the correct metal ion. 112, 113 Though these activator proteins are 

clearly useful in many cases in producing active, recombinant nitrile hydratases, they are 

not required uniformly. 114 Multiple nitrile hydratases, including both iron and cobalt 

types, have been reported that do not require an activator to be co-expressed 

heterologously in order to achieve activity. 115, 53 The possibility that native enzymes in 

the E. coli expression host are able to catalyze this reaction has not been excluded, but 

reports of purified apo-nitrile hydratases being activated by the addition of cobaltous or 

ferric salts supports the notion that this is a self-catalytic process. 39,  116   

Somewhat ironically, the first evidence of self-catalytic synthesis of the active site 

came from experiments on heterologously expressed apo-enzyme attained by not 

coexpressing the corresponding activator. The iron-type nitrile hydratase from 

Rhodococcus species N-771 was shown to be insoluble as initially purified, but after 

treatment with guanidinium hydrochloride and reconstitution with 10 µM ferric citrate in 

the presence of oxygen, the enzyme gained activity. Mass spectrometric analysis of 

tryptic digests of this enzyme removed during the activation process demonstrated that 

the presence of sulfinic acid modification was correlated with the increase in activity, and 

though not directly observed, the sulfenic acid modification too was associated with 

activity. The presence of a sulfenic acid, which is chemically unstable under these 

conditions, was inferred by the formation of a disulfide during the denaturation of the 

enzyme at low pH. Under these conditions, two thiolates could not form a disulfide, but a 

disulfide could readily result from reaction of the Cys-S-OH moiety with a free thiol. 39   

Similar oxygen-dependent activation of an apo thermophilic nitrile hydratase in the 



 
 

 45 

presence of cobalt(II) has also been observed. 37 Collectively, these experiments show 

conclusively that nitrile hydratases are capable of installing the active site complex 

without additional enzymes in an oxygen-dependent manner.   

The order of synthesis of the modified amino acids was suggested by crystal 

structures of the closely related thiocyante hydrolase wherein the cobalt metal and 

sulfinic acid modification were present in crystals of the enzyme that were inactive. The 

protein from these crystals, however, gained activity after storage and was shown to have 

incorporated the sulfenic acid modification concomitantly. 48 Thus it seems likely that the 

metal ion binds first to three unmodified cysteine thiolate ligands and two amidate 

ligands, the sulfinic acid modification then forms, and lastly the sulfenic acid is formed 

and the metal becomes oxidized to the +3 state.  

The role of residues outside the coordination sphere of the fully mature active site 

complex remains largely unknown. As is discussed in Chapter 4, the identity of 

conserved amino acid pairs just outside the active site sequence correlates with the metal 

ion found in the protein as follows.  Threonine and tyrosine are found in cobalt-type 

enzymes, whereas serine and threonine are present in the iron nitrile hydratases in the 

sequence C(T/S)LCSC(Y/T).  The interchange of these residues, however, is not 

sufficient to redirect metal preference suggesting that a more intricate mechanism is at 

play in the incorporation of the metal. 117   

Nitrile hydratases typically comprise two subunits, where the residues that form 

the ligands for the active site derive solely from the α-subunit. 118 The active site complex 

of nitrile hydratases exists at the interface of the α- and β-subunits with two conserved β-
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subunit-derived arginines side chains that hydrogen bond to the modified sulfenato and 

sulfinato ligands. 103 These and other conserved residues in the β-subunit that sit just 

above the active site may reasonably be expected to play a role in activation, but a study 

in this work proved that the β-subunit residues are not required for full activation. The α- 

subunit of the cobalt-type toyocamycin nitrile hydratase, when expressed in E. coli in the 

presence of cobalt(II) chloride, leads to an active nitrile hydratase, suggesting that neither 

an activator nor the β- or γ -subunits are required for activity. 53  Therefore, the sequence 

determinants that are required to direct the posttranslational activation of this nitrile 

hydratase are present in the α subunit. 

Inorganic complexes that mimic the active sites of nitrile hydratases go further in 

showing the minimal requirements for metal binding and cysteine oxidation.  The 

Chottard group was able to synthesize an N2S3 iron complex that oxidized under air from 

the tristhiolato form to one containing a sulfinato ligand that became O-bonded. 119 This 

same group was also able to synthesize a cobalt complex with N2S2 ligands in the 

equatorial plane much like that of nitrile hydratases, and this formed the S-bonded 

sulfenato ligand upon addition of molecular oxygen. Remarkably this complex is 

catalytically active and has been shown to hydrate up to 50 nitriles to the amide per 

complex. 108 

A similar equatorial N2S2 six-amino acid peptide mimic is also capable of binding 

to cobalt and oxidizing a thiolato ligand to the sulfinic acid in the presence of molecular 

oxygen. Studies on this process showed that the cobalt binds as cobalt(II), the sulfinato is 

formed, and then slowly the cobalt is oxidized to cobalt (III), as it is in the resting state of 

mature nitrile hydratases. 120 This is consistent with cobalt(II) activation of nitrile 
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hydratases, but the previously described example of activation of apo-enzyme with ferric 

iron seems to contradict this. It is possible however that this iron(III) is reduced to an 

active form upon coordination to three thiolate and two amidate ligands in the highly 

anionic environment of an apo-nitrile hydratase active site.  

Together these data point to a mechanism involving the binding of the metal in 

the +2 state to the apo-enzyme; oxygen dependent oxidation of one of the equatorial 

thiolato ligands to the sulfinato; and then oxygen dependent oxidation of the metal to the 

+3 state and the oxidation of the second thiolato ligand to the sulfenato form, the order of 

the last two of which is not clear (Fig. 3.1).    
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Figure 3.1 Possible series of intermediates in the route from apo-TNH to holo-TNH.   
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The nature of oxygen’s role in this process is not clear.  One may plausibly invoke 

a role in oxidation of the active site thiolato residues, either indirectly or directly.  Indeed, 

the sulfenato and sulfinato oxygen atoms may be derived from molecular oxygen. A well 

studied model for the posttranslational mechanism is the reaction catalyzed by cysteine 

dioxygenase (CDO). This enzyme has a non-heme iron atom coordinated by three 

histidine residues and two exchangeable solvent water molecules. The substrate, cysteine, 

can coordinate in place of the solvent ligands and undergo an oxygen-dependent 

conversion to cysteine sulfinate. 121  Studies with labeled oxygen have demonstrated that 

that both oxygen atoms in the sulfinate moiety of the product of CDO are derive from 

molecular oxygen. 122    

As in the proposed mechanism of nitrile hydratase activation, the metal center in 

CDO is in the high spin +2 oxidation state where it is then thought to bind to molecular 

oxygen to form the iron(III) superoxo intermediate. The distal oxygen can then add to the 

thiolato ligand forming an iron(IV) oxo which in turn adds in to the newly formed 

sulfenato ligand to form the sulfinato and iron(II). 121, 123 Thus this serves as a likely route 

to the intermediate sulfinato complex in nitrile hydratases observed in the peptide mimic 

and thiocyanate hydrolase crystal structures, but it does not explain the ultimate 

formation of the singly oxygenated thiolato ligand to the sulfenato.  

As mentioned before, cobaltous salts can be introduced to apo-nitrile hydratases 

that can then self-catalytically form the active cobaltic complex only after the sulfinato is 

present. This suggests a one electron oxidation produces a radical co-product. One can 

imagine a scenario in which a second oxygen molecule binds and forms the sulfenato 

ligand on the second equatorial thiolato but is stopped there before proceeding to the 
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sulfinato at which point the remaining metal bound oxygen atom radical may be 

quenched leaving the metal in the +3 state.  

The main objective of the studies presented here was to develop a system in 

which the posttranslational activation of the nitrile hydratase could be monitored.  The 

studies in this chapter show that nitrile hydratase undergoes an oxygen-dependent process 

culminating in appearance of toyocamycin nitrile hydratase activity and posttranslational 

activation of the protein.  The system can be used in the future to identify the source of 

the oxygen atoms using labeled molecular oxygen to probe the mechanism underlying 

this fascinating transformation.   

Materials and Methods 

 

Expression and Purification. Toyocamycin nitrile hydratase (TNH) was expressed 

and purified in the apo form by expression in the absence of cobalt(II) chloride and in the 

presence ethylenediaminetetraacetic acid (1 mM) to complex any trace metal ions. 53 All 

purification steps were carried out under anaerobic conditions in a Coy chamber (~95% 

nitrogen and 5% hydrogen) using the same method as previously described but with 0.5 

M sodium chloride added to each buffer. 53 The enzyme eluted from the HisTrap column 

was concentrated with an Amicon pressurized concentrator with a 10 kDa filter and 

injected onto a HiPrep 16/60 Sephacryl S-200 size exclusion column (GE Healthcare) 

pre-equilibrated with 50 mM piperazine-N,N’-(2-ethanesulfonic acid) (PIPES) pH 7.4 

and 0.5 M sodium chloride. The fractions containing the heterohexameric TNH complex 

were pooled and concentrated, frozen with liquid nitrogen, and stored at -80 °C.  
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The enzyme was purified under anaerobic conditions because the active site 

thiolates have been known to form disulfides in the absence of a metal ion. 117 The 

enzyme was exchanged into a PIPES buffer because this does not chelate metal ions well 

as opposed to phosphate or Tris containing buffers that might interfere with activation by 

binding cobalt(II).  

 

Activation Assays. Apo-enzyme (50 µL of 200 µM, final concentration 100 µM), 

the concentration of which was determined by a standard Bradford assay using bovine 

serum albumin as a standard, was added to aerobic water (40 µL) and cobalt(II) chloride 

(10 µL of 1 mM, final concentration of 100 µM). Above 100 µM CoCl2 enzyme begins 

to precipitate, but at 100 µM it is stable. These solutions were allowed to incubate for 2 h.  

An aliquot (10 µL) was withdrawn at 0, 2.5, 5, 10, 20, 40, 80, and 120 min and analyzed 

by mass spectrometry for protein modification and HPLC for enzymatic activity.  

 

Enzyme Mass Spectrometry. For mass spectrometric characterization, 10 µL of 

the aliquots that were removed at each time point were added to 0.5 mL of water (Fisher 

Optima grade) containing 0.1% acetic acid (v/v). Buffer and salt were removed by 

exchanging the buffer two times using a centrifugal concentrator with a polyethersulfone 

support and 10 kDa cutoff. This was repeated three times, with the final resuspension 

occurring with 200 µL of the buffer for a final enzyme concentration of ~ 5 µM. The 

enzyme solution was directly infused into a Thermo Fisher LTQ Orbitrap XL mass 

spectrometer with typical settings as follows: injection flow rate 100 µL/min, m/z range 

900 – 2000, resolution 100,000, injection time 200 ms, sheath gas flow rate 11, auxiliary 
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gas flow rate 3, sweep gas flow rate 38, spray voltage 3.00 kV, capillary temperature 275 

°C, capillary voltage 49.00 V, tube lens 150 V, multipole offset -1 V, Lens 0 -19.50 V, 

multipole 0 offset -5.25 V, lens 1 -37.00 V, gate lens -56.00 V, multipole 1 offset -12.00 

V, mutipole RF amplitude 400 V p-p, and front lens -6.00 V. The Xtract settings were: 

generate MH+ Masses Mode, resolution 100,000 at 200, S/N Threshold 10, fit factor 

44%, remainder 25%, AveragineLowSulfur model, max charge 20.  

 

Activity Assays. The activity of the enzyme during activation assays was 

monitored by removing 1 µL of the activation reaction and diluting it to 100 µL with 50 

mM potassium phosphate pH 6.5 (1 µM enzyme).  An aliquot of this dilution (5 µL) was 

added to a 45 µL assay solution containing 1 mM toyocamycin (Berry and Associates), 

50 mM potassium phosphate pH 6.5, and a final concentration of 0.1 mM TNH. The 

reactions were quenched at 1 and 3 min by removing 20 µL and mixing with 4 µL 30% 

(w/v) trichloroacetic acid. Conversion of toyocamycin to sangivamycin was monitored by 

HPLC as described previously. 44 

 

UV-Visible Spectroscopy of Activation of TNH. To determine the spectral changes 

that accompany activation of TNH, activation reactions were set up essentially as 

described above except that the final enzyme concentration was 25 µM in a total volume 

of 0.1 mL.  Spectral changes were monitored from 30 s - 80 min in an HP Agilent 8453 

diode array spectrophotometer. 
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EPR Spectroscopy of TNH. Electron paramagnetic spectra (EPR) were acquired of 

apo-enzyme after incubation with CoCl2. An activation solution prepared as described 

above was frozen with liquid nitrogen after 2 h and lyophilized to remove oxygenated 

solvent and so that enzyme could be resuspended in water containing 10% glycerol in the 

manner in which TNH was prepared for EPR analysis as previously described. 53   

 

Determination of Disulfide Content of Enzyme. The concentration of free thiols in 

the apo-enzyme was quantified using the colorimetric Ellman’s reagent, 5,5’-dithiobis-(2-

nitrobenzoic acid) (DTNB). A denaturing solution of anaerobic 6 M guanidinium 

hydrochloride, 0.1 M sodium chloride, 2.5 mM EDTA, and 50 mM Tris HCl pH 8.0 was 

prepared, and to 990 µL of this were added 10 µL 200 µM apo-TNH in a quartz cuvette. 

A standard Bradford assay using bovine serum albumin as a standard was used to 

determine the concentration of enzyme. To this 20 µL of 100 mM DTNB dissolved in 

dimethylsulfoxide were added with pipetting to mix. After two minutes of incubation, the 

absorbance at 412 nm was recorded to quantify TNB, thio-(2-nitrobenzoic acid) (ε412 nm = 

13,700 M-1 cm-1 in 6 M guanidinium hydrochloride). 124 

 

Results and Discussion 

 

In order to characterize the synthesis of the active site complex of nitrile 

hydratases, this process has to be carried out under controlled conditions in vitro so that 

labeled oxygen and water can be added selectively to determine the source of the 

modified cysteine ligand oxygens in the enzyme. To this end, apo-TNH was obtained in 
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soluble form using by a slight modification to earlier protocols for the expression and 

purification of holo-TNH.  Specifically, the addition of EDTA to the expression culture 

to bind free cobalt from the Luria-Bertani media and, more obviously, simply not adding 

additional cobalt chloride was sufficient to prevent the in vivo synthesis of the cobalt-

containing holo-TNH complex. Apo-TNH, however, is less stable during purification 

than holo-TNH where it was found to precipitate in the course of purification. The 

addition of 0.5 M sodium chloride was sufficient to prevent the  apo-enzyme from 

precipitating under assay conditions, which is consistent with earlier studies that showed 

this heterohexameric enzyme is stabilized for the most part through non-polar 

interactions. 25  

In the reconstitution experiments, apo-TNH was combined with cobalt chloride 

under aerobic conditions.  The enzyme solution remained stable up to 0.1 mM CoCl2, but 

precipitation was observed at higher concentrations.  Therefore, all the experiments were 

carried out at this limiting concentration of the metal ion.  The activity of the protein 

during the incubation was measured by assaying TNH with toyocamycin as a substrate.  

A substrate concentration of 1 mM was chosen as the holo-TNH appears to become 

saturated at this concentration above which (5 mM) it shows more complex behavior 

perhaps due to cooperativity (see Appendix B). As shown in Fig. 3.2A, activity of 

activated apo-TNH reaches a plateau by ~ 1 h, suggesting that the activation is complete.  

The turnover number of holo-TNH under these conditions is 25 sec-1, which was 

determined within the linear range of activity. This can be compared to the previously 

reported turnover rate of the holo-TNH (175 sec-1) under the same buffer conditions, 

which shows this activated TNH acquires roughly 15% of the activity of holo-TNH. 
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Further controls using holo-TNH purified the same way in which apo-TNH was in this 

case and treated the same way as under activation conditions may show this difference in 

activity is not the result of incomplete or incorrect synthesis of the active site complex 

but rather some sort of inactivation due to those differing purification and activation 

conditions.   

To rule out that the lower activity observed with the activated apo-TNH is due to 

formation of disulfides in the as purified enzyme, Ellman’s reagent was used to quantify 

the free thiols in apo-TNH under denaturing conditions.  The experiments show that apo-

TNH retains ~4.9+0.4 free thiols per heterotrimer. The ToyJKL heterotrimer has 5 

cysteine residues.  Therefore, the lower level of activation is likely not due to oxidation 

of the thiol residues in the as purified enzyme. 
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 Figure 3.2. A comparison of the increase in the A) enzyme activity, B) ratio of 

abundance of holo enzyme to apo enzyme, and C) absorbance at 300 nm over the course 

of the activation assays. 
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The requirement of oxygen for this process was examined by carrying out the 

reactions in the anaerobic chamber.  In these experiments, protein was combined with 

cobalt (II) using all anaerobic buffers.  The as-isolated protein has activity of 0.9 sec-1 at 

the beginning of incubation, which increases to 1.8 sec-1 after 80 min.  This is in contrast 

to the observation in the presence of O2, where 13-fold activation is observed in a similar 

timeframe.  The residual activity observed at the beginning of the incubation likely 

reflects small amount of protein activation in the cell, and while we made every effort to 

exclude oxygen, it is possible that residual oxygen is responsible for the ~ 2-fold increase 

in activity during the incubation.  

The mass spectra of the enzyme were also obtained at various time points during 

activation. These show ToyJ and ToyK subunits above noise at multiple charge states. 

ToyK is detectable, but the optimized ionization conditions used to maximize the signal 

for ToyJ have reduced the ionization efficiency significantly for the ToyL subunit (Fig. 

3.3). These spectra were charge deconvolved to produce the spectra in Figure 3.3, which 

show species corresponding to apo-ToyJ at 21,084.08 Da.  This mass is consistent with 

post-translational processing of the Met residue in the recombinant protein obtained from 

E. coli.  Both the raw spectra and the deconvolutions reveal a number of other low 

abundance species.  These may represent the binding of other metals to the active site 

such as iron that has carried over from the cell. These additional peaks may be the 

intermediates in the synthesis of the active site, but as they overlap, it is difficult to assign 

them to reasonable intermediates such as the complex containing just two additional 

oxygens or perhaps four additional oxygens that may occur as molecular oxygen binds to 

the sulfinato complex that has not yet formed the sulfenato ligand.  While these do not 
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interfere with the analysis, collectively, they may explain why the activation reactions do 

not yield activity closer to those that are observed with holo-TNH.  The Xtract program, 

which was used to obtain the deconvoluted spectrum, treats the charges derived from the 

cobalt(III) as protons and so assigns the peak in deconvolution lower by the mass of three 

protons or 3.0229 Da from the theoretical.  

Over the course of the activation assay, the disappearance of apo-enzyme at 

21,084.08 Da is concurrent with the increase in holo-enzyme at 21,187.97 Da that 

contains three additional oxygen atoms and a cobalt that displaces three protons. The holo 

peak becomes clear after about 10 min and becomes the base peak in this protein 

envelope (Fig. 3.4). The ionization efficiencies of each of these forms of ToyJ are not 

identical and so direct measurement of concentration is not possible with this technique. 

Instead the increase in holo enzyme was quantified using the ratio of the abundance of 

the apo-TNH peak to that of the holo-TNH peak and plotted in Fig. 3.2B. 
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Figure 3.3 Mass spectrum of TNH showing multiple charge states for the subunit of 

interest, ToyJ, as well as ToyK.  
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Figure 3.4 Mass spectra of TNH at various times throughout the activation process. From 

the top are the 0, 5, 10, 20, and 80 min time points.  
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To obtain additional evidence for the formation of the correct holo-enzyme active 

site complex UV-visible spectra of the enzyme were obtained during the reconstitution. 

The spectra reveal a shoulder from 300 – 430 nm, consistent with a similar feature 

observed in the UV-visible spectra of holo-ToyJKL and other known cobalt-type nitrile 

hydratases (Fig. 3.5). 125 This time-dependence of the appearance of this feature mirrors 

the increase in enzyme activity and the relative abundance of holo-enzyme in mass 

spectra (Fig. 3.2C).  
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Figure 3.5. UV-visible spectra of apo-TNH activation assay over time. The inset is of 

holo-TNH as purified for comparison.  
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The correct synthesis of the active site complex may also be probed using EPR 

spectroscopy. The holo-enzyme contains a diamagnetic low spin d6 ion which can be 

reduced with sodium dithionite to produce a low spin d7 complex that is EPR active. The 

final product of the activation assay was reduced to the Co(II) species with sodium 

dithionite and shows a weak signal matching that observed for holo-enzyme treated 

similarly, showing conclusively that the correct active site complex is formed in vitro as 

in vivo (Fig. 3.6).  The signal to noise of the in vitro activated product is likely low as a 

result of the lower efficiency of activation, about 15% based upon activity assays.  

This is a particularly promising result in that it shows the possibility of trapping 

intermediates in the synthesis of the complex which can be characterized with EPR. No 

such intermediate has been identified to date, but since the proffered metal is a high spin 

divalent cobalt and the apo-enzyme active site is presumably not yet oxidized before the 

metal binds and thus provides a relatively weaker field set of ligands, an early high spin 

cobalt complex is to be expected.  
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Figure 3.6. EPR spectra of apo-TNH activated in vitro compared to that of enzyme 

expressed in cobalt-containing media and purified in holo form. The spectrum of holo-

TNH is from the previously published EPR of this enzyme (Appendix B).  Experimental 

conditions: microwave frequency, 9.335 GHz; microwave power, 2 mW; magnetic field 

modulation amplitude, 0.5 mT; temperature, 30 K. 
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These results presented in this chapter establish a series of conditions and assays 

that can be used to monitor the conversion of apo-TNH to holo-TNH in vitro. Based upon 

the activity, UV-vis, EPR, and mass spectrum data, active site complex synthesis is 

occurring, albeit at lower levels per enzyme than is achieved in vivo.  The ability to 

acquire isotopically resolved mass spectra of activated holo-TNH as in these assays 

affords a means of testing the source of the oxygen atoms in the posttranslationally 

modified complex. Using labeled water and molecular oxygen, this holo-TNH envelope 

will have a readily detectable shift to indicate which of these oxygen sources is 

contributing the modified ligand oxygens. This will provide the basis for proposed 

mechanisms which can then be further probed in future studies.   
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CHAPTER 4 
 

Towards the Development of an Assay to Determine the Means of Metal Specificity in 

Nitrile Hydratase 

 

Nitrile hydratases can be grouped into two different classes based upon their 

binding of either cobalt or iron in their active site complexes that are otherwise 

indistinguishable in the first coordination sphere. This metal binding difference is based 

apparently on the identity of just two active site residues that do not bind directly to the 

metals in the mature post-translationally modified complex. The threonine/serine and 

tyrosine/threonine pairs in the sequence VC(T/S)LCSC(Y/T) indicate a cobalt binding 

enzyme with threonine and tyrosine and an iron enzyme with the serine and threonine 

version (Fig. 4.1). 126 This second coordination sphere environment is remarkably 

predictive of the metal binding for every nitrile hydratase thus far observed, but these 

residues have not proven to be sufficient to control that metal binding discrimination 

when mutated. A site directed mutant of a cobalt-type nitrile hydratase from 

Psuedomanas putida in which the cobalt pair T/Y was mutated to the iron predictive S/T 

pair did not result in an iron binding enzyme but rather one that was overall poor at 

binding any metal and that instead had a disulfide formed between two of the active site 

cysteine thiols that normally bind to the metal. 117 Understanding the ability of enzymes, a 

third of which are metalloenzymes, to insert the correct metal despite vast differences in 

binding affinities between various biologically relevant metal ions is an important subject 

and one to which nitrile hydratases and their well defined metal preferences may 

contribute significantly. 127   
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Figure 4.1 Structures of A) iron and B) cobalt type nitrile hydratases with the predictive 

amino acid pairs highlighted in red. The sequence of the iron-type (A) is CSLC(SO2 
-

)SC(SO-)TA from PDB 4FM4. The sequence of the cobalt-type (B) is CTLC(SO2
-

)SC(SO-)YP from PDB 1IRE.  
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Since most nitrile hydratases have been assumed to require an activator protein 

for metal insertion and post-translational modification, it could be hypothesized these 

predictive residues are not necessary for correct metal insertion and discrimination 

directly but rather that they are necessary for correct binding of the apo-nitrile hydratase 

to its corresponding activase, which differ significantly between the cobalt and iron 

inserting types. 113, 128 But as more evidence emerged, it appeared not all nitrile hydratases 

require an activator accessory protein and that these nitrile hydratases still incorporated 

the correct metal based on their active site sequences. 115, 116, 53 In two of these cases, the 

metal is cobalt, so it is not persuasive that this enzyme simply inserted the only metal ion 

option that was present as iron would necessarily be present at micromolar concentrations 

since it is necessary for the cells to survive. 129 Another report of an iron-type nitrile 

hydratase expressed in E. coli in the absence of its corresponding activator but with 

supplemental cobalt(II) chloride in the growth medium did show some incorporation and 

activity but only about 2.5% of that with the iron replete enzyme.  130 

 

Thus the fidelity of each nitrile hydratase in choosing the correct metal ion for 

incorporation must be based on an as yet undiscovered feature of these enzymes that at 

least appears to require the correct predictive pair. This would suggest other residues are 

involved, but comparisons of residues amongst the various iron and cobalt types have not 

uncovered conserved differences precluding an obvious route to mutagenic studies that 

might switch one nitrile hydratase’s metal preference for the other.   
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If no model can be made a priori about what residues are responsible for metal 

discrimination, an alternative is to allow evolutionary selection to create this change for 

us, potentially uncovering a route through sequence space to accomplish this switch 

which may then be used to as a guide to uncover the evolutionary path these enzymes 

utilized in nature to achieve the same thing.   

 

In a nitrogen limiting environment, the activity of nitrile hydratase can be used to 

convert otherwise inert nitrile substrates to amides which can then be hydrolyzed by more 

common amidases to afford the necessary ammonia which can be immediately used or 

sequestered thus providing a selective advantage to those organisms bearing this activity. 

131  This has been demonstrated by the growth of bacteria utilizing nitrile hydratases with 

nitriles as the sole source of nitrogen. 132 The activity of nitrile hydratases, which depends 

upon metal insertion and correct post-translational modification of the active site cysteine 

ligands, then could be used to select from a library of random mutants of a cobalt-type 

nitrile hydratase to bind iron instead.  

 

Two major obstacles exist to this. It is likely necessary to have a high 

concentration of nitrile substrate as whatever mutant that can switch metal preference to 

be an active iron-type nitrile hydratase may as a result of those mutations have a greatly 

reduced catalytic efficiency, and high concentrations of nitriles are known to have 

bacteriostatic effects. 28 The other is that common expression strains such as E. coli 

posses genes for amidases, but these may need to be expressed at a much higher level so 
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that the limiting factor for growth and thus selection of those transformants is the nitrile 

hydrating activity of whatever new iron-type nitrile hydratase that may be expressed. 133  

 

A library of genes encoding ToyJ, the subunit containing the active site complex, 

in the pACYC-DUET expression vector was constructed by error prone PCR using 

primers corresponding only to the protein open reading frame. This was done with a 

standard protocol using Taq DNA polymerase, high concentrations of each primer (10 

µM), a high concentration magnesium chloride (7 mM),  deoxythymidine triphosphate 

and deoxycytidine triphosphate (1 mM), deoxyadenosine triphosphate and 

deoxyguanosine triphosphate (0.2 mM), manganese chloride (0.5 mM), potassium 

chloride (50 mM), and Tris HCl pH 8.3 (10 mM). 134 The genes for toyocamycin nitrile 

hydratase, toyJKL, in expression plasmids constructed as previously described or in the 

mutated pACYC-Duet plasmid for toyJ, were transformed into electrocompetent E. coli 

BL21 (DE3). These were then grown on M9 minimal media agar plates with less than the 

usual 18 mM ammonium chloride (0-5 mM ammonium chloride instead), with 34 µg/mL 

each of the selection antibiotics kanamycin, streptomycin, and chloramphenicol. 3-

Cyanopyridine, a known substrate for cobalt containing ToyJKL, was added as the source 

of nitrogen at various concentrations from 2 – 10 mM. These were grown without 

addition of cobalt salts and incubated at 25 °C, the optimal temperature for soluble 

expression of ToyJ. 53  

 

Expression strains were also constructed using the same conditions as above but 

with toyJKL in expression plasmids used for native expression so that a fourth gene 
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product could also be expressed from a pet28a vector. 135 This additional protein 

expressed was the E. coli nicotinamidase, PNCA, which is known to hydrolyze the 

product of ToyJKL and 3-cyanopyridine, nictotinamide, to the nicotinic acid and 

ammonia. 136 This was amplified from genomic DNA of E. coli strain W3110 using the 

primers described in the primer table.  For these cultures, ampicillin at 100 µg/mL was 

used in addition to the other three antibiotics.  Zinc chloride (50 µM) was also added to 

these four-protein cultures as this is an essential cofactor for PNCA. 137  This is the extent 

to which these assays have been performed to date.  

 

In each round, controls can also be done expressing wild type ToyJKL, and both 

the mutated and wild type were also grown on plates with cobalt(II) chloride added to a 

final concentration of 50 µM. This allows a minimal effort to discover a metal-switched 

variant as only when colonies are present on the plates containing mutated TNH but not 

the wild type TNH containing plates will a selective advantage from those mutations be 

apparent and worth pursuing with sequencing and perhaps further rounds of mutation.   

 

Finding the optimal conditions for a successfully metal switched mutant to grow 

faster than those without active nitrile hydratase may require trying various other 

conditions including gradients of nitrile substrate to avoid the bacteriostatic effects (this 

could be done for instance by pouring plates in layers with successively lower 

concentrations of substrate nitrile so that the nitrile can diffuse slowly towards the 

bacteria at the agar surface and remain at a low concentration).  
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Another possibility is to use a cobalt-type nitrile hydratase from a thermophilic 

organism as the starting point of mutation. The nitrile from Pseudonocardia thermophila 

has been described that can withstand temperatures of 50 °C. 109  Thermophilic proteins 

offer the advantage of greater structural durability towards mutations and so open more 

possibilities to explore beneficial mutations in finding a metal switching variant. 138 

 

Finding any clues as to how such similar enzymes can bind similar metals so 

selectively will provide a deeper understanding of how metalloenzymes generally are 

able to selectively incorporate their correct metal ions.   
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Table of Primers 

 Sequence 5’-3’ 

ToyJ 

Forward 

ATCATCACAGCAGCGAGAACCTGTACTTCCAGGGCCATATGAG

TACCGAACACGTCAGCC 

ToyJ Reverse AGTGGTGGTGGTGGTGGTGCTCGAGTGCGGCCGCAAGCTTTCA

CACAGGAGCCGTGCC 

PNCA 

Forward 

CGGCCTGGTGCCGCGCGGCAGCCATATGCCCCCTCGCGCCCTG

TTAC 

PNCA 

Reverse 

CAGTGGTGGTGGTGGTGGTGCTCGAGTTACCCCTGTGTCTCTT

CCCAGTCTGCCAG 
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A Single Enzyme Transforms a Carboxylic Acid into a Nitrile through
an Amide Intermediate
Micah T. Nelp and Vahe Bandarian*

Abstract: The biosynthesis of nitriles is known to occur
through specialized pathways involving multiple enzymes;
however, in bacterial and archeal biosynthesis of 7-deazapur-
ines, a single enzyme, ToyM, catalyzes the conversion of the
carboxylic acid containing 7-carboxy-7-deazaguanine (CDG)
into its corresponding nitrile, 7-cyano-7-deazaguanine
(preQ0). The mechanism of this unusual direct transformation
was shown to proceed via the adenylation of CDG, which
activates it to form the newly discovered amide intermediate 7-
amido-7-deazaguanine (ADG). This is subsequently dehy-
drated to form the nitrile in a process that consumes a second
equivalent of ATP. The authentic amide intermediate is shown
to be chemically and kinetically competent. The ability of
ToyM to activate two different substrates, an acid and an
amide, accounts for this unprecedented one-enzyme catalysis
of nitrile synthesis, and the differential rates of these two half
reactions suggest that this catalytic ability is derived from an
amide synthetase that gained a new function.

Nitrile-containing products are widespread in nature and
are found in secondary metabolites such as cyanoglucosides
and alkanenitriles.[1] Although these are increasingly being
recognized as important next-generation antibiotics and
cytotoxic agents with pharmaceutical potential,[2,3] the bio-
synthesis of these compounds is very poorly understood. Only
one biosynthetic route, which utilizes at least three separate
enzymes, has been described in mechanistic detail, and it
involves aldoxime formation[4] and a subsequent dehydra-
tion[5, 6] (Figure 1). The discovery of the 7-deazapurine bio-
synthetic operon of Streptomyces rimosus revealed the first
enzyme capable of acting on a carboxylic acid to form
a nitrile[7] (Figure 1). This nitrile synthetase, ToyM, was shown
to be ATP dependent and to use ammonia as the source of the
nitrile nitrogen.[8] Homologues of ToyM are widely distrib-
uted since this nitrilation is essential to the biosynthesis of the
modified nucleosides archaeosine and the ubiquitous queuo-
sine, as well as many pyrrolopyrimidine nucleoside anti-
biotics, including toyocamycin and sangivamycin.[9]

ToyM bears evolutionary similarity to glutamine-depen-
dent asparagine synthetases and the lysidine-forming enzyme
TilS, both of which employ ATP in the adenylation of
substrate molecules, thus poising them for condensation with

amine nitrogens.[10, 11] The crystal structure of ToyM, solved
before its enzymatic function was known, showed the
presence of a structural zinc divalent cation and revealed
that it adopts a PPi loop structure characteristic of ATP-
utilizing enzymes.[12] This suggests that the mechanistic
strategy employed by ToyM may involve adenylation. The
simplest mechanism for ToyM (Figure 2) would be adenyla-
tion to activate 7-carboxy-7-deazaguanine (CDG), followed
by the addition of ammonia to generate 7-amido-7-deaza-
guanine (ADG). Activation of ADG by a second equivalent
of ATP would precede collapse to form the nitrile product 7-
cyano-7-deazaguanine (preQ0). Such a mechanism would be
a rare example of a single enzyme activating two functional

Figure 1. Two biosynthetic pathways to nitrile secondary moieties in
nature.

Figure 2. Proposed mechanism of ToyM.
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groups, both the acid as well as the resultant amide
intermediate, and presents a new paradigm for the biosyn-
thesis of nitriles from carboxylic acids.

To examine the nitrilation catalyzed by ToyM, the
recombinant protein was produced in an E. coli expression
host. Protein was quantified by amino acid analysis, and
metals analysis confirmed the presence of 1.1⌃ 0.2 equiv-
alents of Zn2+ per monomer. To test the mechanistic proposal
in Figure 2, we incubated ToyM with CDG, ATP, and
magnesium, and monitored the reaction by LC–MS (Fig-
ure S1 in the Supporting Information). We found that
magnesium supplementation significantly increased product
formation (Figure S2 A in the Supporting Information), and it
was routinely included in the assays. The HPLC traces showed
that preQ0 was produced as previously shown, as well as an
intermediate that increased as CDG was consumed and
decreased as preQ0 formed (Figure 3A). This intermediate
exhibited a UV/Vis spectrum highly similar to that of CDG
(Figure S3 in the Supporting Information) and a mass con-
sistent with 7-amido-7-deazaguanine (ADG; [M + H]+ m/z of
194.0670; theoretical 194.0678). As with preQ0, added mag-

nesium was required to observe maximal quantities of the
intermediate (Figure S2 B in the Supporting Information).

The identity of this intermediate was confirmed by
comparison with the UV/Vis spectra and mass spectra of
authentic ADG, which was synthesized enzymatically from
preQ0 by using ToyJKL, a nitrile hydratase from the same
pathway as ToyM.[13] To determine whether ADG is a genuine
intermediate, it was incubated with ToyM and ATP. In these
experiments (Figure 3B), preQ0 was formed at the expense of
ADG with nearly identical t1/2 values (ca. 4 min). In addition,
AMP formed with a profile that nearly mirrored the
formation of preQ0, thus suggesting that adenylation of
ADG is the likely mode of activation. Therefore, the
formation of preQ0 from CDG appears to occur in two
ATP-dependent half reactions, the first of which leads to the
formation of ADG, which is converted into preQ0 in the
second step.

Direct evidence of the nature of the activated intermedi-
ate was obtained by combining ToyM, CDG, and ATP in the
absence of ammonia. This reaction was filtered to remove the
enzyme and analyzed by ion pairing LC–MS in positive-ion
mode. In these experiments, we detected the formation of an
intermediate that elutes at ca. 25 min. Examination of the
mass spectrum suggested that the peak appears at m/z
524.1030, which is consistent with adenylated CDG (theoret-
ical m/z 524.1044; Figure 4). The appearance of this new peak
is dependent on the presence of ToyM, CDG, and ATP, but it
is abolished in the presence of ammonia (Figure 4A).

The identity of adenylated CDG was confirmed by using
U-13C10-labeled ATP. The resulting covalent adduct exhibited
the expected mass shift from m/z 524.1030 to m/z 534.1376
(theoretical m/z 534.1379), which is consistent with the
incorporation of ten 13C atoms from the labeled ATP. MS/
MS analysis of the intermediate further confirmed its identity
by revealing fragments consistent with expulsion of [CDG +
H]+ (m/z 195.0511) and a ketene-like fragment of [CDG]+ (m/
z 177.0406). We also observed fragments corresponding to
[adenosine phosphate + H]+ (m/z 348.0701) and [adenine +
H]+ (m/z 136.0615), both of which shift when 13C-lableled
ATP is used. With the labeled substrate, [13C10-adenosine
phosphate + H]+ is observed at m/z 358.1035 and [13C5-
adenine + H]+ at m/z 141.0782 (Figure 4B and Figure S4 in

Figure 3. A) Reaction of ToyM with CDG, ammonium chloride, and
ATP. B) Reaction of ToyM with ADG and ATP.

Figure 4. A) Extracted ion traces from ToyM reactions with CDG and
ATP in the absence of ammonium ions, showing the adenylated
intermediate forms only when all three are present. B) MS/MS analysis
of the adenylated intermediate showing fragments of CDG and AMP.
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the Supporting Information). We note that the presence of
magnesium abolished the buildup of the adenylated inter-
mediate, presumably as a result of magnesium catalyzing the
hydrolysis of the adenylated intermediate in solution. There-
fore, these assays were all carried out in the absence of added
divalent cation.

To further examine whether the acid and amide substrates
are activated in a similar manner, ToyM was incubated with
ATP, CDG, and ammonia or ADG for 8.5 h, after which these
reaction mixtures were tested by using a coupled enzyme
pyrophosphate detection assay.[14] Reactions with both sub-
strates showed the characteristic signal for the presence of
pyrophosphate in at least the same stoichiometry as that of
the preQ0 product (Figure 5). Taken together with the
formation of AMP with both substrates, this result demon-
strates conclusively that ToyM is capable of catalyzing the
same adenylation reaction on two substrates, CDG and ADG,
to eventually form the nitrile preQ0.

Enzyme promiscuity has been integral to the formation of
the immense biosynthetic repertoire found in nature.[15, 16]

According to this model, the efficiency of enzymes for their
ancestral primary reaction is likely higher than that for the
reactions for which they gain catalytic ability over time.[17]

ToyM bears tantalizing clues to its evolution in that the first
half reaction, the amidation, proceeds more rapidly than
dehydration to the nitrile in the second half reaction. It is thus
likely that this unprecedented and simplified nitrile synthesis

is an elegant example of finding new chemical capability
through the promiscuity of an amide synthetase enzyme to
achieve what requires at least three enzymes in other known
synthetic pathways.

In conclusion, ToyM is an amide synthetase, as well as
a nitrile synthetase. Its ability to accept both the acid and
amide forms of CDG enables sequential amidation and
dehydration to the nitrile. This provides a new paradigm for
studying the origin of the many nitrile-containing secondary
metabolites, the biosynthetic provenance of which is currently
unknown, and it gives molecular detail to the synthesis of an
important intermediate in many pathways, the nitrile-con-
taining compound preQ0.

Keywords: bioorganic chemistry · biosynthesis · enzymes ·
evolution · nitriles
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Figure 5. Pyrophosphate-dependent consumption of NADH through
a coupled enzyme assay showing that with both substrates (CDG and
ADG), ToyM produces pyrophosphate, whereas with either no sub-
strate or no enzyme, only background consumption of NADH is
observed.
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	   	  S1. Experimental Procedures 
 
1.1 Expression and Purification of ToyM 

 ToyM was expressed and purified as described previously[1].    

1.2 Determination of protein concentration  

 Routine protein concentration was determined with UV-visible spectroscopy 
using the extinction coefficient of ToyM at 280 nm calculated to be 25,603 M-1 cm-1 with 
the Expasy ProtParam tool. The concentration as determined by UV-visible spectroscopy 
was compared to protein concentration determined by amino acid analysis that was 
conducted by the Molecular Structure Facility at the University of California, Davis. This 
resulted in a corrected extinction coefficient at 280 nm of 22,288 M-1 cm-1.   

 ICP-OES to determine zinc metal content was performed at the University of 
Arizona Department of Hydrology and Water Resources. This showed there to be 1.1  ± 
0.2 mol zinc per mol ToyM 

1.3 Synthesis of CDG and ADG  

 CDG was synthesized as described Gangjee et al. modified as follows 
(Supporting Figure S8).[2] The presence and purity of each compound were confirmed 
with HPLC-FT-MS on an LTQ Orbitrap XL using the elution program described by 
Young et al. [3]   

 (1) Methyl 2-amino-4-oxo-4,7-dihydro-3H-pyrrolo[2,3-d]pyrimidine-5-
carboxylate. Methyl formate (10.6 g, 175 mmol) was added to THF (50 mL) and brought 
to 0 °C in an ice bath with stirring.  To this was added sodium methoxide (2.16 g, 40 
mmol). Over 30 min, methyl chloroacetate (3.26 g, 30 mmol) was added dropwise from a 
small separatory funnel. The resulting solution was kept at 0 °C for 2 h and allowed to 
come to room temperature and allowed to stand 1 h.  The excess sodium methoxide was 
quenched by addition of water (50 mL).  Excess methyl formate and THF were removed 
with heat.  The remaining aqueous solution was brought to a boil, and then 2,4-diamino-
6-hydroxypyrimidine (1.8 g, 15 mmol) was added.  The white precipitate that formed 
after 20 min of refluxing was removed and dried with vacuum filtration.  HPLC RT: 41 
min. FTMS m/z of [M+H]+ calculated for (C8H9N4O3)+

  209.0675, found 209.0668 
(Supporting Figure S3).  

 (2) 2-amino-4-oxo-4,7-dihydro-3H-pyrrolo[2,3-d]pyrimidine-5-carboxylic 
acid (2). Methyl 2-amino-4-oxo-4,7-dihydro-3H-pyrrolo[2,3-d]pyrimidine-5-carboxylate 
(0.1 g, 0.5 mmol) was added to water (5 mL) and DMSO (1 mL). Sodium hydroxide 
(0.06 mL 5 M) was added, and this was refluxed for 1 hr. After cooling, a white 
precipitate formed and was removed and dried with vacuum filtration. HPLC RT: 49 min. 
FTMS m/z of [M+H]+ calculated for (C7H7N4O3)+

 195.0518, found 195.0514 (Supporting 
Figure S4). 



 
 

 90 

	   	  

 (3) 2-amino-4-oxo-4,7-dihydro-3H-pyrrolo[2,3-d]pyrimidine-5-carboxamide 
(3). 2-Amino-4-oxo-4,7-dihydro-3H-pyrrolo[2,3-d]pyrimidine-5-carbonitrile, preQ0, (0.1 
g, 0.57 mmol) synthesized as previously described4 was dissolved in DMSO (1.5 mL) 
and added to 50 mM potassium phosphate buffer pH 7.5 with 15% methanol (6 mL).[4] 
His6-ToyJKL purified as previously described was added to this suspension to a final 
concentration of 0.2 mM. [5] This was stirred at room temperature for 2 days. Insoluble 
product was removed with centrifugation. Protein was removed from the resultant 
supernatant using VWR centrifugal filters (modified polyethersulfone 10K membrane). 
DMSO was added to the solid product pellet to denature residual ToyJKL, and the eluent 
from the centrifugal concentrators was used to resuspend and wash this solid product. 
This process was repeated three times to afford a white precipitate devoid of residual 
ToyJKL activity. HPLC RT: 36 min. FTMS m/z of [M+H]+ calculated for (C7H8N5O2)+ 
194.0678, found 194.0670 (Supporting Figure S5). 

1.4 Activity assays 

 Reactions with ToyM were carried out with 0.05 M PIPES·NaOH pH 7.5, 0.025 M 
MgCl2, 0.1 M NaCl, 1 mM dithiothreitol, 2 U New England Biolabs inorganic 
pyrophosphatase, 5 mM ATP, and 0.15 mM CDG or ADG. With CDG, 5 mM 
ammonium chloride was also added. The reactions were initiated by addition of 0.02 mM 
ToyM and quenched at various times by addition of 30% (w/v) trichloroacetic acid to a 
final concentration of 1.5% (w/v). PreQ0, AMP, ADP, ADG, and residual CDG were 
quantified by HPLC analysis using a Thermo Scientific Hypersil gold column (4.6 x 250 
mm). These were separated at 0.3 mL/min using an initial buffer of 0.05 M ammonium 
acetate pH 5.5 for 1.5 min, then by a gradient to 2% acetonitrile over 3.5 min, followed 
by an increased gradient to 10% acetonitrile over 15 min, and a final gradient to 18% 
acetonitrile over 22 min. This elution program allowed all the components of the mixture 
to be resolved as follows.  ADP elutes at 12.2 min, AMP at 18.1 min, ADG at 31.6 min, 
preQ0 at 35.8 min, and CDG at 37.4 min.   
 
 Pyrophosphate was detected using the same reaction conditions as above excluding 
inorganic pyrophosphatase. These were run for 8.5 h after which 0.05 mL of each were 
added to 0.33 mL pyrophosphate reagent (Sigma) and 0.62 mL water. The loss of NADH 
was monitored at 340 nm for 2 h in temperature controlled cuvettes at 30 °C with time 
points taken every 13 sec.  Negative controls without ToyM, CDG, or ADG and a 
positive control including 0.08 mM sodium pyrophosphate were run as well.   
 
 The adenylated intermediate was detected in reactions that contained all 
components of the assay except ammonia.  The reactions contained 0.05 M 
HEPES·NaOH pH 7.0, 0.08 mM CDG, and 5 mM ATP.  The reactions were incubated 
for 30 min.  Control assays where ammonia (5 mM) was added, or ToyM, CDG or ATP 
were not included were carried out as above.  Protein was removed with VWR 
centrifugal filters (modified polyethersulfone 10K membrane). The resultant eluent (0.01 
mL) was diluted into 0.1 mL of 15 mM tert-butyl ammonium bromide. This was injected 
onto an Agilent Zorbax Eclipse XDB-C-18 (4.6 X 250 mM) which had been equilibrated 
with 5 mM ammonium acetate pH 4.8 at a flow rate of 0.3 mL/min.  An aliquot of the 
sample was injected and the column was washed for 3 min with the starting buffer, after 
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which a gradient to 0.2% acetonitrile over 1.75 min, to 0.8% acetonitrile over 1.25 min, 
to 1.8% acetonitrile over 0.25 min, to 3.2% over 1.75 min, to 5% acetonitrile over 0.75 
min, to 25% over 15 min, and to 50% acetonitrile over 15 min, was used to separate the 
components. Under these conditions the adenylated intermediate elutes at 25 min. To 
further assign the intermediate, ESI-MS/MS was performed using the HCD cell of the 
LTQ Orbitrap XL instrument.  The parent ions at m/z of 524 (or 534 for 13C-labeled ATP) 
were isolated with a 1.0 m/z width and fragmented by collision with helium gas at 
collision energy of 35% for 0.1 msec.   
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S2.  Supporting Figures 
 

 

  

 

Figure S1. HPLC elution profile of the reaction of ToyM with CDG, ammonium 
chloride, and ATP.   
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Figure S2. Activity of ToyM at various magnesium sulfate concentrations. These 
reactions were carried out as described for activity assays without addition of yeast 
inorganic pyrophosphatase as that enzyme is itself magnesium dependent. Panel A shows 
the production of the final product nitrile, preQ0. B shows the production of the amide 
intermediate, ADG, that is formed quickly in the dead time of the reaction with 5 and 25 
mM magnesium followed by a decline corresponding to the increase in final product, 
preQ0. This shows that without detectable levels of magnesium, ToyM is still active in 
forming the amide intermediate, ADG.   
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Figure S3.  Comparison of the UV-visible spectra of ADG (in blue) and CDG (in red).  
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Figure S4. Fragment ions of the adenylated intermediate observed using MS/MS. 
  

O

O
O

NN

N
N

H3N

O
O

HO

P O
O

O

NH2

HN
N

NH
H

H

O

O
O

NN

N
N

H3N

O
OH
P

H
H

m/z 348.07095
m/z 524.10439

O

O
O

NN

N
N

H2N

O
O

HO

P O
H

O
O

NH2

HN
N

NH
H

H

m/z 524.10439

C
O

NH2

HN
N

NH

m/z 177.04127

O

O

O
O

NN

N
N

H2N

O
O

O

P O O
O

NH3

HN
N

NHH
H

m/z 524.10439

HO O
O

NH3

HN
N

NH

m/z 195.05183

O

O
O

NN

N
N

H3N

O
O

OH
P O O

O

NH2

HN
N

NHH
H

m/z 524.10439

NN

NH
N

H3N

m/z 136.06232

O
HO

H



 
 

 96 

	   	  

 

 

Figure S5. Synthesis Scheme for CDG-ester (1), CDG (2),  and ADG (3).  
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Figure S6.  HPLC-MS analysis of purified CDG methyl ester (1). A shows the 
UV absorbance over the entire elution. B shows the relative intensity of the ions 
corresponding to the mass of CDG methyl ester over time, and C shows mass 
spectrum averaged over the time at which CDG methyl ester elutes 
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Figure S7. HPLC-MS analysis of purified CDG (2). A shows the UV absorbance over 
the entire elution. B shows the relative intensity of the ions corresponding to the mass of 
CDG over time, and C shows mass spectrum averaged over the time at which CDG elutes 
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Figure S8. HPLC-MS analysis of purified ADG (3). A shows the UV absorbance 
over the entire elution. B shows the relative intensity of the ions corresponding to the 
mass of ADG over time, and C shows mass spectrum averaged over the time at which 
ADG elutes 
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The Alpha Subunit of Nitrile Hydratase Is Sufficient for Catalytic
Activity and Post-Translational Modification
Micah T. Nelp, Andrei V. Astashkin, Linda A. Breci, Reid M. McCarty,† and Vahe Bandarian*

Department of Chemistry and Biochemistry, University of Arizona, 1041 E. Lowell Street, Biological Sciences West 540, Tucson,
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ABSTRACT: Nitrile hydratases (NHases) possess a mononuclear iron or
cobalt cofactor whose coordination environment includes rare post-transla-
tionally oxidized cysteine sulfenic and sulfinic acid ligands. This cofactor is
located in the α-subunit at the interfacial active site of the heterodimeric
enzyme. Unlike canonical NHases, toyocamycin nitrile hydratase (TNHase)
from Streptomyces rimosus is a unique three-subunit member of this family
involved in the biosynthesis of pyrrolopyrimidine antibiotics. The subunits of
TNHase are homologous to the α- and β-subunits of prototypical NHases.
Herein we report the expression, purification, and characterization of the α-
subunit of TNHase. The UV−visible, EPR, and mass spectra of the α-subunit TNHase provide evidence that this subunit alone is
capable of synthesizing the active site complex with full post-translational modifications. Remarkably, the isolated post-
translationally modified α-subunit is also catalytically active with the natural substrate, toyocamycin, as well as the niacin
precursor 3-cyanopyridine. Comparisons of the steady state kinetic parameters of the single subunit variant to the heterotrimeric
protein clearly show that the additional subunits impart substrate specificity and catalytic efficiency. We conclude that the α-
subunit is the minimal sequence needed for nitrile hydration providing a simplified scaffold to study the mechanism and post-
translational modification of this important class of catalysts.

Nitrile hydratases (NHases) catalyze the industrially
important conversion of nitriles to amides under mild

conditions and are a rare example of metalloenzymes that ligate
trivalent cobalt or iron in noncorrin or nonheme environ-
ments.1,2 The active site complexes of both metal forms are
similar in many respects: they are low spin with low redox
potentials, and they share the same set of ligands, including
three cysteine sulfurs, two of which are post-translationally
oxidized, one to cysteine sulfenic acid and the other to cysteine
sulfinic acid. The modified cysteine residues are necessary for
activity.3 Along with the closely related thiocyanate hydrolase,
NHases are the only known enzymes to employ these unusual
modifications in metal binding and possibly catalysis.4

The mechanisms of post-translational cysteine modification
and nitrile hydration remain unknown, but the importance of
the β-subunit in each of these processes is implied by the fact
that all known NHases possess a β-subunit or homologous
subunits that are intimately involved with the active site
complex. A highly conserved hydrogen bonding network links
the two subunits,5 including bonds between the modified
cysteine residues in the active site of the α-subunit and two β
arginine residues, which when mutated drastically reduce
activity or abolish it altogether.6

Uematsu and Suhadolnik first described the enzymatic
activity of toyocamycin nitrile hydratase (TNHase) in
Streptomyces rimosus, where it is involved in catalyzing the
conversion of the nucleoside antibiotic toyocamycin to
sangivamycin.7 We cloned this NHase in the course of studies
involving the biosynthesis of pyrrolopyrimidine nucleoside

antibiotics.8 Sequence comparisons revealed that the TNHase
encoded by the toyJ, toyK, and toyL genes is homologous to the
family of nitrile hydratases. ToyJ is homologous to the α-
subunit of NHase and ToyK and ToyL to the C- and N-
terminal halves, respectively, of the β-subunit of NHase.
However, unlike all previously reported NHase proteins that
have two subunits, the Streptomyces protein is heterotrimeric
(see Figure 1).9 ToyJKL is also homologous to thiocyanate
hydrolase, which shares with ToyJKL a composition of three
different subunits.10

Herein we report the expression and purification of
recombinant ToyJKL and ToyJ and demonstrate that ToyJ
alone is sufficient for the formation of the post-translationally
modified, catalytically active NHase.

■ EXPERIMENTAL PROCEDURES
Cloning of ToyJ and ToyJKL. Plasmids containing all

three subunits were prepared from those constructed and
described previously.8 For expression of His6-ToyJ, toyJ was
cloned into the NdeI and XhoI sites of pET28a. ToyJKL, where
ToyL was His6-tagged was prepared by coexpression of toyJ,
toyK, and toyL in Escherichia coli as follows. ToyJ was expressed
by cloning toyJ into the NdeI/XhoI sites of pACYCDuet-1.
ToyK was expressed by introducing toyK into the NdeI/XhoI
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sites of pCDFDuet-1. ToyL was expressed from a plasmid
containing toyL in the NdeI/XhoI sites of pET28a.
Growth and Expression of ToyJ and ToyJKL. Expression

plasmids were introduced into E. coli BL21(DE3) by
electroporation and plated on Lennox broth (LB) agar
containing 34 μg/mL kanamycin for ToyJ alone or 34 μg/
mL kanamycin, 34 μg/mL streptomycin, and 34 μg/mL
chloramphenicol for expression of ToyJKL. All fermentations
contained these same concentrations of antibiotics. A single
colony was used to inoculate 0.1 L LB medium which was
grown overnight at 37 °C. The overnight culture was
distributed evenly among six Fernbach flasks containing 1 L
LB medium and grown to an OD600 nm ≈ 0.5 at which point the
temperature was lowered to 30 °C, and protein expression was
induced by addition of isopropyl-β-D-thiogalactopyranoside to a
final concentration of 0.1 mM. The cultures were supplemented
at the time of induction to 0.05 mM CoCl2. Cells were pelleted
at 5000g after 8 h. The pellets were frozen in liquid nitrogen
and stored at −80 °C.
Purification of ToyJ and ToyJKL. All steps were carried

out at 4 °C. Cell paste (∼15 g) was resuspended in 0.05 M
potassium phosphate buffer containing 0.05 M imidazole and 1
mM phenylmethylsulfonylfluoride at pH 7.4. Cells were lysed
with a Branson sonifier for a total of 15 min with 3 s bursts at
50% amplitude interspersed with 6 s pauses to equilibrate
temperature. Insoluble components were removed by cen-
trifugation at 18000g. Clarified lysate was loaded onto a 5 mL
HisTrapHP column (GE Healthcare). Protein was eluted with
a linear gradient from 0.05 M potassium phosphate buffer
containing 0.05 M imidazole at pH 7.4 to one containing 0.5 M
imidazole over 25 mL. Fractions containing TNHase were
identified by an orange color and by SDS-PAGE, pooled, and
concentrated using an Amicon Vivaspin Turbo centrifugal
concentrator (PES 10K membrane). The protein was
exchanged into 0.05 M HEPES·NaOH (pH 7.5) using a Bio-
Rad 10DG column. Protein aliquots were frozen in liquid N2
and stored at −80 °C.
Determination of Protein Concentration and Metal

Content. Protein concentration was determined using the
Bradford method (BioRad) with BSA as a standard. Garratt

Callahan (Burlingame, CA) performed ICP-OES to determine
metal content. Amino acid analysis was conducted by the
Molecular Structure Facility at the University of California,
Davis. Empirically determined correction factors of 0.3 for ToyJ
and 0.55 for ToyJKL were found to correlate the Bradford assay
results to the amino acid analysis.

Activity Assays. The concentration of active enzyme was
estimated to be that of cobalt content of the sample as
determined by ICP-OES. Reactions to determine protein
activity contained 0.05 M potassium phosphate (pH 6.5),
varying concentrations of toyocamycin (Berry and Associates)
from 0.1 to 2.5 mM and varying concentrations of 3-
cyanopyridine from 0.05 to 0.75 M. The reactions were
initiated by addition of 10 μM ToyJ or 10 nM ToyJKL and
quenched at various times by addition of 30% (w/v)
trichloroacetic acid to a final concentration of 5% (w/v). The
products sangivamycin or nicotinamide and residual toyoca-
mycin or 3-cyanopyridine were quantified by HPLC using an
Agilent Zorbax Eclipse XDB-C-18 (4.6 × 50 mm) with an
isocratic elution of 80% 0.1 M triethylammonium acetate (pH
6.8) and 20% methanol at a flow rate of 0.75 mL/min.
Sangivamycin elutes at 2.3 min, and toyocamycin elutes at 3.4
min. Nicotinamide elutes at 1.3 min, and 3-cyanopyridine
eluted at 2.3 min.
Thiocyanate degradation was assayed using the colorimetric

method of Bowler modified as follows.11 Potassium thiocyanate
(1.5 mM) in 0.05 M HEPES·NaOH pH 7.0 was incubated with
0.25 mM ToyJ or 0.25 mM ToyJKL for 24 h. Control reactions
contained buffer only. Samples were quenched by diluting 10
μL of the reaction mixture into 90 μL of 0.5 M FeNO3 and 0.5
M HNO3. Precipitated protein was removed by centrifugation.
Residual thiocyanate concentration in the ± enzyme was
compared using the absorbance of the iron thiocyanate
complex at 455 nm. Solutions of potassium thiocyanate were
used as a calibration standard. To ensure that the protein had
not lost activity over the course of the reaction, an aliquot of
the overnight mixture containing enzyme was also assayed with
toyocamycin, and the rate of formation of sangivamycin was
compared to an aliquot of freshly thawed enzyme to ensure that
the protein was active.

UV−Vis Spectroscopy. UV−visible spectra were obtained
using an Agilent 8453 UV−visible system.

Mass Spectrometry of ToyJ. Mass spectra were obtained
using an LTQ Velos Orbitrap in the positive mode. ToyJ was
prepared by exchanging 0.1 mL aliquots into deionized water
using a nick column (GE Healthcare). This was lyophilized and
resuspended in a 7:3 (v/v) solution of 0.1% trifluoroacetic acid
and methanol to a final concentration of 0.1 mM. The solution
was infused directly using an Advion Nanomate in LC Coupler
at a flow rate of 200 nL/min with an applied voltage of 2.0 kV.
Resolution was set to 100000 from 400 to 1800 m/z with 4.361
ms ion injection time with two microscans.

Chemical Reduction and EPR of ToyJKL and ToyJ.
ToyJKL in 0.05 M potassium phosphate (pH 7.4) was
lyophilized and resuspended in anaerobic water and 20%
glycerol in a Coy anaerobic chamber. It was reduced by
addition of sodium dithionite to a final concentration of 10
mM; the final concentration of cobalt was 0.5 mM as
determined by ICP-OES. EPR samples of this were frozen in
liquid nitrogen anaerobically.
Controls containing as isolated enzyme contained 0.15 mM

ToyJ or 0.22 mM ToyJKL in 0.05 M HEPES·NaOH (pH 7.4)
with 20% glycerol (v/v).

Figure 1. Structure of the two-subunit cobalt nitrile hydratase from
Pseudonocardia thermophila (PDB 1IRE)20 showing the active site
metal closely associated with both subunits. The single β-subunit is
depicted in both red and green showing where it is homologous to
ToyK and ToyL.
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EPR spectra were obtained using a Bruker Elexsys E500
spectrometer at the microwave frequency of 9.335 GHz,
microwave power of 2 mW, and the magnetic field modulation
amplitude of 0.5 mT. The measurement temperature was 30 K.
Determination of Oligomeric State with Size Ex-

clusion Chromatography. The oligomeric states of ToyJ and
ToyJKL were determined using analytical size exclusion
chromatography with a HiPrep 16/60 Sephacryl S200 column
(GE Healthcare) and gel filtration protein standard (BioRad
#151-1901) as indicated in Figures S1 and S2. The enzymes
and standards were injected into the column pre-equilibrated
with 0.02 M HEPES·NaOH (pH 7.4) and 0.15 M NaCl and
eluted over 0.15 L at 0.1 mL/min. Elution volumes were
determined using UV traces and SDS-PAGE analysis.

■ RESULTS AND DISCUSSION
Recombinant ToyJKL with ToyL N-terminally His6-tagged was
purified from E. coli grown in LB medium supplemented with
CoCl2 (50 μM). Purified ToyJKL is orange and has a UV−
visible spectrum that is typical of other cobalt-containing nitrile
hydratases, which also exhibit low intensity shoulders at 314
and 429 nm (blue trace in Figure 2).12 The protein

concentration and metal content of several preparations were
determined by amino acid analysis and by ICP-OES, the results
of which revealed there are 0.6 ± 0.2 cobalt atoms per
heterotrimer (Supporting Figure S1, Supporting Information)
in the recombinant heterologously expressed protein.
To delineate the role of each subunit in metal insertion,

cysteine oxidation, and nitrile hydration, we explored if the α-
subunit, which is the site of cobalt insertion and post-
translational modification, could be expressed in a soluble
and active form in the absence of the ToyK and ToyL subunits.
Indeed, N-terminal His6-tagged α-subunit, ToyJ, was readily
expressed in the absence of the other two subunits. Gel
filtration chromatography shows that ToyJ is monomeric
(Supporting Figure S2, Supporting Information). The UV−
visible spectrum of purified ToyJ is very similar to that of holo
ToyJKL (orange trace in Figure 2). Amino acid analysis and
ICP-OES revealed that the protein contains 1.1 ± 0.1 equiv of
cobalt per monomer. Iron was not detected in any of the
preparations. In the context of the cobalt content of ToyJKL,
we propose that the metal preference of ToyJKL, ToyJ, and
possibly the other homologous NHases derives solely from
interactions with the α-subunit.

To our knowledge, this is the first report of successful
expression and purification of a holo α-subunit of a nitrile
hydratase. Therefore, ESI-MS was used to further confirm the
presence of the post-translational modification, which was
inferred from the similarities between the UV−visible spectra of
ToyJ and ToyJKL. An Orbitrap Velos mass spectrometer was
used because it affords the sensitivity and resolution to clearly
differentiate between protein that is fully or partially modified.
Deconvolution of the mass envelope (Supporting Figure S3,
Supporting Information) shows that the most abundant species
is consistent with the mass of ToyJ that lacks the starting
methionine, as expected for a bacterial recombinant protein.
Remarkably, the protein contains three additional oxygens and
a cobalt. The mass of the most abundant species obtained from
global deconvolution of the m/z envelope shown is 23353.086
amu for [M + H+]. The theoretical mass corresponding to fully
modified ToyJKL is 23352.9724 for [M + H+] as predicted
using the QualBrowser Xtract program that is part of the
Xcalibur 2.1.0 SP1.1160 operating software for the Orbitrap
instrument. We note the molecular formula used to calculate
the theoretical mass of modified ToyJ is that of the neutral
molecule wherein three protons have been removed to
accommodate the charge of the trivalent cobalt atom. The
difference between the observed and calculated values is 0.114
amu, which is within the 10 ppm error of the instrument. The
mass spectra of some preparations of ToyJ occasionally exhibit
an additional m/z envelope corresponding to ToyJ with only
two oxygens (see Figure 3). This is consistent with partial
modification or loss of the sulfenic acid oxygen.13

Since several residues in the β-subunit of NHases have been
previously shown to be intimately involved with the active site
complex,14 we used electron paramagnetic resonance (EPR) to
explore whether the absence of the β-subunit could affect the
charge and spin state of the active site cobalt. EPR of ToyJKL
and ToyJ as purified did not show any paramagnetic species
(red trace in Figure 4), which suggests that the cobalt in each
protein is in the low spin trivalent state. ToyJKL chemically
reduced with dithionite (black trace in Figure 4) exhibits an
EPR spectrum consistent with a low spin Co(II) center. The
EPR spectrum of the reduced protein bears a striking similarity
to that of Co(II) in corrin complexes, revealing the remarkable
ability of the unique noncorrin set of ligands in NHases to
enforce a low spin state.15 It was not possible to reduce ToyJ to

Figure 2. Comparison of UV−visible spectra of ToyJ and ToyJKL.

Figure 3. MS of ToyJ. The +25 charge state was selected and isolated
in an Orbitrap Velos with a mass width of 1.6 and resolution of
100000.
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obtain the corresponding spectra for comparison as the protein
quickly precipitated upon the addition of dithionite, presumably
as a result of degradation of the active site complex, and only
high spin Co(II) was detected in such samples.
Having established that ToyJ is sufficient for the biogenesis

of the active site complex, we tested whether it is active against
the natural substrate, toyocamycin. ToyJ catalyzes the time- and
enzyme-dependent conversion of toyocamycin to the amide
sangivamycin, which are readily separated via HPLC (Support-
ing Figures S4 and S5, Supporting Information). We carried out
a steady-state kinetic comparison of ToyJ and ToyJKL with
toyocamycin as substrate (shown in Figure 5 and summarized
in Table 1). Maximal activity of ToyJ with toyocamycin is 360-
fold lower than the wild type, and the KM for the substrate is
increased at least 500-fold. Since ToyJ does not saturate under
the conditions of the assay, the fit provides a lower limit for this
value. Nevertheless the data clearly show that the ToyK and
ToyL subunits impart ≥105 to the overall catalytic efficiency.
Control experiments demonstrate that the activity of ToyJ
requires intact protein, as boiled ToyJ is inactive (Supporting
Figure S6, Supporting Information). At high substrate

concentrations, the activity of ToyJKL deviates from the ideal
Michaelis−Menten fit (Supporting Figure S7, Supporting
Information). Controls show that this is not the result of
DMSO used to solubilize the substrate. At this point we cannot
rule out that the deviation results from other factors. The three-
dimensional structure of ToyJKL is not known, but all
published NHase homologues are dimeric, and one cannot
exclude the potential for cooperativity.
To determine if TNHase is a promiscuous enzyme as with

other nitrile hydratases, we compared the turnover of ToyJ and
ToyJKL with 3-cyanopyridine, which is a common substrate
and is turned over to nicotinamide.16 Both ToyJKL and ToyJ
accept 3-cyanopyridine as substrate, the difference in kcat/Km
values being only 25-fold (Supporting Figures S8 and S9,
Supporting Information, and Table 1). This difference is orders
of magnitude smaller than that with toyocamycin, which
supports the notion that the ToyKL subunits are responsible
for substrate specificity.
Yamanaka et al. recently reported that the closely related

thiocyanate hydrolase could be engineered to hydrate nitriles
by mutating arginine residues in the γ- and β-subunits to
phenylalanine and tryptophan, respectively.17 We tested ToyJ
alone for activity with thiocyanate. Even in the presence of
substantial concentrations of enzyme and thiocyanate (0.25
mM ToyJ or ToyJKL and 1.5 mM thiocyanate), we were
unable to detect any thiocyanate degradation after 24 h
(Supporting Table S1, Supporting Information). We note that
under these conditions, the protein retained 80−90% of the
starting activity with toyocamycin, indicating that absence of
activity was not due to protein denaturation. This observation

Figure 4. EPR of ToyJKL. EPR of ToyJKL. The EPR spectrum of
ToyJKL (0.5 mM) chemically with sodium dithionite (10 mM) to the
Co(II) state is shown in black. By comparison, no EPR signal is
observed in the absence of dithionite as shown in the red trace with
0.22 mM ToyJKL. Experimental conditions: microwave frequency,
9.335 GHz; microwave power, 2 mW; magnetic field modulation
amplitude, 0.5 mT; temperature, 30 K.

Figure 5. Michaelis−Menten plots of ToyJKL- and ToyJ-catalyzed conversion of toyocamycin to sangivamycin.

Table 1. Kinetic Parameters of ToyJKL and ToyJ Catalyzed
Hydrations of Toyocamycin and 3-Cyanopyridine

protein substrate kcat (s
−1)a KM (mM)

kcat/KM
(mM−1 s−1)

ToyJKL toyocamycin 159 ± 2 2.8 × 10−2 ±
1 × 10−3

5.7 × 103

ToyJ toyocamycin 0.44 ± 0.04 15 ± 2 3.0 × 10−2

ToyJKL 3-
cyanopyridine

79 ± 5 99 ± 2 8.0 × 10−1

ToyJ 3-
cyanopyridine

35 ± 3 1.1 × 103 ±
0.1 × 103

3.2 × 10−2

aAll reported activities are corrected for the cobalt content of the
protein as determined by ICP-OES.
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suggests that the substrate preference of TNHase for nitriles
derives at least in part from the α-subunit
The activity of the α-subunit of a nitrile hydratase

distinguishes among possible mechanisms of nitrile hydration
by adding significant weight to those that rely solely on residues
derived from the α-subunit. The mechanisms proposed by
Hashimoto et al.18 and Martinez et al.19 involve mainly α-
subunit residues and particularly the cysteine-sulfenate oxygen,
known to be necessary for activity, to act as a general base in
activating a water molecule to attack the metal bound nitrile or
as the nucleophile itself, respectively.
This study provides insight into the vast differences in the

catalytic efficiency between model complexes and NHases. The
activity of ToyJ demonstrates what is possible in a single
molecule with a significantly truncated hydrogen bonding
network relative to the complete enzyme. Further studies on
the contributions of each subunit will help to elucidate and
model the significant catalytic efficiency found in NHases.
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Figure S2. Analytical size exclusion with ToyJ and standards.  
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Figure S3.  ESI-MS of ToyJ showing full envelope. The +27, +25, and +23 charge 
state of the fully modified ToyJ species are highlighted.   
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Figure S4. HPLC trace of the product sangivamycin and substrate toyocamycin. 
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Figure S5. ToyJ activity at various enzyme concentrations.   
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Figure S6. Comparison of activity with ToyJ and heat denatured ToyJ.  All assays 
contained 0.5 mM toyocamycin and 10 µM protein ToyJ. 
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Figure S7. ToyJKL activity in hydrating toyocamycin to 4.5 mM. 
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Figure S8. ToyJKL activity in hydrating 3-cyanopyridine.  
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Figure S9. ToyJ activity in hydrating 3-cyanopyridine.  
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	   	  Table S1. Turnover of ToyJ and ToyJKL with thiocyanate. 

 

Experiment 
[Thiocyanate] after 24 hr. 

incubation (µM) 

%Activity of TNHase 

with toyocamycin after 

overnight incubation with 

thiocyanate 

+ ToyJ (0.25 mM) 154 ± 4 83% 

+ ToyJKL (0.25 mM) 149 ± 4 90% 

– Enzyme control 151 ± 4  

– KSCN 0  
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ABSTRACT: Nitrile hydratase 

metalloenzymes are unique and important 
biocatalysts that are used industrially to 
produce high value amides from their 
corresponding nitriles. After more than three 
decades since their discovery, the 
mechanism of this class of enzymes is 
becoming clear with evidence from multiple 
recent studies that the cysteine-derived 
sulfenato ligand of the active site metal 
serves as the nucleophile that initially 
attacks the nitrile. Herein we describe the 
first direct evidence from solution phase 
catalysis that the source of the product 
carboxamido oxygen is the protein. Using 
18O-labeled water under single turnover 
conditions and native high resolution protein 
mass spectrometry we show that the 
incorporation of labeled oxygen into both 
product and protein is turnover dependent 
and that only a single oxygen is exchanged 
into the protein even under multiple turnover 
conditions, lending significant support to 
proposals that the post-translationally 
modified sulfenato group serves as the 
nucleophile to initiate hydration of nitriles. 
____________________________________
___ 

 
Nitrile hydratases (NHases) catalyze the 

formation of amides from nitriles in 
aqueous, pH-neutral environments without 
any carboxylic acid byproducts (1-2). These 

bacterial enzymes utilize trivalent iron or 
cobalt metal cations in this non-redox 
reaction, and, uniquely, these metal ions are 
ligated directly to the protein backbone 
through amidate ligands and three cysteine 
sulfur ligands, of which two are post-
translationally modified to the sulfinic and 
sulfenic acid (Fig. 1A) (3). The mechanism 
of hydration is slowly emerging through 
multiple studies and appears to involve the 
sulfenic acid oxygen as the nucleophile. 
This sulfenate oxygen is proposed to 
initially attack the metal-bound nitrile 
carbon atom creating a cyclic intermediate 
that is then resolved through attack at the 
sulfenic sulfur either directly by water or 
from the neighboring axial thiolato sulfur 
(Fig. 1B) (4-6). Alternative mechanisms 
have also found support from time-resolved 
crystallographic and kinetic studies that 
involve an activated water molecule 
attacking the metal-bound nitrile (Fig. 1C) 
(7-8). 

Early studies on sulfenato ligands in 
cobalt complexes demonstrated the 
nucleophilicity of the sulfenato oxygen (9-
10), and recently this same characteristic 
was observed in NHases wherein the 
sulfenato oxygen reacted with electrophilic 
boronic acids (11). Quite tellingly, the 
activity of NHase, the related thiocyanate 
hydrolase, and NHase mimics were found to 
depend on the presence of these sulfenato 
ligands where oxidation to the sulfinate 
abrogated activity (12-14). 
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To find direct evidence of either a protein- 
or solvent-based nucleophile, we became 
interested in the observations made by 
Heinrich et al. with an iron NHase mimic 
bearing two sulfenato ligands that is capable 
of hydrating nitriles with up to 17 turnovers 
(14). They discovered that labeled oxygen 
from solvent water was exchanged into one 
of these sulfenato groups only if the nitrile 
hydration reaction occurred. This provides a 
way to test the mechanistic paradigms 
shown in Fig. 1B and 1C with actual NHase 
enzymes. In 18O-labeled water, the 
mechanism shown in Fig. 1B predicts a 
single turnover should result in a product 
with no isotopic enrichment as the 16O-
oxygen originally from the sulfenato ligand 
is used and not the bulk solvent. This 
mechanism also predicts that after a single 
turnover in 18O-labeled water the enzyme 
should then possess the labeled oxygen 
derived from solvent in the sulfenato group. 
By contrast, the mechanism in Fig. 1C 
predicts that solvent-derived oxygen would 
be incorporated on the first and all 
subsequent turnovers and that the protein 
would never become enriched with solvent-
derived oxygen.  Single turnover 
experiments to distinguish between these 
possibilities are challenging because of the 
relatively high catalytic efficiency of this 
class of enzyme with turnover rates for 
aromatic nitrile substrates ranging from 90 
sec-1 to 159 sec-1 and turnover rates for 
aliphatic nitrile substrates approaching 1,000 
sec-1 and even 4,500 sec-1 for a thermophilic 
nitrile hydratase (15-18). 

Toyocamycin nitrile hydratase (TNH) is a 
cobalt-type nitrile hydratase, encoded by the 
toyJKL genes of Streptomyces rimosus, 
which catalyzes the hydration of 
toyocamycin to sangivamycin (19). 
Interestingly, while homologous to other 
NHase proteins, TNH is a three-subunit 
hexameric protein complex (20) where the 
α-subunit is homologous to the α-subunit of 
other nitrile hydratases, and the β- and γ-
subunits (ToyK and ToyL, respectively) are 
homologous to the N- and the C-terminal 

halves of what is the single β-subunit in 
other known NHases (19).  

The active site of NHases is at the 
interface of the subunits with β-subunit 
residues within hydrogen bonding distance 
of the modified cysteine ligands of the 
active site metal complex (4, 15). Despite 
the importance of the β-subunit for catalytic 
efficiency (21), the recombinantly produced 
α-subunit of TNH (ToyJ) is catalytically 
active in the absence of the β- and γ-
subunits (16). Moreover, as purified, the α-
subunit alone contains one equivalent of 
cobalt(III) and three additional oxygen 
atoms, as expected for a fully post-
translationally modified NHase α-subunit. 
The main difference between ToyJ and the 
full complement of ToyJKL is ToyJ alone 
has lower catalytic efficiency (kcat/KM) and 
specificity for toyocamycin, suggesting that 
the β-subunit generally, or the β- and γ-
subunits specifically in TNHase, are 
responsible for the substrate specificity and 
increased catalytic efficiency of these 
enzymes (16).  

ToyJ is a convenient model system with 
which to explore the mechanism of NHases 
as the slow  turnover number (kcat  = 0.44 + 
0.04 s-1) and high Km (15 + 2 mM) allow for 
easily accessed single turnover conditions 
that would be challenging to achieve with 
the subunit-replete enzyme, ToyJKL (kcat  = 
159 + 2 s-1 and Km = 2.8x10-2 + 1x10-3 mM)   
(16). Foremost among the advantages of 
ToyJ is that it provides a means of testing 
the reaction without the need for large, and 
consequently costly, quantities of labeled 
water that would be required for stopped 
flow experiments.  In this manuscript we 
have carried out 18O incorporation 
experiments using H2

18O and ToyJ, which 
unambiguously show the source of the 
product amide oxygen is a non-
exchangeable ToyJ-bound oxygen that, 
when taken in the context of other studies of 
NHases (4-6), is likely the nucleophilic 
oxygen of the cysteine-sulfenate.  

 
Experimental Procedures 
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ToyJ was purified as previously described 
(16) modified to include 50 mM sodium 
chloride in each purification buffer. The 
concentration of active ToyJ, as determined 
by cobalt metal content, was quantified by 
inductively coupled plasma mass 
spectrometry performed by the Arizona 
Laboratory for Emerging Contaminants at 
the University of Arizona. The concentration 
of active sites in each assay was determined 
solely by the cobalt concentration.   

Monitoring turnover by ToyJ.  Turnover 
of ToyJ was monitored as follows.  
Reactions were initiated by mixing 0.1 mM 
toyocamycin (Berry and Associates, Dexter 
MI) in 50 mM potassium phosphate pH 6.8 
with 30 µM ToyJ in the same buffer, which 
had been lyophilized and resuspended in 
water.  An aliquot of the reaction mixture 
(20 µL) was withdrawn at various times 
(~10 s - 2 h) and mixed with 4 µL of 30% 
(v/v) trichloroacetic acid. The precipitated 
protein was removed by centrifugation. The 
residual substrate toyocamycin and resultant 
product sangivamycin were quantified using 
reverse phase HPLC analysis as described 
previously (22) modified to use a lower 
concentration of ammonium acetate of 50 
mM in the mobile phase.   

Incorporation of 18O into sangivamycin 
and ToyJ.   The turnover-dependent isotopic 
content of both ToyJ and the product amide, 
sangivamycin were determined as follows.  
Substrate (at 2 µM, 5 µM, 10 µM, 20 µM, 
50 µM, 0.2 mM, 0. 5 mM, 2 mM, 10 mM, 
and 20 mM) and enzyme (60 µM) solutions 
were prepared separately, each in half the 
final volume, flash frozen with liquid 
nitrogen, and lyophilized to remove natural 
abundance water. All protein aliquots were 
flash frozen just once after purification to 
maintain the highest possible activity. For 
each assay, the lyophilized protein and 
substrate were re-suspended in equal 
volumes of 97% enriched 18O-water 
(Cambridge Isotopes, Tewksbury, MA) and 
were incubated separately for 1 h to ensure 
complete exchange. The reactions were 
initiated by pipetting the protein solution 
into the substrate solution and the mixtures 

were incubated 2 h, after which 10 µL were 
removed and flash frozen for 
characterization of ToyJ by mass 
spectrometry. The remaining samples were 
applied to a 10 kDa centrifugal filter with 
modified polyethersulfone support to 
remove protein for analysis of the product.  

The eluent containing the sangivamycin 
product was analyzed by HPLC using a 
gradient described above.  The HPLC was 
coupled to a Thermo Fisher LTQ Orbitrap 
XL instrument for in-line mass analysis. The 
MS was set to focus on m/z 200 to 400 in the 
positive mode at 100,000 resolution.   

To characterize 18O incorporation into the 
protein, samples of ToyJ taken from the 
assays were first buffer exchanged into 0.1 
M ammonium acetate via Amicon ultra-0.5 
centrifugal filter devices with 10 kDa cutoff 
(EMD Millipore, Billerica, MA). The final 
concentration of the protein was estimated to 
be ~5 µM. Samples were infused directly 
into an Exactive EMR mass spectrometer 
(Thermo Fisher Scientific, Waltham, MA). 
Glass capillaries (approximate O.D. of 1.5-
1.8mm and wall thickness of 0.2 mm) for 
nano electrospray ionization were pulled on 
a P-97 micropipet puller (Sutter Instruments, 
Hercules, CA) and filled with sample 
solution. A 0.9-1.1kV ionization voltage was 
applied to a platinum wire inserted into the 
back of the capillary. Typical instrument 
settings for native mass spectrometry 
experiments were: m/z range 400-8000, in 
source CID 20 V, HCD 20V, resolution 
140,000, microscan 10, AGC is fixed and 
injection time 200 ms, capillary temperature 
275 °C, S-lens RF 101, source DC offset 25 
V, injection flatpole DC 12 V, inter flatpole 
lens 10 V, bent flatpole DC 8 V, transfer 
multipole DC tune offset -20 V, C-trap 
entrance lens tune offset 2 V, trapping gas 
pressure 5. Protein mass spectra in the m/z 
range 1500-3200 were charge-deconvolved 
and deisotoped by Thermo Xtract software. 
The Xtract settings were: generate MH+ 
Masses Mode, resolution 100,000 at 200, 
S/N Threshold 10, fit factor 44%, remainder 
25%, AveragineLowSulfur model, max 
charge 30.  
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The relative abundances of unlabeled and 
singly-18O-labeled-ToyJ populations were 
estimated as follows. Theoretical isotopic 
envelopes were simulated by combining 
theoretical spectra of 1% - 99% singly-18O-
labeled-ToyJ with unlabeled ToyJ. The 
isotope distributions of 100% unlabeled 
ToyJ and the 100% singly-18O-labeled-ToyJ 
were obtained from the Bruker Isotope 
Pattern software from the theoretical protein 
formula. The experimental profile data was 
processed to centroid data, noise subtracted, 
and normalized. The processed experimental 
data were compared to the family of 
theoretical data, and the best fits were 
estimated by calculating the sum of squared 
deviation of the intensity for each of the 
peaks. The entire process is illustrated in 
Fig. 2 and coded in Matlab script (see 
Supporting Information).  

The turnover dependent-exchange of 
labeled water from bulk solvent to enzyme 
and eventually to substrate was modeled 
with KinTek Explorer software (23) using 
the following scheme:  
 
ToyJ-16O + toyocamycin à ToyJ-18O + 
sangivamycin-16O  
 
ToyJ-18O + toyocamycin à ToyJ-18O + 
Sangivamycin-18O  
 
The concentrations of ToyJ-16O, ToyJ-18O, 
sangivamycin-16O and sangivamycin-18O 
were computed as a function of constant 
[ToyJ] and 0.001-10 mM toyocamycin. In 
this model, we neglected the contribution to 
labeling of ToyJ-16O by exchange of bulk 
solvent ± sangivamycin because controls 
described above showed this to be 
negligible. 

 
Results and Discussion  
The key to distinguishing between 

mechanisms of nitrile hydratase proposed in 
the literature (4-8), those invoking an 
activated water molecule or sulfenate acting 
as the nucleophile, is to determine the source 

of the amide oxygen in the product. To this 
end, we tested whether it is feasible to carry 
out the reaction under single turnover 
conditions with ToyJ in a timescale allowing 
for hand mixing after being lyophilized and 
reconstituted in small volumes of 97% 18O-
water. In these experiments, 30 µM ToyJ 
was incubated with 0.1 mM of the substrate, 
toyocamycin, and formation of the product, 
sangivamycin, was monitored by LC-MS. 
As expected given the sub-saturating 
concentration of substrate (Km = 15 + 2 
mM) (16), there is little turnover (4%) 
occurring in the reaction after 10 s, and 
quantitative conversion of toyocamycin to 
sangivamycin is achieved in ~120 min (Fig. 
3). Additionally we tested the effect of 
lyophilization on the activity of the protein 
and determined ToyJ retains ~82% of the 
starting activity after lyophilization. 

The source of the amide oxygen of 
sangivamycin was explored by carrying out 
the incubations under single and multiple 
turnover conditions by using a 24-fold 
excess of ToyJ active sites to toyocamycin 
to achieve single turnover, and up to a 400-
fold excess of toyocamycin relative to ToyJ 
for multiple turnovers. The products were 
analyzed by LC-MS.  The mass spectrum of 
natural abundance sangivamycin control 
sample (Fig. 4A) exhibits a base peak at m/z 
of 310.1146 m/z, exactly the theoretical m/z 
value for sangivamycin with the molecular 
formula [C12H15N5O5  + H]+. The peak 
corresponding to the presence of a single 18O  
[18O-M+H]+ appears at m/z 312.1189, 
exactly matching the theoretical m/z value 
for [C12H15N5O4

18O1 + H]+. This peak is 0.99 
+ 0.02% as abundant as the base peak, 
which is consistent with the natural 
abundance of 18O in a molecule containing 
five oxygens (5 x 0.2% = 1%).  The high 
resolution Orbitrap mass analyzer can 
resolve the 18O-containing peak from other 
relatively abundant isotope combinations 
giving a +2 peak, such as the species 
containing two 13C [C10

13C2H15N5O5 + H]+ at 
m/z 312.1213 (expected abundance: 0.8%; 
observed abundance: 0.77 + 0.01%), a single 
13C and a single 15N [C11

13C1H15N4
15N1O5 + 
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H]+ at m/z 312.1150 (expected abundance: 
0.2%; observed abundance: 0.20 + 0.01%), 
and other lower abundance isotope 
combinations (highlighted in Fig. 4A) that 
are expected to be at or above a 0.02% 
abundance relative to the base peak at m/z 
310.1146.   

When ToyJ is incubated with 10 mM 
toyocamycin in 18O water, the base peak of 
the product sangivamycin shifts to m/z 
312.1189 (Fig. 4B), indicating that turnover 
in 18O water leads to incorporation of bulk 
solvent into the product. In contrast to this 
multiple turnover experiment, when a sub-
stoichiometric concentration of substrate is 
used, such as 1 µM sangivamycin (Fig. 4C), 
the base peak for [M+H]+ of sangivamycin 
appears at m/z 310.1146, as it does with the 
natural abundance product. The singly 18O-
labeled peak is slightly enriched compared 
to that observed in the natural abundance 
sangivamycin control, 3.5 ± 0.8% compared 
to 0.99 ± 0.02%. This may arise because a 
small percentage of enzymes may undergo 
multiple turnovers, and this effect can be 
amplified in the course of mixing.  
Nevertheless, the fact that nearly all the 
product contains 16O, when the reaction is 
carried out in 97% 18O-labeled water, shows 
that the newly installed oxygen in the 
product does not derive directly from bulk 
solvent.   

Control reactions were carried out where 
the product amide sangivamycin was treated 
under assay conditions with 30 µM ToyJ in 
97% enriched 18O-water. No exchange of 
18O was observed, as the ratio of the 18O-
containing peak relative to the base peak of 
unlabeled sangivamycin was 
indistinguishable from that of sangivamycin 
produced and incubated in natural 
abundance water  (compare Fig. 4A and 
4D). Indeed, the relative intensities of the 
various natural abundance isotopes at M+2 
are identical to those observed with the 
unlabeled sangivamycin control. Therefore, 
incorporation of labeled water at neutral pH 
does not occur independent of catalysis on 
the time scale of the reactions. 

A water molecule tightly bound in the 
active site is unlikely to be the source of this 
product carboxamido oxygen. The protein in 
these assays underwent lyophilization to 
remove natural abundance water and was 
also incubated for at least an hour after 
being resuspended in the labeled 18O-water 
before being added to substrate. Studies 
using 17O-labeled water and electron 
paramagnetic spectroscopy have shown that 
water molecules in the active site, 
specifically the active site metal-bound aquo 
or hydroxo ligand, are easily exchangeable 
(24-25). Additionally the active sites of 
NHases exist at the interface of the α- and β-
subunits (26-27), and since ToyJ in this 
experiment is monomeric (16), the active 
site is unlikely to harbor tightly non-
exchangeable water molecules as it is 
probably exposed to the solvent. We note 
that no crystal structure of this specific 
NHase, TNH or ToyJKL, has been solved, 
but a recent study using multiple mass 
spectrometry techniques has shown the 
structure of TNH is highly similar to other 
known structures of nitrile hydratases (28).     

This series of experiments is most 
consistent with a mechanism whereby ToyJ 
is obligatorily labeled on a single turnover 
from bulk 18O-water and transfers the 
resulting 18O to product on subsequent 
turnovers. The solvent having been ruled out 
as the source of the product amide oxygen, 
we interrogated the protein using high-
resolution mass spectrometry to determine if 
there is indeed a turnover dependent 
exchange of oxygen from solvent to enzyme 
after one turnover as would be expected if a 
single oxygen is transferred to product from 
enzyme.  

ToyJ incubated in 97% H2
18O in the 

absence of substrate shows a mass envelope 
at the +8 charge state within 13 ppm of the 
theoretical natural abundance envelope for 
the fully post-translationally mature enzyme 
containing the cobalt complex with the 
sulfinic and sulfenic acid residues, which 
shows there is no exchange of oxygen into 
the enzyme from labeled water in the time 
scale of the assays (Fig. 5A). However, 
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ToyJ incubated in this manner but with the 
addition of 400-fold excess of the nitrile 
substrate, toyocamycin, shows an envelope 
shifted 0.25 m/z higher at the +8 charge 
state, which corresponds to a single 16O in 
the protein being exchanged for 18O (8 x 
0.25 = 2 Da).  This mass increase is within 
13 ppm error of the theoretical values based 
on the isotopic distribution. The exchange of 
one oxygen upon multiple turnovers is 
shown clearly in the deconvolved spectra in 
Fig. 5B where ToyJ having undergone 
multiple turnovers is assigned a mass of 
23519.30 Da, which is 2.01 Da higher than 
ToyJ incubated in the absence of substrate at 
23517.29 Da. In accordance with the 
labeling of product amide sangivamycin, 
ToyJ is clearly becoming labeled by bulk 
solvent only upon turnover. 

Intriguingly though ToyJ does not 
undergo exchange of oxygen with solvent 
water in the time scale of the assays, when 
ToyJ is incubated with natural abundance 
product amide, sangivamycin, in labeled 
water, a slight increase in the average mass 
of this ToyJ is observed on the order of 10% 
of that which occurs with substrate nitrile. 
This suggests that the amide is able to bind 
in a catalytically similar fashion to poise the 
nucleophilic oxygen of ToyJ for exchange 
(Fig. 6). 

To further probe the source of the amide 
oxygen we analyzed both sangivamycin and 
ToyJ under conditions where ToyJ was 
mixed with various concentrations of 
substrate nitrile ranging from sub-
stoichiometric (1 µM) to excess (10 mM) 
relative to ToyJ. The mass spectra of ToyJ 
from these experiments are shown in Fig. 7, 
which also details the full m/z range used to 
acquire these data (Fig. 7A) as well as the 
zoomed in range used for deconvolution 
(Fig. 7B) and a further zoomed in region 
showing the isotopically resolved envelope 
of ToyJ in the +8 charge state (Fig. 7C). 
Remarkably, bulk 18O appears in the product 
and enzyme but only when ~one turnover 
has been completed by the enzyme.   

The proportion of unlabeled to singly 18O-
labeled ToyJ was extracted from analysis of 

the data detailed in Methods and 
summarized in Fig. 2.  The incorporation of 
18O into the product was monitored by LC-
MS as described above.  The resulting data 
from both product amide and enzyme are 
overlaid in Fig. 8. Remarkably, the 
incorporation of bulk solvent into the protein 
(shown in purple squares) parallels the data 
on the appearance of 18O in sangivamycin 
(shown in red circles). These incorporation 
profiles were analyzed quantitatively using 
KinTek Explorer software (23) and a model 
that is depicted in Fig. 8 invoking labeling 
of ToyJ on each turnover to produce ToyJ-
18O. The data from the model (solid lines in 
Fig. 8) show that the incorporation of 18O 
from bulk solvent into sangivamycin mirrors 
the experimental observations for 
incorporation of 18O into both sangivamycin 
and ToyJ.  We note that in the course of 
some of the experiments, after 2 h of 
incubation at room temperature, proteolytic 
fragments of ToyJ still containing the active 
site region corresponding to amino acids 32-
214 are detectable in the mass spectra. Close 
examination of the mass envelopes for these 
proteins also showed the same turnover-
linked increase in 18O content.   
As we were preparing this manuscript, an 
elegant study using time-resolved 
crystallography and FT-IR on the 
Rhodococcus iron-containing NHase was 
reported that showed the sulfenato oxygen is 
likely this protein-based nucleophile (6). 
Earlier time-resolved studies using an 
isonitrile substrate analog suggested the 
sulfenic oxygen may be acting as a general 
base to activate a water molecule to attack 
the isonitrile carbon (7). The 18O 
incorporation data in the present study (Fig. 
8) rules out a solvent-derived nucleophile 
mechanism (Fig. 1C) and thus strongly 
supports the mechanism involving the 
enzyme-based oxygen nucleophile in the 
form of a sulfenate-nucleophile (Fig. 1B), 
which is supported by recent computational 
studies suggesting the sulfenato nucleophile 
mechanism (4-5). This work provides the 
first direct evidence from the solution phase 
that a protein-based nucleophilic oxygen is 
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the source of the carboxamido oxygen in 
product amides of NHases, representing the 

first evidence acquired from both product 
and enzyme directly.   
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Figure 1. Active site structure and mechanism of NHase.  A) The X-ray crystal structure of 
the cobalt-type NHase homolog from Pseudonocardia thermophila JCM 3095  (PDB: 1IRE) 
shows the active site cobalt complex including two modified cysteine sulfur ligands oxidized 
to the sulfinic and sulfenic acids. The sequence shown is CTLCSC.  B) Potential mechanism 
of nitrile hydratase in which the sulfenate oxygen acts as the initial nucleophile to attack the 
nitrile carbon. C) Potential mechanism of nitrile hydratase wherein a solvent water molecule 
serves as the initial nucleophile. (In B and C, bonds from enzyme to modified-cysteine and 
amidate ligands are omitted for clarity). 
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Figure 2. Analysis of ToyJ mass spectrometry data for incorporation of 18O. The steps used 
to analyze the mass spectra of ToyJ are depicted.  In step 1, the experimental profile data 
were processed to centroid data, noise subtracted, and normalized.  In step 2, a library of 
theoretical envelopes corresponding to 1% - 99% singly-18O-labeled-ToyJ with unlabeled 
ToyJ in the +8 charge state were constructed using Bruker Isotope Pattern software.  In step 
2, the processed experimental data were finally compared to the family of theoretical data, 
and the best fits were estimated by calculating the sum of squared deviation of the intensity 
for each of the peaks. 
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Figure 3. Time dependence of conversion of toyocamycin to sangivamycin. Quantitative 
conversion of 0.1 mM toyocamycin to sangivamycin is achieved in the presence of 30 µM 
ToyJ. 
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Figure 4. Exchange of 18O from bulk solvent into sangivamycin is turnover dependent. 
Shown are the mass spectra of sangivamycin in the +1 charge state. The natural abundance 
peak is at m/z 310.1146 and that of the 18O-sangivamycin peak is at m/z 312.1189.  The traces 
shown are for A) unlabeled sangivamycin, B) sangivamycin produced from 10 mM 
toyocamyin in 97% 18O-labeled water, C) sangivamycin produced from 1 µM toyocamycin in 
97% 18O-labeled water, and D) control incubation of unlabeled sangivamycin with ToyJ in 
97% 18O-labeled water. The high resolution spectra were obtained using an LTQ Orbitrap XL 
mass spectrometer.  
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Figure 5. Exchange of 18O from bulk solvent into ToyJ is turnover dependent. A) The 
deconvoluted mass spectra shown are of the +8 charge state of ToyJ. The envelopes shift 0.25 
m/z units after multiple turnovers corresponding to the incorporation of just one labeled 18O-
oxygen from solvent (8 x 0.25 = 2 Da). In black lines are the theoretical envelopes 
corresponding to ToyJ and singly 18O-labeled ToyJ.  B) Shown are the deconvolved and 
deisotoped spectra of ToyJ from the 0 and 10 mM toyocamycin samples. The ToyJ-sodium 
adducts are denoted with an asterisk.  The pattern of sodium adducts is influenced by the 
varying spray conditions used. High resolution spectra were measured using an Exactive 
EMR mass spectrometer. 
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Figure 6. Possible mechanism of sangivamycin induced exchange of labeled oxygen from 
solvent into ToyJ (bonds from enzyme to modified-cysteine and amidate ligands are omitted 
for clarity). 
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Figure 7. ToyJ is labeled by 18O in a turnover-dependent manner.  The full range mass 
spectrum containing ToyJ in the +8 and +9 charge states and the smaller range used for 
deconvolution to produce Figure 8 are shown in A) and B), respectively. C) The zoomed in 
region of the isotopically resolved ToyJ in the +8 charge state after various numbers of 
turnovers with toyocamycin in 18O-labeled water. High resolution spectra were measured 
using an Exactive EMR mass spectrometer.  
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Figure 8. Turnover-dependent exchange of 18O from bulk solvent into ToyJ and 
sangivamycin.  Turnover dependent exchange of a single oxygen into enzyme, ToyJ, and 
product amide, sangivamycin were measured in the presence of various ratios of toyocamycin 
to ToyJ. In red circles is the percent of the sangivamycin product that has incorporated an 
18O-oxygen, and in purple squares is the percent of ToyJ that has incorporated a single 18O-
oxygen after increasing numbers of turnovers. The solid curves are generated from theoretical 
values obtained from KinTek Explorer software according to the depicted kinetic model. 
 

 
 
	  

 


