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Ten bacteria capable of growth on the metal-cyano 

complex, tetracyanonickelate (II) {K2 [Ni(CN)J } (TCN), 

supplied as the sole nitrogen source, were isolated. Seven 

isolates were identified as pseudomonads while the remaining 

three were classified as Klebsiella species. In addition to 

TCN, all isolates were able to utilize KCN although it was 

significantly more toxic. The degradation of TCN was most 

complete when supplied at growth-limiting concentrations, 

did not occur when ammonia was present, and resulted in the 

formation of nickel cyanide [Ni(CN)2] as a degradation 

product. 

Cultivation of cells on KCN in liquid culture could 

only be accomplished under fed-batch conditions. Studies 

with two isolates, P. putida BCN3 and K. pneumoniae BCN33, 

showed that growth was substrate dependent, with cells 

becoming better adapted to cyanide with longer cultivation. 

Further experiments with washed cell suspensions of BCN3 

showed that cyanide degradation was an inducible property 

and required oxygen for maximal activity. Substrate 

conversion occurred at concentrations as high as 30 mM with 



ammonia being formed as the major nitrogen-containing 

product (60 % molar yield). Thus, utilization of cyanide by 

this organism appears to occur by the generation of ammonia, 

which can then be assimilated by conventional mechanisms. 

C02 was identified as the principal carbon-containing 

reaction product by 13C-NMR analysis and radiolabelling 

experiments. 

The results of this work indicate that bacteria capable 

of utilizing cyanide occur readily in nature. Since the 

various isolates studied were equally capable of growth on 

free cyanide (KCN) or TCN, it may be concluded that the 

metabolism of the two is closely related. The generation of 

Ni(CN)2 from TCN suggests that the metabolism of TCN occurs 

by the release of free cyanide. Further metabolism of free 

cyanide, at least in one strain, appears to occur by 

transformation to ammonia, which is then assimilated. The 

inducible nature and dependence on oxygen of the latter 

process is similar to reports of cyanide transformation in 

one other pseudomonad. This could indicate that cyanide 

metabolism in this group of bacteria occurs by a common 

mechanism. 
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CHAPTER 

INTRODUCTION 

In recent years there has been much heightened concern 

over the build-up and processed' removal of toxic chemicals 

in the environment. Since microorganisms have long been 

recognized as principal agents for the removal of toxic 

chemicals from the environment (Alexander, 1981; and, Dean-

Ross, 1987), the practical application of using microbes or 

enzymes therefrom for biodegradation, has also raised 

considerable attention. Many toxic chemicals have been 

introduced into the environment as a result of man's 

activities. One of these, cyanide, is the subject matter of 

this dissertation. Large quantities of cyanide are 

originated as waste in various industrial processes 

including, metal plating, the production of synthetic 

fibers, steel tempering, and in the mining industry 

(Knowles, 1976; Knowles and Bunch, 1986; Pettet and Ware, 

1955; Way; and, White et al., 1988). Interestingly, 

industrial sources are not the only means by which cyanide 

arises in the environment. Cyanide is also generated 

biologically by many organisms including plants, algae, 

bacteria and fungi (Castric, 1981; Castric, 1983; Conn, 

1981; Cooke and Coursey, 1981, Knowles, 1976; Nahrstedt, 



1988; Nartey, 1981; and, Vennesland et al., 1982) . Thus, 

in addition to representing a potential toxic industrial 

pollutant, cyanide can also be considered a natural product. 

This dissertation concerns the metabolism and degradation of 

this toxic molecule by bacteria. 

Cyanide properties. 

Hydrogen cyanide is a weak acid with a pKa of 9.3. In 

solution the concentration (CN"and HCN) is very pH 

dependent. This means at physiological pH (e.g. 7.2) 

CN" + H20 > HCN + OH" 

the ratio of HCN to CN" is almost 100 % versus only 10 % at 

pH 8.2 and 1 % at pH 9.2 (Towill et al., 1978) (Fig. 1). 

In addition, since HCN boils at 26 °C it is readily 

volatilized from aqueous solution. Also, free cyanide (CN" 

or HCN) is highly reactive. It will bind metals as a strong 

ligand to form complexes of variable stability and toxicity 

(Bjerrum et al., 1957; Sharp, 1976; and Smith and Martell, 

1976). Examples include the tetracyano complexes of divalent 

nickel, copper, and zinc {[M(CN)4]
2", where M2+ = metal}, the 

well-known hexacyano complex of iron (both Fe2+ 

[ferrocyanide] and Fe3T [ferricyanide], and related 

derivatives of chromium. 



Legend 

Figure 1. The effect of pH on dissociation of hydrogen 

cyanide. At the pKa of HCN (pH 9.36) the concentration of 

CN~ and HCN are equal. Adapted from Fuller, 1984. 
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Cyanide toxicity. 

Cyanide is highly toxic to most biological systems and 

is well known to be poisonous for man and animals (American 

Public Health Association, 1980; Arena, 1974; and, Sykes, 

1981). Microorganisms are affected by cyanide in different 

ways. The effects of cyanide on the morphology and growth of 

microorganisms include increased lag times for growth, 

altered cell morphology, decreased biological oxygen demand 

and decreased motility (Skowrosky and Strobel, 1969; and, 

Towill et al., 1978). One of the most significant effects of 

cyanide is the inhibition of the bacterial respiratory 

systems at the cytochrome oxidase level (Knowles, 1976). 

Inhibition of respiration is an extensively studied effect 

(Arima and Oka, 1965; McFeters, Wilson, and Strobel, 1970; 

and, Niven, Collins and Knowles, 1975). In addition to the 

cyanide-sensitive electron transport pathway, many 

microorganisms have a cyanide-insensitive pathway. These 

organisms are normally considered to be cyanide resistant 

and the ability to grow in the presence of cyanide has often 

been used as a taxonomic tool for differentiating members of 

the family Enterobacteriaceae (Krieg and Holt, 1984; Moller, 

1954; and, Munson, 1974). 

Detoxification of cyanide by microorganisms. 

The ability to detoxify cyanide by microorganisms has 

been recognized for some time although the mechanisms by 



which this is accomplished are not entirely understood. 

Several biochemical transformations leading to 

detoxification have been proposed and these are as follows: 

Cyanide hvdratase (E C 4.2.1.66 formamide hydrolase). 

This enzyme catalyzes the conversion of cyanide to 

formamide: 

HCN + H20 > HCONH2 

It has thus far been described in phytopathogenic fungi 

only. For example, both spores and mycelia of Stemphylium 

loti and Gloeocercospora sorghi are induced when cultivated 

in the presence of cyanide suggesting that its induction has 

a detoxification role (Fry and Millar, 1972; Fry and Munch, 

1975; Nazly and Knowles, 1981; and, Nazly et al., 1983). 

Rhodanese (E C 2.8.1.1, thiosulphate: cyanide sulfur 

transferase). 

This enzyme catalyzes the conversion of cyanide to 

thiocyanate in the presence of thiosulphate: 

S?03
2- + CN" > S03

2" + SCN" 

It is widely distributed in biological systems and has 

been described in mammalian tissues, plants and 

microorganisms (Sorbo, 1953; Silver and Kelly, 1976; Ryan 



and Tilton, 1977; and Alexander and Volini, 1987). In 

addition to cyanide detoxification, this enzyme has also 

been proposed to function in the transfer of sulfur atoms 

and in the activation of several enzymes in oxidative 

metabolism (Bergsma et al., 1979; Finazzi-Ogro et al., 1976; 

and, Westley, 1981). 

fi-cvanoalanine synthase (E C 4.4.1.9, L-cvsteine hydrogen 

sulphide-lvase). 

Incorporation of cyanide into certain amino acids, 

particularly the sulfur-containing amino acids, by 

ft-cyanoalanine synthase is thought to represent a major 

mechanism by which cyanide is detoxified in plants 

(Hendrickson, H. R. and E. E. Conn, 1968; Ressler, C.; Y. H. 

Giza; and, S. N. Nigam, 1969; and Ting, I. P., and W. C. 

Zschoche, 1970). 

HCN + cysteine (or O-acetylserine) > 

B-cyanoalanine + H2S (or acetate) 

In addition to plants, this enzyme has been detected in 

fungi (Strobel, 1967; and, Castric, 1981) and some bacteria 

including Escherichia coli (Dunill and Fowden, 1965); 

Cromobacterium violaceum (Brysk et al., 1969; Rodgers, 1978; 

Rodgers, 1981; and, Macadam and Knowles, 1984); and, 

Enterobacter species (Sakai et al., 1981; and, Yanase et 



al., 1982). Also, the hydrolysis of li-cyanoalanine to form 

asparagine with subsequent conversion to aspartic acid has 

been reported (Castric and Strobel, 1969; and, Yanase et 

al., 1982). 

Nitrogenase (E C 1.18.6.1, reduced ferrodoxin: dinitroqen 

oxireductase (ATP-hvdrolvsing) .' 

In addition to catalyzing the reduction of molecular 

nitrogen, nitrogenase is also known to catalyze the 

reduction of other molecules containing triple bonds 

including HCN (Li et al., 1982). Thus, it could therefore 

represent a possible means of cyanide detoxification. 

Products of cyanide reduction have been shown to include 

methane and ammonia (six electron reduction). The reduction 

of cyanide by nitrogenase has been described in the 

photosynthetic bacterium Rhodospirillum qelatinosa (Harris 

et al., 1987). 

Cyanide as an assimilatorv substrate. 

Despite the fact that large quantities of cyanide arise 

from industrial as well as biological sources, few studies 

of its assimilation by microorganisms have been performed. 

Various reports of the isolation of cyanide-utilizing 

bacteria have appeared over the years. Pettet and Ware 

(1955), Ware and Painter (1955), and Winter (1963) reported 

the isolation of bacteria described as actinomycete-like 

from sludge. Although growth on cyanide was reported, it is 



not clear whether these organisms utilized cyanide as both a 

carbon and nitrogen source. Subsequent studies by Knowles 

and colleagues (Harris and Knowles, 1983a) in the United 

Kingdom showed that the enrichment of bacteria capable of 

growth on cyanide as the carbon source were unsuccessful. 

This, it was hypothesized, is because at the concentrations 

needed to serve as a carbon source cyanide is probably too 

toxic. On the other hand, Knowles and colleagues reported 

the successful isolation of bacteria that could grow on 

cyanide as a nitrogen source. Various pseudomonads were 

isolated from soil one of which, P.. fluorescens NCIMB 11764 

was used for detailed investigations of cyanide metabolism. 

This organism was obtained from the National Collection of 

Industrial and Marine Bacteria by Professor Kunz and has 

been included as part of the investigations conducted in 

this dissertation. Additional reports of the isolation of 

cyanide-utilizing bacteria described as member of the genus 

Pseudomonas and Alcaligenes have also recently appeared 

(White et al., 1988; and, Ingvorsen et al., 1991). 

Biochemistry of cyanide assimilation. 

Recent investigations on the biochemical basis of 

cyanide assimilation as a nitrogenous substrate have focused 

in large part on the P.. fluorescens NCIMB 11764 isolate 

obtained by Knowles and coworkers. Harris and Knowles 

(1983b) reported the successful recovery of cyanide-
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transforming activity in cell-extracts of this organism. 

This process, induced by prior growth on cyanide and 

repressed by ammonia, required NADPH and oxygen for 

activity. Ammonia and carbon dioxide were identified as the 

metabolic products and thus, it was proposed that cyanide 

utilization for growth occurs by transformation to ammonia, 

which can then be assimilated by well-recognized mechanisms. 

These include, incorporation of ammonia into a-ketoglutarate 

via the glutamine synthetase (EC 6.3.1.2)/glutamine:2-

oxoglutarate aminotransferase (EC 1.4.1.13) (GS/GOGAT) and 

glutamate dehydrogenase (EC 1.4.1.3) pathways, as 

illustrated in Figure 2 (Brock and Madigan, 1988; Prescott, 

Harles and Klein, 1990; Stryer, 1988; and, Tyler, 1978).. 

Two mechanisms were proposed for the transformation of 

cyanide and production of ammonia (Harris and Knowles, 

1983b; and, Knowles, 1988). This could be an enzyme system 

with overall properties of a dioxygenase 

NAD (P) H + H+ + HCN + 02 > C02 + NH3 + NAD(P)
 + 

dioxygenase 

or a monooxygenase involving formation of an intermediate 

namely cyanate. A hypothetical cyanase was then proposed 

NAD (P) H + H+ + HCN + 02 > HOCN + H20 + NAD(P)
 + 

monooxygenase 
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Legend 

Figure 2. Ammonia assimilation in microorganisms. 

A) Glutamate dehydrogenase pathway. B) Glutamine 

synthetase/Glutamate synthase pathway. Enzymes: 

1) Glutamate dehydrogenase (E C 1. 4. 1. 3), 

2) Glutamine synthetase (E C 6. 3. 1. 2), and 3) 

Glutamine: 2-oxoglutarate aminotransferase (E C 1 

4 . 1. 13) . 
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A) Glutamate dehydrogenase. 
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to degrade cyanate as indicated below. 

HOCN + H20 > C02 + NH3 

Studies by Kunz and Nagappan (1989) confirmed that 

indeed P.. fluorescens 11764 was capable of elaborating 

cyanase activity and that this organism was also capable of 

growth on cyanate. Additional studies (Kunz and Nagappan, 

unpublished findings; and, Dorr and Knowles, 1990), however, 

have shown that this enzyme is not elevated after growth of 

cells on cyanide, suggesting that it plays no role in 

cyanide metabolism by this organism. 

Although the identities of C02 and NH3 as end products 

of cyanide metabolism by strain 117 64 have been well 

established, the actual pathway(s) by which these products 

are formed are less certain. Separate studies in this 

laboratory are currently underway in order to confirm the 

mechanism of cyanide assimilation in 11764. Parallel 

investigations with an isolate obtained in this work have 

also been performed to determine whether the mechanism(s) of 

cyanide transformation by these two organisms is in any way 

related. Furthermore, alternative pathway besides the 

oxidative pathways proposed for strain 11764 (Harris and 

Knowles, 1983a) could be important in cyanide assimilation. 

For example, fi-cyanoalanine, generated by incorporation of 

cyanide into cysteine by a hypothetical 15-cyanoalanine 
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synthase, could serve as a precursor for further metabolism 

as shown below. 

H20 
HCN + Cysteine > fi-cyanoalanine — > Asparagine 

h20 
— > Aspartate + NH3 

Alternatively, it is possible that cyanide could be 

converted into formamide by an enzyme resembling cyanide 

hydratase as observed in fungi (Fry and Millar, 1972; and, 

Nazly and Knowles, 1981), which after hydrolysis could give 

formate and ammonia as indicated below. The formate could 

then undergo further oxidization to C02. 

H20 h2o 
HCN ^ > HCONH, ^ > NH, + HCO,H > CO, 

Finally, it is possible that cyanide could be converted 

directly to formate and ammonia as recently was described 

for Alcaligenes xylosoxidans subsp. denitrificans DF 3 

(Ingvorsen et al., 1991) and an unclassified pseudomonad 

(White et al., 1988) . 

HCN + 2 H,0 > HCOOH + NH, 
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Statement of the problem. 

Although several reports of cyanide-degrading bacteria 

have appeared, relatively little information about the kinds 

of microorganisms and mechanisms used for cyanide 

assimilation is known. The two major objectives of this 

research were therefore focused on: (1) determining the 

occurrence of cyanide-utilizing bacteria in nature and (2) 

investigating the physiological and biochemical basis of 

cyanide assimilation as a nutritional nitrogen source. 

Because cyanide can exist either as the free cyanide anion 

or complexed with metals, studies were performed with both 

chemical forms. Because of its ease in handling and 

increased safety over free cyanide (KCN), the metal complex 

was used as an enrichment substrate to isolate new bacteria. 

Detailed studies on the biodegradation of both TCN and KCN 

were conducted with one particular isolate in order to (i) 

show that indeed growth and cyanide degradation were 

correlated, (ii) understand the physiological conditions 

favoring biotransformation, and (iii) define the chemical 

mechanism of biodegradation and assimilation. 



CHAPTER II 

MATERIALS AND METHODS 

Growth media. 

A minimal medium containing glucose (20 mM) as the 

carbon source and tetracyanonickelate (II) {K2 [Ni(CN)4] }, 

TCN) (0.25 to 0.5 mM) as the sole nitrogen source was used 

for the isolation of cyanide utilizing bacteria. Details of 

its composition are shown in Table 1. Lennox medium (Lennox, 

1955) was used as a complete medium to cultivate the 

cyanide-utilizing bacterial isolates (see Table 2). 

Isolation and growth of cells. 

Cyanide-utilizing bacterial isolates were obtained from 

enrichment cultures supplied 0.25 to 0.5 g of soil, sewage 

sludge, or 0.5 ml of creek water in 50 ml of minimal medium. 

All samples were obtained in the Denton (Texas) area or 

surrounding comunities (shown in Table 4) having no previous 

history of cyanide contamination. Enrichments were incubated 

at 30°C with shaking for 4 to 6 days with serial transfers 

(1 % [v/v] inocula) made every 48 hours. Cells were 

eventually streaked to minimal agar (2 % [w/v], purified, 

Difco) plates and single colonies purified twice before 

species identification. 

Growth of cells on complete medium was accomplished 

16 
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Table 1. Growth Media Reagents (Kunz et a ! . , 1981). 

Buffer phosphate (PIOX). 

KH2P04 91.0 g 

NaOH 16.8 g 

Dis t i l led water to complete 1,000 ml 

pH 7.0. Store in bott le not s te r i le . 

R-salts (R-200X). 

A) 10 % MgS04 . 7 H20 400 ml 

B) I % FeS04 . 7 H20 100 ml 

+ 2 ml conc. HC1 

Mix A & B, dispense in bott le, pH 1.95. Ster i l ize at 121°C for 20 min. 

(5 ml R-salts added per 1,000 ml PIX solution). 

Minimal medium composition. 

PIX (s ter i le) 100 ml 

Glucose (1 M) (s ter i le) 2 ml 

R-salts (200X) (Steri le) 0.5 ml 

Add glucose and R-salts aseptically to s ter i l ized PIX in a s te r i le 

f lask. For minimal agar, add 2 % purif ied agar (Difco). Ster i l ize 

before to add glucose and R-salts. pH 7.0. 
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Table 2. Composition of Lennox medium (Lennox, 1955) and 

chemically defined medium for MIC tests (Rollinson et al., 1987). 

Lennox broth medium. 

Bacto tryptone 10.0 g 

Yeast-extract 5.0 g 

NaCl 5.0 g 

Distilled water 1,000 ml 

pH 6.8, sterilize at 121°C for 20 min. For Lennox agar, add 20 g 

of agar. 

Medium for MIC determinations. 

TRIS buffer (pH 7.0) 40 mM 

Mg2$04 0.6 mM 

K2S04 5 mM 

Glucose 10 mM 

Sodium glycerophosphate 10 mM 

(NH4)2S04 25 mM 
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using the formulation described by Lennox (1955) (L-agar). 

Late exponential phase culture of all isolates on Lennox 

Broth (0.9 ml) were added to 0.1 ml of dimethylsulfoxide 

in screw capped tubes, mixed and frozen in dry ice-95 % 

alcohol and stored at -80°C. 

Taxonomic species identification. 

Enrichments isolates were identified on the basis of 

cell and colony morphology, Gram stain reaction, and other 

physiological tests according to methods described in 

"Bergey's Manual of Systematic Bacteriology" (Krieg and 

Holt, 1984), in "Manual of Methods for General Bacteriology" 

(Gerhardt et al., 1981), and in "Cowan and Steel's Manual 

for the Identification of Medical Bacteria" (Cowan and 

Steel, 1974). Identification of Pseudomonas strains was 

further based on criteria established by Stanier et al. 

(1966). Electron microscopic examination of bacteria for 

flagella was accomplished using the phosphotungstic acid 

negative staining procedure of Dawes (1988). Electron 

photomicrographs were kindly provided by Dr. S. Kester and 

A. Foster, Biology Department, UNT. 

Growth determinations. 

The growth response of individual isolates to 

nitrogenous substrates was tested in liquid cultures. In 

each case, glucose (20 mM) was provided as the carbon source 

and either TCN (0.25 to 16 mM) or KCN (0.25 mM) was supplied 
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as the nitrogen source. Control experiments with ammonia 

[ (NH4) 2S04/ 1 to 10 mM] serving as the nitrogen source or 

medium completely lacking nitrogen were also included. Tests 

were conducted in 8 ml of medium contained in either test 

tubes (18 mm x 180 mm) or serum-stoppered bottles. The 

latter (with rubber cap) were used exclusively for growth 

determination with cyanide to prevent its removal by air 

stripping. Inocula for growth tests were cultivated for 24-

48 hours in the same medium supplied 10 mM (NH4)2S04, after 

which the cells were washed at least twice in sodium-

potassium phosphate buffer (pH 7.0) before being resuspended 

in the same buffer and the A540 adjusted to 1.0. A 2 % (v/v) 

inoculum was then provided to fresh medium containing the 

various nitrogen substrates supplied at different 

concentrations. All cultures were incubated with shaking at 

30 °C for 48 hours at which time samples were removed and 

placed in 1-cm cuvettes and the A540's recorded. 

Tolerance to cyanide-related compounds: determination of 

MIC's and MBC's . 

The MIC's of cyanide, metal ions and metal-cyanide 

complexes were determined in a TRIS-buffered minimal medium 

formulated after that of Rollinson et al. (1987). The 

components of the medium are shown in the Table 2. In all 

cases, twofold serial dilutions of the test inhibitors were 

made in distilled water and added in equal proportions to 
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the above-described medium. Experiments were conducted in 

test tubes or in serum-stoppered bottles as described 

earlier for growth tests. A 2 % inoculum previously grown on 

the same medium without inhibitor was added, and cultures 

incubated for 48 hours before being scored for growth by 

simple visible inspection of turbidity or absorbance 

measurements. The minimal inhibitory concentration (MIC) 

was defined as the lowest concentration of inhibitor above 

which no growth was observed. A loopful from each tube with 

no turbidity was subcultured on nutrient agar plates to 

determine whether the test inhibitor was bacteriostatic or 

bactericidal in action. Minimal bactericidal concentration 

(MBC) was the lowest concentration of inhibitor which kills 

bacteria and no growth was observed on agar plates. 

Growth and biodegradation of TCN. 

The growth kinetics and biodegradation of TCN were 

examined in 250-ml Erlermeyer flasks supplied with 50 ml of 

minimal medium with inocula grown on medium with (NH4)2S04 

prepared as described above. At various intervals, samples 

were removed from cultures and the cell density determined 

by absorbance measurements at 540 nm before determining the 

TCN content. TCN in culture supernatants was analyzed 

spectrophotometrically at 267 nm. Detailed investigations 

of the growth kinetics and degradation of TCN were 

performed with one isolate, P.. putida BCN-3. The same 
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general procedure was used to determine the effect of 

substrate concentration on TON degradation. 

Growth and biodegradation of KCN. 

After considerable effort it was discovered that 

consistent growth on cyanide could be achieved by 

cultivating cells in a modified' fed-batch mode. This 

procedure involved the inoculation of single colonies 

to 100 ml of minimal medium containing 1 mM NH4C1 and 

incubated the culture for 24 hours until all available 

nitrogen had been depleted (A540, 0 . 7). A 10 % inoculum was 

then added to 1 liter of minimal medium contained in a 2-

liter Erlermeyer flask, to which was added 0.25 mM KCN, with 

no special measures being taken prevent cyanide stripping by 

air. Pulses of 0.25 mM KCN were made every 24 hours for a 3 

days period with the total addition of KCN being equivalent 

to 0.75 mM KCN. The cyanide (CN~) content of culture samples 

during growth was colorimetrically determined by the method 

of Lambert et al. (1975). Growth was monitored by absorbance 

measurements at 540 nm. 

Radiolabellinq experiments. 

Carbon dioxide (C02) formation was measured using 

radioactive K14CN. To do this, 3 ml of a washed cell 

suspension of BCN3 (8 mg/ml dry weight) was placed into the 

main compartment of a 50 ml Erlermeyer flask (sealed with a 

rubber cap) fitted with a center well. The reaction was 
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initiated by the injection of 0.15 ml of K14CN solution (20 

mM, 25 |iCi/ml) and the reaction allowed to go to completion 

(as determined from simultaneous incubation using non-

radioactive cyanide monitored colorimetrically). After 1 

hour when all the KCN was consumed (and no longer 

thereafter), 0.5 ml of 4 N KOH was carefully added to the 

center well by syringe and 0.5 ml of freshly prepared 6 N 

HC1 was added to the main compartment. The flask was 

incubated for 15 min to ensure that all C02 was trapped in 

the KOH solution. After this time, the contents of the 

center well were collected and transferred to 5 ml of 

scintillation fluid (Aquasol, Universal LSC Cocktail, 

Dupont). Another 0.5 ml of the incubation mixture was 

centrifuged and the supernatant transferred to 5 ml of the 

same fluid. The pellet was washed twice by centrifugation 

and resuspended in 0.5 ml of distilled water before also 

being added to the scintillation fluid. All samples were 

counted in a Beckman LS 7000 Liquid Scintillation Counter. 

Biotransformation experiments using washed cell suspensions 

(resting cells). 

Different bioconversion experiments were conducted with 

BCN3 strain using resting cells. The preparation of resting 

cells was as follows. Bacterial cells grown in a modified 

fed-batch culture with 0.75 mM KCN were harvested in the log 

phase by centrifugation at 12,200 x g for 10 min. The cells 
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were washed twice with 50 mM Na/K phosphate buffer (pH 

7.0), and resuspended in the same buffer at different 

cell concentrations (8, 20 and 40 mg/ml dry weight of 

cells). Cells (1-5 ml) were then transferred in stoppered 

bottles (15, 40 and 100 ml) such that the liquid volume 

never exceeded 10 % of the total bottle volume. Reactions 

were initiated by the addition of 1 to 50 mM KCN by 

syringe, depending on the experiment, and bottles were 

incubated at 30 °C with shaking at 250 rpm. Samples were 

removed at appropiate intervals and centrifuged in 1-ml 

microfuge tubes and supernatants analyzed for cyanide or 

other metabolic products. 

Biotransformation experiments using cell-extracts. 

Cyanide degradation was also tested by cell-free 

extracts. P.. putida BCN3 cells used in the preparation of 

cell-free extracts were grown in the fed-batch mode 

described above. Cells were harvested (A540, 0 . 7-0.75) by 

centrifugation at 12,200 x g for 10 min, and washed twice in 

50 mM Na-K phosphate buffer (pH 7.0) before cell breakage 

using procedures described by Kunz et al. (1981). For this 

purpose, washed cells were suspended in the same buffer in a 

mixture of 1:2 and broken in a French press at 20,000 psi. A 

small amount of DNAase was added to the broken cells and the 

preparation incubated at room temperature for 5 min before 

centrifugation for 30 min at 30, 500 x g (4°C) . The 
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supernatant was collected and used as crude extract. The 

protein content of extracts was determined by the method of 

Lowry et al. (1951). Different amounts of crude extract were 

incubated with KCN in sealed vials and the rates of 

substrate disappearance measured as a function of protein 

concentration. Reaction mixtures contained the 

following in a total volume of 0.5 ml: cell extract (50, 

100, 200 and 300 |al) , 1 mM KCN (50 .̂1) , 2 mM NADH (100 |il) , 

and Na-K phosphate buffer (pH 7.0). 

Analytical methods. 

In all experiments for spectrophotometry measurements 

the removed samples were centrifuged in a 1-cm microfuge 

(Savant model HSC-10000) for 1 min at 10,800 x g and 

supernatants analyzed spectrophotometrically. TCN was 

quantified from its aqueous molar exctintion value (£) at 

267 nm. Cyanide consumption was monitored by a colorimetric 

method (Lambert et al., 1975). Samples were centrifuged and 

50 230 |j.l of supernatants were added to 1.1 ml of distilled 

water, 50 |il of N-chlorosuccinimide-succinimide reagent and 

50 |il of barbituric acid-pyridine reagent. The absorbance at 

580 nm was read 15 min after the addition of bartituric 

acid-pyridine reagent. A lavender color indicated the 

presence of cyanide. 

Ammonia formation was estimated using the colorimetric 

method described by Fawcett and Scott (1960). One ml of 



26 

reaction mixture containing 0.125 ml of supernatant 

(Sample), 0.25 ml of sodium phenate, 0.378 ml of 0.01 % of 

sodium nitroprusside and 0.378 ml of 0.02 N sodium 

hypochlorite. After 30 min, the absorbance was measured at 

630 nm at room temperature. A blue color in the reaction 

mixture indicated the presence of ammonia. 

Identification of carbon-containing products from 

cyanide degradation was also conducted by Nuclear Magnetic 

Resonance Spectroscopy (NMR), using isotopically (13C)-

enriched K13CN. Washed cells of BCN3 grown in 0.75 mM KCN 

were suspended in Na-K phosphate buffer (pH 7.0) to give 8 

mg/ml dry weight of cells (1 mg/ml wet weight was equivalent 

to 1/5 mg/ml of dry weight cells). Resting cell incubations 

were done in 38 ml vial bottles sealed with teflon caps 

(Teflon/Silicone Discs 20 mm, Pierce. Illinois). The 

reaction mixture included 3 ml of cell suspension (8 mg/ml 

dry wt) and 7 mM K13CN (injected into bottle by hypodermic 

syringe). In parallel, a bottle sealed in the same way, was 

incubated with the cells and 7 mM non-radioactive KCN, and 

samples removed routinely in order to know when all cyanide 

was totally consumed. After 3 hours incubation time, the 

incubation was centrifuged and the supernatant was 

transferred to a NMR tube. The sample was then analyzed in 

the Chemistry Department (UNT) on a Varian VXR-300 

spectrometer. 
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Materials. 

KCN (99 atom %) was obtained from Aldrich Chemical Co. 

(Milwauke, Wis). TCN was prepared by Dr. D.Kunz essentially 

as described by Fernelius and Burbage (1946) and reported in 

previous communication from this laboratory. The identity of 

the preparation was confirmed by UV spectroscopy and 

Fourier-Transform Infrared (FT-IR). The aqueous UV spectrum 

(See Fig 3A) had absorption maxima at 267 and 286 nm; from 

which a molar extinction coefficient (£) at A267 of 11, 200 M"
1 

cm-1 was calculated. The IR spectral properties were found 

to be consistent with those reported previously (Crouse and 

Margerum, 1974; Kolski and Margerum, 1986; and, Sharp, 

1976). The purity of TCN was estimated to be about 95 % from 

absorbance measurements made with aqueous solutions. 

All other metal cyanide complexes were prepared as solutions 

by combining the sterilized components similar to the 

procedure described by Rollinson et al. (1987). For example, 

solutions of 50 mM CuS04, 50 mM ZnS04, 50 mM FeS04 and 1 M 

KCN were prepared and filter sterilized. The corresponding 

metal-cyanide complexes were then prepared by mixing 5 ml of 

the respective metal-sulphate with 1 ml KCN for Cu(CN),, and 

Zn(CN)4; or for Fe (CN) 6, 5 ml FeS04 was combined with 1.5 ml 

KCN. In each case the solution was diluted to 10 ml with 

distilled water giving an estimated concentration of 25 mM 

for the corresponding metal complex. 

All UV and FT-IR spectra were recorded, respectively, 
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Legend 

Figure 3. Ultraviolet (A) and Fourier-Transform Infrared 

(B) spectra of tetracyanonickelate (II) (TCN) recorded 

respectively, on a model 4050 uv/vis and Nicolet 20-SXB 

spectrophotometer. 
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on LKB Ultrospec II and Nicolet 20SXB spectrophotometer. FT-

IR spectra were kindly provided by Dr. M. Richmond, 

Chemistry Department, UNT. Other chemicals were from 

commercial sources and were used without further 

purification. 



CHAPTER III 

RESULTS 

PART A. ISOLATION AND CHARACTERIZATION OF NEW CYANIDE-

UTILIZING BACTERIA. 

1. Isolation and characterization of new isolates. 

A number of flasks supplied with 0.25 to 0.5 mM TCN as 

the sole nitrogen source showed visible growth within 48 

hours following inoculation with soil, water, or sewage 

sludge. Continuous growth was observed following several 

transfers to fresh media from which pure cultures were 

eventually obtained. Ten Gram negative rod-shaped bacteria 

from separate enrichments were selected and subjected to 

taxonomic identification tests. These results are shown in 

Table 5. Six isolates were identified as fluorescent 

pseudomonads on the basis of positive oxidase tests, 

motility, and the production of diffusible fluorescent 

pigment on King B medium. All six (BCN3, BCN21, BCN28, 

BCN29, BCN32, and BCN34) were unable to grow at 41°C, were 

negative for denitrification and gelatin hydrolysis, but 

were able to utilize benzylamine (Table 3). These properties 

coincided with those described for Pseudomonas putida 

biotype A (Krieg and Holt, 1984; and, Stanier et al., 1966). 

Examination of isolate BCN3 by electron microscopy revealed 

31 
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several polar flagella (Fig. 4), consistent with other tests 

leading to the speciation of this isolate as P.. putida. One 

isolate (BCN6) resembled P. aeruginosa in that it grew at 

41°C, and was able to denitrify nitrate. However, it 

produced no phenazine pigment when cultivated on King A 

medium (Stanier et al., 1966) and was unable to grow on 

either adipic acid or geraniol. Further examination showed 

that it produced a brown diffusible pigment on a complex 

medium, was able to grow on D-xylose but not on trehalose or 

sucrose, and had a single polar flagellum. These properties 

are most consistent with those described for P.. pickettii 

(Krieg and Holt, 1984). Finally, strain NCIMB 11764, having 

previously been isolated on KCN as an enrichment substrate 

(Harris and Knowles, 1983a), was included in all taxonomic 

tests for comparative purposes, and its earlier 

clasification as P.. fluorescens (biotype II) was confirmed. 

The remaining three oxidase-negative isolates, namely BCN10, 

BCN31, and BCN33, were found to be nonmotile and capable of 

growth at 41°C. All three isolates produced smooth mucoid 

colonies on MacConkey agar (Difco) and were lactose 

positive. Further analysis by inoculation into Enterotube II 

tubes (Roche Diagnostics, Nutley, N.J.) resulted in positive 

tests for several sugars, citrate utilization, lysine 

decarboxylase, and urea hydrolysis, but all three were 

negative for indole production. These characteristics 

parallel those described for the genus Klebsiella (Cowan, 
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Legend 

Figure 4. Electron photomicrograph of Pseudomonas putida 

BCN3. Magnification 46,900X. Bacterial flagella stain was 

accomplished with phosphotungstic acid according to the 

procedure of Dawes (1988). (Courtesy of Dr. A. S. Kester and 

A. Foster). 
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1974, and Krieg and Holt, 1984). BCN10 and BCN33 were 

subsequently further identified as Klebsiella pneumoniae. 

The speciation of all enrichment isolates is summarized in 

Table 4. 

2. Growth of enrichment isolates-on and tolerance to cyanide 

related substrates. 

Table 5 shows the results obtained when growth and 

tolerance to TCN and KCN was tested for all enrichment 

isolates. P.. fluorescens NCIMB 11764, previously shown to 

grow on TCN (Rollinson et al., 1987), was included in all 

experiments for comparison. All organisms grew readily on 

TCN as the sole nitrogen source, with a maximal cell 

density being dependent of the amount of TCN supplied. 

Table 5 shows , for example, that growth on 0.25 mM TCN was 

significantly lower than that on 1 mM TCN. Growth on TCN at 

concentrations as high as 32 mM (data not shown) was 

observed, but above 8 mM the cell densities of all organisms 

decreased. With the exception of isolate BCN31, all strains 

had slighty lower absorbance measurements when cultivated on 

16 mM TCN than when cultivated on 1 mM TCN. 

The growth yield of enrichment isolates on KCN supplied 

as the sole nitrogen source was also tested. Table 5 shows 

that there was substantially less growth of all isolates on 

0.25 mM KCN than on the equivalent concentration of TCN. No 

significant growth above 0.25 mM was observed (data not 
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Table 4. I den t i f i ca t i on of bacter ial isolates obtained from tetracyanonickelate 

( I I ) enrichments 

C lass i f i ca t ion 

Isolate 

designation 

Enrichment 

source* 

Pseudomonas put Ida BCN3 Sewage sludge 

Pseudomonas pickettii BCN6 Soi l 

K1ebsiella pneumoniae BCN10 Soil 

Pseudomonas putida BCN21 Soi 1 

Pseudomonas putida BCN28 Soi l 

Pseudomonas putida BCN29 Creek water 

Klebsiella sp. BCN31 Creek water 

Pseudomonas putida BCN32 Creek water 

Klebsiella pneumoniae BCN33 Creek water 

Pseudomonas putida BCN34 Creek water 

*From separate s i tes in Denton, TX, or surrounding cownunities. 
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shown). We hypothesized that aside from the fact that TCN 

provides four times the number of nitrogen equivalent as 

does KCN, that the differences in growth responses to the 

two substrates might be attributable, in part, to the high 

toxicity of KCN. MIC's determined for the two compounds with 

ammonia serving as the principal nitrogen source indeed 

showed that KCN was significantly more toxic (0.2 to 0.8 mM 

for KCN versus > 50 mM for TCN; Table 5). These values, as 

might be expected, were somewhat higher than the maximum 

concentrations tolerated when both compounds were supplied 

as sole nitrogen sources for growth. Since TCN contains 

nickel, which is also toxic (Albert, 1973), it seemed 

appropriate to determine the relative MICs for it as well. 

The toxicity of nickel was tested by using NiCl2, which 

ionizes freely to Ni2+. Without exception, this compound was 

significantly more toxic than was TCN for all isolates 

tested. Also, the toxicity of NiCl2 was compared with that 

of other metals as shown in Table 6. All compounds were 

highly toxic for all enrichment isolates. The values for 

minimal bactericidal concentrations (MBC's) were similar to 

values obtained for MIC's with the exception of NiCl2 which 

gave higher MBC than MIC values. 

In order to determine whether bacterial isolates could 

grow on other metal-cyanide complexes, it was of interest to 

evaluate the growth of one isolate JP. putida BCN3 on 

ferricyanide, tetracyanocuprate (II) and tetracyanozincate 



39 

Table 5. Legend 

a All values represent the mean of at least two separate 

determinations made after 48 h incubation. 

b All determinations using KCN were performed in serum-

stoppered bottles to prevent cyanide air stripping. 
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Table 6. Legend 

aMIC (Minimal Inhibitory Concentration) was defined as the 

lowest concentration of a compound inhibiting bacterial 

growth as determined by simple visual inspection or 

absorbance measurements. bMBC (Minimal Bactericidal 

Concentration) corresponds to the lowest concentration of a 

compound killing bacteria as determined by viability tests 

on agar plates. 
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(II) and compare these with those obtained on 

tetracyanonickelate (II). These cyanide compounds were 

supplied at concentrations lower than the MIC values as the 

sole nitrogen source in minimal medium containing glucose as 

the carbon source. Figure 4 shows that there was little or 

no growth on ferricyanide or tetracyanocuprate (II), but 

some growth with an extended lag period was observed on 

tetracyanozincate (II). TCN was the best growth substrate 

of all the metal-cyanide complexes tested (Fig. 5). 

In order to determine whether the observed tolerance to 

toxic nickel was an adaptive property, the growth response 

of cells was compared after having been previously 

cultivated in medium with and without NiCl2. The results 

shown in Figure 6 for both P.. fluorescens NCIMB 11764 and £. 

putida BCN3 indicate that the lag period before growth could 

be measured for both organisms was shorter for cells having 

been cultivated previously in the presence of NiCl2 than in 

its absence. The maximum growth response after 48 h was also 

greater for cells previously cultivated with NiCl2, 

suggesting that tolerance to NiCl2 in both organisms is an 

inducible property. 

3. Growth and biodegradation of TCN. 

Since preliminary results indicated that TCN was used 

as a nitrogen source by all enrichment isolates experiments 

designed to prove that growth was dependent on TCN 
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Legend 

Figure 5. Growth of Pseudomonas putida BCN3 in minimal 

medium supplied 20 mM glucose as the carbon source and 0.05 

to 0.25 mM of different metal-cyanide complexes. Ammonia 

(NH4C1 0.25 mM) was included as a control of nitrogen 

source. Growth on: 0.25 mM TCN (•), 0.25 mM NH4C1 (•), 

0.10 mM Zn (CN) 4 (O), 0 . 05 mM Fe (CN) 6 (•), 0.10 mM Cu (CN) , 

(A) and control with no nitrogen source (A). 
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Legend 

Figure 6. Growth adaptation of P.. putida BCN3 and P.. 

fluorescens NCIMB 11764 to toxic nickel chloride. 

Experiments were performed in TRIS-buffered glucose (10 mM), 

ammonia [25 mM (NH4)S04] medium with and without 0.5 mM 

NiCl2. Symbols: (A) and (•), refer to the growth of BCN3 

and 11764 cells, respectively, after previous cultivation of 

inocula in NiCl2-containing medium; (A) and (•), refer to 

growth of the same organisms respectively without prior 

cultivation on NiCl2. 



47 

O 
LO 

O 

o 
CO 

o 
E 

o H 
CM 

_ O 

( u i u o f r Q ) A h s u s q | B O | i d o 



48 

degradation were undertaken. The results in Figure 7 show 

the spectral changes associated with TCN removal from growth 

medium during cultivation of one isolate, namely P.. putida 

BCN3. Examination of Figure 7 shows that after 9 hours 

cultivation, TCN was essentially no longer detectable, 

suggesting that growth and TCN degradation were correlated. 

The kinetics of growth and simultaneous TCN consumption for 

P.. putida BCN3 as well as for P.. fluorescens NCIMB 11764 are 

further shown in Figure 8. In both cases, growth, as 

measured by increases in culture turbidity, ocurred at the 

same time of TCN consumption. The generation time of BCN3 on 

TCN (0.25 mM) was estimated at 2 h (from semi-logarithmic 

plots not shown), as compared with 1:40 h when cultivated 

in similar conditions in medium supplied with ammonia 

[ (NH4) 2S04) as the nitrogen source (see Figure 10, page 56). 

The growth in general for BCN3 was found to be superior to 

that of 11764 and therefore, this organism was used for most 

of the detailed studies described herein. By comparison, the 

generation time on TCN for 11764 was estimated at 5 hours 

and growth was also characterized by a longer lag period 

than observed for BCN3. The growth rate of 11764 on ammonia-

containing medium was also somewhat slower than BCN3 with an 

estimated generation time determined by Kunz and Nagappan 

(1989) of 5 h. It may be noted that no significant removal 

of TCN from uninoculated control was observed. 

Although TCN supplied at 0.25 mM was completely 
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Legend 

Figure 7. TCN consumption by JP. putida BCN3 grown in 

glucose (20 mM) minimal batch 0.25 mM tetracyanonickelate 

(II) TCN as the sole nitrogen source. Spectrophotometric 

disappearance of TCN from culture supernatants analyzed at 

the indicates times (t) in hours. 
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Legend 

Figure 8. Growth of P. fluorescens 11764 and P. putida 

BCN3 in glucose (20 mM) minimal batch supplied 0.25 mM 

tetracyanonickelate (II) TCN as the sole nitrogen source, 

Growth (cell density) (•), and consumption (•) of KCN. 
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consumed by isolate BCN3, it seemed appropriate to determine 

how much TCN was consumed at concentrations that might not 

be growth limiting. For example, while all organisms, 

including BCN3, grew readily at concentration of TCN as high 

as 16 mM (Table 5), the extent of substrate utilization 

under these conditions was not known. Therefore, BCN3 was 

cultivated at various concentrations of TCN and following 48 

h of incubation, the amount of substrate remaining in the 

medium was determined (Fig 9). TCN was completely consumed 

when supplied at 0.25 mM to 1 mM; above this concentration, 

however the extent of utilization decreased such that at 16 

mM only 19 mol % (3 mM) was converted. 

Since it was hypothesized that ammonia might serve as 

preferred growth substrate over TCN, its effect on TCN 

utilization was also tested. Figure 10 shows a comparison 

between substrate utilization and growth of BCN3 cultivated 

on 1 mM TCN alone or in medium supplemented with ammonia. 

When ammonia was present, TCN was not consumed suggesting 

that TCN degradation is repressed by ammonia. 

The cultivation of essentially all isolates on 8 to 16 

mM TCN resulted in the formation of a flocculent green 

precipitate in the medium. This precipitate was not observed 

when cells were grown in the absense of TCN or in TCN-

containing uninoculated controls, suggesting that its 

formation was growth dependent. To characterize this 

material, the suspended solids from various cultures (e.g., 
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Legend 

Figure 9. Substrate consumption by separate cultures of P.. 

putida BCN3 supplied various concentrations of TCN as the 

sole nitrogen source for growth. Symbols: (•), % TCN 

degraded; (A) amount of TCN consumed. All values represent 

the mean at least two separate determinations. 
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Legend 

Figure 10. Effect of added ammonia on utilization of TCN 

as a source of nitrogen by P.. putida BCN3. Growth (• , • ) 

and consumption of TCN (A , A ) , respectively, in glucose 

(20 mM) minimal medium supplied 1 mM TCN alone, or in medium 

supplied 1 mM TCN plus (NH4)2S04 (10 mM) . The growth (0) of 

a control culture without added nitrogen is also shown. 
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BCN3, BCN6, BCN33, and NCIMB 11764) were centrifuged (5,000 

x g for 10 min) and placed to dry in an oven at 60°C for 2 

days. The crude dry residue containing cell material and 

green solid was then mixed with KBr (10 % [wt/wt]), and 

analyzed by FT-IR spectroscopy by Dr. M. Richmond, Dept. of 

Chemistry. University of North Texas. The major nickel-

containing compound present in the crude solids from all 

four cultures was identified as nickel cyanide [Ni(CN)2]. 

Figure 11 shows a comparison of the FT-IR spectra of 

commercial Ni(CN)2/ biological product obtained from isolate 

BCN33, and TCN starting material. The absorption maxima for 

biological and authentic Ni(CN)2 were identical ( x , 2172.4 

cm-1), and the spectra were indistinguishable from the 

spectrum of unconsumed TCN remaining in the biological 

sample. 
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Legend 

Figure 11. Fourier-transform infrared spectra of 

biologically-produced Ni(CN)2 generated by Klebsiella 

pneumoniae (isolate BCN33) and authentic standard compound. 

All spectra were recorded at ambient temperature. 



60 



61 

PART B. PHYSIOLOGY AND BIOCHEMISTRY OF CYANIDE AS A 

NITROGENOUS SUBSTRATE. 

1. Dependence of bacterial growth on the utilization of KCN. 

In order to be sure that the moderate increases in cell 

densities on KCN (Table 5) were indeed substrate dependent, 

an experiment in which cyanide consumption measured during 

the growth of two isolates was performed. A 10 % inoculum of 

either P.. putida BCN3 and K. pneumoniae BCN33 grown in 

ammonia-depleted culture was transferred to 2 1 Erlenmeyer 

flask containing 1 1 minimal medium supplied 0.25 mM KCN and 

glucose (20 mM) as the carbon source. The growth of BCN3 on 

KCN was accompanied by a lag period of about 5 h during 

which no growth occured (Fig. 12) . However, during this 

period significant amounts of KCN were consumed. Thereafter, 

growth, as evidenced by increases in the culture turbidity, 

was apparent. Figure 12 also shows the results obtained 

when additional cyanide pulses (0.25 mM KCN) were made to 

the culture. In each instance, cyanide removal was 

paralleled by increases in cell densities (ca. 0.15 to 0.20 

absorbance unit). In the case of BCN33, growth and KCN 

consumption occurred in the same pattern (Fig. 13), however, 

in this case an initial lag period of 10 hours was recorded, 

with the initial pulse of KCN requiring 20 hours before 

consumption was completed. Subsequent additions of KCN were 

degraded significantly faster and the corresponding lag 
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Legend 

Figure 12. Growth of P.. putida BCN3 in a modified glucose 

(20 mM) minimal fed-batch culture (see Materials and 

Methods) pulsed at the time indicated with 0.25 mM KCN as 

the sole nitrogen source. Symbols: (Q) growth; (A), KCN 

consumption. The disappearance of KCN in an uninoculated 

control is indicated by the symbol (#). 
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Legend 

Figure 13. Growth kinetics of K. pneumoniae BCN33 and 

cyanide consumption in a modified glucose (20 mM) minimal 

fed—batch culture with 0.25 KCN pulsed at the times 

indicated as the sole nitrogen source. Symbols: 

(O ) , Growth; (JL), KCN consumption. 
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periods before increased growth could be measured were 

shorter. Since growth and cyanide consumption were again 

paralleled, it was concluded that growth was cyanide-

dependent . It should be noted that cyanide removal in 

uninoculated control cultures occurred at significantly 

slower rates (Fig. 12) and was attributed to air stripping. 

Physiological conditions required for cyanide 

transformation. 

Since cyanide-degrading activity in IP. fluorescens 

NCIMB 11764 was reported to be oxygen-dependent (Harris and 

Knowles, 1983a) experiments to test whether this might also 

be the case for P.. putida BCN3 were performed. For this 

purpose, washed cells of BCN3 were incubated with 0.25 mM 

KCN and the disappearance of cyanide monitored 

colorimetrically under both aerobic and anaerobic condition. 

The results in Figure 14 show that cyanide was rapidly 

removed by aerobically incubated cells supplied in air 

atmosphere. However, replacement of the air atmosphere with 

nitrogen gas resulted in a complete loss of transformation 

activity. When air was reintroduced into an anaerobic 

vessel, cyanide consumption again resumed. 

Subsequent studies performed with BCN3 revealed that 

relatively high concentrations of cyanide could be 

converted. Figure 15 shows the results obtained when washed 

cell suspensions were incubated with 10 mM KCN. Cyanide 
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Legend 

Figure 14. Cyanide degradation by washed cells of P.. 

putida BCN3 [8 mg/ml (dry weight) of cells] incubated 

aerobically and anaerobically with 0.3 mM KCN. Washed cells 

were incubated in the presence of oxygen (#); in the 

absence of oxygen (replaced by flushing N2) (A) , and the 

absence of oxygen with 15 ml air injected by syringe after 1 

h incubation ( O ) 
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Legend 

Figure 15. Cyanide consumption and ammonia production by 

resting cells of P.. putida BCN3 incubated under aerobic and 

anaerobic conditions. Experiments were performed using 8 

mg/ml (dry wt) of cells and 10 mM KCN. In anaerobic 

incubation, oxygen was replaced by N2. Supernatant samples 

were analyzed for cyanide and ammonia. Symbols: Aerobic 

(0, O ) and anaerobic ( incubations, respectively. 

(A) cyanide consumption by ammonia grown cells in aerobic 

incubation. 
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was again rapidly removed by cells inoculated aerobically 

but not anaerobically. In addition, when incubation mixtures 

were simultaneously monitored for both cyanide consumption 

and ammonia formation the latter was detected in aerobic 

incubations only. Quantitation of the amount of ammonia 

showed that about 57 % of the cyanide was converted to 

ammonia. The results obtained when ammonia-grown cells were 

incubated with KCN are also shown in Figure 15. Little or no 

activity for these cells could be measured, suggesting that 

cyanide transformation in BCN3 requires prior growth or 

exposure to cyanide. 

3. Effect of cell and substrate concentration on the rate of 

cyanide degradation. 

Preliminary results indicated that resting cells of 

P.. putida BCN3 could degrade cyanide when supplied at 

high concentrations. In order to determine the optimal 

conditions for bioconversion, the effect of cell and 

substrate concentration on initial rates of degradation were 

determined. The results in Figure 16 show that the maximal 

rate of conversion (59 nmol/min/ml cell dry wt) occurred at 

a cell concentration of 20 mg/ml (Fig. 16). 

To determine the effect of substrate concentration on 

rates of conversion, different cell suspensions (8 mg/ml 

[dry wt] of cells) were supplied (0.25, 0.5, 1.0, 2.5, 5.0, 

10.0 and 20 mM KCN) and the initial rates of cyanide 
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Legend 

Figure 16. Effect of cell concentration on the rate of 

cyanide degradation by resting cells of P.. putida BCN3. 

Reactions were initiated by the injection of 1 mM KCN and 

rates of KCN disappearance measured colorimetrically. 
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disappearance were measured. The rates of cyanide 

degradation increased with available substrate supplied with 

the highest activity occurring at 10 mM KCN (Fig. 17). 

Biotransformation of cyanide bv cell-free extracts. 

The results in Figure 18 show that cyanide conversion 

by cell-free extracts of BCN3 could be demonstrated. Rates 

of conversion were shown to be dependent on: (i) the amount 

of protein (cell extract) supplied incubation mixtures, and 

(ii) the presence or absence of NADH. Conversion activities 

were markedly improved when NADH was present and increased 

with the amount of protein supplied. 

Identification of cyanide degradation products. 

Results obtained when whole cell suspensions were 

incubated with high concentrations of KCN indicated that 

ammonia was formed as a bioconversion product by BCN3 (Fig. 

14). However, the fate of cyanide-derived carbon was 

unknown. To investigate this problem whole cell suspensions 

were incubated with 13C-enriched KCN and following 

conversion, the fate of the 13C-label analyzed by nuclear 

magnetic resonance spectroscopy (NMR). The results in Figure 

19 show that a single 13C-species was detected, which gave a 

a chemical shift value of 160.4 ppm. A comparison with 

standard compounds showed that the biological compound had 

identical spectral properties as those of authentic 

bicarbonate H13C03~, which was independently prepared by 
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Legend 

Figure 17. Effect of KCN concentration on the rate of 

cyanide degradation by P.. putida BCN3. Initial rates of 

conversion were determined using resting cells [20 mg/ml 

(dry wt) at 30°C with different KCN concentrations (0.25 to 

30 mM). 
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Legend 

Figure 18. Effect of protein concentration on the rate of 

cyanide degradation by cell extract of P.. putida BCN3. 

Reactions were initiated in the presence or absence of 2 mM 

NADH with 1 mM KCN, and the rates of KCN disappearance 

measured colorimetrically. Symbols: Reaction mixtures with 

(Q) and without (£) NADH. 
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Legend 

Figure 19. NMR analysis of bioconversion products 

generated from K13CN by P.. putida BCN3. The reaction 

mixture contained washed cells [8 mg/ml (dry wt)] and K13CN 

[7 mM (0.5 mg/ml)]. Samples were analyzed on a Varian 300 

MHz spectrometer (Courtesy of Dr. Kunz). 
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gassing phosphate buffer with 13C-enriched C02. 

In order to further verify the formation of C02, washed 

cell incubations were performed with radiolabelled K14CN and 

the fate of radioactive carbon was determined. These 

experiments were performed in sealed 50 ml flasks fitted 

with a center well to which was added 4N NaOH following 

completion of the reaction. After a 15 min incubation period 

which it is required to trap the generated C02, 

radioactivity in different fractions (cell pellet, reaction 

mixture supernatant, center well) was determined and these 

results are summarized in Table 7. Slightly more that half 

of the total radioactivity was, in fact, recovered in the 

alkaline trap, suggesting that a significant amount of C02 

had been formed. The bulk of the remaining activity was 

present in the reaction mixture supernatant as unidentified 

non-volatile reaction products. Very little radiolabel was 

found to be associated with cellular material. 



82 

CD 

03 
S- 03 
CD • 

C C 
CD O 
CD 

-M 
CO <O 

4-3 JD 
U 3 
3 O 

" D C 
O •R— 
3L 
CL «C 

X3 I-H 
CD 

R— S-
fmmm CD 
0) 4-> 

- Q M-
03 03 

O 0 0 
•r— 2 1 
TD O 
03 CO 
I -

03 
<+- - A 
O 

-M 
>> 3 

Q . 
CD 
> • 

O CL | 
U 
CD > ) 

C£ - Q 

Z : 
• O 

*3-
T-H 

CD 
R— E 
X> O 
03 S~ 

H - *4— 

4-> 
U 
<0 
O 

•I— 
"O 
R0 

O : 

CL 
O 

£ > 

U 

O 

- 5 
03 
S-

«M 
C 
3 
O 

O 

O 
O 

00 

LD *? 

CM 
VD 
LO • 

00 
LO * 

VD 

•5F 
VO 

LO 
CT> 
CT> 

CM 

4-I 
U 
03 
S~ 

03 
4-> 
O 

+•> C 

03 
4-> 
FO 
C &-
CD 
A . 

. =5 
00 

LO 

C30 
LO 
O •» 

00 
O> 
OJ 

•M 
A> 

CD 
CL 

CD 
O 

CSJ 
LO 

O 

O 
A 

VO 
CM 
«5J-

CO 

• 
CO 
C 
O 0 0 "O 

•R— 2 : CD «P O 4-> 
03 0 0 + J 
C •R— 

•I— *0 
E " O 
I - •R— CD 
CD + J 

•M 3 
<D Q . •M 

XJ O 
• JQ 

0) O . 
+•> "O 
03 CD 
$~ <+-
(0 O 03 
CL CD 
CD CO CO 
CO R— 

R— 03 
<D CD 

03 

CD U C 
S- •R— 

J Z 
4-> T3 N, 

CD r — 
•M JC E 
CO CO 
03 03 
CD £ 6 

F0 

M-
O 

C 

CD 

CL 
03 
I -

CM 
O 
(J> 

CD 
X ; 
4-> 
«P 

C 
CD 
L0 
CD 
5-
CL 
CD 
S-
</) 

CD 
3 

CO > 

<C 
03 

<+-O 

CO 

"O 
CD 

03 

O 
U 

CO 
CD 
S~ 
3 

4-> 
X 

C 
O 

•I— 
4-> 
U 
FO 
CD 

DC 
JD 

3L 
LO 
C F 

R-1 
* • — • 

SR 
O 

FH 

1 3 
C • 
<E R— 

R~~ 
CD 

4-> £ 
S. 

>> D) 
+•* 

" O C 
CD 

R—- U 
E 

U 

\ 03 
CJ) 
E X : 

4-> 
00 •R» 



CHAPTER IV 

DISCUSSION 

PART A. ISOLATION AND CHARACTERIZATION OF NEW CYANIDE 

UTILIZING BACTERIA. 

One of the main objectives of this research was to 

determine how readily microorganisms could be isolated from 

enrichment cultures supplied with TCN as the sole nitrogen 

source. These efforts resulted in the isolation of ten 

organisms, seven of which were identified as strains of 

Pseudomonas while the remaining three were classified as 

Klebsiella species (Table 4). The relative ease with which 

such organisms were isolated can be interpreted to mean that 

TCN-degrading bacteria occur readily in nature. Although the 

complete biodegradative abilities of these isolates towards 

other cyano complexes has not been determined, their 

isolation is consistent with reports of the degradation of 

metal-containing cyanide wastes by sewage slugde (Pettet and 

Mills, 1954; Pettet and Ware, 1955; and, Winter, 1963) and 

other biological treatment processes (Mudder and Whitlock, 

1984). The isolation of Pseudomonas strains agrre with 

reports of the enrichment of similar organisms on KCN 

(Harris and Knowles, 1983a) and with the description of 

Pseudomonas paucimobilis as the main agent in a biotreatment 
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process for cyanide destruction in mining wastes (T. I. 

Mudder and J. L. Whitlock, U.S. Patent 4,461,843, 1984). By 

comparison, the isolation of Klebsiella strains was 

surprising since to our knowledge, there are no previous 

reports of cyanide utilization by these bacteria. It is 

interesting, however, that Klebsiella strains are generally 

considered to be cyanide resistant. In fact, this property 

is often used as a taxonomic tool to distinguish between 

this and other members of the Enterobacteriaceae family 

(Krieg and Holt, 1984; Moller, 1954; and, Munson, 1974). 

In addition to growth on TCN, all ten isolates appeared 

able to utilize KCN although tolerance to it was much lower 

than compared to TCN. This is reflected in the growth yields 

and in the MIC values obtained at various concentrations of 

the two compounds supplied (Table 6). These findings can be 

explained by the aqueous solution chemistry expected for TCN 

and KCN. For example, KCN readily disassociates in water 

yielding the toxic CN" anion whereas in TCN, the CN~ ligands 

are tightly bound to the central nickel atom and thus are 

not available to impart toxicity. This is also exemplified 

by the low dissociation (stability) constant of TCN (Ks [134] 

= 1 x 10~22) (Bjerrum et al., 1957; and, Smith and Martell, 

1976). Thus, the variation in growth response and tolerance 

towards TCN and KCN by all of the isolates is related to the 

differences in the physical properties of the two compounds. 

The same reasons can be used to explain the reduced toxicity 



85 

of nickel contained in TCN versus that of the free divalent 

metal (Ni2+) in NiCl2 (Table 5) . When the toxicity of other 

metals was tested these similarly were found to inhibit the 

growth of all isolates. For example, Fe2+, Zn2+, and Cu2+ were 

all shown to be toxic at concentrations ranging from 0.4 to 

25 mM. Interestingly, the minimal inhibitory concentrations 

(MIC's) with these metals were similar to the minimal 

bactericidal concentrations (MBC's), suggesting that 

sensitivity is due to killing action. In contract, for 

NiCl2< the MBC's were considerably higher than MIC's, 

indicating that this compound is a strong inhibitor of 

growth but does not necessarily kill cells. Further studies 

to explore the nature of nickel sensitivity revealed that 

increased tolerance to the metal appeared to increase in 

cells previously cultivated with NiCl2. These experiments 

conducted with two organisms, P. putida BCN3 and P. 

fluorescens NCIMB 11764, revealed that the cultivation of 

these two bacteria in NiCl2-containing medium occurred with 

a shorter lag period when the inocula had been previously 

grown in the presence of NiCl2 (Fig. 6). These results, 

therefore, suggest that the increased tolerance to nickel is 

an adaptive property and that resistance may involve an 

inducible mechanism. This explanation would certainly agree 

with the fact that resistance to many metals involves the 

induction of specific transformation enzymes or decreased 

uptake mechanisms (Silver and Misra, 1988). It may be noted 
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that shorter lag periods during growth on TCN were also 

observed when the inoculum was previously cultivated on 

TCN. This suggests that the utilization of TCN may also 

occur by an inducible mechanism(s). The reduced toxicity of 

TCN further helps to explain why this compound served as a 

good enrichment substrate for the isolation of cyanide-

utilizing bacteria. It, therefore, is also a much safer 

compound for routine laboratory handling compared with KCN. 

Detailed studies with isolate BCN3 showed that growth 

of this organism and the removal of TCN from culture media 

were correlated (Fig. 7, 8 and 10). It was thus concluded 

that growth is dependent on TCN degradation. Growth of BCN3 

on TCN led to an impressive rapid rate of its removal as 

shown in Figure 7. For example, all of the TCN supplied 

(0.20 mM) was shown to be consumed within 9 hours following 

inoculation. It was of interest that growth lagged somewhat 

behind substrate consumption (e.g., only one-half the total 

growth yield was obtained at 100 % substrate consumption). 

These properties suggest that more than one metabolic 

process may be involved in growth on TCN, which deserves 

further investigation. When the growth kinetics and apparent 

degradation of TCN by BCN3 were compared with that of strain 

11764 the same general patterns were observed. However, both 

growth and substrate removal occurred at faster rates for 

BCN3, and with noticably shorter lag periods. 

Isolate BCN3 exhibited growth over a wide range of TCN 
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concentrations, but degradation was most complete when TCN 

was supplied at growth limiting conditions (0.25-1 mM TCN) 

(Fig. 9). These results indicate that the nitrogen content 

of the growth medium is important in somehow regulating TCN 

degradation. Experiments showing that degradation of TCN did 

not occur when ammonia was also supplied into the medium 

(Fig. 10) further agree with this conclusion. Also, the 

chemical form of the nitrogen supplied (ammonia versus TCN) 

is also apparently important in regulating degradative 

activity. 

The formation and identification of nickel cyanide 

[Ni(CN)2] by isolate BCN3 and other isolates suggests that 

this compound is formed as a consequence of TCN degradation 

and represents a biological metabolite. Whether this 

compound is further degraded is not known. Moreever, 

the mechanism leading to its formation has not been 

defined. Previous investigators (Harris and Knowles, 1983b; 

Knowles and Bunch, 1986; and, Rollinson et al., 1987) have 

suggested that TCN degradation by 11764 involves an 

oxygenative mechanism as similarly proposed for free cyanide 

(KCN). However, it remains to be determined whether TCN is 

attacked directly by an oxygenase or whether CN~ is first 

released and then assimilated. Two observations suggest that 

the latter occurs: (i) growth on TCN is accompanied by the 

accumulation of NiCl2, and (ii) all isolates obtained by 

enrichment on TCN as a growth substrate were also able to 
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grow on KCN. The exact mechanism of TCN degradation will 

require that further studies be conducted. 

PART B. PHYSIOLOGY AND BIOCHEMISTRY OF CYANIDE AS A 

NITROGENOUS SUBSTRATE. 

Although preliminary growth tests indicated that KCN 

served as a growth substrate for the organisms isolated in 

this study (Table 5), additional studies were performed to 

determine that growth was dependent on KCN degradation. 

Experiments in which KCN served as the growth substrate for 

£• Putida BCN3, or K. pneumoniae BCN33, showed that even 

though growth was limited by substrate toxicity, increases 

in cell density and substrate consumption were related 

(Figs. 12 and 13). It was therefore concluded that KCN can 

support the growth of these organisms. Since all other 

isolates in this study gave a low but measurable growth 

response towards KCN (Table 5), it may be concluded that 

these organisms are also able to utilize this compound as a 

nitrogen source. The growth kinetics on KCN, observed in a 

modified fed-batch cultivation procedure as described in the 

Materials and Methods, again showed some lack of synchrony 

with regards to increases in cell density and actual removal 

of substrate from the medium (Figs. 12 and 13). Thus, like 

growth on TCN, these results suggest that more than a single 

metabolic event may be involved in the assimilation of free 

cyanide (CN") as a nitrogenous substrate. It is of 
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additional interest that the rates of cyanide removal by 

adapted cells appeared to occur faster than that for 

unadapted cells. This indicates that cyanide degradation by 

these organisms may be an inducible process, a finding 

consistent with earlier observations also made with P.. 

fluorescens NCIMB 11764 (Harris and Knowles, 1983a; and, 

Harris and Knowles, 1983b). Since all new cyanide-degrading 

bacteria obtained in this study were able to grow on either 

KCN or TCN, and since 11764 can also grow on TCN despite the 

fact that it was isolated on KCN (Rollinson et al., 1987), 

it seems reasonable to conclude that both compounds are 

equally well utilized by cyanide-utilizing bacteria. 

Whereas, growth on TCN was observed over a wide range of 

concentrations (0.25-16 mM) (Table 5), growth on KCN was 

observed only at low concentrations (0.25-0.5 mM), which is 

undoubtedly due to its higher toxicity. 

Detailed studies to determine the best physiological 

conditions for cyanide transformation by BCN3 were 

performed mainly with washed cell suspensions. These 

studies revealed that cells adapted for growth on cyanide 

were able to catalyze its rapid removal under non-growth 

conditions (resting cell incubations), whereas, cells grown 

on ammonia showed no such activity (Figs. 12 and 13). This 

further supports earlier conclusions that cyanide 

degradation by isolate BCN3 is an inducible process. This 

physiological property along with the observation that 
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oxygen was required for the removal of cyanide from washed 

cell suspensions (Figs. 14 and 15) suggests that the 

biochemical mechanism of cyanide degradation by BCN3 and 

11764 may be closely related. Cyanide degradation in the 

latter organism was previously also shown to be an inducible 

process and oxygen dependent (Harris and Knowles, 1983b). 

During this investigation cells of isolate BCN3 were 

shown to catalyze the degradation of cyanide supplied at 

much higher concentrations than previously described in 

studies with 117 64. For example, rapid rates of cyanide 

removal (approx 10 nmol/min/mg dry weight) could be observed 

at KCN concentration as high as 30 mM (Fig. 17). Rates of 

cyanide conversion were further shown to be dependent on the 

concentration of cells (Fig. 16), thus, revealing that 

cyanide degradation is a cell-dependent process. Studies 

with resting cells also showed that ammonia was formed as a 

reaction product. Figure 15, for example, shows that the 

yield of ammonia at 100 % cyanide conversion was about 60 

molar %. Thus, it may concluded that BCN3 is capable of 

converting cyanide to ammonia, which then presumably can be 

assimilated as a nitrogen source by common biochemical 

pathways as discussed in the Introduction Section. A 

requirement for oxygen involvement in cyanide transformation 

was further indicated by the fact that ammonia formation 

could not be demonstrated under anaerobic conditions 

(Fig. 15). 
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The formation of ammonia by BCN3 is related to other 

studies of cyanide degradation by bacteria where this 

compound was also identified as a major metabolic end-

product. For example, studies with J?, fluorescens 11764 

(Harris and Knowles, 1983a), the pseudomonad isolated by 

White et al., (1988), and more recently studies with 

Alcaligenes xvlosoxidans (Ingvorsen et al., 1991) all have 

indicated that ammonia is a principal biodegradation 

product. However, the mechanism(s) by which it is formed is 

still not clear. Identification of products containing the 

carbon portion of cyanide have helped to indicate how 

cyanide might be metabolized. For strain 11764 this product 

appears to be C02, whereas, for the other two organisms 

described above, formate has been identified. Since 

conversion by both BCN3 and 117 64 appears to require oxygen 

it was hypothesized that perhaps the major carbon-containing 

compound produced by BCN3 might also be C02. To investigate 

this possibility an experiment using isotopically (13C)-

enriched KCN was used as a substrate for resting cells and 

the products of metabolism analyzed by 13C-NMR. These 

experiments became feasible particularly with the 

observation that cells of BCN3 were capable of acting on 

high concentration of cyanide (Fig. 17). This made it 

possible to detect metabolites using this rather insensitive 

method. The results in Figure 19 show that 13C02 was the only 

product detect using this method and therefore, the close 
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resemblance in the metabolism of cyanide by 117 64 and BCN3 

is further suggested. Additional evidence for the formation 

of C02 was provided by radiolabelling experiments, which 

indicated that at least 50 % of the radioactivity following 

complete cyanide degradation could be recovered as a 

volatile product presumed to beC0 2 (Table 7). 

Interestingly, since 50 % of the radioactivity remained in 

the non-volatile fraction, it implies that there might be 

additional non-votatile products made. These findings agree 

with recent observations made in this laboratory that 

additional non-volatile metabolic products are also 

accumulated by 11764 (Kunz and Nagappan, unpublished 

observations; Nagappan, Ph.D. Dissertation). Thus the 

resemblance in cyanide metabolism by these two organisms is 

further reinforced. 

In summary then, the results of this investigation have 

revealed that bacteria capable of growth on cyanide as the 

sole nitrogen source can readily be isolated from nature. 

Since all isolates were obtained from soil or water samples 

with no known previous history of cyanide contamination it 

might be concluded that the ability to degrade cyanide is a 

natural capability of these organisms. How the evolution of 

such capability may have come about is an interesting 

question. Since cyanide is a natural product of cyanogenic 

organisms (Castric, 1981; Conn, 1981; Cooke and Coursey, 

1981; Knowles, 1976; Nahrstedt, 1988; Rodgers and Knowles, 
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1978; and, Vennesland et al., 1982) it may be that many 

organisms have evoled the ability to detoxify this molecule 

and in the process also generate ammonia, which can then be 

easily assimilated. Also, since cyanide is thought to have 

been a major compound involved in the early biochemical 

evolution of the earth (Oro and Lazcano-Araujo, 1981), it is 

possible that some microorganisms may have retained ancient 

mechanisms for its metabolic breakdown. The ability of all 

the organisms included in this study to grow on either KCN 

or TCN indicates that the metabolism of these two forms of 

cyanide must be closely related. Since the degradation of 

either compound was not observed in the presence of ammonia 

it may be concluded that the biochemical processes involved 

in their metabolism are somehow under nitrogen control. 

Detailed investigations of P.. putida BCN3 indicate that 

cyanide metabolism by this organism closely resembles that 

described for strain 11764. The identification of both 

ammonia and C02 as reaction products that accumulate only 

under aerobic conditions strongly suggests that an 

oxygenative mechanism as previously proposed for 11764 may 

also be involved in cyanide transformation for BCN3. The 

findings that cell-free cyanide conversion by BCN3 was 

dependent on both the amount of protein supplied and NADH 

could further be interpreted to mean that an oxygenative 

mechanism is involved. However, while this may be the major 

mechanism of degradation, alternative pathways could exist 
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since a 1:1 stoichiometry between cyanide degraded and 

products detected could not be demonstrated. Future studies 

on this organism should reveal further details about the 

biochemical basis of cyanide metabolism. 
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