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PURIFICATION AND STUDIES OF TWO BUTANOL(ETHANOL) 

DEHYDROGENASES AND THE EFFECfS OF RIFAMPICIN AND 

CHLORAMPHENICOL ON OTHER ENZYMES IMPORT ANT IN THE 

PRODUCTION OF BUTYRATE AND BUTANOL 

IN CLOSTRIDIUM ACETOBUTYLICUM ATCC 824 

by 

RICHARD WILLIAM WELCH 
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Two NADH dependent butanol(ethanol) dehydrogenases from 

Clostridium acetobutylicum have been purified to near homogeneity. 

Either of these two dehydogenases could be part of the pathway for 

the production of butanol and are thus important for an 

understanding of the metabolism involved in butanol production. 

Another butanol dehydrogenase was detected that was largely 

dependent on NADPH. Studies were also carried out on the effects of 

rifampicin and chloramphenicol on the metabolism of C. 

acetobutylicum. 

Butanol dehydrogenases I and II are composed of two subunits 

of about 42 kD in weight, with a native.molecular weight if 80 kD. 

Both enzymes were purified with zn2+ in the buffer to improve the 

recovery of enzyme activity. The enzymes were more active at 

around pH 6.0, within the physiological pH range of 5.6-6.8 as 

reported for C. acetobutylicum. Both enzymes were substantially 

more active in the normal metabolic direction (butyraldehyde to 
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butanol), and the kinetics of this reaction were studied in this 

direction. Both enzymes were determined to have ordered bi bi 

kinetic binding mechanisms. This mechanism was determined 

through substrate inhibition analysis with butyraldehyde for BDH I 

and through competitive and product inhibition studies for BDH II. 

The reactivity of the enzymes towards other substrates was also 

determined; the rate of the reduction of aldehydes appears to 

increase with increasing chain length for both butanol 

dehydrogenase I and II, non of the ketones studied acted as 

substrates. The most important difference is that BDH I was 

substantially more reactive towards acetaldehyde than BDH II. The 

effect of various metabolites, such as A TP and Co A, was also 

determined and the results were similar for each enzyme. The 

amino acid sequences and pi's were determined for both BDH I and 

II and slight differences were found. 

The effect of the addition of either rifampicin or 

chloramphenicol to growing cultures was studied for the products: 

butyrate, acetate, butanol, and acetone, and for the enzymes: 

phosphotransbutyrylase, butyrate kinase, coenzyme A transferase, 

butyraldehyde dehydrogenase, and butanol dehydrogenase (both 

NADH and NADPH dependent). The results demonstrated that 

phosphotransbutyrylase and butyrate kinase are constitutive and 

stable in vivo. CoA transferase and the butanol dehydrogenases 

were all induced/derepressed and were also stable in vivo. 

Butyraldehyde dehydrogenase was induced/derepressed but was 

highly unstable in vivo. The instability of butyraldehyde 
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dehydrogenase coupled with the location of butyraldehyde 

dehydrogenase as a branch point in the butanol pathway, suggests 

that butyraldehyde dehydrogenase is highly important in regulating 

the flow of butyryl-CoA and therefore in regulating the switch from 

butyrate to butanol production. 
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CHAPTER 1 

INTRODUCITON 

Background 

The formation of butanol by bacteria was first noticed by Dr. 

1 

Louis Pasteur in 1861. The bacterial production of butanol was of 

interest in the early nineteen hundreds for use as a precursor in the 

production of synthetic rubber (49, 63, 77, 103). Dr. Chaim 

Weizmann, while researching the bacterial production of butanol, 

isolated a strain of Clostridia which was later named Clostridium 

acetobutylicum (Clostridium acetobutylicum Weizmann). This 

organism was able to convert a variety of starches into butanol and 

acetone along with other less desired products (41, 49, 63, 72, 103). 

After the start of WW I there was an increased need for acetone to 

be used in the production of cordite, an explosive used in naval 

warfare. Dr. Weizmann offered his organism for the use of the 

British government for this purpose, and large scale fermentations 

were begun at a distillery in London using maize as the major 

substrate. Due to the shortage of suitable sources of starch in Great 

Britain, the plants were moved to Canada and, upon the entry of the 

United States into the war, the midwestern U.S. (41, 49, 63, 103). 

The butanol produced by these fermentations was considered a 

waste product and was stored for later disposal. After the end of 

the war, the need for acetone decreased and the fate of the stored 

butanol was unsure. The emergence of the automobile industry 

provided a use for the leftover butanol as a solvent for the 

nitrocellulose lacquers used in the finish of cars (41, 49, 63, 103). 
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During WW II there was a renewed need for acetone for the 

production of explosives, and the fermentation of C. acetobutylicum 

was again utilized in the war effort. By 1945 two thirds of the 

butanol and one tenth of the acetone produced in the United States 

came from the fermentation of Clostridium acetobutylicum 

Weizmann (49). The growth of the petrochemical industry in the 

1950's and an increase in the cost of feedstocks used in the 

fermentation resulted in a large decrease in the production of 

solvents by bacterial fermentation (41, 49, 62, 63, 72, 81, 103). The 

use of bacterial fermentations for the production of solvents lasted 

longer in some countries, such as South Africa, but was eventually 

stopped as commercially uncompetitive. 

A major reason for the decline of the acetone-butanol (AB) 

fermentation as a source of solvents was the cost of the fermentable 

sugars used in the fermentation; therefore it is no surprise that 

there have been extensive studies on the effects of various sugars 

and starch sources on the AB fermentation. Studies indicate that the 

organism fully utilizes glucose, fructose, mannose, sucrose, lactose 

and starch; and only partially utilizes galactose, xylose, arabinose, 

raffinose and mannitol (18, 49, 63, 72, 81, 103, 105). The ratios of 

the solvents, especially the butanol:acetone ratio, changes 

dramatically as the fermentation sugars change (18, 49, 63, 69, 72, 

81, 103). Alternate carbon sources have included molasses, which 

worked quite well for certain strains (49, 63); cheese whey, a good 

substrate for a limited number of strains (7, 49, 72); and other 



sources including nee, potatoes, tapioca and treated pulp wastes 

from the paper industry (49, 72, 103). 

The fluctuation of the price of crude oil and questions about 

the long term availability of petroleum which have arisen over the 

last two decades have initiated a search for alternatives to 

petroleum for the production of certain solvents and fuels. Recent 

advances in reactor design and in the techniques of molecular 

biology have encouraged the resumption of research in the 

production of solvents (such as butanol, methanol, isopropanol and 

acetone) through biological fermentations. 

B ioc hemistryl Physiology 

3 

Clostridium acetobutylicum is a sporulating, saccharolytic 

anaerobe which produces either organic acids or solvents depending 

on the fermentation conditions and stage of growth. The main 

fermentation products of C. acetobutylicum are acetate, butyrate and 

hydrogen in the acid producing phase (acidogenesis) and acetone, 

butanol, ethanol, acetoin, C02 and hydrogen in the solvent producing 

phase (solventogenesis) (24, 41, 49, 63, 72, 81, 103). Other clostridia 

which can produce organic acids and solvents are C. beijerinckii 

(butylicum) which produces isopropanol in place of acetone (33, 34, 

45), C. aurantibutyricum which produces both acetone and 

isopropanol (34), and C. tetanomorphum which produces only 

butanol and ethanol (36, 45). These bacteria are most often found m 



nature growing m or around the roots of plants such as potatoes or 

nitrogen fixing legumes and are referred to as AB bacteria (49). 

4 

The hexoses utilized by the organism are metabolized through 

the Embden-Meyerhof pathway which results in the net production 

of two moles of pyruvate, two moles of NADH, and two moles of ATP 

per mole of hexose used. The pyruvate is further processed by 

pyruvate ferredoxin oxidoreductase to produce acetyl-CoA, C02 and 

eventually H2. The organism can then further metabolize the 

acetyl-CoA to produce either one or two additional moles of ATP 

depending on whether the acetyl-CoA is used to produce butyrate or 

acetate, respectively (Fig. 1-1). The advantage in the production of 

butyrate is that the organism is able to regenerate two moles of NAD 

per mole of butyrate produced. The production of acids allows these 

clostridia to produce 3.25 moles of ATP per mole of glucose 

metabolized, which would give it an evolutionary advantage over 

other anaerobic organisms which can produce only 2 moles of A TP 

per mole of glucose metabolized (49). However, as butyrate 

concentrations increase the pH of the surrounding medium decreases 

and the butyric acid begins to cross the cell membrane and act as an 

uncoupler. To decrease the toxicity of the medium and under the 

correct metabolic conditions, the organism takes up the acids from 

the medium and converts them to alcohols or produces alcohols 

directly from metabolic precursors within the cell (Fig. 1-1) (24, 49, 

63, 72, 81). 

The initial growth phase of C. acetobutylicum, acidogenesis, 1s 

characterized by the production of butyric and acetic acids, 



Fig. 1-1 Biochemical pathways for C. acetobutylicum ATCC 824. The 

enzymes shown are: A) acetate kinase, B) phosphotrans

acetylase, C) acetaldehyde dehydrogenase, D) ethanol 

dehydrogenase E) thiolase; F) 3-hydroxybutyryl-CoA 

dehydrogenase, G) crotanase, H) butyryl-CoA 

dehydrogenase, I) phosphotransbutyrylase, J) butyrate 

kinase, K) CoA transferase, L) acetoacetate decarboxylase, 

M) butyraldehyde dehydrogenase; N) butanol 

dehydrogenase. 

5 
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substantial amounts of hydrogen, some carbon dioxide, and a 

decrease in the pH of the medium {3, 23, 24, 49, 63, 72, 81). The 

cells also maintain a vigorous rate of growth during this 

7 

fermentation stage. The enzymes responsible for the formation of 

acetate and the enzymes responsible for the formation of butyrate 

are analogous but distinct enzymes. The production of carbon 

dioxide and hydrogen is controlled by several ferredoxin 

oxidoreductases and a hydrogenase (78, 79). The second 

fermentation phase, solventogenesis, is often characterized by the 

uptake of extracellular acids, an increase in the pH of the medium, 

the production of solvents such as butanol, ethanol and acetone, and 

a decrease in the rate of growth of the organism (3, 24, 49, 63, 72, 

81). The bacteria also take on a different appearance with less 

motile, swollen clostridial forms being involved in the conversion of 

acids to neutral solvents (50). 

Much of the research done m the early eighties dealt with the 

effects of varying environmental conditions on the rate and ratio of 

product formation. Research from the original C. acetobutylicum 

fermentations and from work done recently has indicated that 

solventogenesis occurred at lower pH's and when excess energy was 

available (3,' 23, 46, 47, 49, 59, 84). However, research done on C. 

beijerinckii indicates that this organism can enter solventogenesis at 

pH's as high as 6.8, although the time required for the onset of 

solvent production is less than for fermentations at lower pH's (33). 

Husemann and Papoutsakis ( 48) have demonstrated that pulsing a 

continuous fermentation with either glucose or butyrate results in 
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an mcrease m the SPR of butanol and the onset of solventogenesis. 

Other researchers have shown that increasing the levels of butyrate 

or limiting the levels of phosphate in the media can also stimulate 

the onset of solventogenesis (5, 6). Much of the work done has been 

with chemically defined media so that the conditions could be more 

accurately controlled. Meyer et al. (65), Kim et al. (57) and Datta et 

al. (22) have reported that solventogenesis could be initiated by the 

sparging of the fermentation with CO. Carbon monoxide acts to 

inhibit the hydrogenase and may cause a shift in the electron flow. 

Sparging with CO is also followed by a decrease in the growth rate 

which has also been linked to the onset of solventogenesis (47). 

Meyer et al. (65) reported a large increase in the rate of uptake of 

butyrate and acetate and a large increase in the rate of production of 

butanol with no formation of acetone. The loss of acetone formation 

on acid uptake was later explained by Husemann and Papoutsakis 

(47) in studies which showed that the sparging of a fermentation 

with CO resulted in a loss of activity for acetoacetate decarboxylase. 

A similar manner with which to induce the onset of solventogenesis 

IS the addition of artificial electron carriers such as viologen dyes to 

the cultures (78). Upon addition of these dyes, there was a drop in 

the production of molecular hydrogen and butyrate and an increase 

in the production of butanol. Another method to initiate the 

production of solventogenesis in continuous fermentations is cell 

recycle. In cell recycle a continuous fermentation has a set amount 

of the effluent biomass reintroduced into the fermentation. If the 

fermentation is not glucose limited, a highly negative SPR for 
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butyrate and a highly positive SPR for butanol are observed (66). 

The basis behind the effects of cell recycle are not yet fully 

understood. Meyer (66) has proposed that the decrease in growth 

rate which follows cell recycle reduces the demand for ATP and 

assists the onset of solventogenesis. Researchers have also followed 

the uptake of 13c labeled butyrate in solventogenesis (39). The 

majority of the labeled butyrate taken up was converted to butanol 

with no butyraldehyde detected. 

Many researchers have studied the variations m the levels of 

key enzymes during the two fermentation phases of both C . 

acetobutylicum and C. beijerinckii. The formation of acetate is 

catalyzed by the two enzymes: 

phosphotransacetylase, 

acetyl-CoA + Pi--->acetyl-Pi ; 

and acetate kinase, 

acetyl-Pi+ ADP--->acetate + ATP. 

Both Andersch et al. (3) and Hartmannis et al. (39) have reported 

high levels of these two enzymes during acidogenesis and sharp 

decreases in the activity levels on the initiation of solventogenesis. 

The conversion of acetyl-CoA to butyryl-CoA is catalyzed by four 

enzymes: 

9 
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thiolase, 

2 acetyl-CoA--->acetoacetyl-CoA + CoA; 

3-hydroxybutyryl-CoA dehydrogenase, 

acetoacetyl-CoA + NADH--->3-hydroxybutyryl-CoA + NAD; 

crotonase, 

3-hydroxybutyryl-CoA--->crotonyl-CoA; 

and butyryl-CoA dehydrogenase, 

crotonyl-CoA + NADH--->butyryl-CoA + NAD; 

Hartmannis et al. (39) has reported that the first three of these 

enzymes are expressed coordinately during acidogenesis and 

decrease in activity during solventogenesis in C. acetobutylicum. 

They reported difficulties in quantifying butyryl-CoA 

10 

dehydrogenase activity. Yan et al. (111) reported that thiolase 

activity levels remain steady throughout the fermentation of C. 

beijerinckii NRRL B592 but that the levels of this enzyme decrease 

four fold during the fermentation of strain NRRL B593. Thiolase has 

been purified from C. acetobutylicum ATCC 824 by Wiesenborn et al. 

(108). The purified protein was composed of four 44 kD subunits 
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and had high activity throughout the physiological pH range of 5.5-

7.0 demonstrated for C. acetobutylicum (35, 46, 108). The enzyme 

followed a ping pong mechanism with Km values of 0.27 mM for 

acetyl-CoA, and 0.0048 and 0.032 mM for CoA and acetoacetyl-CoA 

respectively. Thompson et al. (99) have reported that they are 

purifying a thiolase from C. biejerinckii strains NRRL B 592 and B 

593. 

The formation of butyrate from butyryl-CoA 1s catalyzed by 

the two enzymes: 

phosphotrans butyry lase, 

butyryl-CoA + Pi--->butyryl-Pi + CoA; 

and butyrate kinase, 

butyryl-Pi + ADP--->butyrate + ATP. 

The results on changes m the activity levels of these enzymes during 

solventogenesis differ among researchers. Andersch et al. (3) 

reported a decrease in activity levels for both of these enzymes 

during solventogenesis in C. acetobutylicum DSM 1732. Hartmannis 

et al. (39, 40) reported that phosphotransbutyrylase levels 

decreased during the onset of solventogenesis but butyrate kinase 

levels increased 1.5 to two fold for C. acetobutylicum ATCC 824 (the 

strain used in our research). More recently Husemann and 

Papoutsakis (47) reported that the PTB activity levels remained 
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constant in C. acetobutylicum ATCC 824. They also reported a 1.5 to 

2 fold increase in BK levels upon the initiation of solventogenesis. 

Butyrate kinase has been purified from C. acetobutylicum ATCC 824 

by Hartmannis (38). The enzyme was reported to be a dimer with 

subunit molecular weights of 39 kD. The kinetics were only studied 

in the direction of the formation of butyryl-phosphate and a Km for 

butyrate of 14 mM was reported. The pH activity maximum of the 

enzyme in this direction was approximately 7 .5. 

Phosphotransbutyrylase has been purified from C. acetobutylicum 

ATCC 824 (110), C. butyricum ATCC 6014 (100), and C. beijerinckii 

NRRL B592 and B593 (99). The enzyme from C. acetobutylicum was 

composed of eight 31 kD subunits. The enzyme was very sensitive 

to pH changes in the butyryl phosphate forming direction with little 

or no activity at or below pH 6.0. The reverse reaction was less 

sensitive to pH and retained activity throughout the physiological pH 

of the bacteria. Wiesenborn et a/. (110) reported Km values of 0.11, 

14, 0.26, and 0.077 mM for butyryl-CoA, phosphate, butyryl 

phosphate, and CoA respectively. Cary et a/. (14) have reported the 

transformation and expression of a clone from C. acetobutylicum 

ATCC 824 into E. coli which contains both BK and PTB. Studies 

indicate that these two genes may form an operon and may be 

expressed as a single unit. 

Solventogenesis is characterized by the production of acetone, 

ethanol and butanol in C. acetobutylicum and by the production of 

acetone, isopropanol, ethanol and butanol in C. beijerinckii. 

Acetoacetate is produced by the uptake of butyrate or acetate by 
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acetoacetyl-CoA:acetate/butyrate transferase, 

Acetoacetyl-CoA + acetate/butyrate--->acetoacetate + acetyl

/butyryl-CoA; 

and acetoacetate Is then converted to acetone by acetoacetate 

decarboxylase, 

acetoacetate--->acetone + C02. 

The results of vanous researchers indicate that both of these 

enzyme activities appear or increase during solventogenesis (3, 8, 

1 3 

47, 111). Coenzyme A transferase has been purified from C. 

acetobutylicum ATCC 824 by Wiesenborn et a/. (109). This enzyme 

was a heterotetramer with subunit molecular weights of 23 and 25 

kD. The enzyme required the addition of ammonium sulfate and 

glycerol during purification to retain activity. CoA transferase 

demonstrated substrate inhibition with both butyrate and 

acetoacetyl-CoA with Km values of 660, and 1200 mM for butyrate 

and acetate respectively and Km's of 7 to 56 mM for acetoacetyl-CoA 

depending on the acid substrate. The pH optimum of the enzyme 

covered the physiological range of the orgamsm. Meyer et al. (65) 

have reported that butyrate can be taken up by a reversal of the 

PTB/BK pathway. Acetoacetate decarboxylase has been purified and 

partially characterized from C. acetobutylicum AT.CC 862 by Zerner 



ps 

14 

et al. (114). Acetone may be converted to isopropanol by the action 

of isopropanol dehydrogenase in C. beijerinckii, 

acetone + NADPH--->isopropanol + NADP. 

Isopropanol dehydrogenase is not found in all strains of C. 

beijerinckii (42). Butanol formation is carried out by two enzymes 

which catalyze the following reactions: 

butyraldehyde dehydrogenase, 

butyryl-CoA + NAD(P)H--->butyraldehyde + NAD(P); 

and butanol dehydrogenase, 

butyraldehyde + NAD(P)H--->butanol + NAD(P). 

The uncertainty m the cofactor involved in either of the two 

reactions has arisen over the last few years. Petitdemange et al. 

(74) and Andersch et al. (3) reported NADH dependent 

butyraldehyde and butanol dehydrogenases for C. acetobutylicum 

DSM 1732 (Petitdemange did not report a strain number). In 1987 

Hiu et al. (42) reported the purification of two NADPH dependent 

alcohol dehydrogenases from two strains of C. beijerinckii. Rogers e t 

al. (82) reported in the same year that the butanol producing 

pathway in strain NRRL B643 was controlled by a NADH dependent 

butyraldehyde dehydrogenase and a NADPH dependent butanol 
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dehydrogenase. In 1987 Durre et al. (26) reported the existence of 

two butanol dehydrogenases in the same strain that Andersch et al. 

(3) used; a NADH dependent BDH which was more active at more 

acidic pH's and a NADPH dependent BDH more active at more basic 

pH's. It is interesting that the BDH assays done by Rogers (82) and 

Hiu et al. (42) were performed in a more basic pH range. Research 

on the pathway for the production of butanol in C. beijerinckii done 

by Yan et al. (111) indicates that this organism has a NADH 

dependent BAD and a NADPH dependent BDH. While very little 

work has been done on the pathway for the production of ethanol, 

studies indicate that ethanol is produced by an analogous but 

separate pathway from butanol. Palosaari and Rogers (71) have 

reported the purification of a butyraldehyde dehydrogenase from C. 

acetobutylicum B643. The enzyme was a dimer composed of two 56 

kD subunits. BAD could utilize both acetyl-CoA and butyryl-CoA as 

substrates and NADH and NADPH as the cofactors but is most active 

with NADH and butyryl-CoA. The butanol dehydrogenase purified 

from C.· beijerinckii NRRL B592 had a molecular weight of 66 kD and 

was active with ethanol and butanol, while the BDH from B593 had a 

molecular weight of 100 kD and was reactive with isopropanol as 

well. Both enzymes were more active with NADPH than with NADH, 

but all assays were performed at higher pH's (42). Youngleson et al. 

(113) have cloned a NADPH dependent BDH from C. acetobutylicum 

P262. The subunit weight of the enzyme from the expressed clone IS 

43,274 (112). The clone showed some homology to ADH's from 
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Zymomonas mobilis and Saccharomyces cerevzszae but showed no 

homology to other characterized ADH's. 

Rational 

The use of purified enzymes has many advantages over the 

1 6 

use of crude extracts in studying the control of metabolic pathways. 

An assay performed with a crude extract may yield an observed 

rate composed of several enzymes, all performing the same reaction 

under the assay conditions used. The purification of the enzyme or 

enzymes which are responsible for the reaction in question allows 

the separation and characterization of the various activities. The use 

of purified enzymes also allows studies on the effects of single 

metabolites on the enzymes or reactions. Studies of this nature 

cannot be performed with crude extracts due to the presence of 

different metabolites and the presence of other proteins which may 

alter the levels of the metabolites under study. 

Determination of the kinetic constants and mechanism for the 

purified enzymes yields information on the relative efficiencies of 

various enzymes which may carry out the same or similar reactions. 

Knowledge of the levels of the substrates available for the reaction, 

along with the values of the kinetic constants, yields information on 

whether the levels of the substrates or the enzyme are rate limiting. 

Finally, purified enzymes may be used as an aid in locating the 

genes responsible for the transcription of the enzyme. Location of 
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and studies on the gene for the enzyme can yield further 

information on how the pathway is controlled. 

1 7 

All of these methods, when combined, will allow an 

understanding of the controls in regulation the action of the 

pathways responsible for the formation of the desired product. 

Further experiments can then be performed with the more complex, 

crude extract to gain a better understanding of possible in vivo 

activities. This understanding may be used to change the action of 

the pathway by altering the conditions under which the organism IS 

grown to maximize the formation of the desired product or by 

altering the organism itself to produce the same effect. 

Goals 

Butanol is currently manufactured from ethylene and 

triethylaluminum and is used in the manufacture of lacquer, rayon, 

detergents, brake fluids and for gasoline additives. Butanol has also 

been proposed as a superior fuel additive compared to ethanol due 

to several characteristics including: 1) a lower vapor pressure, 2) low 

miscibility with water, and 3) complete miscibility with diesel fuel 

(58). The rise in cost and uncertainty in the future availability of 

petroleum has resulted in a renewed interest in the AB 

fermentations as a source of butanol. The advances in fermentation 

technology and techniques, such as continuous fermentations, and 

the rising understanding of the biochemistry and metabolism of the 

organism coupled with the availability of the techniques of 

molecular biology have indicated the possible feasibility of the use 



---
1 8 

of this fermentation on a commercially competitive scale. The goal 

of our research group is to understand the mechanisms behind the 

control of solvent production. By studying the butanol 

dehydrogenases and other enzymes we hope to be able to 

manipulate the pathways to improve butanol production, as well as 

gain a more general understanding of the controls behind pnmary 

metabolism. The results of this work, coupled with work performed 

by other researchers in the Rice Chemical Engineering Department 

and the Rice Biochemistry and Cell Biology Department may play a 

role in the commercial viability of the acetone-butanol fermentation. 
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The bacterial strain of Clostridium acetobutylicum utilized in 

this research was obtained from American Type Culture Collection 

(ATCC, Rockville MD.) strain number 824. The bacteria were 

obtained in a freeze dried form and was reconstituted as 

recommended by ATCC and by Roos (83). 

Media. 

1. Meat-Peptone Medium 

Meat-Peptone medium was prepared by boiling lean ground 

beef, 500 g/L, and 1 NaOH, 25.0 ml/L, in distilled water until the 

meat was cooked. The mixture was allowed to cool and the fat was 

skimmed off. The mixture was then filtered though several layers of 

cheese cloth to separate the cooked meat and the filtrate. The 

filtrate was restored to its original volume of one liter by the 

addition of distilled water. Peptone, 30 g/L; yeast extract, 5.0 g/L; 

KH2P04, 5.0 g/L; and glucose, 5.0 giL were added to the filtrate. 

The filtrate was brought to a boil and cooled, and cysteine, 0.5 g/L 

was added to the filtrate to ensure anaerobic conditions. The pH was 

then adjusted to 6.8-7.0 with NaOH. The filtrate was transfered to 

screw-top tubes to a final volume of 10 ml per tube. The cooked 



meat was then added to the tubes (10 % v/v) and the screw-top 

tubes were sparged with pre-purified nitrogen and closed. The 

tubes were then autoclaved for 20 minutes at 121° C. The sterile 

Meat-Peptone medium was stored at 4° C (83). 

2. Corn-Mash Medium 

20 

Corn-Mash medium was composed of ground corn meal, 50 

g/L, glucose, 5.0 g/L, and cysteine, 0.5 g/L, in distilled water. The 

corn mash and glucose mixture was boiled for one hour and cooled 

before the addition of the cysteine. The pH was then adjusted to 

6.4-6.6 with NaOH. The Corn-:Mash medium was then added to 

screw-top tubes to a final volume of 10 ml per tube, sparged with 

pre-purified nitrogen and closed. The tubes were then autoclaved 

for 20 minutes at 121 o C. The tubes were cooled and then stored at 

4° C until their use (83). 

3. Soluble Medium 

Soluble medium was composed of glucose, 50 g/L; yeast 

extract, 5.0 g/L; asparagine, 2.0 g/L; cysteine, 0.5 g/L; KH2P04, 0.75 

g/L; K2HP04, 0.75 g/L; MgS04:7H20, 0.4 g/L; MnS04:H20, 1.0 g/L; 

(NH4)2S04, 2.0 g/L; NaCl, 1.0 g/L. The medium was prepared in two 

parts. The glucose was dissolved in one half of the volume of 

deionized water and added to screw-top tubes to a volume of 5.0 ml 

per tube. The yeast extract and the rest of the ingredients were 

dissolved in the rest of the deionized water, adjusted to a pH of 6.2-

6.4, and added to screw-top tubes to a volume of 5.0 ml per tube. 

The tubes were sparged with prepurified nitrogen, capped and 

autoclaved for 20 minutes at 121° C. After the tubes were 
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autoclaved the glucose and yeast extract tubes were combined for a 

total volume of 10 ml per tube. The tubes were resparged with 

nitrogen and stored at 4 o C until their use. The nitrogen was 

sterilized by passing it through a glass wool filled glass pipette 

which had been autoclaved at 121 o C for 20 minutes (83). 

Reconstitution and growth of C. acetobutylicum 

1. Reconstitution of freeze-dried cells 

The cultures of C. acetobutylicum were obtained from the 

A TCC in freeze dried form. The samples from A TCC were 

resuspended in 0.5 ml of sterile Meat-Peptone medium and were 

transfered to 5.0 ml of the same medium in a screw top tube. The 

tube was then sparged with sterile nitrogen, tightly capped and 

allowed to incubate at 37° C. After 48-72 hours of incubation the 

samples showed increased turbidity and substantial gas production 

indicating growth of the bacteria. This culture was then used as the 

inoculum (10% v/v) for other tubes of the same Meat-Peptone 

medium. These tubes were allowed to grow for 48-72 hours, or 

until there was evidence of growth, and were then used as the 

inoculum (10% v/v) for more Meat-Peptone tubes. The process was 

repeated once more. 

These cultures were then used to inoculate (10% v/v) tubes of 

corn mash medium which were then sparged with sterile nitrogen 

and allowed to grow for 72 hours at 37° C. After 72 hours the 

cultures were stored at 4° C for one week to encourage sporulation. 
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These sporulated cultures were then used to inoculate (10% v/v) 

tubes of soluble medium. The inoculated tubes were sparged with 

nitrogen and were then pasteurized at 70° C for ten minutes, cooled 

and allowed to grow for 72 hours at 37° C. The cultures were then 

stored at 4 o C for one week. This cycle was repeated three times. 

The cultures were then used to inoculate (10% v/v) tubes of corn 

mash medium which were then sparged with nitrogen, pasteurized 

as described earlier, and allowed to grow for 72 hours at 37° C. 

These cultures were stored at 4 o C and were used as the seed 

cultures for further experiments. The stored cultures were good for 

up to six months. The cycles of pasteurization, storage, and growth 

under anaerobic conditions were to ensure that the cultures were 

Clostridia (83). 

2. Maintenance of Cultures 

Due to the degeneration of C. acetobutylicum into poor or non 

solvent producing types, as reported by Adler and Crow (1), the 

bacteria were regularly plated out onto Reinforced Clostridial Agar 

(RCM; DIFCO, Detroit, MI.). The bacteria were allowed to grow 

anaerobically at 37° C in an anaerobic chamber. The chamber was 

kept anaerobic by sparging with N2 and an anaerobic gas composed 

of C02,. 5%, H2, 10%, and N2, 85%. Colonies were typed and selected 

according to the morphology displayed (Table 2-I). The hard centers 

in colonies of Type I cells were harvested from the RCM plates and 

were used to inoculate tubes of soluble medium which were allowed 

to grow and sporulate as described earlier. These tubes were used 

to inoculate tubes of Corn Mash Medium which were allowed to grow 



Table 2-I 
Colony morphology of normal and degenerate forms of C. 

acetobutylicum. 

Type Colony morphology Outgrowth type 
I Diameter, 2-3 mm; dark center, II, III, and IV 

many out-growths 

II Diameter, 3-5 mm; gray-brown III and IV 
center; few outgrowths 

III Diameter, 4-6; brown centers; IV 
outgrowths rare 

IV Diameter, 4-8 mm; light brown none 
centers; no outgrowths 

Adapted from Adler and Crow ( 1) 
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and sporulate as described earlier. These spores were stored at 4 o C 

and utilized in further studies. 

3. Batch Fermentations of C. acetobutylicum 

The bacteria for these studies were grown in batch 

fermentations to provide large amounts of cells at the same stage of 

growth. To obtain an inoculum of sufficient size, the fermentation 

was performed in three stages. During the first stage, 10 screw-top 

tubes of soluble medium were inoculated with spores from Corn 

Mash or Soluble medium tubes. These cultures were grown for 24-

30 hours in the anaerobic chamber. When the culture was in 

exponential growth, as indicated by the production of gas and 

increased turbidity, the best seven tubes were used to inoculate 

(10% v/v) a flask containing 700 ml of soluble medium. This 

secondary culture was allowed to grow in the anaerobic chamber at 

37° C and, when it was growing vigorously (7-10 hours) it was used 

as the inoculum for the batch fermenter. 

The cells were grown m a Braun Biostat-E fermenter under 

anaerobic conditions. The medium was composed of: yeast extract, 

70 g; asparagine, 28 g; (NH4)2S04, 28 g; FeS04, 0.35 g; KH2P04, 21 g; 

MgS04, 5.6 g; MnS04:H20, 0.14 g; NaCl, 14 g; cysteine, 7.0 g; and 

glucose, 760 g in a total of 14 L of deionized water. The glucose was 

dissolved in four liters of deionized water and autoclaved for 20 

minutes at 121° C. The yeast extract and salts were dissolved in the 

remaining 10 liters of deionized water, adjusted to a pH of 5.7 by the 

addition of NaOH and autoclaved in the fermentation vessel for 20 

minutes at 121° C. The sterile glucose was added to the 
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fermentation vessel after it had cooled. The fermentation was run at 

37° C under a nitrogen atmosphere with a lower pH limit of 4.5. The 

pH limit was maintained by the addition of 3 N NaOH. The cells were 

harvested at the beginning, or during the middle, of the solvent 

phase and collected by centrifugation at 17,000 X g. for 30 minutes. 

They were then resuspended in media, recentrifuged at 19,000 X g 

for 30 minutes and frozen at -80° C. The antibiotic treated 

fermentations and their controls were performed in a slightly 

different manner and are described in the appropriate sections. 

4. Conditions for rif and Cm treated cultures. 

Two fermenters were utilized for these studies, a Biostat-E 

(Braun; Burlingame, Ca.) with a maximum volume of 18.6 L (Ferm A) 

and a Bioflo model C30 (New Brunswick Scientific; New Brunswick, 

N.J.) with a maximum volume of 700 ml (Ferm B). The fermentation 

volumes were 17 L and 400 ml, respectively. The medium was 

composed of: yeast extract, 85 g; asparagine, 34 g; (NH4)S04, 34 g; 

FeS04, 0.425 g; KH2P04, 25.5 g; MgS04, 6.8 g; MnS04:H20, 0.17 g; 

NaCl, 17 g; cysteine, 8.5 g; and glucose, 920 g in a final volume of 17 

L deionized water and was adjusted to pH 5.7. The culture was 

initiated in Ferm A and after seven hours an 800 ml sample was 

removed from this fermenter. One half of the sample was 

centrifuged at 19,000 X g for 20 minutes, washed in cell lysis buffer, 

re-centrifuged at 35,000 X g for 15 minutes, sparged with nitrogen 

(N2) and frozen at -80° C. The second half of the sample was treated 

with either rifampicin (Sigma; St. Louis, Mo.) (rif) or chloramphenicol 

(Sigma) (Cm) and transferred to Ferm B (Fig. 2-1). Both antibiotics 
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Fig. 2-1. Model for culture transfer and treatement. Ferm. A is the 

Biostat-E and Ferm. 8 is the Bioflo C30. See methods for 

further detail. 
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were suspended in DMSO at final concentrations of 8 mg/ml and 800 

mg/ml for rif and Cm respectively. The final concentrations of the 

antibiotics in Perm B were 20 J.Lg/ml and 200 J.Lg/ml for rif and Cm 

respectively. The transferred cells were allowed to grow for two or 

three hours before centrifugation and were stored as frozen cells. 

The process was repeated at two or three hour intervals until 

growth ceased (20 to 24 hours from the initial inoculation). The 

optical density of the fermentations was followed at 600 nm on a 

Cary 118 spectrophotometer (Varian; Monrovia, Ca.). Both 

fermentations were kept anaerobic by sparging with N2, and the pH 

was maintained at a lower limit of 4.0 by the addition of 3 N NaOH. 

A control fermentation was performed in which the culture was 

transferred from Perm A to Perm B and collected as explained 

previously, but the transferred cells were treated with DMSO 

without either of the two antibiotics. The control was performed to 

demonstrate that the effects observed were not due to the transfer 

of the cells from one fermenter to the other or to the addition of 

DMSO. The supernatents of the samples from Perm A and B were 

chromatographed on a Varion model V-6000 gas chromatograph 

(Varian, Walnut Creek, Cal) to define and quantitate the 

fermentation products (15, 66).chromatography data system 

(Varian, Sunnyvale, CA.). One ml of sample was treated with a 0.1 

ml solution composed of 3N HCl and 1% (v/v) sec-butanol as an 

internal standard. The product separation was performed with a 1.2 

m glass column with a 2 mm diameter, the column was packed with 

80-100 mesh Poropak Q. The injection temperature was set at 215° 
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C; after sample injection, the column was held at 115° C for five 

minutes and then raised to 170° C at a rate of 3.0° C per minute. The 

column was held at this higher temperature for four minutes (66). 

Samples were detected with a flame ionization detector. Data 

collection and processing were performed according to a procedure 

developed by Meyer (66). 

Cell lysis and enzyme assays 

1. Cell Lysis for butanol dehydrogenase purification. 

The frozen cells were suspended in 15 mM potassium 

phosphate buffer at pH 7.0 with 1 mM DTT, 0.2 mM PMSF, and 0.1 

mM ZnS04 (1 g of frozen cells per 5 ml lysis buffer). Lysozyme at a 

final concentration of 1 mg/ml was added to the suspended cells and 

the cell suspension was allowed to sit at room temperature for one 

hour. The cell suspension was then lysed using an Aminco French 

press (Urbana, II. USA) with the suspension being passed through 

the press twice at 16,000 psi. The extract was then centrifuged for 

one hour at 35000 X g to remove cell debris and unlysed cells. 

2. Cell Lysis for the rif and Cm studies. 

The crude extracts were prepared by sonication of the frozen 

pellets suspended in 9 to 12 ml of 50 mM MOPS, 0.5 M (NH4)2S04, 

10 mM DTT, 0.5 mM ZnS04, and 20% (v/v) glycerol, pH 7.0. The cell 

suspension was sonicated (Heat Systems; Farmingdale, N.Y.) for 18 

min at a power setting of 38 watts and a pulse setting of 90%. The 
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lysed cell suspensions were then centrifuged in a Sorvall centrifuge 

(Du Pont; Newton, Conn.) at 35,000 X g for 20 minutes. All 

spectroscopic assays were performed on a Cary 118 

spectrophotometer. 

3. Butanol dehydrogenase(s). 

Assays were performed on a Cary 118 spectrophotometer by 

following the oxidation of either NADH or NADPH at 340 nm. The 

coenzymes were obtained from Boehringer (Indianapolis, In. USA) 

and the butyraldehyde was obtained from Kodak (Rochester, N.Y., 

USA). The assays were performed at 30° C in either 50 mM MES at 

pH 6.0 for NADH activity or in 50 mM TRIS at pH 8.0 for NADPH 

activity. The buffer for the assays was kept at 30° C in a warm 

water bath. The NAD(P)H was prepared fresh for each set of assays. 

The cofactors were at initial concentrations of 4.0 mM and were kept 

on ice and protected from light during the assays, the final assay 

concentration of each coenzyme was 0.4 mM. The butyraldehyde 

was suspended in methanol at an initial concentration of 250 mM 

with a final assay concentration of 25 mM for the purification and 

characterization of BDH, and an initial concentration of 500 mM with 

a final assay concentration of 50 mM for the rif and Cm experiments. 

The butyraldehyde solution was made fresh for each set of assays 

and was stored at room temperature. The assay volume was 0.6 ml 

with a path length of 2.0 mm. The assay mixture was prepared 

without extract and was allowed to sit until a stable baseline 

developed. The reaction was initiated by the addition of 20-400 Jlg 

of extract. Methanol without butyraldehyde (10% v/v) was used as 
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a control. The assay was similar to the one used by Hiu et al. ( 42). 

In assays performed with acetaldehyde as the substrate the 

acetaldehyde was dissolved in deionized water at an initial 

concentration of 500 mM and a final assay concentration of 50 mM. 

Acetaldehyde was prepared fresh for each set of assays, all other 

conditions were as previously stated. Activity in the butanol 

oxidation direction was determined with 50 mM MOPS buffer pH 7 .0, 

butanol at a final concentration of 75 mM and NAD+ at a final 

concentration of 3.0 mM in a one em pathlength cuvette. Butanol 

had an initial concentration of 750 mM and was diluted in buffer. 

N AD+ was at an initial concentration of 30 mM and was stored in 

deionized water. The reverse reaction was also initiated by the 

addition of enzyme. One unit (U) of activity was defined as one 

f.!mole of NAD(P)H oxidized or one f.!mole of NAD+ reduced per 

minute. 

4. Phosphotransbutyrylase. 

Activity was determined in the direction of the formation of 

butyryl phosphate. Stock solutions of 5' ,5'-dithiobis-2-nitrobenzoic 

acid (DTNB, Sigma), 0.4 mM in buffer, and butyryl-CoA (Sigma), 2 

mM in deionized water, were prepared daily, although the butyryl

CoA solution could be stored for one or two weeks frozen at -20° C. 

The solutions were kept cold during the assays. The assay contained 

in a final volume of 1 ml: 102 mM potassium phosphate buffer, pH 

7.4, 0.08 mM DTNB, and 0.2 mM butyryl-CoA. The reaction was 

initiated by the addition of approximately 1 f.lg of protein from the 

crude extract, and formation of the complex between free CoA and 
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DTNB was followed at 412 nm. The extinction coefficient of the CoA

DTNB complex is 13.6 cm-1 mM-1 (110). One unit is defined as the 

amount of enzyme required for the conversion of one J..l.mole of 

butyryl-CoA per minute. 

5. Butyrate kinase. 

Activity was determined by following the formation of 

hydroxamic acid by butyryl-phosphate. Stock solutions were 

composed of 3.2 M potassium butyrate, 4.0 M KOH, 1 M TRIS-HCl pH 

7.6, 4 M hydroxylamine-HCl in deionized water stored at 4° C, 10% 

TCA (w/v), and 1.25% FeCl3 (w/v) in 1 N HCl. The ATP (Sigma) was 

made fresh at an initial concentration of 0.1 M in deionized water. 

On the day of the assays, the potassium butyrate, buffer and MgS04 

were mixed to give final concentrations of 2.6 M, 0.16 M and 32 mM 

respectively. The hydroxylamine-HCl and the KOH were in a 1:1 

ratio. The final assay ~as composed of: 48 mM TRIS-HCl pH 7.6; 

0.77 M potassium butyrate:KOH pH 7.0; 9.3 mM MgS04 ; 

hydroxylamine-fiCl/KOH at a final assay concentration of 0.7 M each; 

10 mM ATP and 100-400 J..l.g of crude extract to give a final assay 

volume of 1 ml. The reaction was initiated by the addition of ATP 

stock. The reaction was allowed to proceed at 30° C for 5 minutes 

and was stopped by the addition of 1 ml of trichloroacetic acid 

solution. The ferric-hydroxamate complex was formed by the 

addition of 4 ml of FeCI3 and the absorbance was read at 540 nm. 

The extinction coefficient of the ferric-hydroximate complex is 0.691 

cm-1 mM-1(85). One unit is defined as the amount of enzyme 

required for the formation of one J..l.mole of hydroxamate per minute. 
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6. Coenzyme A transferase. 

Activity was assayed by following the disappearance of the 

enolate form of acetoacetyl-CoA at 310 nm. The initial buffer was 

composed of 200 mM TRIS-HCl pH 7.5, 80 mM MgCb-6H20, and 10% 

glycerol (v/v). The acetoacetyl-CoA (Sigma) solution, at an initial 

concentration of 2.0 mM in deionized water, could be stored at -20° 

C. A stock solution of 3.2 M potassium acetate adjusted to pH 7.5 

with KOH was stored at room temperature; the other reagents were 

made fresh that day. The final assay mixture contained: 160 mM 

TRIS-HCl pH 7.5, 8% glycerol (v/v), 0.32 M potassium acetate, 64 mM 

MgC12, 0.1 mM acetoacetyl-CoA and crude cell extract (50-100 ~g) 

in a volume of 1 ml. The reaction was started by addition of the 

acetate stock after a preincubation of about one minute. At very low 

activity levels a small baseline needed to be subtracted from the 

observed rate. The extinction coefficient for acetoacetyl-CoA is 8.0 

m M -1 cm-1. A unit (U) of activity was defined as the amount of 

enzyme which converted one ~mole of acetoacetyl-CoA per minute 

(109). 

7. Butyraldehyde dehydrogenase(s). 

Activity was measured by following the reduction of NAD+ or 

N ADP+ at 340 nm. Stock solutions prepared the day of the assays 

were 30 mM NAD(P)+ (Boehringer-Mannheim; Indianapolis, In.), and 

100 mM DTT both dissolved in deionized water, and 500 mM 

butyraldehyde diluted with methanol. A stock solution of Coenzyme 

A (Sigma) at an initial concentration of 5 mM, was dissolved in 

deionized water, could be prepared previously and stored frozen at -
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20° C. All stock solutions were at initial concentrations 10 fold 

higher than the final assay concentrations. The assay mixture had a 

final volume of 0.6 ml and contained: 50 mM glycylglycine buffer, 

pH 9.0, 50 mM butyraldehyde, 0.5 mM lithium coenzyme A, 3.0 mM 

NAD(P)+ and 10 mM DTT. The reaction was initiated by the addition 

of 200-600 Jlg of crude extract to give a final assay volume of 0.6 ml 

and the increase in absorpbance was followed at 340 nm. The 

pathlength for the assay was 2 mm. A unit (U) was defined as the 

amount of enzyme which reduced one Jlmole of NAD(P)+ per minute. 

Coenzyme A was left out of the assay for the control (82, 111). 

The protein concentrations were determined by the Lowry 

method (60) with lysozym~ as the standard. 

Purification of and studies on butanol dehydrogenase 

Purification 

All column fractions were collected using an LKB Ultrarac 

fraction collector model number 2070. The flow rate of the columns 

was maintained with an LKB Microperpex S pump model number 

2232. Centrifugations were performed on a Sorvall RC-5B centrifuge 

from Du Pont. 

1. Ammonium Sulfate precipitation. 

Saturated ammonium sulfate at pH 7.0 was added to the crude 

extract to give a 40% saturated solution. The solution was stirred for 

20 minutes at 2-4 ° C and was then centrifuged at 17,000 X g for 20 

minutes at 4 o C. Saturated ammonium sulfate was added to the 
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supernatant to gtve a 65% saturated solution. This solution was 

stirred for 20 minutes at 2-4 o C and was then centrifuged under the 

same conditions stated earlier. The pellet was resuspended in 10-20 

ml of the cell lysis buffer and was dialysed overnight against one 

liter of the same buffer. 

2. DE-52 Anion Exchange Column. 

Anion exchange material was obtained from Whatman 

(Maidstone, Kent, England). The column, with a packed volume of 

150 ml, was equilibrated with 15 mM potassium phosphate buffer at 

pH 7.0 with 1 mM DTT, 0.2 mM PMSF, and 0.1 mM ZnS04. The 

dialyzed ammonium sulfate fraction was loaded onto the column and 

allowed to equilibrate for 10 minutes. The column was then washed 

with 750 ml of 15 mM phosphate buffer at a rate of 150 ml/hour. 

The activity was then eluted with a 750 ml linear gradient of 0-0.5 

M potassium chloride (KCl) in the washing buffer. After location of 

the activity peak,the samples were pooled and concentrated by 

dialysis against a 3 mM phosphate buffer at pH 7.0 with 1 mM DTT, 

0.1 mM ZnS04 and 20 % polyethyleneglycol (PEG). If necessary the 

concentration was finished in an Amicon concentrator using a PM-10 

filter and Argon (Ar) for the pressure. 

3. Blue Sepharose Affinity Column. 

Blue sepharose has been suggested to act as an analog for 

NAD(H) (9). The affinity material was obtained from Pharmacia 

(Piscataway, N.J., USA). The column, with a packed volume of 80 ml, 

was equilibrated with 5 mM potassium phosphate buffer at pH 7.0 

with 1 mM DTT, 0.2 mM PMSF, and 0.1 mM ZnS04. The concentrated 
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DE-52 fraction was loaded onto the column; the column was then 

washed with 200 ml of 5 mM phosphate buffer at a rate of 40 

ml/hour. The bound activity was eluted with a 400 ml linear 

gradient of 0-1.0 M KCl in washing buffer. After location of the 

activity peaks, the samples were pooled and concentrated in an 

Amicon concentrator on a PM-10 filter using Ar for pressure. After 

concentration, the second sample (BS II) was rediluted five to ten 

fold with 5 mM phosphate buffer pH 7 .0, 1 mM DTT and 0.1 mM 

ZnS04 and then reconcentrated. This procedure was done to 

decrease the concentration of KCl in the sample. 

4. Red Sepharose Affinity Column. 

Red sepharose has been proposed to be an analog for NADP(H) 

(9). The affinity material was obtained from Sigma (St. Louis, Mo.). 

The column, with a packed volume of 100 ml, was equilibrated with 

5 mM potassium phosphate buffer at pH 7.0 with 1 mM DTT, 0.2 mM 

PMSF, and 0.1 mM ZnS04. Each of the blue sepharose fractions were 

run on the red sepharose column separately. The concentrated Blue 

Sepharose fraction was loaded onto the column, and the column was 

then washed with 500 ml of 5 mM phosphate buffer at a rate of 150 

ml/hr. The activity was eluted with a 500 ml linear gradient of 0-

1.0 M KCl in the washing buffer. After location of the activity peak, 

the samples were pooled and concentrated using the Amicon 

concentrator with the PM-10 filters. This sample was stored at 4° C 

and used for further studies. If a more highly concentrated sample 

was required, then Centriprep-1 0 tubes from Ami con were used. 



ps 

Characterization of butanol dehydrogenase 

5. Native Gel Electrophoresis. 
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Crude extract was run on native polyacrylamide gels (PAGE 

gels) composed of 7.5% acrylamide, and the gels were assayed to test 

for the presence of butanol dehydrogenases activity. The gels were 

run in TRIS-Glycine buffer at pH 8.3 with 0.5 mM ZnS04 added to 

the buffer. The gels were run at 140 volts for 1 hour. The activity 

stain was similar to one used by Smith et al. (95) and was composed 

of 0.4 mM NAD(P)H, 0.5 M MES pH 6.0 for NADH or 50 mM TRIS-HCl 

pH 8.2 for NADPH, 0.1 mM ZnS04, and 50 mM butyraldehyde. The 

higher concentration for the pH 6.0 buffer was due to the gel being 

run at pH 8.3. The gels were allowed to incubate in the staining 

solution for 45 min at 30° C. They were then examined under UV 

light. A dark spot indicating the presence of NAD+ or NADP+ 

appeared in a fluorescent background where the active enzymes 

were located. 

6. Native Molecular Weight. 

The native molecular weight of the concentrated NADH-BDH 

was determined on an analytical GF250 high performance liquid 

chromatography (HPLC) gel exclusion column (9.4 X 250 mm) from 

Du Pont (Wilmington, DE.) using a HPLC system from Laboratory Data 

Control (Riviera Beach, Fla.). The molecular weight standards were: 

yeast alcohol dehydrogenase, 150kD; equine liver alcohol 

dehydrogenase, 80 kD; BSA, 66kD; and ovalbumin, 45kD. The 

running buffer was 0.2 M potassium phosphate pH 7.0 with 1.0 mM 
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DTT and 0.01 mM ZnS04. The standards and sample were followed 

at 280 nm. The flow rate of the system was set at 0.5 ml/min. 

7. Subunit Molecular Weight. 

The subunit molecular weight was determined by sodium 

dodecyl sulfate (SDS) polyacrylamide gel electrophoresis. The gel 

was composed of 12% polyacrylamide and was run in TRIS-glycine 

buffer at pH 8.3. The standards were: phosphorylase B, 95.5 kD; 

glutamate dehydrogenase, 55 kD; ovalbumin, 43 kD; lactate 

dehydrogenase, 36 kD; carbonic anhydrase, 29 kD; lactoglobin, 18.4 

kD; and cytochrome c, 12.4 kD. The standards were prestained and 

were obtained from Diversified Biotech (Newton Centre, MA., USQA). 

The sample was diluted 1:1 with a buffer composed of 0.5 M TRIS

HCl pH 6.8, 25% (v/v); glycerol, 20% (v/v); SDS, 40% (v/v); 2-P 

mercaptoethanol, 10% (v/v); and 0.05% (w/v) bromophenol blue, 5% 

(v/v). Both sample and standards were heated at 95° C for three 

minutes. The gel was stained with a solution of 0.2% Coomassie 

brilliant blue R-250 dissolved in methanol, 40% (v/v), and glacial 

acetic acid, 10% (v/v). 

8. Isoelectric Focusing Gel. 

Samples of the purified butanol dehydrogenases were loaded 

onto an isoelectric focusing gel according to the directions of the Bio 

Rad Corp. The ampholyte was Ampholine pH 5.0-7.0 purchased 

from LKB. The standards were obtained from Bio Rad and had a pi 

range of 4.65 to 9.6. The gel was run at 800 V for one hour until the 

standards stopped moving and then stained in a solution composed 

of 0.4 g Coomassie brilliant blue R-250, 0.5 g crocean scarlet, 5.0 g 
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CuS04, 27% isopropanol (v/v), 10% glacial acetic acid (v/v), and 63% 

deionized water. 

9. Protein Sequence. 

Samples of the two BDH's were run on an SDS-PAGE gel and the 

proteins were then transfered onto PVDF Immobilon-P filter paper 

from Millipore by the technique of electroblotting. The buffer was 

composed of 0.025 M TRIS, 0.192 M glycine, and 20% methanol (v/v) 

at pH 8.3. The samples of PVDF paper were stored at -20° C until 

needed. The samples were loaded onto an Applied Biosystems 

protein sequencer model #471A and were sequenced by the Edman 

degradation method. The assignment of some of the amino acids 

was uncertian and samples were resequenced by Dr. Richard Cook of 

the Baylor College of Medicine to determine the correct amino acid 

10. Determination of pH Maximum. 

The pH maximull) in the direction of aldehyde reduction was 

determined with samples from the red sepharose fraction. The 

substrate and ~ofactor levels were the same as described above; 

wherever possible, activities were performed at the same pH with 

two different buffers. The assay buffers were 50 mM succinate, pH 

4.5-5.5; 50 mM MES, pH 5.5-6.5; 50 mM MOPS, pH 6.5-7.5; and 50 

mM TRIS, pH 7 .5-8.0. Activity in the direction of the oxidation of 

butanol was found using 50 mM PIPES, pH 6.0-7 .0; 50 mM MOPS, pH 

7 .0; 50 mM HEPES, pH 7 .0-8.0. 

11. Kinetic Studies. 

The kinetics of the enzyme were studied in the direction of the 

reduction of butyraldehyde or acetaldehyde. The substrate ranges 
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for BDH I were 5 to 80 mM for butyraldehyde and 2 to 50 mM for 

acetaldehyde. The NADH ranges were 0.05 to 1.0 and 0.04 to 1.0 

respectively. The substrate ranges for BDH II were 0.05 to 1.2 mM 

for NADH and 2.5 to 50 mM for butyraldehyde. All assays were 

performed in 50 mM MES buffer at pH 6.0 and 30° C. As in earlier 

assays, the butyraldehyde was suspended in methanol, and the 

acetaldehyde was suspended in deionized water. Inhibition studies 

were carried out with S-NADH obtained from Accurate Chemical and 

Scientific Corporation (Westbury, New York, USA) and with 1-

butanol obtained from Mallinckrodt (McGaw Park, II. USA). S-NADH 

was present at final concentrations of 0.4 and 0.8 mM with the 

concentration of butyraldehyde held constant at 10 mM and the 

concentration of NADH varying or the concentration of NADH held 

constant at 0.2 mM and the butyraldehyde concentration varying. 

Butanol was present at final concentrations of 5 and 40 mM with the 

concentration of butyraldehyde held constant at 10 mM and the 

concentration of NADH varying or the concentration of NADH held 

constant at 0.2 mM and the butyraldehyde concentration varymg. 

The enzyme was also tested for inhibition by 12 mM 4-

methylpyrazole from Aldrich (Milwaukee, WI, USA), 10 mM 1,10-

phenanthroline and 10 mM 4,7-phenanthroline (Sigma). The 

phenanthroline solutions were dissolved in methanol. All substrates, 

cofactors and compounds to be tested were prepared fresh. All 

assays performed were done in the manner described earlier. 
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12. Specificity and Control Studies. 

All aldehydes and ketones used in the specificity studies were 

suspended in methanol and the final NADH concentration was 1.0 

mM. All other assay conditions were the same as those for the 

standard NADH dependent assays. All of the substrates assayed 

were obtained from Aldrich. The metabolic control studies for BDH I 

were carried out with 50 mM acetaldehyde dissolved in deionized 

water. The metabolic control studies for BDH II were carried out 

with a butyraldehyde concentration of 12.5 mM. The substrate 

levels were chosen to be close to the Km's of the enzyme and 

substrate in question. All metabolites were suspended in the assay 

buffer. All other assay c~nditions were the same as those previously 

stated for the NADH dependent assays. 

Materials 

The following materials were purchased from Sigma 

Chemicals: KH2P04, NaCl, D-glucose, yeast extract, antifoam C, FeS04, 

asparagine, cysteine, (NH4)2S04, KOH, and Folin-Ciocalteau reagent. 

MnS04, MgS04, and ZnS04 were purchased from Mallinckrodt. 
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Alcohol dehydrogenase was first studied at the end of the 

nineteenth century using various animal tissues. Oddly enough the 

most commercially important ADH from yeast used in the production 

of alcoholic beverages was not studied in a cell extract until 1935 

(12, 97). Alcohol dehydrogenase has been located and studied in 

orgamsms as varied as rat (4, 56, 97), human (97, 105), simian (19), 

horse (20, 97), Drosophila rnelanogaster (12, 97), plants such as peas 

and grapes (12, 68, 97), E. coli (96, 97), and B. stearotherrnophilus 

(93, 97) to name a few. Although the substrates often differ widely, 

there are many similarities between the various ADH's studied. 

Alcohol dehydrogenases commonly have a zn2+ cation held within 

the active site; the two exceptions known are one isozyme from 

Zyrnrnonas mobilis which contains an Fe2+ (91) and one ADH from 

Drosophila rnelanogaster which contains no divalent cation in the 

active site (12). Although the three dimensional structure of horse 

liver ADH has been the only ADH structure solved by X-Ray 

crystallograp'hy, analysis of partial and total amino acid sequences 

has indicated a high degree of similarity between the structures and 

functions of various ADH's (27, 28, 51, 52, 53). 

Butanol dehydrogenase is one of the most important and least 

understood of the enzymes needed in the production of solvents. 

Reports on the activities and cofactor requirements for butanol 
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dehydrogenase differ widely (26). The assays for the determination 

of butanol dehydrogenase activity have been so different that it has 

been difficult to compare the results of different authors. In 1972 

Hugo ( 45) studied the alcohol dehydrogenase activities of several 

clostridial species using the method of Bergmeyer (10), which follows 

the reduction of NAD+ and the oxidation of butanol at a pH of 7.5. 

George and Chen (33) used the same method to study butanol 

dehydrogenase in C. butylicum (beijerinckii). Both of these 

researchers reported that under their assay conditions an NADPH 

dependent butanol dehydrogenase activity dominated. Both Hiu e t 

al. (42) and Yan et al. (Ill) reported that assays of the reduction of 

butyraldehyde at pH 7.5 demonstrated that NADPH was a better 

cofactor than NADH for BDH in C. beijerinckii. Rogers et al. (80, 81, 

82) reported the existence of an NADPH dependent BDH assayed at 

pH 8.5 from C. acetobutylicum B643. In 1987 Durre et al. (26) 

reported the existence of two butanol dehydrogenases from C. 

acetobutylicum DSM 1732 with different cofactor requirements: one 

with butyraldehyde reducing activity that was greater at lower pH's 

and was dependent on NADH, and one with butyraldehyde reducing 

activity that was greater at more basic pH's and was dependent on 

NADPH. Hiu et al. (42) have purified two mainly NADPH dependent 

butanol dehydrogenases from C. beijerinckii and have done 

preliminary studies on these proteins. The question as to which of 

the two activities is the most important in the production of butanol 

and how the enzymes might be regulated will be addressed here. 
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Results 

Purification of NADH dependent butanol dehydrogenases. There 

were two different butanol dehydrogenase (BDH) activities present 

during the first two steps of the purification, one that was dependent 

on NADH and was more active at lower pH's, and one that was 

dependent on NADPH and was more active at higher pH's. Both of 

these activities were present in the solvent producing stage of the 

bacterium. but their levels appeared to vary independently of each 

other. Both activities required zn2+ in the buffer to obtain a higher 

recovery of activity during the purification. If zinc was omitted from 

the buffers. there was a marked decrease in recovery, particularly 

during the ammonium sulfate step. The substitution of other 

divalent cations in the dialysis buffer, such as Fe2+ or Co2+, did not 

appear to aid in the recovery of activity. The majority of the NADPH 

dependent BDH activity was lost on the DE-52 column, but some 

NADPH-BDH activity remained throughout the purification (Fig 3-1) 

(Table 3-I). The activity from the DE-52 sample was separated into 

two peaks on the blue sepharose column, one in the wash (BS I) and 

one in the eluate (BS II) (Fig 3-2). The flow-through fractions did 

not bind to the blue sepharose column when rechromatographed. 

Both BS I and BS II bound to the red sepharose column, with BDH I 

bound more tightly and giving a broader peak than BDH II (Fig 3-3 

and 3-4). The ratio of NADH to NADPH activity varied from the DE-

52 to the red sepharose purification steps, with the values ranging 
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Fig. 3-1. DE-52 anion exchange column. The units for activity are 

U/ml. One unit (U) is defined as the oxidation of one J.Lmole 

of NADH per minute. The fractions are 12 ml each. The 

legend is given on the figure. 
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oo::::t Table 3-I 

Purification table for BDH. One unit of activity is define as the oxidation of one Jlmole of NAD(P)H 
per minute. The numbers in parenthases represent values for NADPH. The activity ratio is 

defined as the total activity for NADH-BDH I or II divided by the amount of NADPH dependent 
activity in that sample. 

- -

step volume activity specific total fold percent NADH 
activity activity purification recovery NADPH 

(ml) (U/ml) (U/mg) (U) ratio 
crude 120 0.65 + 0.072 0.031 79 1.0 100 0.92 + 0.17 

(0.71 + 0.05) (.034) (85) (1.0) (100) 

AS 40 1.8 + 0.20 0.060 72 1.9 91 0.90 + 0.16 
(2.0 + 0.14) (0.067) (80) (2.0) (94) 

DE-52 25 2.6 + 0.18 0.58 65 1 9 86 2.5 ±._0.35 
(1.0 + 0.07) (0.23) (25) (6.8) (29) 

BS I 12 2.4 + 0.17 1.6 29 1 7 39 2.8 + 0.52 
(0.86 + 0.1) (0.57) (10) (5.6) (12) 

BS II 1 3 .85 + 0.24 1.7 1 1 1 8 1 5 2.2 + 0.78 
(0.30 + 0.029) (0. 77) (3.9) (7.6) (4.6) 

RS I 10 2.2 + 0.30 4.7 22 150 29 3.0 + 0.98 
(0.73 + 0.14) (1.2) (7 .3) (35) (8.6) 

RS II 8.4 1.7 + 0.15 5.2 8.4 170 1 1 3.0 + 1.6 
(0.57 + 0.13) (1.7) (2.8) (50) (3.3) 



jiiiP' 

48 

Fig. 3-2. Blue sepharose affinity column. The first activity peak is 

the flow through (BS I) which did not bind. The second 

peak is the enzyme (BS II) which bound. The units for 

activity are U/ml.. One unit (U) is defined as the oxidation 

of one JJ.mole of NADH per minute. The fractions are 12 ml 

each. The legend is given on the figure. 
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Fig 3-3. Red sepharose affinity column. BS I was applied to the 

column. The activity was named RS I (BDH I in further 

experiments). The units for activity are U/ml. One unit (U) 

is defined as the oxidation of one Jlmole of NADH per 

minute. The fractions are 12 ml each. The legend is given 

on the figure. 
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Fig 3-4. Red sepharose affinity column. BS II was applied to the 

column. The activity was named RS II (BDH II in further 

experiments). The units for activity are U/ml. One unit (U) 

is defined as the oxidation of one Jlmole of NADH per 

minute. The fractions are 12 ml each. The legend is given 

on the figure. 
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from 2.0 to 4.0. The NADH/NADPH ratio also varied in the crude 

extract from fermentation to fermentation. Activity in the direction 

of the oxidation of butanol was found in a very narrow pH range 

(6.0-8.0) with the highest activity around pH 7.0 for both BDH I and 

II. The rate of butanol oxidation was over 200-fold less than the 

rate of butyraldehyde reduction for BDH I under the assay conditions 

used; the rate of butanol oxidation for BDH II was 50-fold less than 

the rate of butyraldehyde reduction. Activity stains on native PAGE 

gels using the crude extract or the ammonium sulfate sample gave 

two separate bands which differed in intensity in the NADH stained 

gel at pH 6.0 and three possible bands in the NADPH stained gel at 

pH 8.2 (Fig 3-5). The gels were also stained without butyraldehyde 

as a control for NAD(P)H oxidizing enzymes other than BDH; no bands 

appeared in the control gels. BDH I had a pH maximum at 6.0 while 

BDH II had a pH maximum at 5.5; the activity for both enzymes 

decreased at higher pH's (Fig 3-6 and 3-7). 1 ,10-Phenanthroline can 

interact with the zinc in metalloenzymes to form an inactive protein 

by acting as a chelator utilizing the nitrogens at the 1 and 10 

positions to bind the zinc cation and has been used to study the 

mechanism of zn2+ action in horse liver ADH and ADH's from other 

organisms (101, 102). As 1,10-phenanthroline does not bind zn2+ 

tightly at lower pH's and may inhibit dehydrogenases non

specifically, 4, 7 -phenanthroline was used as a control as it is a non 

zn2+ binding isomer of 1 ,10-phenanthroline. BDH I was completely 

inhibited by 10. mM 1,10-phenanthroline; however, the addition of 
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Fig. 3-5. Activity gel from crude extract. Gel (a) was incubated with 

NADH, gel (b) was incubated with NADPH. The arrows 

indicate the location of the activity. The dark spots on the 

gel indicate the presence of N AD(P)+ due to the presence of 

BDH activity oxidizing NAD(P)H. 
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Fig. 3-6. The pH activity profile for BDH I. The activity is given as a 

percentage of the activity at the most favorable pH. The 

buffers are described in methods. 
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Fig. 3-7. The pH activity profile for BDH II. The activity is given as a 

percentage of the activity at the most favorable pH. The 

buffers are described in methods. 
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10% methanol (v/v) caused 50% inhibition, and 10 mM 4,7-

phenanthroline resulted in 67% inhibition. The assays of 

phenanthroline effects on BDH I were performed with acetaldehyde. 

BDH II was completely inhibited by 10 mM 1,10-phenanthroline but 

was only slightly inhibited by 10 mM 4,7-phenanthroline (5% 

activity loss); no methanol inhibition was apparent for BDH II in 

assays performed with acetaldehyde. 

Molecular Weight Determination The native molecular weight 

was determined using an HPLC gel filtration column. The native 

molecular weight determined for both NADH dependent BDH's was 

slightly larger than 80,000 daltons. Both subunit molecular weight 

and purity were determined using SDS polyacrylamide gel 

electrophoresis. There was one major band at 42 kD for both BDH I 

and BDH II (Fig 3-8). 

Kinetic Analysis The results from kinetic experiments were 

analyzed using Lineweaver-Burk plots with the kinetic parameters 

being determined on secondary plots as suggested by Cleland (16). 

The primary plots for BDH I gave results indicating strong 

substrate inhibition with butyraldehyde as described by Segel (92), 

Cleland (17) and Fromm (31) (Fig 3-9). The Lineweaver-Burk plots 

of 1/v vs 1/butyraldehyde show an asymptotic curve at 0.02 mM- 1 

on the abscissa at low NADH concentrations. The plots of 1/v vs 

1/NADH show an increasing slope in the assays with butyraldehyde 

concentrations at or higher than 50 mM (Fig 3-1 0). The secondary 

plots of slope vs either butyraldehyde or 1/butyraldehyde were 

both 
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Fig. 3-8. SDS-PAGE gel of BDH I and BDH IT. Lanes 1 and 4 contain 

the standards. Lane 2 is BDH I and lane 3 is BDH II. The 

molecular weights of the standards are given at the side of 

the gel. 
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Fig. 3-9. Primary Lineweaver-Burk plot of BDH I with NADH held 

constant and butyraldehyde varying. The NADH 

concentrations and legends are given on the figure. The 

ordinate is in terms of mg/U and the abscissa is in mM-1. 

The assays are described in methods. The analysis is 

described in Appendix B. 
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Fig. 3-10. Primary Lineweaver-Burk plot of BDH I with 

butyraldehyde held constant and NADH varying. The 

ordinate is in terms of mg/U and the abscissa is in mM-1. 

The butyraldehyde concentrations and legends are given 

on the figure. The ordinate is in terms of mg/U and the 

abscissa is in mM-1. The assays are described in methods. 

The analysis is described in Appendix B. 
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hyperbolic, agam indicating the presence of substrate inhibition (Fig 

3-11). The intercepts and slopes of lines tangential to the linear 

portions of the secondary plots gave values of 23.8 s-1 for the kcat. 

55 mM for the Kbutyraldehyde, 0.17 mM for Kia. and values of 

either 0.14 mM and 7.0 mM or 1.31 mM and 65.5 mM for the KNADH 

and Ki respectively (the different possible values were due to the 

quadratic necessary to solve the equations for the secondary plots

Appendix B) (Fig 3-12). The mechanism which corresponds to the 

inhibition pattern seen in the Lineweaver-Burk plots for BDH I IS 

ordered bi bi with NADH binding first followed by butyraldehyde, 

with butanol being released first and NAD+ last (17, 31, 92). 

Butyraldehyde can bind to free enzyme, resulting in the substrate 

inhibition observed (Fig 3-13). The primary plots of BDH I with 

acetaldehyde as a substrate gave no evidence of substrate inhibition 

(Fig 3-14 and 3-15) and the secondary plots were analyzed to 

determine the values for the reduction of acetaldehye (Fig 3-16). 

The kcat for BDH I with acetaldehyde was 20 s-1, the value for 

Kacetaldehyde was 60 mM, KNADH was 1.3 mM, and Kia was 0.092 

mM. The ratio of kcat/ksubstrate for BDH I was very close for the 

two substrates assayed with a value of 0.44 s-1 m M -1 for 

butyraldehyde and 0.33 s-1 m M -1 for acetaldehyde. The value of 1.3 

mM determined for KN ADH with both butyraldehyde and 

acetaldehyde as substrates appears to be the correct one for BDH I. 

The Lineweaver-Burk plots with butyraldehyde as the 

substrate for BDH II are consistent with the NADH dependent BDH 

forming a ternary complex with no apparent substrate inhibition 
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Fig. 3-11. Secondary plots derived from the slopes of Fig. III -10: a) 

slope vs. [butyraldehyde], b) slope vs. 1/[butyraldehyde]. 

Ordinates are in terms of mM mg/U, the abscissa for part 

(a) is in mM and -for part (b) is mM-1. The analysis is 

described in Appendix B. 
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Fig. 3-12. Secondary plot of the intercepts from Fig. III-10 vs. 

[butyraldehyde]. The ordinate is in mg/U and the abscissa 

is in mM-1. The analysis is described in Appendix B. 
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Fig. 3-13. The proposed mechanism of action for BDH I. 
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VAB 

v = observed velocity 

v = maximum velocity 

A = [NADH] 

Ka = Michaelis constant for NADH 

Kia = true dissociation constant for NADH 

B = [butyraldehyde] 

Kb = Michaelis constant for butyraldehyde 

Ki = inhibition constant for butyraldehyde 

A 8 p Q 

! i i i 
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Fig. 3-14. Primary Lineweaver-Burk plot of BDH I with acetaldehyde 

held constant and NADH varying. The ordinate is in terms 

of mg/U and the abscissa is in mM-1. The acetaldehyde 

concentrations and legends are given on the figure. The 

ordinate is in terms of mg/U and the abscissa is in mM-1. 

The assays are described in methods. The analysis is 

described in Appendix B. 
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Fig. 3-15. Primary Lineweaver-Burk plot of BDH I with NADH held 

constant and acetaldehyde varying. The ordinate is in 

terms of mg/U and the abscissa is in mM-1. The NADH 

concentrations and legends are given on the figure. The 

ordinate is in terms of mg/U and the abscissa is in mM -1. 

The assays are described in methods. The analysis is 

described in Appendix B. 
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Fig. 3-16. Secondary plot of Fig. III-14. For slope vs. 

1/[acetaldehyde] the ordinate is in terms of mM mg/U for 

intercept vs. 1/[acetaldehyde] the ordinate is in terms of 

mg/U. The abscissa is in mM-1. The analysis is described 

in Appendix B. The legend is given on the figure. 
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(Fig 3-17 and 3-18). The slope and intercept secondary plots gave a 

value of 4.86 s-1 for the Kcat. and values of 0.18 mM and 16 mM for 

KNADH and Kbutyraldehyde respectively and a Kia of 0.29 mM (Fig 

3-19). The kinetic mechanism for BDH II was studied using both 

dead end competitive and product inhibitors. S-NADH acted as a 

competitive inhibitor with respect to NADH and as a noncompetitive 

inhibitor with respect to butyraldehyde (Fig 3-20). Butanol was 

noncompetitive with respect to both NADH and butyraldehyde (Fig 

3-21). These results are consistent with an ordered bi bi mechanism 

with NADH binding first and NAD+ being released last (32, 88, 89) 

(Fig 3-22). The Ki's for S-NADH, and butanol were 0.67 mM and 100 

mM, respectively. 

Substrate Specificity and Metabolite Effects The rate of 

reduction of aldehydes by BDH I and II appears to be dependent, m 

part, on the length of the hydrophobic chain (Table 3-II). The 

activity of the enzyme increased as the chain length increased. 

Neither of the .BDH's catalyzed the reduction of any of the 2-ketones 

tested. Valeraldehyde and heptaldehyde demonstrated slight 

substrate inhibition under the assay conditions used for BDH I. The 

addition of CoA and CoA containing compounds caused a large 

decrease in activity in both BDH I and II (Table 3-III). Acetyl-CoA 

caused the largest decrease, followed by butyryl-CoA and then free 

Co A. ATP also caused a drop in the activity, though not as large as 

that observed by the addition of free CoA or CoA compounds. The Ki 

values for ATP were 0.17 mM and 0.47 mM for BDH I and II 

respectively. The Ki's for free Co A were 22 11M and 39 11M for BDH I 
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Fig. 3-17. Primary Lineweaver-Burk plot of BDH II with NADH held 

constant and butyraldehyde varying. The ordinate is in 

terms of mg!U and the abscissa is in mM-1. The NADH 

concentrations and legends are given on the figure. The 

ordinate is in terms of mg/U and the abscissa is in mM-1. 

The assays are described in methods. The analysis is 

described in Appendix B. 
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Fig. 3-18. Primary Lineweaver-Burk plot of BDH II with 

butyraldehyde held constant and NADH varying. The 

ordinate is in terms of mg/U and the abscissa is in mM -1. 

The butyraldehyde concentrations and legends are given 

on the figure. The ordinate is in terms of mg/U and the 

abscissa is in mM-1. The assays are described in methods. 

The analysis is described in Appendix B. 
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Fig. 3-19. Secondary plot of Fig. 111-18. For slope vs. 

1/[butyraldehyde], the ordinate is in terms of mM mg/U, 

for intercept vs. 1/[butyraldehyde] the ordinate is in terms 

of mg/U. The abscissa is in mM-1. The analysis is 

described in Appendix B. The legend is given on the 

figure. 
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Fig. 3-20. S-NADH inhibition of BDH II: a) 1/v vs. 1/[NADH], b) 1/v 

vs. 1/[butyraldehyde]. The ordinates are in terms of mg/U 

and the abscissa are in mM -1. The analysis is described in 

Appendix B. The figure legend represents the 

concentrations of S-NADH used in the assays and is given 

in the figure. 
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Fig. 3-21. Butanol inhibition of BDH II: a) 1/v vs. 1/[NADH], b) 1/v 

vs. 1/[butyraldehyde]. The ordinates are in terms of mg/U 

and the abscissa are in mM-1. The analysis is described m 

Appendix B. The figure legend represents the 

concentrations of butanol used in the assays and Is gtven 

in the figure. 
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VAB v- -----------
- KiaKb + KaB + KbA + AB 

v = observed velocity 

v = maximum velocity 

A =[NADH] 

Ka = Michaelis constant for NADH 

Kia = true dissociation constant for NADH 

B = [butyraldehyde] 

Kb = Michaelis constant for butyraldehyde 

A B p a 
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Table 3-11 
Substrate Specificity 

All substrates were initially suspended In 

methanol except for acetaldehyde. The 
NADH concentration was 1.0 mM. 

BDill BDHTI 
apparent apparent 
Vmax/Km Vmax/Km 

Metabolite s-1/mM-1 s-1/mM-1 
acetaldehyde 0.27 0.0061 

butyraldehyde 0.41 0.28 

valeraldehyde 0.74 0.72 

hexaldehyde 1.5 1.4 

heptaldehyde 2.0 3.0 



Table 3-III 
Metabolite effects on BDH I and II. All numbers are a 

percent of the control value. The substrate for BDH I was 
acetaldehyde and the substrate for BDH II was 

butyraldehyde, na stands for no detectable activity. 

metabolite BDHI BDHII 
% activit 

control 100 100 

2.0 mM acetyl-CoA na na 

0.2 mM acetyl-CoA 5 5.8 

2.0 mM butyryl-CoA na na 

0.2 mM butyryl-CoA 5.8 11 

2.0 mM Coenzyme A 2.2 

0.2 mM Coenzyme A 24 22 

2.0 mM ATP 14 19 

0.2 mM ATP 58 61 

320 mM butyrate 1.6 19 

32 mM butyrate 24 

60 mM butanol 54 80 

95 
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and II respectively. The decrease in activity for BDH I and BDH II 

was roughly the same for all of the CoA compounds tested and for 

ATP. Neither butyrate nor butanol caused a significant decrease in 

activity in BDH II until higher concentrations were reached, as would 

be expected from the inhibition studies with butanol. BDH I activity 

resulted in a larger decrease in activity upon the addition of 

butyrate and butanol than did BDH II as could be expected from the 

substrate inhibition observed in BDH I. Butanol inhibition studies for 

BDH I demonstrated a complex inhibition pattern. 

The pi's for BDH I and BDH II were very similar with values of 

5.66 for BDH I and 5.70 for BDH II (Fig 3-23). The IEF gel shows a 

small amount of cross contamination between the two enzymes. The 

changes in the N-terminal sequence were very small between BDH I 

and BDH II (Table 3-IV). The uncertainty in the assignment of 

several of the amino acids in BDH II was due to limitations in the 

resolution of those amino acids on the amino acid sequencer model 

used for that protein. Some of the uncertianties were resolved 

through the assistance of Dr. Richard Cook of the Baylor College of 

Medicine with a more sensitive amino acid sequencer. Both of the 

enzymes start with methionine (deforymylated). The similarity of 

the sequences is not surprising as the difference between the pi's for 

the two proteins is also very small and they appear to be 

functionally similar. 
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Fig. 3-23. Isoelectric focusing gel of BDH I and BDH II. Lane 1 is BDH 

I and lane 2 is BDH II. Lane 5 is the standards. 
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Table 3-IV 
Amino acid sequence of BDH I and II. The different 

amino acids are represented by an asterisk. 

a.a. BDHI BDH II 
1 Met Met 
2 Val* Leu* 
3 Asp* Ser* 
4 Phe Phe 
5 Glu Glu 
6 Tyr Tyr 
7 Ser Ser 
8 Ile Ile 
9 Pro Pro 
10 Thr Thr 
1 1 (Cys) Lys/(Cys) 
12 Ile Val 
1 3 Phe Phe 
14 Phe Phe 
1 5 Gly Gly 
I 6 Lys Lys 
17 Asp* Gly* 
I 8 Lys Lys 
I9 Ile Ile 
20 Asn Ile 
21 Val Val 
22 Leu* Ile* 
23 Gly Gly 
24 (Cys) (Cys) 
25 Glu Glu 
26 Leu 
27 Lys 
28 Lys 
29 Tyr 
30 Gly 
3 1 Ser 
32 Lys 
33 Val 
34 Leu 
35 Ile 
36 Val 
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n· . ISCUSSIOD 

Our work has verified that C. acetobutylicum ATCC 824 has at 

least two NADH-dependent butanol dehydrogenase activities with 

similar coenzyme requirements and pH ranges. There is probably 

also an NADPH-dependent butanol dehydrogenase which is more 

active at higher pH's as reported by Durre et a/. (26). Large 

differences in the BDH's for different strains have been found m 

Clostridium beijerinckii (42). The enzymes which we have purified 

were dependent on NADH and were most active in the range of the 

intracellular pH of the bacteria, which have an internal pH range of 

4.9-6.0 as reported by Gottwald and Gottschalk (35) or 5.6-6.8 as 

reported by Husemann and Papoutsakis (46). The NADPH dependent 

activity is less active in this pH range (three to five fold less than at 

pH 8.0). Both NADH-BDH's have fairly sharp decreases in activity as 

the pH increases above 6.0. This lower activity at elevated pH's 

could have the effect of slowing down the production of butanol as 

the intracellular and extracellular levels of butyric acid decrease and 

the intracellular pH increases. The NADPH-BDH activity decreases as 

the pH drops below 8.0. There are two possible explanations for the 

residual NADPH activity in the purified butanol dehydrogenases. 

The first is that the two enzymes may not be completely NADH 

dependent, meaning that the active site may be able to accommodate 

and utilize both NADH and NADPH. This is supported by the results 

of the IEF gel which does not have a strong band which could be 
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identified as the NADPH-dependent BDH. The variation in the NADH 

activity to NADPH activity ratio could be due to either changes in the 

protein during purification, to changes in the environment of the 

protein such as the ionic strength of the buffers used, or to the error 

within the assays. The NADPH-dependent BAD's purified by Hiu e t 

al. (42) both contained some residual NADH-dependent activity. The 

other possibility is that both BDH I and BDH II (and the impure BDH 

in the intervening purification steps) are contaminated with an 

NADPH-dependent BDH which can form heterodimers with BDH I and 

BDH II. The formation of heterodimers with different isozymes of 

ADH is well documented (12, 55, 98, 103). One manner of 

eliminating this possibility would be to examine the clone BDH/51 

(the clone will be addressed in Appendix A) and attempt to generate 

subclones and completely seperate the enzymes. BDH I and II could 

then be purified from these subclones and examined for NADPH 

activity. The presence of NADPH activity would indicate that the 

presence of heterodimers is not neccessary to explain the residual 

NADPH activity. 

Butanol dehydrogenase was dependent on the presence zn2+ m 

the buffer for the recovery of activity, as was shown by the 

requirements for zinc in the buffer during the purification. The 

addition of divalent cations other than zmc to the ammonium sulfate 

dialysis buffer during that purification step did not restore activity. 

Attempts to purify the NADH-BDH with other divalent cations in the 

buffer gave a much lower activity yield. BDH I was partially 

inhibited by 4,7-phenanthroline, probably due to competition of the 



102 

compound with NADH and to inhibition with methanol, but was 

totally inhibited by 1 ,10-phenanthroline indicating the presence of 

zn2+ in the enzyme. The inhibition of BDH II by 1,10-

phenanthroline, which binds zn2+' but not by 4,7-phenanthroline, 

which does not bind zn2+, indicates the presence of a zinc cation 

which is important to the activity of the BDH. The zn+2 binding 

compound 1,1 0-phenanthroline has been used to study the 

mechanism of the zn2+ in horse liver ADH by several researchers. 

Plane et al. (75) found that zn2+ binding agents block the binding of 

NAD(H) and of larger substrates. Vallee et al. (102, 102) were able 

to demonstrate competitive inhibition relative to NAD(H) and 

uncompetitive inhibition relative to ethanol/acetaldehyde with 1,10-

phenanthroline, which they believed indicated that the function of 

Zn 2+ in the reaction was to bind the cofactor. Eventually Boiwe and 

Branden (11) demonstr~ted through X-ray crystallography of horse 

liver ADH that 1,1 0-phenanthroline displaced a water molecule from 

the active site .zn2+ and that the ring structure of the phenanthroline 

was partially blocking the proposed binding site for the 

nicotinamide. Dunn and Hutchison (12, 25) proposed that the 

substrate was bound to the catalytic zn2+ of horse liver ADH and 

further that the Zn cation acted as a Lewis acid under the conditions 

studied. The addition of EDTA to crude extracts of C. acetobutylicum 

caused a decrease in observed activity of both the crude and 

ammonium sulfate fractions. Activity could be partially restored in 

the EDT A inhibited extracts by the addition of several different 

divalent cations such as zn2+, Fe2+, Mn2+, and Co2+ (data not shown). 
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The increased activity seen after the addition of different divalent 

cations may be due to the binding of the EDT A by the added metals, 

causing the release of zn2+ and enabling it to reassociate with the 

apoenzyme. 

One of the interesting features of the NADH dependent BDH's 1s 

that they are dimers of approximately 84 kD + 4 kD. Bacterial 

alcohol dehydrogenases (ADH's), such as Z. mobilis (70), E. coli (67), 

or B. stearothermophilus (93) are generally tetramers with native 

molecular weights of approximately 135 to 150 kD (Table 3-V). The 

yeast ADH is also around 150 kD and is a tetramer (37). Both the 

subunit and native molecular weights of the NADH butanol 

dehydrogenases from C. acetobutylicum were closer to those of the 

mammalian enzymes, such as human ADH (103) and horse ADH (54, 

55). It is also of interest that these mammalian ADH's prefer more 

hydrophobic substrates, as do the clostridial BDH's, while the 

bacterial ADH's mentioned show a decrease in activity as the size of 

the substrate increases. The NADH-BDH which we have purified has 

at least one important difference from mammalian ADH's. The pH 

optimum for the oxidation of butanol of NADH-BDH is around 7.0, 

while the pH optimum for the oxidation of alcohols in mammalian 

ADH's is generally much higher. BDH I and II also have much higher 

Km 's for NADH than most ADH's. The higher Km for BDH I and II 

with respect to NADH may have something to do with the unusual pH 

range for the maximum activity of BDH I and II. 

The increased activity observed in BDH I and II when assayed 

with longer chain aldehydes may be due to the presence of a 



""'" 0 Table 3-V 
- Comparison of various alcohol dehydrogenases. The horse .liver enzyme is representative of the type 
of ADH found in mammalian cells. The E. coli ADH is representative of those found in bacterial cells. 

c c horse 
BDHI BDH II beijerinckii beijerinckii liver 

NRRL 592 NRRL 593 (20) 
( 41) ( 41) 

native MW 84,000 84,000 66,000 100,000 84,000 

subunit MW 42,000 42,000 na na 42000 

# subunits 2 2 na na 2 

cofactor NADH NADH NADPH NADPH NADH 

NAD(P)H Km 1.3 mM 0.18 mM <1.9 JlM 18/31 JlM 1 17.5 JlM 

acetaldehyde 60 mM 0.03 mM <0.6 mM >15 mM 100 mM 
Km 

butyraldehyde 55 mM 16 mM 6J.1M 9.5 mM 16 mM2 
Km 

1) Depending on substrate-first is acetaldehyde and the second is butyraldehyde 
2)KNADH with butyraldehyde as the substrate is 24 JlM. 
3) The Km's for butanol and ethanol are 18 mM and 13 mM respectively. 
4) Butyraldehyde has 43% of the reported activity as compared to acetaldehyde. 

yeast . E. coli 
(66, 96) (66) 

150,000 131,000 

35,000 33,000 

4 4 

NADH NADH 

10.8 JlM 37.3 JlM 

780 JlM 20.2 JlM 

na3 na4 
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hydrophobic pocket in the active site of the enzyme. The 

hydrophobic regtons bordering the cleft in the active site of alcohol 

dehydrogenase have been suggested as binding sites for both 

substrates and cofactors in horse liver ADH (28), human liver ADH's 

(29), and yeast ADH (30). The longer hydrophobic chains may bind 

to the active site more tightly causing an increase in the observed 

activity. This conclusion is supported by the increase in efficiency of 

the substrate, which is primarily due to a decrease in the Km value 

rather than an increase in the apparent Kcat value. This increase in 

activity with larger more hydrophobic substrates is found in several 

alcohol dehydrogenases, including several of the human ADH 

isozymes (61, 73, 103) and the ADH found in horse liver (21). 

The inhibition of BDH I and II by CoA, CoA compounds, and 

ATP can be explained in terms of a hydrophobic binding site for the 

cofactor. NADH, CoA and ATP all contain adenosine which may 

facilitate binding of the cofactor to the enzyme. The inhibition seen 

in the metabolic control studies was probably due to the competition 

of CoA and ATP with NADH for the coenzyme binding site. X-Ray 

studies of horse liver ADH have shown that one ADP-ribose molecule 

binds to each subunit in a manner similar to the binding of the 

corresponding parts of NAD+ to lactate dehydrogenase, and other 

dehydrogenases (12, 86). Intracellular levels of ATP, NAD(H) and 

butyrate have been studied, but the levels of other metabolites such 

as Co A compounds are still unknown. Meyer and Papoutsakis ( 64, 

66) reported an increase of 6-fold in the ATP levels from the acid to 

the solvent phase (0.28 mM in the acid phase to 1.4 mM in the 
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solvent phase) in continuous fermentations, and the ratio of ATP to 

ADP changed in a corresponding manner. The NADH levels had a 

smaller increase of 1.4 fold (0.077 mM to 0.1 mM). The ATP and 

NADH levels in batch fermentations did not change dramatically 

upon the switch to solvent production, but the levels were already 

significantly higher than the metabolite levels in the cells from the 

continuous fermentations. These studies indicate that high levels of 

both NADH and ATP are present in solvent producing cells. The 

increased levels of NADH are expected, but the in vivo effect of high 

levels of ATP on NADH-BDH are unknown. One possibility is that 

high NADH concentrations can overcome the competitive inhibition 

by the ATP and that the balance between NADH and ATP levels 

helps to control the rate of formation of butanol in continuous 

fermentations. Changes in the intracellular ratios of the other 

compounds tested could also have an effect on the in vivo regulation 

of the NADH-BDH. 

The presence of substrate inhibition in alcohol dehydrogenase 

1s not unknown. Horse liver ADH demonstrates strong substrate 

inhibition when the ethanol concentration reaches high levels and 

the inhibition becomes stronger as the chain length increases (94). 

Human ADH also demonstrates substrate inhibition with high levels 

of ethanol (105). 

The kinetic studies for both BDH I and BDH II are consistent 

with the formation of an ordered ternary complex with NADH 

binding first followed by butyraldehyde. Hartmannis et al. (39) 

determined through I3c NMR that the intracellular levels of 
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butyraldehyde in C. acetobutylicum are very low, less than 1 mM. 

The low levels of butyraldehyde indicate that the clostridial NADH

BDH's would be very sensitive to changes in the intracellular 

concentration of butyraldehyde as the enzyme would very seldom 

reach saturation. However, the technique used by Hartmannis et al. 

(39) does not rule out the possibility of a "localized" increase m 

butyraldehyde concentration within the cell. While high 

concentrations of butyraldehyde would not adversely effect the 

efficiency of BDH II it could act to decrease the rate of butanol 

production by BDH I. As the enzyme reaction appears to be largely 

irreversible for both BDH's, the practical irreversibility would help to 

draw the reaction in the direction of the production of butanol. 

Recent experiments in our lab with rifampicin show an excellent 

correlation between butanol production and the levels of NADH-BDH 

activity. 

The two NADH dependent butanol dehydrogenases found in C. 

acetobutylicum appear to be very similar physically but have some 

important kinetic differences. Both enzymes are approximately the 

same size and have very similar N-terminal sequences. Although 

some of the amino acid differences may be due to assignment error 

in the sequencer there are several differences which are very 

definite. These differences lead us to conclude that BDH I and II are 

completely seperate enzymes and are not due to differences m 

posttranslational modification. The pH ranges for BDH I and II are 

very close and the pi's determined for the enzymes are within 0.04 

pH units. The inhibition by ATP and CoA compounds is also very 
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similar. The largest differences are m the specificity towards 

acetaldehyde and in the activity with respect to butyraldehyde. BDH 

I has a kcat/kM value for acetaldehyde of 0.33 s-1 m M -1 while the 

value for BDH II is 0.0067 s-1mM-1. The kcat/Km values for 

butyraldehyde are 0.44 s-1 m M -1 and 0.30 s-1 m M -1 for BDH I and 

BDH II respectively. BDH I also demonstrates substrate inhibition 

towards butyraldehyde while BDH II does not. BDH I is the more 

likely of the two enzymes to have a role in the production of ethanol 

while both enzymes may play a role in the production of butanol. 

Summary 

1) C. acetobutylicum has either two or three alcohol dehydrogenases 

involved in the production of ethanol, butanol or other anabolic or 

catabolic pathways. 

2) Two of the ADH's (BDH I and II) are NADH dependent, require Zn 

for activity, have subunits of approximately 42 kD, and are most 

active in the physiological pH range of the organism. 

3) BDH I follows an Ordered Bi Bi mechanism and shows evidence of 

substrate inhibition with butyraldehyde. 

4) BDH II follows an Ordered Bi Bi mechanism and shows no 

evidence of substrate inhibition. 

5) BDH I is the more likely of the two to be involved in the 

production of ethanol. Either BDH I or II could be involved in the 

production of butanol. 
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6) Both BDH I and II are more active with the longer chain aldehydes 

studied and show similar inhibition to A TP and Co A compounds. 

7) The pi's and N-terminal sequences of BDH I and II are very 

similar indicating very little sequence or charge difference 

between them, but the difference is large enough to conclude that 

they are two seperate enzymes. 

8) Both purified BDH's have a low level of NADPH-dependent 

activity, but the existence of heterodimers cannot yet be ruled 

out. 

~-------------------------------



110 

CHAPTER4 

STUDIES ON THE EFFECTS OF RIFAMPICIN AND CHLORAMPHENICOL 

ON WHOLE CELL METABOUSM 

Although the in vitro levels of different critical enzyme 

activities in different growth phases have been well characterized, 

the general mechanism for the regulation of enzyme activity levels 

has not yet been fully addressed (81). This chapter presents the 

effects of rifampicin and chloramphenicol, two antibiotics which 

inhibit transcription and translation respectively, on the levels of 

key enzymes throughout the entire fermentation. This information 

has allowed us to identify which of the key enzymes are constitutive, 

which are induced/derepressed, their relative stabilities in vivo, and 

to propose a manner for controlling the rate of product formation. 

Previous studies have reported the effects of these two compounds 

on the activity levels of butyraldehyde dehydrogenase (71) and 

acetoacetate decarboxylase (8); however, the entire fermentation 

was not followed, and the effects of the antibiotics on other key 

enzymes were not addressed. The effects of rifampicin and 

chloramphenicol on the activities of butyrate kinase, 

phosphotransbutyrylase, coenzyme A transferase, butyraldehyde 

and butanol dehydrogenases throughout the fermentation are 

presented in this chapter. 

1 



Results 

Control. One of the prime concerns in the design of these 

experiments was the transfer of the growing cells from one 

1 1 1 

fermenter to the other and the possible effects of the transfer on the 

enzyme and product levels of those cells. The control experiment 

outlined in methods was performed to demonstrate that the transfer 

itself had a negligible effect on the cell growth and in vivo enzyme 

levels (Table 4-I). The antibiotic levels used in the experiment were 

chosen either from previous work from our laboratory, as was the 

case for rifampicin (14), or from values in the literature (8, 71) and 

studies conducted in our laboratory to determine the toxicity of the 

antibiotic, as was the case for chloramphenicol. The shortest time 

interval between samples, two hours, was determined by the time 

needed to process the cells and by the growth rate of the culture. As 

the fermentation neared the stationary phase, the growth rate 

decreased and the samples were collected every three hours. The 

effects of the addition of chloramphenicol were very similar to those 

observed with rifampicin. The transfer of the culture from Ferm A 

to Ferm B or the addition of DMSO during the control experiment had 

no effect on enzyme activities or product levels as was shown in the 

control fermentation. 

Cell growth. The optical density of the cultures treated with 

either rifampicin (Fig 4-1) or chloramphenicol (Table 4-II) did not 

increase substantially after addition of the antibiotic. The amount of 
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Table 4-1 
Control fermentation. 

The bold numbers are from the cultures which were moved to Ferm B and treated with DMSO. The 
enzyme units were defined in methods as one ~mole of substrate converted per minute. 

time BAD butanol CoA Tr acetone butyrate acetate 
(hours) (mU/m~) (mM) (U/mg) (mM) (mM) (mM) 

7 0.0 2.2+0.12 0.01 + 0.005 0.0 18.4 + 1.9 14.1 + 0.69 

10 26 + 1.3 4.0 + 0.21 0.48 + 0.024 1.4 + 0.25 31.4 + 3.2 19.8 + 0.97 
10 19 ±. 0.95 3.5 ±. 0.19 0.21 ±.0. 0 1 1.8 ±. 0.32 32.9 ±. 3.4 19.9 ±. 0.98 

1 3 110 + 6.0 12.3 + 0.65 2.63 +0.13 7.1 + 1.3 39.7 + 4.1 24.7 + 1.2 
13 110 ±. 6.0 13.5 ±. 0.72 2.24 ±. 0.11 7.9 ±. 1.4 39.5 ±. 4.1 26.1 ±. 1.3 

16 140 + 7 30.6 + 1.6 4.45 +0.22 15.9 + 2.9 29.4 + 3.0 26.1 + 1.3 
1 6 220 ±. 14 33.1 ±. 1.8 3.66 ±. 0.81 16.4 ±. 3.0 28.0 ±. 2.9 26.0 ±. 1.3 

19 240 + 16 69.5 + 3.7 3.38 + 0.13 39.5 + 7.1 8.0 + 0.82 14.0 + 0.69 
1 9 86 ±. 4.3 66.7 ±. 3.5 3.72 ±. 0.19 34.4 ±. 6.2 6.5 ±. 0.67 17.4 ±. 0.86 

22 80 + 4.0 100 + 5.3 1.84 + 0.1 55.9 + 10 8.4 + 0.86 6.8 + 0.33 
22 86 ±. 4.3 86 ±. 4.8 2.14 ±. 0.17 53.3 ±. 9.6 7.8 ±. 0~80 13.8 ±. 0.68 
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Fig. 4-1. Effect of rifampicin on growth of C. acetobutylicum 

displayed as optical density plotted vs. time. The optical 

density is measured at 600 nm and time is measured in 

hours starting at seven hours after inoculation. OD 600 c are 

the untreated cultures and OD 600 r are the cultures treated 

with rif. The legend is given on the figure. 
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Table 4-11. Chloramphenicol treated fermentation The bold numbers 

are from cultures which were moved to Ferm B and 

treated with Cm. The enzyme enzyme units were defined 

in methods as one J.Lmole of substrate converted per 

minute. 
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\0 
...... 
...... time 

(hours) 
7 

9 
9 

1 1 
1 1 

13 
13 

15 
15 

1 7 
17 

20 
20 

23 
23 

NADH NADPH 
BAD BAD 

mU/mg mU/mg 

0.0 0.0 

0.0 0.0 
0.0 0.0 

3.7 + 0.2 6.1 + 0.13 
3.9 ±. 2.4 3.3 ±. 0.15 

17 + 0.64 28 + 1.8 
14 ±. 1.1 5.0 ±. 0.1 

72 + 1.3 96 + 5.5 
37 ±. 0.64 36 ±. 4.1 

89 + 14 120 + 5.6 
51 ±. 2.0 79 ±. 3.7 

110 + 5.5 140 + 7.0 
95 ±. 4.8 100 ±.. 5.0 

120 + 6.0 100 + 5.0 
59 ±. 3.0 54 ±. 2.5 

NADH NADPH butanol CoA Tr 
BDH BDH 

mU/mg mU/mg mM U/mg 
0.0 26 + 1.8 0.9 + 0.048 0.008 + 0.0004 

0.0 31 + 2.4 1.1 + 0.058 0.013 + 0.001 
0.0 12 ±. 1.9 1.2 ±. 0.064 0.006 ±. 0.001 

21 + 1.6 64 + 4.5 1.3 + 0.069 0.19 + 0.01 
14 ±. 1.1 31 ±. 2.2 2.2 ±. 0.12 0.067 ±. 0.003 

31 + 2.4 91 + 6.5 6.3 + 0.34 0.95 + 0.12 
24 ±. 1.9 65 ±. 4. 6 2.9 ±. 0.15 0.40 ±. 0.023 

34 + 2.6 130 + 9.2 17.7 + 0.94 2.1 + 0.10 
14 ±. 1.1 91 ±. 6.5 11.2 ±.. 0.60 1.4 ±. 0.07 

36 + 2.8 110. + 7.8 42.5 + 2.3 3.6 + 0.02 
30 ±. 2.3 110 ±. 7.8 33.0 ±. 1.8 3.5 ±. 0.23 

65 + 5.1 90 + 6.4 103 + 5.5 4.3 + 0.19 
42 ±.. 3.3 92 ±. 6.5 81.8 ±. 4.4 3.8 ±.. 0.12 

29 + 2.3 83 + 5.9 156 + 8.3 2.9 + 0.11 
48 ±. 3.7 74 ±. 5.2 126 ±. 6.7 3.6 ±. 0.56 
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acetone butyrate acetate 

mM mM mM 
0.0 16.1 + 1.6 10.1 + 0.50 

0.4 + o.072I 25.4 + 2.6 I 13.0 + 0.64 
0.8 ±. 0.14 19.9 ±. 2.0 11.2 ±. 0.55 

0.9 + 0.16 I 24.0 + 2.5 1 12.2 + 0.60 
1.7 ±. 0.31 33.4 ±. 3.4 16.6 ±. 0.82 

4.0 + 0.72 I 49.1 + 5.0 I 25.2 + 1.2 
1.7 ±. 0.31 49.0 ±. 5.0 25.8 ±. 1.3 

10.7 + 1.9 I 51.3 + 5.3 I 29.6 + 1.4 
5.6 ±. 1.0 53.2 ±. 5.5 28.9 ±. 1.4 

22.3 + 4.0 I 34.3 + 3.5 I 29.5 + 1.4 
14.3 ±. 2.6 39.0 ±. 4.0 32.7 ±. 1.6 

54.6 + 9.9 I 9.0 + 0.93 
32.4 ±. 5.9 9.9 ±. 1.0 

20.4 + 1.0 
20.5 ±. 1.0 

86.6 + 16 I 9.6 + 0.99 I 14.3 + 0.70 
57.7 ±. 10 6.3 ±. 0.65 9.6 ±. 0.47 
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protein m the extracts from the treated cultures was also lower than 

m the untreated cultures. 

Product effects. The butyrate and acetate levels of the 

untreated cells fell slightly below those of the rif treated cells at 15 

hours (Fig 4-2 a, b) but the acid concentrations of the untreated cells 

differed little from those of the rif treated cells after fifteen hours. 

This pattern was also observed with the Cm treated cells (Table 4-

II). There was a decrease in the production of acetone and butanol 

in the both the rif and Cm treated cells (Fig 4-2 c, d, Table 4-II) . 

One interesting point is that the ratio between the uptake of acids 

and the production of acetone was not always 1:1 as was reported by 

Hartmannis (40). 

Enzyme effects. Except for slight variations, the PTB and BK 

activity levels were stable for both the untreated and for the 

rifampicin and chloramphenicol treated cells (Table 4-III). The 

activity levels of the two enzymes also remained fairly constant 

when the cells switched from acid production to solvent production. 

CoA transferase did not reach significant levels in any of the 

fermentations until the solvent phase. (Fig 4-3, Tabl~ 4-II). The 

addition of either rif or Cm slowed or stopped the increase in CoA Tr 

activity which occured during solventogenesis. CoA Tr activity 

levels in the rif and Cm treated cultures were similar to the activity 

levels in the previous control sample. CoA Tr activity levels 

increased though the end of the fermentation. 

The solvent producing enzyme butyraldehyde dehydrogenase 

was the one most effected by the addition of rifampicin or 
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Fig. 4-2. Effect of rifampicin on product formation. All values were 

obtained from the same fermentation. The unit for the 

concentrations is mM, time is in hours: a) butyrate levels 

vs. time; b) acetate levels vs. time c) acetone levels vs. time; 

d) butanol levels vs. time. Product c are the untreated 

cultures and product r are the cultures treated with rif. The 

legend is given on the figure. 
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Table 4-III 
PTB and BK values for the three fermentations represented. The 

bold numbers are the values for the treated cultures. 

PTB BK 
Control 9.5 + 0.79 ndl 
fermentation 11 ±. 0.82 
rifampicin 12 + 1.3 1.7 + 0.5 
fermentation 12 ±. 2.8 1.6 ±. 0.36 
Chloramphenicol 12 + 1.4 1.5 ± 0.47 
fermentation 11 ±. 1.2 1.8 ±. 0.46 

1) Not assayed. 
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Fig. 4-3. Effects of rifampicin on levels of CoA Transferase activity 

over the course of one of the fermentations. The activity is 

defined as U/mg, time is in hours. The enzyme unit (U) is 

defined in Methods. CoA Tr c are the untreated cultures and 

CoA Tr r are the cultures treated with rif. The legend is 

given on the figure. 
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chloramphenicol. This enzyme was detected very soon after the 

onset of butanol production when it displayed a sharp rise in activity 

(Fig 4-4 a, b, Table 4-11). This pattern was consistent throughout all 

of the fermentations Rifampicin almost totally inhibited the 

appearance of BAD activity (Fig 4-4 a, b). The addition of 

chloramphenicol also prevented the formation of BAD but to a much 

lesser extent than was observed in the rif treated cells (Table 4-11). 

The NAD+ and NADP+ dependent BAD activity profiles were very 

similar, suggesting that they were measuring different activities 

from the same enzyme. The extracts consistently demonstrated 

higher BAD activity with NADP+ than with NAD+. 

There was no NADH~BDH activity detectable until the cells 

were entering early solventogenesis (Fig 4-5 a, Table 4-11). The 

NADH-BDH activity level continued to increase throughout 

solventogenesis for the rif fermentation (Fig 4-5 a) but decreased at 

the very end of the Cm fermentation (Table 4-11). Production of 

butanol appeared to follow the appearance of both BAD and NADH

BDH activities. The addition of rif or Cm caused a slight decrease in 

the apparent rate of production of NADH-BDH during the beginning 

of solventogenesis. This effect varied as solventogenesis proceeded. 

The change in activity levels between the control and treated cells 

was not consistent. NADPH-BDH activity was found in cells in the 

acid producing stage, and this activity increased throughout both 

phases until near the end of the fermentations when the activity 

levels decreased (Fig 4-5 b, Table 4-11). The NADPH-BDH activity 

began to decrease 3 hours before the NADH-BDH (Fig 4-6 a, b). Both 
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Fig. 4-4. Effects of rifampicin on activity levels of butyraldehyde 

dehydrogenase activity over the course of one of the 

fermentations: a) NAD-BAD activity vs time; b) NADP-BAD 

activity vs time. The activity is defined as U/mg, time 1s m 

hours. The enzyme units (U) are defined in Methods. 

NAD(P)-BAD c are the untreated cultures and NAD(P)-BAD r 

are the cultures treated with rif. The legend is given on the 

figure. 
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Fig. 4-5. Effects of rifampicin on the activity levels of butanol 

dehydrogenase over the course of one of the fermentations: 

a) NADH-BDH activity vs time; b) NADPH-BDH activity vs 

time. The activity is defined as U/mg, time is in hours. The 

enzyme units (U) are defined in Methods. NAD(P)H-BDH c 

are the untreated cultures and NAD(P)H-BDH r are the 

cultures treated with rif. The legend is given on the figure. 
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rifampicin and chloramphenicol prevented or slowed the increase of 

NADPH-BDH activity throughout the fermentation. 
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Discussion 

The purpose of these experiments was to determine the 

regulation of several key enzymes of C. acetobutylicum and to gather 

information on the stability of these enzymes m vzvo. These studies 

were an expansiOn of previous work done by Palosaari and Rogers 

(71) and Ballongue et al. (8) in that we followed the effects of Cm 

and Rif throughout the entire fermentation and addressed the effects 

of the antibiotics on various key enzymes and products 

simultaneously. Rifampicin inhibits chain initiation m transcription 

and chloramphenicol inhibits the reaction catalyzed by peptidyl 

transferase. The production of protein in the cells treated with 

either rif or Cm decreased dramatically. Enzymes which are 

constitutively expressed should have similar activity levels in 

antibiotic treated cells and in un-treated cells. The largest effects 

should be seen in genes which are being "switched on" or m enzyme 

activities which are unstable. Statements about the in vzvo stability 

are only concerned with the innate stability of the enzymes or 

activities in question; the stability of the activities demonstrated m 

these experiments can not take into account the possibility of the 

presence of an unstable, inducable protease which could actively 

degrade proteins in situ. 

PTB and BK were the only enzyme activities m this study 

which were not affected by the addition of rif or Cm. The lack of 

difference between the levels of PTB and BK in the treated and m the 

untreated cells indicates that these enzymes are constitutively 
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expressed throughout both fermentation stages of the organism and 

demonstrates that the enzymes are stable in vivo. Cary et al. (14) 

have performed experiments which indicate that PTB and BK may 

compose an operon which is controlled as a single unit. The high rate 

of production of butyrate in the rif and Cm treated cells confirms the 

presence of these enzymes in an active form during acidogenesis. 

The presence of PTB and BK in the solvent phase can be explained as 

a pathway for the uptake of extracellular butyrate, as has been 

proposed by Meyer et al. (65), or the production of butyrate may 

continue at a reduced rate during solventogenesis. Both PTB (110) 

and BK (38) have been purified, and the kinetic constants reported m 

those publications do not present a kinetic barrier to the PTB-BK 

pathway acting in the direction of the conversiOn of butyrate to 

butyryl-CoA. Assays with 14C-labeled butyrate, ATP, CoA, and 

crude extract performed by our lab indicate that an enzyme activity 

exists which can convert butyrate to butyryl-CoA and is ATP and 

CoA dependent (unpublished data). 

The CoA transferase activity was not detectable until the 

beginning of solventogenesis. This enzyme is important in the 

uptake of butyrate and acetate and the production of acetone and 

butyryl-CoA. The apparent increased production of butyrate and 

acetate of the treated cells compared to the non-treated cells seen at 

15 hours (Fig 4-3 a, b) is probably due to the very low levels of CoA 

Tr in the antibiotic treated cells at 15 hours (Fig 4-4 ). This effect 

declines as solventogenesis advances. The presence of CoA 

transferase activity generally correlates very well with the 
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production of acetone. These data agree with information obtained 

by Husemann and Papoutsakis (48) using C. acetobutylicum ATCC 

824. The addition of either rif or Cm stops or slows the 

induction/derepression of CoA Tr activity. The results also show that 

this enzyme activity is stable in vivo for at least two to three hours; 

the in vivo stability is interesting as Wiesenborn et al. (109) have 

reported that the activity in vitro Is very unstable unless stabilizing 

agents such as ammonium sulfate and glycerol are added. Ballongue 

et al. (8) has demonstrated that the addition of either rif or Cm to a 

fermentation is followed by the loss of acetoacetate decarboxylase 

(ACACDE) activity. The decrease in ACACDE activity may indicate 

that ACACDE is rapidly decomposed or deactivated in vivo which 

would make this enzyme an excellent candidate for partial control of 

the acetone production pathway. Research done by Meyer et al. (65) 

and Husemann and Papoutsakis (47) demonstrates that the inability 

of CO sparged cultures of C. acetobutylicum to produce acetone was 

due to the loss of ACACDE activity. When ACACDE activity decreases 

m vzvo, acetoacetate levels should increase. Wiesenborn et al. (109) 

reported that the addition of 20 mM acetoacetate to CoA Tr assays 

was followed by a 40% decrease in activity, indicating that product 

inhibition may have an important role in the control of CoA Tr. After 

the initial induction/derepression of CoA Tr and ACACDE, the acetone 

producing pathway is probably controlled by the balance between 

production and loss of ACACDE activity and by feedback inhibition of 

the more stable CoA transferase by acetoacetate. 
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The influence of rifampicin on the pathway responsible for the 

production of butanol was an important part of this study. The 

addition of rif or Cm was followed by a decrease in the amount of 

butanol produced by the cells. Butyraldehyde dehydrogenase is 

considered a key enzyme in the control of the pathway for the 

production of butanol, as it is the branchpoint in the use of butyryl

CoA (49). The appearance of BAD activity corresponded very well 

with the initiation of butanol production in all of the experiments. 

The loss of activity in the rif treated cells and the large decrease in 

activity in Cm treated cells indicate that BAD was being 

transcribed/translated at the beginning of and during 

solventogenesis and was highly unstable zn vzvo. The decrease m the 

rate of production of butanol even in the presence of high levels of 

BDH (both NADH and NADPH dependent) also demonstrates the 

importance of BAD. Enzymes with high turnover rates often carry 

out key reactions in metabolic pathways. Palosaari and Rogers (71) 

studied a butyraldehyde dehydrogenase from C. acetobutylicum 

B643 which also demonstrated a rapid decrease in activity after the 

addition of rif, indicating that the enzyme was rapidly turned over z n 

vzvo. The BAD purified by Palosaari and Rogers was more active 

with NAD+ than NADP+, while the BAD from our strain appeared to 

be more active with NADP+. However, until the BAD from ATCC 824 

has been purified and characterized, it cannot be stated positively 

which is the preferred cofactor for this butyraldehyde 

dehydrogenase. Studies performed by our laboratory indicate that 

the BAD in our strain of C. acetobutylicum is significantly different 
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than that purified by Palosaari and Rogers, and attempts to purify 

the BAD from ATCC 824 by the method used by Palosaari have been 

unsuccessful. The early detection of BAD during the initiation of 

solventogenesis coupled with the rapid turnover rate of the enzyme 

confirms the importance of BAD in the regulation of the flow of 

butyryl-CoA to the acid or solvent producing pathways. As BAD 

activity levels increase with respect to PTB activity levels more 

butyryl-CoA is converted into butyraldehyde, and from there to 

butanol, and less into butyryl-phosphate. When the cell stops 

production of BAD, butyryl-CoA could again be used in the synthesis 

of butyrate. 

C. acetobutylicum ATCC 824 has two or three independent 

BDH's (26). NADH-BDH activity was not detected until the beginning 

of solvent production. The NADH-BDH activity generally appeared 

two to three hours before the appearance of BAD, whereas butanol 

formation was detected between the initial induction of the activities 

of NADH-BDH and BAD. The addition of either rif or Cm slowed the 

induction/derepression of NADH-BDH. Unlike BAD activity, the 

NADH-BDH activity was stable in vivo. The levels of NADH-BDH 

activity paralleled the production of butanol, which suggests that this 

BDH may have a role in the synthesis of butanol. The apparent 

variability of the NADH-BDH activity is probably due to the fact that 

it is composed of two separate enzymes BDH I and II. The NADH

BDHs are most active at lower pH's, around pH 6.0 for BDH I or pH 

5.5 for BDH II, with the activities decreasing rapidly at higher pH's 

(Chapter 3). Hartmannis et al. have reported that the intracellular 
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level of butyraldehyde in C. acetobutylicum ATCC 824 is under 1 mM 

(40). The high values for Kbutyraldehyde. 55 mM for NADH-BDH I 

and 16 mM for NADH-BDH II, both measured at pH 6.0 (Chapter 3) 

imply that the enzyme activity is very sensitive to changes in the 

intracellular concentration of butyraldehyde. Although the NADH

BDH's appear to be initially controlled at the transcriptional level, the 

zn vzvo stability and characteristics of purified NADH-BDH indicate 

that the major methods of control during solvent production are 

probably the regulation of substrate levels and control of the 

intracellular pH. The last alcohol dehydrogenase, an NADPH 

dependent BDH, was always detected earlier in the fermentations 

than the NADH-BDH. This enzyme appears to be produced 

throughout both acid and solvent stages and shows a steady increase 

in activity until the end of solventogenesis. NADPH-BDH activity has 

a maximum above pH 8.0 and decreases in activity as the pH of the 

assay buffer nears the intracellular pH of C. acetobutylicum. As with 

the NADH-BDH, the addition of rif or Cm decreased the 

induction/derepression of NADPH-BDH, while the level of activity 

remained at the previous control level, indicating that the NADPH 

dependent BDH is stable in vivo. While the NADPH-BDH is partially 

under transcriptional or translational control, its stability in vivo 

suggests that the primary controls are probably metabolic in nature; 

further conclusions about the control of NADPH-BDH will have to 

await the purification and characterization of this enzyme. NADPH 

dependant butanol dehydrogenases have been identified as the 

primary producers of butanol in C. beijerinckii by Hiu et al. (42) and 



137 

Yan et a/. (111). The NADH dependent BDH activities of the enzymes 

from C. beijerinckii were substantially lower when compared to the 

NADPH-BDH activities, 6-10 fold lower depending on the strain used. 

Rogers et a/. have also reported that a NADPH-BDH is the mam 

butanol producer in C. acetobutylicum strain B643 (80, 81, 82). 

However, all BDH assays performed by these groups were done at 

pH 7 .5,or higher, while the activity for the NADH-BDH from C. 

acetobutylicum ATCC 824 is very low in this pH range. 

The enzymes composing the pathway for the production of 

butanol in C. acetobutylicum ATCC 824 appear to be different than 

those reported by Rogers et a/. (80, 81, 82) and Palosaari and Rogers 

(71). The butyraldehyde dehydrogenase reported by Palosaari and 

Rogers is an NAD dependent enzyme while ours appears to be more 

specific for NADP, the BAD from our strain also has stability 

requirements not mentio.ned for the BAD from C. acetobutylicum 

B643. Rogers reported the existence of a single NADPH dependent 

BDH from C. q.cetobutylicum B643 while C. acetobutylicum ATCC 824 

has two BDH's, one NADH dependent and one NADPH dependent. 

Petitdemange et a/. (74) and Andersch et a/. (3) have both reported 

NAD(H) dependent butyraldehyde and butanol dehydrogenases. 

These discrepancies may indicate the existence of large differences 

between strains. The possibility that different strains of C. 

beijerinckii may have evolved their solvent production pathways 

separately has been proposed by Thompson et a/. (99). 



Summary 

1) PTB and BK are constitutive enzymes and are stable in vzvo. 

2) The four solvent producing enzymes are being actively 

transcribed at the beginning of solventogenesis. 
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3) Three of the solvent producing enzymes: CoA transferase, NADH

dependent butanol dehydrogenases, and NADPH-dependent 

butanol dehydrogenase are induced/derepressed at the onset of 

solventogenesis, are stable in vivo, and are controlled mainly by 

metabolic fluxes or post translational events. 

4) The butyraldehyde dehydrogenase(s) are highly unstable in vzvo 

and have a very rapid turnover rate. 

5) As BAD IS a branchpoint enzyme in the butyrate/butanol 

producing pathway. If BAD is not present the butyryl-CoA will be 

used in the production of butyrate, but if BAD is present butyryl

CoA may be used in the production of butanol. This indicates that 

the rapid turnover rate of BAD in vivo may be for the purpose of 

controlling the direction of the use of butyryl-CoA and the 

eventual production of butyrate or butanol. 



CHAPTERS 

CONCLUSIONS 

Clostridium acetobutylicum ATCC 824 has two NADH 
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dependent butanol dehydrogenases which are kinetically distinct. 

These BDH's either have a small residual amount of NADPH 

dependent activity or can form a heterodimer with an NADPH 

dependent BDH. These BDH's are not present in the cell until the 

advent of solventogenesis and are stable in vivo. Both of the BDH's 

could be involved in the production of butanol but BDH I is the more 

likely of the two to be inv<:>lved in the production of ethanol. Both 

BDH's are inhibited by a variety of metabolites found in the 

orgamsm. Both are substantially more active in the forward 

direction (butyraldehyde to butanol) than in the reverse direction. 

The butyraldehyde dehydrogenase from C. acetobutylicum has been 

found to be more active in the reverse direction (butyraldehyde to 

butyryl-CoA). The largely "one-way" reactions for these two 

enzymes could account for the the low levels of butyraldehyde found 

in the cell (40). Production of butanol is probably controlled at 

several levels: 1) the first is at the level of transcription; BAD is 

inactivated rapidly in vivo so that when the transcription of the gene 

for BAD ceases, the amount of BAD present in the cell will drop 

rapidly and butanol production will cease, 2) the second level is the 

amount and nature of the metabolites present around BDH; changing 

the balance of different metabolites could act to increase or decrease 
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the rate of conversiOn of butyraldehyde to butanol by inhibiting or 

ceasing to inhibit BDH, 3) the third level would be changes in the 

internal pH of the organism, any rise in the internal pH would cause 

a decrease in activity of both NADH-BDH's. Further studies involving 

the purification of BAD and any possible NADPH-dependent BDH may 

reveal further controls. Production of acetone is probably controlled 

in a similar manner, through a combination of 

transcriptional/translational controls for ACACDE (8) and through 

metabolic controls for the more stable Co A Tr ( 1 09). The production 

of butyrate appears to be controlled by the amount of butyryl-CoA 

available to PTB and BK (which in tum may be controlled by BAD 

levels), the levels of different metabolites which effect those two 

enzymes, and the intracellular pH (38, 109). Although the 

intracellular levels of ATP, ADP, NAD, and NADH have been reported 

(64), the intracellular levels of various other metabolites such as free 

CoA and CoA compounds are still unknown. A more complete 

understanding of the control of the pathways will require the 

determination of these metabolite levels. However, the results from 

our research group have allowed us to propose some changes to the 

standard metabolic chart shown in the introduction (Fig. 5-1). 

One consequence of the purification of NADH-BDH from C. 

acetobutylicum has been the isolation of a clone which may contain 

more than one BDH (see appendix A). This clone could be of use in 

engineering organisms which could produce more butanol faster by 

the reintroduction of high copy number clones of BDH and BAD into 

C. acetobutylicum or into other suitable organisms. Information 



Fig. 5-1. Revised metabolic map, the changes are in: J) butyrate 

kinase; I) phosphotransbutyrylase; M) butyraldehyde 

dehydroganase; and N) butanol dehydrogenase. 

141 



....._ 

N 
"<j" -

(2) pyruvate 

A B f C D 
acetate acetyl-P 02) acetyl-CoA TT"acetaldehyde TT"ethanol 

C02'-. ATP ADP CoA Pi I NAD(P)H NAD(P) NAD(P)H NAD(P) 
n 

E 
acetone~ acetoacetate 

L -----co A 

cetoacety 1-CoA 

NADH 

F 

NAD 

' 3-hydroxybutyryl-CoA 

G 

H20 

crotonyl-CoA 

NADH 

H 

J I 
butyrate nbutyryi-P nbutryrJ-CoA 

Co A 

N 
butyraldehyde TT"butanol 

ATP ADP CoA P1 NAD(P)H NAD(P) NAD(P)H NAD(P) 



143 

gained from studies of the clone may yield ways to convert the 

enzymes to constitutive proteins, thereby skipping the unprofitable 

acid phase altogether. Projects similar to the one with C. 

acetobutylicum are occurring with an organism called Alcaligenes 

eutrophus which can produce biopolymers similar in many ways to 

plastics (76). Introducing clones of the genes for these pathways 

into E. coli has increased the economic potential of this bacterium 

incredibly. 

This work, coupled with research which has occured in the 

Chemical Engineering at Rice and to ongoing work in the Department 

of Biochemistry and Cell Biology, has allowed us to finally begin to 

understand the complex metabolic changes which occur during the 

switch from one phase to another in C. acetobutylicum. Although 

this research will probably not immediately change or improve the 

production of butanol from the AB fermentation, the research which 

will follow and be partially based on these experiments may have a 

more direct impact on the industrial feasibility of this process. 
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APPENDIX A 

CLONE BDH/51 FROM CLOSTRIDIUM ACETOBUTYLICUM 

One vital part of the Clostridia project was the isolation of 

clones of the genes of metabolically important proteins for eventual 

use with metabolic engineering. As was mentioned in the 

introduction, several genes have been cloned and some have been 

expressed. Cary et al. (14) reported the expression of cloned PTB 

and BK from C. acetobutylicum in E. coli. Youngleson et al. has 

reported cloning a NADPH-BDH from C. acetobutylicum P262 (113). 

A clone of the CoA transferase from C. acetobutylicum ATCC 824 has 

been found by Jeff Cary and Daniel Petersen in the laboratory of Dr. 

George Bennett of Rice University (private communication) but has 

not yet been characterized. These clones may be used to produce 

large amounts of the protein in question, they could be used to study 

the mechanism of the enzymes through site-specific mutagenesis, or 

they may be modified and reinserted into the original organism m an 

attempt to change or improve the desired characteristics. One 

immediate question which may be answered from experiments with 

the BDH containing clone (or subclones) is the amount of NADPH 

activity in the two NADH-dependent enzymes. This Appendix 

discusses the study of the products of a E. coli strain containing a 

plasmid which expresses both the NADH and NADPH butanol 

dehydrogenase activitys from C. acetobutylicum. 
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Methods 

The following work of isolating the clone was carried out by 

Daniel Petersen in Dr. Bennett's laboratory. The genome from C. 

acetobutylicum was digested with a restriction enzyme (Sau3AI) and 

was placed in a lambda phage library (A. EMBL3). The proper phage 

plaques were selected with radiolabeled oligonucleotide probes 

based on the N-terminal sequence to BDH I. A fragment was 

transfered to the plasmid pUC-19. The plasmid was marked with 

ampicillin resistance and the Lac Z gene and, after the BDH/51 

fragment was inserted, the construct was then transfered into E. coli 

DH5. The expression of BDH from the clone was monitered using 

Western-Blots with antibodies made to BDH II and through the 

production of 35s labeled BDH in maxicells with the encoded 

products run on an SDS-PAGE gel (90). 

Growth. 

Transformed cells were grown overnight m standard L-B. 

media in a shaker box at 37° C. 

Enzyme Purification. 

The frozen cells were suspended in 20 ml of cell lysis buffer 

with 1 mg/ml of lysozyme added and were allowed to sit at room 

temperature for one hour. The cell suspension was then sonicated 

for 8 minutes at 90% duty cycle and a power setting of 38 watts. 

The enzymes from the transformed cell line were assayed m 

the same manner as described in Chapter 2 of this thesis. The 

manner of purification was the same except that the ammonium 

sulfate step was ommitted. All other studies were also performed as 
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described m Chapter 2. The addition of (c) after the step indicates 

clone. 

Results 

Purification. The initial purification steps for the enzymes 

from BDH/51 gave results similar to the results from the purification 

of BDH I and II from Clostridia. NADH-BDH activity in the 

transformed cells was approximately 15 fold higher than in the 

normal E. coli. The activity from the DE-52 column was eluted at 

approximately 0.25 M KCl in both purifications (Fig. A-1). As in the 

purification explained in Chapter three, the majority of the NADPH 

activity was lost on the DE-52 column (Table A-I). When the 

concentrated DE-52c fractions were loaded onto the blue sepharose 

column, the activity split into two peaks, one in the flow through and 

one eluting at the same concentration of KCl as seen in the BS II 

fraction (Fig. A-2). The difference in the purification appeared in the 

red sepharose column. RS Ic did not require as much KCl as RS I 

from C. acetobutylicum did for elution, and the enzyme from the 

clone eluted in a sharper peak (Fig. A-3). RS lie was also eluted at 

slightly lower salt concentrations than needed for the elution of 

normal RS II (Fig. A-4). 

Gel electrophoresis. SDS-PAGE gels, for both purified protein 

and for maxicell analysis, show a single major band at approximately 

42 kD for both BDH Ic and BDH lie, corresponding to the molecular 

weights seen in BDH I and II (Fig. A-5). Isoelectric focusing gels 
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Fig. A-1. DE-52 anion exchange column. The units for activity are 

U/ml. One unit (U) is defined as the oxidation of one Jlmole 

of NADH per minute. The fractions are 12 ml each. The 

legend is given on the figure. 
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Table A-I 
Purification table for BDH/51. One unit of activity is defined a the oxidation of one mmole of 
NAD(P)H per minute. The activity ratio is defined as the total activity for NADH-BDH I and II 

divided by the amount of NADPH dependent activity in that sample. 

step volume activity specific total fold percent NADH 
(ml) (U/ml) activity activity purification recovery NADPH 

(U/mg) (U) 
crude 21 4.5 + 0.50 0.35 94 1.0 100 1.6 + 0.35 

(2.8 + 0.31) (0.22) (59) ( 1.0) (100) 

DE-52 21 5.3 + 1.7 2.9 110 8.3 120 3.0 + 1.2 
(1.7 + 0.11) (0.94) (36) ( 4.3) (61) 

blue 1 1 1.5 + 0.01 1.4 16 4 17 3.6 + 0.56 
sepharose I (0.4 + 0.06) (0.36) (4.4) ( 1.6) (7 .4) 

blue 1 1 7.0 + 0.5 5.0 77 14 82 3.0 + 0.46 
sepharose II (2.4 + 0.20) (1.7) (26) (7.7) (44) 

red 7.4 1.6 + 0.19 3.8 12 11 14 4.8 + 1.4 
sepharose I (0.34 + 0.06) (0.81) (2.5) (3.7) (4.2) 

red 9.8 6.8 + 1.5 8.1 67 23 7 1 3.0 + 0.91 
sepharose II (2.2 + 0.18) (2.6) (22) (12) (37) 
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Fig. A-2. Blue sepharose affinity column. The first activity peak is 

the flow through (BS lc) which did not bind. The second 

peak is the eluant (BS lie) which bound. The units for 

activity are U/ml. One unit (U) is defined as the oxidation 

of on~ ~mole of NADH per minute. The fractions are 12 ml 

each. The legend is given on the figure. 
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Fig A-3. Red sepharose affinity column. BS Ic was applied to the 

column. The eluant was named RS Ic (BDH Ic in further 

experiments). The units for activity are U/ml. One unit 

(U) is defined as the oxidation of one Jlmole of NADH per 

minute. The fractions are 12 ml each. The legend is given 

on the figure. 
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Fig A-4. Red sepharose affinity column. BS lie was applied to the 

column. The eluant was named RS lie (BDH lie in further 

experiments). The units for activity are U/ml. One unit 

(U) is defined as the oxidation of one Jlmole of NADH per 

minute. The fractions are 12 ml each. The legend is giVen 

· on the figure. 
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Fig. A-5. SDS-PAGE gel of BDH Ic and BDH lie. The molecular 

weights of the standards are given at the side of the gel. 

Lanes 1 and 8 are the standards. Lane 2 is crude ectract, 

lane 3 is concentrated DE-52c, lane 4 is BS lc, lane 5 is BS 

lie, lane 6 is RS I c, and lane 7 is RS lie. The molecular 

weights of the standards are given in the figure. 
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show two major bands for BDH Ic and lie, with one band in each lane 

dominating (Fig. A-6). The pi's for these proteins were 5.60 for BDH 

Ic and 5.66 for BDH lie, the other band in each lane was probably 

due to cross contamination from the other enzyme. The pi's for the 

enzymes from BDH/51 were slightly more acidic than the pi's from 

the original enzymes, although the shift was very small. Western 

blots using antibodies made to BDH II were reactive to both BDH Ic 

and BDH lie. The native gels for butyraldehyde showed a large 

smear which could contain two bands on both the NADH and the 

NADPH gels and another band further down on the NADPH gel (Fig 

A-7 a,b). In gels soaked in acetaldehyde and NADH the top of the 

large dark spot was missing. The gels allow the differentiation of 

BDH Ic from BDH lie (Fig A-7 c). 

Discussion 

The host, E. coli DH5, has a small amount of ADH activity along 

with the activities expressed from the plasmid containing BDH/51. 

This activity is lost during the purification of BDH Ic + lie. The E. coli 

ADH is a tetramer of 33 kD and did not appear in the SDS-PAGE gel 

of the purified products from the transformed culture. The fact that 

the two purifications are so similar is a good indication that the clone 

contains the BDH's from C. acetobutylicum. The slight differences m 

the red sepharose elution profiles and the pi's for BDH Ic and lie 

could be due to. either slight modifications in the post translational 

modifications of the two enzymes, or they could be indicative of 
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Fig. A-6. Isoelectric focusing gel of BDH Ic and BDH He. Lane 3 is 

BDH Ic and lane 4 is BDH lie. Lanes 1 and 2 are BDH I and 

II respectively. Lane 5 is the standards. 
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Fig. A-7. Activity gel with crude extract from BDH/51. The dark 

spots on the gel indicate the presence of enzyme activity: a) 

the gels were soaked in the solution described in Chapter 2 

for native gel electrophoresis, the gel on teh left is NADPH 

and the gel on the right is NADH, b) the gel was soakd in 

the NADH and butyraldehyde soluton as described earlier 

in methods, c) the gel was soaked in a solution similar to gel 

b with the exception that the butyraldehyde was replaced 

· with 50 mM acetaldehyde. The different lanes are varying 

amounts of crude extract added. 
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some deletions of changes in the sequence of the enzymes. The 

presence of three bands in the native gel indicates the presence of 

three proteins on the fragment from C. acetobutylicum which is 9 Kb 

in length. The laboratories of both Dr. Bennett and Dr. Papoutsakis at 

Northwestern University are attempting to subclone this gene so that 

the enzymes and activities can be separated. A combination of 

various assays, including assays for acetaldehyde and butyraldehyde 

with NADH and butyraldehyde with NADPH, along with purification 

of the clone products should allow the identification of the coding 

regwn for each. 
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KINETIC ANALYSIS 
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To remove the possibility of product inhibition in the kinetic 

studies, the experiments were performed under conditions in which 

an initial velocity based analysis would be valid. The [S]total/[E]total 
dEP 

ratio was maintained at a value above 100 (2) and dt was assumed 

to be equal to zero. The method for analyzing the Lineweaver-Burk 

plots was outlined by Rudolph and Fromm (89). The general form 

for bireactant mechanisms which involve a ternary complex is: 

VAB 
v = KiaKb + KaB + KbA + AB 

where the nomenclature follows the rules proposed by Cleland (16) 

V is the maximum velocity, A is the concentration of substrate A, B Is 

the concentration of substrate B, Ka and Kb are the Michaelis 

constants for A and B respectively and Kia is the true dissociation 

constant for A. The form of the equation used in plotting Is 

where the slopes of the plot of 1/v vs 1/[A] are represented by the 

equation 

Ka + (KiaKb/B) 
slope = V 



and the intercepts of the plot are represented by 

intercept = 
1 +(Kb/B) 

v 

1 8 1 

The constants Ka, Kb, and V were determined by replotting the 

intercepts and slopes of the primary plots vs 1/B. The intercept of 

the secondary intercept plot yielded the value of IN while the slope 

of that secondary plot gave the value of KbN. The intercept of the 

secondary slope plot gave KaN and the value of the slope was 

KiaK bN. While these plots yield the values for certain constants m 

the reaction, they give no information on the binding order. 

The most common manner to determine the substrate binding 

order and mechanism is to find or develop an inhibitor to the 

enzyme reaction. The most common types of inhibitors used are: 1) 

substrate inhibitors, either dead end inhibitors ·which compete with 

the original substrate and block the reaction, or alternate substrates 

which compete with the original substrate and change the observed 

reaction; 2) product inhibition, in which the presence of added 

product competes with the substrates; 3) and substrate inhibition 

which occurs when high levels of substrate slow the reaction instead 

increasing the observed rate. The first form of inhibition. mentioned 

m this thesis was substrate inhibition. 

The form of substrate inhibition seen m assays with 

butyraldehyde for BDH I is known as competitive substrate 

inhibition. The combination of E and B (in the case of BDH I, E and 



butyraldehyde) forms a dead-end EB complex (17, 31, 92). The 

equation which describes dead-end substrate inhibition 1s, 

VAB 

182 

where Ki is the inhibition constant for B. When this equation 1s 

plotted in the Lineweaver-Burk form, plots of 1/v vs 1/A are linear 

at all concentrations of B, but as B increases the slope passes through 

a minimum and begins to increase (92). The plots of 1/v vs. 1/B 

show a hyperbolic curve at lower concentrations of A as 1/B 

approaches the ordinate. These plots are characteristic of an ordered 

bi bi mechanism. The kinetic constants for this form of mechanism 

can be determined but the secondary plots are different. The 

intercepts of the 1/A Lineweaver-Burk plot (intercept!/ A) are 

replotted vs 1/B; the intercept of the intercept! fA replot is equal to 

IN while the slope of this replot is Kb/V. The slopes of the 1/A 

Lineweaver-Burk plots (slope I 1 A) are replotted vs both B and 1/B. 

Both of these replots are curved as they approach the ordinate but 

are linear at high values of B and 1/B respectively. Tangents are 

drawn through the linear portions of the slope replots and these 

equations are obtained: 

for slopeiJA vs 1/B, 
KiaKb 

slope= V , 



for slope11A vs B, 

. Ka KiaKb 
mtercept = -yo + KaKi ); 

Ka 
slope = VKi, 

. Ka KiaKb 
mtercept = -yo + KaKi ). 
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V, Kb, and Kia can be determined through the intercept11A and 

slope 11 A vs 1/B replots and a ratio of KaiKi can be determined 

through the slope 11 A vs. B replot. The ratio of KaiK i can be used 

with the intercepts of either of the slopeiiA replots to calculate Ka 

and Ki using the equation, 

Ki 
IV + .V (IV)2 - 4(VS)(KiaKb) 

2VS 

with I representing the intercepts from the slope I 1 A replots and S 

representing the slope from the slope 11 A vs. B replot. 

The examples of competitive substrate inhibition m this thesis 

are S-NADH, ATP, and free CoA, all analogs for NADH. In some 

dehydrogenases S-NADH can be used in alternate substrate studies 

(43), but for BDH II it acts as a dead-end substrate inhibitor 

following the equation, 
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where Ki is the inhibition constant for S-NADH. An ordered bi bi 

reaction mechanism predicts that as the concentration of the 

inhibitor increases, it will cause an increase in the slope of plots with 

substrate A as the variable substrate (competitive inhibition) and 

will cause an increase in both the slope and intercepts of plots with 

substrate B as the variable substrate (noncompetitive inhibition) (31, 

32, 92). The value for Ki can be calculated from a plot of slope1JB vs 

inhibitor concentration where the slope and abscissa intercept of the 

replot follow the following equations, 

KiaKb 
slope= VKiA 

A 
I = -Ki(l + K· ) . 

ta 

The last form of inhibition utilized, product inhibition, can be 

used to support the reaction mechanism proposed for BDH II from 

competitive inhibition. The addition of butanol to the reaction 

caused the formation of an abortive complex with butanol binding to 

the E-NADH complex as described by the following equation, 

where P is the concentration of butanol, Kip is the inhibition constant 

for P, Kp is the Michaelis constant for P, and Kiq is the inhibition 
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constant for Q. An ordered bi bi reaction mechanism following this 

equation would predict that plots for both A and B would 

demonstrate noncompetitive inhibition with regards to increasing 

levels of product (87, 92). The inhibition constant for P, Kip. can be 

determined by a replot of intercept! /B vs the inhibitor concentration 

with the replot's slope having the following equation, 

1 
slope = VKip. 
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