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The presence of diacetyl in sufficient concentrations to cause

off-flavor in beer is a serious economic problem affecting the brew-

ing industry. Research was carried out in an attempt to provide an

industrially acceptable method for reducing diacetyl to safe levels

in beer, with additional applications to frozen concentrated orange

juice, and other distilled products.

A modified method of the Owades and Jakovac diacetyl deter-

mination was employed to evaluate the diacetyl content of beer and

orange juice samples. The beer was found to contain a residual

concentration of 0.2 ppm while none of the orange juice samples

showed any detectable diacetyl. All samples were spiked with an

additional 0. 5 ppm before being treated for diacetyl removal.

Diacetyl reductase, a reduced nicotinamide adenine dinucleotide

(NADH) requiring enzyme,was used for diacetyl removal studies; it



was extracted from cells of Aerobacter aerogenes 8724 and subjected

to a series of characterizations. On the basis of activity in the pres-

ence of NADH, diacetyl reductase was effectively purified with am-

monium sulfate fractionation and Sephadex gel separation, but was

rendered inactive when lyopholized in either purified form. As an

unpurified dialysate, or lyopholized preparation, the enzyme re-

mained stable for at least four months when stored at -20°C. It

was also determined that a pH less than 5.5 and an alcohol content

comparable to that found in beer reduced the activity of an unprotected

enzyme preparation by approximately 50%.

Any effective activity of diacetyl reductase in beer necessitated

a means of protecting the enzyme from inactivation by acids during in-

cubation. For this purpose a system using Swift's superclear gel

and a Fleischmann's yeast cell suspension, as an NADH substitute

or regenerative system, were incorporated with the enzyme and

prepared as a thin film dried at room temperature. The gel-yeast-

enzyme system was found to work efficiently in beer while allowing

none of its components to enter the beer. The best activity was

obtained when the gel flakes were freely suspended; if necessary

the flakes could be reused two or more times and still allow diacetyl

removal. Using parameters based on industrial requirements of

reduction to 0.2 ppm diacetyl in 48 hours and minimizing the time

required for reduction to 0.1 ppm, several combinations of gel,



yeast, and enzyme were evaluated. The yeast alone was found to

be effective in removing diacetyl, but required the presence of at

least 0.05 percent enzyme to meet the time limits. A purified

enzyme preparation provided no additional activity in the system.

A detailed analysis of all optimum concentrations, with economic

considerations, is being prepared through a statistical regression

analysis for inclusion in a later publication.

Removal of diacetyl from orange juice required approximately

double the amount of gel-yeast-enzyme of that used in beer. Other

distillers' products with a proof comparable to that of whiskey could

not be analyzed.
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AN ENZYMATIC METHOD FOR THE REMOVAL OF
DIACETYL FROM FERMENTED BEVERAGES

INTRODUCTION

Diacetyl has long been considered a serious off-flavor compo-

nent in beer (54), and more recently has been reported as a growing

problem in frozen orange juice (34, 35). Marketing demands for

beer have shifted in favor of a lighter product, making the diacetyl

problem even more acute. Without the masking effect of stronger

flavor components, diacetyl becomes increasingly noticeable and

objectionable (42). Changes in the composition of wort, accelera-

tion of production, and attempts at continuous fermentation have all

enhanced conditions favorable to formation of diacetyl off-flavor.

Brewers have been partially successful in controlling diacetyl

levels in beer, but usually at the expense of industrial efficiency.

Extended lagering of the beer assures more complete diacetyl remov-

al, but the extended holding periods and storage requirements make

the process economically unfeasible. The addition of fresh whole

yeast cells to fermented beer is another means of reducing the

diacetyl content, but yeast autolysis may produce additional off-

flavors in the finished product. Research carried out by the Oregon

State University Department of Microbiology has previously revealed

the ability of several bacterial species to destroy diacetyl in milk

cultures (15). Using the organism Aerobacter aerogenes 8724,
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Seitz et al. (47) and Pack (39) demonstrated the presence of a

diacetyl-destroying enzyme identified as diacetyl reductase. This

work plus the more recent applications of enzyme to diacetyl remov-

al in beer by Tolls (53) has resulted in the present study. Diacetyl

reductase was incorporated in a protective gel, with the addition of

yeast cells for recycling of reduced cofactor, and used successfully

in beer. Studies of enzyme activity at pH's below 7.0 and in the

presence of 5% ethanol were carried out. In addition, purification

of diacetyl reductase with Sephadex gel and ammonium sulfate frac-

tionation was done in anticipation of using a purified enzyme in the

gel system.
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LITERATURE REVIEW

Occurrence of Diacetyl in Beer

Excessive concentration of the diketone diacetyl in beer causes

an off-flavor described as "lactic-diacetyl, buttery, sarcina-like, or

cheesy" (54). The diacetyl problem is not confined to beer, having

been reported in wines (16, 41, 44), citrus juices (3, 33, 34, 35, 36),

and various other distilled products (43). Research in the area of

diacetyl off-flavor control and removal is now being widely reported

in the literature.

Causative Agents of Diacetyl Formation

The organisms and non-bacterial agents responsible for diacetyl

formation in beer have been reported by several authors studying

brewery contaminants. Claussen (9) identified a diacetyl-producer

as an organism of the genus Pediococcus, later confirmed by Kato

and Nishikawa (24) with the additions of brewers' yeast and Lacto-

bacillus pastorianus. Similar findings were made by Fornachon and

Lloyd (16) in identifying several lactobacilli capable of diacetyl pro-

duction in wine. The genera Lactobacillus and Leuconostoc have

also been implicated as diacetyl-producers in frozen concentrated

orange juice (34). In addition to yeasts and bacteria, exposure to
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air during processing can increase the diacetyl content of the brew.

This observation has since been used by Inoue et al. (18) to suggest

a possible mechanism for diacetyl formation in beer, as well as a

new procedure for determining its concentration during the various

stages of brewing.

Extent of Diacetyl Distribution

The methods published for the determination of diacetyl are

many ( 7, 12, 16, 24, 52, 55), each varying in its degree of sensi-

tivity and accuracy. A recently published comparative work (1) stud-

ied four of the most prevalent methods of diacetyl quantitation and

acknowledged the system of Owades and Jakovac (37) (later modified

by Pack et al. (40) as yielding the most reproducible results within

its range of sensitivity. Variations in method have caused discrep-

ancy in published levels of diacetyl in beer, in both the detectable

and objectionable ranges. Values of 0.20 to 0.46 parts per million

(ppm) were given by West, Lautenbach and Becker (54) as the diacetyl

concentration range of normal tasting beer. At 0.35 ppm diacetyl

was said to become organoleptically detectable, and on reaching

0.5 ppm was objectionable as a flavor component. Burger et al. (5),

studying lighter beer, found a level less than 0.35 ppm at which

diacetyl was organoleptically detectable, but reported 0.2 ppm to

be present in normal tasting beer. In contrast, the heavier Russian
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beer analyzed by Denschchikov, Rylkin, and Zhvirblyanakaya (11)

showed diacetyl levels of from 0.40 to 0.96 ppm. Drews, Specht

and Trenel (13) set a threshold of detection for diacetyl at 0.2 ppm

in light beer and found none of their samples to be above this thresh-

old level. Both wine and orange juice can safely support higher

diacetyl concentrations and therefore require modified criteria as

discussed by Fornachon and Lloyd (16) and Murdock (33).

Brewing Techniques and Procedures

Fermentation Methods

To facilitate interpreting the discussion of this thesis, a gener-

al summary of brewing methods will be presented. Information was

obtained from Tolls (53) and references 49 and 4 where it was empha-

sized that the individual fermentation procedure varies according to

judgments of the brewmaster and his associates.

Ground barley malt, the source of amylases and proteinases,

is first mixed with a cooked cereal adjunct (usually corn grits or

rice). This mixture is combined in a "mash" tank where starch

and protein hydrolysis take place. For clarification it should be

mentioned that the amount of malt used depends on the protein con-

tent, which in turn varies according to the growing region. When

hydrolysis is completed, the mashing temperature is raised to 74
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to 75°C causing inactivation of the malt enzymes. After the mixture

is filtered through barley husks held on a stainless steel false bottom

in a "lauter" tub, it becomes the clarified liquid "wort. "

The next phase of fermentation involves the addition of hops,

at a rate of approximately 0. 75 pounds per barrel, to the wort in

a "brew" kettle. Hops are added to give biological stability through

their antiseptic nature, to add flavor and aroma, and to improve the

foaming properties and colloidal stability of the beer. Filtered

through a hop strainer, the hopped wort enters a hot-wort tank

where it is cooled to yeast "pitching" temperature, about 10°C.

The pH at this time is between 5.3 and 5.5.

At this point the wort enters the primary fermentation tank

("starting" tank) where yeast is added at a rate of 1 to 1.5 pounds per

barrel (31 gallons). After 12 to 24 hours, the wort is pumped to the

secondary fermentation tank ("fermenter") to remain for 8 to 12

days. Temperature preference ranges from 3.3 to 15°C which in

turn determines the length of fermentation. During this time the

pH drops to 4.0 and then rises to about 4.1 or 4.2 as a result of

yeast autolysis. The amount of starch conversion allowed during

mashing sets the final alcoholic content, usually 3. 6%.

Fermentation is followed by primary storage in an "aging"

tank for 10 to 30 days at 0°C to allow yeast settling. After passage

through a diatomaceous earth filter bed, the brew enters a secondary
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storage tank ("finishing" tank) where it remains one to three weeks.

At this time the carbon dioxide level is adjusted and final clarifica-

tion performed. The final filtration ("polishing" filtration) is ac-

complished through a filter pad holding diatomaceous earth into a

holding tank for subsequent packaging.

Choice of Yeast for Fermentation

It has been reported by several authors that microorganisms

capable of diacetyl production can also destroy it. Wiley (56) de-

scribed a Betacoccus that could destroy diacetyl when grown at

pH 4.2. The dairy cultures studied by Seitz (46) produced high

levels of diacetyl, but on storage the concentrations decreased.

In a recent publication Keenan and Bills (25) recommended that

study of the diacetyl reducing enzyme found in dairy cultures be

pursued to help in preventing flavor loss from dairy products.

Yeast production and destruction of diacetyl was reported by Owades,

Maresca and Rubin (38) who showed synthesis during aerobic activi-

ties of fermentation and destruction during the anaerobic phases.

Drews et al. (13) and Murdock (33) also reported these activities.

A survey of published material indicates a wide variance in

the amount of diacetyl produced during fermentation, depending on

the yeast strain used (14, 24, 38, 43). A range from 0.42 to 1.51

ppm was given for the yeast strains studied by Portno (43). Although
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the diacetyl removing ability also depends on the yeast strain present

(13), Owades et al. claimed that such a disparity was largely elim-

inated by the end of the fermentation.

Juni (19, 20), studying the mechanism of diacetyl synthesis in

yeast, found it to differ from the bacterial system in that formation

of acetoin by yeast did not involve alpha-acetolactic acid as an inter-

mediate. He demonstrated by the use of pyruvic acid-2-C14 and

unlabeled acetaldehyde as substrates, that the carbonyl carbon of

acetoin came from the carbonyl group of pyruvic acid. If unlabeled

pyruvic acid and acetaldehyde-2-C1 4 were the substrates, the label

appeared on the carbinol carbon of acetoin. Juni also recognized,

however, that several mechanisms for the formation of acetoin in

biological systems were possible.

A study of nitrogen metabolism in yeast by Owades et al. (38)

reveals acetolactate and/or valine in a culture medium suppressed

the formation of diacetyl. A 200 ppm valine concentration caused

a marked reduction of diacetyl formation, while addition of other

nitrogen compounds had no effect. The authors concluded that

diacetyl was a by-product of valine synthesis and that acetolactic

acid was the precursor of both (Figure 1). It was also theorized

that acetolactic acid and valine exerted feedback inhibition control

over the enzyme responsible for acetolactic acid formation, and

eventual diacetyl synthesis (Figure 2). Portno (43) confirmed the
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feedback mechanism and went on to show that the appearance of

diacetyl was a function of the valine concentration in fermenting

wort, diacetyl synthesis commencing as valine was exhausted from

the medium. More recently, Collins (8) also established the pro-

posed involvement of valine.

Since the time of the publication by Owades et al. (38), Portno

(42) and Collins (8) have become convinced of the inability of yeast

to convert alpha-acetolactate to acetoin or diacetyl by decarboxyla-

tion. Thus, these authors joined Juni (19, 20) in his previous obser-

vations. A yeast cell, then, is enzymatically capable of forming

alpha-acetolactate, but not diacetyl from it. Inoue et al. (18) have

provided an explanation for yeasts' ability to form diacetyl by noting

intracellular concentrations of alpha-acetolactate are high, while

diacetyl predominates extracellularly. Thus, diacetyl is formed

nonenzymatically outside the cell by oxidative decarboxylation of

leaking alpha-acetolactate (Figure 3). Speckman and Collins (50),

and later Chuang and Collins (8), using radioactive tracer techniques,

found that neither acetoin or alpha-acetolactate were precursors of

diacetyl. Rather they showed that labeled pyruvate required the

presence of acetyl coenzyme A to produce labeled diacetyl (Figure 4).

Diacetyl synthesis was stimulated by additions of pantothenic acid,

a constituent of acetyl coenzyme A. An excellent summary of the

major studies of diacetyl synthesis is given by Lewis (30).
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Physical Factors Affecting Diacetyl Concentration

Burger et al. (5) found a correlation between aerobic conditions

with diacetyl and anaerobic conditions and the presence of acetoin.

The Pasteur effect, prompted by pitching of yeast into aerated wort,

stirring, or transferring of wort during fermentation, were found

by Owades et al. to increase the diacetyl produced by the yeast.

Initial preparation of the yeast under constant stirring yielded more

diacetyl than with cells grown statically according to Kringstad and

Rasch (26).

Both Kringstad and Rasch (26) and Portno (43) have reported

higher diacetyl concentrations at elevated temperatures during yeast

preparation and fermentation. Chuang and Collins (8), in noting this

effect, attributed it to either a lower pH at the higher temperature,

or to the temperature dependence of pyruvate production from sugar.

In reference to a dairy culture, Cox (10) related the rate of

diacetyl synthesis and degradation to a dependency on pH. Pack (39)

also presents a discussion on this topic.

Increased oxygen during fermentation, according to Portno

(42, 43) boosts the yeast population resulting in more diacetyl. The

processes of filtration and pasteurization were found by Drews et al.

(13) and Shigematsu and associates (48) to have no effect on diacetyl

content, nor did storage or any other conditioning.
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Studies on Diacetyl Removal

Whole Yeast Cell Diacetyl Removal

Diacetyl off-flavor was reportedly removed from beer by the

addition of one half its volume of fresh wort plus yeast at the normal

pitching rate, or just yeast alone.

Kato and Nishikawa (24) found that any species of fresh yeast

was capable of eliminating diacetyl from beer. The effect was in-

creased by shaking the beer culture, allowing more beer-yeast con-

tact. The same observation has been made in butter acted on by

yeast or Aerobacter aerogenes (27). A study of Saccharomyces

cerevisiae by Lagomarcino and Akin (28) showed accelerated diacetyl

removal by yeast reacting at higher temperatures, greater cell con-

centrations, and with greater amounts of diacetyl present.

Cell-free Crude Extract Diacetyl Removal

A "diacetyl mutase" isolated from pidgeon-breast muscle by

Green, Stumpf and Zarundnaya (17) was found to convert two mole-

cules of diacetyl to two molecules of acetate and one of acetoin.

This enzyme was thiamine pyrophosphate (TPP) dependent and was

reasonably stable, except to lyopholization.

The use of A. aerogenes as a source of the enzyme diacetyl
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reductase was first described by Strecker and Harary (51). The

enzyme, in the presence of nicotinarnide adenine dinucleotide (NADH),

was able to reduce diacetyl to acetoin. The progress of this irre-

versible reaction was followed by measuring the rate of oxidation

of the NADH at 340 mil in a spectrophotometer.

Juni and Heym (21) projected a cycle, the 2, 3-butanediol cycle,

using diacetyl as an intermediate for production of acetic acid. The

cycle included 0-1zymf s of an adaptive nature and did not involve

diacetyl oxidal;ion via pyruvic oxidase or by any mutase enzyme.

A study of the enzymes involved in the 2, 3-butanediol cycle

(22, 23) showed that possibly several of the dehydrogenase reactions

were catalyzed by the same enzyme, yet they could find no specific

diacetyl reductase distinct from the 2, 3-butanediol dehydrogenase.

The enzyme system present was also found in yeast and under no

circumstances could it convert acetoin to diacetyl.

In a study made by Burger et al. (6), using cell-free crude

yeast cell extracts in beer, no diacetyl removal was accomplished.

Since whole cell suspensions did destroy diacetyl, the authors felt

the enzyme must be tightly bound to the yeast cell material and was

therefore nonextractable.

The loss of diacetyl from dairy products was reported by

Seitz et al. to be the probable result of diacetyl reductase activity.

The enzyme was found in many dairy microorganisms and was of
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major importance in psychrophiles. The non-reversible character

of the enzyme caused Seitz (47) and later Pack (39) to suggest its

use in removing diacetyl from beer.

In research conducted by Bavisotto et al., diacetyl removal

from beer using diacetyl reductase was hampered by two complica-

tions. A pH below 5.0 rapidly inactivated the enzyme, and any

attempts at using systems for recycling NADH were also function-

less at low pH.

Using yeast cells, Drews et al. (13) found a hydrogen-transfer

enzyme, acetoin dehydrogenase, that converted acetoin to diacetyl

in a reversible reaction requiring nicotinamide adenine dinucleotide

(NAD).

The most recent enzymatic work on diacetyl removal has been

reported by Tolls (53). He found whole yeast cells impregnated in a

diatomaceous earth filter bed to be capable of destroying diacetyl in

beer. A bacterial extract of diacetyl reductase demonstrated the

same ability in buffer, but was ineffective at a pH below 5.5. Reac-

tion in 5% ethanol solution was also greatly inhibited.

Physical Non-enzymatic Methods for Diacetyl Removal

The amount of diacetyl is known to be reduced in beer on stand-

ing, as reported by West et al. (54). It was also mentioned that since

normal beer is a reducing mixture, the diacetyl could gradually be
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changed to other compounds. Kato and Nishikawa (24) found potas-

sium metabisulfite and ascorbic acid capable of reducing the level

of diacetyl in beer, although not as effectively as yeast alone.
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MATERIALS AND METHODS

Detection of Diacetyl in Beer

Diacetyl Determination

Diacetyl was assayed throughout this research using the colori-

metric method of Owades and Jacovac (37) with the modifications in-

dicated by Pack (40). The procedure allowed for the simultaneous

analysis of 12 samples, each containing 20 ml of beer previously

treated as desired during each experiment. Each tube was flushed

with nitrogen while in a 65°C water bath, forcing the diacetyl into

a tube containing buffered hydroxylamine, resulting in the trapping

of diacetyl as dimethylglyoxime. A pink color subsequently was

produced as the result of a complex formed between one molecule

of ferrous sulfate and two molecules of dimethylglyoxime. A Bausch

and Lomb Spectronic 20 was used for the color readings which were

then converted to ppm of diacetyl. A control solution of all the re-

agents for the determination was used as a color blank for each

spectrophotometric assay. The standard curve was also prepared

using known concentrations of diacetyl.

Diacetyl Content of Beer Samples

The beer used for diacetyl determinations was a product of the
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Olympia Brewing Co. and was purchased at a local grocery store.

Several samples of the beer were tested to obtain the average diacetyl

concentration already present. Thus an experimental beer sample

spiked to 0. 5 ppm actually contained approximately 0. 7 ppm total

diacetyl.

Diacetyl Reductase: Enzyme Preparation
and Characterization

Cultures Used

The two organisms used in this study, Aerobacter aerogenes

ATCC 8724 and Streptococcus diacetilactis 18-16 (0.S. U. Depart-

ment of Microbiology), were obtained from the department's culture

collection. Both organisms were maintained and grown using the

citrate broth shown in Table 1.

Table 1. Composition of citrate broth

Ingredients Grams per liter

Tryptone 10

Glucose 10

Sodium citrate dihydrate 20

Yeast extract 5

Dibasic potassium phosphate 1

Magnesium sulfate 1

pH 7. 0

aAccording to Sandine, Elliker and Hays (45).



21

Enzyme Extraction

Prompted by the work of Pack (39) and Tolls (53), the use of

diacetyl reductase as an enzyme system for destroying diacetyl in

beer was pursued. Several facilities were available for batch cultur-

ing of the organisms used in the extraction. The initial goal was the

production of enough of the enzyme diacetyl reductase from one

extraction procedure to serve the entire research project. For

this purpose, a 40-liter New Brunswick fermentor was employed

using a one percent inoculum of A. aerogenes in citrate broth. The

cell yield from the fermentor proved too great for the time and

processing equipment available to harvest the cells, and alternate

methods were used.

A. aerogenes cells were grown in eight-liter quantities using

aerated carboys, or an aerated and pH regulated New Brunswick

micro fermentor with a capacity of 12 liters. Cells were harvested

after 36 to 48 hours growth using a Servall RC-2 refrigerated

centrifuge operated at 5000 X G for 15 minutes. The cells were then

washed three times and resuspended in 0. 1 M potassium phosphate

buffer at pH 7.0. Cell suspensions (50 ml quantities with the con-

sistency of light cream) were sonicated for 20 minutes in a Raytheon

10 KG Sonic Oscillator and the cell debris removed by centrifugation.

at 15, 500 X G for one and one-half hours. The resulting supernatant
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fluid was dialyzed through three two-liter distilled water changes

over a 30-hour period, then lyopholized or stored frozen as the

crude, unpurified extract. Protein determinations for each extract

were done by the method of Lowry et al. (32).

During the repeated preparation of crude diacetyl reductase

extract from A. aerogenes, some samples were found to have little

or no activity in their final or lyopholized state. This was especially

true of the extract obtained from the New Brunswick fermentor.

Several systems present in the fermentor which were not provided

by smaller batch systems, such as pH control, vigorous aeration,

and resultant Sharples centrifugation, were studied in an attempt to

find the cause of inactivation. Four one-liter batch cultures were

prepared; one was sparged with nitrogen and the other with air.

The other two flasks were held stationary, one allowed to proceed

through normal growth while the other was neutralized to pH 7.0

every three hours. Checks for contamination were also made

throughout the entire extraction procedure.

Determination of Activity

Each crude enzyme extract, supernatant or lyopholized prepara-

tion, was assayed for activity using a continuous recording spectro-

photometer (Gary model 11 or the Gilford model 2000). The reac-

tion was followed by measuring the rate of oxidation of the cofactor
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NADH shown by absorbancy changes at 340 mp.. The reactions were

initiated by additions of diacetyl to solutions containing enzyme,

NADH, and buffer. The standard experimental quantities are shown

in Table 2.

Table 2. A typical experimental design for the assay of crude
enzyme extracts for diacetyl reductase using a continu-
ous recording spectrophotometera

Constituentsb
Blank
(ml)

Plus NADH
(ml)

Complete
(ml)

Buffer (0. 1 M KH2PO4, pH 7. 2) 2. 9 2. 7 2. 6

Enzyme (5 mg/ml) 0. 1 0. 1 ,O. 1

NADH (2 mg/ml) 0. 2 0. 2

Diacetyl (860 µg /ml) 0.1

aSimilar tables have been reported by Pack (39) and Tolls (53).
bThe constituents are listed in the order in which they were
added.

After the blank was adjusted to zero absorbancy, the initial

absorbancy following the addition of NADH was recorded. The

diacetyl was then added to the cuvette and the reaction allowed to

proceed at room temperature.

Two methods were employed for converting absorbancy changes

to units of enzyme activity. One method involved recording the time

in seconds (T) required for 50 percent reduction of the initial



24

absorbancy. One unit of enzyme was defined as the amount of en-

zyme which caused a 50 percent reduction of the absorbancy when

the inverse of T equals 106. For example, if an enzyme concen-

tration of 0.5 mg caused a 50 percent reduction in the initial absorb-

ancy in 50 seconds, then 1/T multiplied by 106 would equal 20,000

units per 0.5 mg or 40,000 units per mg. As another means of

comparing enzyme activity units, the straight portion of the curve

was analyzed for the change in absorbancy per minute (chart speed

two inches per minute) and this quantity divided by the mg of protein

tested.

Purification Studies

As a procedure for further characterization of the enzyme

diacetyl reductase, and for possible application to the beer-enzyme

system, crude enzyme extracts were subjected to two types of puri-

fication methods.

Sephadex Gel Filtration. A 2.5 by 45 cm Sephadex column

was packed with type G-200 gel according to directions provided by

the Pharmacia Fine Chemicals Inc. A 0.1 M potassium phosphate

buffer system was employed. Four ml of a 40 mg/ml crude lyopho-

lized extract was added to the top of the column and 50-drop samples

collected every five minutes. Twenty-five of the samples were

assayed for enzyme activity on the Gilford 2000 and a protein
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determination performed.

Ammonium Sulfate Fractionation. A 50 percent saturation level

was determined as the maximum allowable for precipitation of active

purified enzyme. One hundred ml samples were reacted for 15 min-

utes at 5°C and the resulting precipitate resuspended in 0.1 M potas-

sium phosphate buffer. Activity was determined as above.

Effect of Lyopholization

As reported by Green, Stumpf and Zarundnaya (17), diacetyl

reductase was found to be sensitive to lyopholization. Several activ-

ity tests were run on both crude extracts and purified samples and

their lyopholized counterparts to determine the effects of lyopholiza-

tion and the implications of the results on storage problems for large

quantities of the enzyme.

Activity Maintenance

An additional factor concerning diacetyl reductase that was

of interest for characterization purposes and in assessing optimum

conditions for industrial-scale operations was a study of activity

maintenance. Three enzyme samples, crude lyopholized extract,

crude dialysate (retentate), and ammonium sulfate purified dialysate,

were each stored at room temperature, 5° and -20°C. Sam-

ples were checked for activity every week for the first month
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and monthly thereafter.

Additional Characterization Studies

pH Effect. Previous research has shown the inability of diace-

tyl reductase to function at low pH. An analysis of the degree of

inactivation as the pH is lowered might give some indication of the

degree of protection an enzyme might require for activity in beer

(pH 4. 1). Assays were run on enzyme systems using buffers ad-

justed to pH's between 7.0 and 4.0. Enzyme levels were increased

at the lower pH levels to check the completeness of inactivation.

Alcohol Effect. A five percent concentration of ethanol was

substituted for the buffer in a Gilford enzyme assay. This was done

to determine if the presence of alcohol, at levels present in beer,

contributed to enzyme inactivation.

Experiments in Beer

Enzyme Activity in Beer

The work of Bavisotto et al. (2), mentioned earlier, illustrates

the major problems confronting any researcher attempting to devise

an enzymatic method for removing diacetyl from beer. Beer has a

pH ranging from 4.1 to 4.3, a level at which diacetyl reductase is

totally inactivated. Pack (39) was able to reduce the diacetyl content
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of beer by the addition of large quantities of enzyme, or adjustment

of the pH to a suitable level for enzyme activity. Both of these

procedures would be impractical on an industrial scale and would

unfavorably alter the product.

At the time this project was begun, it was thought that the most

logical area in which to continue enzyme research was to devise a

means of protecting the enzyme while in the beer. Such work had

been initiated by Tolls (53). Additional factors concerning recycling

of the system and the more practical considerations for eventual

application in industry would be considered as the research pro-

gressed.

Enzyme Protection for Use in Beer

A summer research project at Oregon State University (29)

produced an idea to demonstrate the protection of an enzyme under

adverse conditions. The incorporation of a 15 g/1 concentration of

Difco gelatin with the enzyme allowed an aqueous solution of diacetyl,

with NADH included, to be reduced under standard conditions for

detection by Gilford analysis. Preliminary work also showed the

ability of the reaction to take place at lower pH levels, although at

a reduced rate.
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Experiments in Buffer

As a result of the work initiated above, a series of experiments

was carried out using gelatin-protected enzyme where diacetyl re-

duction was measured by following the rate of oxidation of NADH on

the Gifford model 2000 recording spectrophotometer. The reaction

was measured in buffer at different pH levels, with the enzyme held

in various concentrations of gelatin. It was intended in this work to

validate only the principle of enzyme protection under adverse pH

conditions; concentrations of enzyme and diacetyl were not what would

be used in commercial applications.

Difco gelatin concentrations of 15, 20, and 25 g/1 were mixed

with five mg /ml enzyme at 37°C until the gelatin dissolved. The

mixture was poured in thin layers (1/16 inch) on Pyrex glass plates

and desiccated for 24 hours at room temperature. The gelatin-

enzyme scrapings- were stored at -20° C.

Gelatin-enzyme, diacetyl, and NADH buffer mixtures were

prepared in a reaction flask and aliquots taken every two to three

minutes for readings on the spectrophotometer. Approximately 8.0

mg of the gelatin-enzyme mixture (6. 0 mg of gelatin and 2.0 mg of

enzyme using 15. 0 g/1 gelatin and 5. 0 g/1 enzyme) was used per 3.0

ml reaction mixture, providing a final concentration of about 677

ppm. The diacetyl and NADH concentrations in these experiments
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were 28 ppm and 200 ppm respectively. When concentrations of

gelatin at 20.0 and 25.0 g/1 were used, 8.0 mg of gelatin-enzyme

provided 533 and 443 ppm of enzyme respectively. It should be

remembered that the enzyme preparation was a crude extract with

probably at least 95 percent of the protein being non-enzyme protein.

The Gel-Yeast-Enzyme System

Yeast. The protective gel system described above provided a

working basis for elimination of diacetyl in beer without any consider-

ations of practicality in operational or monetary terms. The most

restrictive factor of the system was the NADH, being far too expen-

sive for any large scale activity. At this point it was again a matter

of surveying accumulated knowledge from which the idea of using

yeast cells as an NADH regenerating device was proposed (29).

Yeast is known to produce and destroy diacetyl and should therefore

contain the hydrogen transfer system required by the cofactor NADI-I.

An initial experiment using yeast cell alcohol dehydrogenase as an

NADH source was unsuccessful, but when whole yeast cells were

incorporated in the gel-enzyme system satisfactory results were

produced when analyzed on the Gilford 2000.

Gel. A communication with Paul Lewis Laboratories, Charles

Pfizer and Co., Inc. (49) provided information on a different gel

preparation, Swift's superclear G10 gel, that was being used with
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success in preparing gel-yeast-enzyme mixtures. This gel was eas-

ier to prepare and store and thus was adopted for the present research

program.

The gel-yeast-enzyme mixture was prepared by combining 10 g

of gel in 50 ml distilled water and heating at 40°C until the gel dis-

solved. After cooling to just above room temperature, the pH of the

gel was adjusted to 7.0 th 0.1 with 1 M NaOH before addition of the

yeast and enzyme. One g of yeast suspension and 0.1 g dissolved,

lyopholized enzyme preparation were then added, mixed and spread

as a thin film on sheets of polyethylene. After 24 hours at room

temperature, the gel dried to a translucent, flexible film that could

then be peeled from the polyethylene, cut into pieces approximately

1 cm on an edge and stored under refrigeration.

Beer samples were spiked to 0.5 ppm diacetyl by the addition

of diluted, pure diacetyl. The gel-yeast-enzyme was added to the

beer at the rate of 360 mg per 120 ml of beer. Each 120 ml beer

sample thus contained 324 mg gel, 32.4 mg yeast, and 3.2 mg

enzyme, thought to be satisfactory amounts in terms of commercial

considerations. The spiked beer samples containing gel-yeast-

enzyme were incubated for periods of time ranging from 12 to 120

hours at both room temperature and 5 to 7°C. Final diacetyl con-

centrations after incubation were determined using the method of

Owades et al. (37) previously described. Each element of the
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gel-yeast-enzyme system was prepared separately, and in combina-

tion with one of the other elements, and analyzed in beer to show the

integral role of each component in the system.

Parameters of Experimentation

Although discrepancies occur in the literature as to an accep-

table level for diacetyl in beer, it seems that a majority feel a con-

centration of not greater than 0.2 ppm can be tolerated in normal

tasting beer. Because of the anticipated market for lighter beer, it

was thought that a level of 0.1 ppm diacetyl would be a more realis-

tic goal. The paramenters set for experimentation required the most

economical combination of gel-yeast-enzyme (considering the enzyme

the most costly factor) that could meet two qualifications: the shortest

time for reduction from 0.5 ppm to 0.1 ppm diacetyl, and the ability

to diminish the diacetyl content to 0.2 ppm or less within 48 hours.

Enzyme Purification Studies

The degree of purification obtained by ammonium sulfate precipi-

tation was tested as a possible means of increasing the rate of di-

acetyl reduction using the gel-yeast-enzyme system in beer. Puri-

fied dialysates were added to the gel in amounts equal to 100 mg of

a lyopholized, unpurified preparation. Smaller amounts of the

purified enzyme were also prepared with gelatin as an additional
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comparison to unpurified samples.

Concentration Studies

Gel. A gel concentration study similar to that done using Difco

gelatin was performed with the Swift's gel using 2.5, 5, 10, and 15

percent concentrations based on 100 ml for a total preparation. Ap-

propriate amounts of gel mixture were incubated for 48, 72, and 96

hours at 5 to 7° C in beer and then assayed by the Owades technique.

All other variables were kept constant for this study.

Gel-Yeast-Enzyme. The first survey using all variables in

different combinations is shown in Table 3. This random collection

of variables was somewhat limited by earlier experimentation in

which a few concentration limits had been established. All the tested

combinations were incubated in beer at 5 to 7°C for 48, 72, and 96

hours and analyzed in duplicate on separate trials (four to six tubes

per trial).

A final series of variables was prepared on the basis of earlier

results (Table 4). Careful attention was given to controlling amounts

of each element in the gel system, and in the beer. All other condi-

tions were the same as presented above.

For making an accurate interpretation of the data, as it per-

tained to optimum diacetyl reducing ability, it was hoped all results

could be submitted for a statistical regression analysis. This
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Table 3. Preliminary gel, yeast, and enzyme variations assayed
in beer for the removal of diacetyl.

Sample number Gel
(grams)

Yeast
(grams)

Enzyme
(grams)

1 10 1 0.2

2 10 2 .05

3 10 2 -

4 5 2 -

5 10 1

6 10 2 0.1

7 10 1 0.1

8 15 1 0.1

9 10 1 0.05

10 10 1 0.025

11 5 1 0.1

12 10 1 0.15

13 2.5 1 0.1

14 10 - 0.1



Table 4. Detailed presentation of gel-yeast-enzyme combination used in experiments to study diacetyl removal from beer.

Test Variable Form.
Gelatin Yeast
(grams) (grams)

Enzyme
(grams)

% Composition

Milligrams
Added To

120 Ml
Beer

Mg
Gelatin

Mg
Yeast

Mg Yeast Mg/ Enz. Mg/
Enzyme PPM DA* PPM DA*Gelatin Yeast Enzyme

I Gelatin 2.5% A 10.0 4.0 0.4 69.5 27.8 2.8 116 81 32.4 3.2
5 % B 10.0 2.0 0.2 82.0 16.4 1.6 197 161 32.4 3.2

10 % C 10.0 1.0 0.1 90.1 9.0 0.9 360 324 32.4 3.2 65 6.4

15 % D 10.0 0.67 0.067 93.2 6.2 0.6 523 487 32.4 3.2

II Yeast .5% A 10.0 0.5 0.1 94.2 4.7 0.9 344 324 16.1 3.2 32
1 % B 10.0 1.0 0.1 90.1 9.0 0.9 360 324 32.4 3.2 65
1.5% C 10.0 1.5 0.1 86.0 12.9 0.86 376 324 48.5 3.2 97

6.4

2.0% D 10.0 2.0 0.1 82.5 16.5 0.82 393 324 65.0 3.2 130

III Enzyme 0 % A 10.0 1.0 0 91.0 9.0 0 356 324 32.4 0 0
.1% B 10.0 1.0 0. 1 90. 1 9. 0 0.9 360 324 32. 4 3. 2 6. 4
.2% C 10.0 1.0 0.2 89.3 8.9 1.8 364 324 32.4 6.5

65
13.0

.3% D 10.0 1.0 0.3 88.5 8.85 2.7 370 324 32.4 10.0 20. 0

*Based on initial DA content of 0.5 ppm.
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Table 5. Final series of gel-yeast-enzyme variables prepared for
completing a regression analysis.

Sample number Gel
(grams)

Yeast
(grams)

Enzyme
(grams)

1

2

2.5

2.5

0.5

2

-

3 15 1 -

4 15 1.5 -

5 5 1.5 0.1

6 5 0.5 0.2

7 5 2 0.2

8 10 1.5 0.2

9 2.5 1 0.3

10 2.5 1.5 0.3

11 15 0.5 0.3

12 15 2 0.3
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analysis, considering the data in terms of economy and the experi-

mental parameters set, would assign degrees of importance to each

variable, mathematically define all optima, and provide additional

useful information. The concentrations listed in Table 5 were needed

to allow a complete regression analysis.

Leakage from the Gel System

A critical factor regarding the applicability of the gel-yeast-

enzyme system to an industrial fermentation is the potential effect

of either the gel, yeast, or enzyme on altering the flavor or other

properties of the beer. Any indication that an element of the system

cannot be fully recovered after reaction has taken place would se-

verely hinder acceptance of such a system by the brewing industry.

Yeast. Gel-yeast-enzyme mixtures, using 2.5, 5, and 10

percent gel, were incubated in beer for periods ranging from 48 to

96 hours at 5 to 7° C. Duplicate 10g,, 10 , 10-2, and 10-3 dilutions

of beer were prepared and plated using acidified potato dextrose

agar (Difco). The plates were incubated four to five days at room

temperature and checked for yeast colony growth.

Enzyme. Several methods using the gel-yeast-enzyme in a

buffer system were devised, but no procedure could be devised to

measure enzyme leakage using the actual conditions found in the

beer. It was decided to rely on evidence shown by other indirect
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experimentation as proof that diacetyl reductase is retained by the

gel.

Other. An alternate method for preparation of gel-yeast-

enzyme mixtures was suggested by the Pfizer Company to eliminate

any possible problems with yeast cell leakage. Instead of drying the

gel preparation as a sheet, small droplets dispensed by a warmed

pipette could be used. The drops would require no cutting, thus

eliminating raw edges from which yeast cells could be shed.

Experiments in Orange Juice

The citrus industry is concerned with the problem of diacetyl

as a result of plant contamination, and diacetyl determinations are

often run as a means of quality control (33). Although the allowable

levels of diacetyl are higher in orange juice (0.35 vs 0.20 ppm), the

same gel system used for beer was employed. Fifteen and 20 per-

cent gel concentrations were also tested, as well as timed additions

of excess ten percent gel during incubation. Samples were analyzed

by the Owades method over a time period from 48 to 120 hours.

Experiments with Distillers' Products

Table 6 gives a list of samples sent by Hiram Walker and Sons,

Inc. and prepared by distilling "beers" after only a few hours of

fermentation when the proof was low, but the diacetyl concentration



38

relatively high. Two of the samples were then adjusted in alcoholic

content to provide a proof similar to that of whiskey. Beer samples,

spikedat 2.0, 1.,0 and 0.5 ppm diacetyl were prepared for analysis at

96 hours to help determine a time when the distilled samples had

reached a diacetyl level below 0.1 ppm.

Table 6. List of distilled beer samples taken during early fermen-
tation and prepared by Hiram Walker and Sons, Inc.

Sample number Proof Diacetyl
(PPm)

F 12-1 3. 6 2. 7

F 12-2 115 1.1

F 15-1 5.5 2. 7

F 15-2 116 1.1

Rye distillate 138 5.1

Miscellaneous Experiments

Alternate Source of Diacetyl Reductase

Regulations of the Federal Food and Drug Administration

might require the use of another organism as a source of diacetyl

reductase due to the close relationship between A. aerogenes and

Escherichia coli. A six-liter quantity of Streptococcus diacetilactis

18-16 was harvested after 20 hours growth in citrate broth at 30° C.

The enzyme dialysate was then added to gel and yeast, incubated



in beer, and assayed for comparison to A. aerogenes-produced

enzyme.

Gelatin Reuse in Beer

39

An experiment conducted to characterize the gel-yeast-enzyme

preparation was a test of the number of times it could be reused in

beer. After 96 hours of incubation in a beer sample, the gel was

filtered through gauze and placed in a fresh beer sample. Assays

were run at 96 and 192 hours for the first and subsequent reuses.

Conditions of Gel Incubation

It was thought that the normally transparent, colorless gel

flakes could be more easily seen and completely removed from the

fermentation tank if they were colored. Gel-yeast-enzyme mixtures

were prepared with additions of food coloring and methylene blue and

incubated in beer at 5 to 7°C for observation.

Another experiment of interest was an attempt to confine the

gel in a gauze bag during incubation in beer to facilitate removal of

the gel flakes after the proper reaction time.

Activity Maintenance of the Gel-Yeast-Enzyme System

The ability of the gel-yeast-enzyme system to retain. its diace-

tyl reducing function in beer was tested by incubation of gel flakes at
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room temperature, 5°C and -20°C. Samples were taken monthly

and analyzed by the Owades method.
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RESULTS

Detection of Diacetyl in Beer

The concentrations of diacetyl encountered in commercial beer

throughout this research ranged from 0.5 to less than 0.1 ppm as

determined by the Owades and Jakovac method. Table 7 shows the

ability of the Owades determination to detect known concentrations

of diacetyl with a high degree of reproducibility. As in the table,

all results were reported as average ppm diacetyl using from four

to six individual readings.

Table 7. Multiple optical density readings at 530 mui representing
levels of diacetyl collected from beer by the modified
Owades and Jakovac method.

Initial ppm O.D. at 530 mu. Average ppm
diacetyl 1 2 3 4 diacetyl

recovered

0.500 .071 .070 .071 .068 0.507

0.200 .026 .027 .024 .025 0.214

0.100 .010 .007 .006 .009 0.093

The beer used for all diacetyl determinations contained an

average level of 0.2 ppm diacetyl, determined from fresh samples

taken from every case used. Orange juice, prepared according to

directions for the frozen concentrate, failed to show any diacetyl
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present for all the samples tested.

Diacetyl Reductase: Enzyme Preparation
and Characterization

Of the methods described for growing and harvesting cells of

Aerobacter aerogenes, the smaller batch systems of eight to ten

liters proved the most practical for the time and equipment available.

During the numerous preparations of cells and subsequent enzyme

extractions, some of the enzyme yields were found to be inactive.

The first inactive enzyme preparation was obtained from cells grown

in the New Brunswick fermentor. A consideration of features pro-

vided by the fermentor over smaller batch systems as possible

causes of inactivation included pH control, vigorous aeration, and

Sharples centrifugation. Centrifugation was eliminated as a source

of enzyme inactivation since the water-cooled Sharples provided a

much faster means of harvesting the cells requiring no manipulation

and eliminating possible contamination. Table 8 summarizes enzyme

yield data as influenced by the other variables mentioned above. The

nitrogen sparge w as included in order to determine whether or not

excess aeration was a factor in enzyme inactivation.
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Table 8. Effect of growth conditions on yield of diacetyl reductase
from A. aerogenes 8724 grown at 30°C for 48 hours in
one liter of broth medium.

Growth Grams Enzyme mg enzyme Final
conditions wet weight yield per gram pH

cell yield (mg) of cells

Nitrogen
sparge

15.5 510 32.9 8. Oa

Air
sparge

23.0 1300 61.0 6.5

Stationary 12. 9 420 32. 6 6. 7

Stationary-
pH adjusted
to 7. 0 every
three hours

23.3 1070 46. 0 8. 0

apH declined to 5. 9 in six hours and then gradually rose to 8. O.
bDid not require further neutralization after 12 hours.

It is clear from the data that fermentation conditions had an

effect on enzyme yield; aeration without neutralization (line 2) pro-

vided the greatest enzyme yield per unit of cell mass. Such optimum

conditions were present in the smaller batch cell-culturing systems.

Another factor considered was the requirement of 6 N acid and base

solutions to affect sufficient pH neutralization in 40 liters of growing

cells contained in the New Brunswick fermentor. Although more work

was needed to further determine optimum fermentation conditions, it

was delayed in favor of research using active enzyme in beer.
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One other consideration as a possible cause of enzyme inactiva-

tion was contamination during cell harvesting and enzyme extraction.

An active enzyme dialysate, left at refrigeration temperature a few

days in addition to the 30 hours required for dialysis, developed

cloudiness and a putrid odor and was subsequently found to be inac-

tive. The turbidity was caused by bacterial growth later identified as

a Pseudomonas species able to develop at refrigeration temperatures.

Such a contaminant might have entered the large quantity of cells

and cell extracts harvested from the New Brunswick fermentor.

Evidently, there was too much cell material to harvest, extract,

dialyze and lyopholize before contamination occurred. As a pre-

caution during further extraction procedures, a 1:5000 solution of

merthiolate was added to each dialysis bag (31). No further prob-

lems of this nature were encountered when eight to ten-liter cultures

were used, allowing complete enzyme extraction and lyopholization

in two days.

Table 9 presents the diacetyl reductase activity of dialysates

and lyopholized preparations obtained from a crude enzyme extract

as well as ammonium sulfate and Sephadex gel purified fractions.

The Sephadex column provided the most efficient purification, but

the small amount of purified sample obtained indicated the imprac-

ticality of such a procedure on an industrial scale. This conclusion

will be discussed further in the section on beer. Ammonium sulfate



45

precipitation gave a measurable activity increase, but lyopholization

of this less-protected enzyme decreased its activity to unusable lev-

els. Storage of this purified enzyme as a frozen dialysate, however,

would be possible if space were available.

An attempt was made to obtain samples of latex beads from Dow

Chemical Co. Some purified enzymes have been adsorbed to these

beads and lyopholized with no loss of activity. However, samples

no longer were available. Another means of protection, the inclusion

of 0. 1% peptone to the dialysate before lyopholization, was unsuccess-

ful.

Lyopholization of crude enzyme extracts has no effect on en-

zyme activity, as shown in Table 9. However, when the enzyme

undergoes some degree of purification, activity decreases rapidly

after lyopholization, probably the result of loss of protective extrane-

ous cell material from the purified protein. The lyopholization re-

sults will be considered in the section on beer in terms of the value

of purified enzymes vs. time and equipment needed for their prepara-

tion.

As shown in Table 10, purified and unpurified enzyme prepara-

tions required storage at -20°C if sufficient activity was to be main-

tained for longer than one week. Again, inactivation at 22 ° and 5°C

was the result of Pseudomonas growth, while samples stored at

-20°C retained most of their original activity.



Table 9. Activity of diacetyl reductase fractions receiving various purification treatments.

Fractions Protein
mg/ml

Activity
A 013/min

Sp. activity*

Untreated
dialysate (frozen)

. 39 7 34 85. 6

Untreated
dialysate (lyopholized)

.392 32 81. 6

50% (NH4)2SO4 treated
dialysate (frozen)

.374 43 117. 6

50% (NH4)2SO4 treated
dialysate (lyopholized)

.392 10 25.5

Sephadex fraction (frozen) .385 112 285. 2

Sephadex fraction
(lyopholized)

.385 4

A 0. D. /minute /mg protein



Table 10. Effect of storage temperature on the activity of diacetyl reductase over an extended time
period.

Storage
time
and

temp.
(NH4)2 SO4 purified

dialysate

Enzyme specific activity
L 0.D. /minute/mg protein for:

unpurified lyopholized
dialysate dialysate

0

1 wk.

117.6 85.6 81.6

22° 37.4 10. 1
5° 85. 5 75. 5

2 wks.
22° 0 0

50 16 14

1 mo.
220

50 16 15

2 mos.
22° 24. 2

5° 9.3 7. 3

3 mos.
22°

50 4. 0 3.4
-20° 109.6 79 76. 6
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Figure 5 presents diacetyl reductase activity in 0.1 M phosphate

buffer at pH's from 7.0 to 4.2. The plots are the actual curves

formed by following NADH oxidation on the Gilford recording spec-

trophotometer. Activity units were not computed for this and subse-

quent curves using Difco gel since the curves were the result of

crude experiments designed only for demonstrating a pH effect on

enzyme activity. Nevertheless, this series of curves demonstrates

very clearly the need for some form of protection if diacetyl reduc-

tase is to be used in beer for the removal of diacetyl. At the pH of

beer (4. 1 to 4. 3), the enzyme is almost totally inactive. The effect

of an alcoholic content similar to that found in beer is in itself re-

strictive, reducing enzyme activity by approximately 50 percent.

Small increases in the concentration of the enzyme produced no

significant improvement in reactability.

Experiments in Beer and Orange Juice

The evidence presented in Figure 5 confirmed the need of a

protective device for diacetyl reductase activity in beer. Using the

preliminary results of (29), Difco gel concentrations of 15, 20, and

25 grams per liter were prepared with 5 mg/ml enzyme incorporat-

ed. The resulting assays in a buffer system with NADH are sum-

marized in Table 11. From the reaction rate curves extrapolations

were made to determine the time under these conditions necessary
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Figure 5. Activity of diacetyl reductase at pH levels
between 7.0 and 4.2 and in the presence of
5% ethanol. Curves represent decrease in
absorbancy as the result of NADH oxidation
in the presence of diacetyl.
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Table 11. Time required for complete removal of diacetyl from phosphate buffer by gelatin protected
diacetyl reductase under various conditions. A 860 µg /ml concentration of diacetyl was
used.

Trial Gelatin
.(g/1)

pH Sp. act. Removal time
(min)

1 15 7.0 3,480 19

2 20 7.0 3,280 20

3 15 4.1 1,528 44

4 20 4.1 2,186 31

5 25 4.1 (no reaction)

6 15 7.0 22,440 3

7 15 6.0 20,240 3

8 15 5.1 3,820 11

9 15 4.3 1,114 >60

10 15 7.0* 5,600 8

*5% ethanol present.
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for complete removal of the diacetyl. From the data it may be seen

that gelatin protects the enzyme quite well down to at least pH 4.2,

though the reaction rate is slowed by about 50 percent. Also, the

highest concentration of gelatin appears to have reduced the sub-

strate diffusion rate. The specific activities calculated from the

rate curves also reflect reduced rates of reaction at the lower pH

values. Trials six through ten were carried out with a more active

enzyme preparation than trials one through five. As a point of clari-

fication it should be mentioned that activity units calculated here

are comparable only within this experiment since the work presented

was merely an attempt to demonstrate enzyme protection. Com-

parisons to other enzyme activities recorded in this thesis should

only be considered on a relative basis. Summarizing Table 11, two

effects appear to be important: the reduced activity as the pH de-

creases, and greater protection of enzyme at lower pH levels as

the gelatin concentration increases up to 20 gram/liter. These

trends are illustrated in Figure 6. Figure 7 presents a summary

of optimum conditions for reaction at pH 4.1 and 7.0 compared

to a normal unprotected enzyme assay, and an inactive sample.

Before the introduction of the protected enzyme system in

beer, two changes were made in the gel enzyme mixture. Swift's

superclear gel was substituted for the Difco gel, and whole yeast



H

12

10

8

6

Gel conc.
25 g/l, pH 4.12

0 0 15 g/1, pH 4.12
20 g/1, pH 4.12

o o 20 g/1, pH 7.0
A A 15 g/1, pH 7.0

70 60 50 40 30 20 10 0

Absorbancy at 340 my.

52

Figure 6. Curves showing activity of gelatin-protected
diacetyl reductase with varying gelatin concen-
trations at pH 7.0-4.12.
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cells replaced the NADH of previous buffer experiments. For ini-

tial experimentation with the new gel, ten grams of gel, one gram of

yeast, and 0.1 grams of enzyme were combined and added to the

beer at a rate of 60 mg per 20 ml of beer. Table 12 gives the re-

sults of preliminary experiments at room temperature and at 5° to

7°C. It may be seen that essentially complete removal was accom-

plished at room temperature with a slower reaction occurring at

the lower temperature.

Before any work was initiated in an attempt to find optimum

gel, yeast, and enzyme concentrations, Table 13 was prepared to

give some indication of the importance of each element in the sys-

tem. The activity of the yeast alone, and the yeast plus gel, indi-

cated that the yeast concentration was probably the most important

single factor in diacetyl removal. Addition of enzyme to the gel

plus yeast increased the reaction rate, but the significance of such

an increase could not be evaluated in terms of practical application

to beer research at that time.

Although purification work with the enzyme indicated signifi-

cant activity increases using ammonium sulfate and Sephadex gel

fractionation, this enhanced activity proved of little value when the

enzyme was incorporated in gel. Figure 8 shows a higher initial

diacetyl reduction rate using ammonium sulfate purified enzyme, but

complete removal of diacetyl was attained by all enzyme samples,
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(NH4)250, purified
`-1 dialysate

lyopholized unpurified
(NH4)2 purified dialy-

sate - 1/2 conc.

0 24 48 72 95

Time of incubation of gel-enzyme in beer at 5-7°C
(hr.)

Figure 8. Comparison of purified and unpurified diacetyl
reductase activity in the gel-yeast-enzyme
system.



Table 12. Effect of diacetyl reductase treatment of beer spiked with 0. 5 ppm diacetyl and held at
25° C and 7°C for 48 hours. The enzyme was protected with a 10% gel concentration
and yeast cells added as the cofactor source.

Tube no. Final diacetyl concentration*
25°C 7°C

1 O. 05 0.28
2 O. 07 O. 33
3 0.07 0.29
4 0.07 0.31
5 O. 07 0.28
6 0.07 0.35
7 O. 23
8 -- 0.27
9 -- 0.23

10 -- 0.15
11 -- 0. 20
12 -- O. 23

(average=0. 26)

*Initial diacetyl concentration of the beer was 0.2 ppm making a
level of zero time of 0. 7 ppm.



Table 13. Table showing the ability of each element of the gel-yeast-enzyme system to reduce
diacetyl in beer. Samples were held at 5°C with an initial concentration of 0.5 ppm
diac etyl.

Element ppm diacetyl remaining at:
48 hr 96 hr 216 hr

Gel alone 0.5 0. 5 0. 5

Enzyme alone 0. 5 0.5 0. 5

Yeast alone 0.333 0.199 0.0

Gel and enzyme 0.5 O. 5 0. 5

Gel and yeast 0.153 O. 080 0. 0

Gel and yeast
and enzyme

0.133 0. 0 0. 0

Yeast and enzyme 0.320 0.187 0.0
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purified or not, at approximately 96 hours. These results indicate

that a purified enzyme preparation would not be worth the time and

equipment required for its processing. Therefore, the remainder

of the experimentation using diacetyl reductase was performed using

an unpurified, lyopholized preparation.

Gel concentration experiments were studied next in an attempt

to clearly define one variable before working with different concen-

trations of all three gel-yeast-enzyme elements. Figure 9 shows

the composite results of this work from which it is evident that a

ten percent gel concentration allowed the best reaction rate utilizing a

minimum amount of gel material. A ten percent gel concentration

seemed to be the upper limit for protection of the enzyme at low pH.

The two lower gel concentrations may work better with increased

amounts of either enzyme or yeast and thus they were included in

the triple variable studies.

The preliminary triple variable experiments listed in Table 3

require only a word summary since they were merely a random

sampling for possible optima. In general, combinations containing

two percent yeast were able to reduce the diacetyl content from

0.5 to 0.1 ppm in 48 hours or less. Next, at 64 to 70 hours, were

those concentrations using one percent yeast and 0.1 percent enzyme.

The slowest reacting combinations were those using lower gel con-

centrations and small amounts of enzyme. These results confirmed
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Figure 9. Effect of gel concentration on diacetyl reduction
time using diacetyl reductase.
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the evidence of Table 13 pointing to the yeast as the most significant

factor in the gel-yeast-enzyme system.

Results obtained using the amounts shown in Table 4 gave a

distinct visual picture of the effects of varying the concentration of

each element of the gel-yeast-enzyme mixture. The encircled areas

represent the points under consideration when interpreting results

in terms of the parameters set for industrial application. Figure

10 reaffirms the results presented in Figure 9 and establishes the

ten percent gel as the optimum level. The variation in yeast con-

centration shown in Figure 11 provides still more evidence for the

important role played by this component. In this case, the distance

between each curve is greater than for either the gel or enzyme

variation experiments. From these data, it would appear that an

acceptable yeast concentration would be one percent or greater.

Since viable yeast cells of a strain different than that used in the

fermentation represent a possible source of contamination in the

beer, the lowest concentration allowable should be used. As shown

in Figure 12, the enzyme concentration had the least effect of all

the variables and since it is the most expensive component, a 0.1

percent concentration or less would be preferable. Another impor-

tant point demonstrated by this curve was the actual need for diacetyl

reductase in the system. Curve A, which lacked enzyme, failed to

meet either of the performance parameters established as acceptable.
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Figure 10. Effect of gel concentration on diacetyl reduction
time using diacetyl reductase.
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An attempt was made, using the above results, to further

define optimum conditions. The following combinations were pre-

pared in duplicate and incubated in beer.

10% gel 2% yeast .05% enzyme

10% gel 1.5% yeast 05% enzyme

10% gel 2% yeast no enzyme

10% gel 1.5% yeast no enzyme

The results shown in Figure 13 indicate that a practical limit for

considering optima had been reached in the previous experiment.

All the curves showed similar results and no additional conclusions

could be reached.

The results of the regression analysis data have not yet been

completed and may appear in an appendix or a later publication of

this research. It is anticipated that such an analysis will provide a

complete analysis of optimum concentrations for gel, yeast, and

enzyme with a simultaneous consideration of economic factors. The

final derived equation would allow the individual brewer to set his

own standard concentrations according to time and economic require-

ments.

Any compound present in a fermenting beer that might cause

a flavor change is unsuitable for use in diacetyl removal. In the

gel-yeast-enzyme mixture the gel remains intact after prolonged

incubation in beer, and the enzyme diacetyl reductase is known to
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be non-dializable and functions in several reuses of the gel. How-

ever, viable yeast cells pose a possible threat in this regard and

plate counts on incubated beer were done to check for leakage. The

experiment was repeated three times and no plate was encountered

having more than 11 colonies. An average count of three was ob-

served on the 0 dilution for all gel concentrations and times of

incubation. The ten percent gel concentration gave slightly higher

counts at 96 hours, but such a discrepancy was insignificant. An

equivalent amount of yeast found in 0.36 grams of gel-yeast-enzyme

mixture was plated as a control and the resulting counts were greater

than 300 on the 0, 1, and 2 dilutions, and 35 on the 3 dilution. From

the counts observed, it appeared that leakage of yeast cells would

not be a problem as a contributor to off-flavors in beer.

The alternate method for yeast containment using gel drops

provided a complete seal against yeast cell leakage according to

results from the Paul Lewis Laboratories (49). For further pro-

tection, the brewery using such a system could use their own

brewer's yeast instead of introducing a foreign yeast strain into

the beer.

Application of the gel-yeast-enzyme system to orange juice

was first attempted using the same conditions applied to beer. The

results, shown in Figure 14, from duplicate experiments yielded a

minimum value of diacetyl at 72 hours. Two approaches were
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next applied in attempts to further reduce the diacetyl level in orange

juice. Con centrations of 15 and 20 grams gel were prepared, with

other ingredient concentrations unchanged. Samples were incubated

and determined as before. Another procedure was to add an equal

0.36 gram/120 ml of the ten gram gel mixture to the orange juice

after 72 hours of incubation. Preliminary results, shown in Figure

15, indicated that either of the gel additions would work satisfactorily.

The lower pH of orange juice, approximately 3.7, and a different

consistency may be related to the need for more gel-yeast-enzyme

than that required by beer.

Diacetyl determinations using the distillers' samples listed

in Table 6 were possible only with those samples, 12-1 and 15-1,

having a low proof. In the case of 12-1, all diacetyl was removed

by 120 hours, and for sample 15-1, the diacetyl had been reduced

from 2.7 to 0.6 ppm in the same length of time. The compounds

used to increase the proof of the other samples were partially voli-

tized with the diacetyl during the Owades determination and prevented

any color reaction from taking place. If work were to be continued

in this area, a means for separating non-diacetyl volatile would have

to be found.

Results of an enzyme extraction using S. diacetilactis as the

source of diacetyl reductase showed an inferior preparation in com-

parison to the A. aerogenes extract. The cell yield was small and
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Figure 15. Summary of increased gel concentration and gel
addition experiments in orange juice.
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the activity un.itis rnelsured only 18.4/mg/min. Such low activity

required the addition of 14.3 ml dialysate to a gel mixture, After

96 hours incubation in beer, the diacetyl had been reduced to an

average level of 0.046 ppm. Although the system functions well,

the amount of enzyme needed is beyond the economical range re-

quired by industry.

The gel-yeast-enzyme reuse experiments produced some

interesting results. The initial use eliminated all diacetyl by 96

hours. The first reuse left 0.227 ppm at this time, but complete

removal was attained at 192 hours. Even the third reuse lowered

the diacetyl level to 0.074 ppm after 192 hours. This experiment

was of value in showing the retention of enzyme in the gel during the

reactions.

Coloring of the gel-yeast-enzyme mixture with food coloring

and methylene blue to facilitate removal from a fermentation tank

met with only partial success. Each coloring compound was re-

tained up to 24 hours, but diffused out before 48 hours. No further

work was attempted in this area.

The confinement of gel flakes, again to facilitate removal,

proved inhibitory to the maximum reaction rate for diacetyl removal.

Gel incubated in beer and confined in a gauze bag operated much less

efficiently than loose gel flakes, allowing for reductions to 0.23

ppm diacetyl after 96 hours. It would seem necessary to use
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loose and circulating flakes for adequate diacetyl reduction.

Monthly activity checks of gel-yeast-enzyme mixtures stored

at room temperature, 5°C and -20°C have shown no loss of the

ability to reduce diacetyl at original efficiency. The storage tem-

perature had no effect over the four month test period.
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DISCUSSION

Detection of Diacetyl in Beer

Tolls (53), in his analysis of the Owades and Jakovac method,

found the procedure quite satisfactory for determining small levels

of diacetyl in beer. He did mention, however, some problems with

the technique such as gas flow regulation and condensation of distil-

late in the inverted U-tube. Nevertheless, in the present study,

as shown in Table 7, complete recovery of a known concentration

of diacetyl was possible with a high degree of accuracy. Since

the range of diacetyl concentrations used did not require enumera-

tion below 0.1 ppm, more exacting accuracy was not required. Of

all the variables involved in the Owades method, the rate of nitrogen

bubbling seemed to have the greatest effect on results. The appara-

tus used required frequent monitoring during the one and one-half

hours in the water bath, and irregular bubbling for as little as 15

minutes would detectably alter the amount of recovered diacetyl.

Although on a tube to tube basis there was sometimes a great deal

of variation in the ppm found, the discrepancies were primarily the

result of uneven distribution of remaining diacetyl in the spiked beer

samples before the 20 ml aliquots were prepared. To assure accur-

ate results, each sample of gel preparation types was present in
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at least four of the 12 tubes tested, and the entire experiment was

repeated at least three times.

Diacetyl Reductase: Enzyme Preparation
and Characterization

The lengthy presentation of the methods and problems of grow-

ing and harvesting cells of Aerobacter aerogenes and the subsequent

enzyme extraction illustrates the need for a carefully controlled

procedure. The processes used throughout this research always

required interpretation in terms of their industrial applicability,

and in this instance standardization was the primary concern. Even

in small batch systems, any deviation from the prescribed technique,

i.e., inadequate rinsing of cells or shorter sonication time, led to

an enzyme of decreased specific activity. If a brewery chose to

make its own enzyme, large quantities would be required and equip-

ment and procedures would need to be standardized in order for large

yields of enzyme with a high specific activity to occur. The time

table set for production in any industry demands uniform materials

and processing times.

Experiments in Beer and Orange Juice

As mentioned previously, the most recent work concerning

diacetyl removal indicated that whole yeast cells were capable of
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destroying diacetyl in beer, but deleterious by-products were pro-

duced. The enzyme diacetyl reductase could also destroy diacetyl,

but only in a buffer at a pH no lower than 5.5. The attempts to

protect diacetyl reductase were initiated with the use of Difco gela-

tin and enzyme in buffer at .pH 4.1. The gelatin worked as a protec-

tive agent, but its consistency was not sufficiently durable to permit

recovery if used for large quantities of beer. However, Swift's

superclear gel proved ideal as a protective agent and in its ease

of preparation and storage.

The incorporation of yeast cells into the gel-yeast-enzyme

system was prompted by the fact that yeast contains alcohol dehy-

drogenase which requires the oxidized species of NAD and thus

liberates NADH to be used by diacetyl reductase in converting

diacetyl to acetoin. Pack (49) showed that the addition of alcohol

dehydrogenase to a diacetyl system increased the extent of diacetyl

conversion. Thus the yeast cells provided a means for regenerating

the cofactor and prevented the need for the cofactor in substrate

concentrations. The reaction as it is expected to occur in the gel-

yeast-enzyme mixture is as follows,
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with acetaldehyde formed at the expense of some of the alcohol in

the beer. The effects of this on the flavor of the beer are believed

inconsequential because of the low levels involved. In this regard,

it is known that the average level of acetaldehyde in American beers

is seven to ten ppm (49). Also, the irreversible nature of diacetyl

reductase (51) drives the reaction as shown.

The allowable amount of diacetyl in a beer sample after treat-

ment was determined to be a level below that which was organoleptic -

ally detectable. Since 0.2 ppm is a level just below detection, reduc-

tion to this concentration was the first consideration. The final de-

sired level of 0.1 ppm should meet the requirements of even the

lightest brew.

Each of the three components of the gel-yeast-enzyme system
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was varied within realistic bounds for the specific purpose of finding

minimum amounts of each element that would qualify under the

parameters of experimentation. Although not mentioned previously,

several experiments were run using a wide variety of gel-yeast-

enzyme combinations with such extremes as a one to one gel-yeast

ratio.

In the final concentration studies listed in Table 4, the only

restriction placed on the gel was that it retain the entire system,

especially yeast, throughout incubation in the beer. The results

of the yeast count experiments showed no difference in leakage

between the 2.5, 5, and 10 percent gel strengths used. It was thought

initially that a low gel concentration would permit greater perme-

ability of diacetyl into the system, but reduced protection from the

increase in permeability was the major effect (Figure 10). If a

brewery was interested in a five percent gel mixture, only about

one more day would be required for adequate reduction since the

enzyme is still functional despite the reduced protection.

Yeast, being the least expensive component, could be used

in relatively high amounts as long as the gel concentration did not

equal the amount of yeast. The inclusion of brewers' yeast in the

system. also would be advantageous in terms of leakage considera-

tions. Also, if time permitted, a brewery could use yeast and gel

alone and possibly be compensated for the increased reaction time
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by the elimination of an enzyme requirement.

The enzyme is an integral part of the system in terms of meet-

ing the minimum requirements set in this study. Representing the

most costly item in the system, its incorporation at a minimum

level was a major concern and results (Figure 12) showed that a

concentration of 0.05 to 0.1 percent was adequate. Although char-

acterization of diacetyl reductase through purification studies seemed

to have no practical value, the use of an ammonium sulfate-treated

enzyme might find application under certain conditions. The need

for additional storage facilities for a frozen dialysate would probably

be restrictive for such a preparation, but the fact that the enzyme

was partially purified is at least of academic and perhaps asthetic

significance. For example, it was shown that the enzyme incorpo-

rated in gel is essentially kept intact throughout numerous reactions.

Yet, if a brewer were still concerned with materials leaking into

the beer, a more homogeneous enzyme preparation might be more

acceptable.

It is appropriate to consider methods that could be used during

a commercial fermentation operation for the inclusion of the gel-

yeast-enzyme system. Quantitatively, 13. 76 ounces of gel mixture

per 31-gallon barrel of beer would be required; this figure was

calculated using the 10% gel, 1% yeast and 0. 1% enzyme mixture.

At first it was thought that the scaling-up of quantities would create
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problems with reaction rate unless the gel flakes were suspended

throughout the fermentor tank during incubation. Such concern may

not be justified since the gel system should establish a reaction

gradient no matter where the flakes are located. Agitation of the

fermenting wort would not be possible and a distribution of gel flakes

having varying densities would likely complicate the operation.

Several points along the fermentation have been considered

as sites for gel flake additions. The first takes into account the

recorded early increase in diacetyl during fermentation followed

by a steady decrease that is allowed to proceed before the wort is

transferred. Since time is important, gel could be added during

early fermentation and the entire process halted early as the result

of accelerated diacetyl reduction. The main problem with this

proposal is the immediate need for the fermentor tank to accom-

modate another batch. Gel removal problems would cause a delay

in the operation. Another possibility would be to cut off fermenta-

tion early and transfer the wort to ruh storage for addition of the

gel. It might also be possible to pump the beer through a filter

bed containing the diacetyl reductase system. This could take place

either during ruh storage or on the way to primary filtering. The

problem here would be the presence of about five percent of the

original brewers' yeast cells carried over into the ruh tank. These

cells usually settle out and are drained off before the liquid is
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transferred. A filtering system would soon become clogged with the

cell residue.

Research is now being carried out at the Charles Pfizer Lab-

oratories to find a more convenient way of processing the gel-yeast-

enzyme mixture. A mass-produced system would require consider-

able space for enzyme film drying. The anticipated form being

investigated is a three-dimensional capsule of shape and size de-

signed for maximum reactivity. Also, Charles Pfizer Inc. has

applied for a patent employing gel-protected enzyme to control

diacetyl levels in beverages.

The work reported in this thesis concerning removal of diacetyl

from orange juice was very preliminary in nature. Contamination

by yeast and lactic acid and bacteria of orange juice during process-

ing may lead to excessive ( > 0.35 ppm) diacetyl. Although this au-

thor is not familiar with all the conditions of processing, it has been

indicated in the literature that a diacetyl removal system could be

used to salvage juice lots showing excess diacetyl at the end of

preparation. From the results obtained in this research, the gel

system should be quite adaptable to such a use.

The possibility exists that use in foods of diacetyl reductase

derived from Aerobacter aerogenes would not be acceptable to the

Food and Drug Administration. The similarity between the organ-

isms E. coli and A. aerogenes would be the cause for concern, but
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more questionable preparations have been found in patent listings.

If it were necessary to use another organism such as S. diacetilactis,

which produces much less enzyme, the cost of the process might be

prohibitive.

Final acceptance of the gel-yeast-enzyme system for use in

industrial fermentations and processing plants will require further

proof of the system's capability on a larger scale. Research now

under way at the Charles Pfizer Company should establish the most

usable form for the gel-yeast-enzyme mixture, and the regression

analysis results will provide a means of determining optimum con-

centrations. The last undertaking will require the use of a pilot

brewing operation to which the gel flakes can be added at the pro-

posed sites discussed earlier. Once a workable pilot system is

established, the gel mixture will be available to industrial proces-

sors experiencing problems with diacetyl.

In the area of basic research, further characterization of

diacetyl reductase should be considered. An investigation of the

irreversible nature of the enzyme al d consideration of additional

purification techniques would provide an interesting study with

possible application to the diacetyl problem.
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SUMMARY

The results obtained from the use of a diacetyl reductase sys-

tem for the removal of diacetyl from beer and orange juice may be

summarized as follows:

1. The modified Owades and Jakovac method of diacetyl deter-

mination provided accurate, reproducible results within the range of

0.5 to 0.1 ppm.

2. A. aerogenes was an excellent source of the enzyme diace-

tyl reductase, producing greater amounts and more active enzyme than

S. diacetilactis.

3. The threat of contamination and inactivation of diacetyl

reductase dialysate required the continuous processing of cells

within two days after growth.

4. Diacetyl reductase was found to be very receptive to purifi-

cation by Sephadex gel and a 50% saturation of ammonium sulfate.

5. Lyopholization caused inactivation of purified enzyme

extracts, but had no effect on crude preparations .

6. A pH below 5.5 and a 5% ethanol solution were both inhibi-

tory to diacetyl reductase

7. A preparation of Swift's superclear gelatin protected

diacetyl reductase sufficiently to allow activity at pH 4.1, the pH

of beer.
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8. Yeast cells, incorporated in the gel-enzyme system, pro-

vided a means of recycling the cofactor NADH needed for diacetyl

reduction.

9. Concentrations of gel, yeast, and enzyme were determined

that allowed a maximum reduction of diacetyl in 48 hours or less.

10. The gel-yeast-enzyme system worked efficiently in beer

and orange juice, but failed to reduce diacetyl in high proof distillers'

products.

11. The components of the gel-yeast-enzyme system remained

intact during reaction in beer, and could be reused with only slight

losses in activity.

12. Indications are that the gel-yeast-enzyme procedure for the

removal of diacetyl from beer is applicable to industrial fermenta-

tions.
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