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MICROORGANISMS AND ENZYMES FOR THE APPLICATION IN BIOSENSORS

Ortwin Meyer

Lehrstuhl fir Mikrobiologie, Universitat Bayreuth,
Universitatsstr. 30, D-8580 Bayreuth

SUMMARY

Carbon monoxide, nitriles, amides, vinyl acetate, aldehydes and complex metalcyanides are examples
of toxic compounds which we are planning to detect by means of simple types of enzyme-based
biosensors, e. g. tubes, buttons, dosimeters or electrodes. Among the requirements appropriate
enzymes should meet, are the ability of being coupled to a color reaction and sensitivity in the ppm
concentration range. As appropriate enzymes were not available at the beginning of our work, we
searched for microorganisms and are currently isolating and characterizing the enzymes of interest
from them. Apart from using these enzymes for sensing purposes we are also interested in devices
which would allow a simultaneous removal of toxic compounds. Examples discussed in this article are
a biological system for the detoxification of acetonitrile in HPLC waste and the use of enzymatically
active paint for the improvement of indoor air quality.

1. Introduction

For the determination and, in some instances, detoxification of volatile poisonous compounds we are
searching for microorganisms and enzymes suitable for being used in simple types of biosensors,
e. g. Drégertubes, enzyme buttons, dosimeters, electrodes, enzymatically active paint and wall paper.
Compounds of interest are carbon monoxide (CO), nitriles, amides, cyanide, complex metalcyanides,
vinyl acetate, aldehydes and alcohols.

Appropriate enzymes should meet a couple of requirements. As the biosensors are supposed to be
operated in the ppm-concentration range, enzymes with high affinity for their substrates are required.
Their specific activities should be high also, and they should be specific for the compound to be
detected or of broad specificity for a defined group of compounds. Most importantly, only such
enzymes are of value which can be coupled to a dye or any other color reaction. In addition, the
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enzymes must stay active and stable upon immobilisation. As the production technology of the
chemical analysis tubes has to be applied to the enzymatic ones, the immobilized enzymes should be
capable of being poured into the tubes to a layer of defined height. Last but not least must the enzyme
source be readily available and cheap to obtain. When we started our project, for several of the
compounds mentioned, enzymes were not known or they did not meet the requirements discussed.
Our strategy for obtaining suitable enzymes thus involves the isolation of microorganisms from
appropriate sources. Subsequently we establish the conditions for mass cultivation, enzyme induction
and purification. We are also checking for plasmids and, by using oligonucleotide probes derived from
N-terminal amino acid sequences of enzyme subunits, for the location of structural genes on the
genom. With respect to the toxic compounds in question | here describe the different stages of our
research and some novel applications of bacteria and enzymes.

2. Carbon monoxide dehydrogenase-based CO tube

CO dehydrogenases became available through the discovery of aerobic CO-oxidizing
(carboxydotrophic) bacteria. These bacteria represent a novel type of metabolism and have been dealt
with in numerous recent reviews /1, 2, 3/. CO dehydrogenase has been characterizied most fully in
Pseudomonas carboxydovorans. The enzyme is a CO:acceptor oxidoreductase catalyzing the
oxidation of CO to CO,, using water as the oxidant /3, 4/:

COs ' H 0w A(ox) —> CO; = +1iAH(red):

The two electrons and protons formed can be transferred to oxidized artifical 2-electron acceptors (A)
of Eo' between -34 and +217 mV which are thereby reduced. CO dehydrogenase is a novel
molybdenum-containing iron-sulfur flavoprotein composed of 17, 35 and 85 KDa subunits, each
occurring in duplicate /3/. One enzyme molecule contains 2 Mo, 2 FAD, 2 (2Fe-2S)l and 2 (2Fe-29)ll
centers. CO dehydrogenase is perfectly stable at air or upon lyophilization.

Table 1: Affinities for CO of CO dehydrogenases from different sources /1, 2, 3/.

Source K., (UM CO)
Pseudomonas carboxydovorans OM5 53
Pseudomonas carboxydohydrogena 63
Streptomyces G26 1.3
Pseudomonas thermocarboxydovorans 0.5

In Pseudomonas carboxydovorans strain OM5 the structural genes of CO dehydrogenase reside on
plasmid pHCGS3, and the N-terminal amino acid sequence of enzyme subunits were rather conserved
in different strains and species of carboxydotrophic bacteria /8, 9/. This was in accord with similar
biochemical features of CO dehydrogenases from different sources. As can be expected for catabolic
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enzymes the affinities of CO dehydrogenases for CO were high, however they differed considerably
(Table 1).

Using CO dehydrogenase purified from P. carboxydovorans an enzymatic CO tube has been
developed (K.D. Rindt, personel communication). The glass tubes contained the enzyme immobilized
on EUPERGIT C. 1-Methoxyphenazinemethosulfate (MPMS) and iodonitrotetrazolium chloride (INT)
served as electron accepting and color generating compounds. Such tubes did react with ppm
concentrations of CO by forming from INT the red formazane:

N——N |

@-—c/ 267+ 2H" o c

\N=.TL_‘_©——N02 >_ \N==N—<
.

C

When 3 to 60 ppm of CO in air were applied to the tubes, the heights of colored zones formed were
proportional to the CO concentration. This showed that in principial enzymatic CO tubes do operate.
The diffuse endings of the colored zones, which made exact readings tedious, are however a still
unsolved problem.

3. Enzymatic sensing and improvement of indoor air quality

Since the Arab oil embargo of 1973, building owners have been under tremendous economic pressure
to reduce the cost of heating their buildings. As a consequence buildings in Germany became
increasingly energy efficient. Many of the actions taken in this respect impair indoor air quality in ways
which range from subtle to dramatic and causing a wide range of toxic volatile compounds to
increase, including CO and formaldehyde. This has been covered recently /5/. To our own surprise
many of the enzymes we are working with remain active when submerged into paint. CO
dehydrogenase has been studied in greater detail (Fig. 1). As an enzyme source dried cells of CO-
grown Pseudomonas carboxydovorans were mixed into fresh paint (max. 15 g of bacteria per liter of
paint). Methylene blue or MPMS/INT (about 1 uM) were added as electron acceptors. The paint used
(AlpinaweiB, Deutsche Amphibolin-Werke, Ober-Ramstadt) had a pH of 8.24 and was neutralized with
concentrated hydrochloric acid before use. The inner surface of the test tubes was painted and the
paint allowed to dry. The tubes were then serum stoppered and provided with appropriate mixtures of
CO in air. With MPMS/INT enzyme activity was obvious from the formation of the red formazane. As
methylene blue is autoxidisable, a drop of alkaline pyrogallol was introduced as O,-trap to visualize the
reaction. This system removed toxic CO from the air space of the tube and converted it to non-toxic
CO, (Fig.4). The electrons and protons formed were transferred to oxidized methylene blue which was
reduced to colorless leucomethylene blue. Elevated CO concentrations of indoor air normally do not
exceed 100 ppm. As O, is always around 20 % (v/v) in ambient air, leucomethylene blue autoxidises
instantaneously and the electron acceptor for CO dehydrogenase is regenerated. In addition, the
amount of O, consumed is negligible, so that detoxification of CO occurs ad infinitum, solely
depending on the stability of the components involved. At elevated concentrations of CO, reduction of
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oxidized methylene blue will be faster than reoxidation of leucomethylene blue. Under these conditions
the color of the wall paper would turn from blue to white thereby alarming the people staying indoor to
open windows until the blue color reappears and indicating that the indoor air is safe again. A future
scenario probably involves paints containing enzyme cocktails with activities against all toxic
constituents occurring in indoor air and taking advantage of the huge surface provided by the interior
walls of buildings. In addition, there is a rich choice of differently colored electron acceptors available

for CO dehydrogenase.
CARBON MONOXIDE
DEHYDROGENASE
2e +2H"

METHYLENE BLUE

/ (ox., biue)

k. LEUCOMETHYLENE BLUE 05 O,

(red., colorless)
WALL PAPER PAINT INDOOR AIR

Fig. 1: Schematic representation of the reactions occurring during the enzymatic sensing and
detoxification of CO in paint. Similar systems for other toxic volatile compounds in indoor air
employing suitable enzymes can be envisaged.

Fig. 2: Detoxification of acetonitrile employing immobilized cells of Corynebacterium UBTS /7, 10/.
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4. Nitrile hydratases and amidases
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Enrichments from electroplating baths, soil and water yielded 14 new isolates of aerobic nitrile-
degrading bacteria. They were assigned to the genera Mycobacterium, Paracoccus, Bacillus,
Corynebacterium, Pseudomonas, Herpetosiphon, Flavobacterium, Micrococcus, Xanthomonas and
Flexibacter /6/. The patterns of the isolates to utilize aliphatic and/or aromatic nitriles and amides as
sources of C and N, or N alone, revealed nitrile hydratases and amidases of very high or of broad
specificity, depending on the particular strain. Corynebacterium UBT9 grew favorably with butyronitrile
(ty = 2.5 h), propionitrile (t, = 3 h) or acetonitrile (ty = 4 h). Aliphatic nitriles were hydrolyzed to the

corresponding acids and ammonia as follows:

H,O NH
£ fe %
R-C=N —> R-C S
Nitrile hydratase O Amidase

H,0
——L 3 R-COOH + NH,

Table 2: Selected properties of the two amidases purified from Corynebacterium UBT9. Amidases
were isolated from bacteria grown on acetonitrile employing anion exchange chromatography
on Accell-QMA, ammonium sulfate precipitation and gelfiltration on Sepharose CL-6B.

Property Amidase

| ]
Percentages of ammonium sulfate required
for precipitation 40 60
Molarity of KCI required for desorption from
Accell-QMA 0.2 0.4
M, (kDa) 110 110

Sp. act. in umol (min. mg)™! with

Formamide 0 0
Acetamide 2.8 24
Acrylamide 47 29
Propionamide 7.5 119
Butyramide 0.93 4.4

The nitrile hydratase of Corynebacterium UBT9 requires for stability aliphatic organic acids, e. g.
acetate, propionate, or butyrate. The two amidases of the bacterium have been purified. They were
specific for C2 - C4 aliphatic amides and their M/’s were similar (Table 2). The specific activities of




400 O. Meyer

amidase Il were about 10-fold those of amidase |. Propionamide was the best substrate. In addition to
the specific activities, the enzymes differed from each other by solubility and charge. Amidase Il will be
used to couple nitrile hydratases of different specificities to the colorimetric determination of ammonia.

5. Biological detoxification of acetonitrile in HPLC waste

Acetonitrile is the most frequently used mobile phase in HPLC and is applied at concentrations of up
to 80 % (v/v). We have developed a system employing appropriately induced cells of
Corynebacterium UBT9, Mycobacterium UBTS, Bacillus UBT2 or Flexibacter UBT4 that mediates the
transformation of toxic acetonitrile to easily degradable ammonium acetate /7/. The application of the
detoxification system is easy and foolproof. The powdered bacteria are simply poured into the HPLC
waste vessel. Alternatively, immobilized bacteria, e. g. on cappa-carrageenan, are put into tea bags
and hung into the waste (Fig. 2). Although bacterial growth usually ceases around 1 % (V/v)
acetonitrile, the conversion to ammonium acetate is brought about at up to 15 % (v/v) acetonitrile.
Maximum detoxification rates are thus obtained by diluting the HPLC waste with tapwater. The pH
must not be adjusted in the range of 3 to 11. Here it pays that we had this application in mind when
isolating the bacteria from rinsing baths of an electroplating plant. Complete detoxification of 1 | of
HPLC waste containing 15 % (v/v) acetonitrile by a single tea bag proceeds within few hours at room
temperature. As acetonitrile hydratase and acetamidase are hydrolytic enzymes, the system is active
under aerobic as well as under anaerobic conditions. Effectors are not required. The method and the
bacteria involved are protected by patent /7, 10/.

6. Degradation of complex metalcyanides

Microbial activity towards stable complex metalcyanides represents a new metabolic type.
Metalcyanides are tough substrates for microorganisms. This is also obvious from the fact that up to
now we could obtain only a single isolate capable of utilizing ferricyanide and ferrocyanide. The
bacterial strain FC could grow heterotrophically with glucose using KJ:Fe (CN)J or K4E=e(CN);] as
sources of nitrogen (Fig. 3). Growth was significant but slow (t; = 40 h) under these conditions. As
was to be expected, ammonia was preferentially used (t, = 12 h), and no growth occurred in the
absence of combined nitrogen (Fig. 3). Yields of cell mass were proportional to the amount of
metalcyanide added. The first step in ferricyanide utilization was its reduction to ferrocyanide.
Subsequently, iron was released in the cells and into the medium, indicating that the bacteria cause
the metalcyanides to fall apart. The following steps leading to cell-N still remain to be elucidated. As
isolate FC also has activity towards cyanide, it is reasonable to assume cyanide as an intermediate of
metalcyanide degradation. The bacteria can be applied to the treatment of metalcyanide containing
waste. Our current research is directed to the pathway of metalcyanide utilization and the enzymes
involved; the ultimate goal is the use of the enzymes in biosensors.
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Fig. 3: Utilization of ferricyanide by isolate FC. Bacteria were grown aerobically in a carboy containing
10 | of a mineral medium supplied with 27 mM glucose and 6 mM KaEfe(CN);l (o), 36 mM
NH,CI (a) or no combined nitrogen (). Growth was followed by measuring OB

7. Enzymes in the metabolism of vinyl acetate

When we started our project microorganisms capable of degrading vinyl acetate were not known. Our
isolations yielded 13 bacteria and 4 yeasts that could use vinyl acetate as growth substrate /11/.
Besides vinyl acetate, the isolate V2 could utilize all intermediates of the degradative pathway depicted
in Fig. 4. First, vinyl acetate is hydrolyzed to acetate and vinyl alcohol. The latter stabilises to
acetaldehyde which is subsequently oxidised to acetate by a NAD-linked acetaldehyde
dehydrogenase. Alternatively, acetaldehyde can be reduced to ethanol by alcohol dehydrogenase. As
a consequence ethanol appears and is excreted into the medium under certain conditions. Vinyl
acetate hydrolase is a new enzyme and is currently purified and characterized, as are alcohol
dehydrogenase and aldehyde dehydrogenase from isolate V2 (Table 3).

Table 3: Activities and affinities of enzymes involved in the metabolism of vinyl acetate. Measurements
were made in cytoplasmic fractions of isolate V2. Vinyl acetate was assayed
gaschromatographically. All other reactions were assayed spectrophotometrically by
following the oxidation or reduction of pyridine nucleotides; n. d., not determined.

Reaction Sp. act. in extracts K.,
(umol x min™' x mg™ protein) M)
Vinyl acetate Products 0.2 16 x10°
Acetaldehyde Acetic acid 1.79 24
Ethanol Acetaldehyde 281 602
Acetaldehyde Ethanol 4.18 n.d
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Fig. 4: Pathway of the utilization of vinyl acetate by the aerobic bacterial isolate V2 /11/. Enzymes
involved are vinyl acetate hydrolase (I), alcohol dehydrogenase (l) and aldehyde
dehydrogenase (lll).

8. Conclusions

Another problem specifically associated with these enzymes is related to their production. Mass
cultivation of the bacteria (the enzyme sources) often requires application of the toxic volatile substrate
to fermentors. It is thus desirable to induce enzyme formation under conditions where the toxic
substrate is absent, e. g. by derepression or heterologous expression of structural genes in E. coli.
Since CO dehydrogenase structural genes became available through our work this goal will be
reached in due course. With the other enzymes discussed in this article we are still quite beside the
mark. In addition to the examples discussed in this article there is an acute need for further enzymes
that can be used for the detection of volatile toxic compounds in different types of biosensors. This
gap must be filled by microbiologists and biochemists through the isolation of microorganisms
exhibiting novel metabolic pathways involving enzymes with features desired for application in
biotechnology. Enzymes with high affinity for their substrates are especially harbored by
microorganisms of ecological significance, which are accustomed to low substrate concentrations.
These are the relatively slow growing k-strategists. Unfortunately, these are scarcely studied. For
several reasons, microbiologists tend to direct their research to the fast growing microorganisms of
low substrate affinity (v-strategists). It seems to me that new perspectives will be opened if "ecology
meets biotechnology"”.
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