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Abstract. As the third-generation biocatalyst for indus-
trial production of acrylamide, the superiority of Rho-
dococcus rhodochrous J1 nitrile hydratase was demon-
strated in comparison with other acrylamide-producing
bacteria. R. rhodochrous J1 enzyme is much more heat
stable and more tolerant to a high concentration of
acrylonitrile than Pseudomonas chlororaphis B23 and
Brevibacterium R312 enzymes. The J1 enzyme is pecu-
liar in its extremely high tolerance to acrylamide. The
hydration reaction of acrylonitrile catalysed by J1 cells
proceeded even in the presence of 50% (w/v) acrylam-

ide. The tolerance of J1 enzyme to various organic sol- -

vents such as n-propanol and isopropanol was promi-
nent. Using R. rhodochrous J1 resting cells, the accu-
mulation reaction was carried out by feeding acryloni-
trile to maintain a level of 6%. After 10 h incubation,
the accumulation of acrylamide was approximately
65.6% (w/v) at 10°C, 56.7% (w/v) at 15°C, and 56.0
(w/v) at 20° C. The high stability, high catalytic efficien-
cy and other outstanding features of the J1 enzyme are
analysed and discussed.

Introduction

Bioconversion processes have generally been applied
only to the production of fine chemicals that are diffi-
cult to synthesize by conventional organic synthesis.
Recently, microbial processes in the industrial produc-
tion of commodity chemicals are rapidly gaining practi-
cal significance from the viewpoint of preparation of
high purity products, environmental acceptability and
energy saving (Nagasawa and Yamada 1993). Our
group and the Nitto Chemical Industry research group
have pioneered co-operatively the use of bacterial ni-
trile hydratase for industrial production of the impor-
tant chemical commodity, acrylamide. '

The industrial production of acrylamide started in
1985 using the nitrile hydratase of Rhodococcus sp. N-
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774, the first-generation strain (Watanabe et al. 1987a,
b). In 1988 it was replaced by our second-generation
strain, Pseudomonas chlororaphis B23 (Nagasawa and
Yamada 1989; Nagasawa et al. 1989). By changing the
biocatalyst, the productivity of acrylamide was greatly
enhanced. Rhodococcus sp. N-774 and P. chlororaphis
B23 nitrile hydratases contain ferric ions as a cofactor
(Nagasawa et al. 1986, 1987; Sugiura et al. 1987; Endo
and Watanabe 1989). Thereafter we found that cobalt-
induced and cobalt-containing nitrile hydratase was
produced by R. rhodochrous J1 (Nagasawa et al.
1988b, 1991b).

When seeking to optimize the culture conditions,
we found that a nutrient medium supplemented with
cobalt ions and urea as an inducer was the most suita-
ble for the preparation of cells exhibiting high nitrile
hydratase activity (Nagasawa et al. 1991a). We found
that R. rhodochrous J1 has a much more powerful abil-
ity to produce acrylamide than P. chlororaphis B23. In
fact, since 1991, R. rhodochrous J1 cells have been
used as the third-generation biocatalyst for the indus-
trial production of acrylamide.

For more than 10 years, enormous efforts have been
made to isolate hyper-producing strains of nitrile hy-
dratase. The occurrence of nitrile hydratase was shown
in Arthrobacter sp. J-1 for the first time (Asano et al.
1982a). However, this strain was not suitable for acry-
lamide production due to the low nitrile hydratase ac-
tivity and high armaidase activity. At present, Brevibac-
terium R312 (Commeyras et al. 1976, 1983), Rhodococ-
cus sp. N-774 (Watanabe et al. 1987a, b), P. chlorora-
phis B23 and R. rhodochrous J1 are acknowledged to
be the superior producers of nitrile hydratase and acry-
lamide. The nitrile hydratases from these strains have
been purified and characterized (Nagasawa et al. 1936,
1987, 1991b). The genes coding these enzymes have
been determined (Ikehata et al. 1989; Mayaux et al.
1990; Kobayashi et al. 1991; Nishiyama et al. 1991).
The former two strains produce nitrile hydratase con-
stitutively whereas the latter two produce the enzyme
inducibly. The nitrile hydratases produced by the
former three strains act preferentially on aliphatic ni-
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triles, whereas the enzyme produced by the latest
strain exhibits broad substrate specificity (Nagasawa et
al. 1988a; Mauger et al. 1988, 1989).

In the present paper, the outstanding features of R.
rhodochrous J1 nitrile hydratase are presented.

Materials and methods

Bacterial strains and cultivation. Brevibacterium R312, deposited
as a patent microorganism, no. FERM-P2722 (Commeyras et al.
1976, 1983), was obtained from the Fermentation Research Insti-
tute, Ministry of International Trade & Technology, Japan, and
used for this study. The cultivation of Brevibacterium R312 was
carried out at 28°C for 45h in a nutrient medium as described
previously (Nagasawa et al. 1986). P. chlororaphis B23, isolated
in our laboratory (Asano et al. 1982b), was cultivated at 25°C for
28 h in optimized medium containing methacrylamide as an in-
ducer, as described previously (Yamada et al. 1986). R. rhodoch-
rous J1 studied as a nicotinamide-accumulating bacterium in our
laboratory (Nagasawa et al. 1988a), was cultivated at 28°C for
75 h in the optimized medium containing urea and cobalt ions, as
described previously (Nagasawa et al. 1991a). Cell growth was
determined turbidimetrically by means of each dry cell calibra-
tion curve of the absorbance at 610 nm.

The purified enzymes of Brevibacterium R312, P. chlorora-
phis B23 and R. rhodochrous J1 were prepared as described pre-
viously (Nagasawa et al. 1986, 1987, 1991b).

Enzyme assays. The nitrile hydratase activity was assayed in a
mixture (2 ml) comprised of 10 pmol potassium phosphate buf-
fer, pH 7.5, 377 mM acrylonitrile and an appropriate amount of
enzyme or cells, The amounts of acrylamide in the reaction mix-
ture were determined with a Shimadzu gas-liquid chromatograph
(model GC-ACM) (Yamada et al. 1986). One unit of acrylamide-
forming activity was defined as the amount of cells or enzyme
that catalysed the formation of 1 pmol of acrylamide per minute.
Specific activity was expressed as units per milligram of dry cells
or protein. Acrylic acid formed was determined by analytical
HPLC, which was performed with a Toyosoda CCPM equipped
with a lichrosorb NH, column (Cica Merck) at the flow rate of
1.0 ml/min, using the solvent system of methanol/10 mm KH,PO,,
pH 6.0, 7:3 (v/v), at 40°C.

Protein was determined by the Coomassie brilliant blue G-
250 dye-binding method (Bradford et al. 1976) using dye reagent
supplied by Bio-Rad.

Results and discussion

Many characteristic similarities have been found be-
tween the first-generation nitrile hydratasé of Rhodo-

coccus sp. N-774 and the Brevibacterium R312 enzyme
(Nagasawa et al. 1986; Endo and Watanabe 1989). It
has been reported, for example, that the nucleotide se-
quences of the a-subunit of Brevibacterium R312 en-
zyme is completely identical with those of Rhodococ-
cus sp. N-774 (Ikehata et al. 1989; Mayaux et al. 1990).
Despite the similarities of both nitrile hydratases, their
morphological appearance on the agar plate seems to
be different.

In the following experiments, the excellence and su-
periority of R. rhodochrous J1 enzyme were analysed
by comparing it with Brevibacterium R312 and P. chlo-
roraphis B23 enzymes as industrial biocatalysts.

Effect of temperature

Acrylonitrile is volatile and unstable, and acrylamide
polymerizes easily at higher temperatures. Therefore,
it is desirable that the hydration process by which acry-
lonitrile becomes acrylamide be carried out at a lower
temperature. With the reaction at lower temperature,
the durability of the immobilized cells generally im-
proves. In fact, the enzymatic hydration of acrylamide
is performed at 0-5° C in industrial plants (Nakai et al.
1988). Nevertheless, heat stability of the biocatalyst has
always been required, particularly for its storage and
transport.

The hydration process catalysed by three kinds of
purified enzyme was followed at various temperatures .
(Fig. 1). The same unit of each enzyme was added to
the reaction mixture. Brevibacterium R312 and P. chlo-
roraphis B23 enzymes were inactivated completely at
30°C, whereas the R. rhodochrous J1 enzyme was en-
tirely stable at 30° C. The J1 enzyme was stable even at
40°C, but a slight inactivation was observed at 40°C
with prolonged incubation. Thus, the J1 enzyme is
much more heat-tolerant than the R312 and B23 en-
Zymes.

Effect of acrylonitrile concentration
Nitrile compounds are physically damaging to the cells.

Acrylonitrile is an especially powerful nucleophilic
reagent. Thus, during the course of the production of

Fig. 1. The nitrile hydration reaction cata-
lysed by three kinds of nitrile hydratase
at 10°C, 20° C or 30° C. The reaction was
carried out in a mixture (2 ml) comprising
100 wmol potassium phosphate buffer, pH
7.5, 377 mM acrylonitrile, and 12 units (U)
of either of the three kinds of nitrile hy-
dratase at 10°C, 20°C or 30°C: A, Brevi-
bacterium R312; A\, Pseudomonas chloro-
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acrylamide, the concentration of acrylonitrile in the
reactor should be kept low. In fact, its concentration
was kept at 1.5-2.0% (w/v) in the reactor by controll-
ing the feeding interval of acrylonitrile, using a sensor
in the industrial process of acrylamide production with
Rhodococcus sp. N-774 or P. chlororaphis B23.

The sensitivity of the R312, B23 and J1 enzymes to
acrylonitrile was compared (Fig. 2). The hydration
reaction was carried out in a reaction mixture contain-
ing various concentrations of acrylonitrile. The R312
and B23 enzymes were more sensitive fo acrylonitrile.
Their catalytic activity decreased in accordance with
the increase of acrylonitrile from 2 to 6% (w/v), where-
as the R. rhodochrous J1 enzyme exhibited almost full
activity even in the presence of 7% (w/v) acrylonitrile.
It is obvious that the J1 enzyme has a much higher to-
lerance to acrylonitrile than R312 and B23 enzymes.

Effect of acrylamide concentration

Commodity chemicals are generally synthesized on a
large scale at low cost. Thus, one of the most important
factors in the success of the industrial production of
commodity chemicals through a bioconversion process
may well be the high accumulation of the product,
which results in energy saving and simplification of the
downstream process. Thus an enormous accumulation
of acrylamide must be attained for industrial applica-
tion of the enzymatic hydration process of acryloni-
trile. Compared to acrylonitrile, acrylamide is much
less damaging to cells, but the tolerance of the biocata-
lyst to acrylamide is much more crucial for industrial
applications.

To compare the tolerance of the R312, B23 and J1
enzymes to high concentrations of acrylamide, the hy-
dration reaction of acrylonitrile was carried out in the
presence of various concentrations of acrylamide (Fig.
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3). The R. rhodochrous J1 enzyme acts on acrylonitrile
even in the presence of 30% (w/v) acrylamide, and the
acrylonitrile added was found to be completely con-
verted into acrylamide after a 2-h incubation. On the
other hand, the P. chlororaphis B23 and Brevibacter-
ium R312 nitrile hydratases lost their catalytic activity
in the presence of 30% (w/v) acrylamide after a 30-min
incubation. The J1 purified nitrile hydratase acted on
acrylonitrile even in the presence of 40% (w/v) acry-
lamide. When similar experiments were carried out us-
ing R. rhodochrous J1 cells, the cells exhibited much
higher acrylamide-tolerance than the purified enzyme.
For example, even in the presence of 50% (w/v) acry-
lamide, the hydration of acrylonitrile still proceeded
without any prominent inhibition at 10°C (Fig. 4).
Next, the tolerance of the J1 enzyme to acrylamide was
compared at 5°C and 10°C. The J1 enzyme exhibited
higher tolerance to 40% (w/v) acrylamide at 5° C than
at 10°C. Thus, for higher tolerance to acrylamide, the
hydration reaction is most suitably carried out at a low-
er temperature. From these results, it is clear that R.
rhodochrous J1 is a very stable and powerful biocata-
lyst for the production of acrylamide.

Accumulation of acrylamide

The accumulation of acrylamide was attempted using
R. rhodochrous J1 cells on a bench-scale with the peri-
odic addition of acrylonitrile at 10°C, 15°C and 20°C.
When the reaction was carried out for 7 h at 10°C, the
accumulation of acrylamide reached 500 g/l of reaction
mixture. When the feeding of acrylonitrile was contin-
ued further, white crystals of acrylamide appeared due
to the lower solubility at 10°C. During the course of
accumulation, the quantitative determination of acry-
lamide was difficult due to the appearance of crystal-
line acrylamide at 10°C. However, after stopping the
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Fig. 2. Effect of various concentrations of
acrylonitrile on three kinds of nitrile hy-
dratase. The reaction was carried out at
10° C in a mixture (2 ml) comprising
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Fig. 4. Effect of high concentration of acrylamide on R. rhodo-
chrous J1 cells or its purified enzyme. The reaction was carried
out at 10°C in a mixture (2 ml) comprising 100 pmol potassium
phosphate buffer, pH 7.5, 24 U of J1 nitrile hydratase or J1 rest-
ing cells, 377 mM acrylonitrile and 40% (w/v) or 50% (w/v) acry-
lamide. The consumption of acrylonitrile was followed

reaction, the crystalline acrylamide was dissolved com-
pletely and its determination was carried out. The final
accumulation of acrylamide exceeded approximately
65.6% (w/v) at 10°C. When the reaction was carried
out at 15°C and 20° C, the accumulation of acrylamide
reached 56.7% (w/v) and 56.0% (w/v), respectively
(Fig. 5), and no crystals of acrylamide were formed.
The formation of acrylic acid was barely detected in
each case. When similar accumulation experiments
were carried out using Brevibacterium R312, Rhodo-
coccus sp. N-774 or P. chlororaphis B23 cells, the high-
est accumulation of acrylamide did not attain the level
of J1 cells (data not shown). The use of R. rhodochrous
J1 enables one to obtain much higher accumulation of
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& Fig. 3. Effect of acrylamide concentration
0.5 L L on three kinds of nitrile hydratase. The
reaction was carried out at 10°C in a mix-
ture (2 ml) comprising 100 wmol potas-
sium phosphate buffer, pH 7.5, 24 U of
o - N ' . o ) \ n R312 (A), B23 (A) or J1 (O) enzyme,
0.5 10 15 0.5 10 _ 15 0.5 10 15 377 mMm acrylonitrile and 20% (w/v), 30%
Time (h) (wiv) or 40% (w/v) acrylamide
2 Table 1. Effect of various organic solvents on nitrile hydratases
from Brevibacterium R312, Pseudomonas chlorographis B23 and
L Rhodococcus rhodochrous J1
&
i n"’ms, s Organic solvent Relative activity (%)
% (50%, v/v)
7| Brevi- P. chloro- R. rhodo-
Bl 5 bacterium  raphis chrous
® | e
24l L% None 100 100 100
:g | ‘Methanol 6 8 89
S L Ethanol 8 10 94
= Isopropanol 13 3 100
< | n-Propanol 8 10 100
L Acetone 10 12 66
’_ ‘34 1,4-Dioxane 0 1.5 60
L < c N,N’-Dimethylformamide 12 18 78
X 5 5, 56 Tetrahydrofuran 26 32 44
- d Dimethyl sulphoxide 22 38 58
! I L Ethylene glycol 64 55 136

Incubation was carried out for 20 min at 10° C in a mixture (2 ml)
comprising 12 units of the purified nitrile hydratase, 2% (w/v)
acrylonitrile and 50% (v/v) of various organic solvents. Potassium
phosphate buffer was not added to the reaction mixture, to avoid
precipitation of potassium phosphate due to the addition of or-
ganic solvent. The reaction was stopped by adding 0.2 ml of 3 M
HCI and the acrylamide formed was measured by gas chromato-

graphy

acrylamide. The enormously high accumulation may
be ascribed to the high tolerance of J1 enzyme to acry-
lamide.

Tolerance to organic solvent

The tolerance of nitrile hydratase to various organic
solvents was examined (Table 1). R. rhodochrous J1
enzyme exhibited the highest tolerance among them.
In particular the J1 enzyme was tolerant to isopropanol
and n-propanol, and was fully active even in the pres-
ence of 70% (v/v) isopropanol and n-propanol. On the
other hand, P. chlororaphis B23 and Brevibacterium
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Fig. 5. Accumulation of acrylamide by R. rhodochrous J1 cells.
The initial reaction mixture (30 ml) comprising the J1 resting
cells (17.7 mg dry cell weight; specific activity 119 U/mg dry cell
weight at 20°C), 6% (w/v) acrylonitrile and 1.5 mmol potassium
phosphate buffer, pH 7.5, was incubated at 10°C, 15° C and 20° C.
According to its consumption, acrylonitrile was fed periodically
at the concentration of 6% (w/v). An aliquot (2 ml) of the reac-
tion mixture was taken and after btief centrifugation, the super-
natant solution was subjected to the determination of acrylamide
(@), acrylonitrile (A) and acrylic acid. The change in volume of
the reaction mixture caused by the periodic feeding of acryloni-
trile and the consumption of H,O for the hydration reaction was
taken into consideration for the calculation of acrylamide deter-
mination. The data shown as (O---O) were not quantitatively ex-
act due to the appearance of crystalline acrylamide at 10°C. For
the determination of these samples, sampling was carried out aft-
er thoroughly shaking the reaction mixture and then the reaction
was stopped by adding 3.-M HCL. The crystalline acrylamide was
dissolved at 20° C, and then acrylamide was determined

R312 enzymes were sensitive to these solvents. Even
when the J1 enzyme solution was shaken with the same
volume of n-heptane, n-hexane or n-pentane, the cata-
lytic activity was not damaged at all. Thus, these ad-
vantageous features of the J1 enzyme guarantees its
broad application for the solvent-containing reaction
system.

In addition, the nitrile hydratases of P. chlororaphis
B23 and Brevibacterium R312 were very sensitive to
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reducing reagents, such as dithiothreitol and 2-mercap-
toethanol, and to oxidizing reagents, such as H,O, an
ammonium persulphate. However, the J1 enzyme
proved resistant to reducing and oxidizing reagents
(Nagasawa et al. 1991b).

As described above, the J1 enzyme is much more
stable than other nitrile hydratases from various stand-
points. How, then, can the stability of the J1 enzyme be
explained? The stability and tolerance may be ascribed
to the difference in metal-ion cofactors, ferric ions and
cobalt ions. The deduced amino acid sequences of each
subunit of J1 enzyme, B23 and Rhodococcus sp. N-774
showed a significant similarity (Ikehata et al. 1989; Ni-
shiyama et al. 1991; Kobayashi et al. 1991), and the dif-
ference in metal-ion cofactors could be ascribed to a
small number of amino acids at their ligand-binding
sites. In addition, we suspect the stability is due to the
difference in molecular mass of nitrile hydratase. The
molecular mass of the R. rhodochrous J1 enzyme is
505 kDa and consists of 10« and 108 subunits, whereas
those of Brevibacterium R312 and P. chlororaphis B23
enzymes are 100 kDa and 85 kDa, respectively. Each
consists of 2a and 28 subunits.

Recently, we isolated other cobalt-containing nitrile
hydratases with a molecular mass of 100 kDa. Their
stability is at the same level as P. chlororaphis B23 and
Brevibacterium R312 enzymes. Thus, we assume the
high stability of the J1 enzyme might be related to the
association of 20 subunits in the J1 enzyme. Hence, the
association of subunits can probably depress the flexi-
bility of the protein and keep the structure more rigid
by the interaction of subunits (Stellwagen and Wilgus
1978). However, further studies are required to clarify
this point.

Maximum reaction velocity (V,...) and Michaelis
constant (K,,) values

The high reaction rate and high specific activity are im-
portant for an industrial biocatalyst. The V., and K,
values of three kinds of purified nitrile hydratase for
acrylonitrile under the standard reaction conditions
are summarized in Table 2. Acrylonitrile is one of the
most suitable substrates for these enzymes. Compared
to ordinary microbial enzymes, nitrile hydratase is
characterized by its high specific activity (Viyax values
indicate 1470 to 1760 pmol/min per milligram protein
at 20°C). On the other hand, the specific activity of

Table 2. Maximum reaction velocity (Vimae) and Michaelis con-
stant (K,,) values of three kinds of nitrile hydratase

Nitrile hydratase Vimax K.,
producing strains (pmol/min/mg) (mmM)
Brevibacterium R312 1470 © 167
P. chlororaphis B23 1490 34.6
R. rhodochrous J1 1760 1.89

The V. and K, values were determined at 20° C under stand-
ard conditions
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Table 3. Improvement of biocatalyst for the production of acry-
lamide

Parameters Rhodo-  P. chioro- R. rhodo-
coccus raphis chrous
sp. N-774 B23 It

Acrylic acid formation Very Barely Barely
little detected  detected

Cultivation time (h) 48 - 45 72

Activity of culture (units/ml) 90 =~ 1400 2100

Cell yield (g/) 15 17 28

Acrylamide productivity

(g/g cells) 500 850 >7000

Total annual production

(touns) 4000 6000 > 30000
Final concentration of L

acrylamide (%) 20 27 40
First year of production

scale . 1985 1988 1991

several kinds of nitrilase that catalyse the direct hydro-
lysis of nitrile into acid and ammonia, ranged over 0.1~
144 pmol/min per milligram protein (Harper 1977a, b,
1985; Bandyopadhyay et al. 1986; Goldlust and Bohak
1989; Kobayashi et al. 1989, 1990; Nagasawa et al. 1990;
Yamamoto and Komatsu 1991) at 25°C or 30° C. Thus,
in contrast to nitrilase, the hydration reaction catalysed
by nitrile hydratase proceeds much more rapidly. Gen-
-erally speaking, nitrile hydratase belongs to the catego-
ry of a very efficient biocatalyst. In particular, the J1
enzyme exhibits the highest V., values and the lowest
K., value for acryiomtnle among them.

The above advantages of the R. rhodochrous J1 en-
zyme make it a more suitable catalyst for acrylamide
accumulation, and, with Nitto, we have developed a
process applying J 1 nitrile hydratase for industrial use.
The R. rhodochrous J1 enzyme was not inactivated by
immobilization in a polyacrylamide gel, and repeated
use still yielded a product of high purity. Even in the

change of biocatalyst, almost no change is required in

the manufacturing plant.

Compared to conventional organic synthesis, a bio-
catalyst sometimes has a great potential for improved
productivity and vields. By changing the biocatalyst,
through replacement of P. chlororaphis B23 with R.
rhodochrous J1, the productivity of acrylamide per cell
weight and per year has increased greatly (Table 3). At
present, a kiloton-scale production involving R. rho-
dochrous J1 cells is under way at Nitto. -~
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