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Abstract

Microbial production of a 6-hydroxy-3-pyridylmethyl compound from 3-pyridylmethyl compound was investigated. The
hydroxylation of 3-(methylaminomethyDpyridine to 5-(methylaminomethyl)-2(1 H)-pyridinone, tautomer of 2-hydroxy-5-
(methylaminomethyDpyridine, by resting cells of Arthrobacter ureafaciens JCM3873 was found to proceed regio- and
chemo-selectively with an almost quantitative yield. The addition of molybdate ion and nicotine as an inducer to the culture
medium was required for the preparation of cells containing high hydroxylation activity. The optimal temperature and pH for
the hydroxylation by using resting cells were 35°C and around 7, respectively. This hydroxylation enzyme does undergo
inhibition by the substrate. The inhibitory effect could be eliminated by stepwise feeding of the substrate. Under adequate
conditions, 23 mg /ml of 5-(methylaminomethyl)-2(1 H)-pyridinone was produced with a molar yield of nearly 100% from
3-(methylaminomethyl)pyridine.

Keywords: Arthrobacter ureafaciens; Hydroxylation; 5-(Methylaminomethyl)-2(1 H)-pyridinone; 5-(Aminomethy)-2(1 A )-pyridinone;
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1. Introduction to synthesize regioselectively 2,5-disubstituted

pyridines described above by chemical methods.

Many pyridine derivatives are used as impor-
tant intermediates for the preparation of agro-
chemicals and pharmaceuticals. Recently, 6-
chloro-3-pyridylmethylamino compounds are
increasingly receiving attention as important in-
termediates for the synthesis of new insecti-
cides, e.g. acetamiprid (NI-25, [1]), imidacloprid
[2], nitenpyram [3]. However, it is troublesome
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For example, 6-hydroxynicotinic acid was pre-
pared from malic acid with 5 steps in a low
yield [4,5]. In contrast to chemical methods,
nicotinic acid degradation pathway by microor-
ganisms has been reported to proceed by way of
the initial formation of 6-hydroxynicotinic acid
[6]. One of nicotine degradation pathways by
microorganisms is also through 6-hydroxynico-
tine [7]. These suggest that it is possible to
prepare a 6-hydroxy-3-substituted pyridine from
3-substituted pyridine by an enzymatic method.

Therefore, we used 3-pyridylmethyl com-
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Fig. 1. Microbial hydroxylation of MAP to HMAP.

pounds as substrates, and surveyed the hydrox-
ylation activity of 3-pyridylmethyl compounds
at position 6 by various microorganisms to pre-
pare 6-hydroxy-3-pyridylmethy! compounds
which can be converted chemically to 6-chloro-
3-pyridylmethylamino compounds.

This paper deals with the regio- and chemo-
selective hydroxylation of 3-(methyl-
aminomethyl)pyridine (MAP) to 5-(methyl-
aminomethyl)-2(1 H)-pyridinone (HMAP), tau-
tom er of 2-hydroxy-5-
(methylaminomethyl)pyridine, by Arthrobacter
ureafaciens JCM3873 (Fig. 1).

2. Materials and methods
2.1. Chemicals

MAP was prepared from 3-
(chloromethyl)pyridine hydrochloride and meth-
ylamine. N-(Pyridylmethyl)acetamide was pre-
pared from 3-(aminomethyl)pyridine and acetyl
chloride. N-(Pyridylmethyl)-p-toluenesulfona-
mide was prepared from 3-(aminomethyl)pyri-
dine and p-toluenesulfonyl chloride. 3-Pyri-
dylmethyl acetate was prepared from 3-pyri-

Table 1

dinemethanol and acetyl chloride. Methyl 3-
pyridylmethyl ether was prepared from 3-(chlo-
romethyl)pyridine hydrochloride and sodium
methoxide. Other chemicals were the best avail-
able commercial products.

2.2. Microorganism, media and cultivation con-
ditions

A. ureafaciens JCM3873 was obtained from
Japan Collection of Microorganisms (Japan).

Medium I contained 10 g of K,HPO,, 4 g of
KH,PO,, 1 g of (NH,),SO,, 1 g of yeast
extract, 0.1 g of MgSO,-7H,0, 0.02 g of
CaCl, - 2H,0, 0.04 g of MnSO, - 4-6H,0, and
2 mg of FeSO, - 7H,0 per 1 of distilled water.
The pH was adjusted to 7.0. Medium IT was
medium I supplemented with 4 g of nicotine.

One loopful of cells of A. wureafaciens
JCM3873 subcultured on a Luria—Bertani
medium agar plate [8] was inoculated into 20 ml
of medium II in a 100 ml flask, followed by
aerobic cultivation at 30°C for 20 h. The intact
cells harvested from the cultured broth were
used as an enzyme source unless otherwise
stated.

2.3. Identification of reaction products

HMAP was isolated as its hydrochloride salt
from a reaction mixture as described in the text.
A part of the isolated HMAP hydrochloride was
converted to HMAP for the identification.

The “C-NMR chemical shifts of the reaction
product were compared with those of hydroxyl-

Comparison of BC-NMR chemical shifts of the reaction product with those of hydroxylated MAP

Chemical shifts (ppm) of heterocyclic carbons

Cc2 C3 C4 C5 C6
Reaction product (Obsd) 133.3 117.2 142.3 119.6 162.4
6-hydroxylated MAP (Caled.) 1342 118.2 141.7 1203 162.9
2-hydroxylated MAP (Calcd.) 161.3 133.1 141.7 105.4 135.8
MAP (substrate) (Obsd.) 147.8 136.0 135.6 1232 1494

The *C-NMR spectra were obtained in DMSO-d4. The 3C-NMR chemical shifts of 2- and 6-hydroxylated MAP were calculated from the

chemical shifts of MAP and 2-hydroxypyridine by using the additivity.
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ated MAP which was calculated from the chem-
ical shifts of MAP and 2-hydroxypyridine by
using the additivity. As is shown in Table 1, the
chemical shifts of the reaction product were in
fair agreement with those of 6-hydroxylated
MAP. Other spectral data follow: "H NMR
(DMSO-d) 6 741 (dd, 1H, J=24, 9.6 Hz),
7.23 (d, 1H, J=2.4 Hz), 6.31 (d, IH, J=9.6
Hz), 3.34 (s, 2H), 2.19 (s, 3H); mass spectrum,
m/z 138 (M), 123, 108, 80; exact mass calcd.
for C,H,,N,O 138.0791, obsd. 138.0782. From
these results, the reaction product was con-
firmed to be HMAP.

When 3-(aminomethyl)pyridine was used as
the substrate, 5-(aminomethyl)-2(1H )-
pyridinone was isolated from a reaction mix-
ture. The structure of this product was similarly
confirmed by comparing its spectra with those
reported [9].

2.4. Analytical methods

HMAP produced and MAP remaining in the
reaction mixture were separated by thin-layer
chromatography in the solvent system of 2-pro-
panol-28% ammonia solution—water (9:1:2, by
volume), and they were detected by a method
using potassium permanganate alkaline solution
as the color-producing reagent. HMAP and MAP
were measured by high performance liquid
chromatography by using a TSK gel ODS-80Ts
column (4.6 mm ID X 150 mm, Tosoh, Japan).
The mobile phase of PIC reagent B6 (Waters,
USA) was used at a flow rate of 1 ml/min. The
eluate was monitored at 263 nm.

3. Results

3.1. Substrate specificity of A. ureafaciens
JCM3873

The substrate specificity of A. ureafaciens
JCM3873 was examined by using the resting
cells. Among 3-substituted pyridines tested,
MAP was efficiently hydroxylated and 3-

Table 2
Substrate specificity of A. ureafaciens JCM3873

3-Substituent Relative activity

-CH,0H 0
-CH,NH, 17
—CH,NHCH, 100
-CH,NHAc 0
-CH,NHTos 0
-CH,0CH, 0

A. ureafaciens JCM3873 was cultured in medium II containing
0.25 mg/l of Na,MoO,-H,0 at 30°C for 20 h. The cells
harvested from 5 ml of the culture broth were added to | ml of 0.1
M sodium phosphate buffer (pH 7.0) containing 100 mM of
3-substituted pyridine. and then incubated at 30°C for 5 h with
shaking.

(aminomethyl)pyridine was slightly hydroxyl-
ated as shown in Table 2. Therefore, MAP was
more suitable substrate and was used for further
experiments.

3.2. Establishment of the effective medium for
the preparation of cells containing high
HMAP-producing activity

3.2.1. Effect of pyridine-related compounds on
the formation of HMAP-producing enzyme

The effect of pyridine-related compounds on
the formation of HMAP-producing enzyme was
examined by using medium I as basal medium.
The results were shown in Table 3. The
HMAP-producing activity was scarcely ob-

Table 3
Effects of pyridine-related compounds on the formation of
HMAP-producing enzyme

Pyridine-related Relative
compounds activity
none 12
HMAP 18
6-hydroxynicotinic acid 100
2-hydroxypyridine 46
acetylcholine chloride 21
nicotine 369

A. ureafaciens JCM3873 was cultured in medium I containing 2
g/! of pyridine-related compound at 30°C for 20 h. The cells
harvested from 10 ml of the culture broth were added to 1 ml of
0.1 M sodium phosphate buffer (pH 7.0) containing 50 mM of
MAP, and then incubated at 30°C for 20 h with shaking.
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tained with the medium I containing 3-sub-
stituted pyridine such as MAP, nicotinic acid, or
3-cyanopyridine. The cells cultured in medium I
containing 2-hydroxypyridine derivatives, which
are similar in structure to the reaction product,
or acetylcholine chloride showed low HMAP-
producing activity. The cells cultured with nico-
tine showed high HMAP-producing activity.
Thus, this enzyme activity was completely in-
ducible and the best inducer was found to be
nicotine. It can be seen from Fig. 2 that the
optimal concentration of nicotine was around 1

g/l

3.2.2. Effect of molybdate ion

Molybdate ion at first was found to have
remarkable promoting effect on the HMAP pro-
duction when the effect of various metal ions
was examined by using the intact cells cultured
in medium II (data not shown). So the effect of
MoO;~ ion on the cultivation of A. ureafa-
ciens JCM3873 was examined by using medium
I containing 2 g /1 of nicotine as basal medium.
As can be seen from Fig. 3, the HMAP-produc-
ing activity and the growth of A. ureafaciens
JCM3873 was increased by the addition of
Na,MoO,, and the activity was nearly parallel
to the growth. This suggests that MoO?~ ion
also affects the stimulation of the growth of the

30
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Fig. 2. Induction of HMAP-producing enzyme by nicotine. A.
ureafaciens JCM3873 was cultured in medium [ containing nico-
tine at the indicated concentrations at 30°C for 20 h. The cells
harvested from 5 ml of the culture broth were added to 1 ml of 0.1
M sodium phosphate buffer (pH 7.0) containing 50 mM of MAP
and 0.1 mM of Na,MoQ,. The reactions were done at 30°C for 5
h with shaking.
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Fig. 3. Effect of molybdate ion. A. ureafaciens JCM3873 was
cultured in medium I containing 2 g/1 of nicotine and Na, MoO, -
H,0 at the indicated concentrations at 30°C for 20 h. Growth was
expressed as the optical density at 600 nm. The reaction mixture
(total volume 1 ml) contained 50 mM of MAP, the cells harvested
from 5 ml of the culture broth, and (or not) 0.1 mM of Na, MoO,
in 0.1 M sodium phosphate buffer (pH 7.0). The reactions were
done at 30°C for 5 h with shaking. Symbols: @, HMAP produced
in the presence of 0.1 mM of Na,MoO,; 0. HMAP produced in
the absence of 0.1 mM of Na,MoO,; O, growth.

cells containing HMAP-producing activity. It
can be seen from Fig. 3 that the effectual con-
centration of MoO2~ ion was above 1 uM
(0.25 mg/1 as Na,MoO,: H,0). The cells
grown in the medium supplemented with above
1 uM of MoO? "~ ion did not show the remark-
able promoting effect of MoO;~ ion on the
resting cells reaction.

3.3. Establishment of the optimal reaction con-
ditions for HMAP production by resting cells

3.3.1. Effect of temperature and pH

The effects of temperature and pH on HMAP
production were examined by using the resting
cells. As is shown in Fig. 4, the optimal temper-
ature and pH for HMAP production were 35°C
and around 7, respectively.

3.3.2. Effect of substrate concentration

The effect of the substrate, MAP, on HMAP
production was examined by using the resting
cells. As can be seen from Fig. 5, the amount of
HMAP produced was decreased in the presence
of high concentrations of MAP. This indicates
that HMAP-producing enzyme has undergone
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Fig. 4. Effects of temperature and pH on HMAP production by
resting cells of A. ureafaciens JICM3873. A. ureafaciens JCM3873
was cultured in medium II at 30°C for 20 h. The cells harvested
from 5 ml of the culture broth were added to 1 ml of 0.1 M
sodium phosphate buffer containing 50 mM of MAP. (A) The
reactions were done at 30°C for 5 h in 0.1 M sodium phosphate
buffers with shaking, (B) The reactions were done in 0.1 M
sodium phosphate buffer (pH 7.0) at 25-40°C for 5 h with
shaking.

inhibition by the substrate. This inhibitory effect
could be eliminated by stepwise feeding of the
substrate.

3.4. Repetition of resting cells reaction by the
reused cells

In order to overcome a substrate inhibition,
the resting cells reactions by the reused cells
were carried out. The reactions were repeated in
100 ml of 0.1 M sodium phosphate buffer (pH

HMAP produced (mM)

100 200 300 400 500

Concentration of MAP (mM)

Fig. 5. Effects of the MAP concentration for HMAP production
by resting cells of A. ureafaciens JCM3873. A. ureafaciens
JCM3873 was cultured in medium I at 30°C for 20 h. The cells
harvested from 20 ml of the culture broth were added to 1 ml of
0.1 M sodium phosphate buffer (pH 7.0) containing MAP at the
indicated concentrations. The reactions were done at 30°C for 42 h
with shaking.

Table 4

Repetition of resting cells reaction by the reused cells
Reaction Reaction time (h) Yield (%)
Ist 20 > 99

2nd 23 >99

3rd 48 96

The cells (2.6 g as wet weight) cultured in medium | containing 2
g/1 of nicotine at 30°C for 20 h were added to 100 ml of 0.1 M
sodium phosphate buffer (pH 7.0) containing 100 mM of MAP
and 0.1 mM of Na,MoQy, and then incubated at 30°C with rotary
shaking (120 rpm). After completion of the reaction, the cells
were harvested from the reaction mixture and were used for the
next reaction.

7.0) containing 100 mM of MAP at 30°C. The
results were shown in Table 4. In this case, the
cells were utilizable about 3 times, though the
third reaction required more time to complete
the reaction.

3.5. Production of HMAP from MAP added
successively by resting cells

A typical production of HMAP from MAP
added successively by the resting cells is illus-
trated in Fig. 6. The cells grown in medium I
containing 2 g/1 of nicotine and 0.25 mg/1 of
Na,MoO, - H,O at 30°C for 20 h were har-
vested by centrifugation. The washed cells (0.6
g as wet weight) were added to 10 ml of 0.1 M
sodium phosphate buffer (pH 7.0) containing
100 mM of MAP, and then incubated at 30°C
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Fig. 6. Production of HMAP from MAP added successively by A.
ureafaciens JCM3873. The cultivation of A. ureafaciens JCM3873
and the reaction were done as described in text. Symbols: @,
HMAP; O, MAP.



178 T. Ishikawa et al. / Journal of Molecular Catalysis B: Enzymatic 1(1996) 173-179

with shaking. After incubation for 8 h, 500 mM
of MAP solution 2 ml was added. After another
incubation for 13 h, the concentration of HMAP
produced reached 23 mg/ml, with a molar yield
of nearly 100%. The further addition of MAP
brought about the slowing down of the reaction
rate.

3.6. Isolation of HMAP as its hydrochloride salt

After the completion of a reaction, cells were
removed from the reaction mixture by centrifu-
gation. The solution (537 ml) contained 14.0 g
of HMAP hydrochloride. The solution was
evaporated to dryness under reduced pressure.
The residue was dissolved in 600 ml of aqueous
ammoniacal 2-propanol (vide supra) and the
resulting insoluble material was removed by
filtration. The filtrate was concentrated to about
50 ml and its pH was adjusted to 7 with conc.
HCI. The solution was further concentrated un-
der reduced pressure. The resulting white crys-
tal was separated by filtration, washed with
ethanol, and vacuum-dried over phosphorus
pentoxide. The yield of HMAP hydrochloride
was 8.3 g (59%). The concentration of the
filtrate gave a second crop of 4.3 g. Total yield
of HMAP hydrochloride was 12.6 g (90%).

4. Discussion

The hydroxylation of MAP to HMAP by A.
ureafaciens JCM3873 proceeded regio- and
chemo-selectively with an almost quantitative
yield.

Similar enzymatic hydroxylations of nicotinic
acid [10-12] and 3-cyanopyridine [13] to the
corresponding 6-hydroxy compounds have been
reported. However, these enzymatic hydroxyl-
ations are limited to 3-substituted pyridines hav-
ing electron-withdrawing group, the hydroxyl-
ation of 3-substituted pyridine having electron-
releasing group such as MAP has not previously
been reported except for a metabolic pathway of
nicotine. This, therefore, is the first report on a

synthetic hydroxylation of 3-substituted pyri-
dine having an electron-releasing group.

The HMAP-producing activity was induced
strongly by nicotine. 2-Hydroxypyridine deriva-
tives and acetylcholine chloride, which is not a
pyridine derivative, acted slightly as an inducer.
This finding is interesting in studying a struc-
ture of the repressor which controls the forma-
tion of HMAP-producing enzyme.

On the HMAP production by the intact cells
cultured in medium I, MoO?~ ion had a re-
markable promoting effect. The cells grown in
the medium supplemented with above 1 uM of
MoO;~ ion did not show the remarkable pro-
moting effect of MoO?~ ion on the resting cells
reaction. This suggests that the content of
MoQ;~ ion in medium II is not enough to form
HMAP-producing enzyme, and molybdenum-
deficient enzymes were partly produced.

The HMAP-producing enzyme is presumed
to be nicotine dehydrogenase (EC 1.5.99.4) in-
volved in the nicotine degradation pathway
through 6-hydroxynicotine, because the enzyme
was induced strongly by nicotine and it also
required MoO? ~ ion for the activity [14-16]. If
so, the production of HMAP with a quantitative
yield is explicable as given below: nicotine is
gradually degraded by nicotine dehydrogenase,
followed by both 6-hydroxy-L-nicotine oxidase
(EC 1.5.3.5) and 6-hydroxy-D-nicotine oxidase
(EC 1.5.3.6) in one of nicotine degradation
pathways. On the other hand, HMAP produced
is not degraded by the second enzymes for
reasons of structure.

Acknowledgements

The authors are indebted to Mr. Hiroshi Mis-
uta, Dr. Hiroaki Nakamura, and Dr. Mitsuo
Asada of our research center for their encour-
agement during the course of this work. The
authors also thank Mr. Yukuo Mukohara and
Mr. Masami Hatano of our research center for
their technical contributions.



T. Ishikawa et al. / Journal of Molecular Catalysis B: Enzymatic 1 {1996) 173-179 179

References [8] J. Sambrook, E.F. Fritsch and T. Maniatis, Molecular

Cloning: a Laboratory Manual, 2nd Ed., Cold Spring Harbor

[1] H. Takahashi, J. Mitsui, N. Takakusa, M. Matsuda, H.
Yoneda, J. Suzuki, K. Ishimitsu, and T. Kishimoto, Brighton
Crop Protection Conference: Pests and Diseases, Vol. 1,
1992, p. 89-96.

[2] K. Moriya, K. Shibuya, Y. Hattori, S. Tsuboi, K. Shiokawa
and S. Kagabu,Biosci. Biotechnol. Biochem., 56 (1992) 364.

[3] 1. Minamida, K. Iwanaga, T. Tabuchi, I. Aoki, T. Fusaka, H.
[shizuka and T. Okauchi, J. Pesticide Sci., 18 (1993) 41.

[4] H. Wiley and N.R. Smith, in N. Rabjohn (Ed.), Organic
Syntheses Collective, Vol. 4, John Wiley and Sons, New
York. 1963, p. 201-202.

[5] J.H. Boyer and W. Schoen, in N. Rabjohn (Ed.). Organic
Syntheses Coliective, Vol. 4, John Wiley and Sons, New
York, 1963, pp. 532-534.

[6] D.E. Hughes, Biochem. J., 60 (1955) 303.

[7] L.I. Hochsrein and S.C. Rittenberg, J. Biol. Chem., 234
(1959) 156.

Laboratory Press, New York, 1989, p. A.l.
[9] AP. Kozikowski, Y. Xia, E.R. Reddy, W. Tiickmantel, I.
Hanin and X.C. Tang, J. Org. Chem., 56 (1991) 4636.

[10] H.G. Kulla, Chimia, 45 (1991) 81.

[11] T. Nagasawa, B. Hurh and T. Yamane. Biosci. Biotechnol.
Biochem., 58 (1994) 665.

[12] B. Hurh, M. Ohshima, T. Yamane and T. Nagasawa, J.
Ferment. Bioeng., 77 (1994) 382.

[13] M. Yasuda, T. Sakamoto, R. Sashida, M. Ueda, Y. Morimoto
and T. Nagasawa, Biosci. Biotechnol. Biochem., 59 (1995)
572.

{14] K. Decker and H. Bleeg, Biochim. Biophys. Acta, 105
(1965) 313.

[15] L.I. Hochsrein and B.P. Dalton, Biochim. Biophys. Acta, 139
(1967) 56.

[16] W. Freudenberg, K. Kénig and J.R. Andreesen, FEMS Mi-
crobiol. Lett., 52 (1988) 13.



