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List of Abbreviations
DNA

deoxyribonucleic acid

FPLC

first protein liquid chromatography

IlPLC

high performance liquid chromatography

lAA

indole-3-acetic acid

lAAld

indole-3-acetaldehyde

lAAm

i ndole-3-acetamide

IAn

indole-3-aceton i tr i Ie

ILA

indo] e-3-lactic acid

IPDC

indo]cpyruvate decarboxylase

IPyA

tndolc-3-pyruvic acid

kb

kilobase pai r
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N-methyl-N' -ni tro-N-nitrosoguani dj ne

ODS

octadcsyl silanized si lica gel

SDS-PAGE

sodium dodecyl sulfate-polyacrylamide gel
electrophoresis

Tam

tryptamine

Ti plasmid

tumor-inducing plasmid

T-D A

D A transferred from the Ti plasmid to a
plant cell

Tol

tryptophol

TPP

thiamine pyrophosphate

L-Trp

L-tryptophan

o-Trp

o-tryptophan

GENERAL INTRODUCTION

1. Interactions between microorganisms and their host plants
There have been several reports that plant hormones produced by bacteria can increase the growth rates and improve the
yields of their host plants (Barca and Brown 1974; Brown 1976;
Tien et al. 1979). Azospirillum brasilense is able to produce
plant hormones, such as indole-3-acetic acid (IAA), cytokinin
and gibberellin, and the stimulatory effects

0(' ~

brasilense

on plant growth scem to involve the effects of these plant
ho rmones on root growth.
It has been shown that bacterial production of lAA is
involved in the pathogenic effects of several lntcractions
betwecn microorganisms and plants (Morris 1986). I'or cxample,
two well studied phytopathogens, Pseudomonas syringae pv.
savastanoi and Agrobacterlum tumefaciens, inducc hyperplasias
on susceptible plant hosts. Gall formation

oli ve oleande,'.

caused by f...:- savastanoi, has been shown to be dependent on
bacterial synthesis of JAA (Smidt and Kosuge 1978).

~

tumefac-

iens causes crown gall disease in dicotyledonous hosts. The
formation of crown galls is associated with the presence of a
portion of the Ti plasmid (Liu et al.

1982), the T-lliA, which

is transferred to plant cells and integrated into the plant
nuclear DNA. Two of the genes on T-DNA encode for enzymes
involved in the lAA biosynthesis (Schroder et al. 1984; Thomashow et al. 1984; Follin et al. 1985).

2. General review of 1M biosynthe1.ic pa1.bway in plants and
bac1.eria
IA.!\ is a typical plant hormone tha1. controls sevct"al
aspects of plant growth and development. Although much is known
about the effects of 1M and its role in the control of growth
and differentiation, little is known about the biochemis1.ry of
Lhe JM synthesis and iLs regulation since the main biosynLhetic pathway has not been fully elucidated in plan1.s (Sheldrake
1973) .
In general, the following are the best characterized lAA
biosynthetic pathways leading from L-tryptophan (r.-Trp) to IAA
(Sheldrake 1973): indole-3-pyruvic acid (IPyA) pathway (L-Trp
--?

JPYA

--?

indo] e-3-ace1.aldehyde [JAAldj

(Tam) pathway lL-Trp

--?

Tam

--?

aceLamide (IAAm) pathway (L-Trp

lAAld
--?

--?

IAArn

--?

JAA),

t,"yptarni ne

IAA) and indole-3-7

lAA).

The lAAm pathway has been studied in detail in

~

savasta-

noi (Kosuge et al. 1966; Comai and Kosugc 1980; Comai and
Kosuge 1982), in ~ tumefaeiens (Schroder et al. 1984; Thomashow et al. 1984; Follin et al. 1985; Thomashow

t a l . 1986)

and in Bradyrhizobium japonicum (Sekine et a]. 1988; Sekine et
al. 1989). In the IMm pathway, tryptophan 2-monooxygenase
converts L-Trp to lAAm and then indole-3-aceLamide hydrolase
catalyzes the conversion of lAAm to 1M. Tryptophan 2-monooxygenase in

~

savastanoi has been purified and characterized in

an attempt to determine its role in the lAA biosynthesis. This
enzyme has high affinity for L-Trp and its activity is inhibit-

ed by lAAm and IAA. Thus, it appears that. the lAAm pa t.hway in
~

savastanoi is regulated by tryptophan 2-monooxygenase

(Kosuge et a!. 1966; Jlu tcheson and Kosuge 1985).
The genes coding for the enzymes in the lAAm pathway have
been isolated and characterized in detail. The genes for tryp~

tophan 2-monooxygenase and indole-3-acetami de hydrolase in

savastanoi are functional only in bacteria (Comai and Kosuge
1980, 1982), whereas t.he comparable genes in Il.:... tumefaciens are
functional only in planLs (SchrBder et al. 1984; Thomashow et
al. 1984; Pollin et a1. 1985). Furthermore, the nucleotide
sequences of these genes from

f...:- savastanoi and

~

japonicum

Ilxhibi 1.. significan L homology to the sequences f"om Il.:... tumcfaciens (Yamada et al. 1985; Sekine et al. 1990).
iLL though the IAAm pathway was thought to exi st on ly

bacLeria,

j

n

it was recently identified in Trifoliata Orange

(Kawaguchi et al. 1993). Since the raLe-limiting step in this
pathway is the conversion of L-Trp to lAAm, which is cat.alyzed
by tryptophan 2-monooxygenase, it is difficult to detecL IAAm.
Therefore, Kawaguchi establishcd an assay system for the detection of the conversion of L-Trp to lAAm using

a

-naphthalene

acetamide as a competitor of indole-3-acetamide hydrolase.

3. The IAA biosynthetic pathway from L-Trp via IPyA and the aim
of this study
Al though the IPyA pathway is thought to be the main IAA
biosynthetic pathway in plants, the exact mechanism of this

pathway has not been unequivocally demonstrated yet (Sheldrake
1973) .
The first step in this pathway is the conversion of LTrp to IPyA, which is catalyzed by L-tryptophan aminotransferase. This enzyme, has been found in many species of plants
and bacteria (Gunsalus and Stamer 1955; Truelsen 1973; Paris
and Magasanik 1981), is nonspecific for amino acid substrates,
and has a ver'y high

~

value for L-Trp (Gambol'g and Wetter

]963; Truelsen 1972). The 1AA concentration in plants is maintained in the nanomolar range, and it is unlikely that such low
levels of 1AA are regulated by L-tryptophan aminotransferase
wIth its low affinity for L-Trp (Law 1987).
The third step in the IPyA pathway is the conversion of
1AAld to 1AA, which is catalyzed by indole-3-acetaldehyde
oxidase. Kenten and Mann suggested that IAAld is oxidized to
IAA by an aldehyde oxidase in plants (Kenten and Mann 1952).
The majority of bael-eria produce little lAA, but they are
capable of converting lAAld to 1AA (Koga et al. 1991). Thus, in
plants and bacteria, there is no evidence to suggest Lhat the
first and third enzymes in the IPyA pathway are involved in the
production of IAA from L-Trp.
Little is known about the second enzyme in the IPyA pathway, indolepyruvate decarboxylase, which catalyzes the conversion of IPyA to 1AAld. Both 1PyA and lAAld are unstable compounds and difficult to isolate (Moore and Shaner 1968; Gibson
et al. 1972; Garcia-Tabares et al. 1987). Furthermore,

4

since

------------

-

---

---------

1PyA is degraded nonenzymatically into 1AA, it is difficult to
demonstrate that the second reaction is catalyzed enzymatically
in biological systems (Kaper and Verdstra 1958; Sheldrake
1973). In consequence, it seems likely that the control of the
1PyA pathway does not involve any very specific regulatory
mechani sms a t the enzyma tic level.
The aim of this study has been to elucidate the mechanism
of the IPyA
level.

pathway in L

cloacae at the enzymatic and genetic

Our erforts will facilitate elucidation of the IPyA

pathway in plants and may provide some insight into the biochemistry of the IAA synthesis and its regulation.

References
Barea, J.M. and Brown,

~l.E.

(1974) Effects on plant growth

produced by Azotobacter paspali related to synthesis of plant
growth regulating substances. J. Appl. Bacterial. 40: 583-593.

Brown, i\'I.E.

(1976) Role of Azotobacter paspali in association

with Paspalum nota tum. J. Appl. Bacte rial. 40: 341 -348.

Comai,

L. and Kosuge, T.

(1980) Involvement of plasmId

deoxyrIbonucleic acid In indoleacetic acId synthesIs in
Pseudomonas savastanol J.

Cornai,

L. and Kosuge, T.

Bacteriol. 143: 950-957.

(1982) Cloning and characterization

of iaaM, a virulence determinant of Pseudomonas savastanoi.
J. Bacteriol. ]49: 40-46.

"

Follin, A., Inze, D., Budar, F., Genetello, C., Van Montagu,
M. and Schell, J.

(1985) Genetic evidence that the tryptophan

2-monooxygenase gene of Pseudomonas savastanoi

is function-

ally equivalent to one of the T-D A genes involved in plant
tumor formation by Agrobacterium tumefaciens. Mol. Gen. Genet.
201: 178-185.

Gamborg, D.L. and Wetter, L.R.

(1963) An aromatic amIno acid

transaminase from mung bean. Can. J. Biochem. Physiol. 41:
1733-1740.

--

------------

-----~"

-~-----

Garcia-Tabares. F .. Herraiz-Tomico. T .. Amat-Guerri. F. and
Garcia-Bilbao. L.J.

(1987) Production of 3-indoleacetic acid

and 3-indolelactic acid in Azotobacter vinelandii cultures
supplemented with tryptophan. Appl. Microbiol. Biotechnol.
25: 502-506.

Gibson.

R.A .. Schneider. E.A. and Wightman, F.

(1972) Biosyn-

thesis and metabolism of indole-3yl-acetic aci d.

r I. I.!:! vivo

experiments with 'ftC-labelled precursors of lAA in tomato and
barley shoots. J. Exp. Bot. 23: 381-399.

Cunsalus. I.C. and Stamer, J.R.

(1955) Transaminases in bacte-

ria. In: Colowick. S.P .. Kaplan. N.O.

(cds) Methods in Enzymol-

gy. Vol. 2. Academic Press. New York. pp ]70-177.

Jlu tcheson. S. IV. and Kosuge. T.

(1985) Regulation of 3- i ndole-

acetic acid production in Pseudomonas syringae pv. savastanoi.
J. Biol. Chern. 260: 6281-6287.

Kapcr.

J.~1.

and Verdstra. II.

(1958) On the metabolism of

tryptophan by Agrobacterium tumefaciens. Biochim. Biophys.
Acta. 30: 401-420.

Kawaguchi. M.. Fujioka. S .. Sakurai. A .. Yamaki. Y.T. and
SyOno. K.

(1993) Presence of a pathway for the biosynthesis of

auxin via indole-3-acetamide in Trifoliata Orange. Plant Cell

Physiol. 34: 121-128.

Kenten,

R.II. and Mann, P.J.G.

(1952) The oxidation of amines

by extracts of pea seedlings. Biochem. J. 50: 360-369.

Koga,

J., Adachi, T. and lIidaka, II.

(1991) Molecular cloning

of the gene for indolepyruvate decarboxylase from Enterobacter
cloacae. Mol. Gen. Genet. 226: 10-16.

Kosuge, T., Heskett, M.G. and Wilson, E.E.

(1966) Microbial

synthesis and degradation of indole-3-aceti c aci d . .J. BioI.
Chern. 241: 3738-3744.

Law, D.M.(1987) Gibberellin-enhanced indole-3-aceLic acid
biosynthesis: o-Tryptophan as the precursor of indole-3-acetic
acid. Physiol. Plant. 70: 626-632.

Liu, S.T., Perry, K.L., Schardl, C.L. and Kado. C.J.

(1982)

Agrobacterium Ti plasmid indoleacetic acid gene is required
for crown gall oncogenesis. Proc. Nat1. Acad. Sci. USA
79: 2812-2816.

Moore, T.C. and Shaner, C.A.

(1968) Synthesis of indoleacetic

acid from tryptophan via indolepyruvic acid in cell free
extracts of pea seedlings. Arch. Biochem. Biophys. 127: 613621.

~orris,

R.O.

(1986) Genes specifying auxin and cytokinin

biosynthesis in phytopathogens. Annu. Rev. Plant Physiol.
35: 509-538.

Paris, C.G. and Magasanik, B.
Klebsiella aerogenes:

(1981) Tryptophan metabolism in

regulation of the utilIzation of aro-

matic amino acids as sources of nitrogen. J. Bacterio1. 145:
257-265.

Schr~der, G., Waffenschmidt, S.,

Weiler, E.W. and Schr~der, J.

(1984) The T-region of Ti plasmid codes for an enzyme synthesizing indole-3-acetlc acId. Eur. J. Siochem.

Sckine, M., lchlkawa, T.,
and Syono, K.

Kuga,

]38: 387-391.

., KobayashI, M., SakuraI, A

(]988) DetecLlon of the lAA biosynthetic pathway

from tryptophan via indole-3-acelamide in Bradyrhizobium spp.
Plant Cell Physiol. 29: 867-874.

Sekine, M., Watanabe, K. and Syono, K.

(1989) Molecular

clonIng of a gene for indole-3-acetamide hydrolase from
Bradyrhizoblum japonicum. J. Bacteriol. 171: 1718-1724.

Sekine, M., Watanabe, K. and SyOno, K.

(1990) Nucleotide

sequence of a gene for indole-3-acetamIde hydrolase from
BradyrhIzobium iaponicum. NucleIc. Acids. Res. 17: 6400-6400.

Sheldrake, A.R.

(1973) The production of hormones in higher

plants. BioI. Rev. Camb. Philos. Soc. 8: 510-515.

Smidt, M. and Kosuge, T.

(1978) The role of indole-3-acetic

acid accumulation by alpha methyl tryptophan-resistant mutants of Pseudomonas savastanoi in gall formation on oleanders. Physiol. P] ant Pathol. 13: 203-2] 4.

Thomashow, L.S., Reeves, Sand Thomashow, M.F.

(1984) Crown

gall oncogenesis: evidence that a T-DNA gene from the Agrobacterium Ti plasmid pTiA6 encodes an enzyme that catalyzes
synthesis of indoleacetic acid. Proc. Nat]. Acad. Sci.

USA

8J: 5071-5075.

Thomashow, M. F., lIugly, S., Buchholz, IV. G. and Thomashow, L. S.
(1986) Molecular basis for the auxin-independent phenotype of
crown gall tumor tissues. Science 231: 6J6-618.

Tien,

T.~1.,

GaskIns,

~J.II.

and Hubbell, D.H.

lJ979) Plant growth

substances produced by Azospirillum brasI]ense and their effect
on the growth of Pearl

~11l1et.

Appl. Environ. MicrobioJ. 37:

1016-1024.

Truelsen, T.A.

(1972) Indole-3-pyruvic acId as an intermediate

in the conversion of tryptophan to indole-3-acetic acid. I.
Some characteristics of tryptophan transaminase from mung bean

10

seedlings. Physiol. Plant. 26: 289-295.

Truelsen, T.A.

(1973) Indole-3-pyruvic acid as a intermediate

in the conversion of tryptophan to indole-3-acetic acid. II.
Distribution of tryptophan transaminase activity in plants.
Physiol. Plant. 28: 67-70.

Yamada, T., Palm, C.J., Brooks, B. and Kosuge, T.
cleotide sequences of the Pseudomonas savastanoi

(1985)

u-

Lndo]eacetic

acid genes show homology with Agrobacterium tumefaciens T-DNA.
Proc. Natl. Acad. Sci. USA.

82: 6522-6526.

11

CHAPTER 1
Effects of Eoterobacter cloacae

00

the Growth of Cucumber

and Rice Plants.

Abstraci.
A microorganism, strain SAl-BOlO, was isolated from the
rhizosphere of actively growing cucumber plants. From physiological properties, strain SAl-BOlO was identifIed as a strain
of Enterobacter cloacae. Shoots and roots of both cucumber and
rice plants treated with

L

cloacae were significantly larger

than those of plants wIthout addition of
tha t

L

L

cloacae, suggesting

cloacae promotes the growth of these plan ts.

In troduc tion
There have been several reports that microorganisms [solated from the rhizosphere of plants can increase growth rates
and the yields of host plants (Barea and Brown 1974; Brown
197B; Tien et al. 1979). For the efficiency of crop production
by utilizing such microorganIsms, we have screened a large
number of microorganisms promoting plant growth. We found that
Enterobacter cloacae isolated from the rhizosphere of actively
growing cucumber plants promotes the growth of agriculturally
useful plants.

12

MaterIa) s and Methods
Bacterial culture and plant culture

L

cloacae was grown for 24 hours at 30' C in liquid medium

that contained 1.0% glucose, 0.5% peptone, 0.1% KH 2 P04 and
0.05% MgS047H 2 0 (pH 6.81, with shaking on an orbital shaker.
The resulting culture was added to soil sterilized by autoclavlng for 30 min at

12~

C (10 7

cucumber (Cucumis sativus L.
L.

cfu per g of soil I. Seeds of
'Kifujin') and I"ice (Oryzac sativa

'.Japonica') were then p"lanted in the soil that had been

inoculated with

L

cloacae. For control experiments, seeds wece

planted in stedlizcd son without addition of
Artec cultivation for 20 days at 25' C,

~

cloacae.

the growth of cucumber

and rice plants was assessed by measuring the fcesh weights of
shoots and roots.

Ilesul ts and DIscussIon
A microorganism, strain SAl 6010, was isolated from the
rhizosphere of actively gcowing cucumbec plants. As shown in
Table 1.1,

the strain is a Gcam-negative and facultatively

anaerobic bactecia. It does not form spores and has peritrichous flagella.

In terms of its physiological properties,

it is

negative to oxidase activity and positive for nitrate reduction. From these properties, this strain appears to belong to
the family Enterobacteriaceae. Furthermore, from various other
physiological properties, strain SAI-6010 has been identified
as a strain of Enterobacter cloacae. The stcain has been

13

Table 1.1

Morphological and physiological characteristics of

strain SAl-B010

6
•

Strain SAl-BOlO

Characteristics
Morphological characteristics

Straight rods.
0.8 to l. 0 /1 m wide x
1.5 to 3.0 /1 m long

Shape and size

None

Polymorphism

Motile by peritrichous
flagelJa

Motility

None

Spores
G,"am's stain
Acid-fast staining
Physiological characteristics

f3 -Galactosidase
Arginine dihydrolase
Lysi ne decarboxy] ase
Orni thine decarboxylase
Citric acid utilization
Hydrogen sulfide production
Urease
Oxidase
Tryptophan deaminase
Indole production
Denitrification reaction
Nitrate reduction

14
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Inorganic nitrogen utilIzation

NItrates and ammonIum
salts are utIlIzed as
sources of nitrogen

Gelatin liquefaction

Extremely slow
liquefaction occurs

MR test
vp "test
I" type

0-1" test
Starch hydrolysIs
DNase production
Aesculin decomposi t ion
Pigment production
Growth range

Growth temperature ranges
from 15" C to 45" C, wI th
optimal growth frolll 28" C
to 37' C, and the pH for
optimal growth Is in the
vicInity of neutrality.

Requi rement for oxygen

Facultative anaerobe

Gas from o-glucose
Acid from:
o-glucose. sucrose. L-arabinose.
o-xylose. D-mannose. o-fructose,
maltose. lactose. D-mannitol.
o-sorbitol
Acid from:
o-adonitol. glycerol

a

Symbols:

+.

positive;

negative.
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deposi~ed

at the Fermentation Research Institu~e, Agency of

Industrial Science and Technology of Japan, Tsukuba-shl,

Iba-

raki, Japan, with the accession number FER1 BP-1529.
As shown in Table 1.2, shoots of both cucumber and rice
plants treated

wi~h

E. cloacae
--

trol shoots. Furthermore,
plants

~reated

with

~

were 5 to 7% heavier than con-

roots of both cucumber and rice

cloacae were significanUy 15-21% hcavI-

er than those of control plants. These results indicate 1.. 1'1 a 1..

L

cloacae isolated from actively growing cucumber plants promotes
the growth of cucumber and rice plants by stimulating the roots
of plants.
~

cloacae is known 1..0 produce indole-3-ace1..ic acid which

is a typical plant hormone (Koga et al. 1991), and

it Is aJso

known as a nitrogen-fixing bacterium (Ladha et a1.

198:3;

son and Allard 1985). Therefore,

i1.. is possible that

~

'eiJcloacae

promotes plant growth by both hormonal stimula1..ion and enhancement of the supply of nitrogen.

16
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Table 1.2

-

Effects of Enterobacter cloacae on the growth of
a

cucumber and rice plants

Fresh weight of plants (g/plant)
Rice

Cucumber

Condition

Shoot

Hoot

Shoot
b

Soil only
(control)

3.958(JOO ) 0.596(100)

Soi 1 +
cJ oacae

4.233(J07)

721*C(121)

Root

0.259(100)

0.073(JOO)

O.272(J05)

0.084*(115)

L

Twenty cucumber plants and two hundred rice plants were
cultivated in plastic pots with

L

cloacae for 20 days at

25' C. Similar numbcrs were used as controls .in each case.
Relative rate of fresh weight of plants. A value of 100 was
assigned to the fresh weight of plants without addition of

c * Significantly different from control

17

(P<O,05).
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CDAPTER 2
1M Biosyntbetic Patbway from Tryptophan via Indole-3-pyruvic
Acid tn Enterobactcr cloacae.

Abstract
Indole-3-acetic acid (Itv\) was identifled as a L-tryptophan
(L-Trp) ca taboll te in the cuI tu res of En Lerobactet- cloacae
lsolaLed from the rhizosphere of well-grown cucumbers. This
strain produced IAA in a Lryptophan-supplemenLed liquid medium
at levels of up to ] mg/ml, and indole-3-lacLlc acid (iLA) and
Lryptophol (Tol) were also produced. Under aerobic condltions,
[AA was produced in higher concentratlons Lhan rLA and Tal, but
under less aerobic conditions, ILA and Tol were produced in
higher concentrations than IAA. In metabolic sLudies with eight
kinds of indole substrates,

~

cloacae converted L-Trp,

indole-

3-pyruvic acid (IPyA), and indole-3-acetaldehyde (IAAld) to
JM. These results strongly suggcst that Lhe biosynthesis of
JAA In

L

cloacae involves the pathway of L-Trp to lAA via IPyA

and IAAld.

Introduction
There have been several reports that the plant hormones
produced by bacteria could increase growth rates and improve
yields of the host plants (Barea and Brown 1974; Brown 1976;
Tien et al. 1979). On the other hand,

it has been shown that

bacterial production of 1M is involved in the virulence of

19

several interactions between microorganisms and plants (Norris
1986).

For example,

two well-studied phytopathogens. Pseudomo-

nas syringae pv. savastanoi and Agrobacterium tumefaciens,
incite hyperplasias on susceptible plant hosts. Gall formation
on olive oleander caused by

f..:.

savastanoi has been shown

LO

be

dependent on the bacterial IAA synthesis (Smidt and Kosuge
1978). !l.:... tumefaciens causes crown gall di.sease in dicoty)edonous hosts. The formation of crown galls is associated with the
presence of a portion of the Ti plasmid (Liu et a1. 1982). the
T-DNA,

which is transrerred and integrated Into the plant

nuclear DNA. Two or the T-DNA genes encode for fAA biosynthetic
enzymes (Schroder et aJ. 1984; Tilomashow et aJ.

1984; Follin et

a!. 1985).
In general,

tile ('ollowing are the three most eharacter:ized

pathways [or the conversion of L-Trp to lAA:

(a)

pathway (L-Trp -i> IPyA -i> [AAld -i> IAA),

the tryptamine

(b)

the lPyA

(Tam) pathway (L-Trp -i> Tam -i> IAA1d -i> JAA), and (c)

the

indole-3-acetamide (IAAm) pathway (L-Trp -i> lAAm -i> lAA). The
IAAm pathway has been studied in detail in

~

savastanoi

(Kosuge et al. 1966; Coma:i and Kosuge 1980; Coma:i and Kosuge
1982),

in!l.:... tumefaciens (Schroder et al.

1984; Thomashow et

al. 1984; Follin et al. 1985), and in Bradyrhizobium japonicum
(Sek:ine et al. 1988; Sekine et al. 1989). In these pathways,
tryptophan 2-monooxygenase converts L-Trp to IAAm and then
indole-3-acetarnide hydrolase catalyzes the conversion of IAAm
to IAA.

However,

the IPyA pathway, considered the main pathway
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in plants, has yet to be elucidated, since IPyA and lAAld,
intermediates in the IPyA pathway, are such unstable compounds
that it is difficult to isolate them (Noore and Shaner 1968;
Gibson et al. 1972; Sheldrake 1973; Garcia-Tabares et al.
J987). Furthermore, IPyA is degraded spontaneously to give
various products including IAA, and lAAld is oxidized spontaneously to give IAA. Against these background of spontaneous
degradati ons, it is difficult to obtain evidence for the participation of enzymes in the IPyA pathway (Kaper and Verdstra
1958; Sheldrake 1973).
[t has been found that L

cloacae isolated from the rllIzo-

sphere of actively growing cucumbers accelerates growth of
various kinds of agrIculturally useful plants (Koga et al.
1991). This report describes an identificatIon of IAA produced
by

L

cloacae and its blosynthetic pathway from L-Trp via IPyA

and JAAld.

Materials and Methods
Bacterial strains and cuI tures
The Enterobacter cloacae strain FERM BP-1529 was originally isolated from the rhizosphere of cucumbers (Koga et al.
1991). The straIn was maintained on LB medium (ManiatIs et al.
1982). For analysis of endogenous indoles, the strain was grown
for 2 days at 30' C in liquid LB medium containing 1.0% glucose
and 0.2% L-Trp (LBGT medium), shaken with an orbital shaker.
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Extracti on and puri Cication procedure OT endogenous LAA, Tal,
and lLA.
Bacterial cultures were centrifuged at 9,000 x
min at

~C.

~

Cor 20

The supernatant was adjusted to pH 10 with Na_C03

and extracted with ethylacetate (Tol fraction). The aqueous
phase was adjusted Lo pI! 3 with HCl and extracted with ethylaceLate (IAA and ILA fractions). The two ethylacetatc extracts
were dried

~

vacuo. The residues were dissolved

tn ethanol and

analyzed by HPLC. lbe HPLC analysis was done by a Toso model
CCPM under the following conditions: column, Toso TSK gel-ODS120/\ (4.6 by 250 mm)
phase.
raLe,

(Toyo Soda Co., Ltd .. Tokyo); mobiJe

ethanol-water-acetic acid (30:65:5 vol/vol/vol); flow
0.7 ml/min; and detector. Toso FS-8000 spectrofluorometer

(excitation wavelength of 280 nm and emission wavelength of 350
nm). For the 1H-NMR analysis. the fractions corresponding to
Lhe retention times of authentic IAA. Tol. and JLA were collected and dried

~

vacuo to give purified samples.

TLC
The TLC chromatogram was run on silica gel 60 plates
(Merck). developed with chloroform-acetic acid (95:5 vol/vol).
lAA was detected on TLC plate by spraying with Ehrlich reagent
(Bentley 1962).

1[1-NMR
1H-NMR spectra were recorded on a JOEL FX-200 in CDC13
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with tetramethylsilane as an internal standard or in 020 adjusting the signal of H2 0 to 4.83 ppm. For each spectrum, the
IIPLC purified samples obtained from peaks X and Y were dissolved in 0.5 ml COC1 3

,

and that from peak Z was dissolved in

0.5 ml D20.

Conversion oj' eight kinds of indole substrates to 1M, 1'01, and

TLA
The

~

cloacae s trai n was grown for 2 days at 30' C in J 0

ml of liquid M9 minimal medium (Maniatis et al. 1982) and 1 ml
of 10 rnM phosphate buffer (pll 6.5) containing 0.01% L-Tt-p, TPyA,
lAAld,

ILA, 1'01, Tam, TAAm, or indole-3-ace toni tr iJ e (IAn) was

added to the cultures. To avoid the decompositlon of IPyA, IPyA
solution was added to the cultures as soon as possible after it
was made. After further incubation fOl' 10 hr at 30' C, the
cultures were centrifuged and the supernatants were analyzed by
IIPLC as described previously.

Effects of oxygen on

j

ndole producti.on

We developed a simple bacterial culture method to maintain
various oxygen conditions. Glass bottle cultures (200 ml)
containing various volumes (from 5 to 80 ml) of LBGT medium
were sealed with butyl rubber caps and

~

cloacae was incubated

for 2 days at 30' C in the cultures with shaking. After incubation,

the cultures were diluted at a rate of 1:10 in a 0.1 N

IICI solution and the supernatants were analyzed by HPLC as
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descr i bed previ ously.

Results
Identj f ieation and measurement of endogenous indoles
An HPLC chromatogram of the supernatant of a culture in a
tryptophan-supplemented medium showed three main peaks (Pig.

2.1). Main peak X, having the same retention time (16.0 min) as
that of authentic IliA, was supposed to correspond to JAA. Por
the identification of the structure, a separated sample of peak
X was analyzed by TLC and 'JI-NMR. The TLC chromatogram of the
sample showed a clear red spot at the Rf corresponding to
authentic 1M by sprayIng with EhrlIch reagent (data not
shown),

and the 'H-NMR spectrum was identIcal wi th that oC

authentic IAA (Pig. 2.2). The second main peak Y (retention time,

17.7 mIn) and third main peak Z (retention time, 12.5 min) were
supposed to correspond to authentic '1'01 and ILA,

respectively.

By the 111-NMR analysis, samples obtained from peaks Y and Z
identical with authentic '1'01 and ILA,

respectively (fig.

2.2). The production of 1M increased with increasing
concentration of L-Trp from 0.001

to 1 mglm]

In culture medium,

resulting in an extracellular level of about 1 mg/m]. No
appreciable amount of IPyA, IMld, Tam, IMm, or IAn, was
detected as a catabolite of L-Trp in the cultures.
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(A) Purified sample obtained from peak X.

(B) Purified sample obtained from peak Y.
obtained from peak Z.
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(C) Purified sample

Conversion of" eigbt kinds of" indole substrates to 1M, Tol,
and lLA
We used M9 minimal medium as the culture medium in this
experiment, since

~

cloacae produced a large amount of IAA in

LB medium but did not produce it in minimal medium. The purpose
of this method is to clarify whether the IAA production was
derived from N sources of the medium or from the indol
substrate. The metabolic studies with eight kinds of indole
substrates demonstrated that L-Trp,

IPyA, and IAAld were

converted to 1M along with Tol and ILA, but the other Cl ve
substrates were hardly converted to 1M (Table 2.1).

1PyA was

such an unstable compound that it was degraded sponLaneously
inLo 1M and unidentified compounds in bacteria-free medium.
lIowever, the 11\1\ producLion from IPyA in bacterlal. cuI Lure
medium was ten-fol d higher than that from 1Pyl\ in the bactet-iafree medi urn, sugges ting that IPyA was conver ted to J AI\ enzyma tieally.

Furthermore, a significant amount of Tol undetecLed in

the bacteria-free medium was produced in the bacLerial culture
medium and IMld was converted to Tol

(Table 2.J), suggesting

that IPyA was converted to Tol via IAAld enzymatically. In the
same way, the conversions of L-Trp to ILA and IPyA Lo ILA
suggest that L-Trp was converted to ILA via IPyA. In conclusion, these results indicate that L-Trp was converted to 1M
via IPyl\ and IAAld in this pathway.
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Table 2.1

Conversion of eight kinds of indole substrates to

IAA. Tal. and ILA.

Indole production (/l g/ml)
Indole substrate a

L-Trp
IPyA
lAAld
ILA
To]

Tam
[AAm
IAn
None

a

IAA

Tal

ILA

8 .5

0.8
0.5
4.4
NO

0.3
0.3
NOb

7. 8

4 .5
0 .3
0.9
NO
0.4
NO
NO

NO
NO
NO
NO

NO
NO
NIJ
NO
NO

Indole substrate was added to the cui Lures

(10/lg/ml).
b NO.

lot deLecLable.
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Effects of oxygen on indole production
The production of 1AA, '1'01, and 1LA by L

cloacae was

examined in various volumes of liquid medium. Since total
voJumes of oxygen are limited in the butyl rubber capped
cultures, the growth conditions of a large volume of culture
medium become less aerobically. As shown in Fig. 2.3. under
more aerobic condi tions, lAA was produced in hi gher concentrations than 1LA and '1'01. However, under less aerobj c cond i t..i ons,
JLA and 1'01 were produced in higher concentrations than TAA,
and total production of the indoJ es decreased. These results
suggest that the composition of the indoJe metabolites depends
on the amount of oxygen in the cuJtures. Metabolic sLudies show
LhaL IPyA and JAAld brought about corresponding reduction
products, 1LA and '1'01. respectively (Table 2.1). PUI·thermore,
under less aerobic conditions. lLA and 1'01 were produced in
hi gher concentrations than those under aer'obic condi Lions
(Table 2.2). These resul ts indicate that the 1AA production is
regulated by oxidative-reductive reactions. Under more aerobic
conditions, 1AA is produced by oxidative reacLions, and under
less aerobic conditions. lLA and '1'01 are reductively produced
from 1PyA and 1AAld, respectively.

Discussion
This is the first report on the detection of the 1AA biosynthetic pathway from L-Trp via 1PyA and 1AAld in L
HPLC, TLC, and

~H-NMH

analysis showed that L
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cloacae.
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production of

Table 2.2

Conversion of IPyA and IAAld to 1AA, Tol and ILA

under less aerobic condi tions a

.

Indole production

(11

g/ml)

Indol e substrate b
IAA

Tal.

lLA

IPyA

3.0

1.4

0.6

IAAld

1.9

6.5

Glass bottle cultures containing 20 ml

a

ND c
or M9

minimal medium were sealed with butyl rubber caps

L

and

cloacae was incubated for 2 days at 30' C

in the cultures. Conversion of IPyA and IAAld was
done as described previously.
Indole substrate was added to the cuLtures

b

(] 0

11
C

g/ml).
ND, Not detectabl e.
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a large amount of IAA. Metabolic studies,

showing the major

conversion (50-90%) of L.-Trp. IPyA, and IAAld to 1M. suggested
that the main biosynthesis of 1M in

L

cloacae involves the

[PyA pathway, which is different from that found in Pseudomonas
savastanoi and Agrobacterium tumefaciens.

However.

the fact

that a smaIl quan ti ty of lAAm was converted to lAA (Table 2.1)
suggests the simultaneous presence of the IAAm pathway. We
could not detect IPyA and IAAld as cataboli tes oC L.-Trp in

L

cloacae. since IPyA and lAAld arc such unstable compounds that
they are supposed to be reduced to ILA and '1'01,

respectively.

In cultural experiments by controlling the amount of oxygen,
IAA was produced in higher concentrations than ILl\. and Tol
unde,' aerobic conditions. Under less aerobic conditions.
however. ILA and '1'01 were produced in higher concentrations
than IAA, and total

producti on of the indoles decreased. This

experiment indicates that the metabolism of L-Trp was affected
by the amount of oxygen in the cultures.
A scheme of the TM biosynthetic pathway deduced from
these results is shown in Fig. 2.4. The 1M production in

L

cloacae Is supposed to be t-egulated by oxidative-reductive
reactions as follows: while under oxidative conditions, a large
amount of 1M is produced by Lhe main IPyA pathway (L.-Trp
IPyA

-7

lAAld

---'?

1M).

-7

under reductive conditions. 1M produc-

tion decreases. and ILA and '1'01 are accumulated.

It is because

the enzymes involved in the main pathway are inactivated. and
indolelactate dehydrogenase (Kaper and Verdstra 1958; Jean and
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L

A scheme of the 1M biosynthetic pathway in

cloacae.
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De Moss 1968; Garcia-Tabares et al. 1987) and indoleacetaldehyde dehydrogenase (Kaper and Verdstra 1958; Ernstsen et al.
1987) which catalyze the conversion of 1PyA to 1LA and 1AAld to

Tol.

respectively, are activated (Table 2.2). Since it was

reported that 1LA and Tol were reversibly formcd from 1PyA and
1AAld (Garcia-Tabares ct al. 1987; Ernstsen et al.

1987),

respectively, 1LA and Tol may be important storage products
involved in the rcgulation of lAA biosynthesis.
It is a well known fact that

L

cloacae strains have been

found in the rhizosphere of plants (Hadar et al.

1983; Ladha et

aJ. 1983) and in the intestinal tract of humans (Levy et al.
1 985).

Under aerobic condi Lions such as ti,e rhi zosphe,"e

plants,

L

growth.

However,

0["

cloacae may produce 11\/\ for acceleration or plant
under anaerobic conditions such as the

intestinal tract of humans, the strain may not produce lAA
which is a carcinogenic substance by the Rec-assay (Kada et al.
1972; Morotomi and Mutai 1 986).

f..:.. savas tanoi and !l.:... tumefaciens al"C known to produce 1A/\.
which causes gall disease in plants (Smidt and Kosuge ]978;

Liu

et a1. 1982), and the involvement of 1AA produced by Rhizobium
in the formation of root nodules has been speculated on (Wang
et al.

1982). Thc main biosynthesis of 1AA in these bacteria

appears to involve the 1AAm pathway, which is different from
the 1PyA pathway. Our experiments do not identify the reason
why

L

cloacae has the 1PyA pathway. which is considered the

main pathway for 1AA production in plants. Since
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L

cloacae

produces 1AA as a secondary metabolic product. the genes coding
for this pathway may be derived from plants. To identify the
role of 1AA produced by

L

cloacae and the mechanism of the

1PyA pathway. we are proceeding to isolate the genes involved
jn the 1AA biosynthetic pathway.
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CHAPTER 3
Molecular Cloning of the Gene for

lndolepyruva~e

Decarboxylase

from Enterobacter cloacae.

Abstrac~

Al though indole-3-acctic acid (IAA) is a weI] known
plant hormone, the main TAA biosynthetic pathway from L-tryptophan

(L-Trp) via indole-3-pyruvic acid (IPyA) has yet to

be eJucidated. Previous studies suggested that IAA was produced by Enterobaeter cloacae isolated from the rhizosphere
of cucumbers and its bJosynthetic pathway may possibly be the
same as that in plants. To elucidate this pathway,

the [AA

b losynthetic gene was isola Led f'"om a genomic] ibrary of h
cloacae by assessing the abiliLy for converting L-Trp to lAA.
The DNA sequence analysis showed that this gene codes for one
enzyme alone and its predicted protein sequence has extensive
homology with pyruvate decarboxylase in yeast and Zymomonas
mobil is. Cell-free extracts prepared from Escherichia coli
harboring this gene eou]d convert IPyA to indole-3-acetaldehyde (IAAld). These results clearly show that this pathway is
regulated by only indolepyruvate decarboxylase, which catalyzes the conversion of IPyA to lAAld.

ln~roduction

lAA is a well known plant hormone that controls vari.ous
aspects of plant growth and development, but the biochemistry
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of 1M synthesis and its regulation are not well understood
(Sheldrake 1973) since the IAA biosynthetic enzymes and the
genes coding for them have not been isolated.
In general. the following are the most characterized lAA
blosynthetic pathways leading from L-Trp to 1M (Fig. 3.1):
indoJe-3-pyruvic acid (IPyl\) pathway k-Trp
JM).

tryptamine (Tam) pathway (L-Trp

---C>

Tam

and indole-3-acetaruide (iAAm) pathway (L-Trp
The JAAm pathway has been studi ed in detail

-7

IPyA

IAAld

-7

---C>

JAAld

-7

JAAm

---C>

-7

-7

IAA)
1M).

in Pseudomonas

savastanoi (Kosugc et aJ. 1966: Comai and Kosuge 1980; Comal
and Kosuge 1982; Yamada et aJ. J985) and I\grobacterium tumefaclens (Schroder et a!. 1984; Thomashow et aJ. 1984; rollin et
al. J985; Thomashow et al. 1986). In this pathway. tryptophan
2-monooxygenase converts L-Trp to lAAm and then indole-3-acetamide hydrolase catalyzes the conversion of IAAm to 11\1\. However, the IPyA pathway. thought to be the main pathway in plants.
has yet to be fully elucidated (Sheldrake 1973). since IPyA and
II\Ald.

intermediates in this pathway. are such unstable com-

pounds that it is difficult to isolate them (Moore and Shaner
J968; Gibson et al. 1972; Garcia-Tabares et a1. 1987). Furthermore. since IPyA is nonenzymatically degraded into JM. it
is difficult to obtain evidence that the second and third steps
of the IPyA pathway occur enzymatically (Kaper and Verdstra
1958; Sheldrake 1973). In particular.

there is little known

about the presence of the seeond step enzyme which eatalyzes
the conversion of IPyA to IMld.
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Pathways in the biosynthesis of IAA. The most

characterized pathways in plants and bacteria are shown.
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OH

I ndole- 3-lactic acid
( ILA)

IAA was found to be produced by

L

cloacae isolated ft"om

the rhizosphere of actively growing cucumbers and its
biosynthesis may possibly involve the IPyA pathway (Koga et aI.
199Ib)"

In the present study. to elucidate the mechanism of the

IPyA pa thway,

the 1M biosyn the tic gene was i sola ted from a

genomic library of E. cloacae and its function was determined.

----

Materials and metbods
Bac ter i al s trains and plasm lds

L

cloacae strain PERM BP-1529 was originally isolated

from the rhizosphere of cucumbers (Koga et aI.

1991a) and used

as a source of DNA. Strain PERM BP-1529R is a Rif r

derivaLLve of

PERM I3P-1529. Strains G140 and G438 are lAA-negative mutants of
PERM BP-1529R. Strain 12348R is a Rif r

derivative of Entero-

bacter aerogenes lAM 12348 obtained from the Institute of
Applied Microbiology. StraLn 1236R is also a Rif r

derivative of

Enterobacter agglomerans JCM 1236 obtained from the Japan
Collection of Microorganisms. These Enterobacter strains were
used for tr iparental rna ti ng exper i ments"

L

£2..!..l

0115 a

and J~1109

were used [or expression of the 1M biosynthetic gene and
for nucleotide sequencing experiments. respectively.
Plasmid vectors pUC19 and pUCl19 were purchased from
Takara Shuz6 Co., and pKK223-3 was purchased from Pharmaeia
LKI3 biotechnology. Plasmid vectors pHC79 was kindly provided
by H. Anzai.
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Genomic DNA library construction and screening
Chromosomal DNA was isolated from L

cloacae FERM BP-1529

as described (Sone et al. 1987). Partially PstI digested 3040 kilobases (kb) chromosomal DNA of L

cloacae was ligated

to the PstI site of cosmid pHC79. The ligated D A was
vitro packaged in the lambda phage and transfected

L

1...!!
~.

For assessment of the enzymatic conversion of L-Trp to lAA, L

£2ll

harboring a recombinant plasmid was incubated for 2 days

at 37" C in liquid LB medium (Maniatis et al. 1982) containing
0.2% L-Trp and 0.2 M potassium phosphate buffer (pH 6.5) [01.lowed by extraction at pH 2 wIth 50% ethanol. Extracts of' the
reaction products were analyzed by C-18 HPLC. The column was
eluted with 30% ethanol in 5% acetlc acid at a fJow rate of
0.7 ml/min. The effluents were monitored using an ultraviolet
detector (absorbance at 280 nm).

Nucle i c acid sequene ing
DNA from the 1M posi tIve clone was subcloned into pUC119.
and overlapping pUC119 deletion clones were generated by the
unidirectional deletion procedure with exonuclease III and mung
bean nuclease using a kit from Takara Shuzo. according to the
manufacturers' instructions. Sequencing was performed on single-strand DTA derived from M13K07 helper phage superinfection
of plasmid-bearing

L

coli JM109 by dideoxy-terrnination meth-

ods (Sanger et al. 1977) using an ABI 370A automated DNA sequencer.
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SOS-poJsacrylamide gel electrophoresis

L

coli Oll5a was grown at 37' C in LB medium containing

0.2 M potassium phosphate buffer (pH 6.5)

to an optical density

at 550 nm of 0.8. The bacterial cells were harvested by
centrifugation and resuspended in 50 mM potassium phosphate
buffer

(pH 6.5). For protein isolation,

the cells were

disrupted by sonication and centrifuged at 10000 x

~

for 20

min. Samples of the supernatant were subjected to SOSpolyacrylamide gel electrophoresis as described (Laemmli 1970).

Jndolepyruvate decarboxylase activity in a cell-free
system of

L

L

coU

coli cell-free extracts were prepared as previously

described for SOS-PAGE analysis.
~

TPyA was incubated with

L

cell-free extracts containing 10 mM potassium phosphate

bu f fer

(pI! 6.5), 5

m~l

~lgCl2

and 0.1 wi thiami ne pyrophospha te

for 10 min at 37' C. Ex traction wi th ethanol and IIPLC analys is
for IPyA and IAALd were conducted as described previously. The
HPLC fraction corresponding to the lAAld peak was coll ectcd and
re-ex tracted at pH 8 wi th ClbCl 2 (A tsumi ] 980). Extrac ts were
dried

11J. vacuo at room temperature and the residue was dis-

solved in [2H B ldimethyl sulfoxide. The structure of the extracted compound was confirmed by
a1. 1991b).
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~H-NMR

as described (Koga et

Cons truction of IAA-Dega1.i ve mutants
-methyl-N'-nitro-N-nitrosoguanidine ( TG) mutagenesis was
performed as described (Adelberg et al. 1965).

~

cloacae

strain FERM BP-1529R log-phase cells were treated with NTG (400
ilg/mll

in Tris-maleic buffer (pI! 6.0) for 20 min. Individual

colonies on LB agar plates were suspended in l ml of liquid M9
minimal medium (Maniatis et al. 1982) containing 0.2% L-Trp and
grown for 48 hr at

3~

C. Samples (0.1 ml) or each culture were

mixed wi th 1 ml of 0.1 N IICI. 1M production by each mu Lants
were analyzed by C-18 IIPLC as previously descrIbed for IAA
analysis,

Bacterial matings
The 1M biosynthetic gene was subcloned into pllC79 and
mobilized from

L colI

agglomerans 1236R and

DII5a

L

into E..:.- acrogenes 12348R,

L

cloacae 1M-negatIve mutants G140 and

G438 by 1.rIparentaJ matings using pRK2013 as a helper plasmid
(Ditta et al. 1980). Transconjugants were selected on LB agar
plates containing Rif (100 ilg/mll and tetracyclIne (Tc)

(20

ilg/ml). Single colonies were then pIcked and used to analyze
the abIlity for converting L-Trp to 1M.

Results
Isolation of the 1M biosyntbe1.ic gene
To isolate the gene coding for the 1M biosynthetic enzyme
from

L

cloacae, a eosmid library was constructed in

L

coli..

One transductant out of 500 was isolated as conferring the
abiU ty for converting L-Trp to IAA on L

coli. This clone,

designated pHE82, contained a 40kb insert of chromosomal
DNA. Subcloning of piasmid pllE82 into appropriate sites in
pUCl9 indicated that the gene coding for the conversion of
Trp to 1M was located on a 3.8 kb BamBI fragment, designated
the B4K gene. To more precisely locate the DIA region, deletion
mutants were constructed using exonuclease III and mung bean
nuclease. A 1.7 kb fragment, designated as the IPDC gene, was
found sufficient to confer the ability for converting L-Trp to
1M on

L

coli. When the IPDC gene was oriented tn the opposite

direction in pUCJ9 plasmid vector, the activity for converting
L-Trp to IAA was not detected in

L

coli transformants. 1I0wev-

er, when the 134K gene was oriented in the opposite direction in
pUC19,

this activity was detected. These results indicate that

the L

cloacae promoter for IAA biosynthesis

is recognized by

L .£2.l.l, but the JPDC gene does not contain its own promoter.

Sequence analysi s of the IPDC gene
The nucleotide sequencing of the IPDC gene was determined and is shown in Fig. 3.2. There is a single open reading
frame that predicts the translation of a 552-residue protein
with a molecular weight of 60,020. Based upon sequence similarities with

L

coli, a possible ribosomal binding sequence,

AGGA, was found 12 bp upstream from the start codon at position 31, however, no such sequences were present within 30 bp

49

AG TGAGGTCA ACGTCAGA AGGA CA CCTGTTATGCGA ACCCCA T ACTGCGTCGCCG AT1'ACCTGCTGGA CCGTCTTAC A

M

79

R

T

P

Y

C

V

A

0

Y

L

LOR

L

T

78

16

GATTGTGGTGCCGATCATCTGTTTGGCGTGCCGGGCGACTATAACCTGCAGTTTCTCGACCACGTAATAGACAGCCCG
0
C
GAD
H
L
F'
G
V
P GOY
N
L
Q FLO U V
IDS
P

156

151
11 3

GA TATTTGTTGGGTGGGCTGTGCCAATGAGCTGAACGCATCCTATGCCGCTGACGGATACGCCCGA TG1' AAGGGCTT'T

23'1

2 35

17

0

I

C

W

V

G

CAN

E

L

N

A

S

Y

A

A

0

G

Y

ARC

K

G

F'

112

68

GCCGCGCTACTGACCACATTCGGCGTTGGGGAGTTAAGTGCCATGAACGGCATTGCCGGCAGCTA1'GCCGAGCATGTC
A
ALL
T
T
F' G
V
GEL
S
A
1-1
N
G
I
A
G
S
Y
A
E
H
V

312

69
) 1)
95

CCGGTTTTACATATTGTGGGGGCGCCGGGTACGGCGGCACAGCA AAGGCCAGAGTTCCTCCATCATACGTTGGGGCA T
p
V
L II
I
V GAP G T
>.
A Q Q
R
GEL
LitH
T
L
G
0

390
120

391

GGGGAGTTCCGTCACTTTTATCATATGAGCGAGCCGATCACCGTCGCACl\CGCGGTCCTTACCGAACAAAATGCCTGT
G
E
F
R fl
F Y "
H 5
E PIT
V
A Q
A
V
L
T
E Q
N
A
C

46B
146

TATGA AA TCGACCGTGTGTTGACAACCA TGCTTCGGGAACGCCGCCCCGGTTATCTGA TGTTACCCGCCGA 1'GTGGCA
Y
E
lOR
V
L
T
T
1'1
L
R ERR
P
G
Y
L
11
L
PAD
V
A

5116
172

AAAAAAGCCGCCACGCCGCCTGTAAACGCTCTCACTCATAAGCAGGCTCATGCCGATAGCGCCTGCCTGAAAGCGTTC
K
K
I,
A T
P
P
V
N
A
L
T
!I
K
Q A H A D S A C L, K A F

624

11)

625
199

CGGGATGCTGCTGAGAACAAACTGGCGATGAGCAAACGTACCGCGCTGCTGGCCGACTTCCTTGTTCTGCGCCATGGC
R
0
A A E N K L
A H S K.
R TAL
LAD
F
L
V
L
R
II
G

702

121
11 69

147

547

911

198

224

225

CTGA AAC ATGCGCT ACAGAAGTGGGTGA AAGAGG1'ACCGA TGGCCCATGCCACCA TGCTGATGGGGAAAGGCATA 'fTC
L
K
HAL
Q K W V K E V P H A II
A
T
H
L
H G
K
G
I
F

780
250

701
251

GACGAGCGTCAGGCGGGTTTTTACGGCACATACAGTGGTTCAGCCAGCACTGCCGCGGTAAAAGAGGCG1\TTGA1\GGG
0
E:
R Q A
G
F
Y
G 'I'
Y
S GSA
S
T
G
A
V
K
E
A
lEG

858
276

70)

059
277

GCTGACA CGGT ATTGTGTGTTGGCACGCGTTTTACCGATACCCTGACGGCCGGGTTCACGCACCIIGCTTACCCCGGCG
11
D
T
V
Lev
G
'f
R F TOT
L TAG
r- T II Q I, 'I' P A

9) 6

9) 7

CAGA CCA TIGAAGT'rCAGCCGCATGCCGCliCGCGTCGGGGATGTCTGGTTTACCGGCATCCCAATGAACCIIGGCGA TT

1014

303

Q

TIE

V

Q

P

"

A

A

R

V

G

0

V

"

F

T

G

1

P

H

N

Q

A

I

302

328

1 015
329

GAGACGCTGGTCGAACTCTGCAAACAGCACGTGCATGCTGGCCTTATGTCGTCA1'CATCCGGCGCAATACCGTTCCCG
E
'1'
L
VEL
C
K
Q Ii V II A G L M S S
SSG
A
I
P
F
P

1092

1093

CAGCCGGACGGTTCGCTTACCCAGGAGA ATTTCTGGAGAIICGTTCCAAACCTTTATTCGCCCGGGGGIIcr, T'fATCCTT
Q
P
0
G 5
L
T
Q E rl F W R T L Q T
FIR
P G
D
IlL

1170

355
1111

354

380

GCCGACCAGGGAI\CATCGGCCTTCGGCGCGATTGhTCTGCGTITACCGGCTGATGTGAACTT'l'ATCGTCCAGCCGCTG
A
0
Q G T
5
A
F G A I
0
L
R L
P
A
0
V
NFl
V
Q
P
L

12118

TGGGGCTCG1, TTGGTTACACGCTGGCGGCGGCGTTTGGTGCACAAACCGCATGCCCGAACCGGCGCGTGATTGTGCTG
W G S
I
G Y T
L A A A f' G A Q T
A C
P
N
R
R V
I
V
L

1 326

ACGGGGGA TGGCGCTGCCCAGCTCl\CTATTCAGGhACTAGGCTCGA 'TCCTGCGTGATAAACAGCACCCCATTATTCTG
T
GOG
A A Q L
T
I
Q E L G 5 H L R 0
K Q
"
P
I
1
L

1404

433
14 05
459

GTGCTCAl\C"~ACGAAGGTTACACGGT1'GAGAGGGCT
ATCCACGGGGCGGAGCAGCGGT ATAACGACA TTGCTT'TGTGG
V
L
N l~
E G Y T
VCR
A I
H G A
E Q
R
Y N D
I
A
L hi

1482

381

1249
1107
1) 27

406
4) 2
458

48 tj

1 '10)
1185

AACTGGACGCACATTCCGCAGGCGTTGAGCCTCGhTCCTCAGTCTGAGTGCTGGCGGGTCAGTGAAGCGGA.ACAGCTG
N
\-J
T
HIP Q A
L
S
L
D P Q SEC
\-J
R
V
SEA
E
Q L

1560
510

1561
511

GCGGACGTACTTGAAAAAGTGGCGCACCACGAGCGGCTCTCGTTGATTGAGGTG;'.TGCTCCCGAAAGCGGATATCCCG
A
0
V
L
E
K
V
A
II
Ii
E
R L
S
LIE
V
1-1
L
P
K
A
DIP

16)8
536

1639
537

CCGCTGCTCGGGGCGCTTACCAAGGCTCTGGAAGCGTGT AATAhCGCCTGA TTACTTGTCGTTTCGCC1,GGCCATCAT
P
L
L
GAL T
K
ALE
A C
fl
N
A
•

1716
553

1717

CA TCGGTTTGCCCGCCA

17 ) 3

Fig. 3.2

Nucleotide sequence and deduced amino-acid sequence

of the IPOC gene. The nucleotide sequence has been deposited in
the OOBJ, EMBLE and GenBank data bases, accession number
090214.
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upstream of the other start codons, suggesting that the IPDC
gene is translated from the stal't codon at pos i tion 3l.
To provide some clarification of the function of the
IPDC gene product, a search for homology to known proteins
was carried out using the protein sequence databases of the
Protein Identification Resource and SWISS-PROT. As shown in
Fig. 3.3, the predicted amino-acid sequence (552 amino acids)
of the IPDC gene showed considerable homology with pyruvate
decarboxylase in yeas t

(Kellermann et al. 1986)

Zymomonas mobi Us (Nea] e et a1. 1987b)

(36%) and

(32%).

Express ion of the IPDC gene into protein in L

coli

Nucleotide sequence data indicates that the IPDC gene
codes :for one peptide alone, However.

three enzymes are

thought to be involved in the metabolism of L-Trp to IAA in
the IPyA pathway. To determine whether the IPDC gene codes
for one enzyme, SDS-polyacry]amide gei electrophoresis was
carried out on total protein from
abundant new protein of about

~r

L

coli. It is evident that

60,000 is present only in

L

coli harboring the IPDC gene and appears identi.cal in size to
that of the protein predicted from the open reading frame
(Fig. 3.4).

Indolepyruvate decarboxylase activity oT the JPDC gene
products
Amino acid sequence homology between the predicted IPDC
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PQALSLDPQS~CW~~SEAEQLhOV-LE~ -VAH HERLSLi k~I~~~KAOrPPL~GALTKALEACNNA

YAGU'1EVFNGNGGYOSGl\GKGLKA.I(TGGE~AEAIKVALl\NTOGPTLIECFIGREOCTEELVKWGKRV~A

Comparison of the deduced amino-acid sequence of

the IPDC gene with pyruvate decarboxylase in yeast and
Zymomonas mobilis. Hyphens are introduced to maximize
homo1ogy. Colons indicate identical amino-acids.
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1

2

3

.
Fig. 3.4

Expression of the IPDC gene into protein in

L

coli.

Lane I,

standard protein; lane 2, vector plasmid pUC19 alone;

lane 3,

the IPDC gene in pUC19. The position of

IPDC gene product is shown by the arrow.
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~~

60,000,

the

gene product and pyruvate decarboxylase indicates that the
IPOC gene codes for indolepyruvate decarboxylase, which catalyzes t.he conversion of 1PyA to 1AAld in the 1PyA pathway.
To determine the function of the 1POC gene, 1PyA conversion was carried out in a cell-free system prepared from

L

coli harboring the 1POC gene. When 1PyA was incubated with
cell-free extracts, 1AAld could be detected in extracts from

L

coli harboring the 1POC gene but not in extracts from

L

£Q1.l Jacking the 1POC gene (Fig. 3.5). 1AAld productIon was increased 20-fold by the addition of MgC1 2 and thiamine pyrophosphate (Table 3.1), a co-factor In decarboxylation (Gounaris et
al. 1971; Neale et al. 1987a). The conversion o[ IPyA to lAAld
thus occurs enzymatically and the TPOC gene codes [or JndoJepyruvate decarboxylase.

Transfer of the IPDC gene into Enterobac ter strains
Starting wi th the Rif r

L cloacae strain FERM BP-J 529["

IAA-negative mutants were constructed by lTG mutagenesis to
obtain two successive mutants G140 and G438.

Under L-Trp-en-

riched culture conditions, the levels of production by the two
1M-negative mutants were 20 times lower than that of the wild
type (Table 3.2), suggesting that they were defective in 1AA
biosynthesis but not in L-Trp uptake.
To transfer the 1PDC gene into Enterobacter strains,

this

fragment was ligated with the tac promoter and Tc resistance
gene since the 1PDC gene does not contain the promoter region
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Indolepyruvate decarboxylase activity in a cell-free

system of

L

coli.

(A) Vector plasmid pUC19 alone.

IPDC gene in pUC19.
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(B) The

Table 3.1

Effect of Mg 2 - and thiamine pyrophosphate on

indolepyruvate decarboxylase activity.
Enzyme activity
in 0.1 ml extract~
(nmol/min)

Conditions

0.8

Control

U

+

5 roM MgC12

2.4

+

0.1 mM thiamine pyrophosphate

4.5

+
+

5 mM MgCl2
O. J m~1 thiamine pyrophosphate

16.3

Enzyme activity was measured as nanomoles of IAAld produced
per minute per 0.1 ml of L

coli cell-free extracLs.
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Table 3.2

lAA production in Enterobacter strains harboring

thc IPDC gene.
lAA production (mg/mll a
Enterobacter strain
- the IPDC gene
E. cJ oacae
FERM BP-1529R

+

the IPDC gene

0.89

0.87

G1AO

0.04

0.40

G438

0.05

0.90

0.02

0.28

0.02

0.79

E. aerogenes
12348R
E. agglomerans

1236R
a

lAA was measured in the supernatant of LB medium containing 0.2% L-Trp and 0.2 M potassium phosphate buffer (pll
6.5), using the IIPLC analysis.
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and Enterobacter strains are sensitive to Tc but not ampicillin. The IPDC gene was treated with various amounts of mung
bean nuclease, and subcloned into the SmaI site of pKK223-3
containing the tac promoter. This plasmid, designated pIP27,
was digested with Bamlll, and the D A fragment containing the
IPDC gene and tac promoter was ligated into the

~l1

sIte of

the plfC79 containing Tc resistance gene. This plasmid, designated plP79, contains the Tc resistance gene and the JPDC gene
preceded by the tac promoter.
Furthermore,

triparentaJ matings were carried out

to transfer plasmid p1P79 InLo
agglornerans 1236R and

L

L

aerogenes 123481(,

L

cloacae 1M-negatIve mutants G140

and G438. As shown in Table 3.2, all the strains har'boring
pTP79 could convert L-Trp to lAA, but the strains Jacking p1P79
were essentially incapable of converting L-Trp to lAA. SpecIfically,

L agglomerans 1236R and L

cloacae 1M-negative mutant

G438 harboring pIP79 produced the same amount of JAA as did the
wild type

£:.

cloacae strain.

Discussion
We have isolated the gene coding for indolepyruvate
decarboxylase, which is a novel enzyme in 1AA biosynthesIs,
and elucidated the mechanism of the IPyA pathway.
To Isolate the gene coding for the 1AA biosynthetic enzyme
from

L

cloacae, a cosmid library was constructed in

£:.

colI.

First, for assessment of the enzymatic conversIon of L-Trp to
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1M, L

coli harboring a recombinant plasmid was incubated in

LB medium or LB medium containing glucose (LBG medium).
However. no IAA positive clone was isolated (data not shown),
suggesting that

L

coli harboring the IPDC gene could not

produce IAA in these media. On the other hand,

L

cloacae

produced high amounts of IAA from L-Trp in LBG mcdium (Koga et
al. 1991b). In LBG medium,
from glucose by

L

the low quantities of acid formcd

cloacae caused the final pI! of the culturc

to be pH 6.8, whercas the high amounts of acid formed from
glucose by
4.0.

L

coli caused the final pH of thc culture to be pI!

Furthermore, in LB medium, pH of the final culture with

L

coli was 8.9 (data not shown). In view of the differcnce 1n
glucose metabolism between
al. 1984), the L

L

cloacae and

L

coli (Brcnncr et

co11 culture medium was bUffercd with

potassium phosphate at the optimal pI! 6.5 and an IAA positive
clone was subsequcntly obtained. These results 1ndicate that
the optimal pH range of indolepyruvate dccarboxylase is 6.5 to
6.8.
DNA sequence analysis showed that the IPDC gene codes
for one enzyme alone and its predicted protein sequence has
extensive homology with pyruvate decarboxylase in yeast and
Zymomonas mobilis. Pyruvate decarboxylase in yeast has 549
amino acids and catalyzes the decarboxylation of pyruvic acid
to produce acetaldehyde and carbon dioxide (Gounaris et al.
1971; Kuo et al. 1986; Kellermann et al. 1986). If the second
step of the IPyA pathway occurs enzymat1cally,
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indolepyruvate

decarboxylase may be expected to catalyze the decarboxylation
of IPyA to produce IAAld and carbon dioxide. The similarity
between these two enzymatic reactions indicates that the IPDC
gene codes for indolepyruvate decarboxylase.
To determine whether the IPDC gene codes for indolepyruvate decarboxylase, cell-free extracts from

L

coli harboring

the IPDC gene were assayed for enzymatic conversion of IPyA
to IMld. When IPyA was incubated with cell -free extracts,
high amounts of IAAld were directly detected in extracts from

L

coli harboring thc IPDC gene, suggesting that the con-

version of IPyA to IAAld occurs enzymatical'!y and the IPDC
gene codes for indolepyruvate decarboxylase. To date, no
reports have appeared on the direct detection of TAAld formed
from IPyA by decarboxylase activity, since IAAld is such an
unstabJe compound that it is readily converted to lAA and
Tol. Furthermore, in consideration of the nonenzymati c degradation of IPyA to IAI\, it is difficult to obtain evidence
for the participation of indolepyruvate decarboxylase in the
IPyA pathway. Nevertheless, we could directly detect IAAld in

L

coli cell-free system since indolepyruvate decarboxylase

acti.vi ty was higher than the degradation oC IAAld by the
addition of MgCI. and thiamine pyrophosphate and overexpression from the lac promoter.
Triparental mating experiments indicate that only
indolepyruvate decarboxylase is necessary for the conversion
of L-Trp to IAA in Enterobacter strains as well as
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L

coli.

L-Trp could be converted to IPyA
aminase from L

l!l vi tro by a purified trans-

coli (Gunsalus and Stamer 1955), and many

species of bacteria and plants have been found to produce
IPyA and indole-3-lactic acid from L-Trp (Jean and Dc

oss

1968; Truelsen 1973; Aragozzini et al. 1979; Paris and
Magasanik 1981). Transaminase, which catalyzes the conversion of L-Trp to IPyA, thus appears to be nonspecific [or
substrates. IAAld was also oxidized to IAA nonspecifically by
an aldehyde oxidase in plants (Kenten and Mann 1952). The
majority of bacteria, including

L

coli hardly produce any 1I\A,

but are capable of converting IAl\ld to IAA (data not shown).
It thus follows that the rate Limiting step in the [PyA pathway

j

s

the conversion of 1PyA to IAAld and the abi 1 j ty for

IAA production depends,on the presence of indolepyruvate
decarboxylase.
The present study on IAA biosynthesis in

L

cLoacae will

facilltate elucidation of the metabolism of the 1PyA pathway in
plants,

and may provide some insight into the biochemlstry of

lAA synthesis and its regulation as a plant hormone.
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CllAPTER 4
PurIfication and CharacterIzatIon of Indolepyruvate
Decarboxylase. a Novel Enzyme ·for Indole-3-acetic Acid
Olosyntbesis in Enterobaeter cloacae_

Abstract
Indolepyruvate decarboxylase, which is a key enzyme in
indole-3-acetic acid biosynthesis. was found In extracts of
Enterobacter cloacae. The enzyme catalyzes the decarboxyJat.ion
of Indole-3-pyruvic acId to yield indole-3-acetaJdehyde and
carbon dioxide. The enzyme purifIed to apparent homogeneiLy
from EscherIchia colI celJs harboring the genetIc locus for
Lh i s enzyme obtained from Enterobacter cloacae. The I'esul Ls of
geJ filtration experimenLs showed that Indolepyruvate decarboxylase Is a tetramer wIth an
thiamIne pyrophosphate and

~r

~lg2',

of 240,000.

In the absence of

the active tetrarners dissoci-

ate Into inactive monomers and dimers. However,

the addi tlon of

thiamine pyrophosphate and Mg 2 - to the inactive monomers and
dimers results in the formation of active tetrarners. These
resuJts indicate that the thiamine pyrophosphate-Mg 2

-

complex

functions in the formation of the tetrarner which is the enzymatically active holoenzyme.
The enzyme exhibited decarboxylase activity with Indole-3pyruvic acid and pyruvIc acid as substrates, but no decarboxylase activity was apparent when L-tryptophan,
acid,

indole-3-laeLic

,a-phenylpyruvic acid, oxalic acid, oxaloacetie acid, and
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acetoacetic acid. The
pyruvic acid were 15

~

~M

values for indole-3-pyruvic acid and
and 2.5 m1,

respectively. These results

indicate that the 1AA biosynthesis in Enterobacter cloacae is
mediated by indolepyruvate decarboxylase, which has a high
specificity and affinity for indole-3-pyruvic acid.

JntroducUon
1ndole-3-acetlc acid (1AA) is a plant hormone which
controls several aspects of plant growth and development.
Although much is known about the effect. of lAA and its roJe in
the control of growth and differentiation, little is known
about the biochemistry of 1AA synthesis and its reguJation
since the lAA biosynthetic enzymes have not been [ully cIJanlC;tet'ized (Sheldrake 1973).
In plants, the main IAA biosynthetic pathway (the IPyA
pathway) leading from ,,-tryptophan (L-Trp) to 1AA is as foJlows
(SheJdrake 1973):
._-Trp

-7

(1AAld)

indo1e-3-pyruvic acid (IPyA)

-7

-7

indole-3-aeetaldehyde

1AA

The first step in this pathway is the conversIon of L-Trp
to IPyA. which is catalyzed by L-tryptophan aminotransferase.
This enzyme, which has been found in many species of plants
and bacteria (Gunsalus and Stamer 1955; Truelsen 1973; Paris
and Magasanik 1981), is nonspecific with respect to amino acid
substrates (Truelsen 1972). The third step in this pathway is
the conversion of 1AAld to 1AA, which is catalyzed by indole-3-
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acetaldehyde oxidase. Kenten and Mann suggested that JAAld is
oxidized to 1AA by an aldehyde oxidase in plants (Kenten and
Mann 1952). The majority of bacteria produce little 1AA, but
are capable of converting 1AAId to 1AA (Koga et a1. 1991c).
Thus,

in plants and bacteria, there is no evidence to suggest

that the first and third enzymes in the 1PyA pathway are involved in the production of IAA from L-Trp.
Little is known about the second enzyme in the TPyA
pathway, indolepyruvate decarboxylase, which catalyzes the
conversion of 1PyA to lAAld. Both 1PyA and 1MJ d arc unstablc
compounds and it is difficult to isolatc them (Moore and Shaner
]968; Gibson et al. 1972; Garcia-Tabares et al. 1987). Furthermor·e,

s lnee IPyA is nonenzymatically degraded into I.AA,

it is

difficult to demonstrate that thc second reaction is catalyzed
enzymatically (Kaper and Verdstra 1958; Sheldrake 1973).

[n

consequence, it scems likely that the control or the 1PyA
pathway does not involve any very specific regulatory mechanisms at the enzymatic level.
In a previous study, 1M was found to be produced by
Enterobacter cloacae isolated from actively growing cucumbers,
and its biosynthesis utilized the 1PyA pathway (Koga et aJ.
1991b). To elucidate this pathway, the 1AA biosynthetic gene
was isolated from a genomic library of

L

cloacae by assessing

the ability o[ clones to convert L-Trp to 1AA. Molecular-cloning experiments showed that this gene (the 1PDC gene) codes for
only one protein and L

coli, harboring the 1PDC gene, are
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able to convert lPyA to IMld. Furthermore, EntcrobacLer aerogenes,

Enterobacter agglomerans, and 1M-negative mutants of

Enterobacter cloacae, into which the IPDC gene was transferred,
were able to convert L-Trp to 1M (Koga et a1. 1991e). These
findings showed that the IPyA pathway is mediated only by
indolepyruvate decarboxylase.
In the present study, to further elucidate the regulaLion
of the IAA biosynthesis in L

cloacae, we purified indolepyru-

vate decarboxylase and characterized its physical and regulaLory properties.

Materials and Methods
Bacterial strain and culture conditions

L

cloacae strain FERM BP-1529 was ociginally isolated

from the rhizosphece of cucumbers (Koga eL a·l. ]99]a).
stcain 01127 is an

L

L

.£2..I....L

coli 01l5a strain hacbodng plasmid p1P27,

which contains the IPDC gene insected into the SmaI site of the
plasmid pKK223-3 (Koga et al. 1991c).
Foe preparation of ]acge amounts of bacteria, 5-liter
cuI tures of stcains

FER~I

BP-1529 and 01127 were grown foe 24 h

at 30 . C in a medium containing 2% Bacto tcyptone, 1% yeast
extcact, 0.5% NaCl, 0.1 mM thiamine pyrophosphate (TPP), 0.01%
ampicillin, and 0.15 M potassium phosphate (pH 6.5),

cespec-

tively. Cells were harvested by centcifugation and were stored
at -80 . C until needed.
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lJuffcrs
The buffers used were as follows;

Buffer A, 50 mM potassi-

um phosphate (pH 6.5); Buffer B, 50 mM potassium phosphate and
5 m!"! MgCL" (pH 6.5); Buffer C, 50 m.\1 potassium phosphate and 1
f1L'V]

TPP (pH 6.5); Buffer 0,50 m

potassium phosphate,S ml"1

il'lgCJ2, and 1 mM TPP (pll 6.5); Buffer E, Buffer 0 plus 0.4 M
NaC]

(pH 6.5); Buffer F, Buffer 0 plus 0.5 M (NH )2S0 ... (pH
4

6.5); Buffer G, 10 ml potassium phosphate,S mM MgC1

2

,

and 0.1

mM TPP (pll 6.5); and Buffet' II, 50 mM potass lum phospha tc and
150 mM NaCl

(pH 6.6).

Reagents
Pyruvate decarboxylase (EC 4.1.1.1) [rom brewers' yeast
and

IPyA were purchased from SIgma, St. louis MO,

USA, as were

all other reagents.

Tndolcpyruvate decarboxy.lasc assay
When the crude enzyme from L

cloacae was subjected to the

indolepyruvate decarboxylase assay, 1AA, 1AAld, and tryptophol
(Tol) are formed from 1PyA as reaction products. 1PyA is nonenzymatically degraded into various products, includLng 1AA
(Kapcr and Verdstra 1958). However, 1PyA is not degraded
nonenzymatically to IAAld and Tol (Kaper and Verdstra 1958;
Koga ct al. 1991b). 1ndolepyruvate decarboxylase catalyzes the
decarboxylation of IPyA to yield IAAld, and 25 % of the IAAld
produced is readily reduced to Tol and oxidized to JAA (Koga et
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a1. 1991b). These results indicate that t:he majority of IAJ\ is
a product of the nonenzymatic degradation of IPyA, and IAAld
and Tol are products of the enzymatic decarboxylation of {PyA.
Therefore, indo1epyruvate decarboxylase activity was assayed by
monitoring the formation of lAAld and Tol.
The reaction mixture, 3 ml, contained Buffer G and the
preparation of enzyme to be tested. The reaction was started
by the addition of 30

~l

of 20 mM 1PyA, "hich was dissolved in

ethanoJ, and incubated at 25 . C for 10 min. After incubation,
the reaction was stopped by the addition of 6 ml of 0.1 N IICI
contalnlng 50 % ethanol, and the amounts of iAAld and Tol
formed from IPyA were determined by HPLC on a C-18 column as
described (Koga et al. 1991b, 1991c). The column was eluted
with 30% ethanol in 5% acetic acid at a flow rate of 0.7
ml/min. The effluent was monitored with a spectrofluorometer
(excitation wavelength, 280 nm, emission wavelength, 350 nm).
One unit of activity is defined as the amount of enzyme that
catalyzes the production of 1

~mole

IAAld plus twice the amount of Tol

of the total amount of

per min under the above

conditions.
Protein concentrations were determined by Bradford's
method using bovine serum albumin as a standard (Bradford
1976) .

Other decarboxylase assays
All assays were performed at 25 . C in the presence of
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Buffer G. Activities of L-tryptophan decarboxylase.
tate decarboxylase and

phenylpyru~ate

indolelac-

decarboxylase wcre deter-

mined by estimating the amount of the reaction products, namely,

tryptamine, tryptophol, and phenylacetaldehyde,

respective-

ly. These reaction products were quantitated by HPLC on a C-18
column as described (Koga et al. 1991b, 1991e). For quantitative determination of tryptamine, the column was eluted wIth 5%
acetic acid at a flow rate of ].0 ml/min. The effluent was
monItored wIth a spectrofluorometer (excitatIon wavelength, 280
nm, emissIon wavelength, 350 nm). for quantitative determination of phenylacetaldehyde, the column was eluted with 50%
ethanol 1n 5% acetic acId at a flow rate of 1.0 ml/min. The
effluent was monitored with an ultraviolet detector (absorbance
at 280 nm). Pyruvate decarboxylase activity was determined by
estimating the amount of acetaldehyde produced. The estImation
was made by measuring the oxidatIon of NADH In the presence of
alcohol dehydrogenase. ActivIties of oxalate decarboxylase
(Shimazono and Hayaishi 1957), oxaloaeetate decar-boxylase
(Schmitt et al. 1966), and acetoacetate decarboxylase (FrIdovich 1963) were assayed as described.

Indolcpyruva te decarboxylase purl 1'i cation
Step 1. Crude extract preparation cell paste, obtained from either
or

h

h

Samples of 45 g of

cloacae strain FERM BP-1529

coli strain DH27 were suspended in 600 ml of Buffer D and

the cells were disrupted by sonication. The mixture was cen-
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trifuged at 18000 x I

for 40 min and the pellet was discarded.

Step 2. Fractionation witb (Nll.. )2S0.. -

The enzymatically

active protein fraction was obtained in the 38% (230 gil) and
55% (351 gil) ammonium sulfate precipitate fraction at 4 . C.
After centrifugation of the 55% ammonium sulfate solution at
18000 x .[ for 20 min,

the precipitate was dissolved in 100 m]

of Buffer D and the solution was dialyzed against 20 ] of
Buffer D.
Stcp 3. FPLC on a Q Sepbarose column II 19h Per formance 60/100 column

A Q Sephar"ose

(6 x 10 em; Phannac la Lim Bi 0-

technology, S-75182 Uppsala. Sweden) was equilibrated with
Buffer D and the protein solution from Step 2 was applied to
Lhe column. The column was eluted with a linear gt"adjenL of 900
ml each of Buffer D and Burfer

~.

The active fractions were

pooled and concentrated to 100 ml by ultrafiltraLion.
Step 4. FPLC on a Phenyl Sepharosc column -

A Phenyl

Sepharose High Performance 60/100 column (6 x 10 em; Pharmacia
LKB Biotechnology) was equilibrated with Buffer V. The active
fraction from Step 3 was applied to Lhe column and the protein
was eluted with a linear gradient of 800 ml each of Buffer F
and Buffer D. The active fractions were pooled and concentrated
to 100 ml by ultrafiltration.

Molecular weigbt determination
For the
from

L

~r

determination of indolepyruvate decarboxylase

cloacae strain FERM BP-1529. a Superose 6 Ill< 10/30 gel
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f.il trat-ion column (l x 30 cm; Pharmacia LKB Biotechnology) was
equilibrated with Buffer D. The active protein fraction of
strain FERM BP-1529 from Step 4 was applied to the column. The
column was eluted with Buffer D at a flow rate of 0.4 ml/min at25 . C. The

~r

of the enzyme was determined by measuring the

acti ve fractions.
Thc

~r

of indolepyruvate decarboxylase fr-olD

L

coli serain

DII27 was deter-mincd by a Superosc 6 HR 10/30 gel fileraeion
column

(Fig. 4.2). The column was elutcd with Buffer II at a

flow rate of 0.4 ml/min ae 25 . C and the effluent was monitored
using an ultraviolet detector (absorbance ae 280 nm).

Under

this conditions, it is confirmed that thc tetramcr.ic str-ucture
of indolepyruvate decarboxylase docs not dissociate dur-.ing t-he
time

ie Lakes to pass ehe enzyme thr-ough ehe column. The fol-

lowing proteins wer-e used as

Jr

standards:

thyroglobu] in

(670,000), gamma globulin (158,000), ovalbumin (44,000), myoglobin

(17,000), and vitamin 8-12 (1,350).

Results
Stabilization of IPyA
To establish an indolepyruvate decarboxylase assay,

it is

essential to determine conditions under which IPyA is stable,
since IPyA spontaneously degr-ades into various pr-oducts,

in-

cluding IAA.
For accurate quantitative determinations of IPyA, analysis
was carried out by IJPLC. To solution of IPyA, 2 equal volumes
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of 0.1

I~l

containing 50% ethanol was added. This solution was

analyzed by HPLC on a C-18 column and eluted isocratically with
30% ethanol in 5% acetic acid at a flow rate of 0.7 ml/min. The
effluent was monitored with an ultraviolet detector (absorbance
at 280 nm).
Although IPyA was less stable in aqueous solution,

it was

rather stable in organic solvents (Table 4.1). Especially, IPyA
was less stable at high potassium phosphate concentration and
high pH in aqueous buffers (Table 4.1). In consideration of
these results, indolepyruvate decarboxylase assays were performed
more,

in 10 mM potassium phosphate bu·rrer (pi! 6.5). PUJ"therstock solutions of IPyA were made by dissolving lPyA in

ethanol.

Identification of TPP and Mg 2 ' as cofactors of indolepyruvate decarboxy'l ase
To investigate the cofactor requirements of indolepyruvate
decarboxylase, we studied the effects of TPP and Mg 2
decarboxylase reaction using the crude enzyme from

'

~

on tile
cloacae

strain FERM 81'-1529, since pyruvate decarboxylase requires TPP
and Mg 2 - as cofactors (Green et al. 1941; Singer and Pensky
1952). An 8-fold increase in activity was found in the presence
of 0.1 mM TPP and a la-fold increase in activity was found in
the presence of 5 roM MgCI 2 . Furthermore, a 39-fold increase in
activity was found in the presence of 0.1 mM TPP and 5 mM
MgCI2.

In our experiments, pyridoxal phosphate and lipoic acid
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Table 4.1

Stability of indole-3-pyruvic acid dissolved in

various solutions
To examine the stability of IPyA, IPyA was dissolved at
0.2 mM in various solutions and the resultant solutions were
incubated at 25 . C for J80 min. The residual IPyA was then
analyzed by HPLC on a C-18 column, as described.

Solution

pH

Amount of indole-3pyruvic acid remaining

100 mM potassium phosphate buffer

6.5

30 mM potassium phosphate buffer

6.5

21

10 mM potassium phospha te buffer

6.5

68

10 rnM potassium phospha 1..e buffe r

8.5

0.1 N IIC] containing 50% ethanol

1.0

95

Ethanol

100

Ethyl acetate

100
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had no effect on the activity of the enzyme.

Stab.LLizatioD of indolepyruvate decarboxylase
lndolepyruvate decarboxylase is an unstable enzyme in the
absence of any additions. For example, when the crude enzyme
was incubated at 30 . C for 24 h, 95% of the original enzymatlc
activity was lost. Since indolepyruvate decarboxylase requires
TPP and MgM- for activity, these cofactors were included in the
enzyme solutions to stabi] lze the enzyme.
The crude enzyme from

L cloacae strain jCERM BP-1529 was

s Labj l i zed by the add i t i on of 1 mM TPP and was s] ight IY stabillzed by the addition of 5 mM MgCl 2 (Table 4.2). Other tested
compounds had little or no effect bn the stabllity of the
enzyme. Furthermore, in Lhe presence of 1 mM TPP and 5 mM
MgCl2,

the enzyme was stab] e to heating at 50 . C for 30 mi n

(data not shown), suggesting that the cofactors (TPP and MgC12)
effectively stabilized the enzyme against denaLuration by
hea t.

pll optimum
The effect of pH on the catalytic activity of the crude
enzyme from

L

cloacae strain FERM BP-1529 was investigated in

10 £oM potassium phosphate buffer from pH 5.5 to pH 7.5. Under
the assay conditions, the enzyme has a sharp pH optimum at 6.46.6 (Fig. 4.1).
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Table 4.2

Effects of various compounds on the stability of

indolepyruvate decarboxylase
To examine the stability of indolepyruvate decarboxylase,
the enzyme prepared from the crude extract of

L

c:loacae strain

FERM BP-1529 was incubated at 30 . C for 12 hours in Buffer A
containing various compounds, and the residual activity was
measured as described.

Compound

Residual activity
~

:I 3

None
0.1 rru\! indole-3-acetic acid

J1

0.1 mM indole-3-pyruvi c acid

14

0.1 mM indole-3-aceta:ldehyde

7

1.0 mM pyridoxal phosphate

11

1.0 mM thiamine pyrophosphate

96

5.0 rruVJ MgCL,

21
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pyruvate decarboxylase prepared from a crude extract of
Enterobacter cloacae.
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Establisbment of an assay for indolepyruvate decarboxylase
In consideration of the above results,

the reaction

mixture for the assay of indolepyruvate decarboxylase activity,
3 ml,

contained Buffer G and the preparation of enzyme to be

tes ted.

The reaction was started by the addi Lion of 30

Il

1

0

f 20

mM IPyA and incubated at 25 'C for 10 min. After incubation,
the reaction was stopped by the addition of 6 ml of 0.]

lICl

containing 50 % ethanol, and Lhe amounts of IAAld and ToJ
formed from IPyA were determined by IIPLC

a C-]8 column. The

IIPLC fractions corresponding Lo the peaks of TAAld and ToJ
coJlected and extracted as described (Atsumi J980; Koga et al.
]991b).

The structures of the extracted compounds were con-

f inned by
199] c)

'-II-N~m

as descr"i bed previously (Koga et al. 1991b,

.

Tndolepyruvate decarboxylase purification
By (

1I~)2S04

fractionation, Q Sepharose, and Phenyl

Sepharose, indolepyt"uva te decat"boxylase from

L

cloacae s trai n

FERN BP-J529 was purified 100-fold with a recovery of 1]% of
the initial activity. Specific activity of the purified enzyme
was 0.0775 units/mg protein. The enzyme

extremely stable at

Lhe early stages of purification, but after chromatography on
Phenyl Sepharose, the recovery was quite unsatisfactory.
The

~~

of indolepyruvate decarboxylase from

L

cloacae

strain pERM BP-1529 was estimated to be 240,000 by ge]
tion on Superose 6. Since the monomer has an
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~r

filtra-

of 60,000, as

determined by SOS-PAGE of the product of the IPOC gene and by

o

A sequence analysis of the gene (Koga et al. I99Ic).

it is

proposed that indolepyruvate decarboxylase is a tetramer composed of four identical monomers.
The purification of indolepyruvate decarboxylase from
~

strain

FER~I

L

BP-I529 to homogeneity was difficult be-

cause of the low leve'! of activity in cell lysates and the
instability of the enzyme. Therefore. we purified the enzyme
from the

L

coli strain DII27 harboring the cloned IPOC gene

(Koga et a1. I99Ic). The purification is summarIzed in Tab! e
4,3. The preparation of purified enzyme was essentially homogeneous. as determined by SOS-PAGE. SDS-PAGE of the purifIed
enzyme gave a single band with a mobility that corresponded to
an

Mr

of 60,000 (Fig. 4.2). Gel filtration chromatography on

Superose 6 in the presence of TPP and Mg Z peak that corresponded to an

~r

resulted in a single

of 240,000 (Fig, 4.3. sample

A). This enzyme is, therefore, present as a tetramer composed
of four identical monomers in

L

coli, as it is in .:.-.:... cloacae,

The remaining studies were performed with this purified enzyme.

Effect of ligands

00

the quaternary structure of indolepyruvate

decarboxylase
A solution of the purified enzyme (sample A, Fig. 4.3) was
dialyzed against Buffer A (no TPP or MgClz) at 4 . C for 24 h
(sample B, Fig. 4.3). After dialysis, cofactors were added to
sample B to give final concentrations of I mM TPP and 5 mM
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TabJe 4 .3

Purification of indolepyruva te decarboxylase [rom

coLl strain DH27 harbor ing the IPDC gene.

L

Step

Total
protein
~

Total
activity
uni ts

Specific
activity
units/mg
protein

U

Purification

fold

Yield

~

Crude extract b

9450

83.3

0.00881

J .0

100

(NJI~)2S04

2990

54.0

0.0181

2.0

65

315

35.6

0.113

12.8

43

29.6

0.168

19. J

36

fractionation
Q

Sepharose

Phenyl Sepharose 176
- units

= the total amount of indoJe-3-acetaldehyde plus twice

the amount of tryptophol produced per min.
b

in ~mol.

45 g (fresh weight) of cell paste were used as starting
material.
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S 1

2

3

4

976643312214-

Pig.

4.2

SOS-polyacrYlamide gel electrophoresis of indolepyr-

uvate decarboxylase from

L

coli strain DH27 after each step of

the purification procedure. Lane
ards;

lane.1. crude extract; lane

38-55%
column;

(NIL,) 2S04; lane
lane

±'

~.

~.
~.

prestained protein standfraction precipitated by

active fractions from the

Q

Sepharose

active fractions from the Phenyl Sepharose

column. Proteins were visualized by Coomassie Blue.
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Fig. 4.3

Determination of the ~~ of indolepyruvate de carboxy-

lase by gel filtration chromatography on Superose 6 HR 10/30.
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~1gCI""

and the mixture was incubated at 4 . C for 24 h (sample

C, Fig. 4.3). Next, sample A was incubated in 0.5 M Tris-HCI,
pI! 8.5, at 4'C for 48 h (sample 0, Fig. 4.3). Ai'ter incubation, sample 0 was dialyzed against Buffcr 0 (1 mM TPP and 5 mM
MgCL,) at 4 . C for 24 h (sample E, Fig. 4.3). Aliquots of each
sample were both applied to a Superose 6 IIR 10/30 gel filtration column for estimation of the

~r

of the enzymc (Fig. 4.3)

and assayed for indolepyruvate decarboxylase activity. At
temperature of 25 . C, the dimeric form of the enzyme associates
rapidly (6 minI to form tetramers in the presence of 1 mM
and 5 mM MgCI2. Ilowevcr, at temperature of 4 . C,
associate slowly (lO hI
fore,

l~P

the dimers

to form tetramers (Table 4.5). There-

the assay of the enzyme for each sample was performed at

4 . C to determine the enzymatic activity of oligomer form.
l~e

results of gel filtration chromatography of sample B

showed that the Jr of the enzyme that corresponded to the main
peak was 120,000, and the enzymatic activIty was 10-fold lower
than that in sample A. 1I0wever, the results of gel fil trat i.on
chromatography of sample C showed that the

~r

of the enzyme

that corresponded to the main peak was 240,000, and the enzymatic activity was the same as that in sample A. These results
indicate that, in the absence of TPP and Mg 2 ', active tetramers
dissociate into inactive dimers, while in the presence of TPP
and Mg 2

+,

inactive dimers associate to form active tetramers.

The results of gel filtration chromatography of sample 0
showed that the

~r

of the enzyme that corresponded to the maIn
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peak was 60,000, and sample D exhibited no enzymatic activity.
1I0weve r, the resu 1 ts of gel fil tra tion ch roma tography 0 r sample

E showed that the

~r

of the enzyme that corresponded to the two

main peaks were 60,000 and 240,000,

respccLlvely, and the enzy-

matic acLivity was 2-fold lower than that in sample A. These
results indicate thaL, at alkaline pH,

active tett"amers disso-

ciate into inactive monomers, while in the presence of TPP and
inactive monomers can partlally associaLe to form inac-

~gZ_,

tive dimers and active tetramers. It appears that the associaLion of monomers to dimet"s occurs more slowly than that of
dimers to tetramers. A schcmc for the dissoclaLlon and association of Lhe subuniLs of indolepyruvate dccarboxy.lase Is shown
in Fig.

4.4.

The role of Mg z , in Lhe formaLion of oligomers
To clarify the roles of TPP and Mg z , in the formation of
oligomers, aliquots of sample B, which contained no TPP or
MgCl~,

were dialyzcd separatcly against Buffers B,

C, and D at

4 . C for 24 h, and Lhe resultant respecLlve samples, designated
F, G, and H, were subjected to the Superose 6 IIR 10/30 gel
filtration column for the estimation of Lhe

~r

of the enzyme in

each sample. The gel filtration chromatography revealed that
the enzyme in samples F (5 wI

~lgClz)

and G (1 mM TPP) was

dimeric, and that the enzyme in sample H (1 mM TPP and 5 mJI'J
MgClz) was tetrameric. The monomers associated to form tetramers only upon dialysis against Buffer D, as In the case of the
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o

+Mg 2-+; TPP
Alkaline pH

Inactive monomer

Fig. 4.4

Inactive dimer

Active

A representation of the subunit structure and

dissociation behavior of indolepyruvate decarboxylase.
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tetramer

associa~ion of dimers

to tetramers. The monomers and dimers

were no~ able to associate ~o form tetramers in the absence of
ei~her TPP or ~g"-,

involved in the

suggcs~ing that both TPP and ~g"- are

forma~ion

of oligomers.

To examine the correlation between the roles of Mg'"
TPP,

L

the !h, values for "'g'"

coli

and

and TPP of the purified enzyme from

strain OH27 were determined. The !h, value for Mg'"

was

2.5 mM and it was independent of the concentt"ation of TPP.
However, the !h, value for TPP varied significantly with the
concentration of' Mg"- (Table 4.4). The !h, for TPP in tile
presence of 10 ~M MgCI" was 6 mM which is lO,OOO-fold higher
than the !h, for TPP (0. 6 ~ M) In the presence of 5 mM MgCJ".
Thi s result indicates that one of the roles

0['

Mg"-

is to

facilitate the binding of TPP to the enzyme by forma~ion of a
TPP-Mg'"

The

ra~e

complex.

or interconverslon of ollgomers

TPP and Mg"- were added to preparatIons

0['

either the

monomeric or dimerIc form of the enzyme and we monitored the
rate at which the catalytic activity returned. This system
appears to provide a straightforward method for determining the
rate of formation of tetramers,
catalytic activity.

since only the tetramer has

ext. tetramers were passed rapidly through

a small gel filtration column to remove TPP and Mg"- and we
examJned the rate at which the catalytic activity was los~. In
this way, we were able to get some idea of ~he rate at which
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Table 4.4 .EffecL of the concentration of Mg 2 ' on the affinity
of indolcpyruvate decarboxylase for TPP.
The purified enzyme was dialyzed against Buffer A at. 4 . C
for 24 h. The resultant solut.ion was incubat.ed at 25 . C in
buffer A containing various concentrations of TPP and MgC1 2 .
and the decarboxylase activity was measured as described under
"~Iater ials

and Methods". The values of apparent

Menten consLants

(~)

~1ichaelis

for TPP of the enzyme were obtained from

linear plots of the initial rates of reacLions by the method of
Lineweaver and Burke (Lineweaver and Burk 1934).

~ for TPP

ConcenLration of MgC12
~

~

0.00

10.0

0.01

6.0

0.20

2.1

X

10- 3

0.50

1.1

X

10- 3

1.00

1.0

X

10- 3

2.00

8.0 x 10- 4

5.00

6.0
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X

10- 4

tetramers dissoci ate into dirners. As shown in Tab] c 4.5,

it

appears that the association of monomers to tetramers occurs
more slowly than that of dimers to tetramers, and that the
interconversion of oligomers occurs more slowly at 4 . C than at
25 . C.

Substra te specif ici ty
A number of indole derivatives and acids were tested as
substrates for the purified enzyme from L
(Table 4.6). Among the compounds tested,

coli strain DII27
pyruvic acid was

decarboxylated at a rate of 19% of the decarboxylation of [PyA.
1I0wever, L-Trp,

indole-3-lacLic acid,

f3 -phenylpyruvic acid,

oxalic acid, oxaloacetic acid, and acetoacetic acid were hardly
de carboxy] ated at all. Subs tra te speci fi ci ty of the pu r i fi ed
enzyme from L

cloacae strain

of the purified enzyme from L

FER~l

BP-1529 was the same as that

coli strai n 1J1I27.

To examine whether other decarboxylation enzymes have nonspecific indolepyruvate decarboxylase activIty, pyruvate decarboxylase from Brewers' yeast was subjected to the indolepyruvate decarboxylase assay that is described above. This enzyme
catalyzed the decarboxylation of IPyA at a

rate of 0.1% of that

of pyruvic acid. This result indicates that a highly specific
enzyme is necessary for the decarboxylation of IPyA.
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Table 4.5

The rate of interconversion of oligomers.

To examine the rate of association of monomers and dimers
to tetramers, J m.\1 TPP and 5 m.'I1

~lgCl2

were added to samples 13

(dimers) and C (monomers), which contained no TPP or MgC]2, and
the mixtures were incubated at 4 . C or 25 . C in Buffer A. After
incubation for various times, the decarboxylase activity of
each sample was measured at 4 . C and the time required for
restoration of 100 % of the catalytic activity was determined.
To examine the rate of dissociation of tetramers into
dimers,
NlCK™

sample II (tetramers) was passed rapidly tht-ough a
gel filtratlon column (0.9 x 2.0 cm; Pharmacia LKI3 BLo-

technology) at 4 . C to remove TPP and Mg 2 ', and then the mlxtures were incubated at 4 . C or 25 . C in Buffer A. Af"ter- incubation for varIous times,

the decal-boxylase activity of each

sample was measured at 4 . C and the time required for loss of"
70

%

of the catalytic actJvit.y was determined.

Interconversion
of oligomers

Temperature

Time required for
dissociation or association

b.
Monomers to tetramers

50.0

0.3

25

10.0

Dimers to tetramers

0.1

25

Tetramers to dimers

6.0

1.0

25
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Table 4.6

Substrate specificity of indolepyruvate

decarboxylase.

L

The purified indolepyruvate decarboxylase from

coli

strain DII27 harboring the IPOC gene was incubated at 25 . C in
Buffer G containing various substrates,

and the decarboxylation

activity was measured as described. A value of 100 was assigned
to the decarboxylation activity wi th IPyA as substrate.

Substrate

Concentration

~

In dol e - 3- pyr uv i c aei d

0.1

L-Tryptophan

1.0

Indole- 3-lac tic acid

1..0

f3 -Phenyl

pyruvic acid

Pyruvic acid

1.

a

0.1

Relative activity

~

] 00
O~

NO
NO
19

OxalIc acid

2.

a

NO

Oxaloaeetic acid

1.0

NO

Acetoacetic acid

3.

a

NO

a

NO,

not detectable.
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Substrate alfinity
To examine the difference in substrate affinity of indolepyruvate decarboxylase for IPyA and pyruvIc acid.

the .JS..,.. values

for these substrates were determined. Thc .JS..,.. values for 1 PyA
and pyruvic acid of the purified enzyme from

OH27 were 15

~M

and 2.5

~~,

L

coli st.-a in

rcspectively. This result indicates

that this enzyme has a high affinity for IPyA.
The

~

enzyme from

valucs for IPyA and pyruvic acid of the purified

L

cloacae were the

enzyme expressed in

L

that of the purified

coli stra i n 01127.

Inhibition of indoJepyruvate decarboxylase activity
To investigate the inhibition of indolepyruvate decarboxylase activity, three pyruvic acid derivatives and six indole
derivatIves were examined lor their effects on the purified
enzyme from

L

colI strain 01127. As shown in Table 4.7,

the

pyruvic acid derivatives inhibited indolepyruvate decarboxylase
activI"ty,

but the indole derivatives had no effect on the enzy-

matic activity at the concentration tested.

~urther

investiga-

tion showed fi-phenyJpyruvic acid to function as a competitive
inhibitor of indolepyruvate decarboxylase. The
nylpyruvic acid was calculated to be 50

&

for fi-phe-

~N.
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~ l

I

]II

Table 4.7

Inhibition of indolepyruvate decarboxylase by

various indole derivatives.
The pur if1 ed indolepyruvatc dccarboxylase from

L

.<::.2.1.L

strain DII27 harboring the IPDC gene was incubated at 25 . C in
Buffer G containing various indole derivatives and IPyA. and
tile amounts of lAAld produced were measured as descl"ibed. A
value of 100 was assigned to the enzymatic activity in the
absence of any additions.

Indole compound

Concentration

~

None

Relative activity

~

100

Pyruvic acid

0.5

a -Ketoglutaric acid

0.5

/3 -Phenylpyruvic acid

0.5

86
64

L-Tryptophan

1.0

] 00

Indole

1.0

100

Indole-3-1actic acid

1.0

100

Indole-3-acetaldehyde

0.5

100

Tryptophol

1.0

100

Indole-3-acetic acid

1.0

100
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DIscussion
We reporL here for Lhe first time the identification,
purification, and characterization of indolepyruvate decarboxylase, which is a novel enzyme in 1M biosynthesis.
LIttle is known abouL the indolepyruvate decarboxylase in
plants since the enzyme may be unstable and present aL only [ow
1evels.

The re fore,

usi ng

L

cloacae i so la Led from the rh i zo-

sphere of cucumbers, we examined indolepyruvate decarboxylase
in an efforL to elucidaLe details of the TPyA pathway.
The results of gel filtration experiments revealed that
lndolepyruvate decarboxylase is a tetramer with an
240,000,

and thaL TPP and

~lg""

~r

of

functIon in the formation of the

tetramer which is the enzymatically active holoenzyme. The
monomers and dimers were not able Lo form Letramers in the
absence of either" TPP or

~lg2'.

It appears,

therefore,

Lhat both

TPP and Mg 2 ' are involved in the formation of oljgomers by
formatIon of a TPP-Mg 2 . complex.

Furthermore,

Lhe !S.'-". value for

TPP of the enzyme increased significantly wiLh the addition of
Mg 2 -, suggesting that TPP and Mg 2 - bind at Lhe same site of the
enzyme,

and that one of the roles of

g2- is Lo facilitate the

binding of TPP to the enzyme by formation of the TPP-Mg 2 complex. A possible mechanism for the activation of the apoenzyme by the cofactors is as follows.

First, TPP and Mg 2 - bind

at the same site of the enzyme by formation of the TPP-Mg 2 '
complex. Second, inactive monomers or dimers, being equivalent
to the apoenzyme, associate to form active tetramers by binding
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of the TPP-Mg z , complex to the enzyme.
It has been suggested that Mg z • in pyruvate carboxylase
plays two roles (Keech and Barritt 1967; Cazzulo and Stoppani
1969; McClure et al. 1971; Barden et al. 1972; Bais and Keech
1972):

(a)

ATP-Mg Z

-

Ig Z

-

forms a complex wi th ATp 4

substrate; and (bl free Mg Z

-

-

to form the true

forms a complex with the

enzyme to potent I ate the catalytic activi ty. The
~Igz,

~

value for

of indolepyruvate decarboxylase (2.5 mN) was higher than

that for TPP (0.6 uM) and excess Mg z , induced a significant
stimulation of indolepyruvate decarboxylase activJty at saturatlng levels of the TPP-Mg z • complex (data not shown), suggesting Lhat free Mg z , can also potentiate the catalytJc activHy.

Indolepyruvate decarboxylase ["rom L
and Mg z

,

cloacae required TPP

as cofactors and it was stabilized by the presence of

TPP and Mg Z - . The enzyme was a holoenzyme composed of four
monomers. Pyruvate decarboxylase from yeast also requires TPP
and Mg z

•

as cofactors (Green ct al. 1941), and TPP has been

found to stabilJze the enzyme during purification and storage
(Juni and lIeym 1968). Furthermore, pyruvate decarboxylase is a
holoenzyme composed of four monomers (Gounaris et al. 1971;
Gounaris et al. 1975). These results indicate that the physical
characteristics of indolepyruvate decarboxylase from L

cloacae

arc very similar to those of pyruvate decarboxylase from yeast.
However, there are significant differences between the two
enzymes. While pyruvate decarboxylase from yeast has a low
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specificity and affinity for pyruvic acid (.!S", = 30 mN)
et al.

1941), indolepyruva te decarboxylase from L

a high specificity and affinity for iPyA

(~

=

(Green

cloacae has

15 11M). curther-

more, pyruvate decarboxylase from yeast only slowly catalyzed
the decarboxylation of IPyA. Indolepyruvate decarboxylase from

L

cloacae was able to catalyze the decarboxylation of pyruvic

aci d but the .!S", for pyruvic acid (2.5 m:lll

is evidence of a

Jower affinity for pyruvic acid than for IPyA

(.!S""

15

11~1).

These results indicate that lndolepyruvate decarboxylase from

L

eJoacae is a highJy specific enzyme, which has a high afCin-

i ty for only IPyA. Al though

L

cloacae pt'oduees IAA as a

ondary metabolic product, why docs this bacterium has such a
highJy specific enzyme? In view of the isolation of
from the rhizosphere of

cucu~bers,

L

cloacae

it is possibJe that Lhe gene

for this enzyme is derived from plants.
[n plants, L-tryptophan aminotransferase, which catalyzes
the firsL step In the IPyA pathway, is nonspecific for amino
acjd substrates, and has a very high .IS" value (Gamborg and
Wetter 1963; Truelsen 1972). The Ii\A concentratlon in pJants is
maintained in the nanomolar range, and it is unlikely that such
low levels of lAA are regulated by L-tryptophan aminotransferase with its low affinity for L-Trp. From these consideration,
the folJowing new pathway for the lAA biosynthesis is proposed:
L-Trp -7 o-Trp -7 IPyA -7 lAAld -7 lAA
Law suggested that tryptophan racemase might regulate the
conversion of L-Trp to lAA in dwarf pea plants (Law 1987).
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McQueen-Mason and Hamilton proposed that o-tryptophan aminotransferase is important in the 1M biosynthesis in tall pea
plan ts

(\1cQueen-~lason

and Hamil ton 1989).

In bacteria, it was suggested that the rate-limiting step
in the IPyA pathway is the conversion of IPyA to IAAld, and
that indolepyruvate decarboxylase is a key enzyme in this
pathway (Koga et a1. 1991c). Furthermore,

the present study

indicates that the synthesis of the secondary metabolite,

1M,

is regulated at the enzymatic level by indolepyruvate decarboxylase. which is highly specific for IPyA. Therefore. it is
possible that indolepyruvatc decarboxylase regulates the IAA
biosynthesis in plants if the gene for indolepyruvaLe decarboxylase in

L

cloacae ls dcri ved from plants.
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Cl1APTER 5
Invol vement of" L-Tryptopban Aminotransf"erase in the lodole-3acetic Acid Biosynthesis in Eoterobaeter cLoacae.

/lbstract
L-Tryptophan amInotransferase (L-tryptophan:2-oxoglutarate
aminotransferase; EC 2.6.] .27) from Enterobacter cloacae was
purified 62-fold and characterIzed to determine its role In
indole-3-acetic acid biosynthesis. The enzyme reversibly catalyzed the transamination of L-tryptophan with a-ketoglutarate
as the amino acceptor to yield indole-3-pyruvic acid and Lgl utamate, and the !S.e.- values for L-tryptophan and i.ndol e-3pyruvic acId were 3.3 mM and 24 uM, respectively. In the Indole-3-acetaldehyde synthesis experIments

.!..!!

vitro, 94% of L-

tryptophan was efficiently converted to Indole-3-acetaldehyde
by the purIfIed L-tryptophan amInotransferase plus indolepyruvate decarboxylase. Furthermore, the amounts of L-tryptophan
decreased wIth Increases in the indolepyruvate decarboxylase
actIvity, while the amounts of indole-3-acetaldehyde increased
with increases in this activity. In genetic experIments, the
amounts of L-tryptophan produced by Enterobacter and Pseudomonas strains harboring the gene for indolepyruvate decarboxylase
were lower than those produced by these strains lackIng the
gene, while the amounts of 1M produced by Enterobacter and
Pseudomonas strains harboring the gene for indolepyruvate
decarboxylase were higher than those produced by these strains
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lacking the gene. These results clearly show that

~-tryptophan

aminotransferase is involved in the IAA biosynthesis and that
this pathway is regulated by indolepyruvate decarboxylase
alone.

[ntroduction
Indole-3-acetic acid (JAA) was the first plant hormone
identified, and much has been learned about its biosynthesis.
Considering the impot-tant roles of IAA in plant growth and
development,

the regulation of its biosynthesis is of consider-

able interest.
L-Tryptophan (L-Trp) is generally accepted as the major
pt-ecursor 01 IAA in pLints. On the basis of potential intet-mediates isolated from higher plants,

the main IAA blosynthetlc

pathway (the indole-3-pyruvie acid [IPyA] pathway) leading from
~-Trp

is thought to be as follows (Sheldrake 1973):

L-Trp --7 IPyA --7 indole-3-acetaldehyde (IAAld)
However,

li\A

the exact mechanism of the IPyA pal-hway has not yet

been unequivocally demonstrated. Since the intermediary compound,

IPyi\,

is unstable and is nonenzymatically degraded into

1AA, it is difficult to demonstrate that the second and third
steps in this pathway occur under enzymatic control

(Kaper and

Verdstra 1958; Moore and Shaner 1968; Gibson et al. 1972;
Sheldrake 1973; Garcia-Tabares et al. 1987).
In a previous study, it was shown that IAA was produced by
Enterobacter cloacae isolated from actively growing cucumbers
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(Koga et al. 1991a), and that its biosynthesis followed

the

IPyA pathway (Koga et al. 1991b). Genetic and enzymatic experiments showed that indolepyruvate decarboxylase, which catalyzes
the conversion of IPyA to IAAld at the second step in this
pathway, is a key enzyme and that it has high specificity and
affinity for IPyA (Koga et al. 1991c, 1992). However,

important

questions about the involvement of L-tryptophan amInotransferase in the IPyA pathway have not yet been answered. The amounts
of lAA produced from L-Trp by Enterobacter strains harboring
the gene for indolepyruvate decarboxylase were higher than
those produced by these same strains lacking the gene (Koga et
a!. 1991c). Since indolepyruvate decarboxylase cataLyzes the
second step in the IPyA pathway,

the amounts of lAA produced

from L-Trp should not be increased without the acLivation of
Lryptophan aminotransferase, as well as of indolepyruvate
decarboxylase.
L-tryptophan aminotransferase catalyzes the conversion of
L-Trp to IPyA, the first sLep In the IPyA paLhway. This enzyme,
which has been found in many species of plants and bacteria
(Gunsa]us and Stamer 1955; Truelsen 1973; Paris and Magasanik
1981),

is nonspecific for amino acid substrates, and has a very

high ,IS", value for L-Trp (Gamborg and Wetter 1963; Truelsen
1972). The lAA concentration in plants is maintained in the
nanomolar range, and it is unlikely that such low levels of lAA
are regulated by L-tryptophan aminotransferase with its low
affini ty for L-Trp (Law 1987).
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Only a small proportion of L-Trp supplied is converted to
IAA in plant tissues. and the rate of conversion from L-Trp is
far lower than would be expected for a direct precursor (Libbert et al. 1966; Libbert and Silhengst 1970; Black and Hamilton 1971). From these considerations. a hypothetical pathway
for IAA biosynthesis without L-Trp as a precursor has been
proposed (Winter 1966; Wright et al. 1991).
Therefore. in an effort to answer the various questions
related to the IAA biosynthetic pathway. we have purIfied Ltryptophan aminotransferase from

L

cloacae and chat"acter ized

its physical and regu]atory properties.

Materials and Metbods
Bacterial strains. plasmids. and culture conditions
Strain FERM BP-1529R is a rifampicin resistant
derivative of L

cloacae

rER~l

(Rif~)

BP-1529, isolated from the rhizo-

sphere of cucumbers (Koga et al. J 991a). Strain G438 is an lAAnegative mutant of FERN BP-1529R (Koga et al. J991c). Strain
1236R is a Rif r

derivative of Enterobacter agglomerans JCM

1236. obtained from the Japan Collection of Microorganisms.
Wako-shi, Saitama. Japan. Strain l4l64R is a

Rif~

derivative of

Pseudomonas putida IFO 14164. obtained from the Institute [or
Fermentation. Yodogawa-ku. Osaka. Japan. Strain 14160R is also
a Rif r

derivative of Pseudomonas fluorescens IFO 14160. ob-

tained from the Institute for Fermentation. These Enterobacter
and Pseudomonas strains were used for triparental mating exper-
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iments.
Plasmid vectors pUC19 and pBI121 were purchased from
Clontech Laboratories, Inc., 4030 Fabian Way, Palo Alto, CA
94303-4607, USA.
For pur i fica tion of L- tryp top han aminotransfe rase from L
cloacae, 2.2-liter cultures of strain FERM BP-1529 were grown
for 24 hat 30' C in a medium conLaining 2% trypLone (Oifco),
1% yeast extract (Oifco), J mM pyridoxal phosphate, and 0.1 M
potassium phosphaLe (pH 6.5). Cells were harvested by centrifugation and were stored at -80 . C unLil needed.
To examine the producLion of L-Trp and TAA by bactct'jal
strains harboring the gene for indolepyruvatc decarboxylase,
cloacae PERM BP-1529R, L

f...:.-

putida 14J 64R, and

f...:.-

cloacae G438, L

~

agg I omerans 1236R,

f Luorescens 14160R were grown for 24 h

at 30 . C in a medium conLaining 1% tryptonc, 0.5% yeasL extract,

0.5% NaCl, and 0.15 M potassium phosphate (pH 6.5).

Buffers
The buffers used were as follows: Buffer A, 50 ml poLassiurn phosphate and 1 mM pyridoxal phosphate (pH 6.5); Buffer B,
50 mM potassium phosphate, 1

~~

pyridoxal phosphate, and 0.5 M

aCI (pH 6.5); Buffer C, 10 mill potassium phosphate, 0.5 mM
ketoglutarate, 0.05
m~l

~

pyridoxal phosphate. 5 mill MgCI2, and 0.1

thiamine pyrophosphate (pH 6.5); Buffer O. 10 mM potassi urn

phosphate, 10

~

L-glutamate. and 0.05

~

pyridoxal phosphate

(pH 6.5); and Buffer E, 10 mM potassium phosphate. 0.5
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~

a-

ketoglutarate, 1.0 mM L-glutamate, 0.05 Iru\1 pyridoxal phosphate,
5 mM MgC12, and 0.1 m,\l thiamine pyrophosphate (pH 6.5).

Reagents
Indolepyruvate decarboxylase was purified to appal"ent
homogeneity from Escherichia coli harboring plasmid pIP27,
which was generated by inserting the gene for indolepyruvate
decarboxylase into the SmaI site of the plasmid pKK223-3 as
described (Koga et al. 1992). L-Trp, IPyA, and lAAld were
purchased from Sigma, as were all other reagents .

•. -Tryptopban aminotransferase assay
To date, a spec Lropliotome t ric method,

Lha t

j

s based on the

absorbance of the enol form of IPyA in neuLral solution at 305
nm,

has been used for this assay (Tangen et al. 1965; O'Neil

and DeMoss 1968; Speedie et al. 1975). However,

TPyA is an

unstable compound and difficult to quantitate accurately.
Therefore, L-LrypLophan aminotransferase activity was determined by estimating the amount of lAAld produced from IPyA in
the presence of indolepyruvate decarboxylase.
The reaction mixture, 3 ml, contained Buffer C, 10 mM L
Trp, 0.1 units of the purified indolepyruvate decarboxylase,
and the preparation of enzyme to be tested, was incubated at 25
. C for 10 min. After incubation, the reaction was stopped by
the addition of 6 ml of 0.1 N HCl containing 50% ethanol, and
the amount of IAAld was determined by HPLC on a C-18 column as

described (Koga et al. 1991c). The column was eluted with 30%
ethanol in 5% acetic acid at a flow rate of 0.7 ml/min. The
effluent was monitored with a spectrofluorometer (excitation
wavelength, 280 nm, emission wavelength, 350 nm). One unit of
activity was defined as the amount of enzyme that catalyzed the
producUon of 1 Itmole of IMJd per min under the above conditions.
The reverse reaction, wiLh IPyA as amino acceptor and
glutamate as donor, was performed by estimating the amount of
,.-Trp produced. The reacLlon mixture, 3 ml, contained Buffer D
and the preparation of enzyme Lo be tested. The reaction was
started by Lhe add:i Lion of 30

It

1 of 4 mM IPyA, which was dis-

solved in ethanol, and incubaLed at 25 . C for 10 min. After
incubation,

the reaction was stopped by the addition of 6 ml of

0.1 N IICl, and the amounL of L-Trp produced was deLermined by
IIPLC on a C-18 column. for quantitative deLermination of L-Trp,
the column was eluLed with 5% acetic acid at a flow rate of 1.0
ml/min. The effluent was monitored with a spectrofluorometer
(excitation wavelength, 280 nm; emission wavelength, 350 nm).
The HPLC fraction corresponding to the L-Trp peak was collected
and the structure of the compound was confirmed by 1J1_

'~1R

described (Koga et al. 1991b).
Protein concentrations were determined by Bradford's
method using bovine serum albumin as a standard (Bradford
1976) .
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as

c.-Tryptophan aminotransferase purification
Step 1. Crudc extract preparation cell paste, prepared from a culture of L

A total

0

f 22 g of

cloacae strain

FER~I

BP-1529, was suspended in 90 ml of Buffer A and the cclls were
disrupted by sonication. The mixture was centrifugcd at 40,000
x

K

for 40 min and the supernatant was diluted with 810 ml of

Buffer A.
Step 2. Fractionation wn,h (NIL.,)"S04 -

Enzymatically

activc protein was obtained in the fractions precipitated
betwccn 50% (313 gil) and 60% (390 gil) ammonium sulfate saturation at 4 . C. After centrifugation of the 60% ammonium sulfate solution at 40,000 x K for 40 min,

thc precipitate was

dissolved in 80 ml of Burrer A and the solution was dialyzcd
against 10 liters of Buffer A.
Step 3. "as1. Pro te in Liqu.id Chromatograpby
rose FF Column -

a Q-Sepba-

A Q-Sepharose FF column (2.6 x 40 em; Pharma-

cia LKB Biotechnology) was equilibrated with Buffer A and the
protein solution from Step 2 was applied to the column. The
column was eluted with a linear gradient of 1,000 ml each of
Buffer A and Buffer B. The active fractions were pooled and
concentrated to 2 ml by ultrafiltration.
Step 4. Fast Protein Liquid Chromatography on a Superose
12 Gel Filtration Column -

A Superose 12 Prep Grade gel fil-

tration column (1.6 x 50 em; Pharmacia LKB Biotechnology) was
equilibrated with Buffer A. The active fraction from Step 3 was
applied to the column and the column was eluted with Buffer A
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at a flow rate of 0.5 ml/min at 4 . C. The active fractions were
pooled and concentrated to 10 ml by ultrafiltration.

Molecular weigbt determination
The

~~

of L-tryptophan aminotransferase was estimated by

fast protein liquid chromatography on a Superose 12 IIR 10/30
gel fiJtration column (1 x 30 em; Pharmacia LKB BiotechnoJogy).
The column was equilibrated with Buffer A. The actIve protein
fraction from Step 4 was applied to the column. The column was
eluted with Buffer A at a fJow rate of 0.4 ml/min. The

~r

of

the enzyme was determined by monitoring the elution of active
fractions. The foliowing proteins were used as
thyroglobulin (670,000),

r-globulin (158,000),

~~

standards:

bov.lne serum

aibumin (67,000), ovalbumin (44,000), myoglobin (J7,OOO), and
vitamin B-12 (1,350).

Reconsti tution of the J MId syn thesis from L-Trp

l..!! vi tro

Each reaction mixture, 1 ml, contained Buffer E, 0.4 mM LTrp, 0.007 units of the purified L-tryptophan aminotransferase,
and the various amounts (from 0 to 0.1 units) of the purified
Indolepyruvate decarboxylase, was incubated at 37 . C fOl' 240
min. After incubation, the amounts of L-Trp and IAAld in reaction mixtures were determined by HPLC on a C-18 column as
described above.
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Results
Pur if ication 01

L

-tryptophan aminotrans1erase

As a result 01 (NII")SO,, fractionation and chromatography
on Q-Sepharose FF and Superose 12, L-tryptophan aminotransferase was purified 62-fold, with recovery of 4.1% 01 the initial
activity (Table 5.1). The specific activity of the purified
enzyme was 1.41 units/mg protein. The enzyme was stable at the
early stages of purification, but after chromatography on
Superose 12, the recovery was quite unsatisfactory. As a consequence,

the purification of .... -tryptophan aminotransferase to

11Omogenei ty was di fficul t because of the lnstabU i Ly of Lhe
enzyme. The remaining studies were performed with Lhis purlfied
enzyme.
The

~r

of L-tryptophan aminotransferase was estimated to

be 70,000 by gel filtration on Superose 12.

pll optimum
The effect of pll on the catalytic activity of Lhe purified
enzyme was investigated in 20 mM potassium phosphaLe buffer
from pll 5.5 to pll 8.0. Under the assay conditions, the enzyme
showed a broad pH optimum with a peak around pH 6.5.

C01actor requirements of L-tryptopban aminotransferase
To investigate the cofactor requirements of .... -tryptophan
aminotransferase, we studied the effects 01 the coenzyme pyridoxal phosphate and of the amino acceptor a-ketoglutarate.
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Table 5.1

Summary of the purification procedure for

L-tryptophan aminotransferase.

Step

Crude extract b
(Nllu) SO~

Total
protein

Total
activity

Specific
activity

Purification

units/mg
protein

.£21...Q.

Yield

!!1.K

uni ts

1780

40.8

0.0229

1.0

100

420

13.9

0.033J

J .4

34
J5

U

.9§.

fractjonation
Q

Sepharose FF

23.3

Superose 12

U

1.20

6.00

0.258

1 l. 3

1. 69

1. 41

61. 6

One unit of activity was defined as the amount of enzyme that
catalyzed the production of 1

~mole

of indole-3-aeetaldehyde

per min at 25 . C.
D

4.1

22 g (fresh weight) of cell paste were used as starting
material.
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A solution of the purified enzyme was dialyzed against 50
ruM potassium phosphate.

pH 6.5, at 4 . C for 24 h. After dialy-

sis, co factors were added to the enzyme to give a final concentration of 0.05 mM pyridoxal phosphate or of 0.5 ruM a-ketoglutarate. and the L-tryptophan aminotransferase activity was
examined. A 10-fold increase in activity was found in the
presence of 0.05 mM pyridoxal phosphate. A 39-fold increase in
activity was found in the presence of 0.5 mM a-ketoglutarate.
while higher concentrations inhibited the enzymatic activity.
Furthermore. a 68-fold increase in activity was found in the
presence of 0.05 mM pyridoxal phosphate and 0.5 mM a-ketoglutarate together. These results indicate that the L-tryptophan
aminotransferase from L

cloacae belongs to Llle pyri doxal

phosphate dependent class of amlnotransferases.

Reverse reaction of L-tryptophan aminotransferase wi tit IPyA
amino acceptor
To investigate the reverse reaction catalyzed by L-tryptophan aminotransferase.

the purified enzyme was subjected to the

assay of the reverse reaction as described above. The purified
L-tryptophan aminotransferase catalyzed the transamination of
IPyA with L-glutamate as amino donor to yield L-Trp. This
result suggests that this enzyme can catalyze a reverse aminotransferase reaction.
A highest activity was found in the presence of 40 pM IPyA
as amino acceptor. while higher concentrations (above 40 pM)
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inhibited the enzymatIc activity.

Kinet'j c properties of L-tryptophan aminotransi'erasc
The values of the apparent Michaelis-Menten constants (.IS.",)
of Lhe purified L-tryptophan aminotransferase were obtained
from 'I i near plots of the initial

cates of reactJ ons by the

method of Lineweaver and Burk (Lineweaver and Burk 1934). The

.IS.", val ues for L-Trp and a -ketogJ u Lara te

0

f L- Lryp Lophan amino-

transferase in the direction of IPyA formaLion were 3.3 mM and
45 liM,

respecLively. The .IS.", values for IPyA and L-gluLamaLe of

L-Lryptophan aminotcansferase in the direction of •. -Tcp format.ion were

2411~1

and 1.8 mM,

respectiveJy. Thc

is 138-fold lower than that for

~

vaJue for IPyA

-Trp, suggesting that the

reaction in the direction of L-Tcp formation is greater than
Lha t i n the opposi te di rection.

lAAld synthesis from L-Trp

.i!! vi tro by the pur i ned L-trypto-

pban am'; ootransferase and indolepyruva Le decarboxy] ase

The details of the IPyA pathway remain the subjcet of
controversy. Therefore, to demonstrate the involvement of Ltcyptophan aminotransferase in this pathway, we examined whether the conversion of L-Trp to lAAld is possible

l!2 vi tro ina

combined reaction with the two purified enzymes that are
thought to catalyze reactions in the IPyA pathway, 94% of L-Trp
was efficiently converted to lAAld by L-tryptophan aminotransferase plus 0,1 U of indolepycuvate decarboxylase, which cata-

lyzes the conversion of IPyA to IMld at the second step in the
IPyA pathway (Fig. 5.1). This result indicates that

~-trypto

phan aminotransferase is involved in the IPyA pathway and
tha t L -Trp is a precursor to IAA.
L-Tryptophan aminotransferase from L

cloacae catalyzes a

reverse reaction, and it appears that this enzyme is regulated
by indolepyruvate decarboxylase. Therefore, holding the ,tryptophan aminotransferase activity constant, we examined the
effect of indolepyt'uvate decarboxylase activity on the synthesls of L-Trp and IMld. The amounts of L-Trp decreased with
increases in the indolepyruvate decarboxylase activity, while
the amounts of IAAld increased with incr'eases in thls activ.lty
(Fig.

5.1). It appears,

therefore, that indolepyruvate decar-

boxylase controls the levels of
IAAld. Only 30% of

~-Trp

~-Trp,

as well

was converted to IPyA by

aminotransferase alone (Fig. 5.1). However, 94% of
converted to IPyA by

~-tryptophan

that of
~-tryptophan
~-Trp

was

aminotransferase plus 0.1 U

of indolepyruvate decarboxylase, since L-tryptophan aminotransferase activity in the direction of L-Tt'p format::lon was decreased by the competition with indolepyruvate decarboxylase.

Eff'ect

0

f tbe gene f'or iodolepyruvate decarboxylase on the

production of' L-Trp aod 1M io various bacterial strains
The plasmid pIP12l was constructed for expression of the
gene for indolepyruvate decarboxylase in Enterobacter and
Pseudomonas strains (Fig. 5.2). This plasmid was mobilized from
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Pig. 5.1

Effects of the indolepyruvate decarboxylase activ;-

ty on the synthesis of L-tryptophan and tndole-3-acetaldehyde.
Each reaction mixture. 1 mI. contained Buffer E. O. 4

m~1

L-

Trp. 0.007 units of the purified L-tryptophan aminotransferase.
and the various amounts (from 0 to 0.1 units) of the purified
indolepyruvate decarboxylase, was incubated at 37 . C for 240
min. After incubation, the amounts of L-Trp and IAAld in reaction mixtures were determined by HPLC on a C-18 column.
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Plasmid pIP121 construction for expression of the

gene for indolepyruvate decarboxylase in Enierobactcr and
Pseudomonas strains.
To transfer the gene for indolepyruvate decarboxylase into

Enterobacter and Pseudomonas strains. the gene was introduced
into pBl121 which is a broad host range vector for Gram-negative bacteria. The plasmid p1P27, constructed by insertion of
the gene for indo1epyruvate decarboxylase into the Smal site of
plasmid pKK223-3 (Koga et a1. 1991c). was diges ted wi th Bamlil.
and the DNA fragment containing the gene for indolepyruvate
decarboxylase and a tac promoter was ligated into the Bamlll
site of pUC19. The resultant plasmid. designated as pIP19. was
digested with SacI and XbaI. and the DNA fragment contaIning
the gene for indo]epyruvate decarboxylase and the tac promoter
was ligated into the Sac I and XbaI sites of the pBJ121. The
resultant plasmid. desIgnated as p1P121. contained the gene for
indolepyruvate decarboxyLase preceded by the tac promoter, the
kanamycin resistance gene. the replication origin from Escherichia coli

(~

coli Or i). and. the rep] icaOon origin ft-om Agro-

bacterium tumefaciens (Agro ori).
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L

colI D1I5a

L

into

putida 14164R, and

!:..:..

cloacae 8438,

L

!:..:..

agglomerans 1236H,

fluorescence 14160H by triparental mat-

ings using pRK2013 as a helper plasmid (Ditta et al.

1980). To

examine the effect of the gene on the production of L-Trp and
JAA, each straIn was grown for 24 h at 30 . C i.n liquid culture
medium and the amounts of L-Trp and lAA produced by these
strains were examined as described.
The amounts of lAA produced by the wild-type straIn of

L

cloacae were 41 times hlgher than those produced by an TAAnegative mutant
produced by

L

L

cloacae 8438, and were the same as those

cloacae 8438 harboring the gene for indo I cpyru-

vate decarboxylase (Table 5.2), suggestIng that

!::..:.- cloacae 8438

was defective in the pathway from rpyA to lAAld. The amounts of
L-Trp produced by the wi ld-type straIn of

L

cloacae and

L

cloacae G438 harboring the gene for indoJepyruvate decarboxylase were very much lower than those pt"oduced by

L

cJoacae

8438 (Table 5.2). ThIs genetIc experiment clearly showed that
the synthesis of L-Trp and IAA in

L

cloacae is regulated by

Indolepyruvate decarboxylase alone.
~urthermore,

the amounts of L-Trp produced by Enterobacter

and Pseudomonas strains harboring the gene for indolepyruvate
decarboxylase were lower than those produced by these strains
lacking the gene, while the amounts of IAA produced by Enterobacter and Pseudomonas strains harboring the gene for indolepyruvate decarboxylase were higher than those produced by these
strains lacking the gene (Table 5.2). It appears,

therefore,

Table 5.2

Effects of the gene for indolepyruvate decarboxy-

lase on the production of L-tryptophan and indole-3-acetic acid
in variousbacterial strains.

Production of" (/lM):
Bacter ial strains
L-Tryptophan

IAA

Enterobacter cloacae
FER~l BP-1529R (wild-type)
G438
G438 + the indolepyruvate decarboxylase gene

NO
404
NO

409
10
408

Enterobacter ag~omerans
1236R
1236R + the indoJepyruvate decarboxylase gene

387
28

5
360

403
11

4
386

374
16J

NO
207

Pseudomonas putida
J4J64R
J 4164R + the indolepyruva te decarboxy Lase gene
Pseudomonas fluorescens
l4160R
l4l60R + the indolepyruvate decarboxylase gene

• Each strain was grown [or 24 h at 30 . C in a medium containing 1% tryptone. 0.5% yeast extract. 0.5% NaCJ. and 0.15 M
potassium phosphate (pH 6.5). The amounts of L-Trp and
IAA produced by each strain were quantitated by HPLC on a
C-18 column. The HPLC fractions corresponding to the
peaks of L-Trp and IAA were collected and the structures of
the compounds were confirmed by 1H-NMR as described previously (Koga et al. 1991b).
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that in the majority of bacteria.

the synthesis of L-Trp and

IAA can be regulated by indolepyruvate decarboxylase alone and
that these bacteria have an aminotransferase that catalyzes
both directions of reversible reaction.

Discusslon
We report here for the first time the identification.
purification. and characterization of an L-trypLophan amino-

L

transferase from

cloacae that caLalyzes both di ."ecLlons of a

reversible reaction. The majority of aminotransferases. such as
alanine aminotransferases and tyrosine aminotransferases. have
also been found to act reversibly (Kenney 1959; Hopper and
Segal 1962; De Rosa et al. 1979). In general.

the

~

value for

the amino acceptor is lower than that for the amino donor.
However. the

~

value for IPyA of L-tryptophan aminotransferase

(24 /lM) was very much lower Lhan that of oLl.er known aminotransferases. The high affinity of the enzyme for IPyA may
reflect the need to prevent the build-up of high intracellular
concentrations of this unstable substrate.
In experiments to examine the synthesis of IAAld

l!:J. vitro.

most of the L-Trp in the reaction mixture was efficiently
converted to IAAld by the purified L-tryptophan aminotransferase plus indolepyruvate decarboxylase. This result provides
evidence that L-Trp is the natural precursor in the IPyA pathway. Furthermore,

the amounts of L-Trp decreased with increases

in the indolepyruvate decarboxylase activity, while the amounts

of IAAJd increased with increases in this activity. This result
indicates that the conversion of L-Trp to IAAld is regulated by
indolepyruvate decarboxylase alone. Considering the reversibility of the reaction catalyzed by L-tryptophan aminotransferase,
it seems likely that the transaminase activIty from L-Trp to
form IPyA is regulated by the indolepyruvate decarboxylase
activity. A scheme for the regulation of the

fAA biosynthetic

pathway, deduced from our results, is shown in Fig. 5.3. When
indolepyruvate decarboxylase is activated,

the transaminase

activity in the direction of IPyA formation is increased, since
the transaminase activity in the direction of L-Trp format1on
is decreased by the competition with indolepyruvate decarboxylase. When indolepyruvate decarboxylase is inactivated,

the

transaminase activity in the direction of IPyA formation disappeat'S,

since the transaminase activity in the direction of ,_-

Trp formation is greater than that in the opposite direction.
In plants, L-tryptophan aminotransferase is nonspecific
for amino acid substrates, and has a very h1gh

!S..."

value for L-

Trp (Gamborg and Wetter 1963; Truelsen J972). The IAA concentration in plants is maintained in the nanomolar range, and it
is unlikely that such low amounts of 1M are regulated by Ltryptophan aminotransferase with its low affinity for L-Trp.
From these considerat1ons, the following new pathway for the
1M biosynthesis is proposed:
L-Trp -7 o-Trp -7 IPyA

-7

lAAld

lAA

Law suggested that tryptophan racemase might regulate the
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~N)J
NH2
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a-KG~
~GIU
PLP
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Km=24jlM
Glu

a-KG

f""'1r---rr--CH2~HCOOH

~CH2COCOOH

~N)I

~NJ!

Indole-3-lactic acid

Indole-3-pyruvic acid

Km=15jlM

OH

H

H

MgHI
TPP ~

~CH2CH20H

~CH2CHO

~N)I

~W\l

H

H

Tryptophol

Indole-3-acetaldehyde

~CH2COOH
l::J----W\l
H

Indole-3-acetic acid
(lAA)

Fig.

5.3

A scheme for

Lhe indole-3-acetlc acid biosynLhesis in

EnLerobacter cloacae.
The reactions that funcLion efficiently are indicated by
the bold arrows. The abbreviations used are:

a -KG,

a -ketogluta-

rate; Glu, L-glutamate; PLP, pyridoxal phosphate; and TPP,
thiamine pyrophospha:te. The .JS", values for L-Trp and IPyA of
tryptophan aminotransferase are 3.3 mJI1 and 24

jJ.

M,

respectively.

The ]S", value for IPyA of indolepyruvate decarboxylase is 15

jJ.

M.

conversion of L-Trp to 1AA in dwarf pea plants (Law 1987).
McQueen-Mason and Hamilton proposed that o-trYPtophan aminotransferase is important in the 1AA biosynthesis in tall pea
plants

(McQueen-Mason and Hamilton 1989).

Only a small proportion of L-Trp supplied is converted to
1M in plant ti ssues, and the rate of conve rs ion from ,_-Trp is
far lower than would be expected for a direct precursor (Libbert et al. 1968; Libbert and Silhengst 1970; Black and Hamilton 1971). The amounts of 1AA in the mutant maize orange pel"icarp, an L-Trp auxotroph, were found to be 50 times higher
than in normal maize. Therefore, Wright proposed that fAA can
be produced

~

novo, without L-Trp as a precursor. in maize

(Wright ct al. 1991).
Our experiments provide an answer to these questions about
the involvement of L-tryptophan aminotransferase in 1AA biosynthesis. The amounts of free L-Trp in plant tissues arc usually
in the range of 10-50

~g/g

fresh weight (Schneider et al.

1972;

Sheldrake 1973). Although L-tryptophan aminotransferase has a
very hi gh .JS." value,

in consideration of the large size of the

L-Trp poo] , we can anticipate that L-tryptophan aminotransferase provides sufficient 1PyA for the production of 1AA. Furthermore, when indolepyruvate decarboxylase is activated,

the

1PyA produced should be efficiently converted to 1AA by this
enzyme, with its high affinity for 1PyA. Therefore, a second
question arises. 1PyA is an unstable compound and is nonenzymatically degraded into 1AA, suggesting that 1M can be pro-
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duccd simply as a consequence of L-tryptophan transaminaLion in
Lhe absence of indolepyruvate decarboxylase. However,

in consid-

eration of the high affinity for IPyA of L-Lryptophan amlnoLransferase for the reaction in the opposite directIon
~M).

(~

=

24

it Is unlikely that free IPyA is produced from L-Trp by L-

tryptophan amInotransferase alone lr:! vivo. This hypothesis can
also explaIn why only a small proportion of L-Trp supplIed is
converted to 1AA in plant tissues. Since the L-tryptophan
amInotransferase activity in the directIon of L-Trp formation
is greater than that in the opposite direction, L-trypLophan
aminotransferase will provide very small amounts of 1PyA for
the pt-oduction of 1AA. Therefore, we can anticipate from these
resul ts Lha t L-Trp is a p recu rsor in the 1 AA b iosyn Lhe Li c
pathway in plants and the low levels of 1AA are regulated by
indolepyruvate decarboxylase exclusively, with its hIgh affinIty for IPyA.
The lPyA pathway has been poorly understood and it has
been the subj ect of much i nves Li ga U on and con trove rsy. 1I0wever, the results of our experiments clearly show that L-Lryptophan amInotransferase is involved in Lhe IPyA pathway In

L

cloacae and that this pathway is regulated by indolepyruvate
decarboxylase alone. The present sLudy on 1AA biosynthesis in

L

cloacae may provIde some insight Into the bIochemistry of

1AA synthesis and its regulation in plants.
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GENERlIL DISCUSSION

1. 1M blosynthctic pathway and l ts regulation in Entcrobactcr
cloacae
In the present study, we found that lAA was produced by

L

cloacae isolated from actively growing cucumber plants, and its
biosynthesis occurred via the IPyA pathway. Under aerobic
conditions, IAA was produced at a higher rate than lLA and Tol,
but under less aerobic conditions,

lLA and Tol were produced at

higher rates than IAA. Since it has been reported that lLA and
Tol arc formed reversibly from IPyA and lAAld (Garcia-Tabares
et al.

1987; Ernstsen et al. 1987), respectively, lLA and Tol

may be important sLorage producLs that are involved in the
I'egu]ation of the IAA biosynthesis. Stl'ains of
been found

L

cloacae have

in Lhe rhizosphercs of plants (lladar et al. 1983;

Ladha et al. 1983) and in the intestinal tracts of humans (Levy
et al.

1985). Under aerobic conditions such as the rhizosphere

of plants.
growth.

L

cloacae may produce IAA for acceleration of plant

However, under anaerobic conditions such as the intes-

tinal tract of humans, it may not produce IAA, which has been
judged to be a carcinogenic substance by the Rec-assay (Kada eL
al. 1972; Morotomi and Mutai 1986).

2, Elucidation of tbe 1PyA pathway in Enterobaeter cloacae at

the molecular level
Considerable efforts have been expended to elucidate the
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details of the IPyA pathway in plants and bacteria but the 1M
biosynthetic enzymes have not been fully characterized since
the intermediates, IPyA and IMld, are labile and diCficult to
isolate (Kaper and Verdstra 1958; Moore and Shaner 1968; Gibson
et al. 1972; Sheldrake 1973). It seems likely thaL it would be
diCficulL to purify the enzymes in the IPyA pathway from

~

cloacae. Therefore, to characterize this pathway, we tried to
isolate an 1M biosynthetic gene from a genomic Ii b'"HI"y of
cloacae by moni tori ng the ability of

~

~

co] i clones to convert

L-Trp to 1M.
To isolate the gene for the JAA biosynLhetlc enzyme from
~

cloacae, a cosmid library was constructed in

First,

~

coli.

to monitor the enzymatic conversion of L-Trp to fAA,

~

coli harboring a recombinant plasmId was incubated in LB
medIum containing glucose (LBG medium). Although

!l.:- cloacae

produced large amoun Ls of J i\A from L-TI"p in LBG med i um,

no J M

positive clone was isolated from the cosmid library (data not
shown),

suggesting that

~

coll harboring the IPDC gene couJd

not produce Ii\A in thIs medium. In LBG medium, thc low levels
of acid formed from glucose by

~

cloacae resulted in a final

pH of the cuI tUI"e medium of pH 6.8, whereas the high levels of
acid formed from glucose by
pH 4.0.
tween L

L coli resulted in a final pI! of

In view of the differences in glucose metabolism becloacae and

medium for

L

~

call (Brenner et al. 1984), the culture

coli was buffered with potassium phosphate at the

optimal pH of 6.5 and an 1M positive clone was subsequently
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obtained. These results indicate that the optimal pI! range for

L

the 1M biosynthetic enzyme is 6.5 to 6.8.

cloacae belongs

to the family Enterobacteriaceae and is negative for production
of indole derivatives in terms of its generally assessed physiological properties (Brenner et a1. 1984). However, at pH 6.5,

L

cloacae can produce 1M as a indole derivative, suggesting

that the biosynthesis of the secondary metabolic product is
influenced by the pH of the culture medium.
All strains of Enterobacter harboring the 1PDe gene were
capable of converting L-Trp to lAA. Thus, it appears that the
strains of Enterobacter origlnally have two enzymes, which
catalyze the conversion of L-Trp to IPyA and that of lAAld to
1M, respectively. Many species of bacteria and plants have
been found to produce 1PyA from [.-Trp (Truelsen 1973;
AragozzJni et al. 1979; Paris and Magasanik ]98]). The majority
of bacteria, .lncluding L

coIl, hardly produce any TAA, but

they are capable of converting IAAld to IAA (data not shown).
It follows,

therefore. that the rate-limiting step in the IPyA

pathway is the conversion of IPyA to IAAld and the ability to
produce 1M depends on the presence of indolepyruvate deeal-boxylase.

3. Physical properties of indolepyruvate decarboxylase. a key
enzyme for the IPyA pathway
Indolepyruvate decarboxylase from
and Mg 2

-

L

cloacae required TPP

as eofactors and it was stabilized by the presence of
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TPP and Mg 2

'.

The enzyme was a holoenzyme composed of four

identical monomers. Pyruvate decarboxylase from yeast also
requires TPP and Mg 2

-

as cofactors (Green et al. 1941), and TPP

has been found to stabilize the enzyme during purification and
storage (Juni and Heym 1968). Pyruvate decarboxylase is also a
holoenzyme composed of four identical monomers (Gounaris et al.
1971; Gounaris et al. 1975). DKA sequence analysis showed that
the amino acld sequence predicted from the IPDC gene has extensive homology to that of pyruvate decarboxylase from yeast.
These results indicate that the physical characteristics of
indolepyruvate decarboxylase from

h

cLoacae are very similar

to those of pyruvate decarboxylase from yeast. Furthermore,
indolepyruvate decarboxylase exhibited decarboxylase activity
with pyruvic acid as substrate, as well as with TPyA. If a
nonspecific pyruvate decarboxylase is also able to catalyze the
decarboxylation of IPyA, there is a possibility that indolepyruvate decarboxylase from h

cloacae fIIay be a type of pyruvate

decarboxylase and that all bacteria that synthesize pyruvate
decarboxylase may be able to produce 1M.
However, there are significant differences between the two
enzymes. While pyruvate decarboxylase from yeast has a low
specificity and affinity for pyruvic acid

(~

= 30 mM) (Green

et al. 1941), indolepyruvate decarboxylase from
a high specificity and affinity for IPyA

(~

h

= 15

cloacae has
~M).

Further-

more. pyruvate decarboxylase from yeast only slowly catalyzed
the decarboxylation of IPyA. Indolepyruva te decarboxylase from
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L

cloacae was able to catalyze the decarboxylation of pyruvic

acid but the

~

for pyruvic acid (2.5 mM) is evidence of a

lower affinity for pyruvic acid than for IPyA

(~,

15 ilM).

These results indicate that indolepyruvate decarboxylase from

L

cloacae is a highly specific enzyme, which is different from

pyruvate decarboxylase.

L
and

cloacae produces IAA as a secondary metabolic product,
can ask why this bacterium has such a highly specific

enzyme.

In view of the isolation of

L

cloacae from the rhizo-

sphere of cucumber plants, it is possible that the gene for
this enzyme is derived from plants. If so,
decarboxylase may, in fact,

indolepyruvate

regulate the IAA biosynthesis in

plants.

4. Jnvo].vement of L-tryp-tophan aminotranslcrase in tbe IPyA
pathway and the regu] ation of this pathway by indolepyruvate
decarboxylase
In plants, L-tryptophan aminotransferase is nonspecific
for amino acid substrates, and has a very high

~

value for

L-

Trp (Gamborg and Wetter 1963; Truelsen 1972). The IAA concentration in plants is maintained in the nanomolar range, and it
is unlikely that such low amounts of IAA are regulated by Ltryptophan aminotransferase with its low affinity for L-Trp
(Law 1987).

Only a small proportion of L-Trp supplied is converted to
IAA in plant tissues, and the rate of conversion from L-Trp is
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far lower than would be expected for a direct precursor (Libbert et al. 1966; Libbert and Silhengst 1970; Black and Hamilton 1971). From these considerations, a hypothetical pathway
for 1AA biosynthesis wi thout L-Trp as a precursor has been
proposed (Winter 1966; Wright et al. 1991).
Our studies provide an answer to these questions about the
involvement of L-tryptophan aminotransferase in lAA biosynthesis. The amounts of free L-Trp in plant tissues

usually in

the range of 10-50 ag/g fresh weight (Schneider et al. 1972;
Sheldrake 1973). Although L-tryptophan aminotransferase has a
very high .IS.", value, in consideration of the 1 aI"gc si ze o[ the
L-Trp pool, we can anticipate that L-tryptophan aminotransferase provides sufficient [PyA for the production of lAA. Furthermore. when indolepyruvate decarboxylase is activated,

the

1PyA produced should be efficiently converted to 1AA by this
enzyme, with its high affinity for 1PyA. Therefore, a second
question arises. 1PyA is an unstable compound and is nonenzymatically degraded into 1AA, suggesting that lAA can be produced simply as a consequence of L,tryptophan transamination in
the absence of indolepyruvate decarboxylase. However. in consideration of the high affinity for 1PyA of L-tryptophan aminotranslerase for the reaction in the opposite di reetion (.IS.",
aM),

=

tryptophan aminotransferase alone

i!! vivo. This hypothesis can

also explain why only a small proportion of L-Trp supplied is
converted to IAA in plant tissues. Since the L-tryptophan
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., .&..

24

it is unlikely that free 1PyA is produced from L-Trp by L-

I

•••

aminotransferase activity in the direction of L-Trp formation
is greater than that in the opposite direction,

L-tryptophan

aminotransferase will provide very small amounts of IPyA for
the production of IAA. Therefore, we can anticipate from these
results that L-Trp is a precursor in the IAA biosynthetic
pathway in plants and the low levels of 1M arc regulated by
indolepyruvate decarboxylase exclusively, with its high affinity for IPyA.
The IPyA pathway has been poorly understood and it has
been the subject oC much investigation and controversy. Howevcr,

the results of our experiments clearly show that L-trypto-

phan aminotransCerase is involved in thc IPyA pathway In

~

cloacae and that thts pathway is regulated by indolepyruvate
decarboxylase alone. The present study on the
In

L

IAA bJosynthesis

cloacae wLlJ help us to elucidate the IPyA pathway in

plants and may provide some insight into the bJochemistry of
the 1M synthesis and its reguJation.
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