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Introduction

Polyamines afe essential low polycations molecules for cell growth and
proliferation in all of living organism. The key intermediate in polyamine
biosynthesis is putrescine (H2N(CH;)4NH,, Put), which is a polyamine and is
further converted to higher polyamines like spermidine and spermine. Putrescine
and spermidine are major polyamine in bacteria whereas spermidine is mainly

found in plant and animals.

In the principle, two different biosynthetic pathways lead to the formation
of putrescine: (i) the ornithine decarboxylase (ODC) catalyze direct formation of
putrescine from ornithine and (ii) the arginine decarboxylase (ADC) pathway. In
ADC pathway, arginine is first decarboxylased by ADC to form agmatine which
is subsequently converted to putrescine. ODC and ADC were found mainly in
animal and plant, respectively. However both pathways occur simultaneously in

many bacteria.

Polyamines play a unique role in Selenomonas ruminantiu which is gram
negative bacterium isolated from sheep rumen Cadaverine and putrescine
covalently link to the a-carboxyl group of D-glutamic acid residue of
peptidoglycan and play important role in maintenance of the integrity of cell
envelope. Both of them are formed from L-lysine or L-ornithine by lysine
decarboxylase (LDC) which shows decarboxylation activity against both of L-
lysine and L-ornithine. On the other, L-ornithine specific decarboxylase (ODC) is
not found in S. ruminantium. Hence LDC is an important enzyme which supplies
cadaverine and putrescine to form a unique peptidoglycan.

The production of LDC in S. ruminantium is higher regulated and is
strictly linked to the growth phase of the bacterium, i.e. a drastic decrease of
LDC activity occurred on late log phase of cell growth, which was due to the
rapid degradation of LDC. Yabuki in our laboratory found that intracellular free
cadaverine contact also decreased after late log phase. However, at the stationary
phase, spermidine and spermine content were kept almost same level as those in
late log phase. These facts suggested that another putrescine synthesis pathway
which is active even at stationary phase such as ADC pathway should be
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present in S. ruminantium. In order to clarify this hypothesis, DFML or DFMO,
the specific inhibitor for LDC and ODC were used. Takatsuka and Kamio (2004)
observed that S. ruminantium could grow normally even in the presence of 5 mM
DFML or DFMO when 10 mM L-arginine was supplied. This case, the
peptidoglycan contains putrescine instead of cadaverine. This result indicates S.
ruminantium can form putrescine not only directly from ornithine but also from
arginine. Recently, Liao in our laboratory found ADC in S. ruminantium.
Puﬁﬁcation and characterization of ADC and cloning of ADC gene from S.

ruminantium chromosomal DNA was accomplished.

In general, putrescine was converts from agmatine in different 3 pathways.
(Fig. 1) The first pathway, agmatinase (agmatine ureohydrolase, AUH, EC
3.5.3.11) encoded by speB hydrolyzes agmatine and forms putrescine. This
pathway was found in many bacterias such as E.coli, Samonella typhi,
Salmonella typhimurium, Klebsilla aerogenes, Bacillus subtilis, Bacillus
anthracis and also in human. The second pathway was found in lactic acid
bacteria, Enterococcus faecalis (previously refered to as Streptococcus faecalis)
and Lathyrus sativus seedling. Agmatine deiminase (agmatine iminohydrolase,
EC 3.5.3.12) encoded by aguA converts agmatine to N-carbamoylputrescine
(NCP). Then putrescine carbamoyltransferase (EC 2.1.3.6) catalyzes the
phosphorolysis of N-carbamoylputrescine to carbamoylphosphate and putrescine.
The last pathway consists of two enzymes; AguA and NCP-carbamoylputrescine.
However, agmatine utilization pathways involved in putrescine synthesis in S.

ruminantium have not been reported before.

Lioa et.al. found two open reading frames which showed high hoinology
with those of agmatine deiminase and N-carbamoylputrescine amidohydrolase at
downstream of ADC gene. In my doctor thesis, I investigated agmatine
conversion to putrescine in vivo and in vitro to conform the existence of active of

ADC pathway in S. ruminantium.
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RESULTS AND DISCUSSION
S. ruminantium has ADC pathway.

S. ruminantium were cultured in CD medium in presence of 5 mM DFMO
and *C-arginine. Cells were harvested and disrupted in the presence of 5%TCA,
and radioisotope products in supernatant were analyzed by TLC. The resuit
clearly showed that '*C-arginine was incorporated into cell and converted to
agmatine and putrescine. (Fig. 2) Therefore, it is strongly suggested that S.
ruminantium has ADC pathway.

From the nucleotide sequence of adc and its the flanking regions, orf6 and
orf7 which showed homology with proteins in agmatine utilization enzymes were
found. The orf6 gene of 1116 bp long encodes 372 amino acids protein (ORF6).
ORF6 showed 54% and 43% identity with agmatine deiminase of Pseudomonas
aeruginosa and Streptococcus mutans, respectively, and 48% identity with
Peptidyl-arginine deiminase-like protein of Listeria monocytogenes. Predicted
protein of ORF7 which composed of 292 amino acids has homology to N-
carbamoylputrescine (NCP) amidohydrolase of Pseudomonas aeruginosa (57%
identity) and showed high homology with carbon-nitrogen hydrolase family
protein form Streptococcus pneumoniae (71% identity), Erwinia carotovora
(58% identity), Caulobacter crescentus (57% identity) and Burkholderia
pseudomallei (55% identity). These results suggested S. ruminantium has ADC
pathbway which comprised of ADC, agmatine deiminase and NCP-

amidohydrolase.

Analysis actii*ity of recombinant AguA and AguB

The orf6 and orf7 genes were amplified by PCR and cloned to pET and
recombinant ORF6 and ORF7 proteins were expressed as a C-terminal Hiss-tag
fusion protein in E.coli Rosetta (DE3) cell. Recombinant proteins were purified
using Ni** chelating affinity, DEAE-SPW and phenyl-5PW column
chromatographies. Enzyme activities of recombinant ORF6 and ORF7 were
investigated using agmatine and NCP as substrates, respectively.

ORF6 reaction product was analyzed by API 2000 mass

spectrophotometer, and its molecular weight of 131.8 was same as chemical
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synthetic NCP (Fig. 3). Both NCPs were used as substrates for ORF7 reaction,
and converted to putrescine. From these results, ORF6 and 7 were confirmed as
agmatine deiminase and N-carbamoylputrescine amidohydrolase, respectively.

Therefore, I designated orf6 and 7 as aguA and aguB, respectively.

AguA and AguB in S. ruminantium.

Expression of AguA and AguB proteins in S. ruminantium cell were
determined by a western blotting. (Fig. 9) S. ruminantium produced both proteins
in TYG medium. The possible polyamine synthesis pathway in S. ruminantium
was depicted in Figure 4.

Properties of AguA and AguB
The molecular mass of AguA was calculated as 41,391.0 Da and

determined as 45 kDa on SDS-PAGE and gel filtration column. Therefore AguA
was estimated to be monomeric enzyme. On the other hand, AguB was calculated
as 32,531.7 Da and determined to be 37 kDa on SDS-PAGE while 80 kDa on gel
filtration column. Hence AguB was suggested to be a homodimer. (Fig. 5)

A very few information has been available about AguA and AguB from
bacteria whileas both enzymes were mostly found in plant. Only purification of
AguA and AguB from P. aeruginosa was report. AguA of P aeruginosa is
homodimer of 43 kDa subunits (Tablel) Most of AguA are homodimers such as
from Arabidopsis thaliana (43 kDa subunit), Zea mays (44 kDa subunit) rice (95
kDa subunit) except from soy bean showed a monomer of 70 kDa. For AguB,
mostly C-N hydrolases studied so far are forming homomultimers. AguB from P.
aeruginosa and A. thaliana showed same as homohexamer of 33 kDa, and 35
respectively. (Table 1) A

Figure 6 showed the effect of pH and temperature on AguA. The optimum
pH and temperature were 6.5 and 45 °C, respectively. Optimum pH of AguA was
same as enzyme from corn and soy bean. AguA from P. aeruginosa showed
higher optimum pH at 8.0. Optimum temperature of AguA from S. ruminantium
and P. aeruginosa were same. While AguA from corn showed high optimum
temperature at 60 °C. The enzyme was stable at pH range from 6.0 to 9.0 and at
the temperature below 40 °C for 30 min. The effects of pH and temperature on
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AguB were shown in figure 7. Optimum pH is about 7.0 and the enzyme is stable
from pH 6.0 to 8.0. More than 80% activity remained at this pH range. In the
optimum pH range of AguB were same as found in other sources except AguB
from A. thaliana showed high optimum pH at 8-9. The opﬁmum temperature of
AguB was 45 °C. AguB activity was stable until 70 °C. Optimum temperature of
AguB from S. ruminantium was almost same as AguB from other sources.

The Km and Vmax valve obtained from a Lineweaver-Burk plot were 6.67
mM and 1.22 nmol/min/ug protein of AguA towards agmatine and 0.22 mM and
0.33 nmol/min/pg pfotein of AguB towards N-carbamoylputrescine, respectively.
(Fig. 8) Km values of AguA and AguB from other sources were showed Table 1.
AguA from rice seedling show high Km, 15 mM. While Km value of AguA
from P. aeruginosa, A. thaliana, corn, maize shoot, soybean and cucumber were
lower than 1 mM. Km value of AguB from S. ruminantium was almost same as
that of AguB from P. aeruginosa, A. thaliana and corn. |

The effects of metal ions on enzyme activities were shown in Table 2.
Metal ions such as Al*, Co*, Cu®*, Fe¥, Fe **, Ni**+ and Zn®* inhibited the
AguA activity at 1 mM except Mn®* , which was the same as found in AguA
from Soy bean, rice seedling and com. On the other hand, AguB was strongly
inhibited by Co**, Fe **, Mn** and Zn”". lodoacetamide and Hg?" were the strong
inhibitors with AguA and AguB activity. These results suggested that cysteine
involved in the catalysis of both enzymes.

Effect of site-directed mutagenesis for the activities of AguA and AguB.
Alignment of AguA among several homologues obtained from GenBank

revealed that C 361 was strong conserved. On the other hand, triad conserved
regions contain glutamate, lysine and cysteine among nitrilase family and K147,
C153 and E 160, are also found in AguB from S. ruminantium. Therefore, role of
these conserved cysteines was determined by site-directed mutagenesis. As the
result, C361A mutant of AguA showed 20% of the activity of the wild type
enzyme. C153A and E 160A mutated enzymes of AguB completely lost its
activities. These results confirm the effect of thiol-modifying agent,
iodoacetamide and Hg?* to cysteine of the AguA and AguB.
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Conclusions

1.

Agmatine utilization pathway in S. ruminantium consists of 2 enzymes
agmatine deiminase encoded by agud and N-carbamolyputrescine
amidohydrolase encoded by aguB.

Properties of AguA and AguB were characterized by using recombinant
enzymes. It is suggested that AguA and AguB convert agmatine to putrescine
in ADC pathway of S. ruminantium.

The conserved residues C 361 for AguA, C153 and E160 for AguB were
important residues for enzyme activities.
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Agmatine H,0

H,N-(HN=)C-HN-(CHz)s NH; 1. Agmatinase
2 2. Agmatine deiminase
H0 3. Putrescine
( 1 NH; carbamoyltransferase
N-carbamoyputrescine (NCP) 4. N-carbamoylputrescine

H,N-(0O=)C-HN-(CH;)sNH;
H;N-CO-NH;, Pi

amidohydrolase

3 4
HzN-(O=)C=P \ CO,+ NH;

» Putrescing ¢—
HoN(CH)NH,

Fig. 1. Three distinct enzymatic systems for the biosynthetic conversion of

agmatine to putrescine

x T & T 4... Putrescine
- 4 < Agmatine

| Arginine

Agm 0 2 4 6 8 10 1 24A'3Agml.

Fig. 2. Conversion of “C-arginine in S. ruminantium cell. '*C-arginine

incoorperated into cell and converted to agmatine and putrescine, respectively.
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Fig. 3. Determinatioh of N—carbarﬁbylpuu'escine by Mass spectrophotometer (A) N-
carbamoylputrescine from chemical synthesis (B) from AguA reaction.

LYSINE ORNITHINE ARGININE
1 Arginine decarboxylase (ADC)
AGMATINE
Ly;;mzl:e Agmatine deiminase
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1§ N-Carbamoylputrache
CADAVERINE » PUTRESCINE amidohydrolase
/ 1 Spermidine synthase
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Fig. 4. Polyamine synthesis pathway in S. ruminantium.
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Fig.5. Molecular mass of purified AguA and AguB. AguA showed molecular
mass of about 45 kDa on SDS-PAGE and gel filtration column (A). AguB was
determined to be 37 kDa on SDS-PAGE and native structure 80 kDa on gel

filtration column (B).
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Fig. 6. Effect of pH (A) and temperature (B) on AguA activities. (A) AguA was
incubated at 37 °C in 50 mM buffer of each pH for 30 min and the activity was
measured. A maximum activity was taken as 100%. In case of pH stability, the
enzyme was treated at each pH in 50 mM buffer at 45 °C for 30 min and
remaining activity was measured under the standard condition. (B) AguB For pH
stability, the enzyme was treated at each pH in 50 mM buffer at 37 °C for 30 min,
followed by assaying the remaining activity under standard condition.
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Fig.7. Effect of pH (A) and temperature (B) on AguB activities. AguA was
incubated at 37 °C in 50 mM buffer of each pH for 30 min. A maximum activity
was taken as 100%. In case of stability, the enzyme was treated at each pH in 50
mM buffer at optimum temperature for 30 min, followed by assaying the
remaining activity under the standard condition. For pH stability, the enzyme was
treated at each pH in 50 mM buffer at 37 °C for 30 min, followed by assaying the
remaining activity under standard condition.
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Time course of S. ruminantium in TYG medium

10

0.01 +——————————————
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Control 4 5 6 7 8 9 10 11 12 h
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Agu.B . i SR SRS RN WG e SR e

Fig.9. Cross reaction of anti-AguA and anti-AguB with crude extracts of
S. ruminantium after culture in TYG medium for 4-12 h.

Table 1. Molecular mass and Km of agmatine deiminase and N-carbamoylputrescine

amidohydrolase with other sources.

AguA v AguB
source Molecular mass Km Molecular mass Km

(kDa) (mM) (kDa) (mM)
S. ruminantium 45 monomer 6.67 37 homodimer 0.22
P. aeruginosa 43 homodimer 0.60 ° 33 homohexamer 0.50
A. thaliana 43 homodimer -0.11 35 homohexamer 10.13
Zea mays 43 homodimer 0.19
Rice seedling 95 homodimer 15.00
Soybean 70 monomer 2.50
Cucumber 36 and 47 dimer 0.02
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Table 2. Effects of metal ions and some chemical reagents on agmatine

deiminase and N-carbamoylputrescine amidohydrolase.

Relative activity (%)
Conc. ImM  Agmatine deiminase N-carbamoylputrescine
. amidohydrolase
None 50 100
EDTA 100 94
Iodoacetamide 10

H g 2+

Al 6 68

Ca® 68 118

Co? 10 11

Cu® 5 110

Fe ** 2 0

Fe** 2 118
Mg 62 124
Mn % 120 37

Ni % 0 64

n? 1 40
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