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Permeabilization with cetyl trimethyl ammonium bromide was used to study the post-translational modification of the Py, protein in Rizobum

leguminosarum Upon incubation with radioactive UTP a single band was obtained after SDS-PAGE and autoradiography. RNase resistance and

snake venom phosphodiesterase sensivity showed that radioactivity was bound through a phosphodiester bond to a protein which was absorbed

by an antiserum specific for the P, protemn. Uridylylation of the P, protein was shown to be dependent on the modifications of the glutamine/o-
ketoglutarate ratio.

Urnidylylation; GS cascade: Py protein

1. INTRODUCTION

In enteric bacteria, transcription of glnd (encoding
for glutamine synthetase, GS) and of the nr (nitrogen
regulation) regulon is activated in response to nitrogen
limitation [1]. Regulation is achieved by a two-compo-
nent system in which NtrC (NRI) is the transcriptional
activator, while NtrB (NRII) catalyzes the phosphoryl-
ation and dephosphorylation of NtrC. The regulation
of kinase and phosphatase activities of NtrB depends
upon the availability of the g/nB gene product, the Py
protein, which elicits the phosphatase activity of NtrB.
Under conditions of nitrogen limitation, when phos-
phatase activity is not needed, P}, is inactivated by re-
versible uridylylation. Conversely, under conditions of
nitrogen excess Py, interacts with NtrB and the resulting
phosphatase activity causes inactivation of NtrC, thus
preventing activation of ¢**-dependent promoters [1].
Moreover, in response to intracellular signals of nitro-
gen availability, P;, protein regulates the activity of GS
through adenylylation/deadenylylation [2-4]. The
uridylylated form of P;; promotes the adenylyltrans-
ferase (ATase)-dependent deadenylylation of GS, while
the unmodified form promotes the ATase-dependent
adenylylation [5.6]. Under conditions of nitrogen limi-
tation, covalent attachment of UMP to a tyrosyl residue
at each of the four P;; subunits [6,7] is catalyzed by
uridylyltransferase (UTase), while under conditions of
nitrogen excess, hydrolysis of the bound UMP is cata-
lyzed by the uridylyl-removing enzyme (UR) [6.8]. Both
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UTase and UR activities are due to the same enzyme
complex, encoded by glnD [9].

Bacteria of the genus Rhizobium contain genes coding
for three different glutamine synthetase isozymes: GSI
(the homologous of enteric GS), GSII and GSIII ([10]
and references quoted therein), among which only GSI
activity appears to be regulated by adenylylation [11].
A glnB gene has been found in R. leguminosarum biovar
viciae (hereafter called R. [ viciae) tightly linked to ginA,
the structural gene for GSI [12.13] and it is possible that
its gene product may have a role analogous to that
exerted in enteric bacteria.

In this paper we show that the P, protein of R. [
viciae may be uridylylated and that uridylylation is
modulated by the intracellular glutamine/a-ketogluta-
rate ratio. This evidence is obtained with permeabilized
bacteria and therefore the results are closer to physio-
logical conditions than what previously published with
pure proteins [6,9]. The method described may probably
be used in the study of post-translational modifications
of other proteins.

2. MATERIALS AND METHODS

2.1. Antiserum preparation

In order to raise a rabbit antiserum against Py;, a 435 bp PstI-Pst1
fragment obtained from a subclone of plasmid pMG10 [14] and con-
taining 88 C-terminal codons of the g/nB open reading frame, was
cloned into the Ps:I restriction site of pEX34C [15]. The resulting
expression plasmid (pCS149) was used to transform E coli strain M72
Sm" lacZam Abio-uvrB AtrpEA2 (ANam7-Nam53¢18574H1) [16] con-
taming a temperature-sensitive mutant of the ¢l A repressor gene
inserted mnto the chromosome. Plasmid pCS149 encodes a fusion pro-
tein between the N-terminal part of the MS2-polymerase and the P,
protein lacking the 23 N-terminal aminoacids, the expression of which
1s controlled by the heat inducible (3 h at 42°C) phage A PL promoter.
The MS2 polymerase-P;, fusion protein, m w. 22,000 Da, was recov-
ered and purified as described [15] except that bacterial proteins were
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dissolved in 7 M urea and loaded on a reverse-phase HPLC (C8)
column (Pharmacia), eluted with a gradient of 0 to 70% acetonitrile
i 0.1% tnfluoroacetic acid. The major peak corresponding to the
fusion protein was collected and concentrated under vacuum. Purity
was shown by SDS-PAGE to be greater than 98%. A rabbit was
primed with 600 ug of protein suspended in Freund's complete ad-
juvant, boosted three times at intervals of 2 days with the same protein
amount and finally with about 2 mg. The serum was recovered and
used in immunoblot experiments essentially as described [17].

22, Preparation of crude extracts

R. I viciae strain LPR1105 [18] was grown in RMM minimal me-
dium [18] supplemented with KNO, or NH,CI as nitrogen sources at
a concentration of 1 g'I”'. For metabolic shock experiments, bacteria
were grown on KNO, up to ODsq, = 0.6, then 1 g-17' of NH,Cl was
added and growth prolonged for 4 h. Bacteria were harvested by
centrifugation, washed 1n 0.9% NaCl, divided into aliquots and then
frozen at —20°C when used in immunoblot experiments, or immedi-
ately processed for detection of P, unidylylation. Bacterial lysis was
performed by sonic oscillation as described {1 1] and protein concentra-
tion was determined by the method of Lowry [19].

2.3. Polyacrylamide gel electrophoresis

Crude extracts were fractionated on 15% SDS-polyacrylamide gels.
After electrophoresis gels were blotted for immunological analysis, or
immediately vacuum dried and autoradiographed for labelling detec-
tion. After blotting, proteins were revealed by Coomassie blue on
post-blotted gels or by the Ponceau red staining on nitrocellulose
filters.

The molecular weight of the bands reported in Figs. 1 and 2 was
calculated by interpolation of data obtained with SDS-PAGE stan-
dards (Bio-Rad) aprotinin (6,500 Da), lysozyme (14,400 Da), trypsin
inhibitor (21,500 Da), carbonic anhydrase (31,000 Da), ovalbumin
(45,000 Da) and serum albumin (66.200 Da).

2.4. Uridvlylation

To determine uridylylation, bacterial pellets from a 10 ml culture
of R [ viciae grown on KNO,, with or without NH,CI shock, were
resuspended in 270 gl of 50 mM 2-methyl-imidazole buffer pH 7.6
containing 200 mM KCI, 10 mM MgCl,, 0.1 mM ATP and 10 ug/ml
of cetyl trimethyl ammonium bromide (CETAB) and incubated on ice
for 20 min in order to allow membrane permeabilization. Labelling
was started by addition of 1 ul of [a-*P]JUTP (800 Cv/mmol) and 30
ul of H,O, for 2 h at 30°C. In some samples H,O was replaced with
30 ul of 180 mM a-ketoglutarate, while 1n other samples, after 2 h of
incubation with a-ketoglutarate and [a-*PJUTP, 30 ul of 200 mM
L-glutamine were added and incubation was continued for a further
2 h. Reactions were stopped 1n 1ce, bacteria were collected by centrif-
ugation and washed 1n 50 mM 2-methyl-imidazole buffer to remove
unincorporated UTP. After lysis by sonic oscillation, samples were
fractionated on 15% SDS-PAGE. Treatment of protein extracts either
with snake venom phosphodiesterase (SVPD) (500 ug/ml) or with
RNase (50 ug/ml) for 1 h was performed in some cases.

2.5. Immunoabsorption

Aliquots (20 ul) of antiserum or preimmune serum were reacted
overnight at 4°C with 100 4l bed volume of preswollen protein A-
Sepharose CL-4B and 400 ul of a solution containing 50 mM Tris-
HCI, pH 7.5, 150 mM NaCl, 5 mM EDTA, 0 5% Triton X-100, 0.5%.
Na deoxycholate, 0.1% ovoalbumine and 0.1% methionine. After
washing with 1 mi of the above solution to remove unbound material,
the Sepharose-bound antibodies were incubated with 500 ug of extract
labelled with [a-**P]JUTP 1n a total volume of 600 ul for 2 h at 4°C.
After centrifugation an aliquot of the supernatant was electrophoresed
on 15% SDS-PAGE.

2.6. Strains overexpressing the ginB gene

R [ viciae mutants carrying a constitutive copy of the glnB gene
were constructed by subcloning an EcoRV-BamHI 720 bp DNA frag-
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ment obtained from a subclone of pMG10 [14], containing the R /
viciae gin B gene devoid of its promoter. into the BamHI site of the Tn5
insert of the suicide plasmid pSUP1011 [20]. Restriction map experi-
ments on several of these plasmuds demonstrated that one of these,
named pCS147, carried the ginB gene fragment in the same orientation
as the kan gene [21]. After conjugation from E coli stramn S17-1 [20]
into R. I viciae, ten independent neomycin resistant (Neo') chloram-
phenycol sensitive (Cm®) colonies were 1solated. The Neo® and Cm®
phenotypes indicate that these strains contain the TnS transposon, but
not the suicide pSUP1011 plasmid. DNA hybridization experiments
show that these strains contamn an extra copy of glnB at different
locations on the chromosome. One of these was named CS101 and
used for further studies.

3. RESULTS

3.1. Immunodetection of the P, protein

When crude extracts from the R. [ viciae wild type
strain grown on KNO, or NH,Cl were fractionated on
15% SDS-PAGE. blotted and tested with the antiserum
against the P; fusion protein a single band with an
apparent molecular weight of 11,500 Da was observed
(Fig. 1, lanes 1 and 2). No signal was detected with an
extract of strain BS11, a R [ viciae mutant altered in
the g/nB gene (Fig. 1, lane 3). Strain CS101, carrying a
second copy of the ginB gene under the control of the
kan gene promoter of TnJ inserted on the chromosome
(see section 2) showed a more intense signal, even if
10-fold less proteins were used (Fig. 1, lane 4). No im-
munoreaction was evident in parallel experiments using
either the preimmune serum or an antiserum raised
against the MS2-polymerase protein (not shown).

It should be noted that the relative amount of im-
munoreactive material revealed by the antiserum on
protein extracts from R. /. viciae grown on NH,Clis one
third as compared to the signal obtained when bacteria
are grown on KNO, (Fig. 1, lanes 1 and 2). The signal
does not decrease further when R. [ viciae is grown in
NH,CI plus 1 g'1”! glutamine (not shown). To increase
sensitivity, in the experiments described below Py, la-
belling was performed on KNO, grown bacteria.

3.2. Uridylylation of the P, protein

Fig. 2 shows the autoradiography of R. [ viciae pro-
tein extracts fractionated on 15% SDS-PAGE after [a-
ZPJUTP incubation of cells permeabilized with CETAB
under the conditions described in section 2.

L

Fig. 1. Immunodetection of P;, protein. Lanes 1 and 2, 300 ug of

protein from wild type R [ vicige grown on KNO, or NH,CI; Lane

3. 300 ug of protein from R. / viciae strain BS11 (g/nB™) grown on

glutamate; Lane 4, 30 ug of protein from R ! viciae strain CS101
grown on NH,Cl.
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Fig. 2. Autoradiogram of R. I viciae extracts after labeling with [a-
FPIUTP on permeabilized cells. Lanes A, bacteria pre-grown on
KNOs;; lanes B, after growth on KNO, bacteria were shocked for 4
h on NH,Cl; lanes 1, [a->>P]JUTP plus H,0; lanes 2, [a-“P]JUTP plus
a-ketoglutarate; lanes 3, [@-**P]JUTP plus a-ketoglutarate followed by
glutamine; lanes 4. as in lanes 2, followed by a treatment with SVPD;
lanes 5, as in lanes 2, followed by a treatment with RNase.

When [a-**PJUTP incubation was performed with
bacteria permeabilized after growth on KNO; a single
band of about 11.5 kDa was revealed (lane A)). This
band was not detected if the cells were subjected to a
metabolic shock with NH,CI before permeabilization
(lane B,). No labelling was observed when the incorpo-
ration was performed in the presence of an excess of
cold UTP (660 uM), or when the extracts were immu-
noabsorbed with the antiserum raised against the Py
protein (not shown).

When [a-*?P]JUTP incorporation was performed in
the presence of 18 mM a-ketoglutarate the band was
more intense (lane A,) and a signal of similar intensity
was observed even with bacteria pretreated with NH,Cl
(lane B,). No labelling was observed when a-ketogluta-
rate treated bacteria were incubated for further two
hours in the presence of 18 mM glutamine (lanes A; and
B,). After [¢-**P]JUTP incubation, treatment with SVPD
(lanes A, and B,) abolished labelling, while treatment
with RNase (lanes A5 and B;) was ineffective.

4. DISCUSSION

Results reported in this paper with the combined use
of a proper labelled precursor and an antiserum show
that the P;; protein of R [ viciae is uridylylated in
permeabilized bacteria and that this post-translational
modification is under the control of the intraceilular
concentration of glutamine and a-ketoglutarate.

The expression of Py, in extracts of R. L viciae grown
on KNQ, is 3-fold higher than in extracts from bacteria
grown on NH,Cl. Thus, the g/inB gene, which is in-
volved in the regulation of nitrogen metabolism (M.
Amar et al., submitted for publication) is itself nitrogen
regulated, while in E. coli it is constitutive [22]. Since Py,
in enteric bacteria is essential for inactivation of the
NtrC transcriptional activator we suggest that the high
level of P in bacteria grown in KNO, is useful for a
rapid inactivation of NtrC when a rich nitrogen source
is added to a nitrogen poor medium.

The R. [ viciae and E. coli Py; proteins show a high
degree of similarity and Tyr-51, the site of uridylylation,
is conserved [12] suggesting that the R. L viciae P, pro-
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tein may be uridylylated. We find that incubation with
radioactive UTP gives a band of the expected size that
is chased out by an excess of cold UTP and removed by
immunoabsorption. Radioactivity is removed by
phosphodiesterase and it is resistant to RNase. We con-
clude that the radioactive band is P;-UMP. Therefore,
the permeabilized cells permit to use the bacterial enzy-
matic machinery without purification of the proteins
involved. It may be seen that preincubation with NH,CI
prevents uridylylation, while addition of a-ketogluta-
rate overcomes the NH,CI effect. Finally, further incu-
bation with glutamine abolishes labelling. We believe
that the band obtained after incubation with radioactive
UTP of bacteria pregrown in KNO; (lane A,) is due to
uridylylation turnover and that the NH,Cl shock (lane
B,) causes deuridylylation, while a-ketoglutarate prein-
cubation gives maximum uridylylation and/or turnover.
In conclusion, uridylylation of P, in R. [ viciae is con-
trolled by the glutamine/a-ketoglutarate ratio, thus sug-
gesting the presence of a glnD-like gene product. This
regulatory mechanism should be of value in the
Rhizobium-legume symbiosis since the carbon and ni-
trogen availability change as a consequence of the day/
night period.
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