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Abstract In Azospirillum brasilense ADP-ribosylation of dini-
trogenase reductase (NifH) occurs in response to addition of
ammonium to the extracellular medium and is mediated by dini-
trogenase reductase ADP-ribosyltransferase (DraT) and re-
versed by dinitrogenase reductase glycohydrolase (DraG). The
PII proteins GlnB and GlnZ have been implicated in regulation
of DraT and DraG by an as yet unknown mechanism. Using
pull-down experiments with His-tagged versions of DraT and
DraG we have now shown that DraT binds to GlnB, but only
to the deuridylylated form, and that DraG binds to both the
uridylylated and deuridylylated forms of GlnZ. The demonstra-
tion of these specific protein complexes, together with our recent
report of the ability of deuridylylated GlnZ to be sequestered to
the cell membrane by the ammonia channel protein AmtB, offers
new insights into the control of NifH ADP-ribosylation.
� 2006 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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1. Introduction

In some diazotrophs, including Azospirillum brasilense, Rho-

dobacter capsulatus and Rhodospirillum rubrum, nitrogenase is

post-translationaly controlled by reversible ADP-ribosylation

of the dinitrogenase reductase (NifH) homodimer [1]. In re-

sponse to conditions unfavourable for nitrogenase activity,

such as addition of ammonium to the medium, an ADP-ribose

group from NAD+ is covalently linked to an arginine residue

in just one NifH subunit resulting in nitrogenase inactivation

(switch-off) [2,3]. This process is catalyzed by dinitrogenase

ADP-ribosyltransferase (DraT). When the added ammonium

is exhausted by cellular metabolism, the ADP-ribose group is

removed by dinitrogenase reductase activating glycohydrolase

(DraG) leading to nitrogenase activation (switch-on). DraT

and DraG activities are themselves regulated according to

the cellular nitrogen status, but the signalling pathways that

mediate this control have not been fully defined to date [1].

Several lines of evidence have indicated that proteins of the

PII family and the ammonia channel protein AmtB are in-

volved in the regulation of DraT and DraG. PII proteins con-

stitute a family of highly conserved trimeric proteins that act as

sensors of cellular nitrogen status in prokaryotes and that are

also present in plants [4]. Most prokaryotes encode at least two

PII proteins, typically designated GlnB and GlnK, the latter

being almost invariably encoded within the same operon as

the ammonia channel protein AmtB [5]. A. brasilense encodes

two PII proteins, GlnB and GlnZ, and the uridylylation/de-

uridylylation of both proteins are coordinated with NifH

ADP-ribosylation [6]. GlnB is required for ammonium-in-

duced NifH ADP-ribosylation, suggesting that GlnB is neces-

sary for DraT activation [7], and GlnZ has been shown to be

involved in reactivation of NifH [8]. R. rubrum encodes three

PII proteins (GlnB, GlnJ and GlnK) and the absence of GlnB

and GlnJ prevents modification of NifH in response to ammo-

nium [9]. In R. capsulatus, the presence of AmtB [10] and either

of its two PII proteins, GlnB or GlnK, [11] is required for

ammonium-induced NifH modification; whilst in Azoarcus

sp. all three proteins, GlnB, GlnK and AmtB, are required

[12]. Interactions between PII proteins and DraT have been

identified in R. capsulatus and R. rubrum using the yeast

two-hybrid system.

In E. coli, AmtB sequesters deuridylylated GlnK to the cell

membrane within seconds of the addition of ammonium to

the extracellular medium [13,14]. Formation of the AmtB/

GlnK complex inactivates AmtB and rapidly lowers the cyto-

solic GlnK pool [14]. This phenomenon has been shown in a

number of bacteria and is potentially a common property of

AmtB [15]. We have shown that, in A. brasilense, ammonium

addition causes membrane sequestration in a manner co-ordi-

nate with NifH modification, suggesting that DraG membrane

association causes its inactivation [6]. The ammonium-induced

membrane binding of DraG requires AmtB, GlnB and GlnZ.

However the precise roles of GlnB and GlnZ were unclear

due to the marked pleiotropic effects of the respective mutants

[6]. DraG localization to the membrane in a GlnJ and AmtB-

dependent manner also occurs in R. rubrum [16]. These studies

suggest a means by which DraG could be regulated, but the

question remains as to what triggers DraT activity in response

to a rise in extracellular ammonium. Hence although genetic

analysis has suggested a role for PII proteins in the regulation

of DraT and/or DraG activities, these observations could not

distinguish between direct and indirect effects of the various

mutations in PII-encoding genes. In order to clarify the situa-

tion we have now used pull-down experiments to investigate

whether DraT and/or DraG interact with GlnB and/or GlnZ

in vivo in A. brasilense.
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2. Materials and methods

2.1. Bacterial strains and plasmids
A. brasilense strains FAJ310, amtB::km [17], UB2, draT::km and

UB4, draG::km [18] and plasmids pLHdraThisGMP, ptac 6HisdraT,
draG and pLHdraGhsMP, ptac 6His draG [19] have all been described
earlier.

2.2. Media and growth conditions
Growth of A. brasilense and preparation of cell extracts was as

described by Huergo et al. [6].

2.3. Electrophoresis and Western blotting
This was performed as described by Huergo et al. [6]. Signals on the

X-ray film were quantified using the LabWorks program (UVP).

2.4. In vivo interactions between DraG or DraT and GlnB or GlnZ
Control cells and cells expressing His-DraT (from plasmid

pLHdraThisGMP) or His-DraG (from plasmid pLHdraGhisMP),
were grown under nitrogen fixing conditions as described [6]. A
30 ml aliquot of a 110 ml nitrogenase derepressed culture was with-
drawn before, or 5 min after, the addition of 200 lM NH4Cl; cells were
immediately cooled in liquid nitrogen (10 s) and harvested by centrifu-
gation (5000 · g for 5 min at 4 �C). The cell pellet was re-suspended in
1 ml of binding buffer (40 mM K2HPO4, 22 mM KH2PO4, 150 mM
NaCl, 5 mM imidazole, pH 7.2), sonicated, and clarified by centrifuga-
tion (16000 · g for 10 min at 4 �C). His-tagged proteins were pulled-
down from the cell extract using His Mage Agarose Beads (Novagen)
following the manufacturers’ instructions. The imidazole concentra-
tion was 15 mM in the wash buffer and 500 mM in the elution buffer.
Samples were analysed by Western blotting with appropriate anti-
bodies.

3. Results

3.1. DraT interacts with deuridylylated GlnB

Cell extracts were prepared from nitrogenase derepressed

cells before, and 5 min after, addition of 200 lM NH4Cl to

the external medium. The strains used were UB2 (draT::km)

as a negative control, and UB2 carrying plasmid

pLHdraThisGMP that expresses both His-DraT and native

DraG from the ptac promoter [20]. In cells carrying

pLHdraThisGMP, His-DraT is functional [19] and NifH is

normally regulated in response to ammonium [6] (Fig. 1A).

To avoid any potential titration effect of a regulator of DraT

and/or DraG activities expression from ptac was not induced.

His-DraT was pulled-down from cell-free extracts using His-

Mage agarose beads and was recovered only in the elution

fraction of cells carrying the His-DraT plasmid (Fig. 1B).

GlnZ was not detected in any elution fractions (Fig. 1C) sug-

gesting that DraT does not interact with GlnZ in vivo. How-

ever, GlnB was detected in the elution fraction of cells

expressing His-DraT and subjected to an ammonium shock

(Fig. 1D). We conclude that DraT interacts with GlnB

in vivo and that the interaction is controlled by the cellular
nitrogen status. Native electrophoresis showed that GlnB

was almost fully deuridylylated after the ammonium shock
(Fig. 1E), suggesting that DraT only interacts with deuridyly-
lated GlnB.

3.2. DraG interacts with GlnZ independently of the GlnZ

uridylylation status

Experiments to investigate possible interactions of DraG

with GlnZ and/or GlnB were performed using cell extracts of

strains UB4 (draG::km) as a negative control, and UB4 carry-

ing pLHdraGhisMP. This plasmid expresses His-DraG from

the ptac promoter but again, expression from ptac was not

induced. His-DraG is functional in vivo [19] and under the

conditions used NifH was normally regulated in response to

ammonium (Fig. 2A).

His-DraG was only pulled-down from extracts of cells carry-

ing the His-DraG plasmid (Fig. 2B). In contrast to the pull-

down of His-DraT, GlnB was not detected in any of the elution

fractions (Fig. 2D), suggesting that DraG does not interact with

GlnB in vivo. However the GlnZ protein was detected in the

elution fraction of cells expressing His-DraG, though only be-

fore the ammonium shock (Fig. 2C), indicating that GlnZ can

interact with DraG in vivo. The signal for DraG in fractions
from cells collected after ammonium addition was significantly

lower than that from �N cells (the signal in +N was 28% of
that in �N) and this was reproducible (Fig. 2B). We have
previously shown that DraG is sequestered to the membrane

in an AmtB-dependent manner after an ammonium shock
and is almost completely membrane-associated 5 min after
addition of 200 lM ammonium [6]. Therefore a possible expla-
nation for reduction in the DraG signal after ammonium

addition is that the membrane-associated His-DraG is less
accessible to pull-down by His-Mage agarose beads.

To avoid ammonium-induced DraG membrane association,

and thereby potentially increase the amount of DraG available

to bind to the beads, we repeated the experiment described

above using an amtB mutant strain. The strains used were

FAJ310 (amtB::km) [17] as the negative control, and

FAJ310(pLHdraGhisMP). In the amtB background the signal

Fig. 1. DraT interacts with deuridylylated GlnB in vivo. Strain
UB2(pLHThisGMP) expressing His-DraT were subjected to an
ammonium shock at time zero. Samples were collected at 0, 5 and
20 min after addition of 200 lM NH4Cl and analysed by SDS–PAGE
and Western blotting using anti-NifH antibody (A). For His-DraT
pull-down experiments, samples from strain UB2(pLHThisGMP),
with strain UB2 (draT::km) as control, were collected before (�N) and
5 min after (+N) addition of 200 lM NH4Cl and analysed by SDS–
PAGE followed by Western blotting using anti-DraT (B), anti-GlnZ
(C), or anti-GlnB antibodies (D). The uridylylation state of GlnB was
analysed by native-PAGE of whole cell extracts revealed with anti-
GlnB antibodies (E).
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