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Abstract The small GstI protein (63 amino acids) of Rhi-
zobium leguminosarum inhibits the expression of the glnII (glu-
tamine synthetase II) gene, thus reducing the bacterial ability to
assimilate ammonium. In order to identify the residues essential
for its inhibitory activity, all the 53 non-alanine amino acid
residues of GstI were individually mutated into alanine. Based
on their capacity to inhibit glnII expression (in two genetic
backgrounds) three groups of mutants were identi¢ed. The ¢rst
group displayed an inhibitory activity similar to the wild-type;
the second and the third ones showed partial and total loss of
inhibitory activity, respectively. Several mutations of the latter
group concerned residues conserved in two related sequences
from Sinorhizobium meliloti and Agrobacterium tumefaciens.
Additionally, we performed experiments to exclude a GstI-medi-
ated mechanism of glutamine synthetase II inhibition/degrada-
tion. Finally, the protein was over expressed in Escherichia coli,
puri¢ed and characterised.
+ 2004 Federation of European Biochemical Societies. Pub-
lished by Elsevier B.V. All rights reserved.
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1. Introduction

The ability of Rhizobium leguminosarum to assimilate inor-
ganic N depends on two glutamine synthetase (GS) isoen-
zymes (GSI and GSII) that are di¡erently regulated, at the
transcriptional and post-transcriptional level, as a function of
the intracellular N status (see [1] for a review). It has been
reported that while glnA (GSI) transcription is only slightly
a¡ected by the N availability, GSI activity is strongly regu-
lated by reversible adenylylation [2,3]. In contrast, it was dem-
onstrated that glnII (GSII) transcription, but not GSII activ-
ity, is strongly a¡ected by the N status of the cells [4,5]. In
particular, it was found that glnII transcription is activated
(more than 10-fold) under N limitation by the N transcription
regulatory system (Ntr system) of signal transduction, com-
prising the UR/UTase (uridylyl-removing/uridylyltransferase

enzyme), the regulatory protein PII and the transcription reg-
ulator NtrC [3,6^8]. It has been established that glnII expres-
sion is also subject to a post-transcriptional mechanism of
inhibition that remains largely unde¢ned [9,10]. This mecha-
nism depends on the gstI gene that is located upstream and
transcribed divergently with respect to glnII [9]. gstI may act
in cis or in trans with respect to glnII not only in R. legumi-
nosarum but also in a heterologous genetic background, such
as Klebsiella pneumoniae reducing their capacity to assimilate
NHþ

4 [9,10]. Signi¢cantly, so far neither GSII nor GstI homo-
logues have been recognised in K. pneumoniae as well as in
other enteric bacteria. It was observed that when gstI is ex-
pressed in R. leguminosarum incubated under conditions of N
excess, low levels of glnII mRNA but neither GSII activity
nor GSII protein may be detected [4,5,9]. Therefore, GstI was
proposed as an inhibitor of glnII translation, even though its
involvement in a putative mechanism of GSII inhibition/deg-
radation was not excluded. The key role of GstI in glnII in-
hibition was supported by the fact that two out-of-frame mu-
tants (lacking the last 14 amino acids) as well as a single
W48D mutant derivative of GstI completely lost their ability
to repress glnII expression [9,10].
We report here an exhaustive mutational analysis (alanine-

scanning) of GstI. The activity of the 53 mutant derivatives
obtained was assayed in vivo by measuring their ability to
inhibit glnII expression in two homologous genetic back-
grounds. New perspectives in the study of GstI arise from
the availability of the genome sequence (partial or total) of
many bacteria. In fact, open reading frames sharing a signi¢-
cant degree of sequence identity with GstI were identi¢ed in
two phylogenetically correlated bacteria, Sinorhizobium meli-
loti and Agrobacterium tumefaciens, thus allowing us to dis-
cuss the e¡ect of the mutations in the light of a multisequence
alignment. Moreover, in an attempt to de¢ne the molecular
mechanism of GstI inhibitory activity, we performed experi-
ments whose results support a GstI-mediated mechanism of
translation inhibition of glnII mRNA and exclude a mecha-
nism of GSII inhibition/degradation.

2. Materials and methods

2.1. Bacterial strains and media
Strains of R. leguminosarum were grown at 30‡C on either TYR-

rich medium or RMM, a chemically de¢ned medium previously de-
scribed [10]. Escherichia coli strains were grown on TY medium. Anti-
biotics used were (Wg/ml): tetracycline (5), kanamycin (30), rifampicin
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(100), ampicillin (100). The sources of N used were (mg/ml): gluta-
mine (1) and glutamate (1) or NH4Cl (1). All media were solidi¢ed
with 1.5% agar (Difco).

2.2. Site-directed mutagenesis
Mutant derivatives of gstI were prepared by polymerase chain re-

action (PCR) mutagenesis. Plasmid pAR236 (a pGEM7Zf(+) deriva-
tive) carrying wild-type gstI [9] was used as template for ampli¢cation
reactions carried out with a high-¢delity Pfu-turbo DNA polymerase
(Stratagene), using complementary pairs of mutagenic oligonucleotides.
PCR reactions were performed as follows: ¢rst round 95‡C/30 s,
followed by 12 cycles of 95‡C/30 s, annealing temperature for 1 min,
and a ¢nal elongation step of 68‡C/7 min. An aliquot of the ampli¢ed
DNA products was digested with DpnI (37‡C for 60 min), to degrade
the template (methylated DNA). E. coli strain DH5K was transformed
with the neo-synthesised linear plasmid DNA and from one of the
resulting colonies plasmid DNA was puri¢ed. The ¢delity of the mu-
tagenesis was con¢rmed by sequencing. DNA sequence was deter-
mined with a Thermo Sequenase kit (Amersham) using appropriate
synthetic oligonucleotide primers and [K-33P]dNTP nucleotides
(Amersham).

2.3. GstI expression from an inducible promoter
DNAs of plasmids carrying the mutated version of gstI were

cleaved with XbaI and NsiI restriction enzymes, the resulting DNA
fragments were separated by electrophoresis, eluted (Qiagen elution
kit) and ligated into XbaI/PstI-digested pAR231 (a pMP220 deriva-
tive) as described elsewhere [10]. By means of this cloning strategy gstI
as well as its mutant derivatives were cloned under the control of the
dctA promoter (a succinate-inducible promoter). To exclude the pres-
ence of undesired mutations the nucleotide sequence of each mutant
was determined. Strains LPR1105 (wild-type) and AR7 (glnA3) of R.
leguminosarum were transformed by conjugation with the help of
strain S17-I of E. coli. Cells were harvested by centrifugation
(3500Ug for 8 min), washed, mixed and spotted on plates of TYR-
agar without added antibiotic. After incubation (16 h, 30‡C), the cells
were diluted (250 Wl TYR) and aliquots were plated on TYR-agar
supplemented with rifampicin plus tetracycline (to select LPR1105
derivatives) or with kanamycin plus tetracycline (to select AR7 deriv-
atives).

2.4. GS assays and GstI detection by Western blot
To prepare crude extracts R. leguminosarum strains were grown in

RMM-glucose/glutamine/NH4Cl (N excess to repress glnII transcrip-
tion) up to exponential growth phase (OD590nm = 0.5^0.6), harvested,
washed twice with N-free RMM, and resuspended (OD590nm = 0.3)
into RMM-glucose/glutamate (N-limiting to induce glnII transcrip-
tion) supplemented with 20 mM succinate (to induce gstI expression).
After incubation (3 h, 30‡C), bacteria were harvested, resuspended in
bu¡er (20 mM Tris^HCl pH 7.2) and disrupted by sonic oscillation.
Cellular debris was removed by centrifugation (12 000Ug, 4‡C, 20
min), and GS activity was measured as described previously [4]. To
detect GstI protein Western blots were performed essentially as de-
scribed elsewhere [10]. Electrophoretic runs were performed with a
Mini-Protean II cell unit (Bio-Rad Laboratories) at room tempera-
ture. Sodium dodecyl sulphate gel electrophoresis (SDS^PAGE) was
performed with gels prepared with a discontinuous gradient (18, 15,
and 12.5%) of polyacrylamide. Proteins were transferred onto poly-
vinylidene di£uoride membrane (0.2 mm; Bio-Rad) in bu¡er (0.375 M
Tris-glycine pH 8.3) containing 10% methanol. The membrane was
soaked in blocking bu¡er (phosphate-bu¡ered saline, 5% milk, 0.05%
Tween 20), incubated for 1 h with anti-GstI antiserum from rabbit
(diluted 1:1000), washed three times for 15 min with blocking bu¡er
and incubated for 1 h with horseradish peroxidase-linked whole anti-
body (diluted 1:15000) from donkey. The ¢lters were developed by
incubation in bu¡er (0.1 M Tris^HCl, pH 7.6), containing 3,3P-di-
aminobenzidine (0.3 mg/ml) and H2O2 (0.01%). Protein concentration
was measured using the Bio-Rad protein assay and bovine serum
albumin as a standard.

2.5. Preparation of total RNA and RT-PCR assays
Total RNA was puri¢ed by means of an RNAqueous kit (Ambion).

Bacteria (6.5 ml) were harvested by centrifugation (3500Ug, 4‡C, 10
min), resuspended in bu¡er (10 mM Tris^HCl, 1 mM EDTA) supple-
mented with lysozyme (1 mg/ml). After incubation (25‡C, 5 min) lysis

bu¡er was added and total RNA was puri¢ed according to the man-
ufacturer by running the samples onto RNAqueous ¢lter cartridges.
Trace DNA contamination was removed using DNA-free DNase
(purchased from Ambion). The concentration, integrity and purity
of RNA was determined by agarose gel electrophoresis and reading
the UV absorbance (260 nm). Reverse transcription (RT) was per-
formed with 0.5 U of MultiScribe Reverse Transcriptase (Applied
Biosystems). A glnII-speci¢c oligonucleotide 5P-TGCGTCTTGCCA-
CGCAGGTTCGGTACCGGT-3P (0.4 WM) and total RNA (0.5 Wg)
were used as primer and template, respectively. An aliquot of the
reaction products (3 Wl) was used for DNA ampli¢cation (PCR) per-
formed using the Amplitaq Gold DNA polymerase (Applied Biosys-
tems) and the same oligonucleotide plus 5P-ATCATCCCTGGCGA-
TCGGATGCGCTTGCG-3P as primers.

2.6. GstI puri¢cation, N-terminal sequencing and mass spectrometry
analysis

The gstI gene of R. leguminosarum was cloned in the isopropyl-L-D-
thiogalactose (IPTG)-inducible pT7-SCII plasmid by transferring a
NdeI/HindIII DNA fragment from plasmid pAR228 [10]. E. coli
DE3(BL21) cells were transformed with the pT7-SCII-gstI construct
and cultured in Luria^Bertani medium (100 Wg/ml of ampicillin).
When the culture reached an OD600nm value of 1, IPTG (0.5 mM)
was added. After incubation (4 h, 37‡C) the cells (10 g wet weight)
were harvested by centrifugation (6000Ug, 4‡C, 10 min), washed with
bu¡er A (25 mM Tris^HCl pH 8.5, 2.5 mM MgCl2, 1 mM dithio-
threitol) and stored at 320‡C. Finally, cells were thawed and re-dis-
solved in bu¡er A (40 ml). Disruption was achieved with a French
press cell and after centrifugation (20 000Ug, 4‡C, 20 min) the super-
natant was loaded onto a Q Sepharose Fast Flow column (20U2.6
cm; Amersham Pharmacia, Uppsala, Sweden) equilibrated in bu¡er A
and eluted with a linear gradient (0^1 M) of NaCl in bu¡er A. The
fractions containing GstI (identi¢ed by Western blotting) were either:
(a) pooled and concentrated onto a 10 000 cut-o¡ cellulose membrane
(Amicon). The passed through solution was concentrated onto a 3500
cut-o¡ cellulose membrane or (b) concentrated onto a 3500 cut-o¡
cellulose membrane and then loaded onto a a G-75 Superdex column
equilibrated and eluted with bu¡er (25 mM Tris^HCl pH 8.5, 0.5 mM
EDTA, 2.5 mM MgCl2, 0.2 M NaCl). The protein analysed by SDS^
PAGE appeared, in case a, in the form of a doublet at a molecular
mass of about 7000 kDa. An aliquot (V50 Wg) of the puri¢ed GstI
was made in 0.1% tri£uoroacetic acid (TFA) and loaded onto a re-
verse-phase C18 column equilibrated in 0.1% TFA. Protein was eluted
with a gradient of acetonitrile in 0.1% TFA. Four main peaks show-
ing absorbance at both 220 and 280 nm were eluted between 25 and
35% of acetonitrile. After SDS^PAGE analysis, peaks 1, 2 and 4 were
analysed by matrix-assisted laser desorption ionisation-time of £ight
mass spectrometry (MALDI-TOF) and N-terminal sequencing. In
case b no doublet was observed but the procedure was performed
in the presence of a cocktail of protease inhibitors. Automatic Edman
degradation analysis was performed on an ABI Procise protein se-
quencer, according to the manufacturer’s pulse-phase protocol. MAL-
DI-TOF was carried out on a VoayagerDE Pro Biospectrometry
Workstation (Applied Biosystems) equipped with a nitrogen laser op-
erated at 337 nm. Protein samples were mixed with a saturated matrix
of K-hydroxycinnamic acid and run according to the manufacturer’s
speci¢cations. CD spectra were recorded with a Jasco J-715 spectro-
polarimeter equipped with a Peltier-type temperature control system
(Model PTC-348WI). The instrument was calibrated with an aqueous
solution of D-10-(+)-camphorsulphonic acid at 290 nm [11]. Molar
ellipticity per mean residue, [a] in deg cm2/dmol, was calculated
from the equation: [a] = [a]obs mrw/10 IC, where [a]obs is the ellipticity
measured in degrees, mrw is the mean residue molecular weight
(113 Da), C is the protein concentration in g/l, and I is the optical
path length of the cell in cm. A path length cell of 0.1 cm and a
protein concentration of about 0.32 mg/ml were used in the far-UV
region. CD spectra were recorded with a time constant of 4 s, a 2 nm
bandwidth, and a scan rate of 5 nm/min, were signal-averaged over at
least ¢ve scans, and baseline-corrected by subtracting a bu¡er spec-
trum.

2.7. Sequence analysis
Database searches were performed with BLASTP, PSI-BLAST or

BLASTPGP (http://www.embl-heidelberg.de). Sequence alignments
were done using Clustal X [12].
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3. Results and discussion

3.1. Isolation and activity of GstI mutant derivatives
By PCR reactions performed with overlapping mutagenic

oligonucleotides, a collection of 53 GstI derivatives, each one
carrying a single amino acid substitution with alanine, were
prepared. The activity of the gstI mutant derivatives was ex-
amined in vivo by measuring the expression of glnII, the only
recognised target gene, as follows: (i) the mutated genes were
cloned under the control of an inducible promoter, dctAp,
which is induced (more than 20 times) when succinate is
added to the growth medium (dctA encodes a succinate trans-
porter) ; (ii) strain LPR1105 (wild-type) of R. leguminosarum
was transformed with the resulting plasmids including, as a
control, plasmid pAR231 (carrying dctAp alone) and plasmid
pAR237 (carrying the wild-type version of gstI under the con-
trol of dctAp); (iii) the resulting 55 strains were grown in a
chemically de¢ned medium (RMM) containing glucose as
source of C and glutamine plus NH4Cl as sources of N (an

N excess condition under which glnII is transcribed at a very
low rate); (iv) the cells were then shifted to RMM-glutamate
plus glucose (an N-limiting condition under which glnII tran-
scription is 12-fold induced) and with added succinate (to
induce gstI expression). After 3 h of incubation aliquots of
cells were harvested, crude extracts were prepared and GSII
activity was measured (see Section 2). In three independent
experiments, strain LPR1105-pAR237 (wild-type GstI)
showed 175U25 U of GSII activity when shifted to RMM
with succinate (gstI induction), whereas higher values of GSII
activity (700U 100 U) were obtained with strain LPR1105-
pAR231 (vector alone). As shown in Fig. 1, the mutated ver-
sions of gstI showed a variable behaviour. Based on their
capacity to inhibit glnII expression (GSII activity is inversely
proportional to GstI inhibitory activity) the mutated versions
of GstI were arranged in three groups. A ¢rst group (group
1), including P2A, G4A, F5A, H6A, R7A, E8A, E27A, R28A,
R30A, L31A, E38A, V39A, C40A, D45A, S46A, D58A, and
K62A, showed almost the same inhibitory activity (GSII ac-

Fig. 1. E¡ect of GstI mutants on glnII (GSII) expression and bacterial growth. Upper part: Transconjugants derived from R. leguminosarum
(wild-type strain LPR1105) carrying the mutated versions of gstI were isolated, grown on RMM-glutamine/NH4Cl (nitrogen excess, glnII re-
pressed) and shifted to RMM-glutamate/succinate (3 h, 30‡C), to induce simultaneously glnII (NHþ

4 de¢ciency) and gstI (succinate). Crude ex-
tracts were prepared and assayed for GS activity: total GS activity values (white bars), GSII activity values (black bars), and standard errors
are indicated. Lower part: Transconjugants of strain AR7, a glnA: :km (GSI3) strain of R. leguminosarum, were isolated and spotted onto
RMM-KNO3 with or without added succinate (gstI inducer). Their growth ability was assessed (3 days, 30‡C) and is indicated as: (3) unde-
tectable, (+/3) partial, (+/+) normal growth. For instance, the same part of replica plates showing the growth capacity of a group of AR7 de-
rivatives is shown. The same group of mutants spotted on replica plates with RMM-KNO3/succinate but supplemented with glutamine, at the
indicated concentrations, is also shown.
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tivity lower than 300 U) as compared with the wild-type ver-
sion of GstI. A second group (group 2) of mutants, including
S9A, I12A, P16A, I20A, N24A, R25A, F26A, R34A, D41A,
L44A, C47A, W48A, D51A, E52A, V54A, E56A, S57A,
R59A, P60A and T61A, was characterised by a partial loss
of inhibitory activity (GSII activity between 300 and 450 U).
Finally, the last group (group 3) of mutants, including T3A,
T11A, Y13A, Q14A, F15A, V17A, K18A, R21A, N22A,
M32A, E33A, E35A, Y49A, H50A, R55A and S63A, showed
a signi¢cantly reduced (GSII activity higher than 450 U) in-
hibitory activity. The GstI activity was measured under max-
imal induction of glnII transcription (cells shifted from N
excess to N de¢ciency), thus increasing the signi¢cance of
the results obtained. In fact, usually, GstI exerts its inhibitory
activity in R. leguminosarum cells growing under conditions of
N excess in which GstI is highly expressed whereas glnII is
transcribed at very low rates [6,9].
The inhibitory activity of GstI mutants was also assessed in

strain AR7 of R. leguminosarum which harbours a glnA: :km
insertion (GSI3) and thus depends on glnII expression (GSII
activity) to grow using inorganic sources of N such as nitrate
[3]. AR7 derivatives were plated on RMM-nitrate with or
without added succinate (gstI induction), and their growth
ability was compared. As predicted, the mutations that medi-
ate a complete loss of gstI activity (as established by measur-
ing GSII activity in the wild-type strain), allow the growth of
the glnA(GSI3) mutant strain. On the other hand, the addi-
tion of glutamine (even at low concentrations) restores a nor-
mal growth capacity to those strains that were inhibited after
GstI induction, thus excluding a toxic e¡ect induced or pro-
voked by the induction of the mutated versions of GstI (Fig.
1). Some mutated versions of GstI, namely I12A, I20A, R34A
and S63A, were able to inhibit the growth of strain
AR7(GSI3) although unable to inhibit completely the expres-
sion of glnII in the wild-type strain. Most likely the ability of
strain AR7(GSI3) to induce glnII expression is reduced by the
absence of GSI. In fact, when spotted on a minimal medium
containing NO3

3 as the sole N source, bacteria require GS
activity to maintain the intracellular pool of glutamate/gluta-
mine and thus the pool of amino acids (by transamination)
needed for gene expression.

3.2. Translation inhibition of glnII expression
To get some insight into the inhibitory mechanism mediated

by GstI some strains of R. leguminosarum were shifted to a
growth condition at which both gstI and glnII are induced,
and used to prepare both total RNA and crude extracts (Fig.
2). RNA samples were subjected to RT-PCR analysis per-
formed with oligonucleotides designed to ampli¢ed the 5P-un-
translated region (UTR) of glnII mRNA whereas crude ex-
tracts were used both to detect GstI protein by Western blot
analysis, and to measure GSII activity. Speci¢c glnII tran-
scripts were detected (Fig. 2A) in all strains analysed, includ-
ing those expressing: (i) no GstI (carrying the vector alone);
(ii) wild-type GstI; (iii) mutated versions of GstI, namely T3A
and F15A. With the exception of strain LPR1105-pAR231
(vector alone), the GstI protein was detected in all strains
analysed (Fig. 2C). Moreover, the GSII activity measured
was variable (Fig. 2B). In fact, as expected, the strain express-
ing wild-type GstI showed a low level of GSII activity (165
U), while the strains expressing no GstI (vector alone), or the
mutated versions T3A or F15A, showed higher levels of GSII

activity (500^800 U). Furthermore, speci¢c glnII transcripts
were detected after induction of other mutated versions of
GstI (namely E33A, Y49A, R55A and K62A) that fall both
in the central and in the C-terminal region of the protein (data
not shown).
A putative role of GstI in a post-translational mechanism

of GSII inactivation (covalent modi¢cation or protein degra-
dation) was also tested. To this purpose crude extracts ob-
tained from strain LPR1105-pAR237 (expressing wild-type
GstI and a low GSII activity) was mixed, at di¡erent ratios,
with crude extracts prepared from strain LPR1105-pAR231
(undetectable GstI protein and a high GSII activity). After
incubation (30‡C, 1 h) the GSII activity of the mixtures was
measured. As shown in Fig. 2D, the addition of crude extracts
containing a high level of the wild-type GstI showed no e¡ect
on the GSII activity. In fact, the activity of the mixture de-
creased but simply as a linear function of the dilution per-
formed. Essentially the same results were obtained by addition
of crude extracts containing active or inactive mutated ver-
sions of GstI (including T3A, E8A, F15A, E33A, Y49A,
R55A and K62A) or by incubating the mixture for a long
period of time (up to 3 h) (data not shown). Therefore, we
conclude that, at least under the in vitro conditions tested,
GstI is unable to induce a post-translational mechanism of
GSII inhibition and/or degradation. Instead, our data suggest
a block of translation and stabilisation of glnII transcripts.

3.3. Identi¢cation of GstI homologues
By using the R. leguminosarum GstI sequence (SwissProt

accession number Q9K4V1) as a query in a BLASTPGP
search in the ‘all non-redundant’ SwissProt database (release
39.0) we identi¢ed putative homologues in two members of

Fig. 2. Post-transcriptional inhibition of glnII expression. R. legumi-
nosarum strains expressing either wild-type GstI (WT), the mutated
versions (T3A or F15A) of GstI, or no GstI (vector alone) were
grown under conditions of glnII induction and used to prepare total
RNA and crude extracts. A: Speci¢c glnII transcripts detected by
RT-PCR. B: The units of GSII activity measured in the same cells.
C: GstI detected by Western blot analysis. D: Crude extracts pre-
pared from R. leguminosarum expressing no GstI (Vector alone) or
wild-type GstI were mixed at the indicated ratios, incubated for 1 h
at 30‡C and the GSII activity measured.
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the family Rhizobiaceae, namely Sinorhizobium meliloti (Gen-
Bank accession number Q8UCR8) and Agrobacterium tume-
faciens (GenBank accession number Q92TR2) with E values
of 2U10314 and 7.5U1032, respectively. Moreover, as in the
case of R. leguminosarum, the putative GstI proteins of both
S. meliloti and A. tumefaciens are encoded by an open reading
frame located upstream, and divergent, with respect to a GSII
coding gene (data not shown). Thus, hereafter, these proteins
will be called GstIs, even though experimental evidence of
their involvement in the regulation of glnII(GSII) expression
is not available.
The sequence alignment (Fig. 3) indicates 46% and 39%

sequence identity of RlGstI with SmGstI and AtGstI, respec-
tively, and 35% sequence identity of SmGstI with AtGstI.
These values of sequence identity were much lower than those
exhibited by orthologous sequences from the same bacteria,
including GSII (data not shown). Noteworthy, the GstI pro-
teins exhibit a higher degree of sequence similarity in their N-
terminal and C-terminal regions, while they vary more exten-
sively in their central region (Fig. 3). This would suggest that,
if the proteins have a similar function, there is a distinct re-
quirement of sequence conservation along their lengths. The
invariant residues T3, A10, T11, I12, F15, P16 (N-terminal),
A36 (central region), and D45, W48, Y49, H50, A53, K62 (C-
terminal) may have a structural and/or functional role. In-
deed, it was previously shown that a W48D mutation im-
paired the inhibitory e¡ect of RlGstI [10] ; we demonstrate
here that the same holds true for T3, T11, I12, F15, P16,
Y49, and H50. In addition, the mutation of residues con-
served in two out of the three genes (namely Q14, V17,
R21, F26, E33, R34, E35, E52, and R55), also resulted in
the loss of GstI activity (Fig. 1). Thus, with few exceptions
(such as D45, K62), most of the residues that are conserved
among the three genes are required for RlGstI function,
whereas only few residues essential for RlGstI activity (such
as Y13, N22, and S63) are not conserved. Therefore, on the
basis of sequence similarity as well as functional dissection,
the possibility that, despite the observed sequence divergences,
these proteins may have a similar function cannot be ex-
cluded.
Finally, RlGstI and SmGstI gave, in addition, very low

similarity scores (BLASTP program) with di¡erent DNA
and RNA binding proteins. For instance, RlGstI shares sim-
ilarity with the B subunit of the excinuclease ABC from Chla-
mydia pneumoniae (Domain PD099792 in PFAM; 42% iden-
tity/21 residues overlap, E value 0.28, covering the N-terminal
region of GstI), the single-strand recognition protein of Dro-
sophila melanogaster (Domain PD007820 in PFAM; 37%

identity/16 residues overlap, E value 0.78, covering the N-ter-
minal region of GstI) or the yeast ATP-dependent RNA heli-
case Dob1 (44% identity/18 residues overlap, E value 0.99,
covering the C-terminal region of GstI). In correlation, it
has previously been proposed that the 5P-UTR of glnII
mRNA may be the target of the inhibitory mechanism medi-
ated by GstI [9].

3.4. GstI puri¢cation and characterisation
The GstI protein of R. leguminosarum was over-expressed

in E. coli and puri¢ed in two di¡erent ways. In a ¢rst ap-
proach, a combination of ionic exchange chromatography
and dia¢ltration through cellulose membranes (Amicon) was
employed. The protein was £owed through a 10,000 cut-o¡
¢lter while it was concentrated onto a 3500 cut-o¡ ¢lter, thus
suggesting a monomeric structure (theoretical MW: 7347). An
SDS^PAGE analysis indicated the presence of the pure pro-

Fig. 3. Multisequence alignment of the R. leguminosarum GstI (RlGstI) protein and its putative homologues from S. meliloti (SmGstI) and A.
tumefaciens (AtGstI). Sequences were ¢rst aligned with the program Clustal X (gap opening penalty: 10; gap extension penalty: 0; protein
weight matrix: identity). Residues identical or conserved in at least three sequences (or two in correspondence of gaps) are shaded and a con-
sensus is reported at the bottom of the ¢gure. Capital letters indicate 100% sequence identity. Color code: basic residues (R, K), red; acidic
residues (D, E), violet; polar residues (Q, S, T), green; hydrophobic residues (A, F, V, I, L, W, M), cyan; P, yellow; H and Y, dark green; G,
brown; C, pink; N, nothing. Arrows indicate the sites of proteolytic cleavage.

Fig. 4. HPLC analysis of puri¢ed GstI. A: HPLC chromatogram of
puri¢ed RlGstI separated onto a C18 reverse-phase column. Each
of the four peaks was analysed by SDS^PAGE (B, lanes 1^4). The
masses measured with MALDI-TOF and the N-terminal sequences
of peaks 2 and 4 are shown.
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tein as a doublet of about 7000 kDa. By using a C18 reverse-
phase high performance liquid chromatography (HPLC) col-
umn the resulting material was fractionated into four peaks
(Fig. 4A) and the analysis by SDS^PAGE (Fig. 4B) indicated
three bands of slightly di¡erent mass (lanes 1, 2 and 4) in
three peaks and one peak that contained two of these bands
(lane 3). The three peaks corresponding to lanes 1, 2 and
4 were analysed by mass spectrometry via MALDI-TOF
and N-terminal sequencing. The result was no sequence and
no mass for peak 1, whereas peaks 2 and 4 were heteroge-
neous both in mass and in N-terminal sequence. In particular,
peak 2 contained the GstI protein with (7321 kDa) or without
(7197 kDa) the initial methionine as well as a proteolytic frag-
ment of 6827, corresponding to a truncated version of GstI
lacking the ¢rst nine amino acids. Peak 4 instead contained
masses of 5362, 5241 and 4960 kDa corresponding to GstI
without the ¢rst 21, 18 and 17 amino acids, respectively.
These results indicated partial proteolytic cleavage for RlGstI.
Thus a new puri¢cation procedure in the presence of protease
inhibitors was performed. Essentially, after the anionic step,
the protein was concentrated with an Amicon ultra¢ltrator
(membrane cut-o¡ 3500) and loaded onto a G-75 Superdex
column (Fig. 5). The protein was eluted as a symmetrical peak
at an elution volume of 88 ml, after cytochrome c
(MW=12 500, Ve = 82.3) and at a position consistent with a
relative mass of about 7400. The protein was identi¢ed by
SDS^PAGE and Western blot (see inset of Fig. 5). In this
chromatographic step a separation occurred between the
full-length form (about 7000; peak 6 in Fig. 5) and a form
(peak 7) resembling that observed in peak 4 of the HPLC run
(Fig. 4). To have an idea about its secondary structure com-
position the full-length protein was analysed by circular di-
chroism (Fig. 6). Data analysed with the method of Yang [13]
gave the following values: K=0, L=58.7, and unstruc-
tured= 41.3, allowing us to conclude that GstI has an all-L
structure.
In conclusion, a procedure for puri¢cation of recombinant

GstI was devised. The protein appeared particularly sensitive
to proteolytic degradation and therefore the presence of pro-
tease inhibitors during the puri¢cation procedure was manda-
tory to obtain a full-length protein. Since loops are the protein
structures most exposed to the solvent and most prone to
proteolytic cleavage, these data suggest that in solution the
N-terminus of RlGstI is less structured. The alanine-scanning
mutagenesis indicates that this region of the protein plays a
functionally important role. In fact, nine out of 16 mutations,
signi¢cantly a¡ecting GstI activity (namely T3A, T11A,
Y13A, Q14A, F15A, V17A, K18A, R21A, and N22A), fall
within the N-terminal region of the protein. Thus, even
though some mutations could be important per se and not
in relation to the structural integrity of the protein, the pos-
sibility that the N-terminal region of GstI adopts a functional
fold (becomes structured) only in the presence of a ligand
(such as an RNA molecule) cannot be excluded [14]. Finally,
data obtained by means of SDS^PAGE, MALDI-TOF, gel
¢ltration, and circular dichroism spectrum analysis suggest
that GstI is a monomeric protein with an all-L structure. In
this context it is important to remark that GstI was proposed
to be an RNA binding protein [9] and that the protein do-
mains showing a⁄nity for single-stranded RNA molecules are
formed, exclusively, by one or multiple L-sheets [15].
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