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The quorum quenching system of Agrobacterium tumefa-
ciens is specifically activated upon entering the stationary
phase. Evidence has shown that this system includes two key
components: the IcIR-type transcriptional factor Att] (also
named as BIcR) and the AHL-lactonase AttM (also named
as BlcC). At exponential phase, Att] binds to the promoter
region of attM and thus suppresses the expression of attM.
At stationary phase, however, the small molecule SSA directly
binds to Att] and relieves its inhibition of Att] and thereby
triggers the expression of attM. While the regulation of AttM
has been extensively investigated, little is known about the
regulation of Att]. In this study, we demonstrated the D101
amino acid of Att] is essential for the Att] function. In vitro,
the variant protein of AttJpi01n appeared to be readily aggre-
gated. In vivo, the D101H mutation in Att] entirely abolished
the inhibitory activity of Att] and overexpressed attM in A.
tumefaciens A6. In addition, D101H mutation led to an over-
expression of att], indicating an auto-regulatory mechanism
for the att] regulation. Put together, these findings demon-
strate that D101 is an important amino acid for the transcrip-
tion activity of Att] and the transcription of att/] is regulated
by a negative feedback loop. These results expand previous
biochemical characterization of Att] and provide new mech-
anistic insights into the regulation of quorum quenching in
A. tumefaciens.
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Introduction

Quorum sensing (QS) is a widespread strategy for bacterial
gene regulation via producing, secreting and perceiving dif-
fusible signals. In the Gram-negative bacteria, the QS sig-
nals appeared to be N-acylhomoserine lactones (AHL) and
regulated various biological functions ranging from viru-
lence expression to antibiotic production (Waters and Bassler,
2005; Rutherford and Bassler, 2012). In Agrobacterium tu-
mefaciens, the AHL signal has been identified as N-(3-oxo-
octanoyl)-L-homoserine lactone (30C8HSL), and the QS
system has been shown to regulate the Ti plasmid replica-
tion and conjugation (Piper et al., 1993; Zhang et al., 1993;
Pappas and Winans, 2003). Evidence has shown that the QS
system in A. tumefaciens could be induced by plant opines,
activated by the TraR-30C8HSL complex, and suppressed
by the antiactivator TraM (White and Winans, 2007). Recent
evidence additionally showed the QS system of A. tumefa-
ciens is also associated with the quorum quenching (QQ) sys-
tem (Zhang et al., 2002b), a mechanism for bacteria to switch
off QS by destroying the QS signal (Dong et al., 2000; Wang
et al., 2006b).

In A. tumefaciens A6, the QQ system contains two key
components. One is aftM, which encodes an AHL-lactonase
for enzymatic digestion of 30C8HSL. The other is att/, which
encodes a transcriptional factor for negative regulation of
attM. Together with attK (also named as BlcA, encoding a
succinic semialdehyde dehydrogenase) and attL (also named
as BlcB, encoding a homolog of alcohol dehydrogenase),
attM constitutes the attKLM operon which is transcribed
from the attK promoter (Zhang et al., 2002b). The att] gene,
on the other hand, locates adjacently but transcribes diver-
gently with the attKLM operon. At exponential phase, Att]
switches off the QQ system by suppressing the attKLM tran-
scription so that 30C8HSL could acculate up to initiate the
QS system. At stationary phase, however, the repression of
Att] is somehow relieved and the transcription of attM is
activated so that the QQ system could be active to terminate
the QS system (Zhang et al., 2002b). Studies have shown the
QQ system is regulated by starvation stress. Knock-out of
relA, a gene encodes the (p)ppGpp synthetase for bacterial
stringent responses, abolished the stationary phase-depen-
dent expression of attM. In addition, activation of QQ could
be significantly postponed by supplementation of extra nu-
trient sources (Zhang et al., 2004). Further evidence dem-
onstrated that succinic semialdehyde (SSA), an important
metabolite of GABA-shunt, also involves in the QQ regula-
tion. By directly releasing the Att] repressor from the attK
promoter, SSA activates the expression of AttM and triggers
the QQ system when bacteria encounter nutrient depletion
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(Wang et al., 2006b). In addition to SSA, gamma-aminobu-
tyric acid (GABA), gamma-butyrolactone (GBL), and gamma
hydroxy butyrate (GHB) are also suggested to regulate the
QQ system in A. tuemfaciens, possibly by conversion into the
SSA ligand (Carlier et al., 2004; Chevrot et al., 2006; Wang
et al., 2006b).

In the genome of A. tumefaciens C58, Att] was annotated
as a member of the IcIR-like (isocitrate lyase regulator)
regulators. In prokaryotes, the IcIR-type regulators appeared
to be widely conserved. Over 100 known members of the
IcIR family have been found in 44 species of bacteria and 2
archaea, with 9 IcIR homologues in Escherichia coli alone
(Zhang et al., 2002a). Typically, the IcIR-type regulators con-
tain a DNA binding domain in N-terminus and a ligand
binding domain at C-terminus (Krell et al., 2006). Though
directly acting on their cognate promoters, the IcIR-type
regulators could control various bacterial functions by acti-
vating or suppressing target genes (Grainger et al., 2004).
These functions include the glyoxylate shunt in Enterobac-
teriaceae (Sunnarborg et al., 1990), multidrug resistance and
degradation of aromatic compounds in soil bacteria (Bertani
et al., 2001), virulence in phytopathogenic Erwinia sp. (Bell
et al., 2004), and sporulation in Streptomyces (Molina et al.,
2006). In A. tumefaciens, Att] has been found to involve in
QQ regulation and this finding adds a new dimension for
the function of IcIR-type regulators. At peptide level, Att]
shares 25% identity with IcIR in E. coli, the prototype of
IcIR-family repressors. Tn5 inactivation of Att] completely

Table 1. Bacterial strains and plasmids used in this study

abolishes the AHL signal accumulation and defects the Ti
plasmid transfer in A. tumefaciens (Zhang et al., 2002b). In
addition to the QQ regulation, Att] has also been suggested
to participate in the GBL assimilative pathway in A. tume-
faciens (Carlier et al., 2004; Haudecoeur et al., 2009a). Crystal
structure showed that att] folds into the DNA-binding and
ligand-binding domains and dimerizes via a a-helix region
which links the two domains (Pan et al., 2011).

So far, it has been well established that the Att] regulator
plays a critical role in attKLM regulation. In vivo, Att] defect
dramatically up-regulated the at#KLM transcription (Zhang
et al., 2004); in vitro, purified Att] specifically bound to two
pairs of repeated sequences within the a#tK promoter (Zhang
et al., 2002b; Chai et al., 2007). However, the biochemical
property and the regulatory mechanism of Att] both remain
poorly understood. In this study, we identified an amino
acid that is essential for the function of Att] and demon-
strated that Att] is regulated in an autorepressive manner.
These finding should be informative for further studying
the regulatory mechanism of IcIR-type regulators.

Materials and Methods

Bacterial strains, plasmids, and growth conditions

The bacterial strains, plasmids used in this study are listed in
Table 1. A. tumefaciens strains were grown at 28°C in LB me-
dium or in BM minimal medium with mannitol as the sole

Strain or plasmid

Relevant characteristics®

Source or reference

A. tumefaciens
NT1(traR, tra:lacZ749)

Also named as CF11, AHL signal indicator strain

Piper et al. (1993)

A6 The wild type octopine strain of A. tumefaciens A. Kerr

M103 A6 carrying the Tn5 insertion into the att] gene Zhang et al. (2002b)
A6MR A6 carrying Tn5 insertion into the gntR gene and the g300c mutation in the atJ gene, Kan' This study

A6 (AgntR) A6 carrying an in-frame deletion of the gntR gene This study
A6MR(pLA-gntR) A6MR carrying the pLA-gntR vector, Kan" and Tc" This study

A6 (attJg300c) A6 carrying the g300c mutation in the att] gene This study

A6 (pLA-att]::lacZ) A6 carrying the Att] transcriptional reporter gene lacZ, Tc" This study

A6 (att]g300c, pLA-att]:lacZ) A6 (attJg300c) carrying the Att] transcriptional reporter gene lacZ, Tc' This study
M103(pLA-att]::lacZ) M103 carrying the Att] transcriptional reporter gene lacZ, Tc" This study

A6 (att]::lacZ) AG6 carrying the aft] gene transcriptionally fused with lacZ, Amp" Zhang et al. (2004)
A6 (att]:lacZ, pLA-att]) A6 (att]:lacZ) carrying pLA-att], Amp"and Tc' This study

E. coli
DH5a (Apir)
BL21(DE3)
BW020767(pRL27)

Plasmids
pK18mobsacB
PpK18-att]e300c
pLAFR3
pLA-att]::lacZ
pLA-gntR
pLA-att]
pET14b-att]
pET14b-att]g01c

supE44 AlacU169($80lacZAM15) hsdR17 recAl endAl gyrA96 thi-1 relAl, \pir
F ompT hsdS(rB- mB") dem” Tet" gal (DE3) endA Hte

harbouring Tn5 for A. tumefaciens mutagenesis, Kan"

A broad-host-range gene replacement vector; Suc’, Kan"
pK18mobsacB harboring an att] region with the g301c mutation, Kan"

IncP, broad host range cosmid vector, Tc"

pLARS3 carrying the att] gene transcriptionally fused with lacZ in its coding sequence, Tc', Amp"

pLAFR3 harboring the gntR gene from A6, Tc"

pLAFR3 harboring the aft] gene from A6, Tc"

pET14b vector harboring the encoding region of att] from A6, Amp"
pET14b vector harboring the encoding region of att]g0;. from A6GMR, Amp"

Laboratory collection
Novagen
Larsen et al. (2002)

Simon et al. (1983)
This study

Staskawicz et al. (1987)
Zhang et al. (2004)
This study

This study

This study

This study

*Abbreviations: Amp', ampicilin resistant; Kan'", kanamycin resistant; Tc", tetracycline resistant; Suc’, sucrose resistant.



carbon source and ammonia sulphate as the sole nitrogen
source (Zhang and Kerr, 1991). E. coli strains were grown
at 37°C in LB medium. Antibiotics were added at the fol-
lowing concentrations when required: kanamycin, 50 ug/ml
(A. tumefaciens) or 100 ug/ml (E. coli); tetracycline, 5 pg/ml
(A. tumefaciens) or 10 pg/ml (E. coli); ampicillin, 100 pg/ml;
chloramphenicol, 50 pg/ml.

DNA manipulation and plasmid construction

Plasmids and PCR products were purified using Plasmid
Miniprep Kit and QIAquick PCR Purification Kit (Qiagen),
respectively. For construction of pK18-gntR, the DNA frag-
ment flanking gntR was amplified from A. tumefaciens strain
A6 with PCR primer paris 5'-GCTCTAGAGCGTTGCAA
GCTCAAGC-3' / 5-CGGGATCCGTAGGTGCGCTCAAG
CTG-3" and 5'-CGGGATCCAGCGTCGATACAGGTTGC-
3" /1 5'-GCTCTAGAGCCGTGATAGGGGCTTTC-3" (enzyme
cut sites underlined), digested with BamHI and ligated with
each other for PCR amplification using primes of 5'-GC
TCTAGAGCGTTGCAAGCTCAAGC-3" and 5'-GCTCTA
GAGCCGTGATAGGGGCTTTC-3', the PCR product was
purified and cut by Xbal for subsequent ligation with Xbal-
digested vector pK18. The resulting plasmid was screened
by PCR and confirmed by DNA sequencing. The plasmid
pK18-attjg301c was generated by ligation of the BamHI-
digested pK18 and the BamHI-digested PCR fragment which
was amplified from A6MR with primers of 5'-CGGGATCC
ATGGGCCAAAGGGGCCAAG-3" and 5-CGGGATCCCT
AGTCTTTCTGCGATCG-3' (enzyme cut sites underlined).

The constructs pLA-gntR, pLA-tral, and pLA-att] were as-
sembled as follows: the GntR-, Tral-, and AttJ-coding regions
were amplified from A. tumefaciens A6 using the PCR pri-
mer pairs of 5-GGAATTCCATGATGGGCGATAGGGA
AA-3" / 5-GGAATTCTCTCCTCACTCCATGC-3', 5'-CG
GGATCCATGCTGATTCTGACCGTCTC-3" / 5'-CGGGA
TCCTCACGCCGCACTCCTCAAC-3" and 5'-CGGGATC
CATGGGCCAAAGGGGCCAAG-3' / 5-AACTGCAGCTA
GTCTTTCTGCGATCGG-3' (enzyme cut sites underlined
and translational initiation sites italicized) respectively, di-
gested and linked into the pLAFR3 vector. The resultant con-
structs were further analyzed to ensure that the inserts were
in-frame placed in appropriate orientation so that the inserted
genes could be driven by the lac promoter of pLAR3.

Genetic manipulation of A. tumefaciens

A. tumefaciens transformation was carried out by electro-
poration as reported (McCormac et al., 1998). Tn5 muta-
genesis was performed following previous procedures (Zhang
et al., 2004). The allelic replacement of att/g301c with the
native att] in the A6 strain and in-frame deletion of gntR
were carried out as described previously (Wang et al., 2006a,
2014a).

Quantification of -galactosidase activity

Quantification of P-galactosidase activity was conducted
according to the method previously described (Stachel et
al., 1985). The B-galactosidase activity was measured and ex-
pressed as units per 10’ CFU.
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Quantification of AHL and AHL-lactonase activity

The amount of AHL signals produced by bacterial cells was
quantitatively determined as described previously using
NT1 (traR, tra:lacZ749) as the indicator strain (Dong et al.,
2000). Since AHL is undetectable in the liquid culture of A.
tumefaciens A6 (Wang et al., 2006a), the AHL production
was only quantified on the solid plate in this study. The
amount of AHL produced by A. tumefaciens was expressed
as the equivalent of N-(3-oxo-octanoyl)-L-homoserine lac-
tone (30C8HSL) (Zhang et al., 2002b; Wang et al., 2006a).
AHL-lactonase activity was analyzed as previously reported
(Dong et al., 2000). Briefly, soluble protein samples were
mixed with 30C8HSL (final concentration, 5 uM) and in-
cubated at 28°C for 20 min. An aliquot of samples was col-
lected for measuring the 30C8HSL concentration in the re-
action mixture.

RNA preparation and RT-PCR

Bacterial cells were cultivated in BM medium at 28°C with
200 rpm shaking, and collected by centrifugation at 4°C.
Total RNAs were isolated using RNeasy Mini kit (QIAGEN)
and the residual DNA present in the RNA samples was re-
moved by the RNase-free DNase I digestion. Quantity and
quality of the RNA samples were monitored by Nanodrop®
ND-1000 (Nanodrop Technologies) and agrose gel electro-
phoresis. An aliquot of 0.2 pg total RNAs was serially 10-
time diluted and used as template for one-step RT-PCR ana-
lysis (QIAGEN). PCR primer pairs for attM and att] were
5 -CTGCCATATTGCGTCGATG-3" / 5-GTGACGATCT
TTGCTCCCTTG-3" and 5-CTGCCATATTGCGTCGAT
G-3' / 5-GTGACGATCTTTGCTCCCTTG-3', respectively.
The primers for rpoC (DNA-directed RNA polymerase sub-
unit beta), which was included as control, were 5-ATCTG
GTTCCTGAAGTCGCT-3' / 5-TCGATCACCACGTAGC
TCTC-3".

Transcription start site determination

Identification of the transcription start site of att] was con-
ducted by the method as published previously (Wang et al.,
2012, 2014b). Briefly, total RN As of wild type strain A6 were
extracted from bacterial cells cultivated in BM minimal me-
dium and treated with RQ1 RNase-free DNase I (Promega)
to remove the residual DNAs. First-stranded cDNA of att]
was synthesized from total RNAs by Superscript III reverse
transcriptase (Invitrogen) using primers Primerl-att] of
5'-(p)CATCTAAGCGAGTGGGGTCC-3', whose 5'-end has
been modified with a phosphorus group (Proligo Company).
After the synthesis, the reverse transcriptase was inactivated
and the RNAs were digested with RNase Cocktail (Ambion).
With purification, cDNAs was then self-ligated by T4 RNA
ligase (Roche Molecular Biochemicals) to achieve either self-
circularization or intermolecular ligation which was ampli-
fied by inverse PCR. The inverse PCR primers were 5 -GA
TCAAGCTCAGTCATCACC-3' and 5'-CGATCTGCCGA
TGGAACC-3'. After amplification, the PCR products were
purified and cloned into pGEM-T easy vector system I (Pro-
mega) for DNA sequencing. With sequences analysis, the
transcription initiation sites could be mapped to the nucleo-
tide immediately in junction with the 5-(p)-ends of the pri-
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mers used for first-strand cDNA synthesis (Fig. 6A).

Protein purification and analysis

His-tagged Att] purification was carried out as described
previously (Zhang et al., 2002b). For purification of the re-
combined protein His-tagged AttJpioin, the att/go1c encoding
region from A6MR was amplified and fused into the pET14b
vector (Novagen). After sequencing confirmation, the resul-
tant construct of pET14b-att/g01c was transformed into E.
coli BL21(DE3) by heat shock. The AttJpioin protein was
purified with the Ni-NTA affinity column (Qiagen). Gel fil-
tration was carried out in the DPBS buffer (containing 0.2 g
KCl, 0.2 g KH,PO,, 8.0 g NaCl, and 2.16 g Na,HPO,-7H,O
per L, pH 7.3) with Superdex-75 or Superdex-200 (Amer-
sham). Protein crosslink was performed as follows: the puri-
fied proteins were initially desalted with Ultracel-30K (Milli-
pore), and then buffered with a concentration of 150 pg/ml
in HGNED solution (1 mM DTT, 100 mM NaCl, 0.2 mM
EDTA, 10% Glycerol, 25 mM HEPES, pH 7.5). The gluta-
raldehyde solution was prepared in HGNED buffer with re-
quired concentrations, immediately prior to the experiment.

(A)

(B) 50+

35+
20+

AHL production (pmol
[8)}

= £

AB ABMR M103

Fig. 1. Identification and characterization of A6 mutant deficient in AHL
production. (A) GntR is not involved in AHL-deficiency of the mutant of
A6 (gntR::Tn5). The indicated bacterial strains were grown for 1 d at 28°C
to measure their AHL production on minimal medium plates. (B) AHL
production of A6MR and its relatives on solid plate. Symbols: open, con-
trol; gray, octopine induced; black, constitutive expression of tral.

Crosslink was carried out by adding 1 pl of the glutaralde-
hyde solution to 9 pl of the protein solution and incubating
at room temperature. After 12 min, the reaction was quenched
with 1 ul of Tris-Glycine solution (1 M Tris, 1 M Glycine, pH
8.0). After boiling for 5 min, samples were analyzed on a
10% PAGE gel, visualized by coomassie blue staining.

Results

Characterization of the AHL-deficient mutant AGMR

To explore regulatory elements associating with QS regu-
lation, we used A. tumefaciens A6 as the parent strain for
Tn5 mutagenesis to screen AHL-deficient mutants. Among
~6,000 mutants screened, one AHL-deficient mutant, des-
ignated as A6GMR in this study, was obtained. This mutant
produced, if it did, undetectable AHL production on the
solid plate, in contrast to the result of its parent A6 (Fig.
1A). Sequence analysis showed the Tn5 transposon inserted
within an ORF encoding a gntR-family transcriptional fac-
tor, sharing 67% identity with the atu4624 gene in A. tume-
faciens strain C58. Similar to atu4624, the gntR gene in A6
was flanked by an upstream gene of dppB and a downstream
uxuA, both of which appeared highly homologous to the
atu4623-atu4626 locus in C58. To validate that the Tn5 in-
sertion is responsible for the AHL-deficient phenotype of
A6MR, we firstly transformed the pLA-gntR plasmid in the
A6 strain for complementation analysis and then in-framely
deleted the gntR gene in A6 for regeneration of the AHL-
deficient phenotype. Unexpectedly, the results showed con-
stitutive expression of gntR failed to recover the phenotype
and in-frame deletion of gntR also was unable to reproduce
the phenotype (Fig. 1A), indicating that the AHL-deficiency
of A6MR is not attributed to the gntR disruption and sug-
gesting that additional mutation(s) may occur in the mutant
of A6MR. In search of these mutation(s), we found that the
octopine inducer could not promote A6MR to produce de-
tectable AHL, different from the result of the parent strain A6
(Fig. 1B). When Tral was constitutively expressed in A6MR,
A6MR(pLA-tral) readily produced detectable AHL on solid
plates, although its AHL production (10.7+0.3 pmol) ap-
peared less than that of the control A6 (pLA-tral) (32.9£5.6
pmol) (Fig. 1B). Interestingly, these characteristics of AGMR
seemed to closely parallel with those of the Att]-mutated
M103. As shown in Fig. 1B, no AHL signal was detected for
M103 with octopine induction and 10.8+2.7 pmol of AHL
could be recorded for the M103(pLA-tral) mutant, suggest-
ing that A6MR and M103 may share some overlapping ge-
netic defect(s) for their AHL accumulation. Overexpression
of AttM in M103 tempted us to examine the AHL lactonase
activity for these bacteria. The results showed the AHL-lac-
tonase activity in AGMR was dramatically higher than that
of its parent A6 and comparable to that of M103 (data not
shown), indicating that the AHL degradation pathway may
implicate with the AHL-deficient phenotype of A6MR.

Identification of the g301c nucleotide mutation of att] in
A6MR

In A. tumefaciens A6, the AHL-lactonase activity is predo-



Fig. 2. Location of D101 in the dimer of Att] by re-analyzing previously
published three-dimension crystal structure (Pan ef al., 2011). Relevant
amino residents are indicated by arrows respectively.

minantly provided by AttM and the attM gene is tightly re-
pressed by Att]. Phenotypic similarity between A6MR and
M103 tempted us to sequence the attM and att] genes of the
A6MR mutant. DNA sequence comparison showed no mu-
tation occurred in the attM gene between A6 and A6MR.
However, a single point mutation was identified at the posi-
tion of 301" out of the 825-nucleotide att] encoding region,
where a guanine (G) was converted into cytosine (C) in the
mutant (data not shown). At amino acid level, the g301c
mutation changed an aspartic acid (D) to be a histidine (H)
at the 101* position of the Att] polypeptide. Thus, this point
mutation was named as g301c at nucleotide level and D101H
at peptide level. Structural modelling suggested that the
D101H mutation perched within the swing domain of Att],
which links the N-terminal HTH DNA binding domain and
the C-terminal ligand-binding domain (Fig. 2). In Thermotoga
maritima, the swing domain of TM-IcIR, a homologue of
Att], has been suggested to play a critical role for protein
oligomerization, suggesting that the D101H mutation may
also affect the folding of Att].

D101H affected Att] dimerization in vitro

To test the possibility that D101H may deteriorate the fold-
ing of Att], we heterogeneously expressed the native Att] and
its variant AttJpioin in E. coli. After purification, the pro-
teins were respectively subjected to gel filtration and pro-
tein crosslink to monitor their polymeric status. As shown
in Fig. 3A, one peak appeared on the gel filtration graph for
the His-tagged Att] and its molecule weight (MW) was es-
timated about 60 kDa, doubling the deduced MW of mo-
nomeric Att] and indicating that Att] may exist as dimer in
the DPBS buffer. By contrast, two dominant peaks and one
minor peak were observed in the gel filtration graph for
His-tagged AttJpioin; the MWs appeared more than 200
kDa for the predominant peaks and around 60 kDa for the
minor peak, indicating that AttJpio1n may aggregate or form
oligomers readily under this condition (Fig. 3A). Protein
crosslink analysis showed both monomeric and dimeric mol-
ecules were captured for Att], suggesting Att] existed as a
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dimer in the HGNED bulffer (Fig. 3B). This result appeared
compatible with the result of gel filtration in Fig. 3A. In ad-
dition to the monomeric and dimeric molecules, however,
another molecule species was also captured for AttJpioin in
the protein crosslink experiment (Fig. 3B). The MW of this
molecule was within a range of 83 kDa to 175 kDa, sugges-
ting this molecule species may be a tetramer of AttJpioin. It
was noted that the MW of this molecule estimated from the
protein crosslink appeared different from that estimated
from the gel filtration. This difference of MW may attribute
to the different buffers used in the experiment, further sup-
porting that the Att]pio1n variant is less stable compared with
the Att] protein. Put together, these results showed that the
D101 amino acid is crucial to stabilize the dimeric status of
Att] in vitro.

D101H of Att] up-regulated attM in vivo

To further verify that the D101 amino acid is crucial for Att]
function in vivo, we regenerated the AttJpioin mutation in
the wild type A6 by allelic replacement. The resultant mu-
tant A6 (att/go1c) failed to produce detectable AHL on solid
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Fig. 3. Effects of D101H mutation on the oligomeric status of Att]. (A) Gel
filtration analysis of native Att] (red dashed line) and AttJpioin (blue solid
line) with G200 sephadex column in PBS buffer. The estimated molecular
weights were indicated on the peaks respectively. (B) Cross-linking of BlcR
and AttJpioin with glutaraldehyde. Protein samples were incubated in the
presence of glutaraldehyde with indicated concentrations for 12 min at
room temperature and quenched with Tris-Glysine buffer, and then sub-
jected to 10% SDS-PAGE electrophoresis. The protein bands were visua-
lized by staining with coomassie brilliant blue. The bands corresponding
to monomer and oligomer molecules are indicated by arrows. M, mole-
cular weight marker.



I 628 Wang et al.

(A)
RNA template
dilution imes | 10 100
AB
M103
AB(attJyz01c)
rpoC
B
®) 700
o
S 600
Q o~
© = 500+
2o
8 £ 4004
539
£ £ 3001
25
_ 200+
z 1001
ol 1

N
po ,\\r\’\d‘)’ P\@,\aﬁj s

Fig. 4. Overexpression of the AttM AHL-lactonase in A6 (att]gorc). (A)
RT-PCR analysis of attM transcription. The total RNAs were purified
from the given bacterial cultures at exponential phase in minimal media.
The RNA templates were serially diluted as indicated on the top for the
semi-quantitative RT-PCR analyses. The rpoC gene was included as control.
(B) AHL-lactonase activities of A6 (att/g01c) and the relevant controls de-
termined by the method described in the context.

plate (data not shown). Hence, the D101H mutation alone
could reproduce the phenotypes of AGMR, indicating that the
AHL-deficiency of A6MR is due to the D101H mutation of
Att] but not due to the gntR disruption. Using A6 (att/go1c),
we semi-quantitatively compared the attM transcription with
those of the wild-type strain A6 and the Att]-mutated strain
M103. As shown in Fig. 4A, RT-PCR results showed attM
of A6 (att]goi) was transcribed much more actively than
that of A6 and comparable with that of the control M103.
Consistently, the AHL lactonase activity in A6 (attJgo1c) was
significantly higher than that of A6 and indistinguishable
from that of M103 (Fig. 4B), demonstrating that the D101H
mutation in Att] could up-regulate the attM gene in vivo.

D101H of Att] up-regulated att] in vivo

Since Att] is a key repressor for the attM regulation, over-
expression of attM in A6 (att]goic) tempted us to examine
whether the att] transcription is decreased in this mutant.
Unexpectedly, RT-PCR analysis showed that the transcrip-
tion of att] was highly increased in A6 (att/g01c) compared

to the parent strain A6 (Fig. 5A). To validate this result, the
plasmid pLA-att]::lacZ, where the att] gene was transcrip-
tionally fused with the promoterless lacZ and thus the att]
transcription could be reflected by the B-galactosidase acti-
vity, was introduced in A6, A6 (att]y301c) and M103, respec-
tively. As shown in Fig. 5B, the P-galactosidase activity was
significantly higher in A6 (att/g01c) than that of A6. Com-
patible with the RT-PCR result, the p-galactosidase activity
in A6 (att]go1c) was comparable to that of M103 (Fig. 5B). Put
together, these data not only substantiated that the D101H
mutation could fully disarm the function of Att], but also
suggested that Att] might also involve in its own transcrip-
tion.

Identification of transcription start site of att]

For further examination of the att] autoregulation, the pro-
moter regions of att] and attKLM were analyzed in silico
and the transcription start site of att] was identified. As shown
in Fig. 7A, 55 base pairs were positioned between the trans-
lation start sites of att] and attK. The attKLM promoter
spanned a stretch of DNA sequence from 800 to 884, pre-

(A) RNA template
dilution times

A6

M103 =
(]

A6(attJgz01c)

(U/10°CFU)
>
<

p-Galactosidase activity

Fig. 5. Overexpression of the Att] transcriptional factor in A6 (attJgoic).
(A) RT-PCR analysis of att] transcription. The total RNAs were purified
from the given bacterial cultures at exponential phase in minimal media.
The RNA templates were serially diluted as indicated on the top for the
semiquantitative RT-PCR analyses. The rpoC gene was included as control.
(B) Analysis of the att] transcription in A6 (att/go1c) and its derivatives by
determining the B-galactosidase activity at exponential phases.



sumably overlapping the potential promoter of att] (from
829 to 883). At 25 bp upstream of att] translation initiate site,
a canonical “-10” element was identified as ACTAAT, which
appeared similar to the typical “-10” element (TATAAT) in
E. coli but different from that of attK (CATAGT) in A.
tumefaciens. The “-35” region of att] predicted as GACCTC,
also similar to the typical “-35” element (TTGACA) in E.
coli and identical to that of a#tK, implying the promoters of
att] and attK might be recognized by different types of RNA
polymerase complex. The transcriptional start site of attK
identified previously as the T at the 46™ position upstream
the translation start site of attK (Chai et al., 2007). Using a
method published previously (Wang et al., 2012), the tran-
scriptional start site of att] was identified as the A at the
16" position upstream the translation start site of attJ (Fig. 6).

Autorepressive regulation of Att]

Analyses of the intergenic region between att] and attK also
revealed that promoters of attK and att] were largely over-
lapping with each other, and this overlapping region ap-
peared in line with the binding region of Att] (Fig. 7A). To
experimentally validate the autoregulation of Att], we uti-
lized two A. tumefaciens strains to study the Att] transcrip-
tion in vivo. One was A6 (att]:lacZ) and the other was A6
(att]:lacZ, pLA-att]). A6 (att]::lacZ) was the wild type strain

(A) Primerl
5 mRNA <4 5

First-stranded cDNA

<@l 5

4+ 5
Primer2

5! St
Primer3

gene-specific oligonucleotide sets

l Inverse PCR amplification by

Primer 3
+— 5

—_—
Primer 2

Ligation into vectors,
Transformation, Sequencing

Data analysis

B)

1st-stranded cDNA synthesis by
& gene-specific primers with 5’-P ends

Self-ligation by T4 RNA ligase
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A6 whose att] was disrupted by transcriptional fusion of the
promoterless lacZ fragment. Hence, attM was overexpressed
and the AHL lactonase activity displayed significantly high
(Fig. 7B). A6 (att]:lacZ, pLA-att]) was A6 (att]::lacZ) carry-
ing a low-copy number plasmid where the att] gene was con-
stitutively expressed. Thus, the attM was suppressed and the
AHL lactonase activity was low (Fig. 7B), suggesting in trans
expression of att] are functional in A. tumefaciens. With these
two strains, the att] transcription was analyzed by measur-
ing the the p-galactosidase activity. Similar to the attM gene,
the results indicated that att] was transcribed at a high level
in A6 (att]::lacZ) while at a low level in A6 (att]::lacZ, pLA-
att]), suggesting that heterogeneous expression of attJ could
suppress the transcription of att] itself and confirming the
autorepression for Att] regulation.

Discussion

The att]-attKLM cluster is a part of att region on the cryptic
plasmid of AT in A. tumefaciens. Although the att region
was initially proposed to be involved in attachment to plant,
the role of each att gene was not fully characterized (Matthy-
sse et al., 2000). In the nopaline-type strain C58, the attKLM
operon has been well characterized in the metabolism of

Fig. 6. Determination of att] transcription
initiation site. (A) Schematic illustration for
determination of transcriptional start site.
Primerl is a 5’-phosphorylated oligonucle-
otide specific to the gene to be studied, the
single-stranded cDNA from the primer ex-
tensions is circularized by T4 RNA ligase.
Primer2 and Primer3 are normal PCR pri-
mers complementary to certain sequences
between the Primer] target and the transla-
tional start site. The single-stranded cDNA
from primer extensions is circularized by T4
RNA ligase. The inverse PCR using Primer2
and Primer3 and the ligation mixture as tem-
plate amplify the fragment containing the
junction of 3’-end and 5’-end of cDNAs.
(B) The transcription start sites for att] in
A. tumefaciens A6 determined by the stra-
tegy above. Only parts of sequence results
are presented. Primerls for att] extension is
named as Primer1-att] whose oligonucleo-
tide sequences are underlined respectively;
the transcriptional start site is indicated by
the starting point of arrow (+1) and the tran-
scriptional direction is represented by the
arrow direction.
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Fig. 7. Autoregulation of Att]. (A) Schematic presentation of att/-attKLM
locus and analysis of intergenic region in A. tumefaciens A6. Top: the ORFs
are presented on the with the transcription directions indicated with arrows
and the translational start sites of aftJ and attK are numbered respectively
beginning from the 3rd nucleotide of stop codon for att]. The genes are
not drawn in scale relative to each other. Bottom: the DNA sequence is
retrieved from GenBank (accession No. AY052389) with the start of 792
and the end of 911 as indicated by vertical arrows. The potential promoter
elements of attKLM, including -35 region, -10 region and ribosome bind-
ing site (SD) are indicated above the sequence, while the corresponding
elements for att] promoter are underlined under the sequence. The arrows
indicate the direction of transcription and its ends represent the transcrip-
tion start sites determined in Fig. 6 and Chai et al. (2007). The Att] bind-
ing sites are in boxed in red and blue, and the translation start sites are in
bold fonts respectively. (B) Repression of att] and attM expression by Att].
B-Galactosidase activity (left axis) and AHL lactonase activity (right axis)
of A6 (att]:lacZ) and A6 (att]::lacZ, pLA-att]).

gamma-butyrolactone (Carlier et al., 2004; Chai et al., 2007;
Subramoni et al., 2014). In octopine-type strain A6, how-
ever, studies of the attJ-attKLM locus were mainly focused
on its significance on QS signal degradation (Zhang et al.,
2002b, 2004; Wang et al., 2006b). In both strains, Att] serves
as a negative transcription factor of the attKLM operon. In

this study, we showed that the 101" aspartic acid residue
(D101) in Att] is essential for Att] function, which is con-
served in both strains of nopaline-type C58 and octopine-
type A6. Conversion of the aspartic acid into a histidine
completely abrogates Att] inhibition, enhancing the AttM
expression and leading to the AHL-deficiency phenotype
(Figs. 1 and 4). Biochemical evidence suggested D101 is cru-
cial to maintain the dimeric status of Att], and substitution
of D101 with H in Att] led to the M103-like phenotypes in
A. tumefaciens A6, indicating the significance of this amino
acid for the biological function of Att] in vivo.

Sequence analyses showed that Att] is a member of the
IcIR-family transcription factors. Members of this family
typically contain a small N-terminal DNA binding domain,
a large C-terminal putative signal binding domain, and a
short swing region linking the DAN binding domain and
the signal binding domain (Zhang et al., 2002b; Pan et al.,
2011, 2013). Usually, IcIR-like regulators function as dimers
or a dimer of dimers (Molina-Henares et al., 2006). Results
from TM-IcIR, a homolog of Att] in T. maritime, showed the
linking region plays a critical role in protein dimerization.
In the crystal structure of TM-IcIR, the linking region com-
prised an a-helix and a short loop, which formed a hydro-
phobic dimerization interface (Zhang et al., 2002a). In the
crystal structure of Att], D101 is located right before Helix
5 and its side chain forms two hydrogen bonds with side
chain of S104 of the same monomer, and the side chain of
$104 is also H-bonded with that of R84 of the other mono-
mer (Fig. 2B). Since D is acidic and negative charged and H
is basic and positive changed, D101H mutation may not
maintain H-bonding between D101 and S104, thus chang-
ing the protein conformation and causing the protein aggre-
gation, although the detailed mechanism remains to be fur-
ther studied. Identification of D101 as a critical amino acid
provides an additional layer of information that how IcIR-
type repressors function as oligomers to regulate gene ex-
pression (Pan et al., 2011, 2013).

In addition to the functional importance of D101 amino
acid, we also identified the transcription start site of Att]
and demonstrated that att] is auto-regulated in this paper.
Transcription start sites of attK and att], together with the
Att] binding region, suggested the att]/ and attK promoters
are overlapping and binding of Att] may simultaneously oc-
clude the RNA polymerase binding (Fig. 7). Disruption of
att] led to considerable increase of its transcription whereas
overexpression of att] completely subverted the increase
caused by Att] dysfunction (Fig. 7). These findings are not
unique in A. tumefaciens; similar autorepression has been
elucidated in other members of IcIR-type regulators. For ex-
ample, the icIR regulation is repressed by IcIR in E. coli (Gui
et al., 1996a, 1996b) and the pobR gene seems to be activated
by PobR in Acinetobacter calcoaceticus (DiMarco et al., 1993).
Since IcIR-type usually regulates the carbon metabolism, the
autorepression of IcIR-type regulators has been suggested
to be important for bacterial cells to promptly adjust their
physiological status responding to different nutrient sour-
ces (Molina-Henares et al., 2006). Serving as an auto-repre-
ssor, Att] may be advantageous for A. tumefaciens to defend
against the nutrient-depletive conditions. Upon starvation,
the QQ system of A. tumefaciens has been shown to be active



to terminate the energy-consuming process such as Ti plas-
mid replication and conjugation (Zhang et al., 2004; Hau-
decoeur et al., 2009a). To activate the QQ system, A. tume-
faciens need to induce the attM gene and concomitantly re-
duce the repressive activity of Att] (Haudecoeur and Faure,
2010). Due to the autorepression of Att], induction of attM
will simultaneously lead to an increase in the transcription
of this repressor. Such an increase might be counterproduc-
tive, since it would oppose the induction of AttM. In this
way, A. tumefaciens could induce the expression of att/-
attKLM but keep it at an appropriate level when encoun-
tering the nutrient depletion. Given that the AttKLM operon
is also responsible for the catabolism of y-butyrolactone, it is
of evolutionary advantage to evolve the autoregulatory mech-
anism for Att] regulator to cope with the stressful situation
during infection (Haudecoeur and Faure, 2010). Together,
identification of the point mutation critical for Att] transcrip-
tional activity and demonstration of its autorepression pro-
vide new mechanistic insights into quorum quenching and
y-butyrolactone metabolism in A. tumefaciens.

In conclusion, Att] is an important transcription factor reg-
ulating the expression of AttKLM operon. In A. tumefaciens,
AttKLM have been identified as enzymes degrading host-pro-
duced GABA and bacteria-derived quorum sensing signals.
Thus studies of AttJ-mediated AttKLM regulation are of sig-
nificance to understand the tumorigenicity of A. tumefaciens.
Using a Tn5-based mutagenesis approach, in this study we
demonstrated the D101 of Att] plays a critical role in the
transcription activity of Att], most likely by supporting the
protein oligomeric status. Also, we revealed the transcription
of att] is regulated through a negative feedback loop. Muta-
tion of D101H both increased the expression of attKLM
and att] itself as well. Put together, these results not only ex-
pand our understanding on the biochemical property of Att]
but also provide new mechanistic insights into the regula-
tion of GABA metabolism and quorum quenching of A.
tumefaciens.
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