[CGRYEZ

Acta Microbiologica Sinica

2019, 59(5): 851-862
http://journals.im.ac.cn/actamicrocn
DOI: 10.13343/j.cnki.wsxb.20180326

Research Article IRIEETES

The transcriptional regulator SpfB negatively regulates DNA
phosphorothioate modification in Pseudomonas fluorescens P{0-1
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Abstract: [Objective] DNA phosphorothioate (PT) modification, in which the sulfur replaces a nonbridging
oxygen, occurs naturally in diverse bacteria, archaea and human pathogens as a new kind of epigenetic
modification. However, the regulatory mechanism of PT modification has not been fully characterized. In this
study, the regulatory mechanism of spfB on DNA phosphorothioate (PT) modification in Pseudomonas fluorescens
Pf0-1 was demonstrated. [Methods] Firstly, the spfB genetic interruption and complementary strains were
constructed by homologous recombination and then tested the modification frequency in these strains by iodine
cleavage. The operons within spf gene cluster were grouped by RT-PCR and the transcriptional level was analyzed
in the AspfB mutant by quantitative real-time PCR. Finally, the possible regulatory region of SpfB on the spf operon
was characterized by EMSA and DNase [ footprinting assay. [Results] The inactivation of spfB led to more
dispersed small fragments in genomic DNA of AspfB mutant and its complementation obviously restored the
phenotype of wild type strain. Genes in spf gene cluster were assigned into one co-transcription unit, and the
disruption of spfB directly up-regulated the transcription of the operon. In vitro SpfB directly protected two separate
sequences within the spf promoter region from DNase I cleavage, and each protected sequence contained a direct
repeat (5'-TGTTTGT-3"). [Conclusion] SpfB in Pseudomonas fluorescens Pf0-1 was a negative regulator in DNA

phosphorothioate modification.

Keywords: Pseudomonas fluorescens, DNA phosphorothioation, epigenetic modification, RT-PCR, negative

regulator

DNA phosphorothioate (PT) modification was bacteria®’. The chemical nature of PT modification

originally characteristic of the DNA degradation
(Dnd phenotype) during electrophoresis of genomic
DNA from Gram-positive bacterium Streptomyces
lividans 66" and many other distantly related

was found to be the incorporation of sulfur into
DNA sugar-phosphate backbone for the replacement
of the nonbridging oxygen by dnd (dndA—dndFE)

. . 3
cluster in a sequence and stereospecific manner'.,
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Since then, the five-member dnd cluster has been
reported in various taxonomically unrelated bacteria,
archaea and even human pathogens”. Gene dndA
can be found located either adjacent to clustered
dndBCDE or elsewhere in the genome and the
encoded DndA was an NifS-like cysteine desulfurase
capable of assembling of DndC, which was a
homologue of 3’-phosphoadenosine-5'-phosphosulfate
(PAPS) reductase family proteins possessing ATP
pyrophosphatase activity'”. A DndD homologue in
Pf0-1, SpfD, was
proposed to be related to DNA structural alteration

Pseudomonas  fluorescens
or nicking during sulfur incorporation with its
ATPase activity!”!. Both of the canonical DndE"™ and
DndEi with an additional DNA helicase domain"’
were assumed to bind the nicked double-stranded
DNA during PT modifications. The biochemical
study of PT modification revealed that DndA, C, D
and E protein function as a large protein complex!'®.
In some bacteria, PT-modifying genes dndACDE are
in close proximity to restriction gene dndF'GH, both of
which form a novel host-specific restriction-modification
(R-M) defense system for both of the host modification
of conserved G, AAC/G,TTC sequences and the
formation of double-stranded breaks in non-PT-protected
DNA"'. Without
unrestrained restriction activity of DndFGH leads to
double-stranded DNA damage which in turn
triggered the SOS response, cell filamentation, and
induction!'?. that, PT

labile DNA

modifications that exert effects on bacterial fitness

foreign PT modification,

prophage Apart from

modifications are dynamic and
in stressful environments, such as oxidative stress
and exposure to peroxide and hypohalous acids!".
The application of liquid chromatography-coupled
tandem quadrupole mass spectrometry (LC-MS/MS),
deep sequencing of iodine-induced cleavage at PT
(ICDS), and single-molecule, real-time (SMRT)
sequencing technology have revealed that PT was a
partial, low frequency and dynamic genomic
modification, which intriguing the question on the
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mechanism to maintain this low abundance
modification suitable for cellular activities.

Recently, the transcriptional regulatory function
of DptB in Salmonella enterica serovar Cerro 87 has
been reported. The DNA binding sequence of DptB
was suggested to be conserved in other strains like
Cedecea neteri strain ND14a and E. coli BTAM". As
dptB homologs have been found in almost all the PT
modification gene clusters including the spfBCDE
gene cluster in P. fluorescens Pf0-17), which
encoded proteins all exhibited high homology to that
in S. lividans 1326. Especially, the work of the
functional characterization of SpfD revealed for the
first time the ATPase activity, contributing to the
understanding of the biological PT modification.
The whole genomic DNA of P. fluorescens P10-1
(GenBank ID: CP000094) has

sequenced, interested by

already been
simple  nutritional
requirements but versatile metabolism and ability to
function as a biological control agent'>, Meanwhile,
this strain has been served as good study material for
PT modification. So, the regulatory study of PT
modification in this strain will help expanding the
knowledge of the various PT sustaining mechanism
and benefit further biochemical characterization.

In this study, the regulatory role of spfB in
genomic PT modifications was firstly investigated
and the regulated region of spf cluster was finally
identified. The reported data here demonstrated the
negative regulatory role of SpfB for the maintaining
of PT modification and revealed two pairs of direct
repeats within the binding region of the regulated
operon, which was different from the reported
binding region of DptB in S. enterica serovar Cerro
87.

1 Materials and Methods

1.1 Bacterial strains and plasmids

Bacteria and plasmids used in this study were
listed in Table 1.
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Table 1. Strains and plasmids

Strains and plasmids Characters Source
Strains

E. coli DH10B F-mcrA A(mrr-hsdRMS-mcrBC) A80d lacZAM15 AlacX74 deoR recAlendAlaraAl139 D GIBCO BRL

(ara, leu)7697 galU galK A-rpsL nupG

E. coli BL21(DE3)  hsdS gal, chromosomal insertion of T7 pol [23]

P. fluorescens Pf0-1  Wild-type strain Lab collection
E. coli S17-1 Apir E. coli recA pro (RP4-2 Tet::Mu Kan::Tn7) [24]

AspfB P. fluorescens Pf0-1 mutant with disruption of spfB This study
cAspfB The complementation strain of AspfB This study
Plasmids

pET-28a Expression vector, pBR322 replicon, PT7, His6 Tag, Km" Novagen
pPSUMO Expression vector, pBR322 replicon, PT7, SUMO Tag, Km" [25]
pK18mobSacB pMBI1 ori, mob, Km', sacB, sacB [26]
pBBRIMCS-2 Complementary plasmid, a broad-host-range cloning vector, Km" [27]

pYPO1 Derivative plasmid of pK18mobSacB containing 1123-bp homologous fragment This study

surrounding spfB

pYP02 Derivative plasmid of pPSUMO containing intact spfB for the expression of fused SUMO-SpfB  This study
pYPO3 pUCS57 derivative containing 295-bp fragment of promoter region of the spfBCDE operon This study
pYP04 pBBR derivative complementary plasmid containing SUMO and spfB gene This study

1.2 General culture conditions

The culture of Escherichia coli, P. fluorescens
Pf0-1 and its derivate strains were conducted
according to the protocol described before!”. The
wild type P. fluorescens Pf0-1 was used as original
strain for construction of AspfB mutant. E. coli
DH10B was used for routine gene cloning. Enzymes
for DNA manipulation were purchased from Fermentas,
genomic DNA isolation from P. fluorescens Pf0-1,
AspfB and cAspfB mutants were conducted using the
TIANamp Bacteria DNA Kit (TIANGEN) and
extraction of plasmids were performed using
TIANprep Rapid Mini Plasmid Kit. E. coli
BL21(DE3) was used as hetero-expression host for
spfB. E. coli S17-1 Apir was used for conjugation.
pPSUMO was used as protein expression vector.

1.3 Construction of the AspfB mutants

The AspfB mutants
homologous recombination using the sucrose-sensitive
plasmid pKl18mobsacB. A 1.2 kb fragment
containing partial fragment of spfB surrounding with
homologous arms was amplified by two-step overlap
extension PCR with Pfu DNA polymerase (Vazyme),
using two pairs of primers spfB-LL/spfB-LR (5’-CG

were constructed by

GAATTCTCCCTAGACGGCCTGCGAGT-3"/5"-GGC
GACCATCAGCGGTTCGATGAGCCCGCAGCTC
AGGCAT-3") and spfB-RL/spfB-RR (5'-ATGCCTG
AGCTGCGGGCTCATCGAACCGCTGATGGTCG
CC-3"/5"-CGGGATCCGCCAGCGACGACTGAAC
CCA-3"). The pair of primer spfB-LL/spfB-RR
carried a 40 nt overlap for the amplification of the
fusion natural fragment with incorporation of EcoR 1
and BamH 1 restriction sites at the terminals. The
resultant fragment was then digested with EcoR 1
and BamH I and cloned into plasmid pK18mobSacB
for the construction of recombinant plasmid pYPO1.
Plasmid pYPO1 was then transformed into S17-1
Apir and cultured with P. fluorescens Pf0-1 on NAN
plate (peptone 5 g/L, yeast extract 1 g/L, beef extract
3 g/L, agar 15 g/L) for incubation of transformants.
The mating and selection were conducted according to

the procedure described before!'®

. Mating bacterial
colonies was firstly scratched and resuspend in 1 mL
of PBS buffer. Then, 200 uL of each dilution (10x,
100%, 1000x) was plated on NAN medium supplied
with ampicillin (100 mg/mL), chloramphenicol
(25 mg/mL) and kanamycin (50 mg/mL) for
selection of the single crossover intermediate strains.

After that, 200 uL of each diluted colonies was

http://journals.im.ac.cn/actamicrocn
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plated on NAS medium (NA medium supplemented
with 5% sucrose in the presence of ampicillin and
chloramphenicol) at 30 °C for the final selection of
the double crossover AspfB strain WYPO1. The
positive AspfB strains were verified through PCR
with primers spfB-LL and spfB-RR.

1.4 The construction of complementary cAspfB
strain

For the construction of AspfB complementary
strain cAspfB, the broad-host-range cloning vector
pBBRIMCS-2 carrying SUMO tag encoding gene
was used. The intact spfB gene with SUMO tag was
amplified from pYP02 using primers spfB-csl/csr
(5'-ATAAGCTTGATATCGAATTCATGGGCAGCA
GCCATCATCA-3'/5'-GCTCTAGAACTAGTGGAT
CCTTAGCTTGTGGCCTGACGTG-3"). The PCR
product was purified and ligated with pPBBR1MCS-2
vector, resulting in the recombinant plasmid pYP04.
The sequenced positive then
transformed into WYPOI by conjugation and the
selected complementary strains cAspfB were then
verified by PCR using primers spfB-L/R (5'-ATACA
TATGAACATGCTAAAATCCTCC-3'/5'-ATAGGAT
CCTTAGCTTGTGGCCTG-3'). In both cases, the
corresponding strains containing vector pPBBR1MCS-2

plasmid was

were used as control for RT-PCR or PT analysis.
1.5 Iodine cleavage at genomic PT sites

PT-modified DNA can be cleaved by iodine at
the modified sites. A 3 mmol/L iodine solution was
freshly prepared. Reactions (total volume 20 pL)
composed of 0.6 pg genomic DNA, 50 mmol/L
Na,HPO,4 (pH 9.0) and 3 mmol/L I, were conducted
in PCR tubes and incubated under 65 °C for 15 min.
Then the systems were slowly cooled down to 4 °C
with the rate of 0.1 °C/s. PT modifications of
gDNAs from P. fluorescens P10-1 (wild type), AspfB
and cAspfB were subjected to iodine cleavage. Then
the samples were run on a 1% agarose gel buffered
with 0.5XTAE buffer.

1.6 RNA preparation and quantitative real-time
PCR (qPCR)

The cells of P. fluorescens Pf0-1 (wild type),

actamicro@im.ac.cn

AspfB and cAspfB were cultured following standard
procedures until the ODgy reached 0.8—1.0. Total
RNA was isolated with Qiagen RNeasy Protect
Bacteria Mini Kit, following the manufacturer’s
protocol. To synthesize cDNA, 2 ug of purified total
RNA was reverse transcribed using PrimeScriptRT
reagent Kit with gDNA Eraser (TaKaRa) in a 20 puL
reaction volume. The genome and cDNA of P
Sfluorescens Pf0-1 were respectively amplified with
primers spfBCL and spfBCR (5'-CTTGGTTTGGGTT
TGACGCC-3'/5'-GCCTCCGCTATAACCGACAA-3")
and spfBCR, spfCDL and spfCDR (5'-GCTTTGGA
GTTTGCGAGAAGC-3'/5'-AAAATGACAGGTCG
GCCAGG-3'), spfDEL and spfDER (5-ATGAAAG
TCGCCGTAGCGTC-3'/5'-GCAAGAGACATACAG
AGCGCA-3"), which proved the co-transcription of
spfBCDE. qPCR was operated using Maxima®
SYBR Green/ROX qPCR Master Mix (Thermo) and
an Applied Biosystms 7500 fast qPCR system with
the cDNA (25 ng) as the template. The primers
RT-spfCl and RT-spfCr (5'-CCTGCCCCACGAAAT
AGGTT-3"/5'-ATCACGCGTGCTTCCACTAT-3") were
designed according to the spfC gene to quantify the
transcription of the spf operon. The 16S rRNA was
used as internal reference. mRNA levels were
analyzed using the comparative threshold cycle
(27%Y) method. All qPCR assays were carried out
triplicate using independent cultures.
1.7 Expression and purification of the N-terminal
SUMO-tagged SpfB

The spfB gene was PCR amplified with
spfB-L/R  and inserted into the N-terminal
SUMO-tagged expression vector pPSUMO to
construct pYP02. The spfB expression plasmid was
into E. coli BL21(DE3) and the
resultant transformants were cultured at 37°C and

transformed

220 r/min in LB medium supplemented with
kanamycin (50 mg/mL) to ODggo reached 0.6—0.8.
Isopropylthio-B-d-galactoside (IPTG) with final
concentration 0.4 mmol/L was added into the culture
to induce protein expression. The cells were further
cultured at 22 °C for 10 h. Then the cells were
harvested by centrifugation and resuspended in
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buffer A (50 mmol/L Tris-HCI, 200 mmol/L NacCl,
pH 8.0) and then lysed by continuous high-pressure
cell disrupter on 4 °C. After centrifugation (10000xg
for 60 min at 4 °C), the supernatant was applied to a
HiTrap chelating column charged with nickel. The
impurity was eluted by buffer A with 20 mmol/L
imidazole. The SUMO-tagged SpfB was eluted by
buffer A with 200 mmol/L imidazole. Fractions
containing SUMO-tagged labeled SpfB were pooled
and concentrated to 2.5 mL with Amicon Ultra
Centrifugal Filter 20000 MWCO (Millipore). PD-10
columns (GE healthcare) were then used for imidazole
elimination and buffer exchange. The protein was stored
in buffer A with 10% glycerol at —80 °C. Protein
concentration was determined with the Bradford
assay using bovine serum albumin as a standard.

1.8 Electrophoretic mobility shift assay (EMSA)

Putative DNA promoter regions were firstly
amplified using primers spfB-proL/spfB-proR and
then cloned into the plasmid pUCS57 to construct
pYPO03. The resultant plasmids were used as template
for the amplification of the 6-carboxyfluorescein
(FAM)-labeled probes using primers M13F (FAM)
and M13R (5'-TGTAAAACGACGGCCAGT-3"/5'-C
AGGAAACAGCTATGACC-3"). FAM-labeled probes
were purified by the Wizard® SV Gel and PCR
Clean-Up System (Promega) and were quantified
with NanoDrop 2000C (Thermo). The purified
SUMO-tagged SpfB were incubated with labeled
probes at room temperature in a total volume of 20 uL.
buffer comprising of 10 mmol/L Tris-HCI (pH 8.0),
25 mmol/L KCl, 2.5 mmol/L MgCl,, and 1.0 mmol/L
dithiothreitol.
sheared salmon sperm DNA was added to a final

To prevent nonspecific binding,

concentration of 100 ng/uL. After 20 min of
incubation, the fragments were separated by a 2%
agarose gel buffered with 0.5x Tris-borate-EDTA
buffer. Gels were scanned with the ImageQuant™
LAS 4000 mini (GE Healthcare).

1.9 DNase I footprinting assay

For preparation of fluorescent FAM labeled probes,
the Dpx DNA polymerase (TOLO Biotech, Shanghai)

was used for the amplification from pYPO03. The
following DNase I footprinting assays were performed
according to the previously reported protocol !'*.

For each assay, 350 ng probes were incubated
with 14 pg of SpfB in a total volume of 40 pL. After
incubation for 20 min at 30 °C, 10 uL solution
containing about 0.015 unit DNase I (Promega) and
100 nmol freshly prepared CaCl, was added and
further incubated for 1 min at 30 °C. And then, the
reaction was stopped by adding 140 pL DNase I stop
solution (200 mmol/L unbuffered sodium acetate, 30
mmol/L EDTA and 0.15% SDS). Samples were
firstly extracted with phenol/chloroform to remove
the proteins, and then precipitated with ethanol and
the resultant pellets were dissolved in 30 uL MiniQ
DNA ladder,
electrophoresis and data analysis were the same as
described before!'"), except that the GeneScan-LIZ600
size standard (Applied Biosystems) was used.

water. The preparation of the

1.10 Phylogenetic analysis

Multiple sequences were aligned using
ClustalW!'""®! and the phylogenetic tree of SpfB
was  generated by MEGA 5" using

neighbor-joining with Poisson correction and 500
replicate  bootstrap  analysis. The  detailed
information about the selected proteins listed
designated by GenBank accession numbers as
bellow. ABA72481 form P fluorescens Pf0-1,
AFM64477 from Pseudomonas aeruginosa DK2,
ACB62514 from Burkholderia ambifaria MC40-6,
AIV47941 from Burkholderia pseudomallei TSV 48,
ACO34108 from Acidobacterium capsulatum ATCC
5119, ACL06476 from Desulfatibacillum alkenivorans
AK-01, CCK76817 from Oleispira antarctica RB-8,
AlJ12648 from Streptomyces lividans TK24,
AIG73614 from Amycolatopsis japonica, ALM19267
from Mpycobacterium abscessus, ATY86444 from
Kyrpidia sp. EA-1, BAN34915 from Sulfuricella
denitrificans skB26, ARB83643 from Yersinia sp.
FDAARGOS 228, ADM97032 from Dickeya
dadantii 3937, CP009459.1 from Cedecea neteri
strain ND14a, AIF62361 from Escherichia coli BTA,
APT80319 from S. enterica serovar Cerro 87,

http://journals.im.ac.cn/actamicrocn
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ABAMO02000001 from Salmonella enterica SARA23,
ABG30476 from Roseobacter denitrificans OCh 114,
ALH94670 from Acinetobacter equi, ARO32310
from Rhizobium sp. NXC14.

2 Results and discussion

2.1 Disruption of spfB aggravates PT modification

The interruption of individual dndCDE genes

completely abolished DNA degradation, suggesting

the essentiality of these genes for PT modification!®”’;

whereas, disruption of dndB in S. lividans and S.
enterica serovar Cerro 87 led to highly degradation
during electrophoresis. Especially, the study of DptB

SpfB

DptB

DndB
AJAP_03440
HCH_07042
Gura_2473
Spea_2305
PU1002_00508

— e

SpfB 87 [EEH
DptB 84 Ay D EF stn---
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HCH_07042
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Spea_2305
PU1002 00508
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DptB
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Gura_2473
Spea_2305
PU1002_00508
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DndB
AJAP_03440
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Gura_2473
Spea_2305
PU1002_00508

Figure 1.

homologues in S. enterica serovar Cerro 87 has
definitely proved the negative regulatory function in
PT modification'*. The analysis of similar binding
short sequences in other PT-containing bacteria
indicated the general regulatory mechanism by the
corresponding DptB homologues. However, when
we gave deep insight into the possible regulatory
region in spfCDE for SpfB in P. fluorescens P10-1,
no obvious similar sequence can be found. Moreover,
sequence alignment of SpfB and DptB revealed 51%
sequence identity and the same conserved DGQHR
motif (Figure 1). In order to explore the possible
regulatory function of SpfB, we constructed the
in-frame scarless interruption of spfB (Figure 2-A) in

wrio x‘«FC»«LTiSI
Dy VESALTS

NRHIPSSEAS NG
4 SKRFRRNGK-- --

Multiple sequence alignment of SpfB and its homologues. Proteins used here were listed as follow with

GenBank accession number: SpfB in P. fluorescens Pf0-1 (ABA72481), DptB in S. enterica Cerro 87 (ADN26581),
DndB in S. lividans 1326 (AAZ29043), AJAP_03440 in Amycolatopsis japonica strain MG417-CF17 (AIG73614),
HCH_07042 in Hahella chejuensis KCTC 2396 (ABC33659), Gura 2473 in Geobacter uraniireducens Rf4
(ABQ26651), Spea 2305 in Shewanella pealeana ATCC 700345 (ABV87625), PU1002_ 00508 in Candidatus
Pelagibacter ubique HTCC1002 (EAS84156). The conserved DGQHR motif was marked with rectangle.

actamicro@im.ac.cn
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The schematic construction of AspfB strain and characterization of Dnd phenotype. A: The construction

of scarless genome deletion mutant (AspfB ) in P. fluorescens Pf0-1. B: lodine cleavage of genomic DNA from

wild-type, AspfB and cAspfB strain of P. fluorescens Pf0-1.

P fluorescens Pf0-1 and investigated DNA PT
phenotype in AspfB mutant. Following the optimized
iodine-induced PT-specific cleavage assay reported
previously™, more dispersed small fragments can
be found in genomic DNA of AspfB mutant than that
in wild-type strain, suggesting a similar significant
increase of PT modification efficiencies in the
genomic DNA of AspfB (Figure 2-B). To verify the
increased modification frequency was related to the
interruption of spfB, we constructed the complementary
strain WYP02 and conducted the same iodine-induced
PT-specific cleavage assay (Figure 2). Expectedly,
the introduction of the intact spfB into AspfB mutant
strain could restore the typical dnd phenotype to a
certain extent. Taken together, SpfB plays a negative
regulatory role for PT modification in P. fluorescens
PfO-1.

2.2 SpfB negatively regulates expression of the
spfBCDE operon

Next, the reverse transcription polymerase
chain reaction (RT-PCR) was conducted to validate
SpfB as a negative regulator for regulating PT
modification in P. fluorescens Pf0-1. Firstly, the
number of transcripts within spfBCDE gene cluster
was determined. To identify the operon organization
in the spf cluster, one-step RT-PCR was performed to

detect mRNA spanning different ORFs. All the
intergenic gaps between neighboring genes with the
same orientation were tested (Figure 3-A). The
results of RT-PCR revealed that genes spfC, D and E
were co-transcribed from the same promoter
upstream of spfB, forming the spf operon. Next,
gPCR was performed with RNAs isolated from the
AspfB, wild type and cAspfB strains grown in LB for
8 hours. From the data depicted in Figure 3-B, the
transcription level of spf operon of AspfB mutant
increased by 13-fold compared with that of wild type.
Besides, the complementation of spfB contributed to
the drop of the transcription to the similar level with
that of wild type strain (Figure 3-B). These results
obviously proved the negative regulatory function of
SpfB during DNA PT modification in P. fluorescens
PfO-1.

2.3 SpfB binding to the TGTTTGT motif
upstream of spf operon

To determine whether spfB directly regulates
the spf operon, SpfB was next expressed for in vitro
characterization analysis. However, Hiss-tagged
SpfB protein was expressed in E. coli in the form of
inclusion body, impeding further characterization.
Fortunately, after the selection and optimization of
protein expression, the SpfB could be soluble

http://journals.im.ac.cn/actamicrocn
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Strains
Figure 3. Verification of the operon organization and

gPCR analysis of the transcription of spf operon. A:
Organization of the operon encoded by spf cluster. The
position of primers used for RT-PCR of adjacent genes
without overlap was showed by vertical solid arrows,
and genes in an operon were marked with dashed
arrows. M: 1 kb DNA ladder; lane 1: spfB-spfC in
genome; lane 2: spfB-spfC in cDNA; lane 3: spfC-spfD
in genome; lane 4: spfC-spfD in cDNA; lane 5:
spfD-spfE in genome; lane 6: spfD-spfE in cDNA. B:
QPCR analysis of transcription levels in AspfB mutants,
cAspfB mutants and wild type strain. The relative
transcription levels of each gene were obtained after
normalization against the internal reference 16S rRNA.
Error bars showed the standard deviation of three
independent experiments.

expressed as SUMO-tagged recombinant protein and
the purified SpfB protein was detected by sodium
dodecyl sulfate polyacrylamide gel electrophoresis
(SDS-PAGE) (Figure 4-A). Using the purified SpfB,
the electrophoretic mobility shift assay (EMSA)

actamicro@im.ac.cn

experiment was performed according to the protocol
described before!'. The fragment of 295 bp
upstream of spf operon was PCR amplified with
primers spf-proL/R (5'-GGCACGGTAGGTAGCTG
AGT-3"/5'-GTTTATGTGCAAATAAACAA-3") for
the construction of plasmid pYPO03, and the resultant
plasmid was then used as
preparation of fluorescent probe with primers
MI13F/R (5-TGTAAAACGACGGCCAGT-3'/5'-CA
GGAAACAGCTATGACC-3"). From Figure 4-B, the

purified SpfB binding to the upstream of spfB and

template for the

generated significantly shifted bands. DNase I
footprinting assay with FAM-labeled primers
uncovered two protected regions (Figure 4-C) and
the two binding sites are: binding site I 5'-TGTT
TGTGTTATCGA-3' and binding site Il 5'-TTGTTT
GTTTATTTGC-3" (Figure 4-D). The
analysis of these two sites revealed two direct
repeats 5'-TGTTTGT-3" in the promoter of spf
operon (Figure 4-D). According to the typical
regulatory mechanisms!'*?, it was proposed that SpfB
might directly down-regulate the transcription of the
of RNA
polymerase to the two identified binding sites in this

sequence

spf operon by blocking the access

promoter region.

2.4 SpfB is the representative regulator among
diverse Pseudomonas

The transcriptional regulator DptB in S.
enterica serovar Cerro 87 has been proved to repress
the transcription of dptCDE and its own gene by
binding to two regions (5-ACGT/CAANGACGTAA-3")
in the upstream of dpt operon, each possessing a pair
of imperfect 6 nt direct repeats (Figure 5)!'*).
Considering the different binding sites of SpfB for
the regulation of PT modification in P. fluorescens
Pf0-1, we conducted the phylogenetic analysis of
SpfB. As is shown in Figure 5, SpfB shared the same
clade with other PT regulatory proteins like DndB
from E. coli B7A and S. entarica S87, but further
formed a small well-supported subclade with other
homologous proteins from Pseudomonas. The
sequence analysis of the binding site of SpfB
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Figure 4. Binding characters of SpfB for controlling of the transcription of spf. A: Purified SpfB analyzed by
SDS-PAGE. Lane 1, purified SUMO-tagged SpfB; M, molecular markers. B: EMSAs for binding of SpfB to the
upstream region of spfB. The 295 bp FAM-labelled DNA fragment of the upstream region was incubated with
increasing concentrations of SpfB protein (lanes 2—4; lanes contain 2.5, 7.0, 14 ug SpfB, respectively). Lane 1,
negative control without SpfB. The shifted bands are indicated by arrows. C: Characterization of the direct binding
site of SpfB by DNase I footprinting. Two protected regions were indicated. D: Nucleotide sequence of the
SpfB-binding sites. The two SpfB-binding sites are underlined and the direct repeats are marked with gray
rectangles. The bent arrows indicate the transcription start points and transcription orientation of spfB.

revealed two direct repeats in the upstream region of
sfpB, which was different from the recognized
regulated region of DptB"*. The identified two
repeats for SpfB were firstly thought to generally
exist in other Pseudomonas strains. However, after
sequence analysis, the repeats could not be found in
any of the other two Pseudomonas containing PT

modification. These results here suggested that even
with high sequence identity with DptB, SpfB might
adjust the specificity to the host-specific DNA
sequence for the regulatory role. Meanwhile, the
absence of the same binding site in other
Pseudomonas originated homologues suggested the

more diverse regulatory mechanism.
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Figure 5. Phylogenetic analysis of SpfB with its homo

logues. The identified direct repeats for SpfB binding was

marked with solid square and the well-recognized sequence for other regulatory proteins represented by DndB from

S. entarica S87 were marked with solid circles.

In conclusion, this work here revealed the
negative regulatory protein SpfB encoded by spf
cluster for the DNA PT modification in P
fluorescens Pf0-1. The identified binding sites of
SpfB in the upstream region of the co-transcribed
spfBCDE operon depicted the strict host-specific
DNA-protein interaction. These findings pave the
way for the study of other possible regulatory
proteins in so many poorly characterized bacteria.
Of course, the detailed regulatory mechanisms still
need further exploration and may benefit the
expanding of the knowledge of PT modifications.
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