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A Novel DNA-Binding Protein, PhaR, Plays a Central Role in the
Regulation of Polyhydroxyalkanoate Accumulation and Granule
Formation in the Haloarchaeon Haloferax mediterranei
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Polyhydroxyalkanoates (PHAs) are synthesized and assembled as PHA granules that undergo well-regulated formation in many
microorganisms. However, this regulation remains unclear in haloarchaea. In this study, we identified a PHA granule-associated
regulator (PhaR) that negatively regulates the expression of both its own gene and the granule structural gene phaP in the same
operon (phaRP) in Haloferax mediterranei. Chromatin immunoprecipitation-quantitative PCR (ChIP-qPCR) assays demon-
strated a significant interaction between PhaR and the phaRP promoter in vivo. Scanning mutagenesis of the phaRP promoter
revealed a specific cis-element as the possible binding position of the PhaR. The haloarchaeal homologs of the PhaR contain a
novel conserved domain that belongs to a swapped-hairpin barrel fold family found in AbrB-like proteins. Amino acid substitu-
tion indicated that this AbrB-like domain is critical for the repression activity of PhaR. In addition, the phaRP promoter had a
weaker activity in the PHA-negative strains, implying a function of the PHA granules in titration of the PhaR. Moreover, the H.
mediterranei strain lacking phaR was deficient in PHA accumulation and produced granules with irregular shapes. Interestingly,
the PhaR itself can promote PHA synthesis and granule formation in a PhaP-independent manner. Collectively, our results dem-
onstrated that the haloarchaeal PhaR is a novel bifunctional protein that plays the central role in the regulation of PHA accumu-

lation and granule formation in H. mediterranei.

Polyhydroxyalkanoates (PHAs) are biodegradable polyesters
synthesized by most genera of bacteria (1, 2) and some archaea
(3-5). PHAs are accumulated as storage compounds of energy and
carbon under imbalanced growth conditions (i.e., when nutrients
such as nitrogen, phosphorus, or oxygen are limited but the car-
bon sources are in excess) (6).

PHAs are often deposited in the cytoplasm as water-insoluble
inclusions that are called PHA granules (6). Native PHA granules
are found to be composed of 97.5% PHA, 2% proteins, and likely
some amount of lipids (7). At least four types of proteins were
found to be the PHA granule-associated proteins (PGAPs) in bac-
teria: PHA synthases, PHA depolymerases, regulators, and struc-
tural proteins (phasins [PhaPs]) (8, 9). In recent years, increasing
new roles have been found for the PGAPs. Besides the classical
phasin role of preventing PHA granules from coalescing, two dis-
tinct phasin-like proteins, PhaM and PhaF, have also been char-
acterized as being crucial for granule distribution during cell divi-
sion (10, 11).

The PGAPs play important roles in PHA synthesis, PHA utili-
zation, and granule formation and distribution (8, 9, 12), among
which the regulatory proteins are responsible for ensuring the
proper formation of PHA granules by influencing the expression
of both phasins and themselves (13—17). A classic regulation
model was presented in a poly(3-hydroxybutyrate) (PHB [a type
of PHA])-accumulating bacterium, Ralstonia eutropha H16 (9).
Briefly, the cytoplasmic regulator PhaR could bind to the pro-
moter of phaP as well as the promoter of its own gene to repress
their transcription. When cells start accumulating PHA, PhaR at-
taches to the PHA granules, which results in a lower cytoplasmic
PhaR level. The block of the expression of phaP and phaR is re-
leased, and the cells start synthesizing more PhaP and PhaR to coat
the growing PHA granules. PhaP is usually more abundant than

January 2015 Volume 81 Number 1

Applied and Environmental Microbiology

PhaR and possesses a higher hydrophobic affinity to PHA gran-
ules. When the PHA granules reach a proper size, there is no more
room on PHA granules for the excess PhaR to attach. The cyto-
plasmic PhaR concentration returns to a higher level to resume
the repression of the transcription of both phaP and phaR. This
tight regulation by PhaR ensures a well-organized granule forma-
tion process, in which sufficient PhaP proteins are produced to
coat the newly synthesized PHAs, with few free PhaP present in the
cytoplasm (9).

Unlike bacterial PGAPs, there has been little study of the archaeal
PGAPs until recently. In our previous studies, five PGAPs were iden-
tified in a haloarchaeon, Haloferax mediterranei, which accumu-
lates poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV [a
type of PHA]) and shows potential for industrial applications (18—
20). Besides the PHA synthase subunits (PhaC and PhaE) and a
putative enoyl coenzyme A (enoyl-CoA) hydratase (MaoC), two
conserved hypothetical proteins (encoded by HFX 5218 and
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HFX_5219) were also separated from the PHA granules of H.
mediterranei. The protein encoded by HFX_5219 was identified to
be the major phasin (PhaP) that could prevent the aggregation of
PHA granules (20). HFX_5218 encodes a small protein that was
temporarily named GAP12 (12.0 kDa). The gapI12 gene was re-
vealed to be cotranscribed with phaP, but its function is still un-
known (20). Characterization of the GAP12 separated from PHA
granules might provide important hints for the exploration of the
regulation of PHA biosynthesis and granule formation in halo-
archaea.

In this study, using a combined approach of gene expression,
gene knockout, promoter activity analysis, and a chromatin im-
munoprecipitation-quantitative PCR (ChIP-qPCR) assay, the
GAP12 protein was identified as a regulator and renamed PhaR,
which directly binds to the promoter of phaRP and negatively
regulates this operon. In addition, the cis-elements of the phaRP
promoter were identified by site-directed mutagenesis, and the
effects of PhaR on the PHA accumulation and granule formation
were further demonstrated by gas chromatography and electron
microscopy analyses. Therefore, the identification and character-
ization of the haloarchaeal type of phasin regulator PhaR, which is
phylogenetically distinct from the bacterial counterpart, have pro-
vided new insights into the regulation of PHA synthesis in halo-
archaea.

MATERIALS AND METHODS

Strains and culture conditions. The strains used in this study are listed in
Table 1. Escherichia coli JM109 was used for cloning procedures and was
grown in lysogeny broth (LB) medium at 37°C (21). H. mediterranei
DF50, a uracil-auxotrophic (ApyrF) strain of H. mediterranei ATCC
33500 (22), and its derivative mutants were cultivated at 37°C in nutrient-
rich AS-168L medium (20). H. mediterranei strains carrying expression
plasmids were cultivated in AS-168SYL medium (with yeast extract omit-
ted from AS-168L) (20). For PHA accumulation analysis, the culture pro-
cedures were similar to those described previously (20). Briefly, H. medi-
terranei was first grown in AS-168L for 2 days and then was inoculated
into a modified PHA production medium, named MGF medium, con-
taining (per liter) 110 g NaCl, 9.6 g MgCl,, 14.4 g MgSO,, 5gKCl, 1 g
CaCl,, 3 g yeast extract, 2 g NH,Cl, 0.0375 g KH,PO,, 10 g glucose, 15 g
PIPES [piperazine-N,N’-bis(2-ethanesulfonic acid)], 0.008 g NH,"-
Fe(III) citrate, and 1 ml trace element solution SL-6 (pH 7.2) (18). For
AS-168SYL seed cultures, yeast extract was also omitted from the MGF
medium. When needed, ampicillin, uracil, and 5-fluoroorotic acid (5-
FOA) were added to the medium at final concentrations of 100, 50, and
250 mg/liter, respectively.

Construction of mutants. The plasmids and primers used in this
study are listed in Tables 1 and 2, respectively. The in-frame gene deletion
and gene expression in H. mediterranei were carried out as previously
described (20, 22, 23).

For construction of the green fluorescent protein (GFP) reporter plas-
mid pRF, a 168-bp DNA fragment upstream of the phaR open reading
frame (ORF) (the promoter of the phaRP operon, named P,,,zp) was
linked with the coding region of a soluble modified red-shifted green
fluorescent protein (smRSGFP [simply named “GFP” here]) (24), and
was cloned into the expression plasmid pWL502 (20). For another re-
porter plasmid, pEF, the P ;. p fragment in pRF was replaced by a 189-bp
DNA fragment upstream of the phaE ORF. To introduce mutations into
DNA fragments, the site-directed mutagenesis was performed using a
Dpnl-mediated method as described previously (25). Briefly, the 168-bp
P arp fragment was cloned into the pGEM-T Easy vector (Promega), and
the resultant plasmid, pT-Rpro, was used as the PCR template for the
site-directed mutagenesis of P;,,zp. The Pj.zp fragments with desired

374 aem.asm.org

Applied and Environmental Microbiology

mutations together with the gfp fragment were subcloned into pWL502 to
generate the plasmids pD41, pD86, and pM1 to pM16, respectively.

For the amino acid residue substitutions in PhaR, a knock-in plasmid,
pR-IN, which possesses a 1.2-kb DNA fragment containing the phaR ORF
and its upstream and downstream regions, was used as the template. The
substitutions were introduced independently into each plasmid by Dpnl-
mediated site-directed mutagenesis. The resultant plasmids (e.g., pR-IN-
E24A) were, respectively, transferred into the H. mediterranei strain
with phaR deleted and integrated into the chromosome to generate the
corresponding strains, which express the desired PhaR mutants (e.g.,
PhaRF2*4),

For the overexpression of phaR or phaP, each ORF region was inserted
into the pSCM307 plasmid (26). Then, the corresponding fragments con-
taining both the hsp5 promoter region and the ORF region of phaP (or
phaR) were subcloned into the plasmid pWL502 (or pRF), resulting in
plasmid pHP (or pHRRF). For the complementary expression of phaR or
phaRP, a fragment containing the region of the native promoter and the
OREF of phaR (or the ORFs of phaRP) was cloned into pWL502 to generate
plasmid pWLR (or pWLRP).

All PCR-amplified sequences were verified by DNA sequencing. The
plasmid transformation of H. mediterranei was performed by a polyeth-
ylene glycol-mediated transformation method (27).

Promoter activity assays. H. mediterranei strains harboring the GFP
reporter plasmids were cultured at 37°C in AS-168SYL medium. Cells
(100 pl/well) from certain growth phases were transferred into 96-well
plate to measure the turbidity (optical density at 600 nm [ODy,]) and the
fluorescence intensity (excitation, 488 nm; emission, 509 nm) using a
Synergy H4 hybrid microplate reader (BioTek Instruments, Inc., Win-
ooski, VT) (24, 28), with AS-168SYL medium serving as the blank control.
The fluorescence intensity was normalized against the cell density (per
ODg 0f 0.1) and expressed as relative fluorescence units (RFU). At least
three independent biological replicates were performed.

RNA extraction, CR-RT-PCR, and Northern blot analysis. The total
RNA of H. mediterranei cells in late-exponential phase was extracted with
TRIzol reagent (Invitrogen) (29).

For the identification of the transcription start site (TSS), the circular-
ized RNA reverse transcription-PCR (CR-RT-PCR) method was carried
out as previously described (30). After the reverse transcription of self-
ligated RNA with random hexamer primers, the cDNA was used as the
PCR template. The PCR products amplified with the primer pair phaRP-
CRRT-F/phaRP-CRRT-R were cloned into the pGEM-T Easy vector to
determine the TSS by DNA sequencing.

For Northern blot analysis, 4 g of each RNA sample was separated on
a 4% denaturing polyacrylamide gel (7 M urea, 0.5X Tris-borate-EDTA
[TBE] buffer) and transferred onto the nylon membranes using a semidry
transfer cell (Bio-Rad). The probes used to detect the expression of phaP
and the internal control 7S RNA were amplified by the primer pairs phaP-
NB-F/phaP-NB-R and 7S-NB-F/7S-NB-R, respectively. The probes were
labeled with biotin-11-dUTP (R0081; Thermo Scientific) by PCR. After
the cross-linking of RNA onto the membranes by UV, the membranes
were hybridized with the labeled probes. The prehybridization, hybridiza-
tion, and washing procedures were performed as previously described
(29). The biotin was detected using the Pierce chemiluminescent nucleic
acid detection module (Thermo Scientific, Rockford, IL).

Protein expression and purification, antiserum preparation, and
Western blot analysis. The coding regions of phaR and phaP amplified by
the primer pairs PhaR-28a-F/PhaR-28a-R and PhaP-28a-F/PhaP-28a-R,
respectively, were inserted into the vector pET-28a (Novagen). The resul-
tant expression plasmids, pET-28aR and pET-28aP, were transferred into
E. coli BL21(DE3), respectively. Expression and purification of the PhaR-
His, and PhaP-His proteins, as well as the preparation of the correspond-
ing antisera were performed as previously described (31).

For Western blot analysis, the cells cultivated in MGF medium were
collected in the stationary phase (after cultivation for approximately 3
days). The cell pellets were dissolved in 8 M urea buffer and homogenized
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TABLE 1 Strains and plasmids used in this study

Source or
Strain or plasmid Relevant characteristics reference
Strains
E. coli
JTM109 recAl supE44 endA1 hsdR7 gyrA96 relAl thi 21
BL21(DE3) F~ ompT hsdSy(ry~ my~ ) dem gal (DE3) Novagen
H. mediterranei
DF50 pyrF deletion mutant of H. mediterranei ATCC 33500 22
AphaP mutant phaP deletion mutant of H. mediterranei DF50 20
AphaR mutant phaR deletion mutant of H. mediterranei DF50 This study
AphaRP mutant phaRP deletion mutant of H. mediterranei DF50 This study
AphaEC mutant phaEC deletion mutant of H. mediterranei DF50 This study
AphaPEC mutant phaPEC deletion mutant of H. mediterranei DF50 This study
AphaRPEC mutant phaRPEC deletion mutant of H. mediterranei DF50 This study
E24A DF50 strain with PhaR carrying E24A mutation This study
Q28A DF50 strain with PhaR carrying Q28A mutation This study
Q30A DF50 strain with PhaR carrying Q30A mutation This study
R32A DF50 strain with PhaR carrying R32A mutation This study
K67A DF50 strain with PhaR carrying K67A mutation This study
R75A DF50 strain with PhaR carrying R75A mutation This study
E82A DF50 strain with PhaR carrying E82A mutation This study
R83A DF50 strain with PhaR carrying R83A mutation This study
Plasmids
pHEX 4.0-kb integration vector containing pyrF and its native promoter, Amp" 22
pWL502 7.8-kb expression vector containing pyrF and its native promoter, Amp" 20
pSCM307 8.2-kb shuttle vector containing promoter of hsp5 of Halobacterium sp. strain NRC-1, Amp* 26
pJAM1020 10.7-kb expression plasmid containing smRSGFP gene, Amp" 24
pM1915 8.8-kb expression vector pWL502 containing smRSGFP gene and mutated promoter of PTS 28
pGEM-T Easy 3.0-kb cloning vector, Amp" Promega
pET-28a 5.4-kb IPTG-inducible expression vector with His, tag Novagen
pDR 5.6-kb integration vector of pHFX for knockout of phaR This study
pDRP 5.6-kb integration vector of pHFX for knockout of phaRP This study
pDEC 5.3-kb integration vector of pHFX for knockout of phaEC This study
pDPEC 5.4-kb integration vector of pHFX for knockout of phaPEC This study
pDRPEC 5.4-kb integration vector of pHFX for knockout of phaRPEC This study
pR-IN 5.2-kb integration vector of pHFX for knock-in of phaR This study
pRF 8.7-kb expression vector pWL502 containing smRSGFP gene and the phaRP promoter (—151 to +17) This study
pEF 8.7-kb expression vector pWL502 containing smRSGFP gene and phaEC promoter This study
pWLR 8.4-kb expression vector pWL502 containing phaR and phaRP promoter This study
pWLP 8.5-kb expression vector pWL502 containing phaP and phaRP promoter 20
pWLRP 8.8-kb expression vector pWL502 containing phaRP and phaRP promoter This study
pHP 8.4-kb expression vector pWL502 containing phaP and hsp5 promoter This study
pHRRF 9.2-kb pRF-derived vector for additional expression of phaR under hsp5 promoter This study
pRmyc 8.3-kb pWL502 derived vector, expressing phaR-myc under mutated PTS promoter from pM1915 This study
pT-Rpro 2.9-kb pGEM-T Easy-derived cloning vector of phaRP promoter This study
pM1 to pM16 8.7-kb pRF-derived vectors with mutations introduced into phaRP promoter This study
pD41 8.6-kb pREF-derived vector with phaRP promoter truncated (—41 to +17) This study
pD86 8.6-kb pRF-derived vector with phaRP promoter truncated (—86 to +17) This study
pET-28aR 5.7-kb pET-28a-derived vector, expressing phaR-Hisg This study
pET-28aP 5.8-kb pET-28a derived vector, expressing phaP-His, This study
pR-IN-E24A 5.2-kb integration vector of pHFX for knock-in of phaR with E24A mutation This study
pR-IN-Q28A 5.2-kb integration vector of pHFX for knock-in of phaR with Q28A mutation This study
pR-IN-Q30A 5.2-kb integration vector of pHFX for knock-in of phaR with Q30A mutation This study
pR-IN-R32A 5.2-kb integration vector of pHFX for knock-in of phaR with R32A mutation This study
pR-IN-K67A 5.2-kb integration vector of pHFX for knock-in of phaR with K67A mutation This study
pR-IN-R75A 5.2-kb integration vector of pHEX for knock-in of phaR with R75A mutation This study
pR-IN-E82A 5.2-kb integration vector of pHFX for knock-in of phaR with E82A mutation This study
pR-IN-R83A 5.2-kb integration vector of pHFX for knock-in of phaR with R83A mutation This study
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TABLE 2 Oligonucleotides used in this study

Primer

5'—3" sequence”

Gene knockout and knock-in
phaR-DF1
phaR-DR1
phaR-DF2
phaR-DR2
phaRP-DF1
phaRP-DR1
phaRP-DF2
phaRP-DR2
phaEC-DF1
phaEC-DR1
phaEC-DF2
phaEC-DR2
phaPEC-DF1
phaPEC-DR1
R-IN-F
R-IN-R

Gene complementary expression
phaR-ex-F
phaR-ORF-R
phaP-ORF-R

Gene overexpression
phaR-ORF-F
phaR-ORF-R
phaP-ORF-F
phaP-ORF-R

Promoter GFP fusion reporter
phaR-Pro-F
phaR-Pro-R
gfp-ORF-F
gfp-ORF-R
phaE-Pro-F
phaE-Pro-R

PhaR-His, and PhaP-His, expression

phaR-28a-F
phaR-28a-R
phaP-28a-F
phaP-28a-R

PhaR-Myc fusion expression
M1915-Pro-F
M1915-Pro-R
phaR-ORF-F2
phaR-ORF-R2
mycl-ct-F
mycl-ct-R

Northern blot probe
phaP-NB-F
phaP-NB-R
7S-NB-F
7S-NB-R

CR-RT-PCR and qRT-PCR
phaRP-CRRT-F
phaRP-CRRT-R
16S-qF
16S-qR

ATAGGTACCCGGTGTCACCTGGATT
ATAGGATCCGTCGTTCGTCATCTCCT
TATGGATCCAGTGAACAAGCCAACCC
ATACTGCAGGGTCTCCTCTATCTCCTGT
GATGGTACCACCATCGGCGTTCGTAA
GCAGGATCCCTCCTAACTCGGTGTTGT
TCTGGATCCCTACAGGAGATAGAGGAG
CGACAAGCTTCTTCGTTTGGGGTTTTGC
GATGGTACCCGATGGGTGACTTCC
TCTGGATCCCCGACAGACTACTCCG
TTAGGATCCCGTGGGTTGAACAGG
GCCGAAGCTTGATAGCACAGCGAAA
ATAGGTACCCCTCGTCTCCGTCCAGTC
GAGGGATCCTCACTCATTTGAATCACC
ATAGGTACCCGAGTCGTCGTAGGCA
ATAGGATCCACTACTCCGGCGTGTC

GCAGGTACCCTTATGTACTTCGGTATGTG
GTCGGATCCTCACTCATTTGAATCACCAC
TATGGATCCTCTCGGGCGGGCTAAA

GTACTCGCATATGACGAACGACTCAAACGATGC
GTCGGATCCTCACTCATTTGAATCACCAC
GTACTCGCATATGAGTGAACAAGCCAACCC
TATGGATCCTCTCGGGCGGGCTAAA

CAGGGTACCCCCAACTTATGTACTTCG
CGCAAGCTTGTCGTTCGTCATCTCCT
CCCAAGCTTAGTAAAGGAGAAGAACTTTTCAC
CGGGATCCTTATTTGTATAGTTCATCCATGC
CTAGGTACCGAGGAGAACGCAGACG
CGCAAGCTTTTGTGACATGGGCATA

GTACTCGCATATGACGAACGACTCAAACG
GGACTCGAGTCACTCATTTGAATCACCA
GTACTCGCATATGAGTGAACAAGCCAACC
AGACTCGAGCTACTCCGGCGTGTCTGGT

CGGGGTACCCGAGGTAACCACTGTACG
CATGCCATGGCATAGTGTTGCCAACCCTCTGC
CATGCCATGGACGAACGACTCAAACGAT
CGCAAGCTTCTCATTTGAATCACCACG
AGCTTGAGCAGAAGCTCATCAGCGAGGAGGATCTGTGAG
GATCCTCACAGATCCTCCTCGCTGATGAGCTTCTGCTCA

ACAAGCCAACCCATTCA
CCAGGTCTGTTCGGTCAT
TAGGTCGGGCAGTTA
GCGACGCACGTCCGATGGT

CCTGGGATGTCATGGAAG
GCTGTCTGAAACACCCGTAC
CGTCCGCAAGGATGAAA
CAGCGTCGTGGTAAGGT

376 aem.asm.org

(Continued on following page)

Applied and Environmental Microbiology January 2015 Volume 81 Number 1


http://aem.asm.org

TABLE 2 (Continued)

Haloarchaeal PHA Granule-Associated Regulator PhaR

Primer 5'—3" sequence”
phaR-Pro-qF CCCAACTTATGTACTTCGG
phaR-Pro-qR GTCGTTCGTCATCTCCTA
glpR-Pro-qF CCGTTTCTCGTTCAGTTTC
glpR-Pro-qR CCTCGTTAGGTGGATGGTA

Truncation of phaRP promoter
phaR-Pro-41F
phaR-Pro-86F
phaR-Pro-R

Site-directed mutation of phaRP promoter”
M1-F
M2-F
M3-F
M4-F
M5-F
Mo6-F
M7-F
MS8-F
M9-F
M10-F
MI11-F
M13-F
M14-F
MI15-F
M16-F

PhaR point mutation”
E24A-F
Q28A-F
Q30A-F
R32A-F
K67A-F
R75A-F
E82A-F
R83A-F

CAGGGTACCCGAAGGGAACATATATG
CAGGGTACCCGGCTTCTACACCATAC
CGCAAGCTTGTCGTTCGTCATCTCCT

CGAAGGGAACATATATGTTACTGACCGTACAACACCGAGTTAGGAG
CGAAGGGAACATATATTGGACTGCAGGTACAACAC
TGTCGAAGGGAACATAGCGTGGACTGCAGGTACAACAC
CCACTAAATGGTGTCGCATGTCACATATATGTTACTGCAG
CCATCTGATACCACTAACGCTGTGCGAAGGGAACATATA
GATACCATCTGATACCAAGCCATGGTGTCGAAGGGA
CCATACGATACCATCTGCTCAACCTAAATGGTGTCGAAG
ACACCATACGATACCAGAGTATACCACTAAATGGTGT
GCTTCTACACCATACGCGCAACTCTGATACCACTAAATG
CGGCTTCTACACCATCATATACCATCTGATACCAC
GATTTTTGCCGGCTTCTCACAACGACGATACCATCTGATAC
GGGGATTTTTGCCGGCGGAGACACCATACGATACC
CAGGCAGGGGATTTTTGACTGATTCTACACCATACGATACC
TGCCAGGCAGGGGCTGTGTGCCGGCTTCTACAC
ACTGAGTGCCAGGCCGTGTATTTTTGCCGGCTTCT

GATGCAGAAAGCCAGCGCTGAGTTCACCCAACAAC
CAGCGAAGAGTTCACCGCTCAACAACTCCGTCTGT
AGAGTTCACCCAACAAGCACTCCGTCTGTTCGA
CACCCAACAACAACTCGCTCTGTTCGAACAACTG
CAAACCGCGGTCTTCGCAACGCGCGTGCAGA
TGCAGAGTGGGGGGGCTATCAGCATCCCCGAC
CATCCCCGACGCTGCGCGCGATGCCCTC
ATCCCCGACGCTGAGGCTGATGCCCTCGACATC

@ Sequences representing restriction sites are underlined.

b The substituted nucleotides in the sense primers (M1-F to M16-F and E24A-F to R83A-F) are indicated by boldface letters. The corresponding antisense primers are not listed

because they are exactly the reverse complements of the sense primers.

by ultrasonication. Cell debris was removed by centrifugation. The pro-
tein concentrations in the extracts were measured with a bicinchoninic
acid protein assay kit (Applygen Technologies, Inc., Beijing, China). For
each set of experiments, the same amount of total proteins (30 pg for
detection of PhaP and 100 pg for detection of PhaR and Myc-tag) was
resolved by 14% SDS-PAGE and analyzed by Western blotting with anti-
bodies against PhaR, PhaP, or Myc tag (M20002; Abmart), performed as
previously described (31).

ChIP and qPCR assays. For chromatin immunoprecipitation (ChIP)
analysis, a C-terminal tagged PhaR-Myc protein was expressed in a phaR
knockout mutant. The cells from the late-exponential-phase culture of H.
mediterranei were used for ChIP analysis according to Wilbanks etal. (32).
Briefly, cells were fixed in 1% (vol/vol) formaldehyde for 10 min and then
treated with 125 mM glycine for 5 min and washed twice with TBSL buffer
(20). Approximately 10'° cells were resuspended in 700 .l cold lysis buffer
(32) containing 1X protease inhibitor cocktail (PIC [Sigma]). The lysate
was then sonicated (4 s on/5 s off, 4-min cycles, 20% power setting) using
aJY92-IIDN ultrasonic homogenizer (Ningbo Scientz Biotechnology Co.,
Ltd., Ningbo, China) to shear the DNAs to lengths between 200 and 1,000
bp. After centrifugation (at 16,000 X g at 4°C) for 3 min, 50 .l of the
supernatant was saved as the input sample. The rest of the supernatant was
mixed with 2 pl of anti-Myc antibody and 30 to ~40 pl of protein A
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Sepharose CL-4B beads (GE Healthcare), which were preblocked with 5
mg/ml bovine serum albumin (BSA) in phosphate-buffered saline. The
mixture was incubated overnight at 4°C. The following bead-washing
steps and the elution step (with 50 .l of elution buffer) were performed
exactly like the protocol reported by Wilbanks et al. (32). Tris-EDTA
(TE)-SDS (32) (180 pl) was added to the eluates (20 pl) and the input
sample (20 wl), respectively, to reverse the cross-linking by incubation
overnight at 65°C. The DNA was purified with an E.Z.N.A. Cycle-Pure kit
(Omega Bio-Tek).

The ChIP DNA fractions were analyzed by using quantitative real-
time PCR (qPCR) to measure the enrichment of genomic DNA regions of
interest with the primers shown in Table 2. The qPCR was performed on
Rotor-Gene Q real-time cycler (Qiagen, Valencia, CA) with Kapa SYBR
Fast qPCR master mix (2X) (KM4101; Kapa Biosystems) using a three-
step PCR procedure (including initial denaturation at 95°C for 5 min
followed by 40 cycles of denaturation at 95°C for 15 s, annealing at 54°C
for 20 s, and synthesis at 72°C for 30 s). Product specificity was confirmed
by melting curve analysis. A 16S rRNA gene region (positions+836 to
+980 relative to the TSS) was used to normalize the qPCR results of each
ChIP sample. The enrichment of DNA fragments was analyzed with the
input DNA samples serving as controls. Samples were analyzed in tripli-
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cate from three independent ChIP assays, and representative results from
one biological replicate are presented.

PHA accumulation assay and TEM studies. After a 3-day’s cultiva-
tion in MGF medium, the cells in the stationary phase were harvested for
the PHA accumulation assay or for transmission electron microscopy
(TEM) analysis. The PHA content and PHA composition analyses using
gas chromatography were performed as previously described (31). The
PHA granule morphology was observed through TEM analysis with a
workflow in accordance with the procedure described previously (20, 33).
Photomicrographs were taken with a Philips JEOL-1400 electron micro-
scope.

Bioinformatics analysis. The codon adaptation index (CAI) was an-
alyzed on the CAlcal server (http://genomes.urv.es/CAlcal/).

RESULTS

Identification of the AbrB-like protein PhaR and the promoter
of the phaRP operon in H. mediterranei. We have previously
reported a small protein GAP12 (110 amino acids [aa]), which was
present in abundance on the PHA granule of H. mediterranei, with
its coding gene cotranscribed with the phasin gene phaP (20). The
gap12-phaP operon is located upstream of the phaEC operon that
encodes the two subunits of PHA synthase (Fig. 1A). Conserved
domain search analysis at NCBI revealed that the C-terminal por-
tion of GAP12 has a putative DNA-binding domain consisting of
swapped-hairpin barrel fold, which shows low homology (with an
E value of 1.82e—05) to the corresponding domain of the AbrB
(antibiotic resistance protein B) superfamily of regulators (34),
implying a regulatory-related function of GAP12. Thus, the
GAPI12 was renamed PhaR, and the gap12-phaP operon was re-
named the phaRP operon (Fig. 1A).

To explore the function of PhaR and its expression profiles, a
GFP-based reporter system was constructed to conveniently mon-
itor the activity of the phaRP promoter (P ,,,rp). First, the TSS of
the phaRP cotranscript was analyzed using a CR-RT-PCR ap-
proach. An adenine residue at 5 bp upstream of the initiator ATG
codon was determined as the TSS of phaRP, which revealed an
extended 5'-untranslated region (5'-UTR) with the sequence
AGGAG (Fig. 1B). A 168-bp region (positions —151 to +17 rela-
tive to the TSS of phaRP) joined with the gfp gene was used to
construct the P,;,,rp-gfp-fused reporter plasmid pRF (Fig. 1B and
Fig. 2A). After plasmid pRF had been transferred into H. mediter-
ranei DF50 (22), GFP could be visualized by fluorescence micros-
copy (see Fig. S1 in the supplemental material). The activity of the
P,arp promoter was evaluated by quantifying the fluorescence
signal with a fluorescence microplate reader.

The promoter activities of the P,;,,zp were monitored during
cell growth. As PHA is actively accumulated in the cells in the
stationary phase and the promoter activity of P, p is more stable
at this phase, we primarily show or discuss the data obtained in the
stationary phase. Remarkable fluorescence intensity (reaching
values of over 10,000 RFU) was detected in the DF50/pRF strain,
while the promoter of the phaEC operon only showed a weaker
signal (up to approximately 500 RFU in the DF50/pEF strain) (Fig.
1C). These results reveal that P,,,,zp exhibits a strong activity that
is consistent with the high abundance of the PhaP protein.

Modulation of phaRP expression and its promoter activity
by PhaR and PHA accumulation. Since PhaR is associated with
the PHA granules, first the effect of PHA production on the phaRP
expression level was analyzed. The PHA-accumulating haloar-
chaea possess a conserved pha gene cluster (phaR-phaP-phaE-
phaC), including two operons, phaRP and phaEC, in H. mediter-
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FIG 1 Expression-level analyses of phaRP using the gfp reporter system in
strains with pha genes mutated. (A) Genetic organization of the pha gene
cluster (phaRP and phaEC) in H. mediterranei. The arrows indicate the direc-
tion of gene transcription. (B) Schematic representation (not to scale) of the

P, arp-gfp fusion in the reporter plasmid pRF. The transcription start site of

the phaRP operon identified by CR-RT-PCR is indicated with an asterisk. The
translation start codon of phaR (boxed) and the HindlIII restriction site
(dashed) are also shown. (C) Comparison of the promoter activities of the
phaRP operon (pRF) and phaEC operon (pEF) in H. mediterranei strain DF50.
(D) Comparison of the GFP expression levels of the H. mediterranei DF50,
AphaEC (AEC), AphaPEC (APEC), and AphaRPEC (ARPEC) strains harbor-
ing plasmid pRF. The promoter activities in both the exponential (exp.) phase
and the stationary (stat.) phase are shown. Error bars show standard deviations
(n = 3). RFU, relative fluorescence units.

ranei (Fig. 1A) (20). The deletion of the PHA synthase operon
(phaEC) makes cells incapable of synthesizing PHA (35). The pRF
plasmid was transferred to three PHA-negative mutants, includ-
ing the AphaEC, AphaPEC, and AphaRPEC strains, and the ex-
pression levels of GFP were evaluated. The AphaEC and AphaPEC
mutants both showed an approximately 2-fold decrease in the
activity of the P,;,,zp promoter compared with that of the same
promoter in DF50 (Fig. 1D), implying that the expression of
phaRP could be activated by the presence of PHA. In contrast, the
further deletion of the phaR gene in AphaPEC, which resulted in
the third PHA-negative mutant AphaRPEC strain, caused an in-
crease of more than 4-fold in the activity of P, ,zp (Fig. 1D). These
results suggest that when cells do not synthesize PHA, the expres-
sion of phaRP is suppressed, whereas the knockout of the phaR
gene could relieve this suppression effect. Thus, the PhaR could be
a negative regulator of the phaRP operon.

To further explore the function of PhaR, we also carried out an
overexpression of phaR using a plasmid-based method. The over-
expression plasmid pHRRF was derived from pRF, with phaR
driven by a strong hsp5 promoter at the EcoRI site of pRF
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FIG 2 Expression-level analyses of phaRP in a phaR overexpression strain.
(A) Schematic representation of the reporter plasmids pRF and pHRRF.
The ampicillin resistance gene (AmpR), the pyrF gene, and the pHV2 rep-
licon are labeled. The key genetic elements for the reporter system, includ-
ing the phaRP promoter and the gfp ORF, are shown in both pRF and
pHRREF. The hsp5 promoter and the phaR ORF, which are elements further
introduced at the EcoRI restriction site of pRF, are indicated in pHRRF. (B)
Western blot analyses of PhaR and PhaP expression levels in the DF50/pRF
and DF50/pHRRE strains. Cells were collected at the stationary phase. To
detect PhaP and PhaR, crude extracts of 30 pg and 100 pg, respectively,
were loaded for SDS-PAGE. (C) Northern blot analysis of the phaRP tran-
script in the DF50/pRF and DF50/pHRRE strains. The 7S transcript served
as an internal control. (D) Comparison of the GFP expression levels of the
DF50/pRF and DF50/pHRREF strains. The phaRP promoter activities in
both the exponential (exp.) phase and the stationary (stat.) phase are
shown. Error bars show standard deviations (n = 3).

(Fig. 2A). The plasmid pHRRF was transferred into the DF50
strain to generate the DF50/pHRREF strain, and the influence of
PhaR on the expression of phaP was investigated. The enhanced
expression of phaR in DF50/pHRREF strain was revealed by West-
ern blotting using anti-PhaR antibody, whereas the expression
level of the major phasin PhaP was analyzed with anti-PhaP anti-
body (Fig. 2B). As shown in the Western blot results, overpro-
duced PhaR in the cells strongly reduced the amount of PhaP (Fig.
2B). Further Northern blot analysis with a phaP-specific probe
showed that in contrast to the high abundance of phaRP transcript
in the DF50/pREF strain, only a negligible amount of phaRP mRNA
was detected in the phaR overexpression strain DF50/pHRRF (Fig.
2C). These data indicate that PhaR controls the amount of the
PhaP protein by inhibiting the expression of phaRP at the tran-
scriptional level. Concomitant with these observations, in the
DF50/pHRRE strain, the fluorescence signal driven by the P, .zp
promoter was strongly decreased to be a faint signal (200 to 300
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FIG 3 ChIP-qPCR assay for analysis of binding of PhaR with the promoter
region of the phaRP operon. (A) Detection of PhaR-Myc fusion protein by
Western blotting assay with anti-Myc and anti-PhaR antibodies, respectively.
(B) DNA enrichment assay of the PhaR-Myc fusion protein. The fold enrich-
ment of the phaR promoter region (F,,.z; 168 bp) and the glpR promoter
region (Fy,p; 137 bp) is shown. The relative abundance of each region in both
the ChIP and the input DNA samples was calculated by normalization to the
abundance of the inner control region. Error bars show standard deviations
(n=3).

glbR

RFU) by the larger amount of the PhaR protein (Fig. 2D), con-
firming the repression role of PhaR.

In conclusion, these results reveal that absence of PhaR could
enhance the expression of phaRP, while excess of PhaR could re-
duce the expression, demonstrating that PhaR is a transcriptional
repressor of both itself and phaP. In addition, the presence of PHA
also could active the expression of phaRP, indicating that a PhaR
titration effect of PHA granules plays an important role in the fine
modulation of phaRP expression.

Direct binding of the regulator PhaR to the promoter of the
phaRP operon in vivo. The above results demonstrated that over-
expression of PhaR severely inhibited the transcription of phaRP
operon. To determine whether the repression effect by PhaR oc-
curs by interacting directly with the promoter region of the phaRP
operon, we further performed a ChIP-qPCR assay.

First, we expressed a PhaR protein that was Myc tagged at its C
terminus in a phaR knockout strain. The expression of the PhaR-
Myc was driven by a strong constitutive promoter that is a
mutated promoter of the phosphotransferase system (PTS) gene
cluster from plasmid pM1915 (28). The successful expression of
Myc-tagged PhaR was confirmed via Western blot analysis with
anti-PhaR and anti-Myc antibodies, respectively (Fig. 3A). After
using monoclonal anti-Myc antibodies to immunoprecipitate the
Myc-tagged PhaR protein, the coprecipitated DNA was analyzed.
Both the ChIP-extracted DNA and the input DNA were examined
by qPCR. A 145-bp region, F, ¢, from the 16S rRNA gene was used
as an inner control to normalize all qPCR results. For the P, ,zp
promoter, the qPCR product, F,;,,z, was designed to span a region
from —151 to +17 relative to the TSS of phaRP. A promoter
region (Fy,r; —148 to — 12 relative to the translation start site of
gIpR) of the gIpR gene, which is functionally irrelevant to the PHA
biosynthesis as shown in the microarray data of the AphaEC mu-
tant (36), was chosen to be a distal/negative-control region. As
shown in Fig. 3B, the fragment F,,,z was remarkably enriched
(14.0-fold) by PhaR-Myc, while no significant enrichment (1.1-
fold) of the distal/negative-control fragment F,,, to PhaR-Myc
was observed, demonstrating that PhaR interacts specifically with
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FIG 4 Mapping the core promoter elements and cis-elements of the phaRP promoter. (A) The sequence of the promoter region of phaRP operon is shown on
the top. The transcription start site (+1) and the translation start codon are indicated by a bent arrow and boldface letters, respectively. The BRE (single
underlined) and TATA box (double underlined) identified by mutagenesis assays are also indicated. The inverted repeat sequences (IR1 and IR2) and the direct
repeat sequences (DR1 and DR2) are indicated by arrows. For phaRP promoter scanning mutants (M1 to M16), the mutated bases are shown in letters, while the
unaltered nucleotides are represented by dashes. The truncation sites in the 5" deletion mutants (D41 and D86) are shown. The phaRP promoter in pRF is defined
as the wild-type (WT) promoter. (B) The activities of these mutated promoters of phaRP were measured by detecting the fluorescent signal of the reporter GFP.
The GFP expression levels of each mutant showed similar increase/decrease profiles (compared with the wild type) between the exponential phase and the
stationary phase. For a clear view, only the data collected at the stationary phase are shown. Error bars show standard deviations (n = 3).

the phaRP promoter in vivo. These data indicated that PhaR reg-
ulates phaRP expression directly through its interaction with the
promoter of the phaRP operon.

Identification of a specific negative cis-element in the pro-
moter of phaRP operon. To seek the cis-elements important for
the inhibition of phaRP expression, we introduced mutations into
the promoter P, ,zp and fused these mutated promoters with the
gfp reporter gene. After transferring the promoter-gfp-fused plas-
mids (pD41, pD86, and pM1 to pM16) into the DF50 strain, the
GFP reporter activities were measured. The P,,;,.zp in the plasmid
PRF was taken as the wild-type (WT) promoter (Fig. 1 and 2).

First, the putative core promoter elements, the TATA box and
BRE, were found 25 bp upstream of the TSS (Fig. 4). Mutation of
the putative TATA box (M3) completely abolished the promoter
activity, while mutation of the putative BRE (M4) also caused a
significant reduction in the promoter activity (Fig. 4), thus con-
firming the functional TATA box and BRE of the P .,z promoter.
Interestingly, a truncation mutant, D41, in which only the core
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promoter portion was left, displayed a remarkably enhanced (ap-
proximately 4-fold) promoter activity (Fig. 4). As deletion of the
upstream sequence (in D41) significantly weakened or completely
abolished the repressive effect to the promoter, this indicated that
the negative regulatory elements are located upstream of the core
promoter portion.

After analyzing the sequence upstream of the core promoter
portion, four repeated sequences were found arrayed in tandem in
aregion with alength of approximately 40 bp (Fig. 4A). These four
repeats were composed of a pair of perfect inverted repeats (IR1
and IR2) as well as a pair of direct repeats (DR1 and DR2). The
pair of direct repeats (underlined) (GATACCAN;GATACCA) is
flanked by the pair of inverted repeats (underlined) (ACACCATN,,,
ATGGTGT). A truncation mutant, D86, with all four of these
repeats reserved exhibited a wild-type promoter activity (Fig. 4).
Moreover, the mutation of each repeat induced an increase of 3-
to 4-fold in the expression level of P .z, Whereas the mutation of
the spacer sequences between the repeats caused an increase of
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FIG 5 Activities of the representative mutated promoters of the phaRP operon
in the AphaRPEC strain. The corresponding mutated regions (IR1/2 and
DR1/2) are indicated at the bottom. The phaRP promoter in pRF is defined as
the wild-type (WT) promoter. The promoter activities in both the exponential
(exp.) phase and the stationary (stat.) phase are shown. Error bars show stan-
dard deviations (n = 3).

approximately 2-fold (Fig. 4). Other mutations introduced into
the sequence upstream of this region had almost no effect on the
promoter activity (Fig. 4). These results show that each of these
four repeated sequences is essential for the repression regulation
of phaRP, suggesting that the region containing these repeats
(IR1/IR2 and DR1/DR2) is the negative cis-element and would be
the binding position of the transcriptional repressor.

Since PhaR was identified to be a transcriptional repressor of
the phaRP operon and to interact directly with its promoter in
vivo, it is most likely that these four repeated sequences of the
negative cis-element serve as the binding sites of PhaR. To further
support this hypothesis, the reporter plasmids with mutations on
these four repeats, including pM5, pM7, pM9, pM11, and pD41,
were transferred into the AphaRPEC strains, in which the PhaR
was absent, and the promoter activities were measured. As shown
in Fig. 5, mutations of those repeats all resulted in high levels of
promoter activity similar to that of the wild-type (WT) promoter
in pRF. Small increases in the promoter activity were observed in
the AphaRPEC strains containing the plasmid pM5 or pD41,
which might be caused by the alteration of the sequence of IR2 that
is adjacent to the BRE region. This might promote the recruitment
of TFB to BRE and thereby slightly enhanced the transcriptional
activity. The mutations of the IR1/IR2 and DR1/DR2 sequences
did not cause a significant further enhancement of the expression
of phaRP in the absence of PhaR, indicating that the four repeated
units of the cis-element might be the binding sites of PhaR.

The conserved AbrB-like region is critical for the transcrip-
tional repression activity of PhaR. More than 50 homologs of the
H. mediterranei PhaR were detected by NCBI BLASTp. They were
all annotated as conserved hypothetical proteins and were signif-
icantly similar, with identities of approximately 50%. The SSDB
Gene Cluster Search on KEGG revealed that the phaR homologs
are located in a similar gene cluster or context at least in 19 species
(data from before September 2014), in which only one species,
Natronomonas pharaonis, lacks the PHA synthase genes and may
not accumulate PHA. Interestingly, all 19 species belong to the
phylum Euryarchaeota of the domain Archaea, including one ther-
mophilic archaeon, Ferroglobus placidus, and 18 halophilic
archaea (see Fig. S2 in the supplemental material). A multiple-
alignment analysis of the amino acid sequences of these PhaR
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FIG 6 Mutational analysis of several conserved polar amino acid residues of
the PhaR protein. (A) Summary view of the multiple alignments of amino acid
sequences of PhaR homologs from seven representative haloarchaea species:
H. mediterranei (HFX), Haloquadratum walsbyi (Hqrw), Natronomonas
pharaonis (NP), Halorhabdus utahensis (Huta), Haloarcula marismortui
(rrnAC), Haloterrigena turkmenica (Htur), and Halogeometricum borinquense
(Hbor). The AbrB-like region is indicated. The residues to be mutated are
marked with asterisks. (B) phaRP promoter activity assays of mutants with
PhaR bearing amino acid substitutions. The residues are indicated in the one-
letter amino acid code (E, glutamate; Q, glutamine; R, arginine; K, lysine; and
A, alanine). The DF50 strain is indicated as the wild-type (WT) control. The
promoter activities in both the exponential (exp.) phase and the stationary
(stat.) phase are shown. Error bars show standard deviations (n = 3).

homologs revealed that the AbrB-like domain is highly conserved
in the C-terminal portion of PhaR homologs (see Fig. S2), indi-
cating an evolutionarily conserved PHA granule-associated regu-
lator unique to archaea.

The high conservation of the AbrB-like domain in PhaR ho-
mologs indicated the importance of this domain for PhaR. Several
of the highly conserved or charged amino acid residues, E24, Q28,
Q30, R32, K67, R75, E82, and R83, in the PhaR protein were mu-
tated, respectively, to alanine to examine the influence of these
residues on the repressor function of PhaR (Fig. 6A). These sub-
stitution mutations were introduced into the phaR gene at its na-
tive locus in the genome through homologous recombination.
The reporter vector pRF was then introduced into these mutants
to assess the repressor activity of these mutated PhaR proteins.

The reporter activities were examined and are shown in Fig. 6B.
E24A, Q28A, Q30A, R32A, K67A, R75A, E82A, and R83A refer to
the strains with PhaR protein bearing the corresponding amino
acid mutations (i.e., E24A is the strain that has the PhaR protein
with glutamate replacement with alanine at position 24). The sub-
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TABLE 3 PHA accumulation in H. mediterranei strains®

PHBV content 3HV fraction Cell dry wt PHBYV concn

Strain (% [wt/wt]) (mol%) (g/liter) (g/liter)
DF50 41.79 £ 0.42 8.15 + 0.21 4.56 £ 0.37 1.9 £0.14
AphaRP mutant 11.89 £ 0.29 5.27 £ 0.06 4.01 0.1 0.48 = 0.01
AphaRP/pWL502 mutant 11.05 = 0.18 3.58 £ 0.15 3.16 £ 0.03 035*0
AphaRP/pWLR mutant 41.93 £ 1.31 6.35*0.17 6.24 * 0.47 2.62 *+0.17
AphaRP/pWLP mutant 33.49 = 2.36 5.94 = 0.21 591 = 0.35 1.97 = 0.06
AphaRP/pWLRP mutant 42.82 3.2 6.32 = 0.34 5.97 £0.72 2.54 £ 0.13
DF50/pWL502 mutant 49.81 = 0.52 6.96 0.3 5.02 +0.09 2.5*0.07

@ Cells were cultured at 37°C for 3 days. Data are shown as means * standard deviations (n = 3).

stitutions of alanine for the glutamate, glutamine, and arginine
residues in the N-terminal portion of PhaR in the E24A, Q28A,
Q30A, and R32A strains only slightly affected the P,;,.xp activity.
In contrast, the K67A, R75A, E82A, and R83A mutants, in which
mutations occurred in the C-terminal conserved domain of PhaR,
all showed a remarkable increase (2- to 4-fold) in P,.rp activity.
These results revealed that PhaR mutants with amino acid substi-
tution in the N-terminal portion still exhibited the capability to
suppress the corresponding promoter, whereas, the mutation of
the AbrB-like domain of PhaR could significantly weaken or abol-
ish the repressor function of PhaR. These results show that the
AbrB-like domain is crucial for the repressor role of PhaR.

It is noteworthy that the expression of the mutated PhaR was
driven by the native promoter; thus, the mutant strains might
possess different quantities of the mutated PhaR proteins. How-
ever, this would not affect our above conclusions on the crucial
amino acids of the PhaR. For example, the K67A mutant, which
had a high promoter activity of phaRP operon, would also pro-
duce more PhaR*®”, Nevertheless the overproduced PhaR<*’*
did not result in an enhanced repressive effect on the activity of the
P,uarp in the reporter system, further indicating the weakened
repressor effect of PhaR**"*,

Effect of PhaR on PHA accumulation and PHA granule mor-
phology in H. mediterranei. In order to assess the influence of
PhaR in vivo on the PHA accumulation of H. mediterranei, the
PHA production capability was investigated in the presence or
absence of PhaR. The results showed that when both the phasin
PhaP and the phasin regulator PhaR were absent, the H. mediter-
ranei strain (AphaRP) was more deficient in PHA accumulation
than the AphaP strain. The PHA production of the AphaRP mu-
tant decreased to only approximately 15% to 25% of that of the
DF50 strain (Table 3), whereas the AphaP mutant could maintain
a PHA accumulation level of approximately 60% to 70% of that of
the DF50 strain (20). The further decrease in the PHA synthesis
level was caused by the further knockout of the phaR gene, sug-
gesting that PhaR is also very important for PHA synthesis. A
similar phenomenon has been reported in R. eutropha, in which
the PhaR protein was proposed to promote PHA synthesis at least
partially through a PhaP-independent pathway (14).

The complementary expression experiments were also per-
formed. The complementary expression of the phaRP operon in
the AphaRP strain can restore its PHA accumulation level to that
of the wild-type control strain (DF50/pWL502) (Table 3). In ad-
dition to the coexpression of phaRP, the phaR and phaP genes
were also separately expressed under the control of their native
promoter in the plasmids pWLR and pWLP, respectively. The
decreased PHA production in the AphaRP strain was partly re-
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stored by the expression of the phaP gene, whereas it was surpris-
ing that the expression of phaR fully restored the high PHA accu-
mulation (Table 3). The results indicated that both PhaP and
PhaR could independently promote PHA synthesis.

The effects of PhaR and PhaP on PHA granule morphology
were further investigated by TEM (Fig. 7). In the wild-type strains
DF50 and DF50/pWL502, most cells harbored multiple moder-
ate-size PHA granules (Fig. 7A and E), whereas in the AphaRP
strain, the cells usually produced only one or two medium-size
granules (Fig. 7B). When the phaR gene was complementarily
expressed in the AphaRP strain, one or two giant granules were
produced in most cells (Fig. 7C), reminiscent of the phenotype of
the AphaP strain (20), indicating that although the PGAP PhaR
can recover the high PHA accumulation level and enlarge the PHA
granule, PhaR cannot facilitate granule segregation like the major
structural protein PhaP. On the other hand, in the AphaRP/pWLP
strain, several small- or medium-size granules with an irregular
shape were observed (Fig. 7D). A similar phenotype was exhibited
by the AphaRP/pHP strain, in which phaP was overexpressed un-
der the hsp5 promoter (Fig. 7F). This indicated that the expression
of phaP without the control of PhaR would cause a disorder in
PHA granule formation.

Thus, besides acting as a key transcriptional regulator that con-
trols the amount of PhaP to ensure the formation of regular PHA
granules and to facilitate the segregation of granules, the PhaR
protein itself is also very important for PHA accumulation and
granule formation.

DISCUSSION

To achieve economic production of PHA, increasing studies in-
volved in the metabolic pathways of PHA biosynthesis in haloar-
chaea have been performed (25, 36), and close attention has also
been paid to the global regulation of PHA metabolism, which was
explored through proteomic and transcriptomic approaches (37).
In this study, we focused on the elucidation of the role of a specific
regulator, PhaR, which was identified previously as a small PGAP
(12.0 kDa) of H. mediterranei (20). Here we demonstrated in vivo
that PhaR could bind its own promoter specifically and exert an
inhibitory effect on the transcription of phaRP, suggesting PhaR as
the repressor of the phasin gene phaP as well as its own gene. In
addition, the weaker activity of P,,,zp observed in PHA-negative
strains implied that the expression level of phaRP was also modu-
lated by PHA biosynthesis. Although a similar PHA-sensing reg-
ulation strategy was also used by bacteria, H. mediterranei has
developed a different regulation pattern to achieve such a general
smart regulation strategy, with a distinct AbrB-like regulator,
PhaR.

January 2015 Volume 81 Number 1


http://aem.asm.org

Haloarchaeal PHA Granule-Associated Regulator PhaR

FIG 7 Transmission electron micrographs of PHA granules in H. mediterranei strains. (A) H. mediterranei DF50 strain; (B) H. mediterranei AphaRP strain; (C)
H. mediterranei AphaRP/pWLR strain; (D) H. mediterranei AphaRP/pWLP strain; (E) H. mediterranei DF50/pWL502 strain; (F) H. mediterranei DF50/pHP
strain. The cells were cultivated in MGF medium with uracil added (A and B) or with yeast extract omitted (C to F). The cells were collected during the stationary

phase (after cultivation for about 3 days).

First, the regulation pattern of phaP by PhaR in H. mediterranei
is subtly different from that of the bacterial counterpart. In bacte-
ria, the phaP gene usually has its own promoter, which is bound by
the autoregulator (PhaR) to repress the expression of phaP (13, 38,
39). In contrast, in the haloarchaeon H. mediterranei, the phaP
gene overlaps that of the phaR gene by 8 bp and the phaP is cotran-
scribed with phaR (20). Evidence also showed that there is no
independent promoter (20) or independent transcript for phaP
(Fig. 2C), and PhaR regulates both its own gene and the phaP gene
simultaneously by binding to their common promoter. These re-
sults imply a new regulation pattern for PhaR and PhaP in halo-
archaea. A similar regulation pattern was proposed previously in
the phaQ/phaP system in Bacillus megaterium. However, a likely
phaP transcript was observed, and the phasin regulator gene phaQ
is located far upstream (168 bp) of the phaP gene (40). Since 2004,
there has been no additional convincing evidence to refute the
suggestion presented in 1999 that B. megaterium phaP (phaPp,,)
was also transcribed from a separate promoter (41).

Taking into account the differences in protein level (i.e., that
the amount of PhaP is much higher than that of PhaR) and the
cotranscriptional expression patterns of the phaR and phaP genes
in H. mediterranei, additional regulation might be occurring at the
posttranscription levels, such as differences in translational effi-
ciency or protein stability. The codon usage bias analysis provided
some insight. For example, all of the three lysine residues of PhaR
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utilized the lower-frequency codon (AAA), while all of the five
lysine residues in PhaP are encoded by the higher-frequency
codon (AAG). The codon adaptation index of phaR (0.571) is
lower than that of phaP (0.647). Moreover, the 5'-UTR (AGGAG)
of phaR is a Shine-Dalgarno (SD)-like sequence, while SD-like
sequences (GAGGAAGGAGA) were also found 50 bp upstream of
the ATG codon of the phaP gene. As reported in chloroplasts, a
downstream cistron (atpE) of dicistronic mRNAs possesses its
own cis-element for efficient translation (42); it is likely that phaP
might also be translated independently, even though there is an
overlap (ATGAGTGA) of the phaR ORF and the phaP ORF. Fur-
ther research would also be dedicated to the exploration of this
multilevel regulation between phaR and phaP in haloarchaea.
Second, unlike the bacterial phasin regulators PhaR and PhaQ
(13, 40, 43), which are predicted to have a helix-turn-helix motif
for DNA binding, the H. mediterranei PhaR was shown to have a
putative DNA-binding motif similar to that of the N-terminal
domain of AbrB. AbrB is a small protein (10.2 to 10.6 kDa) that
functions as a transition state regulator in Bacillus species (44).
The N-terminal domains of the AbrB dimmer form a novel fold
that was previously called the “looped-hinge helix” (45) and re-
named later as the “swapped-hairpin barrel” (34). In addition to
various bacteria, this AbrB-like DNA recognition fold is present in
archaea, such as the putative chromatin-associated protein Sso7c4
protein in Sulfolobus solfataricus (46). The AbrB-like domain of
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H. mediterranei PhaR is highly conserved in its archaeal homologs.
Several charged residues in this domain, including the positively
charged Lys®’, Arg”, and Arg® residues, were identified to be
crucial, which indicated that these positively charged residues
might contribute to DNA binding by interacting with the nega-
tively charged DNA and demonstrated a critical involvement of
the AbrB-like domain in the negative regulatory role of the PhaR
in H. mediterranei. AbrB and AbrB-like proteins usually function
as dimers or tetramers (44, 47). In bacteria, PhaR was also shown
to form a tetramer in vitro (43). In the promoter region of the
phaRP operon, we identified a specific negative cis-element com-
posed of four repeat sequences in tandem (Fig. 4), which are very
likely the binding sites of H. mediterranei PhaR. In combination
with the oligomer character of bacterial PhaR and AbrB, it is im-
plied that the AbrB-like protein PhaR might also function as an
oligomer, such as a dimer or a tetramer, to bind the four repeat
DNA sequences. Therefore, although they have different DNA-
binding motifs, both the haloarchaeal and bacterial PhaRs may
regulate the phasin genes by a similar dose-dependent mecha-
nism.

Notably, in addition to the regulation mechanism, the central
role of PhaR in PHA accumulation and granule formation in H.
mediterranei was further addressed in this study. When both of the
two major PGAPs PhaR and PhaP were absent, there would be a
deficiency in the protection layer between the PHA granule and
the cytoplasm, and therefore the cells of the AphaRP strain could
only accumulate a small amount of PHA (Table 3 and Fig. 7B).
When only phaR was expressed in the AphaRP strain, PHA accu-
mulation returned to a wild-type level, and the cells synthesized
granules larger than those of the AphaRP strain (Table 3 and Fig.
7C). It is speculated that PhaR might facilitate PHA synthesis in a
PhaP-independent mechanism, such as by promoting PHA syn-
thase activity or by acting as the major protein to form a boundary
to protect both the PHA and the cytoplasmic protein from unspe-
cific binding. The reason why the AphaRP/pWLR strain had a
higher PHA accumulation level than the AphaP strain might be
the larger amount of PhaR proteins produced by the increased
phaR gene copy number, as the complementary expression was
carried out through a plasmid-based method that increased the
gene copy number. When the repressor PhaR was absent, the tran-
scriptional repression effect was released. The sole expression of
phaP under its native promoter would produce excess PhaP pro-
tein. The disordered PHA granule morphology displayed in the
AphaRP/pWLP strain and the DF50/pHP strain (Fig. 7D and F)
indicates that the proper amount of PhaP is critical to the forma-
tion of regular PHA granules and that it is important to keep the
expression of phaP under the control of PhaR. Therefore, H. medi-
terranei PhaR, which is essential for the control of the expression
of phaP, plays a very important role in maintaining proper granule
formation.

In summary, our results reveal a novel phasin regulator, PhaR,
with a novel regulation pattern in haloarchaea. We demonstrated
that in addition to acting as a phasin regulator to control PHA
granule morphology, H. mediterranei PhaR can also facilitate PHA
biosynthesis in a PhaP-independent manner. It is noteworthy that
mutation of the promoter of the phaRP operon has also generated
several very strong promoters that would have potential applica-
tion in genetic engineering in haloarchaea. Therefore, this study
has provided not only new insights into the regulation of PHA
synthesis and granule formation in H. mediterranei but also the
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tools and targets for the further exploration and engineering of
PHA metabolism in haloarchaea.
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