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Identification and Characterization of Cyclic-di-GMP-specific Phosphodiesterase

in Zymomonas mobilis

Hye-Sook Heo

Department of Microbiology, The Graduate School,
Pukyong National University

Abstract

Zymomonas mobilis has been known as a promising ethanologen used in fuel ethanol production
process using lignocellulosic materials. The cell flocculation mutant strain Z. mobilis ZM401 with
self-immobilization phenotype has been previously isolated via conventional chemical mutagenesis.
This strain showed several important industrial robustness characteristics for ethanol production.
With this reason, further studies on this flocculent strain with transcriptomic microarray and genome
sequencing analysis have been carried out, and the results suggested that a single point mutation
(A526V) in a putative phosphodiesterase(PDE) encoded by ZMO1055 EAL domain is one of the
main causes for the cell flocculation characteristics. The PDE was predicted as one of major proteins
involved in cell flocculation by controlling the intracellular levels of c-di-GMP, one of the bacterial
second messengers. Therefore, this study investigated the expression levels of genes involved in the
c-di-GMP synthesis/degradation, its enzymatic function and activities associated with the effect of
the single point mutation on the ZMO1055 PDE via heterologous expression of this protein in
Escherichia coli. The qRT-PCR analysis showed that five genes involved in c-di-GMP
synthesis/degradation including ZMO1055 from ZM401 were 2-3 times up-regulated as compared

to those from ZM4. The PDE enzyme assay indicated that total PDE activities of crude extracts
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from ZM401 and purified ZMO1055 PDE of ZM401 showed 0.8- and 0.75-times lower hydrolytic
activities than those of ZM4. These results suggest that the point mutation (A526V) in the
ZMO1055 EAL domain of ZM401 influenced lowing the PDE activities in the flocculent strain
ZM401 resulting in maintaining the higher intracellular level of c-di-GMP than that in the
planktonic strain ZM4. In addition, the sequence and domain analysis of ZMO1055 confirmed that
the point mutation (A526V) in a13 helix of ZMO1055 EAL domain is likely to be involved in PDE
dimer formation. The dimerization of PDE plausibly induces the c-di-GMP binding site to be in less
active form by expanding and stabilizing the helix loop of the DDFGTG(Y SS) motif, the c-di-GMP
binding site of the EAL domain. Consequently, this study indicated that ZMO1055
phosphodiesterase is a key enzyme involved in the regulation of ¢-di-GMP levels, and its enzyme
function was potentially determined by induction of active form of the c-di-GMP binding site

through dimerization of PDE.
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1. Introduction

Over the past few decades, fossil fuels have been consumed excessively as the
world's leading energy which are contributing to environmental pollution and
significant greenhouse gas emissions. Fossil fuels will eventually run out in the
near future[1]. Alternative sustainable and cleaner source of renewable energies
including solar, wind power, biomass and geothermal energy are attracting public
attention. Current transportation biofuels such as bioethanol and biodiesel which
are extracted from sugar cane, corn and soybean can replace petroleum-based
transportation fuels[2,3].

Biofuels are generally classified as the first, second and third generations
depending on the feedstock used in fuel production. The first generation biofuels
are sugar, starch and vegetable oils produced from agricultural crops and the second
generation biofuels are non-edible lignocellulose and wastes produced from
agricultural and food processing. The third generation biofuels are raw materials
derived from photosynthetic microorganisms such as algae. Although the third
generation biofuels are a promising source, but still in its early stages. Currently,
the first generation biofuels have raised concerns about increase in arable land
usage competition between energy and food or animal feeds production although
it has been successfully commercialized. The second generation biofuels using

non-edible feedstocks such as agricultural residues and waste cooking oils can



overcome this dilemma because there is no competition with food, and can provide
various environmental benefits such as greenhouse gas neutralization[4-6].
Lignocellulosic materials for second generation biofuel production are required to
destruct the structural polymers in plant such as cellulose, hemicellulose and lignin
through the pretreatment followed by the enzyme hydrolysis to produce glucose[7].
During such a destruction step inevitably generating fermentative inhibitory
compounds produced such as organic acids, furfurals, hydroxymethyl furfural and
lignin derivatives. These inhibitory compounds can reduce the rate of growth and
ethanol production for the microorganisms used in the fermentation steps such as
Zymomonas mobilis, Saccharomyces cerevisiae[8,9]. In addition to such inhibitors,
the ethanologenic microorganisms also exposure to various environment stresses
such as high temperature, high osmotic pressure and ethanol toxicity. In this regard,
it is necessary to develop robust microorganisms which can tolerate against such
stressful environments to efficiently produce ethanol.

Z. mobilis i1s a Gram-negative bacterium and has been recently introduced to an
industrial scale ethanol production using lignocellulosic materials such as corn
stover due to its favorable physiological characteristics such as high bioethanol
productivity, tolerance to high concentration of ethanol, high substrate-uptake
rate[10,11] and efficiently modified pentose sugar utilization by metabolic
engineering[8,12,13]. In previous studies, Z. mobilis ZM401, cell flocculation

strain, was obtained by inducing chemical mutation in Z. mobilis ZM4[14,15]. Selt-



cell immobilization characteristics of this strain has shown potential advantages
such as increased tolerance to high substrate concentration, low exposure to
inhibitory compounds and increased ethanol productivity due to prolonged cellular
stability in batch system. It also has the advantage of easy end-product recovery
and cell-recycling in the bioethanol production system[16,17]. Owing to such
useful characteristics for ethanol production process, several previous studies have
been attempted to understand genetic makeup of cell flocculation mutant strain
ZM401 via genome and transcriptomic analyses. Both studies indicated that one of
the mutations occurred in the EAL domain of the gene ZMO1055 which is involved
in the regulation of the cellular secondary signaling molecule cyclic diguanylate(c-
di-GMP)[15,18]. The ZMO1055 gene contains GGDEF and EAL domains. The
GGDEF domain encodes diguanylate cyclase(DGC) which synthesize c¢-di-GMP
from two guanosine triphosphate(GTP). The EAL domain encodes
phosphodiesterase which converts ¢-di-GMP to linear 5’-phosphoguanylyl-(3'-5')-
guanosine(pGpG)[19].

In previous study, our group constructed the ZMO1055 phosphodiesterase
deficient strains ZM44ZMO1055545(ZAM1) and ZM4014ZMO105554L*(ZAMR).
The recombinant strains showed higher c-di-GMP accumulation in cell and lower
motility than wild type ZM4, and similar cell flocculation characteristics to

ZMA401[18].



Thus, in this study, we performed the analysis including transcription levels of the
genes related c-di-GMP synthesis and/or degradation, and enzyme activities of
ZMO1055 phosphodiesterase of ZM4 and ZM401 to clarify the characteristic
differences of ZM4 and cell flocculation mutant strain ZM401. This helps to
understand the mechanism of c-di-GMP regulation and to develop useful strains

for bioethanol production.



2. Materials and methods

2.1. Bacterial strains and culture conditions

The bacterial strains and plasmid used in this study are listed in Table 1 and 2. The
strains of Z. mobilis were cultured in Rich Medium (RM) at 30 °C without shaking.
The RM medium was composed of 20 g L! glucose, 10 g L' yeast extract, and
2 g L' KHyPOs, 1 g L' (NH4)2SO4 and 1 g L' MgSO4 with an addition of 1.5%
agar for solid media[20]. This medium was separately autoclaved with carbon and
other sources. When the strain was stored for a long term, bacterial cultures were
suspended with 80% (v/v) glycerol and stored at -70°C in cryogenic vials. For the
growth of E. coli DH5a and BL21(DE3)pLysS, Luria-Bertani medium (LB)[21]
was used. Its medium composition was as followed; 10 g L'! tryptone, 5 g L! yeast
extract and 10 g L' NaCl. Antibiotics were used at the following concentrations :

ampicillin, 50 ug ml!; kanamycin, 50 pug ml™!; chloramphenicol, 33 pg ml™.



Table 1. The list of strains used in this study

Bacterial strain Genetic markers/phenotype Reference

Escherichia coli strains

DH5a hsdR17(r - m +) recAl endAl RBC
DHS5a::pRBC:: ZMO105554L ZMO105554L ) AmpR This study
DH50.::pRBC::ZMO105554L* ZMO105554" ) AmpR This study
DHS5a::pRBC:: ZMO1055" ZMO10557, AmpR This study
DH5a.::pRBC::ZMO1055"* ZMO1055"", AmpR This study
BL21(DE3)pLysS hsdSe(rsme")galdem(DE3) pLysS (CmR) Novagen
BL21(DE3)pLysS::pET28a(+) ZMOI105554L CmR, KanR This study
= ZMOI105554E
BL21(DE3)pLysS::pET28a(+) ZMOI105554L* | CmR, Kan® This study
:ZMOI105554L"
BL21(DE3)pLysS::pET28a(+) ZMO1055"%, CmR, KanR This study
ZMOI1055"
BL21(DE3)pLysS::pET28a(+) ZMO1055"* , CmR, Kan® This study
:ZMO1055™"

Zymomonas mobilis strains

ZM4 A wild-type strain, ATCC 31821 [20]
7ZM401 A cell flocculation mutant strain of ZM4, [14]
ATCC 31822

EAL : only EAL domain sequence of ZMO1055 gene, ¥ : whole sequence of ZMO1055 gene, * : a point mutation(A526V)



Table 2. The list of plasmids used in this study

Plasmid Genetic markers/phenotype Reference
pRBC TA cloning vector, Amp? RBC
pRBC::ZMO105554¢ ZMO105554E AmpR This study
pRBC::ZMO105554L* ZMO105554L", Amp® This study
pRBC::ZMO1055" ZMO1055", AmpR This study
pRBC::ZMO1055"" ZMOI1055"", AmpR This study
pET28a(+) Expression vector, Kan®, His-tag Novagen
pET28a(+)::ZMO105554% ZMO105554F, Kan® This study
pET28a(+)::ZMO105554L” ZMO105554L" Kan® This study
pET28a(+)::ZMO1055" ZMO1055", Kan® This study
pET28a(+)::ZMO1055"" ZMO1055"", Kan® This study

EAL : only EAL domain sequence of ZMO1055 gene, ¥ : whole sequence of ZMO1055 gene, * : a point mutation(A526V)



2.2 Isolation, amplification, and modification of DNA

To isolate genomic DNA and recombinant plasmids, HiGene™ Genomic DNA
Prep Kit (Biofact, Korea) and Plasmid DNA Extraction Mini Kit (Favorgen,
Taiwan) were used respectively. The purification of DNA fragments from PCR
products and agarose gels was achieved by GEL/PCR purification Kit (Favorgen,
Taiwan) according to the manufacturer’s instructions. All PCR reactions were
performed in 2720 PCR System (Thermo Scientific, USA) and using TaKaRa Ex
Taq polymerase (Takara, Japan) for DNA amplification. The composition of PCR
was set up with 0.25 pl Tag-polymerase (5 U/ul), 4 ul ANTP mixture (2.5mM each),
1/ 1l forward/reverse primers (10 pmol), 5 ul buffer (20 mM Tris-HCI, pH 8.0, 100
mM KCI, 0.1 mM EDTA, 1 mM Dithiothreitol, 0.5% Tween 20, 0.5% NP-40, 50%
glycerol), 1 ul Template(<500ng) and the rest was filled with Distilled water up to
50 ul. All PCR products and DNA fragments were separated on 1% agarose gels
in TAE buffer (2 M Tris-acetate, 50 mM EDTA) and the size of DNA was
compared with ExcelBand 1 kb Plus DNA Ladder (SMOBIO, Taiwan). PCRs were
performed 30 cycles and the conditions were as follows; initial denaturation at 98°C
for 5 min, denaturation at 98°C for 10 sec, annealing at 55°C for 30 sec, extension
at 72°C for 1 min and final extension at 72°C for 7 min. All gene constructs were

confirmed by sequencing using the Sanger method[22].



2.3 RNA isolation and qRT-PCR

Total RNA was isolated from Zymomonas mobilis ZM4 and its mutant strain
ZM401 using HiYield Total RNA Mini kit (RBC, Taiwan), according to
manufacturer’s instructions. The concentration of RNA was measured at 260 nm
and 280 nm by a UV/VIS Spectrophotometer (Mecasys, Korea). The extracted
RNA was treated with RQ1 RNase-Free DNase (Promega, USA) to remove DNA
contamination. The cDNA was synthesized from 1000 ng of total RNA by Prime
script RT Master mix (Takara, Japan). The synthesized cDNA was used as PCR
templates. QRT-PCR was performed on a QuantStudio 6 Flex Real-Time PCR
system (Applied Biosystems, USA) using AccuPower 2x GreenStar qPCR Master
Mix (Bioneer, Korea). The composition of PCR was set up with 50 ng cDNA, 10
ul 2X GreenStar Master Mix, 1ul/1ul forward/reverse primers (10 pmol), and the
rest was filled with deionized water up to 20 pl. The QuantStudio 6 Flex sequence
detector (Applied Biosystems, USA) was programmed with the following PCR
conditions; 40 cycles of denaturation at 95°C, 15 sec and amplification 60°C, 30
sec. All reactions were run in triplicate and calibrated with the wild type strain ZM4
(reference sample) and 16s rRNA sequence (endogenous control). The amount of
mRNA obtained was calculated as the relative concentration using the value 244“[23],
and the results were compared. All primers used for qRT-PCR are shown in Table 3.
The unpaired, two-tailed Student’s #-test was used for statistical comparisons. A p

value less than 0.05 was considered significant.



Table 3. Primers for each amplified gene by qRT-PCR

Primer Sequence(5’ — 37) Target genes Reference
16s_F CGTGCTACAATGGCGGTGAC

ZMOr003
16s R GCGATTCCGCCTTCATGCTC (16s ribosomal RNA)
ZMO1055_F GGCACTTCTGACGTTTGGCA

ZMO1055
ZMO1055 R CGATCCGGTCATCCATCAACGA ~ (GOGDEF-EALhybrid)
ZMO0401_F ACCATTGCCGGAAACATAAG

ZMO0401
ZMO0401 R GGCAAACCGGAATGGTTAT (GGDEF-EAL hybrid)
ZMO1365_F TATTAGGAAAGCCGGACGAT

ZMO1365
ZMOI1365 R CGGAAAGAGATGGCTAATCC (GEDTE This study
ZMO0919 F AGCAGGGCAACACTCTTTCT

ZMO0919
ZMO0919 R TGCTGCTACCGACTATCCAG D)
ZMO1487 F AGCCAGACGTTATCCACTTGT

ZMO1487
ZMO1487 R CGTGAGATAACATGGCGAAT (EAE)
ZMO0614_F CAACTCTGTTCGGTATTCAGG

ZMO0614
ZMO0614 R ATCCCGCGCTTTATAGTTAG (FlgB)
ZMO1084_F AGGCGAAAATCGTATCAATC

ZMO1084
ZMO1084 R GAAAGACCGCTTATTGGAAA (BesB)

10



2.4 Construction of ZMO1055% and ZMO1055%AL protein expression vectors

To construct the ZMO1055% and ZMO10555AL protein expression vector, the
genes coding for whole sequence and partial EAL domain sequence of ZMO1055
from ZM4 and ZM401 respectively were cloned for heterologous expression in
E.coli. The PCR and sequencing primers used for recombinant vectors construction
and genetic confirmation are the list in Table 4.

To construct the ZMO1055AL protein expression vector pET28a(+)::ZMO1055, the
partial gene of EAL domain of ZMO1055 was amplified from the genomic DNAs
of wild type ZM4 by PCR using primers, EAL F(BamH 1) and EAL R(Not I). The
772 bp PCR products were cloned into a pRBC vector using RBC TA cloning kit
(RBC, Taiwan) via an overnight ligation reaction at 4 °C. The ligation mixture was
transferred into E. coli DH5a competent cells (RBC, Taiwan). The objective
recombinant plasmids were screened by blue-white selections and the putative
recombinant strains E. coli DH50 (pRBC::ZMO1055%4%) were further confirmed
by PCR analysis using primer, M13F and MI13R. The target gene in
pRBC::ZMO105554L was digested with BamH 1 and Not 1 and cloned into the
BamH 1 and Not 1 sites of pET28a(+) vector (Novagen, USA) to generate both
N-terminal and C-terminal hexa-histidine tagged protein. The ZMO1055 EAL
domain protein expression vector pET28a(+):ZMO1055%4L" of the flocculant

strain ZM401 was constructed with the same manner as described earlier.

11



To construct the ZMO1055" protein expression vector pET28a(+)::ZM0O1055",
the whole sequence of ZMO1055 was amplified from the genomic DNAs of wild
type ZM4 by PCR using primers, ZMO1055 F(BamH 1) and ZMO155_ R(Xho I).
The 1758 bp PCR products were cloned into a pRBC vector using RBC TA cloning
kit (RBC, Taiwan) via an overnight ligation reaction at 4 °C. The ligation mixture
was transferred into E. coli DH5a competent cells (RBC, Taiwan). The objective
recombinant plasmids were screened by blue-white selections and the putative
recombinant strains E. coli DH5a. (pRBC::ZMO1055") were further confirmed by
PCR analysis using primer, MI13F and MI3R. The target gene in
pRBC::ZMO1055" was digested with BamH 1 and Xho I and cloned into the BamH 1
and X#o 1 sites of pET28a(+) vector (Novagen, USA) to generate both N-terminal
and C-terminal hexa-histidine tagged protein. The ZMO1055%" protein expression
vector pET28a(+)::ZMO1055"" of the flocculant strain ZM401 was constructed in
the same manner.

Plasmid DNA harboring the whole sequence and partial EAL domain of
ZMO1055 were transformed into E. coli BL21(DE3)pLysS competent cells for
protein expression. The objective recombinant strains were selectively screened by
culturing in media containing kanamycin and chloramphenicol and further
confirmed by PCR analysis using primer, T7 promoter and T7 terminator. The
recombinant strains were also confirmed by sequencing using the Sanger

method[23].
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Table 4. Primers for each amplified gene by qRT-PCR

Primer Sequence(5’ — 3°) Reference
EAL F(BamHI) ATAGGATCCACGACCTTCGACGTGCCATTG

This study
EAL R(Nof) ATTGCGGCCGCTTAATTCCTGTTGGACGCCATA

ZMO1055_F(BamHI) AGAGCACGGATCCCCAGATCCTATATTAAAAAC

This study
ZMO1055_R(Xhol) ATAACTCGAGAATTCCTGTTGGACGCCATA
M13F TTTCCCAGTCACGACGTTGTAA
RBC
M13R TCACACAGGAAACAGCTATGAC
T7 promoter TAATACGACTCACTATAGGG
Novagen
T7 terminator GCTAGTTATTGCTCAGCGG
2.5 Protein sample preparation
The recombinant strains BL21(DE3)pLysS::pET28a(+)::ZM01055”,

BIL21(DE3)pLysS:;pET28a(+):ZMO1055"", BL21(DE3)pLysS:;pET28a(+):ZMO1055L,
BL21(DE3)pLysS:;pET28a(+):ZMOI1055" were grown in LB medium supplemented
with 50 pg ml! kanamycin and 33 pg ml!' chloramphenicol at 37 °C, 150 rpm to
an optical density (ODgso) of ~1.0. Protein expression was induced with 0.5 mM
Isopropyl B-D-1-thiogalactopyranoside(IPTG) for overnight (~16 h) at 10 °C, 150 rpm

after which cells were harvested by centrifugation at 35,000 g for 20 min at 4 °C
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and washed twice with Lysis buffer A (60 mM Tris-HCI, pH 7.5, 100 mM NaCl,
1 mM 1,4-Dithiothreitol, 5% glycerol). The cell pellets were resuspended in Lysis
buffer A and transferred to prefilled tubes containing beads. The suspension was
homogenized in a Bead homogenizer (Benchmark Scientific, USA) for 1 min at
4,000 rpm and then incubated on ice for 1 min. This procedure was repeated
10 times. The soluble protein fractions were separated by centrifugation for 10min
at 13,000 rpm, 4 °C. The total protein fractions represent whole cell lysates before
centrifugation. After centrifugation the insoluble protein pellet was additionally

washed and resuspended in Lysis buffer A.

2.6 SDS PAGE and western blotting analysis

Samples for SDS-PAGE separation were prepared as follows: 80 upl of protein
sample (whole cell lysate, soluble fraction), 20 pul of 5x SDS-PAGE loading buffer
(250 mM Tris-HCI, pH 6.8, 8% SDS, 0.1% bromophenol blue, 40% glycerol, 100 mM
1,4-Dithiothreitol). Samples were heated for 5 min at 100 °C. 20 pl of samples were
applied to each lane of a 12% SDS-PAGE gel and run at 200 V for 80 min. The
protein samples were transferred to a PVDF membrane (BIO-RAD, USA).
Membranes were blocked with Blocking buffer (5% powder milk in 1X TBS buffer,
0.05% Tween 20) for 1 h at room temperature and washed in TBS buffer (65 mM
Tris-base, pH 7.5, 150 mM NaCl) three times. The membranes were incubated with

a mouse monoclonal antibody IgGo, (Santa Cruz Biotechnology, USA) diluted

14



1:1,000 in Blocking buffer for 1hr at 37 °C and washed in TBS buffer three times.
The membranes were then incubated with the secondary antibody, goat anti-mouse
IgG horseradish peroxidase conjugate (BIO-RAD, USA) diluted 1:3,000 in
Blocking buffer for 1hr at room temperature. After washing with TBS buffer, the
immunoreactive bands were detected with a western ECL substrate kit (BIO-RAD,
USA) according to the manufacturer’s instructions and imaged by exposing to X-

ray film.

2.7 Expression and purification of His6-target protein

The recombinant strains were grown in LB medium supplemented with 50 ug ml?
kanamycin and 33 pg ml"! chloramphenicol at 37 °C, 150 rpm to an optical density
(ODe6o) of ~1.0. Protein expression was induced with 0.5 mM IPTG for overnight
(~16 h) at 10 °C, 150 rpm after which cells were harvested by centrifugation. For
protein purification, Cell pellets were resuspended in Lysis buffer B (50mM Tris-
HCI, pH 7.5, 200 mM NaCl, 1 mM MgCl, , 5 mM 1,4-Dithiothreitol) containing
1 mM phenylmethylsulphonyl fluoride (PMSF, in isopropanol). The suspension
was prechilled on ice for 20 min and lysed by French Press cell (Thermo Scientific,
USA) under 7,000 psi, three times. Cellular debris was removed by centrifugation
at 35,000 g for 20 min at 4 °C. The Ni-NTA columns (Qiagen, USA) were
thoroughly washed and equilibrated with Binding buffer (50 mM Sodium

phosphate, 500 mM NaCl, 10 mM Imidazole, pH 8.0) and then loaded with purified

15



lysate. The column was washed repeatedly with 10-bed volumes of Binding buffer
until the OD2go of the flow through reached to below 0.01. The bound hexa-
histidine tagged protein was eluted from the column with Elution buffer (50 mM
Sodium phosphate, 500 mM NaCl, 150 mM Imidazole, pH 8.0). Fractions
containing objective protein, as judged by SDS-PAGE analysis, were dialyzed
against PBS buffer for overnight in 4 °C. Proteins were stored at 4 °C in a solution
of the following conditions; 50-300 mM NaCl, 25 mM Tris-Cl, 1 mM 1,4-
Dithiothreitol, 1 mM PMSF and ImM EDTA. For long-term storage of the protein,

20-50% glycerol was added and stored at -70 °C.

2.8 Phosphodiesterase colorimetric assay

2.8.1 Total phosphodiesterase assay for crude extracts from Z. mobilis

Cells were harvested by centrifugation at 35,000 g for 20 min at 4 °C and washed
twice with D.I water. The cell pellets were resuspended in D.I water and transferred
to prefilled tubes containing beads. The suspension was homogenized in a Bead
homogenizer(Benchmark Scientific, USA) for 1 min at 4,000 rpm and then
incubated on ice for 1 min. This procedure was repeated 10 times. The soluble
protein fractions were separated by centrifugation for 10 min at 13,000 rpm, 4 °C.
The soluble fractions from ZM4 and ZM401 were assayed for the enzyme activity
of PDE against c-di-GMP using Cyclic Nucleotide Phosphodiesterase Assay kit

(Enzo Life Sciences, USA). For PDE activity analysis on c-di-GMP, the soluble

16



fractions were loaded onto desalting resin to remove excess phosphates and
nucleotides which interfere with the assay. These samples were injected with
0.5 mM cGMP substrate, 5 -nucleotidase, PDE solution (type I cyclic AMP
phosphodiesterase) and incubated at 30 °C for 30 min in assay buffer (10 mM Tris-
HCI, pH 7.4). The product was injected with BIOMOL green reagent (Enzo Life
Sciences, USA) and allowed color to develop for 20 min. The enzyme activities
were quantified using Microplate reader (Molecular Devices, USA) at ODs20 nm.
The value (amount of 5’-GMP released) was standardized to the amount of total
protein, which was estimated using the Pierce 660 nm Protein Assay kit (Thermo

Scientific, USA) with bovine serum albumin (BSA) in each sample.

2.8.2 Phosphodiesterase assay for ZMO10555AL and ZMO10555AL"

The purified proteins of ZMO10555AL and ZMO10555*™ from E. coli BL21(DE3)pLysS
were assayed for the enzyme activity of PDE against c-di-AMP and c-di-GMP
using Cyclic Nucleotide Phosphodiesterase Assay kit (Enzo Life Sciences, USA).
For PDE activity analysis on ¢-di-AMP, the purified proteins were loaded onto
desalting resin to remove excess phosphates and nucleotides which interfere with
the assay. The samples were injected with 0.5 mM cAMP substrate, 5*-nucleotidase,
PDE solution (type I cyclic AMP phosphodiesterase) and incubated at 30 °C for 30
min in assay buffer (10 mM Tris-HCI, pH 7.4). The product was injected with

BIOMOL green reagent (Enzo Life Sciences, USA) and allowed color to develop
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for 20 min. The enzyme activities were quantified using Microplate reader
(Molecular Devices, USA) at ODgs20 nm. PDE activity analysis on c-di-GMP was
carried out with the same manner except that c-di-GMP substrate was added instead
of c-di-AMP substrate. The value (amount of 5’-AMP and 5’-GMP released) was
standardized to the amount of total protein, which was estimated using the Pierce
660nm Protein Assay kit (Thermo Scientific, USA) with bovine serum albumin
(BSA) in each sample.

The unpaired, two-tailed Student’s #-test was used for statistical comparisons. A p value

less than 0.05 was considered significant.

2.9 Bioinformatics analysis

The Z. mobilis genome database was searched for gene and protein sequences
composed of GGDEF and EAL domain. Protein sequences were analyzed by the
SMART/[24] and Pfam[25] domain databases. RCSB PDB[26] was employed to
identify homologous proteins in other bacteria. Multiple sequence alignments were
constructed using Bioedit software and the Figures were generated using ESPript

3.0 (http://espript.ibcp.fr/ESPript/cgi-bin/ESPript.cgi).
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3. Results

3.1 Domain organization of predicted GGDEF and EAL domain in Z. mobilis

In previous studies, our group identified 5 genes involved in c-di-GMP
synthesis/degradation in the genome of Z. mobilis ZM4 by gene function prediction
and protein sequence analysis[18]. These genes include two GGDEF-EAL hybrid
proteins, one EAL domain protein and two GGDEF domain proteins. Previously,
it was confirmed that a point mutation was present in ZMO1055 of the cell
flocculation mutant strain ZM401. This mutation, one of the point mutations
present in ZM401, is located at the 526 amino acid position of ZMO1055 EAL
domain and converts amino acid alanine to valine (A526V) by changing GCU
codon to GUUJ[15]. By using the SMART algorithm, the predicted domains of
these 5 genes were presented and listed in Table 5. The gene locus on the genome
of ZM4 strain, ZMO0401, ZMO0919 and ZMO1365 contain transmembrane
region (TM) or Reg prop and YYY domain. The Reg prop domain is part of the
periplasmic sensor domain and the YYY domain is one of the bacterial signal
transduction domains, however the exact function of these domains is not
known[27]. These three genes are likely to be either membrane bound or exported
membrane proteins. Only two genes contain EAL or dual GGDEF-EAL domain,
i.e., ZMO1487 and ZMO1055, respectively. These proteins were predicted to be
located within the inner membrane because of lacking obvious TM or signal

domains.
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Table 5. Predicted domain organizations of proteins involved in the turnover of c-di-GMP in Z. mobilis ZM4

Similarity
Gene . .
Domain organization -
locus % seq
. . Gene locus Reference
identity
Pseud
ZMO0401 | 37 PALTT seu. omonas
i ' ' ' . aeruginosa [28]
ZMO1055 : 39 PA4601 Pseu.domonas
GGDEF aeruginosa [29]
Klebsiella

subsp.

Pneumoniae [30]

Caulobacter
MO 3 CCNA_02546 vibrioides [31]
ZMO1365 39 CCNA_ 02546 Caulobacter

vibrioides [31]

The light blue represents the transmembrane helix region
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3.2 Transcription analysis of genes involved in c-di-GMP in Z. mobilis

3.2.1 Gene expression related to c-di-GMP turnover

Previously, our group confirmed that the flocculation mutant strain ZM401
showed a higher intracellular c-di-GMP concentration than that of its parent strain
ZMA4[18]. ZM401 was expected to up-regulate genes involved in synthesis and
degradation of c-di-GMP. To determine the transcription levels of these genes in
ZM4 and ZM401, qRT-PCR analysis was performed. The results were confirmed
that measurements are significant by using two-tailed Student’s #-test (p<0.05)
analysis on the means from three independent experiments and are detailed in
Figure 1. The four genes including the GGDEF and GGDEF-EAL hybrid domains
were up-regulated 2 to 3 times higher and the ZMO1487 with only EAL domain
was significantly up-regulated 14 times higher in the ZM401 as compared to those
in the wild type ZM4. These results suggest that the various mutations found in the
genome of ZM401[37] and the resulting changes in cell flocculation mutant strain

ZM401 promote transcription of these genes.
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Figure 1. The expression levels of genes composed with GGDEF and EAL domain related to
c-di-GMP synthesis and degradation in ZM4 and ZM401. The expression levels of the selected
genes relative to 16s rRNA gene ZMOr003 were compared, and the values are presented as -fold
differences in the expression of cell flocculation mutant strain ZM401 relative to wild type ZM4.

Bars indicated mean + SD (n=3, p < 0.05 : unpaired, two-tailed Student’s #-test).
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3.2.2 Gene expression related to motility and cellulose synthesis

The c-di-GMP regulates diverse cellular activities including motility, adherence,
biofilm formation, virulence and cell cycle progression depending on its
intracellular levels[19]. The cell flocculation mutant strain ZM401 was expected to
have a difference in the expression of genes involved in these cell processes as
compared with its parent strain ZM4. To determine the transcription levels of these
genes such as ZMO0614 and ZMO1084 in ZM4 and ZM401, qRT-PCR analysis
was performed. ZMO0614 encode the flagellar basal body rod protein FlgB which
is involved in motility and ZMO1084 encode the cellulose synthase subunit B. The
results showed significant by using two-tailed Student’s #-test (»<0.05) analysis on
the mean value from three independent experiments and are detailed in Figure 2.
The gene expression level of ZMO0614 was similar in the wild type and cell
flocculation mutant strain ZM401. ZMO1084 was up-regulated 3.8 times higher in

ZM401 than that in the wild type strain ZM4.
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Figure 2. The expression levels of genes related motility and cellulose synthesis regulated by
c-di-GMP levels in ZM4 and ZM401. The expression levels of the selected genes relative to 16s
rRNA ZMOr003 were compared, and the values are presented as -fold difference in the expression
of cell flocculation mutant strain ZM401 relative to wild type ZM4. Bars indicated mean + SD (n=3,
p <0.05 : unpaired, two-tailed Student’s ¢-test).
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3.3 Total PDEs activities of crude extracts from Z. mobilis

The cell flocculation mutant strain ZM401 showed higher intracellular c-di-GMP
levels than that of parent strain ZM4 even though up-regulation of the genes
containing EAL domain involved in degradation of c-di-GMP as described above.
To determine the activities of phosphodiesterases (PDEs) from EAL domains in
both strains, total PDE enzyme assays using soluble fraction of crude extracts from
ZM4 and ZM401 were carried out. The results are shown in Figure 3. The activities
of total PDE from ZM401 was 0.8-times lower than that of wild type strain. This
result indicates that the higher intracellular c-di-GMP level from the flocculation
strain ZM401 was due to the lower activities of total PDEs rather than the up-

regulation of genes involved in c-di-GMP turnover.
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Figure 3. The enzyme activities of total PDEs against substrates. c-di-GMP/PDE activity for
soluble fractions of crude extracts from Z mobilis ZM4 and ZM401 were measured in
Phosphodiesterase colorimetric assay. The values are presented as -fold difference in the PDEs
activities of cell flocculation mutant strain ZM401 relative to wild type ZM4. Bars indicated mean.
(n=2, p <0.05 : unpaired, two-tailed Student’s ¢-test).
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3.4 Heterologous expression of ZMO1055% and ZMO1055%Al in E. coli
3.4.1 Construction of ZMO1055"Y protein expression vector

To determine the enzyme activities of ZMO1055 hybrid protein and the effect of
single point mutation(A526V) in ZMO1055 EAL domain of ZM401, the entire
sequence of ZMO1055 (ZM0O1055"Y) containing both GGDEF and EAL domains
from ZM4 was subcloned into each pET28a(+) vector. This plasmid was separately
transformed into E. coli BL21(DE3)pLysS. The expression of ZMO1055" with N-
terminal His6-tags was induced by adding IPTG. The western blotting analysis was
used to confirm whether the constructed proteins were expressed, and the result is
shown in Figure 4. The whole protein expression vector of ZMO1055% of ZM401
was constructed and expressed in the same manner. The predicted size of the
protein  ZMO1055% and ZMO1055%" is approximately 64.5 kDa. Both
ZMO1055% of ZM4 and ZMO1055%" of ZM401 were expressed in whole cell
lysates but not expressed in soluble fractions. Therefore, the proteins could not be

further purified.
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3.4.2 Construction of ZMO1055¥AL protein expression vector

To determine the enzyme activities of ZMO1055 EAL domain protein and the
effect of single point mutation in ZMO1055 EAL domain of ZM401, the sequence
of only ZMO1055 EAL domain (ZMO1055AL) from ZM4 was subcloned into
each pET28a(+) vector as the same manner described in the earlier section. The
western blotting analysis was used to confirm whether the constructed proteins
were expressed, and the result is shown in Figure 4. The protein expression vector
of ZMO1055FAL" from the flocculating strain ZM401 was constructed and
expressed in the same manner. The predicted sizes of the protein ZMO1055AL and
ZMO1055FAL" is approximately 29.6 kDa. Both ZMO1055FAL of ZM4 and
ZMO1055FAL" of ZM401 were expressed in whole cell lysates and soluble fractions.
To perform the enzyme assay, the ZMO10555AF and ZMO10555A" were isolated

and purified from soluble fraction of cell lysates.
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Figure 4. The expression of poly his-tagged ZMO01055% and ZMO1055%AL proteins from ZM4
and ZM401. The expression of ZMO1055% and ZMO1055FA% proteins from ZM4 and ZM401 was
measured by western blotting analysis on whole cell extracts and soluble fractions; ZM1055V is a
protein of the entire ZMO1055 sequence; ZMO1055F4L is a protein of only ZMO1055 EAL domain
sequence; The superscript * after the protein name indicates the single point mutation in the
ZMO1055 EAL domain of cell flocculation mutant strain ZM401.
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3.5 PDE activity of purified ZMO1055%AL and ZMO1055FAL*
3.5.1 Enzyme activity of ZMO1055¥AL against c-di-AMP and c-di-GMP

To identify the substrate specificity of ZMO1055 EAL domain protein, a putative
phosphodiesterase, the His6-ZMO1055"AL was expressed in E. coli BL21(DE3)pLysS
and purified. The purified protein was tested for the PDE activity through
colorimetric assay, and the results are shown in Figure 5. ZMO1055 EAL wild type
domain protein of ZM4 showed 1.38 times higher hydrolytic activity against c-di-
GMP than that against c-di-AMP. The results indicate that ZMO1055 EAL domain
protein is a cyclic nucleotide phosphodiesterase and prefer c-di-GMP as a substrate

rather than c-di-AMP.
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Figure 5. The enzyme activity of ZMO1055E%AL on substrates c-di-AMP and ¢-di-GMP. c-di-
AMP/ZMO105584 and ¢-di-GMP/ZMO1055FAL activities were measured in phosphodiesterase
colorimetric assay. The values are presented as -fold difference in the PDE activity of c-di-
GMP/ZMO105584L relative to c-di-AMP/ZMO10558AL, Bars indicated mean. (n=3, p < 0.05 :
unpaired, two-tailed Student’s z-test).
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3.5.2 Enzyme activity of ZMO1055AL and ZMO10558AL*

The PDE activity of ZMO1055%A of the cell flocculation mutant strain ZM401
were compared with that of parent strain ZM4 to determine whether the single point
mutation(A526V) in ZMO1055 EAL domain of ZM401 affects the enzyme
function and activities against substrates. The results are shown in Figure 6.
ZMO1055 PDE of ZM401(ZMO1055%AL", the mutant type) was 0.94- and 0.75-
times lower activities on c-di-AMP and c-di-GMP respectively than those of ZM4
(ZMO10555AL the wild type). These results suggest that the single point mutation

in ZMO1055 EAL domain of ZM401 is associated with decreased in PDE activity.
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Figure 6. The enzyme activity of ZMO10555AL and ZMO10555AL" on substrates c-di-AMP and
¢-di-GMP. The PDE activities of ZMO1055%A(the wild type) and ZMO1055%A" (the mutant type)
were measured in phosphodiesterase colorimetric assay. The values are presented as -fold difference
in the PDE activity of ZMO1055FA" relative to ZMO1055%AL, Bars indicated mean. (n=3, p < 0.05 :
unpaired, two-tailed Student’s #-test). The superscript * after the protein name indicates the single
point mutation in the ZMO1055 EAL domain of cell flocculation mutant strain ZM401.
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3.6 Sequence and domain analysis of ZMO1055

To identify the structural characteristics of ZMO1055, homology search for amino
acid sequence of ZMO1055 was performed using blast software at RCSB PDB
server. ZMO1055 has 39% sequence similarity with MorA(locus tag : PA4601) of
P. aeruginosa at the amino acid level. Although structural characteristics of
ZMO1055 have not yet been elucidated, the structure of MorA showed the highest
homology with ZMO1055 has been identified[29]. Therefore, multiple alignment
between ZMO1055 and other proteins composed of GGDEF and EAL domain,
including MorA, was performed using Bioedit software. Based on the secondary
structure data of P. aeruginosa MorA obtained from the RCSB PDB database, the
secondary structure depiction on those proteins was performed using ESPrinpt 3.0
and SWISS-MODEL, and the results are shown in Figure 7 and Figure 8.

Previous studies confirmed that both DDFGTG(YSS)motif and PDE-a6 helix in
MorA of P. aeruginosa are involved in EAL domain dimerization, also those
helixes influence active site formation of EAL domain[29]. The bioinformatic
analysis showed that ZMO1055 EAL domain conserved EAL and DDFGTG(YSS)
motifs, and its a13 helix was similar homology with the PDE-a6 helix of MorA of
P. aeruginosa(Fig. 7). In addition to, the point mutation in ZMO1055 EAL domain
of cell flocculating strain ZM401 was present in the al3 helix(the residue A526)

and putatively associated with EAL domain dimerization(Fig. 8A). These results
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suggest that DDFGTG(YSS) motif and a13 helix in ZMO1055 EAL domain are
involved in dimer formation and activity of EAL domain, and the single point
mutation in ZMO10555A" of cell flocculation mutant strain ZM401 is associated

with ZMO1055 PDE enzymatic function.
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Figure 7. Sequence alignments of GGDEF and EAL domain of ZMO1055. Structure-based amino acid sequence alignment of ZMO1055 and

homologous domains from other genes containing GGDEF-EAL domain.

The numbering of the residues and secondary structure elements are based

on the MorA sequence(locus tag : PA4601) of P. aeruginosa referred to RCSB PDB database. This model is based on ZMO1055-template sequence

alignment of 39% sequence identity. Strictly conserved residues are high

lighted in red. The catalytic motifs of the PDE domain (“EAL” motif and

“DDFGTG” motif) are highlighted in yellow boxes. Red star indicates the position of a single point mutation present in ZMO1055 EAL domain of

ZM401. Accession numbers are as follows: MorA, WP_073670889.1; Tbd126
DipA, NP_253704.4

5, WP_011311777.1; LapD, WP_011331847.1; NBDA, WP_048305406.1 and
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Figure 8. Putative crystal structure of the dimeric form of ZM 01055 GGDEF-EAL domain.
The structure model of ZMO1055 of Z. mobilis ZM4 is based on the structure of P. aeruginosa
MorA protein with 39% sequence similarity to the ZMO1055 amino acid sequence and is shown
using Protein Model Portal and SWISS-MODEL. (A) The dimeric interface is formed through
contact of certain parts of monomer A(yellow) and B(green); DDFGTG(YSS) motif Y485/5486
and a13 helix. The two residues D479 and D480, which are part of the DDFGTG(YSS) motif, acts
as an active site that coordinates Mg?" ion. (B) The structure represents a dimeric form of the
GGDEF-EAL hybrid domain composed of 2 monomers[29].
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4. Discussion

The cell flocculation is one of the useful properties of fermentation
microorganisms in the ethanol fermentation industry. The stable cell flocs can be
easily separated from the fermentation broth at the end of fermentation and re-used
in continuous fermentation. High density cells obtained by flocculation also
shorten the fermentation time and provide resistance to high-ethanol and other
environmental stress[32]. These advantages, which are useful for the fermentation
process, have led to many studies for the development of industrial strains with cell
flocculation properties. In previous literature, c-di-GMP is one of the factors
associated with cell flocculation and regulates various cellular activities including
motility, biofilm formation, toxicity and cell cycle progression depending on its
intracellular levels[19]. The c-di-GMP, a second messenger used in signal
transduction, is synthesized from two GTP molecules by a diguanylate cyclase
containing the GGDEF domain and degraded into pGpG or two GMP by
a phosphodiesterase containing the EAL or HD-GYP domain[19]. In previous
studies, comparative microarray analysis of ZM401, a flocculent strain isolated by
chemical mutagenesis, confirmed that the ZMO1055 gene encoding diguanylate
cyclase and phosphodiesterase was up-regulated compared to the wild type ZM4.
In addition, it was found that the 526 amino acid position of ZMO1055 EAL

domain was converted from amino acid alanine to valine[15]. Our group previously
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constructed ZM44ZMO105554L and ZM4014ZMO105554L" strains that were
inactivated the ZMO1055 EAL domain gene in Z. mobilis. These recombinant
strains showed higher c-di-GMP levels than the wild type strain ZM4, and similar
cell flocculation phenotype to cell flocculent ZM401[18]. Four genes consisting of
the GGDEF and/or EAL domains, which function similarly to the ZMO1055 gene
were additionally found in the Z. mobilis genome through a bioinformatic analysis.
Therefore, it was required to understand the difference of 5 genes involved in c-di-
GMP turnover in the cell flocculation strain ZM401 compared with parent strain
ZM4. Also, it was required to understand the enzymatic characteristics and activity
of the ZMO1055 EAL domain protein, which is presumed to play a major role in

the cell floc formation of ZM401.

We confirmed by qRT-PCR transcription analysis that these five genes involved
in c-di-GMP turnover were 2 to 3 times up-regulated in ZM401 compared with
ZM4. Several c-di-GMP interact with numerous c-di-GMP effector proteins or
riboswitches, so regulate its target genes related to the cell processes[19]. The c-di-
GMP-mediated riboswitches are found in the upstream of genes involved in c-di-
GMP metabolism and can promote or inhibit mRNA transcription upon c-di-GMP
binding[33]. In addition, other studies reported that c-di-GMP-mediated
riboswitches regulate the expression of its downstream genes in the response to
changing concentration of ¢c-di-GMP in particular other bacteria such as Bacillus

thuringiensis[34]. Typically, riboswitches induce mRNA transcription termination
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by forming the Rho-independent terminator structure[35]. To determine the
functional RNA motifs and sites in five genes involved in the synthesis and
degradation of c-di-GMP of Z. mobilis ZM4, we searched at the upstream positions
of these genes by bioinformatic analysis with RegRNO 2.0 software. The c-di-
GMP-mediated riboswitches were not identified, but one or more Rho-independent
terminators were identified in the upstream region of these five genes. It is possible
to predict that the interaction of c-di-GMP and functional RNA motifs will induce
the up-regulation of genes involved in c-di-GMP turnover in cell flocculation

mutant strain ZM401.

The cell flocculent ZM401 was experimentally confirmed to maintain higher c-di-
GMP levels than parent strain ZM4 and exhibited phenotypically distinct cell
flocculation with ZM4, despite the up-regulation of genes including the EAL
domain related to c-di-GMP degradation. The point mutation in the ZMO1055
EAL domain of ZM401 was presumed to be one of the major factors in these
outcomes. Thus, we performed the analysis of substrate specificity and enzyme
activity of the phosphodiesterase encoded by the ZMO1055 EAL domain. The PDE
enzyme assay showed that ZMO1055 EAL domain protein of ZM4 showed 1.38
times higher hydrolytic activity against c-di-GMP than that against c-di-AMP. In
addition, the total PDEs and purified ZMO1055%AL" (the mutant type) of ZM401
were 0.8- and 0.75-times lower activities than those of wild type strain ZM4. These

results indicate that the ZMOI1055%L protein is a c-di-GMP specific-

40



phosphodiesterase and acts as one of key functional enzymes that regulates the
intracellular levels of ¢c-di-GMP in Z. mobilis. In addition, it is suggested that the
single point mutation in the ZMO1055 EAL domain of ZM401 is associated with
a decrease in PDE activity. To determine how the point mutation affects the
ZMOI1055 PDE enzyme activity, it was necessary to search for the secondary

structure of ZMO1055 based on the amino acid sequence.

In the homology search for amino acid sequence of ZMO1055, the P. aeruginosa
MorA protein showed the highest sequence similarity with ZMO1055. In the EAL
domain of MorA, DDFGTG(YSS)motif and EAL-a6 helix involved in EAL
domain dimerization affect formation of active site. The dimerization of EAL
domain induces formation of c-di-GMP binding site by expanding and stabilizing
the helix loop of the DDFGTG(YSS) motif[29]. We performed multiple alignments
between GGDEF-EAL hybrid proteins of other strains and ZMO1055. The EAL
motif and DDFGTG (YSS) motifs were conserved in the ZMO1055, and the 13
helix in the ZMO1055 EAL domain is similar to the amino acid sequence of the
EAL-a6 helix of P. aeruginosa MorA. The point mutation in the ZMO1055 EAL
domain of cell flocculation mutant strain ZM401 converts one of the amino
acids(A526 to V526) constituting al13 helix, which is presumed to be involved in
the dimer formation of EAL domain. Other studies reported that the changes in
a helix located at the dimeric interface of the EAL domain could be associated with

local structural changes in DDFGTG(YSS) motif, which is a functional active
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site[36]. Therefore, these results suggest that this point mutation reduced the
enzymatic activity of c-di-GMP specific phosphodiesterase of ZMO1055 by

affecting the formation of c-di-GMP binding site.

In this study, we determined the characteristics and enzymatic activity of
ZMO1055 PDE which induce cell flocculation through regulation of intracellular
c-di-GMP levels in Z. mobilis. In addition, the differences to gene expression
involved in c-di-GMP turn over in flocculation strain ZM401 and parent strain
ZM4 was confirmed. Therefore, the present study provides an increased
understanding of the mechanisms for bacterial cell flocculation and developing

economically efficient strains for bioethanol production in this bacterium.
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