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Chapter 1

General introduction



1.1 Microbial oxidation of Pt and HPt compounds

Phosphorus (P) is an indispensable nutrient for all living organisms due to its crucial role
in metabolism. In addition to its participation in numerous metabolic pathways, P is also present
in important cellular constituents such as DNA, RNA, phosphoproteins, phospholipids, sugar
phosphates, enzymes, and energy-rich phosphorus compounds such as ATP and NADP. In natural
environments, all biologically available P is mainly present in the form of inorganic phosphate
(H2POs, Pi) in the most oxidized state (P valence of +5) or organic phosphate esters. On the other
hand, P-containing compounds rarely exist in a lower oxidation state, such as phosphite (H3POs,
Pt: P valence +3) or hypophosphite (H3;PO2, HPt: P valence +1) (Figure 1.1). Despite the fact that
Pi has been considered the only P form that can be utilized directly by all cells for incorporation
into biological processes, a limited number of bacteria have evolved mechanisms for importing
and metabolizing reduced P compounds, such as Pt or HPt as alternative P sources via oxidizing
them to Pi prior to P metabolism.

Several investigations have documented microbial oxidation of reduced P molecules such
as HPt and Pt. The Gram-negative soil bacterium Pseudomonas stutzeri WMS88 is a known
example of an organism that can utilize HPt and Pt as growth-support P sources via A#x and pix
operons, respectively (1). HPt uptake and oxidation are offered by the Htx ABCDE operon. The
htxBCDE gene products most likely encode a binding- protein-dependent transporter that
selectivity uptake HPt and Pt, but not Pi (Figure 1.2). Following uptake, HPt is oxidized to Pt by
hypophosphite dioxygenase (HtxA) (2). The produced Pt is subsequently oxidized to Pi by NAD-

dependent Pt dehydrogenase (PtxD) (3).



1.2 Biotechnological applications of Phosphite dehydrogenase (PtxD)

Pt dehydrogenase (PtxD), which catalyzes the oxidation of Pt to Pi coupling with the
reduction of NAD to NADH, was first isolated from Pseudomonas stutzeri WM88 (PsePtxD) and
considered to have a variety of industrial applications (3). However, PsePtxD exhibited lower
thermostability and expressed as an insoluble form in Escherichia coli, restricting the practical
application of this enzyme (4). Following this discovery, Hirota et al, obtained a highly stable and
soluble expressed PtxD from a thermostable soil bacterium Ralstonia sp. 4506 (RsPtxD), RsPtxD
has a 3,450-fold longer half-life at 45°C (80.5 h) and a 7-fold higher catalytic efficiency than
PsePtxD (5). In addition to the unique enzymatic properties of PtxD enzymes, Pt is not used as a
P source for most eukaryotes and prokaryotes, and is scarce in natural environments, which offer
interesting biotechnology applications; 1) highly efficient NADH regeneration system due to the
great thermodynamic driving force for Pt-oxidation (AG’= -15 kcal/mol), ii) because most
organisms are unable to utilize Pt as a sole P source, heterologous expression of PtxD confers a
competitive growth advantage of host cells in Pt-containing growth conditions, ensuring
contamination management in practical applications (e.g. open ponds, large scale fermentation),
and/or iii) developing a biocontainment strategy via engineering the P metabolic pathway for

nutrient dependency on Pt for a biosafety measure.



Oxidative state <« » Reductive state

+5 +3 +1 -3
(0) (@) (0] H H
I I I L 4
HO—P —OH H— P —OH H—P —H P
I I I I
O O O H
Phosphate Phosphite Hypophosphite Phosphine

Figurel.1 Chemical structure of Phosphate and its reduced forms.
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Figure 1.2 Schematic illustration of phosphite and hypophosphite selective uptake and oxidation.
Following uptake across the plasma membrane by the HtxBCDE-transporters, hypophosphite is
converted to phosphite by the hypophosphite:2-oxogluterate dioxygenase, HtxA, and phosphite is

oxidized to phosphate by the phosphite dehydrogenase (PtxD).



1.3 Research purpose of this study

Although PtxD is potentially useful for developing unique biotechnology applications, the
current PtxD enzymes extensively utilize NAD as a cofactor, rendering these applications
impractical or less effective. As a result, this study attempted to broaden the biotechnological
applications of PtxD isolated from Ralstonia sp. 4506 (RsPtxD) by:

I) Deploying the Pt-dependent biocontainment strategy that has been established in
heterotrophic organism E.coli to the model cyanobacterium Synechococcus elongatus
PCC 7942 (Syn 7942) by expressing RsPtxD and HtxBCDE proteins and evaluating its
effect.

1) Engineering RsPtxD's cofactor specificity toward NADP for developing a universal and
highly effective NAD(P)H regeneration system.

The first topic is discussed in chapter 2. The author established the biocontainment strategy
based on Pt dependency of the model cyanobacterium Synechococcus elongatus PCC 7942 which
was initially developed in the heterotrophic bacterium E. coli. Disruption of all indigenous Pi
transporter coupling with exogenous expression of RsPtxD and HtxBCDE transporter that
selectively take up Pt but not Pi, makes this genetically engineered strain strictly grow on Pt.
Therefore, given the paucity of Pt in aquatic environments, the author confirmed that this strategy
contributes to resolving biosafety concerns and controlling the risk of contamination of genetically

modified cyanobacteria intended for use outside of enclosed laboratory facilities.

The second topic is discussed in chapter 3. The cofactor specificity of RsPtxD has been
engineered for an effective NADPH regeneration system. Site-directed mutagenesis was used to

replace five amino acid residues in the Rossman-fold domain of RsPtxD, resulting in four mutants



with higher NDAP affinity. The generated RsPtxD mutants with a great affinity for NADP, make

them a promising alternative NADPH regeneration system for practical applications.

Finally, chapter 4 summarizes the findings and discusses the expected impact of RsPtxD
mutants on maintaining the redox balances [NAD(P)H/NAD(P)] at proper levels under the growth
of Pt of the genetically modified Synechococcus elongatus PCC 7942 as a possible solution for the

lower growth of Pt-dependent strain created in chapter 2



Chapter 2

Biological containment application of RsPtxD for Cyanobacteria



2.1 Introduction

Recently, cyanobacteria have become attractive owing to their potential biological
applications, due to their ability to grow photoautotrophically and produce high-value chemicals
(6,7). Furthermore, they have been considered as promising host organisms for sustainable
bioproduction due to their ability to utilize CO2 using sunlight energy, thereby minimizing
greenhouse gases and retarding climate changes. Recent advances in genetic and metabolic
engineering have enabled cyanobacteria to produce a wide range of biochemicals and biofuels with

high productivity (8).

Biodiversity and biosafety are the major concerns for the practical use of engineered
cyanobacteria in the open environment. Therefore, they must be cultivated in enclosed bioreactors.
However, an open pond system, such as the raceway type, is appropriate for the industrial
cultivation of microalgae, including cyanobacteria, because it is easy and requires less energy for
operational procedures (9). As a result, safeguarding methods to prevent the undesired outgrowth
of' engineered cyanobacteria need to be established before implementing cyanobacteria in practical
applications. Open pond cultivation is also always subjected to the risk of contamination, which
impairs the culture of the desired microalgae (ideally a monoculture) and lowers productivity.
Genetic engineering based-strategies have been suggested to alleviate the impact of contamination
(10), but none of the genetically modified strains can be used in open environments due to

biosafety concerns (11).

Biocontainment is a methodology for safeguarding against the uncontrolled spread of
genetically modified microorganisms (12). Basically, it can be categorized based on the restraint
mechanism. Active containment approaches utilize controllable kill switches that bring about cell

death; these contain toxin and antitoxin gene pairs (13,14), and proteins that damage self DNA
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(15,16). Passive containment approaches are intended to produce cells that are dependent on
external additives, by disrupting the function of specific genes. This method generates
microorganisms that require externally added chemicals for their growth. Recent studies have
revealed that strict dependence on the availability of non-standard amino acids (17,18) and a
synthetic chemical (19) for growth yields a high containment efficacy. In the natural environment,

the modified strains fail to survive due to the absence of such synthetic compounds.

Phosphorus (P), a component of nucleic acids, lipids, and a variety of cellular metabolites,
is an indispensable nutrient for all living organisms. Naturally, all biologically available P is in the
form of phosphate (H3POs, Pi) and its esters. However, a limited number of bacteria can utilize
other reduced P compounds such as phosphite (H3POs, Pt) and hypophosphite (H;PO>, HPt),
taking up and oxidizing these reduced P compounds. The mechanisms for metabolizing Pt and HPt
have been established in the soil bacterium Pseudomonas stutzeri WM88, which possesses Atx and
ptx operons for assimilating HPt and Pt, respectively (1). HPt is taken up via the HtxBCDE
transporter and oxidized to Pt by HPt dioxygenase (HtxA) (2). The resultant Pt is then oxidized to
Pi by the NAD-dependent Pt dehydrogenase (PtxD) (3). Although recent research has been
suggested the presence of a biological P redox cycle in nature (20), HPt and Pt are rarely detected

in the environment (21,22).

Reduced P assimilation pathways offer new biotechnological applications for controlling
the growth of host organisms and contaminants by managing their P availability (23).
Heterologous expression of ptxD provides host cells, such as bacteria (24), yeast (23), and
microalgae with a competitive growth advantage over contaminating organisms by broadening
their range of metabolizable P substrates. For most contaminating organisms, Pt is a

nonmetabolizable form of P; only ptxD-transformed cells could thrive on media containing Pt as



the sole P source (23-26). Because Pt is inexpensive, this allows selective cultivation suitable for
large-scale fermentation processes (26). Furthermore, based on the rarity of Pt in the environment,
Hirota et al., recently established a novel biocontainment strategy for E. coli using engineered
nutrient dependency on Pt (27). Endogenous Pi compound transporters were disrupted in a PtxD-
harboring E. coli strain that expresses HtxBCDE, a transporter that selectively takes up Pt but not
Pi, which resulted in a strict growth dependency on Pt. The genetic modification for this P
metabolic engineering is easy, and results in a high level of containment efficacy, suggesting that
the strategy is reliable and may be extensively employed. As a result, modified P metabolic
pathways can provide two distinct benefits: “biological containment” and ‘“contamination
management”, both of which are necessary to solve the abovementioned challenges in microalgal
cultivation for practical scenario. A growing number of biological containment approaches have
been suggested in recent years, but none of them, as far as we know, have the effect of also

reducing contamination concerns.

In the current study, the P metabolic pathway of the model cyanobacterium Synechococcus
elongatus PCC 7942 (hereafter called Syn 7942) has been engineered to make it Pt-dependent. The
modified Pt-dependent strain exhibited strict growth on Pt, extremely low escape frequency, and
quick loss of viability in the absence of Pt, like the study utilizing E. coli as the host organism.
Furthermore, in a growth medium containing Pt as the P source, the Pt-dependent biocontainment
efficiently outcompeted the wild-type cyanobacteria. Considering these properties of the Pt-
dependent strain, this strategy helps to ensure biosafety and the risk of contamination management,
which opens the way for the application of genetically modified cyanobacteria in outdoor

cultivation.
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2.2 Experimental Section
2.2.1 Bacterial strains and culture conditions

The bacteria used in this study are listed in Table 2.1. The wild-type Syn 7942 and its
derivative strains were routinely cultured at 30 °C with shaking or 2% CO: bubbling under
continuous illumination (50 umol photons/m?/s) in modified BG11 medium containing 35 mM
NaNOs3 (28) (herein referred to as BGI1 medium). To make solid media, 20 mM N-
Tris(hydroxymethyl)-methyl-2-aminoethanesulfonic acid (TES)-KOH (pH 8.0), | mM sodium
thiosulfate (STS), and 0.75% agar were added to the BG11 medium. Pi contamination in the agar
powders was removed by repeated washing with ultrapure deionized water. In experiments with
strain RH714, TES buffer and STS were also added to the liquid medium to accelerate cell growth.
BG11 media containing 0.2 mM Pi and Pt as the sole sources of P are designated BG11-Pi and
BG11-Pt media, respectively. Pt stock solution (1.0 M) was prepared as previously described (27).
For supplementation of potassium ions, 0.35 mM KCI was added to BG11-Pt medium. BG11
medium lacking any source of P is designated BG11-0. For P availability assays, different types
of P sources including G6P (Sigma-Aldrich, St Louis, MO), ATP (MP Biomedicals, Santa Ana,
CA), PPi (Nacalai Tesque, Kyoto, Japan), salmon sperm DNA (Wako, Osaka, Japan), 2-
aminoethylphosphonic acid (AEPn; Wako), or methylphosphonic acid (MPn; Sigma-Aldrich)
were added to BG1l medium. BG11l media containing P sources derived from aquatic
environments were prepared using sterilized waters sampled from a local pond (Budou Pond at
Hiroshima University, Hiroshima, Japan) and river (Kurose River, Hiroshima, Japan) instead of
distilled water. Pi concentrations in the aquatic samples were determined by the malachite green
method (MicroMolar Phosphate Assay Kit; ProFoldin, Hudson, MA). Total P contents was

measured as Pi after ammonium persulfate digestion at 121 °C for 30 min (29). To induce the

11



expression of htxBCDE and ptxD in Syn 7942, 1 mM isopropyl-p-D-thiogalactopyranoside (IPTG)
was added to the culture media. £. coli DH5a was used as a host for cloning and was grown in 2%
yeast extract-tryptone (YT) medium (57) at 37 °C. Routine cultivation of E. coli MT2012-ptxD
(27), the Pi transporter-null mutant expressing PtxD, was conducted at 37 °C in modified 2x YT
medium containing 4% (w/v) yeast extract (double the amount used in the conventional 2x YT
medium). When necessary, spectinomycin (40 ug/mL for Syn 7942), gentamicin (2 pg/mL for Syn

7942), kanamycin (10 pg/mL for Syn 7942),

12



Table 2.1. Bacterial strains used in this study

Strain

Genotype or relevant characteristics ¢

Source or

Synechococcus elongatus strains

PCC 7942

(herein Syn 7942)

RH683

RH693

RH696

RH697

RH713

RH714

RH715

RH716

Wild-type strain

NS1::htxBCDE-ptxD
NS1::htxBCDE7120-sp-ptxD
NS1::htxBCDERal-sp-ptxD
NS1::htxBCDEsyn-sp-ptxD
NS1::htxBCDE7120-sp-ptxD Apit::GmR

NS1::htxBCDE7120-sp-ptxD Apit::GmR

AsphX-pstSCAB::Km®, clone 1

NS1::htxBCDE7120-sp-ptxD Apit::GmR

AsphX-pstSCAB::Km®, clone 2

NS1::htxBCDE7120-sp-ptxD Apit::Gm®

AsphX-pstSCAB::Km®, clone 3

13

Laboratory stock

This study

This study

This study

This study

This study

This study

This study

This study



Others

Escherichia coli DH5a. Cloning host strain

E. coli MG1655 Source of pit4 gene

E. coli MT2012-ptxD P1 transporter-null mutant expressing

PtxD from Ralstonia sp. 4506

Anabaena sp. PCC 7120  Source of signal peptide sequence,

harboring ptxABCD
(herein Ana 7120) arboring pix. gene
Ralstonia sp. 4506 Source of signal peptide sequence,
harboring ptxABCD gene

Commercially

available

Laboratory stock

27

Laboratory stock

)

¢ GmR, gentamicin resistance; Km®, kanamycin resistance.
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carbenicillin (50 pg/mL for E. coli), and chloramphenicol (30 pg/mL for E. coli) were added to

the appropriate medium.

2.2.2 Plasmid construction

The plasmids used in this study are listed in Table 2.2. The plasmid carrying P. stutzeri
WMB88 hixBCDE was amplified by reverse PCR using pSTVhtxAE (27) as the template with
primers htx-IF1 and htx-IR1 (Table 2.3). The amplified fragment was self-ligated to yield
pSTVhtxBE. For the construction of pNSptxAD, a DNA fragment containing the ptxABCD operon
was amplified by PCR from genomic DNA of Ralstonia sp. 4506 (27) using the primer pair ptx-
F1 and ptx-R1. The resultant fragment was inserted into the EcoRI/HindIII sites of pNSHA using
the In-Fusion HD cloning kit (Takara Bio, Tokyo, Japan). To construct plasmids carrying
htxBCDE transcriptionally fused to ptxD, a DNA fragment containing htxBCDE was amplified by
PCR using pSTVhtxBE as the template with primers htx-F1/htx-R1, and cloned into pNSptxAD
digested with EcoRI and Sall using the In-Fusion reaction, yielding pNShtxBE-ptxD. For
evaluating the compatibilities of the SP sequences of HtxB, DNA fragments containing the SPs of
Ana 7120 PtxB (30), Ralstonia sp. 4506 PtxB (27), and Syn 7942 PstS (31) were amplified by PCR
using primer pairs Anaptx-F/Anaptx-R, Ralptx-F/Ralptx-R, and Synpst-F/Synpst-R, respectively.
The amplified fragments were inserted using the In-Fusion kit into pSTVhtxBE that had been
linearized by reverse PCR with primers htx-IF2 and htx-IR2. The resulting plasmids were used as
templates for amplifying the Atx operons including the modified /#xBs with primers htx-F2/htx-
R1, following which the amplified fragments were introduced into pNSptxAD digested with
EcoRI/Sall by the In-Fusion method, to yield pNShtxBE7120-sp-ptxD, pNShtxBERai.sp-ptxD, and
pNShtxBEsyn-sp-ptxD, respectively. All the DNA fragments cloned into plasmids were verified by

sequencing.
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Table 2.2 Plasmids used in this study

Plasmid Genotype or relevant characteristics “ Source or

pSTV28 Cloning vector; Cm® Takara Bio

pSTVhtxAE pSTV28 carrying htxABCDE (27)

pSTVhtxBE pSTV28 carrying htxBCDE This study

pSTVhtxBE7120-sp pSTV28 carrying modified htxBCDE; This study
HtxB signal peptide is replaced with that

pSTVhtxBERai-sp pSTV28 carrying modified htxBCDE; This study
HtxB signal peptide is replaced with that

pSTVhtxBEsyn-sp pSTV28 carrying modified htxBCDE; This study
HtxB signal peptide is replaced with that

pNSHA Integration vector; Sp® in Syn 7942 (56)

pNSptxAD pNSHA carrying ptxABCD from This study
Ralstonia sp. 4506

pNShtxBE-ptxD pNSHA carrying AtxBCDE and ptxD This study

pNShtxBE7120-sp-ptxD ~ pNSHA carrying modified h/txBCDE This study
(HtxB7120-sp) and ptxD

pNShtxBERal.sp-ptxD pNSHA carrying modified #txBCDE This study
(HtxBrar-sp) and ptxD

pNShtxBEsyn-sp-ptxD pNSHA carrying modified htxBCDE This study
(HtxBsyn-sp) and ptxD

pMWI118 Cloning vector; Amp®, a pSC101 Nippon Gene
derivative low-copy-number vector

pMW119 Cloning vector; Amp®, a pSC101 Nippon Gene

PMWpitAEgco ;;M.Wl.l 8 (;arrying E. coli MG1655 pitA  This study

pMWpitsyn pMW 119 carrying Syn 7942 pit This study

¢ CmR®, chloramphenicol resistance; Sp®, spectinomycin resistance; Amp®, ampicillin resistance.
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Table 2.3 DNA primers used in this study

Primer

Sequence (5’ to 3) ¢

Plasmid construction

htx-IF1
htx-IR1
ptx-F1
ptx-R1
htx-F1
htx-R1
Anaptx-F
Anaptx-R
Ralptx-F
Ralptx-R
Synpst-F
Synpst-R
htx-1F2
htx-IR2
htx-F2
Synpit-F
Synpit-R
EcopitA-F
EcopitA-R

ATGCAAGTTTTTACTCTGTTTTCG
GGTGATGCTCCTAGGATCCCCG
acagaccatggaattCGTGTCATATCACGACATTACCATCG
caaaacagccaagct T TCACGCCGCCTTTACTCCCGGATAC
acagaccatggaattCATGCAAGTTTTTACTCTGTT
agctgaaggegtcgaCTAGTAGTTGCGGGCCGCGA
cctaggagcatcaccatgGCGATCGCAATC
attgacaacctcagcAGCTGCGCTCTTTGC
cctaggagcatcaccatgAAAAAACTCGCATC
attgacaacctcagcGGATGATGCATGGCC
cctaggagcatcaccatgGCTTCCCTAAAATTCC
attgacaacctcagcACCAGAGCTGCAAGC
CATGGTGATGCTCCTAGGATCCCCG
GCTGAGGTTGTCAATGGTAAACTTC
acagaccatggaattCATCCTAGGAGCATCACCATG
cacaaggagactgccATGATCGCGGCCTTACTGGAAC
tggcagtttatggcgTCAGGCCCAAATCGCACGCC
AAGAATTCATGCTACATTTGTTTGCTGGC
AAATCTAGATTACAGGAACTGCAAGGAGAG

Mutant construction

pit-uF
pit-uR
pit-dF
pit-dR
gmr-F
gmr-R
pst-uF
pst-uR
pst-dF

CCGGTGCGAGATGTTCAGCG
GCGTCACCCGGCAATCATGAGCGAGGCGGCAAGGACT
GTACCGCCACCTAATGCTCACCGTTGTTGTCAGG
ACCTGTCAGAAATTGGCGATCGAT
GCCGCCTCGCTCATGATTGCCGGGTGACGCACACCGTGGAAA
CAACAACGGTGAGCATTAGGTGGCGGTACTTGGGTC
GGCGGACATTGCCGACGCCAACGCGGG
CGCTCACAATTCCACTTAGACTTTGGTGCGATCGGTA
GATGAGTTTTTCTAAACCCCTGAAGCCATCACCCTTT

17



pst-dR GCCCATCGAGGTGGAGCCGTTGG
kmr-F TCGCACCAAAGTCTAAGTGGAATTGTGAGCGGATAACAAT
kmr-R GTGATGGCTTCAGGGGTTTAGAAAAACTCATCGAGCATCAAATGA

Mutation confirmation

NS1-5ex TTTGAGCGATCGCCAAGCCCAAG
NS1-3ex AGTTGGCTATCGCTTGGTCAAGG
htx-in ATGTGGCCACCCGCCATCGC

pit-in CCCTGACTTGGCCAACCCGTAG
pit-ex CATTGGAACTGGTGAGGCTGGCAG
Gm-in CTCTATACAAAGTTGGGCATACGGG
pst-in ACTACGTCAGTGGCCGTTTCGGC
pst-ex TACTCATCGCCTTCGCGGATCAG
Km-in GCAGTTTCATTTGATGCTCGATGAG
lexA-F CCTCTCACCCGAGCCCAAAA

lexA-R GGGCCTTTGTTGTTGGAGGC

“ Underlined sequences indicate restriction sites. Lowercase letters represent sequences required

for In-Fusion cloning reaction.
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2.2.3 Strain construction

To obtain Syn 7942 strains expressing HtxBCDE and PtxD, the pNSHA-based plasmids
carrying the htxBCDE-ptxD cassette (pNShtxBE-ptxD, pNShtxBE7120-sp-ptxD, pNShtxBERal-sp-
ptxD, and pNShtxBEsyn.sp-ptxD) were individually introduced into the wild-type strain via natural
transformation. The expression cassettes were integrated into the NS1 of the genome, and the
transformants were screened on plates containing spectinomycin to yield strains RH683, RH693,
RH696, and RH697. The correct integration of each cassette was confirmed by PCR using primers

NS1-5ex, NS1-3ex, and htx-in.

Deletion mutants of the pit (Synpcc7942 0184) and sphX-pstSCAB (Synpcc7942 2441 to
2445) genes were constructed by the allelic replacement method of Kobayashi et al., with slight
modifications (32). DNA fragments corresponding to the upstream and downstream regions of pit
(1 kb each) were amplified by PCR from the chromosomal DNA of Syn 7942 using primer sets
pit-uF/pit-uR and pit-dF/pit-dR, respectively. The gentamicin resistance gene (GmY®) cassette was
amplified by PCR with primers gmr-F and gmr-R. Overlap-extension PCR was performed to
assemble these three fragments using primers pit-uF and pit-dR, following which the resulting
fragment was introduced into strain RH693 by natural transformation. The transformant colonies
were repeatedly streaked onto gentamicin-containing plates to achieve complete segregation,
yielding strain RH713. To disrupt the sphX-pstSCAB operon, a DNA fragment containing the
kanamycin-resistance gene (Km®) cassette was prepared by the same method with primers pst-
uF/pst-uR and pst-dF/pst-dR for amplifying the upstream and downstream regions (1.5 kb each)
of the operon, respectively, and the primers kmr-F/kmr-R were used to amplify the Km® cassette.

The resulting fragment was introduced into strain RH713 to generate strains RH714 to RH716.
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The complete disruption of the pit gene and the sphX-pstSCAB operon were confirmed by PCR

using the primers pit-in/pit-ex/Gm-in and pst-in/pst-ex/Km-in, respectively (Figure 2.4).

2.2.4 Immunoblot analysis

Cell cultures at mid-log phase were pelleted, resuspended in cold phosphate-buffered saline
(PBS) (0.1 M sodium phosphate and 0.15 M of sodium chloride, pH7.2), and transferred to 2 mL
tubes containing lysing matrix B (MP Bio Japan, Tokyo, Japan). The tubes were shaken by a
FastPrep bead beater at 4,500 rpm for two cycles of 30 s (MP Bio Japan, Tokyo, Japan). After
centrifugation (15,000 rpm for 15 min, 4°C), supernatants were corrected, and protein
concentrations were determined by Bio-Rad protein assay using BSA as a standard (Bio-Rad
Laboratories Inc. CA, USA). The proteins were then separated by SDS-PAGE, transferred to
PVDF membranes, and the membranes were blocked with 2% (wt/vol) of non-fat dry milk in PBS-
T (PBS containing 0.05% Tween 20). The membranes were incubated with appropriate antibodies:
anti-HtxB (affinity-purified rabbit antibody raised against a synthetic peptide of HtxB (aa 280-
292: AKHSDYKVIEDAG) and anti-RbcL (Agrisera, Vinnis, Sweden) at a 1:500 and 1:2,000
dilutions, respectively. After the membranes were washed three times with PBS-T, they were
incubated with HRP-conjugated anti-rabbit IgG at a 1:2000 dilution and the immune reactive bands

were detected with Eazy West Blue (Atto Corporation, Tokyo, Japan).

2.2.5 Characterization of a Pit homologue from Syn 7942

The pit homologue from Syn 7942 (Synpcc7942 0184) and the pitd gene of E. coli
MG1655 were individually amplified from genomic DNA by PCR using the primer pairs Synpit-
F/Synpit-R and EcopitA-F/EcopitA-R (Table 2.3), respectively. The fragments were cloned into

the appropriate sites of low-copy-number vectors, following which the resultant plasmids,
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PMWpitAgc and pMWpitsyn, were introduced into MT2012-ptxD. The transformants grown in 2x
YT medium were collected in the late log phase by centrifugation and washed thrice with a MOPS-
minimal medium containing no P sources (58). The cells were resuspended and diluted in the same
medium to an optical density of 1.0 at 600 nm (ODeoo) and inoculated (1%) into fresh MOPS
medium containing either 1.0 mM Pi (MOPS-Pi) or Pt (MOPS-Pt). The cultures were incubated at
37 °C with shaking (160 rpm), and the cell growth was automatically recorded every hour using

an OD monitoring system (OD-Monitor C&T; TAITEC, Saitama, Japan).

2.2.6 Assessment of P availability

The wild-type Syn 7942 and RH714 strains were precultured until the OD7so reached 3.0—
5.0 in BG11-Piand BG11-Pt media, respectively. The cells were centrifuged, washed with an equal
volume of BG11-0, and resuspended in the same medium. The suspensions were diluted to an
OD750 of 1.0 and inoculated (1%) into BG11 media containing 0.2 mM Pi, 0.2 mM Pt, 0.2 mM
G6P, 67 uM ATP, 0.1 mM PPi, 67 pg/mL salmon sperm DNA, 0.2 mM AEPn, or 0.2 mM MPn.
The concentrations of each of the added P sources were adjusted to be equivalent to 0.2 mM Pi.
The cells were also inoculated into BG11 media containing P sources from two aquatic
environments (Budou Pond and Kurose River), with or without supplementation of 0.2 mM Pi.
The pond water (PW) medium contained phosphorus compounds at a concentration of 3.4 puM,
although the net Pi concentration was below the detection limit (<0.2 uM). The river water (RW)
medium contained 6.4 uM of phosphorus compounds including 4.3 uM Pi. The cultures in 6-well

plates were incubated at 30 °C with shaking, and the growth was monitored for 7 days.
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2.2.7 Escape assay and long-term viability

For assaying the escape frequency, RH714 cells grown in 25 mL BG11-Pt medium to mid-
log phase were centrifuged, washed thrice with 5 mL BG11-0, and resuspended in 10 mL BG11-
0. The suspension was spread onto five square plastic dishes (Thermo Fisher Scientific, Kanagawa,
Japan) containing BG11-Pi agar media with 0.1 mM IPTG, and colony formation during
incubation at 30 °C was monitored for 28 days. To measure the total number of cells used for the
assay, aliquots of the suspensions serially diluted with BG11-0 were plated onto BG11-Pt agar
medium, and the colonies were counted after incubation at 30 °C for 10 days. The detection limit
was calculated as one divided by the total number of CFU plated. To investigate the long-term
viability of RH714, 40 mL of cells in late-log phase growing in BG11-Pt medium were pelleted,
washed thrice with 10 mL BG11-0, and suspended in the same volume of BG11-0. The suspension
was inoculated at an OD750 of 0.8 into 50 mL of BG11-Pt or -Pi medium. Cultures that were
sampled every 2 days were diluted with BG11-0 and spread onto BG11-Pt agar medium, and

colony formation was monitored for 10 days.

2.2.8 Growth competition assay

The RH714 and wild-type strains of Syn 7942 and Syn 6803 precultured until mid-log phase
were centrifuged, washed with an equal volume of BG11-0, and resuspended in the same medium.
The cell suspensions of RH714, Syn 7942, and Syn 6803 were diluted to an OD750 of 0.01, 0.05
and 0.05, respectively, and simultaneously inoculated (0.1% each) into 50 mL of BG11-Pt or
BG11-Pi media. The cultures were incubated at 30 °C with bubbling for 15 days and spread onto
BG11-Pt agar medium for detecting viable RH714 cells or onto BG11-P1 agar medium to detect

wild-type strains.
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2.3 Results and Discussion

2.3.1 Replacement of HtxB signal peptide for functional expression of the Htx transporter

in Syn 7942

The HtxBCDE transporter of P. stutzeri WM88 which selectively takes up Pt but not Pi, is

an important element of the Pt-dependent biocontainment strategy (Figure 2.1) (27).

SphX-
Pit  PstSCAB

ATP
Pt Pt — Pi —=—> DNA
Pi
organic P

Figure 2.1 Simplified schematic representing the P metabolic pathway engineered for the
containment of Syn 7942. Construction of the Pt-dependent strain was achieved by disrupting the
endogenous phosphate (Pi) transporters and exogenously expressing HtxBCDE and PtxD.
HtxBCDE expression enables the uptake of phosphite (Pt) but not Pi or organic P compounds. The

incorporated Pt is oxidized by PtxD to Pi, the metabolically available form for assimilation.

I first examined whether HtxBCDE might be expressed functionally in Syn 7942. Snice
Syn 7942 lack Pt oxidizing activity, i combined the ptxD gene of Ralstonia sp. 4506 (5) to the
htxBCDE operon and integrated the fused DNA into the neutral site 1 (NS1) of the genome (Figure
2.2A). However, the resultant strain RH683 exhibited nearly no growth in the BG11 medium

containing Pt as the sole P source (BG11-Pt) (Figure 2.2B). Cyanobacterial cells, unlike many

23



other bacteria, are distinctly compartmentalized by complex membrane structures made up of
thylakoids and plasma membranes (33). Therefore, i expected that improper localization of the
wild-type HtxBCDE is the reason for non-functional expression in Syn 7942. Despite the fact that
the protein sorting mechanisms in Syn 7942 are not fully known, numerous studies have indicated
the role of signal peptide (SP) sequences at the N-termini of target proteins in the proper
localization of proteins across and into membranes (33, 34). HtxBCDE is a member of the ATP-
binding cassette (ABC) transporter family that facilitates solute uptake and generally consists of a
periplasmic substrate-binding protein with a unique SP sequence (35). As anticipated, predictive
analysis showed a putative SP sequence in the substrate-binding protein HtxB (Figure 2.2A). To
evaluate the compatibility of the SP sequence with Syn 7942, i swapped the wild-type SP of HtxB
with three different SPs from other periplasmic proteins (the PtxBs from Anabaena sp. PCC 7120
(30) [hereafter Ana 7120] and Ralstonia sp. 4506 (27), and PstS from Syn 7942 (31)) (Figure 2.2A).
On BG11-Pt medium, only the cells of strain RH693, which contained the modified HtxB with the
SP from the PtxB protein of Ana 7120, grew well compared to the other strains (Figure 2.2B). By
using an anti-HtxB antibody, immunoblot analysis demonstrated that both the RH683 and RH693
strains expressed HtxB protein ( Figure 2.3). As a result, the failure of RH683 to grow on Pt is
most likely due to the inappropriate localization of the HtxB protein. Overall, our findings
demonstrated that the SP of Ana 7120 PtxB is consistent with the functional expression of HtxB

in Syn 7942.
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Slgnal peptide

P. stutzeri HtxB ~ MQVFTLFSKFKKALTRAILAFIATIIVCTPAQA | AEVVNG
Ana7120 PixB MAIATKKPLLTSVAVAVLALVGCQAPNNTTTNGSTAPNAKSAA | AID
Ralstonia PtxB ~ MKKLASALLSVLLAAVCSIGHASS | NPDPET

Syn 7942 PstS MASLKFRLLGLATLAVLATTA | CSSGEQ

B
none Pi Pt
RH683 RHE96 @‘)
(WT HtxB) (Ralstonia PtxB \
RH693 RHG697 /

(Ana 7120 PtxB) (Syn 7942 PstS)

Figure 2.2 Compatibility of different signal peptide (SP) sequences for the functional expression
of the Htx transporter in Syn 7942. (A) Schematic representing the structure of the expression
cassette for HxBCDE and PtxD, integrated into the neutral site 1 (NS1) of the Syn 7942 genome.
The htxBCDE operon is transcriptionally fused to ptxD and is under the control of the IPTG
inducible promoter P,.. The SP sequence of HtxB was replaced with that of Ana 7120 PtxB,
Ralstonia PtxB, or Syn 7942 PstS. Down arrows in the SP sequences indicate the cleavage sites
predicted with the Sigcleave tool of EMBOSS (59). Sp®, spectinomycin resistance gene; Tz,
transcriptional terminator. (B) Growth of Syn 7942 strains containing the expression cassettes in
BG11 media. Cells grown on BG11-Pi agar plates were inoculated and cultured in BG11 media
containing 0.2 mM Pi, Pt, or no source of P. The photographs were taken after 7 days of incubation.

The data are representative of three biological replicates with essentially the same results.
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Figure 2.3 Immunoblot analysis of proteins from Syn 7942 expressing HtxB with different signal
peptide sequences. Total cell extracts from the wild-type strain (Syn7942), RH683, RH697, and
RH714 were separated by SDS-PAGE and the gels were subjected to immunoblot analysis. RbcL
was used as a loading control. It should be noted that the difference in the molecular weights of
the bands detected by anti-HtxB antibody in RH683 is probably due to the different processing of

the signal peptide of the HtxB protein in Syn 7942 (marked by stars “*”).
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2.3.2 Identification of endogenous Pi transporters in Syn 7942

The deletion of endogenous transporters involved in P uptake from various sources is
another necessity for the containment strategy (Figure 2.1). In silico analysis revealed that Syn
7942 contains two types of Pi transporter, Pit and Pst, but no transporters for organic P compounds
such as Pi esters and phosphonates (Pn). PstSCAB of Syn 7942 is an ABC-type Pi transporter with
an extra substrate-binding protein, SphX, besides PstS (31). There is no direct evidence that the
homologue of Pit mediates Pi transport, although the Pi uptake kinetics of Syn 7942 clearly suggest
the presence of numerous uptake systems with different kinetic properties (36). Therefore, i
characterized the Pit homologue using E. coli MT2012-ptxD (27), a strain lacking all endogenous
Pi transporters (PitA, PitB, PstSCAB, and PhnCDE) but containing ptxD gene from Ralstonia, as
a host strain to assess both the Pi and Pt transport activities of Syn 7942 Pit. I transformed the pit
homologue from Syn 7942 (Synpcc7942 0184) into MT2012-ptxD and cultivated the
transformants on morpholinopropane sulfonic acid (MOPS)-minimal medium containing Pi
(MOPS-Pi) or Pt (MOPS-Pt) as the sole P source. I found the transformants carrying
Synpcc7942 0184 were able to grow on MOPS-Pi similar to strain carrying E. coli PitA used as a
positive control. These findings indicated that the Syn 7942 pit homologue encodes a functioning
Pi transporter and is a target gene that requires to be disrupted in order to create Pt-dependent

strains.

2.3.3 Pt-dependent Syn 7942 strain construction

I proceeded to create a Pit and Pst double mutant of strain RH693 that express PtxD and
HtxBCDE with the modified SP of HtxB of Ana 7120. Gene disruption was sequentially carried
out by allelic replacement, initially for the pit gene (Synpcc7942 0184) (Figure 2.4A) and

subsequently for the sphX-pstSCAB operon (Synpcc7942 2441 to 2445) (Figure 2.4B). The
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generating disruptant was screened on BG11-Pt or -Pi media. The double mutant strains RH714,
RH715, and RH716 were only completely segregated when screened on BG11-Pt agar plates
(Figure 2.4B), but not on BG11-Pi agar plates. Furthermore, the double mutants failed to grow on
BG11-Pi agar plates, although the wild-type and PtxD/HtxBCDE-expressing strain (RH693) strain
could (Figure 2.5A). These findings clearly suggested that Syn 7942 includes no additional Pi
transporters except Pit and Pst, and, therefore, Htx is the only transporter that facilitates P uptake
in the double mutant. In liquid culture experiments, the double mutants were unable to grow in
BG11-Pi media (Figure 2.5B). The same growth profiles have been found of different clones of
the double mutant strains RH714, RH715, and RH716, indicating that the Pt dependency is a stable
phenotype. The mutants’ final optical densities in BG11-Pt medium were in the range 6.5-7.5,
which is nearly 30% lower that of the wild-type strain grown on BG11-Pi medium. I measured the
concentration of P source in the culture supernatant of wild type and RH714, to know the reason
for the reduced growth of the Pt-dependent strains. I observed that both strains consumed complete
P sources during their growth (Figure 2.6). As a result, differences in the growth between the
strains cannot be explained by the amount of P consumed by the cells. However, the Pt
concentration in the RH714 culture decreased more slowly than the Pi concentration in the wild-
type culture. Pi is necessary as a primary substrate for DNA synthesis, and DNA replication
activity in Syn 7942 is higher in early growth phases than in late exponential and linear phases.
Therefore, insufficient P source availability in the early growth phase may have an impact on
RH714 subsequent growth. Bisson et al. recently reported that the Pt affinity of HtxB was very
low (Kq > 10 mM) (30). As a result, this growth retardation could be restored by enhancing the Pt
affinity of HtxB protein. PtxD also oxidizes Pt to Pi coupled with the reduction of NAD" to NADH

(3). Although no direct evidence has been obtained, Pt assimilation may imbalance the intracellular
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NADH/NAD" ratio of RH714, which can affect cellular physiology. Previously, the growth rate
of the Pt-dependent E. coli strain on Pt medium was 93% of that of the wild type cultured on Pi
(27). Thus, maintaining the optimization of the intracellular phosphorus flux or redox balance will

improve the growth rate of Pt-dependent cyanobacteria.
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Figure 2.4 Disruption of endogenous Pi transporter genes in Syn 7942. Schematic diagrams (top)
represent the genomic organization around the (A) pit and (B) sphX-pstSCAB genes. Deletion
mutants of the genes were generated by homologous recombination that replaced the pit and sphX-
pstSCAB genes with Gm® and Km® cassettes, respectively. Complete segregation of the mutants
was confirmed by PCR (bottom) using the appropriate primer pairs indicated by arrowheads in the
upper panel. The target sizes of each PCR product were 1.63 kb for pit-in/pit-ex, 1.18 kb for Gm-
in/pit-ex, 1.64 kb for pst-in/pst-ex, and 1.65 kb for Km-in/pst-ex. W: wild-type; 1: strain RH714;

2: RH715; 3: RH716.
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Figure 2.5 Growth of RH714 and related strains on BG11 media. (A) Growth on agar plates. Cells
were spotted onto BG11-Pi or BG11-Pt agar plates and incubated for 14 days. The wild-type strain
appeared to grow slightly on BG11-Pt agar, probably owing to the presence of intracellular P
storage that can be used as P sources. (B) Growth curve in liquid media. The wild-type (green),
RH693 (blue), RH714 (red), RH715 (orange), and RH716 (purple) strains were cultured in BG11-
Pi or BG11-Pt liquid media. Cell growth was monitored every day by measuring turbidity at 750

nm. The error bars represent the standard deviation of three biological replicates.
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Figure 2.6. Growth and P source assimilation of Syn 7942 wild-type, RH693, and RH714. The
wild-type was cultured in BG11-Pi, and the strain RH693 and RH714 were grown on BG11-Pt
media. Cell growth (filled circles) was monitored every day by measuring turbidity at 750 nm. Pi
and Pt concentrations in the culture supernatants (open circles) were determined by malachite
green method and ion chromatography, respectively. The error bars represent the standard

deviation of three biological replicates.
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2.3.4 Availability of P sources for strain RH714

To evaluate the growth of RH714 strain on other P sources, the cells were cultured in BG11
media containing several types of P compounds found in the natural environment. Because
inorganic phosphorus, including P1i, is found in limited amounts in many aquatic environments,
dissolved organic phosphorus (DOP) is recognized as the main P source in the hydrosphere (37,38).
Phosphoesters, a large portion of the DOP in ecosystems (39), are easily accessible sources of P
because they may be hydrolyzed by extracellular and periplasmic phosphatases to release Pi ,
which can then be taken up by transporters such as Pit and Pst (40). Indeed, by utilizing two
different types of alkaline phosphatases, namely PhoA and PhoV, the wild-type Syn 7942 strain
may grow on BG11 medium containing glucose 6-phosphate (G6P) (Figure 2.6) (41,42). The
phosphatases of Syn 7942, like many other alkaline phosphatases, function by cleaving the
phosphoanhydride bond between inorganic pyrophosphate (PPi) and Pi moieties within ATP,
releasing Pi that acts as a P source (Figure 2.7). Despite the presence of both phosphatases, RH714
is unable to grow on these P sources (Figure 2.7). Moreover, DNA serves as a P source for Syn
7942 after digestion by the putative nuclease Synpcc7942 1000 (43) and following hydrolysis by
alkaline phosphatases (Figure 2.7). However, RH714 failed to grow on DNA supplemented
medium (Figure 2.7). Phosphonates, which are organic P compounds with a covalent carbon—
phosphorus (C—P) bond, are measurable components of DOP in some freshwater habitats (44,45).
Several studies have found that the genes implicated in phosphonate uptake and metabolization
are widely distributed in environments where freshwater cyanobacteria grows (46,47). However,
aminoethylphosphonate and methylphosphonate, two types of phosphonates, cannot support the
growth of wild-type Syn 7942 or strain RH714 (Figure 2.7), possibly due to the lack of phosphonate

uptake and/or assimilation genes. I conducted growth assays using BG11 media made with
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sterilized pond or river water to assess the effect of the presence of P sources in freshwater
ecosystems. RH714 failed to grow on these media even when Pi was externally added (Figure 2.7),
suggesting that the freshwater P sources cannot support the growth of strain RH714. Taken

together, these findings clearly suggest that RH714 cannot grow in natural environments.
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Figure 2.7 Growth of RH714 in BG11 media containing different P sources. Commercially
available P sources (Pi, Pt, glucose 6-phosphate [G6P], ATP, pyrophosphate [PPi], DNA,
aminoethylphosphonate [AEPn], and methylphosphonate [MPn]) were added at concentrations
equivalent to 0.2 mM Pi. BG11-RW (RW) and BG11-PW (PW) were prepared using pond water
and river water, respectively. They were supplemented with 0.2 mM Pi to prepare RW+Pi and
PW+Pi, respectively. The photographs were taken after incubation for 7 days. The data are

representative of two biological replicates with essentially the same results.
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2.3.5 KEscape frequency and long-term viability

Next, the author evaluated the development of escape mutants under Pi conditions in order
to confirm the efficacy of the Pt-dependent containment approach for cyanobacteria. On BG11-Pi
agar plates, approximately 2.8 x 10'° RH714 cells were spread and cultured for 28 days. No
colonies have been observed, indicating that RH714 does not yield escape mutants with an assay
detection limit of 3.6 x 107! per colony forming unit (CFU). This frequency is comparable to
other cyanobacteria containment strategies (48), and it is at least three orders of magnitude lower

than the limit recommended by the NIH (10~® per CFU) (49).

To investigate the survival rate of RH714, approximately 10'° cells were cultured in both
BG11-Pt and -Pi media before being plated onto BG11-Pt agar to determine viable cells. The
viability of RH714 steadily declined during cultivation in the Pi-based medium, and dropped
below the detection limit within 14 days of inoculation (Figure 2.8 A). Surprisingly, after 12 days,
the cells clearly seemed to undergo chlorosis (Figure 2.8B), which is known to be caused by
nutrient depletion (50). Over 14 days of cultivation in the BG11-Pt medium, on the other hand, the
cells observed no decrease in the number of CFU and no differences in appearance (Figures 2.8A,
B). These findings demonstrate that the survival rate of RH714 rapidly decreases in the absence of
Pt. The generation of escape mutants that persist in the aquatic habitat is considered the worst-case
scenario in the release of engineered algae. The contained strain generated in this study with
limited viability in the absence of Pt significantly reduces the possibility of such an undesirable

outcome.
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Figure 2.8 Long-term viability of strain RH714. (A) Viability of cells in BG11 media over time.
Approximately 10'® RH714 cells cultured in BG11-Pt medium were incubated in either BG11-Pt
(red) or BG11-Pi (blue) media. The viable cells were counted by plating on BG11-Pt agar medium.
Asterisks indicate no colonies were detected. The error bars represent the standard deviation of
four biological replicates. (B) Image of the cultures in BG11-Pt (Pt) or BG11-Pi (Pi) media taken

14 days after inoculation.
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2.3.6 Growth competition between RH714 and wild-type cyanobacteria

To assess the ability of RH714 strain to outcompete contaminating microbes in media
containing Pt as the sole P source, RH714 cells were co-cultured with wild-type Syn 7942 and
Synechocystis sp. PCC 6803 (hereafter Syn 6803) in BG11-Pt and -Pi liquid media. Each wild-type
strain was simultaneously inoculated with approximately 10-times the number of RH714. After 15
days of cultivation, RH714 dominated the Pt-based medium, accounting for >97% of the total cells
(Table 2.4). On the other hand, the wild-type strains dominated the population when cultivated in
BG11-Pi medium (Table 2.4). Then, I carried out direct PCR on the colonies growing on BG11-
Pt from a co-culture of RH714 and Syn 6803 to verify that the growing cells on BG11-Pt medium
in a co-culture experiment were indeed RH714. I found that all checked colonies were RH714,
demonstrating that no horizontal gene transfer effects were observed under the co-culture
conditions (Figure 2.9). Overall, these findings indicate that RH714 has a competitive growth
advantage in a Pt-based medium over possible contaminants, allowing for selective growth in the

presence of other microalgae.
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Figure 2.9 Confirmation of the strains growing in mixed culture on Pt-based media. Strains of
randomly selected colonies were determined by allele-specific PCR to detect pst::Km allele in
RH714 and lexA in Syn 6803, respectively. Pictures are representative of 28 samples. The target
sizes of each PCR product were 1.65 kb for Km-in/pst-ex (black arrowhead) and 0.53 kb for lexA-

F/lexA-R (white arrowhead). R: RH714; W: Syn 6803 wild type.
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In this part of my study, I established that engineered Pt-dependency is a viable strategy
for biological containment of cyanobacteria. My findings suggest that this strategy can be used for
a wide range of other microorganisms due to its simplicity. In contrast to the chemicals necessary
for other biocontainment strategies, Pt is inexpensive, allowing us to operate economically feasible
microalgal cultivation on a large scale. One concern associated with our strategy is that the Pt-
dependent strain might acquire Pi transport genes through horizontal gene transfer. Because the
modelled cyanobacteria, involving Syn 7942, have a high natural competence (51), transferring
foreign DNA carrying Pi transporter genes could restore the cells' ability to uptake Pi, allowing
them to escape from the containment. To decrease such concerns, disruption of genes associated
with natural competence would be an efficient approach. In several bacteria species, ComEC, a
cytoplasmic membrane channel for DNA uptake, is critical for natural competence (52,53). It has
been noted that the deletion of the comEC genes in Synechococcus sp. PCC 7002 results in the loss
of natural competence (48). The /fg gene in cyanobacteria encodes an RNA chaperone that binds
to the base of the Type IV pilus, and disruption of Syn 6803 and Synechococcus sp. PCC 7002
equivalents eliminates their natural competency (48,54). Syn 7942 contains the competence-related
genes comEC (Synpcc7942 2458) and hfg (Synpcc7942 1926). As a result, disrupting these genes
may alleviate the risks of engineered strains escaping containment through horizontal gene transfer.
The risk of horizontal gene transfer may also be decreased by implementing redundant
containment strategies that are based on different principles. As previously stated, our strategy can
be easily merged with variant containment methods due to the simplicity of the genetic

modifications.

In contrast to other biocontainment strategies previously reported, the modified Pt-

dependent cells established in our study exhibited a competitive growth advantage over most
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contaminants (which cannot assimilate Pt). In a mixed culture supplemented with Pt, Loera-
Quezada and colleagues revealed that the introduction of the ptxD gene of P. stutzeri allowed the
microalga Chlamydomonas reinhardtii to become as the dominant species (25) the author also
showed that Pt-dependent cyanobacteria could simply dominate in BG11-Pt medium (Table 2.4).
This advantage can significantly improve productivity and decrease the risks of the development
of escape mutants that acquire Pi-transporter genes from contaminants, which is a unique feature
of our biocontainment strategy. One drawback of contamination risk management in this strategy

is its incompatibility with the use of Pi-containing wastewater as a water source. Recently, several

Table 2. 4 Growth competition between RH714 and wild-type cyanobacteria “

Wild-type strains / RH714 ratio

P source

day 0 day 15
Pi 18 (2.1 x 10* cells) 3.8 x 10° (5.7 x 108 cells)
Pt 24 (2.5 x 10* cells) 2.9 x 1072 (6.3 x 10® cells)

“The numbers in parentheses are the total cell numbers of cyanobacterial strains.

studies have suggested incorporating cultivation of microalgae for wastewater treatment as a cost-
effective strategy for biofuel production (55). However, such water sources could reduce the
selectivity of Pt-dependent strains due to introducing Pi into culture media, allowing contaminants
to grow. Thus, to limit Pi input and ensure the effect of culture selectivity when Pi-containing

wastewater is used, a treatment such as enhanced biological phosphate removal is required (56).
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Chapter 3

Engineering cofactor specificity of RsPtxD toward NADP
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3.1 Introduction

In this chapter, the author has engineered the cofactor specificity of RsPtxD that might be
useful for in vitro applications. Biocatalysts have been extensively used in the chemical,
pharmaceutical, and energy industries (60-62). The number of enzymes utilized as catalysts in
various biotechnology-related fields has increased dramatically over the last few years and is
continuing to grow (63,64). Their catalytic efficiency under benign reactions paired with high
selectivity makes them valuable tools for sustainable industrial processing (62,65,66). Furthermore,
recent progress in genomics, metagenomics, and synthetic biology expanded substantially the
number of enzymes available for use as a particular biocatalyst in bioproduction. However, the
majority of industrially used enzymes (over 65%) only catalyze simple cofactor-independent
reactions, and more complicated enzymatic reactions are still unused due to their requirement for
one or more costly cofactors (67,68). Dehydrogenases, in particular, need nicotinamide cofactors,
NAD(H) or NADP(H),to catalyze a variety of industrially useful reactions such as chiral
conversions of pharmaceutical building blocks, which prevents their addition in stoichiometric
amounts for large-scale synthesis (69,70).

The ideal solution to these limitations, is in situ cofactor regeneration by recycling catalytic
pools of cofactors using inexpensive available sacrificial substrates (71). Due to the
thermodynamically strong driving force of the regeneration reaction, implementation of such
cofactor regeneration system can decrease production costs and enhanced productivity by
obviating product inhibition and/or by promoting the main reaction (72,73). The methods for
cofactor regeneration are generally classified into four categories: chemical, photochemical,

electrochemical, and enzymatic reactions (72). However, for wider utilization, the enzymatic
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approach is a very promising strategy based on exquisite selectivity, compatibility with enzyme
catalyzed synthesis, and high efficiency compared to other methods (67).

Currently, there are numerous enzymes for NADH cofactor regeneration system that have
been known, including formate dehydrogenase (FDH) (71), alcohol dehydrogenase, glucose 6-
phosphate dehydrogenase, and glucose dehydrogenase (GDH), (74,75). The most extensively
utilized enzyme is FDH from Candida boidinii, which has been exhibited to support the production
of L-tert-leucine on a multi-ton scale (76). GDH and FDH are further utilized as an NADPH
regeneration system. Due to its higher specific activity and an inexpensive substrate (glucose),
GDH is superior. Meanwhile, FDH provides a strongly driven reaction because of its free-energy
changes, and the reaction's by-product, CO2, does not affect the reaction’s conditions. Although
FDHs naturally isolated from bacteria are unable to accept NADP as a cofactor, NADP-dependent
FDH mutant from Pseudomonas sp. 101 (mut-PseFDH) was developed, and it was utilized to
regenerate NADPH for chiral (R)-alcohols and lactones production (77,78). Both GDH and FDH,
however, have disadvantages; GDH generates gluconic acid as a by-product, which inhibits the
main reactions due to pH fluctuations during reactions (76). The catalytic efficiency of FDH is
lower than other regeneration enzymes (79). As a result of the high cost of NADPH and the lack
of'a good regeneration system, many valuable of NADPH-dependent enzymes are idle. Therefore,
developing a highly active and economically feasible NADPH regenerative enzyme for
bioindustrial manufacturing is crucial.

Phosphite dehydrogenase (PtxD), which catalyzes the nearly irreversible oxidation of
phosphite to phosphate coupling with the reduction of NAD, was initially isolated from
Pseudomonas stutzeri WM88 (PsePtxD) (3). Following this discovery, PtxD have been isolated

from a variety of bacteria found in inhabits including soils and aquatic environments (5,21). Owing
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to many practical advantages, PtxD has received substantial research attention as an alternative
cofactor regeneration system: first, higher NADH regeneration by PtxD than any other NADH
regeneration enzyme due to the large change in free energy of this reaction (AG® =—63.3 kJ/mol);
second, phosphate produced as a by-product by Pt oxidation can act as a buffer for the main
reaction (80,81); and third, phosphite is also available from the by-products of numerous industrial
processes, thus ensuring an economically feasible reaction process (4). Since heterologous
expression of PtxD can expand the phosphorus substrate repertoire of various organisms, PtxD has
also received an increased attention as a tool for selective cultivation (23,26) and biological
containment of bacteria (27, 82). However, originally isolated PtxD enzymes, including PsePtxD,
generally exhibit low thermostability and accept NADP as a substrate very poor, which limited
their utilization as a practical NADPH regeneration system. As a result, Johannes and colleagues
engineered a PsePtxD generating a thermostable mutant (12x) with approximately 7,000-fold
higher half-life at 45°C of heat inactivation than that of the wild-type enzyme (83). Meanwhile,
Woodyer et al. successfully relaxed its cofactor specificity by creating a double mutant PsePtxD
(PsePtxDg175a/a176r) With two amino acid residues substitutions at the NAD-binding site in the
Rossman-fold domain (84). However, the introduction of these two mutations into 12X mutant
simultaneously was not consistent, and the NADPH regeneration reaction of the derivative variant
(12x-A176R) exhibited catalytic efficiency of around 15umol™ min~! and evaluated only at a

lower temperature (~25°C) (85).

One of the important features for industrial biocatalyst is thermostability due to its ability
to robust and expand the operating temperature range. Previously, Hirota et al., isolated PtxD from
a soil bacterium Ralstonia sp. 4506 (RsPtxD), which exhibited a 3,450-fold longer half-life at 45°C

(80.5 h) than that of PsePtxD. The catalytic efficiency of RsPtxD was 7-times higher than PsePtxD
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and has a 54% amino acid sequence similarity to PsePtxD (5). However, the capability of RsPtxD
to utilize NADP is very poor (5), hindering the use of the enzyme as an NADPH regeneration

system.

In this part of our study, i evolved RsPtxD mutants with improved specificity toward
NADP and higher thermostability. The biochemical analysis revealed that the NADP binding
affinity of RsPtxD mutants was drastically improved, which contributed to not only increased heat
stability, but also increased tolerance to organic solvents. The ability of RsPtxD mutant to utilize
it as an NADPH regeneration system was assessed during the conversion of 3-dehydroshikimate
(3-DHS) to shikimic acid (SA) at 45°C by a thermophilic shikimate dehydrogenase from T.

thermophilus HBS.

3.2 Experimental Section

3.2.1 RsPtxD mutant’s creation using site-directed mutagenesis

The expression plasmids of the His-tagged RsPtxD mutants were created with specific
primer pairs from RsptxD/pET21b plasmid (5) using a PrimeSTAR Mutagenesis Basal Kit
(TaKaRa Bio, Shiga, Japan) (Table 3.1). The PCR reaction was carried out according to the

manufacturer’s instructions, and all mutant genes were sequenced to confirm the desired mutation.
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Table 3.1 The oligonucleotides and plasmids used in this study

Primers

Sequence 5'-3"*

DI175A/P176R_fw

TTGCGCACGTATTCCGCTCAATGCCGAA

D175A/P176R _tv

GGAATACGTGCGCAATACCAGAGATTCA

C174H/D175A/P176R _fw

TGTATCACGCACGTATTCCGCTCAATG

C174H/D175A/P176R _rv

ACGTGCGTGATACAAGAGATTCATTTC

C174H/D175A/P176R/ 1177K/P178A_fw

GCACGTAAAGCGCTCAATGCCGAACAAG

C174H/D175A/P176R/ 1177K/P178A v

TGAGCGCTTTACGTGCGTGATACAAGAG

C174H/D175A/P176R/ 1177R/P178A fw

GCACGTCGCGCGCTCAATGCCGAACAAG

C174H/D175A/P176R/ 1177R/P178A 1v

TGAGCGCGCGACGTGCGTGATACAAGAG

Plasmids

Descriptions

RsptxD/pET21b

pET21b (Novagen) containing RsptxD
6))

RsptxDp175a/p176r)/PET21b

pET21b containing a mutant RsptxD gene for

RsPtxDar expression

RsptxD(c17anm175ap176r)/pET21b

pET21b containing a mutant RsptxD gene for

RsPtxDuar expression

RsptxDc174n/p175A/P176R1177K/P178A)/ PET2 1b

pET21b containing a mutant RsptxD gene for

RsPtxDuarka expression

RsptxD(c17an/p175a/P176R/1177R/P178A )/ PET21b

pET21b containing a mutant RsptxD gene for

RsPtxDuarra expression

sdh/pET11a

pET11a plasmid containing shikimate
dehydrogenase gene from 7. thermophilus
(87)

*Boldface nucleotide sequences indicate mutation positions.
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3.2.2 Overexpression and purification of RsPtxD proteins

For the expression of mutant RsPtxD proteins, the RsptxD mutant plasmids were
transformed into Escherichia. coli Rosetta 2 (DE3) pLysS (Novagen) and grown overnight at 37°C
in the 2xYT liquid medium (86). The cells were inoculated in 50 mL of fresh medium and cultured
at 37°C until they reached an optical density at 600 nm (ODgoo) of around 0.5. Then, 0.2 mM of
isopropyl B-D-thiogalactopyranoside (IPTG) was added to induce protein expression at 28°C for 6
hours. The cells were harvested by centrifugation and resuspended in 5 mL of 20 mM Tris—HCl
(pH 7.4), 50 mM NaCl, and 20% glycerol. The cell pellets were lysed using sonication on ice for
4 min with a pulse sequence of 1 s on and 2 s off at 20% amplitude level. To remove the cell debris,
the crude extracts were then centrifuged at 20,000 xg for 30 min at 4°C. The Histidine-tagged
recombinant proteins in the supernatant were filtered through a 0.45-um filter and loaded onto a 1
mL HisTrap HP column (GE Healthcare UK Ltd., Little Chalfont, UK) equilibrated in buffer A
[20 mM Tris—HCI (pH 7.4), 50 mM NacCl, and 20% glycerol]. the column was washed with 10 mL
of buffer A after proteins were bound, and eluted with a linear 10 mL gradient of 0-0.5 M
imidazole in buffer A. The eluted protein fractions were pooled, and the buffer was replaced to 50
mM Tris—HCI (pH 7.4) and 15% glycerol by ultrafiltration using Amicon Ultra centrifugal
filtration devices (10 kDa molecular mass cutoff) (Merck Millipore, Darmstadt, Germany).

For the expression of shikimate dehydrogenase (SDH), E. coli Rosetta 2 (DE3) pLysS was
transformed with plasmid pET-11 harboring a gene encoding SDH from 7. thermophilus HB8
genome (87). The protein expression was induced in the same way as stated above , with the
exception that IPTG concentration in the culture was 0.4 mM. The cells were harvested and
suspended in 20 mM Tris—HCI (pH 8.0) containing 50 mM NaCl and 20% glycerol, disrupted as

described above before being heated at 80 °C for 10 min to inactivate the E. coli proteins. After
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that, the cell debris and denatured proteins were removed by centrifugation at 20,000 xg for 30
min. The filtered crude extract was applied onto a 5 mL HiTrap SP FF column (GE Healthcare
UK Ltd., Little Chalfont, UK) equilibrated with a buffer containing 50 mM HEPES (pH7.0) and
15% glycerol. In the same buffer, The SDH protein was eluted with a linear gradient of 0—1.0 M
NaCl. The fractions containing SDH were collected, and the solution was substituted as described

above.

3.2.3 Enzyme kinetics analysis

The experiments were carried out in solutions containing phosphite, NAD(P), 5 ng/mL PtxD
protein, and 100 mM morpholinepropanesulfonic acid (MOPS, pH 7.3). For determined kinetic
constants for one substrate at least five varying concentration was used, while the other substrate
was added at saturated concentrations (1 mM). Initial rates were carried out by monitoring the
increase in absorbance NAD(P)H (6,220 M! cm™!) at 340 nm, using a Beckman DU-800
spectrophotometer (Beckman Coulter, CA, USA). The kinetic constants, Km and kcar, for NAD(P)

and phosphate were given using the Lineweaver—Burk plots. .

3.2.4 Optimal temperature for RsPtxD proteins

The optimal temperature assays were determined by incubating the reaction mixture at
varying temperatures. The activities of the RsPtxD mutants were measured in 20 mM MOPS (pH
7.3) in the presence of 0.5 mM NAD(P) and 2.0 pg/mL of RsPtxD proteins in a reaction volume
of 0.5 mL. The reaction was initiated after adding phosphite at a final concentration of 1 mM into
the mixture, and NAD(P)H production was monitored at absorbance 340 nm for 30 min. The
enzyme activity was defined as a relative activity of the residual activity relative to maximum
activity and each assay repeated three times.
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3.2.5 Thermostability and organic solvents tolerance of RsPtxD variants

The thermostability assay was carried out according to Woodyer et al. (84) with minor
modifications. To assess the effects of NAD(P) binding with RsPtxD mutants on thermostability,
a 0.2 mL solution containing 0.2 pg/uL of the RsPtxD mutant in 50 mM MOPS (pH 7.3) was
preincubated on ice with or without 0.5 mM NAD(P) for 5 min and incubated at 45°C. A 10 pL
aliquot was taken at different times, and the residual activity was measured in the solution
containing 0.5 mM NAD(P), 1.0 mM phosphite, and 20 mM MOPS (pH 7.3) at 37°C ina 1.0 mL
reaction volume. To investigate the organic solvent tolerance of RsPtxD mutants, a 0.2 mL solution
containing 0.2 ug/uL of the RsPtxD mutant in 50 mM MOPS (pH 7.3) was preincubated with or
without NAD(P) for 5 min then incubated with different concentrations of N,N-
dimethylformamide (DMF) at room temperature (25°C) for 6 h. The residual PtxD activity was

assayed as described above.

3.2.6 Optimal pH for RsPtxD proteins

The activity of the RsPtxD mutants in the pH range of 6.2-9.2 was determined using buffers
2-morpholinoethanesulfonic acid (MES, pH 6.2), MOPS (pH 7.3), Tris (pH 8.0), and N-
cyclohexyl-2-aminoethanesulfonic acid (CHES, pH 9.2) at a final concentration of 20 mM. Each
reaction was performed in the presence of 0.5 mM NAD(P), 1.0 mM phosphite, and 2.0 pg/mL of

protein at 37°C for 10 min. The NAD(P)H production was measured as described above.

3.2.7 SA Production and Detection

NADPH regeneration system using RsPtxD was utilized for 3-DHS conversion to SA by SDH.
The coupling reaction of SDH and RsPtxD was performed in a solution containing 3-DHS, NADP,

phosphite, SDH, and RsPtxD in 100 mM HEPES (pH 8.0). The reaction solutions with the final
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volume of 500 pL were incubated at 45°C. Fifty-microliter aliquots were periodically removed
from the reaction solution and mixed with an equal volume of 20 mM glycine buffer (pH 2.0) to
terminate the reaction. The conversion of 3-DHS to SA was monitored with an HPLC system
(Jasco, Tokyo, Japan) equipped with a UV detector and column TSKgel ODS-80Twm (250 mm x
4.6 mm internal diameter, and particle size; 5 um, Tosoh). An isocratic mixture of water/0.1 M
H3PO4 buffer (95:5 v/v) at a flow rate of 0.5 mL min ' was used to separate SA and 3-DHS, with
concentrations measured spectrophotometrically at 230 nm. In this system, the retention times for

SA and 3-DHS were detected at approximately 9.4 and 13.8 min, respectively.
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3.3 Results

3.3.1 Construction of RsPtxD mutants

Nicotinamide cofactors are engaged to a nucleotide-binding motif Rossman fold consists of two
a-helices and three B-strands in NAD(P)-dependent dehydrogenases. Binding the 2’-hydroxyl of
adenine ribose where the phosphate group is occupied in NADP with the amino acids after the
second B-strand of dehydrogenase determines their cofactor specificity (88). As a result, the
electrostatic state of the amino acid side chains in this location is frequently a determinant of ligand
binding and hence of nicotinamide substrate specificity (89). In numerous NAD-dependent
dehydrogenases, substituting the amino acid residues in this region with basic amino acids lead to
higher NADP affinity, whereas acidic amino acids replacement resulted in enhanced affinity for
NAD (90). The alignment of amino acid-sequence of RsPtxD and PsePtxD exhibited that the
amino acid residues placed at the C-terminus of the second B-strand (denoted as B7 in Figure 3.1)
in the Rossman-fold domain of RsPtxD were acidic aspartate at 175 and neutral proline at 176
(Figure 3.1), probably producing electrostatic repulsion against 2’-phosphate of NADP. Therefore,
1 substituted them with alanine and arginine, like those in a previous study (84). I also changed the
surrounding three amino acids (Cys174, Ile177, and Prol78), which might be considered to
influence the nicotinamide cofactor binding. Thus, i generated four mutants using site-directed
mutagenesis with amino acids replacement, RsPtxDar (D175A/P176R), RsPtxDuar
(C174H/D175A/P176R), RsPtxDuarka (C174H/D175A/P176R/TI177K/P178A), and
RsPtxDuarra (C174H/D175A/P176R/1177R/P178A) (Figure 3.1). All the mutant proteins were
purified using a nickel-affinity column after being expressed in E. coli. I confirmed the enzyme’s
homogeneity using SDS-PAGE analysis of each purified protein with a molecular mass of 40.1
kDa.
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B7

Eaa——-
170 175 180

PsePtxD TLQYHEAKALD
RsPtxD NLLYCDPIPLN
RsPtxD pp  —-——--- AR----
RsPtxD ypr —----HAR--—--
RsPtxD parka ————-HARKA--
RsPtxD jarra ——-—-—-HARRA--

Figure 3.1 The alignment of the amino acid sequences of PsePtxD, RsPtxD, and RsPtxD mutants.
The mutations were introduced at the C-terminus region of the f7-strand in the Rossman-fold

domain (gray rectangle).
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3.3.2 RsPtxD mutant’s Kinetic analysis

The RsPtxD mutants' kinetic values were evaluated under either NAD(P) or phosphite
saturation conditions. The Ky for NAD (KmMNAP) and NADP (Kym™PP) of the wild-type RsPtxD
showed 7.7+ 2.3 uM and 418 + 38.7 uM, respectively, verifying its higher affinity with NAD and
poor binding with NADP as a cofactor (Table 3.2). As anticipated, the D175A/P176R mutations
in RsPtxD (RsPtxDar) resulted in a considerable reduction in KuMMAPP to 56 + 5.1 pM,
demonstrating that RsPtxDar mutant has higher affinity for NADP than the wild-type enzyme.
The insertion of the non-polar alanine at residue 175, which neutralizes the negative charge of the
aspartate residue, and the basic arginine at position 176, generating a positively charged region
that can accept the 2’-phosphate group of NADP, are likely responsible for the improved affinity
for NADP. However, the catalytic efficiency (kca/ Km) VPP of RsPtxDar was almost 20-fold lower
than that of a PsePtxD mutant with the same amino acid substitutions (PsePtxDgi175a/a176r) (Table
3.2, Table 3.3). When the amino acid sequences of PsePtxD and RsPtxD were compared, it was
shown that the basic amino acids histidine and lysine were originally present at 174 and 177,
respectively, in PsePtxD, while the neutral amino acids cysteine and isoleucine were occupied at
the corresponding positions of RsPtxD (Figure 3.1). As a result, i hypothesized that the adjacent
residues Cys174, Ile177, and Pro178 were responsible for the higher NADP catalytic efficiency of
PsePtxDei175a/a176r. Indeed, when the C174H mutation was inserted into RsPtxDar (RsPtxDuar),
KPP was lowered by 24 + 5.2 uM with a slightly improved kca. Moreover, RsPtxDuarka
exhibited Km™AP? values of 4.4 + 0.9 pM, demonstrating that introducing 1177K and P178A
mutations to RsPtxDnar may provide a synergetic influence in decreasing Kym™PP. Based on this

result, instead of lysine, i substituted isoleucine at 177 with the more basic arginine residue. The
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generated mutant, RsPtxDuarra, revealed the lowest Ky™PP value of 2.9 = 0.5 uM and best

)NADP

catalytic efficiency (kca/Km of 44.1 pM ! min"! among all created mutants
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3.3.3 Optimal temperature, thermostability, and organic solvent tolerance of RsPtxD

variants

To determine the optimum temperature of the RsPtxD mutants, i carried out enzyme assays
at several temperatures ranging from 30°C to 60°C (Figure 3.2). In the presence of NAD cofactor,
the wild-type RsPtxD exhibited the maximum activity at 50°C. The optimum temperature for
RsPtxDar and RsPtxDuar was found to be 30°C to 40°C with NAD and 40°C with NADP,
implying that D175A/P176R mutations decreased the optimal temperature while improving NADP
affinity (Table 3.2). However, remarkably, the further mutations of [177K/P178A or [177R/P178A
to RsPtxDuar reestablished the optimal temperature with NADP to 50°C (Figure 3.2). Thereafter,
the thermostability of the RsPtxD mutants was evaluated in the presence or absence of cofactor
binding at 45°C. In the absence of a cofactor, the thermostabilities of all RsPtxD variants reduced
dramatically (Figure 3.3A). However, preincubating RsPtxDar or RsPtxDuyar with 0.5 mM NADP
but not 0.5 mM NAD, marginally enhanced their thermostability (Figure 3.3A). At the same time,
preincubation of RsPtxDuarka and RsPtxDuarra with 0.5 mM NADP but not 0.5 mM NAD
substantially improved their thermostabilities over 6 hours (Figure 3.3A).

The author hypothesized that the protective effect of ligand binding on the RsPtxD mutants
would also improve their stability in organic solvents due to thermotolerant enzymes are usually
exhibit tolerant to organic solvents. When RsPtxD proteins were preincubated with or without
NAD before being incubating at various concentrations of DMF, all the mutants lost their activity
after 6 hours at 30% DMF (Figure 3.3B). When the RsPtxD mutants were preincubated with
NADP, however, RsPtxDnarka and RsPtxDuarra displayed about 90% of the residual activities
in 30% DMF. With RsPtxDar and RsPtxDuar mutants, the protective effect of NADP-binding

was not observed. As a result, these findings strongly suggesting that robust cofactor binding
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improves the resistance for organic solvents the mutant proteins, i.e., RsPtxDuarka and

RsPtxDyARRA.
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Figure 3.2 The temperature dependence profiles of the wild-type and mutant RsPtxD proteins.

Each protein’s activity was measured using NAD (blue circles) or NADP (orange circles) as a

nicotinamide cofactor. The data are shown as means + standard deviation obtained from three

independent experiments. WT, wild-type. AR, RsPtxDar. HAR, RsPtxDuar. HARKA,

RsPtxDuarka. HARRA, RsPtxDparra.
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Figure 3.3 Characterization of the thermal stability and tolerance to organic solvents for RsPtxD

variants. (A) Thermal inactivation of RsPtxD mutants at 45°C. Data are presented as the mean +

standard deviation from three experiments. (B) Stabilities of RsPtxD mutants in DMF. Prior to the

assay reaction, RsPtxD mutants were incubated in the 50 mM MOPS (pH7.3) containing 0.5 mM

NAD (blue circles), 0.5 mM NADP (orange circles), or without cofactor (squares). The reactions

were performed by using 0.5 mM NADP as a nicotinamide substrate. The data are representative

of two independent experiments. WT, wild-type. AR, RsPtxDar. HAR, RsPtxDnyar. HARKA,

RsPtxDnarka. HARRA, RsPtxDuarra.
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3.3.4 The optimal pH of RsPtxD variants

The RsPtxD mutant’s activity was further measured in the pH range of 6.2-9.2 (Figure 3.4).
All of the RsPtxD mutants exhibited the maximum activity around pH 7.3 with NAD as a cofactor.
Their activities reduced as pH increased, eventually disappearing at pH 9.2, whereas the wild-type
RsPtxD kept more than 80% of its activity (Figure 3.4). When NADP was utilized as a cofactor,
the activities of RsPtxDar and RsPtxDuar were maximum between pH 7.3 and 8.0; however, their
activities at pH 9.2 dropped to around 20% (Figure 3.4). On the other hand, the optimal pH for
RsPtxDuarka and RsPtxDuarra shifted substantially to a higher range (Figure 3.4). These finding
suggest that the higher affinity of RsPtxDuarka and RsPtxDuarra toward NADP coupled with

improved activity at higher pH levels.

3.3.5 Production of SA by utilizing RsPtxD as an NADPH generation system

To illustrate the ability of RsPtxD mutants as an NADPH regeneration system, RsPtxD
proteins was paired with a thermostable SDH from 7. thermophilus HB8 for SA production (Figure
3.5A). Using NADPH as a cofactor, SDH catalyzes the conversion of 3-DHS to SA, a precursor
for the antiviral drug oseltamivir (Tamiflu®) (91). The substrate for the coupling reaction was 8
mM of 3-DHS in the presence of 0.1 mM NADP. At 45°C, the wild-type RsPtxD was unable to
support SA production, indicating that it did not regenerate NADPH (Figure 3.5B). The reaction
was sustained by RsPtxDar for almost 28% of the substrate conversion; however, the reaction
stopped after 30 minutes, possibly because of heat inactivation. On the other hand, RsPtxDuarra
enabled nearly complete conversion of 3-DHS to SA for 90 minutes, indicating that it regenerated

NADPH without dropping its activity at 45°C. As a result, the SA production was around 22 g
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L~!'d! with a total turnover number (TTN) of 78. With additional amounts of substrate, 100 mM

3-DHS, a coupling reaction could produce 61 g L™'d ! with a TTN of 860 for NADPH.
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Figure 3.4 pH dependence profiles of the wild-type and mutant RsPtxD proteins. RsPtxD activity
was measured using NAD (blue circles) or NADP (orange circles) as substrates. The data are
shown as means + standard deviation obtained from three independent experiments. WT, wild-

type. AR, RsPtxDar. HAR, RsPtxDuar. HARKA, RsPtxDuarka. HARRA, RsPtxDuarra.
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Figure 3.5 Shikimic acid (SA) production by shikimate dehydrogenase with NADPH regeneration
by RsPtxD. (A) A schematic of the coupled reactions of SA production by shikimate
dehydrogenase (SDH) and NADPH regeneration by RsPtxD. (B) The batch production of SA from
3-dehydroshikimate by SDH with NADPH regeneration by wild-type RsPtxD (diamonds),
RsPtxDar (squares), and RsPtxDuarra (triangles). The reaction solutions contained 20 mM

phosphite, 8 mM 3-DHS, 0.1 mM NADP, 0.17 U/mL of SDH, and 20 pg/mL of RsPtxD proteins.
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3.4 Discussion

3.4.1 RsPtxD mutants with higher affinity toward NADP

The alteration of dehydrogenases’ NAD(P) cofactor specificity is critical for the
development of industrial biocatalysts. Because NADPH is so expensive, huge efforts have been
made to switch the cofactor specificity of NADH-regenerative enzymes from NAD to NADP. In
this part of our study, the cofactor specificity of a thermostable PtxD isolated from the soil
bacterium Ralstonia sp. 4506 (RsPtxD) has been relaxed by substituting five residues, Cys174,
Aspl175,Prol176,Ile177, and Pro178, placed at the C-terminus of the f7-strand region that engaged
with the adenosine ribose moiety of a nicotinamide cofactor. RsPtxD mutant enzymes improved
specificity and catalytic efficiency toward NADP while also being resistant to high temperatures
and organic solvents. An increased of PsePtxD cofactor specificity to NADP previously reported
by substituting Glul75 and Alal76 with Ala and Arg, respectively (PsePtxDg175a/a176r) (Woodyer
et al., 2003). I noticed that changing the equivalent amino acids in RsPtxD (RsPtxDar)
substantially reduced the K for NADP, indicating substitutions of that amino acid at this region,
especially from acidic to basic, was crucial in relaxing cofactor specificity. However, RsPtxDar
still had higher Km for NADP than PsePtxDg175a/a176r (Table 3.2, 3.3). The further mutations in
RsPtxDar at Cys174His, Ile177Lys, and Prol78Ala, generated RsPtxDuarka, which has a lower
Kwm for NADP attributed to higher catalytic efficiency. The best mutant, RsPtxDuarra, was created
by replacing Ile177 with Arg which exhibited the greatest catalytic efficiency of all mutants. These
finding suggested that recognizing nicotinamide cofactors required not only Asp175 and Pro176,
but also surrounding amino acid residues of RsPtxD. According to a molecular modeling
investigation based on the RsPtxD structure (Protein Data Bank ID 6IH3, (92)), replacing Cys174

with His stabilized nicotinamide cofactors binding in RsPtxDar by generating a more compact
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binding pocket where the adenine moiety of NAD(P) could be adapted (Figure 3.6). The lowered
Kwms of RsPtxDuar for both NAD and NADP than those of RsPtxDar is compatible with this
modeling (Table 3.2). The Km of RsPtxDuar was further decreased by replacing Ile177 with Lys,
probably by generating a positively charged surface at the entrance of the NAD(P)-binding pocket
and stimulating NADP loading with appropriate direction of the 2’-phosphate group into the
binding site. In the case of RsPtxDuarra, introducing the more basic arginine instead of Ile177,
resulted in increased hydrogen-bonding formation and ionic interactions with NADP (Figure 3.6).
GBVI/WSA dG predicted protein-ligand affinity by calculating the ligand's binding free energy
from a given pose (93,94). The strongest affinity was found in RsPtxDuarra-NADP complex
(—9.66 kcal/mol) after molecular modeling analysis of four RsPtxD mutants using this calculation

tool (Figure 3.6).

3.4.2 The optimal pH shift of RsPtxD variants

For RsPtxDuarka and RsPtxDuarra mutants, where a positively charged amino acid
residue, Ile177Lys and Ile1 77Arg, was inserted into the NADP-binding region, a substantial shift
to higher pH was observed for maximum activity (Figure 3.4). Similarly, Zhang et al. found that
the activity of wild-type alcohol dehydrogenase from Vibrio harveyi (Vh-ALDH) was reduced at
a higher pH (pH 8-9), whereas all the activity for its mutants (Thr175Asp and Thr175Glu), whose
cofactor specificity was switched from NADP to NAD, was improved in the same pH range (95).
Surprisingly, they noticed that the Km of Thr175Asp and Thr175Glu mutants at pH 9.0 for NAD
increased around 10-fold compared with values at pH 8.0. Although the explanation for this
mechanism was ambiguous, they revealed that the increase in these mutants’ activity from pH 8.0
to 9.0 was mostly due to an increase in Kcar. As a result, the author tested the RsPtxDar mutant’s
activity at higher NADP concentrations (1.0 mM and 1.5 mM). Consequently, the optimal pH of
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RsPtxDar moved from 7.3 to 8.0, while the relative activity at pH 9.2 increased to around 55%
and 70% of the maximal activity in the reactions containing 1.0 mM and 1.5 mM NADP,
respectively (Figure 3.7A). These findings clearly indicated that the lower relative activity of
RsPtxDar at pH 9.2 was mostly likely caused by the lower Ky, which might be compensated by
the increased NADP concentration. As initially stated, higher affinities of RsPtxDuarka and
RsPtxDuarra with NADP may help with the high relative activity at high pH (~90% of the

maximum activity at pH 9.2, Figure 3.4).
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3.4.3 Thermostability and solvent stability are improved by higher NADP affinity of

RsPtxD variants

Thermostability experiments revealed that NADP binding protected RsPtxDuarka and
RsPtxDnarra against heat treatment at 45°C, but not RsPtxDar and RsPtxDuar. Even after heat
treatment for six hours, RsPtxDuarra retained around 60% of its activity after preincubation with
0.5 mM NADP. At the same temperature, RsPtxDuarra preincubated with NAD lost its activity
within an hour. During the thermal stability assay, i further noticed that the low affinity of
RsPtxDar can be compensated by an increased concentration of NADP (1.5 mM) (Figure 3.7B).
These finding revealed that a direct correlation between the thermal protection effect and the
NADP binding affinity of RsPtxD mutants. Similar thermal protection effects of NAD(P) ligand-
binding to enzymes have been found in PsePtxD (84), aldehyde dehydrogenase of V. harveyi (95),
and a glyceraldehyde-3-phosphate dehydrogenase of Bacillus stearothermophilus (96). In all cases,
binding with the preferred nicotinamide cofactor protects the enzyme against thermal inactivation,
but binding with lower affinity cofactor affords little or no protection. As described earlier, because
of the increased hydrogen-bonding formation and ionic interactions, RsPtxDuarra exhibited a
higher affinity for NADP. As reported in several studies, high ligand binding improved protein
thermostability by coupling the binding with unfolding equilibrium (97-99). As a result, the higher
thermostability of RsPtxDnarra mutant enzyme is likely due to the increased affinity to NADP.
This ligand binding stabilizing effect could also be attributed to the NADP-bound RsPtxDuarra
tolerance of organic solvents. Because conducting industrial enzymatic reactions in organic
solvents has several advantages, including increased solubility of organic substrates (100), the
higher organic solvent stability of RsPtxDuarra as well as improved thermostability further

expanded the potential applications of PtxD enzymes.
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According to Relyea et al, the PtxD reaction is an ordered bi-bi mechanism in which the
substrates NAD bind first then phosphite, and the products phosphate is released first, then NADH
(101). In this model, NAD binding causes a conformational change in PtxD, which allow access
to the phosphite binding pocket. This was consistent with our findings that when the affinity of
RsPtxD mutants for NADP increased, their phosphite affinity also increased. This model was
further supported by the reverse effects when NAD was utilized as a cofactor (Table 3.2). Overall,
higher NADP-binding with RsPtxDuarra attributed to improved heat stability and solvent stability,

as well as phosphite affinity.
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Figure 3.7 pH dependent profile (A) and thermal stability (B) of RsPtxDar mutant (AR). (A) PtxD
activity was measured using 0.5 mM (circles), 1.0 mM (triangles), and 1.5 mM (squares) of NADP.
The data are shown as means + standard deviation obtained from three independent experiments.
(B) Thermal inactivation of RsPtxDar was performed with 0.5 mM (open circles) and 1.5 mM

(closed circles). The data was representative of two independent experiments, with essentially the

same results.
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3.4.4 Comparisons with other research studies for cofactor switching and improvements in

NADP-regeneration enzymes

Recently, a comprehensive review summarized the findings of 52 NAD-dependent
enzymes whose cofactor specificity switched from NAD to NADP, 30% of which resulted in
variants with catalytic efficiency toward NADP better than the catalytic efficiency of the wild-type
enzymes with their natural cofactor, NAD (Relative Catalytic Efficiency, RCE > 1.0) (90). In our
study, RsPtxDuarra revealed its RCE value of 2.7 (Table 3.2), suggesting that the catalytic
efficiency with NADP was substantially superior compared with that of wild-type RsPtxD with
NAD. The coenzyme specificity ratio (CSR) determines the changes in the preference ratio of the
target cofactor in the mutant enzyme. The CSRs of RsPtxD and RsPtxDpuarra were 2.3x1073 and
34.0, respectively, indicating modifications of the amino acid residues contacting the 2’-position
of NAD and the residues in the surrounding positions were both important in altering the

preference for target cofactors.

As mentioned in the introduction, FDH is one of the most widely used NADPH
regenerative enzymes (103). Recently, various attempts have been made to improve the catalytic
efficiency of FDH for NADP; two of the most recent attempts have been successful. By structural
modeling analysis, Jiang et al. enhanced the catalytic efficiency of the FDH from Burkholderia
stabilis 15516 to around 5.9 uM ™! min™!' (101). Calzadiaz-Ramirez et al., performing in vivo
selection with an E. coli host that was an auxotrophic to NADPH, identified an FDH mutant from
Pseudomonas sp. 101 (PseFDH-V9) that exhibited catalytic efficiency of around 8.5 uM ' min ™!,
which was the best value among the previously informed FDHs (102). Despite the fact that both
enzymes exhibited relatively high Kcar values, their catalytic efficiencies are around 5-7 times

lower than that of RsPtxDuarra. Moreover, due to their high Kv for formate (9-31 mM), FDHs
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require a high substrate concentration (Table 3.3). RsPtxDuarra, on the other hand, exhibited low
Kwms for both NADP and phosphite, indicating that the amount of required substrates can be

decreased without impacting its maximal activity.
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Chapter 4

General conclusion
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Phosphite dehydrogenase (PtxD), is an NAD-dependent oxidoreductase, which catalyzes
the oxidation of Pt to Pi, with a concomitant reduction of NAD to NADH. In addition to Pt being
a nonmetabolizable form for the vast majority of organisms and is rare in the environment, the
discovery of RsPtxD enzyme with high catalytic activity and thermostability, facilitated the
development of several novel biotechnological applications. These applications include (i) an
effective NADH regeneration system to produce chiral compounds by dehydrogenases, (ii) a
dominant selective cultivation system for microorganisms and plants, and (iii) a biological
containment strategy for ensuring biosafety and reducing the risk of contamination of genetically
modified organisms. However, the currently available PtxD enzymes are NAD-dependent, making
these applications unfeasible or less effective.

With these in mind, in this study the author aimed to boarder the biotechnological
applications of the RsPtxD enzyme. For in vivo applications by achieving the biocontainment
strategy of Syn 7942 based on Pt dependency. For in vitro applications via engineering the cofactor
specificity of RsPtxD for an effective NADPH regeneration system, both of which are required for
industrial applications.

In chapter 2, the author successfully implemented a biological containment strategy based on
Pt dependency to the model cyanobacterium Synechococcus elongatus PCC 7942 (Syn 7942) that
was previously established in heterotrophic bacteria E.coli. Heterologous expression of RsPtxD
and hypophosphite transporter (HtxBCDE) genes that allow the selective uptake of Pt, but not P1,
as well as disrupting all the indigenous Pi transporter genes, resulted in a strain which can grow
only on Pt-containing media, and quickly lost viability in the absence of Pt. Moreover, the Pt-
dependent strain could outcompete competitor cyanobacteria strains in the medium containing Pt.

As a result, due to the scarcity of Pt in aquatic environments, this strategy may contribute to both
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biosafety and contamination management of genetically engineered cyanobacteria in practical
applications.

In chapter 3, by substituting the five amino acid residues, Cys174-Prol178, located at the C-
terminus of the B7-strand in the Rossman-fold domain, I am able to engineer the cofactor
specificity of RsPtxD toward NADP, achieving the best kinetic parameters ever reported for PtxD
enzymes with NADP. Moreover, preincubation of RsPtxDuarra mutant in the presence of 0.5 mM
NADP exhibited protection from thermal inactivation at 45°C for up to 6 h and high tolerance to
organic solvents. The author further confirmed the ability of RsPtxDuarra as an effective NADPH
regeneration system in the coupled reaction of chiral conversion of 3-DHS to SA by the
thermophilic shikimate dehydrogenase of Thermus thermophilus HB8 at 45°C, which are difficult
to achieve using the wild-type RsPtxD. Considering these properties of the RsPtxD mutants, the
higher affinity toward NADP makes them especially promising for in vitro NADPH regeneration
systems, which contribute to overcoming the cofactor challenge of NADP-dependent enzymes for
industrial applications.

For in vivo applications, the author successfully expanded the host cell range of Pt-biological
containment from heterotrophic bacterium E.coli to photosynthetic bacterium cyanobacteria. The
genetic modification for P metabolic engineering in this system is simple and easy, meaning it may
guide us to implement our Pt-dependent strategy to various bacteria beyond the types of the species.
For instance, novel microalgae and cyanobacterial strains with tolerance to elevated temperatures,
higher salts, and CO» concentrations have been recently isolated and have a promising commercial
application in non-arable lands such as the Arabian desert. However, their inability to grow under
industrially relevant outdoor conditions limits large scale application. Thus, by applying our

strategy, it might make them promising hosts on an industrial scale in a sustainable process without
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competing for land plants. However, the lowered growth of the Pt-dependent strain still challenges
should be addressed before expanding our strategy.

As stated in chapter 2, i initially hypothesized that the use of the wild-type RsPtxD for
biological containment of cyanobacteria might cause a NADH/NAD imbalance in the cell, thereby
reducing the growth of Pt-dependent strain. In contrast to heterotrophic bacteria, NADP(H) is more
abundant in photosynthetic bacteria (104). To address such a limitation, the author recently
introduced RsPtxDuarra created into Syn 7942, hopefully to obtain optimal redox balances and
overcome this challenge. However, the preliminary result revealed that RsPtxDuarra cannot
recover the reduced cell growth on Pt. Therefore, only the redox balance due to RsPtxD enzyme
cannot account for the growth differences between the strains. Other reasons for reduced growth,
probably the lowered Pt affinity of HtxB or PtxD activity, which both reduce the phosphorus flux,
resulted in growth retardation. Thus, maintaining maximal phosphorus flux by improving the Pt
affinity of HtxB protein or looking for other PtxD enzyme from different species with higher
activity may restore growth retardation in genetically modified strain.

In conclusion, this work expanded the in vivo and in vitro practical applications of RsPtxD.
The development of a biocontainment strategy based on Pt, which can be easily applied to other
organisms, thereby opening the way to use genetically modified microorganisms in open
environments without consideration of biosafety and contamination risks. Moreover, engineering
the cofactor specificity of RsPtxD toward NADP will expand the enzymatic toolbox available for

biocatalysis and overcome cofactor challenges for NADP-dependent enzymes.
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