ABSTRACT
ENGINEERING DGCZ AT THE INHIBITION SITE AND GTP
BINDING SITE FOR ENHANCED C-DI-GMP PRODUCTION
Bacterial second messenger, c-di-GMP, regulates important functions such as
biofilm formation, motility, and virulence. C-di-GMP also has an immunostimulatory
property, so can be used as a vaccine adjuvant. In this project, DgcZ (a diguanylate
cyclase) was engineered to create hyperactive mutants in c-di-GMP production. For this,
two protein sites were targeted: substrate (GTP) binding site and product (c-di-GMP)
inhibition site. At the GTP binding site, three residues (L134, D182 and R204) were
tested through codon randomization and in vivo c-di-GMP production assay, but none of
the positions provided high activity DgcZ mutants superior to wild type DgcZ. In
contrast, the engineering at the product inhibition site was fruitful as superior mutants
could be made at both R197 and E200 positions. So far, R197T, E200A and E200G were
identified to be better than wild type DgcZ in in vivo c-di-GMP production based on both
Clp toxicity-masking assay and c-di-GMP toxicity assay. These mutants were toxic to the
host cell when highly produced. The toxicity problem was circumvented by tagging one
of the mutants (E200A) with PelB, a signal sequence to the periplasmic space, at the Nterminus and the fused PelB-E200A was not toxic to the cells. In the future, the resultant
PelB-E200A needs to be tested thoroughly through protein expression, purification and in
vitro c-di-GMP production assay for mass production of c-di-GMP.
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INTRODUCTION
1.1 c-di-GMP: A Universal Bacterial Second Messenger
Cyclic di-GMP (c-di-GMP) is an important bacterial second messenger. It is
found in almost all bacteria. It is known to control several bacterial cellular functions
such as regulation of cell cycle, biofilm formation, motility, and virulence (Chan, 2004;
Romling, 2013). Bacteria make biofilms to survive during severe environmental
conditions, which helps them to shift from motile to sessile form (Lacanna, 2016;
Povolotsky, 2015; Romling, 2013; Zahringer, 2011). Biofilm formation is positively
regulated by c-di-GMP. C-di-GMP also stimulates many other bacterial physiologies
such as cellulose production, toxin production, environmental persistence, cell
elongation, and cell cycle (Figure 1; Chan, 2004; Romling, 2013). In contrast, some
events are inhibited by c-di GMP which include heavy metal resistance and antibiotic
production (Romling, 2013).
The discovery of c-di-GMP goes back over 25 years when Benziman and
colleagues first identified the compound as an allosteric activator of cellulose synthase in
Gluconacetobacter xylinus (Ross, 1987). Since then, extensive studies on c-di-GMP have
revealed different functions performed by this molecule (Figure 1). The x-ray crystal
structure analysis of c-di-GMP was carried out (Egli, 1990), which showed that it exists
in monomeric form but sometimes form a stable dimer (Romling, 2013).

Figure 1. Bacterial functions controlled by c-di-GMP.
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1.2 c-di-GMP: An Important Molecule for Clinical Studies
Many studies have demonstrated that c-di-GMP is an important molecule for
clinical studies. It was shown to have immunomodulatory and immunostimulatory
properties in murine models, thus boosting the immune system against bacterial
infections (Chen, 2010; Karaolis, 2007; Ogunniyi, 2008). For this reason, c-di-GMP is
considered as a prime vaccine adjuvant (Karaolis, 2007).
C-di-GMP is gaining popularity as a good candidate to conduct clinical studies
due to its immunostimulatory properties. To produce c-di-GMP, chemical methods have
been attempted (Ross, 1990; Yan, 2007), however they are expensive and time
consuming. An alternate is biological production using c-di-GMP-synthesizing enzymes
known as diguanylate cyclases (DGCs). Enzymatic production of c-di-GMP is gaining
more attention because it is a single step process. DGC has a conserved catalytic
GG(D/E)EF motif at which the condensation of two GTP molecules occur to produce one
molecule of c-di-GMP and has a feedback inhibition site to regulate the amount of c-diGMP inside the cell (Figure 2A, Chan, 2004; Mills, 2011). The product binds at the
inhibition site and inhibits its own production, therefore it is termed product feedback
inhibition.
A few DGCs have been analyzed and modified to produce large amounts of c-diGMP, which include WspR, a thermophilic DGC, and DgcZ. In a study, a fused WspR
derivative was used to produce c-di-GMP (De, 2009). In this case, the GGDEF domain of
WspR protein was fused to the leucine zipper motif of the yeast GCN4 protein. WspR is
a response regulator which is activated upon an external signal received by its phosphoreceiver domain. Here, they replaced the domain with the GCN4 leucine zipper motif to
provide a strong dimerization. By doing this they wanted to test if activation of WspR is
through dimerization of the protein. The result showed that the catalytic activity of the
fusion WspR protein was increased by 12-fold as compared to the wild-type protein (De,
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2009). Another study involves the use of a thermophilic DGC from Thermotoga maritima
(Deepthi, 2014; Rao, 2009). Although the thermophilic protein provided temperature
stability, it showed a strong product inhibition similar to the mesophilic counterparts,
which is detrimental to mass production of c-di-GMP (Rao, 2009). To reduce the product
feedback inhibition, the authors altered the inhibition site, RxxD, by R158A substitution.
R158A tDGC mutant was able to produce 20 mg c-di-GMP/mg protein while WspR was
reported to produce 0.2-0.4 mg c-di-GMP/mg enzyme (De, 2009; Rao, 2009). DgcZ was
also employed for large scale production of c-di-GMP (Zahringer, 2011). A previous
study on DgcZ shows that the protein has an unusually low product inhibition, thereby
leaving the protein active even at high c-di-GMP levels (Ki= 44 µM) (Boehm, 2009;
Zahringer, 2011). The purified DgcZ yielded 2.5 mg c-di-GMP per mg DgcZ protein
without genetic modifications (Zahringer, 2011). This makes DgcZ an attractive
candidate for mass production of c-di-GMP due to its weak feedback inhibition and
complete substrate conversion. Further, Yue Zhou, a former graduate student in Dr.
Youn’s lab identified a hyperactive DgcZ mutant (E200A) producing (2115.33 nmol c-diGMP/mg protein*hour-1) about 1.69 times more c-di-GMP than wild type DgcZ (1250.59
nmol c-di-GMP/mg protein*hour-1) based on his in vitro analysis of cell free lysates of
the protein (Zhou, 2018), promising that DgcZ can be further engineered for enhanced cdi-GMP production.
1.3 DgcZ: A Candidate for the Present Study
DgcZ is a DGC found in Escherichia coli. It plays a major role in regulating
biofilm formation in E. coli (Lacanna, 2016). DgcZ is unique in that it is constitutively
active whereas other DGCs need cognate signals for activity. The structure of DgcZ is
also known (Zahringer, 2013). The functional form of DgcZ is a dimer and each subunit
consist of a C-terminus catalytic and an N-terminus regulatory domain in each subunit
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(Figure 2B). DgcZ was known to display low feedback inhibition but Yue Zhou showed
that inhibition site can be further improved for enhanced c-di-GMP production (Zhou
2018). There are three elements in DgcZ which can be targeted for modification: Znbinding site, catalytic site and feedback inhibition site (Figure 2B, 2C, 2D). The Znbinding site consists of 3His/1Cys motif, found in the regulatory domain which can
coordinate Zn+2 (Figure 2D). Zn+2 binding inhibits the catalytic activity of DgcZ
(Lacanna, 2016; Zahringer, 2013). The GGEEF motif forms the catalytic site of DgcZ
which is responsible for GTP condensation and c-di-GMP production. The catalytic
domain is also called GGEEF domain due to the presence of GGEEF motif. C-di-GMP is
synthesized at the GGEEF motif by condensing two GTP molecules (Schirmer, 2016;
Zahringer, 2011). The structure of GGEEF domain of DgcZ is similar to those of other
DGCs (Zahringer, 2013). DgcZ, like other DGCs, is subject to product feedback
inhibition, although the feedback inhibition of DgcZ is weak. In most of the DGCs, a
conserved RxxD motif is found as the inhibition site (Christen, 2006; Dahlstrom, 2016;
Schirmer, 2016). If c-di-GMP is overproduced, it binds to the inhibition site, which
allosterically lowers the catalytic activity of the protein. However, in DgcZ the inhibition
motif deviates from RxxD to RxxE. The inhibition site in DgcZ was degenerated to the
R197xxE motif (Zahringer, 2013), however mutagenic studies by Yue Zhou revealed that
the RxxE motif in DgcZ is not inferior to RxxD in terms of the feedback inhibition
(Zhou, 2018). Arginine (R197) and glutamic acid (E200) are important residues of the
inhibition motif and were targeted for modification to relieve the feedback inhibition and
increase the catalytic activity of DgcZ in this study.
Several structures of DgcZ are solved and analyzed (Schirmer, 2016; Zahringer,
2013). The DgcZ structure (PDB 4H54, resolution: 3.9Å) shows interactions between the
protein and its substrate, GTP (Figure 2B). The structure also shows c-di-GMP molecule
bound to the inhibition site of the protein (Figure 2B). The structure of only the catalytic
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domain of DgcZ (PDB #3TVK, resolution: 1.8Å) shows c-di-GMP interactions at the
inhibition site (Figure 3). By studying the structure of DgcZ (PDB:4H54), six amino acid
residues (Asn173, His178, Gly181, Asp182, Leu185, and Arg204) are assumed to play
important role in GTP binding due to their proximity to the GTP molecule (Figure 2C).
These residues were targeted for modification to study the importance of the original
amino acid residue and their role at the GTP binding site. PDB structure 3TVK (only
catalytic domain of DgcZ) clearly shows interaction between c-di-GMP and the
inhibition site residues (R197 and E200) (Zahringer, 2013). The inhibition site residues
were targeted for amino acid substitution by the method of codon randomization to study
the importance of the original amino acid residue at the inhibition site.
DgcZ has been extensively studied in Youn’s lab (Pospisil, 2014; Zhou, 2018). A
former graduate student, Cameron Pospisil, initiated such study, investigating 11 DgcZ
residues (Asp165, Ile166, Phe169, Lys170, Asn173, His178, Asp182, Arg204, Glu208,
Lys277, and Arg281) interacting with or in proximity to the GTP molecule. He
constructed alanine mutants at those positions and found out that all the mutants (Asp165,
Ile166, Phe169, Lys170, Asn173, His178, Asp182, Arg204, Glu208, Lys277) except for
Arg281A completely lost the c-di-GMP production activity (Pospisil, 2014). While
insightful, his studies had limitations. The main one was that the production of DgcZ and
Clp, a c-di-GMP binding protein (Leduc, 2009) from the two expression plasmids was
induced by the same chemical (IPTG), so the production of DgcZ (c-di-GMP synthesis)
and production of Clp (c-di-GMP sensing) were not independent, causing severe
limitations in assay window. Conversely, controlling the expression levels of DgcZ
independently of the Clp expression allows one to measure the inhibitory effect of c-diGMP on Clp activity (Leduc, 2009) over a wide range of DgcZ expression.
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Figure 2. (A) Chemical reaction showing the conversion of two GTP molecules into one
molecule of c-di-GMP at GGEEF domain of DgcZ. (B) PDB structure (4H54) of DgcZ
dimer (subunits denoted by grey and blue colors) with c-di-GMP (green) bound at the
inhibition site and GTP (yellow) at the active site of the catalytic domain. (C) Amino acid
residues in proximity to GTP and their interactions with the molecule. (D) Zinc binding
site residues (H22, C52, H79, and H83) bound with Zn+2.
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Figure 3: The crystal structure of catalytic domain of DgcZ (3TVK) shows two inhibition
site residues, R197 and E200, interact with c-di-GMP.
Yue Zhou, another former graduate student in Dr. Youn’s lab, studied and
characterized DgcZ. He structurally identified important DgcZ residues in c-di-GMP
production at zinc-binding (H22, C52, H79 and H83), catalytic (E208 and E209), and
feedback inhibition (R197 and E200) sites. He constructed alanine mutants of these
residues and tested for altered activity of the protein by employing in vivo and in vitro
assays. Yue’s assay method was superior to that used by Cameron because DgcZ and Clp
were produced independently with two different inducers. Yue also purified DgcZ
mutants for the measurement of in vitro activity using high performance liquid
chromatography (HPLC). He studied the importance of the feedback inhibition site,
mainly the importance of E of the RxxE motif. Since DgcZ has a non-canonical feedback
inhibition motif (RxxE), it was hypothesized that the weak feedback inhibition of DgcZ
originates from the motif. He therefore constructed E200D which converts the noncanonical RxxE motif of DgcZ to the canonical RxxD motif. Surprisingly, E200D
accumulated c-di-GMP more in the cell-free lysate than wild type DgcZ, suggesting that
the non-canonical RxxE motif is not inferior to RxxD in terms of feedback inhibition, and
therefore cannot be the causative element for weak feedback inhibition. He then created
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alanine mutants of the four inhibition site residues, R197A, D198A, Y199A, and E200A.
In his in vivo assay results, R197A, D198A, and Y199A showed a similar phenotypic
behavior as wild-type DgcZ where as E200A showed perturbed growth indicating higher
c-di-GMP production (Zhou, 2018). In cell-free lysates, E200A showed a higher c-diGMP accumulation than did R197A and wild type DgcZ. Yue’s results on feedback
inhibition site are in stark contrast to DGC literature which commonly found that the first
R, not the fourth E (or D) is important for feedback inhibition.
One of the aims of this study is to expand Yue’s work in identifying patterns at
positions R197 and E200 for c-di-GMP production. We hypothesize that R197 and E200
of RxxE motif have important role in the feedback inhibition and c-di-GMP production
by DgcZ. We reason that by altering these residues, higher c-di-GMP production than
wild type DgcZ can be achieved. To achieve this goal, the codons of R197 and E200
were randomized separately, and selected for the mutants with superior c-di-GMP
accumulation in vivo (compared to wild type DgcZ). Based on Yue’s results, E200A was
routinely used as a positive control for superior c-di-GMP production. Another aim of
this study was to target 6 amino acid residues (Asn173, His178, Gly181, Asp182,
Leu185, and Arg204) which are involved in GTP binding based on the catalytic site
structure (Figure 2C) and Cameron’s work (Pospisil, 2014). We hypothesize that these
residues are important for GTP binding and substituting these residues with alanine will
result in low c-di-GMP production due to reduced GTP affinity. These residues were
substituted for alanine, creating alanine mutants (N173A, H178A, G181A, D182A,
L185A, and R204A), using the alanine scanning method. The activity of the mutants was
tested by using a in vivo transcriptional assay.
Using multiple screening assay methods, the importance of the targeted residues
at the respective sites (GTP binding and inhibition site) was identified. Also, by using the
methods of alanine scanning and codon randomization, DgcZ was engineered to create
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highly active mutants which produce higher c-di-GMP as compared to the wild type
DgcZ. Producing c-di-GMP in high amounts by engineering DgcZ protein to relieve
feedback inhibition will prove as a better alternative to the expensive and timeconsuming chemical methods. This work suggests that DGCs can be engineered to
produce higher amount of product (c-di-GMP) by using simple biochemical tools and
techniques. This will improve our understanding to use biological means to produce c-diGMP thus replacing chemical production.

METHODS AND MATERIALS
2.1 Bacterial Strains and Plasmids
The strains and plasmids used in this study are listed in Table 1. HYC1 is E. coli
DH5α used for general cloning and transformation HYC30 is a Clp reporter strain.
Strains are stored at -80oC for long term storage. The two expression plasmids, pACT3
(containing chloramphenicol (Chl) drug marker) and pBAD18-Amp (containing
ampicillin (Amp) drug marker) carried dgcZ and clp genes, respectively (Dykxhoorn,
1996; Guzman, 1995).
2.2 Site-Directed Mutagenesis to Create DgcZ Mutants
DgcZ mutants were created using the Stratagene QuikChange® site-directed
mutagenesis (SDM) method. Primers (Table 2) were purchased from Integrate DNA
Technologies. The PCR reaction mixture contained 2 µl of plasmid template (5 ng/µl in
water), 1.5 µl of forward primer (2 pmol/µl in water), 1.5 µl of reverse primer (2 pmol/µl
in water), 12.5 µl of 2X Phusion master mix (Thermo scientific), and 7.5 µl of double
distilled water. The SDM-PCR condition was: 1 hold: 95oC for 1 min; 18 cycles: 95oC for
50 s; 53oC for 50 s; 68oC for 11 min; 2 holds: 68oC for 10 min; 4oC for indefinite period.
A control reaction was used along with the test reaction while performing SDM-PCR. In
the control reaction, water was added in place of primers to the reaction mixture. The
control is done to check the effectiveness of DpnI treatment because the control has only
the template which will be digested by the DpnI treatment and we will not see any growth
on the transformation plate. The PCR product (both test and control reaction product) was
then treated with 1 µl FastDigest DpnI (Thermo scientific) and incubated at 37oC for 10
min. The DpnI enzyme digests the phosphorylated template, present in the PCR product
(test and control). After DpnI treatment, the reaction mixture was left with only the
amplified product due to the fact that the PCR product is not methylated. The DpnItreated PCR product was stored at -20oC before transformation.
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Table 1. Bacterial Strains and Plasmids
Strain

Description

HYC1
HYC30

E. coli DH5α
cya-ilv-Tn10 (M182+lambda prophage with
CC (-41.5): lacZ fusion
Wild-type dgcZ (histag) in pACT3
Wild-type dgcZ (non-histag) in pACT3
Description

HYC1638
HYC1627
Plasmid
pHYC1014
pHYC1865
pHYC1866
pHYC1852
pHYC1853
pHYC1850
pHYC1796
pHYC1867
pHYC1869
pHYC1870
pHYC1871
pHYC1872
pHYC1873
pHYC 1897
pHYC1898
pHYC1899
pHYC1900
pHYC1901
pHYC1902
pHYC1903

X. fastidiosa clp (non-histag) in pBAD18
A mutant dgcZ allele (encoding R197T) (nonhistag) in pACT3
A mutant dgcZ allele (encoding R197A)
(non-histag) in pACT3
A mutant dgcZ allele (encoding E200G)
(histag) in pACT3
A mutant dgcZ allele (encoding E200A)
(histag) in pACT3
A mutant dgcZ allele (encoding PelB-E200A)
(histag) in pACT3
A
mutant
dgcZ
allele
(encoding
R197Stopcodon) (histag) in pACT3
A
mutant
dgcZ
allele
(encoding
N173A/E200A) (histag) in pACT3
A
mutant
dgcZ
allele
(encoding
H178A/E200A) (histag) in pACT3
A
mutant
dgcZ
allele
(encoding
G181A/E200A) (histag) in pACT3
A
mutant
dgcZ
allele
(encoding
D182A/E200A) (histag) in pACT3
A
mutant
dgcZ
allele
(encoding
L185A/E200A) (histag) in pACT3
A
mutant
dgcZ
allele
(encoding
R204A/E200A) (histag) in pACT3
A mutant dgcZ allele (encoding L204A)
(histag) in pACT3
A mutant dgcZ allele (encoding R204A)
(histag) in pACT3
A mutant dgcZ allele (encoding R197T)
(histag) in pACT3
A mutant dgcZ allele (encoding PelB-wild
type DgcZ) (histag) in pACT3
A mutant dgcZ allele (encoding E200V)
(histag) in pACT3
A mutant dgcZ allele (encoding E200I)
(histag) in pACT3
A mutant dgcZ allele (encoding E200W)
(histag) in pACT3

Drug
marker
Tet

Reference
Youn lab collection
Youn lab collection

Chl
Chl
Drug
marker
Amp
Chl

Youn lab collection
Youn lab collection
Reference

Chl

This study

Chl

This study

Chl

This study

Chl

This study

Chl

This study

Chl

This study

Chl

This study

Chl

This study

Chl

This study

Chl

This study

Chl

This study

Chl

This study

Chl

This study

Chl

This study

Chl

This study

Chl

This study

Chl

This study

Chl

This study

Youn lab collection
This study
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Table 2. PCR primer sequences for DgcZ mutants
DgcZ mutant
Primer sequence
(F) TTTAAATTGGTTGCTGATACCTACGGG
N173A
(R) CCCGTAGGTATCAGCAACCAATTTAAA
(F) AATGATACCTACGCGCATTTAATCGGC
H178A
(R) GCCGATTAAATGCGCGTAGGTATCATT
(F) GGGCATTTAATCGCCGATGTAGTATTA
G181A
(R) TAATACTACATCGGCGATTAAATGCCC
(F) CATTTAATCGGCGCTGTAGTATTACGC
D182A
(R) GCGTAATACTACAGCGCCGATTAAATG
(F) GGCGATGTAGTAGCACGCACCCTGGCA
L185A
(R) TGCCAGGGTGCGTGCTACTACATCGCC
(F) ACGGTTTATGCCTACGGGGGCGAAGAA
R204A
(R) TTCTTCGCCCCCGTAGGCATAAACCGT
(F) GCCAGTTGGACGTGAGATTACGAAACG
R197STOP
(R) CGTTTCGTAATCTCACGTCCAACTGGC
(F) GCCAGTTGGACGACTGATTACGAAACG
R197T
(R) CGTTTCGTAATCAGTCGTCCAACTGGC
(F) ACGCGTGATTACGTTACGGTTTATCGC
E200V
(R) GCGATAAACCGTAACGTAATCACGCGT
(F) ACGCGTGATTACATTACGGTTTATCGC
E200I
(R) GCGATAAACCGTAATGTAATCACGCGT
(F) ACGCGTGATTACTGGACGGTTTATCGC
E200W
(R) GCGATAAACCGTCCAGTAATCACGCGT
(F) ACGCGTGATTACGAAACGGTTTATCGC
A200E
(R) GCGATAAACCGTTTCGTAATCACGCGT
PelB_pACT3ydeH-F: (F)ACCGCTGCTGCTGGTCTGCTGCTCCTCGCTGCCCAGCC
PelB_pACT3ydeH-R: GGCGATGGCCATGATCAAGAAGACAACGGAAATTG
(R)AGCGAGGAGCAGCAGACCAGCAGCAGCGGTCGGCAGCA
GGTATTTCATTTTAAATTCCTCCTGGATCCCCGGG
Table 3. PCR primer sequences for codon randomization
DgcZ mutant
R197X
E200X
L134X
D182X
R204X

Primer sequence
(F) GCCATGTGGACGNNNGATTACGAAACGGTTTAT
(R) CGTTTCGTAATCNNNCGTCCAACTGGCTAAGTA
(F) TGGACGCGTGATTACNNNACGGTTTATCGCTAC
(R) GTAGCGATAAACCGTNNNGTAATCACGCGTCCA
(F) AATATGGATGTTNNNACGGGATTGCCGGGTCGT
(R) CGCCAATCCCGTNNNAACATCCATATTGCTACG
(F) CATTTAATCGGCNNNGTAGTATTACGCACCCTG
(R) GCGTAATACTACNNNGCCGATTAAATGCCCGTA
(F) GAAACGGTTTATNNNTACGGGGGCGAAGAATTT
(R) TTCGCCCCCGTANNNATAAACCGTTTCGTAATC
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2.3 Transformation and Plasmid Isolation
The DpnI-treated PCR product (test and control, respectively) was transformed
into the HYC1 competent cells using the heat shock method (42oC for 45 s) (Froger,
2007). After heat shock, the cells were grown in SOC medium (pre-SOB (super optimal
broth) + 10mM MgCl2 + 10mM MgSO4 + 20mM glucose) at 37oC for an hour. The pellet
of cells was collected by centrifugation at 15,000 rpm for 1 min. After decanting the
supernatant, the cells were resuspended in 80 µl SOC medium and spread onto Chlcontaining Luria-Bertani (LB) agar plate and grown at 37oC overnight. Due to the DpnI
treatment, the control PCR product does not have the template nor the amplified product
(since primers were not added), we see less number of transformants on the control plate
as compared to the test plate. Next day, the test and control plates were analyzed. The
transformation is successful when the test plate has a lot more colonies than the control
plate or the control plate does not have any colonies. The ratio of transformants between
the test and control plate decides the number of candidates to be picked. If the ratio was
higher between the two, 2 candidate colonies were picked from the test plate and streaked
onto another LB/Chl plate. Candidate colonies (2-3, based on the ratio between test and
control plates) were picked from the transformation test plate and streaked on another
LB/Chl plate to isolate a single colony. The plate was incubated at 37oC overnight. Next
day, a single colony was picked from the plate, inoculated into LB broth, and grown
overnight at 37oC. The plasmid was isolated from these candidates using Promega
PureYieldTM Plasmid miniprep system according to the manufacturer’s instructions.
2.4 DNA Sequencing
The plasmid of DgcZ mutant candidate was subjected to Sanger DNA sequencing
to confirm the designed mutation. For sequencing PCR, BigDye terminators v3.1 kit
(Applied Biosystems) was used. The sequencing PCR reaction mixture contained 1µl of
Big Dye 3.1 (2.5X), 1.5 µl of sequencing buffer (5X), 2 µl of template (100 ng/µl in
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water), 1 µl of sequencing primer (pEXT20-Seq3; 10 pmol/µl in water), and 4.5 µl of
double distilled water. The condition for sequencing PCR was: 50 cycles: 95oC for 30 s;
50oC for 20 s; 60oC for 4 min; 1 cycle: 4oC for indefinite period. After the PCR reaction,
PCR product was cleaned using Agencourt® CleanSEQ® (Agencourt Bioscience) and a
magnetic plate. The magnetic plate was used to collect the DNA ring formed on the side
wall of the tube. The ring was dissolved in 50 µl of water and the cleaned product was
sent to the University of Wisconsin, Madison for analysis. After receiving the data, the
sequences were analyzed by the multiple sequence alignment tool, T-Coffee
(Treebased Consistency Objective Function for Alignment Evaluation) and Expasy
translate tool. Using these software programs, the sequence of mutants was compared to
the wild type DgcZ to confirm the mutation.
2.5 In vivo Transcriptional Activation Assay to Test DgcZ
Mutants
In vivo assay was used to analyze c-di-GMP production by DgcZ mutants. To
conduct the in vivo assay, a reporter strain HYC30 was used. HYC30 was transformed
with two plasmids, dgcZ/pACT3 and clp/pBAD18-Amp. In vivo assay plates were
prepared from LB and agar along with Amp (200 µg/ml), Chl (27.5 µg/ml), 0.05% Larabinose (Ara), 40 µg/ml X-gal (5-bromo-4-chloro-3-indolyl-D-galactopyranoside) and
different concentrations (0 µM, 1 µM, 5 µM, 15 µM, and 25 µM) of IPTG (isopropyl βD-1-thiogalactopyranoside). IPTG induces the expression of dgcZ from pACT3. The
dgcZ mutant candidates were sequenced as explained earlier to confirm the mutation.
2.6 In vivo Clp toxicity-masking assay to test DgcZ mutants
In vivo toxicity assay is based on masking of Clp toxicity by highly active DgcZ
mutants. When Clp was excessively induced (0.25% L-arabinose), it proved to be toxic
for the cell growth. When Clp was transformed along with the DgcZ mutants, we were
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able to screen the highly active mutants which were able to mask the Clp toxicity on the
assay plates. The Clp toxicity-masking assay plates were made with LB-agar containing
Amp, Chl, X-gal, 0.25% L-arabinose and different IPTG concentrations of 0 µM, 5 µM,
and 25 µM. C-di-GMP production activity of GTP binding site mutants and inhibition
site mutants was tested using Clp toxicity-masking assay conditions. The mutant
candidates were streaked on the Clp toxicity-masking assay plates and tested for activity
(healthy or perturbed growth). The activity of the proteins was deduced on the basis of
size of the colonies observed on the plates (big, medium (roughly half the size of big),
and small (roughly half the size of medium)).
2.7 Codon Randomization and in vivo Toxicity Screening
for Highly Active Mutants
Codon randomization is done using the method of site-directed mutagenesis, with
the difference of primer sequence. Unlike other SDM-PCR primers which contain a
specific mutation within their sequence, primers for codon randomization do not have a
specific mutation, rather random nucleotides are substituted at the respective position.
PCR amplification for codon randomization at position 197 or E200 was the same
as that for SDM. Randomization primers are listed in Table 3. Wild type dgcZ was used
as the template for codon randomization of these residues. The PCR product (test and
control, as explained earlier) was treated with DpnI and transformed into HYC1 cells, as
explained in earlier text. The test and control plate were compared to see the ratio
between the two. The cells were collected from the test plate using LB liquid broth. The
LB media broth (3-4 mL) was added to the plate and colonies were scraped off with the
help of a melted tip. The culture was collected in an Eppendorf tube and the cells were
harvested using centrifugation at 15,000 rpm for 1 min. Plasmid was isolated from the
cell pellet using Promega-PureYieldTM Plasmid miniprep system. The plasmid thus
collected was a collection of all the mutant candidates, it was therefore called pool of
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mutant plasmid. The pool of mutants was transformed into HYC30 along with clppBAD18 and screened on the assay plates (with Amp, Chl, X-gal, and 0.25% Larabinose). IPTG concentrations of 0 µM, 5 µM, 10 µM, 25 µM were used to screen
R197 randomized mutants and 0 µM, 1 µM, 2.5 µM, 5 µM IPTG for E200 randomized
mutants. Clp was highly induced by 0.25% L-arabinose and was toxic to the cells. Highly
active DgcZ mutant candidates were selected based on their ability to relieve the Clp
toxicity.
Another in vivo assay assessing c-di-GMP production was used to test the activity
of DgcZ mutants. In this assay, plates were made with Chl (27.5 µg/ml) and IPTG (25
µM and 100 µM). Higher IPTG concentration induces the DgcZ mutant to produce c-diGMP to a toxic level. This is termed c-di-GMP toxicity assay and is used to test the toxic
level of c-di-GMP produced by the mutants. Mutant candidates were transformed in
HYC30 cells along with Clp and grown in liquid LB culture (Chl) at 37oC overnight.
Next day, OD600 of the overnight grown culture was checked using spectrophotometer
(UVmini-1240 from Shimadzu). Since the cultures had higher than OD=1, all the cultures
were diluted using LB media broth until the OD600 reached to 1. This was done to make
sure that all the cultures have same OD to conduct the experiment. Serial dilutions (1-fold
(f), 10f, 100f, 1000f, and 10,000f) of the overnight-grown culture were made using LB
liquid media. 2 µl of each dilution was spotted onto the assay plates and grown at 37oC
overnight.
Codon randomization of L134, D182, and R204, respectively was carried out
using SDM-PCR as mentioned above. The respective primers are listed in Table 3. The
mutant plasmid pool was screened on the blue-white assay (as mentioned earlier). A blue
colony, indicative of an inactive mutant, was selected for a second round of
randomization. The blue mutant candidate was used as the template for SDM-PCR.
SDM-PCR was conducted for a test and a control reaction. After treatment with DpnI, the
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PCR product was transformed into HYC1 and a pool of mutant plasmid was isolated
from the test plate (as explained earlier). The mutant plasmid pool (blue candidate) was
transformed into HYC30 along with Clp. The white active candidates were screened on
the blue-white assay screening plates. The active mutant candidates (white candidates)
were collected and sequenced (as explained earlier) to reveal the mutation.
2.8 Introduction of PelB Sequence Peptide in the
Expression Plasmid
A signal peptide, PelB was introduced into the expression plasmid. The signal
peptide upon translation, signals the cell to transport the protein into the periplasmic
space. Since the highly active DgcZ mutants were toxic when induced at high IPTG, a
PelB sequence was attached to the insert gene using SDM-PCR to relieve the cell
toxicity. Primers are listed in Table 2. The SDM-PCR condition was 1 hold: 95oC for 1
min; 25 cycles: 95oC for 50 s; 53oC for 50 s; 68oC for 11 min; 2 holds: 68oC for 10 min;
4oC for indefinite period. E200A mutant of DgcZ was used as the template. A pool of
plasmid was collected and transformed into HYC30 along with clp-pBAD18. Twenty
mutant candidates were patched on Clp toxicity-masking assay plates along with wild
type DgcZ and E200A and were tested for activity. Two out of twenty candidates
showing relieved toxicity unlike E200A were selected for c-di-GMP toxicity assay.

RESULTS
3.1 In vivo Transcriptional Activation Assay
To conduct the in vivo assay, a reporter strain HYC30 was used. The genetic
architecture of HYC30 is designed such that it has a fused lacZ gene on the chromosome
of HYC30 strain which is under the control of a weak promoter. Upstream of the weak
promoter is the Clp binding site where the Clp binds and controls the transcription of
lacZ (Figure 4A). Clp activates the transcription of lacZ which encodes β-galactosidase
(Figure. 4A). C-di-GMP is a ligand of Clp which upon binding inhibits Clp activity
(Leduc, 2009; Tao, 2009), which is required for β-galactosidase production (Figure 4B).
When HYC30 is transformed with plasmids containing clp and dgcZ gene, respectively,
c-di-GMP produced by DgcZ inhibits Clp activity thereby inhibiting β-galactosidase
production. Blue color of the colonies growing on the assay plates are indicative of active
Clp and the product of Clp activity (β-galactosidase) which breaks down X-gal into a
blue color component (Figure 4). White colony color indicates c-di-GMP production by
DgcZ. Since color is related to the respective protein activity, this assay is called
blue/white assay. This in vivo transcriptional activation assay was used along with Clp
toxicity-masking assay and c-di-GMP toxicity assay for monitoring c-di-GMP production
from wild type DgcZ and DgcZ mutants.
It is important to note that all the above assays measure in vivo c-di-GMP
production and therefore not necessarily correlate with protein’s intrinsic c-di-GMP
production activity. This is because different DgcZ mutants may have not only different
intrinsic protein activity, but also different protein stability (leading to different levels of
protein accumulation) under the assay conditions. However, no experiments such as
Western blot were carried out for the measurement of protein levels for DgcZ mutants,
the measured in vivo c-di-GMP production activity is not a direct outcome of DgcZ
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protein’s intrinsic activity. Therefore, all the in vivo c-di-GMP production activities
measured and described below should be considered “indirect.”

Figure 4. In vivo transcriptional activation activity of Clp is dependent upon c-di-GMP.
(A) Clp binds to the binding site in the absence of c-di-GMP and recruits RNA
polymerase to the weak promoter, resulting in the transcription of the lacZ gene. (B) Clp
activity is allosterically inhibited upon binding of c-di-GMP, and therefore no lacZ gene
is transcribed.
3.2 In vivo Assay Screening of GTP Binding Site Residues
The structure of DgcZ (PDB 4H54) shows several residues in proximity to the
substrate GTP (Figure 2C). These residues (N173, H178, G181, D182, L185, and R204)
are likely to be involved in GTP binding. They form a stable environment for the GTP
molecule to bind to the protein. These GTP binding residues were selected for alanine
substitution to study their role in GTP binding affinity of DgcZ. If these residues help in
stabilizing GTP molecule, alanine substitution of these residues would jeopardize GTP
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binding and would result in low substrate (GTP) affinity, leading to low c-di-GMP
production. To test this, I constructed alanine mutants for 6 amino acids at the GTP
pocket (N173A, H178A, G181A, D182A, L185A, and R204A). These alanine mutants
were created in the E200A background because a previous graduate student created these
alanine mutants in the wild type DgcZ background and was unable to distinguish if the
reduced activity of mutants was due to reduced GTP binding or defects caused onto the
protein structure (Pospisil, 2014). The c-di-GMP production activities of the alanine
mutants were measured by using in vivo blue/white transcriptional assays. All the alanine
mutants showed decreased activity than that of E200A DgcZ (Table 4; Figure 5). E200A
was able to fully inhibit the Clp activity even with no IPTG added, whereas all the
alanine mutants required 15 µM IPTG to become fully active to inhibit the Clp activity
(Table 4). The results represent two replicates of data. These blue/white screening results
suggest that substituting any of the original residues with alanine reduces apparent c-diGMP production activity in vivo.
Table 4. In vivo blue/white color assay measuring the c-di-GMP production activities of
alanine-scanning DgcZ mutants at the GTP binding site in the E200A background. The
activity was measured in HYC30 which contained each of the mutants and Clp in the
presence of 0.05% L-arabinose and various amounts of IPTG. In this assay, white color
indicates the presence of activity. The data represents 2 replicates.
DgcZ mutant
(IPTG) (µM)
0

1

5

15

25

pACT31
E200A (histag)2

Blue
White

Blue
White

Blue
White

Blue
White

Blue
White

N173A/E200A (histag)3
H178A/E200A (histag)3
G181A/E200A (histag)3
D182A/E200A (histag)3
L185A/E200A (histag)3
R204A/E200A (histag)3

Blue
Blue
Blue
Blue
Blue
Blue

Blue
Blue
Light blue
Blue
Blue
Blue

Light blue
Blue
Pale blue
Light blue
Light blue
Light blue

Light blue
Light blue
White
Light blue
Light blue
Light blue

White
Pale blue
White
Pale blue
Pale blue
Pale blue

1

No activity, 2 Higher than wild type DgcZ, 3Lower than wild type DgcZ
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Figure 5. In vivo blue/white color assay plates measuring the c-di-GMP production
activities of alanine-scanning DgcZ mutants at the GTP binding site in the E200A
background. The activity was measured in HYC30 which contained each of the mutants
and Clp in the presence of 0.05% L-arabinose and various amounts of IPTG. In this
assay, white color indicates the presence of activity.
The alanine mutants showed reduced c-di-GMP production activity based on the
blue/white color assay. To confirm the results, I tested the activity of the alanine mutants
using a in vivo Clp toxicity-masking assay (Zhou, 2018). Clp, when highly expressed
(induced at 0.25% L-arabinose), is toxic for cell growth. The toxicity can be relieved by
adding DgcZ because it produces c-di-GMP which inactivates Clp. DgcZ or DgcZ
mutants that are able to relive toxicity showed normal colony size compared to wild type
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DgcZ on the assay plate. The DgcZ mutants were tested for c-di-GMP production by
using 0.25% L-arabinose concentration and four different IPTG conditions (0 µM, 1 µM,
5 µM, and 25 µM). Three colony sizes were observed on the assay plates: big, medium
(roughly half the size of big colony), and small (roughly half the size of medium colony).
N173A, H178A, D182A, and L185A mutants were not able to relieve Clp toxicity even
with increased IPTG concentrations as shown by small colonies at all the IPTG
conditions (Table 5; Figure 6). G181A showed slightly higher activity than these mutants
as it appeared as medium colonies on 5 µM and 25 µM IPTG but it also fails to fully
recover Clp toxicity (Table 5; Figure 6). While these mutants showed reduced activity as
compared to E200A, R204A showed medium colony at 0 µM IPTG which indicates
higher activity than E200A, which showed small colonies at 0 µM IPTG (Table 5; Figure
6). R204A fully recovers Clp toxicity at 25 µM IPTG. E200A being the most active
mutant, relieved Clp toxicity at 5 µM IPTG by showing big, healthy colonies, while at 25
µM IPTG overproduced c-di-GMP which is also toxic for the cell growth, leading to
smaller colonies and perturbed growth (Table 5; Figure 6). Although blue/white
screening data of R204A suggested lower activity of the mutant than E200A, Clp
toxicity-masking assay results give a better prospective for the activity of this mutant. To
rank the mutants in the order of low activity to high activity, N173A, H178A, D182A,
and L185A mutants showing least activity indicate that they are extremely important in
GTP binding to the protein, followed by G181A and R204A mutant, respectively which
show higher activity than other mutants (Table 5; Figure 6). The results represent two
replicates of data. The reduced activity of the mutants could be attributed to the
substitution of original amino acid with alanine which disrupted the GTP binding pocket
resulting in low GTP affinity and thereby low c-di-GMP yield.
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Table 5. In vivo Clp toxicity-masking assay measuring the c-di-GMP production
activities of alanine-scanning DgcZ mutants at the GTP binding site in the E200A
background. The activity was measured in HYC30 which contained each of the mutants
and Clp in the presence of 0.25% L-arabinose and various amounts of IPTG. In this
assay, a big-sized colony indicates the presence of activity in the mutants. The data
represents 2 replicates.
DgcZ mutant
(IPTG) (µM)
0

1

5

25

E200A (non-histag)1

Small

Small

Big

Medium

N173A/E200A (histag)2

Small

Small

Small

Small

H178A/E200A (histag)2

Small

Small

Small

Small

G181A/E200A (histag)2

Small

Small

Medium

Medium

D182A/E200A (histag)2

Small

Small

Small

Small

L185A/E200A (histag)2

Small

Small

Small

Small

R204A/E200A (histag)3

Medium

Medium

Medium

Big

1

Higher than wild type DgcZ, 2Lower than wild type DgcZ, 3Lower than E200A

25

Figure 6. In vivo Clp toxicity-masking assay plates measuring the c-di-GMP production
activities of alanine-scanning DgcZ mutants at the GTP binding site in the E200A
background. The assay plates contained 0.25% L-arabinose and various amounts of
IPTG. In this assay, a big-sized colony indicates the presence of activity in the mutants.
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3.3 L134, D182, and R204 Codon Randomization
By increasing substrate binding affinity of the DgcZ, its product yield could be
increased. To achieve this, three amino acid residues, L134, D182, and R204, were
selected for codon randomization to improve DgcZ affinity for its substrate (GTP). The
rationale here was to randomly replace the original amino acid with a different amino
acid to create DgcZ mutants with higher GTP binding affinity than the wild type DgcZ
thereby leading to more efficient c-di-GMP production. These residues (L134, D182, and
R204) were optimized by using codon randomization to screen mutants showing higher
c-di-GMP production in our in vivo assays. In the in vivo blue/white screening assay, blue
colony was indicative of a less active mutant whereas white colony indicated an active
mutant The pool of randomized plasmid for L134, D182, or R204, respectively was
transformed into HYC30 along with Clp and screened on a blue/white assay plate for a
less active mutant (blue colony) in terms of c-di-GMP production. For each position,
three blue candidate colonies, indicative of reduced c-di-GMP production, were secured
from the transformation assay plate (Table 6).
Table 6. The selection of a dead or low activity DgcZ mutant at position 134, 182, or 204
after codon randomization and in vivo blue/white color assay. For each position, the
randomized pool was transformed into HYC30 along with Clp and screened in the
presence of 0.05% L-arabinose and 25 µM IPTG. In this assay, blue color indicates the
absence of activity.
DgcZ mutant pool Total number of transformants Number of blue colonies
WT DgcZ (histag) 85

No blue colony

L134X (histag)

60

4 (3 selected)

D182X (histag)

23

3 (3 selected)

R204X (histag)

76

3 (3 selected)

For each position, a blue candidate was used for the second round of
randomization. After codon randomization, the pool of randomized plasmid was retrieved
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and transformed into HYC30 along with Clp, Then, the screening was performed to
select candidates (white colony) showing activity higher than wild type DgcZ (Table 7).
Table 7. The selection of a high activity DgcZ mutant at position 134, 182, or 204 after
codon randomization and in vivo blue/white color assay. For each position, the
randomized pool was transformed into HYC30 along with Clp and screened in the
presence of 0.05% L-arabinose and 0 µM IPTG. In this assay, white color indicates the
presence of activity.
DgcZ mutant pool

Total number of transformants

Number of white colonies
(active)

L134X (histag)

45

2

D182X (histag)

45

3

R204X (histag)

58

2

White colonies were selected from 0 µM IPTG plate for L134, D182, or R204,
because they are active in terms of c-di-GMP production in vivo with minimal protein
expression. The candidates were further tested on blue/white screening assay (Table 8)
and Clp toxicity-masking assay (Table 9) to confirm the elevated c-di-GMP production
activity. In the Clp toxicity-masking assay, big colonies indicate high activity while
smaller colonies indicate low or no activity. Based on the blue/white assay and Clp
toxicity-masking assay results, R204X candidates showed white colonies under all IPTG
conditions (0 µM, 5 µM, and 25 µM) on blue/white assay plates (Table 8) and relieved
Clp toxicity shown by big-sized colonies under all IPTG conditions on Clp toxicitymasking assay plates (Table 9). L134X-1 and D182X-2 showed activity similar to the
wild type DgcZ, while other candidates of L134 and D182 showed less activity compared
to wild type DgcZ (Table 8 and Table 9). The results represent two replicates of data. The
results indicated that these candidates were either wild type DgcZ or similar to wild type
in activity. The sequence identity of the mutants was confirmed by DNA sequencing.
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Table 8. Activity confirmation of the selected Table 7 mutants at position 134, 182, or
204 using the in vivo blue/white color assay. The assay used HYC30 which contained
each mutant and Clp in the presence of 0.05% L-arabinose and various amounts of IPTG.
In this assay, white color indicates the presence of activity.
DgcZ
mutant
(IPTG) (µM)
candidate
0
5
25
WT DgcZ (histag)
Pale Blue
White
White
1
L134X-1 (histag)
Light Blue
White
White
L134X-2 (histag)2
Blue
Blue
Light Blue
2
D182X-1 (histag)
Blue
Blue
Pale blue
D182X-2 (histag)1
Pale Blue
White
White
2
D182X-3 (histag)
Blue
Blue
White
R204X-1 (histag)3
White
White
White
3
R204X-2 (histag)
White
White
White
1

Similar to wild type DgcZ, 2Lower than wild type DgcZ, 3Higher than wild type DgcZ

Table 9. Activity confirmation of the selected Table 7 mutants at position 134, 182, or
204 using the in vivo Clp toxicity-masking assay. The assay used HYC30 which
contained each mutant and Clp in the presence of 0.25% L-arabinose and various
amounts of IPTG. In this assay, a big-sized colony indicates the presence of activity in
the mutants. The data represents 2 replicates.
DgcZ
mutant
(IPTG) (µM)
Candidates
0
5
25
WT DgcZ (histag)
Small
Small
Big
1
L134X-1 (histag)
Small
Small
Big
L134X-2 (histag)2
Small
Small
Small
2
D182X-1 (histag)
Small
Small
Small
D182X-2 (histag)1
Small
Small
Big
2
D182X-3 (histag)
Small
Small
Small
3
R204X-1 (histag)
Big
Big
Big
R204X-2 (histag)3
Big
Big
Big
3
L204A (histag)
Big
Big
Big
1

Similar to wild type DgcZ, 2Lower than wild type DgcZ, 3Higher than wild type DgcZ

The L134X-1, D182X-2, R204X-1 and R204X-2 plasmid were then sequenced to
reveal their causative mutations (Table 10). Both L134X-1 and D182X-2 were found to
be wild type DgcZ, although their respective nucleotide codons were changed from that
of wild type DgcZ (Table 10). These mutants were tested again for their ability to mask
Clp toxicity under 0.15% L-arabinose and IPTG conditions of 0 µM, 5 µM, 25 µM, or

29
100 µM (Figure 7). Based on the assay results, R204L mutants showed activity in the
form of big-sized colonies at all the IPTG concentrations, without being toxic (Figure 7)
while L134L and D182D showed a similar Clp toxicity-masking ability as the wild type
DgcZ (Figure 7). The activity of R204L mutant was similar under all the IPTG or
arabinose conditions.
Since the activity of R204L mutant was confusing, leucine at 204 position was
substituted with alanine to create a L204A mutant. Alanine substitution at 204 was
confirmed by DNA sequencing. After confirming the mutation, L204A was tested for its
c-di-GMP production activity using in vivo Clp toxicity-masking assay (Table 9). The
result revealed that L204A mutant displayed phenotype similar to R204L (Table 9).
Substitution with alanine at 204 was unable to change the activity of the protein. These
results were confounding as I could not differentiate the activity of R204L with that of
L204A.
Table 10. Sequence identity of L134X-1, D182X-2, R204X-1, and R204X-2 DgcZ
mutants appeared in Table 9 (high activity mutants).
DgcZ mutant candidate
Mutant identity: amino acid Amino acid (codon) in
(codon)

wild type DgcZ

L134X-1 (histag)

L (CTA)

L (TTG)

D182X-2 (histag)

D (GAT)

D (GAT)

R204X-1 (histag)

L (TTG)

R (CGC)

R204X-2 (histag)

L (CTA)

R (CGC)
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Figure 7: In vivo Clp toxicity-masking assay plate results of L134X-1, D182X-2, R204X1, and R204X-2 DgcZ mutants. The strain (HYC30) contained Clp and the assay plates
contained 0.15% L-arabinose and various amounts of IPTG. In this assay, white color
indicates the presence of activity.
3.4 R197 Codon Randomization
DgcZ has a non-canonical RxxE motif responsible for product feedback inhibition
by c-di-GMP (Zahringer, 2013). R197 and E200 of the motif are deemed to play key role
in feedback inhibition. Previously, a former graduate student made alanine mutants of all
the four residues of the inhibition motif creating R197A, D198A, Y199A, and E200A
mutants (Zhou, 2018). Except E200A, other alanine mutants (R197A, D198A, and
Y199A) showed activity similar to that of wild type DgcZ. E200A showed higher activity
than wild type DgcZ. Here, I studied the pattern at R197 for its role in the product
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feedback inhibition and c-di-GMP production by the method of codon randomization.
Rather than substituting the original amino acid with a single amino acid such as alanine,
this method randomly substitutes nucleotides at the respective position. The pool of
R197X randomization plasmid was collected and transformed into HYC30 with Clp. The
screening of candidates showing activity higher than the wild type DgcZ by relieving Clp
toxicity was done using Clp toxicity-masking assay plates (0.25% L-arabinose). 7 bigsized colonies, indicative of relieving Clp toxicity, were selected from the assay plates
(Table 11) and plasmids were collected from them. Wild type DgcZ is not active to
relieve Clp toxicity at 5 µM IPTG (data not shown), therefore the selected candidates
were more active than wild type DgcZ.
Table 11. The selection of a high activity DgcZ mutant at position 197 after codon
randomization and in vivo Clp toxicity-masking assay. The randomized pool of R197 was
transformed into HYC30 along with Clp and screened in the presence of 0.25% Larabinose and various amounts of IPTG. In this assay, a big-sized colony indicates the
presence of activity.
(IPTG) (µM)
5

10

Number of total colonies

650

544

Number of big-sized colonies

6

1

The mutant candidates were sequenced, which revealed that 5 out of 7 were wild
type DgcZ, and out of the remaining two, one candidate was R197T and one candidate
was R197A (Table 12).
R197T and R197A mutants were further tested for their ability to produce c-diGMP using c-di-GMP toxicity assay with IPTG concentrations of 1, 5, or 25 µM. No
arabinose was used for this assay. R197T mutant showed activity higher than the wild
type DgcZ at 25 µM IPTG (Figure 8). R197A mutant activity was seen similar to that of
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Table 12. Sequence identity of the seven big-sized DgcZ mutants altered at R197 as
appeared in Table 11 (high activity mutants). Wild type DgcZ amino acid codon at
position 197 is CGT.
DgcZ mutant candidate
Mutant identity: amino acid
(codon)
R197X-1 (non-histag)
R (CGG)
R197X-2 (non-histag)
R (CGG)
R197X-3 (non-histag)
T (ACA)
R197X-4 (non-histag)
A (GCG)
R197X-5 (non-histag)
R (CGT)
R197X-6 (non-histag)
R (CGT)
R197X-7 (non-histag)
R (CGG)
the wild type DgcZ under all IPTG conditions (Figure 8). E200A was the most active as
it started showing growth perturbation at 5 µM IPTG and showed very high activity at 25
µM IPTG (Figure 8). The results represent two replicates of data. These results indicated
that R197T is more active than wild type DgcZ, although not as active as E200A. This
shows that position R197 is important in the catalytic activity of DgcZ to produce c-diGMP.

Figure 8. c-di-GMP toxicity assay shows the activity of R197T DgcZ mutant is higher
than wild type DgcZ and E200A. The activity of R197A DgcZ mutant is comparable to
wild type DgcZ. In this assay, growth perturbation indicates high c-di-GMP production
activity for the mutants. Various amounts of IPTG was used to induce DgcZ mutants. The
reporter strain used was HYC30. The data represents 2 replicates.
Since the DNA sequencing revealed that most of the mutant candidates were
randomized to the original amino acid, there could be a possibility that it was due to the
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template carryover or the cell was somehow supporting the wild type phenotype. To rule
out this possibility, a stop codon was incorporated at R197 so that we had a dead protein
to begin with. R197STOP mutant was randomized and screened for candidates showing
activity higher than wild type DgcZ. Clp toxicity plates (0.25% L-arabinose) were used to
select highly active mutant candidates relieving Clp toxicity. Potential highly active
mutant candidates were streaked on Clp toxicity-masking assay plates with 0.25% Larabinose and different IPTG concentrations of 1 µM, 5 µM, and 25 µM. 2 out of the
selected 22 mutant candidates that showed to relieve Clp toxicity by increasing IPTG
concentration to 5 and 25 µM were selected and sequenced (Table 13). The DNA
sequencing analysis showed that the stop codon in both the selected mutant candidates
was replaced with the original amino acid, arginine (R) (Table 14). These results are in
support of the results from the previous randomization showing arginine present at 197.
Since the highly active mutants on the toxicity plates turned out to be wild type
DgcZ, it suggests that the position R197 only supports arginine (mostly) or threonine (in
one case) for a functional protein. arginine at 197 is not only required for the feedback
inhibition but is also needed for catalytic activity of DgcZ.
Table 13. Activity confirmation of two selected R197X mutants (through codon
randomization and in vivo screening) using the in vivo Clp toxicity-masking assay. The
assay used HYC30 which contained each mutant and Clp in the presence of 0.25% Larabinose and various amounts of IPTG. In this assay, a big-sized colony indicates the
presence of activity in the mutants.
DgcZ mutant candidate

(IPTG) (µM)
1

5

25

R197X-5-1 (histag)

Small

Medium

Big

R197X-5-2 (histag)

Small

Medium

Big
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Table 14: Sequence identity of the two Table 13 R197X (high activity) DgcZ mutants.
DgcZ mutant candidate

Mutant identity: amino acid (codon)

R197X-5-1 (histag)

R (CGC)

R197X-5-2 (histag)

R (CGC)
3.5 E200 Codon Randomization

RxxD motif of DGC proteins are responsible for product feedback inhibition
where the first R and fourth D interact with c-di-GMP and contribute to the product
feedback inhibition of the protein. The motif is slightly degenerated to RxxE motif in
DgcZ (Zahringer, 2013). R197 and E200 of DgcZ were suspected to contribute to the
feedback inhibition like in other DGCs. Thus, I randomized the codon for E200 to screen
for mutant candidates showing activity higher than the wild type protein. The resultant
plasmid pool was then transformed into HYC30 along with Clp and was screened for
DgcZ mutants producing high levels of c-di-GMP enough to mask Clp toxicity. A total of
43 big-sized colonies were selected and their Clp toxicity-masking activities were further
tested on new Clp toxicity-masking assay plates (Table 15). After several rounds of
repeated confirmations, only five candidates were comparable to E200A at all IPTG
concentrations in c-di-GMP production. These five candidates were tested for activity
using c-di-GMP toxicity assay (Figure 9).
Table 15. The selection of high activity DgcZ mutants at position 200 after codon
randomization and in vivo Clp toxicity-masking assay. The randomized pool of E200 was
transformed into HYC30 along with Clp and screened in the presence of 0.25% Larabinose and various amounts of IPTG. In this assay, a big-sized colony indicates the
presence of activity. The template for codon randomization was wild type DgcZ.
(IPTG) (µM)
0
1
2.5
5
Number
of
total 460
270
420
530
colonies
Number of big-sized 8 (all
3 (all
10 (all
22 (11
colonies
selected)
selected)
selected)
selected)
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The mutant candidates displayed activity similar to E200A on c-di-GMP toxicity
assay. When highly induced by IPTG, the mutants were toxic, meaning accumulation of
toxic c-di-GMP levels (Figure 9). In short, their phenotypes were again very comparable
to E200A (Figure 9). The DNA sequencing analysis showed that in 2 out of 5 mutant
candidates the E200 was replaced by alanine and in the remaining 3 mutant candidates,
glycine was found at 200 (Table 16).

Figure 9. c-di-GMP toxicity assay shows severe growth perturbation in all the selected
E200X mutants. Their phenotypes are very similar to that of E200A. The assay used
either 25 or 100 µM IPTG to induce the mutants. This was measured in HYC30.
Table 16. Sequence identity of 5 E200 DgcZ mutants further selected from the 43 bigsized colonies (Table 15) through-di-GMP toxicity assay (Figure 9) (high activity
mutants). Wild type DgcZ amino acid codon at position 200 is GAA.
DgcZ mutant candidate

Mutant identity: amino acid (codon)

E200X-5-1 (histag)

G (GGG)

E200X-5-4 (histag)

A (GCC)

E200X-5-5 (histag)

G (GGA)

E200X-5-8 (histag)

G (GGG)

E200X-5-11 (histag)

A (GCA)
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After DNA sequencing the E200A and E200G mutants were reconfirmed in their
c-di-GMP toxicity and showed the same results as above (Figure 10). This result
represents two replicates of data.

Figure 10. c-di-GMP toxicity assay shows E200A and E200G are equivalent in terms of
c-di-GMP production at two different IPTG levels (25 and 100µM). This assay was
measured in HYC30. The data represents 2 replicates.
3.6 Introduction of a Signal Peptide, PelB to the NTerminus of DgcZ
The main aim of the study is to engineer DgcZ mutants to produce c-di-GMP in
large amounts. DgcZ mutants (E200A, E200G, R197T) with high c-di-GMP production
compared to wild type DgcZ were identified in this study. But when induced at high
IPTG concentration (100 µM), these mutants became toxic, showing perturbed or no
growth. To relieve the mutant’s toxicity even when highly produced, a PelB signal
peptide was inserted to the N-terminus of E200A, a representative hyperactive DgcZ
mutant. PelB is a signal peptide which signals the cell to carry the protein to the
periplasmic space and is cleaved off from the protein by signal peptidases (Chung, 1998;
Singh, 2013). The pelB sequence encoding 22 amino acid long signal peptide was fused
to the 5’ sequence of E200A dgcZ (Figure 12) using SDM-PCR (Primers listed in Table
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2). Then, all the transformants were scraped from the transformation plate and the
resultant pool of plasmid was obtained. The plasmid pool was transformed into HYC30
along with Clp. 20 candidates were selected, and their c-di-GMP production activities
were assessed both by Clp toxicity-masking assay and c-di-GMP toxicity assay (data not
shown). Two PelB-E200A candidates which showed the ability to mask Clp toxicity but
were devoid of c-di-GMP toxicity were selected. DNA sequencing revealed that both of
them were PelB-E200A DgcZ. After DNA sequencing one was reconfirmed for its lack
of c-di-GMP toxicity (Figure 11). As shown in Figure 11, PelB-E200A grew healthy at
25 µM IPTG as well as at 100 µM IPTG, while E200A displayed toxic growth at 25 µM
IPTG and very high toxicity resulting in no growth at 100 µM IPTG (Figure 11).
PelB-wild type DgcZ (PelB-DgcZ) was then created from PelB-E200A using
SDM-PCR (primers listed in Table 2) and its Clp toxicity-masking was measured. The
results of the assay showed that PelB-DgcZ was less active than PelB-E200A and also
less than wild type DgcZ under all IPTG conditions tested (Table 17). The results
represent two replicates of data. PelB-DgcZ showed the least capacity to restore the large
cell due to limited capacity to produce c-di-GMP (Table 17). This may make sense
because inside the cytoplasm only PelB-DgcZ exists as a fusion protein which may not be
as active as untagged wild type DgcZ. This is going to be the same for PelB-E200A, but
PelB-E200A does not appear to be inferior to E200A in terms of c-di-GMP production.
One possibility is that E200A also loses some activity by PelB but this negative effect is
neutralized by the protein stabilizing effect of the PelB.
The results (Figure 11) showed that PelB insertion into the E200A dgcZ was able
to relieve toxicity. This is because the PelB leader sequence prevented E200A to
accumulate toxic levels of c-di-GMP by transporting it outside the cell. PelB-E200A
present inside the cell is limited in amount and is not producing toxic amount of c-diGMP, which is why we see healthy growing colonies on the toxicity plates (Figure 11).
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Figure 11. c-di-GMP toxicity assay shows that the insertion of PelB prevents E200A
from accumulating toxic levels of c-di-GMP. The assay used either 25 or 100 µM IPTG
to induce the mutants. This assay was measured in HYC30.

Figure 12. Nucleotide and amino acid sequence of the PelB-DgcZ fusion around the
junction. The DNA sequence encoding PelB is highlighted in purple and the one
encoding the N-terminus portion of DgcZ is highlighted in yellow. The insertion of pelB
was achieved using the primers shown above.
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Table 17. In vivo Clp toxicity-masking assay measuring the c-di-GMP production
activities of DgcZ mutants with PelB insertion. The activity was measured in HYC30
which contained each mutant and Clp in the presence of 0.15% and 0.2% L-arabinose and
various amounts of IPTG. In this assay, a big-sized colony indicates the presence of
activity in the mutant. Colony sizes are denoted as: ‘S’ for small, ‘M’ for medium, ‘B’ for
big, and ‘No’ for no growth. The data represents 2 replicates.
DgcZ mutant

1

0.15% L-arabinose

0.2% L-arabinose

(IPTG) (µM)

(IPTG) (µM)

0

5

25

100

0

5

25

100

pACT31

S

M

M

M

S

S

S

S

Wild type DgcZ (histag)

S

B

B

B

S

S

B

B

E200A (histag)2

S

B

B

No

S

M

B

No

PelB-E200A (histag)2

B

B

B

B

B

B

B

B

PelB- wild type DgcZ (histag)3

M

M

M

M

S

S

S

S

No activity, 2Higher than wild type DgcZ, 3Lower than wild type DgcZ

3.7 In vivo assay screening of E200 mutants
E200A and E200G were obtained as highly active (higher c-di-GMP production)
mutants from E200 randomization. Since both are small, one may hypothesize that amino
acid size is important at position 200 in c-di-GMP production. To test this possibility, I
designed E200 mutants by replacing the original amino acid (E) with differently sized
amino acid valine (V), isoleucine (I), and tryptophan (W) using the SDM-PCR method.
The activity of the mutants was tested using the in vivo Clp toxicity-masking assay.
At 0.2% L-arabinose, E200V and E200I were unable to relieve Clp toxicity until
25 µM IPTG, where they displayed bigger size colonies indicating masking of Clp
toxicity (Table 18). Then the size of E200V and E200I similarly decreased to “medium”
at 100 µM IPTG indicative of the production of mildly toxic c-di-GMP levels (Table 18).
In contrast, the E200W mutant required 100 µM IPTG to be able to completely mask Clp
toxicity (Table 18) which means that E200W is inferior to wild type DgcZ (Table 18). A

40
similar conclusion could be drawn from the assay at 0.15% L-arabinose (Table 18). The
results represent two replicates of data.
The results indicate that replacement of E200 with valine (V), isoleucine (I), and
tryptophan (W) apparently had little or no effect on c-di-GMP production (compared to
wild type DgcZ). This is interesting because any of the above replacements would lower
feedback inhibition if hypothesized importance of the interaction between E200 and c-diGMP is important. I speculate that the net activity of c-di-GMP production in E200V,
E200I or E200W is the combination of low feedback inhibition (conducive to high c-diGMP production) and low catalytic activity (conducive to low c-di-GMP production).
Table 18. In vivo Clp toxicity-masking assay measuring the c-di-GMP production
activities of DgcZ mutants at position 200. The activity was measured in HYC30 which
contained each of the mutants and Clp in the presence of 0.15% and 0.2% L-arabinose
and various amounts of IPTG. In this assay, a big-sized colony indicates the presence of
activity in the mutants. Colony sizes are denoted as: ‘S’ for small, ‘M’ for medium, ‘B’
for big, and ‘No’ for no growth. The data represents 2 replicates.
DgcZ mutant

0.15% L-arabinose

0.2% L-arabinose

(IPTG) (µM)

1

(IPTG) (µM)

0

5

25

100

0

5

25

100

pACT31

M

M

M

M

S

S

S

S

Wild type DgcZ (histag)

M

B

B

B

S

S

B

B

E200A (histag)2

M

B

B

No

S

M

B

No

E200V (histag)3

M

M

B

M

S

S

B

M

E200I (histag)3

M

M

B

M

S

S

B

M

E200W (histag)4

S

M

M

B

S

S

M

B

No activity, 2Higher than wild type DgcZ; 3Similar to wild type DgcZ; 4Lower than wild type DgcZ
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Figure 13. In vivo Clp toxicity-masking assay showed various phenotypes of E200
mutants of DgcZ in terms of c-di-GMP production. In this assay, growth perturbation
indicates high c-di-GMP production activity. Based on 100 µM IPTG plate results E200V
and E200I are better than wild type DgcZ in terms of c-di-GMP production, while
E200W is similar to wild type DgcZ. E200A has much higher activity than wild type
DgcZ in terms of c-di-GMP production. The strain (HYC30) contained Clp and the assay
plates contained 0.2% and 0.15% L-arabinose, respectively, and various amounts of
IPTG.

DISCUSSION
4.1 Alanine Substitution of GTP Binding Residues
Weakens GTP Affinity Thereby Resulting in
Reduced c-di-GMP Production
Several residues (Asn173, His178, Gly181, Asp182, Leu185, and Arg204) were
targeted for their importance in c-di-GMP production in DgcZ which are in proximity to
the substrate GTP based on a DgcZ structure (PDB 4H54). A former graduate student
Cameron Pospisil made alanine mutants at some of the positions leading to N173A,
H178A, D182A and R204A, but none of the mutants displayed any c-di-GMP production
activity. Therefore, in an effort to detect unobservable activity from alanine-scanning
mutants in wild type background, alanine-scanning mutants were remade in the E200A
background. Based on the in vivo assay results, N173A/E200A, H178A/E200A,
D182A/E200A, and L185A/E200A, displayed no c-di-GMP production activity. Since
E200A is more active than wild type DgcZ, not observing any activity from the double
mutants mean that their activity perturbation is severe. On the other hand, G181A/E200A
displayed some observable activity at elevated IPTG conditions, but the activity was
much less than that of E200A. In contrast, the phenotype of R204A/E200A is puzzling
because it displayed higher activities than E200A at low IPTG levels, but lower activities
at high IPTG levels.
In an effort to improve DgcZ affinity to the substrate GTP (& therefore increase
the c-di-GMP production activity), three residues (L134, D182, and R204) were further
targeted for codon randomization. These residues were chosen because of their proximity
to the 2-NH2 or 6-O moiety of GTP. They are expected to be important for both substrate
affinity and specificity. The result of L134 and D182 randomization revealed that the
original amino acids Leu and Asp at positions 134 and 182 are optimal for c-di-GMP
production. Conversely, this could mean that the lack of the original amino acid at either
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position may lead to the inactivity of the protein. The importance of D182 can be
visualized in the structure of DgcZ in which the sidechain oxygen of D182 forms a
hydrogen bond with the 2-NH2 moiety of GTP (Figure 2C). As for L134, there is no
hydrogen bond or ionic interaction involved, so obvious function could not have been
deduced from the structure (Figure 2C). It is possible that L134 may have some role in
forming the active site through Van der Waals interactions. In contrast, the R204
randomization result is disputable. As described in the result section, current information
is unable to reconcile the two contradicting phenotypes of R204A or R204L. Therefore,
any conclusions on this position is deterred. Further studies are required to clarify the
issues.
4.2 R197 and E200 Play Key Role in the Feedback
Inhibition of DgcZ
DgcZ has a non-canonical RxxE motif responsible for product feedback inhibition
by c-di-GMP (Zhou, 2018). Yue Zhou, a former student, made alanine mutants at the site
(R197A, D198A, Y199A, and E200A) and tested them for c-di-GMP production. His
results showed that E200A showed elevated c-di-GMP production activity compared to
wild type DgcZ. So, he concluded that E200 is important, but not R197 for the feedback
inhibition of DgcZ. Expanding his work, the codons for R197 and E200 were randomized
individually and screened for mutants with activity higher than wild type DgcZ. At
position 197, a few highest activity mutants were identified to be either R197T or wild
type DgcZ. Further characterization of R197T showed that threonine is better than the
wild type residue arginine at position 197 in terms of in vivo c-di-GMP production.
Nevertheless, R197T was inferior to E200A in c-di-GMP production in vivo. The data
imply that R197 in the RxxE motif is important in modulating c-di-GMP production, but
not as much as E200. In a previous study on a thermophilic DGC (tDGC), RxxD
inhibition motif was altered by substituting R158 with alanine (Rao, 2009). As a result,
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R158A mutant showed an increased yield of c-di-GMP of 20 mg c-di-GMP/mg protein,
suggesting that arginine was an important residue for the RxxD inhibition motif,
influencing c-di-GMP yield (Rao, 2009). In DgcZ, the analogous alanine substitution
does not lead to enhanced c-di-GMP production (Zhou, 2018). However, the higher c-diGMP accumulation in vivo seen by R197T suggests that the original amino acid Arg197
may have some role in feedback inhibition. Since the data generated in this study is only
suggestive of the protein activity, in vitro analysis of c-di-GMP production by the mutant
(R197T) are required to be conducted in the future.
E200 randomization/c-di-GMP production screening yielded E200A and E200G
as high activity DgcZ mutants. These results are consistent with Yue’s work, as he also
found E200A mutant as more active than wild type DgcZ after conducting in vivo and in
vitro analysis of the c-di-GMP production by the mutant (E200A) (Zhou, 2018). It is
however important to note that the target mutants were the ones whose activity were as
high as E200A. Therefore, it is possible that other residues whose c-di-GMP activity is
better than wild type but less than E200A may have been missed out. The basis for the
alanine or glycine requirement for hyperactive DgcZ is unknown, but interesting because
many other amino acids are unable to form (and therefore disrupt) the hypothesized
important interactions between the feedback inhibition motif and the product c-di-GMP
(see Figure 3). It is also important to note that the catalytic motif (206GGEEF210) and the
feedback inhibition motif (197RDYE200) are 5 amino acids apart (~16 Å between G206
and E200). Thus, it is likely that the amino acid substitution at position 200 not only
directly affects the feedback inhibition capacity of the protein, but also the nearby
catalytic site. It can be hypothesized that while alanine or glycine may not be special in
lowering feedback inhibition, they are exceptionally good at maintaining the catalytic site
intact. The mechanistic basis for this hypothesis needs to be studied in the future.
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4.3 Size of the Amino Acid at E200 is Crucial for Feedback
Inhibition of DgcZ
Alanine and glycine are the two smallest amino acids, so one may hypothesize an
inverse correlation between amino acid size at position 197 and c-di-GMP production
activity. To test this hypothesis, E200 was substituted with several amino acids of
different sizes (valine, isoleucine, and tryptophan), and their c-di-GMP production
activities were measured and compared. The rank order (from highest activity to lowest
activity) is E200A = E200G > E200V = E200I > wild type DgcZ > E200W. So, there is
an inverse correlation albeit not tight. Then, why a small-sized amino acid is compatible
with high c-di-GMP production? It could be that small amino acids either stabilize the
active form of DgcZ or destabilize the inactive form of DgcZ. Alternatively, it could also
be that large amino acids either stabilize the inactive form or destabilize the active form.
Further studies are again required to sort this out.
4.4 PelB-E200A Prevents Accumulation of Toxic Levels of
c-di-GMP by E200A
E200A is a highly active DgcZ mutant which can be used for mass production of
c-di-GMP. However, E200A is toxic to host cells, and consequently poses a challenge in
protein expression. In fact, any hyperactive DgcZ mutants will pose the same challenge
because the toxicity is due to elevated levels of c-di-GMP in the host cells. The PelB tag
to the N-terminus of E200A DgcZ was to circumvent such protein expression problem.
The resultant PelB-E200A fusion produced high c-di-GMP similar to E200A, but not
toxic at high IPTG concentrations unlike E200A. A previous study attempted mass
production of human granulocyte-colony stimulating factor (hGCSF) by fusing the PelB
sequence and was able to overproduce hGCSF, without having PelB affecting its
biological activity (Chung, 1998). Thus, the data of this study is promising in using PelBE200A as a replacement for the mass production of c-di-GMP.
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4.5 Limitations of the Study
The data generated in this study are all in vivo, which are indirect measurements
of c-di-GMP production activity for individual DgcZ mutants as described above. The
protein accumulation levels for the DgcZ mutants studied here can be measured in the
future to better gauge their intrinsic c-di-GMP activity. A simple way to get the protein
accumulation information is via western blotting. In addition, a few important DgcZ
mutants need to be purified, and then in vitro enzyme reaction for the purified proteins
can be performed, and the reaction product c-di-GMP can be monitored thought high
pressure liquid chromatography.
Currently reported data are also qualitative in nature, and the quality can be
improved through a series of quantification methods. For example, instead of reporting
blueness of the colonies, a quantitative Miller assay for -galactosidase can be
performed. Similarly, Clp toxicity-masking assay and c-di-GMP toxicity assay can be
quantified by monitoring the growth in liquid culture.
The results presented here nevertheless provides some evidence for the
importance of the RxxE feedback inhibition motif and GTP-binding residues for the
modulation of c-di-GMP production.
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