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1 | INTRODUCTION

Abstract

The PilZ domain-containing protein, PlzA, is the only known cyclic di-GMP binding
protein encoded by all Lyme disease spirochetes. PIzA has been implicated in the
regulation of many borrelial processes, but the effector mechanism of PlzA was not
previously known. Here, we report that PIzA can bind DNA and RNA and that nucleic
acid binding requires c-di-GMP, with the affinity of PIzA for nucleic acids increasing as
concentrations of c-di-GMP were increased. A mutant PIzA that is incapable of bind-
ing c-di-GMP did not bind to any tested nucleic acids. We also determined that PIzA
interacts predominantly with the major groove of DNA and that sequence length and
G-C content play a role in DNA binding affinity. PIzA is a dual-domain protein with a
PilZ-like N-terminal domain linked to a canonical C-terminal PilZ domain. Dissection
of the domains demonstrated that the separated N-terminal domain bound nucleic
acids independently of c-di-GMP. The C-terminal domain, which includes the c-di-
GMP binding motifs, did not bind nucleic acids under any tested conditions. Our data
are supported by computational docking, which predicts that c-di-GMP binding at the
C-terminal domain stabilizes the overall protein structure and facilitates PIzA-DNA
interactions via residues in the N-terminal domain. Based on our data, we propose
that levels of c-di-GMP during the various stages of the enzootic life cycle direct PIzA

binding to regulatory targets.

KEYWORDS
Borrelia, cyclic-di-GMP, DNA-binding protein, Lyme disease

motility, biofilm formation, and virulence (Hengge, 2009; Jenal

et al., 2017; Romling et al., 2013; Ryjenkov et al., 2005; Valentini

Cyclic bis-(3’ — 5’)-dimeric guanosine monophosphate (c-di-GMP) is & Filloux, 2019). The Lyme disease spirochete, Borrelia burgdorferi

aubiquitousbacterial cyclicdi-nucleotide. In many bacterial species, sensu lato, referred to as Borrelia burgdorferi henceforth, has a c-

it engages in the regulation of key processes such as transcription, di-GMP regulatory network consisting of a transmembrane sensor
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histidine kinase (Hk1), a response regulator diguanylate cyclase
(Rrp1), two phosphodiesterases (PdeA and PdeB), and a single,
chromosomally encoded PilZ domain-containing protein, PlzA
(Caimano et al., 2011; Freedman et al., 2009; Galperin et al., 2001;
Novak et al., 2014; Rogers et al., 2009; Sultan et al., 2010, 2011).

The borrelial Hk1/Rrpl two-component system synthesizes c-
di-GMP; activation of Hk1 (BB_0420) occurs through an unknown
signal (Bauer et al., 2015; Caimano et al., 2011). Rrp1 (BB_0419), the
only identified diguanylate cyclase in B. burgdorferi, synthesizes c-di-
GMP from two GTP molecules and is essential for acquisition and
survival in the tick vector (Kostick et al., 2011; Rogers et al., 2009).
Turnover of c-di-GMP is mediated by PdeA (BB_0363) and PdeB
(BB_0374), the only phosphodiesterases present in B. burgdorferi,
which degrade c-di-GMP to pGpG and GMP, respectively (Sultan
et al., 2010, 2011). B. burgdorferi must delicately balance c-di-GMP
signaling, as c-di-GMP is required for both maintenance in the tick
vector and successful transmission into the vertebrate host, but con-
stitutive synthesis is detrimental to spirochete survival during verte-
brate infection (Caimano et al., 2015; Groshong et al., 2021; Sultan
etal., 2010, 2011).

Synthesized c-di-GMP is bound by PIzA, the only universal c-di-
GMP binding protein found in all isolates of Lyme disease Borreliae
(Kostick-Dunn et al., 2018). Mutation of plzA has been implicated
in many B. burgdorferi phenotypes, including dysregulation of alter-
native carbohydrate utilization, decreased motility, and virulence
defects (Groshong et al., 2021; He et al., 2014; Mallory et al., 2016;
Pitzer et al., 2011; Zhang et al., 2018). Binding of c-di-GMP induces
conformational changes in PlIzA structure, which has led to the
hypothesis that c-di-GMP binding acts as a switching mechanism
providing the holo and apo-forms of PlzA with distinct functions
(Grassmann et al., 2023; Groshong et al., 2021; Mallory et al., 2016).
Specifically, c-di-GMP bound PIzA is thought to regulate genes re-
quired for survival in the tick host, while apo-PIzA is speculated
to play a role in regulation during vertebrate infection (Grassmann
et al.,, 2023; Groshong et al., 2021).

A common mechanism of action for c-di-GMP effector proteins
is to bind nucleic acids (Hsieh et al., 2018; Schaper et al., 2017,
Skotnicka et al., 2020; Tan et al., 2015; Tschowri et al., 2014; Wang
et al., 2016; Wilksch et al., 2011). It has been hypothesized that PIzA
could bind DNA and regulate genes through impacts on transcrip-
tion, such as directly interacting with RNA polymerase (RNAP), but
this has yet to be validated experimentally (Grassmann et al., 2023;
Groshong et al., 2021). Conversely, others have argued that PlzA
cannot bind DNA, as it lacks an obvious, conventional DNA-binding
motif (Caimano et al.,, 2015; Zhang et al., 2018). Indeed, Zhang
etal.(2018) concluded that PIzA does not bind DNA, as their electro-
phoretic mobility shift assays (EMSA) did not identify binding to the
glp promoter region. We note that the raw data and methodologies,
including protein and c-di-GMP concentrations, were not shown in
that report. After the submission of a preprint of our manuscript,
another group published that PIzA has RNA chaperone activity that
is independent of c-di-GMP, supporting the notion that holo- and
apo-forms of PIzA have distinct functions (Van Gundy et al., 2023).

Given the multiple conflicting hypotheses regarding PlzA
function, as well as the potential for additional mechanisms be-
tween liganded and unliganded PIzA, we sought to independently
characterize PIzA nucleic acid binding function. To that end, we
chose a well-established locus PIzA, which is known to regulate
gIpFKD, the glycerol catabolism operon. The glpFKD operon pro-
motes B. burgdorferi survival in ticks (Corona & Schwartz, 2015;
Helble et al., 2021; Pappas et al., 2011). After a tick has completed
the digestion of its blood meal, it is hypothesized that the midgut
is devoid of glucose and many other nutrients. To survive in that
environment, Lyme disease spirochetes would need to utilize alter-
nate carbon sources such as glycerol, which is available in the tick
host (Lee & Baust, 1987). The glpFKD operon is regulated through
the Hk1/Rrpl pathway, and borrelial plzA mutants are defective in
glycerol metabolism (Caimano et al., 2015; He et al., 2011; Rogers
et al., 2009; Zhang et al., 2018). Further, PlzA was found to both
positively and negatively affect the glp operon at higher and lower
c-di-GMP levels, respectively (Zhang et al., 2018).

PIzA is classified as an xPilZ-PilZ domain protein, given its dual-
domain structure. The binding of c-di-GMP to the interdomain linker
and C-terminal PilZ domain results in a conformational change;
locking the C-terminal PilZ and N-terminal xPilZ domains into rigid
conformation, which we hypothesized could permit DNA bind-
ing (Groshong et al., 2021; Mallory et al., 2016; Singh et al., 2021).
Although no canonical DNA binding domain is evident in the PIzA
amino acid sequence, our lab has discovered and characterized
multiple nucleic acid binding proteins possessing novel binding mo-
tifs (Babb et al., 2006; Jutras et al., 2012; Jutras, Chenail, Carroll,
et al., 2013; Jutras, Chenail, Rowland, et al., 2013; Riley et al., 2009;
Singh et al., 2021; Zhang et al., 2018). Here, we report that PIzA can
bind DNA and RNA directly downstream of the promoter and into
the 5" untranslated region (UTR) of the glpFKD operon and that bind-
ing to this region is c-di-GMP dependent.

2 | RESULTS

2.1 | PIzAbinds glpFKD DNA and the interaction is
c-di-GMP dependent

Previous studies demonstrated that c-di-GMP and PIzA modu-
late expression of the glycerol metabolism operon (Caimano
etal., 2015; He et al., 2011; Rogers et al., 2009; Zhang et al., 2018).
We hypothesized that PlzA might bind 5’ of the glpFKD operon. To
that end, we sought to determine if PIzA could bind DNA between
glpFKD and the upstream ORF BB_0239, which encodes a deoxy-
guanosine/deoxyadenosine kinase. The transcriptional bounda-
ries and promoter elements of the glpFKD operon were previously
mapped (Adams et al., 2017; Grove et al., 2017). A fluorescently
labeled DNA fragment was generated by PCR amplification from a
plasmid containing the 410bp intergenic region between the up-
stream gene and the start of glpF (BB_0240) and is denoted as
glpFKD(-219) (Figure 1).
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AAAATTAAAACTTCTTAATAAAAAATAA‘AATAGTTATAAAGATAAGGAGATATAATTATG

FIGURE 1 The glpFKD operon, 5 UTR, and designed probe schematic. The glycerol catabolism gene operon (glpFKD) contains four genes:
glpF (BB_0240, glycerol uptake facilitator protein), glpK (BB_0241, glycerol kinase), BB_0242 (hypothetical protein), and glpD (BB_0243,
glycerol-3-phosphate dehydrogenase). The promoter and transcriptional boundaries were previously mapped (Grove et al., 2017). The -35
and -10 sites are bolded and underlined. The transcriptional start site nucleotide is highlighted in blue and topped with an arrow indicating
the direction of transcription. The start of the glpF ORF is marked by the bolded ATG, whereas the start of the upstream BB_0239 ORF is
labeled, and its nucleotides are italicized. The long arrows indicate the location of primers used to generate a large probe incorporating the
entire intergenic region which is denoted as glpFKD(-219) for initial DNA binding studies.

To assess if PlzA could bind this DNA, EMSAs with increasing
concentrations of recombinant PlzA were performed (Figure 2a).
Binding was observed at higher micromolar concentrations, as ev-
idenced by the disappearance of free DNA. The experiment was
repeated with added non-specific competitor poly-dI-dC to a final
concentration of 2.5ng/pL. Poly-dI-dC did not appreciably compete
away the shifted protein-DNA complexes (Figure 2b).

Given that binding of c-di-GMP has been hypothesized to act
as a switching mechanism for PIzA function, we next investigated
the effects of c-di-GMP on DNA binding. EMSA reaction mixtures
were supplemented with exogenous c-di-GMP to a final concen-
tration of 100puM. This concentration was used to saturate all
PlzA molecules present in the reaction to ensure complete binding
throughout electrophoresis. Saturating concentrations have sim-
ilarly been used in other studies with c-di-GMP binding proteins
that also bind DNA (Schiaper et al., 2017; Skotnicka et al., 2020;
Tan et al., 2015; Wilksch et al., 2011; Yang et al., 2013; Zamorano-
Sanchez et al., 2015). The EMSA with glpFKD(-219), poly-dI-dC,
and increasing PIzA was repeated with the supplemented c-di-GMP
(Figure 2c). The addition of c-di-GMP enhanced PIzA binding affin-
ity for glpFKD(-219), resulting in binding at lower concentrations of
protein, and the formation of distinct protein-DNA complexes as
indicated by the arrows. Further, as PlzA concentration increased,
the mobility of the shifted band decreased.

To further assess the requirement of c-di-GMP for PlzA DNA
binding activity, a mutant PlIzA protein (PlzAyy_;p) that cannot bind
c-di-GMP was produced by site-directed mutagenesis. This mutant
replaced key arginine residues in the conserved c-di-GMP binding
motif, RxxxR, with aspartic acids (Amikam & Galperin, 2006; Chou &
Galperin, 2016; Ryjenkov et al., 2006). These mutations (R145D and

R149D) have previously been shown to abolish c-di-GMP binding
(Freedman et al., 2009; Mallory et al., 2016; Singh et al., 2021). The
8IpFKD(-219) EMSAs were repeated with PlzA.y . (Figure 2d-f).
Binding to glpFKD(-219) was not observed under any tested condi-
tions with PlzAgp qp.

To ensure binding was not due to the recognition of vector-
derived sequences within the probe, competition EMSAs were
performed with unlabeled DNA competitors derived from empty
pCR 2.1 TA clones, or those containing the glpFKD(-219) sequence
(Figure S1). The nonspecific DNA from the empty pCR 2.1 vector
did not compete away PlzA,,-gIpFKD(-219) complexes at a 20-fold
higher concentration (Figure S1b, lanes 3-5). Meanwhile, as little
as 6-fold molar excess of unlabeled glpFKD(-219) was able to com-
pete with the probe, and a 10-fold molar excess successfully com-
peted away the PlzA,,-gIpFKD(-219) complexes (Figure S1b, lanes
6-8). These results demonstrate that PIzA preferentially bound the
glpFKD-derived sequences.

Noting that c-di-GMP enhanced DNA binding by PIzA, yet free
DNA decreased with purified recombinant PlzA without adding ex-
ogenous c-di-GMP, we investigated the possibility that PlzA was
being purified with c-di-GMP already bound. Purified recombinant
proteins were prepared and assayed by liquid chromatography-
tandem mass spectrometry. Extracted ion chromatograms showed
the presence of c-di-GMP in PIzA,,; protein preparations but not
in PlzAgp rp Preparations (Figure 3). The concentration of c-di-GMP
present in recombinant PlzA,; was extrapolated from a c-di-GMP
standard curve at 99.29 nM. A total of 31.7 uM of protein had been
analyzed, indicating that approximately 0.3% of the protein was
bound with c-di-GMP. Prior studies have reported dissociation con-
stants of 1.25 to 6.25uM of PIzA for c-di-GMP, which are typical
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FIGURE 2 DNA binding by PIzA is c-di-GMP dependent. (a) EMSA with increasing concentrations of PIzA,,; showing binding to
glpFKD(-219) DNA. The mixture was incubated for 10 min before electrophoresis. (b) The same EMSA mixture as in (a) but with a final
concentration of 2.5ng/puL of the nonspecific competitor poly-dI-dC. Protein was incubated with poly-dI-dC for 5min prior to the addition
of labeled glpFKD(-219) probe. (c) The same EMSA mixture as in (b) but supplemented with 100 uM c-di-GMP. Protein was incubated with
c-di-GMP for 5min prior to the addition of any nucleic acids. Arrows indicate PlzA- glpFKD(-219) complexes. Lane 1 in (a-c) is the probe
only control, containing 50nM of probe. Protein concentrations are as follows in each subsequent lane: Lane 2: 0.5uM, Lane 3: 1M, Lane
4:2.5uM, Lane 5: 5uM, Lane 6: 7.5uM, and Lane 7: 10 uM. (d-f) EMSA experiments as in (a-c), respectively, but performed with the mutant
PlzAp.rp Protein. All conditions were performed identically as with PIzA,, ;. Each panel is a representative gel from separate EMSAs which
were performed in triplicate (PlzA,;) or duplicate (PlzAgp pp)-
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FIGURE 3 Detection of c-di-GMP in recombinant PlzA,; and PlzA;j . by LC-MS/MS. Recombinant PIzA,; and PlzA o were sent
off for mass spectrometry to detect c-di-GMP. Extracted ion chromatograms of the LC-MS/MS analysis for detection of c-di-GMP are
displayed. Chromatograms depict the control c-di-GMP standard at 1M, recombinant PIzA,,, and recombinant PIzA., ¢p. The LC-MS/
MS analysis reveals PIzA,; co-purified with c-di-GMP, but PIzA. ., did not. The concentration of ¢-di-GMP in recombinant PIzA,,; was
determined from a standard curve of c-di-GMP. PIzA,, ; co-purified with 99.29 nM of c-di-GMP and approximately 0.3% of the protein was
bound with c-di-GMP. Black lines indicate chromatograms unrelated to this figure that were removed.

Kp values for PilZ receptors and c-di-GMP (Mallory et al., 2016; during the protein purification process, as well as Escherichia coli
Pitzer et al., 2011). The amount of co-purified c-di-GMP detected maintaining low cellular concentrations of c-di-GMP (~40-80nM)
is lower than the Kp. This is likely due to removal of some c-di-GMP (Junkermeier & Hengge, 2023; Sarenko et al., 2017). Taken together,
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these data indicate that PlzA DNA binding to this region of the glp-
FKD operon is specific and c-di-GMP dependent.

2.2 | c-di-GMP levels modulate PlzA DNA
binding affinity

It was previously identified with glpFKD-gfp promoter fusion stud-
ies that the minimal glpFKD promoter sequence (-46 relative to the
glpFKD transcription start site) with the full 195bp UTR region was
expressed at higher levels than the core promoter sequence alone
(Grove et al., 2017). Given these findings and our data that PIzA can
bind DNA, we focused further analysis of PlzA binding on a smaller
sequence within that region that was found to be important for reg-
ulation (Grove et al., 2017; Savage et al., 2018). A 42bp DNA probe
encompassing the -7 to +35 sites, called glpFKD(-7/+35), was gener-
ated by annealing complementary oligonucleotides with the forward
oligonucleotide 5 conjugated to IRDye800 (Figure 4a). An RNA
probe conjugated to Alexa Fluor 488 was also made for subsequent
RNA binding studies.

To determine how different c-di-GMP levels impact PIzA bind-
ing affinity, EMSAs with increasing PlzA,; concentrations were
performed at concentrations of added c-di-GMP ranging from O
to 100uM in the reaction mixtures with the glpFKD(-7/+35) probe
(Figure 4b). Competitor poly-dI-dC was added at a final concentra-
tion of 2.5ng/uL to reduce nonspecific interactions. PlzA,,; bound
to glpFKD(~7/+35) and binding was enhanced by increasing the con-
centration of c-di-GMP. In reactions with no added c-di-GMP, we
observed that the amount of free DNA decreased with increasing
PlzA concentrations but did not detect a band corresponding to the
protein-DNA complex. The decrease in free DNA with no added c-
di-GMP is presumably due to the presence of co-purified c-di-GMP
in recombinant PIzA. When equimolar c-di-GMP and protein lev-
els were tested, a discernable shift (formation of a new band) was
evident only at protein concentrations greater than 2.5uM (purple
arrow). As c-di-GMP concentrations were further increased, shifts
became discernable at lower protein concentrations, with the stron-
gest binding observed at c-di-GMP concentrations of 25, 50, and
100 M. Further, as protein concentration was increased, we con-
sistently observed progressive super-shifting of complexes in a
dose-dependent manner (Figure 4b, colored arrows). At protein con-
centrations greater than or equal to 5uM coupled with c-di-GMP
concentrations greater than 25uM, complexes appeared to smear,
suggesting the observed super-shifting is due to complex dissoci-
ation. The stoichiometry of this complex(es) is under investigation.

Next, we calculated the apparent binding affinity (K ) under

D(a

these experimental conditions for PlzA for ngFKD(—7/+3[§; at the
various c-di-GMP concentrations (Figure 4c). The calculations were
performed under the assumption that a single molecule of PlIzA
binds to a single molecule of DNA. As noted above, it is possible
that the protein-nucleic acid ratio is not 1:1, which could affect the
app)iSEM
(standard error of the mean). Without any supplemented c-di-GMP,

calculated values. The values described below are the KD(

the extrapolated Ky, of PlzA-8lpFKD(-7/+35) was calculated
as 7.86 (+1.84uM). However, we again note that some c-di-GMP
is already present in the PlzA,; protein preparations (see above and
Figure 3). Binding affinity increased approximately 1.5-fold under
equimolar c-di-GMP and protein concentrations with a calculated
Kpapp) Of 4.22 (+0.43pM). Under saturating c-di-GMP conditions
(exceeding the Ky of PIzA for c-di-GMP), binding affinity increased
further. Supplementing binding reactions with 10uM c-di-GMP im-
proved PIzA-DNA binding 2.5-fold with a KD(app) of 2.81 (+£0.50uM).
An approximately 6- to 7-fold increase in binding affinity was ob-
served when the binding reaction was supplemented with either 25,
50, or 100pM of c-di-GMP resulting in calculated Kp o of 1.33
(+£0.12puM), 1.25 (+0.08 uM), and 1.09 uM (+0.06 uM), respectively.

To determine if the calculated KD(app) values differed signifi-
cantly, Welch's ANOVA followed by a Dunnett's T3 multiple com-
parisons test was performed (Figure 4d). All calculated KD(app)
values differed significantly (p<0.05) from the OpM c-di-GMP
KD(app) except for the equimolar and 10 uM c-di-GMP conditions.
Compared to the equimolar condition, the 25, 50, and 100uM
Kpapp) values differed significantly (p<0.001), while the 10pM c-
di-GMP KD(app) value did not (p>0.05). When comparing the 10,
25, 50, and 100uM KD(app) values of PlzA,,-glpFKD(-7/4-35) inter-
action, there were no significant differences (p>0.05). The mutant
PlzAqp rp did not bind glpFKD(-7/+35) under any tested conditions
(Figure 4e). Overall, we conclude that levels of c-di-GMP signifi-
cantly impact PIzA-DNA binding.

2.3 | PIzA interacts predominantly with the major
groove of DNA and sequence length appears to play a
role in DNA binding affinity

We next sought to gain further information on the mode of bind-
ing between PIzA and dsDNA. To explore these interactions, we
performed binding assays with methyl green and actinomycin D
which bind the major and minor grooves of DNA, respectively (Basu
et al., 2009; Kim & Nordén, 1993; Liu et al., 2016; Shi et al., 2022).
EMSAs were performed with increasing concentrations of these
drugs to determine if either could compete with PIzA,,; for bind-
ing to the glpFKD(-7/+35) probe (Figure 5). Methyl green was able
to compete for binding as evidenced by the increase in free DNA
and by the disruption of PlzA-glpFKD(-7/+35) complex formation at
higher concentrations. Oppositely, competition with actinomycin D
was only evident at the highest concentrations tested. These results
indicate that PIzA interacts with dsDNA mainly through interactions
with the major groove.

To gain insights into the DNA sequence requirements for PlzA
binding, the glpFKD(-7/+35) sequence was changed at several nucle-
otides (Figure 6a). Mutant competitors 1 and 2 targeted the middle
region of the sequence containing one of the few GC rich regions.
To introduce greater G-C content and potentially disrupt symmetry,
mutant competitors 3-5 swapped an ATTA repeat to CGGC at the
5, 3’ or both ends. In the mutant competitor 6 sequence, a middle
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FIGURE 4 Levels of c-di-GMP alter DNA binding affinity of PlzA,;. (a) A diagram of the generated DNA probe, designated as
glpFKD(-7/4-35), corresponding to a 42 bp sequence adjacent to the -10 site and proceeding 35bp into the 5 UTR. An RNA probe was made
corresponding to only nucleotides that are within the 5’UTR which was designated as glpFKD(UTR) RNA. Probes were conjugated to a
fluorescent molecule for the detection of binding in EMSAs. (b) EMSAs were performed with increasing protein concentrations of PlzA, 1,
and 10nM fluorescently labeled probe at varying c-di-GMP concentrations (0, equimolar, 10, 25, 50, or 100 pM). For each EMSA shown,

the indicated c-di-GMP concentration was held constant in all lanes. For each EMSA shown, lanes 1 and 7 are probe-only controls. Protein
concentrations were as follows: Lane 2: 1uM, Lane 3: 2.5uM, Lane 4: 3.5uM, Lane 5: 5uM, Lane 6: 7.5 uM. A final concentration of 2.5ng/puL
of the nonspecific competitor poly-dI-dC was added to each lane. Arrows indicate higher-order complexes formed as protein concentration
increases. A representative gel for each tested c-di-GMP concentration is shown from triplicate EMSAs. (c) Triplicate EMSAs were
guantitated by densitometry to determine the Kd(app) of the PIzA,,,;-gIpFKD(-7/35+) interaction by nonlinear regression analysis using the
one-site specific binding setting in GraphPad Prism. Errors bars represent one standard deviation (SD). (d) Bar graph displaying the calculated
Kd(app)ithe standard error of the mean (SEM). The Kd(app) values from three EMSAs were analyzed by a Welch ANOVA with Dunnett's

T3 multiple comparisons test via GraphPad Prism. Adjusted p-values are indicated as follows: "p>0.05, *p <0.05, and ***p <0.001.
Comparisons between 10, 25, 50, and 100 uM c-di-GMP are not indicated on the graph as they were not significant. (e) A similar EMSA
experiment was performed as in Figure 4b but with PlzAgg . and either 100 (lanes 1-6) or O (lanes 7-12) uM of c-di-GMP supplemented. No
binding is observed.
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FIGURE 5 Major and Minor Groove Binding Assay. Competition
EMSAs were performed with a constant PlzA,,; concentration

of 3.5uM, 10nM fluorescently labeled glpFKD(-7/35+) probe,

and a constant c-di-GMP concentration of 100 M. Lane 1 is the
probe-only control, while lane 2 is the probe + protein only control.
Lanes 3-7 contain increasing concentrations of methyl green:

Lane 3: 0.5pM, Lane 4: 5uM, Lane 5: 50 M, Lane 6: 3100uM, and
Lane 7: 200 M. Lanes 8-12 contain increasing concentrations of
Actinomycin D: Lane 8: 0.5uM, Lane 9: 5uM, Lane 10: 50uM, Lane
11: 100 uM and Lane 12: 200 M. A representative gel is shown
from three independently performed experiments.

section with a run of Ts, TTTTAA, is changed to GGGGCC. Lastly,
competitors 7-9 were designed to disrupt potential secondary
structural elements. Competition EMSAs with the IRDye labeled glp-
FKD(-7/+35) probe, the unlabeled glpFKD(-7/4-35) specific compet-
itor, and the unlabeled mutagenized competitors were performed
with PIzA,; (Figure éb).

Despite introducing various mutations into the glpFKD(-7/+35)
sequence, competition still occurred, although some sequences
competed better than others. Mutant competitors 1 and 2 competed
similarly to the unlabeled specific competitor indicating the muta-
tions did not disrupt PlzA recognition and binding. An increase in the
sequence G-C content (mutant competitors 3-9) resulted in some
decreased competition, suggesting PIzA could have higher affinity
for A-T rich sequences. Overall, our results suggest that the glp-
FKD(-7/+35) sequence may be a non-consensus or low-affinity DNA
binding site of PIzA within the glpFKD operon. This 42bp sequence
was chosen as it is crucial for glpFKD regulation and is known to be
bound by other proteins (Grove et al., 2017; Savage et al., 2018;
Saylor et al., 2023; Zhang et al., 2024). We hypothesize that there
could be higher affinity binding sites upstream of this operon and
within the B. burgdorferi genome.

Since we could not identify an obvious PlIzA sequence motif, we
next investigated if PIzA bound DNA in a length-dependent mech-
anism. The glpFKD(-7/+35) sequence was truncated by nine bases
at the 5’ end and then an additional three nucleotides at a time, and
competition EMSAs were performed with these DNAs (Figure 7).
The truncated glpFKD(-7/+35) competitors exhibited less competi-
tion than the unlabeled specific competitor (Comp 1/C1) at the same
concentration (Figure 7b). This could indicate that the nucleotides re-
moved from the 5’ end are necessary for PIzA recognition or that PIzA

has a higher affinity for longer pieces of DNA. Studies are ongoing to
determine how PIzA recognizes nucleic acids and to find additional

PIzA binding sites, as further elaborated upon in the discussion.

2.4 | PIzA also binds glp-derived single-stranded
nucleic acids

Several borrelial proteins that were initially identified as having af-
finities for DNA have subsequently been found to also bind RNA
(Jutras, Chenail, Carroll, et al., 2013; Krusenstjerna et al., 2023;
Savage et al., 2018). Given the role the 5 UTR of the glpFKD operon
plays in its regulation, we hypothesized PIzA could potentially also
bind RNA. RNA probes used were designed to correspond to only
transcribed regions (Figure 4a). The glpFKD(-7/4+35) counterpart
RNA probe is designated glpFKD(UTR). EMSAs were performed with
increasing concentrations of PIzA,,  with OpM, 100 uM, or equimolar
c-di-GMP levels and labeled glpFKD(UTR) (Figure 8). PIzA,\; bound
the RNA, which was enhanced by addition of c-di-GMP (Figure 8a).
The binding pattern to the glpFKD(UTR) RNA was comparable to the
glpFKD(-7/4+-35) DNA, with increased protein and c-di-GMP concen-
trations leading to an increased size of the PlzA-RNA shifts.

EMSAs were repeated with the PlzAyy ;, mutant protein at O
or 100pM c-di-GMP (Figure 8b). The PlzAy ;. protein did not bind
glpFKD(UTR) RNA at any tested protein concentration, regardless of
whether c-di-GMP was included.

Given that PIzA can bind to both the DNA and RNA, we sought to
determine if it could also bind the cognate ssDNA corresponding to
the coding strand. This is relevant as ssDNA is exposed at open tran-
scriptional complexes. The forward, IRDye labeled oligonucleotide
used to generate the glpFKD(-7/+35) dsDNA probe was used as a
single-stranded DNA probe (ssglpF) in EMSAs. No evident complexes
were formed when exogenous c-di-GMP was excluded from EMSA
reactions, but free ssDNA did decrease at the highest tested PIzA
concentrations of 3.5-7.5uM (Figure 8c right panel). Adding 100pM
c-di-GMP resulted in the formation of PlzA-ssDNA complexes but at
higher concentrations of protein than required to achieve complex
formation with dsDNA and RNA (Figure 8c left panel).

We next quantified the binding affinity of PlzA for the glp-
derived RNA and ssDNA sequences through densitometry of the
EMSA shifts, and the apparent KD(app)s calculated as described above
(Figure 4d). As with dsDNA, the binding affinity of PlzA for RNA
was weakest when no exogenous c-di-GMP was supplemented
app) Of 7.64 (+1.85uM). Binding improved ap-
proximately 2-fold in equimolar c-di-GMP conditions with a KD(app)
of 4.14 (+0.74 pM). The K, ) was 0.95 (+0.11pM) when the c-di-
GMP concentration was 100puM, an 8-fold increase in PIzA binding
affinity for the glpFKD(UTR) RNA as compared to when no c-di-GMP
was added. There was a significant difference between the PlzA,, -
glpFKD(UTR) RNA KD(app) value calculated at 100 uM c-di-GMP and
both the equimolar and OpM c-di-GMP values (p <0.01) (Figure 9a).
No significant differences were detected between the K, ., values

with a calculated KD(

calculated at OpM and equimolar c-di-GMP levels (p>0.05).
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Mut 3: ATTAAATATAATTTTAATAAGGCTTTTATTAGAAAACGGCAT  19.1

Mut 4: CGGCAATATAATTTTAATAAGGCTTTTATTAGAAAAATTAAT  19.0

Mut 5: CGGCAATATAATTTTAATAAGGCTTTTATTAGAAAACGGCAT 28.6

Mut 6: ATTAAATATAAGGGGCCTAAGGCTTTTATTAGAAAAATTAAT 23.8

Mut7: ATTAAATATAATATCAATAAGGCTGTCATTAGAAAAATTAAT  16.7

Mut 8: ATTAAATATAATATCAATAAGGCTGICATTAGATACATTAAT  19.0

Mut9: ATTAATGTTTCTATTGACAGCCTTATTGATATTATATTTAAT  19.0
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ad
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AVG: 100 40.8 53.0 62.6 74.8 49.3 64.0 75.1 48.0 63.0 77.0
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REP: 100 35.5 45.4 64.0 80.6 46.7 57.9 70.8
AVG: 100 42.2 45.7 62.2 78.2 44.4 54.6 70.7

Although PIzA bound the ssglpF probe, it had a substantially
lower affinity for ssDNA than dsDNA or RNA (Figure 8d). The
KD(app) of the PlzA,,;-ssglpF interaction was 8.74 (+1.86 M) with
OpM c-di-GMP and 4.42 (+0.90 uM) with 100 pM c-di-GMP. These
values were found to be statistically significant from one another

---—------——-

12 3 45 6 7 8 9 10 11 12
100 39.1 69.8 39.8 51.9 68.6 350 46.6 67.1 41.4 50.8 63.4
100 40.2 76.7 46.9 59.3 73.6 46.7 54.7 73.6 45.7 58.6 70.7

Mut 7 Mut 8 Mut 9

©) 0C el el ‘

" -
-—-_—-—---_-

1 2 3 4 5 6 7 8 910 1112

100 39.5 72.6 42.7 51.5 70.4 41.0 52.2 66.5 42.7 55.3 77.6
100 39.3 72.4 43.1 50.3 71.0 40.4 58.8 66.2 43.1 55.4 74.2

(p<0.05) (Figure 9b). Only a 2-fold increase in binding affinity of
PIzA for the single-strand DNA was observed when the c-di-GMP
concentration was increased to 100pM, whereas the same con-
centration of c-di-GMP increased PIzA binding affinity 7-fold for
dsDNA and 8-fold for RNA.
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FIGURE 6 Competition EMSAs with mutagenized glpFKD(-7/35+) competitors. (a) A diagram of the generated unlabeled, mutagenized
glpFKD(-7/+35) competitors. Comp 1 (C1) is the unlabeled, specific glpFKD(-7/+35) competitor. Introduced mutations are indicated in red
for each mutant competitor. The transcriptional start site is the nucleotide labeled as blue. Competition EMSAs were performed with the
various mutant competitors and the glpFKD(-7/35+) probe. For these competitions, the final concentrations of PlzA,, 1, c-di-GMP, poly-
dI-dC, and glpFKD(-7/35+) probe were held constant at 2.5uM, 100 uM, 2.5ng/pL, and 10nM respectively in all panels shown. (b) Lane

1 is the probe-only control, while lane 2 is the probe + protein only control. Lanes 3-5: 250, 500, & 1000x molar excess (relative to the
probe) of specific comp 1. Lanes 6-8: 250, 500, & 1000x mut 1 competitor. Lanes 9-11: 250, 500, & 1000x mut 2 competitor. (c) Lane 1

is the probe-only control, while lane 2 is the probe + protein only control. Lane 3 is the specific competitor control with 1000x of comp 1.
Lanes 4-6: 250, 500, & 1000x mut 3 competitor. Lanes 7-9: 250, 500, & 1000x mut 4 competitor. Lanes 10-12: 250, 500, & 1000x mut 5
competitor. (d) Lane 1 is the probe-only control, while lane 2 is the probe + protein only control. Lanes 3-5: 250, 500, & 1000x molar excess
of specific comp 1. Lanes 6-8: 250, 500, & 1000x mut 6 competitor. (e) Lane 1 is the probe-only control, while lane 2 is the probe + protein
only control. Lane 3 is the specific competitor control with 1000x of comp 1. Lanes 4-6: 250, 500, & 1000x mut 7 competitor. Lanes 7-9:
250, 500, & 1000x mut 8 competitor. Lanes 10-12: 250, 500, & 1000x mut 9 competitor. A representative gel is shown in each panel from
an EMSA performed in duplicate. The normalized band percentage values of the free probe are shown below the lane designations in each
panel for the representative gel (REP) as well as for the average (AVG) of the duplicate EMSAs.
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Comp 2: AATTTTAATAAGGCTTTTATTAGAAAAATTAAT
Comp 3: TTTAATAAGGCTTTTATTAGAAAAATTAAT
Comp 4: AATAAGGCTTTTATTAGAAAAATTAAT
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1 2 3 45 6 7 8 910 11 12

REP: 100 49.2 81.3 42.9 51.7 59.4 39.0 54.0 59.4 39.6 43.7 57.8
AVG: 100 45.6 79.3 35.9 47.3 56.8 36.2 49.3 58.5 36.6 41.3 52.3

FIGURE 7 Competition EMSAs with truncated glpFKD(~7/35+) competitors. (a) A diagram of the generated unlabeled, truncated
glpFKD(=7/4-35) competitors. Comp 1 (C1) is the unlabeled, specific glpFKD(-7/+35) competitor. Competitors 2, 3, and 4 are unlabeled
glpFKD(=7/4-35) truncated at the 5’ end by either 9, 12, or 15 bases respectively. The transcriptional start site is the nucleotide labeled as
blue. (b) PIzA, 1, c-di-GMP, poly-dI-dC, and glpFKD(-7/35+) probe concentrations were held constant at 2.0uM, 100uM, 2.5ng/uL, and
10nM respectively. Lane 1 is the probe-only control, while lane 2 is the probe + protein only control. Lane 3 is the specific competitor
control with 1000x of comp 1. Lanes 4-6: 250, 500, & 1000x comp 2 competitor. Lanes 7-9: 250, 500, & 1000x comp 3 competitor. Lanes
10-12: 250, 500, & 1000x comp 4 competitor. A representative gel is shown from three independently performed experiments. The
normalized band percentage values of the free probe are shown below the lane designations in each panel for the representative gel (REP) as
well as for the average (AVG) values from the triplicate EMSAs. The C1 AVG value was calculated from two experiments only.
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FIGURE 8 PIzA,; also binds single stranded RNA and DNA. (a) Gradient EMSAs were performed with increasing protein concentrations
of PlzA,,; without c-di-GMP (left panel), equimolar (middle panel), or 100 uM c-di-GMP (right panel) and 10nM fluorescently labeled
glpFKD(UTR) RNA probe. Lane 1 is the probe-only control in each EMSA. Lane protein concentrations were as follows: Lane 2: 1M, Lane
3:2.5uM, Lane 4: 3.5uM, Lane 5: 5uM, Lane é: 7.5uM. (b) A similar EMSA experiment was performed with PlzAyy . with (lanes 1-8) or
without (lanes 9-15) 100 uM c-di-GMP and 50nM of gIpFKD(UTR) RNA probe. Lane 1 is a probe-only control. Protein concentrations were
as follows: Lanes 2 and 9: 1 uM, Lanes 3 and 10: 1.25uM, Lanes 4 and 11: 2puM, Lanes 5 and 12: 2.5uM, Lanes 6 and 13: 3.3uM, Lanes

7 and 14: 5uM, Lanes 8 and 15: 10 M. Riboguard was supplemented in the PlzAyy ;n EMSA mixtures to a final concentration of 4 U/uL.

(c) Gradient EMSAs were performed with increasing protein concentrations of PlzA,,; with 100 uM c-di-GMP (left panel) or OpM c-di-
GMP (right panel) with 10nM fluorescently labeled ssglpF probe. Lanes 1 and 7 are the probe-only control in each EMSA. Lane protein
concentrations were as follows: Lanes 2 and 8: 1uM, Lanes 3 and 9: 2.5uM, Lanes 4 and 10: 3.5uM, Lanes 5 and 11: 5uM, Lanes 6 and 12:
7.5uM. Representative gels are shown from triplicate (PIzA,, ;) or duplicate (PlzAy, qp) EMSA experiments. (d) Triplicate EMSAs from (a and
c) were quantitated by densitometry to determine the Kd(app) of PIzA,,; for the glpFKD RNA or ssDNA interactions by nonlinear regression
analysis using the one-site specific binding setting in GraphPad Prism. Errors bars represent one standard deviation (SD).

Lastly, we also compared the binding affinities of PIzA for all three
tested nucleic acids (Figure 9c). The calculated KD(app) values of PIzA,;
for each nucleic acid in the presence of 100uM c-di-GMP were com-
pared with a Welch's ANOVA and Dunnett's T3 multiple comparisons
test. No significant difference (p>0.05) was detected between the PIzA
KD(app) values for dsDNA (1.09 +0.06 puM) and RNA (0.95+0.11 uM), in-
dicating that PIzA binds the glpFKD dsDNA and RNA with similar affin-
ity. Both the dsDNA and RNA KD(app)s
the calculated ssDNA KD(app) (4.42+0.90uM) (p<0.01), suggesting that
PIzA prefers glp-derived dsDNA and RNA over ssDNA. All the binding
data presented throughout the manuscript are summarized in Table 1.
Collectively, our data indicate that PIzA binding activity is c-di-GMP
dependent for all tested glpFKD nucleic acids.

were significantly different from

2.5 | Dissection of PlzA reveals the nucleic acid
binding domain

The first discovered c-di-GMP binding receptors were the PilZ
domain-containing proteins (Amikam & Galperin, 2006; Galperin
& Chou, 2020; Ryjenkov et al., 2006). The PilZ domain consists
of two conserved c-di-GMP binding motifs, RxxxR and [D/N]

ZSXXG (Amikam & Galperin, 2006; Cheang et al., 2019; Chou &
Galperin, 2016; Ryjenkov et al., 2006). The recently solved crys-
tal structure of B. burgdorferi PlzA revealed a unique dual-domain
topology consisting of an amino-terminal PilZ-like domain, called
PilZN3, which is connected to the carboxy-terminal PilZ domain
via a linker domain that contains the RxxxR c-di-GMP binding
motif (Singh et al., 2021). The first 141 amino acid residues make
up the N-terminus of PIzA (PIzANTD), while residues 142-261 make
up the C-terminal (PIzA.;p) PilZ domain. Having determined that
PIzA is a c-di-GMP-dependent DNA and RNA binding protein, we
next sought to determine which domain of PIzA binds nucleic acid.
To generate recombinant PlzA;p and PlzA domains, truncated
plzA genes called plzA-NTD and plzA-CTD were cloned to encode
the residues described above, which correspond to each respec-
tive domain (Figure 10a).

EMSAs were performed with labeled