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The Role of Manganese in Streptococcus sanguinis
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Streptococcus sanguinis is primarily associated with oral health as a commensal
bacterium. As an opportunistic pathogen, S. sanguinis is capable of colonizing heart valve
vegetations, leading to the disease infective endocarditis. Previous studies from our lab
have identified the high-affinity manganese transporter SsaACB as important for
endocarditis virulence. The impact that manganese depletion has on S. sanguinis had
never been evaluated and a secondary manganese transporter has not been identified.
Thus, we employed the use of a fermentor to control large-scale growth over time and
depleted manganese in an AssaACB mutant using a metal chelator, EDTA. The changes
in the transcriptome and metabolome of these cells were measured and it was
demonstrated that multiple systems were affected. Many of these systems were linked to
carbon catabolite repression through CcpA. We found that levels of the glycolytic
metabolite fructose-1,6-bisphosphate, a mediator of CcpA-dependent repression, were
increased in manganese-depleted cells despite no change in glucose levels. We also

evaluated the impact of low pH on the AssaACB mutant and found that growth was
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XiX
reduced at pH 6.2. The same pH did not affect the growth of the wild-type SK36 strain.
Analysis of both strains in fermentor-grown cultures revealed that reducing the pH
affected the manganese levels of cells and again influenced the transcription of multiple
systems, many of which are members of the CcpA regulon. Finally, we identified and
characterized the secondary manganese transporter, here named TmpA. TmpA is a ZIP
family protein with orthologs in many prokaryotes and eukaryotes, including fourteen
encoded in human cells. Most ZIP proteins primarily transport iron or zinc and can vary
in metal affinity and transcriptional regulation. Here we report that this ZIP protein
transports manganese and contributes to endocarditis virulence in several strains of S.
sanguinis. We confirmed that manganese is critical for growth and virulence of S.
sanguinis and is intricately tied to many systems through its impact on glycolysis. These
findings lay the groundwork for future drug development studies targeting either one or
both manganese transporters to prevent endocarditis caused by S. sanguinis and related

species.
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Chapter 1 Introduction
Streptococci and the human oral cavity

The human oral cavity is a diverse environment that can host more than 700 bacterial
species (1) along with a multitude of viral and fungal species (2). In 2010, the Human Oral
Microbiome Database was published (3, 4) as a part of the Human Microbiome Project
(5), which provided the baseline for a “healthy” oral microbiota. This project provided a
wealth of knowledge and spurred further advances in the understanding of various
aspects of the oral microbiota such as community and host interactions (2, 6, 7), health

vs. disease states (8-10), and biogeography (11, 12).

The most abundant and ubiquitous genus in the oral cavity is Streptococcus (1, 4, 13-15).
Streptococci are gram-positive cocci that form chains of varying length. They can be
found in many different animals and can be associated with health or disease, depending
on the species and location within the body. Beginning in the early 1900s, streptococci
were classified by their capacity for hemolysis on blood agar: alpha-hemolysis (green
color due to iron oxidation), beta-hemolysis (clearance around colonies), or gamma-
hemolysis (no hemolysis) (16-19). In 1933, R. C. Lancefield (20) published her studies on
the characterization of streptococci by specific carbohydrate “group” antigens, which led
to the Lancefield group classifications that were used for decades (21). In 1937, J. M.
Sherman (22) further classified streptococci into four divisions: pyogenic, viridans, lactic,
and enterococci. With recent advances in sequencing technology, we now classify

streptococcal species based on 16S rRNA (23) and multilocus sequence analysis (24).

In the human oral cavity, several Streptococcus species are the primary colonizers of the

salivary pellicle and provide a basis for oral biofilm development (25, 26). Oral
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streptococci have diverse roles, with many species associated with healthy oral sites (27,
28) whereas others, such as Streptococcus mutans and Streptococcus sobrinus, are

etiological agents of dental caries (29, 30).

Infective endocarditis

Infective endocarditis (IE) is a disease in which the inner lining of the heart (endocardium)
is inflamed due to an infection (31, 32). When a heart valve or endocardium is damaged
due to prior disease or valve replacement, the body will form a vegetation comprised of
platelets and fibrin (33). Certain bacterial species and some fungi can colonize these
sterile vegetations, inducing inflammation. IE is estimated to affect more than 40,000
people each year in the United States and kills 12-40% of patients (34-36) due to
complications such as congestive heart failure and stroke (37, 38). Although rare,
endocarditis can also lead to other conditions such as cellulitis (39), brain abscesses (40),
and meningitis (41).

Oral bacteria can get into the blood stream through breaks in the oral mucosa caused by
dental procedures (42-44), routine oral hygiene practices (45-47), mastication (48), or
poor oral hygiene (49-51). Additionally, bacteria can enter the blood stream through
damage to the skin, such as during intravenous drug use (52, 53). In the U.S., prevention
depends upon antibiotic prophylaxis prior to dental procedures for at-risk patients (54-
56). The economic burden, potential for side effects, and questionable efficacy (57-59) of
this practice, as well as the increasing prevalence of antibiotic resistance (60) are all

pressing concerns.
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Streptococcus sanguinis

In 1946, C. F. Niven and J. C. White at Cornell University discovered a distinct subgroup
of viridans streptococci recovered from subacute endocarditis patients (61-64). This
group was originally called Streptococcus s.b.e. for subacute bacterial endocarditis and
was later renamed Streptococcus sanguis, the Latin word for “blood.” In 1997, S. sanguis

was renamed S. sanguinis (Latin for “of the blood”) (65).

S. sanguinis, along with its close relative Streptococcus gordonii (21, 66, 67), is among
the oral streptococci that can produce (68, 69) and survive in (70) large quantities of
hydrogen peroxide (H202). This capability allows them to compete against caries
pathogens such as S. mutans (71) and periodontal pathogens such as Porphyromonas
gingivalis (72). Thus, S. sanguinis is found in greater abundance at healthy oral sites than

in carious lesions or diseased gingiva (10, 27, 30, 73, 74).

The genome of the S. sanguinis strain SK36 was published in 2007 (75). It encodes a
variety of adhesins that enable it to act as one of the primary colonizers of the salivary
pellicle (25, 76). This trait, which evolved to ensure survival in the highly diverse oral
cavity, also allow S. sanguinis to act as an opportunistic IE pathogen under the right
conditions (77-80). S. sanguinis and other viridans group streptococci are among the
most common bacteria to be isolated from IE patients (35-45%) (81, 82). There is
considerable heterogeneity between S. sanguinis strains though, indicating that some
may be less virulent than others (83). The duplicity of this species as a mediator of health
in the oral cavity vs. as an IE pathogen, as well as the controversial preventative for

streptococcal IE, make it an exciting bacterium to study. It is also exceptionally competent
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(84), allowing for the rapid generation of mutants through chromosomal integration of

antibiotic resistance genes (85).

Metal homeostasis

Metal homeostasis is key for any living organism, as metals are vital for enzymatic
function, chaperone stability, and gene regulation (86-88). Metals such as manganese
(Mn), zinc (Zn), iron (Fe), magnesium (Mg), cobalt (Co), copper (Cu) and nickel (Ni) are
often used by bacterial cells but can be toxic at high levels. Bacteria have evolved
elaborate mechanisms for metal homeostasis (89, 90), as concentrations may fluctuate
in their environment. For example, the human body exerts “nutritional immunity” by either
limiting metals to restrict growth or exposing bacteria to excess metals to kill them (91-

97).

Several factors influence which metal binds to a protein such as the metal’s properties,
ligand properties, metal coordination number and geometry, and cellular ion
concentrations  (98). As some metals have similar properties and prefer the same
ligands, these metals can sometimes be interchangeable in vitro, despite there being a
preference for only one in vivo (99-101). This discrepancy is due to the relative binding
affinity of each metal. In 1953, Irving and Williams (102) published their series which
determined that relative binding affinity of metal ions to proteins is Mg?* < Mn?* < Fe?* <
Co?* < Ni?* < Cu?* > Zn?*. To circumvent mismetallation in vivo, organisms have evolved
mechanisms to prevent the more competitive metals (Zn, Ni, Cu) from binding to proteins
that require low-affinity metals such as Mn or Fe (103, 104). This is often achieved through
strict control of bioavailable cellular metal concentrations, with those with low affinity such

as Mg maintained at high concentrations whereas Zn and Cu are kept at low levels or
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tightly stored (87, 98). In the gram-positive bacterium Bacillus subtilis, labile Fe and Mn
pools are similar (105), which may lead to competition for binding of the same regulators
and enzymes (87). To combat this, bacteria have evolved mechanisms for ensuring

proper metallation, such as controlling the location of protein folding (106).

When faced with metal deprivation, bacteria can respond by several mechanisms (87).
Bacteria can modulate intracellular metal pools by controlling the expression of metal
importers and exporters using metalloregulatory systems (103, 107). Through repression
of exporters and derepression of high affinity importers, bacteria attempt to transport any
available metal into the cell. If they are unable to return levels to normal, cells may replace
a metal-dependent enzyme for one that either is metal-independent or requires a different
metal. Additionally, cells will move metals from their reservoirs and modulate their
proteomes to enable the limiting metal to be used for enzymes that are most essential for

growth, a phenomenon called metal sparing.

Excess metals can also damage bacterial cells (108, 109). This is often due to
mismetallation of enzymes (108) or transporters (110) but excess metals can also lead to
damage to the cells by other mechanisms. For example, Fe can react with oxygen (O2)
or H20:2 to form radicals, a process called the Fenton reaction (111). Cu is also capable
of Fenton-like chemistry (112). These radicals then damage DNA, proteins, and other
cellular machinery. Some bacteria, such as Lactobacillus acidophilus (113) and Borreliella
burgdorferi (114) have evolved to reduce their requirement for Fe, likely to avoid such
issues while growing in an aerobic environment. In bacteria such as streptococci that do

utilize Fe in aerobic environments, Fe-mediated oxidative stress is managed by iron-
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storage proteins like Dpr (115-119) and by reducing Fe levels (120) in the presence of

oxygen.

Manganese

Mn is an essential micronutrient and empowered the evolution of life in the presence of
oxygen (121). Mn is estimated to be the cofactor of ~6% of enzymes (122), although this
may be an underestimate given its poor binding affinity (99, 102). Mn is capable of
protecting cells from oxidative stress through several mechanisms (107, 123-125). When
in complex with small molecules such as bicarbonate or phosphate, Mn can detoxify
superoxide (126-129). Mn is also a cofactor for some superoxide dismutase enzymes,
such as SodA in S. sanguinis (130), which catalyzes the disproportionation of superoxide
into O2 and H202. Mn can also replace Fe in some enzymes, which protects the protein

from Fenton reaction-mediated damage (131, 132).

Mn has been linked to virulence in many human pathogens, including streptococci (133-
135). In streptococci, the Lral family of ABC transporters has been found to be important
for Mn and Fe transport (130, 136, 137). In the early 1990s, the first articles characterizing
the lipoprotein component in S. sanguinis, SsaB, were published (138, 139). Previous
studies from our lab have established that SsaB and the entire ssaACB operon are
important for virulence, Mn and Fe transport, and oxidative stress tolerance (83, 120,
130). The importance of SsaACB, its conserved nature across most streptococci and
many other bacteria, and the lack of a human equivalent make it an excellent drug target.
The lipoprotein component of the ortholog in S. pneumoniae, PsaA, was the subject of

several drug target screens (140, 141) and the ortholog in Streptococcus parasanguinis,
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FimA, was tested as a vaccine (142). These studies have laid the groundwork for future

drug and vaccine screens targeting this transport system.

Expression of ssaACB is controlled by the MntR ortholog SsaR (130). In Bacillus subtilis,
when Mn is present in sufficient levels, it binds to two sites within MntR, stabilizing the
protein (143). MntR is then able to bind to DNA and repress transcription of its regulon.
In times of Mn depletion, insufficient Mn is available to bind at both metal binding sites in
MntR, thus derepressing transcription of ssaACB orthologs to facilitate Mn import into the
cell. Mismetallation of one MntR metal binding site with Fe in B. subtilis leads to distortion
of the other site, preventing the conformational change that would normally allow DNA
binding (144). Similar derepression was observed with Zn in S. pneumoniae (145, 146).

Thus, high Fe:Mn or Zn:Mn ratios may prevent repression of ssaACB in S. sanguinis.

Some Streptococcus species also encode a secondary Mn transporter, MntH, from the
NRAMP family (147-149). However, the most commonly used strain of S. sanguinis,
SK36, lacks a MntH ortholog and only four of the sequenced S. sanguinis strains encode
a MntH protein (83, 150). This indicates that there may be another secondary transporter
present in most strains (151), as AssaACB mutants grew normally in Mn-replete media,
Brain Heart Infusion (BHI) (120). In 12% O2 rabbit serum, our in vitro model of IE (130),
the poor growth phenotype of an AssaACB mutant could be rescued with only 2 uM Mn
(120), providing further evidence for the existence of another Mn transporter. S. sanguinis

also encodes two putative Mn exporters, MntE (109, 152, 153) and MgtA (154).

Labile Mn pools in lactic acid bacteria (125) and Deinococcus radiodurans (155, 156)
were found to be primarily bound to phosphoryl-containing ligands and nitrogenous

compounds (87). Additionally, most Mn was found to be bound to superoxide dismutase
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enzymes in D. radiodurans (155) and Bacillus anthracis (157), highlighting the key role of

Mn in aerobic bacterial growth.

Research Objective

The objective of this dissertation was to evaluate the role of Mn in Streptococcus
sanguinis growth. While previous studies in S. sanguinis and other streptococci have
determined that Mn is important for virulence, only a few enzymes and pathways have
been found to be Mn dependent. Thus, we hypothesized that there must be other systems
that rely on Mn for proper function. We used two approaches, transcriptomics and
metabolomics, in order to observe both the regulatory changes as well as their outcomes.
Additionally, we set out to determine the role of Mn in growth under low pH conditions to
mimic what S. sanguinis might encounter in its native environment, the oral cavity. Finally,
we identified a secondary Mn transporter and characterized its role in S. sanguinis growth

and virulence and its transport capabilities.
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Chapter 2 General Materials and Methods

Bacterial strains and growth conditions

The S. sanguinis strains and mutants are listed in the Materials and Methods section of
each chapter. All wild-type (WT) strains, with the exception of VMC66 and BCC23, were
donated by Mogens Killian, Aarhus University, Denmark. Unless otherwise specified, WT
and all mutants are derived from SK36, which was the first S. sanguinis strain to have its
whole genome sequenced (75). All strains were grown in overnight cultures from single-
use aliquots of cryopreserved cells, diluted 1000-fold in BHI media (Beckinson Dickinson).
Mutant strains were incubated with the appropriate antibiotics: kanamycin (Kan; Sigma-
Aldrich) 500 ug mL™; tetracycline (Tet; Sigma-Aldrich) 5 ug mL?; erythromycin (Erm;
Sigma-Aldrich); 10 pg mL*%; chloramphenicol (Cm; Fisher Scientific) 5 pg mL%;
spectinomycin (Spc; Sigma-Aldrich) 200 ug mL*. The cultures were then incubated 37°C
for 16-20 h with the atmospheric condition set to 1% (1% O2, 9.5% H2, 9.5% CO2 and
80% N2) or 6% (6% O2, 7% H2, 7% CO2 and 80% N2) oxygen using a programmable

Anoxomat™ Mark Il jar-filling system (AIG, Inc.).

For growth studies, plating was used to enumerate colony forming units (CFUs). To
determine CFUs, samples were sonicated for 90 s using an ultrasonic homogenizer
(Biologics, Inc) to disrupt chains prior to dilution in PBS and plated using an Eddy Jet 2
spiral plater (Neutec Group, Inc.). For static growth studies, tubes containing either 100%
pooled rabbit serum (Gibco) or BHI were pre-incubated at 37°C at the indicated oxygen
concentrations. In addition to 1% or 6% Oz, 12% O2 (12% Oz2, 4.3% COz2, 4.3% H2) was
used in some experiments, as it is the oxygen concentration of arterial blood (158) and

used as our in vitro model of IE (130). Each tube was then inoculated with a 10-%-fold
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dilution of the overnight pre-culture. The inoculated tubes were returned to incubate at
the same oxygen concentration. Cultures were removed after 24 h, sonicated, and diluted
in PBS prior to plating on BHI agar. Plates were incubated at 37°C for 24-48 h in 0% Oz

with a palladium catalyst prior to colony enumeration.

Mutagenesis and transformation

Gene knockout mutants were either generated previously (83, 85) or by gene splicing by
overlap extension (SOEing) PCR (159) where the gene(s) of interest (GOI) were replaced
with an antibiotic resistance gene or cassette. Transformations were performed using the
protocol described previously (160). Briefly, an overnight culture of the parent strain was
grown in Todd Hewitt (TH; Beckinson Dickinson) broth with horse serum (HS; Invitrogen),
then diluted 200-fold and incubated at 37°C. Optical density (ODsoo) of tube cultures was
determined using a ThermoScientific BioMate 3S UV-VIS spectrophotometer. Knockout
construct DNA (100 ng) and S. sanguinis competence stimulating peptide (70 ng) were
added to the culture (ODsoo ~0.07) and incubated at 37°C for 1.5 h prior to selective
plating on BHI agar plates with antibiotics at concentration listed above. All plates were
incubated for at least 24 h at 37°C under anaerobic conditions in an Anoxomat jar with a
palladium catalyst. All mutants were confirmed to have the expected composition by
sequence analysis of the DNA flanking the insertion sites.

Markerless mutants were generated using a mutation system described previously (161,
162). Briefly, the in-frame deletion cassette (IFDC) was amplified from the S. sanguinis
IFDC2 strain and combined with flanking region from the GOI using gene SOEing. The
parent strains were then transformed as described above, plating on BHI agar plates

containing Erm. A gene SOEing product merging the two flanking regions of the GOI was
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then generated. This SOEing product was then used to transform the ErmR colonies from
the first transformation. Immediately prior to plating on agar plates containing 20 mM 4-
chloro-phenylalanine (4-CP; Sigma-Aldrich), the cells were washed twice with PBS to
remove excess media. Resulting colonies were then screened for Erm sensitivity and
sequenced to confirm removal of the desired gene and IFDC2.

Metal analysis

Cells were collected under various conditions and centrifuged at 3,740 x g for 10 min at
4°C. The supernatant was decanted and the cell pellet was washed twice with cold cPBS
(PBS treated with Chelex-100 resin (Bio-Rad) for 2 h, then filter sterilized and
supplemented with EDTA to 1 mM). The pellet was then divided for subsequent acid
digestion or protein concentration determination. Trace metal grade (TMG) nitric acid
(15%) (Fisher Chemical) was added to one portion of the pellet. The pellet was digested
using an Anton Paar microwave digestion system using a modified Organic B protocol:
120°C for 10 min, 180°C for 20 min, with the maximum temperature set to 180°C. The
digested samples were then diluted 3-fold with Chelex-treated dH20. Metal
concentrations were determined using an Agilent 5110 inductively coupled plasma-optical
emission spectrometer (ICP-OES) or an Agilent 8900 ICP-QQQ-MS (ICP-MS).
Concentrations were determined by comparison with a standard curve created with a 10
ug mit multi-element standard (CMS-5; Inorganic Ventures) diluted in 5% TMG nitric
acid. Pb (Inorganic Ventures) was used as an internal standard (10 ug mi™1). The other
portion of the pellet was resuspended in PBS and mechanically lysed using a FastPrep-
24 instrument with Lysing Matrix B tubes (MP Biomedicals) as described previously (101).

Insoluble material was removed by centrifugation. Protein concentrations were
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determined using a bicinchoninic acid (BCA) Protein Assay Kit (Pierce) as recommended
by the manufacturer, with bovine serum albumin as the standard. Absorbance was
measured in a black, flat-bottom 96-well plate (Greiner) using a microplate reader

(BioTek).

Fermentor set-up

Fermentor experiments were set up and run as described in T. Puccio and T. Kitten (163).
A BIOSTAT® B bioreactor (Sartorius Stedim) with a 1.5-L capacity UniVessel® glass
vessel was used for growth of 800-mL cultures at 37°C. Cultures were stirred at 250 rpm
and pH was maintained by the automated addition of 2 N KOH (Fisher Chemical). A 40-
mL overnight pre-culture of S. sanguinis was grown as described above and centrifuged
for 10 minutes at 3,740 x g in an Allegra X-142 centrifuge at 4°C (Beckman-Coulter). The
supernatant was discarded and the cells were resuspended in BHI prior to inoculation. At
the peak OD, input flow of fresh BHI was set to 17% (~700 mL h1), and output flow of
waste was set to 34%. Cells were allowed to acclimate to the new conditions for 1 h. The
T-20 sample was aseptically removed for total RNA isolation, metabolomics, or metal
analysis. The fermentor culture was then treated at To with either EDTA or HCI. Samples
were taken for each post-treatment time point (T10, T2s, Ts0). In some experiments, a
divalent metal (Puratronic™; Alfa Aesar) was added to the carboy (Tes) and vessel (T70)

at a final concentration of 100 uM and samples were taken for ICP-OES at Tso.

RNA isolation
For fermentor samples, 2 mL of culture was added to 4 mL RNAprotect Bacteria Reagent

(Qiagen) and immediately vortexed for 10 s. The sample was then incubated at room
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temperature for 5-90 min. The samples were then centrifuged for 10 min at 3,740 x g at
4°C. The supernatant was discarded and the samples stored at -80°C.

For tube cultures, cells were grown under various conditions and swirled in a dry
ice/ethanol bath for 30 s before centrifuging for 10 min at 3,740 x g at 4°C. The

supernatant was discarded and the samples stored at -80°C.

RNA isolation and on-column DNase treatment were completed using the RNeasy Mini
Kit and RNase-Free DNase Kit, respectively (Qiagen). RNA was eluted in 50 uL RNase-
Free water (Qiagen). A second DNase treatment was then performed on the samples
(Invitrogen). Total RNA was quantified and purity was assessed using a Nanodrop 2000
Spectrophotometer (ThermoScientific).

RNA-seq analysis pipeline

Using Geneious 11.1 (https://www.geneious.com), sequence reads were trimmed using

the BBDuk Trimmer prior to mapping to either the SK36 genome or a modified version, in
which the ssaACB operon was replaced with the aphA-3 sequence. The locus tags are
from the Genbank® annotation (164) available at the time; the annotations were updated
shortly before publication and the new locus tags are included in Supplementary Tables

3.1 and 5.1 for reference. PATRIC annotations (https://patricbrc.org/) (165) are also

included. Reads for each post-treatment sample were compared to the corresponding
pre-treatment (T-20) sample using DESeg2 (166) in Geneious to determine logz fold
changes and adjusted P-values. Principal component analysis was completed using R
(version 3.6.1) and RStudio (version 1.2.5033-1) with Bioconductor (Bioconductor.com)
package pcaExplorer version 2.13.0 (167). Volcano plots were generated using R and

RStudio with Bioconductor package EnhancedVolcano (168). All differentially expressed
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genes (DEG) were input into the DAVID database (https://david.ncifcrf.gov/isummary.ijsp)

(169). The KEGG_pathway option was chosen for functional annotation clustering. The
P-value shows the significance of pathway enrichment. DAVID pathway figures were

generated using an R script (https://github.com/DrBinZhu/DAVID_FIG).

Quantitative real-time polymerase chain reaction

RNA was collected as described in the main text. Libraries of cDNA were created using
SensiFAST cDNA Synthesis Kit (Bioline). Control reactions without reverse transcriptase
were conducted to confirm the absence of contaminating DNA in all samples. gqRT-PCR
was performed using SYBR Green Supermix (Applied Biosystems) on an Applied
Biosystems 7500 Fast Real Time PCR System using the primers listed in each applicable
chapter. Relative gene expression was analyzed using the 2-22€T method (170) with gapA

serving as the internal control (84).

Data analysis and presentation

Statistical tests for small data sets were performed in GraphPad Prism (graphpad.com).
Significance was determined by t-test or analysis of variance (ANOVA) as indicated in the
figure legends. Tests were paired only if matching was effective. P-values < 0.05 were
considered significant. For ANOVA, a Tukey-Kramer test for multiple comparisons was
used when P < 0.05. DESeq2 calculations of RNA-Seq datasets were completed in
Geneious 11.1 or in the pcaExplorer R package. Confidence intervals (95%) of replicate
samples were determined by the pcaExplorer R package. Graphs and figures were

constructed using GraphPad Prism (graphpad.com) or Biorender (Biorender.com).
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Chapter 3 Impact of Mn Depletion on the Transcriptome of S. sanguinis
Rationale

S. sanguinis can grow efficiently in low-Mn conditions due to the presence of a high-
affinity Mn transporter, SsaACB. When the genes encoding SsaACB are deleted from the
genome, this mutant is severely reduced in virulence. Previous studies have determined
that at least two enzymes in S. sanguinis require a Mn cofactor but we hypothesized that

Mn depletion had a larger impact on the cell.

Copyright Disclaimer
Partial results of this chapter have been accepted for publication by Frontiers in

Microbiology as the following manuscript:

Puccio, T., Kunka, K.S., Zhu, B., Xu, P., Kitten, T. 2020. Manganese depletion leads to
multisystem changes in the transcriptome of the opportunistic pathogen Streptococcus

sanguinis. Front Microbiol doi:10.3389/fmicb.2020.592615.

Introduction

As discussed in Chapter 1, Mn is important for oxidative stress tolerance and acts as a
cofactor for key enzymes in many bacteria. Previous work from our lab established that
the ABC transporter SsaACB is important for Mn transport, aerobic serum growth, and
virulence in a rabbit model of IE (83, 120, 130). In S. sanguinis, Mn acts as a cofactor for
superoxide dismutase (SodA) (171, 172) and the aerobic class 1b ribonucleotide
reductase (NrdF) (100, 101). Loss of SodA activity alone cannot account for the reduction
in virulence (130). NrdF activity is essential for virulence (101), but it is likely that these
are not the only two Mn-cofactored enzymes or Mn-dependent pathways in S. sanguinis.

In a previous microarray analysis of Mn depletion in the related species S. pneumoniae
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(173), it was found that only a few genes were differentially expressed in response to
either deletion of the pneumococcal SsaB ortholog, PsaA, or growth in media without
supplemental Mn. However, these data alone are insufficient to explain the decreased
growth of these mutants in Mn-deplete media. In this study, we sought to determine the
overall effect of Mn depletion on the transcriptome of S. sanguinis in an attempt to identify
other Mn-dependent pathways. Here we report that while there were some similarities
with this previous study, we found a larger number of differentially expressed genes,

providing new insights into the role of Mn in streptococci.

Results

Generation of AssaACB mutants and previous studies with these strains

While previous studies have examined the function of the SsaB lipoprotein (130) and
aspects of the entire SsaACB transporter (83, 120), the generation of the AssaACB
mutant has not yet been fully described. The mutant was generated by gene SOEing PCR
(159) in which flanking region from either side of the operon were spliced with an antibiotic
resistance gene between them. Thus, all three genes encoding the transporter were
replaced by a single gene, either aphA-3 (kanamycin; Kan) or tetM (tetracycline; Tet) (83),
whose expression was dependent upon the promoter and other control elements (130)

upstream from ssaA.

Of note, it was found that ssaA has two putative start sites, as the original annotation
called for the protein sequence to begin with MYIKTIEVEM (Figure 3.1). Initial attempts
to generate a knockout mutant using this start site yielded few transformants (data not
shown). A second potential start site was identified, which appeared much more likely as

it was the correct distance from the predicted Shine-Dalgarno sequence. Transformations
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starting with aphA-3 at this second site resulted in many transformants (data not shown).
Further analysis by NCBI BLAST (174) comparing the sequences of other S. sanguinis
strains, as well as S. gordonii and S. mutans strains, showed that the first methionine is
either not present or not in-frame in all strains or species, confirming that the correct start

site is likely the second methionine depicted in Figure 3.1.

We previously assessed both AssaACB mutants in our rabbit model of IE and both were
recovered in similar quantities (175), indicating that the different antibiotic selection
markers did not impact virulence. The kanamycin resistant version, JFP169, was utilized
in a recent study to determine intracellular metal speciation in S. sanguinis (120), where
it was also determined that this mutant grew poorly in pooled rabbit serum at 12% Oa.
The addition of 5 uM Mn improved the growth to WT-like levels (120). The AssaACB
mutant was also deficient in Mn and Fe levels as measured by inductively coupled plasma
optical emission spectroscopy (ICP-OES) (120). This deficiency was relieved when
complemented by insertion of the ssaACB genes into an ectopic chromosomal expression
site (120, 176). Thus, we used these AssaACB mutants for the studies contained within

this thesis.
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Streptococcus sanguinis ssaA:

18

M X I R T T E ¥ ¥ B M iz

—
SK36 ...TTGTTAAAAATTAACTTGACTTAATTTTTATTTTAATGTATATTAAAACTATAGAGGTGTATGAGATG. . .
MY TN LT ENYE MW
SK49 | TTATTAAAAATTAACTTGACTTAATTTTTATTTTAATGTATATTAATCTCATAGAGGTGTATGAGATG. . .
49
strains M ¥ I KE T M E Y X B Mau.
SK408 ... TTATTARAAATTAACTTGACTTAATTTTTGTTTTAATGTATATTAAAACAATGGAGGTGTATGAGATG. . .
M Y I KT IEVUYTEM ...
_VMCGS ...TTACTAAAAATTAACTTGACTTAATTTTTGTTTTAATGTATATTAAAACCATAGAGGTGTATGAGATG. . .
i
BCC18 .. .TTTATCAAAAATTAACTTGACTTAATTTTTATTTTAATGTATATTAAACTATAGAGGTGTATGAGATG. . .
7
strains M.
- SK405 ... TTTATCAAAAATTAACTTGACTTAATTTTTATTTTAATGTATATTAAACTATAGAGGTGTATGAGATG. . .
Streptococcus gordonii scaC:
2 M ¥ I N T VEWVYIE M ...
% E MB666 ...TTTTGCAAAATTAACTTGACTTAATTTTTATGTTAATGTATATTAATACCGTGGAGGTGATATACATG. . .
strains
DL1 ...TTTGCAAAATTAACTTGACTTAATTTTTATGTTAAGGTATATTAATACAGTGGGGGGTGATATACATG. . .
3? BCC29 ...TTTTGCAAAATTAACTTGACTTAATTTTTATGTTAAGGTATATTAATACAGTGGGGGTGATATACATG. . .
strains
BCC32 ...TTCAACAAAATTAACTTGACTTAATTTTTGTGTTAAGGTATATTAATAACGTAGAGGTGATATACATG. . .
Streptococcus mutans sloA:
UA159 .. . CTAATATAAAAATTAACTTGACTTAATTTTTATATTAGGTTATATTACTTATAAAAGGAGTAAARATG. . .
st1:i5n " U2A ...CTAATACAAAAATTAACTTGACTTAATTTTTATAT TAGGCTATATTACTTATAAAAGGAGTAAARATG. . .
T4 ...CTAATACAAAAATTAACTTGACTTAATTTTTATATTAGGCTATATTACTTATAAAAGGAGTARAAATG. . .

Key:

SsaR/ScaR/SIoR binding sites -10 and -35 sequences Ribosome binding sites Putative start sites

Figure 3.1 ssaA start site determination

Sequences are aligned to that of the SK36 ssaA gene and upstream region, which are depicted
according to the original GenBank annotation. All sequences contained within a given bracket
share the same left-most in-frame ATG codon (pink). Other elements are defined above and were
originally predicted based on sequence alignments (136), but have been defined experimentally

in S. gordonii (177) and S. mutans (178).
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Further assessment of the AssaACB mutant

We next examined whether these mutant cells were quiescent or dead after culture in
aerobic rabbit serum by adding Mn 24 h after inoculation (Figure 3.2). We observed that
when we added Mn after 24 h of incubation and then continued incubation for another 24
h, the cells grew to the same density as those in a tube in which Mn had been added at
the time of inoculation (To). In contrast, the cell density of the culture to which no Mn had
been added declined slightly at 48 h, indicating that the cells are quiescent at 24 h but

may start to die between 24-48 h.

1010
10°— *kk e
108
107 4 —8— No Mn added
106 -
105-
104+
103 -
102-
1014

10° I T T
0 24 48
Time (Hours)

Figure 3.2 Aerobic serum growth of the AssaACB mutant after 24 and 48 hours
Cultures were inoculated into rabbit serum that was preincubated at 12% O,. Mn was added to
one culture tube immediately after inoculation (red arrow) and another after 24 h growth (blue
arrow). All culture tubes were returned to 12% O,. Growth was assessed 24 and 48 h after
inoculation by plating on BHI agar. The means + SD of at least three independent experiments
are displayed and significance was determined by one-way ANOVA with a Tukey multiple
comparisons test. ***P < 0.001 as compared to the sample with no Mn added at the same time
point.

—#- 5 yM Mn added at T,

CFU mL"

* —&— 5 uM Mn added at T,,

Selection of fermentor growth conditions for Mn depletion
For this study, we were interested in measuring transcriptional changes resulting from Mn

depletion in metabolically active cells. We also wanted to examine the cells as they
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transitioned from Mn replete conditions to Mn insufficiency, a task that would most easily
have been accomplished by addition of a strong and selective Mn chelator to growing
cells. However, we were aware of no such chelator. We therefore explored the use of the
non-specific chelator EDTA in conjunction with a AssaACB mutant. As described above,
this mutant was previously found to be deficient in Mn and Fe transport and aerobic

growth in low-Mn media (120).

We achieved reproducible, large-scale growth in a fermentor using BHI broth. Typical
chemostat conditions (179) could not be identified that supported growth of the SK36 WT
strain but not the AssaACB mutant, even when aeration was increased (data not shown).
However, we found that when the dilution rate was increased to 0.875 vessel volumes
per h, addition of 100 uM EDTA to both the fermentor vessel and media carboy
dramatically reduced the optical density (ODs40-910) of the AssaACB mutant cultures
(Figure 3.3A), while not affecting the WT strain (Figure 3.3B). The effect of EDTA addition
on the OD of the AssaACB cultures typically became apparent after 38 min (Figure 3.3A
inset). The addition of EDTA slowed the growth of the AssaACB mutant but did not Kkill
the cells entirely because when the media pumps were shut off ~80 min post-EDTA
addition, the OD began to increase immediately (data not shown). Without EDTA, the

AssaACB mutant grew similar to WT (data not shown).
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H

A 1.00 Ipm 0.80 AU 10.00 pH 100 mL 5000 mL
AssaACB
Time Point Time (minutes) ODg40-910
First Peak OD 2034166 0.55 +0.01
from inoculation
28236
Max oD from EDTA addition| ~ 0-64%0.01
: 37.8:6.0
DropinOD | ¢ EDTA addition| 063 £0.01
e 1h
~——0.00lpm ~0.00 AU 4.00 pH. 0mL omL

B 1.00 Ipm 0.80 AU 10.00 pH 100 mL soomL
WT
EDTA
\\‘ .
A 1h
‘r AT 000 1pm 0.00 AU 4.00 pH 0omL omL

Figure 3.3 Aerobic fermentor growth of AssaACB and WT strains

Representative charts for fermentor growth of S. sanguinis (A) AssaACB and (B) WT cells. Each
color represents a different parameter: cyan - air flow (liters per min; lpm), pink - optical density
(840-910 nm; absorbance units; AU), dark green - pH, light green - base input (KOH), purple -
media input (total volume). Each color represents a different parameter as labeled at the top of
the figure. The scale for each parameter is indicated by the values under each respective
parameter label (minimum at the bottom, maximum at the top). The time scale is indicated by the
bar in the bottom right portion of each chart. Cells were grown under aerobic conditions with EDTA
added 80 min (To) after the media input and output pumps were turned on and the air flow was
set to 0.5 Ipm. Each sample time point is labeled.
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To determine if a lack of available Mn caused the EDTA-dependent reduction in the
AssaACB growth rate, samples of both WT and AssaACB were collected at T-20, T1o, Tas,
and Tso, where 100 uM EDTA was added to the media carboy at T-4 and to the vessel at
To (Figure 3.3). Washed cells were analyzed using ICP-OES (Figure 3.4). EDTA addition
to WT did not significantly alter cellular levels of four of the metals measured—Mn, Fe,
zinc (Zn), or magnesium (Mg) (Figure 3.4A). Mn was the only metal significantly reduced
in the post-EDTA samples as compared to pre-EDTA for AssaACB (Figure 3.4B). While
Fe levels were low in the AssaACB mutant, they did not drop significantly after the addition
of EDTA (Figure 3.4B). This is consistent with the metal content of the AssaACB mutant
measured previously under aerobic growth conditions (120). Neither Zn nor Mg levels
were significantly affected (Figure 3.4). Cobalt and copper levels were at or below the

limit of detection in both strains (data not shown).
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Figure 3.4 Effect of EDTA on metal content of fermentor-grown cells

WT (A) and AssaACB (B) cells were collected from the fermentor at each time point and analyzed
for cellular metal content using ICP-OES. Means and standard deviations of three replicates are
shown. Significance was determined either by repeated measures ANOVA or by one-way ANOVA
if matching was not effective, with a Tukey-Kramer multiple comparisons test to T.. *P < 0.05, **
P <0.01, ™ P < 0.001. Time points not labeled were not significantly different from T.,. For Fe,
two Ty replicates in (A) and at least two replicates for each time point in (B) were below the limit
of detection.

As another test of metal specificity, 100 uM of either Mn?* or Fe?* sulfate was added to
the vessel 70 min post-EDTA addition. The addition of Mn?* eliminated, and then
reversed, the post-EDTA decline in OD, while Fe?* had no discernible effect (Figure 3.5).
The metal content of samples collected 10 min after addition of Mn?* or Fe?* (Tso) revealed
that both Mn and Fe were taken up by cells, resulting in significantly higher levels than at
T-20 (Figure 3.6). Although neither Zn nor Mg levels were significantly affected by addition

of EDTA (Figure 3.4), 100 uM of either Zn?* or Mg?* sulfate was added at T7o for at least
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two fermentor runs each and, like Fe?*, neither produced any apparent effect on the

growth (Figure 3.7).

Air 0D pH Base Media Input
A 1.00 Ipm 0.80 AU 10.00 pH 100 mL 5000 mL
AssaACB
EDTA
/M n
rL 1h
A o0 1pm 0.00 AU 4.00 pH omL omL
Air oD pH Base Media Input
B 1.00 Ipm 0.80 AU 10.00 pH 100 mL 5000 mL
AssaACB
EDTA

X

r—‘ =

. 1h
AR T 0.00AU 4.00 pH omL omL
Figure 3.5 Addition of Mn or Fe to fermentor-grown AssaACB cells post-EDTA
Fermentor growth of AssaACB with the addition of 100 uM EDTA at T, as described previously,

with 100 uM of either (A) Mn?* or (B) Fe?* added at T+. Colors and labels are as in Figure 3.3.
The time scale is indicated by the bar in the bottom right portion of the each chart. Each chart is

representative of at least three replicates.
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Figure 3.6 Metal content of fermentor-grown AssaACB cells with Mn or Fe added

Samples of AssaACB cells were collected from the fermentor at each time point and analyzed for
cellular metal content using ICP-OES. The Tgo time point is 10 min after the addition of 100 uM of
either (A-B) Mn?* or (C-D) Fe?* added at T+ as depicted in Figure 3.5. Means and SD of three
replicates are shown. Significance was determined for each metal by repeated measures ANOVA
or one-way ANOVA if matching was not effective. A Tukey-Kramer multiple comparisons test was
used for comparison to T.x for each metal; *P < 0.05, ***P < 0.0001.
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Figure 3.7 Addition of Zn or Mg to fermentor-grown AssaACB cells post-EDTA

Fermentor growth of the AssaACB mutant with the addition of 100 uM EDTA at To and 100 uM of
either (A) Zn?* or (B) Mg?* at T+o. Colors and labels are as in Figure 3.3. The time scale is indicated
by the bar in the bottom right portion of the each chart. Each chart is representative of at least
two replicates
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Overview of transcriptional response of S. sanguinis to Mn depletion

In order to assess the impact of Mn depletion on the S. sanguinis transcriptome, RNA
sequencing (RNA-seq) analysis was performed on AssaACB fermentor samples
collected at the same time points as above (Figure 3.3). Principal component analysis
(PCA) revealed that the samples from each time point clustered together, indicating
minimal variation between independent replicates (Figure 3.8A). The Tio samples
overlapped slightly with T-20, indicating few early changes in gene expression. The
dissimilarities of the RNA-seq profiles were enlarged at T2s and Tso, suggesting that EDTA

treatment increasingly affected the gene expression of AssaACB during the tested period.

Volcano plot analysis of DEGs (defined as |logz| = 1, adjusted P-value < 0.05) comparing
post-EDTA time points to the pre-EDTA time point revealed that there were only 48 (2.1%)
and 139 (6.1%) DEGs at Tio and Tzs, respectively (Figure 3.8B). In contrast, at 50 min
post-EDTA, 407 genes (17.9%) were differentially expressed, with a number of genes
more severely downregulated (Figure 3.8B). Consistent with these results, the growth

rate of AssaACB decreased dramatically between T2s and Tso (Figure 3.3).
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Figure 3.8 Analysis of fermentor-grown AssaACB mutant gene expression

(A) Principal component analysis of the RNA-seq samples as determined by the pcaExplorer
package for R. Replicates are labeled by fermentor run number. Ellipses are drawn around the
95% confidence interval for each time point. (B) Volcano plots comparing each post-EDTA time
point to T2 were generated using DESeq2 analysis in the EnhancedVolcano package for R.
Genes that are upregulated in the post-EDTA time point are positive on the x-axis (right) and
those that are downregulated are negative (left). Genes exhibiting |log. fold change| > 1 are
depicted by either red (> 1) or blue (< -1) spheres.

RNA-seq trends for several GOIls with moderate to high expression level changes were
validated by measuring mRNA levels of fermentor samples via quantitative reverse
transcriptase polymerase chain reaction (QRT-PCR) (Figure 3.9). The relative expression
levels observed in the gRT-PCR experiments largely replicated the trends observed in
the RNA-seq analysis.

In the following sections, we highlight results we believe to be most important.
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Figure 3.9 Validation of RNA-seq trends using gRT-PCR
(A) The average log; fold change values of select GOIs from the DESeq2 RNA-seq analysis,
comparing each post-EDTA time point to T_2. The average is from four biological replicates. (B)
Log. fold change values of the same genes as determined by gRT-PCR of two additional

AssaACB fermentor run samples. Mean and SEM for each time point are depicted. Horizontal
dashed lines indicate log; fold expression changes of + 1.

Regulation of metal transport genes

As seen in Figure 3.4, Mn was the only tested metal whose cellular concentration was
decreased upon addition of EDTA to AssaACB cells. To further investigate the impact of
EDTA on metal transport, we examined the expression of metal transport genes (Figure
3.10). The Kan resistance gene aphA-3 that replaced the Mn transporter operon, ssaACB,

in this mutant strain was upregulated in all three post-EDTA time points (Figure 3.10).
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This is consistent with previous results from our lab showing Mn-dependent repression of

SsaB expression as measured by western blot (130).

Locus P—— TPM Log, Ratio
Tag i T20 | T10/T-20| T25/T-20 | Ts0/T-20 | |Log, Ratio
SSA 0135 |adcR, MarR family transcriptional repressor 44 | -0.79 0.97 -0.16
Matal Teansgort SSA_0256 |ssaR, DxR family transcriptional repressor 195 | -0.19 | -0.50 0.07
Regulators =2 =0686perR, Fur family transcriptional repressor 367 -011 | 003 | 0.39
SSA_0260 |aphA-3 (kanamycin resistance cassette replacing ssaACB) 563 | 0.28 0.75 0.96 1.0
SSA_0299 |VIT family protein 36 | 0.38 0.99 1.21 0.5
Mn Transport [ SSA 0851 |mntE, Mn efflux protein 9% | 0.31 0.53 1.17 0.0
SSA_0866 |mgtA, Mn/Ca exporter 550 | 0.23 0.28 0.52 0.5
SSA_1413 |GufA-like, ZIP family protein 119| -0.30 | -0.33 | -0.92 -1.0
SSA_0299 |VIT family protein 36 | 0.38 0.99 1.21 1.5
SSA_0461 |pefC , heme exporter 144 | 0.00 -0.08 -0.20
SSA_1129 |Periplasmic iron transport lipoprotein 342 | 0.03 0.01 -0.01
SSA_1130 |Iron-dependent peroxidase 117 | 0.00 0.31 0.52 0
SSA_1131 |High-affinity Fe?'/Pb?* permease 150 | 0.26 0.43 0.73
SSA_1413 |GufA-like, ZIP family protein 119 | -0.30 | -0.33 -0.92 4.0

Fe Transport | SSA_1578 | ABC-type Fe*'-siderophore transport system, permease component | 75 | 0.12 | -0.34 | -0.34
SSA_1579 | ABC-type Fe**-siderophore transport system, ATPase component 88 | -0.10 | -043 | -0.63

SSA_1581 |Hemin ABC transporter 121 | 0.06 | -0.41 -0.45
SSA_1741| ABC-type Fe**-siderophore transport system, ATPase component 92 | 007 | -023 | -0.01
SSA_1742 |ferrichrome-binding protein 113 | 0.17 -0.13 0.28
SSA_1743 | ABC-type Fe**-siderophore transport system, permease component | 60 | 0.04 | -020 | 0.15
SSA_1744 |iron ABC transporter permease 53| 021 0.00 0.55
SSA_0136 [adcC, Zn ABC ftransporter, ATPase 39 | -0.11 1.18 0.62
SSA 0137 [adcB, Zn ABC transporter, permease 45 | 068 0.75
SSA_0138 |adcA, Zn ABC transporter, lipoprotein 62 | 0.69 0.79
SSA 1339 |phtD, pneumococcal histidine triad protein D 9 1.18 -0.34
Zn Transport | SSA_1340|adcAlll, Zn ABC transporter, orphan lipoprotein 8 0.47 0.89 -1.12
SSA_1413 |GufA-like, ZIP family protein 119 | -0.30 | -0.33 -0.92
SSA_1990 (adcAll, Zn ABC transporter, orphan lipoprotein 17 | 0.98 -0.17
SSA 1991 phtA, pneumococcal histidine triad protein A 18 | 1.03 -0.20
SSA 2321 |czeD, Zn/Cd efflux protein 126 | -0.37 | -1.83 | -1.19
SSA_0447 |CorA-family protein, magnesiunv/cobalt transporter 290 | -0.28 | -0.51 -0.50
Mg Transport SSA_0701 [CorA-family protein, magnesium/cobalt transporter 559 | -0.38 | -0.38 -0.49
SSA_0888 |mgtE , Mg/Co/Ni transporter 152 | -0.51 0.20 0.51
SSA_1734 [Mg/Ni transporter, P-Type ATPase 48 | 0.33 0.59 0.72

Figure 3.10 Expression of metal transport genes post-Mn depletion

Metal transport genes are depicted with their average transcripts per million reads (TPM) at T2
and log; fold change values for each post-EDTA time point. TPM values greater than 1000 are
full saturation (green). Positive log; fold change values (red) indicate genes upregulated in post-
Mn-depletion samples as compared to T.2o, while negative values (blue) indicate downregulated
genes. Values in bold indicate significant changes in expression by adjusted P-value (< 0.05).
Given that the cells were Mn-depleted after EDTA addition (Figure 3.4), it was surprising
that genes encoding putative orthologs of the S. pneumoniae Mn-export proteins MntE
(109, 180) and MgtA (154), were significantly upregulated at Tso (Figure 3.10). In S.

pneumoniae, mntE was found to be constitutively expressed (181) and mgtA expression
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was found to be positively regulated by Mn through a metal-dependent riboswitch (154).
We therefore sought to test whether a previously generated AmgtA mutant (85) and a
recently made AmntE mutant exhibited increased Mn sensitivity relative to WT as
expected based on previous findings in S. pneumoniae and S. mutans (109, 153, 154).
Preliminary results indicate that the AmgtA mutant grows as expected, with a lower final

density than WT in BHI with 2 mM added Mn (Figure 3.11).
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Figure 3.11 Growth of a AmgtA mutant with excess Mn

Mn was added to BHI that was pre-incubated at 1% O, immediately prior to inoculation. Cultures
were then inoculated into these tubes, which were returned to 1% O,. Growth was assessed after
24 h by plating on BHI agar. The mean + SD of two independent experiments is displayed.

A AmntE mutant grew to a slightly lower final density than WT in BHI with 5 mM added
(Figure 3.12) but Mn precipitated out of the media at this concentration (data not shown).
We also tested growth in Chelex-treated BHI (cBHI) with added Mn because we were
curious as to whether the lack of other metals would influence the growth. Interestingly,
5 mM Mn did not precipitate out of cBHI like it did in BHI (data not shown). Preliminary
results did not yield a distinguishable difference between the WT and AmntE mutant in

cBHI at any Mn concentration (Figure 3.12). We also tested growth of these mutants on

www.manaraa.com



32

BHI agar plates with added Mn or EDTA (Figure 3.13). Additionally, the loss of mntE did
not affect growth of the AssaACB mutant in either excess Mn or EDTA (Figure 3.13). We
also generated an IPTG-inducible complemented mutant and did not observe a difference
in growth in BHI with or without Mn upon addition of IPTG (data not shown). Initial metal
analysis revealed that the AmntE mutant accumulated slightly more Mn than WT when
excess Mn was added (data not shown). These results indicate that S. sanguinis may
primarily use MgtA to export excess Mn and MntE may function differently in S. sanguinis
thanin S. pneumoniae and S. mutans. Future studies be required to elucidate the function

of these putative exporters and their transcriptional regulation in S. sanguinis.
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Figure 3.12 Growth of a AmntE mutant with excess Mn

Cultures were inoculated into BHI (A) or cBHI (B) that was preincubated at 1% O,. Mn was added
to the indicated concentration immediately prior to inoculation. All culture tubes were returned to
1% O,. Growth was assessed after 24 h by plating on BHI agar. Results from one experiment are
displayed.
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Figure 3.13 Growth of AmntE mutants on BHI plates with Mn or EDTA

Growth on BHI = 10 mM Mn or 400 uM EDTA. Overnight broth cultures were normalized (N) to
each other by ODsgo prior to subsequent dilution and spot plating. Plates were incubated for 24
h at 0% O.. Only one replicate was performed with these conditions.

As seen in Figure 3.4, cellular Zn levels in AssaACB were not significantly altered by
EDTA addition, despite the high affinity of this chelator for Zn (182). Maintenance of Zn
levels may be due to the higher levels of Zn than Mn in BHI (1.7 + 0.02 vs. 0.02 £ 0.003
ug mlt, respectively) (120) or through the regulation of Zn transporter genes. S. sanguinis
possesses orthologs of the Zn ABC transporter AdcCBA of S. pneumoniae (183) and all
three genes were upregulated post-EDTA (Figure 3.10). Expression of the gene encoding
the Zn?* and Cd?* efflux protein, CzcD (184), decreased after EDTA addition (Figure
3.10). Thus, cellular Zn levels appear to have been maintained during EDTA treatment
by decreasing export of intracellular Zn and increasing import of any remaining

bioavailable Zn through regulation of Zn transporters.

We also examined the regulation of other putative Zn-transport proteins. In S.

pneumoniae, AdcAll and several histidine triad proteins also contribute to Zn transport
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(185). AdcAll is an orphan lipoprotein of the AdcCBA system (186, 187) and PhtD is a
histidine triad protein encoded adjacent to AdcAll (188, 189). S. sanguinis has two genes,
SSA_1340 and SSA 1990, that encode proteins similar to AdcAll, and each is also
adjacent to putative histidine triad protein genes, SSA_ 1339 or SSA 1991. Because
AdcAll is more similar to SSA_ 1990, we have named this protein AdcAll, whereas we
have designated SSA 1340 as AdcAlll. Consistent with a potential role in Zn uptake, all
four of these genes were upregulated at T2s (Figure 3.10). The relative contribution of
each of these proteins to Zn import remains to be determined, although we hypothesize
that the upregulation of these genes contributes to the tight maintenance of Zn levels in

cells post-EDTA.

Less is known about transport of other metals in streptococci. S. sanguinis encodes
several putative Fe transporters, none of which were differentially expressed, with the
exception of a vacuolar iron transporter (VIT) family homolog (Figure 3.10). While this
protein family has not been well-characterized in bacteria (190), VIT proteins have been
implicated in Fe and Mn transport in other organisms (191-193). Two predicted CorA-
family Mg transporters (194, 195) were slightly downregulated post-EDTA (Figure 3.10).
This is unsurprising, as levels of Mg in BHI are very high (15.0 + 1.5 pg ml?) (120) and
EDTA has a lower affinity for Mg than many other metals (8.7 logg1 for Mg vs. 14.1 logg1
for Mn) (182). For reasons that are unclear, expression of genes for two other putative
Mg transporters, mgtE and mgtB (195), was significantly upregulated post-EDTA (Figure
3.10). The role and contribution of each of these gene products to metal homeostasis

needs to be validated for S. sanguinis.
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Examination of known Mn-cofactored enzymes

Superoxide dismutase
S. sanguinis possesses a singular superoxide dismutase, SodA, and it is Mn-cofactored

(75, 130). Our previous study indicated that reduced SodA activity could account for only
a portion of the reduced virulence and serum growth of the AssaB mutant (130).
Expression of sodA is affected by oxygen levels (130) and given the constant airflow into
the fermentor vessel, we expected the levels remain constant. Instead, expression levels
decreased significantly at both T2s and Tso (Figure 3.14), which may be due to Mn-
dependent positive regulation of transcription (110, 196). Given that the fermentor growth
conditions do not exactly replicate either of our previous in vitro or in vivo assays, we
wondered whether SodA would be important here. To answer this question, we grew our
AsodA knockout mutant in the fermentor under the same growth conditions but without
EDTA added. The AsodA mutant grew normally under these conditions (Figure 3.15),
indicating that Mn-dependent SodA activity is not essential for aerobic growth under these
conditions. While this does not rule out the possibility that reduced SodA activity after Mn
depletion contributed to the reduced growth rate of AssaACB, it established that it was

not the sole cause, thus encouraging us to investigate other possibilities.
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Locus Annatatioi TPM Log, Ratio Log, Ratio

Tag T1o/T20 | Tas/T20 | Tso/T-20
SSA_0768 |nrdF , aerobic RNR (Mn-dependent) 0.16 -0.35 -0.66
SSA_0769 |nrdK , aerobic RNR 0.20 -042 | -0.61

SSA 0770 |nrdE, aerobic RNR 0.08 -0.38 | -0.66 1.0

SSA_0771|nrdH, aerobic RNR 009 | -0.55 | -0.54 0.5

SSA_1668 |fmnG, flavodoxin -0.03 -0.07 -0.02 0.0

Ribonucleotide | SSA_1683 |fmnl, flavodoxin -0.05 -0.16 0.12 -0.5
Reductases [SSA 2226 |nrdG, anaerobic RNR -0.04 0.58 0.54 -1.0
SSA_2227 | Acetyltransferase -0.43 0.44 0.83 -1.5

-0.41 0.11 0.36
-0.04 0.22 0.41

SSA_2228 | Acetyltransferase

SSA_2229 |Hypothetical protein
SSA_2230 |nrdD, anaerobic RNR 0.09 0.16 0.44 |
SSA_2263 |nrdl, flavodoxin component of aerobic RNR -0.22 0.13 0.31
SSA_2394|comC 0.25 -0.41 -0.95 4.0

SSA_2379 |comD -0.16 -0.36
SSA_2378 |comE 0.16 -0.05
SSA_0016 |comX 0.74 0.35
SSA_0184 |comGA 315 ] i [ 038
SSA_0185|comGB 201 0.67
SSA_0186|comGC 114 1.03
SSA_0187 |comGD 182 0.99
Competence  oos 5188 |comGE 77 113
SSA_0189|comGF 182 1.14
SSA_0190|comGG 226 1.19
SSA_0715|comEA 196 0.96
SSA_0716|comEC 118 1.22
SSA_1497 |comEB 181 0.11 0.30
SSA_1835|comFC 124 1.03
SSA_1836 |comFA 166 0.87
SSA_1204 |pgm, phosphatase 567 -0.13 -1.24
SSA_1260 |deoB, pentophosphomutase 218 -0.47
ME;E;;Z“:;“‘ SSA_1271|papP._nuckeotide phosphatase 205 0.32
Streptococci SSA_1748 |ppaC, phosphatase 651 0.24
SSA_1846 | phpP, phosphatase 577 0.21
SSA_2224|cspB, capsular phosphate 242 -0.74
SSA_0250|relA, bifunctional (p)ppGpp synthetase/hydrolase 102 -0.02
Rel Proteins |SSA_1210|relQ, (p)ppGpp synthetase 188 0.60
SSA_1795|relP, (p)ppGpp synthetase 115 0.21 0.39
SSA_0009 |Ribosome-associated heat shock protein (S4) 389 -0.41 -0.35
SSA_0156 |ATPase with chaperone activity, ATP-binding subunit 4 -0.32 -0.41
SSA_0644 |dpr, DNA Protection System 473 1.00
SSA_0669 |cIpE, ATP dependent protease 226 0.08 0.18 0.39
SSA_0721sodA , Mn-cofactored superoxide dismutase SN o4 | 079 [ 79
SSA_1093 |c/pX, ATP-dependent Clp protease ATP-binding subunit 496 0.09 0.18 0.25
SSA_1136 |clpA, ATPases with chaperone activity, ATP-binding subunit 17 0.87 0.90 -1.03
SSA_1731|clpP, ATP-dependent Clp protease, proteolytic subunit 0.26 0.07 -0.29
SSA 1745 |csbD, General stress response protein -0.77 -0.96
Stress  'SSA 1979|Akaline-shock profein 000 | -0.38
Responses (o 2005]dnaJ, Chaperone prolin 01 | -001
SSA_2007 |dnaK, Chaperone protein 0.66 0.14
SSA_2008 |grpE , Molecular chaperone 0.39 -0.09
SSA_2009 |hrcA, Heat shock transcription repressor 707 0.04 -0.71
SSA_0225|groES, Heat shock protein 114 -0.34 0.59
SSA_0226 |groEL , Heat shock protein 245 -0.09 0.45
SSA_2148|Alkaline shock stress response protein 210 -0.02 0.05
SSA_2190|hs/O, 33 kDa chaperonin 193 -0.26 -0.27
SSA_2199 |cIpC, ATP-dependent Clp protease, ATP-binding subunit 113 -0.24 0.10

Figure 3.14 Expression of select genes after Mn-depletion

Selected GOls are depicted with their average transcripts per million reads (TPM) at T-»o and log>
fold change values for each post-EDTA time point. TPM values greater than 1000 are full
saturation (green). Positive log fold change values (red) indicate genes upregulated in after Mn-
depletion samples as compared to T.»o, while negative values (blue) indicate downregulated
genes. Values in bold indicate significant changes in expression by adjusted P-value (< 0.05).
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i Base ] Media Input
AsodA 1.00 Ipm 0.80 AU 10.00 pH 100 mL 5000 mL

AAARHARPARARDFAEP UOyrAU 400 pH 0mL 0mL

Figure 3.15 Aerobic fermentor growth of a AsodA mutant

The AsodA mutant grown under aerobic fermentor conditions as described previously, without
EDTA. Each color represents a different parameter, labeled at the top of the figure. The scale for
each parameter is indicated by the values under each respective parameter (minimum at the
bottom, maximum at the top). The time scale is indicated by the bar in the bottom right portion of
the chart. Representative chart from three replicates.

Class Ib ribonucleotide reductase
The other known Mn-cofactored enzyme in S. sanguinis is the aerobic class Ib

ribonucleotide reductase (RNR), NrdEF (100, 101). RNR enzymes catalyze the
production of deoxynucleotides from nucleotides. It was previously found that mutant
strains lacking this enzyme were unable to grow in aerobic conditions, whether in serum
or BHI. These studies also suggested that Fe could not substitute for Mn as an RNR
cofactor in vivo, despite its ability to do so in vitro. Thus, we considered whether loss of
activity of the NrdEF enzyme due to Mn depletion was the cause of the observed growth

rate decrease.

www.manaraa.com



38

In addition to reducing cellular Mn levels, EDTA also led to a decrease in the expression
of nrdHEKF (Figure 3.14). Although we do not know how the aerobic RNR genes are
regulated in S. sanguinis, it would be surprising to find that they were downregulated in
response to a deoxynucleotide shortage caused by reduced activity of the enzyme. We

considered whether the cells were able to obtain nucleotides from some other source.

Although expression of the anaerobic RNR genes nrdD and nrdG slightly increased after
Mn depletion, it seems highly unlikely that this could compensate for loss of NrdEF
activity; the anaerobic enzyme is highly sensitive to oxygen in S. sanguinis (101).
Moreover, the expression level of the nrdG gene at the T-20 time point was one-fortieth
that of any of the genes in the nrdHEKF operon. To test that NrdDG was not
compensating for loss of NrdEF activity, we generated AnrdD KO mutants in WT and
AssaACB backgrounds and tested these mutants in a serum growth study (Figure 3.16).
Neither of the AnrdD mutants grew significantly differently from its respective parent strain
(Figure 3.16). We also assessed the growth of the quadruple mutant in aerobic fermentor
conditions (Figure 3.17). While the results of the fermentor growth are preliminary (n = 1),
the AssaACB AnrdD mutant exhibited a growth pattern similar to that of the AssaACB

parent (Figure 3.17).
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Figure 3.16 Aerobic serum growth of AnrdD mutants

Overnight pre-cultures were inoculated into rabbit serum that was preincubated at 12% O, and
returned to the same conditions. Growth was assessed after 24 h by plating on BHI agar. The
mean £ SD of at least three independent experiments is displayed. Significance of To and Tz
values were determined separately by one-way ANOVA with a Tukey multiple comparisons test.
Bars with the same letter are not significantly different from each other. No T, values were
significantly different from each other.

Base oD Media Input pH
1.00 Ipm 100 mL 0.80 AU 5000 mL 10.00 pH

AssaACB
AnrdD

EDTA
4

1h

0.00 AU omL 4.00 pH
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100 fpm ==

Figure 3.17 Aerobic fermentor growth of an AssaACB AnrdD mutant
The AssaACB AnrdD mutant grown under aerobic fermentor conditions as described previously,
with 100 uM EDTA added. Each color represents a different parameter, labeled at the top of the
figure. The scale for each parameter is indicated by the values under each respective parameter
(minimum at the bottom, maximum at the top). The time scale is indicated by the bar in the bottom
right portion of the chart. Only one replicate was completed.
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As S. sanguinis is naturally competent (197), we also considered the possibility that it was
compensating for reduced NrdEF activity through the uptake of DNA from its environment.
While several early competence genes (84) were either unchanged or downregulated,
comX and most of the late competence genes were upregulated significantly at Tazs
(Figure 3.14). Interestingly, this upregulation was sustained at Tso for most genes, despite
the fact that competence has been characterized as a transient state in S. sanguinis (84).
Elimination of genetic competence genes comCDE (198) did not influence aerobic serum
growth in Mn-deplete media in the WT or AssaACB background (Figure 3.18). This

suggests that the cells are probably not obtaining nucleotides from other cells.
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Figure 3.18 Aerobic serum growth of AcomCDE mutants

Overnight pre-cultures were inoculated into rabbit serum that was preincubated at 12% O, and
returned to the same conditions. Growth was assessed after 24 h by plating on BHI agar. The
mean + SD of at least three independent experiments is displayed. Significance of To and Tz
values were determined separately by one-way ANOVA with a Tukey multiple comparisons test.
Bars with the same letter are not significantly different from each other. No T, values were
significantly different from each other.

We recently analyzed the metabolome of S. sanguinis cells under the same conditions as

this study (199). The results suggested that deoxynucleotides in cells increased or were
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unchanged after Mn depletion, which is inconsistent with a deoxynucleotide shortage.
Thus, while NrdEF requires Mn for activity, our data suggest that nucleotides were not a
limiting factor for growth in our study. The simplest explanation for the above results is
that S. sanguinis possesses at least one other Mn-dependent, essential enzyme in
addition to NrdEF, such that when Mn levels fall, the reduced activity of one or more of
these other enzymes becomes growth limiting.

Mn-dependent phosphatases in S. pneumoniae

In the related species S. pneumoniae, there are six additional enzymes (Figure 3.14) that
have been found to be co-factored by Mn (200, 201). Orthologs of all six enzymes are
encoded in the S. sanguinis genome, although their functions have not been confirmed.
Pgm and CpsB are phosphatases that have been implicated in capsule biosynthesis in
S. pneumoniae, although S. sanguinis lacks a true capsule. DeoB is a
phosphopentomutase that functions to connect the pentose phosphate pathway to purine
biosynthesis and was also significantly downregulated at Tso. Expression of papP,
encoding a nucleotide phosphatase, was significantly increased at the later time points
and has been shown to affect membrane lipid homeostasis (201). A significant
morphological difference was observed in ApapP mutants in S. pneumoniae, but
AssaACB cells from the Tso sample did not appear morphologically different from cells at
T-20 (Figure 3.19). Of note, we observed changes in fatty acid synthesis under these same
fermentor growth conditions (202) suggesting that PapP activity may be reduced but not

to the extent required to affect morphology.

Genes encoding the other two phosphatases, PhpP and PpaC, were not differentially

expressed at any time point (Figure 3.14). While this indicates lack of Mn-dependent
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regulation, it does not rule out the possibility that their activity decreased. PhpP is a
serine/threonine protein phosphatase that is a key regulator of cell division and has been
shown to be regulated by the bioavailable Zn:Mn ratio in S. pneumoniae (200). While the
Zn:Mn ratio did increase over time in our study (Table 3.3), AssaACB cells from the Tso
sample did not appear morphologically different from cells at T-20 (Figure 3.19), indicating
that PhpP may not be affected by Mn limitation under these conditions. In our recent
study, loss of PhpP did not significantly affect the growth of S. sanguinis in human serum
(203), which indicates that it is likely not responsible for the growth rate decrease
observed here. The last phosphatase, PpaC, is essential for S. sanguinis (85), so if PpaC
activity was decreased due to Mn depletion, this could have contributed to the decreased
growth rate phenotype observed post-EDTA. Another possibility is that similar to NrdEF,
the reduced expression of non-essential Mn-dependent enzymes such as SodA may
allow for increased availability of Mn for PpaC. Further studies utilizing the knockout
mutants of each nonessential phosphatase (85) or an approach such as CRISPR
interference (204) for PpaC will enhance our understanding of relative contributions of

each phosphatase to the growth and morphology of S. sanguinis.
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Figure 3.19 Morphology of aerobic fermentor grown cells

Fixed AssaACB cells from T-20 and Tso time points were stained with DAPI. Images were
taken with a Zeiss Cell Observer Spinning Disc confocal microscope with a 100x oil
immersion lens. Scale is indicated by the cyan bar in the bottom left corner of each image.
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Table 3.1 Zn:Mn ratios in fermentor-grown cells

Strain T-20 T1o Tos Tso
WT 1.64 1.66 1.75 1.81
AssaACB | 2.02 2.47* 3.30* 5.36*

ICP-OES ratios as determined in Figure 3.4 were assessed by one-way ANOVA. “indicates P <
0.01 as compared to T-z.

RelA (p)ppGpp hydrolase domain
In streptococci and enterococci, Mn acts as a cofactor for the hydrolase domain of the

bifunctional (p)ppGpp synthetase/hydrolase, RelA (also called RSH for RelA/SpoT
Homologs) (205). As an alarmone, (p)ppGpp serves as an effector of the stringent
response in bacteria (206). Expression of relA was unchanged after EDTA addition and
expression of the other two small alarmone synthetase genes, relP and relQ (207), were
significantly increased and decreased, respectively (Figure 3.14). Both RelP and RelQ
were found to produce less (p)ppGpp than RelA in S. mutans (207) and appear to be
important during different environmental conditions or growth stages in gram-positive

bacteria (208).

In an attempt to determine whether loss of hydrolase activity in RelA could account for
the phenotypes we observed in Mn-depleted cells, we attempted to construct a hydrolase-
deficient mutant by altering specific residues (R44, H62, T151) shown by Hogg et al. (209)
to be important for (p)ppGpp hydrolase, but not synthetase activity. Similar to Kaspar et
al. (210), we were unable to generate any of the three point mutants without unintended
mutations arising in other regions of the gene (data not shown). This indicates that
hydrolase activity may be essential for growth of S. sanguinis. We then obtained strains
from the comprehensive S. sanguinis mutant knockout library (85) that were deleted for

each of the rel genes. We then generated a rel® strain by knocking out all three rel genes
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utilizing a markerless mutagenesis system originally described by Xie et al. (162), but
modified to contain the IFDC specific to S. sanguinis (161). We also made these rel
knockout mutants in the AssaACB background. We then assessed the growth of these
mutants in aerobic serum. As shown in (Figure 3.20), neither ArelP nor ArelQ grew to a
density that differed significantly from its parent strain, whether in the WT or AssaACB
background. Likewise, in both backgrounds, ArelA was more attenuated than rel°,

suggesting that is it more detrimental to lose activity of RelA than to lack all (p)ppGpp.
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Figure 3.20 Aerobic serum growth of rel mutants

Various rel mutants were grown for 24 h in 6% O in pooled rabbit serum. Means and SD at least
three replicates are displayed. Significance was determined by one-way ANOVA with a Tukey-
Kramer multiple comparisons test. T»4 bars that share a letter are not significantly different from
each other.
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Assessment of stress and stress responses in Mn-depleted cells through gene
expression

We next sought to determine whether the RNA-seq data suggested anything concerning
stresses experienced by the cells. S. sanguinis is known to generate copious amounts of
hydrogen peroxide (H202), presumably to more effectively compete against other oral
species, such as the caries-forming pathogen S. mutans (71, 211). Simple Mn
compounds have been reported to prevent oxidative stress by catalyzing the
decomposition of H202 (212) and superoxide (127, 128). We observed a significant
decrease in expression of the gene encoding the H202-generating enzyme pyruvate
oxidase, spxB, at T2s and Tso (Figure 3.21A) (211, 213). To determine whether the
decreased growth rate of the AssaACB strain during aerobic fermentor growth after Mn
depletion was due to excess H202 generation or the inability of cells to cope with H202
without Mn, H20:2 levels were measured in spent supernatant. Concentrations ranged
between 1 and 5 uM, far lower than has been observed in previous studies employing
SK36 (68) despite the constant influx of air into the vessel (Figure 3.21B). H20: levels
also decreased significantly at T2s and Tso as compared to T-20 (Figure 3.21B), which
correlates with the decreased expression of spxB (Figure 3.21A). These results indicate
that oxidative stress related to excess H20:2 levels is unlikely to be the cause of the growth

rate decrease observed after Mn depletion.
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Figure 3.21 Expression of spxB and quantitation of H,O, in fermentor culture

(A) Expression of the spxB gene in fermentor-grown AssaACB cells as determined by RNA-seq
analysis. Average transcripts per million reads (TPM) at T.2o and log. fold change values for each
after Mn-depletion time point are displayed. TPM values greater than 1000 are full saturation
(green). Positive log. fold change values (red) are genes upregulated in after Mn-depletion
samples as compared to Tz, While negative values (blue) indicate downregulated genes. Values
in bold indicate significant changes in expression by adjusted P-value (< 0.05). (B) H>O: levels of
the BHI culture supernatant were measured at each time point. Means and standard deviations
of at least 4 replicates are shown. Significance was determined by one-way ANOVA with a Tukey-
Kramer multiple comparisons test, comparing each after Mn-depletion time point to To. ** P <
0.01, *** P < 0.001.

Expression levels of various stress response genes were assessed, and most were either
downregulated or unchanged at Tso (Figure 3.14), indicating that the reduced growth rate
is likely not due to an overwhelming stress response. The only stress response-related
gene to show a significant increase in expression at Tso was that encoding the Dps-like
peroxide resistance protein, Dpr, (214). Dpr is a ferritin-like protein that has been shown
to be imperative for oxidative stress tolerance in several streptococci (115, 116, 214, 215),

including S. sanguinis SK36 (70) and was one of the most highly upregulated genes at
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all three time points. We generated a Adpr mutant as well as a strain with this mutation in
the AssaACB background and assessed their growth in aerobic serum. Each strain grew
similarly to its corresponding parent strain in aerobic serum (Figure 3.22). This indicates

that Dpr does not significantly contribute to aerobic growth in these conditions.
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Figure 3.22 Aerobic serum growth of Adpr mutants

Overnight pre-cultures were inoculated into rabbit serum that was preincubated at 12% O, and
returned to the same conditions. Growth was assessed after 24 h by plating on BHI agar. The
mean £ SD of at least three independent experiments is displayed. Significance of To and Tz
values were determined separately by one-way ANOVA with a Tukey multiple comparisons test.
Bars with the same letter are not significantly different from each other. No T, values were
significantly different from each other.

We then assessed the growth of the Adpr mutants under the same fermentor conditions
as described above, including the addition of 100 uM EDTA. Both strains took
exceptionally long times to reach their peak OD in the vessel without media flow (Figure
3.23). Once they peaked, airflow was set to the max and both strains grew similarly to
their parent strains. After EDTA was added, though, both strains dropped in OD like the
AssaACB mutant. This indicates that loss of Dpr may increase the sensitivity to Mn
depletion, although more replicates and further studies are required to confirm these

results.
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Figure 3.23 Aerobic fermentor growth of Adpr mutants

Growth of Adpr (A) and AssaACB Adpr (B) mutants in aerobic fermentor conditions as described
previously, with 100 uM EDTA added. Each color represents a different parameter, labeled at the
top of the figure. The scale for each parameter is indicated by the values under each respective
parameter (minimum at the bottom, maximum at the top). The time scale is indicated by the bar
in the bottom right portion of the chart. Only one replicate was completed of (B), while (A) is

representative of two replicates.

www.manaraa.com



50

Analysis of carbon catabolite repression and sugar transport

Examination of transport gene clusters revealed that the majority of those thought to
transport sugars were downregulated (Table S3.2), and of these, the majority belonged
to the phosphotransferase system (PTS) family, which is regulated by carbon catabolite
repression (CCR). CCR is a regulatory mechanism that gives bacteria the ability to utilize
carbon sources in order of preference (216). In gram-positive bacteria, a carbon catabolite
protein such as CcpA binds to catabolite responsive elements (cre) and represses
transcription of genes encoding non-preferred carbon source transport and utilization
systems (217). To determine the extent to which CcpA binding could be responsible for
the observed downregulation, cre sites identified previously by RegPrecise (218) and by
our custom searches were collected and compared. Using these methods, 393 putative
binding sites were identified (Table S3.2). Several PTS and sugar ABC transport genes
were predicted to have 5’ cre sites, the majority of which were downregulated at Tso. Other
genes known to be CcpA-regulated, such as spxB (219, 220), were downregulated as
well. This is surprising given that the glucose-containing media was replenished at a
constant rate throughout the experiment, indicating that there could be a Mn-related
mechanism