strong repressor of ccpE transcription. Taken together, these results suggest that MsaB
has an important role in regulating CodY and CcpE, which in turn is involved in the
overall nutrient-dependent regulation of cap transcription and capsule production in S.

aureus.

Figure 3.3 msaABCR regulates ccpE during all phases of growth.

Absolute quantification of ccpE in the four growth phases. Amplicons of ccpE were converted to copies per microliter and then

serially diluted and used as templates for gRT-PCR. Standard curves were generated by plotting threshold cycle (CT) values against
the log of the copy numbers (log starting quantity [SQ]). Starting quantities of “unknown” samples were calculated by plotting the

. . SQ
respective C_ values on the standard curve. Copy numbers were measured by raising 10 to the power of the SQ (10 ). Bars represent

standard errors. Student’s unpaired t-test was used to compare the results of wild types to their respective mutants. The significance of
the results is indicated by asterisks using the following P value cutoffs: NS P > 0.05, ** P <0.01, *** P <0.001. (B) Chromatin
immunoprecipitation (ChIP) using an anti-MsaB antibody was performed to determine if the putative promoter region of ccpE bound
to MsaB from whole-cell extracts during different growth phases (early-, mid-, late-, and post-exponential phases). Primers specific
for the putative ccpE promoter region were used to amplify the DNA after immunoprecipitation. Lanes are labeled as follows: “WT”
represents whole-cell extract from the wild-type strain and anti-MsaB; “Mutant” is the negative control, representing the whole-cell
extract from the msaABCR deletion mutant and anti-MsaB; “(+) Control” represents the PCR product amplified from the genomic
DNA of UAMS-1. (C) EMSA showed that purified MsaB bound to the DNA probe containing the ccpE promoter region. The results

are representative of three independently treated samples.
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3.3.3 CodY and CcpE both regulate msaB transcription and/or MsaB DNA-binding
ability

In an effort to gain a comprehensive understanding of the regulatory interactions
between MsaB, CodY, and CcpE and determine how they regulate the cap transcript and
ultimately capsule production, we also tested if either the codY or ccpE mutant had any
regulatory impact on MsaB. First, the transcription of msaB in the codY or ccpE mutant
was measured during all phases of growth using gRT-PCR. Interestingly, we found that
the mutation of either codY or ccpE significantly decreased msaB expression (Table 3.3).
This was particularly evident in the early-, late-, and post-exponential phases of growth,
with little effect observed in the mid-exponential growth phase. We observed that the
mutation of either gene (codY or ccpE) had the greatest regulatory effect on the amount
of msaB transcript produced during the late- and post-exponential phases of growth.
Importantly, this is when the regulatory activity of MsaB is the most evident, as it
specifically activates cap transcription during these growth phases. These results suggest
that complex regulatory interactions occur between MsaB, CodY, and CcpE and that
these regulatory interactions are necessary for the tight control of capsule production.

Table 3.3 Expression of msaB in mutants relative to the wild-type strain.

msaB expression relative to wild-type (mean £ SE)

Early-Exponential Mid-Exponential Late-Exponential Post-Exponential
AcodY -2.38+054 -1.525+0.09 -3.31+027 -3.31+0.39
codY Complement 1.12+0.02 1.01+£0.07 -1.02+0.04 -1.07+0.09
AccpE -3.265 £ 0.39 -1.505 £ 0.06 -2.76£0.26 -5.955+0.94
ccpE Complement -1.21+004 1.08 £0.07 -1.11 £ 0.09 -1.23+002

Values are represented as mean fold change + standard error of the mean.
Genes were considered to have a significantly modified expression with a fold change value of = + 3.0.
Results are representative of at least three independent experiments for each sample set.
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To investigate the putative nutrient dependent binding of CodY or CcpE to the
cap promoter, we used 5’ histidine labeled constructs for complementation assays (5’
6XHIS-codY or 5° 6XHIS-ccpE, respectively). These constructs were transformed into
the codY or ccpE mutants for trans-complementation, respectively, and were used to
measure the binding of CodY or CcpE via the ChIP assay. Using these constructs, we
observed that under nutrient-rich conditions, CodY bound to the cap promoter during the
early-, mid-, and late-exponential growth phases, but not during the post-exponential
growth phase (Figure. 3.4A), consistent with other studies that have examined CodY
regulatory activity (95, 129, 137). We have previously observed that under nutrient-rich
conditions (TSB), MsaB binds to and activates the cap promoter during late- and post-
exponential growth phases, but not during early- or mid-exponential phases. These
observations suggest that when CodY is bound to the cap promoter under nutrient-rich
conditions during early-, mid-, and late-exponential phases, MsaB cannot bind to the cap
promoter. Additionally, we also observed that if we altered nutrient concentrations in the
medium, the MsaB binding ability during these phases was altered, suggesting that a

nutrient-dependent interaction is present (132).
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Figure 3.4 Chromatin immunoprecipitation measuring codY and ccpE binding to the cap
promoter.
(ChlP) using an anti-HIS antibody was performed to determine if the cap promoter region bound to (A) CodY or (B) CcpE from
whole-cell extracts during different growth phases (early-, mid-, late-, and post-exponential phases). The 6XHis-codY and 6XHis-ccpE
complement vectors were used to complement codY or ccpE in the respective individual mutants as well as the codY/msaABCR or
ccpE/msaABCR double mutant strains. Primers specific for the cap promoter regions were used to amplify the DNA after
immunoprecipitation. Lanes are labeled as follows: “WT” is a negative control, representing whole-cell extract from the wild-type
strain and anti-HIS; “AcodY or AccpE” indicate the negative controls, representing the whole-cell extracts from either the codY or
ccpE deletion mutant and anti-HIS; “AcodY/AmsaABCR or AccpE/AmsaABCR ” indicate a negative controls, representing whole-cell
extracts from either the codY/msaABCR or ccpE/msaABCR double mutants and anti-HIS; “codY or ccpE 6XHis-complement ”
represents whole-cell extracts from the codY or ccpE mutants complemented with 6 XHis-codY or 6 XHis-ccpE and anti-HIS;
“AcodY/AmsaABCR or AccpE/AmsaABCR 6XHis-complement ” represents whole-cell extracts from the codY/ msaABCR or ccpE/
msaABCR double mutants complemented with 6XHis-codY or 6XHis-ccpE and anti-HIS; “(+) Control” represents the PCR product

amplified from the genomic DNA of UAMS-1. The results are representative of triplicate independently treated samples.

To determine if CodY binding alters MsaB binding to the cap promoter in a
growth phase dependent manner, we studied MsaB binding activity in the codY mutant.
We used ChlIP to determine if the mutation of codY alters MsaB binding under these
nutrient-rich growing conditions. Interestingly, we found that when codY is mutated,
MsaB binds to the cap promoter during all phases of growth, including the early- and

mid-exponential phases (Figure. 3.5A). Next, we tested if this observed MsaB binding in
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the codY mutant directly led to capsule production. We observed detectable amounts of
capsule in the codY mutant during both the early- and mid-exponential growth phases
(Figure. 3.5B and C). These results suggest that, through an undetermined mechanism,
the binding of CodY to the cap promoter inhibits or blocks MsaB binding to cap.
However, when CodY is not bound or is not present (mutation), MsaB can directly bind

to and activate cap, leading to capsule production.

Interestingly, we found no evidence of CcpE binding to the cap promoter region
during any phase of growth (Figure. 3.4B). This is consistent with previous studies,
which found no evidence of CcpE binding to the cap promoter (134). Additionally,
mutation of ccpE did not appear to have any effect on the ability of MsaB to bind to the
cap promoter (Figure. 3.5A). These results suggest that CcpE regulates cap indirectly
through an undetermined mechanism and that CcpE does not have any effect on MsaB

binding to cap promoter.
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Figure 3.5 CodY alters MsaB binding ability during the early/mid-exponential growth
phases and capsule is detectable in early- and mid-exponential phases in codY mutants.

(ChIP) using an anti-MsaB antibody was performed to determine if the mutation of codY or ccpE alters the binding of the cap
promoter region to MsaB from whole-cell extracts in different growth phases (early-, mid-, late-, and post-exponential phases)
compared to the wild-type UAMS-1 strain. Primers specific for the cap promoter regions were used to amplify the DNA after
immunoprecipitation. Lanes are labeled as follows: “WT” represents whole-cell extract from the wild-type strain and anti-MsaB;
“AmsaABCR” is the negative control, representing the whole-cell extract from the msaABCR deletion mutant and anti-MsaB; “AcodY”’
represents whole-cell extract from the codY mutant and anti-MsaB; “AccpE " represents whole-cell extract from the ccpE mutant and
anti-MsaB; “(+) Control” represents the PCR product amplified from the genomic DNA of UAMS-1. Total CP production was
assessed in the wild-type UAMS-1 strain and in the msaABCR, codY, and msaABCR/codY mutants during (B) early-exponential and
(C) mid-exponential growth. Samples were serially diluted as indicated on the left and dot-blotted directly onto the membrane. The

blots were processed using CP-specific antibodies. The results are representative of triplicate independently treated samples.

3.3.4 MsaB and CodY interact with the cap promoter region in a nutrient-
dependent manner

Capsule production has been shown to be largely regulated by environmental
nutrient conditions. With respect to the regulatory function of CodY, when nutrients are
high capsule production is repressed by CodY binding to the cap promoter. However,

when nutrient concentrations begin to decline, CodY undergoes a conformational change
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that results in CodY not binding to its DNA targets (138, 139). Capsule is then produced
by MsaB binding to and activating the cap promoter under these nutrient-limited
conditions. Moreover, CodY senses nutrient availability, specifically GTP and BCAAs,
for its regulatory function (99, 100). Previously, we used the prediction tool NsitePred to
analyze the MsaB sequence and found that MsaB contains a predicted nutrient-sensing
domain for nucleotides, including GTP, ADP, and AMP (124). To explore how the
interactions between MsaB, CodY, and the cap promoter may be mediated by nutrients,
we used a nutrient-limited medium (CDM) to determine how codY, msaB, and ultimately
cap is affected by the presence or absence of BCAAs. We found that by shifting cells
from growth in CDM with BCAAs to growth in CDM without BCAAs resulted in the
upregulation of cap in the wild-type strain (3.69-fold), resulting in more total capsule
production. Under the same conditions in the wild-type strain, the msaB transcript was
upregulated (3.47-fold), but the codY or ccpE transcript were both unaltered (Figure. 3.6).
These results suggest that the bacterium senses this nutrient limitation and increases
transcription of msaB, which in turn increases cap as a response to the nutrient-depleted

conditions. The mechanism for this process is still unknown.
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Figure 3.6 gqRT-PCR normalized fold change.

Representative fold changes of capE, msaB, codY, and, ccpE in mid-exponential growth phase cells grown in a chemically defined
medium (CDM) with no branched chain amino acids compared to growth in complete chemically defined medium in the wild type

UAMS-1 strain. The results are representative of at least three independent experiments for each sample set.

Previous studies have shown that BCAA concentrations control CodY binding
affinity to its targets (138-140). Using CDM we tested how the presence or absence of
BCAA:s affects CodY binding activity to the cap promoter. We found that under nutrient
limitation, CodY was bound to the cap promoter during early- and mid-exponential, but
not late- or post-exponential growth phases in CDM with BCAA. However, in cells
shifted from CDM with BCAA to CDM without BCAAs, CodY did not bind to the cap
promoter during any phase of growth (Figure. 3.7). Taken together, these results suggest
that CodY responds directly to the availability of BCAASs via its binding ability and

regulatory control of cap.
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Figure 3.7 Chromatin immunoprecipitation assay of CodY binding.

(ChlIP) was performed using an anti-HIS antibody was performed to determine if the cap promoter region binds to CodY from whole-
cell extracts grown under nutrient-depleted conditions (CDM with BCAAs vs CDM without BCAAs) in different growth phases

(early-, mid-, late-, and post-exponential phases).

As a result of this CodY nutrient-dependent binding, we hypothesized that the
MsaB binding ability may be altered by the binding of CodY under different nutrient
conditions. Additionally, we used CDM with BCAAs and CDM without BCAAs to
determine if the cap promoter binding ability of MsaB during the mid-exponential phase
of growth is dependent on CodY binding. Surprisingly, the binding activity of CodY in
presence or absence of BCAAs did not seem to have any effect on the binding ability of
MsaB to cap under these nutrient-limited conditions (Figure. 3.8A). This suggests that
the binding ability of MsaB to cap is not dependent on BCAAs or the CodY binding
activity alone. Additionally, we also tested the ability of MsaB to bind to the cap
promoter during all phases of growth under nutrient-limited conditions (CDM). We
observed that under these conditions, MsaB bound to the cap promoter during all phases
of growth (Figure. 3.8B). These findings, in addition to the those described above,
suggest that the ability of MsaB to bind to the cap promoter is altered by the binding
ability of CodY under nutrient-rich conditions. However, under nutrient-limited

conditions, MsaB is able to bind cap independently of CodY binding activity.
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Figure 3.8 Chromatin immunoprecipitation assay of MsaB binding in CDM.

(ChlIP) was performed using an anti-MsaB antibody was performed to determine if the promoter region of the cap operon binds to
MsaB from whole-cell extract under (A) nutrient-depleted conditions (CDM with BCAAs vs CDM without BCAAs) in the mid-

exponential phase of growth or (B) in CDM with BCAAs in different growth phases (early-, mid-, late-, and post-exponential phases).

As a result of the nutrient-dependent regulation of cap and msaB transcription, as
well as the observed changes in the ability of MsaB to bind cap under these nutrient-
limited conditions, we tested the total capsule production under nutrient-limited growth
conditions. We compared the wild-type strain to the msaABCR, codY and
msaABCR/codY mutants grown in CDM with BCAAs or in cells shifted to CDM without
BCAAs. As mentioned above, we observed an upregulation of the cap and msaB
transcripts in the wild-type UAMS-1 strain in CDM without BCAAs relative to CDM
with BCAAs (Figure. 3.6). This correlated with a significant increase in total capsule
production (Figure. 3.9A). To confirm these findings, we quantified the intensity of the
blots using ImageJ software analysis. We found a significant increase (approximately

50%) in the total intensity of the blots in cells shifted to CDM without BCAAs compared
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to CDM with BCAAs cells (Figure. 3.9B). Interestingly, under the conditions tested, no
capsule production was detected in the codY mutant, which was different from that
observed in the nutrient-rich conditions (TSB). As a result of these findings, we tested
the total capsule production under these nutrient-depleted conditions during the late-
exponential phase of growth. We observed that capsule production was detectable during
the late-exponential phase of growth under nutrient-depleted conditions in the codY
mutant (Figure. 3.9C). These results suggest that the observed binding of MsaB in the
codY mutant may not sufficiently lead to capsule being produced, or that the mutation of
codY is affecting an unknown cap regulator under these nutrient-limited conditions.
However, when the cells transition from mid-exponential growth to late-exponential
growth, MsaB binding becomes sufficient to directly activate the production of capsule
via an unknown mechanism. Taken together, these results show that MsaB and CodY are
both responsible for the complex temporal regulation and production of capsule in
response to nutrients and/or growth phase. Further studies are needed to fully understand

this complex nutrient dependent and/or growth phase dependent regulatory mechanism.
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Figure 3.9 Total capsule production in CDM compared to CDM without branched chain
amino acids and image analysis.

Total CP production in the wild-type UAMS-1 strain and the msaABCR and codY mutants along with the double msaABCR/codY
mutant to compare CP production in CDM with BCAAs vs. CDM with no BCAAs during the mid-exponential growth phase. (B)
Total CP production image analysis of the wild-type UAMS-1 strain grown in CDM with BCAAs vs. wild-type UAMS-1 grown in
CDM with no BCAAs was performed using the ImageJ analysis software. (C) Total CP production was assessed in the wild-type
UAMS-1 strain and the msaABCR and codY mutants along with the double msaABCR/codY mutant to compare CP production in

CDM with BCAAs in the late-exponential growth phase.

3.4 Discussion and Conclusions

Capsule polysaccharide is a well characterized virulence factor of S. aureus and is
involved in the evasion of phagocytic uptake during certain types of infections (19). The
regulation of capsule production in S. aureus is very complex and involves several global
regulators that tightly control the expression of cap, predominately at the transcriptional

level (94-98, 102, 132). The complexity of this regulation requires the pathogen to fine-
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tune capsule expression based on environmental or host specific signals, including
nutrients and other stress related factors (19, 137). We have previously identified MsaB,
of the msaABCR operon, as a DNA-binding transcriptional activator of the cap operon
promoter. Interestingly, the binding of MsaB seemed to be either growth phase-
dependent or was mediated in a nutrient-dependent manner (132). In this study, we
demonstrated that, in addition to directly regulating cap, the msaABCR operon (MsaB) is
also involved in regulating two other major nutrient-dependent regulators of cap, CodY
and CcpE. The findings of this study suggest that MsaB has dual regulatory roles as a
transcriptional activator of both cap and codY and as a repressor of ccpE.

CodY has been described as a key nutrient-dependent global regulator (transcriptional
repressor) that not only regulates cap directly but also directly controls many metabolic
and virulence factors in S. aureus (70, 95, 101, 129, 135, 137, 141, 142). Pohl and
colleagues described CodY regulation of capsule in detail (101). CodY senses GTP and
branched chain amino acid (BCAA) concentrations within the growth environment of the
bacterium. The presence or absence of these nutrients results in a conformational change
within the CodY protein structure (138-140). This conformational change of the protein
results in a decrease in the DNA-binding affinity of CodY to its targets under conditions
of low nutrient concentrations (99-101). CodY is part of a four-gene operon that
produces a large 4.1 kb transcript (101). As described previously (Pohl et al., 2009), this
operon is composed of the genes xerC, clpQ, clpY, and codY. The xerC gene is thought
to encode for a tyrosine recombinase, and clpQY codes for the ATP-dependent heat shock
protease HsIVVU (143). Within this operon, codY can be transcribed by itself as a shorter
transcript that invades the 3’ end of the clpY encoding gene, producing a 1.4 kb transcript
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containing the codY ORF (101). Importantly, to the best of our knowledge, no other gene
has been identified to directly regulate codY transcription in S. aureus. In addition to
MsaB directly regulating codY, we also showed that MsaB and CodY putatively compete
for binding sites within the cap promoter region in a growth phase or nutrient-dependent
manner. We observed that in the codY mutant, MsaB binding is altered, resulting in
MsaB binding to the cap promoter during all phases of growth under nutrient-rich
conditions. This binding of MsaB directly led to the activation of cap and resulted in
capsule production during early- and mid-exponential phases. However, when CodY was
present in the wild type strain, under these same growth conditions MsaB did not bind to

the cap promoter, resulting in no detectable capsule production.

Many studies have described nutrients as an important factor that facilitates
capsule production within different environmental niches of S. aureus (19, 81, 85, 86).
Based on the findings of this study, we suggest that the described nutrient-dependent
binding activity of MsaB and CodY directly leads to capsule production. When nutrient
concentrations are altered, specifically in CDM in the presence or absence of BCAAs,
transcription of msaB and cap are significantly increased, and the ability of MsaB to bind
to the cap promoter is altered, resulting in MsaB binding during all phases of growth.
This binding of MsaB under nutrient-limited conditions results in capsule being
abundantly produced during mid-exponential growth phases, suggesting that the binding
of MsaB during under nutrient-limited conditions directly leads to capsule production. It
is unclear why MsaB binds to the cap promoter during all growth phases under nutrient-
limited conditions, whereas under the nutrient-rich conditions, it only binds the cap

promoter during late- and post-exponential phases. This suggest that factors other than
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nutrients may be involved in the binding behavior of MsaB. Additionally, under these
same nutrient-limited conditions, there was no capsule production detected in the codY
mutant (no cap repression) in CDM with BCAAs or CDM without BCAAs. This
suggests that even though MsaB is binding under these conditions, it may not be
sufficient to completely activate cap transcription or that the mutation of codY alters
another cap regulator under these nutrient depleted conditions that leads to the inhibition
of cap production. Taken together, these results suggest that MsaB directly responds to
the concentration of nutrients, resulting in an increase in its binding ability to the cap
promoter and that under nutrient-limited conditions, the binding ability of MsaB is
independent of CodY activity. Indeed, based on amino acid sequence analysis, MsaB
appears to contain nutrient (nucleotide) binding regions, including GTP, ADP, and AMP,

suggesting that it may directly bind and respond to nucleotide or nutrient molecules.

Previously, there have been conflicting reports on the regulatory role of CcpE
with respect to cap regulation. As mentioned above, Ding et al. described ccpE as a direct
repressor of the cap operon (97). However, Hartmann et al. described ccpE as promoting
capsule formation in S. aureus, but described CcpE as not directly binding to the cap
promoter (97, 134). In our study, we observed that ccpE promotes capsule formation.
However, under the conditions tested, we did not find any evidence of CcpE directly
binding to the cap promoter, suggesting that the regulatory effect of CcpE with respect to
cap is not direct and may be dependent upon another cap regulator. Importantly, under
the conditions tested, the ccpE mutation, which resulted in a significant decrease in cap
transcript and total capsule production, the msaB transcript (cap activator) was

significantly downregulated (-6.0-fold). These results suggest that the observed effect on
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capsule production resulting from the mutation of ccpE may be dependent on the
regulatory effect that the mutation has on the msaB transcript under these conditions.
Additionally, another interesting finding observed in this work, with respect to MsaB and
CcpE, is that in the msaABCR/ccpE double mutant, even though significantly decreased,
there was still detectable capsule production, similar to what was observed in the ccpE
mutant alone. These findings suggest that ccpE may be epistatic to msaB. However, this
seems to contradict our findings that MsaB represses the transcription of ccpE (Figure.
3.3A). This indicates that the regulatory relationship between msaABCR, ccpE, and cap
is complex and may involve other factors. Further studies are necessary to better

understand these interactions.

This work focused on the nutrient dependent regulation of capsule production in
S. aureus with respect to the nutrient-dependent regulators MsaB, CodY, and CcpE. The
findings from this work suggest that cap regulators CodY (repressor) and MsaB
(activator) both directly respond to changes in nutrients within the environment of the
bacterium and in turn tightly control cap expression and ultimately the production of
capsule polysaccharide. However, many other regulators and factors are responsible for
the control of capsule production that do not have a known direct link to nutrients. Based
on previous studies and the results of this work, we propose a regulatory model that
describes how MsaB and CodY control capsule production (Figure. 3.10). In this model,
we propose that under high nutrient conditions, CodY is bound to the cap promoter
region, repressing the cap promoter (Figure. 3.10A). However, as nutrients become
limited, the binding affinity of CodY decreases as a result of a conformation change in

the CodY protein structure, resulting in the loss of transcriptional repression. Under
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conditions when CodY is not bound to the cap promoter, MsaB binding site is available,
allowing for MsaB to bind to and activate the cap promoter (Figure. 3.10B). This
proposed regulatory mechanism suggests that complex regulatory interactions occur

between CodY and MsaB as a direct response to nutrient availability.
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Figure 3.10 Working model for cap operon regulation by MsaB and CodY.

(A) When nutrients are abundant, CodY binds to the CodY-binding site (CBS) in the promoter region of the cap operon and represses
cap transcription. (B) When nutrient levels decrease, a conformational change in the CodY structure occur, resulting in a decrease in
the affinity of CodY for the promoter. Detachment of CodY from the promoter allows MsaB to access the MsaB-hinding site (MBS).
In addition, MsaB appears to have a greater binding ability under low nutrient levels. Binding of MsaB activates the transcription of

the cap operon.

The regulatory control of capsule production described in this work by both MsaB
and CodY are representative of a mixture of incoherent feed-forward loops or (FFLS).
This type of regulatory mechanism is defined as consisting of three genes: a regulatory
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gene X that regulates gene Y, and gene Z (Figure. 3.11A). The gene Z promoter is
regulated by both X and Y as well as X regulating gene Z independent of Y (144, 145).
In our case, MsaB directly regulates both the cap operon (activation) and codY, which in
turn regulates capsule production. This is representative of an incoherent type 1 FFL
(Figure. 3.11B). Alternatively, CodY directly regulates both capsule production
(repression) and msaB, which subsequently regulates capsule production and is
representative of an incoherent type 3 FFL (Figure. 3.11C). These regulatory interactions
allow both regulators to coordinately control the cap promoter and ultimately capsule
production. Furthermore, the findings from this work suggest that this regulatory control
of capsule production by MsaB and CodY is dependent on the growth phase and/or
nutrient stimuli in S. aureus. Additionally, both CodY and MsaB have also been
described to have roles in the regulation of other virulence determinants in S. aureus (63,
65, 70, 95, 101, 129, 132, 135, 141, 142, 146). Findings from this work may have
implications in the interaction of S. aureus with the host during the transition from a
commensal to a pathogenic form. Studies are underway to investigate if the described
regulatory mechanism between CodY and MsaB is responsible for the regulatory control

of other virulence mechanisms possessed by S. aureus.
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A — X — X — X — X
Y Y Y Y
— 7 — Z — Z — 7
Incoherent Incoherent Incoherent Incoherent
type 1 type 2 type 3 type 4
B MsaB ¢ — CodY
CodY MsaB
— CP —{ CP
Incoherent Incoherent
type 1 type 3

Figure 3.11 Incoherent feed-forward loops (FFLs) representing regulation of capsule
production by MsaB and CodY.

(A) Examples of the four different types of incoherent FFLs are shown that describe two regulators “X” and “Y” (activators or
repressors) controlling one gene “Z”. (B) Highlights the incoherent type 1 FFL with respect to MsaB regulation on capsule production
as well as the codY transcript. (C) Highlights the incoherent type 3 FFL with respect to CodY regulation on capsule production as

well as on the msaB transcript.
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Table 3.4 Lists of Primers used in this study.

Primers

Sequence (5 — 3’end)

Primers for Real Time PCR

RT gyrAF GCCGTCAGTCTTACCTGCTC
RT gyrAR AATAACGACACGCACACCAG
RT capE F ACATTGGTGATGTGCGTGAT
RT capE R TCACATGACGGCACTTGTTT
RT airR F TGCTGATGGTTATGAAATGA
RT arR R CATCTTGTGCCTTAGGATGT
RT airS F TTCCTAGCCAAAATGACAATA
RT airS R TTCAGTATTTGGAGACGCTAC
RT ccpE F GGGTGTTCTTCTTTGATTGG
RT ccpE R TTGAACCAACTTGCACTTGT
RT codY F ATCGCATCAAAAGTTGCAGA
RT codY R CGTGATTCAATTACACCAGCA
RT kdpD F TACCACACCATTTCAAGTTAGA
RT kdpD R GTTAAACGAGAGGATTTTTGAG
RT kdpE F AATTCAAAGTCGTTTCACAAA
RT kdpE R GAATTCATTCGGTGTTAGATG
RT rbsR F TATCGCACAATACATATCATCC
RT rbsR R GTATAGCCTTGATGGTCATTTT
RT spoVG F AGCACTCGTTTCCATTACAT
RT spoVG R TGTACGTTTACTTGGCATTG

Primers for ChlP and EMSA

cap-ChiIP F CTACTTTAGAGTATAATTATTTTTAATTTC
cap-ChlP R CCCTTAAAAATTTTCATTAAAATTG
codY-ChIP F TTTCCATGTATCTAAGCCGAG

codY-ChIP R CATCAACATATTGTGGGGTAAT

TAAATAACACGCAATAAGTTGATTG
CTTGAATATGATTCAATACATTTAC
GTAATTCAAGCTGCAGCCATG
TCGCTCTCTTTTCAACATGTCAC

codY operon F
codY operon R
ccpE-ChIP F
CCpE-ChIP R

Primers for 6XHIS-complement constructs

6XHIS-codY comp ATCAGGGATCCATGCATCATCACCATCACCACAGCTTATTATCTAAAACGAG
gXHIS—codY comp ATGTGAATTCTTATTTACTTTTTTCTAATTCATCTAAG

gXHIS—CCpE comp ATCAGGGATCCATGCATCATCACCATCACCACATGATTATTGAGCATGCCCGTGA
gXHIS-CCpE comp ATGTGAATTCCTACGCCTTTGGTTGTTCAACAAA

R
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CHAPTER IV — CONCLUSIONS AND FUTURE DIRECTIONS

In this work we have established that MsaB of the msaABCR operon is a DNA-
binding transcriptional regulator. Within the context of this work we have characterized
the role of the MsaB transcription factor binding to and activating the cap promoter
region within S. aureus. This work has been further expanded to investigate the
mechanisms involved in this DNA binding and transcriptionally activating capsule
polysaccharide, an accessory virulence phenotype for S. aureus. We found that MsaB
seems to be interacting with another well studied transcriptional regulator, CodY, in
response to nutrient availability. Our findings suggest that MsaB and CodY have
nutrient-dependent competitive interactions binding to the cap promoter region. When
nutrient concentrations are depleted MsaB binds to the cap promoter and activates
transcription. In turn, our findings suggest that CodY represses cap transcription under
high nutrient conditions by binding to the cap promoter region as a repressor, as well as
potentially blocking the MsaB binding site. Additionally, evidence suggest that MsaB,
through an undetermined mechanism, may be potentially sensing low nutrient levels
controlling its binding affinity to the cap promoter. Taken together these results suggest
that MsaB binding the cap promoter contributes to the nutrient-dependent regulation of
capsule in S. aureus.

In addition to the cap transcript the deletion of the msaABCR operon results in the
differential expression (>3-fold) of 238 genes, including 20 transcription factors, during
both planktonic and biofilm growth. To date, the mechanisms of this regulation is still
unclear. However, of the 238 genes differentially expressed, we have found that 112 of
those genes contain a sequence in their promoter regions that is similar to the MsaB
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binding site described in this work. Moving forward, we plan to investigate the potential
of MsaB binding to and directly controlling the transcription of this large array of genes
within staphylococci.

Moving forward, we have begun to develop a precise binding assay to further
expand our understanding of MsaB binding to its target DNA (Figure 4.1). Using a
modified fluorescence resonance energy transfer (FRET) based assay known as
homogenous time resolved fluorescence (HTRF) we can measure MsaB binding
parameters in detail (Figure 4.2). Briefly, this method can be utilized to precisely
determine the binding constant of MsaB binding its target DNA, determine the role of
nutrient molecules or potential cofactors in MsaB binding, and determine potential
competitive interactions between MsaB and other regulators such as CodY. After the
detailed MsaB DNA-binding parameters are determined we can use this same HTRF
approach to perform a high-throughput screen of inhibitory molecules of MsaB DNA-
binding. Completion of a MsaB binding inhibitory screen, as described, will provide
preliminary insights in the potential of targeting the MsaB regulator as a novel

therapeutic target of staphylococci.
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Figure 4.1 HTRF binding assay model.

Binding of MsaB to its target DNA will be detected by measuring fluorescence generated from an energy transfer between a donor

molecule (europium cryptate Eu-K) and an acceptor molecule (phycobilliprotein XL665).

~ HTRF Binding Assay
700

HTRF Signal
N w P [4)] [e2]
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100 +

DNA probe alone DNA probe + MsaB

Figure 4.2 HTRF MsaB binding signal.

Preliminary results demonstrating the energy transfer (FRET) from the donor molecule (europium cryptate) to the acceptor molecule
(XL665) due to the binding of MsaB to the DNA probe compared to a control experiment of DNA probe alone (no energy transfer).
Binding of MsaB to its target DNA will be detected by measuring fluorescence generated from an energy transfer between a donor

molecule (europium cryptate Eu-K) and an acceptor molecule (phycobilliprotein XL665).
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