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pH-Sensors Regulating Transcription, Metabolism, and Cancer Cell Biology
Kyle P. Kisor
Abstract
Dynamic changes in intracellular pH (pHi) regulate myriad cell behaviors, including proliferation,
cell-substrate adhesion, cell migration, dysplasia and tumorigenesis, and stem cell
differentiation for lineage specification. Previous work revealed how the reversible protonation of
endogenous pH sensitive proteins, collectively termed “pH sensors,” is a mechanism whereby
pHi dynamics regulates these cell behaviors. Often, these proteins contain a structurally or
functionally critical histidine that can titrate between protonated and unprotonated within the
narrow physiological range depending on the protein landscape. This in turn can affect protein
electrostatics both in cis and with binding partners. My thesis research focused on three
predicted pH sensors, transcription factors regulating gene expression, the muscle isoform of
the enzyme phosphofructokinase (PFKM) regulating glycolysis, and a charge changing mutant
p53-R273H promoting cancer progression. For transcription factors, we identified 65 in distinct
families, including FOX, SOX and MITF/Myc that contain a conserved histidine in their DNA
binding domain (DBD) that in available structures forms a direct hydrogen bond with
nucleotides. Focusing on FOX family transcription factors, we identified pH-regulated binding
affinities for a canonical FkhP binding motif sequence with higher affinity at pH 7.0 compared
with pH 7.5 for FOXC2, FOXM1, and FOXN1. For FOXC2, we determined greater activity at
lower pHi in cells and confirmed that pH-dependent binding and activity is mediated by a
conserved histidine (His122) in the DBD. Additionally, using an unbiased in vitro screen
(SELEX) we identified differences in binding DNA motif preferences between pH 7 and 7.8. For
PFKM, we determined that His242 is required but not sufficient for a pH-sensing mechanism of
allosteric relief of ATP inhibition of enzyme activity. For p53-R273H, we screened bioactive
compounds from three commercially available libraries to identify two compounds that restore

DNA binding, which we previously showed is decreased at the higher pHi of cancer cells.
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Collectively, these data reveal how pH broadly regulates protein electrostatics at titratable
histidine residues to regulate diverse behaviors including gene expression, metabolism, and
cancer. Moreover, our current findings establish a previously unreported mode of regulation for
transcription factors across diverse families and confirm the feasibility of targeting charge

changing mutations in disease by using small molecules to restore protein function.
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CHAPTER 1: INTRODUCTION



Intracellular pH (pHi) dynamics is increasingly being recognized as a critical regulatory signal for
myriad cell behaviors, including cell proliferation, migration, and differentiation. Although
changes in pHi were previously viewed as a mechanism to maintain homeostasis, we now know
that changes in pHi occur and are necessary for normal cell processes such as cell cycle
progression for proliferation (Flinck et al., 2018a; Putney & Barber, 2003; Spear & White, 2023),
actin filament and cell-substrate adhesion remodeling for directed cell migration (Choi et al.,
2013; Clement et al., 2013; Denker & Barber, 2002; Frantz et al., 2008; Martin et al., 2011;
Srivastava et al., 2008), and stem cell differentiation and lineage specification (Benitez et al.,
2019; Liu et al., 2023; Ulmschneider et al., 2016). Moreover, it is now established that pHi
dynamics is dysregulated in human diseases, including cancer (Swietach et al., 2023; Webb et
al., 2011; White, Grillo-hill, et al., 2017), diabetes (Gillies et al., 2019; Hayata et al., 2014), and
neurodegeneration (Harguindey et al., 2017; Majdi et al., 2016). The molecular mechanisms by
which pHi dynamics regulates normal and pathological cell behaviors, however, remains poorly
understood and is a focus of my thesis research.

In contrast to a limited understanding of how pHi dynamics regulates cell behaviors, the
upstream signals that change pHi are more resolved (Casey et al., 2010; Putney et al., 2002)
(Fig. 1). Extracellular cues that change pHi include growth factors activating receptor tyrosine
kinases, hormones activating G-protein coupled receptors, and extracellular matrix ligands
activating integrin receptors. Changes in mechanical force and osmotic balance, most notably
hypertonic conditions, as well as activated oncogenes also change pHi. These extracellular and
intracellular cues mostly act through canonical signaling pathways to change the activity of
Solute Carrier (SLC) plasma membrane ion transport proteins, including acid extruders Na-H
exchanger 1 (NHE1), Na-HCO3 exchanger (NBC), and Na-dependent CI-HCO3 exchanger
(NDBC), and acid loaders of the CI-HCOS3 anion exchanger family (AE1-3) as well as V-ATPase
proton pumps. Changes in the activity of acid extruders and loaders is predominantly, although

not exclusively, regulated by phosphorylation of serine or threonine residues in intracellular



domains. For example, NHE1 is a substrate for several serine-threonine kinases, including Akt
(Meima et al., 2009), the Sterile 20 kinase MAP4K4 (Yan et al., 2001), and the p160-Rho-
associated kinase (ROCK) (Tominaga et al., 1998), with phosphorylation increasing H+ efflux by
NHE1 and increasing pHi.

To better understand how pHi dynamics regulates cell behaviors, recent work bridges
protein electrostatics and cell biology with a focus on the reversible protonation state of
endogenous pH sensitive proteins termed “pH sensors” (Schoénichen et al., 2013a). Dynamic
protonation/deprotonation often occurs at a histidine residue, which is the only amino acid with a
near neutral pKa of 6.5 in solution. However, the pKa of histidine, aspartic acid, glutamic acid
and buried lysines can be upshifted or downshifted depending on the protein landscape to
enable titration within the cellular pH range of 7.0-7.8 (Isom et al., 2011; Karp et al., 2010;
Srivastava et al., 2008). These changes in amino acid charge can rapidly alter protein structure
and function, including activity, ligand binding, and stability (Schonichen et al., 2013b). For
example, focal adhesion kinase (FAK), a key regulator of focal adhesions, is a pH-sensor with
increased activity at higher pHi (Choi et al., 2013). In quiescent cells at pHi ~ 7.3-7.4, FAK is in
an inactive “closed” conformation in part because of interdomain electrostatic interactions
mediated in part by a protonated His58. During cell-substrate attachment, pHi increases to ~ 7.7
at focal adhesions, FAK-H58 is deprotonated to release an in cis autoinhibited conformation,
and a conformational change exposes an autophosphorylation Tyr397 site necessary for kinase
activity and efficient cell spreading (Choi et al., 2013). The design principles of additional pH-
regulated endogenous proteins have been identified for cell behaviors driven by pH-dynamics,
including talin binding of actin filaments for focal adhesion remodeling (Srivastava et al., 2008),
activity of the actin filament regulatory protein cofilin for cell migration (Frantz et al., 2008), and
B-catenin stability for WNT signaling (White et al., 2018). To further understand molecular
mechanisms whereby pHi dynamics regulates cell behaviors, my thesis research included three

projects. First, and my major focus, was identifying a previously unrecognized mechanism of pH



sensing by transcription factors for DNA binding selectivity in the context of how pHi dynamics
can regulate gene expression. Second, | identified a molecular mechanism for pH sensing by
the muscle isoform of the glycolytic enzyme phosphofructokinase-1 (PFKM) that resolves how
pHi dynamics regulates PFKM inhibition by ATP. Third, | built on previous findings that a
recurrent Arg273His mutation in the tumor suppressor protein p53 confers a gain of pH-sensing
at the higher pHi typically seen in cancer cells (White, Ruiz, et al., 2017), and identified small
molecules that target the p53-R273H site to modulate pH sensing. In addition to these 3
projects, | also contributed data and co-authored two publications: one on how pHi regulates
oxidative phosphorylation and mitochondrial morphology (Manoli et al., 2021) and a review on
intracellular pH dynamics and charge-changing somatic mutations in cancer (White et al., 2019).
The abstracts of these publications are included in my thesis after my Discussion for Chapter 4
on small molecules regulating DNA binding by p53-R273H. Findings from my thesis research
provide new insights on how pHi dynamics regulate the electrostatics of pH-sensitive proteins to

regulate cell behaviors and mechanisms that can be targeted in disease.
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Figure 1.1. pHi regulates cell behaviors.

Changes in intracellular pH (ApHi) can be regulated by the indicated cues and serine-threonine
kinases to modify activity of plasma membrane ion transport proteins, including acid extruders,
acid loaders, and V-ATPases. Also shown are some of the cell behaviors known to be regulated
by ApHi.



CHAPTER 2: pH-DYNAMICS REGULATES TRANSCRIPTION FACTOR DNA BINDING

SELECTIVITY



Introduction

Changes in intracellular or cytosolic pH (pHi) were previously viewed as a compensatory
mechanism to maintain homeostasis. It is now established, however, that changes in pHi occur
during and are necessary for myriad normal cell processes such as cell cycle progression for
proliferation (Flinck et al., 2018a; Putney & Barber, 2003; Spear & White, 2023), actin filament
and cell-substrate adhesion remodeling for directed cell migration (Choi et al., 2013; Clement et
al., 2013; Denker & Barber, 2002; Frantz et al., 2008; Martin et al., 2011; Srivastava et al.,
2008), and stem cell differentiation and lineage specification (Benitez et al., 2019; Liu et al.,
2023; Nikolovska et al., 2022; Oginuma et al., 2020; Ulmschneider et al., 2016) Moreover, pHi
dynamics is dysregulated in human diseases, including cancer (Swietach et al., 2023; Webb et
al., 2011; White, Grillo-hill, et al., 2017), diabetes (Gillies et al., 2019; Hayata et al., 2014), and
neurodegeneration (Harguindey et al., 2017; Majdi et al., 2016). The molecular mechanisms for
how pHi dynamics regulates normal and pathological cell behaviors, however, remain
understudied. We report testing a new idea to understand how pHi dynamics can directly
regulate gene expression.

To better understand how pHi dynamics regulates cell behaviors, recent work bridges
protein electrostatics and cell biology with a focus on the reversible protonation state of
endogenous pH sensitive proteins termed “pH sensors” (Schénichen et al., 2013a; Sun et al.,
2022). Dynamic protonation and deprotonation of titratable amino acids in response to changes
in pHi can rapidly alter protein structure and function, including activity (Choi et al., 2013;
Kazyken et al., 2023; Morales Rodriguez et al., 2023; Webb et al., 2016) and ligand binding
(Frantz et al., 2008; Johnston et al., 2019; Lu et al., 2023; Onufriev & Alexov, 2013; Srivastava
et al., 2008) as well as stability (Malevanets et al., 2017; Wang et al., 2019; White et al., 2018)
and aggregation (Westermark et al., 2011; Xiang et al., 2015).

Many cell behaviors regulated by pHi dynamics include changes in gene expression

(Putney & Barber, 2004; Spear & White, 2023; Ulmschneider et al., 2016), and although nuclear



and cytosolic pH are similar, how pHi can regulate transcription factor target gene specificity
remains understudied and unclear. In addressing this question, we find that at least 65
transcription factors in diverse families, including FOX, SOX, and Myc/MITF, have a conserved
histidine in their DNA-binding domain (DBD), which in available crystal structures forms a
hydrogen bond with nucleotides. Additionally, beyond a conserved histidine in multiple families,
histidine occurs in DNA binding domains of transcription factors more frequently than predicted
(Ahmad & Sarai, 2004; Baker & Grant, 2007). With the ability of histidine to titrate within the
narrow pHi range of 7.0-7.8, we predicted that protonation and deprotonation of a conserved
DNA-binding histidine in transcription factors could change affinities for binding different
nucleotides; for example, when protonated at a lower pHi being a hydrogen bond donor for
thymine and when deprotonated at a higher pHi being a hydrogen bond acceptor for adenine.
We confirmed this prediction by showing pH regulated DNA binding by three FOX family
transcription factors, FOXC2, FOXM1, and FOXN1. Further, for FOXC2 we show pHi regulated
activity in cells as well as the critical importance of a conserved histidine, His122, for pH-
sensitive DNA binding. Our findings fill gaps in our current understanding not only for how pHi
dynamics can regulate gene expression and target gene selectivity but also for how
transcription factors with highly similar DNA-binding domains can regulate diverse genes and
functions reiteratively for developmental programs that include changes in pHi (Liu et al., 2023;

Oginuma et al., 2020).



Results
Transcription factors contain predicted pH-sensors in the DBD
We previously described the design principles of several pH-sensors that are generally
regulated by titration of a histidine within the cellular pH range of 7.0 to 7.8 (Choi et al., 2013;
Frantz et al., 2007, 2008; Srivastava et al., 2008; Webb et al., 2016; White et al., 2018). In
asking whether some transcription factors might function as pH sensors, we searched for
conserved histidine residues important for DNA binding across transcription factor families. We
first performed sequence alignments of all known major transcription factor family members
expressed in humans. We found that all FOX family members contain a histidine residue in a
highly conserved N(S/A)IRH motif within Helix 3 of the DBD (Fig. 2.1A). In all available crystal
structures of FOX transcription factors in complex with DNA, the conserved histidine aligns in
the major groove of DNA and forms a hydrogen bond with nucleotides. Our structural overlay
shows the side chain of conserved histidine residues is also spatially conserved (Fig. 2.1B). We
also noted that all members of the SOX transcription factor family except Sry and SOX30 (Fig.
2.2A) and all members of the MITF/Myc/Max family except AP4 (Fig. 2.2B) contain a conserved
histidine in the DBD, which in available structures in complex with DNA forms a hydrogen bond
with nucleotides. Additionally, a hydrogen bond between a histidine and DNA nucleotides is
reported for the ETS transcription factor ETV6 (Fig. 2.2C) (Vo et al., 2017), the STAT
transcription factor STAT6 (Fig. 2.2D) (J. Li et al., 2016), and ARNT, the DNA-binding subunit of
the HIF1 complex (Fig. 2.2E) (Schulte et al., 2017; Wu et al., 2015). Hence, at least 65
transcription factors in diverse families contain a histidine in the DBD that in available structures
forms a hydrogen bond with nucleotides.

Given the conservation of a histidine in the DBD of many transcription factors with direct
hydrogen bonds to nucleotides, coupled with the well-established ability of histidine to titrate
within the cellular pH range, we hypothesized that a pH-dependent titration of the conserved

histidine may regulate DNA binding specificity through hydrogen bonding preferences with



nucleotides. For example, a protonated histidine may serve as hydrogen bond donor for a
hydrogen bond accepting thymine. However, when deprotonated at higher pH a deprotonated
histidine may serve as a hydrogen bond acceptor for an adenine donor (Fig. 2.1C). Guanine
and cytosine can serve as either a hydrogen bond donor or acceptor depending on the
orientation of the nucleotide relative to the protein binding residue. We first tested these
predictions in silico in collaboration with Diego Garrido Ruiz in the Matthew Jacobson lab at
UCSF by using constant pH molecular dynamic simulations (CpHMD) with FOXC2 because it is
the only FOX family member with a crystal structure shown in complex with DNA that contains a
single histidine (His122) in the DBD. We found that when FOXC2 is bound to the canonical
Forkhead primary (FKhP) sequence (GTAAACA), His122 is predicted to be doubly protonated in
91% of the simulations. However, when singularly protonated at the delta or epsilon nitrogen,
FOXC2 is predicted to be in the bound state in only 0.01% and 0.08% of the simulations,
respectively. In contrast, when FOXC2 is in the unbound state His122 is predicted to be
singularly protonated at the delta or epsilon nitrogen in 81% and 14% of the simulation while
only doubly protonated in 5% (Fig. 2.1D). Together, these data suggest that FOXC2-H122 is a
putative pH-sensing residue predicted to bind the canonical FkhP sequence when protonated at

low pH.

FOX family transcription factors have high affinity for FkhP at low pH

We next asked whether binding of FOX family proteins to the canonical FkhP sequence has
higher affinity at low pH as predicted by our CoHMD simulations. We first tested this prediction
for FOXC2 (Fig. 2.3A), using fluorescence anisotropy with a purified recombinant DBD
expressed as a GST fusion protein and a 5’6FAM labeled FkhP sequence. A pH titration of
FOXC2 at 2.3 uM reveals that the overall affinity for the FKhP sequence decreases linearly
within the cellular range between pH 7.0 to 7.6 with no observable change in binding above pH

7.8 at this protein concentration (Fig. 2.3B). We next determined the association constant (Ka)

10



for FOXC2 to the FkhP sequence at pH 7 and 7.5 and found that the binding affinity of FOXC2
for the FkhP sequence is significantly greater at pH 7 (Ka of 0.75 £ 0.12 yM) compared with 7.5
(0.18 £ 0.02 uM) (Fig. 2.3C,F). We also asked whether other FOX family members have higher
affinity binding to the FKhP sequence at lower pH. Using GST fusions of DBD sequences, we
confirmed higher affinity binding for FOXM1 at pH 7 (Ka 1.1 £ 0.11 yM) compared with pH 7.5
(0.54 £ 0.08 uM) (Fig. 2.3D,F) and for FOXN1 at pH 7 (Ka 1.4 + 0.31 yM) compared with pH 7.5
(0.19 £ 0.01 uM) (Fig. 2.3E,F). These data confirm that binding of three FOX family members,
FOXC2, FOXM1, and FOXN1, to the FkhP sequence is pH-dependent, with higher affinity

binding at pH 7.0 compared with pH 7.5.

His122 of FOXC2 is necessary for pH-dependent binding to the FkhP sequence

To determine the significance of the conserved histidine for pH-regulated binding to the FkhP
sequence we focused on FOXC2-His122 because it is the only histidine in the FOXC2 DBD. We
used site-directed mutagenesis, first testing a His122Lys substitution with the reasoning that
lysine with a predicted pKa of > 10 would be constitutively charged within the cellular pH range
and a hydrogen bond donor like a protonated histidine. We observe that FOXC2-H122K has
strong relative binding affinity compared with wild-type FOXC2 for the FkhP sequence between
pH 6.8-8 (Fig. 2.4A). Further, when we performed a FOXC2-H122K protein titration, we find that
the affinity is pH-independent with no difference in binding affinity at pH 7.0 (Ka 0.86 + 0.15 yM)
compared with pH 7.5 (Ka 0.91 + 0.08 pM) (Fig. 2.4B,D). We also tested a His122Asn
substitution, with the prediction that an asparagine might mimic a deprotonated histidine and
have lower affinity and pH-independent binding to the FkhP sequence. Moreover, a naturally
occurring FOXC2-H122N is reported in lung cancers (Forbes et al., 2017a). Our data confirm
that the binding affinity of a FOXC2-H122N DBD is lower compared with WT at pH 7.0 and
similar to WT at pH 7.5, but also pH-independent with no difference in affinity at pH 7.0 (Ka0.14

+ 0.03 yM) compared with pH 7.5 (Ka 0.10 £ 0.01 yM) at pH 7.5 (Fig. 2.4C,D). Additionally, we
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tested the importance of the conserved His287 in FOXM1 for pH-dependent DNA binding by
using a His287Lys substitution. While affinity at pH 7 (Ka 4.1 £ 0.81 uM) and pH 7.5 (Ka 1.8 £
0.27 uM) is greater compared with WT, binding is still pH-dependent (Fig. 2.5A,B). To
determine why FOXM1-H287K is not sufficient for pH-independent binding, we used CpHMD
simulations to sample five histidine residues in FOXM1-DBD. Our results predict that the
protonation state of His269 (blue), His275 (cyan), and His311 (green) does not affect DNA
binding. In contrast, both His287 (orange) and the proximal His292 (yellow) are predicted to
prefer the DNA bound state when protonated and unbound when neutral (Fig. 2.5C). Together,
these data indicate that His122 is necessary for pH-dependent binding of FOXC2, but in FOX
family proteins with more than one histidine in the DBD, the conserved histidine may contribute

to but not exclusively confer pH-dependent DNA binding.

FOXC2 has pH-dependent activity in cells with higher activity at lower pH for an FkhP
reporter

We next asked whether pHi regulates FOXC2 activity for an FkhP sequence in cells, using a
luciferase assay with MDA-MB-436 clonal human breast cancer cells. Imaging MDA-MB-436
cells loaded with the pH-sensitive dye SNARF, we confirmed a relatively high pHi of 7.62 + 0.21
that is decreased to pHi 7.42 £ 0.04 in the presence of 5-(N-Ethyl-N-isopropyl)-Amiloride (EIPA)
(10 uM, 24 h), a selective pharmacological inhibitor of the plasma membrane H+ extruder NHE1
(Fig. 2.6A). Imaging also revealed that pHi and nuclear pH are similar in control cells and cells
treated with EIPA (Fig. 2.6A). In MDA-MB-436 cells transfected with a 6x-FkhP repeat
luciferase reporter with a minimal promoter (minP) (Fig. 2.6B) but not FOXC2, there is minimal
basal reporter activity with no significant difference between controls and cells treated with 10
MM of EIPA. However, in cells transfected with WT FOXC2, there is a significant 1.65-fold
relative greater reporter signal in the presence compared with the absence (control) of EIPA

(Fig. 2.6B). We also tested activity of mutant FOXC2-H122K and FOXC2-H122N in MDA-MB-
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436 cells with the 6x-FKhP repeat luciferase reporter. We find that the activity of both mutant
proteins is pH-independent (Fig. 2.6B), consistent with their pH-independent binding affinities
for the FkhP sequence determined in vitro by fluorescence anisotropy (Fig. 2.4). Although we
found pH-independent luciferase activity in cells expressing FOXC2-H122K and FOXC2-H122N,
the overall activity of FOXC2-H122K was lower than WT and lower than expected based on the
observed high affinity in vitro. This may be due to changes to tertiary structure of the full-length
mutant protein compared with the shorter DBD used for in vitro binding measurements.

To lower pHi, we added EIPA 8h after transfecting with FOXC2 and the luciferase
reporter. As an alternative approach to eliminate a time delay, we generated MDA-MB-436 cells
with CRISPR/Cas9 silencing of NHE1 expression. Using cells loaded with the pH-sensitive dye
BCECF, we confirmed a lower pHi in NHE1-null cells of 7.39 + 0.03 compared with a pHi of 7.71
+ 0.03 in control parental cells (Fig. 2.6C). With this approach we confirmed that in the absence
of FOXC2 the reporter signal is minimal and pH-independent (Fig. 2.6D). Additionally, like with
EIPA-treated parental cells, co-expression of the reporter and FOXC2 in NHE1-null cells results
in a 2.17-fold increase in activity compared with activity in parental controls (Fig. 2.6D).
Together, these data using two different approaches to lower pHi, pharmacological and genetic,
show pH-dependent FOXC2 activity for an FKhP reporter in cells, with higher activity at lower

pHi likely mediated by His122.

FOXC2 prefers FHL-like sequences at higher pH

After confirming our first prediction of higher affinity binding to thymine in the canonical FkhP
motif at lower pH for FOXC2, FOXM1, and FOXN1, we tested our second prediction that binding
to adenine would have a higher affinity at higher pH, with a deprotonated histidine as a
hydrogen bond acceptor. However, using recombinant FOXC2 DBD and published DNA
consensus motifs we were unable to obtain binding to several sequences with AGC rich His

recognition sites (data not shown). We therefore used SELEX-SEQ as an unbiased approach
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to identify DNA binding motifs for a given transcription factor from a randomized library (Fig.
2.7A). We performed SELEX-SEQ using GST-FOXC2 at pH 7 and pH 7.8 to identify a potential
sequence with high affinity binding at high pH. We chose pH 7.8 to minimize binding to a
predicted low pH sequence preferences such as FkhP where binding is attenuated after pH 7.6
(Fig 2.3B). After four rounds of selection at pH 7 we find that the most enriched sequence is
the canonical FkhP motif (Fig. 2.7B). In contrast, at pH 7.8 the three most enriched sequences
are different than those at pH 7 (Fig. 2.7C). All three sequences are similar to the reported FOX
family consensus FHL motif (Nakagawa et al., 2013).

We used a used a 5’6FAM labeled FHL sequence to measure binding of purified
recombinant FOXC2 DBD expressed as a GST fusion protein and fluorescence anisotropy. We
made a 2x-FHL 5-mer repeat with a single nucleotide adenine spacer (11-mer) to be consistent
with the molecular weight of the 11-mer FKkhP sequence previously described. Additionally, we
generated a 9-mer FHL with “GC” nucleotides flanking the 5-mer core FHL sequence (9-mer) for
the minimal length needed for anisotropy signal. We were unable to measure binding to the 11-
mer FHL sequence nor to a subsequently generated 9-mer oligo. Hence, to further confirm our
findings with SELEX-seq, in future studies we plan to determine FOXC2 activity in MDA-MB-436
cells with a 6x-FHL repeat luciferase reporter, with the prediction that activity will be greater at

pH 7.7 compared with pH 7.4.

Biological Significance of pH dependent FOXC2 activity

To determine the effect that pHi-regulated FOXC2 activity has on gene expression, we are
analyzing bulk RNA-seq data as suggested by thesis committee members. We collected RNA
from three separate preparations of MDA-MB-436 parental and NHE1-null cells with
heterologous expression of full-length FOXC2 WT or pH-independent mutants His122Lys and

His122Asn. We are currently performing differential gene expression analysis of sequencing
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data generated on a NovaSeq6000 to identify selectivity of FOXC2 target genes at pHi 7.4

compared with pHi 7.7. (see Fig. 2.6C).
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Figure 2.1. FOX family proteins are predicted pH sensors for pH-dependent binding to
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A. Sequence alignment of all FOX family member proteins DBD Helix H3 with conserved
histidine highlighted in red and denoted by red arrow. B. In available structures of FOX proteins
in complex with DNA, the conserved histidine is also spatially aligned. C. A protonated
transcription factor histidine is a predicted hydrogen donor for thymine acceptor while a neutral
histidine is a predicted hydrogen bond acceptor for adenine donor. D. CpHMD portion of
simulation in which double protonated (HIP), protonated at delta nitrogen (HID), protonated at
epsilon nitrogen (HIE) are predicted to be unbound (white bars) or bound FkhP (black bars).
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Figure 2.2. Transcription factors across families contain a histidine in the DBD.

A, B. Sequence alignment of all (A) SOX family members proteins DBD Helix 1 and 2 (B)
MITF/MYC/MAX family members with conserved histidines highlighted in red and denoted by
red arrows. C-E. Select transcription factors in other families with a nucleotide recognizing
histidine (magenta) in the DBD. (C) ETV6-His396 hydrogen bond to a thymine (PDB: 4MHG).
(D) STAT6-H415 hydrogen bond to a guanine (PDB:4Y5W). (E) ARNT-His94 hydrogen bond to
a guanine (PDB: 4ZPK).
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Figure 2.3. Binding of FOX family proteins to the FkhP sequence is pH-dependent with

high affinity at low pH.

A. FOXC2 single histidine in DBD bound to the FkhP sequence making a hydrogen bond with
thymine (PDB: 6AKO). B. pH titration of FOXC2 to the FkhP sequence. C-D. Binding curves at
pH 7 and 7.5 for FOXC2 (C), FOXM1 (D), and FOXN1 (E). F. Association constants calculated
from binding curves. Data are means + s.e.m. of at least three separate measurements with two

separate protein preparations.
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Figure 2.4. pH-dependent binding of FOXC2 to the FkhP sequence is dependent on
His122.

A. pH titration of FOXC2-H122K compared to WT. B, C. Binding curves of pH-independent
mutants H122K (B) and H122N (C). D. Association constants for FOXC2 WT and pH-
independent mutants. Data are means + s.e.m. of at least three separate measurements with
two separate protein preparations.
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Figure 2.5. FOXM1-H287K is not sufficient for pH-dependent binding to the FkhP
sequence.

A. Binding curves at pH 7 and 7.5 for FOXM1-H287K. B. Association constants calculated from
binding curves. Data are means + s.e.m. of at least three separate measurements with two
separate protein preparations C. FOXM1 HIS protonation states for protein alone and in
complex with DNA for five of six histidines in the DBD. HIS287(orange) and HIS292(yellow)
exhibit a strong preference for the doubly protonated, charged state in the context of the DNA
complex, while other His residues do not. Error bars are not calculated because we only
produced one set of simulations.
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Figure 2.6. FOXC2 has pH-dependent transcriptional activity in cells that is dependent on
His122.

A. pHi measurements of MDA-MB-436 cells in cytosol and nucleus with and without EIPA. Data
are means of three independent measurements + s.e.m. B. Luciferase assay for FOXC2 activity
for an FkhP sequence in control (pHi ~7.65) and EIPA treated (pHi ~7.4) cells with inset design
of reporter. C. pHi measurements of MDA-MB-436 control (pHi ~7.7), EIPA treated (pHi ~7.4),
and NHE1 null (~pHi 7.4). D. Luciferase assay for FOXC2 activity at FkhP sequences in control
(pHi ~7.7) and NHE1-null cells (pHi ~7.4). All data are from at least three independent
measurements and were analyzed by Tukey-Kramer HSD with a significance level of p<0.05.
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A. Design of SELEX assay. B,C. Top three enriched sequences in SELEX-seq after four rounds
of enrichment at pH 7 (B) and pH 7.8 (C).
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Discussion and Future Directions
How different co-expressed members of transcription factor families with highly conserved DNA-
binding domains recognize distinct DNA sequences to regulate diverse target genes and
disparate cell behaviors remains an important question for understanding developmental
processes. DNA-binding selectivity is in part determined by multiple mechanisms, including co-
factor association, post-translational modifications such as phosphorylation, and DNA
accessibility through epigenetic modifications (Lambert et al., 2018). Our current findings add
new mechanistic insight on pHi dynamics being a previously unrecognized regulator of DNA-
binding selectivity that we predict is applicable to at least 65 transcription factors in diverse
families that contain a conserved titratable histidine that forms hydrogen bonds with nucleotides.
We do not predict that pHi dynamics function as binary switch for DNA binding preference but
rather acts as a coincidence regulator with other established mechanisms.

Here we show that FOX family member transcription factors bind the canonical FkhP
DNA sequence with higher affinity at lower pH in vitro and in cells, FOXC2 has higher activity for
the FkhP sequence at lower pHi. Further, our data indicate that for FOXC2, pH-dependent DNA
binding and activity is conferred by the conserved His122. In addition to high affinity binding of
FOX family members to the canonical FkhP motif at low pH, our SELEX-seq data with FOXC2
identified distinct DNA sequences that bind at pH 7.0 compared with pH 7.8. Although
sequences identified by SELEX-seq at pH 7.8 are like the known FOX FHL-N consensus motif,
we were unable observe significant binding to these sequences in vitro, regardless of pH. While
it is possible that FOXC2 prefers to bind these FHL-N like sequences relative to FkhP at higher
pH, PCR amplification steps in SELEX-seq may overrepresent overall binding affinity of FOXC2.
Further, it is possible that these short 5 base pair sequences enable different FOXC2 binding
without flanking nucleotides present in the SELEX library. However, we also observed poor
binding in vitro by adding FHL-N core flanking sequences found in known FOX target gene

promoters or successive FHL-N repeats. Another possible caveat is that fluorescence
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anisotropy requires the molecular weight of the ligand to be markedly higher than the probe for
a sufficient signal (Moerke, 2009). To circumvent these in vitro limitations, ongoing studies to
validate DNA sequences binding at higher pH obtained with SELEX-seq include using reporter
assays in cells. We predict that 6x repeats of these FHL-N like sequences driving luciferase
expression may reveal higher FOXC2 activity at higher pHi. Additional future studies include
testing the activity of FOXN family members that are known to bind the FHL-N motif with high
affinity (Newman et al., 2020; Rogers et al., 2019).

We are also determining the functional significance of pHi regulated FOXC2 activity in
cells. While increased pHi is known to promote EMT (epithelial to mesenchymal transition)
(Amith et al., 2016) and FOXC2 directly regulates N-cadherin and p120-catenin expression in
cancer (Mani et al., 2007; Mortazavi et al., 2010; Ren et al., 2014), we were unable to observe
significant pH-dependent differences in expression of these target genes with overexpression of
FOXC2, despite testing multiple cell types including breast cancer MDA-MB-436, colorectal
cancer HCT116, and lung cancer H1299. It is possible that overexpression of FOXC2 is not
sufficient to either repress p120 or activate N-cadherin expression in these cell contexts. While
our findings indicate that pH is a previously unrecognized regulator of DNA binding selectivity of
transcription factors, pHi is also known to regulate chromatin accessibility where pH-sensors
have been identified in select epigenetic readers and writers (McBrian et al., 2013; Tencer et al.,
2017). With gene expression regulated by multiple mechanisms, including chromatin
accessibility, co-factors, post-translational modifications, and cell context dependency, study of
FOXC2 pH-dependent gene regulation of specific candidates is a limited approach. To resolve
these limitations, our ongoing studies include using RNA-seq in cells overexpressing WT
FOXC2 with changing pHi to determine transcriptome wide and pH-dependent gene expression
differences. Because pHi can broadly affect chromatin and upstream signaling for gene
expression changes, our RNA-seq studies also include cells overexpressing pH-independent

mutants FOXC2-H122K and FOXC2-H122N to filter significantly different transcripts in cells
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expressing WT but not mutants. These different conditions will also allow us to determine
FOXC2-H122 dependency of differentially expressed genes. A future direction would be to use
this bulk RNA-seq approach with other FOX family transcription factors known to regulate cell
behaviors that are also regulated by pHi dynamics. For example, FOXM1 is known to regulate
multiple cell cycle stages, (Wierstra, 2013), which are also regulated by pHi dynamics (Flinck et
al., 2018a; Putney & Barber, 2003), FOXD3 promotes exit from naive self-renewing mouse
embryonic stem cells (Respuela et al., 2016), with exit also being dependent on increased pHi
(Ulmschneider et al., 2016), and overexpression of several FOX transcription factors promote
cancer cell behaviors (Katoh et al., 2013; Zhu et al., 2023), as does increased pHi (Swietach et
al., 2023; Webb et al., 2011; White, Grillo-hill, et al., 2017). Additionally, FOXN1 is known as the
master regulator of thymic epithelial development (Romano et al., 2013). Although pH dynamics
regulates differentiation and specification of embryonic and specific adult stem populations,
whether it plays a role in thymic development has not been reported (Liu et al., 2023;
Ulmschneider et al., 2016). Future studies are necessary to establish cell behaviors directly
regulated by pHi-dependent FOX target gene specificity.

An additional future direction is to apply our approach with FOX transcription factors to
determine whether DNA binding by SOX transcription factors is also regulated by pH. In
contrast to FOX family members, a nucleotide-binding histidine is not completely conserved in
SOX family members but does occur in 18 of 20 SOX family transcription factors. Sry and
SOX30 are the exception and contain an arginine and asparagine, respectively. These
differences will allow using Sry and SOX30 and swapping DBD as an additional approach not
available with FOX proteins. Further, which cell behaviors require invariant charged amino acids
such as arginine or asparagine at nucleotide recognizing residues will help us better understand
the significance of a nucleotide-binding histidine in the DBD of transcription factors.

Of note, there are two previous reports using selective FOX family members that

suggest pH regulated functions. Using FOXP2, Blane and Fanucchi (Blane & Fanucchi, 2015)
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show that the protonation state of the conserved histidine in the DBD regulates protein tertiary
shape and DNA-binding affinity for a known DNA motif, although their study included non-
physiological pH values as low as pH 5 and as high as pH 9. Using FOXP1, Medina and
colleagues (Medina et al., 2019). show that the protonation state of a less conserved histidine
exclusive to the FOXM/O/P subfamilies modulates domain swapping stability to regulate its
DNA-binding affinity. Although these studies reveal pH-regulated functions of FOXP2 and
FOXP1, they offer limited insight on the mechanisms and broader scope of pH dynamics being
a regulator of DNA binding by transcription factors across distinctly different families.

Taken together our findings suggest that pH dynamics is a broadly conserved
mechanism regulating the activity of myriad transcription factors, and they also address how
highly conserved transcription factors can regulate diverse target genes and functions
reiteratively. Additionally, our findings further establish how pHi regulated electrostatics can
affect protein function to regulate cell behaviors for a more complete understanding of both

development and disease.
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Methods

Amino acid sequence and structural alignment

For sequence alignment of FOX, SOX, and MITF/MYC/MAX family proteins, FASTA sequences
were downloaded from UniProt and uploaded to Jalview software. For each family, sequences
were aligned using ClustalO default settings. Amino acids were arbitrarily colored with red used
to highlight the conserved DNA-binding His residues in each family. For structural alignment,
available FOX crystal structures in complex with DNA were downloaded from the Protein Data
Bank (PDB), which included FOXM1 (3G73), FOXO4 (3L2C), FOXC2 (6AKO), FOXN1 (6ELS),
FOXO3a (2UZK), FOXP2 (2AS5), and FOXO1 (3CQO7). Structures were uploaded to UCSF

ChimeraX and structurally aligned using 3G73 as a reference structure.

Constant pH Molecular Dynamics Simulations

Constant pH molecular dynamics were used to sample protonation state distributions for defined
titratable histidine residues using explicit solvent representation and an atomistic description of
the protein-DNA complex. Shifts in expected pKa of histidine residues were estimated within the
simulation pH range to inform how DNA-protein interaction is modulated as a function of
changes in pH. All CoHMD simulations were run for 100ns at pH 7.0, with protonation state

change attempts every 100fs.

Cloning, Expression, and Purification

The GST-fusion protein plasmid pGEX-6P-2 was digested with BamHI and EcoRI enzymes and
the DBD of FOXC2 (amino acids 72-172), FOXM1 (amino acids 222-360), and FOXN1 (amino
acids 270-366) were PCR amplified with BamHI and EcoRI multiple cloning site overhangs.
FOX templates were obtained from Addgene (Moparthi & Koch, 2020) and FOX-DBD DNA
sequences were ligated and cloned into the pGEX-6P2 using Gibson Assembly Master Mix

(NEB: E2611L). Point mutants were generated with the QuikChange Lightning site-directed
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mutagenesis kit (Agilent: 210515) according to the manufacturer protocol. Each construct was
transformed into and expressed in BL21-DE3 E. coli competent cells using heat shock (Thermo
EC0114). For expression, cells were grown in 1L of Luria broth with ampicillin (100 ug/mL; 37°C
with shaking at 225 rpm) until cells reached log-phase growth at ODgoo = ~0.6. Expression was
induced with 1 mM isopropyl-B-D-1-thiogalatapyranoside for 6 hours at 37°C with shaking at
225 rpm. Cells were pelleted (7000g; 15 min at 4°C) and either frozen at -80°C or used directly

for protein purification.

GST-FOX DBD Protein Purification

Bacterial cell pellets were resuspended in 50mL of lysis buffer (50 mM Tris-HCI pH 8, 1 mM
DTT, 5% glycerol, protease inhibitor cocktail [Roche: 1183615300]). Cells in pellets were lysed
by sonication on ice with 10 sec pulses of maximum setting followed by 1 min cooling period,
repeated 12 times. The supernatant was clarified by centrifugation (12,000g; 30 min at 4°C) and
mixed 1:1 with wash buffer (50mM Tris, 150mM NaCl, pH 8.0) from the GST purification kit
(Pierce: 16105). 12.5mL of lysate was loaded on pre-equilibrated 3mL glutathione agarose spin
columns, incubated end over end for 30 min at 4°C and repeated until all lysate was used. The
flowthrough was collected by centrifugation (700g; 2 min at 4°C) and columns were washed with
6 mL of wash buffer three times. GST-FOX DBD was eluted with 3mL of wash buffer + 10mM
reduced glutathione three times. Each fraction was collected, separated on a 10% SDS-PAGE
gel, and coomasie stained to determine molecular size and purity. Eluate fractions were pooled,
divided in half, concentrated, and exchanged in two separate anisotropy buffers (20mM Hepes,
140mM KCI, 0.05mM TCEP-HCI, pH 7 or 7.5) using Amicon Ultra-15 Filters with a 10 kDa
molecular weight cutoff (MilliporeSigma: UFC901008). The protein concentration was
determined by Azso using NanoDrop spectrophotometer (Thermo: ND-1000), aliquoted, flash

frozen in liquid nitrogen, and stored at -80°C.
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GST-FOX DBD Anisotropy Assay

GST-FOX DBD protein aliquots were thawed at room temperature and diluted to a final volume
of 120pL in anisotropy buffer pH 7 and 7.5 to the highest concentration of each protein (FOXC2-
50uM, FOXM1- 21uM, FOXN1- 50uM, FOXC2-H122K- 9uM, FOXC2-H122N- 97uM, FOXM1-
H287K- 21uM) needed to reach binding saturation which was empirically determined. Protein
was serially diluted ten times to a volume of 60uL and 10uL of 6’FAM labeled duplex FkhP
(ccaTAAACAac) (IDT) was added to each protein dilution and one blank for a final concentration
of 7.5nM DNA and 70pL reaction volume. PCR strip tubes were capped and incubated at RT in
the dark for 30 min. Following incubation, 20uL of each dilution and blank was loaded in
triplicate to a 384-well black plate (Greiner: 784076) using a multichannel pipette. Fluorescence
anisotropy measurements were made using a SpectraMax M5 plate reader (Molecular Devices).
Sigmoidal curve fits were generated using GraphPad Prism and association constants
determined using Mathematica software to solve for Kp in equation A,,s = Ay + (AA = T) /(Kp +
T) where Aobs is observed anisotropy, Ao is anisotropy of initial unbound probe, AA is difference
in anisotropy between unbound and fully bound populations, and T is concentration of titrant
protein. Ka was determined as (1/Kp). Data are represented as averages of at least three
independent measurements from two separate protein preparations and error bars are + s.e.m.
Binding affinities of FOX WT proteins were analyzed by two-tailed unpaired Student’s t-test and
with a significance level of p<0.05. Comparison of WT FOXC2 and FOXM1 to His mutants were

analyzed by Tukey-Kramer HSD with a significance level of p<0.05.

GST-FOX DBD pH Titration
Anisotropy buffer was prepared in increments of 0.2 pH units from pH 6.8-8.2 and 7.5nM final
concentration of labeled FkhP oligo was added to each. Either 2.3uM final concentration GST-

FOXC2 or buffer alone was added to a final reaction volume of 70uL. Reactions were incubated
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and measured as described above. Data are represented as average anisotropy values of

[(FOXC2+DNA) — (DNA alone)] set relative to maximal binding at pH 6.8 + s.e.m.

Cell Culture and Luciferase Assay

For determinations with EIPA to lower pHi, MDA-MB-436 cells obtained from ATCC were
maintained in atmospheric conditions at 37°C in Leibovitz’s L-15 medium (Cytiva: SH30525.01)
supplemented with insulin (10ug/mL), Penicillin/Streptomycin (100U/mL each), and 10% FBS.
For determinations with NHE1-null conditions, MDA-MB-436 cells were maintained at 37°C and
5% COz in RPMI 1640 (Gibco:11875085) supplemented with Penicillin/Streptomycin (100U/mL
each), and 10% FBS. For luciferase assays, 3.5 x 10° cells were plated in 6-well plates and
grown overnight to 80% confluency prior to transfection. Cells were transfected with a total of
1ug DNA using lipofectamine 3000 (Invitrogen: L3000001) according to manufacture protocol.
Cells received either 500ng 6x-FkhP obtained from Addgene (Moparthi & Koch, 2020) or 500ng
6x-FkhP and 500ng pCS2 Flag-FOXC2 WT from Addgene (Moparthi & Koch, 2020) or mutant
FOXC2 generated as described above. Each transfection also included control pRL-TK renillla
plasmid obtained from the L. Selleri Lab (University of California San Francisco) at a ratio of
1:10 of reporter plasmid (50ng). At 8 hours after transfection, cells were washed once with PBS
and medium added in the absence or presence of 10 mM EIPA. Cells were then maintained for
an additional 40 hours and collected for Dual-Luciferase assays (Promega: E2920). In brief,
cells were washed once with PBS and lysed in 500uL of Dual-Glo luciferase buffer with shaking
on a nutator for 10 min at 4°C. Lysates were collected in microfuge tubes and clarified by
centrifugation for 5 min at 13,000 rpm at RT. From supernatants, 100uL was loaded in
quadruplicate in separate wells in a 96-well opaque white plate (Costar: 3917). Luciferase signal
was read on a SpectraMax M5 plate reader and Dual-Glo Stop & Glo Buffer was then added to

quench the luciferase signal and activate renilla for 10 min. The renilla signal was read and the
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Luciferase/Renilla ratio was normalized to control with 6x-FkhP + WT FOXC2. Data were

analyzed by Tukey-Kramer HSD with a significance level of p<0.05.

pHi Determinations

For imaging pHi (cytosolic) and nuclear pH, MDA-MB-436 cells plated on 35 mm glass bottom
MatTek dishes for 48 h were washed 2X and incubated for 15 min in pHi buffer (110mM NaCl,
5mM KClI, 10 mM glucose, 256mM NaHCOs, 1mM KPOs, 1mM MgSOs, 2mM CaClz, pH 7.4)
containing 10 mM of the dual emission pH-sensitive dye 5-(and-6)-carboxylic acid,
acetoxymethyl ester (SNARF) as previously described (Grillo-Hill et al., 2014). For
measurements with EIPA, a final concentration of 10 mM was included in cell medium 24 h
before measurements and in all wash and dye-loading buffers. After dye loading and washing
2X in pHi buffer, ratiometric determinations at Ex490 were made at pH-sensitive and -insensitive
emissions of 580 nm and 640 nm, respectively, using a Plan Apo 40 0.95 NA objective on an
inverted Nikon spinning disc microscope system (Nikon Eclipse TE2000 Perfect Focus System;
Nikon Instruments; Nikon Instruments) equipped with a CoolSnap HQ2 cooled charge-coupled
camera (Photometrics) and camera-triggered electronic shutters controlled with NIS-Elements
Imaging Software (Nikon). For measuring pHi in cell populations, parental and NHE1-null MDA-
MB-436 cells plated in standard 24-well dishes for 48 h were washed 2X and incubated for 15
min in pHi buffer containing 1 mM of the dual excitation pH-sensitive dye 2',7'-Bis-(2-
Carboxyethyl)-5-(and-6)-carboxyfluorescein, acetoxymethyl ester (BCECF) as previously
described (Meima et al., 2009). After dye loading and washing 2X in pHi buffer, ratiometric
determinations were made at Em 535 nm and pH-sensitive and -insensitive excitations of 490
nm and 440 nm, respectively, using a SpectraMax M5 plate reader. To calibrate ratiometric
measurements to pHi values for both pHi imaging and cell population pHi, at the end of each

determination cells were incubated sequentially for 5 min each with a Na*-free, K* buffer
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containing the ionophore nigericin at pH 7.5 and then at pH 6.6 to equilibrate intracellular and

extracellular pH, as previously described (Grillo-Hill et al., 2014; Meima et al., 2009).

SELEX-seq Identification of High pH High Affinity Sequences

For SELEX-seq, a previously reported protocol (Riley et al., 2014) was used with modifications.
We designed our library with a 16 base pair randomized region flanked by PCR sites
GTTCAGAGTTCTACAGTCCGACGATCTGGNNNNNNNNNNNNNNNNTCGTATGCCGTCTTC
TGCTTG. For each round of selective enrichment, final concentrations of 0.25uM DNA library
with 2.5uM GST-FOXC2 were incubated for 30 min at RT in either binding buffer (20mM Hepes,
140mM KCI, 0.05mM TCEP-HCI) at pH 7 or 7.8. Next, 30uL of 50% pre-equilibrated glutathione
Sepharose beads (Cytiva: 17075601) were added and incubated end over end for 30 min at RT
and DNA-FOXC2-bead complexes were pelleted by centrifugation at 5000 rpm for 4 min. DNA-
FOXC2-bead complexes were washed twice with 300uL binding buffer and resuspended in
100uL binding buffer prior to heat dissociation for 5 min at 95°C. Eluate DNA was clarified by
centrifugation (10,000 rpm for 5 min) and PCR amplified with forward (SELEXF) and reverse
(SELEXR) primers complementary randomized region flanking nucleotides (Table 2.1). PCR
products were cleaned using the MinElute PCR purification kit (Qiagen: 28004) and the
selection process was repeated four times with PCR products from prior rounds used as the
starting library. 5’ and 3’ adapter overhangs were added by PCR (Table 2.1) to the initial starting
library (Ro) with all four rounds of selection (R1.4) used to prepare for addition of barcoded
indexes. Indexes were added by PCR (Table 2.2) using the Nextera IDT UD Set D (lllumina:
20027213) for multiplex sequencing. Sequencing was performed at the University of California,
San Francisco Genomics CoLab using a Miniseq high output 150 cycles kit for paired end reads
(Hlumina: FC-420-1002). Samples were demultiplexed and analysis performed using the

University of California, Davis Bioinformatics Core according to the protocol outlined in (Riley et
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al., 2014) using their published ‘R’ “SELEX” package which is publicly available at:

(bioconductor.org/packages/release/bioc/html/SELEX.html).
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Tables

Table 2.1. Primers used in SELEX-seq.

Step

Primer

Sequence 5'>3'

Library Amplification

SELEX:

GTTCAGAGTTCTA
CAGTCCGACGAT
CTGG

SELEXx

CGAAGTCAAGCA
GAAGACGGCATA
CGA

Adapter Overhangs

Overhangg

TCGTCGGCAGCG
TCAGATGTGTATA
AGAGACAGGTTCA
GAGTTCTACAGTC
CGACGATC

Overhangr

GTCTCGTGGGCT
CGGAGATGTGTA
TAAGAGACAGCGA
AGTCAAGCAGAAG
ACGGCATAC

Barcoded Indexes

Barcoder

AATGATACGGCGA
CCACCGAGATCTA
CACNNNNNNNNT
CGTCGGCAGCGT
C

Barcodeg

CAAGCAGAAGAC
GGCATACGAGAT
NNNNNNNNGTCT
CGTGGGCTCGG
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Table 2.2. Indexes from Nextera IDT UD Set D used for each sample.

Sample Index ID |Index 5' Index 3'

R, Initial Library UDPO0337 | TGTAAGGTGG |AAGGCCTTGG
R{FOXC2pH 7 |UDP0338 [CAACTGCAAC |[TGAACGCAAC
R, FOXC2 pH 7.8 [UDP0339 | ACATGAGTGA |CCGCTTAGCT
R, FOXC2 pH 7 |UDP0340 |[GCAACCAGTC |CACCGAGGAA
R, FOXC2 pH 7.8 |UDP0341 [ GAGCGACGAT |CGTATAATCA
R; FOXC2pH 7 [UDP0342 [CGAACGCACC |[ATGACAGAAC
R; FOXC2 pH 7.8 [UDP0343 | TCTTACGCCG |ATTCATTGCA
R, FOXC2pH 7 |UDP0344 [AGCTGATGTC [TCATGTCCTG
R, FOXC2 pH 7.8 |JUDP0304 | CCGCTCCGTT |TACGGCGAAG
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CHAPTER 3: MOLECULAR MECHANISM OF pH-DEPENDENT RELIEF OF

ALLOSTERIC ATP INHIBTION BY HUMAN PFKM
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Introduction

Phosphofructokinase-1 (PFK-1), the “gatekeeper of glycolysis,” catalyzes first committed step of
the glycolytic pathway by converting fructose-6-phosphate to fructose 1,6-bisphosphate. As the
reaction is irreversible, PFK-1 has evolved to be allosterically activated or inhibited by over 10
metabolites and in response to hormone signaling to fine-tune glycolytic flux for ATP production
to meet energy requirements (Schoneberg et al., 2013). For example, PFK-1 activity is
allosterically inhibited by a high ATP/AMP ratio and when this ratio decreases, the activity of
PFK-1 increases to stimulate glycolysis to restore ATP production (Zheng & Kemps, 1992).
Also, allosteric inhibitors include citrate and phosphoenolpyruvic acid, which are downstream
messengers of high energy production (Colombo et al., 1975; Icard et al., 2012). In contrast, the
allosteric activator fructose 2,6-bisphosphate (F2,6bP) is produced in response to insulin by
fructose-6-phosphate (F6P), which is a PFK-1 substrate and creates a feedforward loop to
increase glycolysis by increasing PFK-1 affinity for F6P (Depre et al., 1993). However,
regulation of PFK-1 activity is not limited to molecular substrates. PFK-1 activity is also
regulated by its assembly into filamentous polymers (Webb et al., 2017) and by changes in pH
(Trivedi & Danforth, 1966), although the molecular mechanisms mediating these regulatory
effects on PFK-1 activity remain unresolved.

PFK-1 is expressed in humans as three isoforms; liver (PFKL), muscle (PFKM), and
platelet (PFKP), although the expression of each isoform is not limited to specific tissues.
Moreover, each isoform has distinct sensitivities to different modes of regulation (Mor et al.,
2011). PFKM activity is more sensitive to pH than the other two isoforms. A substantial >10-fold
increase in PFKM activity between pH 7.0 to 7.5 was first shown nearly 50 years ago using
enzyme isolated from rabbit muscle (Trivedi & Danforth, 1966). This work revealed that a higher
pH relieves allosteric inhibition of enzyme activity by ATP. Subsequent work broadly inferred
that pH-regulated activity is likely due to unspecified histidine residue(s) because histidine can

titrate within this pH range (Carpenter & Hand, 1986; Webb et al., 2015). Until recently,
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however, there were two limitations for resolving the molecular mechanism of pH sensing by
PFKM. First was lack of recombinant PFK-1 as a tetrameric active enzyme. Previous studies
relied on PFK-1 purified from tissues or cells, which precludes using targeted mutagenesis to
test candidate pH-sensing residues. To overcome this limitation, the Barber group generated all
three human PFK-1 isoforms as recombinant proteins with post-translational modifications by
using baculovirus expression (Webb et al., 2015a). A second limitation was the lack of a
mammalian PFK-1 tetrameric structure. The Barber lab determined two structures of
recombinant human PFKP, one in complex with ATP and Mg?* and another in complex with
ADP, which revealed significant conformational differences and detailed interactions with
substrate (Webb et al., 2015a).

A second project of my thesis research addressed the long-standing question of what
molecular mechanism mediates pH sensitive relief of allosteric ATP inhibition of PFKM activity.
This project was aided by a collaboration with Brad Webb, a former postdoc in the Barber lab
who resolved the structure of PFKP (Webb et al., 2015b) and is currently an Assistant Professor
at West Virginia University. | used sequence differences between PFKM compared with PFKP
and PFKL, homology modeling of the PFKP structure, baculovirus-expressed recombinant PFK-
1 isoforms, and site-directed mutagenesis to identify PFKM-His242 as a critical residue for
mediating the pH-regulated relief of ATP inhibition. Moreover, | found that although His242 is
necessary for pH regulated PFKM activity, it is not sufficient to confer pH sensing by PFKL.
These findings elucidate a critical mechanism of the most highly regulated enzyme in glycolysis,
PFKM, further highlighting how pHi can serve as a robust mechanism to regulate protein

activity.
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Results

The pH-dependent relief of allosteric ATP inhibition by PFKM is predicted to be mediated
by His242

Previous work using PFKM isolated from frog (Trivedi & Danforth, 1966) and rabbit (Pettigrew &
Frieden, 1979) muscle established that increasing pH from 7.0 to 7.8 relieved allosteric
inhibition of enzyme activity by ATP. To identify the molecular mechanisms mediating pH-
regulated PFKM activity, we used recombinant human PFKM generated in a baculovirus
expression system and purified with a 6xHis-tag, as previously described (Webb et al., 2015a,
2017b) We first confirmed relief of ATP-inhibited activity with increasing pH, determined with
0.5mM fructose 6-phosphate (F6P), an inhibitory concentration of ATP (4mM), and a pH titration
from pH 6.8 to 8.2 by using an auxiliary enzyme assay linking F1,6bP production to NADH
oxidation as previously reported (Webb et al., 2015a) (Fig. 3.1A). To identify putative pH-sensor
sites of PFKM, which had previously been suggested but not experimentally validated to be a
histidine (Carpenter’ And & Hand, 1986; Webb et al., 2015), we determined which histidine(s)
are exclusive to the PFKM isoform and may confer pH sensing. In the crystal structure of PFKM
purified from rabbit skeletal muscle (Banaszak et al., 2011) (PDB:308L), His242 is located in
the ATP inhibitory pocket and in part coordinates the negative charge of phosphate groups on
ATP (Fig. 3.1B). Further, amino acid sequence alignment of PFKM, PFKL, and PFKP (Fig.
3.1C) reveals that His242 is exclusive to the muscle isoform, suggesting its importance as a
putative pH-sensor site for the pH sensitive activity of PFKM but not PFKL or PFKP (Webb et
al., 2017a). In contrast, the uncharged side chains of phenylalanine and glutamine in PFKL and
PFP, respectively are not predicted to coordinate the negative charge of ATP at this position.
(Fig. 3.1C). Taken together, these observations predict that His242 is a pH-sensor site that may
be protonated and bind the negatively charged inhibitory ATP and inhibit enzyme activity at low
pH. In contrast, we predicted at higher pH, His242 may be deprotonated to attenuate the

electrostatic binding of inhibitory ATP for relief of allosteric inhibition.
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His242 is necessary for pH-dependent relief of allosteric ATP inhibition by human PFKM
To experimentally test our prediction that His242 mediates pH-dependent relief of allosteric
inhibition of PFKM, we generated a PFKM-H242F substitution by site directed mutagenesis,
selecting a Phe based on the residue at this site in the liver isoform (Fig. 3.1C). For WT PFKM,
we found that at pH 7 there is a roughly 3-fold decrease in overall activity at 4mM ATP (3.5 pmol
F1,6bp min” mg™) compared with maximal activity at 1mM ATP (10.9 ymol F1,6bp min™ mg™).
In contrast, at pH 7.5, maximal activity is achieved at 2mM ATP (13.8 umol F1,6bp min™ mg™)
and maintained with 4mM ATP (11.8 ymol F1,6bp min™ mg™) (Fig. 3.2A). While PFKM-H242F
also reaches maximal activity at 2mM ATP, overall activity is markedly reduced to 1.6 and 1.4
umol F1,6bp min” mg™ at pH 7 and 7.5, respectively (Fig. 3.2B). Because of the low overall
activity of PFKM-H242F, to better assess whether His242 is necessary for pH-dependent relief
of allosteric ATP inhibition we also determined relative activity at pH 7 and 7.5 for both WT and
His242Phe. For WT, we find relief of allosteric ATP inhibition at pH 7.5 where 89% of maximal
activity is retained at 4mM ATP as opposed to only 21% at pH 7 (Fig. 3.2C). In contrast,
His242Phe retains 78% and 99% of activity at 4mM ATP for pH 7 and 7.5, respectively (Fig.
3.2D). Together these data suggest that His242 is necessary for efficient overall activity and for

pH-dependent relief of allosteric inhibition of PFKM by ATP.

His242 is not sufficient for pH-dependent relief of allosteric ATP inhibition by human
PFKL

To determine whether His242 is sufficient for a gain of pH-dependent relief of allosteric
inhibition, we generated recombinant WT PFKL and PFKL-F242H. For WT PFKL, we found at
pH 7.5 there is a roughly 6-fold reduction in overall activity at 0.5mM ATP (0.28 pmol F1,6bp
min™ mg™) compared with maximal activity at 0.125mM ATP (1.69 pymol F1,6bp min™* mg™).
PFKL-F242H also reaches maximal activity at 0.125 mM at both pH 7 (8.05 ymol F1,6bp min™’

mg™") and pH 7.5 (195 umol F1,6bp min™ mg™) but activity is reduced at least 4-fold by 0.5 mM
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ATP at either pH. However, the overall activity of PFKL-F242H is markedly greater than WT at
both pH 7 and 7.5. (Fig. 3.3A). Because overall activity of PFKL-F242H is greater than WT, we
also determined the relative activity for each condition at 0.125 mM ATP. We found no
difference in relief of allosteric ATP inhibition by PFKL-F242H at either pH 7 or pH 7.5 compared
to WT PFKL at pH 7.5 (Fig. 3.3B). Taken together, these data suggest that a histidine
substitution for Phe242 increases the overall activity of PFKL but is not sufficient for a gain of

pH-dependent relief of allosteric ATP inhibition.
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Figure 3.1. The pH-dependent relief of allosteric ATP inhibition by PFKM is predicted to
be mediated by His242.

The pH-dependent activity of recombinant human PFKM at 4mM ATP and 0.5 mM fructose 6-
phosphate. Data are means * s.e.m. of seven independent measurements with two separate
protein preparations. B. His242 (magenta) is positioned in the inhibitory ATP pocket and in part
coordinates the inhibitory ATP (orange) negative charge (PDB:308L). C. Amino acid sequence
alignment of the three human isoforms PFKL, PFKM, and PFKP where His242 is exclusive to

the muscle isoform at this position (red arrow).
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Figure 3.2. His242 is necessary for pH-dependent relief of allosteric ATP inhibition by
human PFKL.

A,C. For WT PFKM, allosteric ATP inhibition is relieved at pH 7.5 compared with pH 7 for
overall activity (A) and relative activity (C). PFKM-H242F has decreased overall activity (B) but
relative activity has pH-independent relief of allosteric ATP inhibition (D) Data obtained at 1mM
fructose 6-phosphate and expressed as uM F1,6bp min™' mg™' of enzyme (A,C) or relative to
maximal activity (B,D). Data are means £ s.e.m. of six independent measurements with two
separate protein preparations.
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Figure 3.3. His242 is not sufficient for pH-dependent relief of allosteric ATP inhibition by
human PFKL

A,B. Activity of PFKL WT at pH 7 (cyan), PFKL-F242H at pH 7 (black), and PFKL-F242H at pH
7.5 (red). (B) Overall activity expressed in uM F1,6bp min™ mg™ of enzyme. (C) Activity set
relative to maximal at 0.125 mM ATP. Data are from one measurement and future independent
measurements to be performed in future experiments.
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Discussion and Future Directions

Although mechanisms regulating PFK-1 isoforms have been extensively studied and
characterized (Colombo et al., 1975; Depre et al., 1993; Icard et al., 2012; Trivedi & Danforth,
1966; Webb et al., 2017a; Zheng & Kemps, 1992), how pH regulates PFKM activity is
incompletely understood. Building on findings made nearly 50 years ago that increasing pH
relieves allosteric ATP inhibition of PFKM activity (Trivedi & Danforth, 1966) and homology
modeling with a recently resolved crystal structure of human PFKP (Webb et al., 2015b), we
identified human PFKM-His242 as a critical pH-sensing residue. However, despite being
necessary for pH regulated PFKM activity, it is not sufficient to confer pH-dependent relief of
allosteric ATP inhibition of PFKL. We predict this may be due to a proximal Arg245 in PFKM
upshifting the pKa of His242 and allowing titration of His242 in the physiological range. Future
studies using PFKM-Arg245 mutants are necessary to confirm these predictions.

Why PFKM but not PFKP or PFKL evolved for pH-dependent relief of ATP inhibition
remains an open question. While high glycolytic rate results in accumulating ATP, muscle cells
must override a negative feedback of increased cellular ATP concentrations to limit glycolytic
flux during times of anaerobic metabolic need. Previous work showed that during the first few
seconds of muscle contraction, myocyte pHi rapidly increases from phosphocreatine hydrolysis
(Adams et al., 1990). Further, with extended muscle contraction lactic acid accumulates and
decreases pHi as a byproduct of anaerobic metabolism (Robergs et al., 2004). With high PFKM
expression in muscle relative to other PFK-1 isoforms, it is plausible that pH-dependent relief of
allosteric ATP inhibition of PFKM activity is a means to maintain or increase glycolysis during
exercise despite accumulating cellular ATP. Further, we speculate that ATP inhibition of PFKM
activity at low pH may inhibit glycolysis to protect cells from further lactic acid damage during
acidification and thus fine tune the balance of high glycolytic flux.

Whether pH-dependent relief of allosteric inhibition by PFKM plays a role in cell

behaviors regulated by pHi dynamics is unknown. While mouse embryonic stem cells (MESCs)
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require a transient increase in pHi to differentiate to the epiblast (EpiSC) state (Ulmschneider et
al., 2016), they also require metabolic reprogramming. In the naive state, mMESCs have a
bivalent (glycolysis and oxidative phosphorylation) metabolism but there is metabolic shift to a
reliance on glycolysis upon differentiation to EpiSCs (Mathieu & Ruohola-Baker, 2017; Zhou et
al., 2012). Additionally, a hallmark of cancer cells is metabolic reprogramming to a glycolytic
phenotype and have dysregulated constitutively increased pHi, which enables several cancer
cell behaviors (Webb et al., 2011; White et al., 2018, 2019; White, Grillo-hill, et al., 2017; White,
Ruiz, et al., 2017). Both in mESCs differentiation and cancer, this metabolic shift provides a
distinct advantage where amino acid, lipid, and nucleotide synthesis are in high demand and
can be fueled by glycolytic intermediates (Shyh-Chang & Ng, 2017). However, while previous
work has focused on changes in metabolites and isoform expression in these contexts, a role
for pH dynamics in regulating metabolic reprogramming has been reported (Chen et al., 2023;
Designed Research; A, 2021; Inaishi et al., 2022; Ishfaq et al., 2022; Lim et al., 2022;
Mahmoud, 2023; Moon et al., 2011; Rani et al., 2020; Tsogtbaatar et al., 2020) but remains
incompletely resolved. It is possible that the high pHi during mESC differentiation and in cancer
cells enables pH-dependent relief of allosteric ATP inhibition of PFKM activity to bypass the
negative feedback loop of increased cellular ATP. Future studies to determine whether there is
a shift in PFK-1 isoform expression to primarily PFKM for a pH-dependent increase in glycolysis
during mESC differentiation or cancer progression would provide insights on how pHi can

directly regulate metabolism in distinct cell behaviors.
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Methods

Cloning, expression, and purification of recombinant human PFK-1

Homo sapiens PFKM and PFKL cDNA was cloned into the pFastBac HTb vector and site
directed mutagenesis was performed for PFKM-H242F and PFKL-F242H using a commercially
available mutagenesis kit (QuikChange Lightning, Aligent). Primers for mutagenesis were
designed using ApE OSX Mavericks+ software and were obtained from Elim
Biopharmaceuticals. Successful mutagenesis was confirmed by sequencing (QuintaraBio).
PFKM WT and His242Phe baculovirus were generated according to the Bac-to-Bac Expression
systems protocol (Invitrogen). 1 x 10® SF21 cells (S. frugiperda) were infected for 48 hours with
baculovirus to generate recombinant enzyme. Cells were pelleted by centrifugation at 800xg for
5 minutes and re-suspended in 25 mL of lysis buffer (20mM Tris-HCI pH 7.5; 10mM imidazole;
10% glycerol; 1 mM 2-mercaptoethanol; 80mM potassium phosphate; one half tablet of
cOmplete Protease Inhibitor Cocktail tablet [Roche]) and lysed with 15 passes of a dounce
homogonizer. To remove cellular debris, lysed samples were centrifuged for 30 minutes at
11500 rpm and the pellet discarded. The supernatant was incubated with 3 mL of 50% slurry of
TALON Superflow resin (GE Healthcare) and washed with 10 bed volumes of lysis buffer three
times. Protein was eluted three times with 1 mL each time of elution buffer (lysis buffer with
100mM imidazole). Protein concentration was calculated using the BCA assay and elutions with
greater than 100ng/ul were pooled and dialyzed in 2 liters of dialysis buffer (20mM Hepes pH
7.5; 1mM DTT; 1mM ATP; 5% Glycerol) using 10,000 MWCO SnakeSkin dialysis tubing
(Thermo Scientific) for one hour and then with fresh dialysis buffer overnight at 4°C. Dialyzed
purified protein final concentration was calculated by the BCA assay and aliquots were flash-

frozen in liquid nitrogen and stored at -80 °C.
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Sequence Alignment of PFK-1 Isoforms and Structural Analysis of PFKM Inhibitory ATP
pocket

PFKM, PFKL, and PFKP amino acid sequences, downloaded from NCBI, were aligned using
the publicly available ClustalOmega online software (https://www.ebi.ac.uk/Tools/msa/clustalo/).

Residues 232-268 are shown for PFKM and PFKL and residues 241-277 are shown for PFKP.

Enzyme Activity Assay

A previously described auxiliary enzyme assay was used as a measure of PFKM activity
(Bruser et al., 2012; Webb et al., 2015a). The assay was performed in a 200uL reaction
containing 100uL 2XE buffer (50mM Hepes at pH 7.0 and 7.5; 200mM KCI; 2mM DTT; 0.675
units/ml aldolase; 5 units/ml triosephosphate isomerase; and 2 units/ml glycerol phosphate
dehydrogenase; 0.45mM NADH added after desalting of auxiliary enzymes). PFKM
concentrations were normalized at 10x concentrations in H20 for a total of 3.125ng for WT and
18.8ng for PFKM-H242F per reaction. Fructose-6-phosphate was used at a final concentration
of 1mM and ATP was used as indicated. The reaction volume was made to 180uL with H2O and
plates were incubated at 25 °C for 10 minutes before addition of 20uL 100mM MgCl. to start the
reaction. Absorbance at 340 nm was measured using a SpectraMax M5 microplate reader
(Molecular Devices). Overall activity was determined as the amount of enzyme that catalyzed
the formation of 1Tmmol of fructose 1,6-bisphoshate per minute at 25°C. Relative activity was
normalized to the ATP concentration with maximal activity for each condition; 1 mM ATP for WT

atpH 7, 2 mM ATP for WT at pH 7.5, and 2 mM ATP for PFKM-H242F at both pH 7 and 7.5.

PFKM Activity pH titration
The activity of recombinant WT PFKM was determined using a modification of the auxiliary
enzyme assay described above. The maximal inhibitory concentration of 4mM ATP at pH 7 in

the presence of 0.5mM fructose 6-phosphate was determined empirically and used for these
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assays. MOPS and HEPES buffers were used for pH 6.8—7.6 and 7.4-8.2, respectively. Activity
was determined at pH 7.4 and 7.6 in both MOPS and HEPES buffer to confirm the buffer

system does not affect activity. All other experimental parameters remained consistent. Data are
expressed relative to maximal activity and are means + s.e.m of seven separate measurements

with two different protein preparations.
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CHAPTER 4: SMALL MOLECULES INCREASE MUTANT p53-R273H BINDING TO DNA
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Introduction

Most cancer cells, regardless of their tissue origin or mutational signature, have a constitutively
higher cytosolic intracellular pH (pHi) of >7.5 than untransformed cells. A higher pHi can enable
cancer progression through multiple mechanisms, including increasing cell proliferation (Flinck
et al., 2018b; Parks et al., 2017; Putney & Barber, 2003; Spear & White, 2023), tumorigenesis
(Grillo-Hill et al., 2015; Parks et al., 2013), metabolic reprogramming.(Counillon et al., 2016;
Hardonniére et al., 2016; Man et al., 2022; Manoli et al., 2021), and metastasis (X. Li & Fliegel,
2022; Toft et al., 2021; Zhang et al., 2022). Recent findings revealed an additional previously
unreported mechanism of a higher pH enabling cancer progression - by promoting the
tumorigenic function of proteins with charge-changing somatic mutations (De Oliveira et al.,
2022; Luna et al., 2020; White, Ruiz, et al., 2017)

Although not widely acknowledged, charge-changing somatic mutations are highly
recurrent in cancers (Alexandrov et al., 2020) and occur independently of codon bias and CpG-
site frequency (Szpiech et al., 2017). Moreover, cancer types dominated by charge changing
mutations were revealed by categorizing cancers by amino acid mutations, in contrast to
classifications by tissue origin or nucleotide mutation (Anoosha et al., 2016; Szpiech et al.,
2017). For example, melanoma and bladder and cervical cancers are enriched in glutamic acid
to lysine mutations, which substitute a negatively charged amino acid for a positively charged
amino acid. In contrast, pancreatic and prostate cancers are dominated by arginine to histidine
mutations, which substitute a positively charged amino acid to titratable amino acid. Whereas
arginine (pKa ~12) should always be protonated, histidine (pKa ~6.5) can titrate within the
cellular pH range. Hence Arg>His mutations have the potential to confer a gain in pH sensing
compared with wild-type proteins being pH-insensitive within the cellular pH range. Examples
confirming a gain in pH sensing with a higher pH enabling tumorigenic behaviors include EGFR-
R776H (White, Ruiz, et al., 2017), IDH1-R132H (Luna et al., 2020), and p53-

R273H (White, Ruiz, et al., 2017).
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Targeting these electrostatic changes as a therapeutic approach to restore wild-type
protein function has received limited attention (Sun et al., 2022; Tsuber et al., 2017). Our current
study focused on the tumor suppressor protein p53 and identifying small molecules that could
restore transcriptional activity of mutant p53-R273H that is attenuated at the higher pHi of
cancer cells. Amino acid substitutions at Arg273 are the most frequent point mutations in p53,
and 40% of these are Arg>His (Forbes et al., 2017b). In wild type p53, positively charged
Arg273 binds the negatively charged phosphate backbone of DNA. Although protonated His273
can retain DNA binding, albeit at a lower affinity than wild type, deprotonated His273, which can
occur at the higher pHi of cancers, substantially decreases DNA binding and transcriptional
activity (White, Ruiz, et al., 2017). We used in silico modeling, in vitro protein biochemistry, and
luciferase assays in cells to identify two bioactive compounds from commercial libraries that
increase DNA binding affinity of p53-R273H at higher pH, with promise as a cancer therapeutic.
Additionally, this work paves a new direction in therapeutics targeting charge-changing
mutations broadly. In addition to a high incidence in cancers, recurrent Arg>His mutations are
associated with other diseases, including ACVR1-R206H in fibrodysplasia ossificans
progressiva (Kaplan et al., 2012), CFTR-R117H in cystic fibrosis (Yu et al., 2016), TCF4-R578H
in Pitts-Hopkins syndrome (Whalen et al., 2012), and BB2-crystallin in cataracts (Xi et al., 2014),
which highlights the value of our approach using small molecules targeting histidine

substitutions to restore protein function.
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Results

p53-R273H confers a gain of pH-dependent binding to DNA in vitro.

Our previous work established a gain of pH-sensing by p53-R273H, with decreased DNA-
binding and transcriptional activity at the higher pHi of cancer cells (White, Ruiz, et al., 2017).
To test for small molecules that might restore p53-DNA binding at high pH, we first developed
an in vitro DNA-binding assay with recombinant p53 wild type (WT) and mutant p53-R273H. We
expressed and purified thermostable WT and Arg273His 6x-His-p53 and determined association
constants (Ka) to an established 6’FAM labeled GADD45 promoter sequence by using
fluorescence anisotropy (Ang et al., 2006). We confirmed that high affinity binding of WT p53 to
DNA is pH-independent and not different at pH 7 (Ka of 8.38 + 1.13 uM) compared with pH 7.6
(Ka of 6.54 £ 1.74 uM) (Fig. 4.1A,C). In contrast, we found that p53-R273H binding to DNA is
pH sensitive. Binding of p53-R273H at pH 7.0 (Ka of 0.541 £ 0.06 yM) is markedly less than WT
and at pH 7.6 is significantly less than at pH 7.0 (Ka of 0.137 + 0.03 uM) (Fig. 4.1B,C). Although
previous work in cells determined that at pH 7.1 p53-R273H retained more than 50% of WT
activity (White, Ruiz, et al., 2017), our in vitro DNA binding data suggest a 10-fold lower affinity
of the mutant compared with WT p53 at pH 7.0. However, we concluded that our in vitro binding
protocol would be adequate to test bioactive compounds as putative small molecules that

rescue the reduced DNA binding by p53-R273H at high pH.

In silico identification of putative compounds for restoring DNA binding of p53-R273H.
Although there are on the order of millions of bioactive compounds commercially available, we
applied increasingly more stringent filters to a select relatively few putative compounds that
might rescue of DNA binding of p53-R273H at higher pH based on 1) molecular properties and
2) in silico docking predictions (Fig. 4.2A). In collaboration with the Emil Alexov group at
Clemson University, we started from a database of 3.5 x 10° compounds pooled from

ChemBridge, ChemDiv, and Life Chemicals libraries (Fig. 4.2B). With an objective to restore a
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positive charge at residue His273 at high pH, our first pass filter was any molecule with an
overall +1 charge, which yielded 6 x 10° potential compounds (Fig. 4.2A,C). We next defined
the search space of 20 x 20 x 20 A specifically surrounding residue H273 and used AutoDock
Vina to determine predicted distance from the center of a compound to His273 and its predicted
affinity. We filtered results for cutoffs of <10 A distance and <-8kcal/mol predicted binding
affinity, the latter being a stringent cutoff consistent with currently FDA approved targeted drugs
(Akinlalu et al., 2021). To filter for residue specificity, we next defined the search space as
53x54x59 A surrounding the entire p53-DBD, performed docking, and compounds predicted to
bind any other residue <-8kcal/mol were eliminated (Fig. 4.2D,E). With these in silico data, we
identified 48 compounds (Table 5.1) predicted to restore a positive charge specifically at His273
and possibly restore higher affinity binding to DNA (Fig. 4.2F). Taken together, these data
generated a feasible number of candidate compounds to test for increasing DNA binding by

p53-R273H.

Initial DNA binding reveals 10puM K788-8393 and F2636-0583 rescue at least 50% p53-
R273H DNA binding at pH 7.6

All 48 compounds were commercially available, which we obtained and tested using
fluorescence anisotropy as described above. For an initial screen we determined which
compounds at a single p53-R273H concentration of 1.84 uM could increase by 50% DNA
binding at pH 7.6. We found that 46 compounds at 10, 1, and 0.5 yM do not reach the 50%
rescue threshold. In contrast, we found that two compounds, K788-8393 and F2636-05, at

10uM rescue at least 50% binding at pH 7.6 compared with pH 7 controls (Fig. 4.3A,B)

K788-8393 and F2636-0583 increase binding affinity of p53-R273H to DNA at pH 7.6.
We next determined DNA binding affinities for these two compounds by using protein titrations

with DMSO controls or 10 uM of each compound. We found that binding of p53-R273H in
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DMSO controls is pH-dependent and greater at pH 7 (Ka of 0.541 £ 0.06 uM) compared with 7.6
(Ka of 0.137 £ 0.03 uM) as expected (Fig. 4.4A-C). In contrast, binding at pH 7.6 is significantly
greater with10 yM K788-8393 (Ka of 0.322 £ 0.04 pM) (Fig. 4.4A,C). Binding at pH 7.6 is also
greater with 10 uM F2636-0583 (Ka of 0.415 £ 0.21 pM) (Fig. 4.4B,C); however data with
F2636-0583 are from 2 determinations and further biological replicates are needed to determine
whether there is a significant increase. Taken together these data suggest that these two
compounds partially restore binding to DNA at pH 7.6 and warranted determining whether either

can rescue pH-independent transcriptional activity.

Small molecules increase DNA binding of p53-R273H in cells.

To determine whether K788-8393 and F2636-0583 rescue p53-R273H transcriptional activity at
the high pHi (~7.7) of cancer cells, we used the previously established luciferase assay (White,
Ruiz, et al., 2017) with MDA-MB-436 human breast cancer cells and lowering pHi to 7.4 with the
selective NHE1 inhibitor EIPA. MDA-MB-436 cells lack p53 and we generated lines stably
expressing either p53-WT or p53-R273H. Previous work by White et al. (White, Ruiz, et al.,
2017) showed that for cells expressing WT p53, reporter activity is not different at pHi 7.0
compared with 7.6. In contrast, we confirmed that cells expressing p53-R273H have significantly
lower transcriptional activity at pHi 7.7 compared with pHi 7.4, and overall activity is reduced
compared with WT at both pH values (Fig. 4.5A). We then determined whether K788-8393 and
F2636-0583 can increase activity of p53-R273H. For DMSO controls we confirmed previous
findings of pH-dependent p53 activity and find roughly 3-fold decreased activity at pH 7.7
compared with pH 7.4. However, in cells treated with 10 uM K788-8393, activity is increased at
both pHi 7.4 and at pHi 7.7 where there is roughly 80% transcriptional activity compared with
DMSO controls at pHi 7.4 (Fig. 4.5B). Further, cells treated with 10 yM F2636-0583 also have
increased p53-R273H activity at pH 7.7 compared with DMSO controls at pH 7.7. However, with

F2636-0583 p53-R273H activity at pHi 7.4 is decreased compared with DMSO controls at pHi
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7.4 (Fig. 4.5B). Taken together, these data suggest that K788-8393 increases p53-R273H
activity in cells at both pH 7.4 and 7.7, which warrants further studies to determine promise as a

therapeutic to increase tumor suppressor function in cancer cells with a p53-R273H mutation.
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Figure 4.1. p53-R273H confers a gain of pH-dependent binding to DNA in vitro.

A,B. Binding curves for p53 to a 6’FAM labeled GADD45 promoter DNA at pH 7 and 7.6 for (A)
WT and (B) Arg273His. C. Association constants calculated from binding curves. For WT p53,
data are averages of two independent measurements + s.e.m. For p53-R273H, data are
averages of seven independent measurements from two separate protein preparations + s.e.m.
Binding affinities were analyzed by two-tailed unpaired Student’s t-test.
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Figure 4.2. In silico identification of putative compounds for restoring DNA binding of
p53-R273H. Figure caption continued on the next page.
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Figure caption continued from the previous page. A. Schematic of workflow for filtering
compounds from bioactive compound libraries. B. Starting number of compounds from three
different compound libraries. C. Filter for compounds with a +1 charge necessary to restore
electrostatic binding to DNA phosphate backbone. D. Search space defined to 20 A3
surrounding p53-R273H or the entire p53- DBD at 53 x 54 x 59 A. E. +1 charge compounds
docked to p53-DBD using AutoDock Vina and filtered for predicted distance, affinity, and
specificity. F. Compounds remaining (48) for testing in vitro DNA binding.
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Figure 4.3. Initial DNA binding reveals 10pM K788-8393 and F2636-0583 rescue at least

50% p53-R273H DNA binding at pH 7.6.

A,B. A Anisotropy of p53-R273H to a 6’FAM labeled GADD45 promoter DNA with DMSO or
10uM, 1uM, or 0.5uM of compounds for (A) K788-8393 and (B) F2636-0583. Black line
represents 50% threshold of pH 7 binding. Red columns are compounds and concentrations
that cross the 50% threshold for further analysis. Data are averages of three independent

measurements + s.e.m.
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Figure 4.4. 10pM K788-8393 and F2636-0583 increase binding affinity of p53-R273H to
DNA at pH 7.6.

A,B. Binding curves for p53-R273H to a 6’FAM labeled GADD45 DNA with DMSO or 10uM
compounds for (A) K788-8393 with structure and molecular weight and (B) F2636-0583 with
structure and molecular weight. C. Association constants calculated from binding curves. For
K788-8393 data are means + s.e.m of four independent measurements from two protein
preparations. For F2636-0583 data are means of two independent measurements from two
protein preparations. Binding affinities were analyzed by two-tailed unpaired Student’s t-test and
with a significance level of p<0.05
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Figure 4.5. Small molecules increase DNA binding of p53-R273H in cells.

A. Luciferase assay with p53 WT or R273H at indicated pHi. Data are from White et al., 2017
Sci Signaling 10(495). pii: eaam9931. B. New data with luciferase assay in MDA-MB-436 cells
stably expressing p53-R273H (immunoblot insert) at indicated pHi in the absence (DMSO) or
presence of indicated small molecules at 10 uM for 48h. MDA-MB-436 cells have a steady-state
pHi of 7.6 that was lowered to pHi 7.1 by treating for 48h with EIPA. Data are averages of
quadruplicate measurements of a single assay.
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Tables

Table 4.1. List of compounds identified from in silico screen.

Compound

Molecular Weight

Library - (Da)
68508566 390

75075515 534

93916792 452

97197044 418

33299690 422

45907527 574

. 56509142 372
ChemBridge 18553682 362
22203565 374

49075262 405

49843984 383

57265621 395

67836493 525

7741492 364

3389-2657 438
5629-0128 474
6165-0040 496
8013-0340 579
8013-2585 503
8015-0610 426
8015-5759 478
8015-5860 527
8016-7906 467
8017-8776 426
8017-9097 476
C094-2369 447

ChemDiv C529-0553 570
C529-0817 554
C529-1046 627
C620-0716 505
D447-0399 480
E239-0316 517
F486-0998 468
F486-1201 454
G281-2538 515
G768-0187 488
G768-0613 492
K788-8393 584
L679-0465 473
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Continued from the previous page.

Compound D Molecular Weight
Library (Da)
S733-0399 449
. SB80-0440 449
ChemDiv SB80-1052 453
SB80-1349 465
F0843-0035 490
F2925-0640 484
Life Chemicals F6548-3610 492
F2636-0583 499
F2925-0109 480
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Discussion and Future Directions
Charge changing somatic mutations are overrepresented in several cancers and can confer a
gain or loss of pH-sensing at the higher pHi of cancer cells (Szpiech et al., 2017; White, Ruiz, et
al., 2017). We previously reported that the recurrent p53-R273H mutant but not WT p53 has pH-
dependent DNA binding, with decreased binding and tumor suppressor activity at higher (7.6)
compared to lower (7.0) pH ((White, Ruiz, et al., 2017). Of relevance for therapeutic promise,
we asked whether Arg>His substitutions can be targeted by small molecules to restore a pH-
independent protein function, with a current focus on restoring DNA binding by p53-R273H. We
describe a pipeline with computational docking to identify putative small molecules from
bioactive compound libraries that might confer a positive charge to p53-R273H at the higher pHi
of cancer cells and use biochemical assays to reveal two compounds that increase DNA binding
of p53-R273H at high pH.

The two compounds, K788-8393 and F2636-0583 that increase binding of p53-R273H to
DNA are both small molecules (< 1000 Da) and have relatively small total polar surface areas
(Matsson & Kihlberg, 2017). However, compound efficacy (ECso and ICso), off-target effects, and
general cytotoxicity, although possible to evaluate empirically (Brooks et al., 2019), remain to be
determined in cells. While our in vitro and cell reporter data show that each compound
increased p53-R273H binding and transcriptional activity at the higher pHi of cancer cells, our
future objective is to determine whether each compound rescues a cellular functional response
such as tumor suppression. Additionally, we will determine whether compounds increase
percent cell death in response to double strand DNA breaks in cells expressing p53-R273H like
p53 WT to determine functional rescue of apoptosis (White, Ruiz, et al., 2017).

While lowering pHi by inhibiting plasma membrane ion transport proteins such as NHE1
attenuates cancer cell behaviors (Grillo-Hill et al., 2015; White, Grillo-hill, et al., 2017; White,
Ruiz, et al., 2017), there remain concerns about specificity and disrupting critical homeostatic

mechanisms that require pHi dynamics (Choi et al., 2013; Denker & Barber, 2002; Frantz et al.,
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2007, 2008; Gao et al., 2014; Jensen et al., 2019; Li et al., 2009; Magalhaes et al., 2011;
Srivastava et al., 2008). Our proposed therapeutic approach with small molecules provides an
alternative that we predict would have greater specificity with effects only in cells expressing
p53-R273H but not WT. Future studies in vitro are needed to confirm AutoDock Vina
predictions that compounds are specific to a His but not an Arg at the 283 site, which we are
currently testing by using FOXC2-DNA binding as described in Chapter 2. We predict small
molecule rescue of charge can be applied to other charge changing mutations that enable
cancer and other diseases. For example, the recurrent mutation in EGFR-R776H confers a gain
in pH-sensing at high pHi where His776 deprotonation promotes the active receptor
conformation leading to hyperactive growth factor signaling (White, Ruiz, et al., 2017).
Additionally, we predict several other recurrent charge-changing somatic mutations including
SMAD4-R361H, DDX3X-R534H, and FBXW7-R465H may confer a gain in pH-sensing for a
functional advantage at the higher pHi of cancer cells. However, disease-promoting charge
changing mutations are not exclusive to cancer and include ACVR1-R206H for fibrodysplasia
ossificans progressive (Kaplan et al., 2012), CFTR-R117H for cystic fibrosis (Yu et al., 2016),
and TCF4-R578H for Pitts-Hopkins syndrome (Whalen et al., 2012). Hence, our approach to
target charge-changing mutations to restore wild-type protein function could be applied broadly.
Taken together our findings address rescue of one of the most mutated genes in cancer, and
also broadly open new directions in targeted therapeutics for pathologies caused by charge

changing mutations.
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Methods

Cloning and Protein Expression

Thermostable tetrameric recombinant p53 was generated as previously described (Ang et al.,
2006). In brief, we ordered a synthesized gBlock (IDT) coding for the DNA binding and
tetramerization domains (94-361) with thermostabilizing mutations M133L/V203A/N239Y/N268D
(Ang et al., 2006; Joerger et al., 2004; Nikolova et al., 1998). The gBlock was amplified for
Gibson assembly and inserted in a Xhol and EcoRI predigested N-terminal 6x-His tag coding
pET28a plasmid using Gibson Assembly Master Mix (NEB: E2611L). The p53-R273H point
mutation was generated using a QuikChange Lightning site-directed mutagenesis kit (Agilent:
210515) was used according to the manufacturer protocol. Each construct was transformed into
BL21-DE3 Escherichia coli competent cells using heat shock (Thermo EC0114). For
expression, cells were grown in 1L of Luria broth with kanamycin (50 pg/mL; 37°C with shaking
at 225 rpm) until cells reached log-phase growth at ODgoo = ~0.4. Expression was induced with
1 mM isopropyl-B-D-1-thiogalatapyranoside for 16 hours at 18°C with shaking at 225 rpm. Cells
were pelleted (7000g; 15 min at 4°C) and either frozen at -80°C or continued directly to protein

purification.

6x-His-p53 Protein Purification

Bacterial cell pellets were resuspended in 50mL of lysis buffer (50mM HEPES, 500mM NaCl,
5% glycerol, 20mM Imidazole, protease inhibitor cocktail [Roche: 1183615300) as previously
described (Guiley & Shokat, 2023). Cells were lysed by two passes through a microfluidizer at
10,000 PSI with coils on ice (Microfluidics LM10). The supernatant was clarified by
centrifugation (12,000g; 30 min at 4°C) and mixed 1:1 with equilibration buffer (20mM sodium
phosphate, 300mM NaCl, 10mM imidazole, pH 7.4) from 6x-His purification kit (Thermo: 88229).
12.5mL of lysate was loaded on pre-equilibrated 3mL Ni-NTA resin spin columns, incubated end

over end for 30 min at 4°C and repeated until all lysate was used. The flowthrough was
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collected by centrifugation (700g; 2 min at 4°C) and columns were washed with 6 mL of wash
buffer (20mM sodium phosphate, 300mM NaCl, 25mM imidazole, pH 7.4) three times. 6x-His-
p53 was eluted with 3mL of elution buffer (20mM sodium phosphate, 300mM NaCl, 250mM
imidazole, pH 7.4). Each fraction was collected, run on a 10% SDS-PAGE gel, and coomasie
stained for purity analysis. Eluate fractions were pooled, split in half, concentrated, and buffer
exchanged in two separate anisotropy buffers (20mM Hepes, 140mM KCI, 0.05mM TCEP-HCI,
pH 7 or 7.5) using Amicon Ultra-15 Filters with a 10 kDa molecular weight cutoff
(MilliporeSigma: UFC901008). The protein concentration was determined by Azso using
NanoDrop spectrophotometer (Thermo: ND-1000), aliquoted, flash frozen in liquid nitrogen, and

stored at -80°C.

p53 Anisotropy Assay

6x-His-p53 protein aliquots were thawed at room temperature and diluted to 20uM in a final
volume of 120puL in anisotropy buffer pH 7 and 7.6. Protein was serial diluted in PCR strip tubes
ten times to a volume of 60uL. Then, 10uL of previously described 6’FAM labeled duplex
Gadd45 promoter p53 recognition element (GTACAGAACATGTCTAAGCATGCTGGGGAC)
(IDT) (Ang et al., 2006) was added to each protein dilution and one blank for a final
concentration of 7.5nM DNA and 70pL reaction volume. PCR strip tubes were capped and
incubated at RT in the dark for 30 min. Following incubation, 20uL of each dilution and blank
was loaded in triplicate to a 384-well black plate (Greiner: 784076) using a multichannel pipette.
Fluorescence anisotropy measurements were made using a SpectraMax M5 plate reader
(Molecular Devices). Sigmoidal curve fits were generated using GraphPad Prism and
association constants determined using Mathematica software to solve for Kp in equation A,,; =
Ay + (AA*T)/(Kp + T) where Aops is observed anisotropy, Ao is anisotropy of initial unbound

probe, AA is difference in anisotropy between unbound and fully bound populations, and T is
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concentration of titrant protein. Ka was determined as (1/Kp). Binding affinities were analyzed by

two-tailed unpaired Student’s t-test and with a significance level of p<0.05.

In silico docking of p53 with compound libraries for putative hits

Bioactive compound libraries from ChemBridge, ChemDiv, and Life Chemicals were
downloaded and filtered for an overall +1 charge using Python. Remaining compounds were
docked to 20 A® surrounding p53-R273H or the entire DBD at 53 x 54 x 59 A using AutoDock
Vina (Eberhardt et al., 2021; Trott & Olson, 2009). Compounds predicted to bind His2273 <10A
from molecular centers and binding affinities <-8kcal/mol specific to His273 were kept in the list

for testing in vitro.

p53 Anisotropy Assay Initial Screen

To determine compounds from putative hits identified in silico for further analysis, we performed
a modification of the anisotropy assay described above. Briefly, 3x final concentrations p53-
R273H (6uM), 6'FAM-Gadd45 (22.5nM), and DMSO or compound dilutions (30uM, 3uM, 1.5uM)
were made up separately in anisotropy buffer pH 7 or 7.6. Then, 3x compound dilutions and 3x
+/- protein were pre-incubated 1:1 for 15 min at RT to avoid potential compound binding directly
to DNA probe. Following pre-incubation, 3x 6’FAM-Gadd45 was added 1:1:1 for final
concentrations of p53-R273H (2uM), 6’FAM-Gadd45 (7.5nM), DMSO or compound (10uM,
1uM, or 0.5uM) for 15 min at RT in the dark. Then, 20uL of each dilution and blank was loaded
in triplicate to a 384-well black plate (Greiner: 784076) using a multichannel pipette.
Fluorescence anisotropy measurements were taken on SpectraMax M5 plate reader. Binding
for each condition was defined as A Anisotropy [(Anisotropy p53+DNA)- (Anisotropy DNA
alone)]. Compounds at concentrations which restored pH 7.6 binding to at least 50% of pH 7
DMSO controls were kept for further binding analysis. All data are averages of three

independent measurements from two separate protein preparations + s.e.m.
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p53 Anisotropy Assay to determine p53-DNA binding affinity with compounds
Compounds K788-8393 and F2636-058 identified in the initial binding screen were further
characterized by fluorescence anisotropy for effects on p53 binding to 6’FAM-Gadd45 DNA.
p53-R273H was made to a 3x final concentration (60uM) in a final volume of 60uL in anisotropy
buffer pH 7 and 7.6. Protein was serial diluted in PCR strip tubes ten times with one blank to a
volume of 30uL and 3x compound or DMSO was added 1:1 (30uM) and incubated for 15 min at
RT. Then, 3x 6’FAM-Gadd45 (22.5nM) was added 1:1:1 and incubated for 15 min at RT. Plates
were loaded, samples read, and binding analysis was performed as described above, with
binding affinities analyzed by two-tailed unpaired Student’s t-test and with a significance level of

p<0.05.

Cell Culture and Luciferase Assay

For determinations with EIPA to lower pHi, MDA-MB-436 cells obtained from ATCC were
maintained in atmospheric conditions at 37°C in Leibovitz’s L-15 medium (Cytiva: SH30525.01)
supplemented with insulin (10ug/mL), Penicillin/Streptomycin (100U/mL each), and 10% FBS.
For luciferase assays, 3.5 x 10° cells were plated in 6-well plates and grown overnight to 80%
confluency prior to transfection. Cells were transfected with a total of 1ug DNA using
lipofectamine 3000 (Invitrogen: L3000001) according to manufacture protocol. Cells received 1
Mg p53-luc (El-Deiry et al., 1993) 100 ng control pRL-TK renillla plasmid obtained from the L.
Selleri Lab (University of California San Francisco) at a ratio of 1:10 of reporter plasmid. At 8
hours after transfection, cells were washed once with PBS and medium added in the absence or
presence of 10 mM EIPA. Cells were then maintained for an additional 40 hours and collected
for Dual-Luciferase assays (Promega: E2920). In brief, cells were washed once with PBS and

lysed in 500uL of Dual-Glo luciferase buffer with shaking on a nutator for 10 min at 4°C. Lysates
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were collected in microfuge tubes and clarified by centrifugation for 5 min at 13,000 rpm at RT.
From supernatants, 100uL was loaded in quadruplicate in separate wells in a 96-well opaque
white plate (Costar: 3917). Luciferase signal was read on a SpectraMax M5 plate reader and
Dual-Glo Stop & Glo Buffer was then added to quench the luciferase signal and activate renilla
for 10 min. The renilla signal was read and the Luciferase/Renilla ratio was normalized to
control DMSO at pH 7. Data is from one independent experiment with future replicates to be

performed.
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Intracellular pH dynamics and charge-changing somatic mutations in cancer

An unresolved question critical for understanding cancer is how recurring somatic mutations are
retained and how selective pressures drive retention. Increased intracellular pH (pHi) is
common to most cancers and is an early event in cancer development. Recent work shows that
recurrent somatic mutations can confer an adaptive gain in pH sensing to mutant proteins,
enhancing tumorigenic phenotypes specifically at the increased pHi of cancer. Newly identified
amino acid mutation signatures in cancer suggest charge-changing mutations define and shape
the mutational landscape of cancer. Taken together, these results support a new perspective on
the functional significance of somatic mutations in cancer. In this review, we explore existing
data and new directions for better understanding how changes in dynamic pH sensing by

somatic mutation might be conferring a fithess advantage to the high pH of cancer.
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Abstract

Check for
updates

An unresolved question critical for understanding cancer is how recurring somatic mutations are retained and how selective pressures
drive retention. Increased intracellular pH (pHi) is common to most cancers and is an early event in cancer development. Recent work
shows that recurrent somatic mutations can confer an adaptive gain in pH sensing to mutant proteins, enhancing tumorigenic
phenotypes specifically at the increased pHi of cancer. Newly identified amino acid mutation signatures in cancer suggest charge-
changing mutations define and shape the mutational landscape of cancer. Taken together, these results support a new perspective on the
functional significance of somatic mutations in cancer. In this review, we explore existing data and new directions for better under-
standing how changes in dynamic pH sensing by somatic mutation might be conferring a fitness advantage to the high pH of cancer.

Keywords Intracellular pH dynamics - Oncogenes - pH sensing - Somatic mutations

1 Introduction

Most cancer cells have a constitutively higher intracellular pH
(pHi) of 7.4-7.6 compared with nommal cells (7.2). The increased
pHi of cancer, as several previous reviews described [ 1-4], enables
multiple cancer cell behaviors, including proliferation, metastasis,
metabolic adaptation, and evasion from apoptosis. Increased pHi
is also reported to be an early event in cancer development [5] and
can induce dysplasia in the absence of activated oncogenes [6]. In
this review, we present an emerging view on somatic charge-
changing mutations altering pH sensing by proteins as an addi-
tional mechanism for how increased pHi in conjunction with so-
matic mutations can enable disease progression.

2 Charge-changing mutations in cancer

The incidence of recurrent somatic mutations in cancer is in part
determined by fitness advantages to a dynamic
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microenvironment [7-9], including changes in metabolism [10],
oxygen availability [11, 12], extracellular matrix composition
[13], and pH dynamics [1]. While extensive work has character-
ized cancer heterogeneity based on tissue origin [14], driver mu-
tations [15], or nucleotide mutational signatures [16-18], recent
analyses highlight cancer heterogeneity by amino acid mutational
signatures [19-21]. Fitness advantages are generally conferred by
alterations in protein function, and analysis of amino acid signa-
tures may be more representative of selection effects from tumor
or microenvironment pressutes in cancet evolution. Work from
Szpiech and colleagues identified six amino acid mutational sig-
natures in a tumor-normal paired database [16], and the signatures
are dominated by charge-changing amino acid substitutions (ar-
ginine (Arg)>histidine (His) and glutamate (Glu)>lysine (Lys)
(Fig. 1a) [19]. These same signatures are recapitulated when the
analysis is performed at the level of the individual patient (Fig.
1b). These substitution signatures are independent of both under-
lying nucleotide mutation signature [16] and codon bias.
Importantly, the Arg>His and Glu>Lys signatures are mutually
exclusive (i.e., cancers that were dominated by patients with high
Glu>Lys had very few patients with an Arg>His signature and
vice versa). Anoosha and colleagues independently identified
similar charge-changing amino acid mutational signatures in an
analysis of the entire COSMIC dataset [20]. Moreover, the
Anoosha analyses suggested that the Arg>His mutational signa-
ture is enriched in driver genes whereas the Glu>Lys signature
has no preference for driver genes over passenger genes [20].
These same amino acid signatutes have not been identified in

) Springer
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Ethyl isopropyl amiloride decreases oxidative phosphorylation and increases
mitochondrial fusion in clonal untransformed and cancer cells

Many cancer cells, regardless of their tissue origin or genetic landscape, have increased
expression or activity of the plasma membrane Na-H exchanger NHE1 and a higher intracellular
pH (pHi) compared with untransformed cells. A current perspective that remains to be validated
is that increased NHE1 activity and pHi enable a Warburg-like metabolic reprogramming of
increased glycolysis and decreased mitochondrial oxidative phosphorylation. We tested this
perspective and find it is not accurate for clonal pancreatic and breast cancer cells. Using the
pharmacological reagent ethyl isopropyl amiloride (EIPA) to inhibit NHE1 activity and decrease
pHi, we observe no change in glycolysis, as indicated by secreted lactate and intracellular
pyruvate, despite confirming increased activity of the glycolytic enzyme phosphofructokinase-1
at higher pH. Also, in contrast to predictions, we find a significant decrease in oxidative
phosphorylation with EIPA, as indicated by oxygen consumption rate (OCR). Decreased OCR
with EIPA is not associated with changes in pathways that fuel oxidative phosphorylation or with
mitochondrial membrane potential but occurs with a change in mitochondrial dynamics that
includes a significant increase in elongated mitochondrial networks, suggesting increased
fusion. These findings conflict with current paradigms on increased pHi inhibiting oxidative
phosphorylation and increased oxidative phosphorylation being associated with mitochondrial
fusion. Moreover, these findings raise questions on the suggested use of EIPA-like compounds

to limit metabolic reprogramming in cancer cells.
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Ethyl isopropyl amiloride decreases oxidative phosphorylation and increases
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Abstract

Many cancer cells, regardless of their tissue origin or genetic landscape, have increased expression or activity of the plasma
membrane Na-H exchanger NHE1 and a higher intracellular pH {pHi) compared with untransformed cells. A current perspective
that remains to be validated is that increased NHE1 activity and pHi enable a Warburg-like metabolic reprogramming of
increased glycolysis and decreased mitochondrial oxidative phosphorylation. We tested this perspective and find it is not accu-
rate for clonal pancreatic and breast cancer cells. Using the pharmacological reagent ethyl isopropyl amiloride (EIPA) to inhibit
NHE1 activity and decrease pHi, we observe no change in glycolysis, as indicated by secreted lactate and intracellular pyruvate,
despite confirming increased activity of the glycolytic enzyme phosphofructokinase-1 at higher pH. Also, in contrast to predic-
tions, we find a significant decrease in oxidative phosphorylation with EIPA, as indicated by oxygen consumption rate (OCR).
Decreased OCR with EIPA is not associated with changes in pathways that fuel oxidative phosphorylation or with mitochondrial
membrane potential but occurs with a change in mitochondrial dynamics that includes a significant increase in elongated mito-
chondrial networks, suggesting increased fusion. These findings conflict with current paradigms on increased pHi inhibiting oxi-
dative phosphorylation and increased oxidative phosphorylation being associated with mitochondrial fusion. Moreover, these

findings raise questions on the suggested use of EIPA-like compounds to limit metabolic reprogramming in cancer cells.

cancer metabolism; intracellular pH; lactate; mitochondria; NHET; oxidative phosphorylation

INTRODUCTION

Metabolic reprogramming is considered a hallmark of can-
cer cells that often includes increased glycolysis and
decreased mitochondrial oxidative phosphorylation (1, 2) to
generate biomass for fueling rapid proliferation. Although it is
widely accepted that cancer cells predominantly convert glu-
cose to lactate, either due to increased expression of the con-
verting enzyme lactate dehydrogenase A (LDHA) (3, 4) or an
impaired mitochondrial pyruvate import carrier (5), the func-
tional status of mitochondria in cancer cells remains contro-
versial. Cancer cells are reported to have dysfunctional
mitochondria (6-8) but in contrast, the TCA cycle in mito-
chondria often remains a major source for ATP and functional
mitochondria are essential for cancer cells to survive during
tumor progression (2, 9, 10).

Another distinctive feature of most cancer cells is a consti-
tutively higher intracellular pH (pHi) compared with
untransformed cells (11-14). Although initially considered a
conundrum based on metabolic acids produced by rapidly
proliferating cancer cells, the higher pHi of cancer cells is
now known to be in-part determined by increased activity or
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expression of acid extruding plasma membrane ion trans-
porters, including the Na-H exchanger, NHE1, monocarbox-
ylate transporters (MCTs), Na~ /HCO3™~ co-transporters, and
V-ATPases (11, 12, 15, 16). The higher pHi of cancer cells is
suggested to enable metabolic reprogramming and a shift
from reliance on oxidative phosphorylation to glycolysis or
glutaminolysis (11-14); however, this has not been conclu-
sively determined. In addition, metabolic (17-19) and pHi
(20, 21) heterogeneity occurs in cancers but whether or how
these parameters might be linked in determining their heter-
ogeneity has received limited attention (20, 22). These con-
siderations are important because tumor heterogeneity is a
challenge for effective cancer therapies.

We addressed a number of questions on pHi dynamics
and cancer cell metabolism in studies using human clonal
pancreatic cancer BXPC3 cells and breast cancer MDA-MB-
157 cells. We focused on these cell types because our initial
studies indicated that BxPC3 but not MDA-MB-157 cells
show a metabolic reprogramming of increased glycolysis
and decreased oxidative phosphorylation compared with
untransformed tissue-matched clonal epithelial cells,
which give us models with contrasting metabolic profiles.
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CHAPTER 6: CONCLUDING REMARKS
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Summary

Determining the molecular mechanisms of how pHi dynamic regulates cell behaviors through
pH-sensitive proteins contributes new insights for our understanding of developmental
processes and also diseases with dysregulated pHi. Although several endogenous pH sensors
have been previously identified, our understanding of how pHi directly regulates gene
expression and metabolism, and how we can target pH-sensors in cancer, is incomplete. In
Chapter 2, we show how pH-dynamics can regulate DNA-binding specificity of transcription
factors with a nucleotide-binding histidine in the DNA binding domain. | confirm that three FOX
family proteins, FOXC2, FOXM1 and FOXN1, bind to the canonical FkhP DNA consensus
sequence with high affinity at lower pH and for FOXC2, pH-regulated binding is conferred by a
conserved His122. Our data also indicate FOXC2 activity at FkhP sequences in cancer cells is
greater at lower pH by using approaches to pharmacologically or genetically lower pHi. Further,
using an unbiased screen we find that FOXC2 prefers to bind known FHL-like sequences at the
high pH of 7.8.

In addition to showing transcription factors as a previously unrecognized class of pH-
sensors, in Chapter 3 we determined the molecular mechanism of pH-sensing by the known pH-
sensor PFKM. While pH-dependent relief of allosteric ATP inhibition by PFKM was known for
over 50 years, recent advancements in determining the PFKM crystal structure and a system for
expression and purification of tetrameric, post-translationally modified PFK allowed us to resolve
this longstanding question in molecular detail. Our data suggest an inhibitory ATP coordinating
His242 residue is necessary for pH-dependent relief of allosteric ATP inhibition of PFKM but
when substituted in the cognate site of PFKL it is not sufficient to confer pH sensing.

In Chapter 4 we explored the feasibility of targeting charge-changing somatic mutations
with small molecules to confer predicted protein and cell behaviors. Using three libraries, we
screened 3.5 x 10° bioactive compounds in silico to filter to 48 compounds predicted to rescue

pH-independent binding of the highly recurrent p53-R273H mutant to DNA. Our in vitro data and
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our preliminary data in cells indicate two of these compounds, K788-8393 and F2636-0583,

significantly increase binding of p53-R273H to DNA at pH 7.6. Further studies are needed to
determine the therapeutic promise of these compounds to retore tumor suppressor activity of
mutant p53-R273H. Importantly, our findings in Chapter 4 may serve as proof-of-principle for
broader applications of histidine-drugging and restoring the function of proteins with charge-

changing mutations that affect diseases other than cancer. Taken together, findings from my
thesis research further our understanding of how pHi dynamics regulates protein functions to

affect cell behaviors and mechanisms that can be targeted in disease.
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Future Directions
My thesis research generates new insights on how pHi dynamics regulates diverse pH sensors
to drive myriad cell behaviors. Importantly, my findings open new directions for future studies.
While my findings in Chapter 2 confirm that selective FOX family proteins have high affinity and
activity for a canonical FkhP consensus motif in vitro and in cells, my results also generate new
questions to investigate. First, which endogenous target genes have pH-dependent binding of
FOX family proteins for requlating gene expression? Second, do other transcription factors with
a conserved histidine in the DBD such as in the SOX and MITF/MYC/MAX families also have
pH-regulated binding to selective DNA consensus sequences? Third, how does pH-dependent
binding of transcription factors to target genes regulate cell behaviors driven by pHi dynamics?
My findings in Chapter 3 resolved the long-standing unknown of how increased pH
relieves allosteric ATP inhibition specifically in the PFKM but not in PFKL or PFKP isoforms. Our
data suggest the inhibitory ATP coordinating His242 residue in PFKM is required for relief of
allosteric inhibition, but is not sufficient for a gain of pH-sensing in PFKL. Taken together, these
findings highlight new questions necessary for a more complete understanding of how pH
regulates ATP-inhibited PFKM activity. First, is His242 sufficient for pH-dependent relief of ATP
inhibition in the other PFK-1 isoform, PFKP? Second, is lack of sufficiency for a gain in pH-
sensing in PFKL due to a required electrostatic network exclusive to PFKM where Arg245 may
upshift the pKa of His242? Resolving these questions is significant to understanding how
dysregulated pHi in cancers can enable metabolic reprogramming and how an increase in pHi
might promote the established shift in reliance on glycolysis for stem cell differentiation.
Although pHi dynamics are necessary for normal cell behaviors, constitutively increased
pHi in cancers can enable tumorigenic functions of charge changing somatic mutations to drive
cancer cell behaviors. My Chapter 4 explored using small molecules targeting the pH-
dependent charge changing p53-R273H mutation to rescue WT function. While my findings

suggest K788-8393 and F2636-0583 partially rescue p53-R273H high affinity binding to DNA at
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high pH both in vitro and in p53-reporter assays in cells, these data highlight several important
questions to resolve. First, what is the efficacy of these drugs to elicit a functional response
such as rescue of apoptosis in cells? Second, can we determine the crystal structure for p53-
R273H in complex with these compounds and do they structurally align with our predictions?
Third, do these compounds have therapeutic potential in vivo for reducing cancer progression?
Fourth, what is the broader significance of our small molecule approach based on charge-

changing mutations driving diseases in addition to cancers?
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