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ABSTRACT

Arsenic is a notorious metalloid that contaminates the groundwater in several re-

Iy __ s the abundant

gions worldwide. The trivalent state of arsenic — arsenite (As
species of arsenic under reducing conditions of subsurface waters, and is readily
mobilized in aqueous environments. This exposes organisms to toxic concentrations
of the metalloid. As™! is particularly toxic to living systems due to its ability to form
stable polar covalent bonds with exposed thiol groups, thus disrupting protein struc-
ture and function. Arsenic detoxification systems such as efflux pumps, exist in most
organisms that confer tolerance to toxic concentrations of arsenicals found in their
environment. The ars operon in many bacteria and some archaea confers resistance
to As'"! via ArsB, an integral membrane transporter and ArsA, a cytoplasmic P-loop
ATPase. These proteins, collectively referred to as the ‘ArsAB efflux pump’, facili-

1

tate toxic As™ export in an ATP-dependent manner. In addition, ArsB can operate

by itself as a proton-coupled secondary transport and confer intermediate levels of

As!!! resistance. The mechanisms of this dual mode of As'!!

efflux are poorly under-
stood, particularly the molecular events associated with the capture of As'! from the
cytoplasm by ArsA, its transfer to ArsB and subsequent vectorial transport across
the membrane. Apart from understanding fundamental mechanisms of toxic met-

I e flux

alloid detoxification in living systems, molecular-level investigations of As
systems are of broad biotechnological interest for their potential to inform robust and
sustainable bioremediation strategies. In this thesis, we elucidate the mechanism of
ArsA ATPase and ArsB transporter using structural approaches. We characterized
the nucleotide hydrolysis mechanism of ArsA by single particle cryogenic electron
microscopy (cryo-EM), outlining various conformational states of the ATPase that
modulate the nucleotide-dependent capture and delivery of As™ for efflux. We
show that this mechanism is consistent with the general mechanistic framework of
the Intradimeric Walker A (IWA) family of ATPases. Furthermore, overexpression
and purification of the membrane transporter ArsB enabled characterization of the
first structure of ArsB by cryo-EM, in both apo and As''-bound states. Lastly, we
show that ArsB enhances steady-state ATPase activity of ArsA, indicating a direct
interaction between the two components of the efflux pump. Computational model-
ing gives some insights into a putative ArsAB interaction interface. While several
mechanistic questions remain, the findings reported in this thesis together constitute

a foundation for future mechanistic elucidation of the ArsAB efflux system.
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Chapter 1

INTRODUCTION

Metals play many essential roles in biology in the form of enzyme cofactors, re-
dox mediators, signaling factors, gene regulators, and so on [1, 2]. Despite their
biological indispensability, metal homeostasis is critical for all living systems, as
these metals themselves can become toxic to cells beyond a concentration threshold.
Homeostasis of metals such as Fe, Ca, Cu, Zn and Mn that perform some of these
essential roles is accomplished through membrane efflux pumps [3-5]. However,
other heavy metals such as Cd, Pb and Hg that are frequently encountered by organ-
isms in their external environment are highly toxic. Nature has evolved a myriad of
detoxification mechanisms to counter the effects of their toxicity [6-8] . Naturally
occurring metalloids of group 15 of the periodic table (pnictogens) — including
arsenic (As) and antimony (Sb) — are part of the latter group and are toxic to almost
all living systems while rarely serving an essential biological role [9]. Therefore,
detoxification of these toxic metalloids is critical for organisms, and elucidation of
the molecular mechanisms underlying biological detoxification promises broad ap-
plications for heavy metal bioremediation and drug design. Moreover, the unusual
chemical properties of arsenic and antimony, intermediate between those of metals
and non-metals, lead to unique modes of interactions with biological molecules,

including proteins, that are still poorly understood.

1.1 Arsenic chemistry and toxicity

Arsenic ([Ar]3d'%4s24p?) is a metalloid, so it exhibits chemical properties of both
metals and non-metals. It has an electronegativity similar to the lighter pnictogen,
phosphorus. Common oxidation states of arsenic are +3, +5 and -3. Trivalent (As')
and pentavalent (As") oxidation states commonly exist as oxo-acids under aqueous
conditions, known as arsenite/arsenous acid and arsenate/arsenic acid respectively.
Arsenite has three pK, values of 9.2, 12.1 and 13.4 [10, 11]. Arsenate as well has
three pK, values of 2.3, 6.8 and 11.5. As a result, under physiological conditions,
arsenite exists as an ‘uncharged’ species, As(OH)3 and arsenate exists as a ‘dibasic
anion’, AsO32>(OH). As'! is sometimes referred to as a ‘soft metal’ due to its
relatively low charge density and high polarizability that make it a ‘soft Lewis acid’

[12]. This property makes it susceptible to form stable covalent bonds with ‘soft
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Lewis bases’ such as thiolates, that can spontaneously exchange with the hydroxyl
ligands in As(OH)3 to form As-S bonds.

Arsenic is widespread in the Earth’s crust with a natural abundance of 1.5-2 ppm,
and is found in over 200 minerals [13]. Inorganic arsenic is primarily found as a con-
stituent of sulfide minerals, most commonly arsenopyrite (FeAsS). Biogeochemical
cycling facilitates the release of inorganic arsenic from these minerals into surface
waters and soil. Under aqueous conditions in nature, inorganic arsenic mostly exists
as arsenate (AsOz2"(OH)) or arsenite (As(OH)3). As a consequence, organisms in
these environments are constantly exposed to toxic arsenic. Anthropogenic factors
such as industrial activities and mining, further contribute to the mobilization of
arsenic compounds (arsenicals) to distant locations, which contaminates ground-
water and soil. AsY confers its toxic effects by mimicking inorganic phosphate
(PO3%OH). Under oxic conditions, due to lower solubility and tendency to adsorb
to sulfide minerals [14], As" remains out of solution. Under anoxic conditions of
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subsurface waters, reductive dissolution of AsV leads to the release of As™" into the

water. In fact, arsenic toxicity is typically attributed to As'' due to relatively high
solubility and mobility in aqueous environments [15]. The trihydroxyl form of As™!
enters the cell via aquaglyceroporins such as GIpF in E. coli, which also imports
small solutes like glycerol [16]. Subsequently, As'!! exerts its toxic effects by its soft
metallic character by tightly binding to exposed thiol groups (cysteine residues) in
proteins; consequently, disrupting enzyme function, protein folding, respiration and
redox homeostasis. Hazardous effects of arsenic exposure in humans, both acute
and chronic, have been widely recognized. Groundwater concentrations of arsenic
in eastern parts of India and Bangladesh have been reported to exceed 200 pg/L
[17], which far exceeds the permissive limit of 10 pg/L of arsenic suggested by
the World Health Organization (WHO). As groundwater serves and sustains several
populations around the globe, its contamination with arsenic poses a major public
health concern. Therefore, conceiving efficient arsenic bioremediation strategies

for decontamination of such environments is of widespread interest.

1.2 The ars operon — arsenic detoxification system in bacteria

Owing to the widespread occurrence and detrimental impact of arsenic, organisms
have evolved diverse and complex strategies for arsenic resistance. Two major
modes of detoxification are common — chemical biotransformation of relatively
more toxic arsenite to less toxic derivatives such as arsenate or organoarsenicals,

and physical extrusion of arsenite from the cell via efflux pumps [18]. In humans,
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Figure 1.1: Arsenic uptake and detoxification system encoded by the ars operon
of E. coli R773 plasmid. Uptake of As'™ and AsV is facilitated by GIpF and
phosphate transporters (Pit and Pst), respectively. Detoxification of arsenic from the
cytoplasm is facilitates by proteins encoded by the arsRDABC operon.

arsenic exposure is managed by efflux via multidrug resistance proteins (MRP), and

in some individuals, by methylation of As'!

via a methyltransferase encoded by
the AS3MT gene [19]. In many bacteria and some archeae, arsenic resistance is
encoded on the ars operon (Fig. 1.1) [18]. Although resistance to As'!, AsV and
antimonite (Sb'™) via efflux was first discovered through plasmid-encoded genes in
Staphylococcus aureus in 1968 and in E. coli in 1973 [20], the sequences of the
genes in the ars operon of the E. coli plasmid R773 were not reported until 1986

[21]. The chromosomal ars operon of E. coli was identified much later in 1994 [22].

The ars operon of the R773 plasmid constitutes five genes — arsR, a As(III)-
responsive DNA repressor that regulates the operon; arsB, an integral membrane
protein that transports As''; arsA, a cytoplasmic ATPase that couples ATP hydrol-
ysis to As'!! efflux by ArsB; arsD, a As™-metallochaperone that delivers As™ to
ArsA; and ArsC, a cytoplasmic reductase that reduces AsY to As'! for efflux. As
such, the R773 ars operon (arsRDABC) confers resistance to both oxidation states
of arsenic. In contrast, the chromosomal ars operon of E. coli is much simpler as it
only comprises the arsR, arsB and arsC genes (arsRBC), as do the S. aureus operons

[23]. A strong preference for resistance to trivalent arsenic is suggested in these
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Figure 1.2: E [eck of arsenic resistance genes on the growth of E. coli in presence
of arsenite. [Figure adapted from Dey et al. J. Bacteriol. (1995)].

systems, indicating ancestral origins of the operon dating back to before the Great
Oxygen Event when Earth had a reducing atmosphere. The chromosomal arsRBC

operon alone confers intermediate levels of arsenic resistance, in contrast to the ar-

I removal from the

cell by coupling As'! efflux by ArsB to ATP hydrolysis by ArsA [24, 25]. Adding
11

SRDABC operon that significantly enhances the efficiency of As

further complexity, the ars operons of some prokaryotes have an unrelated As
transporter, Acr3, instead of ArsB [26]. However, despite the variability observed
in the genes of the operon, the arsSRDABC and arsRBC operon architectures are the
most well-studied to date.

The current model for arsenite efflux by the arsSRDABC operon is well-understood
at the cellular level (Fig. 1.1). As""! and AsY enter the cell via GIpF and phosphate

III

transporters, respectively. In the presence of As', repressor ArsR is triggered to

release from the ars operon and enable the transcription of the ars genes [27]. ArsC

I concentrations in the

reduces any AsY to Asl [28]. At low or intermediate As
cell, ArsD sequesters As'! from the cytoplasm with high affinity and transfers the
metalloid to ArsA in an ATP-dependent manner [29]. Subsequently, As™-bound
ArsA delivers the metalloid to ArsB in an ATP-dependent manner, and the latter
then transports it across the plasma membrane [16]. Under high arsenic stress, the
so-called ‘ArsAB efflux pump’ or ArsB alone can capture and remove As'', and
both modes of efflux operate synergistically to combat arsenic toxicity at varying

As™ concentrations.
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Although the biochemical roles of the individual protein of the arsSRDABC operon
are well-characterized, the details of key molecular-level events underlying the

capture and transport of toxic As'!

out of the cell remain poorly understood. At the
heart of this mechanism is the ‘ArsAB efflux pump’. Initial studies on this system
have highlighted mechanistic similarities between ArsAB and ABC transporters
[30, 31]. However, the nucleotide-binding domains of ABC transporters constitutes
a distinct fold comapred to the ATPase subunit in ArsAB, and the latter is beneficial

but not obligatory for ArsAB to remove As'!!

. As ArsB is sufficient to carry out
As' efflux, how ArsAB captures and facilitates As™! transport to confer higher
As! tolerance to bacteria, is largely unexplored. Importantly, ArsB has not been
biochemically or structurally characterized, precluding an understanding of the
mechanism of the transporter itself. In the case of ArsA, while its nucleotide
hydrolysis mechanism has been studied quite extensively and X-ray crystal structures
are available [32-34], these data together do not explain how the ATPase relays As'™
between ArsD and ArsB for efflux as suggested by biochemical studies [29, 35].
Moreover, the interaction between ArsA and ArsB remains elusive, raising the
question whether a stable ‘ATPase-coupled efflux pump’ even exists. Investigation
of these key mechanistic questions will not only contribute to our understanding of
the arsenic detoxification machinery, but also lay the foundation for understanding,
more generally, the mechanisms for toxic metal detoxification and homeostasis in

biological systems.

In addition to the fundamental questions concerning the biochemistry of ArsA and
ArsB, mechanistic elucidation of arsenic efflux pumps is broadly applicable from
a bioengineering perspective toward designing robust and sustainable strategies for
bioremediation of toxic arsenic from groundwater and contaminated environments.
While chemical modifications of arsenite can alleviate its toxic effects [18], an effi-
cient bioremediation strategy would ensure physical exclusion of these derivatives
from contaminated environments. Therefore, investigations of arsenite eflux mech-

anisms by biological pumps such as ArsAB hold broad biotechnological potential.

1.3 Single particle cryogenic-electron microscopy

To address some of the key mechanistic questions outlined above, we adopted struc-
tural approaches, namely X-ray crystallography and cryogenic electron microscopy
(cryo-EM) to investigate the ArsAB efflux pump. By the end of the 20th century,
X-ray crystallography had revolutionized structural biology, broadening our under-

standing of biological mechanisms at atomic resolution. However, crystallization of
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the molecule of interest is necessary, and this step is often the bottleneck in deter-
mining the structures using X-ray diffraction. Electron microscopy is an alternative
technique which enables direct visualization of the molecule in relatively more
native-like state, requires minimal sample quantity, and does not require crystalliza-
tion. However, it was not until the last decade that cryogenic electron microscopy
started to push the boundaries of high-resolution structural biology. Technical ad-
vancements such as the direct electron detector and particle processing algorithms
dramatically accelerated cryo-EM single particle analysis [36-39], thus enabling
atomic-resolution structures approaching those determined using X-ray crystallog-
raphy [40, 41]. As the state-of-the-art cryo-EM is constantly evolving structural
biology, in this section we discuss some fundamental concepts underlying single

particle cryo-EM, related advancements and some challenges.

1.3.1 Fundamentals of cryogenic electron microscopy

While optical microscopy utilizes visible light to visualize microscopic specimens,
electron microscopy exploits the energy of high-speed electrons to visualize spec-
imens approaching atomic resolution (Angstroms, A). The underlying principle of
electron microscopy is based on the concept that electrons propagating at very high
energies have a de Broglie wavelength, _, which is related to the operating voltage,

V of the microscope by the relationship:

_ 2
T VA2, 2<4224+

(1.1)

where h is the Planck’s constant, ¢ is the speed of light, e is the charge of the
electron and mg is the resting mass of the electron. This relationship accounts for
relativistic effects as the speed of the electron approaches that of light. As the
operating voltage accelerates electrons to energies on the order of hundreds of keV,
electron microscopes are capable of achieving very high resolution images of the
specimen. Transmission electron microscopy (TEM) is capable of visualizing sub-
cellular structures and biomacromolecular specimens such as proteins. While most
electrons transmit through the sample and are detected by the detector, a fraction
of the electrons are elastically scattered by the specimen. Electron scattering is a
result of interaction between the incident electron and the Coulomb potential of
the individual atoms in the specimen [42]. As a result, a Coulomb or electrostatic
potential (ESP) map of the specimen is obtained that reveals the positions of the

scattering atoms.
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The amplitude of electron scattering of an atom is influenced by the atomic number
of the atom (Z) and the charge state, that together influence the Coulomb potential
of individual atoms. Heavier and more dense atoms scatter electrons more strongly
due to larger scattering cross-sections. Interestingly, the charge of the atom in
question affects electron scattering quite differently from X-ray scattering, since X-
ray scattering factor depends on the number of electrons in an atom while electron
scattering factor depends on Coulomb potentials; hence, cryo-EM maps are more
sensitive to atomic charges. Positively charged ions have very high scattering
amplitudes at low scattering angles, whereas negatively charged ions can even
have negative scattering amplitude at low scattering angles as for O™ [43]. Neutral
atoms tend to have low dependence of electron scattering factors on the scattering
angle, similar to X-ray scattering [43]. The relationship between electron and X-ray

scattering factors is described by the Mott-Bethe equation:

/  5,B”
B2

where fo(S) and fx(S) are electron and X-ray scattering factor, respectively, Z is

5%,B" = (1.2)

the atom number, S is the scattering vector magnitude that is proportional to the
scattering angle, and K is a proportionality constant. The more positive the charge
on an atom, the larger is the value of the Coulomb density for that atom at lower
resolutions. Therefore, an EM density map can be exploited for assessment of
electrostatic effects inside proteins, especially identification of metal ions that play

crucial roles in protein structure and function [44, 45].

Other factors such as occupancy and temperature factors (B-factor) also contribute
to the appearance of the Coulomb potential maps. In addition, the signal from
scattered electrons can be dampened from inelastic scattering due to factors such as

susceptibility to radiation damage and sample thickness.

1.3.2 Single particle analysis

For cryo-EM single particle analysis of proteins and protein complexes, preparation
of the sample is a very important consideration to ensure high-quality reconstruc-
tion. The sample needs to be embedded in a frozen yet hydrated state to visualize its
high-resolution features that resemble the native state of the protein. This is achieved
by capturing the sample in a thin layer of vitreous ice by rapid plunge-freezing [46,
47]. The goal is to trap molecules of the specimen in several random orientations
under the vitreous ice layer that is just thick enough to support the particles and

ensure sufficient electron scattering. An ideal sample is the one that is not limited
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by image contrast and maximizes the signal-to-noise ratio (SNR) of several random
orientations of the particle, thus affecting the resolution of reconstruction. Tradi-
tional defocus-based cryo-EM involves collecting images over a range of defocus
positions to include images with good contrast while ensuring sufficient SNR from
high-resolution features of the target. After data collection, several thousand images
(micrographs) are subjected to motion correction to correct for any beam-induced
motion of the particles, and dose-weighted to account for radiation damage from
the electron beam. Several 2D projections of the target particles are extracted from
the micrographs, averaged into 2D projections spanning various random orienta-
tions, and then reconstructed into a 3D Coulomb potential map. As single particle
analysis is inherently based on particle signal averaging, sample heterogeneity, both
from multiple conformational states and local dynamics, can be resolved from high

quality data.

1.3.3 The ‘resolution revolution’ and some challenges

The ‘resolution revolution” has been described as the rapid increase in structures
solved by cryo-EM at near-atomic resolution over the last decade [48, 49]. Struc-
tures in the range of 2-4 A are now routinely reported in single particle cryo-EM
studies. In fact, a 1.2 A structure of the model protein, apoferritin, has been reported
as well [50]. Membrane protein structural biology has immensely benefited from
single particle cryo-EM due to their prevalence in large biologically-relevant hete-
rocomplexes and also low sample requirement of the technique [47]. Structures of
G-protein coupled receptors can be routinely solved at sub-2.5 A by cryo-EM [51].
One of the challenges that remains is the high-resolution structure determination of
small proteins that have molecular weights below 100 kDa. ‘Small proteins’ can be
challenging to support on thin vitreous ice, difficult to align due to lack of distinct
features and result in low SNR due to fewer scattering atoms [52]. Strategies to
obtain high-resolution cryo-EM analysis of small proteins are intended to maximize
the SNR and facilitate particle alignment, often by augmenting with fiducial mark-
ers. However, this landscape is continuously evolving. Over the past few years,
traditional cryo-EM methods have been shown to enable sub-4 A structure determi-
nation of small proteins. For instance, high resolution structures of streptavidin (52
kDa) and hemoglobin (64 kDa) have been solved [53, 54]. An increasing number of
high-resolution cryo-EM structure of small proteins promises immense potential to
provide access to understanding biological mechanisms relating to enzyme catalysis,

allosteric regulation and drug-target interactions, at the atomic resolution. Notably,
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both arsenite resistance proteins, ArsA (64 kDa) and ArsB (45 kDa), fall into the

category of ‘small proteins’.

1.4 Chapter overview
In this thesis, we investigate the mechanisms of arsenic efflux in bacteria, with a
focus on ArsA ATPase and ArsB transporter, which together can confer resistance

to toxic metalloids, As™™ and Sb™!, at a wide range of concentrations.

In Chapter 2, we present a perspective on the Intradimeric Walker A (IWA) family
of ATPases, members of which, including ArsA, are implicated in diverse and com-
plex biological functions. We discuss conserved structural and functional features
across IWA ATPases that have been revealed from nearly three decades of struc-
tural characterization of nucleotide-bound states of various proteins in this family.
This analysis sheds light on some unifying mechanistic themes in these enzymes
and how they support the coupling of nucleotide hydrolysis to their respective sub-
strate translocation functions. This chapter lays the foundation for the study of the

nucleotide hydrolysis mechanism of ArsA, which is the theme of Chapter 3.

In Chapter 3, we probe the nucleotide hydrolysis mechanism of the IWA ATPase
ArsA to elucidate how the ATPase modulates the transfer of arsenite between its
partners, ArsD and ArsB, to eventually remove the metalloid from the cell. To
that end, we report several high-resolution cryo-EM structures of ArsA that re-
veal key nucleotide- and arsenite-dependent conformational changes in the en-
zyme. We characterized three distinct nucleotide-bound conformations — ATP-
open, ADP-open and As''-bound ATP-closed — presenting a structural mechanism
for metalloid-dependent ATP hydrolysis by ArsA. This mechanism outlines the
nucleotide-dependent global conformational changes throughout the catalytic cycle
of ArsA, highlighting the central role of the ATPase as it modulates capture of As™
from the cytoplasm via ArsD and subsequent transfer to ArsB for efflux. These

structures now place ArsA in the mechanistic framework of IWA ATPases.

In Chapter 4, we examine the mechanism of arsenite transport by the membrane
pump, ArsB. We discuss the optimization of expression and purification strategy
that enabled structural and biochemical studies of ArsB. We report the first cryo-
EM structural characterization of ArsB in apo and as well as As''- and Sb™-bound
states, and discuss these in light of metalloid (substrate) binding and transport
mechanism of ArsB. Toward the end, we discuss our efforts to probe the interaction

between ArsB and ArsA to elucidate the interaction interface of a putative complex
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and draw insights into the role of ArsA in arsenite efflux via ArsB. We show that
ArsB stimulates the steady-state ATPase activity of ArsA in vitro. Computational
modeling of a complex using machine learning-based models offers some insight
into the interaction interface but with poor confidence. We developed a growth
complementation assay in E. coli to map the interaction between ArsA and ArsB

using site-directed mutagenesis.

Lastly, in Chapter 5, we summarize these studies to propose mechanisms of As™

efflux via ArsB and ArsAB. In addition, some outstanding questions are highlighted.
Future studies may be designed to address these questions on the basis of the

proposed mechanistic models.



[1]

[2]

[3]

[4]

[5]

[6]

[7]

[8]

[9]

[10]

[11]

11
REFERENCES

D. C. Crans and K. Kostenkova. Open questions on the biological roles of
first-row transition metals. In: Communications Chemistry 3.1 (Aug. 7, 2020),
p- 104. por: 10.1038/s42004-020-00341-w.

S. K. Aulakh et al. The molecular landscape of cellular metal ion biology. In:
Cell Systems 16.7 (July 16, 2025). por: 10.1016/j .cels.2025.101319.

D. A. Capdevila et al. Bacterial Metallostasis: Metal Sensing, Metallopro-
teome Remodeling, and Metal Trafficking. In: Chemical Reviews 124.24
(Dec. 25, 2024), pp. 13574-13659. por: 10.1021/acs . chemrev.4c00264.

J. A. Delmar, C.-C. Su, and E. W. Yu. Heavy metal transport by the CusCFBA
efflux system. In: Protein Science : A Publication of the Protein Society 24.11
(Nov. 2015), pp. 1720-1736. por: 10.1002/pro.2764.

A. G. Turner et al. The PerR-Regulated P1B-4-Type ATPase (PmtA) Acts
as a Ferrous Iron Efflux Pump in Streptococcus pyogenes. In: Infection and
Immunity 85.6 (May 23, 2017). por: 10.1128/1ai.00140-17.

K. J. Tsai, K. P. Yoon, and A. R. Lynn. ATP-dependent cadmium transport by
the cadA cadmium resistance determinant in everted membrane vesicles of
Bacillus subtilis. In: Journal of Bacteriology 174.1 (Jan. 1992), pp. 116-121.
por: 10.1128/jb.174.1.116-121.1992.

S. Liu et al. Uptake, efflux, and toxicity of inorganic and methyl mercury in
the endothelial cells (EA.hy926). In: Scientific Reports 10.1 (June 2, 2020),
p- 9023. por: 10.1038/s41598-020-66444-5.

Priyanka and S. K. Dwivedi. Fungi mediated detoxification of heavy metals:
Insights on mechanisms, influencing factors and recent developments. In:
Journal of Water Process Engineering 53 (July 1, 2023), p. 103800. por:
10.1016/] - jwpe.2023.103800.

C. W. Saltikov, R. A. Wildman, and D. K. Newman. Expression Dynamics
of Arsenic Respiration and Detoxification in Shewanella sp. Strain ANA-
3. In: Journal of Bacteriology 187.21 (Nov. 2005), pp. 7390-7396. por:
10.1128/§b.187.21.7390-7396.2005.

A.J.Bard, R. Parsons, and J. Jordan. Standard potentials in aqueous solution.
Marcel Dekker, Inc.,New York, NY, Dec. 31, 1984.

H. Yamazaki, R. P. Sperline, and H. Freiser. Spectrophotometric determi-
nation of the dissociation constant (pKa) of arsenous acid. In: Analytica
Chimica Acta 284.2 (Dec. 30, 1993), pp. 379-384. por: 10.1016/0003-
2670(93)85323-C.



12

[12] C.Rensing, M. Ghosh, and B. P. Rosen. Families of Soft-Metal-lon-Transporting
ATPases. In: Journal of Bacteriology 181.19 (Oct. 1999), pp. 5891-5897. por:
10.1128/3b.181.19.5891-5897.1999.

[13] H. Garelick et al. Arsenic pollution sources. In: Reviews of Environmental
Contamination Volume 197 (2009), pp. 17-60. por: 10.1007/978-0-387-
79284-2 2.

[14] P. A. O’Day et al. The influence of sulfur and iron on dissolved arsenic
concentrations in the shallow subsurface under changing redox conditions.
In: Proceedings of the National Academy of Sciences 101.38 (Sept. 21, 2004),
pp- 13703-13708. por: 10.1073/pnas.0402775101.

[15] C.F. Harveyetal. Arsenic Mobility and Groundwater Extraction in Bangladesh.
In: Science 298.5598 (Nov. 22, 2002), pp. 1602-1606. por: 10 . 1126 /
science.1076978.

[16] Y.-L. Meng, Z. Liu, and B. P. Rosen. As(Ill) and Sb(II) Uptake by GlpF
and Efflux by ArsB in Escherichia coli*. In: Journal of Biological Chemistry
279.18 (Apr. 30, 2004), pp. 18334-18341. por: 10.1074/jbc .M400037200.

[17] M. S. Rahaman, N. Mise, and S. Ichihara. Arsenic contamination in food
chain in Bangladesh: A review on health hazards, socioeconomic impacts
and implications. In: Hygiene and Environmental Health Advances 2 (June 1,
2022), p. 100004. por: 10.1016/j -heha.2022.100004.

[18] I Ben Fekih et al. Distribution of arsenic resistance genes in prokaryotes. In:
Frontiers in microbiology 9 (2018), p. 2473. por: 10.3389/fmicb.2018.
02473.

[19] T. C. Wood et al. Human Arsenic Methyltransferase (AS3MT) Pharmacoge-
netics: GENE RESEQUENCING AND FUNCTIONAL GENOMICS STUD-
IES*. In: Journal of Biological Chemistry 281.11 (Mar. 17, 2006), pp. 7364—
7373. por: 10.1074/jbc .M512227200.

[20] S. Silver et al. Inducible plasmid-determined resistance to arsenate, arsenite,
and antimony (III) in escherichia coli and Staphylococcus aureus. In: Journal
of Bacteriology 146.3 (June 1981), pp. 983-996. por: 10.1128/jb.146_3.
983-996.1981.

[21] C. M. Chen et al. Nucleotide sequence of the structural genes for an anion
pump. The plasmid-encoded arsenical resistance operon. In: Journal of Bi-
ological Chemistry 261.32 (Nov. 1986), pp. 15030-15038. por: 10.1016/
S0021-9258(18)66824-3.

[22] H. J. Sofia et al. Analysis of the Escherichia coli genome. V. DNA sequence
of the region from 76.0 to 81.5 minutes. In: Nucleic Acids Research 22.13
(July 11, 1994), pp. 2576-2586. por: 10.1093/nar/22.13.2576.



[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

13

G.Jiand S. Silver. Regulation and expression of the arsenic resistance operon
from Staphylococcus aureus plasmid pI258. In: Journal of Bacteriology
174.11 (June 1992), pp. 3684-3694. por: 10.1128/jb.174 .11 .3684 -
3694.1992.

S. Dey, D. Dou, and B. P. Rosen. ATP-dependent arsenite transport in everted
membrane vesicles of Escherichia coli. In: Journal of Biological Chemistry
269.41 (1994), pp. 25442-6. por: 10.1016/50021-9258(18)47270-5.

S. Dey and B. P. Rosen. Dual mode of energy coupling by the oxyanion-
translocating ArsB protein. In: Journal of Bacteriology 177.2 (1995), pp. 385—
9.por: 10.1128/3b.177.2.385-389.1995.

H.-L. Fu et al. Properties of Arsenite Efflux Permeases (Acr3) from Al-
kaliphilus metalliredigens and Corynebacterium glutamicum. In: The Jour-
nal of Biological Chemistry 284.30 (July 24, 2009), pp. 19887-19895. por:
10.1074/jbc-M109.011882.

J. Wu and B. P. Rosen. The ArsR protein is a trans-acting regulatory protein.
In: Mol Microbiol 5.6 (1991), pp. 1331-6. por: 10.1111/j.1365-2958.
1991.tb00779.x.

T. B. Gladysheva, K. L. Oden, and B. P. Rosen. Properties of the arsenate
reductase of plasmid R773. In: Biochemistry 33.23 (1994), pp. 7288-7293.

J. Yang et al. Arsenic Binding and Transfer by the ArsD As(IIl) Metal-
lochaperone. In: Biochemistry 49.17 (May 4, 2010), pp. 3658-3666. por:
10.1021/b1100026a.

B. P. Rosen et al. Mechanism of the ArsA ATPase. In: Biochimica et Bio-
physica Acta (BBA) - Biomembranes 1461.2 (Dec. 1999), pp. 207-215. por:
10.1016/S0005-2736(99)00159-5.

A. R. Walmsley et al. Antimonite regulation of the ATPase activity of ArsA,
the catalytic subunit of the arsenical pump. In: Biochemical Journal 360.3
(Dec. 2001), pp. 589-597. por: 10.1042/bj3600589.

T. Zhou. Structure of the ArsA ATPase: the catalytic subunit of a heavy metal
resistance pump. In: The EMBO Journal 19.17 (Sept. 2000), pp. 4838-4845.
por: 10.1093/emboj/19.17.4838.

T. Zhou et al. Conformational changes in four regions of the Escherichia
coli ArsA ATPase link ATP hydrolysis to ion translocation. In: Journal of
Biological Chemistry 276.32 (2001), pp. 30414-22. por: 10.1074/ jbc.
M103671200.

A. R. Walmsley et al. A Kinetic Model for the Action of a Resistance Efflux
Pump*. In: Journal of Biological Chemistry 276.9 (Mar. 2, 2001), pp. 6378-
6391. por: 10.1074/jbc -M008105200.



[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

14

Y.-F. Lin, A. R. Walmsley, and B. P. Rosen. An arsenic metallochaperone
for an arsenic detoxification pump. In: Proceedings of the National Academy
of Sciences 103.42 (Oct. 2006), pp. 15617-15622. por: 10.1073/pnas.
0603974103.

A.-C. Milazzo et al. Active pixel sensor array as a detector for electron
microscopy. In: Ultramicroscopy 104.2 (Sept. 1, 2005), pp. 152-159. por:
10.1016/j -ultramic.2005.03.006.

X. Li et al. Electron counting and beam-induced motion correction enable
near-atomic-resolution single-particle cryo-EM. In: Nature Methods 10.6
(June 2013), pp. 584-590. por: 10.1038/nmeth.2472.

S. H. Scheres. RELION: Implementation of a Bayesian approach to cryo-EM
structure determination. In: Journal of Structural Biology 180.3 (Dec. 2012),
pp. 519-530. por: 10.1016/j . Jsb.2012.09.006.

A. Punjani et al. cryoSPARC: algorithms for rapid unsupervised cryo-EM
structure determination. In: Nature Methods 14.3 (Mar. 2017), pp. 290-296.
por: 10.1038/nmeth.4169.

M. Liao et al. Structure of the TRPV1 ion channel determined by electron
cryo-microscopy. In: Nature 504.7478 (Dec. 2013), pp. 107-112. por: 10.
1038/naturel2822.

X.-c. Bai et al. Ribosome structures to near-atomic resolution from thirty
thousand cryo-EM particles. In: eLife 2 (Feb. 19, 2013). Ed. by W. Kiihlbrandt,
e00461. por: 10.7554/eLife.00461.

N. F. Mott. The scattering of electrons by atoms. In: Proceedings of the
Royal Society of London. Series A, Containing Papers of a Mathematical and
Physical Character 127.806 (Jan. 1997), pp. 658—665. por: 10.1098/rspa.
1930.0082.

J. Wang and P. B. Moore. On the interpretation of electron microscopic maps
of biological macromolecules. In: Protein Science 26.1 (2017), pp. 122—-129.
por: 10.1002/pro.3060.

J. Wang et al. Identification of ions in experimental electrostatic poten-
tial maps. In: ITUCrJ 5 (Pt 4 July 1, 2018), pp. 375-381. por: 10.1107/
S2052252518006292.

T. Bick, P. M. Dominiak, and P. Wendler. Exploiting the full potential of
cryo-EM maps. In: BBA Advances 5 (Jan. 1, 2024), p. 100113. por: 10.
1016/j -bbadva.2024.100113.

E. Nogales. The development of cryo-EM into a mainstream structural biology
technique. In: Nature Methods 13.1 (Jan. 2016), pp. 24-27. por: 10.1038/
nmeth.3694.



[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

15

M. Wu and G. C. Lander. How low can we go? Structure determination
of small biological complexes using single-particle cryo-EM. In: Current
Opinionin Structural Biology. Biophysical and Computational Methods Cryo
EM 64 (Oct. 1, 2020), pp. 9-16. por: 10.1016/j -sbi .2020.05.007.

R. Henderson. Overview and future of single particle electron cryomicroscopy.
In: Archives of Biochemistry and Biophysics. Electron Microscopy in Struc-
tural Biology 581 (Sept. 1, 2015), pp. 19-24. por: 10.1016/j .abb.2015.
02.036.

S. Subramaniam et al. Resolution advances in cryo-EM enable application
to drug discovery. In: Current Opinion in Structural Biology. Multi-protein
assemblies in signaling * Catalysis and regulation 41 (Dec. 1, 2016), pp. 194-
202. por: 10.1016/j -sbi1.2016.07.009.

T. Nakane et al. Single-particle cryo-EM at atomic resolution. In: Nature
587.7832 (Nov. 2020), pp. 152-156. por: 10.1038/s41586-020-2829-0.

R. Danev et al. Routine sub-2.5 A cryo-EM structure determination of GPCRs.
In: Nature Communications 12.1 (July 15, 2021), p. 4333. por: 10.1038/
S41467-021-24650-3.

R. Nygaard, J. Kim, and F. Mancia. Cryo-electron microscopy analysis of
small membrane proteins. In: Current opinion in structural biology 64 (2020),
pp- 26-33.

M. A. Herzik, M. Wu, and G. C. Lander. High-resolution structure determi-
nation of sub-100 kDa complexes using conventional cryo-EM. In: Nature
Communications 10.1 (Mar. 4, 2019), p. 1032. por: 10.1038/s41467-019-
08991-8.

L. Zheng et al. Uniform thin ice on ultraflat graphene for high-resolution
cryo-EM. In: Nature Methods 20.1 (Jan. 2023), pp. 123-130. por: 10.1038/
$41592-022-01693-y.



16
Chapter 2

INTRADIMERIC WALKER A ATPASES - CONSERVED
MECHANISMS OF A FUNCTIONALLY DIVERSE FAMILY

This chapter is adapted and reprinted from:

Maggiolo, A. O.”; Mahajan, S.; Rees, D. C.; Clemons, W. M. Intradimeric Walker A
ATPases: Conserved features of a functionally diverse family. Journal of Molecular
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Abstract

Nucleoside-triphosphate hydrolases (NTPases) are a diverse, but essential group
of enzymes found in all living organisms. NTPases that have a G-X-X-X-X-G-K-
[S/T] consensus sequence (where X is any amino acid), known as the Walker A or
P-loop motif, constitute a superfamily of P-loop NTPases. A subset of ATPases
within this superfamily contains a modified Walker A motif, X-K-G-G-X-G-K-
[S/T], wherein the first invariant lysine residue is essential to stimulate nucleotide
hydrolysis. Although the proteins in this subset have vastly differing functions,
ranging from electron transport during nitrogen fixation to targeting of integral
membrane proteins to their correct membranes, they have evolved from a shared
ancestor and have thus retained common structural features that affect their functions.
These commonalities have only been disparately characterized in the context of their
individual proteins systems, but have not been generally annotated as features that
unite the members of this family. In this chapter, we report an analysis based
on the sequences, structures, and functions of several members in this family that
highlight their remarkable similarities. A principal feature of these proteins is their
dependence on homodimerization. Since their functionalities are heavily influenced
by changes that happen in conserved elements at the dimer interface, we refer to the

members of this subclass as intradimeric Walker A ATPases.
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2.1 Introduction

The hydrolysis of nucleoside triphosphates (NTPs) to nucleoside diphosphates
(NDPs) supports the progression of a multitude of cellular processes. P-loop NT-
Pases, named after the characteristic functional loop within the fold that coordinates
the phosphate moiety of the bound NTP, are a large superfamily that contain a
distinctive three-layered aba-sandwich fold structure [1-3]. Members of the P-loop
NTPases perform a wide range of cellular functions, including transcription, trans-
lation, cellular regulation, DNA repair, cell division, and membrane transport [1,
4].

The P-loop, also known as the Walker A motif, was first identified by Walker and
coworkers in several ATP-hydrolyzing proteins (ATPases), including the a and b
subunits of ATP synthase, myosin, and adenylate kinase [5]. The Walker A motif
contains the consensus sequence G-X-X-X-X-G-K-[T/S] (where X is any amino
acid) that directly follows an N-terminal b-strand (Fig. 2.1A). The invariant Lys
and Thr/Ser residues of this motif fix the position of the nucleotide by stabilizing
the negative charge on the NTP g-phosphate and coordinating the associated Mg?*
ion, respectively [1]. The structured glycine-rich P-loop plays an essential role
in orienting phosphates for hydrolysis [1, 6-8]. Walker A proteins also contain
a conserved Walker B motif that harbors an aspartate residue that coordinates the
associated Mg?* ion through a bridging water molecule. After the original Walker
A characterization in ATPases, several small GTP-binding proteins were identified
to contain both Walker A and B motifs, including the elongation factor Tu and the
H-Ras GTPase [9, 10]. In these systems, the Walker A motif interacts with the
phosphate groups of GTP, extending the P-loop terminology to both ATP and GTP
hydrolyzing proteins. Inrecent years, the “Walker A motif” and ‘P-loop’ terminology

have been used interchangeably in the literature.

P-loop NTPases form a distinctive three-layer nucleotide binding fold that consists
of a parallel b-sheet that is flanked on both sides by a layer of a-helices. This
architecture is proposed to have emerged before the last universal common ancestor
[3, 11]. The P-loop fold is structurally similar to another ancient fold, the Rossmann
fold, differing primarily in the strand order of the b-sheet, with P-loop folds most
commonly having a b2-b3-b1-b4-b5 topology [3, 12]. Both folds serve as a scaffold
for functional loops that succeed the b-strands. Residues in these loops either directly
interact with nucleotide (as in the case of the P-loop), or interact with a water or

proteinaceous network. In the latter case, these loops are commonly termed ‘Switch
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I’ and ‘Switch II,” as they adopt discrete conformations that can be correlated to
nucleotide state [13]. Several comprehensive works provide a framework for the

classification and mechanism of P-loop NTPases (for further reading, see [8, 14]).

While P-loop NTPases are ubiquitous among the tree of life, several evolutionary
clades have been identified with variations in the Walker A sequence [15]. Based
on sequence and structural analysis, Leipe and coworkers broadly distributed the
GTPase superclass of the P-loop NTPase superfamily into two classes: TRAFAC,
which includes several well-characterized translation factor-related GTPases, and
SIMIBI, which includes the signal recognition GTPases, MinD- and BioD-related
NTPases [2]. It is known that SIMIBI proteins, that include both GTPases and

ATPases, predominantly function as homo- or heterodimers.

A unique subset of proteins, later classified within the SIMIBI proteins, was first
identified in the bacterial plasmid partitioning systems, having an uncommon alter-
ation in the first and last glycine of the Walker A motif [16]. This family of proteins
with a distinct Walker A sequence, X-K-G-G-X-G-K-S/T , was discussed in detail
by E. Koonin in 1993 and expanded to include a handful of evolutionarily related
ATPases, which have disparate functions and are found in all three domains of life
[17]. Importantly, Koonin identified a second invariant lysine positioned near the
beginning of the Walker A motif, which has since been regarded as the ‘signature
lysine’ for members of this subset (Fig. 2.1A, bottom). This subset of ATPases, due
to their divergence from other Walker A sequences, was termed the ‘deviant Walker

A’ proteins; however, the question of ancestral origin is unresolved.

In this chapter, we discuss the commonalities among this distinct subset of P-
loop NTPases. We coin the term ‘intradimeric Walker A’ (IWA) proteins as they
are functional homodimers with important catalytic residues that span across the
dimer interface. Some of the well characterized members of this group include the
nitrogenase iron protein (NifH), the enzyme that supplies electrons during biological
nitrogen reduction; the guided entry of tail-anchored proteins factor 3 (Get3), which
shepherds tail-anchored integral membrane proteins to their destined membrane for
insertion; the cytosolic subunit of the bacterial arsenite eflux pump (ArsA), which
transfers arsenite to its partner membrane transporter for cellular detoxification;
and the protein involved in the regulation of bacterial cell division (MinD). Other
members of this family include DNA partitioning proteins such as ParA and Soj,
cell division regulator, MipZ, and flagellar regulation protein, FleN. Due to the

plethora of structural information, particularly for NifH and Get3, we use NifH,
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Get3, and ArsA as representative examples to examine the conserved features of
the IWA proteins at the sequence, structural, and functional levels. We find that
the proteins in this special subset, with a common evolutionary origin but diverse
functionalities, retain remarkable similarity in their ATP-dependent function and

allostery as a product of their conserved structural features.

2.2 Sequence conservation

In comparison to the classical Walker A motif (Fig. 2.1A, top), the IWA proteins
differ in the positions of the conserved glycine residues in the P-loop region and have
a second invariant lysine after the first b-strand, making the consensus sequence for
this subset of Walker A proteins b-strand 1- X-K-G-G-X-G-K-S/T (Fig. 2.1A, bot-
tom) [17]. Although there are several hallmarks that differentiate the IWA proteins
from the larger SIMIBI family, the initial lysine has generally been considered the
defining feature of this subset. Similar to other SIMIBI NTPases, the IWA proteins
contain a conserved motif located 20 residues downstream of the Walker A motif
on the second b-strand of the core b-sheet, designated as the Walker A’ motif. This
motif overlaps with Switch I and is characterized by a conserved aspartate, impli-
cated in general base catalysis to activate the nucleophilic water for ATP hydrolysis

in these proteins [14].

The general topology of P-loop NTPases in the IWA and greater SIMIBI family
consists of a 5-stranded parallel b-sheet, where the first three b-strands make up
the Walker A, Walker A’, and the Walker B motifs. Each of these b-strands is
followed by functional loops, which are designated the P-loop, Switch I, and Switch
IL, respectively (Fig. 2.1B). The IWA topology differs from the most common P-loop
NTPase topology in that the IWA proteins have three additional b-strands in the core
5-stranded b-sheet from the insertion of two b-strands between b2 and b3 and a third
b-strand between b4 and b5 (Fig. 2.1B, bold outlined b-strands). Nonetheless, the
P-loop, Switch I, and Switch II come together on the same side of the b-sheet, such
that the loops directly connect the nucleotide binding site to a second functional site

that is specific to each protein (Fig. 2.1C).

2.3 Structural conservation

The IWA proteins have high structural conservation, which is dominated by the
common P-loop NTPase fold. Each IWA protein has auxiliary helices and loops,
which decorate the core aba-sandwich and are specific to the function of each

protein. For example, Get3 furnishes a series of flexible loops and helices, which
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