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ABSTRACT
CysZ: Structural and Functional Studies of a Novel Sulfate Transport Protein
Zahra Assur Sanghai
Sulfur, an essential element required by the cell for the biosynthesis of crucial compounds, such
as amino acids, co-factors and vitamins, is found most abundantly in the form of sulfate. In order
to cross the lipid bilayer for cell usage, sulfate, being a negatively charged ion, requires an
energetically ‘friendly’ passageway. This could be accomplished via an ion channel that allows
the flow of sulfate into the cell along its concentration gradient, or via an active transport system
that allows sulfate to be taken up by the cell when it is in scarcity in the environment, against its
concentration gradient, like the ABC transporter and sodium or proton-coupled symporters. The
subject of this dissertation, CysZ, is a bacterial sulfate transport protein that does not belong to
any known superfamily of canonical transporters or channels with no distinguishing features that
could hint at its functional mechanism. Little is known about CysZ in the literature, however it
was reported to be involved in sulfate uptake by a study in the 1980’s by Parra et al. The results
of the study showed that an E. coli cysZ knockout strain was significantly deficient in sulfate
uptake as compared to the wild-type strain, as well as not viable in growth media that was not
supplemented with an alternate sulfur source, like thiosulfate or cysteine.
In this dissertation, we have undertaken a structural and functional approach to further
understanding the role of CysZ in sulfate transport. We made use of bioinformatics and the
efficient structural genomics platform at the New York Consortium of Membrane Protein
Structure (NYCOMPS) to identify and clone multiple genes from the CysZ family of proteins for
structure determination purposes. We report the structure of CysZ, solved from two different
bacterial species, Idiomarina loihiensis and Pseudomonas fragi, to 2.1Å and 3.2Å resolution,

respectively. The structure of CysZ reveals a dual-topology membrane protein with a novel fold.
The head-to-tail dimeric assembly of CysZ, with two transmembrane helices and 2 pairs of
shorter, hemi-penetrating helices per protomer forms a most unusual helical bundle in the
membrane. We were able to recapitulate the original 1980’s experiment on the function of CysZ
and taking it a step further, we were also able to rescue the diminished sulfate uptake phenotype
of the knockout with the expression of the two CysZ homologs for which we have structural
information. From subsequent functional experiments, we observed that CysZ does indeed
transport sulfate with fast kinetics and ion specificity, along the concentration gradient for
sulfate. Activity of CysZ is strongly pH dependent as both sulfate binding and uptake by CysZ
increases significantly at more acidic pHs (pH 4-5). Single channel recordings of CysZ in a
planar lipid bilayer setup showed clear channel activity that was pH dependent and sulfate
dependent. Its pH dependency, without the need for a proton gradient, suggests that the acidic pH
is playing a role in the gating or opening of CysZ. After careful examination of our results so far,
we conclude that CysZ functions as a pH-dependent sulfate-specific channel. However, the
challenge then arose for us to connect our functional results to our novel and unusual structure.
To this end, we identified a putative pore for the entrance of sulfate ions that is highly conserved,
and an internal cavity to allow for the passage of sulfate through the bilayer. We have suggested
a mechanistic hypothesis for the pH-dependent passage of sulfate through CysZ along with the
exciting future directions that might follow.
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CHAPTER 1.
Introduction
Role of Sulfur in Biology
In all organisms, eukaryotes and prokaryotes alike, sulfur is absolutely required for the
biosynthesis of several essential compounds. These include the two sulfur-containing amino
acids cysteine and methionine, vitamins such as biotin, thiamine and lipoic acid, coenzymes like
coenzymes A and M, and prosthetic groups as all the Fe-S clusters. For example, in each gram
dry weight of bacteria, there are about 11 mgs of sulfur as cysteine and methionine. In the nonprotein, soluble fraction of bacteria, sulfur may constitute up to 3 mg per gram dry weight of
cells (Barton 2005). Sulfur comprises 0.3% of the total mass of the human body. Sulfur makes
up about 0.1% of the Earth’s surface and is available to cells both in organic and inorganic forms
(Kertesz 2000). In its organic form, it is typically found as sulfonate (R-SO3-) or sulfate ester (ROSO3-), as these are common forms present in soils and sediments, and they provide sulfur for
assimilation after cleavage to sulfite and sulfate respectively (Kertesz 2000). In its inorganic
state, sulfur is most readily available, abundant and stable as sulfate (SO4-2). In aquatic
environments, for example, the average sulfate concentration is high, ~30mM (Barton 2005). In
order to synthesize the essential metabolites, sulfur, in its most common environmental form of
sulfate has usually to be present in reduced form, typically as (hydrogen) sulfide. This process,
know as assimilatory reduction is confined to prokaryotes and plants (Barton 2005). In contrast,
mammals acquire the necessary sulfur-containing metabolites as nutrients directly from the diet.
Sulfate, an Essential Electrolyte for Proper Cell Growth and Development
The inorganic sulfate ion is required for the proper growth and development of all organisms.
Sulfate ions, specifically are involved in many important biological processes, such as the
1

aforementioned biosynthesis of amino acids, detoxification via sulfation of unwanted
endogenous and exogenous substrates, and the upkeep and synthesis of the cell matrix and
membrane (Markovich 2001).
In the last 20 years or so, we have made great progress in gaining knowledge on the processes
and identifying the proteins involved in the import and export of sulfate ions in the cell. Without
these transmembrane proteins, cells would not be able to regulate their internal sulfate content
and maintain homeostasis. In humans, sulfate is poorly absorbed by the GI tract (Florin, Neale et
al. 1991), although sulfate homeostasis, maintained predominantly by the renal tubules is an
essential process for development and maintenance of cartilage and myelin in the brain (Morris,
Kwon et al. 1988). In our bodies, the process of sulfation or sulfonation, has great importance in
the biotransformation of compounds such as xenobiotics, steroids, bile acids and catecholamines
(Markovich 2001). Sulfate conjugation in the cell is responsible for detoxifying heavy metals,
numerous drugs and phenols, as well as producing and activating a number of biological
substrates such as neurotransmitters (Markovich 2001). The level of sulfation of some
compounds can enhance their functional roles, such as in heparan sulfate, where increased
sulfation increases its anti-coagulant activity (Bjornsson, Schneider et al. 1988) (Ofosu, Modi et
al. 1987).

Sulfate Reduction in Bacteria
Assimilatory reduction is energetically dispendious as sulfate is extremely stable, and its
reduction to sulfide involves transfer of eight electrons (Figure 1.1). In this pathway, the ATPsulfurylase enzyme activates the sulfate ion with the consumption of a molecule of adenosine
triphosphate (ATP) to form adenosine phosphosulfate (APS) and inorganic pyrophosphate (PPi)
2

as a by-product (Barton 2005). This is not a favorable reaction, and is driven by the removal of
the product, PPi by a pyrophosphatase enzyme, shifting the equilibrium towards the completion
of the APS formation (Hilz and Lipmann 1955). APS is then further activated by the addition of
a second phosphate forming phosphoadenosine phosphosulfate (PAPS) and this high-energy
intermediate product is poised for sulfur removal to form sulfite (SO3-2) by the thioredoxin
enzyme, which is then further reduced to sulfide ions (S-) (Kredich, Hulanicka et al. 1979;
Barton 2005). Sulfide, the final reduced sulfur product, can then be used in a variety of ways by
the cell. In Escherichia coli (E. coli) and other gram negative bacteria, the most important use of
sulfate in the cell is the formation of the sulfur-containing amino acids; cysteine from the
addition of sulfide to O-acetylserine (Kredich, Hulanicka et al. 1979; Barton 2005) and
subsequently methionine. The culmination of the assimilatory pathway is the formation of
cysteine, as it is the central molecule, often the starting point for the production of the other
organo-sulfur compounds required by the bacterial cell. Besides this very conserved assimilatory
pathway, there are a small class of sulfate-reducing bacteria that reduce sulfate in large amounts
to obtain energy using what is known as dissimilatory sulfate reduction pathway (Barton and
Fauque 2009). These anaerobic microorganisms use sulfate in place of oxygen to “breathe” and
the energy is derived from the oxidation of organic compounds or H2 made possible by the
reduction of sulfate to sulfides. Sulfate-reducing bacteria can be traced back to 3 billion years
ago, they are anaerobes which use sulfate as the terminal electron acceptor of their electron
transport chain and they can also reduce other oxidized inorganic sulfur compounds, such as
sulfite, thiosulfate, or elemental sulfur (Barton and Fauque 2009).

3

Figure 1.1. Assimilatory and Dissimilatory Pathways for SO4-2 reduction.
PPi is inorganic pyrophosphate, APS is adenosine phosphosulfate, PAPS is phosphoadenosine
phosphosulfate. Enzymes involved are as follows: ATP sulfurylase to generate APS; inorganic
pyrophosphatase to hydrolyze PPi; APS kinase to convert APS into PAPS; Reduced thioredoxin
to reduce PAPS to sulfite and sulfite reductase to generate sulfide in the assimilatory pathway;
APS reductase to generate bisulfite from APS, and sulfite reductase to yield sulfide from
bisulfite in the dissimilatory pathway. Scheme adapted from (Barton 2005).

The Biosynthesis of Cysteine
The biosynthesis of cysteine has been very well studied in gram-negative bacteria. The genes
involved have been annotated as the cys genes, clustering into 9 groups, most of which are
positively regulated by CysB, a transcriptional activator. CysB autoregulates its own expression
as a repressor, and induces cys gene expression by binding upstream of the -35 region of their
promoters. If cysteine is present in the environment, the assimilatory sulfate pathway is turned
off, avoiding unnecessary consumption of ATP. In the absence of cysteine, O-acetyl serine, it’s
direct precursor, behaves as an inducer, interacting with CysB, resulting in the assembly of the
transcription initiation complex (Kredich 1992). Furthermore, there is a high degree of regulation
4

on this assimilatory sulfate reduction pathway by the presence of sulfite and sulfide as well.
The operon of genes cysCD code for the adenylylsulfate kinase and the ATP sulfurylase enzymes
respectively. The genes in the operon cysPATWM code for CysP, the sulfate (and thiosulfate)
periplasmic binding protein, CysATW, the ABC transporter for sulfate and thiosulfate, and
CysM, the O-acetylserine sulfhydrylase for thiosulfate. The gene cysH encodes for the PAPS
sulfotransferase, and cysIJ code for the different subunits of the sulfite reductase. CysZ and cysK
genes co-localize in the bacterial genome, but are not co-transcribed (Barton 2005). CysZ, the
subject of this thesis, is an inadequately studied membrane protein once reported to be involved
in sulfate uptake (Parra, Britton et al. 1983). CysK is O-acetylserine sulfhydrylase, the enzyme
that catalyzes the final step in the incorporation of sulfide into O-acetylserine to make cysteine.
Finally, CysE is the serine transacetylase enzyme that is responsible for producing Oacetylserine (Figure 1.2).
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Figure 1.2. A simplified schematic of the biosynthesis of cysteine.
Sulfate is transported into the cell by 2 different proteins, the ABC transport complex of
CysATW, and CysZ. The cys genes involved in the sulfate reduction and incorporation into
serine are marked over each enzymatic step. Figure adapted from (Barton 2005).

Transport of Sulfate across the cellular membrane
The first step in any pathway of sulfate uptake requires this ion to be transported across the
membrane. Sulfate is a strong acid and is thus completely ionized at physiological or close to
physiological pH. Therefore, its uptake inevitably requires an active transport system. Despite
the importance of this ion in biology, the mechanisms of sulfate uptake are surprisingly poorly
understood (Barton 2005), with plants being the most noteworthy exception (Hawkesford and De
Kok 2006). In summary, there are three ways sulfate can enter a cell (Figure 1.3). In
prokaryotes, by far the most studied system is the CysAWPT complex of proteins, in which
sulfate is internalized using an ATP-binding cassette superfamily (ABC; (Locher 2009))
transporter (Kertesz 2001). The ABC transporter system is active in conditions in which sulfate
6

is present at low concentration in the environment, and is limiting for bacterial growth, hence the
requirement for energy consumption to drive the uptake against the unfavorable concentration
gradient of the ion (Barton 2005). This transport system, studied extensively in E. coli and
Salmonella typhimurium (Kredich 1992), consists of 5 subunits (Pilsyk and Paszewski 2009).
Sulfate and thiosulfate are recruited and transported into the periplasm by the sulfate binding
protein (Sbp) (Pflugrath and Quiocho 1988) and CysP (Hryniewicz, Sirko et al. 1990)
respectively, where they interact with the permease components CysW and CysT. Bacterial
strains with single deletions of either Sbp or CysP are able to grow both on sulfate and
thiosulfate, implying overlap in substrate specificity (Sirko, Zatyka et al. 1995). In contrast, the
Sbp-CysP double mutant, as well as the single mutants of any of the other components were
shown to be cysteine auxotrophs (Sirko, Zatyka et al. 1995). The structure of the periplasmic Sbp
from Salmonella typhimurium, solved in 1988 to 2.0Å resolution, (Pflugrath and Quiocho 1988)
revealed an ellipsoid protein, that resembled other substrate binding proteins for
glucose/arabinose and leucine. The protein has two globular domains that are arranged such that
the sulfate ion is bound deep within the cleft between them. The sulfate anion is held in the cleft
by seven hydrogen bonds, five of the seven contributed by main-chain peptide N-H groups, one
by a serine hydroxyl group and the last by the indole N-H moiety of a tryptophan, with no
positively charged residues, cations, or water molecules within van der Waals' distance to the
sulfate (Pflugrath and Quiocho 1988). CysP and Sbp share sequence identity in the key residues
involved in sulfate binding, and their functional roles in binding of sulfate and thiosulfate are
reported to be overlapping (Sirko, Zatyka et al. 1995). The energy required for transport to occur
by the ABC transporter is provided by the ATP-binding subunit CysA. The structure of CysA
from Alicyclobacillus acidocaldarius was solved in 2005 to 2.0Å resolution in the absence of
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nucleotides (Scheffel, Demmer et al. 2005). The structure reveals a canonical ATP-binding
cassette fold, with the characteristic motifs and structural elements.

Figure 1.3. Different systems responsible for uptake of sulfate in gram-negative bacteria.
The different bacterial sulfate transporters include: A. The sulfate-thiosulfate SulT permease, the
ABC transporter complex for sulfate, constituted of the sulfate or thiosulfate binding proteins
Sbp or CysP, respectively, the membrane proteins CysT and CysW, and the CysA ATPase. B.
The SulP transporter of the SLC26 family, that transports sulfate and other anions via a proton or
sodium coupled symport. C. PiT, the phosphate transporter that also can allow the passage of
sulfate and chromate ions. D. The CysZ sulfate permease, that is responsible for the uptake of
sulfate. The oxyanions transported by each system are indicated. Adapted from (Aguilar-Barajas,
Diaz-Perez et al. 2011)
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Under levels of sulfate that provide sufficient anion for growth, sulfate entry into the bacterial
cells is not driven by an ABC system but by a chemiosmotic driven mechanism. In bacteria,
there are two systems that are thought to allow this mechanism. The first consists of
transmembrane proteins that belong to the major facilitator superfamily (MFS) type family of
transporters, also known as SulP family (Kertesz 2001). SulP proteins constitute a large and
rather diverse family of anion sodium or proton symporters or antiporters comprising 11-13
transmembrane segments, and are found in prokaryotes and eukaryotes alike (Loughlin, Shelden
et al. 2002). None of the bacterial members of this family have been characterized to
unambiguously demonstrate sulfate uptake. However, overexpression of a SulP protein from
Mycobacterium tuberculosis in E. coli has been shown to cause an increase in sulfate uptake
(Zolotarev, Unnikrishnan et al. 2008). Despite the uncertainty on the precise role, if any, of SulPs
in sulfate uptake by prokaryotes, it is exclusively through these proteins that sulfate enters any
eukaryotic cell. Of all eukaryotes, in plants has the architecture and classification of SulPs been
most extensively studied and convincingly characterized, however the structure of SulP is yet to
be determined (Markovich and Murer 2004; Pilsyk and Paszewski 2009). Plants serve as the
major source of sulfur-containing amino acids to mammals (Pilsyk and Paszewski 2009). Plants
express a wide range of tissue and species specific transporters (Smith, Hawkesford et al. 1997).
Most are sulfate:H+ cotransporters, and they can be grouped into five families (Buchner,
Takahashi et al. 2004) after an initial division into low and high-affinity proteins (Smith, Ealing
et al. 1995). In mammals, SulP-like sulfate transporters are expressed in various tissues and they
are divided into two main families, called SLC26 and SLC13 (Pilsyk and Paszewski 2009).
SLC26 proteins are generally anion-anion exchangers, in which intake of one anion like sulfate
is countered by export of another, such as carbonate (Jiang, Grichtchenko et al. 2002). SLC13
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proteins, on the other hand, are divalent anion, such as sulfate, carboxylate and phosphate, Na+
symporters. They can be further divided into NaS sulfate preferring sub-family and NaC,
carbonate specific group, responsible for intermediates of the Krebs cycle. The sulfate-specific
mammalian transporters play an essential role in sulfate homeostasis, with the intestinal lumen,
kidneys and liver being the most abundant sites of expression. Mutations in human sulfate
transporters have been studied in detail in connection with severe pathologies such as diastrophic
dysplasia (Hastbacka, de la Chapelle et al. 1994). SulP proteins in the SLC26 family have a
characteristic regulatory C-terminal cytoplasmic domain called the STAS domain that has been
reported to be important for the proper sulfate transport activity, stability and biosynthesis of the
transporter. Mutations in the STAS domain have shown impaired transport function of SulP,
causing the pathologies mentioned earlier. The structure of the STAS domain has been solved
from Vibrio cholera to 1.9Å resolution (PDB ID: 4DGH. Keller, Joachimiak, 2012 unpublished).

The CysZ Family of Sulfate Permeases
The second system to allow sulfate to enter a cell under a chemiosmotic driven mechanism after
SulP, involves the CysZ family of proteins (Barton 2005). CysZ proteins from gram-negative
bacteria are ~28-30 kDa inner membrane proteins, part of the cysteine biosynthetic regulon in
bacteria, and have 4 predicted transmembrane segments (Figure 1.4), without any obvious
homology to other prokaryotic transporters or channels.
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Figure 1.4. Prediction of Transmembrane Helices of CysZ.
Web-based TMHMM was used to predict the number of transmembrane helices of CysZ, as well
as the topology. Results of the prediction show that CysZ is to have 4 transmembrane helical
domains and the N and C termini are predicted to be on the cytoplasmic side of the membrane
(Krogh, Larsson et al. 2001).
The CysZ family is less well studied and scarcely cited in the literature, however there are
bacteria such as Haemophilus influenzae and Idiomarina loihiensis in which the ABC transporter
system for sulfate is absent, and presumably sulfate transport is carried out predominantly if not
exclusively by CysZ (Tatusov, Mushegian et al. 1996). However, a single report in the early
1980’s characterized the phenotype of the CysA and CysZ knockout strains (strain # 1766) in E.
coli. The showed in both knockouts that the proteins was required for sulfate transport across the
bacterial membrane (Parra, Britton et al. 1983). The CysZ knockout strain was shown to not be
viable in minimal media in the absence of an alternate source for sulfur, such as thiosulfate or
cysteine itself (Figure 1.5). The knockout strain was also shown to be severely deficient in the
accumulation of radiolabeled sulfate as compared to the parental or wild type strain. This was the
first and only report on the gene function of CysZ, implying that the protein was crucial to
sulfate uptake by the bacterial cell. CysZ genes are present in both gram-negative and gram-
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positive bacteria and they are part of the same regulon, although the degree of homology
between the two sub-families is scarce.

Figure 1.5. Phenotype of the cysA and cysZ Deletion Mutants in E. coli.
Growth properties of cysZ knockout E. coli strain JM1766 in media without sulfate and the effect
of the addition of other sulfur sources (such as thiosulfate, S2O3) to the media. Radiolabeled
sulfate uptake on the knockout strain shows a clear, deficient accumulation of sulfate. The results
of the cysZ knockout strain is boxed in red, (Image taken from (Parra, Britton et al. 1983)).

The Membrane and its Associated Transport Proteins
The hydrophobic cell membrane acts as a barrier separating the cytoplasm from the extracellular
fluid, impermeable to most ions but permeable to lipophilic molecules. The membrane maintains
ionic asymmetry across its sides, and protects the cell from the external environment (Reuss
2013). Membrane transport proteins make up the pathways for these ions to enter and exit the
cell. Transport proteins can be categorized into four groups: channels, pores, carriers (or
transporters) and pumps. These proteins are responsible for maintaining the composition of the
intracellular matrix, known as homeostasis, as well as carrying out specific cell functions, such
as excitability (Reuss 2013).
A pore is an aqueous pathway created by a protein, always “open”, and accessible to both sides
of the membrane. A channel also creates an aqueous pathway, but it differs from a pore in that it
can be opened and closed, by a phenomenon know as gating (Figure 1.6). Channels allow the
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flow of ions along their concentration gradient and do not require a driving force. A transporter
or carrier is a protein whose permeation pathway is accessible to only one side of the membrane
at a given time, and changes in the conformation of the transporter allow access of the substrate
or ion to the opposite sides of the membrane (Figure 1.7). Transporters typically translocate their
substrates against the concentration gradient of the substrate using some form of energy to do so.
Primary active transport coupled to the use of a metabolic energy source, such as the hydrolysis
of ATP like in the P-type ATPase, is called a pump. A transporter may translocate one substrate,
uniporter, or two substrates, by secondary active transport in the same direction, called a
symporter, or in opposite directions, an antiporter. Symporters use the energy from the
downhill transport of one substrate species from high to low concentration to drive the uphill
transport of the other substrate species from low to high concentration, moving both molecules in
the same direction (Reuss 2013). Antiporters on the other hand use the same driving force for
transport but instead transport the two substrates in opposite directions.

Figure 1.6. The comparison between a Pore and a Channel.
(a) A pore is an aqueous pathway through the membrane, typically of larger diameter, never
closed, that permits the passive transport of a wide range of different ions and solutes. (b) A
channel is also an aqueous pathway through the membrane, but it has two distinct conformations:
open and closed. Channels generally have smaller radii and have a certain degree of ionic
selectivity. Figure adapted from (Reuss 2013).
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Figure 1.7. Transporters or Carrier proteins.
A carrier has two or more gates and typically one or more substrate binding sites. A uniporter, or
a single substrate transporter, cycles through different conformations as shown; where the
substrate binding site has access to one side of the membrane, such that it may bind to the
transporter, and then the other so it can be released to the other side. Figure adapted from (Reuss
2013).
Ion Channels
Ion channels are proteins that create ion-selective, gated pores in the lipid bilayer of the cell
membrane. These macromolecules are directly responsible for triggering electrical signaling in
excitable cells as well as allowing for the passage of small metabolites and ions necessary for the
proper functioning of the cell. Transporters on the other hand, are classified as carrier proteins
that by a conformational change expose their transport-binding site to the opposite sides of the
bilayer, intracellular and extracellular, a mechanism that is now widely known as the ‘alternating
access model’ (Shi 2013). Unlike the transporter whose transport rate is typically 102 - 104 ions
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per second, an ion channel consists of a water-filled pore that when open can allow the passage
of ion at a very fast rate of about 106 - 108 ions per second (Hille 2001). In the nervous system,
excitation and signaling involves rapid movements of mainly Na+, K+, Ca2+ and Cl- ions across
the bilayer through their channels, in response to a chemical, mechanical or electrical stimulus.
Properties of Ion Channels
The identifying properties of a channel are the gating and selective permeability. The gating of
a channel is the opening and closing of the entrance to the channel or the pore. A channel may be
gated by the binding of a ligand, a change in the pH that in turn affects the protonation state of
gating residues, a change in voltage across the membrane, or a mechanical deformation of the
lipid bilayer. The selective permeability is the property of the channel that allows only a certain
type of charge and/or size of ion to pass through its pore, first described and structurally
characterized in the potassium channel (Doyle, Morais Cabral et al. 1998; Morais-Cabral, Zhou
et al. 2001). Potassium channels make use of a selectivity-filter (TVGYG motif in prokaryotes)
that involves a specific, conserved motif of residues that coordinate the dehydrated K+ ions as
they enter the channel. The K+ channel is an example of an extremely selective channel, whereas
the ligand-gated nicotinic acetylcholine receptor (nAChR) for example, is less selective,
allowing all cations, not distinguishing for the size of the ion (Hille 2001). Another example of
non-selective channels is the gap junction channels, which are wider channels, where ions
permeate in their hydrated states (Ek-Vitorin and Burt 2013). In ion selective channels, there are
specific ion binding or filtering sites that allow the channel to distinguish one type of ion from
the other. The ion is likely to be at least partially dehydrated, and the binding sites or the
selectivity filter favorably interacts with the ion to mimic the interaction with the water
molecules from the hydration shell (Reuss 2013). The main conformational change in an ion
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channel is typically the gating between open and closed states or permeable and impermeable
conformations. The flux of ions or current through a channel is determined by the permeability
or conductance of the channel and the electrochemical gradient for the permeant ion, or the
driving force. The quick turnover rate resulting in the large number of ions that cross the
membrane per unit time through ion channels allows us to measure single channel events,
recording the net ion movements across the bilayer through such a channel (Reuss 2013).
Challenges Faced in Obtaining Atomic-Resolution Structures of Membrane Proteins
Membrane proteins contribute 20-30% of the genes in a genome, however only 1% of the
structures deposited in the Protein Data Bank are those of membrane proteins (Bill, Henderson et
al. 2011). This is primarily due to the difficulties faced in successfully expressing and purifying
recombinant membrane proteins. Firstly, membrane proteins are generally expressed at much
lower levels than soluble proteins and one usually requires a high yield of protein for
crystallization experiments. Secondly, membrane proteins are unstable once extracted from the
lipid bilayer, and need detergents to stabilize their hydrophobic helices and prevent aggregation.
Finally, these added detergents and other buffer components could often hamper the process of
crystallization (Punta, Love et al. 2009). The advent of structural genomics has greatly improved
the typically challenging realm of membrane protein crystallography, as by screening a number
of homologs of a particular protein, one increases the odds of success to great extents. Highthroughput approaches to the cloning, expression, detergent screening and crystallization of
membrane proteins with the availability of new tools and robotics, as well as the advancement of
bioinformatics analyses, has propelled membrane protein structure determination to great heights
(Mancia and Love 2010). Although it took close to 20 years to reach 100 unique structures, we
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have since seen a steep upward trajectory of membrane protein structures in the last 10 years
(Figure 1.7).

Figure 1.7. Progress of membrane protein (MP) structures.
Since the first atomic resolution structure of the photosynthetic reaction center, in 1985
(Deisenhofer, Epp et al. 1985), the number of unique MP structures is plotted on the y-axis and
the years since 1985 on the x-axis. We see a steep rise in the rate of membrane protein structures
determined in the last 5-7 years. (Taken from Stephen White’s Membrane Proteins of Known
Structure Database http://blanco.biomol.uci.edu/mpstruc/)

Structural Genomics and the New York Consortium of Membrane Protein Structure
The New York Consortium of Membrane Protein Structure (NYCOMPS) was thus formed with
the goal of high-throughput membrane protein structure determination in mind. NYCOMPS,
under the leadership of Prof. Wayne Hendrickson and a great team of scientists and investigators
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in the New York area, has developed an efficient, high-throughput membrane protein cloning,
expression, purification and detergent-screening platform. Located at the New York Structural
Biology Center in Manhattan, NYCOMPS selects targets by bioinformatics analyses for
recombinant cloning followed by small-scale expression screening and detergent stability assays
(Mancia and Love 2010). After which, the gene families are distributed to the different member
laboratories for large-scale expression and crystallization trials. The first set of targets were
selected from predicted membrane proteins from 144 different prokaryotic genomes by an
algorithm that chooses unique membrane proteins by criteria of biological interest, novelty or no
previously determined structure, diversity with respect to structural and functional features, and
“crystallizability” (Punta, Love et al. 2009). Filters were put in place to remove candidates that
had predicted regions of disorder or those that were part of multi-protein complexes. Being a part
of NYCOMPS, our laboratory routinely studies gene families screened and selected by their
platform, and thus we became interested in and selected the CysZ family of proteins from the
NYCOMPS selection and cloning platform.

Significant work presented in this dissertation
In this dissertation, I will describe the experimental procedures and report the results obtained
from our structural and functional studies on the CysZ family of proteins. We have solved the
crystal structures of CysZ from Idiomarina loihiensis to 2.1Å resolution and Pseudomonas fragi
to 3.2Å resolution. The structures of the 2 proteins are superimposable for the most part, but
have significant differences in their oligomeric assemblies, as described in Chapters 3 and 4. The
structure of CysZ shows a truly novel, dual-topology assembly across the membrane, forming a
channel through the membrane that is permeable to sulfate ions. We have studied the function
and oligomeric assembly of CysZ in detail using biochemical techniques, such as cysteine cross18

linking, radioligand binding and uptake experiments in cells and proteo-liposomes. Along with
the wildtype protein, we have studied the function of a battery of potential functional mutants of
CysZ to try and further understand the mechanism of the passage of sulfate through CysZ, and
have concluded with a proposed functional mechanism for the transport of sulfate by CysZ.
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CHAPTER 2.
Structural Genomics and the Cloning, Expression and Purification of the CysZ Family
Introduction
Membrane proteins contribute to approximately 30% of a typical organisms genes, however this
does not reflect in the number of membrane protein structures that have been determined to date.
This is primarily due to the problems one faces when attempting to express and successfully
purify membrane proteins, as they are inherently less stable when extracted from their natural
surroundings, the lipid bilayer (Mancia and Love 2010). In the last few years, the Protein
Structure Initiative has become the leading structural genomics effort encouraging groups to
focus on optimizing and increasing resources for membrane protein structure determination. One
such center is the New York Consortium on Membrane Protein Structure (NYCOMPS), at the
New York Structural Biology Center. The Hendrickson and Mancia laboratories have been
greatly involved in NYCOMPS and have benefitted significantly from the high-throughput
resources available to us via the NYCOMPS center. A pipeline was created to select, filter,
clone, screen, and purify membrane protein targets for structure determination (Figure 2.1). The
CysZ family was identified by NYCOMPS through their bioinformatics-based selection process,
and chosen as it was a family with interesting cellular function, and one of which very little was
known. Upon initial screening and crystallization of the CysZ homologs, we took the structural
genomics approach further and performed a micro-genomics expansion to identify close relatives
of the CysZ’s that crystallized, the results of which I will describe in Chapter 4.
In this chapter I will describe the methods of target gene selection, cloning and initial expression
and stability screening that are performed regularly at NYCOMPS by Dr. Brian Kloss and Ms.
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Shantelle Tabuso, as well as the methods and results of my subsequent work on the homolog
expression screening by small-scale purification that was carried out in our laboratory.

Figure 2.1. NYCOMPS High-Throughput Pipeline.
Pipeline for high-throughput membrane protein target selection, screening, purification and
structure determination by NYCOMPS. The steps involved are all typically performed at the
NYCOMPS Protein Core facility up to the final step, where member laboratories carry out the
large-scale purification of selected protein targets for NMR, crystallography, and 2D EM
experiments (Love, Mancia et al. 2010).
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Methods
Target Selection and the CysZ Family
The first step in the NYCOMPS high-throughput pipeline was the selection of potential target
membrane proteins that pass through the designed filters. All the predicted membrane proteins
from 144 fully sequenced prokaryotic genomes were analyzed and proteins were removed if they
had: 1. less than two predicted transmembrane helices,

2. 98% redundancy with another

sequence (only one would be kept), 3. N-terminal TM helix overlapping with the signal peptide,
4. predicted to have over 15 consecutive disordered residues (Punta, Love et al. 2009). This
selection process identified a number of protein families as potential targets for crystallization.
The CysZ family of proteins was one of many families selected by this method and became of
interest to our laboratory and subsequently the focus of my thesis project.
Cloning of Target Genes into Expression Vectors
The next step in the NYCOMPS pipeline is the cloning of the target genes of the different
selected families from the 144 available prokaryotic genomes (82 Bacteria, 14 Archea). The
NYCOMPS core facility clones all the prokaryotic target gene families into pET-derived, IPTG
(isopropyl β-D-1-thiogalactopyranoside) inducible expression vectors for protein production.
The vectors have been modified to have either ampicillin or kanamycin resistance, with an Nterminal or C-terminal deca-histidine tag and a TEV (tobacco etch virus) protease site introduced
to allow for the option of tag cleavage and removal post-protein purification (Love, Mancia et al.
2010). The kanamycin vectors also have a FLAG epitope preceding the histidine tag, for
immuno-blotting purposes (Figure 2.2). The cloning is carried out by the ligation-independent
cloning method or LIC to simplify the process and bypass the use of restriction enzymes for
cloning (Aslanidis and de Jong 1990). Target genes are cloned into each of the vectors as protein
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expression has been seen to vary depending on the location of the tag and the antibiotic
resistance. The target genes are amplified by PCR robotically with LIC adapted sites and the
vectors are transformed in DH10B cells and plated. After overnight growth, a single colony is
picked, and the plasmid is sequenced with T7 sequencing primers to verify the gene of interest.
This entire process is performed in an automated, high-throughput fashion at NYCOMPS. The
cysZ gene family was cloned in the above way at the NYCOMPS core facility and initial
expression tests were subsequently performed. I will now be describing the methods and results
that pertain directly to the CysZ proteins. For a complete list of the different species of CysZ
genes that were cloned and tested see Table 2.1.

Figure 2.2: pNYCOMPS Expression Vectors.
Schematic of the pNYCOMPS bacterial vectors based on pET-24 E. coli expression vector
(Novagen). FLAG Epitope (in red) is Asp-Tyr-Lys-(Asp)4-Lys and Tobacco Etch Virus (TEV)
protease site (in blue) is Asn-Leu-Tyr-Phe-Gln-Ser. The 5’ LIC overhangs are 5’TATTTTCAATCCTACGTA-3’ and 5’-TTAAGAAGGAGATATACTA-3’ for pNYCOMPS-NLIC and C-LIC respectively. The corresponding 3’ LIC overhangs are 5’CCCTCAATATTATACGGG-3’ and 5’-TGAAAATAGAGGTTTTCGGC-3’.
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Table 2.1: List of CysZ genes cloned and tested for expression.
#

Bacterial Species

# of AAs

Molecular
weight (Da)

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43

Pseudomonas aeruginosa PA01
Idiomarina loihiensis L2TR
Haemophilus ducreyi 35000HP
Marinobacter aquaeolei VT8
Helicobacter pylori 26695
Shewanella oneidensis
Vibrio cholerae N16961
Salmonella enterica subsp enterica serovar
Escherichia coli K12
Haemophilus influenzae rd KW20
Vibrio parahaemolyticus RIMD
Vibrio cholerae O1 biovar
Pseudomonas syringae sp. Tomato
Pseudomonas putida KT2440
Pseudomonas fluorescens pf5
Methylococcus capsulatus bath
Rhodospirillum rubrum
Bartonella henselae houston-1
Aeromonas hydrophila subsp. Hydrophila
Enterobacter sakazakii
Citrobacter koseri
Escherichia fergusonii
Vibrio harveyi
Shewanella frigidimarina
Enterobacter cloacae subsp. Cloacae
Shewanella woodyi
Pseudomonas putida strain F1
Cyanothece sp. strain ATCC 51142
Chloroflexus aurantiacus
Streptosporangium roseum
Chitinophaga pinensis
Salmonella typhimurium LT2
Mesorhizobium loti
Agrobacterium tumefaciens C58
Bradyrhizobium japonicum USDA110
Rhodopseudomonas palustris CGA009
Erwinia carotovora atroseptica SCRI1043
Vibrio fischeri ES114
Streptomyces coelicolor A3
Colwellia psychreythraea 34H
Klebsiella pneumoniae
Synechocystis sp. PCC 6803
Streptomyces avermitilis MA-4680

246
246
295
249
258
259
250
253
253
272
247
250
253
242
249
234
227
239
254
320
253
253
249
257
253
257
242
268
250
249
259
253
232
245
246
247
275
250
274
251
253
297
238

28445
28592
33914
27831
30302
29455
28438
28892
29304
31074
28188
28438
28487
27307
28146
26269
24222
26996
28904
36279
28990
29221
28395
29327
29008
29530
27321
30041
27575
27161
30439
28906
25089
26613
26901
26436
31321
28597
29589
28888
29029
33479
26159
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Expression/Stability
in >2 detergents
Yes/Yes
Yes/Yes
Yes/No
Yes/Yes
No/No
Yes/Yes
No/No
Yes/No
Yes/No
Yes/No
No/No
Yes/No
Yes/Yes
Yes/Yes
Yes/Yes
No/No
No/No
No/No
No/No
No/No
Yes/Yes
Yes/Yes
No/No
No/No
Yes/Yes
Yes/Yes
Yes/Yes
No/No
No/No
Yes/No
No/No
Yes/Yes
No/No
Yes/Yes
No/No
No/No
No/No
No/No
Yes/No
Yes/Yes
Yes/Yes
No/No
No/No

Small-Scale Protein Expression Screen
Once the CysZ gene family was cloned and sequenced, the different constructs were transformed
into BL21 (DE3) pLysS cells for small-scale expression testing at NYCOMPS as well as
repeated by myself in our laboratory. The bacterial transformations were put in 4 ml starter
cultures and were grown in 2XTY media with the appropriate antibiotic (100 µg/ml ampicillin or
50 µg/ml kanamycin, and 50 µg/ml chloramphenicol) overnight in 24-well deep well blocks in an
orbital shaker at 37°C, shaking at 225 rpm. The next morning, 4 ml of fresh 2XTY media in a
24-well deep well block was inoculated with 40 µl (1:100) of the starter culture, and grown at
37°C, shaking at 225 rpm for approximately 2.5-3 hours, to an optical density of ~0.6-0.8,
measured in a spectrophotometer at 600nm. Once this OD600 is reached, the temperature is
decreased to 22°C and 0.2 mM IPTG is added to induce protein expression overnight (~16
hours). The next morning, the cells were harvested by spinning down the cultures for 10 minutes
at a speed of 3000 xg. The cell pellets were stored at -80°C until protein extraction and
purification. We typically also screened different growth conditions to select the most optimal
one for protein expression, varying induction temperature, time and IPTG concentration to 37°C
for 4-5 hours with 0.4 mM or 0.5 mM IPTG for the constructs that did not express well with our
standard protocol.
Small-Scale Purification of CysZ
The small scale expression cell pellets are thawed and resuspended in 500 µl of lysis buffer
which is made up of 20 mM Na-Hepes at pH 7.5, 200 mM NaCl, 20 mM MgSO4, DNase I and
RNase A, with protease inhibitors: 0.5 mM PMSF (phenylmethylsulfonyl fluoride) and
Complete protease inhibitor cocktail EDTA-free (Roche); and 1 mM TCEP-HCl (Tris (2carboxyethyl) phosphine hydrochloride) as a reducing agent. Upon resuspension, the cells are
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sonicated on ice briefly with a tip-sonicator for three 15 second pulses with a frequency of ~5
Hz, and an amplitude of 40%. The lysate is then solubilized by the addition of detergent,
typically 1% of decyl maltopyranoside (DeM, from Anatrace, Affymetrix) for 1 hour, rotating at
4°C. During the process of solubilization the detergent extracts the membrane proteins from the
lipid bilayer forming a detergent micelle around the hydrophobic core of the protein. After this
stage, the solubilized lysate is spun down at a speed of 100,000 xg, in an ultracentrifuge, to
remove insoluble matter. Proteins that are not stable upon solubilization with detergent will
aggregate and be pelleted during this spin. The lysate is then added to 30 µl of equilibrated NiNTA resin, and incubated with 40 mM imidazole pH 7.5 rotating for an hour at 4°C, to allow the
His-tagged proteins to bind to the resin. After binding, the resin is washed in batch 3 times with
250 µl of lysis buffer containing 40 mM imidazole and 0.2% decyl maltoside. The protein is then
eluted off the resin with 60 µl of 200mM imidazole and 0.2% DeM in lysis buffer. The eluted
protein is run on an SDS-PAGE gel, detected by Coomassie Blue staining and analyzed for
expression levels, judging the amount of purified protein by the intensity of the band on the gel.
Detergent Stability Assay by Size Exclusion Chromatography
After assessing the expression levels of the CysZ genes from the different bacterial species, we
then test the stability of a sub-set of “good” expressers in a series of more “crystallize-able”,
shorter chain detergents. This is done by purifying the CysZ proteins on a larger scale (800 ml
bacterial cultures) and injecting them on an analytical size exclusion column (also known as gel
filtration) for the detergent stability screen. The protein is purified in decyl maltoside (DM) and
exchanged into the following detergents on the column: dodecyl maltoside (DDM), DM, nonyl
maltoside (NM), octyl maltoside (OM), nonyl glucoside (NG), octyl glucoside (OG), Lauryl
dimethylamine oxide (LDAO), 5-Cyclohexyl-1-Pentyl-β-D-Maltoside (Cymal 5), 4-Cyclohexyl26

1-Pentyl-β-D-Maltoside (Cymal 4), and Octaethylene Glycol Monododecyl Ether (C12E8)
(Figure 2.3). DDM was used in the first round of screening with some of the CysZ homologs
(particularly Pseudomonas aeruginosa), but was eliminated subsequently, as it is a large
detergent and typically harder to exchange out on the size-exclusion column. DM, a smaller
alternative, proved to be a better choice for solubilization and the subsequent steps of the
purification. The detergent screening is done at NYCOMPS on an Agilent 1200 HPLC with an
auto-sampler that injects the protein sample after equilibrating a Superdex 200 column (GE
Healthcare) with the appropriate buffer containing the different detergents to be screened. The
detergents were used at a concentration of approximately twice the critical micellar
concentration (CMC). The CMC is defined as the lowest concentration of detergent at which
micelles spontaneously begin to form (Table 2.2). Proteins that behaved well in the detergent
stability screen were then selected to move forward in our laboratory for large-scale purifications
with exchanging into the particular detergents it preferred, to eventually be set up in
crystallization trials. Figure 2.4 illustrates a well-behaved and stable protein and an unstable
protein in a typical detergent screen, as an example of our selection process.
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Figure 2.3. List of the detergents with their chemical structures.
Chemical structures of the set of 10 detergents used in the gel-filtration detergent stabilityscreening assay on the HPLC (Chemical structures taken from the Anatrace® product catalog, at
www.affymetrix.com)
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Detergent Name

Chemical
Formula

Molecular
Weight

CMC

Aggregation
Number

Conc. Used
in GF

Dodecyl Maltoside
Decyl Maltoside
Nonyl Maltoside
Octyl Maltoside
Nonyl Glucoside
Octyl Glucoside
LDAO
Cymal-5
Cymal-4
C12E8

C24H46O11
C22H42O11
C21H40O11
C20H38O11
C15H30O6
C14H28O6
C14H31NO
C23H42O11
C22H40O11
C28H58O9

510.6
482.6
468.5
454.4
306.4
292.4
229.4
494.5
480.5
538.8

0.15 mM
~1.8 mM
~6 mM
~19.5 mM
~6.5 mM
~20 mM
~1.5 mM
~3 mM
~7.6 mM
~0.09 mM

~78-149
~69
~25
~6
~133
~27-100
~76
~47
~25
~90-120

0.025 %
0.2 %
0.4 %
1.2 %
0.35 %
1%
0.06 %
0.4 %
0.4 %
0.02 %

Table 2.2: Detergent Properties.
Chemical formula, molecular weight (MW), critical micelle concentration (CMC), aggregation
number, and concentration used in gel-filtration detergent stability assay. (Anatrace® product
catalog, at www.affymetrix.com).

Figure 2.4. An Example of a Detergent Screen of 2 CysZ Homologs.
The size-exclusion chromatography elution profile of 2 CysZ homologs in the detergent
screening process. A. The detergent screen results of P. fluorescens CysZ shows an example of a
very stable and well-behaved protein in all detergents, giving monodisperse peaks of good yield.
B. On the other hand, the detergent screen profile of Vibrio cholera CysZ shows an example of a
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protein that was not stable after purification, hence giving multiple peaks with aggregation on the
size-exclusion column, in different detergents.

Large-Scale Protein Expression of CysZ
The plasmid DNA bearing the CysZ homologs were transformed into BL21(DE3)pLysS cells by
standard protocols. The bacterial transformations were grown as starter cultures overnight in
conical flasks with 2XTY media supplemented with the appropriate antibiotic (100µg/ml
ampicillin or 50µg/ml kanamycin, and 50µg/ml chloramphenicol) in an orbital shaker at 37°C,
shaking at 225 rpm. The next morning, 800 ml of autoclaved 2XTY media with the antibiotics
(at the same concentration), is inoculated with 1:100 of the starter culture (8ml), and grown at
37°C, shaking at 250 rpm for approximately 2.5-3 hours, until an optical density, OD600 of ~ 0.60.8 is reached. The temperature is reduced to 22°C and 0.2 mM IPTG is added to induce protein
expression overnight (~16 hours). The next morning, the cells are harvested by spinning down
the cultures for 10 minutes at a speed of 3000 xg. The cells are washed once in PBS and stored at
-80°C until protein extraction and purification.
Large-Scale Protein Purification by Metal-Affinity Chromatography
The cell pellet is thawed and resuspended on ice by vortexing, in 40-45ml (approximately 5ml
per gram of cells) of lysis buffer which is made up of 20mM Na-Hepes at pH 7.5, 200mM NaCl,
20mM MgSO4, DNase I and RNase A, with protease inhibitors: 0.5mM PMSF
(phenylmethylsulfonyl fluoride) and Complete protease inhibitor cocktail EDTA-free (Roche);
and 1mM TCEP-HCl (Tris (2-carboxyethyl) phosphine hydrochloride) as a reducing agent. Upon
resuspension, the cells are lysed by 3 passages through a C3 Emulsiflex (Avestin) on ice, at an
air pressure of 15,000 psi. The lysate is then solubilized by the addition of detergent, 1% of decyl
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maltopyranoside (DM, from Anatrace®, Affymetrix) for 1 hour, rotating at 4°C. The solubilized
lysate is spun down at a speed of 100,000 xg for 30 minutes, in an ultracentrifuge, to remove
insoluble matter. The lysate is then added to 0.75 ml of equilibrated Ni-NTA resin, and rotated
for an hour at 4°C, to allow the His-tagged CysZ to bind to the resin. Imidazole, at 40 mM is
added to the lysate while binding, to reduce the binding of any contaminants to the resin. After
binding, the resin is allowed to settle at 4°C, and is applied to a glass column for the unbound
lysate to slowly drip though by gravity flow. It is then washed with 10 column-volumes (CV) of
wash buffer, which consists of lysis buffer containing 40 mM imidazole and 0.2% DM. The
protein is then eluted off the resin with 3 ml of elution buffer which is lysis buffer with 200mM
imidazole and 0.2% DM.
Cleavage of Histidine tag with TEV Protease
The eluted CysZ protein is then loaded into a dialysis cassette (Thermo Scientific, 10,000
MWCO) mixed with 1 mg of His-tagged SuperTEV protease. SuperTEV protease is
recombinantly expressed in E. coli and purified in-house following the protocols established by
Blommel and Fox (Blommel and Fox 2007), producing yields of ~ 15 mgs of purified TEV
protease per gram of cells. The stocks of purified TEV protease at 3 mg/ml are aliquoted and
stored at -80°C in glycerol. The protein is dialyzed overnight at 4°C to remove the imidazole,
against 250 ml of buffer containing 20 mM Na-Hepes pH 7.0, 200 mM NaCl, 0.2% DM, 1 mM
TCEP and 20 mM Na2SO4. The overnight dialysis step also allows for the cleavage of the Histag by the TEV protease. The imidazole must be removed as the cleaved CysZ is then repassaged over equilibrated Ni-NTA resin the following morning to allow for the re-binding of
any uncleaved CysZ, TEV and the cleaved His-tag. This step also helps to remove any
contaminants from the lysate that bound to the resin during the purification, as they will re-bind
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to the Ni-NTA. The flow-through from the re-passaging is collected, as it will contain only the
pure, cleaved CysZ protein.
Size Exclusion Chromatography and Detergent Exchange
CysZ is then concentrated from 3 ml down to a volume of 500ul in a centrifugal concentration
device (Amicon) with a molecular weight cut-off of 50,000Da. This is used because the size of
CysZ is 29kDa and the additional size of the DM micelle around the protein is ~33kDa
(calculated by detergent aggregation number × molecular weight, obtained from Anatrace®),
giving a total weight of about 60kDa. The 50kDa cutoff concentrator enables us to not
concentrate the free detergent too many-fold, as most of it should flow through the concentrator,
and also allows us to get rid of any smaller contaminants that are carried through. The protein is
then filtered to remove any micro-aggregates that might have formed, using an Ultra-Free
centrifugal filter device (Amicon). It is then injected onto a size-exclusion column (Superdex 200
10/30, GE Healthcare) on an AKTA FPLC. The column is pre-equilibrated with 2 column
volumes of buffer containing 20mM Na-Hepes, 200mM NaCl, 1mM TCEP, 20mM Na2SO4 and
a suitable detergent to exchange the protein into. These detergents were chosen by the favorable,
mono-disperse gel-filtration peaks obtained in the initial small-scale detergent-screening test. To
minimize the volume of the elute from the size exclusion column, the protein was eluted in
fractions of 0.5 ml, and the concentration of each fraction corresponding to the protein elution
peak, was measured (OD) at a wavelength of 280nm. Keeping the elution volume small was
crucial to make sure that the free detergent was not concentrated too many fold, as that could
hamper crystallization.
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Crystallization Trials
Purified CysZ once eluted from the size-exclusion column, was concentrated down to ~ 10mg/ml
in an Amicon 50kDa molecular weight cut-off centrifugal concentrator. It was important to start
with enough protein eluted from the size-exclusion column, so that the number of times the
volume was concentrated was kept to ~10-15 fold. The concentrated protein was then set up in
vapor diffusion, sitting drop crystallization trials, in 96 well plates (Axygen for single well, or
Swissci for 3-well plates) using the Mosquito® nanoliter pipetting crystallization robot
(TTPLabtech). This allowed us to set up many different crystallization screens using a small
volume of protein per trial (typically 100nl protein + 100nl precipitant). The commercial
crystallization screens that were used: MemGold and MemGold 2 from Molecular Dimensions,
JCSG+, MBClass I and MBClass II from Qiagen, and Crystal Screen HT and Index II HT from
Hampton Research. The crystallization trays were set up and incubated at two different
temperatures, 4°C and 22°C for screening purposes. The crystallization plates were viewed under
the microscope every day for the first week and then every few days for a month. The addition of
the Formulatrix® RockImager to our crystallization facilities at Columbia University, an
automated crystallization plate imager for both visible and UV light enabled us to image many
plates automatically on a schedule when stored in the imager. It also allowed us to visualize and
verify the presence of protein crystals under the UV light feature of the in-built microscope.

Results
As described above in the Methods, the CysZ family was selected from the NYCOMPS pipeline
as a well-expressing, detergent-stable target with interesting function and a high probability of
crystallization (Mancia and Love 2010). Upon screening for well-expressing homologs of CysZ,
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we found that the protein could be purified to homogeneity with a standard two-step approach
consisting of metal-affinity chromatography followed by size exclusion chromatography (SEC).
The different homologs were expressed in E. coli and extracted from the bacterial membrane
using decyl-maltoside (DM) or dodecyl maltoside (DDM). The genetically engineered decahistidine tag was removed by proteolysis using TEV protease prior to the SEC step, and the
sample re-passaged through Ni-NTA to further remove impurities and uncleaved CysZ. The
CysZ homologs were all tested for expression levels by the small-scale expression test. At this
point they were judged based on the amount of purified protein and the ratio of purified CysZ to
the level of contaminants (typically Hsp70) present. The expression levels of the CysZ homologs
in the 4 different vectors, the C-terminal or N-terminal deca-histadine tag with either ampicillin
or kanamycin resistance, showed a strong preference for the N-terminal kanamycin vector and in
general, the overnight induction at 22°C for 16 hours was strongly preferred for CysZ
expression. Of the 43 different CysZ homologs cloned, 23 expressed to significantly high levels,
and of those, 16 eluted with monodisperse peaks and were stable in more than one detergent in
the detergent stability assay (Table 2.1). This subset of homologs were purified on a large-scale
in different detergents and set up in multiple crystallization trials as described in the Methods.
This ultimately resulted in the crystallization of 3 CysZ homologs from: Pseudomonas
aeruginosa, Idiomarina loihiensis, Pseudomonas syringae. We solved the crystal structure of
CysZ from Idiomarina loihiensis to 2.1Å, which will be described in detail in Chapter 3. In this
chapter, I will describe the results from expression, purification, crystallization and crystal
optimization of the two of the aforementioned CysZ homologs, Pseudomonas aeruginosa and
Pseudomonas syringae. Unfortunately, we have been unable to solve the structure of CysZ from
the above 2 homologs, however, a significant amount of time and effort was spent in the
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optimization of these crystals and hence I shall report our results to date. This will also serve as
an example of the challenges often faced with membrane protein structure determination.
Expression and Purification of CysZ from Pseudomonas aeruginosa
CysZ from Pseudomonas aeruginosa was expressed in the NYCOMPS N-terminal His-tagged
kanamycin resistant vector grown by the above stated methods, induced at 22°C for 16 hours
(overnight). The protein expressed to high levels and the typical yield of purified protein was
~1mg/7g of cells, typically obtained from a culture of 800ml. The large-scale purification
protocol stated above in the methods was followed for all of the CysZ homologs, except for P.
aeruginosa CysZ, which was different in that it was extracted from the bilayer with 1% DDM
instead of DM like the rest. The rest of its purification was also in DDM, using a concentration
of 0.1% in the wash and elution buffer. DDM is typically not very suited to crystallization of
smaller proteins like CysZ as it adds a very large micelle (~50-60 kDa, calculated by aggregation
number × molecular weight of DDM) around the protein and could prevent protein mediated
crystal contacts.
The cleavage of the His-tag after the metal affinity purification step was critical to obtaining a
mono-disperse gel filtration peak, as it was observed that the uncleaved protein gave a multiplepeak, likely aggregated profile when run through the column. The cleaved protein was very
stable in a number of different detergents, namely, DDM, DM, NM, OM, and LDAO. The
protein was less stable when exchanged into the glucoside detergents such as NG and OG, where
it would begin to precipitate once eluted off the size exclusion column. The purified protein,
exchanged into all of the above detergents, was concentrated down to ~10mg/ml and set up in
vapor diffusion, sitting drop crystallization trials using the standard commercial crystallization
screens using the Mosquito® crystallization robot, in 96 well plates (100nl protein: 100nl
35

precipitant). The protein used for the crystallization trials was homogenous, and free of
contaminants, as observed on a Coomassie stained SDS-PAGE (Figure 2.5).

Figure 2.5. P. aeruginosa CysZ Purified in DDM for Crystallization.
P. aeruginosa CysZ is purified by the standard 2-step purification protocol as described in the
Methods. After metal-affinity it is run on a size-exclusion column and elutes as a monodisperse
peak, with good stability and high protein yield as shown here in DDM. The protein sample is
then concentrated for crystallization and is very pure, as seen on the SDS-PAGE, on which 1µl
of protein sample at 12 µg/µl is loaded, and stained with Coomassie blue.

Crystallization and Crystal Optimization of CysZ from Pseudomonas aeruginosa
Initial crystals of CysZ from P. aeruginosa were obtained only in DDM in 30% PEG 400
(polyethylene glycol avg. MW 400), 0.1M Sodium Acetate pH 4.5 with an added salt of either
0.1M Sodium Chloride or 0.1M Magnesium Chloride, at 4°C after 4-5 days. The crystals were
small, measuring 10-30µm in length and appeared in showers with heavy precipitation in the
drops. The crystals were “boat-shaped” or half-hexagons, and were about 1-2µm thin in width.
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The crystals were optimized for size initially around the crystallization condition, by reproducing
the crystal growth in larger size drops of 1µl of protein + 1µl precipitant in 24 well Linbro plates,
in a hanging drop set up, which gave fewer and larger crystals. These crystals initially diffracted
to a 15-20Å diffraction limit when screened at the NE-CAT, Advanced Photon Source X-ray
beamline (Argonne, IL). The crystals were further optimized using the Additive Screen, Silver
Bullets Screen (Hampton Research) and various other small molecule additives like ethylene
glycol, glycerol, sucrose, trehalose, hexane-diols, PEG 200 etc. Over these trials, the diffraction
from these crystals improved to 7-8Å, with an anisotropic, streaky diffraction pattern (Figure
2.6). We soon realized that the detergent (DDM) that the protein was crystallized in was likely to
be the reason for the poor diffraction due to the large micelle it creates (~60KDa) around the
protein, resulting in detergent mediated crystal contacts, which would be floppy and inconsistent.
Unfortunately, the protein did not crystallize in any other detergent when set up. So we decided
to try and add a smaller detergent like octyl and nonyl glucoside (OG and NG) to the
crystallization solution, to try and exchange the DDM out and replace it with some OG/NG while
the protein is in the drop, as CysZ was unstable in these detergents on gel filtration. This was a
breakthrough, as it improved the appearance and diffraction limit of the crystals to 4.5Å with
significantly better spots (Figure 2.7). These crystals were indexed to be primitive hexagonal
with unit cell dimensions of: a=331Å, b=331Å, c=159Å, and α=β=90°, γ=120°. Unfortunately,
numerous trials and attempts to improve and reproduce these crystals further over 2-year time
frame did not yield a collected data set.
We also attempted to crystallize the selenomethionyl protein to obtain phases, which produced
similar crystals in appearance, but had poor diffraction (9-10Å), as well as try various different
heavy atoms for derivatization, to no avail. These CysZ crystals serve as an example of the

37

challenges often faced when dealing with membrane protein crystals, where the choice of
detergent and crystal reproducibility plays a large role in crystallization and diffraction limit.

Figure 2.6. P. aeruginosa CysZ in DDM, Crystals and Diffraction.
A. Initial optimization of P. aeruginosa CysZ (purified in DDM) crystals, resulted in an increase
in size of the crystals to ~30-40µm, and B. an improvement in diffraction limit to 7-8Å, but spots
were streaky, and diffraction was anisotropic.
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Figure 2.7. P. aeruginosa CysZ Crystals and Diffraction, Optimization and Improvement.
A. Improvement of crystal size and morphology (increasing thickness) and B. diffraction limit
(to 4.5-5Å) with well-defined spots, upon addition of 0.5-1% of octyl glucoside to crystallization
drops.

Expression and Purification of CysZ from Pseudomonas syringae (sp. Tomato)
Pseudomonas syringae CysZ was the exception amongst the other CysZ’s that showed higher
expression levels with the C-terminal histidine-tag kanamycin vector over the N-terminally
tagged protein, and gave greater yield when expression was induced at 37°C for 5 hours, unlike
its homologs that were expressed at 22°C overnight. As an example of an optimization of the
growth conditions, assessed in terms of protein expression levels, Figure 2.8 shows the
expression test for CysZ from P. syringae. We clearly showing a preference for shorter induction
time at 37°C and also a lesser amount of Hsp70 produced in these expression conditions. The
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protein was purified by standard protocols of large-scale purification as stated in the Method
section, using decyl maltoside (DM) for solubilization and during the metal affinity
chromatography on Ni-NTA, giving a yield of 0.7mg purified protein per 7g cells (800ml
culture). CysZ from Pseudomonas syringae was stable in a number of detergents such as DDM,
DM, NM, OM, LDAO, NG and OG. The His-tag was removed with TEV protease overnight in
dialysis, and the protein was subsequently run through the size exclusion column to exchange the
detergent, to set up crystallization trials in the different detergents.

Figure 2.8. Expression Levels of CysZ Pseudomonas syringae at different growth and
induction conditions.
Small-scale expression test to find most optimal condition. The temperature, length and OD
measured at induction are shown above each lane. The protein was purified on Ni-NTA resin and
run on an SDS-PAGE stained with Coomassie blue.
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Crystallization and Crystal Optimization of CysZ from Pseudomonas syringae
The protein crystallized only in octyl glucoside, OG (at 1%), when incubated at 4°C. at
concentration of 8mg/ml. The initial crystallization condition was: 30% PEG 400, 0.1M Sodium
Citrate pH 5.6. The protein once eluted from the size exclusion column for crystallizations trials
was homogenous, free of contaminants as seen in Figure 2.9A, however, when concentrated
after gel filtration in OG, it would begin to precipitate slightly when reaching higher protein
concentrations. The protein was centrifuged before setting up crystallization trials to remove any
precipitation or aggregated protein, and it was set up as quickly as possible to reduce further loss
in protein. The initial crystals appeared overnight, and were rod-like with a hexagonal face,
measuring 15-20µm in length (Figure 2.9B).

Figure 2.9. Purified CysZ protein from P. syringae, and Initial Crystals in OG.
Purified P. syringae CysZ, after exchanging its detergent to OG on the size-exclusion column, is
concentrated to 5mg/ml for crystallization. A. Coomassie stained SDS-PAGE has 1µl of the
crystallization sample loaded to assess purity. B. Initial crystals of P. syringae CysZ measuring
~10-15µm shown in visible light and under UV light.
Subsequent optimizations with larger crystallization drops in Linbro plates resulted in larger
crystals that were fairly reproducible. To attempt to stabilize the protein further during the
detergent exchange into OG, I screened for the effect of the addition of different lipids to the gel41

filtration buffer, as often the destabilization can be due to de-lipidation of the protein during size
exclusion chromatography. Of the natural lipids, E. coli Polar lipid extract and soybean PC
(phosphatidylcholine), added at 0.0025% to the buffer, showed an improvement in protein
stability. But, the synthetic lipids, specifically DMPC (1,2-dimyristoyl-sn-glycero-3phosphocholine, Avanti Lipids) added at a concentration of 0.1mM showed a much greater effect
in stability, crystal size improvement and reproducibility and hence DMPC was used with all
preparations of this protein. Reducing the protein concentration to 2mg/ml and adding a layer of
200µl of paraffin oil over the mother liquor in the well also greatly helped with slowing down
the rate of nucleation, grow fewer and larger crystals that appeared over 2-3 days, growing to a
maximum size of 100-120µm in length and 50µm in width (Figure 2.10).

Figure 2.10. P. syringae CysZ Crystal Optimization.
Optimization of the initial crystals of P. syringae CysZ, using lower protein concentration,
0.1mM DMPC as an additive on gel filtration and paraffin oil to slow down the rate of
crystallization, resulted in larger, more stable crystals, measuring ~100µm in length.
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Data collection and Attempts to Improve Diffraction of P. syringae CysZ Crystals
The P. syringae CysZ crystals were, as expected by their morphology, indexed as a hexagonal
space group (P622), with unusual cell dimensions of a=58Å, b=58Å, c=1078Å and α=β=90°,
γ=120°. The best native crystals diffracted to ~4.5Å at the NE-CAT beamline at APS. Due to the
very long dimension of the unit cell at 1078Å, good spot separation was very tough to
accomplish while collecting the data, causing many problems in indexing and processing these
data. The detector would have to be pushed far back to 700mm, and we needed to use a small
Δphi at 0.25-0.5 degree oscillations. Like the P. aeruginosa crystals, the selenomethionyl protein
would not crystallize very well, and would only grow to very small crystals that were hard to
optimize and would not diffract well (8-10Å limit). So we attempted to make numerous heavy
atom derivatives, using soaks of mono-valent mercury salts, iridium, strontium, gold and
platinum salts, tantalum and tungstate salts and clusters, as well as iodine (by sublimation) to
obtain phases. The only salt that seemed to bind, albeit weakly, was sodium tungstate, which
bound to CysZ at 30mM by co-crystallization, and gave a weak but collectable anomalous signal
to about 7Å in the data set. This made sense to us, since the tungstate ion could mimic the sulfate
ion, and since CysZ was a sulfate transport protein, and we had evidence that it bound sulfate.
But this was not enough to solve the structure. We were unable to increase the amount of
tungstate used for co-crystallization and/or soaking because the protein did not crystallize at
higher tungstate concentrations, and the soaks would destroy the crystals very quickly.
To try and improve the diffraction limit of these crystals we also made some point mutations in
the sequence of P. syringae CysZ based on close homologs to the protein from the Pseudomonas
family, in the hope of stabilizing or improving the potential crystal contacts of the protein based
on what we knew to be the hydrophilic regions of the protein: A232G, I248V/A249T, H250Q,
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and D253G. These mutants expressed just as well as the WT protein, and the crystals from
A232G and I248V/A249T were larger and diffracted significantly better with good spot
separation, from which we collected our best native data set to 3.9Å (A232G) (Figure 2.11). We
attempted to grow these crystals both in the standard 24 well linbro hanging drop set up as well
as in microbatch Terazaki plates under oil (silicone oil visc. 500). The crystals grew larger under
oil, but tended to diffract better from the hanging drop set up. All the P. syringae crystals were
frozen directly into liquid nitrogen with out any cryoprotectant, as these were typically grown in
>28% PEG400 and when tried, the cryoprotectant proved to be harmful to the crystals.
Upon solving the structure of CysZ from Idiomarina loihiensis, we tried to use molecular
replacement method on the P. syringae processed data (P6122 or P6522) with various
permutations with the number of copies of the I. loihiensis model as our search, but to no avail.
The sequence identity is 40% between the two species of CysZ, but there are likely to be
conformational differences between the 2 structures, and the difficulties in collecting and
processing the ‘long axis’ data could explain our failure so far. Our efforts to solve the structure
of CysZ from P. syringae are still ongoing, and we are hopeful that with better data and using
our second structure from P. fragi as the search model (described in Chapter 4) with 85%
sequence identity to P. syringae, we will be able to make significant progress in the near future
in solving this structure.
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Figure 2.11. Diffraction Pattern from P. syringae CysZ.
With the unusual unit cell dimensions a=58Å, b=58Å, c=1078Å and α=β=90°, γ=120°, having
one long axis of 1078Å, optimal spot separation for the data collection of P. syringae CysZ was
very challenging, along with improving its resolution.
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CHAPTER 3.
The Crystal Structure of CysZ from Idiomarina loihiensis
Introduction
After being unsuccessful in improving the crystals of P. aeruginosa CysZ, we received a new set
of clones from NYCOMPS, of which one in particular stood out as being very stable in a number
of detergents and having high expression levels. This homolog was CysZ from Idiomarina
loihiensis, a deep-sea water gram-negative bacterium (Donachie, Hou et al. 2003). I. loihiensis
CysZ readily crystallized in LDAO, OG, OM and DM and shortly thereafter we determined its
crystal structure at 2.1Å resolution (in LDAO and subsequently in OG). The structure showed an
unexpected and novel topology in which the protein packs as a tight symmetric dimer (noncrystallographic symmetry), with two dimers packing against each other to form a tetrameric
assembly in the crystal (crystallographic symmetry). The structure of I. loihiensis CysZ did not
resemble any other membrane protein structure in the PDB and this was to the best of our
knowledge the first known structure of a sulfate transport protein. The dual-topology of the CysZ
dimer was rarely seen in membrane proteins, with the exception of the well-studied EmrE, multidrug resistant export protein dimer that inserts into the membrane in an anti-parallel manner
(Ninio, Elbaz et al. 2004; Nasie, Steiner-Mordoch et al. 2010) (Chen, Pornillos et al. 2007; Rapp,
Seppala et al. 2007). The unusual topology of CysZ required us to cautiously interpret our
structure, using biochemical assays and crystallographic techniques to validate our interpretation.
With the structure as our reference, we set out to study the oligomeric state of CysZ in the
membrane, its membrane orientation and topology, its function as a sulfate transport protein and
the conserved residues that could be functionally relevant to sulfate transport.
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The protein expression, purification, crystallization, and crystal optimization are a result of my
own work. The crystal harvesting and freezing were a combined effort by Dr. Filippo Mancia,
and myself. The data collection, processing and model building was carried out by Dr. Qun Liu,
at the X4 (A and C) beamlines at the National Synchrotron Light Source (NSLS), Brookhaven
National Laboratory. The coordinates of the 2.1Å structure of I. loihiensis CysZ in LDAO have
been deposited in the Protein Data Bank (www.pdb.org), with ID: 3TX3.

Methods
Expression, Purification and Crystallization
CysZ, a 28 KDa protein from Idiomarina loihiensis was cloned into the NYCOMPS N- and Cterminal deca-Histidine tag kanamycin resistant expression vectors. The plasmid bearing the
cysZ gene was transformed and expressed in BL21(DE3)pLysS cells, using standard protocols
described in detail in Chapter 2. Briefly, protein expression was induced at an OD600 of 0.6-0.8,
at 22°C overnight with 0.2 mM IPTG. The protein expression was greatest with the N-terminally
His-tagged vector and hence was chosen for all experiments going forth. The protein was
extracted from the bacterial membrane fraction using DM and purified to homogeneity with a
standard two-step approach consisting of metal-affinity chromatography followed by size
exclusion chromatography (SEC). The genetically engineered deca-histidine tag was removed by
proteolysis prior to the SEC step in dialysis using the TEV protease, and the sample re-passaged
through Ni-NTA to remove impurities and uncleaved CysZ. After gel filtration, the protein was
concentrated to ~8-10mg/ml in a 50 kDa MWCO concentration device for crystallization trials
(Figure 3.1). The protein yielded crystals in DM, but these only diffracted to a maximum
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resolution of 8Å. Instead, exchange of DM at the SEC step into smaller-chain, or more
crystallization-friendly detergents yielded crystals in octyl-maltoside (OM), octyl-glucoside
(OG) and LDAO. The gel-filtration buffer was composed of: 20mM Na-Hepes pH 7.0, 200mM
NaCl, 20mM Na2SO4, 1mM TCEP and the detergent of choice (OG at 1%, DeM at 0.2%, or
LDAO at 0.06%). The initial screening for crystallization was carried out in 96-well sitting drop
crystallization plates by the vapor diffusion method, set up using the Mosquito® nanoliterpipetting crystallization robot. I. loihiensis CysZ crystallized in LDAO, OG and OM, and upon
optimization, diffracted to a maximum resolution of 2.0Å (LDAO) and 2.3Å (OG). The OM
crystals diffracted poorly to 5-6Å resolution and were less reproducible, and hence were not
pursued further.

Figure 3.1. I. loihiensis CysZ Purification and Detergent Stability.
CysZ from I. loihiensis was purified by the standard 2-step purification protocol of metal affinity
chromatography (Ni-NTA) followed by size exclusion chromatography during which the
detergent was exchanged into either OG (Pink), LDAO (Red), or left in DM (Blue) for
crystallization. 1µl of CysZ is run a on a Coomassie-stained SDS-PAGE at a concentration of 8
mg/ml as seen in the left panel, to assess the purity of the crystallization sample.
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Crystal Optimization and Data Collection
The crystals of I. loihiensis CysZ in LDAO were initially obtained at a protein concentration of
6-8 mg/ml at 4°C against a precipitant of 28-32% PEG400, 0.1M Tris-HCl pH 8.0, with an
added 0.1M NaCl or 0.1M MgCl2. The crystals of CysZ in OG were initially observed also at
4°C against a precipitant of 18-20% PEG400, 0.1M NaCitrate pH 5.5-6.0. In both detergents, the
crystals were optimized by standard procedures of screening around the initial condition in larger
size crystallization drops set up in hanging drop format for vapor diffusion in 24-well linbro
plates. The crystals appeared overnight, continued to grow in size over the course of 2-4 days
after set-up and grew to a maximum size of ~200µm x 100µm, with considerable thickness in the
third dimension. The shape of the crystals was varied, being mostly rhomboid or cuboid in
morphology (Figure 3.2). The optimized crystals were harvested directly without the addition of
a cryo-protectant in the case of the LDAO crystals, and flash-frozen into liquid nitrogen. The OG
crystals were frozen with the addition of 20% glycerol to the mother liquor as a cryo-protectant
prior to freezing into liquid nitrogen. The crystals were screened and diffraction data were
collected on the X4A/X4C beamlines at National Synchrotron Light Source (NSLS),
Brookhaven National Laboratory (Upton, NY). The LDAO CysZ crystals could be indexed in
the C2 monoclinic space group, with unit cell dimensions a=128.8Å, b=82.1Å, c=100.0Å,
α=90°, β=125.1°, γ=90°, with Bragg spacings of 2.0Å (Figure 3.3). The OG crystals were
indexed in the C2 monoclinic space group as well, with unit cell dimensions of a=166.0Å,
b=73.7Å, c=124.3Å, α=90°, β=91.5°, γ=90°, and diffracted to a resolution of 2.3Å. I. loihiensis
CysZ LDAO crystals were also grown in the absence of sulfate, in complex with different
potential ligands (close alternatives to sulfate) that could be used to provide phase information
such as selenate, molybdate and chromate. The selenate crystals diffracted to similar resolution
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and data were collected for phasing purposes. As a second method of phase determination,
selenomethionyl (SeMet) I. loihiensis CysZ protein was also expressed and purified using a
SeMet M9 media growth kit (Shanghai Medicilon Inc.). SeMet protein was expressed in
BL21(DE3)pLysS cells transformed with the CysZ plasmid, grown in M9 minimal media
supplemented with the necessary minerals, vitamins and non-inhibitory amino acids.
Selenomethionine was added prior to induction of protein expression at a cell density or OD600 of
1 with 0.2mM IPTG. The SeMet protein was purified in the same way as the native protein, and
crystallized in LDAO in the same crystallization conditions as the native crystals. SeMet crystals
diffracted to 2.3Å, and the phases were determined from anomalous signals from 9 Se sites per
CysZ molecule, of which there were 2 in the asymmetric unit (total of 18 sites). The electron
density map generated from the SeMet data verified the phases obtained from the selenate data.
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Figure 3.2. Crystals of CysZ from I. loihiensis in LDAO.
I. loihiensis CysZ LDAO crystals measuring 150-200µm in the longest dimension were
crystallized at 30% PEG400 and 0.1M TrisHCl, pH 8.0 under vapor diffusion, in a hanging drop
set-up.
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Figure 3.3. Diffraction Pattern obtained from I. loihiensis CysZ crystals in LDAO.
Monoclinic C2 I. loihiensis CysZ crystals in LDAO with unit cell dimensions a=128.8Å,
b=82.1Å, c=100.0Å, α=90°, β=125.1°, γ=90°, diffract to a resolution limit of 2.1Å, with 2
molecules of CysZ in the asymmetric unit. Image collected at the X4C beamline, NSLS,
Brookhaven National Laboratory.

52

Phase and Structure Determination
The structure of CysZ was determined by the single-wavelength anomalous diffraction (SAD)
method from anomalous diffraction of a selenate (SeO4-2) derivative crystal in space group C2.
The anomalous signals were measured at the Se K-edge peak wavelength, which was determined
experimentally from fluorescence scanning of the crystal prior to data collection. The X-ray
diffraction data were measured at the NSLS at Brookhaven National Laboratories, beamlines
X4A and X4C. All diffraction data were recorded at 100K. Diffraction data were indexed,
integrated, scaled, and merged by HKL2000 (Otwinowski and Minor 1997). Selenate
substructure determination was performed with the SHELXD program through HKL2MAP
(Pape and Schneider 2004). A resolution cut-off at 2.6Å was used for finding Se sites by
SHELXD. A strong peak found by SHELXD was used to calculate initial SAD phases which
were improved by density modification by SHELXE (Sheldrick 2010). With a solvent content of
65% corresponding to 2 molecules in the asymmetric unit, 50 cycles of density modification
resulted in an electron density map of sufficient quality for model building (Figure 3.4). The
initial protein peptide chain was built by Arp/Warp (Langer, Cohen et al. 2008) at 2.1Å by using
experimental phases. Further cycles of model building were performed manually using COOT
(Emsley, Lohkamp et al. 2010) and all rounds of refinements were performed with PHENIX
(Adams, Afonine et al. 2010). The data collection and refinement statistics are listed in Table
3.1. The native structure of CysZ with bound sulfate was determined from the selenate-bound
CysZ data by molecular replacement.
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Table 3.1. Crystallographic Data Collection and Refinement Statistics for I. loihiensis
CysZ.
Values in parentheses are from the highest resolution shell. Rmerge = Σ|I – <I>|/ΣI, where I is the
integrated intensity of a given reflection. R = Σ||Fobs| - |Fcalc||/Σ| Fobs|. Rfree was calculated
using 5% of data excluded from refinement.
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Figure 3.4. Experimental electron density map of CysZ from I. loihiensis at 2.1Å resolution.
Stereo image of representative experimental electron density map contoured at 1.0 sigma (gray
iso-mesh). The refined model (residue 167-183) was included and shown as orange sticks.
(Image provided by Qun Liu)

Site-Directed Mutagenesis to generate Point Mutations on CysZ
Functional and cysteine mutants of CysZ were generated by site-directed mutagenesis, using the
QuikChange® site-directed mutagenesis kit (Strategene). The mutagenesis was performed using
a PfuTurbo® DNA polymerase and a thermo-cycler machine. The PfuTurbo DNA polymerase is
a high fidelity polymerase that replicates both plasmid strands without displacing the mutationbearing oligonucleotide primers, thereby introducing the mutation in the DNA product (Braman,
Papworth et al. 1996). After 18-20 temperature cycles, the reaction was stopped at 4°C and DpnI
enzyme was added to the reaction mixture for 30 minutes at 37°C to digest the methylated or
hemimethylated template plasmid, such that only the synthesized mutant plasmid is transformed
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into the competent cells (Strategene QuikChange® Manual). The mutation-bearing DNA was
extracted from a single colony after transformation and sequenced using T7 or T7-terminator
sequencing primers prior to use for protein expression.

Fluorescence Labeling of Cysteine Mutants for Topology Determination
To address the membrane topology of I. loihiensis CysZ, single cysteine mutants were designed
to perform site-directed fluorescence labeling based on the accessibility of the cysteine to the
membrane impermeable thiol-directed fluorescent probe (Ye, Jia et al. 2001). A total of 26
surface-exposed residues at different positions on the CysZ molecule were selected to be mutated
to cysteines, based on our structure. The mutants were prepared by site-directed mutagenesis
using the I. loihiensis CysZ expression plasmid as the template, and reactions were performed
using the QuikChange® Site-directed Mutagenesis Kit (Strategene), as described earlier. The
cysteine mutants were transformed into BL21 (DE3) pLysS cells, and protein expression was
induced by standard protocols that were used for the WT protein. The cells were harvested and
spun down after the overnight induction and resuspended in lysis buffer containing: 20 mM NaHepes at pH 7.0, 200 mM NaCl, 20 mM MgSO4, DNase I and RNase A, with protease inhibitors:
0.5 mM PMSF and Complete protease inhibitor cocktail EDTA-free (Roche); and 1 mM TCEPHCl as a reducing agent. The membrane fraction was pelleted after cell lysis in the C3Emulsiflex by ultracentrifugation at 100,000xg and resuspended at 20mg/ml (Bradford assay) in
fresh buffer containing 20 mM Na-Hepes pH 7.0, 200 mM NaCl, protease inhibitors: 0.5 mM
PMSF and Complete protease inhibitor cocktail EDTA-free and 1 mM TCEP-HCl. 1ml of
membranes were then incubated with 30µM Fluorescein-5-Maleimide dye (Invitrogen, 2mM
stock freshly prepared in water, protected from light) for 30 minutes in the dark at room
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temperature. The labeling reaction was stopped by the addition of 6mM b-ME (βmercaptoethanol), and the membranes were spun down and resuspended in fresh buffer to
remove any remaining unreacted fluorescent dye. The protein was purified from the membranes
by extraction with DM, using standard small-scale Ni-NTA purification protocols (Methods,
Chapter 2), and purified protein was run on an SDS-PAGE and the protein bands were imaged
by a GelDoc Imager to visualize the fluorescence labeled protein, with the WT protein as a
control. As an alternative, to quantify the fluorescence, purified protein was eluted into a 96-well
plate and fluorescence was measured by a Tecan fluorescence plate reader at an excitation of
495nm, emission of 535nm.

Results
Overall Structure of CysZ from Idiomarina loihiensis
The 2.1Å resolution structure of Idiomarina loihiensis CysZ (in LDAO) shows an unexpected
and novel topology in which the protein packs as a tight head-to-tail symmetric dimer (noncrystallographic symmetry), and in the crystal, 2 dimers pack against each other along their
hydrophobic helices to form a tetrameric assembly (crystallographic symmetry) (Figure 3.5).
The electrostatic potential of the surface of CysZ shows that there are 2 pairs of hydrophobic
helices, which are likely to be within the membrane (DelPhi, (Rocchia, Sridharan et al. 2002)).
The pairs of helices are at a 60° angle to each other, resulting in one pair of helices in each
monomer protruding almost parallel to the plane of the membrane. The hydrophobic belt of the
protein therefore positions one protomer of the dimer on one side, and the second one on the
opposite side of where we think the lipid bilayer would lie (Figure 3.6). The buried surface area,
calculated by the webserver PDBePISA, of the dimer interface is 1560Å2 (780Å2 per monomer),
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and that of the tetramer interface is 440Å2 per interacting pair of helices totaling 880Å2 for the 4
protomers (Krissinel and Henrick 2007). The arrangement of the CysZ tetramer is such that it
would make it very implausible for it to embed in the hydrophobic lipid bilayer in its current
conformation. The electrostatic surface potential of the tetramer highlights this clearly, as the
hydrophobic helices are now interacting with each other and are buried in the core of the
tetramer, leaving the exposed surface to be primarily covered by hydrophilic or polar residues
(Figure 3.6). It was for this reason and the fact that the buried surface area of the tetramer
interface was significantly less than that of the dimer, that we concluded that this interface is
likely to be a result of the crystal packing and unlikely to be physiologically relevant.

Figure 3.5. The Crystal Structure of I. loihiensis CysZ.
Ribbon representation of the Cα trace of the CysZ monomer (A), dimer (B) and tetramer (C).
Each protomer is colored from the N (blue) to the C (red) termini by a rainbow-coloring scheme.
Two protomers are arranged in a head-to-tail conformation to form the tightly packed dimer
interface by hydrophobic interactions. The tips of the hydrophobic pairs of yellow-green helices
interact to form the tetramer interface, with a 2-fold crystallographic symmetry axis down the
center of the tetramer interface (Figure created using PyMol (Schrodinger 2010)).
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Figure 3.6. Electrostatic surface representation of CysZ.
The electrostatic surface potential of CysZ generated by DelPhi using the Poisson-Boltzmann
equation, (Rocchia, Sridharan et al. 2002), shows the positive potential in blue and negative
potential in red. The 2 pairs of neutral, hydrophobic helices can be seen in the CysZ monomer
(colored in white) protruding from the hydrophilic core of the protein at a 60° angle to each
other. (Figure created using PyMol (Schrodinger 2010)).

Topology of I. loihiensis CysZ
The structure of CysZ is novel and reveals an architecture and arrangement of helices, which is
again to the best of our knowledge, unprecedented. We studied the topology of the CysZ
monomer and numbered the helices starting from the N-terminus to the C-terminus for simplicity
(Figure 3.7). There are two clear transmembrane (TM) hydrophobic helices (helices 2 & 3)
spanning all the way across the lipid bilayer, close to perpendicular to the plane of the
membrane. The residue span that make up helices 2 and 3 as well as the length of the extramembraneous loop connecting the 2 helices (disordered in our structure), match the TMHMM
TM-helix prediction results accurately (Figure 3.8) (Krogh, Larsson et al. 2001). CysZ also has
another pair of hydrophobic helices that reside entirely within the lipid bilayer (helices 4 & 5), in
a parallel orientation to what would be the plane of the membrane. The loop between these 2
helices does not exit the other side of the membrane, hence these helices are hemi-penetrating,
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and do not traverse the width of the membrane. When put together these helices (4 and 5) match
up directly to the 3rd predicted TM helix from the TMHMM plot. There are another two shorter
helices that partially dip into the membrane (helices 7 & 8) the residues of which correspond to
the predicted 4th TM helix from the TMHMM plot. These 3 pairs of helices come together
creating an open funnel-like structure with the 2 sets of hemi-penetrating helix pairs and the 2
transmembrane helices forming the walls of the funnel. Both the N and C termini are on the same
side of the molecule. The CysZ dimer is formed by the antiparallel association of the 2
monomers, involving the hydrophobic interaction of helices 2 and 3 with the membrane inserted
portion of helices 7 and 8. The dimer is two-fold symmetric along a rotation axis which is
parallel to and in the center of the width of the membrane with the extra- and intra-cellular
portions of CysZ thus being the same.
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Figure 3.7. Topology of the I. loihiensis CysZ monomer.
The CysZ monomer is shown on the left with a view from within the plane of the membrane.
The helices are numbered from the N to the C termini (rainbow colored from blue to red). The N
and C termini are on the same side of the membrane, with 2 transmembrane helices (2 and 3) and
2 sets of hemi-penetrating helices (4, 5 and 7, 8). On the right is a 90° rotated view of the
molecule from outside or above the membrane. (Figure created using PyMol).
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Figure 3.8. Prediction of Transmembrane Helices of CysZ.
Web-based TMHMM was used to predict the number of transmembrane helices of CysZ, as well
as the topology. Results of the prediction show that CysZ is to have 4 transmembrane helical
domains and the N and C termini are predicted to be on the cytoplasmic side of the membrane
(Krogh, Larsson et al. 2001).

Figure 3.9. Secondary structure assignment of I. loihiensis CysZ.
Schematic of the secondary structure elements of CysZ, assigned to the sequence based on the
structure using the web-based Polyview-2D server (Porollo, Adamczak et al. 2004). The αhelical segments are marked with a red zigzag line, and the loops are marked with a blue line.
The disordered or missing segments in the structure are reflected by the ‘X’s in the sequence.
The helices are numbered from N to C termini.
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Membrane Topology Determination by Site-Directed Cysteine Labeling
From the structure of CysZ, we had a sense of the membrane orientation of CysZ monomer
based on the electrostatic surface potential of the protein. However, the unusual dual-topology
orientation of the CysZ dimer in the membrane led us to use biochemical techniques to confirm
and validate our structure and hypothesis. To this end, we used examples from the literature of
fluorescence-labeling experiments that were used to determine membrane topology of proteins,
namely OxlT and P-glycoprotein (Rothnie, Storm et al. 2004) (Ye, Jia et al. 2001). The
experiment involved the site-directed mutagenesis of CysZ to make single cysteine mutants at
positions that were surface accessible strategically placed all over the body of the molecule. A
subset of these residues was designed specifically along helix 4 from the top to the tip to see
what length of the helix was buried in the membrane, as helix 4 and 5 lay close to the surface of
the membrane. A total of 26 mutants were designed and expressed, and the WT protein was used
as a control in the experiments. The cysteine mutant proteins were labeled with fluorescein-5maleimide prior to extraction from the cell membrane (protocol described in Methods section)
and subsequently extracted and purified from the membrane after quenching the maleimide and
washing away excess dye. Non-membraneous, exposed cysteines were labeled by the membrane
impermeant fluorophore and membrane buried residues were not. The results of this experiment
mapped out the intramembrane regions of CysZ, with residues near the hydrophilic N-terminal
region (A5C, N8C), C-terminus (R242C) and exposed loop between helix 6 and 7 (Q199C,
R201C) being labeled with the dye (Figure 3.10). Cysteines located on helices 2 (T36C), 3
(L77C), 7 and 8 (L219C, L222C) were not accessible to the dye and hence we conclude that they
are as expected buried in the membrane. We also learnt that helix 4 (and 5) was within the
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membrane as predicted, as none of the cysteines along the length of the helix were labeled with
the exception of R132C, which was located right at the start of helix 4 (Figure 3.11).

Figure 3.10. Site-directed fluorescence labeling of CysZ for topology determination.
A. Surface electrostatics of CysZ dimer generated by DelPhi shows hydrophobic (white) and
hydrophilic (red and blue) surfaces. B. Placement of cysteine mutants on structure of CysZ
dimer, showing residues that were labeled with fluorescein-5-maleimide dye in red and
unlabeled (inaccessible) residues in green. C. Mutants purified and labeled, with corresponding
results on SDS PAGE (SDS-PAGE imaged by GelDoc under UV light).
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Figure 3.11. Site-directed fluorescence labeling of cysteine mutants located on Helix 4 of I.
loihiensis CysZ.
Single cysteine mutants were designed to be located along the length of helix 4 of CysZ, to
gauge the extent of its membrane insertion. The labeled protein was extracted from the
membrane and purified after quenching the labeling reaction. Fluorescence intensity was
measured and quantified by a Tecan fluorescence plate reader at an excitation of 485nm and
emission of 535nm the results of which were plotted on the right. The results show that of all the
residues on the helix, only R132C (the top-most residue) was accessible to the fluorophore and
hence exposed out of the membrane.

The Sulfate Binding Site of I. loihiensis CysZ
CysZ was purified and crystallized in the presence of sodium sulfate at a concentration of 50
mM. The crystal structure of CysZ indeed, shows a bound sulfate ion. The binding site for this
ion was unambiguously defined by purifying and crystallizing CysZ in the presence of the
heavier sulfate-analog, the X-ray scatterer, selenate (SeO4-2). In fact the structure of CysZ was
initially solved using the anomalous diffraction signal from the selenium atom in the bound
SeO4-2 (see Methods section). In the ‘native’, sulfate bound structure, each protomer in the dimer
showed electron density for a bound sulfate, but the sulfate of only one of the protomers was
refined to full occupancy. The sulfate is bound essentially at what would be the membrane
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interface, in a positively charged environment or pocket created by two arginines (R27, R28) and
the backbone N-H of a glycine residue (G25) (Figure 3.13). The ‘sulfate-binding site’, as we
will now call it, is located between helices 1 and 2, close to the start of transmembrane helix 2.
Conservation analysis of I. loihiensis CysZ with ConSurf (Glaser, Pupko et al. 2003; Landau,
Mayrose et al. 2005; Ashkenazy, Erez et al. 2010), using a BLAST search of the CysZ family,
shows that the sulfate-binding motif of residues (GLRR) is fairly conserved (7 out of a scale of
9), with R27 being more conserved than the other 3 residues (8 out of 9).

Figure 3.12. Sulfate-binding site of I. loihiensis CysZ.
The ‘sulfate-binding site’ of CysZ is located at the start of helix 2, near the membrane interface.
The sulfate site was fully occupied in one of the 2 protomers and partially occupied in the other,
and hence only one is shown in the structure. The GLRR motif that coordinates the sulfate ion is
conserved in the CysZ family. (Figure created using PyMol (Schrodinger 2010))
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As we observed the binding of a selenate ion to this site, we wanted to test its selectivity to see if
other ligands could also bind to the same position on CysZ. In order to achieve this, we purified
and crystallized CysZ in the presence of 50mM of the following ligands: molybdate (MoO4-2),
malonate (CH2(COO)2−2), phosphate (PO4-3), chromate (CrO4-2) and without any addition of
ligand (apo state). The protein crystallized in the presence of all ligands but for chromate, which
caused the protein to precipitate heavily and did not yield any crystals. The structure of CysZ
was solved with molybdate, malonate, phosphate as well as in the apo state, with crystal unit cell
information and diffraction limit tabulated in Table 3.2. Data collections were conducted at the
X4C beamline, NSLS, Brookhaven National Laboratory. Malonate and phosphate were not seen
bound to the sulfate-binding site, whereas we observed the density for molybdate, and saw no
density in the apo state (Figure 3.10). We mutated this sulfate-binding site to a double alanine
mutant (R27/R28AA) for functional experiments as well as for crystallization and solved the
structure of the double mutant in the presence of sulfate. As expected, we saw no sulfate bound
at the site due to the lost coordination from the arginines.
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Figure 3.13. Sulfate Binding Site of I. loihiensis CysZ with different ligands bound.
Top panel shows 2 views of the sulfate-binding site in closer detail, with the sulfate ion being
coordinated by the backbone N-H of glycine 25 and the positive charge of arginines 27 and 28
(sulfur atom in yellow and oxygens in red). (A) Apo structure showing a water molecule. There
is no anomalous signal above noise level (collected at Fe edge). (B) Selenate complex structure.
The anomalous Fourier map is shown at 5.0 sigma (collected at Se edge). (C) Molybdate
complex structure. The anomalous Fourier map is shown at 3.0 sigma (collected at Fe edge). (D)
Sulfate complex structure. The anomalous Fourier map is shown at 2.0 sigma (collected at Fe
edge). 2Fo-Fc electron densities are in gray and anomalous Fouriers are in magenta.
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Table 3.2. Structures of I. loihiensis CysZ solved with different detergents and ligands.
The crystal structure of I. loihiensis CysZ was solved in the presence of different ligands and in
the apo state, as well as in the presence of high-sulfate concentration and in OG instead of
LDAO. The crystals of the latter 2 being of different morphology and unit cell dimensions as
listed in the table. The structures of all the above were not significantly different to the sulfate
bound structure of CysZ in LDAO, with the exception of the high-sulfate CysZ structure that
showed some differences in the oligomeric assembly as seen in Figure 3.14.
Structure of I. loihiensis CysZ at Higher Sulfate Concentration
Analysis of the structure of CysZ did not readily unveil a mode of transport of the sulfate ion
across the membrane, suggesting that in the crystals we may have trapped a closed conformation
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of this protein. To this end we purified and crystallized CysZ in the presence of a higher
concentration of sulfate (200mM), in the hope of triggering an open or active conformation,
being a sulfate transport protein. We observed crystals at a lower pH in MES buffer, pH 6.5 with
200 mM sodium sulfate. The crystals diffracted to 3.9Å resolution, and were indexed and solved
in space group P6122. The structure was solved by molecular replacement (using PHASER,
(McCoy, Grosse-Kunstleve et al. 2007)) with our original monomer structure as the search
model. Sulfate was seen bound to this structure of CysZ at the sulfate-binding site, and although
the overall conformation of the monomer was identical to the low sulfate original structure, the
dimeric (and hence tetrameric) assemblies were slightly shifted apart (Figure 3.14). It is unclear
at this point if this crystal form and change in the dimeric assembly is functionally relevant, as
the monomer conformation did not change and there was no apparent “opening” of a pore or
translocation pathway that was evident from the structure.
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Figure 3.14. Comparison of the high-sulfate (pH 6.5) structure of I. loihiensis CysZ with the
low sulfate (pH 8.0) structure.
In blue are one protomer from each dimer of the 2 crystal forms of CysZ that have been exactly
superposed onto each other, showing no internal differences in the protomers. In pink is the other
protomer of the pH 6.5 (MES) high sulfate structure. In green is the other protomer of the pH 8.0
(TrisHCl) low sulfate original structure. Both structures were solved with the protein purified in
LDAO. The protomers of the pH 6.5 dimer are shifted further apart by ~19.6Å and twisted away
by an angle of ~26.9° to the original structure (as if twisted up along a screw axis) (distances and
angles measured by PyMol (Schrodinger 2010))

Conservation Analysis of CysZ
The structure of CysZ from I. loihiensis highlighted its unusual membrane topology, and
revealed a sulfate-binding site that is fairly conserved in all CysZs, but did not clearly show us a
translocation pathway for sulfate to pass through the membrane or elucidate an entrance to a
potential pore. We turned to conservation analyses to help point us in the right direction,
mapping the conserved residues of CysZ on the structure using the web-server program ConSurf
(Glaser, Pupko et al. 2003; Landau, Mayrose et al. 2005; Ashkenazy, Erez et al. 2010). We used
a PSI-BLAST search via ConSurf to generate a multiple sequence alignment of 150 unique CysZ
homologs (with a sequence identity of a maximum of 95% and minimum of 35%) for the
analyses (Figure 3.15). The conservation plot pointed out the key regions on the molecule that
were highly conserved, including a pocket of negatively charged residues (E107, E110, E137,
D184) on the surface of the hydrophilic (extra-membraneous) cap of the protein, that were
surrounded by a conserved ring of positively charged residues (R132, R136, K140, H186). The
inside lining of the molecule’s funnel was also scattered with a number of conserved threonines,
tyrosines, and serines with a couple of highly conserved asparagine and glutamine (N221, N37,
N102, Q163) residues strategically pointing inward towards the inside cavity of the protein. The
conservation plot thus suggests the residues that are likely to be involved in some important
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functional role, to be determined by functional experiments on wildtype CysZ compared to
protein with mutations of the conserved residues.

Figure 3.15. Conservation Analysis of I. loihiensis CysZ.
The top panel shows conservation plot of the residues of CysZ, mapped onto the structure of the
monomer (ConSurf). The different views of the monomer (from the side and the top of the
molecule) show the concentration of conserved residues in the central core of the protein,
highlighting areas of functional importance on the structure. Below, a zoomed-in image of a very
conserved area that could hint at the entrance to a putative ion conduction pathway, with key
residues labeled. (Figures created in PyMol).
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Oligomeric State of CysZ
Our structural analysis of CysZ and the buried surface area of the dimeric and tetrameric
interfaces still left us with many questions on the physiological relevance of these interactions.
To achieve clarity on this we employed biochemistry techniques such as light scattering
experiments in solution and structure-based cysteine (disulfide) crosslinking experiments to
confirm the dual-topology dimer and its associated tetramer. Static multi-angle light scattering
(MALS) experiments on the Dawn Heleos II (Wyatt Instruments) in conjunction with sizeexclusion chromatography, allowed us to characterize the molar mass of the different species in
solution after purification of CysZ in DM and LDAO detergents. We found that in both cases,
there was a mixed population of 2 species in solution, one being the dimer and the other the
tetramer (Figure 3.16). This was reminiscent of and explained the closely overlapping peaks
observed in the size-exclusion profile of I. loihiensis CysZ in DM, LDAO during the
purifications (Figure 3.1). There seemed to be an equilibrium between the dimer and tetramer
species that would shift to the tetramer once the protein was concentrated to high concentrations
(eg. for crystallization). For disulfide crosslinking experiments, we designed various pairs of
cysteine mutants at the dimer (involving helices 2-3) and tetramer (involving helices 4-5)
interfaces, and performed crosslinking experiments with (Bis-methanethiosulfonate reagents,
HgCl2 etc) and without (copper-phenanthroline, air oxidation) the addition of a crosslinker, but
were unable to convincingly crosslink the pairs of residues with the protein in the membrane or
in solution. The failure to crosslink the residues based on the structure, raised some red flags, and
led us to be cautious about the physiological relevance of our structure-based interpretation of
the dimer and tetramer of CysZ (Figure 3.17).
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Figure 3.16. Static Multi-Angle Light Scattering (MALS) Measurements on I. loihiensis
CysZ in DM.
CysZ purified in DM that was separated by mass by size-exclusion chromatography on an
AKTA-FPLC (Superdex 200 10/30 column) in conjunction with making static multi-angle light
scattering measurements by a DAWN® HELEOS® II detector (Wyatt Instruments). The
distribution of species by mass was measured, with results showing the 2 predominant species as
being the dimer (52kDa) and the tetramer (140kDa) of CysZ.
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Figure 3.17. Dimer and tetramer interfaces of CysZ.
The ‘2-3’ interface, formed between the yellow and blue protomers illustrates the dimer interface
with a BSA of 1560Å2 (total occluded of both protomers). The ‘4-5’ interface between the
yellow and pink protomers, and the blue and green protomers illustrates the tetramer interface,
with a BSA of 440Å2 for each pair (total of 880 Å2). The BSA was calculated by the program
PDBePISA (Krissinel and Henrick 2007) (Figure created using PyMol).

Conclusion
The crystal structure of I. loihiensis CysZ gave us the first atomic resolution structure of a sulfate
transport protein. The novelty of the dual-topology arrangement of the dimer of CysZ, although
interpreted with caution, was a very exciting development, unprecedented in ion transport. The
structure of CysZ, although in an unusual conformation highlighted conserved regions pointing
out conserved regions that are very likely to have functional importance and potentially form the
entrance or pore to the ion conduction pathway through the core of the molecule. One could
model a likely pathway for an ion to enter the membrane through the CysZ monomer, but
monomer alone would not be enough to get the ion across the membrane as the helices do not
form a complete or closed off path through the membrane. It would need another CysZ molecule
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to complete the pathway, going along the lines of a dual-topology requirement of the dimer.
However, the current assembly of the dimer in our structure, with helices 4 and 5 protruding
parallel to the membrane still left a gaping hole in any potential ion conduction pathway and in
our understanding of the mechanism of transport of sulfate. The role of the sulfate-binding site
was also unclear, as it lay on the side of the molecule away from any potential ion conductance
pathway, where the conservation lay. Perhaps the sulfate-binding site is a regulatory site, sensing
the presence of the ligand, playing a gating role in the transport of sulfate through CysZ. The
roles of these interesting residues have been explored further by studying the effects of their
mutations using functional assays like radioligand binding and uptake assays, as well as single
channel planar lipid bilayer flux measurements all of which will be described in detail in Chapter
6. Structurally, we conclude that in order to understand the mechanism of sulfate transport
through CysZ, we would require, along with the functional experiments, either another crystal
form of I. loihiensis CysZ in a different or functionally relevant state, or the structure of another
homolog of CysZ in the hope of trapping the protein in a different conformation.
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CHAPTER 4.
The Crystal Structure of CysZ from Pseudomonas fragi
Introduction
The crystal structure of CysZ from Idiomarina loihiensis left us with a lot of unanswered
questions on the membrane orientation and physiological oligomeric state of the protein, as well
as with functional and mechanistic ambiguity. We were concerned that the structure could have
some artifacts; our doubts stemming from the unsuccessful structure-based cysteine crosslinking
experiment. So we set out to pursue the crystallization of other homologs of CysZ, in the hope of
shedding light on our questions and to confirm the function of CysZ as a sulfate transport
protein. Due to our success in crystallizing CysZ from 2 Pseudomonas species and I. loihiensis,
we decided to screen more CysZ homologs from bacterial species that were close relatives of our
3 crystallized species. Our thought was that homologs with high sequence identity to these CysZ
proteins would likely also be as stable in detergent and crystallize-able. The natural variation in
the residues could perhaps even improve their crystal packing and hence quality of diffraction.
We called this approach a Micro-Structural Genomics Expansion of the CysZ family. As
predicted, the homologs from the expansion expressed with good protein yields and the majority
of them were stable in our gel filtration detergent exchange assay. Shortly after screening the
homologs in crystallization trials, we obtained crystals of Pseudomomas fragi CysZ in octyl
glucoside (OG). Upon subsequent optimization of the crystals we solved the structure of P. fragi
CysZ to 3.2Å resolution. In this chapter, I will describe our methods and results, detailing the
structure of P. fragi CysZ.
The protein expression, purification, crystallization, crystal optimization and cysteine mutantcrosslinking experiments described in this chapter are a result of my own work. The crystal
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harvesting, freezing and data collection at both X4A/C (NSLS, Brookhaven National
Laboratory) and 24-IDC/E (NECAT, Argonne National Laboratory) were a combined effort by
Dr. Filippo Mancia, and myself. The data processing and model building were carried out by Dr.
Qun Liu (Brookhaven National Laboratory, NYCOMPS).

Methods
Micro-Structural Genomics Expansion of CysZ
Our homolog search began in the phylogenetic trees of the Idiomarina and Pseudomonas
species. We looked for species that had CysZ genes with 75-90% identity to our crystallized
species (I. loihiensis and P. syringae). For the Idiomarina family, we were able to identify and
clone 2 homologs and from the Pseudomonas family we identified and cloned 10 homologs with
high sequence identity to P. syringae (Table 4.1).

#
1
2
3
4
5
6
7
8
9
10
11
12

Bacterial Species
Idiomarina baltica OS145
Idiomarina xiamenensis 10D4
Pseudomonas viridiflava UASWS0038
Pseudomonas chlororaphis O6
Pseudomonas fragi A22
Pseudomonas fulva 12X
Pseudomonas stutzeri KOS6
Pseudomonas extremaustralis 143 substr. 143b
Pseudomonas fuscovaginae UPB0736
Pseudomonas mendocina NK01
Pseudomonas psychrotolerans L19
Pseudomonas sp M47T1

# of
AAs

Molecular
weight (Da)

249
256
253
251
251
255
252
254
251
246
250
242

28652
29367
28353
28527
28380
28392
28482
28640
28564
27670
28060
27584

Expression/Stability
in >2 detergents
No/No
No/No
Yes/Yes
Yes/Yes
Yes/Yes
Yes/Yes
Yes/No
Yes/Yes
No/No
Yes/Yes
No/No
Yes/Yes

Table 4.1. Micro-Structural Genomics Expansion of CysZ.
The table lists species name, number of amino acids in protein sequence, molecular weight and
expression and detergent stability results from the Micro Structural Genomics Expansion.
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The genes were cloned by gene synthesis from GenScript®, with codon-optimization for protein
expression along with the inclusion of appropriate restriction sites for insertion into our
NYCOMPS expression vectors. As predicted, most of the homologs expressed to high levels and
were stable in our gel filtration detergent exchange assay: 8 out of 12 expressed well and 7 of
those gave mono-disperse peaks in more than 2 detergents (Figure 4.1). These 7 proteins were
expressed and purified on a larger scale by our standard methods (described in Chapter 2) and
crystallization trials in DM, OG and LDAO at both 4°C and 22°C were set up.

Figure 4.1. Expression test of Micro-structural Genomics Homologs of CysZ.
Coomassie stained 12% SDS-PAGE of N-terminally tagged CysZ homologs, numbering of lanes
same as listed in Table 4.1. P. fragi in lane 5 is marked with an arrow. Ni-NTA eluted protein
from a small-scale expression test loaded on gel. (Note: CysZ typically runs smaller than its
calculated molecular weight, this is often seen for membrane proteins)
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Expression, Purification and Crystallization of P. fragi CysZ
CysZ from P. fragi was expressed in BL21(DE3)pLysS cells, using standard protocols described
in detail in Chapter 2. Protein expression was induced at 22°C, overnight with 0.2mM IPTG. The
protein expression was greatest in the N-terminally His-tagged kanamycin resistant vector. The
protein was purified by the standard 2-step purification of metal affininity chromatography using
Ni-NTA resin followed by His-tag cleavage with TEV protease overnight, and size exclusion
chromatography. From the detergent screen results, P. fragi CysZ was seen to be stable in all the
detergents tested (Figure 4.2). DM was used to extract the protein from the cell membrane and
the protein was then exchanged into a subset of detergents for crystallization trials. The gelfiltration buffer was composed of: 20mM Na-Hepes pH 7.0, 200mM NaCl, 20mM Na2SO4,
1mM TCEP and the detergent of choice (OG at 1%, DM at 0.2%, or LDAO at 0.06%). Once
exchanged into the above detergents, the protein was concentrated to ~8-10mg/ml in a 50 kDa
MWCO concentration device for crystallization. The protein was typically concentrated not more
than 10-12 fold in volume to make sure the final detergent concentration in the sample was kept
as low as possible. The yield of purified protein was ~1.3mg/7g of cells (from 800 ml culture).
The purified protein for crystallization was homogenous and free of contaminants as seen in
Figure 4.2. Crystals of P. fragi CysZ in OG were initially observed at 4°C and in DM at 4°C and
at 22°C by the vapor diffusion method, when incubated in 96-well sitting-drop plates in a 1:1
protein to precipitant ratio. The initial OG crystals appeared in 1-2 days, against 28% PEG400,
0.1M MES pH 6.0. They were cuboid in shape and grew in clusters of multiple crystals
originating from a common locus. The DM crystals grew over a precipitant of 30% PEG400,
0.1M Sodium Acetate pH 4.6 and were hexagonal and trapezoid or “boat-shaped”. The DM
crystals were optimized initially, but were soon eliminated as a priority due to poor, smeary
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diffraction patterns that resembled fiber symmetry and diffraction. Crystals of the
selenomethionyl (SeMet) labeled protein were used to obtain the phase information needed to
solve the structure of P. fragi CysZ. The SeMet protein was grown using a SeMet growth media
kit (Shanghai Medicilon Inc.) that involved growing BL21(DE3)pLysS cells transformed with
the P. fragi CysZ plasmid in M9 minimal media supplemented with the necessary minerals,
vitamins and non-inhibitory amino acids. Selenomethionine was added prior to the induction of
protein expression with 0.2mM IPTG at a cell density or OD600 of 1. The SeMet protein behaved
exactly like the native protein, expressing with the same yields and crystallizing in the same
conditions as the native.

Figure 4.2. P. fragi CysZ detergent screen profile and crystallization sample purity.
P. fragi CysZ is stable in 7 out of 8 detergents it was exchanged into on the size-exclusion
column detergent screen, after being extracted and purified by metal-affinity chromatography in
DeM. The yield of purified protein was ~1.3mg/7g of cells. 1µl at 8 mg/ml of purified P. fragi
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CysZ in OG after gel-filtration (crystallization sample) was loaded onto a Coomassie stained
SDS-PAGE gel to assess its purity.

Crystal Optimization and Harvesting
The crystals of P. fragi CysZ in OG (at 4°C) were initially optimized by the standard procedures
of screening around the observed crystallization condition for crystal size improvement, and
increasing the drop size to 2µl drops in a 24-well hanging drop linbro plate. The protein
concentration was reduced to 2-4 mg/ml in the optimization process, as the protein would begin
to precipitate when concentrated too many fold to a high concentration. Crystals began to appear
overnight and continued to grow over 2-3 days, after which they would need to be harvested
quickly, before they could destabilize. The optimized crystals would still grow in clusters of
rectangular or rod-like crystals (Figure 4.3), with dimensions of ~150-200µm x 50µm, and of
variable thickness. The best crystals however, were obtained when the drops were set up under
5µl of silicone oil (visc. 500) in either microbatch (72-well Terazaki plates) or by vapor diffusion
on micro-bridges in 24-well linbro plates as sitting drops under oil. A 1:1 protein: precipitant
ratio was used with drop size varying from 0.7µl in the Terazaki plates under oil or 2-3µl in the
sitting drop setup in linbro plates. Crystals were directly flash-frozen into liquid nitrogen without
the use of a cryo-protectant. The best diffraction was seen from the crystals with the thickest
width in the third dimension; the thinner crystals gave an anisotropic diffraction pattern, with the
resolution limit of ~3Å in one direction but 4.5-5Å in the opposing direction. Crystals frozen in
liquid nitrogen were exposed to X-rays at the X4A and X4C beamlines at NSLS, Brookhaven
National Laboratory as well as NE-CAT (241DC and E) beamlines at APS, Argonne National
Laboratory.
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Figure 4.3. P. fragi CysZ Optimized Crystals in OG.
P. fragi CysZ crystals were obtained from protein purified in OG, in 26-30% PEG400 and 0.1M
MES pH 5.8-6.0. Crystals were optimized in hanging drop vapor diffusion set up (as seen above)
as well as microbatch-under-oil setup to produce larger crystals of greater thickness and better
morphology. Crystals were obtained at a protein concentration of 2-4mg/ml at 4°C, and grew
over 1-3 days after setup. (Imaged taken manually).
Data Collection and Structure Determination
Multi-crystal SeMet-SAD data sets were collected at APS beamline ID-24C with a Pilatus 6M
pixel array detector under a cryogenic temperature of 100K. To enhance anomalous signals from
Se atoms for phasing (Liu, Zhang et al. 2011), the X-ray wavelength was tuned to the Se-K edge
(λ=0.9789Å) as justified by fluorescence scans of the protein crystals. The sample-to-detector
distance was set to 500 mm to collect high Bragg angle data up to 2.8Å spacings at detector
edge. The orientation of crystals was random without special consideration of crystal alignment.
A total of 22 data sets were collected, each from a single crystal. An oscillation angle of 1° was
used for data collection with a total of 360 frames for each data set. The beam size was adjusted
to match the crystal size.
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Data reduction
The 22 single-crystal data sets were processed individually by XDS (Kabsch 2010) and CCP4
packages (Winn, Ballard et al. 2011). For phasing purpose, the low-resolution anomalous signals
were enhanced by increased multiplicity. By rejection of 7 outlier crystals (Liu, Dahmane et al.
2012), anomalous diffraction data from 15 statistically compatible crystals were scaled and
merged for phasing. For outlier rejection, a unit-cell variation of 1.0σ was used. CCP4 program
POINTLESS and SCALA (Evans 2005) were used for data combining; and Bijvoet pairs were
kept separately throughout the data flow.
For refinement data, keeping high angle data was more important by limiting radiation damage
as well as by increasing multiplicity. Although most P. fragi CysZ crystals diffracted to only
about 3.5Å spacings or poorer, we purposely collected high angle data up to 2.8Å spacings.
Higher resolution data were retained through a novel data merging procedure. 1) The 22
individually processed data sets were analyzed by diffraction dissimilarity analysis by using only
high angle data between 3.5-3.0Å. Single-crystal data set with diffraction dissimilarity higher
than 2% was rejected, ending up with three subsets. 2) The data statistics of members in each
subset was checked manually and the subset than contains the highest angle data set, e.g. data 6,
was selected for further analyses and data combination. 3) Each member within the selected
subset was compared with the data 6 by high-angle intensity correlation and a total of 6 highest
resolution data sets were statistically comparable and were selected for further process. The
refinement data up to 3.2Å spacing were finally obtained by merging data sets from the six
compatible crystals.
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Structure determination
Substructure solutions were found by SHELXD (Sheldrick 2010) and were further refined and
completed by PHASER (Read and McCoy 2011), and then used to compute initial SAD phases
at the data limit by SAD phasing with PHENIX (Adams, Afonine et al. 2010). Phases were
generated for both enantiomers, and then subjected to density modification with solvent
flattening and histogram matching as implemented in CCP4 program DM (Cowtan and Zhang
1999) to improve phases and also to break phase ambiguity. The estimated solvent contents of
71% were used for density modification. Correct enantiomers were chosen by visual inspection.
The model was initially built into the experimental electron density map by COOT (Emsley,
Lohkamp et al. 2010). Then the model was refined against higher resolution data at 3.2Å
followed by iterative model building in COOT and refinement by PHENIX. Due to serious
anisotropy, the refined model does not contain solvent molecules at 3.2Å (Figure 4.5).
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Table 4.1. Crystallographic data collection and Refinement Statistics for P. fragi CysZ.
Values in parentheses are from the highest resolution shell. Rmerge = Σ|I – <I>|/ΣI, where I is the
integrated intensity of a given reflection. R = Σ||Fobs| - |Fcalc||/Σ| Fobs|. Rfree was calculated
using 5% of data excluded from refinement.
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Figure 4.4. Diffraction pattern obtained from a P. fragi CysZ native crystal.
Diffraction image collected from a native crystal of P. fragi CysZ. The crystals were indexed in
the C2 monoclinic space group, with unit cell dimensions of a=172.29Å, b=56.90Å, c=96.17Å
and α=90.00°, β=91.43°, γ=90.00°, with a diffraction limit of 3.2Å. Image collected at the X4C
beamline, NSLS, Brookhaven National Laboratory.

87

Figure 4.5. Electron Density map of SeMet P. fragi with Selenium sites Identified.
Experimental electron density map of P. fragi CysZ shown in blue iso-mesh with anomalous
difference Fourier map showing density for selenium in magenta. 18 selenium sites were
identified in total (9 per protomer), for a total of ~500 residues of the CysZ dimer. (Space group
C2 at 3.5Å resolution).

Crosslinking of Cysteine Mutant Pairs in CysZ
Cysteine mutants of P. fragi CysZ were designed based on pairs of residues that were in close
proximity (within 3-7Å) of each other in our structure that could have the ability to covalently
join the 2 protomers of the dimer. The single and double cysteine mutants were made by sitedirected mutagenesis using the QuikChange® Site-Directed Mutagenesis Kit (Strategene), with
complementary primers designed containing the mutation (described in the Methods of Chapter
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3). Each of the cysteine mutants and the WT P. fragi CysZ protein (control) were treated in
exactly the same way. The 3 mutants and the WT protein were all expressed in BL21(DE3)
pLysS cells, using the standard expression protocol used for P. fragi CysZ expression, cells were
harvested after overnight induction and lysed using the Emulsiflex in lysis buffer containing 20
mM Na-Hepes at pH 7.0, 200 mM NaCl, 20 mM MgSO4, DNase I and Rnase A, 0.5 mM PMSF,
Complete protease inhibitor cocktail (EDTA-free) and 1 mM TCEP. The lysed cells were spun
down at 100,000xg for 1 hour at 4°C in the ultra-centrifuge to pellet and isolate the membrane
fraction of the cells. The membrane pellet was then carefully resuspended by homogenization,
after pouring off the supernatant, in fresh lysis buffer at a membrane protein concentration of
~25mg/ml (measured by Bradford Assay). Bis-methanethiosulfonate (Bis-MTS) crosslinkers
(Santa Cruz Biotechnolgies) of different spacer lengths were used at 0.5mM (dissolved in
DMSO) added to 1ml of resuspended membranes at RT for 1 hour. Bis-MTS crosslinkers are
membrane permeable, highly reactive and specific to sulfhydryl groups, and the covalent linkage
is resistant to reducing agents like β-ME (Akabas, Stauffer et al. 1992). The crosslinking lengths
spanned by these Bis-MTS reagents were: 1,1-Methanediyl Bismethanethiosulfonate (3.6Å), 1,2Ethanediyl Bismethanethiosulfonate (5.2Å), 1,4-Butanediyl Bismethanethiosulfonate (7.8Å) and
1,6-Hexanediyl Bismethanethiosulfonate (10.4Å). The reaction was quenched by the addition of
10mM free cysteine, and the protein is then extracted and purified from the membranes with
DeM detergent using Ni-NTA resin. The imidazole is then diluted out in the Ni-elute, and the
His-tag is cut with TEV protease in small scale. The cleaved protein is passaged over Ni-NTA
resin to remove contaminants and uncleaved protein, and flow through is run on a reducing SDSPAGE and stained with Coomassie blue to analyze dimer formation.
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Results
Overall Structure of CysZ from P. fragi
The 3.2Å structure of CysZ from P. fragi revealed a dimer in the crystal, with the two CysZ
molecules of the dimer making up the asymmetric unit. The dimer of P. fragi CysZ was
assembled by the 2 protomers associating in a head-to-tail dual topology orientation, without a
tetrameric assembly. The dimer interface involved each protomer of P. fragi CysZ associating
with the other via hydrophobic interactions between helices 4-5 and transmembrane (TM) helix 3
with their respective counterparts in the other protomer (Figure 4.6). There is an approximate 2fold symmetry axis between the two protomers through the dimer interface, imagined parallel to
what would be the plane of the membrane. Although, upon closer inspection of the structure, we
noticed that the two protomers of the dimer of P. fragi CysZ were not exactly alike, with slight
differences that could hypothetically be hinting at conformational changes involved in the
mechanism of sulfate transport. The overall structure of the head-to-tail dimer is compact, with
no protruding helices and resembles the shape of a dumbbell. The total buried surface area
(BSA) of the 2 protomers involved in the dimer interface was calculated by PDBePISA
(Krissinel and Henrick 2007) to be 2272Å2 (1136Å2 per protomer), which significant, as it is
approximately a tenth of the total surface area of the monomer (~13568Å2). Interestingly, there is
no sulfate bound in the structure of P. fragi CysZ, even though the protein was purified in the
presence of 50mM sulfate. The sulfate –binding site (GLR(R) motif) is present in P. fragi CysZ,
though with the absence of the second arginine, which is not very conserved from our ConSurf
analyses.

90

Figure 4.6. The crystal structure of P. fragi CysZ.
A. Topology of the monomer of P. fragi CysZ, with helices numbered from the N to the C
termini, showing 2 TM helices (2 and 3), and 2 pairs of hemi-penetrating (HP) membrane helices
(4-5, and 7-8). B, C. The structure of P. fragi CysZ at 3.2Å resolution reveals a head-to-tail dual
topology dimer. Each of the protomers are colored by a rainbow coloring scheme from the Nterminal (blue) to the C-terminal (red). The dimer interface is formed by the hydrophobic
interactions between helices 4-5 and 3 with the same in other protomer. (Figure created using
PyMol (Schrodinger 2010)).

The Electrostatic Surface Potential of the P. fragi CysZ dimer and its Membrane Orientation
Generating the electrostatic surface potential of the P. fragi CysZ dimer using DelPhi (Rocchia,
Sridharan et al. 2002), was very helpful in visualizing the membrane orientation of the dimer.
The hydrophobic TM helices form a belt that clearly demarcates the location of the membrane
(Figure 4.7). The novel dual-topology nature dimer, has a dimer interface created by the TM
helix 3 and hemi-penetrating (HP) helices 4-5, forming a helical bundle with a total of 4 TM
helices (helices 2 and 3 from both protomers) and 4 sets of HP helices (4-5 and 7-8 from each
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protomer) in the membrane. The electrostatics highlight a belt of positively charged residues that
lie along the membrane interface, poised to interact with the negatively charged phospholipids of
the bilayer. The bundle of helices form an internal cavity shielded for the most part from the lipid
bilayer, creating what we interpret as the ion conduction pathway. The hydrophobic belt and the
positive charges are at an angle to the horizontal, implying that the CysZ dimer be inserted into
the membrane at a tilt. This tilt would also accommodate for the exposure of the polar residues at
the ends of the TM helices (2-3) to the outside of the membrane, which would not be so if the
dimer were exactly perpendicular to the plane of the membrane. We used the Orientation of
Proteins in Membranes (OPM) database (Lomize, Lomize et al. 2006) and their PPM web server
(Lomize, Pogozheva et al. 2012) to predict the orientation of the P. fragi CysZ dimer in the lipid
bilayer, to get an estimate of the tilt angle. The PPM server calculates rotational and translational
positions of transmembrane proteins in membranes using their 3D structure (PDB file) as the
input. The server predictions matched our hypothesis, with a tilt angle of 33° from the
perpendicular to the plane of the membrane (Figure 4.7).
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Figure 4.7. Membrane orientation of P. fragi CysZ dimer.
A. Electrostatic surface potential of the CysZ dimer, tilted at an angle to the mimic the predicted
orientation in the membrane. B. The PPM server output for the P. fragi CysZ dimer, predicts its
membrane insertion at a tilt of 33° from the vertical (Lomize, Pogozheva et al. 2012). The
membrane boundaries are marked with a disc of blue and red dots.

Crosslinking of Cysteine Mutants of the P. fragi CysZ Dimer Validates Structure
Dual topology membrane proteins are rare, the most famous example being EmrE, and more
recently the report on the fluoride specific ion channel, Fluc (Stockbridge, Robertson et al.
2013). To validate our structure, we wanted to use other methods of proving that the P. fragi
CysZ dimer was in fact the true physiological conformation of the dimer of CysZ in the
membrane. To this end, we employed the use of crosslinking of targeted cysteine mutants to
covalently form the dimer while the protein was still in the membrane, prior to detergent
extraction. The cysteine mutants were designed based on the residue pairs that were within 3-7Å
of each other, involved in the dimer interface formed by the 4-5 helices of each protomer against
the other. The mutants designed were L161C (single mutant), L161C-A164C and N160C-L168C
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(double mutants). The crosslinking reactions were performed using different lengths of Bis-MTS
sulfhydyl-specific crosslinkers (Akabas, Stauffer et al. 1992) (as described in the Methods). The
results were very convincing: the L161C-A164C double mutant gave the most significant
amount of dimer (Figure 4.8), with L161C single mutant also forming the dimer (not shown),
and N160C-L168C forming dimer to a lesser extent, potentially due to the imperfect choice of
residue position. The SDS-PAGE shows the WT protein as the control, with the CysZ L161CA164C mutant crosslinked while in the membrane, as well as after solubilzation. These results
validate the dimer interface observed in our structure and in turn, also validate the dual-topology
assembly of CysZ, as the existence of the dimer implies a dual topology membrane insertion of
CysZ (Figure 4.9).
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Figure 4.8. Crosslinking of L161C-A164C Cysteine Mutant of P. fragi CysZ Shows Dimer
Formation.
Dimer formation by the crosslinking of P. fragi CysZ with introduced structure-based cysteine
substitution mutations in the 4-5 dimer interface. One such pair shown here is L161C-A164C.
Sulfydryl specific Bis-MTS crosslinkers of a certain spacer length (in this case 5.2Å) were used
at 0.5mM for 1hour at room temperature to crosslink the protein. Experiment was performed on
protein in the membrane, as well as on solubilized protein. WT protein (cysteine-less) was used
as a control. Proteins were purified after stopping the reaction, and run on an SDS PAGE with
reducing dye, and stained with Coomassie blue.

Figure 4.9. Location of Cysteine Mutant Pair at Dimer Interface of Helices 4-5 of P. fragi
CysZ.
L161C-A164C double mutant of P. fragi CysZ was crosslinked to form a covalently linked
dimer while the protein was still in the membrane. The location of the crosslinked residues lies in
the dimer interface between helices 4-5 and their counterparts. Dimer formation also reinforces
the validity of the dual-topology model for CysZ. (Figure created using PyMol).
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Conservation and Putative Pore of CysZ
With a structure that has such an unusual topology and dimeric assembly, we rely on the
positioning of conserved residues to point us in the direction of potential functional importance.
The conservation plot generated by ConSurf (Ashkenazy, Erez et al. 2010) on the structure of P.
fragi CysZ shows, like it did with I. loihiensis CysZ, a conservation pattern that highlights a
central pocket on the hydrophilic surface of the protein and an inner cavity that is lined with
certain conserved polar residues (Figure 4.10). We see that the TM helices are least conserved,
having a general requirement to be hydrophobic, apart from a couple of conserved polar residues
that face inward to the central cavity of the dimer. The conserved pocket of residues created in
hydrophilic surface of the protein is shaped like a triangular aperture or ‘iris’ formed between the
start of helix 4 and the latter parts of helix 3 and helix 5 as they come up outside the membrane
to the hydrophilic core of the protein. We will discuss our hypotheses for the functional roles of
these conserved residues in detail in Chapter 6.
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Figure 4.10. Conservation Plot of P. fragi CysZ.
The conservation analysis (by ConSurf) of P. fragi highlights the areas of the structure where
both structurally and functionally important residues lie. We see the highly conserved central
‘aperture’ or pocket in magenta, formed between helices 3, 4 and 5; we also see conserved
patches on helixes 4 and 5 within the membrane around the walls of the central cavity. (Figure
created using PyMol)
Central Cavity of P. fragi CysZ
The P. fragi CysZ dimer, although in what we believe is the true physiological assembly of the
protein and functional unit for sulfate transport, still has some conformational distortions that we
believe might not be natural, and might be a result of crystal packing. The main distortion we see
is in the TM helices, in particular, helix 2. The TM helices are disordered near the loop region,
and the latter half of TM helix 2 adopts different positioning in the two protomers. The helix
appears bent in one of the protomers and more straight in the other, and they are both moved
away from helix 3, creating an opening in the central cavity to the lipid bilayer. To allow the
passage of sulfate ions, the cavity of CysZ should be closed off to the bilayer, so we believe that
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this distortion of helix 2 cannot be a physiological one. Again, as in I. loihiensis CysZ, we see
that due to the unusual nature of the protein having only two TM helices per protomer with four
hemi-penetrating helices that do not cross the bilayer entirely, there is more flexibility in the two
TM helices to move around when removed from the membrane. It is likely that the TM helices
do not have the scaffolding that they require that would normally be provided by the lipid
bilayer, to remain in their physiological conformation outside of the membrane. The detergent
micelles, although meant to mimic the bilayer, are not perfect substitutes (Lee, Lee et al. 2005)
and it is possible to get some distortions especially when the protein involved has a ‘weak’ core
that needs the structural stability of the bilayer.
Conclusion
The structure of P. fragi CysZ reveals what we believe is the true, physiological dimer of CysZ.
The dimeric assembly is novel resulting in a dual-topology dimer. The dimer interface is formed
within the membrane by the hydrophobic interactions between the 2 sets of hemi-penetrating 4-5
helices and the interaction of helix 3 with its counterpart. In comparison to the structure of I.
loihiensis CysZ, the membrane orientation of P. fragi CysZ is clear, demarcated by a
hydrophobic belt, positioning the dimer at a 33° tilt to the perpendicular with respect to the plane
of the membrane. The helical bundle in the membrane forms an internal cavity that is occluded
for the most part from the lipid bilayer. This central cavity is formed by the interaction of the
protomers, created by the dimerization interface. The conservation of residues hints to a probable
aperture for the pathway of sulfate ions that will be discussed further in Chapters 6 and 7.
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CHAPTER 5.
A Structural Comparison of I. loihiensis CysZ and P. fragi CysZ
Introduction
At first glance there are no similarities between the oligomeric assemblies of I. loihiensis CysZ
and P. fragi CysZ, the former being a dimer of dimers forming a tetramer in the crystal structure,
and the latter being a head-to tail dimer in the crystal, without any tetrameric assembly. The
individual protomers of the two species however, are superimposable for the most part, with the
main differences lying in the positioning of their transmembrane helices. Upon closer
examination of the oligomers, we soon realized that there are in fact striking similarities between
the two structures that I will elucidate in this chapter.
The Protomers of P. fragi CysZ and I. loihiensis CysZ
The sequences of P. fragi CysZ and I. loihiensis CysZ when aligned using ClustalW2 (Larkin,
Blackshields et al. 2007; Goujon, McWilliam et al. 2010) have 40.7% identity and 19%
similarity (Figure 5.2). The core structure of the monomers of P. fragi CysZ and I. loihiensis
CysZ are fairly superimposable, and have the same general fold when aligned on PyMol
(Schrodinger 2010). The superposition (PyMol function ‘align’) is performed by a sequence
alignment followed by a structural alignment, followed by cycles of refinement in order to reject
structural outliers during the fit (DeLano 2004). The two structures however, have significant
differences in the positioning of TM helices 2 and 3 the most striking being their location with
respect to the hemi-penetrating (HP) helices 4 and 5. The angle between the two pairs of helices
in P. fragi CysZ is ~ 40°, which is a 20° swing inward from helices 2-3 of I. loihiensis CysZ. As
a result, the inner cavity is narrower and funnel-like that is more closed off to the lipid bilayer
(Figure 5.1). This 20° swing suggests that there is an intrinsic flexibility to the two TM helices
99

and the extramembraneous loop that connects them. This is also seen in the loop region and the
latter part of helix 2 being disordered both our structures.

Figure 5.1. Superposition of the protomers of P. fragi and I. loihiensis CysZ.
The monomers of P. fragi (in red) and I. loihiensis (in green) CysZ are superposed by sequence
alignment followed by structural alignment. It is seen that the TM helices 2 and 3 of P. fragi
have swung in towards helices 4-5 and the core of the structure as compared to I. loihiensis
CysZ. The overall fold of the two protomers is the same. (Figure created using PyMol).
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Figure 5.2. Sequence alignment of I. loihiensis and P. fragi CysZ.
The sequence alignment of the 2 homologs of CysZ was performed by ClustalW2, with the
graphic representation created on JalView (Waterhouse, Procter et al. 2009). Identical residues
are marked with purple boxes on the sequence with their conservation scores below in yellow
and consensus sequence in black. The sequence identity between the 2 homologs is 40%.
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The Dimer Interface of P. fragi CysZ, Compared to that of I. loihiensis CysZ.
The dimer interface observed in P. fragi CysZ is composed of the interactions between helices 45 and 3 with their corresponding partners, different to that of the dimer interface of I. loihiensis
CysZ that is composed of an interaction between helices 2-3 of one protomer with helices 7-8 of
the other protomer. Upon studying the structures further we realized that the oligomeric
assemblies of the 2 structures were in fact related. The tetramer of I. loihiensis CysZ, with an
interface of 440Å2 that we earlier thought to be a crystallographic interface due to its smaller
surface area as compared to the larger dimer interface, was in fact the commonality relating the
two structures. To understand this relationship, we must first view the tetramer of I. loihiensis
CysZ with the dimer 2-fold axis perpendicular to the horizontal (i.e. rotated 90° from the plane
of the membrane) as in Figure 5.3 A. We see the four protomers colored yellow, pink, green and
blue, with the original dimer interface formed between the yellow-blue protomers and the pinkgreen protomers marked along helices 2-3 and the tetramer interface between green-blue
protomers and pink-yellow protomers marked along helices 4-5. If we rotate this view again by
90° along the vertical axis (Figure 5.3 B) we can now identify a green-blue (and yellow-pink)
‘transverse’ dimer, with the protomers interacting by the tips of their 4-5 helices to form what we
have been referring to as the tetramer interface. However if we isolate the green-blue transverse
dimer (Figure 5.3 C), we now notice that it is in a very familiar assembly resembling that of the
P. fragi dimer, with the same helix 4-5 interaction that is seen in P. fragi CysZ. The
superposition of the dimers of the two homologs is seen in Figure. 5.4. We see the TM helices 23 of each protomer of I. loihiensis CysZ displaced apart from the rest of the molecule as we saw
when we superposed the monomers of the two homologs. We also see that the 4-5 helices of the
protomers of the I. loihiensis CysZ transverse dimer are not as closely overlapping, and
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interacting just at their tips in the loop connecting the helices. Additionally, this interface is
broken in the hexagonal crystal form of I. loihiensis. In P. fragi on the other hand, the 4-5 helices
form a much larger hydrophobic interface by overlapping a larger surface area to create what is a
stronger interaction. This, along with the fact that there is no additional interaction from helix 3
of the two protomers causes this transverse dimer interface to be much weaker, fooling us into
being less relevant at first.

Figure 5.3. I. loihiensis CysZ tetramer and ‘transverse’ dimer.
A. The tetramer of I. loihiensis CysZ viewed with the 2 fold axis of the dimer-of-dimers parallel
to the horizontal. The original dimer interface is labeled with 2-3 denoting the helices involved in
forming the interface, and the ‘tetramer’ or dimer-of-dimers interface is denoted by the
interactions of helices 4-5. B. A 90° rotation shows the transverse dimers formed by green-blue
and yellow-pink protomer pairs. C. Isolated green-blue transverse dimer begins to resemble the
assembly of the P. fragi CysZ dimer, with the interacting 4-5 helices forming the interface.
(Images created on PyMol).
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Figure 5.4. Superposition of P. fragi CysZ dimer with I. loihiensis CysZ transverse dimer.
The crystal structure of the P. fragi CysZ dimer (shown in red-yellow) bears a strong
resemblance to the I. loihiensis transverse dimer (shown in blue-green). The 4-5 dimer interface
is observed in both of the two homologous structures. The equivalence of the dimeric assemblies
are evident in the superposition of the two dimers, with the major differences occurring at the
positioning of the TM helices that can be seen in the 90° rotated view (Images created using
PyMol).
A plot of the electrostatic surface potential of the I. loihiensis CysZ transverse dimer also shows
the same features as we see with P. fragi (Figure 5.5). We see that the hydrophobic belt and the
ring of positive charges that would be near the membrane interface follows the same tilt angle as
it does in P. fragi CysZ. The TM helices, although moved away from the rest of the molecule,
would form the same dumbbell shape for the dimer, with a closed internal cavity, were they to
move into their more ‘natural’ position as we see in the P. fragi CysZ dimer.
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Figure 5.5. Electrostatic Surface Potential of P. fragi CysZ dimer and I. loihiensis
transverse dimer.
The plot of the electrostatic surface potential onto a surface representation of P. fragi CysZ
shows the hydrophobic belt where the membrane would lie. The angle of the belt as well as the
position of the ring of positive charges indicates that the dimer would lie at a tilt in the
membrane. The transverse dimer of I. loihiensis CysZ also has a similar hydrophobic belt
through the interface of the two protomers; a 90° rotation along the vertical axis shows the TM
helices (DelPhi, figures created on PyMol).

Cysteine Crosslinking of I. loihiensis CysZ based on the dimer interface of P. fragi CysZ
In chapter 3, I described our efforts towards targeted cysteine crosslinking based on the ‘original’
dimer (2-3 with 7-8) and tetramer interface (tips of 4-5 helices) of I. loihiensis CysZ that were
not successful. Upon analyzing the relationship between the two structures, we redesigned a new
set of cysteine mutants for I. loihiensis CysZ, modeled on the 4-5 interface in P. fragi CysZ. The
new mutants took into account the overlapping of the 4-5 helices with each other, unlike that of
the transverse dimer of I. loihiensis where the 4-5 helices are further apart such that only their
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tips were interacting. The new double-cysteine mutants were: L156C-Q163C, V157C-Q163C,
P159C-Q163C and Q163C-V164C. Sure enough, we successfully crosslinked these pairs of
cysteines with the Bis-MTS crosslinkers, after being unable to do so with the pairs designed
based on our original structure. The greatest amount of crosslinked dimer was seen with V156CQ163C and L157C-Q163C, helping us accurately map the residues involved in the dimerization
interface of I. loihiensis CysZ (Figure 5.6).

Figure 5.6. Crosslinking of I. loihiensis CysZ to form Dimer in Membranes.
Dimer formation by the crosslinking of I. loihiensis CysZ with introduced P. fragi dimer
structure-based cysteine mutations in the 4-5 dimer interface. Two pairs of cysteine mutants are
shown, L156C-Q163C and V157C-Q163C, with the WT protein as a control. Sulfydryl specific
Bis-MTS crosslinkers of a certain spacer length (in this case M2-MTS, 5.2Å) were used at
0.5mM for 1 hour at room temperature to crosslink the protein in the membrane. Proteins were
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purified after stopping the reaction with 10mM cysteine and analyzed on an SDS PAGE with
reducing dye, and stained with Coomassie blue.
Conclusions
The structures of the two homologs of CysZ show similarities as well as differences in their
monomers and hence in the their dimeric assemblies. We questioned why I. loihiensis CysZ
assembled in this unusual dimer-of-dimers, a conformation that would not be physiologically
plausible in the bilayer. The 2.1Å crystal structure of I. loihiensis CysZ, showed clear density for
LDAO detergent molecules bound to CysZ. There are 7 LDAO molecules seen bound to each
monomer of CysZ, and are located either along the 2-3 TM helices or around the hemipenetrating 4-5 helices, as well as lying along the inner surface of the helices in the central cavity
(Figure 5.7). The positions of the bound detergent in the internal crevices of CysZ are indicative
of the flexibility of the TM helices. The monomer of CysZ only has two TM helices (2-3), with
the rest being hemi-penetrating helices, resulting in little support or scaffolding for the long TM
helices to stay in place. The scaffolding that would probably be provided by the lipid bilayer is
no longer available once extracted with detergents. Hence, the TM helices of the protein are
more susceptible to displacement potentially caused by the binding of detergent molecules or due
to the fact that the detergent micelle is not an ideal mimetic of the lipid bilayer. This would not
be the first example of detergents causing artifactual effects and conformations in membrane
protein crystal structures. EmrE, the small dual topology multi-drug transporter, and the voltage
sensing potassium channel, KvAP were both crystallized in biologically irrelevant states, due to
detergent and crystallization mediated artifacts, reportedly because in conformationally sensitive
membrane proteins, the detergent is not a good enough mimic of the lipid bilayer (Lee, Lee et al.
2005; Tate 2006).
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Figure 5.7. LDAO Detergent molecules bound to I. loihiensis CysZ.
LDAO molecules are seen bound to I. loihiensis CysZ in our structure; A. 7 molecules of LDAO
(colored in red) are seen bound to the monomer of CysZ, along the TM helices, inserted under
the 4-5 helices and in the central cavity. B. A view of the transverse dimer of I. loihiensis CysZ,
with LDAO molecules positioned close to the 4-5-dimerization interface. The detergent could
have an effect on the conformationally sensitive (and flexible) TM helices potentially disrupting
the 4-5-dimer interface. (Figure created on PyMol).
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CHAPTER 6.
Functional Characterization of CysZ
Introduction
In this chapter I will describe the methods and results of experiments we carried out to
characterize and understand the function of CysZ. When we began to work on this protein, there
was very little known about its function in the literature, the only report on the role of CysZ in
the cell was the report in 1983 by F. Parra et al, showing that knockout of the cysZ gene in E.coli
cells showed significantly diminished sulfate uptake (Parra, Britton et al. 1983) (Figure 6.1).
Once we had crystallized and solved the structure of CysZ from I. loihiensis, we began to study
its structural features to try and understand if our structure could explain the reported sulfate
uptake function of the protein. Due to the novel and perplexing nature of our crystal structure, we
employed other biochemical and electrophysiological techniques to characterize the function of
CysZ as a sulfate transport protein. We studied the sequence of the protein to identify the
conserved residues that could potentially be involved in function, and mapped them on to our
structure. As mentioned in Chapter 3, we observed a sulfate ion bound to a conserved site on the
structure of CysZ. This gave us a starting point and we began with radioligand binding
experiments to measure the binding of sulfate to CysZ using the scintillation proximity assay.
We then proceeded to reproduce the sulfate uptake assay performed by F. Parra and colleagues in
1983 on the knockout strain of CysZ, and tested the rescue of the knockout phenotype with the
expression of CysZ (P. fragi and I. loihiensis) in the strain. Furthermore, we studied the uptake
of radiolabeled sulfate by CysZ incorporated into proteoliposomes, to rule out the presence of a
binding partner for CysZ in the cell.
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Figure 6.1. Phenotype of the cysZ Deletion Mutant strain in E. coli.
Growth properties of cysZ knockout E. coli strain JM1766 in media without sulfate and the effect
of the addition of other sulfur sources (such as thiosulfate, S2O3) to the media. Radiolabeled
sulfate uptake on the knockout strain shows a clear, deficient accumulation of sulfate. The results
of the cysZ knockout strain is boxed in red, (Image taken from (Parra, Britton et al. 1983)).

With these tools and techniques, we could test the effects of many different competing ligands
and factors such as pH, to characterize the function of CysZ in terms of selectivity and transport
driving forces or channel gating properties.
The experiments described in this chapter were performed in collaboration with Dr. Matthias
Quick in the Department of Psychiatry (Division of Molecular Recognition) at Columbia
University, who advised us and provided his invaluable help with conducting the radioligand
binding experiments and sulfate uptake experiments in cells and proteo-liposomes in his
laboratory. As another method to measure the transport properties of CysZ, we tested the
behavior of CysZ in the planar lipid bilayer setup using the single channel flux measurement
techniques. This was carried out in collaboration with the laboratory of Prof. Diomedes
Logothetis at Virginia Commonwealth University, Richmond VA.
For the experiments described in this chapter, I prepared the mutants and WT protein,
proteoliposomes, CysZ knockout strain cells and assisted Dr. Matthias Quick with the binding
110

and uptake experiments, while conducting a few myself. Dr. Edgar Leal-Pinto performed the
single channel recording experiments at VCU on purified protein I sent to him. Discussions over
email with Prof. Francisco Parra (Univ. Oviedo, Spain), who initially performed the sulfate
uptake experiments on cells in 1983, were very helpful to us in correctly repeating and furthering
the cell-based uptake assay.
Methods
Radioligand Binding by Scintillation Proximity Assay
The scintillation proximity assay is a rapid technique used to detect and measure the binding of a
radioligand to its acceptor protein that is immobilized on a scintillant bead. This technique was
originally created in the 1980’s by Udenfriend and colleagues to study antibody-antigen
interactions, and then was further developed to apply to membrane proteins (Harder and Fotiadis
2012). The technique is now commonly used to study detergent solubilized or purified
membrane transport proteins (Quick and Javitch 2007). The histidine-tagged membrane
transporter molecules are bound to copper-YSi chelate scintillant beads (Perkin Elmer), and
incubated with the radioligand. Once the labeled ligand binds to the protein, it is in close
proximity to the scintillant, and the emitted radiation will induce a light emission from the bead,
that can be read by a scintillation counter (Figure 6.2).
In our assays with CysZ, the protein was purified in DM by standard protocols as described in
Chapter 2, with the exception of leaving the histidine-tag intact without cleavage by the TEV
protease. The imidazole was removed by dialysis as it would interfere with the binding of the
His-tag to the beads. The purified protein was not run over the size exclusion column, and
instead was directly concentrated to 2mg/ml for the SPA experiment. [35S] Sulfate in the form of
sulfuric acid (2H+ 35SO4-2 ) obtained from American Radiolabeled Chemicals (ARC) was used as
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the radioligand. 100ng – 250ng of CysZ was used per assay point, diluted in 100µl of assay
buffer containing 20mM of appropriate buffer (ranging from pH 4–pH 8), 200mM NaCl, 0.2%
DeM, 20% glycerol, 0.5mM TCEP, with 12.5µl of copper-YSi beads. A trace amount of
radioligand (~10-30nM) mixed with cold ligand (Na2SO4) was added to each well of a 96 well
clear bottom plate along with the mix of protein, buffer and beads. The plate was agitated for a
minimum of 30 minutes to as long as overnight, at 4°C, on a vibrating platform shaker, and
measured in a scintillation counter the following morning (MicroBeta, Perkin Elmer). For CysZ,
we typically conducted competitive binding experiments with a gradient of a competing cold
ligand ranging from (10nM – 100mM). Each concentration of ligand tested was done in triplicate
points, and the background or control was measured at each concentration by adding 1M
Imidazole to the reaction buffer, to prevent binding of the protein to the scintillation bead.

Figure 6.2. The scintillation proximity assay (SPA).
SPA is based on the emission of light as a result of energy transfer from the radioactive decay of
the ligand to the bead that contains a scintillant. The emission of light only proceeds if the
radiolabeled ligand (L ) and receptor (R) are in close proximity (approximately 10µm) (de Jong,
Uges et al. 2005).
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Reconstitution of CysZ into Liposomes
CysZ was purified by the standard protocols described in Chapter 3, the tag was cleaved by TEV,
and it was passed through the size-exclusion column, keeping the detergent at 0.2% DM. Upon
elution from the column it was concentrated to 1 mg/ml for reconstitution into liposomes.
Preparation of Lipids to form Liposomes:
Liposomes were prepared by dissolving E. coli Polar Lipid Extract (Avanti Polar Lipids) and
Soybean Phosphatidylcholine (PC) (Avanti Polar Lipids) in a ratio of 3 polar lipids: 1 PC, in
chloroform. The addition of PC has been seen to help with preventing the leakiness of the
liposomes. For example, 150mg of polar lipids with 50mg of PC were weighed out into a glass
tube or small beaker and dissolved in ~ 5ml of chloroform. The chloroform was blown off by
drying the lipid mixture under a stream of argon gas, to obtain a thin layer of completely dried
lipid on the glass surface. The lipids were then resuspended at 10-15mg/ml in argon saturated
buffer containing 50mM Na-Hepes pH 7.5, 2mM β-mercaptoethanol and 1.5% octyl glucoside
(OG). This OG concentration corresponds to the onset of lipid solubilization. The lipid
suspension was then dialyzed overnight against 1L of 50mM Na-Hepes pH 7.5, 2mM βmercaptoethanol. The next day the liposomes were ready to be aliquoted, frozen and store in
liquid N2 until use for uptake assay.
Reconstitution:
The frozen liposomes are taken through a couple of freeze-thaw cycles, vortexed and adjusted to
a final concentration of 10mg/ml with the same buffer as before. 0.11% (w/v) of Triton X-100
was added to the liposomes and mixed by vortexing. This is a standard protocol that corresponds
to the onset of lipid solubilization and Triton X-100 is chosen as it has worked best for most
membrane transport proteins (Knol, Sjollema et al. 1998). The partially solubilized lipids were
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then mixed with purified CysZ protein at the desired lipid to protein ratio (typically, 100:1 was
used for CysZ). The mix was incubated at room temperature under gentle agitation for 15 min.
The detergent was then slowly removed by adsorption using SM-2 BioBeads (BioRad). The
biobeads were pre-treated and washed with methanol, followed by extensive washing with water
and then equilibration with the appropriate buffer for the liposomes (Holloway 1973). Biobeads
were added to the proteoliposome mix at 60mg of semi-wet biobeads/mL of sample and
incubated at room temperature under gentle agitation for 1 hour. The same amount of biobeads
was added again at room temperature for a further hour. Finally, double the amount of biobeads
were added for the third time for continued incubation but this time at 4°C under gentle agitation
overnight.
The next morning, the biobeads were removed by carefully pipetting the proteoliposomes out
using a narrow pipette tip. If buffer exchange was desired, the proteoliposomes were spun down
at 60,000xg by ultracentrifugation (Sorvall, TLA100) for 30 minutes to pellet the liposomes, the
supernatant was removed and the pellet resuspended in a new buffer. The proteoliposomes were
then stored at -80 °C if not required immediately for uptake. The reconstitution protocol was
adapted from Rigaud et al. (Rigaud, Pitard et al. 1995)

CysZ Knockout Strain from E. coli K-12
In order to replicate the experiment performed in the 1980’s by Parra and colleagues on the CysZ
knockout strain, we ordered the cysZ gene knockout in E. coli K-12 available at the Coli Genetic
Stock Center at Yale University (http://cgsc.biology.yale.edu/). The CGSC has an extensive
library of single deletion mutants of E. coli genes, acquired from the Keio Collection of
systematic gene knockouts developed by the Nara University, Keio University and Purdue
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University (Baba, Ara et al. 2006). The Keio Collection is a systematically made set of precisely
defined, single-gene deletions of all nonessential genes in E. coli K-12. Open-reading frame
coding regions of the gene to be knocked-out were replaced with a kanamycin cassette. These
knockouts were thus selected from wild-type by their kanamycin resistance; 3982 knockout
mutants were successfully made. The CysZ knockout was included in the Keio Collection, and
hence easily available to us. The strain is called JW2406-1 and has the following genotype:

F-, Δ(araD-araB)567, ΔlacZ4787(::rrnB-3), λ-, ΔcysZ742::kan,rph-1, Δ(rhaDrhaB)568, hsdR514

The knockout strain was then made competent by standard protocols (RbCl2 method (Hanahan
1983)) to be able to transform and express CysZ for rescuing the sulfate uptake. As the control
for our experiments, we also ordered the wild-type parental E. coli K-12 to compare its function
to the CysZ knockout strain, and that too was made chemically competent. Glycerol stocks of
both strains were also prepared and frozen at -80 °C.

Radioligand ([35S] sulfate) Uptake Experiments
In whole cells:
We first began with replicating the results from Parra et al, in 1983. In this experiment we grew
up a 5ml culture of wild-type (WT) parental E. coli K-12 cells and the cysZ knockout cells from
their respective glycerol stocks, in LB (Luria Broth) without any antibiotic (for the WT cells) and
with 50ug/ml of kanamycin for the knockout cells at 37°C. The next day, the 5ml overnight
culture was spun down at 3000xg and the cells were resuspended in 100ml of Davis-Mingioli
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(DM) minimal media without any sulfate (MgSO4 was replaced with MgCl2 and (NH4)2SO4 was
replaced by NH4Cl), but supplemented with 0.63mM L-cysteine to allow the cells to grow its
absence (Davis and Mingioli 1950). The cells were grown overnight at 37°C and were spun
down and washed 3 times the next morning in 5mM Na-Hepes pH 7.0. This ensured that the
cells were starved of sulfate for over 9 hours, to deplete the sulfate stores in the cell, enhancing
sulfate uptake (F. Parra, personal communication). The cells were resuspended in the same
buffer at 0.7mg/ml at room temperature, ready for the uptake experiment. The uptake was
performed on 25µl of the cell suspension per point, using a final concentration of 320µM of SO4
(cold Na2SO4+ 35SO4 as a tracer) outside. The uptake experiments were performed in triplicate,
measured over a time course of typically 0 - 600 seconds. The reaction was stopped by dilution,
by adding 1.5ml of ice-cold buffer (5mM Na-Hepes pH 7.0) to the cells in the tube. The reaction
mix was immediately poured onto a vacuum filtration device, with an individual glass-fiber filter
(0.75µm GF/F, Milipore) per assay point, after which the filters are washed once more with
1.5ml of buffer. The dry filters, with the cells attached to their surface, were then moved to
scintillation vials, containing 4ml of EconoSafe® scintillation cocktail, to be counted the next
morning.
The cell uptake experiments were also performed similarly on the competent cysZ knockout
strain cells (kanamycin resistant) transformed with an ampicillin resistant expression vector
containing a CysZ gene, mutant or empty vector (as the control). Upon transformation, the cells
were grown overnight in a 4 ml starter culture of LB with 50µg/ml kanamycin (kan) and
100µg/ml ampicillin (amp). The next morning the entire 4 ml was used to inoculate 75 ml of LB
(kan, Amp), and grown at 37°C for 2.5-3 hrs until an OD600 of 0.6-0.8 was reached. Protein
expression was then induced at 37°C for 4 hrs with 0.2mM IPTG. After 4 hrs, the cells were
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spun down and resuspended in the DM minimal media without sulfate, 0.63mM cysteine, amp,
kan and 0.2mM IPTG, and incubated overnight at 22°C. The next morning the cells were spun
down, washed 3 times with 5mM Na-Hepes pH 7.0 and resuspended at final concentration of
0.7mg/ml for uptake.
In proteoliposomes:
CysZ (reconstituted into) proteoliposomes were thawed at room temperature and vortexed to
remove any visible clumps. The proteoliposomes were then extruded to produce unilamellar,
uniformly sized liposomes. This was done by using an Avestin extruder, and involved the
manual extrusion of a multilamellar liposome through a polycarbonate membrane of defined
pore size (typically 0.4µm), using gas-tight, glass syringes (http://www.avestin.com/lf.html).
The liposome sample was passed through the membrane by pushing the sample back and forth
approximately 20 times between the two syringes. Once extruded, the proteoliposomes, along
with “empty” liposomes as the control, were kept at room temperature until the uptake
experiment is performed. The [35S] sulfate uptake was done in a similar way as was done in the
cell uptake assay. Typically, 10 µl of the liposomes at a concentration of 5-10mg/ml, were used
per assay point and diluted into a reaction buffer of 100 µl, containing the [35S] sulfate (at trace
amounts of ~10-15nM) and cold Na2SO4 at the desired concentration. The experiment was done
in triplicate and either a time-course of uptake (0-300 sec) was measured or uptake at a fixed
time with different amounts of sulfate or buffer conditions were measured. The uptake in
liposomes was quenched using an ice-cold “stop buffer” of 100mM LiCl, 100mM K2HPO4 at pH
6.0, to the liposomes in the tube. The reaction mix was then immediately poured onto a vacuum
filtration device, with an individual 0.22µm nitrocellulose filter (Milipore) per assay point, after
which the filters were washed further with 1.5ml more of “stop buffer”. The dry filters, holding
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the liposomes stuck to their surface were then moved to scintillation vials, containing 4ml of
EconoSafe scintillation cocktail, to be counted the next morning.
The Planar Lipid Bilayer Set-up for Measurement of Channel Activity
The protocol and procedures used to insert ion channels incorporated in liposomes into “painted”
planar lipid bilayers by vesicle fusion was first described by Mueller et al. (Mueller, Rudin et al.
1962). In this method, a lipid bilayer is created on a small aperture between two aqueous
compartments, called the cis and trans compartments (Morera, Vargas et al. 2007). Since this
system is very sensitive to contaminants, I. loihiensis CysZ was expressed in and purified from a
porin-deficient strain of E. coli cells to prevent any carry through of contaminating porins that
could create large conductances and artifacts in the single-channel recordings (Mertens and Van
Gaal 2005). Purified “porin-free” CysZ was prepared with the standard 2-step purification
protocol in DM, and sent to our collaborators at the Logothetis Laboratory at VCU in Richmond,
VA to measure channel activity under different buffer conditions. The following is a summary of
the protocol that Dr. Edgar Leal-Pinto follows for CysZ in the bilayer flux experiments.
Reconstitution of CysZ into the Planar Lipid Bilayer
Phosphatidylethanolamine (PE) and phosphatidylserine (PS), in a ratio of 1:1 were dissolved in
chloroform to mix, and dried completely under an argon stream. The mixed and dried lipids were
then dissolved in n-decane to a final concentration of 50µg/ml, and kept at 4 °C. The lipids are
always prepared fresh, on the same day of the experiment. The purified CysZ protein were
incorporated into PE:PS (1:1) liposomes by brief sonication at 80kHz for 1 minute at 4°C. The
experimental apparatus consisted of two 1ml buffer chambers separated by a Teflon film that
contains a single 20-50µm hole. A lipid bilayer was formed by “painting” the hole with the 1:1
mixture of PE:PS, this results in a seal between the two cups formed by the lipids (Leal-Pinto,
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London et al. 1995). For these studies, the cis side was defined as the chamber connected to the
voltage-holding electrode and all voltages are referenced to the trans (ground) chamber (Figure
6.3). Stability of the bilayer was determined by clamping voltage at various levels. If a resistance
> 100 Ω and noise < 0.2 pA were maintained in the patch, the proteoliposomes containing CysZ
were added to the trans side of the chamber and stirred for 1 min. The fusion event or insertion of
a channel into the bilayer was assessed by the presence of clear transitions from 0 current to an
open state (Leal-Pinto, Tao et al. 1997).

Figure 6.3. Single Channel Planar Lipid Bilayer Conductance Set-Up.
On one side, usually called cis-side, a voltage Um is applied. The current across the membrane or
through the channel is detected by a current–voltage amplifier. Rf is the feed-back resistance and
determines the amplification. The amplified signal V(t) is further processed, either by an AD
converter and an adequate computer program, or an advanced oscilloscope. (Winterhalter 2000)
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Results
Sulfate Binding to CysZ
After solving the structure of CysZ from I. loihiensis we began to test the protein for its function.
The first property we wanted to characterize was sulfate binding. We decided to begin with this
as we had seen a sulfate ion bound to the protein in the structure at specific ‘sulfate binding site’
(the GLR(R) motif). We wanted to see if this site was functionally relevant, if we could measure
sulfate binding and whether other ligands compete with sulfate and bind to the protein at this site
or elsewhere. As described in the Methods section, binding of sulfate was measured by the
scintillation proximity assay (SPA). We measured the competitive binding of increasing amounts
of cold sulfate in the presence of trace amounts (12nM) of [35S] sulfate at pH 7.0, generating a
competitive binding curve for sulfate (Figure 6.4). Indeed, as expected, when we varied the
concentration of cold sulfate from 0-50mM, we found that CysZ does bind sulfate with an IC50
of 1.4mM, calculated from the binding curve. The IC50 is the concentration of cold competing
ligand that is required to displace 50% of the bound radioligand.
Competitive binding of Selenate and Phosphate to CysZ
As shown previously in the structure of I. loihiensis CysZ in Chapter 3, the protein not only
binds sulfate in the GLR(R) binding site, it also binds other ligands. We have crystallized and
solved the structure with a selenate ion bound as well as with the protein in its apo-form, with no
ions in the binding site. To demonstrate the binding of other ligands to CysZ we measured the
competitive binding of selenate and phosphate to CysZ (Figure 6.5). Both ligands proved to bind
to CysZ, but with lower affinity than sulfate (phosphate IC50: 14.4mM, selenate IC50: 6.6mM).
The relatively high affinity of CysZ for selenate was not surprising as it is very similar in size
and properties to sulfate. We also attempted to test the binding of sulfite, chromate and
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thiosulfate, all of which showed no effect on the binding and did not compete out the
radiolabelled [35S] sulfate.

Figure 6.4. Competitive Binding Curve for Sulfate binding to CysZ.
Purified CysZ (I. loihiensis) binds sulfate with an IC50 of 1.4mM, as measured by the
scintillation proximity assay (SPA). 50ng of CysZ was used per point, concentration of cold
sulfate was varied from 0-50mM and the experiment was performed at pH 7.0. A sigmoidal
competitive binding curve was plotted by taking the log10 of the [Cold SO4] concentration. Assay
points were performed in triplicate, background binding subtracted and error bars indicated were
calculated by standard deviation from the mean.
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Figure 6.5. Competitive binding of Phosphate and Selenate to CysZ
Purified I. loihiensis CysZ binds phosphate with an IC50 of 14.4mM, and selenate with an IC50
of 6.6mM as measured by the scintillation proximity assay (SPA). 50ng of CysZ was used per
point, concentration of cold ligand was varied from 0-50mM and the experiment was performed
at pH 7.0. Assay points were performed in triplicate, background was subtracted and error bars
indicated were calculated by standard deviation from the mean.
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Effect of pH on Sulfate Binding to CysZ
Next, we wanted to fully characterize the factors that could affect or contribute to the binding of
sulfate to CysZ. To this end, we tested the effect of different pHs by performing the scintillation
proximity assay (SPA) on CysZ in buffers ranging from pH 4 to 8 (Figure 6.6). In this
experiment, we see a ~ 8 fold increase in the binding of sulfate at low pH with a peak at pH 4.5,
over that at higher pH, diminishing greatly in basic conditions at pH 7-8. We could not perform
the experiment below pH 4, as the interaction of the His-tagged protein with the copper-YSi
scintillation beads is impeded in acidic environments below or around pH 4. This would result in
an artificially reduced signal at low pH, and we see an effect of this at pH 4 in the below
experiment. Nevertheless, the effect of the pH on binding of sulfate is very clear from this
experiment, and this led us to want to test the effect of pH on the uptake of sulfate as well.

Figure 6.6. Effect of pH on Sulfate Binding to CysZ.
Binding of [35S] SO4 to CysZ (I. loihiensis) in buffers of different pHs between 4 and 8 by SPA,
250ng of CysZ was used per point, and each assay point was performed in triplicate, with the
background binding subtracted and error bars calculated by standard deviation from the mean.
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Effect of Mutation of ‘Sulfate Binding Site’ on Binding in CysZ
The structure of CysZ from I. loihiensis showed us that a sulfate ion bound specifically to a site
on the protein that we call the ‘sulfate binding site’, comprising of a conserved GLR(R) motif.
The sulfate is coordinated by the positive charge of the arginine (R27 in I. loihiensis, and R25 in
P. fragi) and the backbone NH of the glycine residue. We mutated the arginines of both CysZ
homologs to alanines (in the case of I. loihiensis we also mutated the less conserved R28, which
is absent in P. fragi), to make I. loihiensis R27A/R28A and P. fragi R25A mutants. We wanted
to test the 2 mutants for their sulfate binding capacity and compare them to their WT
counterparts. The initial SPA experiment was done on the I. loihiensis CysZ R27A/R28A mutant
and WT protein, and subsequently it was repeated with P. fragi CysZ. Competitive binding
curves for sulfate show a diminished sulfate binding for the R27A/R28A mutant at pH 4.5, but a
more comparable binding to WT at pH 7.5 (Figure 6.7).

Figure 6.7. Binding of Sulfate by CysZ WT and Binding Site Mutant.
[35S] Sulfate binding at pH 4.5 and 7.5 measured by SPA is shown for both CysZ from I.
loihiensis and P. fragi WT and binding mutant proteins, purified in DM. All points were
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measured in triplicate and background binding was subtracted, error bars were calculated by the
std. deviation from the mean.
Effect of Detergent on Sulfate Binding
Detergent has often been implicated in affecting the function of proteins, and the activity of
certain membrane proteins can be diminished in some detergents either due to the relatively large
size of their micelle around the protein or their “harshness”. Since CysZ is purified in DM and
crystallized in OG, we wanted to make sure that the detergent we was not playing a role in
affecting the binding of sulfate. All our binding assays are typically done with the protein
purified in DM, hence comparing it to the binding with the protein exchanged into OG would tell
us if the type of detergent was playing a role in CysZ activity. The experiment showed us that no
matter what detergent the protein was in we would observe similar levels of sulfate binding
(Figure 6.8).

Figure 6.8. Effect of Detergent on Sulfate Binding to CysZ.
250ng of CysZ WT protein purified in either DM or OG, treated with exactly the same
conditions other than the detergent, were measured for [35S] sulfate binding by SPA at pH 4.5
and 7.5. Binding levels are comparable in both detergents at the two pHs. Points measured in
triplicate, error bars calculated by std. deviation from the mean.
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Sulfate Uptake in E. coli CysZ Knockout Strain
To replicate the experiment on the CysZ knockout strain in E. coli, we performed a similar
uptake measurement using the same protocol as F. Parra et al. used in 1983. As described in the
methods section, the CysZ deletion strain from the Coli Genetic Stock Center (Yale University)
was grown alongside the parental E. coli WT strain, and after an overnight sulfate starvation in
DM minimal media, the cells were used for [35S] sulfate uptake first at pH 7.5. The results of this
time course experiment were reminiscent of what was seen previously in the eighties. The CysZ
knockout strain showed diminished sulfate uptake as compared to the WT strain that showed
greater sulfate accumulation over time (Figure 6.9).

Figure 6.9. Sulfate Uptake of CysZ Knockout Strain compared to WT.
~10µg of E. coli K12 cells and E. coli K12 CysZ knockout cells (at 0.7mg/ml) were used per
point with 320µM [35S] sulfate in 5mM Hepes pH 7.5 buffer for uptake measurements (as in
(Parra, Britton et al. 1983), each assay point was repeated in triplicate, with error bars calculated
by std. deviation from the mean.
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Sulfate Uptake in CysZ Knockout Strain Rescued by CysZ Expression
We next wanted to test if the deficient sulfate uptake in the CysZ knockout strain could be
rescued by the transformation and expression of the CysZ plasmid. To perform this experiment,
the CysZ deletion strain (made competent, as described in the Methods) was transformed with
our I. loihiensis CysZ plasmid (in the NYCOMPS ampicillin expression vector) as well as the I.
loihiensis CysZ R27A/R28A sulfate-binding mutant plasmid. As a control the cells were also
transformed with the same plasmid with no gene inserted. The cells were grown in the same way
as in the previously stated experiment, with sulfate starvation overnight after the protein
expression was induced for 5 hrs at 37°C (details in Methods). The experiment was done at pH
4.5 (in 5mM sodium citrate buffer) as well as at pH 7.5 (Figure 6.10 A and B). The results were
striking, showing that CysZ expression did indeed rescue the sulfate uptake in the knockout
strain, whereas the R27A/R28A sulfate-binding mutant was not able do so. The amount of
sulfate accumulated was greater at pH 4.5 than at pH 7.5 in accordance with our earlier sulfate
binding data, showing that not only binding, but also uptake was influenced by the pH. The rate
of uptake was also faster than that measured in the WT E. coli K12 strain, probably due to overexpression of the transformed-in CysZ (IPTG-induced). This experiment also shows us that the
R27A/R28A sulfate-binding mutant is not only impaired in sulfate binding but the mutation also
plays a role in sulfate uptake. The nature of this site is likely to be regulatory, away from the
putative ion conduction pathway of the CysZ.
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Figure 6.10. Sulfate Uptake Rescue by CysZ WT in E. coli CysZ Knockout at pH 7.5 and
pH 4.5.
[35S] Sulfate uptake in the E. coli CysZ knockout strain is rescued by the expression of I.
loihiensis CysZ, but not by the expression of the CysZ R27A/R28A mutant. In each experiment,
both at pH 7.5 (A) and 4.5 (B), ~10µg of cells were used per point and all points were performed
in triplicate and error bars were calculated by std. deviation from the mean.

pH Dependence of CysZ Mediated Sulfate Uptake
We measured the sulfate uptake by CysZ I. loihiensis the E. coli knockout strain over a pH series
between 3.5 and 9.0 to characterize its pH dependent activity. The accumulation in cells was
measured in the different buffers using 320µM of [35S] sulfate, over a time course of 0-60
seconds. The results showed again that the greatest amount of sulfate was accumulated at low or
acidic pHs (3.5-4.5). This could be interpreted in two ways; either the transport of sulfate is
coupled with proton co-transport or that protons control or ‘gate’ the opening of CysZ for sulfate
uptake to occur (Figure 6.11).
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Figure 6.11. pH dependence of Sulfate uptake by CysZ.
[35S] Sulfate uptake (at 320µM) by CysZ measured in E. coli CysZ knockout strain, showed pH
dependent uptake, accumulating the highest amount of sulfate at pH 4.0 over a time course from
0-60 seconds. Control CysZ knockout strain cells did not show an accumulation of sulfate over
time. All points were measured in triplicate using ~10µg of cells per point, error bars calculated
by std. deviation from the mean.
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Uptake Kinetics of CysZ
From our cell based uptake experiments, we noticed that the rate of sulfate uptake was the
greatest in the first 10 seconds, so to further characterize the function of CysZ we measured the
initial rate of uptake in the first 5 seconds of exposing the cells to different concentrations (1µM25mM) of [35S] sulfate (Figure 6.12). This measurement could potentially give us an idea of the
kinetics of uptake by CysZ, however we cannot make an accurate estimate of the number of
CysZ molecules present in each cell, or the expression levels of CysZ in these cells. The results
of the uptake showed us that the rate is indeed very fast, with a Vmax of 87.7 nmol min-1 from 15
µg of cells per point. We would need to repeat such an experiment in liposomes, with a known
amount of protein incorporated, to get a relatively accurate measure of the ion conduction rate
per molecule of CysZ. The typical rate of a transporter is 102 -103 ions per second, compared to a
channel that has a typical rate of 107-108 ions per second (Hille 2001).
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Figure 6.12. Uptake kinetics of CysZ.
[35S] Sulfate uptake in 15µg E. coli CysZ knockout cells expressing CysZ I. loihiensis, measured
at 5 seconds, with increasing concentrations of [35S] sulfate (1µM-25mM) at pH 4.5. The initial
rate is plotted on the y-axis in nmol/min, and Km and Vmax were calculated, each point was
measured in triplicate and error calculated by std. deviation from the mean.

CysZ, a pH Dependent Sulfate Channel or Proton-Coupled Sulfate Transporter
From the earlier experiments, CysZ showed a pH dependence in sulfate binding as well as in
uptake. In our cell-based assay, the internal pH of the cells could not be manipulated artificially
hence we would be creating a proton gradient across the membrane by incubating the cells in low
pH external buffer. We wanted to explore further whether this effect of acidic pH was a channelgating phenomenon or whether this was a proton-coupled sulfate transport system that was
driven by a proton gradient. To answer this question, in this experiment we measured [35S]
sulfate uptake after abolishing the proton gradient across the membrane, using proton gradient
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uncouplers such as CCCP (Carbonyl cyanide m-chlorophenyl hydrazone), DNP (2,4dinitrophenol) and the mitochondrial poison oligomycin that blocks the FO subunit of the F1 FO
ATP synthase. These CCCP and DNP are well-known protonophores, that allow for the passage
of protons through the lipid bilayer down their concentration gradient (Grinstein and Rothstein
1986; Buckler and Vaughan-Jones 1998). The results show us that there is no change in the
sulfate uptake by CysZ expressing cells, in the presence and absence of the proton gradient
uncouplers at any pH (Figure 6.13). This suggests that the sulfate uptake by CysZ is not driven
by a proton gradient, ruling out the possibility of CysZ being a proton-coupled transporter, but
instead increasing the likelihood that CysZ is a channel that is gated or “opened” by protons or
acidic pH.

Figure 6.13. Effect of Proton Gradient Uncouplers on the Sulfate Uptake by CysZ.
I. loihiensis CysZ expressed in the E. coli knockout strain shows unchanged sulfate uptake levels
in the presence of protonophores: CCCP, DNP and oligomycin. [35S] sulfate uptake was
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measured in triplicate at pH 4, 5.5 and 7 and total accumulation was plotted after a 10 second
incubation. Error bars were calculated by std. deviation from the mean.
Sulfate Uptake by CysZ Reconstituted into Proteoliposomes
We had measured sulfate uptake by CysZ and lack-thereof in the E. coli CysZ knockout strain,
and we next wanted to learn if CysZ retained its uptake or potential channel properties when
purified in detergent and reconstituted into liposomes. This would also provide a much cleaner
system in which to measure uptake, and it would also rule out whether CysZ required a binding
partner in the cell or if it functioned on its own. To this end, after many trials, we were able to
incoporate CysZ into lipsomes, made from a 3:1 ratio of E. coli polar lipids and
phosphatidylcholine (added to help reduce the leakiness of the liposomes), using protocols
described in the Methods section of the chapter. The liposomes with CysZ showed an
accumulation of sulfate over time, at a similar rate (peaking in the first 10 seconds) as we
observed in the cell-based assay (Figure 6.14). Both the WT homologs exhibit similar behavior,
with their mutants having diminished sulfate uptake. The experiment showed us that CysZ
functioned on its own as a sulfate transport protein, and that even after detergent extraction and
purification it remained functional when in the lipid bilayer.
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Figure 6.14. Sulfate Uptake by CysZ Reconstituted into Proteoliposomes.
CysZ from I. loihiensis and P. fragi along with their respective sulfate-binding mutants
(R27A/28A and R25A) were purified in DM and incorporated into liposomes. The liposomes
were prepared (as described in the Methods) in pH 4.5 buffer and [35S] sulfate uptake was
measured in the same buffer composition with 10µl of liposomes at 10mg/ml (protein to lipid
ratio of 1:100) per point. All time points were measured in triplicate and error calculated by std.
deviation from the mean.

Effect of Variation in Internal and External pH on Sulfate Uptake in Proteoliposomes
To characterize the pH dependence or sensitivity of CysZ, we used our proteoliposome [35S]
sulfate uptake assay to test the effect of varying the pH on both sides of the membrane, achieved
by preparing the liposomes at both pH 4.5 and 7.5 with and without CysZ incorporated. We then
measured [35S] sulfate uptake in various combinations of pH, by incubating the liposomes in
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either pH 4.5 or 7.5 as the external buffer with 200mM cold sulfate containing a [35S] sulfate
tracer (at ~10nM). This experiment would help us re-confirm the role of the pH as a gating
mechanism, rather than a proton coupling mechanism. The results did in fact reiterate that the pH
was involved in the opening of the CysZ sulfate pathway, as the conditions in which the same
low pH buffer (4.5) was used on both sides of the membrane gave us the highest

35

sulfate

accumulation in the liposomes. With pH 7.5 on both sides, we see a significant decrease in
35

sulfate uptake that improves when there is pH 4.5 on either side of the membrane (Figure

6.15). This experiment confirms that CysZ does not need a proton gradient for sulfate uptake and
suggests that CysZ is a pH dependent channel, gated by the action of protons, transporting
sulfate down its concentration gradient.
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Figure 6.15. Effect of Internal and External pH Variation on Sulfate Uptake in Liposomes.
[35S] Sulfate uptake is driven by the sulfate concentration gradient and not by the proton
gradient, as shown with highest sulfate uptake at pH 4.5 on both sides of the membrane. 10 µl of
I. loihiensis CysZ incorporated into proteoliposomes at 10mg/ml (at a protein to lipid ratio of
1:100) were used per point with 200mM Na2SO4 (containing 10nM [35S]), and all points were
measured in triplicate. Error bars indicated by the std. deviation from the mean.

Ionic Selectivity of CysZ
The binding data from our SPA experiments showed us that CysZ bound both selenate and
phosphate with approximately 6 and 10-fold lower affinity respectively, and this led us to the
question of the ionic selectivity and specificity of CysZ mediated uptake. We wanted to
characterize whether the channel was broadly anion specific, or whether it was more selective to
oxyanions with similar atomic structure and charge as sulfate. We used a competitive uptake
experiment measuring [35S] sulfate

(320µM) accumulation in the E. coli knockout strain

expressing CysZ I. loihiensis, in the presence of 10mM of a competing cold ligand (Figure
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6.16). We also tested the effect of different cations comparing sodium sulfate, potassium sulfate
and ammonium sulfate. The results clearly showed a strongly diminished [35S] sulfate
accumulation in the presence of cold sulfate, with no difference between the different cations, as
well as a 40% decrease in [35S] sulfate uptake in the presence of the competing ligands selenate
and phosphate. The other ligands: nitrate, thiosulfate, sulfite, chloride, and gluconate did not
affect [35S] sulfate uptake at all. This indicated that CysZ is a specific anion channel, with highly
selective passage for sulfate, and analogs of sulfate such as selenate and phosphate.

Figure 6.16. Ionic Selectivity of CysZ.
320 µM [35S] sulfate uptake measured at pH 4.5 in the prescience of 10mM of different
competing (cold) ligands. The uptake was measured in the E. coli knockout cell strain expressing
CysZ I. loihiensis, at 10-second time points, in triplicate. Error bars were calculated by std.
deviation from the mean.
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Sulfate Uptake by CysZ is Driven by the Sulfate Gradient and is Gated by Acidic pH
CysZ has shown the ability to conduct or create a passage for the negatively charged sulfate ions
through the lipid bilayer. To confirm once more that the flow of sulfate ions was down the
concentration gradient for sulfate, and that the pH (or protons) was playing a role in the gating of
the channel, we conducted an uptake experiment in proteoliposomes in different combinations of
sulfate concentration (20mM or 200mM) and pH (4.5 or 7.5) inside the liposomes and in the
external buffer (Figure 6.17). The results of this experiment reconfirm our original hypothesis
that CysZ functions as a channel that is pH sensitive or dependent, opening at acidic pHs and
conducting the flow of sulfate ions along the concentration gradient. The upper panel of 4 plots
in Figure 6.17, are showing the [35S] sulfate accumulation (in nmol) with 20mM sulfate on the
outside of the liposomes, with either 200mM or 20mM on the inside, at pH 4.5 or 7.5. In this
panel we see that there is no transport of [35S] sulfate into the liposomes when the concentration
of sulfate inside is 200mM (outside is 20mM), as that would be against the concentration
gradient, even when the pH is 4.5 on both sides. When the concentration of sulfate is the same
(i.e. 20mM on both sides of the membrane), we see a slight increase in uptake (10nmol) but only
when the pH is at 4.5 on one or both of the sides. The lower panel of 4 plots shows the uptake of
[35S] sulfate (accumulation in nmol) when the concentration of sulfate outside the liposomes in
the external buffer is 200mM. Now, we see a large accumulation of [35S] sulfate in the liposomes
containing CysZ over the control (~ 400 nmol), when the internal sulfate concentration is 20mM
and the pH is 4.5 on one or both sides, with the largest uptake observed when the pH is 4.5 on
both sides. We also see an accumulation of [35S] sulfate with 200mM concentration on both sides
at pH 4.5. A reasoning behind that could be that the low pH opens the pore of CysZ, allowing the
flow of ions in and out of the liposome, resulting in an equilibrium of the sulfate ions on both
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sides of the membrane, causing some [35S] sulfate to enter the liposomes, but to a far less extent
than we see when the concentration gradient is 10-fold (with 20mM-200mM, in-out). This
experiment serves as a reiteration of the functionality of CysZ as a sulfate specific channel that
conducts sulfate when its pore is opened by the effect of low pH.

Figure 6.17. Driving force of Sulfate Uptake by CysZ in Proteoliposomes.
Uptake of [35S] sulfate by CysZ I. loihiensis proteoliposomes, at different internal and external
sulfate concentrations (20mM and 200mM, with the same total amount of [35S] SO4 in both
cases) and pHs (4.5 and 7.5). Control liposomes with no protein were treated in the same way as
those with CysZ. All time points were measured in triplicate, with 10µl of liposomes at 10mg/ml
(protein: lipid, 1:100), and error bars were plotted as std. deviation from the mean.
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Functional Mutants of CysZ
We performed a conservation analysis of CysZ I. loihiensis using the web-server program
ConSurf (Glaser, Pupko et al. 2003; Landau, Mayrose et al. 2005; Ashkenazy, Erez et al. 2010)
using a BLAST search of a subset of 150 homologs with a sequence identity of a maximum of
95% and minimum of 35% (E-value of 0.0001). The conservation analysis showed us that the
majority of conserved potentially functional residues lie in a cluster in an area we believe the
putative pore of the channel lies. These highly conserved residues in the pore of CysZ are poised
to make hydrogen bond pairs with each other, and it was likely that mutating them would have
an effect on the function of CysZ (Figure 6.18). We selected a subset of these residues and
mutated them either to alanines, to functional groups that are close alternatives (eg. Q to N) or to
residues of opposing charge (eg. R to E). We then tested these mutants for expression and
function by transforming and expressing them in our knockout strain for sulfate uptake,
preparing the cells in the same way as for the previous experiments, described in the Methods
section. The expression levels of the mutants were very comparable to the WT protein and the
mutants that expressed at a lower level (N185D and N221A) are not shown in these results. The
[35S] Sulfate uptake was measured at pH 4.5 after sulfate starvation at 5 seconds. A subset of the
mutants that were tested is shown in Figure 6.19, normalized compared to the WT protein which
is set at 100% uptake. We see a severe reduction in uptake for Q177 when it mutated to an N;
and a large reduction in uptake for N102 when mutated to an A, which is partially rescued by
mutating it to a D. R27A/R28A as seen before shows us the same diminished uptake, confirming
the effect of the mutation to the sulfate binding site on the sulfate uptake of CysZ. The mutants
tested in this assay would require further analysis before we are able to draw conclusions on their
exact role in the functioning of CysZ. Our mechanistic hypothesis once developed will also
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generate a new set of mutants to measure, in order to back our hypothesis with mutational
effects. We would also have to analyze these mutations at both pH 4.5 and pH 7.5 to try and
identify the pH sensing residues that could be involved in the pH gating of CysZ.

Figure 6.18. Conserved Residues of Potential Functional Importance in CysZ.
View of I. loihiensis CysZ from the inside cavity of one monomer looking out towards the
conserved pocket, colored by Consurf color code, denoting level of conservation of residues
(magenta - most conserved, cyan - least conserved). The residues marked were mutated for the
purposes of our sulfate uptake experiment, to measure effect of mutation on CysZ functionality.
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Figure 6.19. Functional Mutants of CysZ.
CysZ knockout strain transformed with a subset of CysZ I. loihiensis mutants, were tested for
[35S] sulfate uptake (after sulfate starvation), at pH 4.5 (5mM Na Citrate buffer), at 5-second
time points. All points were measured in triplicate using 10µg of cells per point; counts were
normalized to the WT (100%). The counts from the control cells are subtracted and error bars
calculated by std. deviation from the mean.

Single Channel Recordings in a Planar Lipid Bilayer
Electrophysiology on proteins reconstituted in planar lipid membranes is the most sophisticated
and informative technique to analyze the transport of ions across the membrane.
The Simple Laws of Physics Applied to Ion Channels
The functional properties and the behavior of ion channels are primarily studied with
electrophysiology techniques, by measuring the flux or current resulting from the flow of ions
through the channel in an electrical cell setup. The total current that flows through a population
of channels in a membrane is given by the following relationship:
I = N PO g (Vm – Ei)
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where, I is the current, N is the number of channels in the membrane, PO is the open probability
(time open/total time), g is the single channel conductance, Vm is the membrane voltage, and Ei
is the permeant ion’s equilibrium potential (Reuss 2013).
This is also known as Ohm’s Law, the most important relationship to keep in mind when
studying ion channels. Ohm’s law states that the current or flow of ions through the channel is
equal to the product of the conductance of the channel and the voltage or potential difference
applied across the conductor or membrane, where the unit of current, I is amperes (A),
conductance, g is seimens (S) and voltage, E is volts (V) (Hille 2001).
Ohm’s Law

I=gE

It may also be written in terms of resistance, R in ohms (Ω), the reciprocal of conductance.
Ohm’s Law

E=IR

The cell membrane or lipid bilayer has important ability to separate charge and create a potential
difference across its two sides. This property is called the capacitance, C in farads (F), defined as
the amount of charge transfer, Q in coulombs (C) that is required to create a given potential
difference, E.
C=Q/E
In an electrical cell setup with two chambers containing different concentrations of a salt solution
(high and low), separated by a bilayer with a pore selective to the cation only, there will be the
tendency for the system to try and reach equilibrium. The permeant ion, the cation will flow
down its concentration gradient, to give the side of lower concentration an excess positive charge
due to the absence of the flow of the anion. The flow of cations will eventually cease, before
reaching chemical equilibrium, as the electrical force of the building positive charge would
oppose the flow of the cations, until an equilibrium is reached, resulting in a potential difference,
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called the equilibrium potential for that particular cation (Hille 2001). This equilibrium
potential is a function of the concentration ratio of the ion, s and its valence or charge, zS. This
relationship is known as the Nernst Equation:
ES = E1 – E2 = RT / zSF ln[S1]/[S2]
where, R is the universal gas constant = 1.987 cal mol-1 K-1, T is the temperature in kelvin (K), F
is Faraday’s constant = N qe = 9.6485 x 104 C mol-1, and 1 and 2 define the sides of the
membrane, by physiological convention, 1 is intracellular and 2 is extracellular (Hille 2001).
The equilibrium potentials have been measured for many different ions in different types of cell
membranes. One can determine the ionic selectivity of a channel by measuring its zero-current
potential with two different ions (A+ and B+) on each side of the membrane. The permeability
ratio PA /PB is defined as the reversal potential:
Erev = RT / z F lnPA [A]/PB [B]
CysZ in a Planar Lipid Bilayer Setup Shows Channel Activity
Alongside our work on the characterization of the function of CysZ on a macroscopic level in
cells, we decided to also devote our efforts to investigating the use of the planar lipid bilayer
technique for CysZ, to measure its single channel activity. To this end, CysZ from I. loihiensis
purified from porin-deficient E. coli strain (Mertens and Van Gaal 2005) was used to form
proteoliposomes by sonicating the purified protein with a 1:1 mixture of bovine brain
phosphatidylethanolamine (PE: 10 mg/ml) and phosphatidylserine (PS: 10 mg/ml) that were then
reconstituted into a planar lipid bilayer as previously described in the Methods section. In
symmetrical 150 mM Na2SO4 solutions a ~ 45 pS linear conductance was obtained (Figure 6.19)
that was abolished when the sulfate solutions were replaced by symmetrical 150 mM NaCl
solutions. The conductance measured is a maximal conductance (could be from multiple
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channels in the bilayer), and it is yet unclear what the unitary conductance of the CysZ channel
is. Recordings were performed using standard planar lipid bilayer rigs. These results suggested
that symmetrical sulfate but not chloride ions supported currents through the reconstituted CysZ
from I. loihiensis.

Figure 6.19. Representative traces of current generated by I. loihiensis CysZ in the planar
lipid bilayer.
A. Representative 40 sec traces at different voltages for the reconstituted I. loihiensis CysZ in the
planar lipid bilayer under symmetrical 150 mM Na2SO4 solutions. B. I-V relationship plotted
from traces such as those shown on the left, showing a linear relationship between voltage and
current (Ohm’s Law). The maximal conductance, obtained from the slope of the IV curve = ~ 45
pS. (Figure provided by Edgar Leal-Pinto, VCU)
Open Probability of CysZ Exhibits pH Dependence
Just as was performed in our cell-based and liposome [35S] sulfate uptake experiments, we tested
the effect of pH variation on the channel activity of CysZ in the planar lipid bilayer setup. A
clear distinction was observed between the open-probability of the CysZ channel at low pH and
that of the channel at higher or more basic pH. The amplitudes (4-5pA) of the openings remain
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the same at all pHs, but the amount of time the channel is in the open state, conducting ions
across the bilayer, is significantly greater at acidic pHs. The open probability at pH 4.1 is ~0.8,
where a value of 1 implies the channel is always open, whereas when the pH is increased to 7.2,
the open probability drops to ~0.3, and reduces even further to 0.15 and then 0.05 when the pH is
increased to 8.38 and then to 9.5 (Figure 6.20). These results are in accordance with our results
from the [35S] sulfate uptake experiments, where we identified that the acidic pH or protons are
involved in gating or triggering the opening of the channel, rather than being the driving force
for sulfate uptake.

Figure 6.20. Open Probability of CysZ I. loihiensis as a function of pH.
A. The open probability (Po) of CysZ in the planar lipid bilayer setup is plotted as a function of
pH, as traces were recorded in different pH buffers containing 150mM Na2SO4 between 4.1 and
9.5. The largest Po is seen at pH 4.1 where the channel is open ~80% of the time, whereas it
drops dramatically to 10-20% open at pH 8-9, n=80. B. Representative traces of CysZ channel
openings at pH 4.1 and pH 7.2. (Figure provided by Edgar Leal-Pinto, VCU)
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Open probability of the Sulfate Binding Mutant of CysZ
The sulfate-binding mutant of I. loihiensis CysZ with the R27A/R28A mutation has a severely
diminished open probability (Po) as compared to the wild type protein when reconstituted into
the planar lipid bilayer for single channel recordings. At pH 4.2, with symmetrical sulfate
conditions on both sides of the membrane at 150mM and an applied potential of -50mV, the WT
protein has an open probability of 80% whereas the mutant has an open probability of 25%
(Figure 6.21). This suggests that the sulfate-binding mutant is involved in a gating or regulatory
mechanism that requires the interaction of the sulfate ion in the site in order to trigger the
channel opening. The sulfate-binding site is at a considerable distance away from the conserved
pocket residues in the core of CysZ, likely to be indicative of the pore, and would likely not be
directly involved in the pore or ion conduction pathway for sulfate.

Figure 6.21. Open Probability of I. loihiensis CysZ WT and Sulfate Binding mutant.
Representative traces of the channel activity of CysZ WT and R27A/R28A mutant, at pH 4.2,
with symmetrical sulfate concentrations on both sides of the membrane. At -50mV applied
voltage, we see clear openings (downward) of CysZ WT, but significantly decreased channel
openings of the mutant. The sulfate-binding mutant (R27A/R28A) shows a diminished (25%)
open probability as compared to the WT protein that has a Po of 80% in the planar lipid bilayer
setup. (Figure provided by Edgar Leal-Pinto, VCU)
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CHAPTER 7.
Discussion and Mechanistic Hypothesis for Sulfate Transport by CysZ
Introduction
Based on the data we have amassed from both our structures and the functional experiments, we
are poised to suggest a mechanistic hypothesis for the passing of sulfate through CysZ. The fold
and dimeric assembly of CysZ have never been seen before in membrane proteins, let alone ion
channels. Although EmrE paved the way by introducing a class of small dual-topology
secondary transport proteins, CysZ has proven to be very different and novel from EmrE, with
only two transmembrane helices per monomer and its pairs of hemi-penetrating helices that must
interact to form the ion conduction pathway. From our functional experiments, we saw that CysZ
did indeed transport sulfate with fast kinetics, ion specificity, and along its concentration
gradient, allowing us to conclude that CysZ behaves like an ion channel, with strong gating
effects from pH and the sulfate ions themselves. The challenge then arose for us to connect our
exciting functional results to our novel and unusual structure. After careful examination of our
results so far, I will now describe our mechanistic hypothesis for the pH-dependent passage of
sulfate through CysZ.
Summary of Functional Experiments on CysZ
Our functional experiments involved a three-pronged approach to a further understanding of
CysZ’s role in sulfate transport, involving: Radioligand binding experiments, macro-scale
radioligand uptake experiments in cells and proteoliposomes, and single channel flux
measurements in a planar lipid bilayer setup. With this approach, we set out to characterize the
functional properties of CysZ.
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In summary, our results showed us that CysZ bound sulfate, while also being able to bind sulfate
analogs, selenate and phosphate. Mutations to the sulfate-binding site in CysZ caused a decrease
in binding (~60% of WT), but did not abolish it completely. The pH greatly affected the binding
of sulfate to CysZ, showing ~10-fold greater binding at acidic pH (pH 4-5) over basic or neutral
pHs. The role of pH on sulfate binding to CysZ led us to the sulfate uptake experiments, where
we measured the same effect of pH on sulfate uptake in cells expressing CysZ, as well as in
proteoliposomes. Our results showed us that uptake of sulfate was greatest with low pH (pH 4.5)
on both sides of the membrane in proteoliposomes. These results along with the experiment
involving the addition of proton gradient-uncouplers (CCCP, DNP protonophores) during uptake
in cells showed us that the proton gradient was not required for sulfate uptake via CysZ. This
allowed us to conclude that the driving force of uptake by CysZ was just the sulfate gradient, and
it did not involve a coupled transport system. The sulfate-binding site mutant was seen to be
deficient not only in sulfate binding but also in uptake. CysZ was fairly selective, allowing the
uptake of sulfate to be competed out partially only by selenate and phosphate ions, showing its
preference for oxy-anions of a certain size. The rate of uptake by CysZ was very fast, with the
rate of accumulation of sulfate peaking at 5-10 seconds. The evidence listed so far consistently
shows that CysZ behaves like a channel that is pH dependent, and not like a coupled secondary
transporter. The single channel data we obtained in the planar lipid bilayer system substantiated
our sulfate uptake experiments, showing clear channel activity from CysZ, with increases in
open probability at acidic pH and decreased open probability of the sulfate-binding mutant.
Summary of Important Structural Features of CysZ
The structures of CysZ from both species show very interesting, unexpected features that are
crucial in our understanding of the mechanism of sulfate translocation through CysZ. The
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common aspects from the two structures reveal the topology of the monomer of CysZ that has
only two TM helices (helices 2 and 3), instead of the predicted four and has two pairs of hemipenetrating helices (4-5 and 7-8) that dip partially into the membrane and then turn back out the
same side of the bilayer. These helices contribute to what is a truly novel topology and
architecture for an ion channel. The dimer of CysZ shows a dual topology head-to-tail assembly
in the crystal structure that was validated by crosslinking experiments in the membrane,
confirming that the dual topology dimer is the true physiological oligomeric state of the protein.
The high-resolution structure of I. loihiensis CysZ, at 2.1 Å, although in a seemingly artifactual
oligomeric state in the crystal, revealed the conserved sulfate-binding site (GLR motif) with a
sulfate ion bound in its pocket. This feature, led us to our functional exploration of the sulfatebinding mutant of CysZ. The structure of P. fragi CysZ, at 3.2Å resolution, elucidated the true
form of the CysZ dimer, and with that structural information we were able to comparatively
understand the packing of I. loihiensis CysZ as a dimer-of-dimers and draw the similarities in the
two structures. However, the sulfate binding site of P. fragi appears to be unoccupied.
Conservation analyses plotted on the structures pointed us to the direction of the potential pore of
the CysZ sulfate channel, which we will now explore in detail followed by the inner cavity and
ion conductance pathway of the protein.
Putative Pore of the CysZ Channel
We propose that pore or entrance to the CysZ channel lies in the core of the protein, where the
highest level of sequence conservation lies. When viewing the molecule of P. fragi CysZ from
the top, we see an ‘aperture’ that is the entrance to a pathway that leads through the length of the
dimer reaching the same point on the other protomer at the other side of the membrane (Figure
7.1A). The conservation analyses plotted on the structure of P. fragi CysZ, points to that very
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same entrance as having the highest level of conservation (Figure 7.1 B). We believe that this
key pocket of residues comprises the entrance to the pore of CysZ, making an aperture between
the three helices that contribute to form it (helices 3, 4, 5).
The residues surrounding the pore are, at first glance not what one would expect intuitively from
an entrance to an anion channel. They are predominantly negatively charged residues as seen in
the electrostatic surface potential of CysZ (Figure 7.1 C). This aperture or hole was not as
clearly visible in the structure of I. loihensis CysZ likely due to the helical distortions of the
structure, and that being at a higher pH (pH 8.0) in the crystal structure, it might have been in a
more closed state. Upon first glance at the negatively charged pocket, we had considered the
prospect of CysZ being a co-transporter with the possibility of a sodium ion or protons coupling
to the transport of sulfate, hence explaining the conserved negative charge of the pocket.
However, this theory was ruled out by our functional data on CysZ described in Chapter 6 that
convincingly provided evidence that CysZ was a channel that allowed the passage of sulfate
down its concentration gradient, without any coupled transport of a cation. A close up view of
the pore shows the interacting residues pairs within hydrogen-bonding distances at the entrance
of the pore. For our mechanistic hypothesis, we will now focus on the residues highlighted in the
close-up view of the pore (Figure 7.2).
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Figure 7.1. The Putative Pore of CysZ.
A. The pore of CysZ is seen in the center of the hydrophilic, external surface of the molecule.
The pore or opening of each monomer is aligned due to the dual topology dimeric assembly of
the CysZ. This allows us to visualize a clear pathway through the dimer that begins at the pore of
one monomer and ends at the pore of the other. B. The conservation analysis of CysZ highlights
a very conserved cluster or pocket of residues in magenta, at the center of the molecule, exactly
where we believe the entrance to the channel or the pore lies. C. The electrostatic view of CysZ
looking down at the pore, shows a negatively charged pocket (in red) that is surrounded by
positively charged residues (in blue). The negatively charged pore is unintuitive for a sulfate ion
that is negatively charge, but its relevance is explained by our mechanistic hypothesis. Arrows
mark the location of the pore, figures were created using PyMol, in conjunction with ConSurf
and DelPhi.

Mechanistic Hypothesis of Sulfate Conductance and pH Dependence in CysZ
Due to the unusual structure of CysZ, structure determination methods alone were not enough to
generate a mechanistic hypothesis for sulfate transport. Our trove of functional data, which were
accumulated after the structure of I. loihiensis CysZ, was first determined, helped us immensely
in developing a mechanism. With the functional results strongly suggesting that CysZ functioned
as a (acidic) pH dependent sulfate channel, we then went back to our structure, to see how we
could best connect the functional results with the conservation analysis and structural features of
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CysZ. Upon, identifying the putative pore of CysZ in the central core of the molecule, we were
challenged with the predominantly negative charge of the residues lining the pore. The key to the
mechanism was understanding how a negatively charged ion like sulfate could pass through the
putative pore without being repulsed. To connect the pH sensitivity that showed significantly
greater sulfate binding and uptake at acidic pHs below pH 5 to our hypothesis, we took a look at
the pKas of the residues lining the pore. To this end, we used a web-server program called
PROPKA (Li, Robertson et al. 2005; Bas, Rogers et al. 2008), which predicts pKa values of the
residues of the molecule with the structure file as the input. The predictions are based on
empirical relationships such as desolvation effects and intra-protein interactions, which cause
variations in pKa values of protein ionizable groups (Li, Robertson et al. 2005). The pKas
generated by the program for the P. fragi CysZ dimer were striking. It revealed greatly elevated
pKas for the negatively charged residues involved in the entrance to the pore (Table 7.1). The
residues to pay attention to are E105, E108, E136 and D185 for P. fragi CysZ, and in I.
loihiensis CysZ the equivalent residues are E107, E110, E137, D184 (Table 7.2). The pKas of
these residues in P. fragi CysZ are raised to values of 5.3 and 5.75 (the residues of each protomer
have slightly varied pKa values) for D185 from its isolated value of 3.8, and to 5.6-5.9 for the
three glutamate residues from the isolated value of 4.5. These elevated pKas values were the
missing link in our understanding of the mechanism of CysZ. The pKas imply that the negatively
charged aspartate and glutamates would be protonated at pHs below their pKas, which would be
below ~ pH 5.5. With the protonation of these residues, the negative charge is neutralized, thus
changing the nature of the pore to a neutral pocket not repulsive to the negatively charged sulfate
ions. The conserved positively charged residues, H186, K139, R135 that surround and interact
with the negative residues, and Q178 that interacts with E136, would no longer hydrogen bond
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with the protonated and neutralized aspartate and glutamates. This would make the environment
slightly positive and attractive to the negative sulfate ions. The protonation below ~ pH 5.5
would thereby also allow the potential movement of the helices 3, 4 and 5 that create the pore, as
they are now no longer held tightly in place by the network of hydrogen bonds. The slight
movement of the helices could create more room for the sulfate ions to pass through the pore, as
the current distance measured between Q178 and E136 for example is ~3.8 Å. The differences
seen in the pKas of the two protomers of P. fragi CysZ show that they are not exactly alike, their
differences could be because the protein was crystallized at pH 5.8-6, which is just on the cusp of
the pH at which the protonation events would occur, potentially highlighting a state of CysZ that
is on the brink of reaching the open state. The nature of the pore opening mechanism would also
allow the protein to select against cations, as in its closed state the negatively charged residues
are coordinated and are locking the pore in a closed conformation. The protonation would render
the environment more positive, potentially repelling cations from entering the channel.
I. loihiensis CysZ on the other hand, has pKa values that are not elevated very much above the
model values, like that of P. fragi CysZ. This highlights that the I. loihiensis CysZ structure is
likely to be in a more closed or non-physiological state, due to its artifactual positioning of its
helices. The pore or aperture in I. loihiensis CysZ was also much less evident in the crystal
structure, with no obvious passageway through it (Table 7.2). The pKa values along with our
mechanistic hypothesis for channel opening, relates directly to the pH dependence of CysZ. The
functional experiments show us unequivocally that the CysZ channel, both for I. loihiensis and
P. fragi is open and conducts sulfate ions with great efficiency at acidic pHs lower than 5.5,
making complete mechanistic sense with our hypothesis of the protonation states of the
negatively charged residues.
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Figure 7.2. Close-up view of Residues Involved in Gating of Pore.
The residues involved in the pore of the CysZ channel are highlighted in stick representation on
the structure of the monomer of P. fragi CysZ. The proximity of the negatively charged residues
at the entrance of the pore makes it imperative that they be protonated before allowing the
passage of sulfate ions through the channel. The residues are colored by their ConSurf color code
(magenta- very conserved, cyan- not conserved) (Figure created on PyMol)
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Table 7.1. Predicted pKa Values of Residues Involved in the Entrance to the Pore of P.
fragi CysZ.
pKas predicted by PROPKA (Li, Robertson et al. 2005; Bas, Rogers et al. 2008), reveal elevated
pKa values of the negatively-charged highly conserved residues lining the pore of CysZ. The
residues of note are: D185, E105, E108, E136. The residues show pKas of 5.4-5.9, much higher
than their isolated values of 3.8 for Asp and 4.5 for Glu.
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Table 7.2. Predicted pKa Values of Residues Involved in the Entrance to the Pore of I.
loihiensis CysZ transverse dimer.
pKas predicted by PROPKA (Li, Robertson et al. 2005; Bas, Rogers et al. 2008), reveal pKa
values of the negatively-charged conserved residues that for the most part are not elevated to the
same level as they are in P. fragi. The residues of note are: D184, E107, E110, E137. The
denomination A and C designate the 2 monomer chains. The pKas of I. loihiensis reflect the
differences in the two structures, where I. loihiensis CysZ is seemingly in a more closed state due
to its conformation.
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Ion Conduction Pathway and Inner Cavity of CysZ
The conservation plot on the structure of P. fragi CysZ, as for I. loihiensis CysZ, shows a
conservation pattern that highlights the central pore and certain residues in the inner cavity of the
protein. We see that the TM helices are least conserved, having a general requirement to be
hydrophobic, apart from a few polar residues that face inward toward the central cavity of the
dimer. The pore or entrance to the ion conduction pathway lies in a highly conserved pocket
created in the triangular aperture or ‘iris’ formed between the start of helix 4 and the latter part of
helix 3 and helix 5 as it comes up into the hydrophilic core of the protein. Beyond the pore, the
inner cavity of CysZ is first narrow, lined by conserved polar residues from helix 4 and 5 before
opening up like a funnel. The majority of the rest of the central cavity formed between the two
monomers is, however fairly hydrophobic and not very conserved (Figure 7.3). There are some
polar residues that are scattered along the internal cavity: conserved N93, N160, and N221, and a
few serines and threonines that are not conserved and not pictured. The width or diameter of the
cavity is ~11Å in its widest central portion. The cavity is formed by a bundle of helices
contributed equally by both protomers, comprising of helices 3, 4, 5 and partially closed of by
helices 7 and 8 closer to the membrane interface. Hydrophobic surfaces also line the pore of
anion channels such as SLAC1 (Chen, Hu et al. 2010), creating an environment that is
energetically unfavorable for the negative ion, and hence creating a rapid passageway for the ion
through the channel.
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Figure 7.3. The Central Cavity of CysZ.
The lining of the central or internal cavity of CysZ is mostly hydrophobic and not very
conserved. There are a few conserved polar residues that are facing into the cavity that could be
energetically favorable to the sulfate ions, but the hydrophobic nature of the cavity could also be
a way to make the passage of ions through the channel rapid. The cavity is formed by helices 3,4
and 5 of both protomers (distinguished with a ‘). (Image created on PyMol)
Proposed Role of Sulfate-Binding Site
The sulfate-binding site still remains a bit mysterious in its role in the function of CysZ. It clearly
has a deficient binding and uptake phenotype from our functional experiments, but the effect is
not clearly translated to a structural or mechanistic explanation. The sulfate-binding site lies
away from the putative pore of CysZ and is likely playing a regulatory role in the channel
opening. It could be that the sulfate binding to the site triggers a conformational change that
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reflects in the movement of the loop connecting helices 3 and 4 that lies above the sulfatebinding site in our structure. However, we would require further functional analysis on this
binding site to try and validate this general hypothesis, to distinguish its role in sulfate uptake.

160

CHAPTER 8.
Ongoing Efforts and Future Directions
Further Characterization of Functional Mutants of CysZ
CysZ reveals an unusual, dual-topology dimer, formed by the interaction of its transmembrane
and hemi-penetrating helices. The structure of the protein did not immediately reveal its
functional role in the uptake of sulfate in the cell. After conservational analysis and functional
experiments we have developed a mechanistic hypothesis that satisfies the pH dependent
channel-like behavior of CysZ, explaining the strong gating role of the pH by the protonation
states and pKas of the conserved residues in the pore. The validation of our functional hypothesis
would need to be done via further mutational analysis of the key residues identified in the pore
such as E105, E108, E136 and D185. The basis for selectivity for sulfate and the role of the
sulfate-binding site in the channel activity of CysZ is yet to be determined. Future experiments
based on the hypothesis of the sulfate-binding site interacting with the loop connecting helix 3
and 4, could result in clarifying its role.
Structural Role of the Lipid Bilayer
It was evident from our crystal structures of CysZ from both I. loihiensis and P. fragi that the
transmembrane helices of the molecule have an intrinsic flexibility especially in a detergent
micelle or soluble environment. The phospholipid bilayer of the membrane would likely provide
a scaffold for the helices to stay in place. Hence, it was clear that we would benefit greatly from
obtaining a structure of CysZ in a lipid environment. To this end, I have been pursuing Lipidic
Cubic Phase as a method of crystallization for CysZ. Along with this we have established a
collaborative project with a close colleague of ours at the Mount Sinai School of Medicine in
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New York, Dr. Iban Ubarretxena-Belandia, who is an expert in electron crystallography on 2D
membrane protein crystals formed in a lipid bilayer.
CysZ in Lipidic Cubic Phase
Lipidic Cubic Phase (LCP) is a lipid matrix that forms a membrane-like environment that has
been seen to be suited for membrane protein stabilization and crystallization (Caffrey and
Cherezov 2009). This technique has become increasingly popular and successful for solving
crystal structures of typically difficult membrane proteins like the G-protein coupled receptor
family (GPCRs) (Shimamura, Shiroishi et al. 2011; Xu, Wu et al. 2011). The lipid-protein
interactions and membrane protein stability that is maintained in these lipid mesophases have
resulted in superior crystal packing (type I), where the crystal contacts are formed between both
the hydrophilic or polar regions, as well as the hydrophobic parts of the protein (Cherezov 2011)
(Figure 8.1). The lipid environment also filters out protein aggregates and large impurities from
diffusing into the mesophase and ruining crystal growth. The detergent typically diffuses out of
the mesophase leaving the protein surrounded by lipid, avoiding any adverse effects of the
detergent micelle in formation of crystal contacts. Thus, crystallization in lipid mesophases
results in well ordered, but typically small crystals, with greater rigidity. It is for these reasons
that this method would be very beneficial to the structure determination of CysZ, in the hope that
it would help us solve the ambiguities with the disordered loop regions of the two TM helices.
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Figure 8.1. Cartoon representation of crystallization of membrane proteins in Lipidic
Cubic phase.
The membrane protein represented in blue, first begins as reconstituted in the bicontinuous cubic
phase (yellow), and then with the effects of the added precipitants, phase separation occurs and
the protein diffuses to form lamellae or sheets in the lipid to build a crystal. (Caffrey and
Cherezov 2009)
Upon learning the techniques and nuances of setting up crystallization trials in LCP from our
colleague and friend, Dr. Reinhard Grisshammer at the NIH, I attempted to set up CysZ in LCP.
To date, I have set up CysZ from P. aeruginosa (in DDM and DM), P. syringae (in DM, OG,
and LDAO), P. fragi (in DM, OG and LDAO) and I. loihiensis (in DM, OG and LDAO). I used
both commercial 96 well screens, as well as custom made screens designed by myself around
conditions that typically yield crystals from the successful LCP structures in the literature. Our
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laboratory acquired a MosquitoLCP® robot that made setting up multiple crystallization plates
and pipetting nanoliter volumes of the viscous LCP-protein mix (typically 100nl) onto glass
sandwich plates, very efficient (Schematic of set-up in Figure 8.2)

Figure 8.2. 96-well in-meso crystallization and steps involved in set-up.
A. The glass sandwich plate consists of a glass slide base with a perforated spacer outlining the
wells, and a glass cover slip. B. In a typical set up, 50-100nl of LCP (in black) is pipetted in the
center of the well, and 1µl of precipitant is added over it. C. MosquitoLCP® nanoliter pipetting
robot for 96 well LCP set-up. D. Step-wise schematic of LCP preparation: load a syringe with
melted mono-olein lipid, followed by the loading protein in another syringe, mixing the two
(~200 times) with the use of a syringe coupler, and pipetting it into the wells either manually
using a repeater as shown, or with the use of a robot. (Cherezov, Peddi et al. 2004)
After several trials and failed attempts, I recently obtained crystals of CysZ from I. loihiensis (in
OG) in lipidic cubic phase. The initial crystals formed within 1-2 days at 22°C, at an initial
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protein concentration of 30 mg/ml, but after mixing with the mono-olein lipid at a 2:3 ratio, it
was at a final concentration of 20mg/ml. The initial crystallization condition was: 11-14%
PEG400, 0.1M Tris HCl pH 8.2 with 0.2M sodium acetate as a salt additive. The initial crystals
were small, (10-15µm long, 2µm wide) needle-like and appeared in showers (Figure 8.3), but
after a few rounds of optimization with Additive screens and decreasing the protein
concentration to a final of 10mg/ml, the crystals grew a little larger and rod-like to 30-40µm in
length. These crystals will be taken to NE-CAT at Argonne National Laboratory, to test them for
diffraction and will be further optimized shortly. With these recent developments we are hopeful
to soon solve the structure of CysZ in LCP, shedding light on the conformation of the protein in
a more natural, lipid environment.

Figure 8.3. Initial CysZ I. loihiensis LCP crystals.
Initial crystals of CysZ (in OG) with mono-olein in a ratio of 2:3, appear after 1-2 days when
incubated at 22°C in glass sandwich plates. Crystals are small, rod or needle-like measuring 10165

15µm in length and 2-3µm in width. Arrows point to crystals imaged under visible and UV light
on the Formulatrix® imager.
Membrane Protein Structure Determination by 2D Electron Crystallography
In our collaboration with Dr. Iban Ubarretxena-Belandia and Dr. Alaa Abdine at MSSM, New
York, we have recently set out to obtain 2D CysZ crystals for atomic resolution structure
determination by electron cryomicroscopy. As a part of the Protein Structure Initiative (PSI) and
NYCOMPS, Dr. Ubarretxena-Belandia and Dr. David Stokes at NYU have developed a highthroughput platform for screening 2D membrane protein crystallization trials with 96 well
dialysis blocks and 96 well negative staining capabilities for electron microscopy samples.
Electron crystallography of membrane proteins in a lipid bilayer environment can provide key
structural information of the interactions between lipid molecules and the protein (UbarretxenaBelandia and Stokes 2012). Cryo-electron microscopy on 2D protein crystals to generate 3D
structures have had great success over the past few years due to advances in data analysis
programs and technological developments of high throughput methods. The crystals, prepared
for cryo-EM, have their EM images as well as electron diffraction recorded. Amplitudes from the
diffraction patterns are combined with the phase information from the EM images and after
merging the data together from a wide variety of tilt angles, a three-dimensional structure is
generated (Ubarretxena-Belandia and Stokes 2012) (Figure 8.4).
2D crystallography of membrane proteins, in particular ion channels, can provide very useful
information that may not be provided by high-resolution x-ray crystallography: The protein is
crystallized in a lipid bilayer environment similar to the natural or physiological environment of
a biological membrane; structures can be analyzed with poor quality crystals, although resolution
is very strongly related to crystal quality, useful structural information can be obtained from low
resolution structures; there is potentially less influence and artifacts from crystal packing, as both
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sides of the bilayer sample are kept open (top and bottom); phases are calculated directly from
the EM images and provide a better quality map at low resolution than can be obtained from xray crystallography at the same (low) resolution (Fujiyoshi 2011; Kuhlbrandt 2013).

Figure 8.4. 2D Electron Crystallography.
The solubilized membrane protein is first extracted into detergent micelles containing some
endogenous lipids and is purified by standard 2-step purification. Extra lipid is added to the
preparation and dialysis is then used to remove the detergent, thus reconstituting the purified
membrane protein back into a lipid bilayer. The rate of detergent removal is significantly
influenced by the CMC of the detergent and short-chain detergents are removed much quicker
than long-chain detergents. A number of dialysis conditions are tested and the resulting protein
samples are evaluated by high-throughput methods of electron microscopy. 2D crystals are made
from proteins organizing in regular arrays within the plane of the membrane, and upon appearing
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they are readied for cryo-EM in which images and electron diffraction are recorded.
(Ubarretxena-Belandia and Stokes 2012)
2D Electron Crystallography of CysZ
Our collaboration with Dr. Ubarretxena-Belandia’s laboratory allowed us to further the efforts
towards using 2D electron crystallography to solve the structure of CysZ in a lipid bilayer
environment, to allow us to obtain a structure of the protein in a more native environment. This
would potentially help us to visualize the true positioning of the typically flexible
transmembrane helices surrounded by lipid molecules. CysZ is purified in DM by the same
protocol that we follow for our crystallization trials and functional experiments, and then
dialyzed to reconstitute the protein into lipids and remove the detergent molecules. A number of
different lipid types and combinations are tested with each protein in a high-throughput
screening platform. In the case of I. loihiensis CysZ a combination of DOPG and brain lipid
extract was most favorable to forming 2D tubular crystals (Figure 8.5). The first images are
obtained by negative stain of the tubular crystals; these images have a resolution limitation of
about 20Å. Once good 2D crystal samples are identified by negative stain, the protein-lipid
crystals are frozen in vitreous ice for cryo-EM, to obtain higher-resolution data. An example of
an electron diffraction image by cryo-EM obtained from the I. loihiensis CysZ 2D tubular
crystals can be seen in Figure 8.6. At this stage further crystal optimization is required, by
improving protein purity, detergent removal and crystal formation. Once the crystals are
improved, more cryo-EM data will be collected, indexed and processed to gauge the resolution
limit of these crystals and potentially generate a map.
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Figure 8.5. 2D Tubular crystals of I. loihiensis CysZ in lipid bilayer environment.
Negative stain images of tubular crystals of CysZ, formed after dialyzing out the detergent and
reconstituting the protein into a lipid bilayer. A mixture of DOPG and brain lipids were used, and
crystals were formed at pH 6.5, at a lipid to protein ratio of 1.1 to 1. (Figure provided by Dr.
Alaa Abdine, MSSM)
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Figure 8.6. Cryo-EM Image of a 2D tubular crystal of I. loihiensis CysZ in vitreous ice.
Electron diffraction image obtained from 2D tubular crystals of I. loihiensis CysZ frozen in
vitreous ice. Crystal optimization is required for data collection, indexing and processing.
(Figure provided by Dr. Alaa Abdine, MSSM).
Micro-Structural Genomics Expansion II on Pseudomonas species
As an ongoing effort towards gathering as much structural information as possible on this novel
family of proteins, we continued our expansion of homologs for crystallization, based on the
same criteria as before. This micro-structural genomics approach of searching for homologs with
75-90% identity to the crystallized CysZ from P. syringae enabled us to solve the structure of
CysZ from P. fragi, and has proven successful in indentifying “crystallizable” proteins from
other families as well. To this end we have synthesized eight more homologs from different close
relatives in the Pseudomonas species (Table 8.1). The eight homologs were cloned into our
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expression vectors at NYCOMPS, and we have tested them for expression and stability in the
different detergents. Of these new homologs, all eight express to high levels, and six of the eight
give stable, monodisperse peaks with good yield in the majority of detergents tested (Figure
8.7). These results are very encouraging and crystallization trials for these new homologs will be
attempted in the near future.

#
1
2
3
4
5
6
7
8

Bacterial Species
Pseudomonas coronafaciens
Pseudomonas denitrificans ATCC13867
Pseudomonas aeruginosa_PA7
Pseudomonas pseudoalcaligenes
Pseudomonas syringae group genomosp.3
Pseudomonas sp.GM41 2012
Pseudomonas savastanoi
Pseudomonas amygdali

# of AAs
253
246
246
250
253
250
253
301

Molecular
weight (Da)
28435
30247
31391
30533
30806
31210
30942
36760

Expression/Stability
in >2 detergents
Yes/Yes
Yes/Yes
Yes/Yes
Yes/Yes
Yes/Yes
Yes/Yes
Yes/No
Yes/No

Table 8.1. Micro-structural genomics expansion II of Pseudomonas CysZs.
Table lists species name, number of amino acids in protein sequence, molecular weight and
expression and detergent stability results.
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Figure 8.7. Expression test of Micro-structural genomics II homologs.
Expression test of new Pseudomonas CysZ homologs; #’s 1-6 show high expression levels and
are stable in multiple detergents, to be scaled up for crystallization trials.
CysZ and its Homology to the p53 Induced Gene Ei24 (PIG8)
CysZ was originally classified as its own family of prokaryotic putative sulfate transport proteins
(Pfam DUF540) by the Pfam denomination, with no known eukaryotic homologs identified. In
2012, the CysZ family was reassigned to be included in the Ei24 family of eukaryotic proteins
(PF07264) by Pfam (http://pfam.sanger.ac.uk/). At first the sequence homology between the two
genes seemed very poor, but after further analysis and upon seeking the advice of Dr. Marco
Punta (Pfam, Sanger Institute) we concluded that the two families are likely to be related. To
further confirm, we ran our alignment on HHPred (Soding, Biegert et al. 2005), a HMM to
HMM (Hidden Markov Model, profile to profile) method for the alignment of Ei24 (Homo
sapiens) with CysZ (I. loihiensis), and it returned an E-value of <10-10, a sequence identity of
14% and similarity of 17%. HHPred is more sensitive than other sequence alignment programs,
and was recommended by Pfam, as it is able to detect remote ancestry between genes.
Ei24 or Etoposide-induced gene 24 (named after a 2.4 kb transcript) or PIG8 (p53-induced gene
8) is a tumor suppressor that is often lost by mutation, deletion or aberrant splicing in invasive
breast cancers. The protein was first identified in NIH3T3 mouse embryonic fibroblast cells as a
gene that was induced by etoposide, a chemotherapeutic drug that inhibits topoisomerase II and
causes DNA strands to unwind and break (Mork, Faller et al. 2007). p53, the critical tumor
suppressor induces the upregulation in expression of a set of 14 such key genes when it detects
DNA damage in cells, leading to p53-mediated cell death. Interestingly most of these genes were
previously identified to be involved in the response to reactive oxygen species (ROS) and
oxidative stress. When expressed, Ei24 suppresses cell growth and induces apoptosis (Polyak,
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Xia et al. 1997). Loss of Ei24 or PIG8 leads to unresponsiveness to chemotherapeutic reagents
that function via p53 induction (Lehar, Nacht et al. 1996; Gu, Flemington et al. 2000). The exact
function of Ei24 or mechanism by which it induces apoptosis is still unknown, but it was found
that it localizes in the ER, and binds directly to Bcl-2, the death regulator that plays an antiapoptotic role in the mitochondria and ER (Zhao, Ayer et al. 2005). Ei24 is a ~350 residue (38
kDa) protein with predicted 6 transmembrane helices, the homology to CysZ lies within the latter
~250 residues, and the binding to Bcl-2 occurs in the N-terminal region of Ei24 within the first
80 residues. It is still unclear what the relationship between CysZ and Ei24 is. It could be a
structural similarity or a functional similarity. One of our future aims is to perform a structural
genomics expansion of Ei24, to clone and express different homologs for functional experiments
as well as for structure determination purposes. Assuming there is a true homology between the
two proteins, our knowledge of CysZ could help us identify the functional mechanism of Ei24
and its role in the apoptotic pathway.

173

REFERENCES
Adams, P. D., P. V. Afonine, et al. (2010). "PHENIX: a comprehensive Python-based system for
macromolecular structure solution." Acta Crystallogr D Biol Crystallogr 66(Pt 2): 213221.
Aguilar-Barajas, E., C. Diaz-Perez, et al. (2011). "Bacterial transport of sulfate, molybdate, and
related oxyanions." Biometals 24(4): 687-707.
Akabas, M. H., D. A. Stauffer, et al. (1992). "Acetylcholine receptor channel structure probed in
cysteine-substitution mutants." Science 258(5080): 307-310.
Ashkenazy, H., E. Erez, et al. (2010). "ConSurf 2010: calculating evolutionary conservation in
sequence and structure of proteins and nucleic acids." Nucleic Acids Res 38(Web Server
issue): W529-533.
Aslanidis, C. and P. J. de Jong (1990). "Ligation-independent cloning of PCR products (LICPCR)." Nucleic Acids Res 18(20): 6069-6074.
Baba, T., T. Ara, et al. (2006). "Construction of Escherichia coli K-12 in-frame, single-gene
knockout mutants: the Keio collection." Mol Syst Biol 2: 2006 0008.
Barton, L. L. (2005). Structural and Functional Relationships in Prokaryotes, Springer: 680-720.
Barton, L. L. and G. D. Fauque (2009). "Biochemistry, physiology and biotechnology of sulfatereducing bacteria." Adv Appl Microbiol 68: 41-98.
Bas, D. C., D. M. Rogers, et al. (2008). "Very fast prediction and rationalization of pKa values
for protein-ligand complexes." Proteins 73(3): 765-783.
Bill, R. M., P. J. Henderson, et al. (2011). "Overcoming barriers to membrane protein structure
determination." Nat Biotechnol 29(4): 335-340.
Bjornsson, T. D., D. E. Schneider, et al. (1988). "Effects of N-deacetylation and N-desulfation of
heparin on its anticoagulant activity and in vivo disposition." J Pharmacol Exp Ther
245(3): 804-808.
Blommel, P. G. and B. G. Fox (2007). "A combined approach to improving large-scale
production of tobacco etch virus protease." Protein Expr Purif 55(1): 53-68.
Braman, J., C. Papworth, et al. (1996). "Site-directed mutagenesis using double-stranded plasmid
DNA templates." Methods Mol Biol 57: 31-44.
Buchner, P., H. Takahashi, et al. (2004). "Plant sulphate transporters: co-ordination of uptake,
intracellular and long-distance transport." J Exp Bot 55(404): 1765-1773.

174

Buckler, K. J. and R. D. Vaughan-Jones (1998). "Effects of mitochondrial uncouplers on
intracellular calcium, pH and membrane potential in rat carotid body type I cells." J
Physiol 513 ( Pt 3): 819-833.
Caffrey, M. and V. Cherezov (2009). "Crystallizing membrane proteins using lipidic
mesophases." Nat Protoc 4(5): 706-731.
Chen, Y. H., L. Hu, et al. (2010). "Homologue structure of the SLAC1 anion channel for closing
stomata in leaves." Nature 467(7319): 1074-1080.
Chen, Y. J., O. Pornillos, et al. (2007). "X-ray structure of EmrE supports dual topology model."
Proc Natl Acad Sci U S A 104(48): 18999-19004.
Cherezov, V. (2011). "Lipidic cubic phase technologies for membrane protein structural studies."
Curr Opin Struct Biol 21(4): 559-566.
Cherezov, V., A. Peddi, et al. (2004). "A robotic system for crystallizing membrane and soluble
proteins in lipidic mesophases." Acta Crystallogr D Biol Crystallogr 60(Pt 10): 17951807.
Cowtan, K. D. and K. Y. J. Zhang (1999). "Density modification for macromolecular phase
improvement." Progress in Biophysics & Molecular Biology 72(3): 245-270.
Davis, B. D. and E. S. Mingioli (1950). "Mutants of Escherichia coli requiring methionine or
vitamin B12." J Bacteriol 60(1): 17-28.
de Jong, L. A., D. R. Uges, et al. (2005). "Receptor-ligand binding assays: technologies and
applications." J Chromatogr B Analyt Technol Biomed Life Sci 829(1-2): 1-25.
Deisenhofer, J., O. Epp, et al. (1985). "Structure of the protein subunits in the photosynthetic
reaction centre of Rhodopseudomonas viridis at 3A resolution." Nature 318(6047): 618624.
DeLano, W. L. (2004). "PyMol Reference Guide, DeLano Scientific LLC. ." 67.
Donachie, S. P., S. Hou, et al. (2003). "Idiomarina loihiensis sp. nov., a halophilic gammaProteobacterium from the Lo'ihi submarine volcano, Hawai'i." Int J Syst Evol Microbiol
53(Pt 6): 1873-1879.
Doyle, D. A., J. Morais Cabral, et al. (1998). "The structure of the potassium channel: molecular
basis of K+ conduction and selectivity." Science 280(5360): 69-77.
Ek-Vitorin, J. F. and J. M. Burt (2013). "Structural basis for the selective permeability of
channels made of communicating junction proteins." Biochim Biophys Acta 1828(1): 5168.
Emsley, P., B. Lohkamp, et al. (2010). "Features and development of Coot." Acta Crystallogr D
Biol Crystallogr 66(Pt 4): 486-501.
175

Evans, P. (2005). "Scaling and assessment of data quality." Acta Crystallographica Section D:
Biological Crystallography 62(1): 72-82.
Florin, T., G. Neale, et al. (1991). "Metabolism of dietary sulphate: absorption and excretion in
humans." Gut 32(7): 766-773.
Fujiyoshi, Y. (2011). "Electron crystallography for structural and functional studies of membrane
proteins." J Electron Microsc (Tokyo) 60 Suppl 1: S149-159.
Glaser, F., T. Pupko, et al. (2003). "ConSurf: identification of functional regions in proteins by
surface-mapping of phylogenetic information." Bioinformatics 19(1): 163-164.
Goujon, M., H. McWilliam, et al. (2010). "A new bioinformatics analysis tools framework at
EMBL-EBI." Nucleic Acids Res 38(Web Server issue): W695-699.
Grinstein, S. and A. Rothstein (1986). "Mechanisms of regulation of the Na+/H+ exchanger." J
Membr Biol 90(1): 1-12.
Gu, Z., C. Flemington, et al. (2000). "ei24, a p53 response gene involved in growth suppression
and apoptosis." Mol Cell Biol 20(1): 233-241.
Hanahan, D. (1983). "Studies on transformation of Escherichia coli with plasmids." J Mol Biol
166(4): 557-580.
Harder, D. and D. Fotiadis (2012). "Measuring substrate binding and affinity of purified
membrane transport proteins using the scintillation proximity assay." Nat Protoc 7(9):
1569-1578.
Hastbacka, J., A. de la Chapelle, et al. (1994). "The diastrophic dysplasia gene encodes a novel
sulfate transporter: positional cloning by fine-structure linkage disequilibrium mapping."
Cell 78(6): 1073-1087.
Hawkesford, M. J. and L. J. De Kok (2006). "Managing sulphur metabolism in plants." Plant
Cell Environ 29(3): 382-395.
Hille, B. (2001). Ion Channels of Excitable Membranes. U.S.A, Sinauer Associates, Inc. .
Hilz, H. and F. Lipmann (1955). "The Enzymatic Activation of Sulfate." Proc Natl Acad Sci U S
A 41(11): 880-890.
Holloway, P. W. (1973). "A simple procedure for removal of Triton X-100 from protein
samples." Anal Biochem 53(1): 304-308.
Hryniewicz, M., A. Sirko, et al. (1990). "Sulfate and thiosulfate transport in Escherichia coli K12: identification of a gene encoding a novel protein involved in thiosulfate binding." J
Bacteriol 172(6): 3358-3366.

176

Jiang, Z., Grichtchenko, II, et al. (2002). "Specificity of anion exchange mediated by mouse
Slc26a6." J Biol Chem 277(37): 33963-33967.
Kabsch, W. (2010). "Xds." Acta Crystallographica Section D: Biological Crystallography 66(2):
125-132.
Kertesz, M. A. (2000). "Riding the sulfur cycle--metabolism of sulfonates and sulfate esters in
gram-negative bacteria." FEMS Microbiol Rev 24(2): 135-175.
Kertesz, M. A. (2001). "Bacterial transporters for sulfate and organosulfur compounds." Res
Microbiol 152(3-4): 279-290.
Knol, J., K. Sjollema, et al. (1998). "Detergent-mediated reconstitution of membrane proteins."
Biochemistry 37(46): 16410-16415.
Kredich, N. M. (1992). "The molecular basis for positive regulation of cys promoters in
Salmonella typhimurium and Escherichia coli." Mol Microbiol 6(19): 2747-2753.
Kredich, N. M., M. D. Hulanicka, et al. (1979). "Synthesis of L-cysteine in Salmonella
typhimurium." Ciba Found Symp(72): 87-99.
Krissinel, E. and K. Henrick (2007). "Inference of macromolecular assemblies from crystalline
state." J Mol Biol 372(3): 774-797.
Krogh, A., B. Larsson, et al. (2001). "Predicting transmembrane protein topology with a hidden
Markov model: application to complete genomes." J Mol Biol 305(3): 567-580.
Kuhlbrandt, W. (2013). "Introduction to electron crystallography." Methods Mol Biol 955: 1-16.
Landau, M., I. Mayrose, et al. (2005). "ConSurf 2005: the projection of evolutionary
conservation scores of residues on protein structures." Nucleic Acids Res 33(Web Server
issue): W299-302.
Langer, G., S. X. Cohen, et al. (2008). "Automated macromolecular model building for X-ray
crystallography using ARP/wARP version 7." Nat Protoc 3(7): 1171-1179.
Larkin, M. A., G. Blackshields, et al. (2007). "Clustal W and Clustal X version 2.0."
Bioinformatics 23(21): 2947-2948.
Leal-Pinto, E., R. D. London, et al. (1995). "Reconstitution of hepatic uricase in planar lipid
bilayer reveals a functional organic anion channel." J Membr Biol 146(2): 123-132.
Leal-Pinto, E., W. Tao, et al. (1997). "Molecular cloning and functional reconstitution of a urate
transporter/channel." J Biol Chem 272(1): 617-625.
Lee, S. Y., A. Lee, et al. (2005). "Structure of the KvAP voltage-dependent K+ channel and its
dependence on the lipid membrane." Proc Natl Acad Sci U S A 102(43): 15441-15446.

177

Lehar, S. M., M. Nacht, et al. (1996). "Identification and cloning of EI24, a gene induced by p53
in etoposide-treated cells." Oncogene 12(6): 1181-1187.
Li, H., A. D. Robertson, et al. (2005). "Very fast empirical prediction and rationalization of
protein pKa values." Proteins 61(4): 704-721.
Liu, Q., T. Dahmane, et al. (2012). "Structures from anomalous diffraction of native biological
macromolecules." Science 336(6084): 1033-1037.
Liu, Q., Z. Zhang, et al. (2011). "Multi-crystal anomalous diffraction for low-resolution
macromolecular phasing." Acta Crystallogr D Biol Crystallogr 67(Pt 1): 45-59.
Locher, K. P. (2009). "Review. Structure and mechanism of ATP-binding cassette transporters."
Philos Trans R Soc Lond B Biol Sci 364(1514): 239-245.
Lomize, M. A., A. L. Lomize, et al. (2006). "OPM: orientations of proteins in membranes
database." Bioinformatics 22(5): 623-625.
Lomize, M. A., I. D. Pogozheva, et al. (2012). "OPM database and PPM web server: resources
for positioning of proteins in membranes." Nucleic Acids Res 40(Database issue): D370376.
Loughlin, P., M. C. Shelden, et al. (2002). "Structure and function of a model member of the
SulP transporter family." Cell Biochem Biophys 36(2-3): 183-190.
Love, J., F. Mancia, et al. (2010). "The New York Consortium on Membrane Protein Structure
(NYCOMPS): a high-throughput platform for structural genomics of integral membrane
proteins." J Struct Funct Genomics 11(3): 191-199.
Mancia, F. and J. Love (2010). "High-throughput expression and purification of membrane
proteins." J Struct Biol 172(1): 85-93.
Markovich, D. (2001). "Physiological roles and regulation of mammalian sulfate transporters."
Physiol Rev 81(4): 1499-1533.
Markovich, D. and H. Murer (2004). "The SLC13 gene family of sodium sulphate/carboxylate
cotransporters." Pflugers Arch 447(5): 594-602.
McCoy, A. J., R. W. Grosse-Kunstleve, et al. (2007). "Phaser crystallographic software." J Appl
Crystallogr 40(Pt 4): 658-674.
Mertens, I. and L. F. Van Gaal (2005). "Visceral fat as a determinant of fibrinolysis and
hemostasis." Semin Vasc Med 5(1): 48-55.
Morais-Cabral, J. H., Y. Zhou, et al. (2001). "Energetic optimization of ion conduction rate by
the K+ selectivity filter." Nature 414(6859): 37-42.

178

Morera, F. J., G. Vargas, et al. (2007). "Ion-channel reconstitution." Methods Mol Biol 400: 571585.
Mork, C. N., D. V. Faller, et al. (2007). "Loss of putative tumor suppressor EI24/PIG8 confers
resistance to etoposide." FEBS Lett 581(28): 5440-5444.
Morris, M. E., O. Kwon, et al. (1988). "Sulfate homeostasis. I. Effect of salicylic acid and its
metabolites on inorganic sulfate in rats." J Pharmacol Exp Ther 244(3): 945-949.
Mueller, P., D. O. Rudin, et al. (1962). "Reconstitution of cell membrane structure in vitro and
its transformation into an excitable system." Nature 194: 979-980.
Nasie, I., S. Steiner-Mordoch, et al. (2010). "Topologically random insertion of EmrE supports a
pathway for evolution of inverted repeats in ion-coupled transporters." J Biol Chem
285(20): 15234-15244.
Ninio, S., Y. Elbaz, et al. (2004). "The membrane topology of EmrE - a small multidrug
transporter from Escherichia coli." FEBS Lett 562(1-3): 193-196.
Ofosu, F. A., G. J. Modi, et al. (1987). "Increased sulphation improves the anticoagulant
activities of heparan sulphate and dermatan sulphate." Biochem J 248(3): 889-896.
Otwinowski, Z. and W. Minor (1997). "Processing of X-ray Diffraction Data Collected in
Oscillation Mode." Methods in Enzymology 276: 307-326.
Pape, T. and T. R. Schneider (2004). "HKL2MAP: a graphical user interface for macromolecular
phasing with SHELX programs." J. Appl. Cryst. 37: 843-844.
Parra, F., P. Britton, et al. (1983). "Two separate genes involved in sulphate transport in
Escherichia coli K12." J Gen Microbiol 129(2): 357-358.
Pflugrath, J. W. and F. A. Quiocho (1988). "The 2 A resolution structure of the sulfate-binding
protein involved in active transport in Salmonella typhimurium." J Mol Biol 200(1): 163180.
Pilsyk, S. and A. Paszewski (2009). "Sulfate permeasesphylogenetic diversity of sulfate
transport." Acta Biochim Pol 56(3): 375-384.
Polyak, K., Y. Xia, et al. (1997). "A model for p53-induced apoptosis." Nature 389(6648): 300305.
Porollo, A. A., R. Adamczak, et al. (2004). "POLYVIEW: a flexible visualization tool for
structural and functional annotations of proteins." Bioinformatics 20(15): 2460-2462.
Punta, M., J. Love, et al. (2009). "Structural genomics target selection for the New York
consortium on membrane protein structure." J Struct Funct Genomics 10(4): 255-268.

179

Quick, M. and J. A. Javitch (2007). "Monitoring the function of membrane transport proteins in
detergent-solubilized form." Proc Natl Acad Sci U S A 104(9): 3603-3608.
Rapp, M., S. Seppala, et al. (2007). "Emulating membrane protein evolution by rational design."
Science 315(5816): 1282-1284.
Read, R. J. and A. J. McCoy (2011). "Using SAD data in Phaser." Acta Crystallographica
Section D-Biological Crystallography 67: 338-344.
Reuss, L. a. A. G. A. (2013). "Chapter 2 - Mechanisms of Ion Transport across Cell Membranes.
From Seldin and Giebisch's The Kidney (Fifth Edition)." 1: 45-66.
Rigaud, J. L., B. Pitard, et al. (1995). "Reconstitution of membrane proteins into liposomes:
application to energy-transducing membrane proteins." Biochim Biophys Acta 1231(3):
223-246.
Rocchia, W., S. Sridharan, et al. (2002). "Rapid grid-based construction of the molecular surface
and the use of induced surface charge to calculate reaction field energies: applications to
the molecular systems and geometric objects." J Comput Chem 23(1): 128-137.
Rothnie, A., J. Storm, et al. (2004). "The topography of transmembrane segment six is altered
during the catalytic cycle of P-glycoprotein." J Biol Chem 279(33): 34913-34921.
Scheffel, F., U. Demmer, et al. (2005). "Structure of the ATPase subunit CysA of the putative
sulfate ATP-binding cassette (ABC) transporter from Alicyclobacillus acidocaldarius."
FEBS Lett 579(13): 2953-2958.
Schrodinger, LLC (2010). The PyMOL Molecular Graphics System, Version 1.3r1.
Sheldrick, G. M. (2010). "Experimental phasing with SHELXC/D/E: combining chain tracing
with density modification." Acta Crystallographica Section D-Biological Crystallography
66: 479-485.
Sheldrick, G. M. (2010). "Experimental phasing with SHELXC/D/E: combining chain tracing
with density modification." Acta Crystallogr D Biol Crystallogr 66(Pt 4): 479-485.
Shi, Y. (2013). "Common folds and transport mechanisms of secondary active transporters."
Annu Rev Biophys 42: 51-72.
Shimamura, T., M. Shiroishi, et al. (2011). "Structure of the human histamine H1 receptor
complex with doxepin." Nature 475(7354): 65-70.
Sirko, A., M. Zatyka, et al. (1995). "Sulfate and thiosulfate transport in Escherichia coli K-12:
evidence for a functional overlapping of sulfate- and thiosulfate-binding proteins." J
Bacteriol 177(14): 4134-4136.
Smith, F. W., P. M. Ealing, et al. (1995). "Plant members of a family of sulfate transporters
reveal functional subtypes." Proc Natl Acad Sci U S A 92(20): 9373-9377.
180

Smith, F. W., M. J. Hawkesford, et al. (1997). "Regulation of expression of a cDNA from barley
roots encoding a high affinity sulphate transporter." Plant J 12(4): 875-884.
Soding, J., A. Biegert, et al. (2005). "The HHpred interactive server for protein homology
detection and structure prediction." Nucleic Acids Res 33(Web Server issue): W244-248.
Stockbridge, R. B., J. L. Robertson, et al. (2013). "A family of fluoride-specific ion channels
with dual-topology architecture." Elife 2: e01084.
Tate, C. G. (2006). "Comparison of three structures of the multidrug transporter EmrE." Curr
Opin Struct Biol 16(4): 457-464.
Tatusov, R. L., A. R. Mushegian, et al. (1996). "Metabolism and evolution of Haemophilus
influenzae deduced from a whole-genome comparison with Escherichia coli." Curr Biol
6(3): 279-291.
Ubarretxena-Belandia, I. and D. L. Stokes (2012). "Membrane protein structure determination by
electron crystallography." Curr Opin Struct Biol 22(4): 520-528.
Waterhouse, A. M., J. B. Procter, et al. (2009). "Jalview Version 2--a multiple sequence
alignment editor and analysis workbench." Bioinformatics 25(9): 1189-1191.
Winn, M. D., C. C. Ballard, et al. (2011). "Overview of the CCP4 suite and current
developments." Acta Crystallographica Section D: Biological Crystallography 67(4):
235-242.
Winterhalter, M. (2000). "Black lipid membranes." Current Opinion in Colloid & Interface
Science 5(3–4): 250-255.
Xu, F., H. Wu, et al. (2011). "Structure of an agonist-bound human A2A adenosine receptor."
Science 332(6027): 322-327.
Ye, L., Z. Jia, et al. (2001). "Topology of OxlT, the oxalate transporter of Oxalobacter
formigenes, determined by site-directed fluorescence labeling." J Bacteriol 183(8): 24902496.
Zhao, X., R. E. Ayer, et al. (2005). "Apoptosis factor EI24/PIG8 is a novel endoplasmic
reticulum-localized Bcl-2-binding protein which is associated with suppression of breast
cancer invasiveness." Cancer Res 65(6): 2125-2129.
Zolotarev, A. S., M. Unnikrishnan, et al. (2008). "Increased sulfate uptake by E. coli
overexpressing the SLC26-related SulP protein Rv1739c from Mycobacterium
tuberculosis." Comp Biochem Physiol A Mol Integr Physiol 149(3): 255-266.

181

