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Abstract

Synechococcus is a ubiquitous genus of photosynthetic marine bacteria, and vital for primary
production and nutrient cycling in global oceans. Genomic annotation for this genus has
progressed faster than the functional characterisation of predicted proteins. Consequently,
the veracity of predicted functions for many genes is questionable. This is particularly so for
the substrate-binding protein (SBP) family, integral to nutrient import via ATP-binding
cassettes, which display unusually low sequence homology (despite a highly conserved
structural fold). Lack of validation concerning the natural ligands of SBP proteins impacts on
our depth of understanding of the function and utility of cellular import machinery in these
highly prevalent marine microorganisms.

A panel of nineteen SBPs annotated to bind saccharides across representative
Synechococcus species has been selected for in vitro characterisation. Two alternative formats
for high-throughput production were trialled, and the yield and percentage of soluble protein
products compared. Recombinant forms of three SBPs have been produced in sufficient
quantities to enable ligand screening using differential scanning fluorimetry and biophysical
characterisation in solution. The approach undertaken has demonstrated potential to

complement genomic data for previously uncharacterised SBPs.
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Chapter 1: Molecular Understanding of Bacterial Transport

1.1 - Cellular Transport in Prokaryotes

Vital to the survival of all living cells is the requirement to simultaneously import nutrients
and to remove waste and toxic compounds [1-3]. Prokaryotes (unicellular organisms lacking
membrane-bound organelles) perform this function through various transport machinery
elements at the interface between their cellular membrane and the environment [4] (Fig. 1.1).
Up to one-third of the entire proteome in prokaryotes corresponds to membrane proteins,
many specifically dedicated to transport [1]. Comparative analyses of 141 prokaryotic
genomes shows 16 % of all open reading frames (ORFs) are predicted to encode transport
proteins [5].

From an evolutionary perspective, this abundance of molecular transporters reflects
the underlying metabolic demand of cell growth. Escherichia coli, for example, requires the
uptake of 106 glucose molecules per cell, per second during active growth [2, 6]. Not all
natural environments can provide the rich nutrient source required for this high metabolic
turnover. Oligotrophic oceans, for instance, are characterised by a dearth of nutrients [7, 8].
For microorganisms to survive, they must successfully compete for essential nutrients [9, 10].
Autotrophic bacteria, such as Synechococcus sp., are able to meet their own energy
requirements, yet still require growth-limiting nutrients such as metallic ions, sulphur-, and
nitrogen-containing compounds [5, 6, 11]. In low-nutrient environments, cellular machinery

facilitating high-affinity uptake of these nutrients would impart a distinct evolutionary

advantage.
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1.2 - Cyanobacteria
Cyanobacteria are ubiquitous among all global ocean environments [12]. This collection of

bacteria is an ancient phylum and, as the first organisms to utilise photosynthesis, are
generally held to have been responsible for the ‘Great Oxygenation Event’ of 2.3 billion years
ago [13, 14]. Cyanobacteria have, and continue to, shape our global oceans and atmosphere
due to their vital roles in photosynthesis, carbon and nutrient cycling, and contribution to
global ocean biogeochemical processes [10].

One subgroup, the picocyanobacteria, contains two of the most abundant primary
producers of oxygen on earth: the Gram-negative bacteria Synechococcus and Prochlorococcus.
Globally, these species contribute an estimated 16.7 % and 8.5 %, respectively, to net oxygen
production in oceans [12, 15]. The long history of these two genera is demonstrative of their
evolutionary success, with both bacteria inhabiting diverse environments including estuarine,
coastal, and offshore waters across all latitudes, with the exception polar regions [10].

The genome organisations of Prochlorococcus and Synechococcus appear remarkable.
For these genera, their genomes of 1.6-2.7, and 2.2-2.8 mega base pairs (Mbp), respectively,
are notably smaller than the average genome size of other cyanobacteria (5.3 Mbp) [10]. This
raises questions about the genetic basis for their global success across evolutionary history.
For Prochlorococcus, this reduced genome size is coupled with a reduction in GC content,
indicative of extensive genome streamlining (to remove superfluous genes) [10].

This is not true for Synechococcus which, rather, has been described as a “genomic
mosaic” [16]. Comparison by Partensky’s team of eleven Synechococcus isolates allowed the
delineation of nearly 8,000 protein families into ‘core’ and ‘accessory’ genomes [16]. The
number of unique genes was variable but correlated positively with genome size [17]. A large
proportion of these unique genes were localised in genomic ‘islands’, i.e. syntenic blocks of
genes acquired through lateral gene transfer (LGT) [18], suggesting the pangenome of
Synechococcus to be ultimately larger and far more diverse than defined by any individual
isolate [19, 20].

Prokaryotic organisms such as Synechococcus sp. are perhaps best classified according
to ecotype, or populations that occupy distinctly different environments [21]. These are best
analysed through the detection of conserved markers, such as 16s RNA [22]. For
Synechococcus the use of the petB transcript, which encodes the conserved photosynthetic
pigment phycoerythrin, has allowed the delineation of three main subclusters and nine

separate clades [10].

The Cyanorak database (www.sb-roscoff.fr/cyanorak), maintained by Station

Biologique - Roscoff, France, is a repository for genomic and transcriptomic data for the
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marine picocyanobacteria Prochlorococcus and Synechococcus [23]. As at June 2017, the
database contains 51 Synechococcus genomes arising from individual ecotypes successfully
cultured axenically following global ocean sampling [10]. These ecotypes are assumed to be
broadly representative of global distributions and incorporate variations in ocean,
seasonality, and latitudinal distribution [10]. These are summarised in Table 1.1 with
representative strains and typical environmental locations listed for each clade. The global
origin of each clade and their representative strains are shown in Fig. 1.2. Whilst identifying
the genetic basis for niche adaptation for Synechococcus has been an area of intensive
research [10], the addition of transcriptomic information to help elucidate the complex
community nature of marine microbial taxa allows functional information to be ascribed to
observed genetic diversity. Recent microarray tools that identify strain-level heterogeneity
[24] have now allowed previously unknown metabolic and cellular processes to be identified

[25].

Table 1.1 Synechococcus clade numbers and their distributions

Clade2 Representative Environmental conditions Latitudinal band

strain

[ CC9311 coastal/temperate mesotrophic open above 30°N and
ocean waters. below 30°S.

I1 CC9605 open ocean, continental shelf and between 30°N
offshore, oligotrophic tropical and and 30°S
subtropical waters.

I11 WH8102 ultraoligotrophic open oceans.

IV €C9902 coastal/temperate mesotrophic open above 30°N and
ocean waters. below 30¢S.

V/Vl/  WH7803/ widely distributed particularly in areas of

VII WH7805/ upwelling, low abundance.

RS9917

CRD1 MITS9220 high nutrient, low chlorophyll, iron equatorial

limited. upwelling region

(all depths)

a [dentified using petB marker [10]
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Fig. 1.2 Map of Synechococcus sp. clade distributions (M. Ostrowski, personal communication).

Functional characterisation, rather than genetic, is also useful due to the propensity for
phage-mediated LGT [16], particularly in populations occupying similar niches (for instance
Clades I and 1V, Fig 1.2) and provides a more holistic understanding of community
composition and dynamics [24, 25]. Several investigations to date have focused on the
acquisition of growth-limiting nutrients in related species, such as metal-binding proteins

from Synechocystis [26-28].

1.3 — Cellular Solute Transport Mechanisms

1.3.1 - The ATP-binding cassette transporters
Despite the diverse range of membrane transport machinery available to bacteria for both

passive and active nutrient uptake, evolutionary pressures can introduce a selection bias.
Genomic annotation of Synechococcus WH8102 indicates that while genes associated with
transport machinery comprise 5-6 % of predicted ORFs (a value consistent with other
prokaryotic genomes [6]), its transporter capability displays a heavy bias (60 %) towards
ATP-binding cassettes (ABC transporters) [17].

ABC transporters comprise one of the largest superfamilies of transporters, and are
highly conserved across all domains of life. As depicted in Fig. 1.3, these perform active
translocation of small chemical substrates across membranes following hydrolysis of ATP [2,
3]. ABC importers are present solely within prokaryotes and some plants [6, 29, 30].

Multiple structures of this family of proteins have been solved, with the most recent

systematic review of available ABC transporter structures covering fourteen examples [31].



This structural analysis of the ABC transporters showed that they could be grouped into 4
main classes: Type [ importers; type Il importers; energy-coupling factor/Type IIl importers;
and exporters [31].

At the molecular level, the ABC transporter is comprised of four core domains: two
trans-membrane spanning domains (TMD), and two highly conserved nucleotide-binding
domains (NBD) [29, 32]. These elements are all transcribed together in a single operon [30].

In all ABC transporter types, the TMDs form the translocation pathway, with the cis-
and trans-sides of the membrane alternatively accessible, enabling the translocation of
substrates as shown in Fig. 1.3. These TMDs may be either homodimers or structurally similar
(although this is class dependent) and the arrangement of the NBDs is dimeric. Binding of ATP
between the two subunits facilitates the closure of the NBD dimer interface, forming a tight
head-to-tail dimer sandwich [33, 34].

In addition to their overarching architecture, between the three importer types there is
a certain degree of similarity with respect to substrate specificity. This raises the question for
the evolutionary selection of three similar transporters. Whereas Type [ importers generally
translocate substances required in bulk, type Il and energy-coupling factor transporters
generally display much higher specificity for compounds, such as metal chelates, which may
only be needed in small quantities [31]. Substrate recognition is conferred by the additional
subunit, the substrate-binding protein (SBP), a molecular adapter unique to prokaryotes [32,
35]. For type I and type Il importers, the involvement of the SBP is integral to their function.
Docking of the SBP, however, does not induce sufficient conformational change to move the
TMD between an outward- and inward conformation, with the power stroke instead being

generated by ATP hydrolysis [2] at the NBDs.
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Fig 1.3 Molecular architecture of ABC transporters. Left, cartoon representation of vitamin B12 ABC transporter
from E. coli (PDB ID: 2QI9) [36] showing the two nucleotide binding domains (blue), the two trans-membrane
spanning domains (green), with the additional SBP shown (purple). Right, stylised representation of mechanism
of substrate translocation.

1.3 — The Substrate-binding Protein
SBPs are associated with prokaryotic ABC transporters for the import of solutes. In Gram-

negative bacteria, such as Synechococcus sp., the SBP is a soluble protein that freely diffuses
through the periplasm [37]. In Gram-positive bacteria (which lack a periplasmic space), the
SBP is a lipoprotein tethered to the cell membrane [37]. SBPs bind to their cognate ligand
with high specificity. High-affinity binding allows rapid responses even in low ligand
concentrations, particularly in cases where these proteins also play a role in regulatory
mechanisms (such as transcriptional regulation) [35].

The molecular architecture of these proteins is highly conserved, consisting of two
globular a/f3 domains connected by a hinge region [38, 39]. Each domain comprises a core [3-
sheet of between four and six (-strands that is flanked by a-helices, and are reminiscent of a
Rossmann-like fold [38, 39]. The hinge region generally provides the defining molecular
architecture necessary to delineate SBPs into their structural classes (with the exceptions of
Classes C and G) [38]. Whilst the open conformation appears to be highly flexible [40, 41],
ligand binding induces a conformational change bringing its two separated domains together
and capturing the ligand in the interdomain cleft. This ‘Venus Fly-trap” mechanism was first

described by Quicho [41-43] (Fig 1.4).



Fig. 1.4 Mechanism of ligand binding. Glucose/galactose-binding protein (ggBP) from E. coli [40] is shown in an
(a) un-liganded conformation and (b) with bound glucose. The binding pocket in the un-liganded conformation
is indicated with an arrow.

Despite their highly conserved structural fold, a characteristic feature among this
family of proteins is a remarkably low degree of homology at the primary sequence level [38,
44]. As such, phylogeny-based alignments are generally unreliable for predicting binding
partners in silico, with additional experimental validation (typically the generation of a
structure) required to assess the veracity of these annotations.

The first reported structurally-based classification was performed by Fukami-
Kobayashi in 1999 [45], and delineated SBPs into two classes, according to the topology of the
B-sheet core of each domain, to which a third class was later added based on the presence of
an o-helix in the hinge region. The most recent comprehensive structural classification
(performed by the Poolman group [39]) incorporated 501 structures, identifying seven
different structural groupings, named Clusters A to G, as depicted in Fig. 1.5. Representative
structures of each class have been shown, and their defining structural elements highlighted.
For each class, the number of representative proteins and their common ligand chemistries

have been identified in Table 1.2.



Cluster A, for example, includes those structures containing a single a-helix within the
inter-domain linker, shown in orange on Fig. 1.5. Examples of representative SBPs in this class
include the zinc-binding proteins (ZnuA), and the vitamin B12-binding protein. The ligand
chemistry of this group encompasses metal ions, and siderophores/hemes.

Cluster E, including the TakP protein function exclusively with tripartite ATP-
independent (TRAP) transporters and have an extended helix forming the linker region, as
indicated in Fig. 1.5. TRAP transporters utilise electrochemical gradients, rather than a
nucleotide energy source to power active translocation. TakP, responsible for binding a-keto
acid in Rhodobacter sphaeroides exists as a helix-swapped dimer [46] (Fig. 1.6) and is one of
the few SBPs demonstrated to function as a dimer. Dimerisation with other SBPs has been
observed within solution but the functional, physiological significance of this has not been

explored.

Table 1.2 Substrate specificity for structural clusters of SBPs. Adapted from [39].

Cluster Substrates #
A metal ions; including heme and siderophores, metal oxoanions 55
B sugars and sugar alcohols, amino and aromatic acids 12
9

C di- and oligopeptides, opine, nickel, cellobiose 30
D sugars, sugar alcohols, spermidine, phosphate, metal oxoanion, 10
iron (ionic) 8

E organic acids, amino alcohols, amino acids, dipeptides 70
F thiamine, pyrimidines, sulphonates, bicarbonates, amino acids, 10

compatible solutes

G indeterminate due to sample size




N-term

Figure 1.5: Structural classification of substrate binding proteins. 501 SBPs were clustered into eight classes
based on their structural relatedness in the last comprehensive SBP review. Archetypal examples of molecular
architecture are shown for each cluster with defining features highlighted. Adapted from [38].



Fig 1.6 Dimerisation of TakP. The homodimer of TakP [46] has been coloured by each monomer and is shown
from the front (left) and top (right) indicating the helix-swapped dimer interface involving the linker-region
helices (indicated with arrows).

1.4 - Substrate-binding Proteins in Synechococcus sp.
Annotated SBP componentry in all known Synechococcus genomes was identified using text-

based searching (S. Mazard, Macquarie University, personal communication). This identified
198 orthologous gene clusters corresponding to 6930 annotated genes for various subunits of
ABC transport machinery. This was largely due to high sequence homology between the NBD
components ABC transporters transcribed in single operons.

Eight representative strains sufficiently robust to be grown under laboratory
conditions have been selected for further study of their ABC importer machinery by B. Shah
(Macquarie University). From this, a phylogenetic tree was constructed specifically using
evolutionary relationships between the gene sequences and to predict their ligand chemistry
(Fig. 1.7). This sequence-based approach differs from the structurally-based method applied
by Scheepers et al [39] to generate Fig. 1.5.

The phylogenetic tree depicted in Fig. 1.7 shows a diverse chemical space covered by
Synechococcus transport machinery. The presence of growth-limiting nutrients, such as ferric
iron [8], phosphorous [7, 47], and nitrogen sources [47], is obviously a consequence of their
importance for cell size, growth, and morphology [48]. However, the biological rationale for
other chemistries covered by this SBP repertoire, such as aromatic carbon compounds and
saccharides, is less clear. Nineteen SBPs are predicted to bind mono- or di-saccharides. The
presence of componentry for saccharide import in an organism capable of photosynthesis is
paradoxical given their ability to synthesise these compounds de novo, making these SBPs

attractive candidates for functional characterisation.
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Fig 1.7 Phylogenetic tree of SBPs from representative strains under investigation at Macquarie University. Each
leaf corresponds to a gene tag in an individual Synechococcus isolate. Ligands were predicted for these based on
their genome-level annotation or PsiBlast searching for clusters without an annotated ligand. Following
clustering, the tree has been coloured to indicate the chemistry of their putative ligands. (B. Shah, personal
communication).
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1.5 - Aims of My Work
Functional understanding of Picocyanobacteria, such as Synechococcus sp., has failed to keep

pace with their genomic annotation. Predictions made in silico regarding function can allow
inferences to be made about their biochemistry, but must be underpinned by robust
annotation at the genomic level. For some protein families, the validity of these annotations is
questionable. The SBP family is a prime example of this, whose ligand partners cannot be
reliably identified based on phylogeny alone. The question of their function must be
investigated using alternative approaches, such as characterisation in vitro, or identification of
biological importance through the use of knockouts and targeted mutagenesis studies in vivo.

SBPs can serve multiple functions, from molecular adaptors for greater nutrient import
machinery, to roles in transcriptional regulation. Recent identification of previously unknown
metabolism in related cyanobacteria species highlights that there is still much more to
discover about these processes in microbial systems [9, 49]. Identifying the role played by
SBPs in such processes may have profound implications for the current paradigms of
fundamental biochemistry for Synechococcus sp..

Ascribing function to uncharacterised proteins is regularly achieved through the
generation of structural information. SBPs have evolved to recognise diverse ligands, yet still
retain a highly conserved fold. SBPs in TRAP systems have previously been subjected to large-
scale structural genomics comparison [35]. While their solubility and stability make them
attractive candidates for structural studies, this may not be the most effective means of
investigating their functional role, which is instead dictated by their binding partner.
Identification of ligand candidates in vitro can provide vital information for their biological
role.

In vitro characterisation requires the production of sufficiently pure protein, meaning
large-scale recombinant production and purification is essential. One strategy is to adopt a
structural genomics pipeline, such as those developed at consortia like the Structural
Genomics Consortium (SGC) at the University of Toronto [50, 51]. These pipelines rely on
identifying robust and tractable candidates from a large panel of targets. There is currently no
established method for the large-scale recombinant production of proteins from
Synechococcus sp., however the amenable properties of the SBP family make these attractive
candidates for trialling the development of such a large-scale approach.

My study focuses on the in vitro functional characterisation for a panel of nineteen
SBPs annotated to bind carbohydrates. These have been identified in the genomes of eight

representative Synechococcus ecotypes, yet the biological rationale for their presence in an
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autotrophic bacterium is unclear. This approach relies on the large-scale recombinant
expression of protein material, and biophysical analysis of their behaviour within solution.
The Protein Structure Group at Macquarie University has previously developed
methods for the recombinant production of mobile gene cassettes [52]. SBPs from
Synechococcus are similar to these in many respects, being highly conserved and playing vital
roles in microbial adaptation, yet largely uncharacterised. This method will form the basis for
developing a strategy for heterologous expression, prior to characterising these proteins

within solution.

Therefore, the specific aims of my project were to:
e Develop a strategy for the recombinant expression of Synechococcus SBPs.
e Optimise purification and handling of recombinantly expressed protein.
e Provide biophysical characterisation of these proteins within solution
e Interrogate their functional role by carrying out ligand screening to identify binding

partners.
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Chapter 2: Materials and Methods

2.1 Reagents

All reagents used, minimally of analytical grade, were obtained through mainstream suppliers
(Astral Scientific, Sigma Aldrich and VWR) unless otherwise specified. DNA primers were
obtained from Integrated DNA Technologies (Sydney, Australia). Common media and buffers
used throughout experimental procedures are detailed in Table 2.1. Solutions were pH
adjusted using HCl or NaOH (5 M) where indicated. Purified water from a MilliQ system
(Millipore) was used for the preparation of buffers and reagents unless otherwise stated. All
solutions for chromatography were filtered (0.2 pm) and degassed in a sonicator prior to use.
Glassware used in culturing of Synechococcus sp. was acid-washed prior to use and

polyethylene equipment was used to prepare all media to prevent trace metal contamination.

2.2 Bioinformatics Analyses
The nucleotide sequences for genes of interest were translated into primary protein

sequences using the ExPASY translate tool. Protein candidates for recombinant preparation
were analysed using GlobPlot 2 [53] to predict regions of globularity or disorder, TMHMM
v2.0 [54] to predict trans-membrane regions, and SignalP 3.0 [55] and SOSUI [56] to identify

signal sequences. Default parameters for each program were used for all analyses.

2.3 Molecular Biology
All steps were performed maintaining aseptic conditions (flame or biological safety

flowhood). Escherichia coli (E. coli) were cultured using Luria-Bertani (LB) medium, unless
otherwise stated. With the exception of transformation steps, LB media contained antibiotics
for positive selection of propagation strain (ampicillin, 50 pg mL-1) or expression strain

containing the transformed plasmid (ampicillin, 50 pg ml-1; chloramphenicol, 25 pg mL-1).

2.3.1 Purification of genomic DNA from source organism
Single strain isolates of Synechococcus sp. previously obtained through flow cytometry sorting

were kindly gifted by M. Ostrowski (Macquarie University). Strains and database (Cyanorak,
www.sb-roscoff.fr/cyanorak) deposition details are provided in Table 2.2. Isolates (5 mL)
were used to inoculate artificial seawater media (500 mL). Cultures were grown at 22 °C (2-3
weeks) under constant illumination (white LED) until the optical density at 750 nm (OD7s0)
reached ~ 0.2 Absorbance Units (AU). Genomic DNA (gDNA) was extracted using the
cetyltrimethyl ammonium bromide (CTAB)-phenol-chloroform method [57], before being

dried down and re-suspended in nuclease-free water.
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Table 2.1 Common media and buffers utilised in this work

Media or Composition Ref.
Buffer 2
LB tryptone (10 g), yeast extract (5 g), NaCl (5 g) [57]

LB agar tryptone (10 g), yeast extract (5 g), NaCl (5g), agar (bacteriological [57]
grade, 15 g).

artificial NaCl (25 g), NaNO3 (0.75 g), MgCl, (2.0 g), KCI (0.50 g), CaCl (0.50 [58]
seawater g), MgS04 (3.5 g), Tris base (1.1 g), K2HPO4 (0.030 g).

trace metal H3BO3 (2.86 g), MnCl;*4H20 (1.81 g), ZnSO4*H20 (0.222 g), [59]

stock NazMo04°2H20 (0.390 g), CuSO4*5H20 (0.008 g), Co(NO3)226H20
(1000x) (0.0494 g), FeCl*6H:0 (3.0 g), EDTA(Na:Mg) (0.5 g).

TE buffer Tris (10 mM, pH 8.0), EDTA (0.1 mM) [59]
TAE Buffer Tris (80 mM), acetic acid (0.7% v/v), EDTA (2 mM) [59]

SOC media tryptone (20 g), yeast extract (5 g), NaCl (10 mM), KCl (2.5 mM), [59]
MgClz (10 mM), MgS04 (10 mM), glucose (1.1 M, after autoclaving).

MO salts KH2PO4 (15 g), Na2HPO4*7H20 (64 g), NaCl (2.5 g), NH4CI (5 g) [57]
ZYP-rich tryptone (1% w/v), yeast extract (0.5% w/v), NaCl (0.17 M), [59]
media MgSO4 (2 mM), Na2HPO4 (50 mM), KH2P0O4 (50 mM), (NH4)2504

(25 mM), trace metal stock (1% v/v), glycerol (0.5% v/v), glucose
(0.05% w/v), lactose (0.2% w/v).

Buffer A HEPES (50 mM, pH 7.4), NaCl (300 mM), glycerol (5% v/v)

Buffer B HEPES (50 mM, pH 7.4), NaCl (300 mM), glycerol (5% v/v),
imidazole (5mM), DNAse (100 mg), lysozyme (300 mg)

a quantities specified per. 1 L

Table 2.2 Synechococcus strains utilised in experimental procedures

Strain 2 Geographic origin Ref.
BL107 Spanish coast; Mediterranean Sea 16
CC9311 California current; Pacific Ocean 60
CC9605 California current; Pacific Ocean 16
CC9902 California current; Pacific Ocean 16

BIOSU31b  Chilean upwelling; Pacific Ocean

— e
N
w

e e e e e e e
(g}

MITS9220 Equatorial Pacific; Pacific Ocean 23]
WH8102 Caribbean Sea; Atlantic Ocean 16
WH8109 b Sargasso Sea; Atlantic Ocean 23] ¢

a Designated in Cyanorak database (www.sb-roscoff.fr/cyanorak) as at Jan 2017
b Genome not publicly available
¢ Unpublished data



2.3.2 PCR amplification of target genes
Primer sequences were designed to be complementary to the pET-15b vector before being

evaluated using OligoCalc (basic.northwestern.edu/biotools/OligoCalc.html) and the virtual
PCR tool of SerialCloner (serialbasics.free.fr/SerialCloner.html). gDNA was amplified by PCR
according to reagents and quantities stipulated in Table 2.3, using primers as given in Table
2.4. The following thermal cycle was used: 94 °C (5 min); 94 °C (30 s) + 55 °C (30s) + 72 °C
(30 s), 30 cycles; final extension 72 °C (10 min).

Amplified genes were visualised using agarose gel electrophoresis. Agarose gel (1.2%
w/v) was prepared in TAE buffer (Table 2.1), with the addition of 1 pL commercial dye
(GelRed, Biotium). Electrophoresis was carried out at 100 V for 50 min using 1x TAE as the
running buffer. Gels were imaged using a GelDoc imaging system (BioRad). Amplicons were
purified using a commercial PCR cleanup kit (Qiagen) and DNA concentration measured using
absorbance at 260 nm (Aze0) on a Nanodrop spectrophotometer (ThermoScientific). Sample

purity was also estimated using A260/A280 ratio.

2.3.3 Ligation-independent cloning of target genes
Ligation-independent cloning (LIC) into the pET-15b vector (Fig 2.1b) [61] was carried out

following the manufacturer’s protocol (Clontech) with the following modifications: the gene
for insertion was combined in a 3:1 molar ratio with 1 pL vector (Fig 2.1a) previously
digested using BamHI and Ndel; following incubation (37 °C, 30 min), the reaction mixture
(2.5 pL) was added to thawed E. coli Stellar competent cells (Clontech) (25 pL) and stored on
ice (30 min); cells were heat-shocked (42 °C, 60 s) and transferred to ice (2 min) before the
addition of SOC media (500 pL) at room temperature; cells were recovered with shaking
(37 °C, 250 rpm, 2 h) before 100 pL of the cell suspension was plated onto pre-warmed LB
agar containing ampicillin (antibiotic concentrations as given, Section 2.2). Single colonies

were picked, re-plated, and colony PCR performed (Table 2.3) to verify gene insertion.

Table 2.3 Reagent mix for PCR steps

Components ? gDNA amplification colony PCR

10x Buffer 5 uL 5 uL

MgClz (25 mM) 2 pL 2 uL

dNTPs (10 mM) 1 pL 0.5 pL

MilliQ water 26.8 uL. 15.3 uL.

Taq polymerase 0.2 uL 0.2 uL

forward primer (5 uM puL-1)b 5 L 1 uL

reverse primer (5 uM puL-1)b 5L 1 uL

template DNA (20 ng pL1) 5 pL Scraping from plate

a All reagents provided by QIAGEN (Taq Polymerase Kit)
b Gene specific primer used (forward) and vector specific used (reverse) to verify gene insertion
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2.3.4 Establishment of glycerol stocks
Colonies containing inserted genes were grown overnight (37 °C, 250 rpm) in LB (10 mL

supplemented with ampicillin, 50 mL tube) prior to plasmid extraction. Glycerol stocks were
made by pelleting 5 mL of this culture (10 min, 2200 g) before re-suspending in M9 salts
(750 pL) and glycerol (50 % v/v, 750 pL). Plasmids were purified by kit (Qiagen) from the
culture remaining and sequenced (Macrogen, Seoul, Republic of Korea) to verify the integrity
of the inserted gene.

Following sequencing, purified plasmids were transformed into E. coli Rosetta2 pLysS
(Novagen) cells as described (Section 2.2.3). Cultures were plated on LB agar supplemented
with ampicillin and chloramphenicol for positive selection. All colonies were assumed to
contain successful transformants. Selected colonies were picked and grown overnight in LB
(10 mL, supplemented with ampicillin and chloramphenicol) for the production of glycerol

stocks.

2.4 Recombinant Expression and Isolation

2.4.1 Expression of target protein
Starter cultures were grown overnight (50 mL tube, 37 °C, 250 rpm) in LB (10 mlL,

supplemented with ampicillin and chloramphenicol). These were used to inoculate ZYP-rich
media (500 mL with ampicillin and chloramphenicol in 2 L baffled Nalgene flasks) and shaken
(25 °C, 250 rpm) for 24 h. Cells were harvested by centrifugation (40 min, 5,000 g). Cells
were subjected to a freeze-thaw cycle, and then sonicated to effect complete cell lysis (S-2500
Branson Digital Sonifier, ampl. 60 %, 10 s on, 10 s off, 6 cycles). Supernatant containing the
soluble protein fraction was centrifuged (40 min, 11,000 g), filtered on ice (0.2 um syringe

filter), and collected for purification.
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Table 2.4 Primer sequences used for cloning procedures

ID Source Gene ID2 Forward primer (5’-3’)b Reverse primer (5’-3’)P

SP1 BIOS-U3-1 BIOS-U3-1_00154 GCGCGGCAGCCATATGceccgagggceacacte GTTAGCAGCCGGATCCTCtcagggccaacgagc
SP2 BL107 BL107_06034 GCGCGGCAGCCATATGccagagttgaatttgtgg GTTAGCAGCCGGATCCTCttaagaattgcgttgac
SP3 CC9311 CC9311_00114 GCGCGGCAGCCATATGccagaaggagctctc GTTAGCAGCCGGATCCTCttagggccatcgcgcec
SP4 CC9605 CC9605_00108 GCGCGGCAGCCATATGgagttgtggaccctg GTTAGCAGCCGGATCCTCttaagaattgccggcg
SP5 CC9902 CC9902_00152 GCGCGGCAGCCATATGccagaactgaatttgtgg GTTAGCAGCCGGATCCTCttaagaattacttccatc
SP6 MITS9220 MITS9220 00121 GCGCGGCAGCCATATGcctgagggaactcte GTTAGCAGCCGGATCCTCtcagggccatcgggc
SP7 WHS8102 WHS8102_00125 GCGCGGCAGCCATATGcagcggtctcttgag GTTAGCAGCCGGATCCTCttagggccagcgagcc
SP8 WHS8109 WHS8109 00131 GCGCGGCAGCCATATGgagttgtggaccctg GTTAGCAGCCGGATCCTCttaagaattgccgacaacctc
SP9 BIOS-U3-1 BIOS-U3-1_01586 GCGCGGCAGCCATATGgaccatgtctcgatattgatg GTTAGCAGCCGGATCCTCtcagggcgctgctcc
SP10 BL107 BL107_12765 GCGCGGCAGCCATATGccagtctcaattttgatgcectg GTTAGCAGCCGGATCCTCtcatgcttcggeccc
SP11 C(C9311 CC9311_01402 GCGCGGCAGCCATATGgtgattgaatcagtatctatattgatgc GTTAGCAGCCGGATCCTCtcatggttcaactcctg
SP12 C(C9605 CC9605_01408 GCGCGGCAGCCATATGgaggaggtgagcatc GTTAGCAGCCGGATCCTCtcatggcgtggctcc
SP13 (C(C9902 CC9902_01078 GCGCGGCAGCCATATGcccgtctcaattttgatgcc GTTAGCAGCCGGATCCTCtcatgcttctgececctg
SP14 MITS9220 MITS9220 01409 GCGCGGCAGCCATATGccagaccatatctcaatc GTTAGCAGCCGGATCCTCttagggagctgctcctg
SP15 WHS8102 WH8102_01282 GCGCGGCAGCCATATGcagcagcagatgcag GTTAGCAGCCGGATCCTCtcatgcecttgecccccag
SP16 WHS8109 WH8109_01255 GCGCGGCAGCCATATGgaggaggtggtgag GTTAGCAGCCGGATCCTCtcatggcgtggctccc
SP17 BIOS-U3-1 BIOS-U3-1_00438 GCGCGGCAGCCATATGggccaaagaggtgtg GTTAGCAGCCGGATCCTCtcagggtgccgaaatc
SP18 MITS9220 MITS9220 00388 GCGCGGCAGCCATATGggcaagggaggtgty GTTAGCAGCCGGATCCTCtcaagttgccgatatgtcac
SP19 WHS8102 WHS8102_01917 GCGCGGCAGCCATATGcctgaagccgacacatccg GTTAGCAGCCGGATCCTCctagatctctccggtig

a Gene ID as designated in Cyanorak database
b Start and stop codons are indicated in bold. Vector-specific sequences (pET-15b) are in uppercase, gene-specific sequences are in lowercase.
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2.4.2 Purification of recombinant products by IMAC
Pre-packed columns of Ni-Sepharose immobilised metal affinity chromatography (IMAC)

media (His-Trap 1 mL, GE Healthcare) were washed with 10 column volumes (cv) each of
water and Buffer A containing 5 mM imidazole. Filtered cell lysate (30 mL aliquots) was
loaded under pressure provided by a bench-top peristaltic pump (1 mL min-1). Following
sample loading, each column was washed with 10 cv Buffer A containing 5 mM imidazole,
then Buffer A with 75 mM imidazole (> 45 cv) to remove non-specifically adsorbed proteins.
Captured His-tagged (Hise) targets were next eluted from the IMAC columns in Buffer
A containing 500 mM imidazole using an LC system (Akta Start, GE-Healthcare) operating at
0.5 mL minl. Fractions (0.5 mL) recording an absorbance reading at 280 nm (A2s0)
significantly above baseline were pooled. Buffer exchange was carried out immediately using
size exclusion chromatography (SEC). A Superdex 200 (HiLoad 16/600 column, GE-
Healthcare) equilibrated in Buffer A operating at 1 mL min-! on a LC system (Akta Pure, GE-
Healthcare) was loaded with pooled eluent from IMAC purification. Fractions (1 mL) with Azgo
values significantly above baseline were collected and pooled before concentrating to = 1 mg
mL-1in a spin device (Vivaspin spin 20kDA cutoff, GE-Healthcare). Purified protein was snap-

frozen in thin-walled PCR tubes using liquid nitrogen and stored (-80 °C) for further analysis.

2.5 Protein Analysis

2.5.1 Size exclusion chromatography
SEC is an entropically-controlled method of separation based on the size, or hydrodynamic

volume, occupied by a macromolecule in solution relative to the pore size of the matrix [62].
The evaluation of native protein mass within solution was carried out using analytical SEC
procedures on a Superdex 200 10/300 GL column (GE-Healthcare) equilibrated in Buffer A.
Calibration of elution times was carried out using commercial size standards (GE-
Healthcare): ferritin (440 kDa); aldolase (158 kDa); ovalbumin (43 kDa); RNase I (13.7 kDa);
conalbumin (75 kDa); and carbonic anhydrase (26 kDa). Void volume (V,) was estimated
using blue dextran. Fig. 2.2a shows the relationship observed between the elution volume (V)
of each species on utilized column and their associated distribution coefficients (Kav). A
calibration plot of Kav and the logarithm of the molecular radius (Mr) within solution, logMg,
values yielded a straight line (Fig. 2.2b), allowing the interpolation of native Mg for unknown

protein samples. Values for Kay were calculated using the following formula:
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v, -V,
Kav=e—0

Vi =Vo

where V. represents the elution volume of a species of interest, Vo represents the
empirically-determined void volume of the column (8.23 mL), and V; represents the total
column volume (24 mL)[63].
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Fig 2.2 Calibration of analytical SEC. (a) Overlay of standard traces used to determine retention volumes for
proteins of known Mg. From left to right: dextran (8.33 mL), ferritin (440 kDa), aldolase (158 kDa), conalbuin (75
kDa), ovalbumin (43 kDa), carbonic anhydrase (29 kDa), RNasel (13.7 kDa). (b) Calibration plot with derived Kay
vs. logarithm of Mg. The equation for the line of best fit is given as y = -3.748x + 6.593. The correlation co-efficient
(R?) of 0.9957 indicates a strong linear relationship between the two variables.
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2.5.2 Protein electrophoresis
Purified proteins were subjected to SDS-PAGE analysis [64] (15 % separating and

5 % stacking gel) using a Tris/glycine buffer system and reagents listed in Table 2.4. Samples
(25 pL aliquots) were diluted twofold in loading dye and boiled for 10 min prior to loading.
Electrophoresis was carried out by first focusing the samples (100 V, 10 min) followed by
separating (120 V, 1 h) in running buffer. Gels were then fixed (10 min), stained (7 min), and
then destained until the background was clear. A commercial protein ladder (Novex Sharp

Pre-stained, Invitrogen) allowed estimation of protein size on each gel.

Table 2.4 Reagents used in SDS-PAGE procedures

Reagent Composition

Loading dye SDS (4 % w/v), glycerol (20 % v/v), DTT (200 mM), Tris buffer
(100 mM pH 6.8), bromophenol blue (0.2 % w/v)
Running buffer Tris (25 mM), glycine (250 mM), SDS (10 % w/v)

Fixer ethanol (50 % v/v), acetic acid (10 % v/v)

Stain Coomassie Brilliant Blue™ (0.25 % w/v), ethanol (10 % v/v),
acetic acid (10 % v/v)

Destain acetic acid (10 % v/v)

2.5.3 Differential scanning fluorimetry
Differential scanning fluorimetry (DSF) was used to monitor protein thermal stability and its

response to discrete additives [65]. In this technique, a protein solution is heated in the
presence of a fluorescent dye (SYPRO Orange, Invitrogen). As thermal denaturation occurs
across a temperature gradient, increased hydrophobic contacts are made with the external
dye causing it to fluoresce. The melting temperature (Tm) is monitored as a change in this
observed fluorescence and corresponds to the point at which half of the solution population is
found in the denatured state (Fig. 2.3).

DSF reactions were carried out in a 96-well plate format as per published protocols
[66]. Protein samples were mixed with dye (50x, 2 pL) to a final concentration of at least 2 pg
mL-1. The protein-dye mix was delivered in 2 pL aliquots into a skirted 96-well PCR plate
(Stratagene) and the reaction volume was made up to 20 uL with addition of Buffer A. All
samples were prepared in triplicate. Following centrifugation (1 min, 1000 rpm) to ensure
sample homogeneity, the plate was heated (25 °C - 95 °C) at 1 °C min‘! in a real-time qPCR
instrument (Mx3005P, Sratagene). Excitation was induced at 485 nm, with the emission

profile at 590 nm being measured.
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For screening of small molecule cocktails to identify potential protein binding
partners, aliquots from the Silver Bullets screen (Hampton Research) were diluted 1:10, and
10 pL added to each well containing the protein-dye mix as previously described. The volume
of Buffer A added was adjusted such that the final reaction volume remained 20 pL. Observed
changes in Tm were subsequently validated by repeating with protein-ligand combinations

utilising individual components. All measurements were performed in triplicate.
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Figure 2.3 Typical DSF response curve obtained for target named SP6. A melting curve corresponding to a single
denaturation event is shown. In this technique, a folded protein (blue) is heated in the presence of a fluorescent
dye (orange) until denaturation (maxima). Aggregation sequesters hydrophobic residues, resulting in a
reduction in observed fluorescence. The Tr, value is indicated by dashed vertical at asymptote.
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Chapter 3: Optimising Recombinant Production of SBPs

The availability of over 50 sequenced genomes for different Synechococcus ecotypes across a
variety of global oceans [14, 15] provides a large dataset for understanding the lifestyle and
biochemistry of this genus [23]. The validity of specific gene annotations requires more
robust investigation, especially for elements evolved to respond to a wide variety of signals or
substrates in diverse niche environments. The SBP family is one such example, a family of
proteins displaying an inherently low degree of sequence homology, so casting doubt on
biochemical inferences made using phylogenetic relationships alone. My study focuses on
pursuing a selection of Synechococcus SBPs to explore as test cases for more refined functional
characterisation at the protein level, with the advantage of an in vitro evaluation.

This will involve recombinant production of a set of Synechococcus SBPs in a
heterologous E. coli expression system. Figure 3.1 outlines the general steps required in a
production pipeline approach. High attrition rates are intrinsic to this method, however the
large sample sizes that feed the production pipeline mean that robust and amenable targets
(‘low hanging fruit’) are successful, and these are generally highly tractable for further

analysis [50, 52].

Cloned (98%)

Expressed (49%)

Purified (38%)

Structure
(~2%)

Fig 3.1 Production pipeline and associated attrition rates. Bacterial proteins expressed in recombinant systems
experience high attrition rates moving through various stages, with only approximately 2 % amenable to
structural analysis. Adapted from [52].
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3.1 Selection of SBP Target Panel
Gram-negative bacteria, such as Synechococcus, are characterised by their periplasm: a redox-

isolated compartment between the inner- and outer-extracellular membranes [67].
Synechococcus sp. additionally possess an internal network of thylakoid membranes for both
photosynthesis and respiration [10] adding an additional complexity to their cellular
biochemistry [68, 69]. In Synechococus sp. either the general secretory (Sec) pathway, or the
Tat pathway [67, 69] direct nascent proteins to the appropriate membrane following
ribosomal synthesis [68] (Fig. 3.2). How a specific gene product is targeted may depend on
the chemistry of the signal peptide [70], chemical environments of the membranes
themselves [71, 72] or post-translocational sorting [73, 74].

The essential difference between the two pathways is a difference in cargo
conformation. The Tat pathway translocates fully-folded protein across the inner membrane
[69, 75], contrasting with the Sec pathway which translocates protein prior to full folding.

For the purposes of this project, in which SBPs are to be produced as cytosolic
products in the bacterial expression host, E. coli, direct production of fully-folded products is
an important consideration. The presence of signal peptides for export via the Tat pathway
indicates that the formation of a folded, soluble product is favoured in Synechococcus
cytoplasm, and so the removal of the signal sequence is required for recombinant production
of viable folded and bioactive product in a heterologous expression system. The Tat signal is
identified by the presence of the twin-arginine motif, and in prokaryotes contains the
canonical sequence proposed by Berks: § TRRXFLK [76], with some deviation from this

identified in Synechococcus [68].
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Fig 3.2 Translocation machinery in prokaryotes. The general secretory (Sec) pathway (left) utilises ATP
hydrolysis at the SecA subunits to pass a nascent polypeptide through the narrow channel formed by the SecYEG
complex. In the twin-arginine (Tat) pathway (right) fully folded proteins (generally with appropriate cofactor)
are moved through the porin formed by the TatABC subunits by a proton-motive force. Adapted from [77].
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3.1.1 In silico assessment of gene targets
In silico analysis of the gene sequence is commonly used in structural genomics to triage a

panel of targets of interest to identify and remove non-tractable candidates [51, 52, 78]. Given
the high attrition rates inherent in this approach, selecting those targets most amenable to
rapid production in E. coli as stable, soluble proteins is advantageous. Straightforward
algorithms are used to detect globularity/disorder, predict trans-membrane regions and
signal peptide sequences (Section 2.2).

Canonically, the SBP fold consists of two globular domains connected by a flexible
hinge region, with the structure of this latter region providing defining features according to
its subclass [38, 39]. The selected sequences might therefore be expected to show evidence
for two globular domains. An exemplar output from the GlobPlot program [53] is shown with
the target sequence SP6 in Fig. 3.3. The sequence showed two regions of globularity (residues
1-283 and 300-433) connected by a disordered element. The sixteen residues forming this
disordered region were found to be similar across all proteins in the CK_00001342 cluster.
Ten targets, including all members of cluster CK_00001342, were identified to contain more
than one globular domain (Table 3.1), with the remaining nine showing only one region of
globularity. Only two targets were predicted to contain trans-membrane regions that did not
arise from the signal peptide. These may reflect a binding pocket for a potential hydrophobic

ligand at the hinge region.
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Fig 3.3 GlobPlot output for SBP target named SP6, from Synechococcus sp. MITS9220. The GlobPlot analysis
indicated the presence of two large globular domains (green) (residues 1-283, and 300-433) with disordered
region (blue) and signal peptide sequence (purple).
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3.1.2 Signal sequences of Synechococcus sp. Targets
Verification of the Tat assignment was performed using the TatFIND 1.4 algorithm [79, 80],

locating the Tat-related motif in eleven of the nineteen proteins (Table 3.1). Only targets
within two specific gene clusters (CK_00001342 and CK_00001944) were predicted to
possess a Tat motif, which contrasted with the manual assignment of Tat signal peptides. This
represents a major difference between manually- and bioinformatically-predicted sequences,
however may be attributable to the variation on the consensus known to occur within
Synechococcus [68]. The choice of the pET-15b vector required the removal of the signal
peptide to ensure incorporation of the polyhistidine tag into the mature protein product to
facilitate purification. The summary of all predicted features for the panel of target proteins is

presented in Table 3.1.

3.2 Comparison of High-Throughput Protocols
In contrast to genomic and transcriptomic stages of characterisation, which are largely

automated and rapidly generate large amounts of data, recombinant expression of proteins
still requires more time-consuming manipulation [81]. E. coli is the most popular host for the
generation of bacterially-sourced recombinant proteins, due to low cost, rapid growth, ease of
manipulation, and well-established protocols [81, 82].

Selection of affinity tags or fusion partners are parameters that can have an
appreciable impact on the solubility, stability, and recovery of recombinant product [81, 83].
However, trialling of all possible experimental conditions is prohibitive to achieving a
reasonable target throughput in production. In the last decade, structural genomics consortia
have pioneered standard approaches designed to balance these two parameters. In my
project, I have implemented two contrasting approaches to preparing recombinant SBPs.

The first approach utilised the established Macquarie University/Structural Genomics
Consortium (MQ/SGC) approach, a protocol successfully used by the Protein Structure Group
at Macquarie [52, 84](Section 2.2-2.4).

The second approach, developed by the Oxford Protein Production Facility, United
Kingdom (OPPF-UK) [83, 85], is a miniaturised method, designed to allow increased
throughput in target screening. To facilitate this, OPPF-UK has developed a suite of vectors
(pOPIN) for amplification of target genes using a single set of primers and compatible with a
series of cloning vectors. By incorporating a choice of affinity tags and fusion partners, these
products allow simultaneous comparison of multiple production conditions. A summary of
the differences in scale between the approaches in terms of amplification, cloning,

transformation, and screening steps is shown in Fig. 3.4.
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Table 3.1 Sequence properties of annotated sugar-binding SBPs

Target  Source and Gene Cluster a MW SigP length  Tat Motif T™ Glob Domains
Tag #AA  /kDa pl GRAVY /AA (N-term) regions

SP1  BIOS-U3-1_00154 433 47 9.4 -0.08 30 RRRRFL 2-92;122-281; 298-431
SP2  BL107_06034 436 48 9.8 -0.12 24 TRRRLL 2-88; 112-433
SP3  (€C9311_.00114 447 49 9.9 -0.25 42 HRRRWL 1-106; 133-295; 313-445
SP4  (CC9605_00108 1342 435 47 10.1 -0.08 30 NRRDLL 1-278;293-431
SP5  €C9902_00152 436 47 9.1 -0.12 24 TRRRLL 2-88; 112-430
SP6  MITS9220_00121 435 47 8.7 -0.09 24 RRRRFL 1-283; 300-433
SP7  WH8102_00125 429 47 9.9 -0.15 26 SRRKLL 1-88; 113-427
SP8  WH8109_00131 435 47 10.2 -0.04 30 TRRDLL 1-278;293-431
SP9  BIOS-U3-1_01586 413 45 5.4 -0.25 21 1-411
SP10 BL107_12765 433 46 5.1 -0.08 26 1-433
SP11 (CC9311.01402 429 47 5.1 -0.05 36 84-106 2-427
SP12  €C9605_01408 1455 421 45 4.6 -0.07 29 not present 1-418
SP13 €C9902_01078 433 47 5.2 -0.13 23 1-433
SP14  MITS9220_01409 412 45 5.1 -0.22 18 2-194;209-410
SP15 WH8102_01282 420 45 4.9 -0.17 24 73-95 1-204; 221-420
SP16 WH8109_01255 421 45 4.7 -0.10 28 1-418
SP17  BIOS-U3-1_00438 334 36 8.0 -0.07 50 RRRAVL 71-332
SP18 MITS9220_00388 1944 334 36 6.5 -0.09 47 RRRAVL 71-332
SP19 WH8102_01917 321 35 5.5 -0.16 29 RRRSVL 65-331

ajdentifier for an orthologous gene cluster as designated in Cyanorak database
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Fig 3.4 Comparison of two high-throughput approaches utilised in this experiment. Left, the MQ/SCG standard
approach utilised by the Protein Structure Group at Macquarie University [52], and right the novel OPPF-UK
method [85]. Cloning, transformation, and colony screening steps are different between these methods.
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3.2.1 Macquarie University/Structural Genomics Consortium approach
I designed primers for gDNA amplification incorporating overhang regions complementary to

the pET-15b vector system (Section 2.3.2). Following gDNA amplification, successful gene
amplicons were visualised using agarose gel electrophoresis. This showed eighteen of the
nineteen targets were successfully amplified, consistent with expected attrition rates (Fig
3.1). SP8 failed to yield a positive amplicon despite increasing extension time (by 1 min), and
incorporating a thermal gradient to the extension temperature (+ 2.5 °C) over the cycle
(Section 2.3.2). This failure to amplify likely indicates a possible error in the original
sequencing reaction for this strain, and thus SP8 was discarded from the working panel.

Remaining targets were each inserted into the pET-15b vector through the use of LIC
(Section 2.3.3). At the conclusion of cloning and transformation, thirteen successful targets
remained in the production pipeline. A notably poor efficiency was observed for this
transformation step, with some targets requiring as many as eighteen individual colonies to
be screened for a positive amplicon. This is shown for target SP6 in Fig. 3.5, with only one
band corresponding to an amplicon detected with agarose gel electrophoresis following
eighteen attempts at colony PCR.

Upon sequencing the thirteen successfully cloned targets, ten were carried on for
expression trials. The ten targets without mutations were transformed into the expression
cell line (Section 2.3.4). A high frequency of deleterious mutations were observed during
sequencing and assumed to be as a result of using a low-fidelity polymerase (Taq) for the
original amplification of gDNA. As a rescue strategy, the use of a high-fidelity polymerase
(Kod) was trialled for gDNA amplification, however, this resulted in no target genes being

successfully amplified.

M 1 2 3 4 5 6 M C 7 8 9 10 11 12 C 13 14 15 16 17 18
.
— ~
—
-
- - -

T — - — i —
- I - e
Fig 3.5 Colony PCR for SP6 transformants. Indicated on gels are molecular weight marker (M), amplified gene

from gDNA as control (C), and individual colonies (numbered 1-18). Successful colony (#14) is indicated with a
box.
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For large-scale expression trials, target proteins were grown as described, before cells
were harvested and lysed (Section 2.4.1). The fresh lysate was applied to IMAC columns in
approximately 30 mL aliquots to saturate the column binding capacity and allow Hise tagged
proteins to outcompete endogenous host contaminants. A gradient elution was performed to
identify the optimal imidazole concentration for column washing (Fig. 3.6) to further increase

sample purity.
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Fig 3.6 Gradient elution profile. Adding imidazole in gradient showed two distinct populations formed. The first
population began eluting at approximately 10% addition, corresponding to a total imidazole concentration of
~75 mM, subsequently used for purification of protein (Section 2.4).

Inspection of the IMAC elution profile and SDS-PAGE gels allowed the targets to be
evaluated for product yield and purity. As shown in Fig. 3.7, a successful target (SP5) was
identified by a single peak in the elution profile, and a large band in SDS-PAGE analysis at the
appropriate molecular weight (~42 kDa), with few contaminating proteins from the host-cell
line. This contrasted with SP13, an unsuccessful target, which instead showed multiple elution
peaks, a small band at the appropriate molecular weight (~40 kDa), and many contaminant
proteins, indicating low expression yield. Large-scale expression screening resulted in three
proteins being successfully expressed in high yield (typically in quantities > 2 mg mL-1) and
purified to homogeneity using this approach. A summary of target progress using this

approach is shown in Fig. 3.8.
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Fig 3.7 Purification of recombinant proteins SP5 and SP13. IMAC elution profiles are shown for two targets (SP5
and SP13). Elution from 1 mL His-Trap Ni-Sepharose columns was performed on an Akta Start LC system
operating at 0.5 mL min-1. Elution began with addition of 500 mM imidazole. Fractions (0.5 mL) collected for
SDS-PAGE analysis indicated with dashed line. SDS-PAGE for each target shown below corresponding elution
profile. Expected target molecular weight indicated with an arrow. SlyD (common contaminant) band indicated

with asterisk.
\ Targets selected: 19

Amplified: 18
95%
Cloned: 13
70%
Expressed: 10
50%

Purified:
3
15%

Fig 3.8 Attrition rate of targets using MQ/SGC approach. The final number of proteins purified from the original
panel (3/19) is consistent with reported success rates [52].
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3.2.2 Oxford Protein Production Facility approach
Primers for amplification of gDNA were designed as described (Section 2.3.2), however the

overhang region was instead complementary for the pOPIN vectors [83], containing the
sequences: S5-AAGTTCTGITTCAGGGCCCGATG 3 for the forward primer, and
5- ATGGTCTAGAAAGCTTTA- 3 for the reverse primer.

PCR amplification and visualisation of the target genes was performed as described
(Section 2.3.2), resulting in fifteen successful amplicons. This was a smaller number than
observed in the MQ/SGC approach, suggesting the use of primers complementary for a wide
range of vectors may represent a trade-off for compatibility with a standard PCR cycle. Both
approaches failed to amplify target SP8, further supporting the inference of an original
sequencing error for this strain.

The miniaturised cloning format in the OPPF-UK method meant each LIC reaction was
scaled down from 10 pL to 3.3 pL, resulting in a higher observed success rate, with all fifteen
remaining targets in the pipeline cloned. Transformation was carried out using deep 96-well
blocks, with a remarkably high transformation efficiency observed, indicating the reduced
scale did not adversely effect this step. While scaling down can introduce false positives if
ligation becomes inefficient, the pOPIN vectors incorporate an additional blue/white selection
marker using the B-galactosidase enzyme [83, 85], allowing these to be filtered out during
colony screening when plated on LB-agar containing X-gal (5-bromo-4-chloro-3-indolyl-D-

galactopyranoside) (Fig. 3.9a).

Fig 3.9 Colony screening of targets. (a) for OPPF-UK method in 24-well tissue culture plates. Top two wells
indicating blue colour of negative control (arrow), and bottom eight wells showing E. coli lawns for various
targets: SP1,2,6,7,11, 12,15 and 17, (b) using MQ/SGC approach in 6-well plates showing single colonies.
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For colony screening, the published protocol suggests the use of 24-well tissue culture
plates is sufficient for isolating single colonies of transformed cells rather than standard agar
plates. Even after significant dilution of the transformation reaction (1:500), and plating
volumes as small as 2 pL, single colonies could not be isolated in this format, with lawns of E.
coli predominating (Fig. 3.9a). This was compared with plating the transformation reaction
from the standard protocol in a reduced 6-well format (Fig. 3.9b) following the procedure
given (Section 2.3.3). The use of smaller 6-well plates produced successful single colonies in
some instances. This indicated that with further optimisation, advantageous aspects of the
OPPF-UK approach could be incorporated within the established MQ/SGC approach.

Despite the significant utility afforded by the OPPF-UK approach for screening multiple
expression conditions and the method of filtering out false positives, the standard MQ/SGC
approach led to a greater number of successful targets (Table 3.2). Therefore this approach

was selected for use in this project due to its robust, established methodology.

Table 3.2 Comparison of attrition rates during genetic manipulation steps.

Target MQ/SGCa OPPF-UK b

ID Amplification Cloning Amplification Cloning ¢
SP1 -
SP2
SP3
SP4
SP5
SP6
SP7
SP8
SP9
SP10
SP11
SP12
SP13
SP14
SP15
SP16
SP17
SP18
SP19
#Successful 18 13 15 15

a MQ/SGC standard protocol used by the Protein Structure Group at Macquarie University [52]

b Novel protocol developed by the Oxford Protein Production Facility [85]

csingle colonies unable to be isolated following cloning when transformed into propagation cell line
when plated in 24-well format
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Chapter 4: Biophysical Characterisation of Recombinant Products

4.1 Genomic Perspectives of Successful SBPs for Study

Three proteins (named SP5, SP6, and SP19) successfully passed through synthesis and
production and were purified to homogeneity in high yield. These proteins, identified as SBPs
within genomes of Synechoccocus sp. have never previously undergone characterisation. My
analysis of these targets consisted of two main avenues: identification of their physical
characteristics and validating these against canonical characteristics of the SBP family; and
the assessment of their annotated function as saccharide binding partners.

SP5 originates from Synechococcus CC9902, an ecotype isolated from the oligotrophic
surface waters of the California current in the Pacific Ocean (Section 1.2). Analysis of this
isolate by Dufresne et al. [16] shows a genome size of 2.23 Mbp, at the smaller range for
Synechococcus sp., encoding 2,358 putative genes in one contig. This genome contains a low
number of unique genes (< 5 %), with over half of its genome satisfied by the
picocyanobacteria core genome (those common to both Synechococcus and Prochlorococcus)
[17]. The GC content of the entire genome (54 %) is not indicative of genome streamlining, in
contrast to Prochlorococcus in which a high proportion of their genome is also satisfied by the
picocyanobacteria core genome [16].

SP6, a gene product from the same gene cluster as SP5 (Table 3.1), originates instead
from Synechococcus MITS9220, an ecotype from the equatorial Pacific. Its genome size of 2.42
Mbp is in the median range for Synechococcus sp., and is predicted to encode over 3,000 gene
products. As yet, this strain has not undergone comparative analysis to assess the relative
contributions of core, and accessory genomes, however, the trend for unique genes is loosely
correlated with genome size [10, 16], and so it likely possesses a percentage of unique genes
comparable to similar isolates (~ 15 %). Similarly, its GC content (56 %) is not indicative of
genome streamlining.

SP19 originates from ecotype Synechococcus WH8102, indigenous to the Caribbean
Sea: an oligotrophic region of the Tropical Atlantic. Analysis of this isolate by Palenik et al.
[17] shows a genome of 2.43 Mbp, encoding 2,583 predicted gene products in one contig. Half
of these belong to the picocyanobacteria core genome, with approximately 15 % unique to
this strain [16]. It similarly does not appear to have undergone extensive genome
streamlining.

Key physicochemical properties of each protein of interest are shown in Table 4.1.
These are derived from sequence analysis (Section 3.1). SP19 is 36 % homologous to OpuA,

the glycine betaine-binding protein from Bacillus subtilis, involved in the import of compatible
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solutes under osmotic stress [86]. Validation through the identification of a ligand partner
would allow this protein to be designated as OpuA and assigned to structural Class F.
Homologues to SP5 and SP6 included the trehalose/maltose binding protein from
Thermococcus, an SBP experimentally validated to bind two related disaccharides [87],

however, the sequence identity below 25 % indicates this is an unreliable assignment.

Table 4.1 Results of sequence searching for successful targets

Target MW /amu # Cys Closest homologue 2 ID E-val. b

SP5 45848 1 trehalose/maltose binding 22% 6e->
protein

SP6 45061 0 trehalose/maltose binding 21% 2e3
protein

SP19 32878 0 glycine betaine binding 36 % 2e35

protein (OpuA)
aFrom UniProtKB/SwissProt database, as at October 2017

bE-value obtained from PSI-BLAST tool using NCBI blast (blast.ncbi.nlm.nih.gov/Blast.cgi)

4.2 Analysis of Solution Properties
SEC is a powerful tool by which the compositional heterogeneity, or oligomeric profile, of a

protein within solution can be analysed, and allows delineation of discrete oligomeric
populations [88, 89]. Preparative SEC showed that each protein was purified as a
monodisperse product. Exemplar traces are shown as Fig. 4.1, with each protein displaying a
single, well-defined peak corresponding to a single oligomeric state. The absence of product

within the void volume indicated no aggregation, showing these proteins to be stable within

solution.
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To evaluate the native mass within solution, analytical SEC procedures were carried
out as described (Section 2.5.1) and interpolation made from the standard trace obtained.
Canonically, in Gram-negative prokaryotes, the substrate-binding protein functions as a
monomer [38], thus the native mass determined experimentally was expected to reflect this.
The chromatograms for each target are shown as Fig. 4.2 a-c. The observed Ve, derived Kay
measurements and associated Mg values are summarised in Table 4.2.

For targets SP5 and SP6 (Fig. 4.2a and Fig. 4.2b), the derived Mr approximated the
mass calculated based on their primary sequence, indicating these targets were both purified
to homogeneity in their monomeric forms. The slight discrepancy is attributable to the
expected 10 % error range inherent in analysis by this method [90]. The determination of
mass was supported by SDS-PAGE analysis, which showed a single band at the appropriate
molecular weight (approximately 45 kDa) (Fig. 4.2d).

b

Q

75 kDa
43 kDa
29 kDa
75 kDa
43 kDa
29 kDa

%
+

2 2
£ £
£ £
c (=4
< <
T 1 T 1
0.0 0.5 1.0 0.0 0.5 1.0
Kav KaV
S © © MW SP5 PG P19
g 2 g d
C 2 9 Q
—
—_—
e
| ——
2 50‘
E 40 o D -
£ 30 w— -
< = v
<N
| —
—_—
1
0.0 0.5 1.0
K

av

Fig 4.2 Determination of molecular size. The analytical SEC traces are shown for (a) SP5, (b) SP6, and (c) SP19.
Peak position is indicated (dashed line). Corresponding Mg of calibration standards indicated (bar). (d) SDS-
PAGE analysis showing molecular standard masses (MW) and each target (SP5, SP6 and SP19) with each
displaying a single band at the appropriate calculated molecular weight.
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Table 4.2 Analytical SEC parameters for targets

Target Ve /mL Kay Mg /kDa 2 Mass /kDa b
SP5 16.7 0.53 43 45.85
SP6 16.8 0.54 43 44.06

SP19 16.0 0.49 56 32.88

aMolecular radius within solution
bMolecular mass determined from primary sequence

SP19 exhibited a larger Mg than expected (Fig. 4.2c). The determined native mass of 56 kDa is
consistent with that expected for a dimeric protein at pH 7.4. Analysis by SDS-PAGE under
reducing conditions showed a single band at approximately 32 kDa, further implicating the
influence of quaternary structure. The Gaussian peak shape observed during chromatographic
procedures indicated the formation of the dimer was due to normal intermolecular contacts
rather than non-specific aggregation. Similarly, the absence of cysteine residues in the
primary sequence precludes redox-mediated oligomerisation. This observation represents an
unexpected molecular organisation.

This may be due to the presence of a cognate ligand, with the conformational change
required for ligand binding facilitating the formation of a dimer interface between two
monomers. This has previously been observed for TakP, responsible for binding a-keto acid in
Rhodobacter sphaeroides that exists as a helix-swapped dimer upon ligand binding [46]
(Section 1.3). This is consistent with observations made during purification of this target via
preparative SEC, which reproducibly showed the presence of a small molecule co-eluting with
the protein of interest indicated in Fig. 4.3a.

Protein-ligand-solvent systems are thermodynamic in nature [91] however, despite
extensive dilution [92] it is not always possible to remove a bound ligand due to the kinetic
constraints of a system [93]. It was thus assumed this peak corresponds to an endogenous
small molecule ligand scavenged from the growth media during purification as this peak
eluted at the lowest size limit for the column. A crude calculation of molecular weight showed
a MW in the region of approximately 150 amu, however this was outside the dynamic range of
the column and so cannot be taken as an accurate determination of mass.

Fractions were collected from this peak during subsequent purifications and subjected
to analysis with UV-spectroscopy. This analysis showed a strong absorbance band
approaching 200 nm (Fig. 4.3b). This may be attributable to conjugated aromatic compounds
[94], however was near the spectral limit of the quartz cuvette used. Further confirmation
using other approaches such as infrared spectroscopy was unsuccessful due to the dilute

sample.
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Mechanisms of regulation of ABC transporter activity still remain largely unknown [2].
Reversible dimerisation driven by the presence of a ligand may be a means of exerting control

over these transporters by sequestering the functional monomeric form [2, 32].

40=

20+

| SRS AN

80 120
Elution Volume / mL

Absorbance, 280 nm / mAU

1.04 |

0.5

Abs

0.0 Ne—— — - . _____I__ — S — — —
200 400 600
Wavelength (nm)

Fig 4.1 Evaluation of putative small molecule. (a) shows the preparative SEC for SP19, with V, indicated by an
arrow and proposed small molecule peak (*). (b) shows the results of UV-Visible spectroscopic analysis of
collected small molecule peak. SEC was collected using a Superdex 200 HiLoad 16/600 column (GE-Healthcare)
equilibrated in Buffer A (Section 2.2) on an AktaPure LC system operating at a flow-rate of 1 mL min-1.

4.3 Identification of Binding Partners
In order to determine potential binding partners for each target, DSF was used to perform

high-throughput screening of small molecule cocktails. This technique evaluates the stability
of a protein fold conferred by being bound to its cognate ligand: for proteins in the presence
of a cognate ligand, the increased intermolecular contacts stabilise tertiary structure and
cause a positive shift in observed melting temperature, Tr, [65, 95].

Despite essentially functioning as high-affinity, high-specificity adaptors of molecular
import machinery, SBPs also display a certain degree of flexibility for binding substrates
chemically similar to their preferred ligand, with such promiscuous binding thought to be a
vital part of the acquisition of new substrates and functions over their evolutionary history
[96]. The diverse chemistry of small molecules present in crystallisation screens should be
sufficient to generate a hit for either a cognate ligand or a moiety chemically similar to the

natural ligand.
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Fig 4.4 Determination of Ty, values in in 96-well format. Constituent small molecule cocktails from the Silver

Bullets screen [66] are indicated for four wells.

Each protein was pipetted into a 96-well plate with discrete additives from a small
molecule cocktail as described (Section 2.5.3). Proteins were subjected to a thermal ramp,
allowing indirect measurement of their thermal melting using an extrinsic fluorescent dye.
The Silver Bullets screen (Hampton Research) was used as the small molecule screen as it
contains 96 discrete conditions with nearly 300 different small molecules such as organic
salts and acids, amino acids and peptides, biologically active molecules, and macromolecular
digests (Fig 4.4) [66] allowing many potential small molecule binding partners to be screened
for each target in a rapid, high-throughput manner..

For SP19, no specific condition resulted in a change in observed T from 52 °C. [t may
be that no condition screened contained a small molecule that interacts with this protein at a
thermodynamic timescale amenable to this experiment. Also possible is the scenario that the
system remains tightly engaged with a ligand endogenous to the growth media sequestered
during recombinant production and purification. Therefore, for this target, identification of

the bound ligand may instead require the use of mass spectrometry.
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Figure 4.5 DSF analysis of small molecule screening. (a) The results of SP5 screened against the D-series wells
showed condition D5 (red) produced a shift in observed Tm from the control (blue). (b) Repeating this in
triplicate showed the change was significant and reproducible. The constituent divalent metal cations were

individually screened for (c) SP5 and (d) SP6 with Zn?* (red) showing a shift in T, against the control (blue) in
both cases.

For both SP5 and SP6, one condition produced a significant change in T (ATm). The
response for well D% observed for SP5 is shown in Fig. 4.5a (red), in comparison with other
control conditions (black), and the T for the native protein (blue). These were validated in
triplicate, as shown in Fig. 4.5b. The observed ATm of 9 °C for SP5, and 15 °C for SP6,
respectively, indicate a highly thermodynamically-favourable interaction with one (or more)
of the constituent compounds in this condition composed of the following divalent metal
chloride salts: CaClz, MgClz, MnClz, and ZnCl;. No change in T, was observed for any condition
containing either mono- or disaccharides, with these conditions also having representative
pentose and hexose members (e.g. well C9 as summarised in Table 4.3) [66].

To ascertain which cation conferred the observed change, the thermal shift was
repeated using each constituent cation prepared as per the original screen (Fig. 4.5 c and d).
This assay showed that Zn2+ was responsible for the observed increase in Ti, for both targets,
representing a different chemistry compared with the annotated disaccharide binding partner

for this particular cluster. Thus, the annotation of these proteins to bind saccharides appears

to be incorrect.
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Table 4.3 Small molecule screening with DSF

Cocktails 2 Individual
components (D5) b
Target  Protein C9 D5 Zn%* Mg2+
Tm/°C | ATm/°C  ATm/°C AT /°C AT /°C
SP5 57 +1 +8 +9 +1
SP6 58 +0 +13 +15 +1
SP19 52 +1 +0 - -

a examples of two wells containing small molecule cocktails directly from the Silver Bullets screen. C9: D-(+)-
maltose monohydrate, D-(+)-mellobiose monohydrate, D-(+)-raffinose pentahydrate, D-(+)- trehalose dihydrate,
stachyose hydrate. D5: magnesium chloride hexahydrate, calcium chloride dihydrate, manganese (II) chloride
tetrahydrate, zinc (II) chloride.

b Examples of two constituents from well D5 screened individually after an observed AT,

While engagement of the His-tag has previously been observed in erroneous zinc-
binding events for the nickel-binding protein from Thermatoga (PDB ID 2ETV), the impact of
the His-tag can be conclusively ruled out for SP5 and SP6. No response was observed for
either protein in the presence of any other metallic ion, including the higher-affinity Cu2+ ion
[97]. The His-tag is specifically designed to chelate metallic ions, a property exploited during
the purification approach with Ni2*. As no stability to the protein fold was conferred by the
presence of Ni2* or any other metallic ion during DSF screening, it is reasonable to conclude
that the chelation chemistry is distinctly different from the ligand-binding event responsible
for the increase in protein fold stability. DSF is now a well-established technique for screening
small molecules against His-tagged proteins [65]. Within our laboratory, erroneous zinc
binding has not previously been observed even for similar protein candidates [98] indicating
that in this format a true binding event can be distinguished from a transient interaction.

DSF is a powerful analytical technique due to its sensitivity, compatibility with high-
throughput formats, and small quantities of an analyte required [65, 99]. Despite being able to
sensitively resolve thermal transitions, this technique does not allow measurement of kinetics
of an interaction. Nevertheless, the use of this assay has rapidly allowed each protein to be
screened against a chemical space incorporating 300 common small molecule binding
partners including multiple representative saccharides (Table 4.4), allowing an assessment to
be made of their annotation. For SP5 and SP6, their annotation as disaccharide-binding
proteins appears incorrect as no response was observed for any saccharide compound
screened. Disaccharide-binding proteins are found in structural Class D (Section 1.3), thus
these proteins clearly do not fall into this structural grouping. Zinc-binding proteins, by
comparison are found exclusively in Class A, allowing inferences about the tertiary structure

of SP5 and SP6 to be made, with the single a-helix in the hinge region that defines this cluster
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possibly corresponding to the disordered region previously observed for these proteins in
bioinformatic analysis (Section 3.1). Further investigation, such as structural characterisation

of these two proteins, may be necessary to validate this and ascribe their function.

Table 4.4 Saccharide components of Silver Bullets screen

Compound name Compound class
D-(+)-trehalose dihydrate disaccharide
D-fructose 1,6-bisphosphate trisodium salt hydrate monosaccharide
D-glucose 6-phosphate sodium salt monosaccharide
D-(+)-maltose monohydrate disaccharide
D-(+)-melibiose monohydrate disaccharide
D-(+)- raffinose pentahydrate trisaccharide
D-(+)-trehalose dehydrate disaccharide
stachyose hydrate oligosaccharide
cyclodextrin cyclic oligosaccharide
D-(+)-cellobiose disaccharide
D-(+)-maltotriose trisaccharide
D-(+)-melezitose hydrate trisaccharide

digest of dextran
D-sorbitol
myo-inositol

mixture of saccharides
sugar alcohol
sugar alcohol

43



Chapter 5: Conclusions
5.1 Assessment of SBP Characterisation
In addressing the aims of my project, three novel SBPs from a panel of nineteen annotated
saccharide-binding proteins from representative Synechococcus sp. were successfully
produced in recombinant form. An alternative high-throughput strategy for this production
was also explored, however, still requires further optimisation. Adoption of the OPPF-UK
method shows great promise, particularly for advantageous sample handling and the
screening of multiple conditions to potentially increase on the observed success rates using
the MQ/SGC established method.

Following their production, each target was subjected to biophysical characterisation.
This identified the formation of a dimeric complex for one target (SP19), which may have
implications for regulation of the greater transporter activity, a process that is still poorly
understood [2, 6, 100]. Reversible dimerisation may also play a role in the acquisition of
compatible solutes under osmotic pressure, and conditions promoting the formation or
dissolution of the dimeric complex could be further explored.

High-throughput screening of ligand candidates identified that two targets (SP5 and
SP6) did not interact with their annotated saccharide binding chemistries, instead being
shown to interact with divalent zinc in a highly thermodynamically favourable manner. This
indicates their original bioinformatic annotation to be incorrect, casting doubt on functional

and biochemical inferences made from these.

5.2 The Structural Basis for Zinc-binding in SBPs
Metals coordinated within proteins have their first coordination sphere satisfied largely by

donor electrons from the side chains of individual amino acids and then exogenous waters of
solvation, forming elaborate bonding networks [101]. Commonly, the required electrons are
donated from nitrogen atoms (e.g. imidazolyl group of histidine), and sulphur atoms (e.g.
thiolate group of cysteine), however, other sufficiently electronegative atoms may also
conjugate this system. Biologically, zinc is found in an oxidation state of +2, influencing the
overall molecular geometry of the metal-protein complex, requiring four co-ordinating
residues to satisfy its tetrahedral molecular orbital arrangement [101].

Within the last comprehensive structural review of the SBP family, the structures of
seven SBPs bound to zinc (Zn-SBPs) were noted [39], all containing zinc in its +2 oxidation
state. Examples of the ligand-binding site from four representative Zn-SBPs are shown as Fig.

5.1. These show the coordination site is highly structurally conserved: these Zn-SBPs engage a

44



triad of histidine, with the fourth site filled by oxygen arising from exogenous water or an
anionic side chain [102]. Therefore, it is surprising to find that neither SP5 or SP6 contain
sufficient histidine residues to satisfy the histidine triad paradigm seen in other Zn-SBPs, with
SP5 containing two histidine and one cysteine residues, and SP6 containing one histidine and
no cysteine residues. The lack of conservation of the Zn-binding site seen in all examples of a
Zn-SBP indicates zinc may not be the natural ligand for SP5 and SP6, or may highlight a new
architecture for zinc binding not previously observed for this family of proteins. The group of
SBPs designated to structural Class A (Section 1.3) [38, 39] and incorporating other metal
ligand types are summarised in Table 5.1. Examination of the residues forming the
coordination site, Ri1-Rs, shows the regular involvement of histidine as a coordinating residue.

Metal-ligated SBPs found in other structural classes, such as the iron-binding proteins
(Class D) contain different metal binding motifs, such as the tyrosine clamp, to satisfy
alternative molecular orbital arrangements of their cognate metals. The example of the two
iron binding proteins, FutAl and FutA2 from Synechocystis highlights the involvement of a
network of tyrosine residues forming the binding pocket [26, 27].

The presence of a Tat sequence motif for SP5 and SP6 can also be said to preclude the
role of zinc as a co-factor required for protein folding prior to translocation (Section 3.1), due
to the tightly regulated cytoplasmic concentrations of high-affinity metals, such as copper and
zing, to allow kinetically favourable interactions with lower affinity metals required during

protein folding, for example manganese [28, 68].

Fig 5.1 Examples of molecular architecture of the ligand-binding site for other Zn-SBPs. PDB IDs clockwise from
top left: 1PQ4 [103], 1TOA [104], 2PRS [105], 3HJT [106].
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Table 5.1 metal-binding motifs in other SBPs

PDB ID Source organism Ligand Res. R1 Rz R3 R4
/A
1PSZ  Streptococcus Mn?2+ 2.0 H67 H139 E205 D280
pneumoniae
1XVL  Synechocystis sp. PCC Mn2+ 29 H89 H154 E220 H>0
6803
2ETVa Thermotoga maritima Ni2+ 1.7 H-1 H-3 E33 H20

3HH8 Streptococcus pyogenes Fe3+ 1.8 H77 H139 E205 D280
4CL2 Candidatus liberibacter Mn2+ 1.6 H106 E172 D247 H>0

asiaticus
4INP  Helicobacter pylori Ni2+ 2.3 H103 E153 E94 R230
4K3V  Staphylococcus aureus Mn?2+ 2.2 H50 H123 E189 D264
40XR Staphylococcus Mn2z+ 2.0 H64 H137 E203 D278
pseudintermedius

a metal binding for this protein required the engagement of the histidine tag

5.3 A Potential Functional Role for SP5 and SP6

In-depth analysis at the genome level shows gene cluster CK_00001342, from which both SP5
and SP6 originate, falls into the Synechococcus core genome. A pairwise alignment of the two
primary sequences showed an identity score of 70 %. This, combined with their similar
solution properties, and identical binding partner suggests the two to be orthologous.
Similarly, despite the presence of pathogenicity islands in Synechococcus genomes that are
indicative of phage-mediated LGT [16] (potentially explaining the cause of genome diversity
and niche adaptation [10, 17]), the two source strains, CC9902 and WH8102, occupy distinct
environments (Section 1.2) limiting the potential for LGT events. This demonstrates a
potentially more fundamental role for these proteins in Synechococcus biology, indicating a
vertical gene transfer event rather than niche adaptation explains their presence in these two
different genomes.

Examination of the operons containing SP5 and SP6 (Fig. 5.2) shows a highly
conserved operon structure, containing elements commonly associated with DNA binding
(such as single-strand DNA-binding protein), and light-harvesting machinery (phycobilin
activator). Contained in an operon downstream of this is the RNA-binding protein ssrA-
binding protein (involved in recognition of ribosome stalling). The activation of light-
harvesting apparatus may indicate a light-mediated response similar to previously observed

mixotrophy (utilisation of light-generated ATP for nutrient uptake) seen in related species [9,
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49]. Similarly, these SBPs are not transcribed together with their greater ABC machinery,
indicating they are not constitutively expressed.

Biologically, zinc is an important catalytic and structural trace element vital to the
functioning of many proteins, particularly in DNA replication, and the biosynthesis of amino
acids and extracellular peptidoglycan [107]. Given the involvement of DNA-binding and RNA-
binding elements, and the positioning of SP5 and SP6 within the wider genomic context, this

indicates they may play a role in transcriptional activation under stress conditions.

CC9s02
MIT59220
single- Rod shape- Putative NblS-interacting Lysine-tRNA
stranded determining membrane two-component ligase
DNA-binding proteins protein response
protein MreBC regulator

Fig 5.2 Stylised representation of genome contexts of SP5 and SP6. The operon containing SP5 and SP6 (orange)
are shown with flanking operons (coloured individually). The orthologous gene for SP5 and SP5 is indicated in
dark orange.

5.4 Concluding Remarks
Exploring the annotation ‘grey space’ for the SBP family has demonstrated ligand

predictions made through phylogenetic relationships require experimental validation.
Identification of novel ligands may have profound implications for the current paradigms of
fundamental biochemistry for Synechococcus sp., and the models of global ecosystems made
from these.

Despite genome-level evidence pointing to the involvement of SP5 and SP6 in
transcriptional regulation or stress response mechanism, the evidence for zinc binding
requires further validation. Despite the clear increase in thermal stability conferred by the
presence of zinc, the canonical evidence of a highly conserved Zn-binding motif is
contradictory. This may suggest a novel architecture for zinc binding not previously observed
for this family. Conversely, it may be that as thermal denaturation occurs a lower affinity
metal - either a co-factor required for folding, or a cognate ligand - may instead become
solvent exposed and displaced by zinc, due to the greater stability imparted. Therefore, for
this protein family, the question of ligand specificity, and thus biochemical function may only

be answerable from a structural perspective.
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