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Investigating high-affinity non-covalent protein-ligand
interaction via variants of streptavidin

Claire Elizabeth Chivers — Somerville College — University of Oxford
Submitted for the degree of Doctor of Philosophy in Trinity Term 2011

The Streptomyces avidinii protein streptavidin binds the small molecule biotin
(vitamin H / B7) with extraordinary stability, resulting in the streptavidin-biotin
interaction being one of the strongest non-covalent interactions known in
nature (K4 ~ 107* M). The stable and rapid biotin-binding, together with high
resistance to heat, pH and proteolysis, has given streptavidin huge utility, both
in vivo and in vitro. Accordingly, streptavidin has become a widely used tool
in many different biotechnological applications. Streptavidin has also been
the subject of extensive research efforts to glean insights into this paradigm
for a high-affinity interaction, with over 200 mutants of the protein reported to
date.

Despite the high stability of the streptavidin-biotin interaction, it can and does
fail under certain experimental conditions. For example, streptavidin-biotin
dissociation is accelerated by an increased temperature or lower pH
(conditions often encountered in cellular imaging experiments), and by
mechanical stress, such as the shear force arising from fluid flow
(encountered when streptavidin is used as a molecular anchor in biosensor
chips and arrays).

This study details efforts made at increasing further the utility of streptavidin,
by increasing the stability of biotin and biotin-conjugate binding. A rational
site-directed mutagenesis approach was used to create 27 mutants, with eight
of these mutants possessing higher-stability biotin-binding. The most stable
biotin-binding mutant was named traptavidin and was extensively
characterised. Kinetic characterisation revealed traptavidin had a decreased
dissociation rate from biotin and biotin-conjugates when compared to wildtype
streptavidin, at both neutral pH and pH 5. Atomic force microscopy and
molecular motor displacement assays revealed the traptavidin-biotin
interaction possessed higher mechanical stability than the streptavidin-biotin
interaction.  Cellular imaging experiments revealed the non-specific cell
binding properties of streptavidin were unchanged in traptavidin. X-ray
crystallography was also used to generate structures of both apo- and biotin-
bound traptavidin at 1.5 A resolution. The structures were analysed in detail
and compared to the published structures of streptavidin, revealing the
characteristics of traptavidin arose from the mutations stabilising a flexible
loop over the biotin-binding pocket, as well as reducing the conformational
change on biotin-binding to traptavidin.

Traptavidin has the potential to replace streptavidin in many of its diverse

applications, as well as providing an insight into the nature of ultra-stable non-
covalent interactions.
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AAA+ ATPases Associated with various cellular Activities
AFM Atomic force microscopy
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AMPA a-amino-3-hydroxy-5-methyl-4-isoxazolepropionate
AP Acceptor peptide (GLNDIFEAQKIEWHE)
ATP Adenosine triphosphate
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ddH,0 Double distilled water
DHFR Dihydrofolate reductase
DMEM Dulbecco's Modified Eagle Medium
DMSO Dimethyl sulfoxide
DNA Deoxyribonucleic acid
dNTP Deoxynucleotide triphosphate
DPI Dispersion precision indicator
DSC Differential scanning calorimetry
dsDNA Double stranded deoxyribonucleic acid
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E. coli Escherichia coli
EDC 1-Ethyl-3-[3-dimethylaminopropyl]carbodiimide hydrochloride
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ExPASy Expert Protein Analysis System
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IGF1R Insulin-like growth factor-1 receptor
IMAC Immobilised metal affinity chromatography
IPTG Isopropyl-p-D-thiogalactopyranoside
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Maltose-binding protein
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Molecular weight cut-off

Not applicable
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Phosphate buffered saline with 5 mM MgCl,
Polymerase chain reaction

Protein Data Bank
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Isoelectric point

Phenylmethylsulfonyl fluoride

Quantum dot

Ribonucleic acid
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Room temperature
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Standard deviation

Sodium dodecyl sulphate
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Tris-Acetate-EDTA
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Transition temperature
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Chapter 1: Introduction

1.1 Biotin-binding proteins

1.1.1 Discovery of streptavidin & avidin

The story of biotin-binding proteins and their use in biotechnology begins in
1927, when rats fed on a diet consisting of only raw egg whites developed
dermatitis and hair loss, followed by dramatic weight loss and eventually
death (Boas, 1927). These detrimental effects of a diet rich in egg white were
also seen in chicks (Ringrose et al., 1931), guinea-pigs, rabbits and monkeys
(Lease et al., 1937). This so-called ‘egg-white injury’ could be reversed by
including other foodstuffs in the diet, such as liver, yeast and cow’s milk,
which were hypothesised to contain a certain ‘protective factor’, which was
named vitamin H or biotin (Gyorgy, 1939; Gyorgy et al., 1940). This led to the
discovery in 1940 that ‘egg white injury’ was caused by a deficiency in biotin
(Eakin et al., 1940a; Eakin et al., 1940b), and in 1941 the component in egg
white responsible for the sequestering of biotin was isolated and named avidin

(Av) (Eakin et al., 1941). This was the first biotin-binding protein identified.

Over 20 years later, a second biotin-binding protein, streptavidin (SA), was
identified. In 1963-64, a 60 kDa component of the antibiotic MSD-235,
produced by Streptomyces bacteria, was found to have biotin-binding ability
(Chaiet et al., 1963; Tausig and Wolf, 1964); the protein was isolated,
characterised and named streptavidin after its comparable biotin-binding

properties to avidin (Chaiet and Wolf, 1964).
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1.1.2 Role of biotin in biological systems

Biotin is a 244 Da water-soluble vitamin, also called vitamin H / By, that is
required by all living organisms for healthy cellular growth and function. Biotin
can be synthesised by plants, fungi and bacteria; however, animals obtain
biotin from dietary sources (as well as from synthesis by the intestinal
bacterial flora). Biotin is an essential cofactor in carboxylase enzymes that
play critical roles in metabolism (Moss and Lane, 1971). The number of
enzymes dependent on biotin as a cofactor varies between organisms, but in
all such enzymes, biotin acts as the carrier of a carboxyl group from a donor
substrate to an acceptor substrate, in carboxylation, decarboxylation and
transcarboxylation reactions. For example, in mammals there are four biotin-
dependent carboxylases: acetyl-CoA carboxylase (fatty acid synthesis and
lipogenesis), pyruvate carboxylase (gluconeogenesis), propionyl-CoA
carboxylase (isoleucine, methionine, threonine and valine catabolism) and 3-

methylcrotonyl-CoA carboxylase (leucine catabolism) (Samols et al., 1988).

Biotin has a bicyclic structure (an ureido ring fused to a tetrahydrothiophene

ring) with a valeric acid side chain (Figure 1) (du Vigneaud, 1942).

H

Figure 1. Structure of biotin. The 244 Da vitamin consists of an ureido ring
fused to a tetrahydrothiophene ring, with a valeric acid side chain.
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The covalent linkage of biotin to the carboxylases is catalysed by a biotin
protein ligase enzyme, which is called holocarboxylase synthetase in humans
(Leon-Del-Rio et al., 1995) and BirA in bacteria (Barker and Campbell, 1981).
These enzymes catalyse the covalent attachment of biotin via its valeryl
carboxyl group to the e-amino group of a lysine residue in the almost
universally conserved biotin acceptor sequence (A/V)MKM (Samols et al.,
1988), producing a biocytin residue (Figure 2). The amide linkage between
biotin and the lysine residue in biocytin can be cleaved by biotinidase,
liberating free biotin from the carboxylase enzymes (as well as from
biotinylated dietary proteins) (Thoma and Peterson, 1954; Wolf et al., 1985).
The free biotin can then be reutilized; this is the so-called biotin cycle (Hymes

and Wolf, 1996).

H2N \"M
Enzyme

/ ATP
\J, AMP + PP,

\

0]
}/NH H Q
.\\\\/\)I\ anVme
HN N
H
H S

Holocarboxylase synthetase

Figure 2. The covalent attachment of biotin to carboxylases is catalysed
by holocarboxylase synthetase in mammals and BirA in bacteria. Biotin
is attached to a lysine residue in the conserved sequence (A/V)MKM in the
carboxylase, producing a biocytin residue.
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Once attached to the carboxylase, biotin carries the carboxyl group that is to
be transferred via a covalent attachment to its 1'-N ureido nitrogen atom,
which requires ATP and converts biotin to 1'-N-carboxy-d-biotin. In the
second step of the reaction, the carboxyl group is transferred to the acceptor
molecule, producing a free biotin-containing carboxylase that is ready to

accept another carboxyl group (Figure 3).

] Biotin - enzyme Carboxylated
ATP + HCO3 substrate
ADP + P, Substrate

CQs - biotin - enzyme

Figure 3. The biotin cycle. The biotin cofactor in carboxylase enzymes
carries a carboxyl group in the form of 1’-N-carboxy-biotin. This carboxyl
group can then be transferred to a substrate molecule, regenerating a
carboxylase enzyme capable of accepting another carboxyl group.

As well as its catalytic role as a carboxylase cofactor, biotin may have a role
in regulating gene function (Zempleni, 2005), possibly through covalent
attachment to histones, although this has been questioned (Healy et al.,

2009).

In humans, biotin deficiency can be a result of diet (a low consumption of
biotin-containing foods or excessive consumption of raw egg whites),
gastrointestinal malabsorption of biotin due to long-term antibiotic or
anticonvulsant use, a deficiency in the holocarboxylase synthetase enzyme
that attaches biotin to its dependent enzymes, or a deficiency in biotinidase

that releases bound biotin from dietary proteins (Jen and Yan, 2010). The
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symptoms of biotin deficiency include dermatitis, hair loss, lethargy, seizures,

hearing loss and vision impairment (Jen and Yan, 2010).

1.1.3 Theories on biological role of streptavidin / avidin

Both streptavidin and avidin can bind biotin with an extremely high affinity
(avidin’s Ky is reported to be 10™'® M whilst streptavidin’s Ky is reported to be
in the range 10" - 10" M) (Green, 1990). Indeed, the (strept)avidin-biotin
interaction is considered one of the strongest non-covalent interactions known
in nature (Kuntz et al., 1999). It is not well understood why living organisms
would need a protein capable of binding biotin with such an extreme affinity. A
role in sequestering excess biotin is unlikely, as even high amounts of biotin
are non-toxic (Mock and Heird, 1997). Instead, it has been postulated that the
secretion of streptavidin by bacteria represents a natural defence mechanism;
the sequestration of any extracellular biotin by streptavidin will give the
secreting bacteria an advantage over other biotin-requiring microorganisms in
the environment. This is supported by streptavidin being present in the
antibiotic complex MSD-235 in combination with stravidin, a low molecular
weight compound which is able to inhibit the growth of Gram-negative

bacteria (Baggaley et al., 1969).
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1.1.4 Biotin analogues / derivatives

Numerous biotin analogues exist and are capable of binding to SA. However,
all biotin analogues bind to SA with a reduced affinity compared to biotin, and
hence have been used in biotechnology due to the less severe conditions
needed to break the analogue-SA interaction (e.g. in the affinity purification of
SA). The binding affinities of some of the biotin analogues / derivatives

discussed below are given in Table 1.

Researchers have investigated whether it is possible to synthesise a biotin
analogue that binds with higher affinity to SA or Av. For example,
computational modelling has been utilised to assess how changes to biotin’s
structure might affect the binding free energy, resulting in the prediction that a
biotin analogue containing a fluorine atom at the pro-8R position would have
more favourable non-polar interactions with SA and thus increased binding
affinity (Kuhn and Kollman, 2000). In a similar approach, molecular dynamic
simulations of solvated biotin when free and when bound to SA and Av
suggested that the 9R-methyl analogue of biotin (Figure 4) should bind more
strongly to both SA and Av than biotin (Dixon et al., 2002). When 9R-methyl
biotin was synthesised and its binding characterised, it was instead found that
the binding affinity for both SA and Av was actually reduced, with considerably
smaller exothermic enthalpy changes and a decrease in binding free energy
of 1.3 kcal/mol for 9R-methyl biotin binding to SA. However, 9R-methyl biotin

remains the strongest binding biotin analogue characterised so far.
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The biotin derivative 2-iminobiotin (IB) contains a guanidine group in place of
the ureido group in biotin, which results in the binding affinity being pH-
dependent (Figure 4). At high pH (pH 9.5 or higher), the guanidine group is
not protonated, and IB is able to bind SA with a high affinity (Kg ~ 107" M)
(Fudem-Goldin and Orr, 1990). At low pH (~ pH 4), the guanidine group
becomes protonated, which dramatically decreases the binding affinity (Kq >
10 M). This pH-dependency has been exploited in affinity chromatography,
where IB immobilised on a solid support such as sepharose can be used to
purify SA, with capture at high pH followed by elution at low pH (Hofmann et

al., 1980).

Desthiobiotin (Figure 4) is a non-sulfur-containing biotin precursor, which
binds SA with a moderate affinity (Ks ~ 10° M) (Green, 1970). This easily
reversible interaction can be used for the isolation and purification of
desthiobiotin-labelled proteins (Hirsch et al.,, 2002). A N3™-ethyl biotin
analogue, with a dissociation constant of 0.8 nM, has also been used in
purification protocols to give easily reversible SA binding (Ying and

Branchaud, 2011).

A large number of functionalised biotins have also been produced, by
coupling via the carboxyl group on the valeryl chain of biotin (e.g. by 1-ethyl-3-
[3-dimethylaminopropyl]carbodiimide hydrochloride (EDC) cross-linking to
primary amines). These biotin derivatives are still recognised by anti-biotin
antibodies, but their affinity for SA depends on the nature (i.e. composition

and length) of the spacer between biotin and the linked functional group
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(Hofmann et al., 1982). A commonly encountered biotin derivative is biocytin,
formed by the linkage of biotin and lysine (Figure 4). Biocytin is often used as
an intracellular labelling reagent for neurons (Thomson and Armstrong, 2011).
Other biotin derivatives include: photoreactive biotin derivatives, such as N-(4-
azido-2-nitrophenyl)-amino-propyl-N’-(N-D-biotinyl-3-aminopropyl)-N’-methyl-

1,3-propanediamine, which are activated by strong visible or UV light and
used to label DNA and proteins with biotin (Mclnnes et al., 1990); and
fluorescent biotin derivatives, such as biotin-4-fluorescein (Kada et al., 1999),
which can be used to identify and quantify biotin-binding sites (structure given

in Section 3.2.3).

Biotin analogue Ka (M) of:
SA binding Av binding
Biotin 4x10™ 6 x 107
(Green, 1990) (Green, 1990)
9R-methyl biotin 3x10™ ND
(Dixon et al., 2002)
2-iminobiotin 10™ (high pH); > 107 (low pH) 10 (high pH); > 10 (low pH)
(Fudem-Goldin and Orr, 1990) (Green, 1966)
Desthiobiotin ~10° 3.5x 107
(Green, 1990) (Green, 1990)
N3-ethyl biotin 8 x 107 ND

(Ying and Branchaud, 2011)

Biotin-4-fluorescein 1.4 x 107'° (Aslan et al., 2005) ND

Table 1. Dissociation constants determined at 25 °C of a selection of
biotin analogues for SA and Av binding. ND, not determined.
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Figure 4. Examples of small molecules capable of binding streptavidin.
A, 9R-methyl biotin; B, 2-iminobiotin; C, desthiobiotin; D, N3’-ethyl biotin; E,
biocytin; F, 2-(4’- hydroxyazobenzene) benzoic acid (HABA) (see Section
1.1.5).
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1.1.5 Other streptavidin binders

Not all SA binders closely resemble biotin in structure. 2-(4'-
hydroxyazobenzene)benzoic acid (HABA) is a yellow dye that undergoes a
red shift on binding to SA (Figure 4) (Janolino et al., 1996). Due to this colour
change and its ease of displacement from SA by biotin, HABA can be used to
quantify the biotin-binding capacity of SA and other biotin-binding proteins
(Green, 1990). Crystal structures have revealed HABA binds in the biotin-
binding pocket of SA in the same manner as biotin, with the benzoate ring of
HABA making comparable interactions as the ureido group in biotin (Weber et
al., 1992). HABA has a Kq of 10* M (Weber et al., 1992), but structure-guided
engineering efforts have produced HABA derivatives with 165-fold increased

binding affinity (Weber et al., 1994).

A number of peptide ligands able to bind to SA have also been developed,
such as the Strep-tags and the Nano-tags. The well-known linear peptides
Strep-tag (AWRHPQFGG) (Schmidt and Skerra, 1993) and Strep-tagll
(WSHPQFEK) (Schmidt et al., 1996) have SA dissociation constants of 37 uM
(Schmidt et al., 1996) and 13 uM (Voss and Skerra, 1997) respectively. These
peptides are small, bind to the biotin binding-pocket in SA, can be genetically
fused to proteins of interest without interfering with the protein’s function, and
can be released from the SA binding pocket by competition with biotin or
desthiobiotin. The Nano-tags have slightly higher affinity for SA, with Nano-
tage (fMDVEAWLGAR) having a Kyq of 17 nM and Nano-tagss
(fMDVEAWLGARVPLVET) having a K4 of 4 nM (Lamla and Erdmann, 2004).

Cyclisation of peptides via two cysteine residues that can disulfide bond

10
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together results in a constrained conformation, which can give a dramatically
increased SA binding affinity, in some cases increasing the affinity up to three

orders of magnitude to the low micro-molar range (Giebel et al., 1995).

11
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1.2 The avidin superfamily

1.2.1 Streptavidin structure

Streptavidin is a ~ 54 kDa protein, secreted by Streptomyces avidinii (Chaiet
and Wolf, 1964). The N and C termini of the full-length 159 aa protein are
susceptible to proteolysis, and a heterogeneous mixture of truncated
streptavidin molecules are produced in culture (Argarana et al., 1986).
Commercial preparations of streptavidin utilise proteases to ensure complete
truncation of the N and C termini, producing ‘core’ SA, consisting of residues
13 to 139 (Pahler et al., 1987). This ‘core’ streptavidin is the species most
often used in biotechnology applications, as it is the minimum size of the
protein that has the full biotin-binding activity whilst also having reduced
tendency to aggregate (Pahler et al., 1987). The full-length protein has
reduced biotin-binding ability, possibly due to residues at the C terminus
folding back and occupying the biotin-binding site (Le Trong et al., 2006), as

well as a higher tendency to aggregate (Sano et al., 1995).

The crystal structure of streptavidin was solved in 1989 (Hendrickson et al.,
1989; Weber et al., 1989), followed in 1993 by the structure of avidin (Livnhah
et al., 1993; Pugliese et al., 1993). Both proteins are members of the
(strept)avidin superfamily and are homotetrameric in structure. Each
monomer consists of eight anti-parallel g-strands, that fold to give a p-barrel
structure, with a biotin binding-site located at one end of the barrel. In this
way, each streptavidin / avidin molecule is capable of binding up to four

molecules of biotin, and is said to be tetravalent.

12
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The tetrameric structure of SA can also be considered a dimer of dimers. A
functional dimer is formed between adjacent subunits one and two (and three
and four) (Livnah et al.,, 1993), as a result of each subunit contributing a
conserved Trp-120 to the biotin binding-site of the other. The presence of this
donated Trp-120 residue in the binding-site is essential for the high biotin
affinity; when mutated to another amino acid, the biotin affinity decreases
markedly (Chilkoti et al., 1995b; Laitinen et al., 1999), and the absence of this
donated Trp-120 is thought to be a contributing factor to the decreased affinity
always seen in monomeric SA (Qureshi and Wong, 2002; Wu and Wong,
2005). The most extensive subunit interface occurs between subunits one
and four (and two and three), forming the structural dimer, with multiple van
der Waals interactions, hydrophobic forces and hydrogen bonding contributing

to the structural integrity of the tetramer.

13
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1.2.2 The biotin binding site & the basis for high-affinity binding
The SA-biotin interaction is a truly remarkable non-covalent interaction. As a
paradigm of a high-affinity protein-ligand system, the interaction has been the

subject of extensive biophysical characterisation.

Firstly, the association (kon) and dissociation (ko) rates of the interaction have
been determined. The extremely slow ko has proven difficult to measure at
25 °C, and so is often experimentally determined at 37 °C and extrapolated
back. Experiments utilising radiolabelled biotin revealed dissociation rates of
2.9 x 10° s (Hyre et al., 2000) or 4.3 x 10° s (Klumb et al., 1998) at 37 °C
and 4.4 x 10° s at 25 °C (Levy and Ellington, 2008). The ko, has been
determined by a number of methods at 25 °C; stop-flow fluorescence
experiments gave a ko, of 7.5 x 10’ M's™ (Hyre et al., 2006) whilst surface
plasmon resonance experiments gave a lower ko, of 5.1 x 10° M's™ (Qureshi
et al.,, 2001). These association rates are slightly lower than what would be
expected from diffusion-controlled binding (~ 10% to 10° M's™) (Berg and von
Hippel, 1985), but can be explained by the total exposed surface area of the
biotin-binding pockets comprising ~ 2 % of the total exposed surface area of
SA (and hence not every collision resulting in binding) and the necessary
displacement of five water molecules from the binding-pocket to allow binding

(Qureshi et al., 2001).
Whenever SA features in a research paper, the remarkably low biotin

dissociation constant of 4 x 10" M, and sometimes 10"° M (at 25 °C and pH

7) is quoted (Green, 1990). In the same paper, the dissociation constant for

14
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Av is given as 6 x 10" M (Green, 1990). However, the origins of the
dissociation constant for SA are not immediately obvious, and on closer
inspection, it was found that this dissociation constant was calculated using
the off-rate for SA at pH 7 (28 x 10”7 s™") (Green, 1990) and the on-rate for Av
at pH 5 (7 x 10" M s™) (Green, 1963), which they note has been measured
only once. The dissociation constant for Av was calculated using the off-rate
for Av at pH 7 (0.4 x 107 s™') (Green and Toms, 1973) and the on-rate for Av
at pH 5 (7 x 10" M s") (Green, 1963). A literature review reveals that a more
appropriate figure to be quoting for the SA-biotin dissociation constant would
be 5.9 x 10* M, arising from a biotin on-rate of 7.5 x 10’ M s™" measured by
stop-flow fluorescence (Hyre et al., 2006) and an off-rate of 4.4 x 10° s™

measured using radiolabelled biotin (Levy and Ellington, 2008), with both

measurements being made at 25 °C and pH 7.

A range of techniques has also been used to investigate the thermodynamics
of the interaction. Differential scanning calorimetry (DSC) has been used to
investigate the effect of biotin-binding on the thermal stability of SA. Biotin-
binding greatly increases the thermal stability of the tetramer; the denaturation
temperature (at which half the SA molecules are denatured, Tr,) is increased
from 75 °C in apo-SA to 112 °C in biotin-bound SA (Gonzalez et al., 1999).
DSC also revealed that the SA-biotin interaction is resistant to 6 M guanidine
hydrochloride (GuHCI), with a T, of 108 °C in the presence of this high
concentration of GUuHCI. Isothermal titration calorimetry (ITC) revealed an
extremely negative free energy of biotin-binding of -18.3 kcal/mol, which has a

large enthalpic component (-32 kcal/mol) (Weber et al., 1992). A survey of a

15
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range of macromolecule-ligand interactions revealed a maximal free-energy
contributions per nonhydrogen atom of ~ 1.5 kcal/mol, which decreased as
the size of the ligand increased (Kuntz et al., 1999). The (strept)avidin-biotin

interaction was a clear outlier from this trend (Figure 5).
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Figure 5. The free energy of binding for a range of macromolecule-
ligand interaction (Kuntz et al., 1999). For smaller ligands, there is a
maximal free energy of -1.5 kcal/mol per nonhydrogen atom, which decreases
as the size of the ligand increases. The outlier corresponding to the avidin-
biotin interaction is labelled (biotin), as are other outliers corresponding to
carboxyl arabinitol bisphosphate (CABP) and Bartlett’'s carboxypeptidase
(CPA). Copyright (1999) National Academy of Sciences, U.S.A. Permission
obtained.

Since biotin-binding is remarkably favourable in enthalpy but adverse in
entropy, it suggests biotin-binding increases internal bonding in SA whilst also
restricting the protein’s dynamic behaviour.  Hydrogen/deuterium (H/D)
exchange has clearly shown this restriction in SA flexibility on biotin-binding;
in the absence of biotin, 72-74 backbone amide hydrogens in SA underwent

exchange with solvent deuterium, compared to 48-50 exchanges when biotin

16



Chapter 1

was bound (Williams et al., 2003). These ~ 24 backbone hydrogens that are
protected from exchange reflect the reduced flexibility and increased stability
of SA when biotin is bound. The region with the greatest reduction in
exchange on biotin-binding is the loop connecting B-strands 3 and 3 (L3/4),
reflecting the stabilisation of this flexible loop on biotin-binding (see below).
Residues 71-78, which are found at the subunit interface in SA, undergo the
least exchange in apo-SA, and experience very little further protection on
biotin-binding, reflecting the restricted dynamics of this region. Despite biotin-
binding improving the subunit packing and decreasing the flexibility of SA,
biotin-binding is not positively co-operative, as the affinities of biotin-binding to
SA containing zero, one, two and three biotin molecules are identical (Jones

and Kurzban, 1995).

To this end, the crystal structures of SA and its mutants, which number over
100 in the Protein Data Bank (PDB), have helped shed light on the structure-

function relationship of this interaction.

Firstly, it is immediately obvious when inspecting the structures of biotin-

bound SA that the shape of the biotin-binding pocket in SA is highly

complementary to the shape of biotin (Figure 6).
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Figure 6. The biotin-binding pocket is highly complementary to the
shape of biotin. One subunit of biotin-bound SA is shown in cartoon (A) and
spacefill (B) representation (1SWE chain D).

Secondly, many contacts are made to biotin when it is in the binding pocket,
involving van der Waals interactions with the multiple conserved tryptophans
in the pocket (Trp-79, Trp-92, Trp-108 and Trp-120) (Figure 7), as well as an
extensive network of hydrogen bonding. Miyamoto and Kollman argue for the
majority of the negative free energy of biotin-binding arising from the van der

Waals interactions (Miyamoto and Kollman, 1993), whilst Weber et al. argue

for the importance of the hydrogen bonding network (Weber et al., 1992).

Chain 1

rp9
Trp79

Trp108 . —

() Trp120
Chain 2

Figure 7. Biotin makes multiple van der Waals interactions with
conserved tryptophans in the binding pocket. Tetrameric structure of SA,
with only biotin bound to chain 1 shown. Close up view shows the biotin
(carbon atoms coloured yellow) in the binding pocket of chain 1, with the
conserved tryptophans shown in cyan sticks. The Trp-120 contributed by the
other subunit in the functional dimer (chain A) is shown in grey. PDB code
1SWE (Freitag et al., 1997).
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There are two shells of hydrogen-bonding residues in the binding pocket; a
first shell consisting of eight residues that are directly hydrogen-bonded to
biotin (Figure 8) and a second shell of residues that are hydrogen-bonded to
the residues in the first shell. The ureido oxygen atom in biotin forms three
hydrogen bonds to SA, which are arranged with tetrahedral geometry. In
addition to this, the C-N bond lengths in biotin are shorter than in solution,
whilst the C-O bond is longer than in solution, suggesting there is
considerable polarisation of the ureido group when bound to SA (DeChancie

and Houk, 2007; Weber et al., 1989).

Figure 8. Hydrogen bonding network to biotin. A, Eight residues in SA
form hydrogen bonds to biotin, contributing to the large negative free energy
change on binding. B, Hydrogen-bonding residues in SA shown in cyan, with
hydrogen bonds represented by black dashed lines. Biotin is shown in yellow
stick form, with SA backbone (1SWE chain D) (Freitag et al., 1997) in blue
cartoon.
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Thirdly, biotin-binding is accompanied by the stabilisation of a flexible surface
loop linking B-strands 3 and 4 (L3/4), which closes over the biotin binding site,
forming a ‘lid’ over the pocket. L3/4 is disordered in apo-SA, and is very rarely
seen in these structures. This ordering of L3/4, accompanied by quaternary
structure changes causing tighter packing of SA subunits (Williams et al.,
2003), results in biotin becoming ‘buried’ in the pocket, with only the valeryl
carboxyl group accessible to the surrounding solvent. This stabilisation of
L3/4, together with the capture of biotin in the pocket, would give unfavourable
entropy effects, which could partly be balanced by the release of five water
molecules that reside in the binding pocket in the absence of biotin (Chilkoti,

1995).
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1.2.3 Other biotin-binders in the avidin superfamily

There are other members of the avidin superfamily that can bind biotin.
Avidin-like proteins have been found in a range of species, including from
chickens (Eakin et al., 1941; Laitinen et al., 2002) to bacteria (Chaiet and
Wolf, 1964; Helppolainen et al., 2007; Nordlund et al., 2005b), and from frogs
(Maatta et al., 2009) to mushrooms (Takakura et al., 2009). The members of
the avidin superfamily aligned in Figure 9, as well as those mentioned in the
proceeding text, have the characteristic SA eight-stranded f-barrel subunit
tertiary structure but bind biotin with varying affinities. The key properties of

the members of the avidin superfamily discussed in the proceeding text are

summarised in Table 2.

—_— E— —_— E——
Streptavidin = =-—-—m-—ea- ARACGTTETWYNQLGSTF IVTAGAD-GALTGTYESAVGHNAESRYVLTGRYD
TamavidinZ = ~  =—c-cc--- MSDVOSSLTETWYNELNSEMELTANED -GTLTGEY LSEVGDVYVPYPLSGRYN
Avyr2 0 memema—- QTVARECSLTGEWDNDLGS IMTIGAVNDNGEFDGTY ITAVADNPGNITLSPLLG
AVRE e ARKCSLTGEWTNNLGS IMTIRAVNSRGEFTGTYLTAVADNPGNITLSPLLG
Avidin === =mmmm————— RECSLTGEWTHDLGSNMTIGAVHNSRGEFTGTY ITAVTATSNEIEKESPLHG
¥enavidin 0 6=—c=——aa TEAQKCHNLOGOWRNELGSNLIIESVESORGEFTGTYFTSVELTHSTIRISPLTG
Rhizavidin FDASNFEDFSSIASASSSWONQSGSTHII-QVDSFGHNVSGOYVNRAQGTGCONSPYPLTG
* * * * * ®
—_— —_— e
Streptavidin SAPAT-DGSGTALGHWTVAWENNYRNAHSATTWSGOYVEE--AEARINTOWLLTSG-TTEL
Tamavidin2 LOPP--AGOGVALGWAVSWEN--SEIHSATTWSGOFFSE--S5PVILTOWLLSS5-TARG
Avr2 IQH--KRASQPTFCFTVEWNFS —- - -ESTSVFVEQCFVDRSGKEVLKTRWLORLAVDDI 8
AVRA4 IQE-=-FKRASQPTFGFTVHWNF S = ===-ESTTVFTGQCF IDRNGEEVLETMWLLRSSVNDIS
Avidin TENTINERTQPTFGFTVHWEFS —====-ESTTVFTGQCF IDRNGEEVLETMWLLRSSVNDIG
¥enavidin YOE-=-LTEEPTFGFTVHWAFS = ===DEITVWTGQCFLNERGEEILHTMWLLRS SQEEEQ
Rhizavidin RVN-————- GTFIAFSVCWNNSTENCNSATGWTGYAQVN -CNNTEIVTSWNLAYE -~ - -G
*® & * * *® &

Streptavidin NAWESTLVGHDTFTEVEPSAAS ——mmmmmmmmme e

Tamavidin2 DVWESTLVGHDSFTETAPTEQQIAHAQLHCRAPRLE

Ayrl DDWIATRVGNNDFTROHTVEE- === e mm e =

AVRA4 YDOWRATRVGYNNFTRLS = m e e m e e m e

Avidin DDWEATRVGINIFTRLRTORE- e m e mmm e

¥enavidin DNWTGTRVGANTFTRLEEEEIREE- === e

Rhizavidin GSCEPAIEQGODTFOYVPTTENESLLED - ========

* *
Figure 9. Multiple sequence alignment of members of the avidin

superfamily. The pairwise alignment was carried out using ClustalW. The
conserved residues are highlighted by an asterisk. The eight B-strands
indicated by the arrows are positioned according to the structure of SA.

21




Chapter 1

Protein Molecular Quaternary Biotin Ky pl Tm
weight structure (M) (°C)
(kDa) at RT
Streptavidin  ~ 54 @ Tetrameric 4 x 10747 6.1° 75°¢
Avidin 63.1° Tetrameric 6 x 107'%? 95°¢ 83°
AVR1 ND Tetrameric 4 x 108° 7.3°¢ 83f
AVR2 66.6 ¢ Tetrameric 5x 10%° 47° 919
AVR3 ND Tetrameric ND (irreversible) ® 10.2° 83
AVR4/5 4219 Tetrameric 4 x 10™*° 10.0¢ 107"
AVR6 5159 Tetrameric ND (irreversible) ® 7.3° 8879
AVR7 ND Tetrameric ND (irreversible) ¢ 7.3° 83/
Rhizavidin ~ 29.0' Dimeric ND 40' 75’
Bradavidin | 49.2/ Tetrameric ND 417 70!
Bradavidin Il 58.4 Tetrameric ND 96% 75k
Burkavidin  ~60' Tetrameric <107/ 74" ND
Tamavidin2 60.9™ Tetrameric ND 74™ 787
Xenavidin 745" Monomeric ND 92" <RT”

Table 2. Properties of a selection of members of the avidin superfamily.
ND, not determined. T, indicates the temperature of the mid-point of the
thermally-induced transition from tetrameric apo-protein to monomeric protein
(or from dimeric to monomeric protein in the case of rhizavidin).  Sano et al.,
1995; ® Green, 1990; ° Nordlund et al., 2005b ¢ Gonzalez et al., 1999; °
Laitinen et al., 2002; " The AVR proteins were found to have comparable heat-
stability to avidin, although the data were not shown (Laitinen et al., 2002); ¢
Hytonen et al., 2005; " Hytonen et al., 2004; ' Helppolainen et al., 2007; ’
Nordlund et al., 2005b; ¥ Helppolainen et al., 2008; ' Sardo et al., 2011; ™
Takakura et al., 2009; " The molecular weight stated is that of tetrameric
xenavidin analysed by gel filtration (Maatta et al., 2009).
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1.2.3.1 Avidin

Avidin (Av) was first discovered in chicken egg-whites, but has since been
isolated from the eggs of other avian species, including duck, goose and
ostrich (Hytonen et al., 2003). Avidin shares the same remarkable biotin-
binding properties as SA, with a slightly higher affinity for free biotin (which
arises from a lower off-rate (Green, 1990)) and similar resistance to heat
(Donovan and Ross, 1973; Gonzalez et al.,, 1999), extremes of pH and
denaturants (Green, 1975). The increased binding affinity is thought to arise
from a greater number of interactions made to biotin when it is bound to Av
(Figure 10); there are increased van der Waals interactions, due to the
presence of two conserved tryptophans and two phenylalanines in the Av
binding site (compared to just three tryptophans in SA), and a larger hydrogen
bonding network (Av makes three additional H bonds to biotin than SA)
(Livnah et al.,, 1993). However, Av is inferior to SA in its biotin-conjugate
binding (Pazy et al., 2002) and has higher non-specific binding due to Av
being glycosylated and having a pl of 9.5. Also, being a eukaryotic protein
and containing a disulfide bond, Av is more difficult to express in bacteria.
Many mutants of avidin have been made, with the most widely used and
commercially available one being NeutrAvidin, a deglycosylated version of
avidin with a near-neutral pl of 6.3, which has the same biotin-binding
properties as the fully-glycosylated form of Av as well as low non-specific

binding (Hiller et al., 1990).
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A. Streptavidin
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Figure 10. The increased biotin-binding affinity of Av is thought to arise
from an increased number of interactions with the bound biotin
compared to SA. A. The binding site in streptavidin consists of a hydrogen-
bonding network involving eight conserved residues, as well as four
conserved ftryptophan residues (with Trp-120 being donated by a
neighbouring subunit). B. In avidin, there are three conserved tryptophan
residues (Trp-110 is donated from a neighbouring subunit), two conserved
phenylalanine residues and eleven residues hydrogen-bonded to bound
biotin.
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Although Av and SA only share 30 % identity and 40 % similarity in their
primary structure, their quaternary structures closely resemble one another.
Worthy to note is avidin’s longer L3/4, which, as in SA, is disordered in apo-Av
but becomes ordered and stabilised when biotin binds (Livnah et al., 1993).
However, L3/4 remains disordered when biotin-conjugates are bound, such as
HABA, which could explain avidin’s weaker conjugate binding when compared
to SA (Repo et al., 2006). This longer L3/4 is also thought to impart Av with
the ability to catalyse the hydrolysis of biotinyl p-nitrophenyl ester (BNP)
(Figure 11), which SA is unable to do (Huberman et al., 2001). Also, Av
contains a disulfide bond linking Cys-4 and Cys-83 in each subunit, which
stabilises the tetramer in the absence of biotin, giving apo-Av a higher thermal
stability (T, of 83 °C) than apo-SA (Gonzalez et al.,, 1999). Indeed,
mutagenesis leading to the removal of the disulfide bond from Av lowered the

Tmto 76 °C, comparable to that of apo-SA (Nordlund et al., 2003).
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Figure 11. Av is able to catalyse the alkaline hydrolysis of biotinyl p-
nitrophenyl ester (BNP). Lys-111 forms a hydrogen-bond to the nitro group
of BNP, increasing the electron-withdrawing properties of the nitrophenyl
group, thereby increasing the susceptibility of BNP to hydrolysis. Diagram
adapted from Huberman et al., 2001.

25



Chapter 1

1.2.3.2 Avidin-related proteins

By screening genomic libraries, seven avidin-related genes (AVR1 — AVRY7)
have also been found in chicken, that are 94 - 100 % identical to one another
(AVR4 and AVR5 are identical and differ only by one nucleotide in their 5’
flanking region) (Laitinen et al., 2002). However, the number of AVR genes
varies between individual chickens, and even between cells within the same
chicken, most likely due to unequal crossing-over and / or unequal sister
chromatid exchange (Ahlroth et al., 2001). The six AVR proteins (AVR1,
AVR2, AVR3, AVR4/5, AVR6 and AVR7) have been expressed recombinantly
and characterised, revealing that whilst the biotin-binding site residues are
conserved, a number of amino acid replacements elsewhere in the proteins
affect their physiochemical properties (Laitinen et al., 2002). For example,
both AVR3 and AVR4/5 have a comparable basic pl to Av, whilst AVR1,
AVR6 and AVRY are neutral and AVR2 is acidic. However, all AVRs have
comparable resistance to heat denaturation and proteolysis as Av, and have
tetrameric quaternary structure. Considering biotin-binding, AVRs 3-7 have
irreversible biotin-binding, as Av, whilst AVR1 has a Ky of 4.4 + 1.9 x 10° M
(18 % reversibility on addition of excess free biotin), and AVR2 has Ky of 5.2 £
1.7 x 10° M (93 % reversibility on addition of excess free biotin) (Laitinen et

al., 2002).

1.2.3.3 Avidin superfamily members isolated from bacteria
Rhizavidin was so named as the gene encoding this SA-like protein was
found on a symbiotic plasmid in the nitrogen-fixing bacterial species

Rhizobium etli (Helppolainen et al., 2007). Rhizavidin is an acidic protein (pl of
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4.0), with comparable thermal stability to SA and high resistance to proteinase
K (Helppolainen et al., 2007). Rhizavidin has a very similar tertiary structure
to the other members of the avidin superfamily, consisting of eight antiparallel
B-strands that fold into a p-barrel (Meir et al., 2009). However, it was the first
member of the avidin superfamily to be identified as having a dimeric
quaternary structure, rather than tetrameric. Furthermore, the loop
connecting B-strands 7 and 8 (L7/8) is shorter and lacks the conserved Trp-
120 that is usually donated to the biotin-binding site by the adjacent subunit in
the functional dimer. Despite this lack of the conserved tryptophan, rhizavidin
has strong biotin-binding affinity (Helppolainen et al., 2007), thought to arise
from a unique disulfide bond linking L3/4 and L5/6, which could stabilise L3/4
and impede the dissociation of bound biotin (Meir et al., 2009). Rhizavidin is
also a stronger biotin-conjugate binder than Av, although weaker than SA
(there is 47 % release of the fluorescent biotin-conjugate ArcDia BF560 from
rhizavidin after one hour at 50 °C, compared to 77 % release from Av and 22

% release from SA) (Helppolainen et al., 2007).

The genome of the nitrogen-fixing symbiotic bacterium Bradyrhizobium
Japonicum was also found to contain two putative genes for avidin-like
proteins, which were named bradavidin | and Il. Bradavidin | has comparable
primary sequence similarity to SA as Av does, with 30.2 % identity and 41.7 %
similarity (Nordlund et al., 2005b). Bradavidin | also has very similar high
binding affinity towards biotin-conjugates, as SA does. However, unlike SA,
bradavidin | has a lower affinity towards free biotin and contains two cysteine

residues which form an intrasubunit disulfide bond linking L3/4 and L5/6.
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Bradavidin Il has low primary sequence similarity to bradavidin | (24 % identity
and 36 % similarity) and an even lower similarity to SA (19 % identity and 32
% similarity) (Helppolainen et al., 2008). Also, like rhizavidin, bradavidin |
lacks the conserved Trp-120 that is usually deemed essential for high-affinity
binding and contains two cysteine residues that form an intrasubunit disulfide
bridge between L3/4 and L5/6. Despite this, bradavidin Il is still considered a
strong biotin-binder, although it does bind both biotin and biotin-conjugates

with weaker affinity than SA and bradavidin | (Helppolainen et al., 2008).

An avidin-like gene was also isolated from the human pathogen Burkholderia
pseudomallei, named burkavidin (Sardo et al., 2011). This tetrameric biotin-
binding protein is resistant to proteinase K digestion and possesses high
thermostability, like SA. However, the cysteine residues that form an intra-
monomeric disulfide bond in Av are conserved in burkavidin. ITC was used
to monitor HABA binding to burkavidin, giving a K4 of ~ 9 x 10® M (Sardo et

al., 2011).

1.2.3.4 Avidin superfamily members isolated from other species

The first avidin-like proteins found in organisms other than birds and bacteria
were the tamavidins, isolated from the fungus Pleurotus cornucopiae (also
known as the Tamogitake mushroom) (Takakura et al., 2009). A useful
property of these biotin-binding proteins is that they are expressed as soluble
proteins when recombinantly expressed in E. coli. Tamavidin 1 and 2 are
tetrameric proteins with very high thermal stability, and share 47 % and 48 %

sequence identity to SA respectively. Tamavidin 1 appears to be expressed
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at a 20-fold higher level than tamavidin 2 in Tamogitake mushrooms, but
despite binding biotin very strongly, does not bind 2-iminobiotin, which is an
inconvenience when considering possible purification methods. Therefore,
tamavidin 2 is thought to have the most potential as an alternative biotin-
binding protein, with a Kq for 2-iminobiotin of 8.7 + 2.0 x 10® M (Takakura et

al., 2009).

The first avidin protein from the frog was discovered in 2009 in Xenopus
tropicalis and so named xenavidin (Maatta et al., 2009). Xenavidin shares 56
% amino acid sequence identity with Av, and has a very similar quaternary
structure, susceptibility to proteinase K digestion and pl. However, xenavidin
has a much lower thermal stability in the absence of biotin, with the protein
already dissociating into monomers at 22 °C, and has a higher off-rate from

biotin and biotin-conjugates than avidin (Maatta et al., 2009).
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1.3 Streptavidin engineering

There exists over 200 published mutants of SA (Laitinen et al., 2006; Laitinen
et al., 2007). Introducing mutations into SA has altered: the binding-affinity
towards biotin and other biotin-conjugates; the quaternary structure; and the
thermostability of the protein. The range of protein characteristics observed
on mutagenesis (as opposed to the complete abolishment of function and
structure) suggests SA has a high degree of ‘mutational robustness’ and so
should be a very good candidate for investigation by mutagenesis due to its

high starting stability (Bloom et al., 2006).

A large variety of modification strategies have been utilised in SA engineering
efforts. Chemical modification of SA has been used as a facile way of
creating novel characteristics, for example, decreasing the kidney localisation
of SA by reacting with succinic anhydride (succinylating amine groups)
(Wilbur et al., 1998) or reacting with 1,2-cyclohexanedione (modifying arginine
residues) (Wilbur et al.,, 2002). However, the major disadvantages of
chemical modification are that it is difficult to achieve specific targeting of
residues within the protein and difficult to obtain quantitative conversion. Most
SA modifications, therefore, have used genetic engineering mutagenesis
techniques, the two main methods being rational site-directed mutagenesis /
design and directed evolution (Figure 12). The methods of rational design
and directed evolution, and their application to SA engineering, are discussed

below.
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Genetic
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Figure 12. Genetic mutagenesis of proteins is an extremely powerful
method of engineering new or altered functionalities.
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1.3.1 Rational site-directed mutagenesis

A rational site-directed mutagenesis approach to protein engineering involves
mutating, inserting or deleting specific residues in a protein in order to achieve
a desired characteristic (Cedrone et al., 2000) (Figure 13). This approach
usually makes use of the structure of the starting protein to guide the choice
of residues to be mutated. For example, if a protein’s binding specificity or
affinity is to be altered, the rational choice would be to mutate residues in and
around the binding site. However, identification of the conserved residues
within a protein family can also give a guide to which are necessary for
function. In addition, the impact of mutagenesis can be predicted to some
degree in silico using computer simulations and modelling (Offman et al.,

2011).

The techniques utilised in rational mutagenesis are well understood, facile
and inexpensive, an advantage over the technically challenging and
sometimes expensive protocols used in directed evolution. Rational
mutagenesis also allows testing of hypotheses of how a protein’s function

arises from its primary structure.

A major disadvantage to rational site-directed mutagenesis is that it is time-
and labour-intensive, and so does not enable screening of anywhere near the
large numbers of mutants that can be created and screened using a directed
evolution approach. Also, knowing the structure of the protein being mutated
and having some knowledge of the protein’s structure-function relationship is

very helpful, but not essential. A working hypothesis of how the desired
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characteristics might be introduced / altered in the protein is needed prior to
selection of mutations. Therefore, the success of rational mutagenesis can be
largely dependent on how well the effect of making certain changes to the

protein can be predicted.

Identify
residues of
interest

~~

Site-directed
mutagenesis

-

Protein
expression &
purification

~~

Analysis

Figure 13. Flow diagram of the process of rational mutagenesis.
Residues of interest in the starting protein can be identified by inspecting the
structure of the protein or identifying conserved residues by sequence
alignments. These residues are then mutated, and the resulting protein
expressed, purified and analysed for the desired characteristic. The whole
process can be repeated as many times as needed, introducing new
mutations in each round.
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1.3.1.1 Rational site-directed mutagenesis of SA

In order to gain insights into the origins of the high biotin-binding affinity of SA,
the residues in and around the binding site have been major targets of rational
site-directed mutagenesis. All of the mutations in this vicinity resulted in a
lowered biotin affinity, with the majority of the mutations resulting in a greatly
decreased affinity (Wilchek and Bayer, 1999). The importance of the
conserved tryptophans in the binding pocket was highlighted when mutation
of each to alanine decreased the biotin-binding affinity greatly (Chilkoti et al.,
1995b). In particular, the conserved Trp-120 residue, which is donated to the
binding site of one subunit by a neighbouring subunit, has been the subject of
extensive mutagenesis, and was found to be important for generating both the
high biotin-binding affinity and also the high tetramer stability of SA (Sano and

Cantor, 1995).

The importance of the hydrogen-bonding network in generating high-affinity
binding was also demonstrated using site-directed mutagenesis. Seven of the
eight residues in the first shell of the hydrogen-bonding network (i.e. they form
hydrogen bonds directly to the bound biotin; see Figure 10) have been
mutated, both individually and in combination with other mutations. The three
residues hydrogen-bonded to the ureido oxygen in biotin (Asn-23, Ser-27 and
Tyr-43) have each been individually mutated to alanine, which gave a
decreased biotin-binding affinity in all three mutant proteins produced (Klumb
et al.,, 1998). Furthermore, mutations to Asn-23 and Ser-27 have been
combined with other mutations to give mutant SAs with dramatically

decreased affinity; the double mutant N23A S27D, with a Kgq of 1 x 10* M
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(Reznik et al., 1998), was combined with another hydrogen-bonding mutant,
S45A, to give a triple SA mutant with negligible biotin-binding ability (Howarth
et al., 2006). This N23A S27D S45A mutant of SA is often called ‘dead SA’
and has found considerable use in many applications that utilise controlled
valency SA (Blois et al., 2009; Hong et al., 2010; Huang et al., 2010). The
residues hydrogen-bonded to the ureido nitrogens (Ser-45 and Asp-128) and
the sulfur atom in the tetrahydrothiophene ring (Thr-90) of biotin have also
been the subjects of site-directed mutagenesis (Qureshi et al., 2001).
Mutation of these residues was found not only to impact the biotin-binding
affinity (the Ky of the mutants resulting from single mutations of these residues
to alanine were in the range 10° to 10" M), but also the stability of the
tetramer. The triple mutant S45A T90A D128A had monomeric quaternary

structure and a Kg of 2 x 10° M.

Other site-directed mutagenesis efforts have focussed on the residues at the
interfaces between the subunits within the SA tetramer. Attempts to stabilise
the SA tetramer by increasing the electrostatic interactions across the dimer-
dimer interface and by introducing intersubunit disulfide crosslinks have
increased the thermal stability of SA with little effect on the biotin-binding
ability of the tetramer (Reznik et al., 1996). SA mutants with lower valencies
have also been produced by introducing destabilising mutations at the
tetramer interfaces. Mutation of the conserved Trp-120, which is donated to
the biotin-binding pocket of one subunit by the neighbouring subunit, reduces
the binding affinity by several orders of magnitude (Kq4 of the W120K mutant ~

1 x 10°® M), as well as destabilising the tetrameric structure to give dimeric SA
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(Laitinen et al., 1999). Other destabilising mutations have been introduced at
the interfaces to give monomeric SA mutants, but all monomeric SAs reported
to date have dramatically lowered biotin-binding affinity, due to their
incomplete binding-pocket (due to the absence of the critical Trp-120 residue).
The mutations T76R and V125R introduced sufficient electrostatic repulsion
and steric hindrance at the SA tetramer interface to give monomeric SA, with
a Ky of 1.7 x 107 M (Wu and Wong, 2005). To minimise aggregation of this
mutant, two further mutations were introduced to increase the hydrophilicity of
the resulting monomer, V55T and L109T. The resulting quadruple-mutant
monomer had a Ky of 1.9 x 107 M and can be used as an affinity matrix,

giving reversible capture of biotinylated molecules (Wu and Wong, 2006).

Rational mutagenesis has also been used to design topological mutants of
SA. The role of the loop connecting p-strands 3 and 4 (L3/4) in generating the
high biotin-binding affinity was investigated by the creation of a circularly
permuted SA, in which the N and C termini were linked together and new
termini introduced in L3/4 (Chu et al., 1998). This SA mutant possessed the
characteristic SA quaternary structure of a tetramer of p-barrels, but the biotin
affinity was dramatically reduced (Kg ~ 107 M). An alternative topological SA
mutant was created by the fusion of two different circularly permuted SA
subunits into a single chain, followed by directed evolution using error-prone
PCR and selection with biotinylated beads (Aslan et al., 2005). This
mutagenesis strategy resulted in the production of dimeric and tetrameric SA

mutants with decreased affinities for biotin, but increased relative affinities
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towards the fluorescent biotin conjugate, biotin-4-fluorescein (structure given

in Chapter 3 Methods).

Other properties of SA have been altered by site-directed mutagenesis. The
non-specific cell binding properties of SA were reported to be decreased by
site-directed mutation of the RYDS motif (residues 59 to 62), which was
selected for mutagenesis due to its similarity to the RGDS integrin-binding
motif (Murray et al., 2002). The antigenicity of SA was also decreased by
identifying solvent-exposed aromatic and charged residues in SA and
conducting site-directed mutagenesis at these positions (Meyer et al., 2001).
Although this approach resulted in the production of a large number of
mutants for characterisation, it did result in producing SA mutants that had
both a decreased antigenicity and also a decreased biotin off-rate. This
decreased biotin off-rate was extremely surprising, although very little
attention was drawn to this fact in the paper (perhaps as it was only measured

once for each mutant) and the authors offered no explanation of its origins.

The ease with which SA can be conjugated to other molecules has been
increased by both site-directed mutagenesis of a single residue and also the
insertion of short substrate sequences into SA. To enable conjugation of SA
by covalent linkage to a thiol-, maleimide- or iodoacetamide-containing
molecule, a cysteine residue was introduced into SA (Chilkoti et al., 1995a).
In addition, a six or seven glutamine-containing amino acid sequence has
been inserted into the SA sequence to enable conjugation to amines by

transglutaminase catalysis (Lin and Ting, 2006), and a pentapeptide motif has
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also been used to give conjugation to glycine-tagged molecules by sortase /

transpeptidase catalysis (Matsumoto et al., 2011).

Non-natural amino acid mutagenesis is another facet of rational site-directed
mutagenesis (Bain et al., 1989; Noren et al., 1989). As with an increasing
number of proteins, it has been shown that incorporating non-natural amino
acids at desired positions in SA is possible, which both increases the variety
of modifications that can be made to SA and expands the spectrum of
potential SA characteristics. Fluorescent dansylated non-natural amino acids
(Hohsaka et al., 2004), fluorescent anthraniloyl-containing non-natural amino
acids (Taki et al., 2001) and modified lysine residues (Tokuda et al., 2011)

have all been introduced into SA using an in-vitro translation system.
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1.3.2 Combining rational mutagenesis with directed evolution

Directed evolution is the deliberate evolution of macromolecules towards new
functionalities (Jackel et al., 2008). It involves iterative cycles of mutagenesis,
to produce a library of mutants, followed by selection and amplification of
library members with more favourable characteristics, such as an increased
catalytic ability. An overview of the process, both in vitro and in vivo, is shown

in Figure 14.

Using a directed evolution approach to protein engineering has a number of
advantages over rational design. A considerable advantage is that no prior
knowledge or hypothesis of how the desired characteristic might arise is
needed, whereas this is essential in rational design. Indeed, directed
evolution outcomes can be surprising, when a protein with a desired
characteristic is found to contain unexpected mutations (el Hawrani et al.,
1996). Directed evolution can also be much more efficient than rational
design, as it allows the simultaneous evaluation of a large number of mutants,
which enables many more mutants to be tested in a short time period than is

possible with rational design (Arnold, 1998).
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Figure 14. Directed evolution utilises a number of techniques in the
iterative process of creating diversity, screening for desirable
characteristics and then amplifying the selected mutants. Figure adapted
from Jackel et al., 2008.

Powerful, high-throughput selection and screening methods for directed
evolution exist, and can even be automated (Esvelt et al., 2011), but the
protocols used in these steps can be technically difficult and involve
expensive robotics. Also, not all desired characteristics can be easily

screened for, such as inconspicuous target molecules that can not be optically

detected (Dietrich et al., 2010). “You get what you screen for’ is commonly
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regarded as the First Law of Directed Evolution (Schmidt-Dannert and Arnold,
1999), stressing the importance of the screening substrate being identical, or
as close as possible, to the target substrate. Other factors in addition to the
selection and screening methods can also influence the success of a directed
evolution approach, including the design and quality of the mutant library and
the methods used for creating and screening for the diversity in the library
(Dietrich et al., 2010). However, overall, directed evolution remains a rapid

and efficient method of protein engineering.

Although a large amount of SA mutagenesis has been carried out using a
rational design approach, rational engineering and directed evolution have
been used in tandem to give a powerful protein engineering strategy. In this
way, rational design can be used to define or focus the mutant library diversity
in directed evolution approaches. For example, rational design can be used to
introduce an initial level of a desired characteristic into the starting protein,
which directed evolution can then rapidly expand and enhance, leading very
quickly to an optimised level of activity (Yuan et al., 2005a). This tandem,
combinatorial approach of using rational design followed by directed evolution

has been used in SA engineering efforts as described below.
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1.3.2.1 A tandem rational mutagenesis / directed evolution approach to
SA engineering

Rational mutagenesis and directed evolution both have advantages over each
other. As they can be considered complementary mutagenesis techniques,
they are often used in tandem to give a powerful combinatorial mutagenesis
strategy. In this way, directed evolution in combination with rational design
has been used as a method for engineering SA mutants with altered
functionality. As mentioned in Section 1.3.1.1, after rational design was used
to create a novel single-chain SA dimer, a directed evolution strategy was
adopted to screen for, and to increase, the binding affinity of the mutants
towards biotin (Aslan et al., 2005). Although the selection step was based on
affinity for biotinylated beads, the final mutants isolated by this strategy had a
surprising 10%-10° —fold preference for the fluorescent conjugate biotin-4-
fluorescein (B4F) (structure given in Chapter 3 Methods), in comparison to
wildtype SA, which has a 10*fold preference for biotin over B4F. Analysis of
the mutations that accumulate in the mutants after three rounds of
mutagenesis by error-prone PCR revealed that most were at the surface of
the protein and were very rarely at or near the binding site or subunit

interfaces.

A combinatorial alanine-screening method (Weiss et al., 2000) has also been
used to investigate the role of 38 C-terminal residues in SA (Avrantinis et al.,
2002). A phage-display library was created in which these residues were
allowed to vary only between the wildtype and alanine residues, with the

resulting mutants selected for by biotin-binding and then sequenced. The
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alanine : wildtype ratio at each position was determined as a means of
measuring the importance of the wildtype side-chain at that position (i.e. a low
ratio indicated the wildtype residue was preferred over alanine at that position
for SA function). This approach revealed the importance of side-chain
residues at a distance from the binding-site for SA’s biotin-binding function,

such as Tyr-96, Arg-103 and Phe-130.

A combined rational design / directed evolution approach was also used to
engineer SA mutants with decreased dissociation from the biotin analogue
desthiobiotin (Levy and Ellington, 2008). Rational design based on the crystal
structure of SA was used to identify five residues in the biotin-binding pocket
(Trp-79, Thr-90, Trp-92, Trp-108 and Leu-110) that were then randomised to
create libraries that were screened for the ability to bind desthiobiotin. After
four iterative rounds of this randomisation followed by screening, the libraries
were further diversified by mutagenic PCR and DNA shuffling and then
subjected to another three rounds of screening, selection and mutagenesis.
At the end of the process, mutations had accumulated in the five initial
randomised residues and also in other regions of SA. The resulting mutants
had a variety of characteristics, including increased solubility when expressed
in E. coli, increased affinity towards desthiobiotin as desired, unchanged

affinity towards free biotin and a decreased affinity towards free biotin.
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1.4 Applications of streptavidin

SA is an extremely widely used tool in many different biotechnological
applications. Itis used as: a molecular anchor on biosensor chips and arrays;
a building block in nanoassembly; a detector of biotinylated molecules, when
fused to a reporter molecule such as a fluorescent dye, quantum dot (QD) or
horseradish peroxidase (HRP); and a carrier of radioactivity in Targeted
Radionuclide Therapy to name only a few applications. Some of these
applications are discussed in more detail below. Controlled-valency SA (such
as monovalent and divalent SA) (Howarth et al., 2006) has also increased the
diversity of SA applications. Divalent SA has been used in immobilisation
protocols to avoid the multimerisation possible with tetrameric SA, which is
important when measuring adhesion forces (Huang et al., 2010), whilst
monovalent SA has been utilised as a steric trap in a novel method of
measuring the dissociation constant of high-affinity protein interactions (Hong

et al., 2010) and to drive unfolding of a target protein (Blois et al., 2009).

There are a huge number of commercially available products on the market
that are based on, or involve, streptavidin, such as: dye-labelled SA;
nanoparticle-conjugated SA (including QDs, magnetic beads and agarose
beads); and kits for the detection and isolation of biotinylated proteins, DNA,
RNA and their binding partners. The sheer number of research and
development tools and techniques that utilise the SA-biotin interaction gives a

good indication of the tremendous value of SA.
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1.4.1 Targeted radionuclide therapy

Traditional Targeted Radionuclide Therapy (TRT) utilises a radionuclide-
carrying antibody that recognises some tumour-cell specific antigen (Figure
15). However, this approach has a low tumour / background ratio and a slow
tumour accumulation rate and so modern techniques have included additional
steps in the protocols, usually involving the separate administration of the
targeting molecule followed by the therapeutic molecule (Nordlund et al.,
2005b). The (strept)avidin-biotin interaction is utilised in both two-step and
three-step TRT. One example of two-step TRT involves the administration of
a biotinylated monoclonal antibody targeted to cancer cells, followed some
time later by the administration of radiolabelled SA / Av. This has the
advantages of giving an extended time for the biotinylated antibody to bind,
optimising tumour accumulation, before the administration of radiolabelled SA
/ Av. To prevent endogenous biotin blocking the binding of the radiolabelled
SA / Av, and also to ‘mop up’ any freely circulating biotinylated antibody, a
three-step TRT approach can be used, where a clearing agent such as
unlabelled Av (which has a faster clearance time than SA) is administered
after the biotinylated antibody, and before the administration of radiolabelled
SA / Av (Boerman et al.,, 2003). An alternative three-step TRT protocol
involves the use of a streptavidin-conjugated monoclonal antibody to target
tumour cells, followed by the administration of a synthetic clearing agent,

finally followed by the addition of radiolabelled biotin.
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Figure 15. Targeted Radionuclide Therapy (TRT) can utilise a one-step,
two-step or three-step protocol to deliver radioactivity directly to the
tumour cell.

Repeated administration of SA / Av in humans can trigger an immunological
response, and it has been proposed that other members of the avidin
superfamily (e.g. the AVR proteins) could be used for successive treatments
to avoid triggering a strong immunological response (Laitinen et al., 2002).
However, recent research has suggested that avidin’s immunogenicity does
not affect its safety and efficacy in human cancer trials (Petronzelli et al.,
2010). Several research groups are utilising the (strept)avidin-biotin system in
their clinical trials of therapies against various cancers, including
adenocarcinoma (Breitz et al., 2000), high-grade glioma (Grana et al., 2002)

and non-Hodgkin’s lymphoma (Weiden et al., 2000).
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1.4.2 Cellular imaging

The SA-biotin interaction has also found use in cellular imaging. Alternative
cellular imaging techniques include immunofluorescence microscopy and
genetically-encoded fluorescent tags. In immunofluorescence microscopy,
labelled antibodies raised against an antigen are used to specifically visualise
a protein of interest. The antibodies are often labelled with either a
fluorescent dye, such as the Alexa Fluor range of dyes (Invitrogen), or a QD,
which is a semiconductor nanocrystal that is very bright and has a narrow
emission spectra and negligible photobleaching (Barroso, 2011). However, in
comparison to fluorescently-labelled antibodies, SA is dramatically smaller in
size than an antibody (56 kDa for SA compared to 150 kDa for an average
IgG antibody), antibody-antigen interactions span a range of affinities (see
Section 1.5.3), most of which do not approach the extremely high affinity of
the SA-biotin interaction, and certain antibodies can suffer from high levels of
non-specific binding, giving high background signals. The use of genetically-
encodable fluorescent proteins (FPs), based on green fluorescent protein
(GFP) and its variants (Day and Davidson, 2009; Tsien, 1998) avoids the
problems of specificity as the fluorescent reporter protein is covalently linked
to the protein of interest, enabling direct visualisation of the protein in living
cells. However, the large size of FPs (over 200 amino acids) can perturb the
normal functioning of the protein of interest (Andresen et al., 2004) and many
FPs are susceptible to bleaching over long imaging times (Seward and

Bagshaw, 2009).
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The SA-biotin interaction is used in cellular imaging applications due to the
high specificity, speed of formation and stability of the interaction.
Furthermore, SA can be easily conjugated to FPs, dyes and QDs, and gives
low non-specific binding. Membrane-protein trafficking can be studied by
using non-specific biotinylation of cell-surface proteins (often using an amine-
reactive biotin) (Hurley et al., 1985) followed by visualisation with a
fluorescently-labelled SA. However, this method results in biotinylation and
visualisation of all surface proteins rather than a specific protein of interest,
and also gives no control over where in the protein the amine-reactive biotin
will bind, which can perturb normal protein function. To overcome this and
obtain biotinylation of a protein of interest at a specific location in the protein,

the BirA / AP system can be used (Chen et al., 2005; Howarth et al., 2005).

1.4.2.1 The BirA / AP system

The BirA / AP system exploits the ability of the E.coli enzyme biotin ligase
(BirA) to biotinylate a certain lysine in a specific 15 amino acid sequence,
called the acceptor peptide (AP) (Beckett et al., 1999). This AP sequence
(GLNDIFEAQKIEWHE), also known as the AviTag™, can be genetically
fused to the protein of interest, giving site-specific biotinylation of the protein
of interest (Figure 16). In cells that have been transfected with DNA
encoding the BirA protein fused to a signal peptide, BirA is expressed, folds
in the endoplasmic reticulum and specifically biotinylates only proteins
containing an AP tag; endogenous mammalian proteins are not biotinylated
by BirA (de Boer et al., 2003). Alternatively, if the AP tag is attached to a

protein that is directed to the cell surface, BirA can be expressed
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recombinantly and then added to the extracellular medium, together with
biotin, to give biotinylated cell surface proteins (Howarth et al., 2005). The
biotinylated protein of interest can then be visualised by labelling with SA
conjugated to a reporter molecule. Some proteins visualised by this method
include neuroligin-1 in rat neuronal cultures (Howarth et al., 2006), and a-

amino-3-hydroxy-5-methyl-4-isoxazolepropionate ~ (AMPA) receptors in

- e
BirA to the
E medium

Detection
with labelled

hippocampal neurons (Howarth et al., 2008; Howarth et al., 2005).
l Addition of

Endoplasmic reticulum

Detection
with labelled
SA

Figure 16. Cellular imaging with the BirA / AP system. There are two
possible methods: method A which utilises recombinantly expressed BirA; and
method B which utilises co-expressed BirA. The protein of interest (cyan
rectangle) is expressed with the 15 aa AP tag (brown line). In method A, the
tagged protein then traffics to the cell surface where BirA biotinylates the AP
tag, enabling detection by SA labelled with a reporter molecule (yellow suns).
In method B, the co-expressed BirA folds in the endoplasmic reticulum, where
BirA biotinylates the AP tag in the protein of interest, which then traffics to the
cell surface for detection with labelled SA. Diagram adapted from Howarth
and Ting, 2008.
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1.4.3 Detection and diagnostics

The SA-biotin interaction is one of the most widely used affinity-pairs in
diagnostic applications, for isolation and identification of biotinylated
molecules of interest. When used in affinity purification protocols, the
extremely high affinity of the SA-biotin interaction enables highly stringent
washing conditions to be used, leading to efficient capture of biotinylated
molecules with high purity (de Boer et al., 2003). Also, there are few naturally
biotinylated proteins in the cell, reducing the likelihood of false positives. The
major drawback is that the SA-biotin interaction is not easily broken, and so
elution of bound biotinylated molecules from a SA affinity column is extremely
difficult. Harsh elution conditions can only be used if either the molecule of
interest is resilient to the elution conditions used e.g. heating at 70 °C in non-
ionic aqueous solutions can be used to release biotinylated DNA molecules
from SA-coated beads (Holmberg et al., 2005), or if the molecule of interest is
not needed in a functional form, e.g. boiling in SDS-containing buffer can be
used if the downstream analysis of the isolated molecule involves, for
example, mass spectrometry, and not a functional assay (Mach-Aigner et al.,
2010). Otherwise, the biotin analogue 2-iminobiotin can be used (see Section
1.1.4), either as a tag to give pH-dependent capture and elution from a SA /
Av affinity column (Orr, 1981), or as the capturing matrix in an affinity column
for the isolation of SA-tagged molecules. Alternatively, SA can be used to
capture proteins that have been genetically fused to linear peptides that bind
to SA with micromolar to nanomolar affinities (see Section 1.1.5). Strep-tag

(Schmidt and Skerra, 1993), Strep-tag Il (Schmidt et al., 1996), Nano-tagg or
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Nano-tagss (Lamla and Erdmann, 2004) all allow capture on a SA affinity

column, with elution by competition with biotin or desthiobiotin.

In addition to the isolation of biotinylated molecules, SA is a common
component of biosensors and protocols used for detection and identification of
molecules. SA-coated biosensor chips and array slides are commercially
available for the capture and immobilisation of biotin-labelled DNA, RNA and
proteins in gene expression and protein profiling applications. SA-coated
microplates for enzyme-linked immunosorbent assays (ELISAs) are also
available, for capture of biotinylated molecules, such as biotinylated antigens
or antibodies (SA conjugated to a reporter molecule also features in the final

detection step of ELISAs for binding to the biotinylated detection antibody).

Other, more novel uses of SA in research have emerged in recent years. SA-
coated microbeads have been used to achieve direct fluorescence detection
of point mutations in human genomic DNA (Meng et al., 2010), as well as
being used in conjunction with DNA bio-barcodes for PCR-free quantitative
detection of target nucleic acids (Zhu et al., 2008). The SA-biotin interaction
has also been used to tether single-stranded DNA within an a-hemolysin

protein pore in nanopore sequencing experiments (Stoddart et al., 2009).
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1.4.4 Nanofabrication
Due to its highly stable biotin and biotin-conjugate binding, low non-specific
binding and its multivalency, SA is also used as a molecular adaptor and

building block in supramolecular assembly.

The SA-biotin interaction has been used as a building block to form many
diverse, ‘bottom-up’ self-assembling nanostructures. = Examples include
periodic SA protein arrays using biotinylated oligonucleotides, which can be
used to direct the assembly of other biotinylated molecules (Voigt et al., 2010;
Yan et al., 2003) and monolayers of end-to-end-linked gold nanorods that can
be used to direct assembly of higher-order arrays of nanomaterials (Caswell

et al., 2003).

The SA-biotin interaction has also been used as a molecular adaptor to stably
join one molecule to another. For example, the binding-pair have been used
to couple protein cages to monoclonal antibodies (Suci et al., 2009), which
could be utilised to deliver diagnostic or therapeutic agents to specific proteins
or cell types. Another interesting use of SA is to increase the processivity of a
DNA polymerase for use in ‘sequencing by synthesis’ (see also Chapter 4
discussion) (Williams et al., 2008). In this application, the strong biotin-binding
ability and tetravalency of SA are utilised to form a ‘clamp’ across the binding
cleft in the DNA polymerase, trapping the DNA in the polymerase and also

enabling stable and controlled immobilization of the complex onto a surface.
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1.5 Alternative tagging strategies for bioorthogonal chemistry

Tagging and detecting biomolecules using bioorthogonal chemistry has
become an extremely useful tool for studying molecules in their native setting.
The key requirements of applying bioorthogonal chemistry to living systems
are that the components must react rapidly, be highly selective and not
interfere with native biological processes (Sletten and Bertozzi, 2009). A
typical tagging experiment utilising bioorthogonal chemistry involves using the
cell’s own synthetic apparatus to incorporate a unique chemical motif into the
molecule of interest, which is then covalently modified with an exogenously

delivered probe (Prescher and Bertozzi, 2005).

Because of their non-covalent binding, the SA-biotin pair is referred to as an
interaction, rather than a bioconjugation reaction. However, the extremely
stable biotin-binding has resulted in the SA-biotin interaction being considered
a valuable tool in the vast bioorthogonal chemistry toolbox, being used in a
variety of applications for tagging and stably joining objects together (see
Section 1.4). Although purified proteins can be easily functionalised with
biotin (by using a biotin derivative that has the valeryl chain functionalised with
a reactive group to give covalent linkage to various functional groups), site-
specific biotinylation of a protein of interest in its native surroundings makes
use of the AP tag, a short chemical handle that can be genetically fused to the
protein of interest and biotinylated in vivo by the exogenously-delivered biotin
ligase enzyme BirA (see Section 1.4.2.1) (Howarth et al., 2005). There is a

huge array of bioorthogonal chemical reactions and reporters being used to
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study living systems, and excellent reviews of this field have already been
published (Prescher and Bertozzi, 2005; Sletten and Bertozzi, 2009). It is
beyond the scope of this thesis to comprehensively review this field here;
instead, some of the more important tagging methods are discussed below, in

comparison to the SA-biotin interaction.

1.5.1 Click chemistry

The term ‘click chemistry’ refers to a set of reactions that are simple to use,
rapid, specific and give high yields (Kolb et al., 2001). The copper-catalysed
1,3-dipolar cyclo-addition reaction between an azide and alkyne (also known
as the Huisgen cycloaddition) is a model ‘click chemistry’ reaction (Huisgen,
1963) (Figure 17). The Huisgen cycloaddition is widely used in many different
applications, due to its versatility; the reaction can take place over wide
temperature (0 to 160 °C) and pH (5 to 12) ranges (Hein et al., 2008), and
with the addition of a copper catalyst, proceeds at a rapid rate (Rostovtsev et
al., 2002). Also, the azide and alkyne functional groups can be easily
incorporated into molecules and are highly stable (Bock et al., 2006). ‘Click
chemistry’ reactions have been used to give site-specific labelling and
conjugation of proteins; however, the reaction rate, even in the presence of a
copper catalyst, is orders of magnitude slower than the diffusion limit and
considerably slower than the SA-biotin on-rate, resulting in long incubation
times being required when the reactants are present at low concentration
(Link and Tirrell, 2003). The presence of copper can also be toxic to

biological systems (Wolbers et al., 2006).
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R1 N+ ——
A Ty +
N° N

Figure 17. An example of a ‘click chemistry’ reaction: the copper-
catalysed Huisgen 1,3-dipolar cycloaddition.

1.5.2 Native chemical ligation

Native chemical ligation (NCL) is another important application of chemistry to
protein engineering, which results in the ligation of two peptide sequences by
a peptide bond (Dawson et al., 1994). A peptide with a thioester at its C
terminal undergoes nucleophilic attack by a N-terminal cysteine residue in
another peptide, to give a thioester ligation product which spontaneously
rearranges to give a peptide bond at the ligation site (Figure 18). This
bioconjugation reaction is simple, rapid, proceeds in aqueous solution with a
high yield and results in a stable peptide bond linkage between the two
peptides. The main use of NCL is in the modification and synthesis of
proteins (Sletten and Bertozzi, 2009), but it has also been used as a
bioconjugation method, e.g. to immobilise polyethylene glycol on titanium
surfaces (Byun et al., 2011). The SA-biotin interaction is not as stable as the
amide linkage that results from NCL, but is also not dependent on a reducing
environment for interaction, a limitation of NCL. Competition from
endogenous cysteines will also impact on the success of NCL, which is limited

to ligating only peptides together (Chen and Ting, 2005).
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Chemoselective
reaction
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rearrangement

Figure 18. Native chemical ligation of two peptides. Peptide 1 contains a
thioester at its C-terminal, which undergoes nucleophilic attack from the N-
terminal cysteine of peptide 2, forming a thioester ligation product that
spontaneously rearranges to give a native peptide bond between the two
peptides.
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1.5.3 Antibody-antigen binding

The affinities of antibodies generated in vivo tend to fall within the range 10
to 10"° M (Kobayashi and Oyama, 2011). This is due to the existence of
‘affinity ceilings’, imposed by biological constraints, and a lack of selection
pressure for antibodies that have much slower dissociation rates than the
endocytosis rate into B cells (Foote and Eisen, 2000). However, in vitro,
higher antibody affinities can be generated, as these limitations do not apply.
For example, in vitro maturation methods have resulted in the production of
antibodies with a dissociation constant of 5 x 10 M (Boder et al., 2000).
However, just as an affinity ceiling exists in vivo, a methodological ceiling will
exist in vitro, imposed by the inability to select for extremely slow dissociation

rates (Foote and Eisen, 2000).

Antibody conjugates have found use in many different applications, including
protein purification (e.g. anti-FLAG tag antibodies (Brizzard et al., 1994)),
protein detection (e.g. in ELISAs and Western blotting (Renart et al., 1979))
and imaging biomolecules in biological systems (Massoud and Gambhir,
2003). Antibodies have also been the focus of a large number of engineering
efforts to increase their utility (Hudson and Souriau, 2003). However, the size
and charge of an antibody conjugate frequently prevents entry into the cell
(Prescher and Bertozzi, 2005), and in general, the stability of antibody-antigen

binding is much lower than SA-biotin binding.

Antibodies with ‘infinite affinity’ exist, where antibody-antigen binding is

followed by a covalent reaction (Chmura et al., 2001). These ‘infinite affinity’
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antibodies are created by rational design, involving inspection of the structure
of the antibody-antigen complex followed by the introduction of a nucleophile
and partner electrophile at positions in the antibody and antigen where they
will be brought into close proximity on binding, greatly increasing the local
concentration and triggering a covalent reaction. Provided the rate of covalent
bond formation is faster than the dissociation rate, an ‘infinite affinity’
antibody-antigen interaction is created. Whilst separate in solution, the low
reactivity of these groups in the antibody and antigen give low cross-reactivity.
In comparison to the natural antibody-antigen interaction (without the reactive
groups), these ‘infinite affinity’ antibodies have an unchanged on-rate but a
greatly decreased off-rate; indeed, a covalent bond between the antibody and
its antigen can prevent any dissociation, giving an infinitely-bound complex
(Butlin and Meares, 2006). This is advantageous over the SA-biotin
interaction, which does suffer from, albeit very low, biotin dissociation. Also,
antibodies can be humanised (Almagro and Fransson, 2008) to avoid
triggering an immune response, which can limit the repeated use of SA (a
bacterial protein) in living organisms (Butlin and Meares, 2006). However,
this bioconjugation technique would be extremely time-consuming and labour-
intensive to use as a general tagging system, as it involves inspection and
modification of every antigen’s antibody. Also, ‘infinite affinity’ antibodies
often utilise a free thiol group to form the covalent linkage, which can be

cross-reactive and easily oxidised.
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1.5.4 HaloTag

The HaloTag is a modified bacterial haloalkane dehalogenase (34 kDa) which
forms a covalent bond to its chloroalkane ligand (Los et al., 2008). The
HaloTag can be genetically fused to the protein of interest and the
chloroalkane ligand can be appended to whichever molecule is most suited to
the application it is being used for, e.g. a fluorescent dye for protein imaging
or a solid support for purification (Ohana et al., 2011). Advantages of using
the HaloTag are that it is small, specific, does not need any cofactors for
activity, and has an on-rate comparable to the SA-biotin interaction. However,
the HaloTag protein is not as stable as SA, with optimum HaloTag binding
being restricted to a narrow range of conditions, i.e. pH range 6 — 8.5. Also,
the HaloTag is restricted to fusion at the N- or C-terminii of the protein of

interest (Promega, 2009).
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1.5.5 Dihydrofolate reductase

Dihydrofolate reductase (DHFR) is an essential enzyme that catalyses the
NADPH-dependent reduction of dihydrofolate to tetrahydrofolate, which is
required for the synthesis of purines and thymidylate. When inhibited, the cell
cycle is halted leading to cell death, and so to exploit this, many DHFR
inhibitors have been developed, for use as anticancer, antibacterial, antifungal
and antiparasitic agents (Chan and Anderson, 2006). One particular inhibitor,
methotrexate, binds to E. coli DHFR with a K4 of 25 pM (Sasso et al., 1994),
an impressive affinity, but still weaker than the SA-biotin interaction. The
DHFR-methotrexate interaction has been wused in cellular imaging
applications, where DHFR (157 aa) is genetically fused to the protein of
interest and fluorescently-labeled methotrexate is used for visualisation (Miller
et al., 2004). However, dissociation will occur, as with the SA-biotin
interaction, due to the non-covalent nature of the interaction. Also
endogenous DHFR in cells can give high background levels (Chen and Ting,

2005).
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1.5.6 FIAsH

A small (663 Da) non-fluorescent arsenoxide molecule (Figure 19) developed
by Tsien and coworkers (Griffin et al., 1998) can also be used in cellular
imaging applications, as well as for labelling proteins in vitro. It is
appropriately named FIAsH (fluorescein arsenical helix binder), as it becomes
highly fluorescent on binding the tetracysteine motif CCXXCC (where XX can
be any amino acids but is optimally proline and glycine (Adams et al., 2002b)
(Figure 20)). Optimisation of the tetracysteine motif and FIAsH structure have
produced a range of FIAsH derivatives capable of binding many different
tetracysteine motifs with K4 values in the pM range (and can be as strong as 2
pM) (Adams et al., 2002b). The small size of the FIAsH reagent and its high-
affinity binding to the tetracysteine motif make it a promising tool in protein
labelling. However, the disadvantages of using FIAsH derivatives include:
having high levels of non-specific binding, due to binding endogenous,
cysteine-rich proteins; needing a reducing environment to label the
tetracysteine motif; and possible toxicity due to the arsenic content (Griffin et

al., 2000).

Figure 19. The FIAsH reagent consists of fluorescein with As(lll)
substituents at the 4’- and 5’- positions (Griffin et al., 1998).
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protein
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Figure 20. The binding of the FIAsH reagent to a tetracysteine motif in

the target protein produces a highly fluorescent complex. The
tetracysteine motif is shown as CCXXCC above, but is optimally CCPGCC in

an a-helical conformation (Griffin et al., 2000).
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1.6. Aims of this thesis

This thesis details efforts made at increasing the utility of the SA-biotin
interaction.  Section 1.3 highlights only a selection of the numerous
engineering efforts that have been focussed on SA over the decades.
However, to my knowledge, no group has produced and convincingly
characterised a SA mutant with increased binding stability to both biotin and
biotin-conjugates. There is a need for a higher-stability biotin-binder, and this
is discussed in detail in Chapter 3. The results sections of this thesis
(Chapters 3, 4 and 5) therefore discuss the production and characterisation of

SA mutants with increased biotin-binding stability.

Rational site-directed mutagenesis of SA produced mutant proteins exhibiting
a wide range of affinities towards biotin and biotin-conjugates (details given in
Appendix A1), of which a subset possessed decreased dissociation rates from
a biotin-conjugate. Chapter 3 details the production and characterisation of
these higher-stability mutant SAs, as well as introducing the most promising
mutant, which was named traptavidin (Tr). The further characterisation of Tr
and its use in probing the force generated during translocation of the
molecular motor FtsK are discussed in Chapter 4. In order to gain a deeper
understanding of how the mutations in Tr exert their effect, the structures of
both apo- and biotin-bound Tr were solved using x-ray crystallography and

are presented in Chapter 5.

The results of this work are summarised in Chapter 6, where the future

prospects of this research are also discussed. It is hoped that this thesis will
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make a valuable contribution to the large body of research that already exists

on the SA-biotin interaction.

The utility of SA can be increased in other ways in addition to increasing the
biotin-binding stability, such as altering the valency or topology of SA. | have
conducted provisional work into creating both monomeric SA and single-chain
SAs (not included in this thesis) and the potential for these approaches to
increase the functionality of SA is also discussed in Chapter 6. Increasing
the ease and yield of recombinant SA expression should also increase the

utility of SA, and provisional work towards this is detailed in Appendix A2.
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Chapter 2: General Materials and Methods

This chapter gives an outline of the materials and methods used in this study.

More detailed protocols are given in specific chapters.

2.1 Sources of reagents and enzymes

Restriction endonucleases were purchased from New England Biolabs (UK).
All DNA oligonucleotides were purchased from Invitrogen (UK) and their
sequences are detailed in the ‘materials and methods’ section of the relevant
chapter. All chemicals were purchased from Fisher Scientific (UK) unless

otherwise stated.

2.2 Culture media

Luria Broth (LB) and 2x TY media were used for bacterial cell culture. They
were prepared by the in-house media kitchen according to the recipes in
Table 3 and sterilised by autoclaving for 20 minutes at 121 °C. Detailed

culturing protocols and conditions used are detailed in the relevant chapters.

LB media 2x TY media
Tryptone (g) 10 16
Yeast extract (9) 5 10
NaCl (g) 10 5

Dissolved in 1 L of sterile double-distilled H,O and pH adjusted to pH 7.0

Table 3. Recipes for Luria Broth and 2x TY media for bacterial cell
culture.
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2.3 Competent bacterial strains and transformation

E. coli XL1-Blue supercompetent cells (Agilent Technologies, UK) were used
in this study for the cloning of recombinant plasmids (Table 4). Three E. coli
expression strains were used in this study: BL21 (DE3) RIPL cells (Agilent
Technologies, UK); B834 (DE3) pLysS cells (EMD Chemicals, UK); and BL21
(DE3) pLysS cells (Agilent Technologies, UK). For recombinant strain
selection, ampicillin (at 100 ug/mL) and chloramphenicol (at 25 ug/mL) were

used.

Plasmids were subcloned into these strains using a heat-shock method.
Competent cells were thawed on ice and 20 uL aliquots added to pre-chilled
sterile 1.5 mL micro-centrifuge tubes. 50 ng of purified DNA plasmid or 4 uL
of Dpnl-digested PCR mix after site-directed mutagenesis was added to the
cells, tubes flicked gently to mix and then incubated on ice for 20 minutes.
The cells were then heat-shocked at 42 °C for 45 seconds in a water-bath
followed by incubation on ice for 2 minutes. 300 pL of LB media (with no
antibiotic selection) was then added to each tube and incubated at 37 °C for 1
hour. The entire transformation mixture was then plated on LB plates
containing 1.5 % agar and 100 pg/mL ampicillin and incubated overnight at 37
°C. Freshly picked colonies were then used for small-scale culturing for DNA
purification (from XL1-Blue cells) or large-scale culturing for protein
purification (BL21 (DE3) RIPL, BL21 (DE3) pLysS or B834 (DE3) pLysS

cells).
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Strain Genotype Function

XL1-Blue recA1 endA1 gyrA96 thi-1 hsdR17 supE44 Plasmid replication
relA1 lac [F" proAB lacl’ZAM15 Tn10 (TetR)]

BL21 (DE3) RIPL BF ompT hsdS(rs" mg") dem” Tet® gal A(DE3) endA  Expression
Hte [argU proL CamR] [argU ileY leuW Strep/SpecR]

B834 (DE3) pLysS F omFéJThst(rB_ mg’) gal dcm met (DE3) pLysS Expression
(Cam™)

BL21 (DE3) pLysS BF ompT hsdS(rs" mg") decm” Tet® gal A(DE3) Expression
[pLysS CamR]

Table 4. Genotype of competent bacterial strains used.

2.4 Site-directed mutagenesis

Detailed protocols, including PCR recipes and cycling programs, are given in
the relevant chapters. DNA concentration was measured from a 2 yL sample

using a NanoDrop 2000 (Thermo Scientific) spectrophotometer at 260 nm.

2.5 Agarose gel electrophoresis

DNA fragments were resolved using agarose gel electrophoresis through a
0.7 % (w/v) agarose gel containing 0.01 % (v/v) ethidium bromide in tris-
acetate (TAE) buffer (40 mM Tris, 0.1 % (v/v) acetic acid and 1 mM EDTA).
Samples were mixed with 6X DNA loading dye (1.2 M sucrose, 0.7 mM
bromophenol blue, 0.9 M xylene cyanol FF) prior to loading and run alongside
2-log DNA ladder (New England Biolabs, UK) for size estimation. Gels were
run submerged in TAE buffer at 130 V and DNA visualised using UV

ilumination at 254 nm.
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2.6 Protein expression and purification

Detailed protein expression and purification protocols are given in the relevant
chapters. Protein concentration was measured using a NanoDrop 2000

(Thermo Scientific) spectrophotometer at 280 nm.

2.7 Electrophoretic separation of proteins

Proteins were separated and visualised by sodium dodecyl sulphate-
polyacrylamide gel electrophoresis (SDS-PAGE) (Laemmli, 1970). Gels
consisted of a 5 % (v/v) acrylamide stacking layer (0.125 M Tris-HCI pH 6.8,
0.1 % (w/v) SDS and 5 % (v/v) acrylamide) and a variable separating layer,
depending on separation required (0.38 M Tris-HCI pH 8.8, 0.1 % (w/v) SDS
and 6 %, 8 % or 18 % (v/v) acrylamide). A 30 % (v/v) acrylamide : N,N*-
methylenebisacrylamide mixture (37.5 : 1 ratio, Sigma, UK) was used to make
the gels, which were poured in the lab using disposable plastic gel cassettes

(Invitrogen, UK).

SDS-PAGE was carried out in a XCell SureLock® Mini-Cell apparatus
(Invitrogen, UK) at 200 V using tris-glycine running buffer (25 mM Tris-HCI,
200 mM glycine, 0.1 % (w/v) SDS). The apparatus was carefully packed in
ice to avoid excessive heating. Samples were mixed with 6X SDS loading
dye (0.24 M Tris-HCI pH 6.8, 24 % v/v glycerol, 120 uM bromophenol blue,
0.23 M SDS) prior to gel loading and were loaded adjacent to PageRuler™
prestained protein ladder (Fermentas, UK) to estimate the molecular weight of

protein bands. After running, resolved proteins were visualised by staining for
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1 hour either with Coomassie Brilliant Blue solution (1.25 g Coomassie
Brilliant Blue R250 in 500 mL of methanol : water : glacial acetic acid (4.5 : 4.5
: 1 viviv)), followed by overnight destaining in 30 % methanol (v/v), 10 %

glacial acetic acid (v/v), or Instant Blue solution (Triple Red, UK).

2.8 Figure presentation
All figures containing 3D molecular structures were produced using PyMOL
molecular visualisation system (Schrodinger, 2010). Chemical structures

were displayed using ChemDraw software.
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Chapter 3: Production and Characterisation of Higher-

Stability Streptavidin Mutants

3.1 Introduction

As discussed in detail in Chapter 1, there exists a tremendous body of
research on SA engineering. Considering SA’s biotin-binding affinity,
engineering efforts have attempted to lower or abrogate biotin-binding,
produce tuneable biotin-binding, and impart novel binding abilities. High-
throughput screening of SA libraries, together with the more labour- and time-
consuming methods of rational mutagenesis and directed evolution, have
produced over 200 mutants of SA (Laitinen et al., 2006). However, to my
knowledge, no researchers have reported setting out with the intention of
increasing SA’s biotin-binding stability, perhaps because of the widely held
assumption that the SA-biotin interaction has already been optimised by
nature, with any mutation made to the system expected to reduce its
performance. Two research groups have appeared to ‘stumble upon’ a SA
mutant with higher than expected biotin-binding stability during their attempts
to alter SA antigenicity (Meyer et al., 2001) or affinity towards a particular
biotin analogue (Levy and Ellington, 2008). In a search for a SA with lower
antigenicity, a few mutants were produced with up to 50 % slower biotin
dissociation rates, although these rates were only determined once and no
further investigation into the higher-stability mutants was undertaken (Meyer
et al., 2001). A directed evolution approach was also used to produce a SA
with increased binding affinity for desthiobiotin, and the mutant SA produced
retained a high biotin-binding stability, with only a ten-fold faster biotin
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dissociation rate than wildtype SA (Levy and Ellington, 2008). An explanation
for this was only suggested recently (Magalhaes et al., 2011), and is

discussed further in Chapter 5.

3.1.1 The need for a higher-stability biotin-binder

All work presented in this body of research was directed towards increasing
the utility of SA. This chapter presents work towards increasing the binding-
stability of SA. Chapter 1 discussed the remarkable properties of the SA-
biotin interaction, such as the rapid on-rate (Hyre et al., 2006), extremely slow
off-rate (Levy and Ellington, 2008), extreme thermal stability and resistance to
denaturants (Gonzalez et al., 1999). However, despite the apparent stability
of biotin-binding, the SA-biotin interaction can and does fail under certain

experimental conditions.

For example, the SA-biotin interaction is often used in cellular imaging
applications (see Section 1.4.2), with a labelled SA detecting the biotinylated
protein of interest. However, the lower pH of the endosomes, together with
the higher temperature (37 °C) used for live cell imaging, can increase SA-
biotin dissociation, limiting the time for which the protein can be detected.
This was indeed the case when the SA-biotin interaction was used to visualise
the cellular trafficking of nicotinic acetylcholine receptors; the receptors could
only be visualised for ~ 2 hours before SA-biotin dissociation started to occur,

whilst the lifetime of the receptors was ~ 4 days (Bruneau et al., 2005).
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Nanoparticle attachment has also been shown to result in a substantial
decrease in SA-biotin stability (Swift et al., 2006); the Ky for a biotinylated
peptide increased approximately a million-fold when streptavidin was attached
to beads (Buranda et al., 1999). This is extremely relevant as SA is frequently
attached to nanoparticles in many different applications, such as: imaging,
where SA can be attached to quantum dots; and purification protocols, where
SA can be immobilised on sepharose beads in a column or attached to
magnetic beads for facile isolation. Also, investigations using a laminar flow
chamber revealed that in the presence of shear-forces lower than those in a
blood capillary, SA-coated beads do not attach to a biotinylated surface but
instead roll across, becoming bound and arresting for periods of 20 ms to tens
of seconds (Pierres et al., 2002). This has implications for the use of SA in
targeted radionuclide therapy, where radiolabelled SA is used to bind to
biotinylated antibodies raised against a tumour cell antigen (Boerman et al.,

2003).

Furthermore, in molecular motor investigations, SA has failed to prevent the
translocation of motors such as helicases, RNA polymerase or DNA
polymerase along DNA (Morris et al., 2001), suggesting the binding stability of
the SA-biotin interaction is not sufficient to withstand the translocation force of

these motors.

Also, the high thermal stability of SA’s biotin-binding, together with the high
thermal stability of the SA tetramer, has enabled the SA-biotin interaction to
be used in applications occurring at high temperatures, such as in PCR

(Williams et al.,, 2008), BEAMing (Dressman et al., 2003) and 454 DNA
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sequencing (Margulies et al., 2005). However, the elevated temperatures in
these applications do increase SA-biotin dissociation, resulting in the
protocols having to be adapted to compensate for this increased dissociation,
e.g. DNA has to be bis-biotinylated to reduce dissociation in BEAMing
applications (Dressman et al., 2003) and the temperature of the elongation
step has to be reduced to 54 °C (from the polymerase’s optimum temperature

of 74 °C) in PCR applications (Williams et al., 2008).

3.1.2 Aims of this chapter

This chapter details my work towards producing a SA mutant or mutants that
can bind more stably to biotin and any biotin-conjugate. Rational site-directed
mutagenesis was used; mutations in residues that are positioned close to the
ureido or thiophene rings of biotin were avoided as these have been shown to
invariably impede biotin binding (Klumb et al., 1998), and instead, mutations
of residues adjacent to the biotin carboxyl and in the loop connecting p-
strands 3 and 4 (L3/4) were explored. L3/4 was chosen as the focus for the
mutagenesis as this flexible region is found disordered and in an ‘open’
conformation in apo-SA, but is stabilised and closes over the biotin-binding

pocket in a ‘closed’ conformation on biotin-binding (Freitag et al., 1997).

Eight mutants were found to possess a slower dissociation rate from the
fluorescent biotin-conjugate biotin-4-fluorescein (B4F). These eight mutants
contained mutations at the Ser-52, Arg-53 and Ser-112 residues, in various
combinations, resulting in the production of single, double and triple mutants.

All eight mutants contained one or more mutations in L3/4; the possible mode
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of action of these mutations is discussed here and in Chapter 5. Although
rationally predicted to have increased biotin-binding stability, another 19
mutants had an increased B4F dissociation rate (and therefore decreased
binding stability); the data on these weaker mutants are presented in

Appendix A1.

The production and characterisation of the eight higher-stability mutants is
presented in this chapter, including the B4F dissociation and association
rates, thermostability and yields when expressed and purified in E. coli.
These properties were taken into account when choosing the most promising

mutant to further characterise (in Chapter 4).
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3.2 Materials and methods

3.2.1 Site-directed mutagenesis

Rational site-directed mutagenesis was conducted on the residues in and
around the biotin-binding site in SA, focussing on the residues in L3/4. The
eight higher-stability SA mutants discussed in this chapter contained the
mutations: S52G, S112D, S52G R53N, S52G R53S, S52G R53T, S52G

S112D, S52G R53S S112D and S52G R53D.

Appropriate primers were designed to introduce the desired mutations into
wildtype SA and their sequences are given in Table 5. Wildtype SA here
refers to core SA with a Hise tag at the C terminus, with the gene encoding the
protein in the pET21a(+) plasmid. PCR was carried out in 25 L reactions in
a Bio-Rad DNA Engine® Peltier Thermal Cycler. A typical reaction would

contain the following:

Purified wildtype streptavidin template plasmid 25 ng
Forward primer 200 pmol
Reverse primer 200 pmol
10x Pfu reaction buffer 2.5 uL
10 mM dNTPs 0.5 pL
Pfu Turbo DNA polymerase 0.5 uL
ddH.0 to 25 pL
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Typical reaction conditions would be 95 °C for 2 minutes, followed by 20
cycles of 95 °C for 30 s, 55 °C for 1 minute and 68 °C for 6 minutes, followed
by a final incubation at 68 °C for 5 minutes. 5 pL of the amplified reaction
mixture underwent 0.7 % (w/v) agarose gel electrophoresis to visualise PCR
products. 10 pL of the amplified reaction mix was digested with 10 units of
Dpnl (New England Biolabs, UK) at 37 °C for 1 hour to digest methylated and
hemimethylated DNA. 4 pL of the digested mixture was then transformed into
competent E. coli XL1-Blue cells (see Section 2.3) and transformants were
selected on LB agar plates (1 % tryptone, 0.5 % yeast extract, 1 % NaCl, 1.6
% agar) supplemented with 100 ug/mL ampicillin (Amp). Individual colonies
were picked and used to inoculate 12 mL of LB containing 100 yg/mL Amp,
which was cultured overnight at 37 °C in a shaking incubator. Cells were then
harvested by centrifugation at 4,000 g for 5 minutes and DNA extracted using
a Qiagen Miniprep kit (Valencia, CA). Sequences were confirmed by

sequencing with T7 reverse primer (Table 3) by Geneservice Ltd., UK.

3.2.2 Protein expression and purification

Plasmids containing desired mutations were subcloned into competent E. coli
BL21 (DE3) RIPL cells (see Section 2.3) and transformants selected on LB-
Amp plates. Individual freshly-grown colonies were picked and used to
inoculate 12mL LB-Amp, incubated at 37 °C overnight. These starter cultures
were then diluted 1:100 into large-scale LB-Amp cultures, which were grown
to ODgyp 0.9 at 37 °C, induced with 0.5 mM isopropyl-p-D-

thiogalactopyranoside (IPTG) and incubated for a further 4 hr at 37 °C. Cells
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were then harvested by centrifugation at 7,500 g for 15 min at 4 °C and

pellets stored at -80 °C until induction was confirmed on 18 % SDS-PAGE.

Insoluble SA mutant proteins were purified according to a protocol adapted
from that published previously (Howarth and Ting, 2008). Inclusion bodies
were isolated from the cell pellet of a 750 mL culture by incubation with 10 mL
300 mM NacCl, 50 mM Tris, 5 mM EDTA, 0.8 mg/mL lysozyme, 1 % Triton X-
100 pH 7.8 for 30 min at 25 °C on a platform rocker. The inclusion bodies
were then sonicated for 9 min (pulsed) on ice at 40 % amplitude on a Sonics
Vibra-Cell sonicator. Following centrifugation at 27,000 g for 15 min at 4 °C,
the inclusion body pellet was washed three times in 10 mL 100 mM NaCl, 50
mM Tris, 0.5 % Triton X-100 pH 7.8 and then solubilised in 4 mL of 6 M
guanidine hydrochloride (GuHCI) pH 1.55. Denatured protein in GuHCI was
then centrifuged at 13,000 g for 15 min at 4 °C, and the clear supernatant
refolded by rapid dilution into 170 mL of forcefully stirring PBS (137 mM NaCl,

2.7 mM KCI, 8.1 mM NaHPO4 - 2H,0, 1.8 mM KH;PO4 pH 7.4) at 4 °C,

followed by stirring overnight. Refolded protein was then centrifuged at
17,700 g for 15 min at 4 °C to precipitate any misfolded proteins and 1 mL of
packed Qiagen Ni-NTA Superflow resin, equilibrated in 300 mM NaCl, 50 mM
Tris pH 7.8, was then added to the supernatant and rotated overnight at 4 °C.
The next day, the resin was isolated by centrifugation, washed once with 5 mL
300 mM NaCl, 50 mM Tris, 30 mM imidazole pH 7.8 and then added to a
poly-prep column (Bio-Rad, UK) for elution with 5 mL 300 mM NaCl, 50 mM
Tris, 200 mM imidazole pH 7.8. The eluate was then dialysed three times

against PBS and protein concentration and yield determined from the
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absorbance at 280 nm (a 1 mg/mL solution of wildtype SA has a predicted
Asgy 0f 2.948 according to ProtParam (Gasteiger et al., 2005)). Protein purity
was confirmed on SDS-PAGE. Working solutions were stored at 4 °C, with

aliquots kept at -80 °C for long-term storage.

3.2.3 Biotin-4-fluorescein off-rate assay

The biotin-4-fluorescein (B4F) off-rate assay was conducted on both wildtype
SA and every mutant made as a rapid and facile method of characterising the
biotin-conjugate binding stability. @ The assay was conducted using a
PHERAstar Plus plate-reader with 480 nm excitation and 520 nm emission
(BMG LABTECH, UK). In this assay the binding of B4F (Figure 21) to an
excess of SA results in quenching of the fluorescein emission (Kada et al.,
1999). As the B4F dissociates, the fluorescence recovers, and this
fluorescence recovery was measured every 10 minutes over 12 hours at 37
°C. The assay was performed using excess biotin, so that empty binding sites

that form on B4F dissociation are immediately re-filled by biotin.

Wildtype or mutant SA, at a concentration of 1 uyM in 10 yL PBS, was added
to 12 nM B4F (Invitrogen, UK) with 0.12 mg/mL bovine serum albumin (BSA)
in 170 yL PBS and incubated for 1 hr at 37 °C. Fluorescence measurements
were then immediately started after addition of either 20 uL PBS or 20 uL of 1
mM biotin in PBS. Measurements, in triplicate, were taken at 37 °C every 10
minutes for 12 hours. Percentage dissociation was calculated as (signal with
biotin — signal without biotin)/(signal without quenching — signal without biotin)

multiplied by 100. For the ‘signal without quenching’, no SA was added to the
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B4F, enabling any bleaching of the B4F during the experiment to be
observed. The ‘signal without biotin’ allowed the fluorescence readings to be

corrected for the residual background fluorescence arising from any unbound

B4F. Means and standard deviations were calculated from the ftriplicate
measurements.
OH
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Figure 21. Biotin-4-fluorescein structure.

3.2.4 Biotin-4-fluorescein on-rate assay

In this assay the binding of B4F to a mutant protein or wildtype SA results in
quenching of the fluorescein emission (Kada et al., 1999). This decrease in
fluorescence was measured on a PHERAstar Plus plate-reader (BMG
LABTECH, UK) with 480 nm excitation and 520 nm emission. The assay was
conducted at 25 °C as the on-rate was too rapid to measure using this
method at 37 °C. Fluorescence measurements were immediately started
after 20 yL of 10 nM SA was added to 180 pL of 56 pM B4F, with triplicate
readings taken every 6 s. The concentration of free B4F was calculated as
(signal with B4F — signal without B4F)/(signal without protein — signal without
B4F), multiplied by the starting [B4F], 50 pM. The ‘signal without biotin’

allowed the fluorescence readings to be corrected for the residual background
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fluorescence arising from any unbound B4F. Linear regression using
GraphPad Prism (GraphPad Software) was applied to the plot of In [free B4F]
against time, with the gradient equal to ko, X [protein]. Error bars for the on-
rate were calculated using the “LINEST” linear least squares curve-fitting

routine in Microsoft Excel.

3.2.5 Thermostability assay

To determine tetramer thermostability, 3 uM of wildtype or mutant SA in PBS
was heated at the indicated temperature for 3 min followed by cooling to 10
°C in a Bio-Rad DNA Engine® Peltier Thermal Cycler and then immediately
placed on ice (Bayer et al.,, 1996). Samples were then run on 18% SDS-
PAGE. The 100% monomer positive control was mixed with SDS loading

buffer prior to heating at 95 °C for 3 min.

Name Sequence (5" - 3')
S52G F GTTGGTAACGCTGAAGGTAGATACGTTCTGACCGGTC
S52G R GACCGGTCAGAACGTATCTACCTTCAGCGTTACCAAC

S52G R53N F GAATCCGCTGTTGGTAACGCTGAAGGCAACTACGTTCTGACCGGTCG
S52G R53N R CGACCGGTCAGAACGTAGTTGCCTTCAGCGTTACCAACAGCGGATTC

S52G R53S F GTTGGTAACGCTGAAGGTAGCTACGTTCTGACCGGTCG
S52G R53S R CGACCGGTCAGAACGTAGCTACCTTCAGCGTTACCAAC

S52G R53D F GAATCCGCTGTTGGTAACGCTGAAGGCGATTACGTTCTGACCGGTCGTTAC
S52G R53D R GTAACGACCGGTCAGAACGTAATCGCCTTCAGCGTTACCAACAGCGGATTC

S52G R53T F CCGCTGTTGGTAACGCTGAAGGCACCTACGTTCTGACCGGTCG
S52G R53T R CGACCGGTCAGAACGTAGGTGCCTTCAGCGTTACCAACAGCGG

S112D F CCAGTGGTTGTTGACCGATGGCACCACCGAAGCTAAC
S112D R GTTAGCTTCGGTGGTGCCATCGGTCAACAACCACTGG
T7R GCT AGT TATTGC TCAGCG G

Table 5. DNA oligonucleotides used in this study
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3.3 Results

3.3.1 Protein production

Site-directed mutagenesis was used to produce the eight higher-stability SA
mutants discussed in this chapter (S52G, S112D, S52G R53N, S52G R53S,
S52G R53T, S52G S112D, S52G R53S S112D and S52G R53D), together

with the 19 lower-stability mutants described in Appendix A1. The amino acid

sequences of the higher-stability mutants are shown in Figure 22.

552G R535 511.2D

552G R535 511.2D

— R E— —_— —
Streptavidin AEAGITGTWYNQLGSTF IVTAGADGALTGTYESAVGNAESRYVLTGRYDSAPATDGSGTA
852G AEAGITGTWYNQLGSTFIVTAGADGALTGTYESAVERAECRYVLTGRYDSAPATDGSGTA
8112D AEAGITGTWYNQLGSTFIVTAGADGALTGTYESAVENAESRYVLTGRYDSAPATDGSGTA
852G R53D AEAGITGTWYNQLGSTFIVTAGADGALTGTYESAVERAECD Y VLTGRYDSAPATDGSGTA
852G R53N AEAGITGTWYNQLGSTFIVTAGADGALTGTYESAVERAECH YVLTGRYDSAPATDGSGTA
552G R535 AEAGITGTWYNQLGSTF IVTAGADGAL TGTYESAVENAECSYVLTGRYDSAPATDGSGTA
552G R53T AEAGITGTWYNQLGSTF IVTAGADGAL TGTYESAVENAECTYVLTGRYDSAPATDGSGTA
552G 511:2D AEAGITGTWYNQLGSTF IVTAGADGAL TGTYESAVGNAECRYVLTGRYDSAPATDGSGTA

AEAGITGTWYNQLGSTF IVTAGADGAL TGTYESAVGNAECSYVLTGRYDSAPATDGSGTA

L RS R L LR R AR s R R RS RE R ER ELRL ST AEEER A A TR A AT RN AT

EE—— L L —_———— "
Streptavidin LGWTVAWFNNYRNAHSATTWSGOYVGGAEARINTOWLLTSGTTEANAWESTLVGHDTFTE
552G LOWTVAWFNNY RNAHSATTWSGOYVEGAEARTNTOWLLTSGTTEANAWESTLVGHDTFTE
511:2D LGWTVAWFNNYRNAHSATTWSGOYVEGAEARINTOWLLTDG TTEANAWESTLVGHDTETE
552G R53D LGWTVAWFNNY RNAHSATTWSGOYVEGAEARTNTOWLLTSGTTEANAWESTLVGHDTEFTE
552G R53N LGWTVAWKNNY RNAHSATTWSGOYVGGAEARTNTOWLLTSGTTEANAMWESTLVGHDTFTE
552G R535 LGWTVAWKNNY RNAHSATTWSGOYVGGAEARTNTOWLLTSGTTEANAMWESTLVGHDTFTE
552G R53T LGWIVAWKNNYRNAHSATTWSGOYVGGAEARINTOWLLTSGTTEANAMWESTLVGHEDTFTE
552G 511:2D LGWTVAWKNNYRNAHSATTWSGOYVGGAEARINTOQWLLTDGTTEANAWKSTLVGHEDTFTE

LGWTVAWKNNYRNAHSATTWSGQYVGGAEARINTOWLLTDGTTEANAWESTLVGEDTFTE

A TR A AR T T A AT T EIAR AT TN AATRAAATRAARETTAATE A A A T T AT AT RN A AT RAAAE T

Streptavidin VEPSAMLS
552G VEPSAMS
£112D VEPSAMLS
552G R53D VEPSAMS
852G R53N VEPSAMLS
552G R53S8 VEPSAMLS
852G R53T VEPSAMLS
852G S5112D VEPSAMLS
852G R535 E112D VEPSAMLS

AEKERRK

Figure 22. Multiple sequence alignment of the eight higher-affinity

mutants characterised in this chapter. The alignment was carried out using
ClustalW. The conserved residues are highlighted by an asterisk and the eight
B-strands indicated by the arrows are positioned according to the structure of
SA. Mutated residues are coloured red.
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3.3.2 Protein expression & purification

All eight SA mutants discussed in this chapter (S52G, S112D, S52G R53N,
S52G R53S, S52G R53T, S52G S112D, S52G R53S S112D and S52G
R53D), as well as wildtype SA, were expressed insolubly in E. coli, forming
inclusion bodies. After conducting expression trials (data not shown), it was
found that expressing in the BL21 (DE3) RIPL cell line with a four hour

induction at 37 °C using 0.5 mM IPTG gave strong induction (Figure 23).

IPTG
kDa -+

55 —
40 —

35 —
25 —

o
monomer

10 —t

Figure 23. A four hour induction at 37 °C in BL21 (DE3) RIPL cells gave
strong induction of SA. 10 ul samples of SA expression cultures before and
after IPTG induction were boiled with 6X SDS loading buffer and run on 18 %
SDS-PAGE.
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As all proteins were expressed insolubly, they were isolated from inclusion
bodies and then refolded in vitro by rapid dilution into PBS. On centrifugation
after refolding, they gave different amounts of precipitate of misfolded protein,
as some mutants were more amenable to in vitro refolding than others, and

this is reflected in the yields obtained (Table 6).

Protein Yield (mg of protein / litre of culture)
Wildtype streptavidin 10.3+4.3

S52G 0.8+0.2

S112D 0.3+0.1

S52D R53N 56+0.5

S52G R53S 21+0.7

S52G R53T 0.5+0.1

S52G S112D 1407

S52G R53S S112D 47 +£1.2

S52G R53D 9.3+27

Table 6. Protein yields after in vitro refolding by rapid dilution into PBS.
Values shown are means of three refolding attempts £ 1 s.d.

On completing every purification, the proteins were run on SDS-PAGE, in
order to evaluate the purity of the product. Boiled proteins were run on 18 %
SDS-PAGE whilst unboiled proteins were run on 8 % SDS-PAGE. Example

gels are shown in Figure 24.
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Figure 24. Protein purity was confirmed at the end of each purification
by SDS-PAGE. Samples were mixed with 6X SDS loading buffer and run on
8 % SDS-PAGE to reveal the native tetrameric structure of the proteins (left).
Samples were also boiled in 6X SDS loading buffer prior to 18 % SDS-PAGE
to visualise the denatured monomeric proteins (right).
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3.3.3 Biotin-4-fluorescein off-rates

The biotin-4-fluorescein (B4F) off-rate assay was conducted on every SA
mutant made, in order to see how the mutant’'s B4F off-rate compares to that
of wildtype SA. On binding to an excess of wildtype or mutant SA, the
fluorescein emission of B4F is quenched. As the B4F dissociates, the
fluorescence recovers, and this fluorescence recovery was measured over
time at 37 °C, to visualise the B4F dissociation. This was a simple and rapid
assay to evaluate a mutant's B4F off-rate compared to wildtype SA, and
identified mutants with either a comparable or lower dissociation rate to SA for
further characterisation, and, in some cases, further rounds of mutagenesis.
In total, out of 27 mutants made, eight possessed lower B4F dissociation

rates than wildtype streptavidin (Figure 25).

14 -
12 - WT

o —=— 552G R53D
<10 -
= $52G S112D
2 g S52G R53T
©
g —# 552G R53N
B 6- S52G R53S
©
wog ——S52G R53S S112D
B S112D

2 ¥ S52G

0 T T T T T T 1

0 2 4 6 8 10 12
Time (hours)

Figure 25. Eight streptavidin mutants had lower B4F off-rates than
wildtype streptavidin. All off-rate assays were conducted at 37 °C in PBS
with 0.12 mg/mL BSA. Data shown here without error bars for clarity, but
error bars are shown for subsequent pair-wise comparisons.
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The percentage quenching of B4F fluorescence obtained at the beginning of

the assay before addition of excess free biotin is shown for each mutant in

Table 7.

Protein Quenching (%)
Wildtype SA 89.7+0.6
S52G 71.0+1.9
S112D 67.5+0.2
S52D R53N 904 +0.3
S52G R53S 90.5+04
S52G R53T 91.7 £ 0.1
S52G S112D 87.5+15
S52G R53S S112D 90.9+0.1
S52G R53D 90.0+0.7

Table 7. Percentage quenching of B4F fluorescence by mutant SA
binding. Means of triplicate measurements shown + 1 s.d.

For ease of comparison, the B4F dissociation data for each mutant was

plotted individually, alongside the data for wildtype SA (Figure 26).
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Figure 26. B4F off-rate data for each higher-stability mutant compared to
wildtype streptavidin. Assays were conducted at 37 °C in PBS with 0.12
mg/mL BSA. Means of triplicate experiments shown, error bars + 1 s.d. Some
error bars are too small to be visible.

87




Chapter 3

3.3.4 Biotin-4-fluorescein on-rates

The B4F off-rate assay was then altered to enable the on-rate to be measured
(Figure 27). On binding to an excess of wildtype or mutant SA, the fluorescein
emission of B4F is quenched and this decrease in fluorescence is measured
over time to visualise the B4F binding. The on-rates were too rapid to
measure at 37 °C (the temperature used for the B4F off-rate assays), and so

the on-rate assay was conducted at 25 °C instead.
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Figure 27. B4F on-rate assay data. Proteins were mixed with B4F in PBS

at 25 °C and the rate of fluorescence quenching upon binding measured.
Mean of triplicate measurements £ 1 s.d.
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3.3.5 Thermostability

A simple thermostability assay was conducted on every mutant made,
together with wildtype SA, in order to obtain an estimate for the temperature
at which the dissociation from tetramer to monomer occurs (Tn,). After heating
the protein at the desired temperature for three minutes, the sample was run
on 18 % SDS-PAGE, to visualise the transition from tetramer to monomer as

a function of temperature (Figure 28).

Temperature (*C) Temperature (*C)
kDa RT 50 60 70 80 90 100 kDa RT 50 60 70 80 90 100
70— 70
AR [ e— 55 |- s —
45T 451
38T 38T
28T+ 257"
18T 18T

~ - -

104 104

002G Ra35 =1120

Figure 28. Ascertaining the tetramer-to-monomer transition temperature
of wildtype streptavidin and the mutant proteins. Each protein was
incubated at the indicated temperature for 3 minutes and then run on 18 %
SDS-PAGE. The positive control (C) was boiled in 6X SDS loading buffer prior
to loading. Continued on next page.
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Figure 28 Continued.
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By visual inspection of duplicate thermostability gels for SA and each mutant,
the temperature at which half the tetramer dissociates to monomer (T,) can
be estimated. This revealed that four of the mutants had increased
thermostability (S52G, S52D R53N, S52G R53S and S52G R53D), whilst two
mutants had comparable thermostability to wildtype SA (S52G S112D and
S52G R53S S112D) and the S112D mutant had reduced thermostability.
Although the thermostability gels could have been quantified, only a rapid
estimation of the T, was required here, with detailed quantification of T,

planned for the characterisation of the most promising mutant in Chapter 4.
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3.3.6 Summary
In order to decide which specific mutant should be thoroughly characterised
further, the yields, thermostability, B4F off-rate and B4F on-rate data were all

considered and compared (Table 8).

Protein Yield % dissociation B4F on-rate Relative
(mg/L) B4F after12hr  (M's™) T
Wildtype SA 10.3+43 14107 2.0+0.1x10’ -
S52G 08+02 4.1%1.1 9.2+0.4x 10° 0
S112D 03+01 76%17 1.00+0.03x10" !
S52D R53N 56 +0.5 7.4+0.9 1.15+0.02x10" 1t
S52G R53S 21+07 43%02 9.9+0.3x10° 0
S52G R53T 05+01 54%0.1 1.40+0.07 x 10" ND
S52G S112D 14+07 1815 9.4 +0.2x10° <>
S52G R53SS112D 4.7+12 20+06 6.9 +0.2 x 10° <>
S52G R53D 93+27 2621 1.02+0.03x10" 1t

Table 8. Summary of initial characterisation data on the eight most
promising mutants in comparison to wildtype SA. T indicates increased
thermostability, | indicates decreased thermostability and <« indicates
comparable thermostability to wildtype SA. ND, not determined.
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3.4 Discussion

The biotin-4-fluorescein (B4F) off-rate assay was used as the initial screen for
biotin-conjugate binding after protein purification. The eight mutants discussed
in this chapter had slower B4F off-rates than wildtype SA (14 % dissociation
after 12 hours at 37 °C). Two of the mutants, S112D and S52D R53N,
showed 7 % dissociation from bound B4F after 12 hours, whilst three of the
mutants, S52G R53T, S52G R53S and S52G, showed 4-5 % dissociation. A
group of three mutants, S52G S112D, S52G R53S S112D and S52G R53D,
had the lowest dissociation rates, of only 2-3 % after 12 hours. Residues Ser-
52 and Arg-53 are at the base of L3/4, a flexible loop that is stabilised over the
biotin-binding pocket once biotin has bound, contributing to the high-affinity
binding (Freitag et al., 1997). These residues were chosen for site-directed
mutagenesis as they were found mutated, together with other mutations, in
the SA mutants produced in a directed evolution approach to increase
desthiobiotin-binding affinity (Levy and Ellington, 2008). Due to their location
on L3/4, it was hypothesised that mutations at Ser-52 and Arg-53 could affect
the flexibility of L3/4 and exert an effect on the binding stability in this way.
Also, as these residues were in the second shell of the hydrogen-bonding
network, and do not make direct hydrogen-bonding contact with biotin when it
is bound, it was hoped that they would be more amenable to mutagenesis;
mutation of the residues in the first shell of the hydrogen-bonding network,
that make direct contact with the bound biotin, invariably reduce the binding
affinity (Laitinen et al., 2006). The S112D mutation was investigated as Ser-
112 is located at the base of the loop connecting p-strands 7 and 8 (L7/8).

Mutagenesis of this residue could affect the flexibility and conformation of this
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loop, which also contains the conserved residue Trp-120, essential for high-
affinity biotin-binding (Chilkoti et al., 1995b; Sano and Cantor, 1995).
However, hypotheses were made rather tentatively as it has been shown that
affinity can be increased by many small, cumulative mutations, at a distance
from the binding site (Midelfort et al., 2004), and protein function can be
altered by mutation of purely non-active-site residues (Shimotohno et al.,
2001), making prediction of the effects of mutagenesis difficult. Indeed, the
large number of weaker-affinity mutants described in Appendix A1, each

designed to give more stable binding in theory, is evidence for this.

The production of the eight SA mutants that possessed slower B4F
dissociation rates was via an iterative process; if a particular single mutant
generated promising data from the B4F off-rate assay, the mutation would be
combined with another mutation or mutations, and then this double or triple
mutant would have its B4F off-rate measured. In this way, the double mutant
S52G S112D was generated in the second round of mutagenesis, after it was
found that the single mutants S52G and S112D both had lower B4F off-rates
than wildtype SA. In a similar fashion, the S52G R53S S112D mutant was
produced and characterised after the S52G R53S and S112D mutants gave
promising B4F off-rate data. However, rather unsurprisingly, the majority of
the SA mutants that were produced in this study had a faster B4F dissociation
rate than the wildtype protein (see appendix A1). This is to be expected, as in
a highly optimised system such as the SA-biotin interaction, almost any
change is expected to reduce performance, i.e. weaken the interaction and
increase the dissociation rate. For this reason, promising mutations from the

first round of mutagenesis were also put into mutants that had faster B4F off-
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rates than wildtype streptavidin, in order to see if the dissociation rate could
be slowed. However, this approach did not decrease the B4F off-rates of the
mutants with faster dissociation rates as was hoped. For example, ~ 20 % of
bound B4F dissociated from the single mutant A86D after ten hours at 37 °C,
whilst only ~ 6 % of bound B4F dissociated from the S112D mutant under the
same conditions. When these two single mutations were combined in the
second round of mutagenesis to give the double mutant A86D S112D, ~ 50 %

of bound B4F had dissociated after ten hours at 37 °C!

All eight of the mutants had a decreased B4F on-rate when compared to
wildtype SA. One of the key features of the SA-biotin interaction is its
extremely fast on-rate, and so a decreased on-rate was an undesirable
outcome of this mutagenesis. However, the slowest B4F on-rate was
demonstrated by the mutant S52G R53S S112D, at 6.9 + 0.2 x 10° M s™".
This is comparable to the on-rates of many monoclonal antibodies, such as
antifluorescein antibodies (1.3 — 9.8 x 10° M s™") (Kranz et al., 1982; Midelfort
et al., 2004) and anti-dinitrophenol antibodies (3.4 — 9.5 x 10° M s™) (James
and Tawfik, 2003) and is still an acceptable on-rate for a small molecule-
protein association reaction, for which on-rates are typically in the range 0.5 to

5 x 10° M's™ (Northrup and Erickson, 1992).

The thermostability of each mutant was quickly assessed using a facile SDS-
PAGE assay. This revealed that, out of the seven mutants tested, four had
moderately increased tetramer thermal stability than wildtype protein. The
assay was used to give an approximate initial guide to the thermostability,

with the intention of more thoroughly characterising the thermostability of the
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most promising stronger-binding mutant in Chapter 4. The temperature at
which half the tetramers dissociated to monomers was estimated by eye for
SA to be 70 °C, which is comparable to the transition temperature of 75 °C
obtained by differential scanning calorimetry (DSC) (Gonzalez et al., 1999).
The four mutants S52G, S52D R53N, S52D R53S and S52D R53D had
increased thermostability compared to SA, with an estimated T, of ~ 80 °C. It
appears that the S112D mutation has a destabilising effect on the tetramer’s
thermal stability, as the S112D single mutant had a decreased thermostability
(estimated T, of ~ 65 °C), whilst the S52G S112D and S52G R53S S112D
mutants had a comparable thermostability to SA (estimated T, of ~ 65 °C).
This suggests that the mutations S52G, R53N, R53S and R53D gave more
favourable charge-charge interactions on the protein surface, which has been
shown elsewhere to increase thermostability (Alsop et al., 2003; Gribenko et
al.,, 2009). By the same reasoning, the S112D mutation may give less
favourable surface charge-charge interactions, decreasing the thermostability
of the protein. Also, proteins with higher thermostability have a tendency
towards having shorter, and fewer, exposed loop regions (Thompson and
Eisenberg, 1999). The increase in thermostability of the mutants containing
the S52G, R53N, R53S and R53D mutations suggests that these mutations
could be reducing L3/4 flexibility, whilst the decrease in thermostability of the
mutants containing S112D suggests that this mutation may not be having an

effect on L7/8 flexibility.

All eight of the mutants with higher-stability biotin-conjugate binding were
insoluble when recombinantly expressed in E. coli. Whilst SDS-PAGE

confirmed all eight mutants had comparable levels of induction in E. coli,
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some mutants were more amenable to refolding in vitro than others, and this
was reflected in their typical protein yields. A mutant’s yield was borne in
mind during the characterisation process, and in the end proved to be a major
factor when considering which mutant would be more thoroughly
characterised in the following chapters. Three mutants refolded very badly,
with yields of < 1 mg/L (S52G, S112D and S52G R53T), suggesting they were
more prone to aggregation and precipitation during the refolding process.
Four mutants were refolded more successfully, with protein yields between 1
and 6 mg/L. However, strikingly, one mutant, S52D R53D, gave yields
comparable to wildtype SA (9.3 mg/L and 10.3 mg/L respectively).
Optimisation trials of the rapid dilution method used to refold these mutants
were conducted, based on the screening method outlined in Vincentelli et al.,
2004. A small selection of refolding buffers was tested, but it was found that
PBS better facilitated successful refolding (data not shown). It should be
noted, however, that extensive optimisation trials of the refolding method were
not conducted on these mutants, and it could be possible to obtain higher
yields that those reported in this study by optimisation of refolding factors,
such as the rate of decrease of denaturant concentration (rapid dilution versus
slow dialysis) during the refolding process, the composition of the refolding
buffer and the presence of additives that can aid refolding, such as glycerol
(Shimamoto et al., 1998), polyethylene glycol (Cleland et al., 1992) and

arginine (Umetsu et al., 2003).

When all the data on the mutants were presented together in Table 6, it was
obvious that the S52G R53D mutant was the most promising of the group,

having the highest yield (9.3 mg/L), moderately increased thermostability (~
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80 °C), extremely low B4F dissociation (3 % after 12 hours at 37 °C) and an
acceptable B4F association rate (1.02 + 0.03 x 10" M s™). Therefore, it was
decided to name this mutant traptavidin (Tr) and carry out further investigation
into its biotin-binding properties. Chapter 4 gives details of the further
biochemical characterisation of Tr and its comparison to wildtype SA, whilst
Chapter 5 presents the crystal structures of both the apo- and biotin-bound

forms of Tr.
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Chapter 4: Characterisation of Traptavidin

4.1 Introduction

Chapter 3 described the production and characterisation of a group of SA
mutants that possessed lower biotin-4-fluorescein (B4F) off-rates than
wildtype SA. Taking yield, thermostability, B4F off-rate and B4F on-rate into
account, the S52G R53D mutant, named traptavidin (Tr), was deemed the
most promising mutant to proceed with. This chapter describes the detailed

characterisation of Tr and its comparison to SA and avidin (Av).

Both the B4F and [*H]biotin on- and off-rates for Tr and SA were measured, to
determine the kinetic parameters of these interactions. The B4F binding in
particular was examined in greater detail than in Chapter 3, at various pH and
over an extended time period. The thermostabilities of Tr and SA tetramers
were also quantified, as well as assessing the thermostability of conjugate

binding, using a gel-shift assay with biotinylated DNA.
The backgrounds to the novel assays used in this chapter (live cell imaging to

assess Tr's non-specific binding, as well as FtsK displacement assays and

AFM experiments to assess mechanical stability) are detailed below.
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4.1.1 Visualising cell surface IGF1R with the BirA / AP system

The binding specificity of Tr on mammalian cells was determined and
compared to that of SA, using the BirA / AP system to visualise cell surface
type 1 insulin-like growth factor receptor (IGF1R) (Howarth et al., 2005).
IGF1R is a widely expressed transmembrane glycoprotein with tyrosine
kinase activity (Adams et al., 2000). The receptor is often found at elevated
levels in a variety of human tumours, and hence has become an attractive
target for potential cancer therapies (Lopez-Calderero et al., 2010). The BirA
| AP system exploits the ability of the E.coli enzyme biotin ligase (BirA) to
biotinylate a certain lysine in a specific 15 amino acid sequence, called the
acceptor peptide (AP) (Beckett et al., 1999). This AP sequence
(GLNDIFEAQKIEWHE) can be genetically fused to the protein of interest, in
this case IGF1R, to enable biotinylation. In cells that have been transfected
with DNA encoding the BirA protein fused to a signal peptide, BirA is
expressed, folds in the endoplasmic reticulum and can specifically biotinylate
only proteins containing an AP tag; endogenous mammalian proteins are not
biotinylated by BirA (de Boer et al., 2003). The biotinylated protein of interest
can then be visualised by labelling with SA or Tr conjugated to a reporter
molecule such as a fluorescent dye or quantum dot. This imaging system is

also discussed in Section 1.4.2.1.
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4.1.2 FtsK displacement assays

4.1.2.1 FtsK discovery

The DNA translocase FtsK was first discovered in 1995 in E. coli (Begg et al.,
1995). A screen of cell division mutants revealed a particular strain that,
whilst exhibiting normal behaviour at low temperature, formed long,
filamentous cells at 42 °C as a result of a mutation in a temperature-sensitive
protein involved in cell division, that was named FtsK (from FEilamentous
Temperature-Sensitive) (Begg et al., 1995). FtsK has since been found to be
highly conserved across almost all bacteria species, due to its key role in

coordinating sister chromatid segregation with cell division (Bigot et al., 2007).

4.1.2.2 FtsK cellular role

The coordination of DNA replication, chromosome segregation and cell
division in eukaryotes is under spatiotemporal regulation via cell cycle
checkpoint mechanisms that are well understood. The details of the process
in prokaryotes are less clear, but the pivotal role played by FtsK in linking

chromosome segregation to cell division is being actively researched.

When bacteria are about to undergo cell division, a Z-ring forms at the division
point at midcell, composed of the tubulin-like protein FtsZ (Bi and Lutkenhaus,
1991). The cell membranes at this division point then invaginate, forming the
division septum (Harry et al., 2006). FtsK is among the first proteins to be
localised to this septum; its recruitment there is dependent on the FtsKy
domain (see Section 4.1.2.3) and interaction with FtsZ (Wang and

Lutkenhaus, 1998). At the septum, FtsK then recruits other proteins, such as
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FtsQ, FtsL and Ftsl (Chen and Beckwith, 2001), which interact and form a
large multi-protein complex called the divisome. FtsK may act to stabilise the
divisome, perhaps by providing an anchor point at the septum, or may
activate the other proteins in the complex (Draper et al., 1998). Membrane-
tethered FtsK at the septum may also act as a DNA pump to remove any
remaining DNA from this region prior to cell division (Lau et al., 2003) (Figure

29).

Figure 29. Septum-tethered FtsK is essential for cell division. DNA is
pumped through the septum into the daughter cells, removing DNA from the
division site.

FtsK is also involved in chromosome segregation. After DNA replication has
terminated, sister chromosomes may remain physically linked, either by
intercatenation or chromosome dimers. FtsK can disentangle these links,
allowing chromosome segregation into daughter cells, prior to cell division
(Bigot et al., 2007). Decatenation is brought about by topoisomerase IV
(Topo IV), and whilst FtsK is not a requirement for decatenation to occur,
Topo IV does interact with FtsK¢ (see Section 4.1.2.3), which increases Topo
IV activity in vitro (Bigot and Marians, 2010). Chromosome dimers are formed

by homologous recombination between sister chromosomes, and bacteria
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have a dedicated site-specific recombination system to resolve them. FtsK
plays an essential role in the system, which involves the tyrosine
recombinases XerC and XerD. The recombination site, dif, is located in the
termination of replication region, ter. FtsK is able to orientate itself on DNA
and translocate towards dif via its interactions with specific 8 bp sequences,
called KOPS (FtsK Orienting / Polarising Sequence; consensus sequence:
GGGNAGGG). FtsK preferentially loads onto DNA at KOPS, and interacts
with the sequence via its FtsKc domain (Bigot et al., 2006). This dif-biased
translocation by septum-tethered FtsK mobilises sister chromosomes to either
side of the septum. It also results in FtsK eventually reaching the XerCD/dif
complex, where it activates the recombinase activity of XerD via its FtsKc¢
domain (Yates et al., 2006). Despite being able to displace many proteins
bound to DNA, such as transcription factors, FtsK is not able to translocate
past XerCD/dif (Graham et al., 2010). The precise mechanism of XerD

activation by FtsK¢ remains unknown.

FtsK is a member of the ATPases Associated with various cellular Activities
(AAA+) protein superfamily, using ATP hydrolysis to generate the force
needed to move its double-stranded DNA (dsDNA) substrate, or, if the DNA is
anchored, to translocate along the DNA. FtsK is able to translocate along
DNA at speeds between 5 and 6 kb/s, making it the fastest known linear
molecular motor (Pease et al., 2005; Saleh et al., 2004). As well as its
remarkable speed, FtsK is capable of generating a large force as it
translocates, with a stall force of more than 60 pN (Pease et al., 2005). This

strength enables FtsK to mobilise DNA in the presence of large counter-

104



Chapter 4

forces, as well as enabling it to displace many of the DNA-bound proteins and
RNAs it would encounter during translocation in vivo (Graham et al., 2010). In
this way FtsK is able to overcome these potential ‘roadblocks’, as well as
producing ‘naked’ DNA, stripped of many of its nucleoprotein structures
(which may play a role in resetting / clearing epigenetic marks) (Pease et al.,

2005).

4.1.2.3 FtsK structure
E. coli FtsK is a 1329 amino acid protein consisting of three distinct domains:

FtsKn, FtsKL and FtsKc (Figure 30).

~ 200 aa ~ 600 aa ~ 500 aa
ﬁ a | B v
Ftsk,, Ftsk, Ftsk.

Figure 30. Multidomain structure of FtsK. Approximate sizes of the three
domains are shown. The linker domain FtsK_ can vary dramatically in size
between species.

The N-terminal domain, FtsKy, is composed of 217 amino acids in the E. coli
protein and has poor sequence conservation between species. The structure
of this domain is unknown, but it contains transmembrane helices that anchor
FtsK in the cell membrane at the division septum. FtsKy is essential for
septum formation in the dividing cell (Draper et al., 1998) and therefore is vital
for cell division. FtsKy is localised into the divisome / septal ring (a
multiprotein complex that forms a constrictive ring at midcell, enabling
septation to occur) via interactions with FtsZ and other proteins, and can

recruit further septum proteins to the divisome (Di Lallo et al., 2003).
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Linking the N- and C-termini of the protein is the central linker domain, FtsK,,
which is highly variable in length and sequence, but consists of 600 amino
acids in E. coli. FtsK, is rich in proline and glutamine residues, and can form
coiled coils, although the exact function of this domain is unclear. FtsK| is,

however, required for successful cell division (Bigot et al., 2004).

The C-terminal domain of FtsK, FtsKc, consists of 512 aa in the E. coli protein
and is essential for chromatid segregation, as well as pumping DNA out of the

invaginating septum. FtsKc is itself composed of three subdomains: o, 5 and

Y-

Subunits a and p together form the motor domain, and when crystallised,
were found to oligomerise into a hexameric ring, with the a subdomains
forming a smaller ring that sits ontop of a larger ring formed by the p
subdomains (PDB codes 2IUT and 2IUU) (Massey et al., 2006) (Figure 31). A
30 A diameter channel is formed at the centre of the hexameric rings, through
which dsDNA translocates. The § subdomain possesses ATPase activity and
has a RecA-like fold. This structural motif (composed of a central p-sheet
flanked by a helices) is found in many ATPases that use the energy of ATP
hydrolysis to carry out mechanical work (Ye et al., 2004), and in the f
subdomain, is responsible for generating the force needed for DNA
translocation. The exact mechanism of translocation through the channel

remains unknown, but both the ‘rotary inchworm’ (Massey et al., 2006) and
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‘staircase’ model (Crozat et al., 2010) have been proposed, involving

sequential ATP hydrolysis by adjacent subdomains around the ring.

The y subdomain has a winged helix-turn-helix structure and is capable of
both DNA and protein binding. In this way, it acts as a regulatory domain,
binding to KOPS motifs in DNA via helix-3 (Sivanathan et al., 2006)
(orientating FtsK on DNA prior to translocation) and binding to the XerD

recombinase protein via loop-1 (activating recombination) (Yates et al., 2006).

Figure 31. Structure of the motor domain of P. aeruginosa FtsK. The a
and p subdomains of FtsK¢ were crystallised and found to oligomerise to give
a hexameric ring, with a central channel 30 A in diameter through which DNA
translocates (Massey et al., 2006). Individual monomers are shown in unique
colours, with the a subdomain coloured a darker shade than the § subdomain.
The left image shows the top view of the hexamer looking into the channel. A
side view of the hexameric motor is shown on the right. The cleft between the
o and p subdomains can be clearly seen when presented in cartoon format in
the bottom right image. PDB code 2I1UU.
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4.1.2.4 Constructs used in this study
The FtsK constructs utilised in this study were from the bacteria E. coli and P.

aeruginosa (Figure 32).

The E. coli FtsK protein used in this study is the well-studied FtsKsoc protein.
This construct contains a 50 amino acid region from FtsK| fused to FtsK¢. In
vitro, FtsKc¢ on its own fails to oligomerise efficiently, and needs the addition of
the short section of the linker region to be able to hexamerise and form a

functioning translocase motor (Aussel et al., 2002).

Experiments were also conducted using P. aeruginosa FtsK, PAK4. This

construct again contained a short section of FtsK_ fused to the complete

FtsKc domain (Massey et al., 2006).

The FtsKc domains from the two species have similar folds and a 64 %

sequence identity (Crozat and Grainge, 2010).
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Figure 32. E. coli and P. aeruginosa FtsK constructs used in this study.
E. coli FtsKsoc contains a 50 amino acid region from the start of the linker
domain fused to FtsKc (Aussel et al.,, 2002). P. aeruginosa PAK4 also
contains a region of the linker fused to PaFtsK¢ (Massey et al., 2006).

109



Chapter 4

4.1.2.5 Investigating FtsK

FtsK is a tremendously fast and powerful multifunctional molecular motor,
capable of both orientated translocation along DNA and activation of
recombination, allowing the resolution of chromosome dimers. Although the
subject of more than a decade of research, questions still exist regarding this
pivotal cell-division protein. The exact mechanism of DNA translocation
through the channel, the details of its interaction with XerD that lead to
activation of recombination, and the force it is capable of generating during
translocation are just a few features of FtsK still to be ascertained (Crozat and

Grainge, 2010).

Many different assays have been used to study FtsK. FtsK translocation
along DNA has been indirectly followed using magnetic tweezers and optical
traps, but as yet, direct imaging of single FtsK molecules remains elusive.
The optical trap assay used by Pease et al. to obtain FtsK’s stalling force
could not allow testing of forces above 60 pN as the dsDNA was distorted and
its integrity compromised above this (Pease et al.,, 2005). Testing FtsK’s
ability to generate forces in excess of 60 pN requires another approach,
notably a facile, bulk in vitro biochemical assay that utilises the SA-biotin
interaction. In this experimental set-up, the SA protein, bound to a
biotinylated DNA substrate, is used to provide a roadblock to translocation. If
the force generated during translocation is sufficient to break the stable SA-
biotin interaction, SA displacement will occur and be detected in some way
(e.g. by a mobility shift on gel electrophoresis). As well as providing another

way of demonstrating motor translocation along DNA, the SA roadblock can
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give information on the forces generated by motor translocation. Surprisingly,
despite the strength of the SA-biotin interaction, certain motor proteins are
able to displace SA from biotinylated DNA, including helicases (Morris and
Raney, 1999), the mycobacterial motor-nuclease AdnAB (Unciuleac and
Shuman, 2010) and FtsK (Chivers et al., 2010). A range of weaker SA
mutants can be used to test lower translocation forces (Crozat et al., 2010)
and the experimental set-up can be varied to test the coordination and
cooperation of multiple motors in overcoming protein roadblocks (Byrd and

Raney, 2004).

In this study, Tr and SA were both used as ‘roadblocks’ to the translocation of
the molecular motor FtsK (Figure 33). This enabled a comparison of their
resistance to molecular motor displacement, as well as shedding light on the
force generated by FtsK during translocation. The experimental conditions
were also varied to investigate whether multiple FtsK molecules might act

together to displace strongly-bound proteins from their translocation path.

FtsK Streptavidin or
. traptavidin

B . _" -
. ﬁ ': )

Biotinylated DNA

Figure 33. The use of the SA-biotin and Tr-biotin interaction to provide a
roadblock to FtsK translocation (Chivers et al., 2010). The o and f
subdomains of the FtsKc domain are shown in purple spacefill format (PDB
21UU), with the y subdomain shown in grey spacefill (PDB 2VE9). On addition
of ATP, the FtsK protein will translocate along the DNA, until encountering SA
or Tr (green spacefill;, PDB 1SWE) bound to a biotinylated nucleotide. SA or
Tr will only be displaced if the translocation force of FtsK is sufficient to
overcome the SA/Tr-biotin interaction.
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4.1.3 Atomic force microscopy

The SA-biotin interaction has been used as a paradigm of high-affinity
receptor-ligand interaction for many atomic force microscopy (AFM) studies
over the years (Florin et al., 1994; Moy et al., 1994; Yuan et al., 2000). These
experiments, together with complementary techniques such as biomembrane
force probes (BFP) (Merkel et al., 1999) and optical tweezers (Farre et al.,
2010), seek to measure the mechanical strength of the interaction at the

single-molecule level, by measuring the force needed to break the interaction.

The AFM set-up utilises SA-coated AFM cantilever tips and biotinylated
beads; the tip is brought into contact with the beads to allow SA-biotin binding,
the cantilever is then retracted and the deflection monitored, and from the
force-displacement plot produced, the unbinding / rupture force can be
calculated, revealing the strength of the interaction. However, due to the
influence of thermal fluctuations when rupturing the bond, repeated rupture
measurements of the same interaction under the same experimental
conditions can and do give different results, producing a broad spectrum of
rupture forces. Typically, the cantilever is retracted (i.e. the interaction is
ruptured) hundreds of times during an experiment, producing a histogram of
rupture forces, with the peak in this histogram being quoted as the

interaction’s rupture force.

The AFM experiments can also give information about the dissociation

pathway taken by biotin as it is pulled out of SA’s binding pocket, and in

particular about the location of energy barriers to biotin dissociation along the
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pathway. The rupture force measured for an interaction is dependent on the
‘loading rate’, which is the rate at which force is applied to the interaction. A
plot of the rupture force against loading rate over a wide range of loading
rates will give information on the number of energy barriers in the dissociation
energy landscape, as a certain binding regime (i.e. a certain energy barrier)
will create a linear region in the plot. The AFM experiments conducted on the
SA-biotin interaction to date have had two linear regions in the rupture force-
loading rate plots, corresponding to two energy barriers, whilst the BFP
experiments have revealed three linear regions and hence three energy
barriers (Merkel et al., 1999; Pierres et al., 2002; Yuan et al., 2000). This
discrepancy is a result of the technique being used and is referred to as the
SA-biotin paradox (Pincet and Husson, 2005). It is thought to arise from
differences in the SA-biotin contact time between the different techniques;
when a shorter time period is given for binding before force is applied, the
interaction is not able to reach the deepest energy minimum in the pathway,

and so this energy barrier may not be observed.
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4.2 Materials and methods

4.2.1 Protein production, expression and purification

As described in Chapter 3.

4.2.2 Biotin-4-fluorescein off-rate assays

4.2.2.1 Comparing SA, Tr and avidin B4F off-rates

To allow B4F to bind, 1 uM SA, Tr or avidin (Sigma-Aldrich, UK) (Av) in 10 pL
PBS was added to 12 nM B4F (Invitrogen, UK) with 0.12 mg/mL bovine serum
albumin (BSA) in 170 uL PBS at pH 7.4 and incubated for 1 hr at 37 °C. 20 uL
PBS or 20 yL 1 mM biotin in PBS was then added and fluorescence
measurements started immediately at 37 °C. Fluorescence measurements of
triplicate samples were taken every 10 minutes for 12 hours. Percentage
dissociation was calculated as (signal with biotin — signal without
biotin)/(signal without quenching — signal without biotin) multiplied by 100. For
the signal without quenching, no SA/Tr/Av was added to the B4F. The ‘signal
without biotin’ allowed the fluorescence readings to be corrected for the
residual background fluorescence arising from any unbound B4F. Means and
standard deviations were calculated from the triplicate measurements. p-
Values were calculated using two-tailed Student’s t-tests from the 6 hr

timepoint triplicate data.
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4.2.2.2 Troubleshooting the effect of DMSO on fluorescence

To allow B4F to bind to Tr, 1 yM Tr in 10 yL PBS was added to 12 nM B4F
with 0.12 mg/mL BSA in 170 yL PBS at pH 7.4 and incubated for 1 hr at 37
°C. 20 yL PBS, 20 yL pure DMSO or 20 yL 1 mM biotin in PBS (diluted from a
100 mM working solution of biotin in 1 % DMSO) was then added and
fluorescence measurements immediately started at 37 °C. Fluorescence
measurements, in triplicate, were taken every 10 minutes for 70 minutes.
Mean raw fluorescence values were plotted with error bars representing + 1

standard deviation.

4.2.2.3 Long-term B4F off-rate assay (pH 7.4)

To allow B4F to bind, 1.3 yM SA or Trin 10 yL PBS was added to 5.2 uM B4F
with 1 mg/mL BSA in 5190 pL PBS and incubated for 4 hr at 37 °C in 15 mL
centrifuge tubes (Greiner, UK). The experiment was then started with the
addition of 10 yL PBS or 10 pyL of 52 mM biotin, with the tubes then sealed
and placed at 37 °C. Samples (200 uL) were taken after 0, 0.5, 1, 10, 18, 70
and 92 hours incubation at 37 °C and placed immediately at -80 °C. At the
end of the assay, the samples were thawed and their fluorescence measured
on a PHERAstar Plus plate-reader with 480 nm excitation and 520 nm
emission (BMG LABTECH, UK). Percentage dissociation was calculated as
(signal with biotin — signal without biotin)/(signal without quenching — signal
without biotin) multiplied by 100. For the signal without quenching, no SA or Tr
was added to the B4F. The ‘signal without biotin’ allowed the fluorescence

readings to be corrected for the residual background fluorescence arising
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from any unbound B4F.Means and standard deviations were calculated from

the fluorescence readings from independent triplicate tubes.

4.2.2.4 B4F off-rate assay (pH 5)

Since fluorescein emission is decreased at low pH, 100 nM SA or Tr was
incubated with 12 nM B4F in 100 mM NaCl, 30 mM sodium citrate pH 5.0 for
3 hr at 25 °C, before adding 100 uM biotin and incubating for various times at
37°C. Samples were then placed on ice at the desired timepoint to block
further dissociation, adjusted to pH 7.4 with 1 M HEPES pH 8.3, and
fluorescence intensity was immediately measured as above. Measurements
were done in triplicate, with means and standard deviations calculated. p-
values were calculated using two-tailed Student t-tests from the 6 hr timepoint

triplicate data.
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4.2.3 [*H]biotin assays

4.2.3.1 [*H]biotin off-rate assay

The biotin off-rate from SA and Tr were determined using a method modified
from that described previously (Chilkoti, 1995). 10 nM 8,9-[*H]-biotin
(PerkinEImer LAS, UK) was incubated for 1 hr at 25 °C with 250 nM SA or Tr
in PBS to allow binding. Non-radioactive biotin was then added to a final
concentration of 50 uM to initiate dissociation, with incubation at 37 °C. At
each time point, the protein-biotin complex was pulled down by incubation
with a 50 % slurry of Ni-NTA resin (equilibrated in 300 mM NaCl, 50 mM Tris,
10 mM imidazole pH 7.8) for 1 hr at 25 °C, followed by centrifugation at 800 g
for 3 min. 25 L of supernatant, containing any unbound radioactive biotin,
was then added to 1.5 mL Ultima Gold™ scintillation cocktail (PerkinElmer,
UK) and counted in a liquid scintillation counter (LS-5000TD,
BeckmanCoulter). The average radioactivity of the supernatant at each time
point (x) and the radioactivity of the protein-biotin complex before addition of
cold biotin (a) were used to determine the first-order dissociation rate constant
from the plot of In(fraction bound) (In(a-x/a)) against time. The linear
regression and error bars were calculated using the “LINEST” linear least-

squares curve-fitting routine in Excel.
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4.2.3.2 [*H]biotin on-rate assay

The on-rate of biotin was determined by incubating 250 pM SA or Tr with 1
nM [*H]biotin in PBS at 37 °C. The binding was halted by addition of 50 uM
non-radioactive biotin. Protein was pulled down by incubation with 50 % slurry
of Ni-NTA resin (equilibrated in 300 mM NaCl, 50 mM Tris, 10 mM imidazole
pH 7.8) for 1 hr at 25 °C, followed by centrifugation at 800 g for 3 min. In this
time at 25 °C, dissociation of [°H]biotin is negligible (Klumb et al., 1998). 25
uL of supernatant, containing any unbound [*H]biotin, was added to 1.5 mL
Ultima Gold™ scintillation cocktail (PerkinElmer, UK) and counted in a liquid
scintillation counter (Wallac 1409, PerkinElmer). The radioactivity of the
supernatant in cpm at each time point and the total radioactivity present
before addition of protein were measured to calculate [free [°H]biotin]. The
plot of 1/[free [*H]biotin] against time then enabled the second-order
association rate constant to be determined. The linear regression and error
bars were calculated using the “LINEST” linear least-squares curve-fitting

routine in Excel.
4.2.3.3 Equilibrium dissociation constant calculation

Kq4 was calculated from kqi/kon. The standard deviation was calculated with the

formula (A £ a)/(B + b) = (C £ ¢c), where ¢ =C x v [(a/A)? + (b/B)3].
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4.2.4 Thermostability assays

To determine tetramer thermostability, 3 uM protein in PBS was heated at the
indicated temperature for 3 min followed by cooling to 10 °C in a Bio-Rad
DNA Engine® Peltier Thermal Cycler (Bio-Rad, UK) and then immediately
placed on ice (Bayer et al.,, 1996). Samples were then run on 18% SDS-
PAGE. The 100% monomer positive control was mixed with SDS loading
buffer prior to heating at 95 °C for 3 min. A ChemiDoc XRS imager and
QuantityOne 4.6 software (Bio-Rad, UK) were used to quantify the band

intensities.

To determine thermostability of biotin conjugate binding, 5 yM SA or Tr in
PBS was incubated with 21 nM monobiotinylated DNA in a volume of 4 uL for
30 min at 25 °C. Samples were made up to 10 pyL with a final concentration of
100 pM biotin, 20 mM Tris acetate, 1 mM DTT, 2 mM magnesium acetate and
20 mM potassium glutamate pH 7.5 and incubated for 5 min at 25 °C, before
heating at the indicated temperature for 3 min in a Bio-Rad DNA Engine®
Peltier Thermal Cycler. After cooling to 10 °C, samples were then run on a
1.5 % agarose gel at 6 V/cm in TAE buffer (40 mM Tris acetate, 1 mM EDTA
pH 8.2) for 45 min at 25 °C. Ethidium bromide-stained DNA was visualised
and quantified on a ChemiDoc XRS imager using QuantityOne 4.6 software.
Percentages were defined as the intensity of the band for free DNA divided by
the summed intensities of the bands for free and bound DNA, multiplied by
100. The 439 bp monobiotinylated DNA was prepared by PCR using the

primers Fts1 and the internally biotinylated primer bioFts2 (Eurofins) and
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plasmid pJEG41-N1, a derivative of pUC18 containing a lambda phage insert

(see Table 9).

4.2.5 Cell imaging with the BirA / AP system

4.2.5.1 Cell culture
COS7 cells were grown in Dulbecco's Modified Eagle Medium (DMEM)
supplemented with 10 % Fetal Calf Serum, 50 U/mL penicillin and 50 ug/mL

streptomycin at 37 °C in 5 % CO..

4.2.5.2 Alexa Fluor® 555 labelling of SA and Tr

A ten-fold molar excess of Alexa Fluor® 555 carboxylic acid, succinimidyl
ester (Invitrogen, UK) was added to solutions of SA and Tr in PBS with 0.1 M
sodium bicarbonate pH 8.3 and incubated at room temperature for 3 hours.
555-conjugated protein was then separated from unconjugated dye by size
exclusion chromatography on a G-25 Sephadex column, eluting with PBS,
and then dialysed three times against PBS. The degree of labelling of the
conjugate was determined according to the manufacturer’s instructions, using

the absorbance at 280nm and 555nm.

4.2.5.3 Plasmid construction
The AP tag was fused to the insulin-like growth factor-1 receptor (IGF1R) by
insertion of the AP sequence, along with a 6 amino acid spacer sequence,

after the IGF1R signal sequence and before the start of the sequence
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encoding the N terminus of mature IGF1R. This AP-IGF1R construct was
produced from pcDNA3 containing human IGF1R (a gift from V. Macaulay,
University of Oxford) by amplifying two fragments: the first fragment with
primers IGFA and IGFB and the second fragment with primers IGFC and
IGFD (Table 9). The fragments were joined by overlap extension PCR,
digested with Nhel and Notl and then ligated into pcDNA3.1. BirA-ER (E.coli
biotin ligase targeted to the endoplasmic reticulum) and pECFP-H2B (human
histone H2B fused to enhanced CFP; used as a cotransfection marker) have

been described elsewhere (Howarth et al., 2008).

4.2.5.4 Transfection and biotinylation

COS7 cells were transfected using Lipofectamine 2000 (Invitrogen, UK)
following manufacturer’s instructions using 0.25 pg AP-IGF1R, 0.2 uyg BirA-ER
and 0.05 pg H2B-ECFP per well in a 48-well plate. Cells were incubated with
10 yM biotin overnight for optimum biotinylation by BirA-ER (Chivers et al.,
2010). The next day, cells were washed three times in PBS with 5 mM MgCl,

(PBS/Mg) and then kept at 4 °C for imaging.

4.2.5.5 Cell imaging

To visualise biotinylated AP-IGF1R, cells were incubated for 15 min in
PBS/Mg with 1 % dialysed BSA and 0.4 uM Alexa Fluor 555-conjugated Tr or
SA. For pre-blocking, 50 yM biotin was added to the fluorescent Tr-555
sample 5 min before adding to cells. Cells were washed with PBS/Mg three
times before imaging live. Imaging was conducted using a wide-field

DeltaVision Core fluorescent microscope (AppliedPrecision) with a 40X oil-
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immersion lens. ECFP (436DF20 excitation, 480DF40 emission, Chroma
86002v1 dichroic) and Alexa Fluor 555 (540D420 excitation, 600DF50
emission, Chroma 84100bs polychroic) images were collected and then
analysed using softWoRx 3.6.2 software. Exposure times were typically 0.1 -
0.5 s and fluorescence images were background-corrected. Identical
conditions were used for preparation, imaging and analysis for individual

samples in the same experiment.

4.2.6 FtsK displacement assays

4.2.6.1 Displacement with Pseudomonas aeruginosa FtsK

A soluble fragment of P. aeruginosa FtsK, PAK4, was utilised in these
experiments (a kind gift of J. Graham, University of Oxford). PAK4 contains
the C-terminal 578 residues of FtsK, including the o, p and y domains, and a
Hise tag (Massey et al., 2006). The protein was recombinantly expressed in E.
coli and purified by sequential ammonium sulfate precipitation, nickel affinity
chromatography and heparin affinity chromatography, as previously described

(Sivanathan et al., 2006).

The translocation template was a monobiotinylated 439 bp DNA fragment,
generated by PCR using the primers Fts1 and the internally biotinylated
primer bioFts2 (Eurofins) from plasmid pJEG41-P1 (see Table 9). This DNA
fragment contained two KOPS loading sites (GGGCAGGGGGGCAGGG)
positioned such that upon addition of ATP, it would take FtsK loaded at KOPS

~ 0.5 s to translocate to the SA or Tr bound to the internal biotinylated
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thymine (Graham et al., 2010). All assays were performed at 25 °C in 20 mM
Tris acetate, 2 mM magnesium acetate, 20 mM potassium glutamate and 1
mM DTT (pH 7.5). After PAK4 translocation had occurred and the reactions
had been stopped (details below), samples were run on 1.5 % agarose gel
electrophoresis in TAE at 6 V/cm for 45 minutes at 25 °C. Ethidium bromide-
stained DNA was visualised and quantified on a ChemiDoc XRS imager. The
percentage of free DNA in each lane was calculated using the formula:
percentage free = (intensity of band for free DNA) / (intensity of band for free
DNA + intensity of band for bound DNA) multiplied by 100. The percentage of
DNA with displaced SA or Tr was then calculated for each lane using the
formula: percentage displaced = (% free - % free for negative control) / (100 -
% free for negative control), multiplied by 100. Negative values for

percentage displaced were reported as zero.

4.2.6.1.1 Initial PAK4 displacement assay

To allow binding, 16 nM DNA fragment was incubated with 2 yM SA or Tr for
10 minutes, followed by 100 uM biotin to block free biotin binding sites. 0.5
MM PAK4 was then added and allowed to load onto the DNA, at KOPS, for 5
minutes. 2 mM ATP was added to start the translocation. After 3 minutes of
PAK4 translocation, the reaction was stopped by adding 1 pL of 0.1 % SDS
with 200 mM EDTA (pH 8) and incubated for 15 minutes to allow PAK4 to
dissociate from the DNA. The samples were then mixed with 6X gel loading
buffer (1.2 M sucrose, 0.75 mM bromophenol blue, 0.93 mM xylene cyanol

FF), run on 1.5 % agarose gel electrophoresis and imaged as above.

123



Chapter 4

4.2.6.1.2 Investigating effect of PAK4 translocation time

To allow binding, 16 nM DNA fragment was incubated with 2 yM SA or Tr for
10 minutes, followed by 100 uM biotin to block free biotin binding sites. 0.5
MM PAK4 was then added and allowed to load onto the DNA, at KOPS, for 5
minutes. 2 mM ATP was added to start the translocation. After 0, 2, 10, 30, 60
and 300 s of PAK4 translocation, the reaction was stopped by adding 1 pL of
0.1 % SDS with 200 mM EDTA (pH 8) and incubated for 15 minutes to allow
PAK4 to dissociate from the DNA. The samples were then mixed with 6X gel
loading buffer (1.2 M sucrose, 0.75 mM bromophenol blue, 0.93 mM xylene

cyanol FF), run on 1.5 % agarose gel electrophoresis and imaged as above.

4.2.6.1.3 Investigating effect of PAK4 concentration

To allow binding, 16 nM DNA fragment was incubated with 2 yM SA or Tr for
10 minutes, followed by 100 pyM biotin to block free biotin binding sites. O,
0.1, 0.2, 0.5, 1 and 2 uM PAK4 was then added and allowed to load onto the
DNA, at KOPS, for 5 minutes. 2 mM ATP was added to start the translocation.
After 3 minutes of PAK4 translocation, the reaction was stopped by adding 1
ML of 0.1 % SDS with 200 mM EDTA (pH 8) and incubated for 15 minutes to
allow PAK4 to dissociate from the DNA. The samples were then mixed with
6X gel loading buffer (1.2 M sucrose, 0.75 mM bromophenol blue, 0.93 mM
xylene cyanol FF), run on 1.5 % agarose gel electrophoresis and imaged as

above.
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4.2.6.2 Displacement with Escherichia coli FtsK

A soluble fragment of E. coli FtsK, FtsKsoc, was also utilised in this study (a
kind gift of E. Crozat, University of Oxford). FtsKsoc contains the o, p and y
domains of FtsK¢, as well as a 50 aa region of FtsK, that is necessary for the
formation of the hexameric motor. FtsKsoc was overexpressed in E. coli and

purified as described previously (Lowe et al., 2008).

The translocation template was a monobiotinylated 598 bp DNA fragment,
generated by PCR using the primers Fts1 and the terminally biotinylated
primer bioFts3 (Sigma-Genosys) from plasmid pJEG41-P1 (see Table 9).
This DNA  fragment  contained  two KOPS loading sites
(GGGCAGGGGGGCAGGG) 226 bp from the biotinylated end of the
fragment. All assays were performed at 25 °C in 25 mM Tris, 10 mM MgCl,

(pH 7.5).

To allow binding, 5.9 nM of the DNA translocation template was incubated
with 0.5 uM SA or Tr for 15 minutes, followed by 100 uM biotin to block free
biotin binding sites. 1 yM FtsKsoc was then added and allowed to load onto
the DNA, at KOPS, for 5 minutes. 2.5 mM ATP was added to start the
translocation. After 2 minutes of FtsKsoc translocation, the reaction was
stopped with a final concentration of 0.1 % SDS with 20 mM EDTA (pH 8) and
incubated for 20 minutes to allow FtsKsoc to dissociate from the DNA. The
samples were then mixed with 10X gel loading buffer (250 mM Tris, 20 mM
EDTA, 50 % glycerol, 2.5 % bromophenol blue pH 7.5) before running on a

1.5 % agarose gel in TBE buffer (89 mM Tris, 89 mM boric acid, 2 mM EDTA
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pH 8.3) at 10 V/cm for 2 hours at 25 °C. The gel was stained with SYBR
Green (Invitrogen) for 2 hours, washed in double-distilled water for 30
minutes, and then imaged and quantified using a Fuji FLA3000 scanner and
Image Gauge Software (Fuji). The percentage of free DNA in each lane was
calculated using: (intensity of band for free DNA) / (intensity of band for free
DNA + intensity of band for bound DNA) multiplied by 100. The percentage of
DNA with displaced SA or Tr was then calculated for each lane using: (% free
- % free for negative control) / (100 - % free for negative control), multiplied by

100. Negative values for percentage displaced were reported as zero.
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4.2.7 Atomic force microscopy
This work was kindly carried out by collaborators, Calvin Chu and Vincent

Moy, at the University of Miami.

AFM cantilevers (Veeco MLCT-AUHW) with a nominal spring constant of 0.01
N/m were used in all measurements and calibrated by the thermal fluctuation
method (Hutter and Bechhoefer, 1993). Cantilevers were briefly washed in
acetone and then UV-irradiated for 15 min. Cantilevers were then briefly
dipped in 0.1 M NaHCOs3 pH 9, air-dried, and coated in 0.5 mg/mL biotin-
amidocaproyl-bovine serum albumin (biotin-BSA) (Sigma) overnight at 4 °C in
a humidified chamber. Cantilevers were washed three times in PBS and then
coated with 0.01-0.3 mg/mL SA or Tr for 15 min at 25 °C. 35 mm? dishes were
incubated with 0.1 M NaHCOs; pH 9 followed by 0.5 mg/mL SA (from
Streptomyces avidinii, Pierce) in 0.1 M NaHCOs; pH 9 overnight in a
humidified chamber at 4 °C. Biotinylated agarose beads (Sigma) were then
aspirated onto the dish. Measurements were conducted at 25 °C with a
custom built AFM (Rico and Moy, 2007). Functionalised cantilevers were
pressed against the agarose beads and the cantilever was retracted from the
bead at 374-532 nm/s. To ensure that in most cases no or only 1 bond formed
between the cantilever and the bead, the beads were indented with a minimal
amount of force of 25-50 pN and 2.5 ug/mL biotin-BSA was added to titrate
the binding sites on the cantilever, to achieve 30-40 % adhesion frequency.
Single molecule unbinding forces were determined by calculating the force in

the retraction trace at the initial point of rupture, using Igor Pro 6.04
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(Wavemetrics Inc.). Observed forces were corrected for the hydrodynamic

drag force (Alcaraz et al., 2002).

The loading rate was determined as the slope of the force versus time plot,
before the rupturing of the single molecule bond. The best fit of the unbinding
force to the loading rate was calculated from the Bell model:

F = kgTIy.In (y r¢/2k°ksT)

(where F is unbinding force, rris loading rate, kg is the Boltzmann constant, T
is absolute temperature, k° is the dissociation rate in the absence of force,
and vy is the position of the transition state) by minimizing the chi-square
statistic in Igor Pro 5.05. Deriving the Bell model parameters (+ 1 s.e.m.), kK is
0.88 +0.16 s for SA and 0.51 + 0.04 s for Tr, while y is 2.80 + 0.12 A for SA
and 2.60 + 0.06 A for Tr. The similar y values suggest that there is no
substantial difference between the two proteins in the distance of the potential
barrier from the centre of the binding pocket, as biotin is pulled out. This is
consistent with each protein having the same pathway for biotin dissociation,
Tr having the higher energy barrier to mechanical dissociation. The 95 %
confidence bands were determined from a two-tailed Student t-test, with 8 (Tr)
or 4 (SA) degrees of freedom. To compare unbinding over this range of
loading rates, significance was determined by a two-way ANOVA without
replication (SA n =400, Tr n = 562).

The broad distribution of binding strengths relates to the significance of
thermal fluctuations to traversing the activation barrier (Evans and Ritchie,
1997); significance was determined with the Mann-Whitney test (streptavidin n

= 265, traptavidin n = 249).

128



Chapter 4

In order to plot the relationship between dissociation rate and force, we
calculated the force-dependent dissociation rate k:

k = k°.exp(yf /ksT)

where k° is the dissociation rate in the absence of force, y is the position of
the transition state, fis the pulling force, kg is the Boltzmann constant, and T

is absolute temperature (Evans and Ritchie, 1997).

Name Sequence (5" - 3')

Fts1 CGGAGACGGTCACAGCTTG

bioFts2 CGGCTCGTA[biotin-dT|GTTGTGTGG

bioFts3 [biotin] CGGCTCGTATGTTGTGTGG

IGFA CAACGCTAGCGCCGCCACCATG

IGFB CACTCGATCTTCTGGGCCTCGAAGATATCGTTCAGGCCGCCAAT
CTCTCCACTCGTCGGCCAGAG

IGFC GAGGCCCAGAAGATCGAGTGGCACGAGGGCAGTGAAGGATCT
GGCGAAATCTGCGGGCCAGGC

IGFD GATTGCGGCCGCTCAGCAGGTC

Table 9. DNA oligonucleotides used in this study
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4.3 Results

4.3.1 Biotin-4-fluorescein off-rate assays

In order to appreciate the extremely low B4F off-rate from Tr at 37 °C, a B4F
off-rate assay at pH 7.4 was conducted, comparing SA, Tr and the eukaryotic
biotin-binding protein avidin (Av) (Figure 34). Despite Av having a higher
affinity for free, unconjugated biotin than SA, SA binds biotin-conjugates more
strongly than Av (Pazy et al., 2002), and specifically, has a dramatically lower
off-rate from B4F than Av (~ 80 % of bound B4F dissociates from Av after 12
hours at 37 °C, whilst in this time only ~ 14 % B4F dissociates from SA).
However, the B4F off-rate from Tr is even more striking, with an initial ~ 2 %
dissociation at time 0, followed by very little further dissociation over the
subsequent 12 hours. This significantly slower dissociation from Tr (P =
0.0008) was extremely promising and led to further characterisation of the

mutant’s binding stability.

The percentage quenching of B4F fluorescence obtained at the beginning of
the assay before addition of excess free biotin is shown in Table 10. On
binding B4F, SA and Tr both gave 90 % quenching of fluorescence, whilst Av

gave ~ 70 % quenching.

Protein Quenching
(%)
Streptavidin 90.3+£0.3
Avidin 66.6 £ 1.1
Traptavidin 904 +£0.5

Table 10. Percentage quenching of B4F fluorescence by SA, Av and Tr
binding. Means of triplicate measurements shown + 1 s.d.
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Figure 34. Traptavidin has the lowest B4F off-rate, when compared to
SA and Av. Av has a lower affinity for biotin-conjugates than both SA and Tr
(upper panel). Although a much better biotin-conjugate binder than Av, SA’s
B4F off-rate has been improved upon, in the mutant Tr (lower panel). Assay
conducted at 37 °C in PBS with 0.12 mg/mL BSA. Mean values of triplicate
experiments plotted, with error bars representing £ 1 s.d.
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To ensure the initial ~ 2 % B4F dissociation from Tr at time 0 was not an
artifact of the experimental set-up, the effect of a low concentration of DMSO
(0.1 % final concentration), which was present in the biotin solution, on
fluorescence was measured (Figure 35). After incubating B4F with SA for 1
hour at 37 °C, the addition of biotin caused an initial decrease, followed by an
increase in fluorescence levels, due to the dissociation of B4F from SA, as
expected. However, the addition of either PBS or DMSO also caused an
initial decrease in fluorescence due to dilution effects, followed by a steady
fluorescence level over the next hour. Therefore, the initial jump in B4F
dissociation seen in Figure 34 is not a result of a small amount of DMSO

causing an increase in fluorescence levels.
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Figure 35. The initial 2 % B4F dissociation from Tr at time 0 is not due to
the presence of DMSO in the biotin sample. Mean of triplicate experiments
plotted + 1 s.d. Some error bars are too small to be visible.
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In order to assess B4F binding stability over a longer time period at 37 °C, an
extended B4F off-rate assay at pH 7.4 was conducted with both SA and Tr
(Figure 36). SA steadily dissociated over time at 37 °C, whilst most B4F

remained bound to Tr, reflecting Tr’s increased binding stability.
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Figure 36. Long-term B4F off-rate assay at pH 7.4. Most B4F remains
stably bound to Tr over a longer time-period at 37 °C, whilst B4F bound to
wildtype SA steadily dissociates. Mean of triplicate measurements + 1 s.d.
Some error bars are too small to be visible.
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In order to assess the stability of B4F binding at a lower pH, the B4F off-rate
assay at pH 7.4 was adapted in order to measure the dissociation rate at pH 5
(Figure 37). At this lower pH, B4F dissociation was faster for both SA and Tr
than at neutral pH, but the pattern of B4F dissociation was the same, i.e. Tr

having significantly slower dissociation than SA (P = 0.001).
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Figure 37. Traptavidin has a lower B4F off-rate at pH 5. Mean of triplicate
measurements £ 1 s.d. Assay conducted at 37 °C with data collected by M.
Howarth.
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4.3.2 [*H]biotin assays

After the B4F off-rate assays revealed Tr's increased binding stability to this
biotin-conjugate, it was decided to measure Tr’s affinity for free biotin, in order
to ascertain whether the mutations in Tr affected its ability to bind a specific
biotin-conjugate, or its general biotin-binding ability. The [*H]biotin off-rate
assay, conducted at 37 °C and pH 7.4, revealed Tr had more than a ten-fold
lower off-rate than SA (Figure 38); 4.2 + 0.5 x 10° s™ for Tr compared to 6.8 +
0.3 x 10° s for SA. This suggested that Tr's decreased off-rate was not
specific to a particular biotin-conjugate, but instead may be a general property

of Tr's binding ability.
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Figure 38. Tr has a greater than ten-fold slower [*H]biotin off-rate than
SA. Both proteins were bound to [*H]biotin, followed by addition of excess,
cold biotin and incubation at 37 °C. At certain timepoints, the fraction of
[°H]biotin still bound to the protein was determined. Mean of triplicate
measurements + 1 s.d.
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As the B4F on-rate assays revealed all eight higher-affinity mutants, including
Tr, had a lower on-rate than SA, the [*H]biotin off-rate assay was adapted to
measure the on-rate of free biotin to both Tr and SA. As with B4F, the Tr on-
rate for [*H]biotin was reduced compared to SA (Figure 39); 8.7 + 0.7 x 10° M

's™ for Tr compared to 6.7 + 0.5 x 10’ M™'s™ for SA.
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o kon=8.7 0.7 x 10° M's™", R = 0.98
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-
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Figure 39. Tr has a slower [*H]biotin on-rate than SA. Both proteins were
bound to [*H]biotin at time 0, and after the desired time at 37 °C, excess cold
biotin was added to prevent further [°H]biotin binding. The protein was then
pulled down and the proportion of free [°H]biotin in the solution was
measured. Mean of triplicate measurements £ 1 s.d. Some error bars are too
small to be visible.

From the [°*H]biotin off- and on-rates ascertained above, the equilibrium
dissociation constant Ky can be calculated using Ky = Koi/kon. This gives a Ky

at 37 °C of 1.0 + 0.09 x 102 M for SA and 4.8 + 0.7 x 10™°* M for Tr.
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The SA and Tr on-rates and off-rates for [*H]biotin are summarised in Table

11.
Protein  [H]biotin kon (M's™) [°H]biotin ket (s™) [°H]biotin Kq (M)
SA 6.7 £0.5x 10’ 6.8+0.3x10° 1.0+ 0.09 x 107"
Tr 8.7 +0.7 x 10° 42+05x10° 48+07x10"™

Table 11. Summary of [*H]biotin assay data. All experiments were
conducted at 37 °C in triplicate, mean values are shown + 1 s.d.
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4.3.3 Thermostability assays
A facile assay to assess Tr tetramer thermal stability and compare it to that of
SA was conducted, involving heating the protein at the desired temperature

for 3 minutes followed by SDS-PAGE (Figure 40).
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Figure 40. Visualising the tetramer-to-monomer transition of SA and Tr
as a function of temperature. Each protein was incubated at the indicated
temperature for 3 minutes in PBS pH 7.4 and then run on 18 % SDS-PAGE to
see the distribution of tetrameric (T) and monomeric (M) protein in each
sample. The positive control was heated in 6X SDS loading buffer at 95 °C
for 3 minutes prior to loading.
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The dissociation of tetramer to monomer as a factor of temperature was then
quantified from duplicate gels and plotted (Figure 41). The mid-point of the
transition from tetrameric to monomeric is ~ 10 °C higher for Tr compared to

SA, indicating Tr has the higher thermostability.
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Figure 41. Traptavidin tetramer-to-monomer transition temperature is ~
10 °C higher than streptavidin. Bands corresponding to tetrameric and
monomeric protein were quantified from duplicate gels (indicated as 1 and 2)
and plotted as percentage of monomeric protein.

As well as assessing the thermal stability of the Tr protein, the thermal
stability of biotin-conjugate binding was also assessed, for both SA and Tr.
Biotinylated DNA was bound to SA and Tr, and the complex heated at the
desired temperature for 3 minutes, before running the sample on agarose gel
electrophoresis to reveal the distribution of protein-bound and unbound DNA
(Figure 42). At room temperature, over 90 % of the biotinylated DNA was
bound to both SA and Tr, but after just 3 minutes at 50 °C, almost half of the

DNA had dissociated from SA, whilst the majority was still bound to Tr. After
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3 minutes at 70 °C, almost all the biotinylated DNA (99 %) was unbound and

free from SA, whilst over 80 % was still bound to Tr, clearly reflecting the

increased binding stability of Tr over SA.
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Figure 42. Tr has markedly higher thermostability of biotin-conjugate
binding. SA and Tr in PBS were incubated with biotinylated DNA for 30 min
at 25 °C to allow binding. Samples were then transferred into buffer
containing 100 uM biotin, 20 mM Tris acetate, 1 mM DTT, 2 mM magnesium
acetate and 20 mM potassium glutamate pH 7.5 and heated for 3 minutes at
the temperatures indicated followed by agarose gel electrophoresis and
fluorescence imaging of DNA. The left lane is a negative control with no
protein added. The percentage of free biotinylated DNA, with no protein

bound, is labelled under each lane.
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4.3.4 Live cell imaging

Tr contains the double mutation S52G R53D. These mutations lower the pl of
the protein, from 6.09 for SA, to 5.14 for Tr (values predicted by the
ProtParam program on the ExPASy proteomics server from the Swiss
Institute of Bioinformatics) (Gasteiger et al., 2005). The altered charge of Tr
could have affected its non-specific binding properties on cells. For this
reason, the specificity of Tr on mammalian cells was compared to that of SA.
This was done by fusing the acceptor peptide (AP) to the type 1 insulin-like
growth factor receptor (IGF1R) and then biotinylating the AP tag with co-
expressed biotin ligase (BirA-ER). The biotinylated cell-surface AP-IGF1R
was then visualised by incubation with fluorescent Alexa Fluor 555-labelled
SA and Tr (Figure 43). Tr gave strong staining of biotinylated IGF1R in these
cells, with a staining pattern comparable to SA after a 15 minute staining
incubation. However, shorter staining incubations gave a stronger signal with
SA, due to Tr's slower on-rate (data not shown). Pre-blocking Tr with biotin
before incubating with the cells showed that Tr exhibits minimal non-specific

binding.
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555-conjugate HZB-ECFP

o - .

Figure 43. Traptavidin displays similar specificity as streptavidin on
mammalian cells, with minimal non-specific binding. COS7 cells
expressing biotinylated AP-IGF1R were incubated with Alexa Fluor 555-
labelled Tr (top panel) or SA (middle panel). Alexa Fluor (red, left column)
and ECFP cotransfection marker images (cyan, right column) are shown.
The bottom panel is a negative control where traptavidin was pre-blocked
with free biotin, showing minimal non-specific binding. Scale-bar 20 ym.
Data collected by M. Howarth.
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4.3.5 FtsK displacement assays

One application of the SA-biotin interaction is in the study of molecular motor
translocation. In this study, we used SA and Tr to study the translocation of
the molecular motor FtsK, and in the process, gained further insight into the
strength of the Tr-biotin interaction in comparison to the SA-biotin interaction.
In the first of the FtsK displacement assays utilising P. aeruginosa FtsK,
PAK4, 0.5 yM PAK4 was able to displace the majority of bound SA from

biotinylated DNA within 3 minutes, whilst Tr was resistant to displacement

(Figure 44).
Terminal protein:. SASA Tr Tr — — SASA Tr Tr
ATP: - - — - + + + + + +
Bound —,

Free—

Free (%): 19 18 14 15 10010087 81 17 20
Displaced(%): 0 0 O 0 10010084 76 3.3 6.5

Figure 44. 0.5 pM P. aeruginosa FtsK PAK4 displaces the majority of
streptavidin in 3 minutes, whilst most of traptavidin remains bound. The
mobility shift of biotinylated DNA shown by gel electrophoresis reveals
whether SA or Tr proteins have remained bound after PAK4 translocation.
Controls are shown without SA/Tr protein, and without ATP (preventing PAK4
activity). The percentage free DNA and percentage of displaced protein for
duplicate assays are displayed under the gel.

143



Chapter 4

The apparent resistance of Tr to displacement was intriguing, and was
investigated further, using a time course (Figure 45) and PAK4 concentration
gradient (Figure 46). SA displacement from biotinylated DNA occurred almost
immediately after PAK4 translocation began, with 31 % of the protein
displaced after just 2 s, whilst over 90 % of Tr remained bound to the DNA
after 300 s of PAK4 translocation (Figure 45). Increasing the concentration of
PAK4 enabled greater displacement of Tr from the DNA, but Tr remained
more resistant to displacement than SA, with 2 yM PAK4 displacing 78 % of

SA but only 31 % of bound Tr (Figure 46).

Terminal protein: — SA > r—
Time (s): 300 0 2 10 30 60300 0 60 300

Bound —
Free =™

Displaced (%): — 0 31 43 60 57 72 0 0.9 8.5

Figure 45. Time course of PAK4 displacement assay clearly shows
traptavidin’s increased resistance to displacement. ATP was added for
the times indicated, giving control of PAK4 translocation time. Control lane
without SA/Tr protein shows 100 % free DNA as FtsK does not remain bound
to DNA on electrophoresis.
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Terminal protein: — SA » Ir >
[FtsK](uM): 2 2 1 050201 0 2 1 050201 0

Bound __,
Free —

Displaced (%) — 78 656 6764 0 0 31676212 0 O

Figure 46. Increasing the concentration of FtsK PAK4 gives greater
displacement of traptavidin, but traptavidin still has greater resistance
to PAK4 translocation than streptavidin. The indicated concentrations of
PAK4 were incubated with biotinylated DNA for 3 minutes of translocation
before agarose gel electrophoresis.

The experimental set-up was also varied to test another FtsK motor, FtsKsoc,

from E. coli. This assay used a DNA fragment with a terminal biotin molecule

(as opposed to the internally biotinylated DNA fragment used for the PAK4

assays above). As seen with the PAK4 assays, Tr is more resistant to

FtsKsoc displacement than SA (Figure 47).

Terminal protein: None —— » Streptavidin —» Traptavidin ———»
ATP: - - + + - - + + - - + +

bound—»

% displaced - - - - - - 3 31 - - 11 11

Figure 47. Traptavidin had increased resistance to E. coli FtsK
displacement. The mobility shift of terminally biotinylated DNA was
fluorescently visualised by gel electrophoresis, after 2 minutes of translocation
with 1 pM of FtsKsoc. The percentage of displaced protein for duplicate
assays are indicated under each lane. Data collected by E. Crozat.
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4.3.6 Atomic force microscopy

AFM measurements were carried out by our collaborators Calvin Chu and
Vincent Moy at the University of Miami, to assess the mechanical stability of
Tr at a single molecule level. A cantilever tip coated with either SA or Tr was
retracted from biotinylated beads and the unbinding force measured over a
range of loading rates, revealing that Tr had greater mechanical binding
stability than SA over the range of loading rates (P < 0.0001) (Figure 48). The
loading rate was restricted to give a linear range of rupture forces, indicating a

single binding regime.
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Figure 48. Traptavidin has increased mechanical stability compared to
streptavidin. Single-molecule rupture forces were plotted for a range of
loading rates. Means are shown = 1 s.e.m. (SA, n = 400; Tr, n = 562), with
best fits and 95 % confidence limits indicated by solid and dashed lines,
respectively. Measurements were conducted at 25 °C.
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Restricting the loading rates to a narrower range (0.5 - 1.5 x 10° pN/s), the
distribution of unbinding forces can be plotted (Figure 49). At a loading rate of
1.5x%x10° pN/s, the mean rupture force of the Tr-biotin interaction is 70 £ 1.1

pN, almost 10 pN higher than that of the SA-biotin interaction (61.3 + 1.6 pN).
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Figure 49. A distribution of biotin-binding strengths is observed by
AFM, due to the influence of thermal fluctuations on traversing the
activation barrier. A loading rate of 1.5 x 10° pN/s was used to investigate
the SA-biotin interaction (top) and Tr-biotin interaction (bottom). Means are
shown £ 1 s.e.m. (SA, n = 265; Tr = 249).
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From the fit of loading rate to unbinding force shown in Figure 48 for SA and
Tr, the relationship between the loading rate and the dissociation rate for the
two proteins could be estimated (Figure 50). A clear difference emerges in
the dissociation rate of the two proteins as force increases, and in particular,

there is a greater than 2-fold difference in dissociation rate at forces greater

than 60 pN.
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Figure 50. From the fit of loading rate to unbinding force, a prediction of
the relationship between dissociation rate and applied force can be
made for streptavidin and traptavidin. Dashed lines indicate values + 1
s.e.m.
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4.4 Discussion

The detailed characterisation of Tr in this chapter has confirmed the
production of a SA mutant with more stable binding to biotin and biotin-

conjugates.

The strong quenching of fluorescence occurring when B4F binds to SA
prevents the use of the SA-B4F interaction in imaging applications, but does
enable the quantification of biotin binding-sites in a sample, and also forms
the basis of the initial screen conducted on each new mutant produced in this
study. The B4F off-rate assay was initially conducted at 37 °C over a period
of 12 hours. This assay revealed the significantly slower B4F dissociation
from Tr when compared to both SA and Av (Figure 34). The initial ~ 2 %
dissociation from Tr at time O could be ascribed to the presence of very small
amounts of contaminating monomer or dimer, but gel filtration conducted prior
to crystallography trials (see Chapter 5) revealed the protein purification
method being used gave very clean preparations of Tr tetramer. It was also
thought that the initial jump might be an artefact of a very small amount of
DMSO being added with biotin at the start of the assay, but troubleshooting
using the identical concentration of DMSO in the negative control still gave a
~ 2 % increase in initial dissociation (Figure 35) so this was also ruled out. An
initial burst of more rapid biotin dissociation has previously been seen with Av,
where the presence of some denatured protein was suggested as an
explanation (Green, 1963). Figure 34 also nicely demonstrates why SA is the

protein of choice, rather than the stronger biotin-binder Av, in applications
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where biotin is conjugated to another molecule; SA is by far the better biotin-
conjugate binder when compared to Av. A discussion of the reasons for SA’s

higher affinity for biotin-conjugates compared to Av is given in Chapter 5.

The initial B4F off-rate assay was extended to 96 hours at 37 °C, with very
little B4F dissociation seen in this time period from Tr (in contrast to SA, from
which B4F dissociated steadily). Being able to remain bound to a biotinylated
molecule of interest for longer time periods at 37 °C would be beneficial in
applications such as live cell imaging, as it would enable the protein of interest
to be imaged and tracked within the cell for longer time periods. For example,
fluorescent SA began dissociating from biotinylated nicotinic acetylcholine
receptors being imaged after just 2 hours at 37 °C (Bruneau et al., 2005).
However, this dissociation did not occur at the cell surface or in the
extracellular environment, but rather only when the SA had been internalised
into early and recycling endosomes, where the pH is between 6.3 and 6.5
(Casey et al.,, 2010). It is reasonable to expect that when following a
biotinylated protein that enters the late endosomes (pH of 5.5) and lysosomes
(pH of 4.7), the rate of dissociation would be even greater. Therefore, in order
to investigate whether Tr might be more stably bound to Dbiotinylated
molecules at lower pH, the B4F off-rate assay was adapted to follow B4F
dissociation from SA and Tr at pH 5. At this lower pH, B4F dissociation was
faster from both SA and Tr, but dissociation from Tr was still significantly
slower than from SA (Figure 37). These results suggest that the use of Tr
would have advantages over SA use in live cell imaging experiments, where

the molecule of interest being imaged undergoes trafficking within the cell
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through compartments at lower pH. The preliminary live cell imaging
experiments conducted here showed that Tr exhibited comparable staining
patterns on mammalian cells as SA, with minimal non-specific binding, which

also supports the prediction of Tr’s increased utility in live cell imaging.

Tr's decreased off-rate and on-rate from B4F were not specific to this biotin-
conjugate; the [°H]biotin assays revealed that Tr also had a decreased off-
and on-rate from free, unconjugated biotin (Figures 38 and 39), indicating
slower but stronger biotin-binding to Tr. Tr had a slower biotin on-rate (8.7
0.7 x 10° M"'s") when compared to SA (6.7 = 0.5 x 10" M's™", which is
comparable to previously published on-rates (Hyre et al., 2006)). This means
that longer incubations are required to reach equilibrium, but for applications
where dissociation is the limiting factor, the on-rate of Tr should still be
acceptable. In comparison to other interactions, the on-rates for protein-
protein interactions are typically in the range 0.5 to 5 x 10° M's™ (Northrup
and Erickson, 1992), and Tr’s on-rate is still comparable to that of many
monoclonal antibodies, such as antifluorescein antibodies (1.3 — 9.8 x 10° M
s™) (Kranz et al., 1982; Midelfort et al., 2004) and anti-dinitrophenol antibodies

(3.4-9.5x10° M s7") (James and Tawfik, 2003).

Tr's decreased biotin off-rate was desired but also rather unexpected, as
despite decades of engineering efforts, there are no other examples of a SA
mutant successfully designed to have an intentionally increased binding
stability to free biotin. As discussed in Chapter 3, two groups have previously

reported producing SA mutants with higher affinity towards a particular biotin
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ligand, but these mutants have been ‘stumbled’ upon in their search for a SA
variant with other altered properties, such as reduced antigenicity (Meyer et
al., 2001) or altered desthiobiotin binding (Levy and Ellington, 2008). The off-
and on-rates for Tr described here allow calculation of the equilibrium
dissociation constant at 37 °C, which, at 4.8 + 0.7 x 107" M, is half that of SA
(1.0 £ 0.09 x 1072 M). This improvement in Ky is achieved from a sixteen-fold
decrease in off-rate and a greater than seven-fold decrease in on-rate. Our
kon and ko for SA are comparable with previous values (Hyre et al., 2006;
Klumb et al., 1998). The Ky value for SA-biotin interaction calculated in
Chapter 1 from reviewing the literature (5.9 x 10* M), as well as the often
cited 4 x 10™* M (Green, 1990), was determined at 25 °C, but it is known that
the off-rate of SA dramatically increases with temperature (Hyre et al., 2000;

Klumb et al., 1998).

Tr's slower off-rate from both B4F and free biotin reflects the increased kinetic
stability of the bound Tr complex once formed; however, we also sought to
characterise the thermal stability. Thermostability assays showed Tr had ~ 10
°C higher tetramer thermostability than SA before dissociating into monomers,
as well as revealing Tr possessed much higher biotin-conjugate binding
stability at high temperatures than SA. This increased thermostability of both
the Tr tetramer and its biotin-conjugate binding suggests the mutant would
have an advantage over SA in applications that involve extended time periods
at higher temperatures, such as DNA ‘sequencing by synthesis’ (Braslavsky
et al., 2003) and live cell imaging investigations. Sequencing by synthesis is

one of the most successful and widely adopted next-generation technologies
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for DNA sequencing, together with nanopore sequencing (Branton et al.,
2008). DNA sequencing by synthesis involves the detection of single bases
as they are incorporated into growing DNA strands, by using bases
fluorescently labelled at their terminal phosphate. In order to maximise
processivity of the polymerase, enabling longer reads, SA can be used as a
‘clamp’, to both trap the DNA being sequenced in the polymerase and to also
allow orientated immobilisation onto a surface (Williams et al., 2008).
However, sequencing at the optimum temperature for polymerase activity (74
°C) causes SA to dissociate from the DNA-polymerase complex, and so
sequencing has to take place at lowered temperatures to prevent this
dissociation, such as 54 °C, at which polymerase activity is only a third of its
maximum (Williams et al., 2008). The use of Tr in this application, with its
increased thermostability, would clearly be advantageous over SA, as it would

enable the use of higher temperatures, giving increased polymerase activity.

The FtsK displacement assays used in this study were extremely useful, both
for investigating the motor’s translocation and for comparing the mechanical
stability of the Tr-biotin and SA-biotin interactions. As FtsK translocates along
DNA, it is capable of generating a force > 60 pN (Pease et al., 2005) and can
disrupt many DNA-proteins interactions in its path, including the SA-biotin
interaction (Chivers et al., 2010). The ability of Tr to resist FtsK displacement
to a much greater extent than SA demonstrated the increased mechanical
strength of the Tr-biotin interaction compared to SA-biotin. The observation
that increasing the FtsK concentration enabled greater displacement of Tr

also indicated that multiple FtsK motors could be loading onto the DNA and
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cooperating to exert a stronger pushing force. Tr, SA and a mutant SA with
weaker biotin-binding, A86D H87G (see Appendix A1), have also been used
to study the translocation properties of FtsK mutants, to ascertain the
mechanism of translocation (Crozat et al., 2010). In these studies, three
FtsKc domains were covalently linked together to form trimers, which were
then allowed to dimerise to form hexamers. By introducing mutations in
defined subunits, mutant FtsK hexamers were produced that had a defined

number of catalytically inactive subunits (Figure 51).
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Figure 51. Mutant FtsK hexamers can be used in addition to SA and Tr
to investigate the translocation method of FtsK. Mutated subunits are
coloured yellow and wildtype subunits are coloured blue. The number of
mutated subunits in the hexamer are labelled. Figure adapted from that which
was previously published (Crozat et al., 2010).

FtsK mutants with two inactivated ATPase motors were capable of
translocating at the same speed as wildtype FtsK, which ruled out a
‘stochastic firing’ model where subunits in the hexamer ‘fire’ randomly (a
linear decrease in translocation speed as the number of inactivated subunits
in the hexamer increased would be expected in this case) and also a
‘concerted’ model where every subunit is required to ‘fire’ for translocation to
occur (an inactive subunit would prevent any translocation in this case)
(Figure 52). Despite translocating at the same speed as wildtype FtsK, a
mutant FtsK with two inactive subunits was unable to displace SA ‘roadblocks’

on the DNA, whilst wildtype FtsK could. This separation of translocation
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velocity from force generation suggested an ‘escorted translocation’ model
(where only a subset of subunits make contact with the DNA at any time)

(Crozat et al., 2010).
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Figure 52. Various translocation models proposed for FtsK. There is
random ‘firing’ (ATP hydrolysis) of the subunits in the hexamer in the
stochastic model (top), whilst every subunit is required to ‘fire’ in the
concerted model (middle). The escorted translocation model (bottom), where
only a subset of subunits ‘fire’ at any time is currently the more favoured
model (Crozat et al., 2010).

As well as helping to elucidate the translocation method of FtsK, the
resistance of Tr to molecular motor displacement could also allow further
investigation of the translocation method using single-molecule imaging. For
example, it is not known for how long multiple FtsK motors will build-up on the
DNA at the site of an immovable ‘roadblock’ on the DNA (such as Tr) before
dissociating. Single-molecule imaging of fluorescently-labelled FtsK
translocating along a DNA substrate with Tr bound at a defined site could be
utilised, for example, with the ‘DNA curtains’ method developed by Eric

Greene’s lab (Visnapuu and Greene, 2009).
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Investigating the Tr-biotin interaction at a single molecule level with AFM also
revealed that Tr had increased mechanical strength compared to SA. The
rupture forces of the SA-biotin and Tr-biotin interactions were measured over
a wide range of loading rates, and the mean rupture force for the Tr-biotin
interaction was almost 10 pN higher than that for SA-biotin. There is a
distribution of binding strengths in the plots due to the importance of thermal
fluctuations in traversing the activation barrier to dissociation (Evans and
Ritchie, 1997). Using a different force measurement method (the
biomembrane force probe technique) similarly broad force-histograms were
obtained for the SA-biotin interaction (Merkel et al., 1999). From the plot of
dissociation rate against rupture force, a clear difference emerges in the
dissociation rate of the two proteins as force increases. Specifically, there is a
greater than 2-fold difference in dissociation rates at forces greater than 60
pN, making it conceivable that an increase in rupture force from 61 pN (for the
SA-biotin interaction) to 70 pN (for the Tr-biotin interaction) would have a

large effect on the dissociation rate.

With both an increased mechanical stability and thermal stability, the use of Tr
rather than SA could prove to be advantageous in targeted radionuclide
therapy (TRT). As explained in detail in Section 1.4.1, TRT utilises the SA-
biotin interaction to facilitate the delivery of a radionuclide specifically to
monoclonal antibody-labelled tumour cells (Boerman et al.,, 2003). For the
radioactivity to be retained at the tumour site, the SA-biotin interaction must
withstand an extended time period at 37 °C, as well as being resistant to any

shear forces present, e.g. from blood flow in a capillary. Both of these
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conditions have already been shown to accelerate the dissociation of biotin
from SA (Klumb et al., 1998; Pierres et al., 2002). The Tr-biotin interaction
would be more stable than SA-biotin under these conditions, and therefore, as
long as the decreased on-rate of Tr did not pose a problem, Tr could replace

the use of SA in TRT.

After completing the Tr characterisation presented in this chapter, it is clear
that Tr has the potential to replace SA in applications where the experimental
conditions pose more of a challenge to the SA-biotin interaction, such as at

higher temperature, lower pH or under mechanical stress.

When attempting to explain the origins of Tr's properties, one could
hypothesise that the altered surface electrostatic charge in Tr could have
increased its stability, as it has been shown that optimising the surface
charge-charge interactions of certain enzymes increases their stability without
altering their activity (Gribenko et al., 2009). Also, due to the important role
L3/4 has in generating the high biotin-binding affinity, and the proximity of the
S52G R53D mutations to L3/4, it was hypothesised that the mutations were
affecting the loop’s flexibility. This would explain the decreased biotin and
biotin-conjugate on- and off-rates of Tr. It was clear that having structures of
both apo-Tr and biotin-bound Tr would be extremely useful in shedding more
light on how the S52G RS53D mutations in Tr were exerting their effect.
Hence, X-ray crystallography was conducted in an attempt to explain the

origins of the increased binding stability of Tr (Chapter 5).
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Chapter 5: The Structures of Apo-Traptavidin and
Biotin-Bound Traptavidin

5.1 Introduction

As of 30" July 2011, there was a total of 147 structures deposited in the PDB
that contained SA (both wildtype and mutated), either in apo-form or ligand-
bound (both biotin and non-natural ligands). Of these, 26 structures were of
wildtype SA, either in apo-form or biotin-bound (detailed in Table 12). The
number of crystal structures in the PDB, together with the wide range of
crystallisation conditions used to obtain these structures and the resolutions
achieved, suggested SA crystallises readily, and so it was hoped that Tr
would also readily form high-quality crystals. Acquiring high-resolution
structures of both apo-Tr and biotin-Tr would enable detailed comparisons to
be made to apo-SA and biotin-SA structures, to shed light onto how the S52G
R53D mutations in Tr exert their effect on biotin-binding stability and protein

thermostability (see also Chapters 3 and 4).

As discussed in Chapter 1, the key structural features of SA and its complex
with biotin include: the tetrameric quaternary structure of SA; the deep biotin-
binding pocket in SA that is highly complementary to the shape of biotin; the
numerous van der Waals interactions that form between biotin and SA,
including interactions between biotin and the four conserved tryptophans in
the binding pocket; the extensive hydrogen-bonding network that forms
between biotin and eight conserved residues in the binding pocket; and a

surface loop connecting B-strands 3 and 4 (L3/4) which is stabilised in a
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Chapter 5

All of these features are seen in the structures listed in Table 12.

Description PDB Resolution pH  Reference
code (A)
Apo-SA structures
T7-tagged full-length SA 2BC3  1.54 45 Le Trong et al., 2006
Apo-SA 2RTA 1.39 2.97 Katz, 1997
Apo-SA 2RTB  1.50 3.32 Katz, 1997
Apo-SA 2RTC 1.50 3.60 Katz, 1997
Core apo-SA 21ZA 1.46 2.00 Katz, 1997
Core apo-SA 21ZB 1.20 3.12 Katz, 1997
Core apo-SA 21ZC 1.40 2.00 Katz, 1997
Core apo-SA 21ZD 1.60 3.00 Katz, 1997
Core apo-SA 2I1ZE 1.57 3.08 Katz, 1997
Core apo-SA 1SWA 1.90 4.5 Freitag et al., 1997
Core apo-SA 1SWB 1.85 7.5 Freitag et al., 1997
Core apo-SA 1SWC 1.80 4.5 Freitag et al., 1997
Core apo-SA 1SLF 1.76 5.6 Katz, 1995
Biotin-SA structures
Core SA with biotin 1TMK5 1.40 4.5 Hyre etal., 2006
Core SA with biotin 2RTD 1.65 1.39 Katz, 1997
Core SA with biotin 2RTE 1.50 1.90 Katz, 1997
Core SA with biotin 2RTF  1.47 2.00 Katz, 1997
Core SA with biotin 2RTG 1.39 2.40 Katz, 1997
Core SA with biotin 21ZF 1.58 4.0 Katz, 1997
Core SA with biotin 212G 1.36 2.0 Katz, 1997
Core SA with biotin 21ZH 1.36 10.44 Katz, 1997
Core SA with biotin 21ZI 1.50 2.53 Katz, 1997
Core SA with biotin 21ZJ 1.30 3.50 Katz, 1997
Core SA with two biotins 1SWD 1.90 4.5 Freitag et al., 1997
Core SA with four biotins 1SWE 2.06 4.5 Freitag et al., 1997
Core SA with biotin 1STP  2.60 7.8  Weber et al., 1989

Table 12. Summary of all wildtype SA structures, either in apo-form or

biotin-bound, deposited in the PDB. Correct as of 30" July 2011.

Due to the close proximity of the S52G R53D mutations to L3/4 (residues 45-

52), and the well-documented role of L3/4 in generating high-affinity binding, it

was hypothesised that the mutations may affect the flexibility of L3/4, and so

particular attention was paid to the conformation of this region in the published

SA structures in Table 12.

In a series of SA structures solved at extremes of

159



Chapter 5

pH by B. Katz (Katz, 1997), L3/4 was found stabilised in a ‘closed’
conformation in apo-SA, and then remained in this ‘closed’ conformation in
the biotin-bound protein. However, it is widely commented in the literature
that L3/4 is disordered in an ‘open’ conformation in the apo-forms of SA, and
is stabilised upon biotin-binding into a ‘closed’ conformation (Freitag et al.,
1997). It is indeed the case that in the SA structures solved in the more
physiologically relevant pH range (pH 4.5 to 7.5), L3/4 is found disordered in
an ‘open’ conformation in the apo-state and found stabilised and ‘closed’ in

the biotin-bound state.

After solving the crystal structures of both apo-Tr and biotin-Tr, | undertook a
detailed analysis of the structures, including structural comparisons using
backbone alignments, measurements of bond lengths and angles in bound
biotin and measurements of the hydrogen bond lengths to biotin. Flexibility
analysis was based on B factors, which are atomic displacement parameters
that reflect the thermal motion and disorder of each atom in the crystal
structure (Yuan et al., 2005b). An area of a protein with a low B factor
corresponds to a well-ordered region, whilst an area with a high B factor
corresponds to a flexible region. However, B factor analysis must take place
alongside observing the electron density for a structure, as variations in
occupancies will result in high B factors. A chimeric Tr tetramer, Tr1D3, was
also produced during this investigation, consisting of one Tr subunit and three
‘dead’ SA subunits that cannot bind biotin. The characterisation of this

monovalent Tr revealed information on the role of the intersubunit contacts in
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Tr, as well as providing evidence that Tr1D3 could be as useful a

biotechnological tool as tetravalent Tr.
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5.2 Materials and methods

5.2.1 Expression and purification of proteins used in this study
Tetravalent wildtype streptavidin (SA), tetravalent ‘dead’ streptavidin (D4),
tetravalent traptavidin (Tr) and monovalent traptavidin (Tr1D3) were all used

in this study.

5.2.1.1 Tetravalent traptavidin expression and purification

Hise-tagged Tr was expressed in E. coli BL21 (DE3) RIPL cells and purified
from inclusion bodies as described in Chapter 3. Prior to crystallisation tray
set-up, size-exclusion chromatography was carried out as a final purification
step and to assess the purity of the purification protocol. The Tr protein
sample was concentrated in a 10 kDa MWCO Vivaspin 6 concentrator
(Generon Ltd., UK) prior to loading onto a XK 26/100 column packed with
Sephadex™ G-75 (GE Healthcare, UK), equilibrated in 50 mM Tris-HCI, 0.5 M
NaCl, 10 mM EDTA pH 7.5. Using the chromatogram as a guide, fractions
containing tetrameric Tr were pooled and then concentrated in a 10 kDa
MWCO Vivaspin 6 concentrator to a final concentration of 19 mg/mL in 50 mM

Tris-HCI, 0.5 M NaCl, 10 mM EDTA pH 7.5 for crystallisation.

Biotin-bound Tr was obtained by incubation with a 4-fold molar excess

(compared to the number of binding sites) of biotin (Acros Organics, UK) at

4 °C overnight prior to crystal tray set-up.
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5.2.1.2 Monovalent traptavidin expression and purification

Monovalent Tr (Tr1D3) was produced by combining dead (D) and Tr subunits
in a 3:1 molar ratio in guanidine hydrochloride, followed by refolding by rapid
dilution into PBS in a ‘mixed-refold’ method as described for monovalent
streptavidin elsewhere (Howarth et al., 2006; Howarth and Ting, 2008).
However, the order of SDS-PAGE mobility was reversed for Tr compared to

SA (mobility of Tr2D2 >Tr1D3>D4).

5.2.1.3 Tetravalent ‘dead’ streptavidin expression and purification
Tetravalent ‘dead’ streptavidin (D4) was generated from the inclusion body
purification of the triple SA mutant N23A S27D S45A, which has negligible

biotin binding (Howarth et al., 2006).

D4 protein was expressed in E. coli BL21 (DE3) RIPL cells as described in
Chapter 3 for the higher-stability SA mutants. After protein induction was
confirmed by SDS-PAGE, inclusion bodies were isolated from a 750 mL
culture cell pellet by rocking with 10 mL 300 mM NaCl, 50 mM Tris, 5 mM
EDTA, 0.8 mg/mL lysozyme, 1 % Triton X-100 pH 7.8 for 30 min at 25 °C
followed by 9 min pulsed sonication on ice at 40 % amplitude on a Sonics
Vibra-Cell sonicator. Following centrifugation at 27,000 g for 15 min at 4 °C,
the inclusion body pellet was washed three times in 10 mL 100 mM NaCl, 50
mM Tris, 0.5 % Triton X-100 pH 7.8 and then solubilised in 4 mL of 6 M
guanidine hydrochloride (GuHCI) pH 1.55. Denatured protein in GuHCI was
then centrifuged at 13,000 g for 15 min at 4 °C, and the clear supernatant

refolded by rapid dilution into forcefully stirring PBS (137 mM NaCl, 2.7 mM
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KCI, 8.1 mM Na;HPO, - 2H,0, 1.8 mM KH,PO,4 pH 7.4) at 4 °C, followed by
stirring overnight. Refolded D4 protein was then centrifuged at 17,700 g for

15 min at 4 °C to precipitate any misfolded proteins.

Soluble refolded D4 was then precipitated out of solution using ammonium
sulfate. 62.7 g of ammonium sulfate was added slowly (~ 10 g at a time) to
the D4 solution and left stirring at 4 °C for 3 hours. The solution was then
filtered through tissue paper and a further 59 g of ammonium sulfate added to
the flow-through and left stirring overnight at 4 °C. Following centrifugation at
17,700 g at 4 °C for 15 min, the precipitate (D4) was resuspended in a

minimal volume of PBS (~ 3 mL) and then dialysed three times against PBS.
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5.2.2 Crystallisation

5.2.2.1 Initial screening of crystallisation conditions

Apo-Tr and biotin-Tr samples were subjected to initial crystallisation trials
using commercially available screens (the sparse matrix ‘Structure Screens |
and II’ from Molecular Dimensions, UK and the Index™ screen from Hampton
Research, USA). Initial screening was performed at 18 °C using the sitting-
drop vapour-diffusion method. Screening plates were prepared by dispensing
40 pL of each screen condition as the reservoir solution into 3-well SwissSci
crystallisation plates (Hampton Research, USA) using a Tecan Genesis 150
Robotic Workstation (Tecan, UK). 66 nL, 100 nL and 133 nL drops of protein
samples were set up using a mosquito® nanolitre pipettor (TTP LabTech,
UK). Plates were incubated at 18 °C and checked manually for crystal
formation by microscopy using a Leica MZ16 stereomicroscope (Meyer

Instruments, USA) after one, three and seven days.

5.2.2.2 Optimisation of crystallisation conditions

Optimisation was conducted by screening around the conditions in the initial
screens that vyielded crystals by varying the salt and precipitant
concentrations. These custom optimisation screens were designed using in-
house ‘Traymaker’ software written by M. Noble. Optimisation plates were
set-up as above, dispensing 40 pL of reservoir solution and 500 nL of the

protein sample using the Tecan and mosquito® robots respectively.

Manual inspection of the optimisation screens revealed crystals in almost all

of the conditions, appearing after two days. Plates were kept at 18 °C and
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transported to the beamline, where individual crystals were mounted into a 0.2
pum loop, dipped for a few seconds in an appropriate cryoprotectant solution
immediately followed by immersion in liquid nitrogen, and then mounted on
the goniometer head. The selection of a crystal for exposure and choice of
cryoprotectant used was made via a ‘trial and error’ method, based on the
quality of the diffraction pattern observed from a short exposure in the

beamline.

5.2.2.3 Final crystallisation conditions used: apo-Tr

Crystals were obtained at 291 K by the sitting-drop vapour-diffusion method.
Apo-Tr crystals belonged to the space group /-4 (a=b=57.59 A, ¢=183.35 A),
with two Tr monomers present in the asymmetric unit. Apo-Tr crystals were
obtained from a 4 yL drop of 19 mg/mL apo-Tr solution and a reservoir
solution of 12 % (v/v) poly(ethylene glycol) (PEG) 8000, 9 % (v/v) ethylene
glycol and 0.1 M HEPES pH 7.5, with crystals appearing after two days and
reaching optimum size after four days. Prior to data collection, crystals were
briefly soaked in a cryoprotectant solution of 12 % (v/v) PEG 8000, 30 % (v/v)
ethylene glycol and 0.1 M HEPES pH 7.5 before immersion into liquid

nitrogen.

5.2.2.4 Final crystallisation conditions used: biotin-Tr

Biotin-bound crystals belonged to the space group P4,2:2 (a=b=57.34 A,
c=77.55 A), with one monomer present in the asymmetric unit. Biotin-Tr
crystals were obtained from a 4 uL drop of 19 mg/mL biotin-Tr solution and a

reservoir solution of 27 % (v/v) PEG 4000, 0.25 M MgCl; and 0.1 M Tris-HCI
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pH 8.5. Crystals appeared after two days and reached optimum size after
four days. Prior to data collection, crystals were briefly soaked in a
cryoprotectant solution of 27 % (v/v) PEG 4000, 0.25 M MgCl; and 25 %

glycerol and 0.1 M Tris-HCI pH 8.5 before immersion into liquid nitrogen.

5.2.2.5 Diffraction data collection

Crystallographic data were collected using an Oxford Cryosystems 700 series
Cryostream on an ADSC Quantum 315 CCD (charge-coupled device)
detector at 100 K with an oscillation range of 0.5° at beamline 102 at the

Diamond Light Source, Harwell, U.K.

5.2.2.6 Structure solution and refinement: apo-Tr

Data were indexed and integrated using MOSFLM, and then scaled and
merged using SCALA from the CCP4 program suite (1994). The structure was
phased by molecular replacement with the program Phaser (McCoy et al.,
2007), using wild-type core SA (PDB code 1SWB) (Freitag et al., 1997) as the
search model. Two monomers were present in the asymmetric unit. 5 % of
the reflection data were set aside for the calculation of Rgee using the
Freerflag program in CCP4 (Brunger, 1992). The model was built in Coot
(Emsley and Cowtan, 2004) and refined in PHENIX refine (Adams et al.,
2002a), with incorporation of the twinning operator (-h, k, —I) with a twinning
fraction of 49.7 %. Throughout the refinement, all results were included from
27.47 A resolution to the highest limit (1.45 A) and anisotropic temperature
factors were refined. The model was evaluated with MolProbity (Chen et al.,

2010), which gave Ramachandran statistics with 98 % of residues in favoured
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regions and no outliers. The diffraction-data precision indicator (DPI) indicated
that the agreement between the model and the X-ray data for apo-Tr was
0.056 A. The final apo-Tr model was deposited in the PDB using the

accession code 2Y3E.

5.2.2.7 Structure solution and refinement: biotin-Tr

The results were indexed and integrated using MOSFLM, and scaled and
merged using SCALA from the CCP4 program suite. Intensities were
converted into structure factors using the truncate program (French and
Wilson, 1978) in CCP4 and no signs of twinning were observed in the results.
The structure was phased by molecular replacement using Phaser (McCoy et
al., 2007), with the apo-Tr structure used as the search model. One monomer
was present in the asymmetric unit. 5 % of the reflection data were set aside
for the calculation of Ryee using the Freerflag program (Brunger, 1992) in
CCP4. Model building was performed in Coot (Emsley and Cowtan, 2004) and
refinement, including rounds of simulated annealing refinement, in PHENIX
refine (Adams et al.,, 2002a). Throughout the refinement, all data were
included from 38.78 A resolution to the highest limit (1.49 A) and anisotropic
temperature factors were refined. The presence of a well-defined biotin model
in the binding pocket was clearly visible in the initial Fops—Fcaic €lectron density
maps. Biotin co-ordinates from wild-type core SA with biotin at 1.4 A (PDB
code 1MKS5) (Hyre et al., 2006) were used as a template for the refinement
and the weighting of co-ordinate refinement was optimized by PHENIX refine
as the refinement progressed. The model was evaluated with MolProbity

(Chen et al.,, 2010), which gave Ramachandran statistics with 98 % of
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residues in favoured regions and no outliers. The DPI indicated that the
agreement between the model and the X-ray data for biotin—Tr was 0.051 A.
The final biotin-Tr model was deposited in the PDB using the accession code

2Y3F.

To assess whether model bias was introduced into the biotin—Tr model as a
result of using the apo-Tr structure as a search model for molecular
replacement, a simulated annealing composite omit map was calculated using
PHENIX AutoBuild (Terwilliger et al., 2008), with the starting phases provided

by the apo-Tr structure.
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5.2.3 Structure analysis

Structural overlays and colouring according to B factor were done in PyMOL
(Schrodinger, 2010). Backbone alignments were calculated from main-chain
atoms of apo-Tr chain A, biotin—Tr, apo-core-SA at pH 4.5 (PDB code 1SWA
and 1SWC), apo-core SA at pH 7.5 (PDB code 1SWB) and biotin—core-SA at
pH 4.5 (PDB codes 1SWD and 1SWE) (Freitag et al., 1997). Plots of mean B
factors of main-chain atoms against residue number were produced using the
BAVERAGE program in CCP4. Measurements of biotin geometry and
hydrogen bond lengths were carried out in Coot (Emsley and Cowtan, 2004)
using the biotin-Tr model (PDB code 2Y3F) and the biotin-SA models 1SWD,
1SWE (Freitag et al., 1997) and 1MKS5 (Hyre et al., 2006). The DPI was

assessed using the program SFCHECK from CCP4.

5.2.4 Biotin-4-fluorescein off-rate assay
The off-rate of B4F from SA, Tr and Tr1D3 was measured at 37 °C and pH

7.4 as described in Section 3.2.3.

5.2.5 Thermostability analysis of proteins

The thermostability of Tr, D4 and T1D3 in PBS was ascertained as described

in Section 3.2.5.
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5.3 Results

5.3.1 Traptavidin protein purification

Prior to crystallisation, size-exclusion chromatography was used as an
additional final step to the purification protocol normally used for Tr
production. The chromatogram from this size-exclusion chromatography
indicated that the standard Tr purification protocol used up until this point
did produce a clean sample of tetrameric Tr, with no contaminating

monomer or dimer present (results not shown).

After size-exclusion chromatography, Tr was concentrated to 19 mg/mL and

no precipitate was seen whilst concentrating.
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5.3.2 Crystallisation

5.3.2.1 Initial screening and optimisation of crystallisation conditions

Initial crystallisation trials using commercially available sparse matrix screens

were very encouraging, as crystals were visible after three days under a great

number of conditions. The conditions that gave the largest and most

dispersed crystals are listed in Table 13.

Protein  Conditions giving good crystal formation in initial screening

Apo-Tr  A1:
A2:
A3:
A4

Biotin-Tr B1:

2 M Na formate, 0.1 M Na acetate pH 4.6

18 % PEG 8000, 0.2 M Ca acetate, 0.1 M Na cacodylate pH 6.5
10 % PEG 8000, 0.1 M HEPES, 8 % ethylene glycol pH 7.5

0.1 M NaCl, 0.1 M Bis-Tris, 1.5 M ammonium sulfate pH 6.5

30 % PEG 4000, 0.1 M Tris-HCI, 0.2 M MgCl, pH 8.5

Table 13.

Initial crystallisation trials using commercially available

screens revealed that many conditions gave well-formed crystals.

Finer screening around the conditions listed in Table 13 was then conducted,

using protein drops of a larger volume and varying the salt and precipitant

concentrations.

The optimisation screens of the initial crystallisation

conditions are shown in Figure 53.
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A1 optimisation screen

[Na formate]

—

A2 optimisation screen

[PEG 8000]

—

M 1152253 35

0.1 M Na acetate pH 4.6
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0.10
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0.1 M Na cacodylate pH 6.5
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[PEG 8000]
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[Ammonium sulfate]
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%

0.1 M HEPES pH 7.5
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2.25

0.08

[Ethylene

0.10| | [[NaCl]

glycol]

0.12

0.14

0.1 M Bis-Tris pH 6.5

M

B1 optimisation screen

[PEG 4000] [PEG 3350]
E— S E——

% 27 28 29 30 3132 23 24 25 26 27 28

0.1 M Tris-HCI pH 8.5

0.10
0.15
0.20
0.25

[MgCl,]

Figure 53. Finer screening around initial crystallisation conditions to
find optimum conditions. Self-made optimisation screens were set up for
the conditions giving crystals of apo-Tr (conditions A1 to A4) and biotin-Tr

(B1).
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5.3.2.2 Final crystallisation conditions used for data collection

The final apo-Tr and biotin-Tr crystals used to gather a full data set from the
beamline experiment were from the A3 and B1 optimisation screens
respectively. The final mother liquor used to grow the apo-Tr crystals was 12
% PEG 8000, 9 % ethylene glycol and 0.1 M HEPES pH 7.5, whilst the final
mother liquor used to grow the biotin-Tr crystals was 27 % PEG 4000, 0.25 M
MgCl; and 0.1 M Tris-HCI pH 8.5. Images of the crystals grown under these

conditions are shown in Figure 54.

Figure 54. Apo-Tr and biotin-Tr crystals grown after optimisation of
crystallisation conditions. Imaged using a Leica MZ16 stereomicroscope.
A, Crystals of apo-Tr readily formed. B, Fewer biotin-Tr crystals grew than
apo-Tr, but those that did grow were well formed and dispersed.

174



Chapter 5

5.3.2.3 Solution of apo-Tr and biotin-Tr structures
The final data collection and refinement statistics are shown in Table 14. The
data collected enabled both the apo-Tr and biotin-Tr structures to be solved at

high resolution; apo-Tr was solved at 1.45 A and biotin-Tr was solved at 1.49

A

Molecular replacement (MR) was used to solve both structures, and once
solved, the structures were deposited in the PDB with the codes 2Y3E for
apo-Tr and 2Y3F for biotin-Tr. An apo-SA structure (PDB code: 1SWB)
(Freitag et al., 1997) was used as the search model for the apo-Tr structure,
and then the solved apo-Tr structure was used as the search model for the
biotin-Tr structure. Before the apo-Tr and biotin-Tr structures could be
compared to one another, as well as to other SA structures, it was essential to
elucidate whether any model bias had been introduced into the biotin-Tr
structure as a result of using the apo-Tr structure as the search model for MR.
The use of the calculated phases from the apo-Tr model has the potential to
bias the refinement process towards that model, and so to ensure that this
was not the case in this instance, a simulated annealing composite omit map
was calculated. To do this, a short simulated annealing refinement run was
conducted (Brunger, 1991) with a random selection of 10 % of the atoms
omitted. The electron-density omit map produced was then aligned to both the
apo-Tr and biotin-Tr structures and correlation coefficients calculated (Table
15). The final biotin-Tr structure was found to fit the omit map much better
than the apo-Tr structure, indicating the solution of the biotin-Tr structure was

not biased by the search model (Figure 55).
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Apo-Tr
(PDB: 2Y3E)

Biotin-Tr
(PDB: 2Y3F)

Crystallisation

12 % PEG 8000
9 % ethylene glycol
0.1 MHEPES pH 7.5

27 % PEG 4000
0.25 M MgCl,
0.1 M Tris-HCI pH 8.5

Data collection

Space group

Cell dimensions
a, b, c(A)
a, By (°)

Resolution range (A)

144

57.59, 57.59, 183.35
90.00, 90.00, 90.00

27.47-1.45 (1.53-1.45)

P4,242

57.34, 57.34, 77.55
90.00, 90.00, 90.00

38.78-1.49 (1.57—1.49)

Rmerge 0.052 (0.619) 0.069 (0.085)
I/ ol 13.6 (2.0) 26.0 (19.6)
Completeness (%) 97.8 (87.1) 100.0 (100.0)
Multiplicity 3.6 (3.2) 7.0(7.1)
Refinement
Resolution range (A)  27.47-1.45 32.12-1.49
No. reflections 48,884 21,581
Rwork / Réree 0.134/0.178 0.135/0.152
No. atoms

Protein 1,855 954

Biotin n/a 16

Glycerol 18 18

Water 321 142
B factors (A?)

Protein 33.41 10.10

Biotin n/a 5.83

Glycerol 44.14 28.31

Water 38.19 27.92
rmsd

Bond length (A)  0.005 0.009

Bond angle (°) 0.93 1.48
Twinning

Twin operator -h, k, -1 n/a

Twin fraction 0.497 n/a

Table 14. Data collection and refinement statistics for apo-Tr and biotin-Tr

crystallisation. Values in parenthesis refer to the highest resolution shell. B
factors are the average of all atoms.
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Omit map aligned with: Correlation coefficient
for side chain atoms

Apo-Tr 0.47
Biotin-Tr 0.73

Table 15. Alignment of a simulated annealing composite omit map with
the apo-Tr and biotin-Tr structures. The biotin-Tr structure fitted the omit
map much better than the apo-Tr structure, revealing the biotin-Tr structure
was not biased by the use of the apo-Tr structure as a search model for MR.

- biotin
+ biotin

- biotin
+ biotin

Figure 55. The solution of the biotin-Tr structure was not biased by the
search model used for MR. A simulated annealing composite omit map was
calculated, using the starting phases from the apo-Tr structure (shown in
black mesh, contoured at 1.3 o). The omit map was aligned with both the
apo-Tr structure (shown in green) and the biotin-Tr structure (shown in blue),
with the biotin-Tr structure fitting the omit map much better than the apo-Tr
structure. Leu-25 and Tyr-83 are presented here as they clearly illustrate the
better fit of the omit map to the biotin-Tr model.
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5.3.3 Structural analysis

5.3.3.1 Tertiary and quaternary structure of traptavidin

As there were two Tr subunits in the apo-Tr asymmetric unit and one Tr
subunit in the biotin-Tr asymmetric unit, symmetry transformations were

applied, to view the complete tetramer (Figure 56).

Apo-traptavidin Biotin-traptavidin

Figure 56. Tetrameric quaternary structure of apo-Tr (left) and biotin-Tr
(right). Each Tr subunit is shown in a different colour and the biotin bound to
the biotin-Tr structure is shown in space-filling mode.
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There was clear and unambiguous electron density for the bound biotin in the

biotin-Tr structure (Figure 57).

Figure 57. Clear electron density was observed for biotin in the biotin-Tr
structure. Fops — Fcaic map of the biotin-binding pocket (shown in black mesh)
was overlaid with the protein (shown in cartoon format) and clearly shows the
presence of biotin in the pocket. L3/4, which is stabilised in a ‘closed’
conformation over the bound biotin, is shown in red and the residues that
have been mutated to produce Tr are shown in stick format.

It was clear that the overall fold of the individual Tr subunits was very similar
to that of SA subunits, with each subunit consisting of eight anti-parallel -
sheets that fold into a B-barrel. Each p-barrel contains a biotin-binding site,
located at one end of the barrel, and four subunits come together to give a
tetrameric quaternary structure, capable of binding up to four biotin molecules.
Backbone alignments of individual subunits of Tr and SA were calculated in
order to quantify the similarity of the tertiary structures (Table 16). The two
apo-Tr subunits in the asymmetric unit (chains A and B) aligned with the
subunits of apo-SA very well, with an average root-mean-square deviation

(rmsd) of 0.28 A and 0.27 A respectively.
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rmsd (A) of alignment with apo-Tr (2Y3E)

Chain A Chain B
1SWA chain A 0.30 0.29
chain B 0.29 0.25
chain C 0.27 0.25
chain D 0.27 0.27
Average 0.28 0.27

Table 16. Backbone alignments of the two apo-Tr subunits in the
asymmetric unit with apo-SA subunits revealed a high degree of
similarity in tertiary structures of apo-Tr and apo-SA. Alignments were
calculated using the apo-SA structure 1SWA (Freitag et al., 1997).

The one subunit in the asymmetric unit of the biotin-Tr structure was also
aligned with the subunits of the biotin-SA structure 1SWE (Freitag et al.,

1997), revealing the high degree of similarity in the tertiary structures (Table

17).
rmsd (A) of alignment
with biotin-Tr (2Y3F)
1SWE chain A 0.26
chain B 0.26
chain C 0.28
chain D 0.27
Average 0.27

Table 17. Backbone alignments of the biotin-Tr subunit in the
asymmetric unit with biotin-SA subunits reveals a high level of similarity
in the tertiary structures. Alignments were calculated using the biotin-SA
structure 1SWE (Freitag et al., 1997).
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5.3.3.2 L3/4 conformation in traptavidin

On visual inspection, the most striking difference seen in the tertiary fold of Tr
compared to SA was in the conformation of the loop connecting p-sheets 3
and 4, L3/4. As discussed in Chapter 1, L3/4 plays a critical role in generating
the high biotin-binding affinity of SA; it is frequently found disordered in apo-
SA in an ‘open’ conformation, and is stabilised on biotin-binding, forming a ‘lid’
over the binding pocket in a ‘closed’ conformation (Freitag et al., 1997). In the
apo-Tr structure, however, it was stabilised in a ‘closed’ conformation over the
biotin-binding pocket and remained in this conformation in the biotin-Tr

structure (Figure 58).

Without biotin With biotin

L3/4
Traptavidin
Stre ptavdn%

Figure 58. L3/4 is found in a ‘closed’ conformation in both apo-Tr and
biotin-Tr. Comparing tertiary structures of individual subunits of Tr (top) and
SA (bottom), L3/4 is undefined in a disordered ‘open’ conformation in apo-SA
(1SWA chain B) but becomes stabilised in a ‘closed’ conformation over the
pocket on biotin-binding (1SWE chain D), whilst it is found in the ‘closed’
conformation in both apo-Tr and biotin-Tr.
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The L3/4 conformation in the apo-SA structures obtained in the physiologically
relevant pH range 4.5 — 7.5 was noted. The apo-SA structure 2BC3 had all
four L3/4 regions in the tetramer in an ‘open’ conformation (Le Trong et al.,
2006), whilst 1TSWA and 1SWB had one L3/4 of the four in the tetramer
already ordered in a ‘closed’ conformation, and 1SWC had two ordered L3/4
regions (Freitag et al., 1997). Structural alignments of these ordered L3/4
regions with apo-Tr revealed the ‘closed’ loops in 1SWA and 1SWB are
comparable to the ‘closed’ L3/4 in apo-Tr (rmsd of 0.24 A and 0.20 A
respectively), whilst the ordered L3/4 in 1SWC has an entirely different
conformation (rmsd of 2.2 A), resembling an alternative ‘open’ state, with L3/4

projecting away from the biotin-binding site (Table 18).

Apo-TR L3/4 (2Y3E chain A) rmsd (A)
aligned with ordered L3/4 in:

1SWA chain A 0.24
1SWB chain A 0.20
1SWB chain B 2.2

Table 18. Backbone alignments of the ordered L3/4 regions in different
apo-SA structures with apo-Tr L3/4. The ‘closed’ L3/4 in both 1SWA and
1SWB are comparable to the ‘closed’ L3/4 in apo-Tr, whilst the ordered but
‘open’ L3/4 in 1SWC is not comparable.
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5.3.3.3 Conformational change on biotin binding

As discussed in Chapter 1, although biotin-binding to SA is not cooperative
(Jones and Kurzban, 1995), there is a conformational change in SA on biotin-
binding that propagates through the tetramer, involving altered dimer-dimer
packing, ordering of surface loops and tighter wrapping of the p-barrels
(Weber et al.,, 1989). To quantify this conformational change, individual
subunits of apo-SA and biotin-SA were aligned, and compared to the
alignment of apo-Tr and biotin-Tr (Figure 59). The conformational change in
Tr on biotin-binding (rmsd of 0.21 A) is considerably smaller than in SA (rmsd

of 0.36 A).

== Apo-traptavidin — Apo-streptavidin
— Biotin-traptavidin — Biotin-streptavidin
rmsd = 0.21 A rmsd = 0.36 A

Figure 59. Tr undergoes a smaller conformational change on biotin-
binding than SA. Individual subunits of apo- and biotin-bound Tr (left) and
SA (right) were aligned and rmsd calculated. The apo-protein is shown in
green, with the biotin-bound protein overlaid in blue.

Although the ordering of L3/4 on biotin-binding is well-documented, the
conformational change to other loop regions in the protein was investigated,
by a series of backbone alignments of the loop regions in the apo- and biotin-
bound structures of SA and Tr (Tables 19 and 20). As expected, L3/4

experienced a smaller conformational change on biotin-binding in Tr than in
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SA (rmsd of 0.25 A in Tr compared to 2.6 A in SA). However, in addition to
this, five out of the other six loop regions in Tr experienced a smaller

conformational change upon biotin-binding than in SA.

rmsd (A) of alignment of loop in:

Apo-Tr aligned with: Biotin-Tr Apo-SA Biotin-SA
(2Y3E chain A) (2Y3F chain A)  (1SWA chain B) (1SWE chain D)
L1/2 (23-26) 0.050 0.20 0.21

L2/3 (33-38) 0.14 0.23 0.15

L3/4 (45-52) 0.25 23" 0.25

L4/5 (62-70) 0.20 0.20 0.22

L5/6 (79-88) 0.18 0.28 0.18

L6/7 (98-102) 0.14 0.22 0.37

L7/8 (113-121) 0.20 0.23 0.24
Overall subunit 0.21 0.29 0.35

Table 19. Backbone alignment of loop regions in apo-Tr to those in
biotin-Tr, apo-SA and biotin-SA. Amino acid residues comprising each loop
are shown in parentheses. * The alignment with L3/4 in 1SWA was calculated
using only residues 45 and 49-52, as residues 46-48 were disordered and not
visible in the structure.

rmsd (A) of alignment of loop in:

Apo-SA aligned with: Biotin-SA Apo-Tr Biotin-Tr
(1SWA chain B) (1SWE chain D) (2Y3E chain A)  (2Y3F chain A)
L1/2 (23-26) 0.27 0.20 0.18
L2/3 (33-38) 0.23 0.23 0.22
L3/4 (45-52) 26" 23" 23"
L4/5 (62-70) 0.25 0.20 0.25
L5/6 (79-88) 0.31 0.28 0.27
L6/7 (98-102) 0.42 0.22 0.26
L7/8 (113-121) 0.17 0.23 0.15
Overall subunit 0.36 0.29 0.25

Table 20. Backbone alignment of loop regions in apo-SA to those in
biotin-SA, apo-Tr and biotin-Tr. Amino acid residues comprising each loop
are shown in parentheses. * The alignment with L3/4 in 1SWA was calculated
using only residues 45 and 49-52, as residues 46-48 were disordered and not
visible in the structure.
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5.3.3.4 Flexibility analysis of streptavidin and traptavidin

B factor analysis was used to assess the flexibility and dynamics of both apo-
and biotin-bound SA and Tr. Analysis was based on relative B factors within
a structure, rather than making comparisons of absolute B factors between
different structures, due to the resolution, data collection conditions and
refinement method all having an impact on B factor (Tronrud, 1996; Yuan et

al., 2005b).

The average B factor of the main-chain atoms in each residue was plotted for
each of the two apo-Tr subunits in the asymmetric unit, to indicate the internal

variation in the structure (Figure 60).
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Figure 60. Average main-chain B factors for the two apo-Tr chains in the
asymmetric unit. Regions corresponding to the loops connecting adjacent p-
sheets are indicated.
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B factors analysis revealed the p-strand regions between loops had the lowest
B factor values, indicating they are the least flexible part of the structure, with
the peak B factor values corresponding to the flexible loop regions, as
expected (Figure 61). Overall, the two apo-Tr subunits in the asymmetric unit
have very similar patterns of B factors distribution, with the main difference
being found in L5/6. A possible explanation for this is that one of the chains is
involved in crystal contacts at this loop. There is some flexibility seen in L3/4,
but obviously not as much as in apo-SA structures, where the residues are

frequently found disordered and not visible.

Figure 61. Heat map showing the variation of average B factors across
the apo-Tr subunit. The red shading corresponds to the most flexible
regions, with the highest B factors, and the blue shading corresponds to the
least flexible regions, with the lowest B factors.
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When the pattern and distribution of B factors across the apo-Tr structure is
compared to those in the biotin-Tr structure (Figure 62), the most striking
difference is the loss of flexibility of L3/4, which has average B factor values

almost comparable to the adjacent p-strands in the biotin-Tr structure.

35 -
30 A

bio-Tr

25
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15 A
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5 |
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0 10 20 30 40 50 60 70 &0 90 100 110 120 130 140

Residue number

Mean main-chain B factor

L1/2 L2/3 L3/4 L4/5 L5/6 L6/7 L7/8

Figure 62. Average main-chain B factors for the single biotin-Tr subunit
in the asymmetric unit. Regions corresponding to the loops connecting
adjacent p-sheets are indicated.
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The distribution of B factors across the biotin-Tr structure is similar to that in
apo-Tr, with the loop regions having the higher B factors, and therefore higher

flexibility, than the p-strands (Figure 63).

Figure 63. Heat map showing the variation of average B factors across
the biotin-Tr subunit. The red shading corresponds to the most flexible
regions, with the highest B factors, and the blue shading corresponds to the
least flexible regions, with the lowest B factors.
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5.3.3.5 Conformation of bound biotin in streptavidin and traptavidin

The conformation of biotin when bound to Tr was investigated, and compared
to its conformation when bound to SA. As the ureido oxygen in biotin forms
three hydrogen bonds to SA (and Tr), which are arranged with tetrahedral
geometry around the ureido oxygen, it has been suggested that this
hydrogen-bonding arrangement polarises the ureido group and stabilises a
sp® oxyanion (DeChancie and Houk, 2007; Weber et al., 1989). The
polarisation of this ureido group, resulting in the localisation of negative
charge on the oxygen atom and positive charge on the ureido nitrogen atoms,
enables biotin to form a greater number of hydrogen bonds, of greater
strength, to SA than the ureido group could to solvent molecules (Weber et
al., 1992). As a result, the geometry and conformation of biotin is altered
when bound to SA / Tr from the structure of biotin in solution (Li et al., 2009).
On comparing biotin’s bond angles (Figure 64 and Table 21) and bond
lengths (Figure 65) when bound to Tr and SA, the geometry was found to be
similar in both cases, indicating that changes to biotin’s electronic structure
when bound to protein cannot account for Tr's specific properties, such as the

decreased off-rate.

Figure 64. Biotin measurements used to assess geometry when bound
to SA and Tr. X represents the distance between the ureido oxygen and
sulfur in the tetrahydrothiophene ring, whilst a and  are the angles between
the two rings.
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Structure: Biotin-SA Biotin-SA  Biotin-SA Biotin-Tr
PDB code: 1SWD 1SWE 1MK5 2Y3F
Resolution 1.90 2.06 1.40 1.49

(A)

X (A) 4.70 4.70 4.65 4.55

a (°) 114.51 113.94 115.12 114.03
B (°) 114.56 113.92 113.86 110.77

Chapter 5

Table 21. Comparing the geometry of biotin when bound to SA and Tr.

1.81 1.81 1.83 1.83 1.83 1.82
1MK5 2Y3F
1.24
1.35 1.34
1.44 ‘ ' 1.46
1.53 - 1.53 1.54 - 1.53

1.82 1.83 1.78 1.78

Figure 65. Average bond lengths (in A) of biotin when in isolation,
bound to SA and bound to Tr. Measurements for biotin in isolation taken
from Li et al., 2009. Measurements for 1SWD, 1SWE and 1MKS5 structures
are averaged bond lengths of all biotins in the structures.
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5.3.3.6 Hydrogen-bonding network in traptavidin

Due to the importance of the hydrogen-bonding network in generating the
high biotin-binding affinity of SA (Weber et al., 1992), the hydrogen bonds
formed between Tr and biotin were compared to those in SA-biotin structures,
paying close attention to residues Ser-45 and Asn-49, which are located on
L3/4, in close proximity to Tr's mutations S52G R53D. The lengths of the
hydrogen bonds that Tr makes to biotin are comparable to the SA-biotin
hydrogen bonds, when you also consider the variation seen in the different

chains of the SA-biotin structures (Figure 66).
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A Traptavidin

Asn-23

[}
ser27. 30! . Tyra3
27 Q" 27

Streptavidin (1SWE)

Asn-23

B

Streptavidin (1SWD)
Asr'!-23

i
ser27. 291 . Tyra3
26

Ser-45

Figure 66. Average hydrogen-bond lengths (in A) made to biotin in Tr and
SA. A. The bond lengths shown for biotin-Tr are the same in all four subunits (as
there was one subunit in the asymmetric unit). The dispersion precision indicator
(DPI) gave an estimated coordinate error for the biotin-Tr structure of 0.051 A. B.
The hydrogen bond lengths shown for 1SWD are average values for the two
biotins in the tetramer. Ser-45 in this structure does not form a hydrogen bond to
biotin. The DPI for 1ISWD is 0.277 A. C. The hydrogen bond lengths for 1SWE

are average values for the four biotin molecules in the tetramer.

1SWE is 0.239 A.
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The presence of the Ser-45 hydrogen bond in only some and not all of the
SA-biotin crystal structures alluded to its dynamic nature. For example, in the
SA-biotin structure 1SWE, each Ser-45 residue has its side-chain hydroxyl
group orientated towards biotin’s N3’ ureido nitrogen forming a hydrogen
bond, whilst in the SA-biotin structure 1SWD, the Ser-45 hydroxyl group is
pointed away from the N3’ nitrogen and does not form a hydrogen bond
(Figure 67). In the biotin-Tr structure, the Ser-45 side-chain hydroxyl group is
clearly orientated towards the N3’ nitrogen, forming a hydrogen bond 3 A in

length.

Traptavidin

NI

Streptavidin (1SWD) Streptavidin (1SWE)

Figure 67. The Ser-45 hydrogen bond to biotin is present in some but
not all SA-biotin structures. The electron density for biotin and Ser-45 is
shown in black mesh surrounding a stick model of the atoms. Hydrogen
bonds are indicated with a dashed line. Left panel: the biotin-Tr structure
2Y3F contains a Ser-45 hydrogen bond to biotin in every subunit. Middle
panel: the biotin-SA structure 1SWD does not contain a Ser-45 hydrogen
bond. Right panel: the biotin-SA structure 1SWE contains a Ser-45 hydrogen
bond in each of the four subunits in the tetramer.
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| then focussed my attention on the hydrogen bonding network made by Ser-
52 and Arg-53 in wildtype SA, and the mutant Gly-52 and Asp-53 in Tr.
Considering Tr, Gly-52 undergoes only a very small conformational change on
biotin-binding. Instead, the S52G mutation may play a role in generating Tr's
specific properties as the wildtype Ser-52 residue in SA may stabilise an
alternative open conformation of L3/4, which in turn would destabilise the Ser-
45 hydrogen bond to biotin (Figure 68). In this alternative conformation in SA,
the main-chain carbonyl group of Ser-52 forms a hydrogen bond to the main-
chain of N-H of Ser-45, whilst the hydroxyl side-chain of Ser-52 makes a
hydrogen bond to the main-chain N-H group of Ala-46. This bonding
configuration is seen in apo-SA structures with a disordered L3/4 (e.g.
1SWC), but could also transiently form in biotin-bound SA structures,
contributing to the rare biotin-dissociation events. As Ser-52 is mutated to Gly
in Tr, the potential for this alternate, rival hydrogen bonding configuration to
form when biotin is bound is removed, thereby making biotin dissociation even

more unlikely.
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Traptavidin Streptavidin

- biotin - biotin
+ biotin + biotin

Figure 68. Alternative, rival hydrogen-bonding by Ser-45 in SA may
contribute to the rare events that lead to biotin dissociation. Overlays
of the L3/4 region in both apo- and biotin-bound proteins, with the relevant
residues displayed in stick format and hydrogen bonds shown as dashed
lines. Left panel: Both apo-Tr and biotin-Tr have an ordered ‘closed’ L3/4,
with no hydrogen bond between Ser-45 and the mutant Gly-52. Right panel:
In apo-SA with a disordered and undefined L3/4 (1SWC chain B), Ser-52
forms hydrogen bonds with both Ser-45 and Ala-46. On biotin-binding (1SWE
chain D), L3/4 is stabilised in a ‘closed’ conformation and Ser-45 now forms a
hydrogen bond to biotin.
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5.3.3.7 Intersubunit contacts

In order to investigate whether the properties of Tr arose from altered
intersubunit contacts within the tetramer, monovalent Tr (Tr1D3) was made,
consisting of one Tr subunit and three ‘dead’ (D) SA subunits (Figure 69).
The ‘dead’ SA subunits contain the mutations N23A, S27D and S45A, which

renders the protein unable to bind biotin (Howarth et al., 2006).

engineer
blb g

blb
tetravalent monovalent
traptavidin traptavidin
(Trd) (Tr1D3)

Figure 69. Monovalent Tr (Tr1D3) contains one Tr subunit and three
‘dead’ SA subunits, incapable of binding biotin. Tetravalent Tr (shown on
left), with four Tr subunits each with a Hise-tag (bold diagonal line), is capable
of binding four molecules of biotin (b). Monovalent Tr (shown on right)
contains only one Tr subunit and three ‘dead’ SA subunits, and can therefore
only bind one molecule of biotin.
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A biotin-4-fluorescein (B4F) off-rate assay was conducted on SA, Tr and
Tr1D3 and revealed that Tr1D3 had an equivalent off-rate to tetravalent Tr
(Figure 70). This indicated that the improved biotin-binding stability of Tr
arises from within the individual subunits themselves and not from any altered

intersubunit interactions.

15 -
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Figure 70. Monovalent Tr had a comparable B4F off-rate to tetravalent
Tr. Both T1D3 and Tr4 had a decreased B4F off-rate compared to SA, when
measured at 37 °C over 12 hours. Means of triplicate readings are shown + 1
s.d. Data collected by A. Koner.
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On comparison with SA, Tr was found to have higher tetramer thermal
stability, as well as increased biotin-binding thermal stability (Chapter 4), as Tr
remained tetrameric and biotin-bound at higher temperatures. Here, the
thermal stability of Tr1D3 was investigated using a thermostability assay and
SDS-PAGE, to visualise the dissociation of tetramer into both Tr and D

subunits (Figure 71).

Temp (°C) 25 50 60 657075 80 85 9095100 c
70 —
55 e ———
58 — «Tr1D3
35 —
25 —
15 —
Bt —— ‘_Tr
10 — ——————————— <— D

Figure 71. Thermostability of TriD3. Tr1D3 was incubated at the
temperatures indicated for 3 minutes and then analysed by SDS-PAGE, to
reveal dissociation into Tr and D monomers (positions indicated). The 100%
monomer positive control (c) was heated in 6X SDS loading buffer at 95 °C
for 3 min prior to loading.
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Tr1D3 thermostability was then compared to that of Tr and SA (Figure 72).
Monovalent SA (with one wildtype SA subunit and three ‘dead’ subunits) has
been shown to have comparable thermal stability to tetrameric SA (and also
tetrameric ‘dead’ SA, D4) (Howarth et al., 2006). The temperature at which
half the Tr4 protein dissociated to monomer was approximately 10 °C higher
than for SA / D4 (see also Chapter 4). However, the thermostability of Tr1D3
was comparable to that of D4 (and SA), as a result of the less stable ‘dead’

subunits dominating the thermostability of the tetramer.
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Figure 72. Tr1D3 has comparable thermostability to D4. Tr, D4 and Tr1D3
samples were heated at the indicated temperature for 3 minutes followed by
SDS-PAGE, revealing the dissociation into monomers. The percentage
monomer from duplicate gels was then plotted.
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5.4 Discussion

It was hypothesised in Chapter 4 that the S52G R53D mutations in Tr may
have an effect on the flexibility of L3/4, due to the region’s critical role in
generating the high biotin-binding affinity of SA and the proximity of the
mutations in Tr to L3/4. The crystal structures presented in this chapter have
confirmed that this is the case, as well as illuminating other key differences
between SA and Tr: the numerous structural alignments between apo- and
biotin-bound SA and Tr have shown that Tr undergoes a smaller
conformational change on biotin-binding, suggesting Tr's structure is pre-
formed for biotin-binding, in addition to suggesting that the Ser-45 hydrogen
bond to biotin in Tr is more stable than in SA. However, the conformation of
bound biotin and the hydrogen bond lengths to biotin in SA and Tr were found

to be comparable.

The stabilisation of L3/4 into a ‘closed’ conformation on biotin-binding is a
common feature within the avidin superfamily. In avidin, the L3/4 region is
three residues longer than in SA, but still becomes stabilised into a ‘closed’
conformation on biotin-binding; however, L3/4 remains disordered when
biotin-conjugates are bound, explaining avidin’s lower affinity for biotin-
conjugates when compared to SA (Pazy et al., 2002). Tamavidin (Takakura et
al., 2009), AVR4 protein (Eisenberg-Domovich et al., 2005) and rhizavidin
(Meir et al., 2009) all have an ordered L3/4 in a ‘closed’ conformation when
biotin is bound. However, it is interesting to note that AVR4 has a ‘closed’

L3/4 in its apo-form (PDB 1Y53), like Tr. This increased rigidity of L3/4,
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probably brought about by a proline residue in L3/4 that is not present in Av or
SA, results in an increase in the thermostability of apo-AVR4 (T, of 106 °C)
compared to apo-Av (T, of 84 °C) (Eisenberg-Domovich et al., 2005). Also
interesting to note is that rhizavidin, a naturally occurring dimeric protein, has
its L3/4 highly restrained by a disulfide bond linking it to L5/6, resulting in L3/4
being stabilised in a ‘closed’ conformation in both apo- and biotin-bound
rhizavidin (Meir et al., 2009). Rhizavidin, due to its dimeric quaternary
structure, lacks a conserved Trp-120 in the biotin-binding pocket that has
been shown to be crucial for generating SA’s high-affinity binding (Sano and
Cantor, 1995). However, the increased rigidity of L3/4 is thought to
compensate for the lack of this tryptophan residue as rhizavidin is still capable
of high-affinity biotin and biotin-conjugate binding (the Ky of 2-iminobiotin
binding is 2.2 x 107 M for rhizavidin and 1 x 10”7 M for Av) (Meir et al., 2009).
In a similar way, bradavidin Il, a tetrameric biotin-binding protein from
Bradyrhizobium japonicum, lacks the conserved tryptophan crucial for high-
affinity biotin-binding, but yet is capable of high-affinity binding as its L3/4
region is highly constrained due to the presence of a proline residue and a

disulfide bond in L3/4 linking this loop to L5/6 (Helppolainen et al., 2008).

As well as acting as a ‘lid’ against biotin dissociation and contributing to the
high binding affinity, L3/4 also plays a role in biotinyl p-nitrophenyl ester (BNP)
hydrolysis (see Section 1.2.3.1), which some members of the avidin
superfamily are capable of carrying out. The disordered L3/4 in Av is thought
to aid hydrolysis by increasing the solvent accessibility of BNP when bound,

whilst the constrained and ordered L3/4 in AVR4 is thought to impose
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conformational restrictions on BNP, making BNP more vulnerable to
nucleophilic attack (Prizant et al., 2006). Indeed, when L3/4 of AVR4 was
transferred into Av, there was a marked increase in the ability of the resultant

chimeric avidin to hydrolyse BNP (Hayouka et al., 2008).

The decreased flexibility of L3/4 in apo-Tr explains the decreased on-rate of
biotin and biotin-conjugates. However, B factor analysis revealed L3/4 still
possesses some flexibility (the average B factors for this loop region are
considerably higher than the adjacent p-strands), and it is this flexibility that
results in an acceptable biotin on-rate. It is reasonable to assume that if L3/4
did not have this flexibility in the apo-Tr structure, the on-rate would be too low
for most practical applications of Tr. B factor analysis also revealed the
remarkably low B factors for L3/4 in the biotin-Tr structure (L3/4 values were
comparable to those of the adjacent inflexible p-strands), which explains the
extremely low off-rate of Tr. Both hydrogen/deuterium-exchange (Williams et
al., 2003) and isothermal titration calorimetry (Weber et al., 1992) have shown
the decreased flexibility of SA on biotin-binding, and it would be very
interesting to use these techniques to further investigate the change in Tr
flexibility on biotin-binding. In particular, hydrogen/deuterium exchange
analysis at a single residue resolution (Rand et al., 2009) would be extremely

informative.

The altered hydrogen-bonding network in Tr suggested a possible mechanism

for the S52G R53D mutations in Tr to exert their effect on L3/4 flexibility. In

apo-SA with a disordered L3/4, Ser-52 is found hydrogen-bonded across the
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base of the loop region to Ser-45 (as well as to Ala-46). On biotin-binding,
this Ser-52 : Ser-45 hydrogen-bonded interaction is lost, which results in L3/4
becoming stabilised in a ‘closed’ conformation and Ser-45 forming a hydrogen
bond to biotin instead. In Tr, the S52G mutation removes the possibility of
hydrogen bonding to Ser-45, and instead, L3/4 is found in a ‘closed’

conformation in both apo-Tr and biotin-Tr.

Previous crystallographic, biophysical and computational research into the
biotin-SA dissociation pathway suggested that biotin dissociation was initiated
by a water molecule that enters the binding pocket and competes with the
Asp-128 hydrogen bond for binding to an ureido nitrogen in biotin (Freitag et
al., 1999; Grubmuller et al., 1996; Hyre et al., 2002). However, in all wildype
SA-biotin crystal structures available, the Asp-128 hydrogen bond to biotin is
always visible, whilst it is the Ser-45 hydrogen bond that is frequently absent.
Therefore, it is likely that the breakage of the Ser-45 hydrogen bond is the first
event on the biotin dissociation pathway. Once the Ser-45 hydrogen bond to
biotin is lost, an alternative hydrogen-bonding scheme can then arise in SA,
as Ser-45 is capable of bonding to Ser-52 at the other side of the base of
L3/4. This hydrogen-bonding scheme can then cause a conformational
change in L3/4, favouring loop ‘opening’ and biotin dissociation. The S52G
mutation in Tr removes the possibility of this alternative hydrogen-bonding
scheme forming across the base of L3/4, making the rare fluctuations that
lead to L3/4 ‘opening’, and hence biotin dissociation, even less likely to occur.
This is supported by the very recent publication of the crystal structure of a SA

mutant containing the single mutation S52G, in which L3/4 is found stabilised
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in a ‘closed’ conformation in both the apo- and ligand-bound forms
(Magalhaes et al., 2011). As Arg-53 does not directly interact with biotin, one
could speculate that the R53D mutation in Tr aids the S52G mutation by

further reducing L3/4 flexibility.

It has been found that thermophilic proteins have a tendency to have shorter
exposed loop regions than their mesophilic homologues, which acts to lower
the entropy of unfolding (Thompson and Eisenberg, 1999). Also, many
proteins have been shown to have an increased thermal stability when their
conformational flexibility has been reduced and the probability of partial
unfolding events occurring is minimised (Corazza et al., 2006; Rader, 2009;
Wray et al., 1999). Although SA derives from mesophilic bacteria, it is a
highly thermostable protein, and Tr has even higher thermostability. The ~ 10
°C increase in thermostability of Tr compared to SA (Chapter 4) could
contribute to the increased biotin-binding stability of Tr by reducing the
frequency of thermally-induced conformational fluxes that could disrupt
protein structure and lead to dissociation. However, the analysis of the biotin-
binding stability and thermostability of monovalent Tr revealed that the
increased binding stability of Tr is not a result of altered intersubunit
interactions. The demonstration that monovalent Tr has comparable biotin-
conjugate binding stability to tetravalent Tr means that monovalent Tr has the
potential to replace SA (and Tr) in applications where tetravalency causes
problems, such as in single-molecule imaging where tetravalent SA (or Tr)
would give cross-linking (Howarth et al., 2006; Howarth et al., 2008). Also,

divalent and trivalent Tr can be made in the same manner as SA2D2 and
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SA3D1 (Howarth et al., 2006) and these species are anticipated to have
comparable binding stability to Tr (and Tr1D3), thereby further increasing the
utility of Tr to applications where it is necessary to have proteins of defined

valency, such as in nanoassembly (Kesapragada et al., 2010).
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Chapter 6: Conclusions

6.1 A summary of the results of this work

The research presented here has shown that it has been possible to rationally
design a SA mutant capable of more stable biotin-binding than wildtype. This
was previously regarded as a challenging goal, due to the assumption that
SA’s biotin-binding had been optimised by nature and the existence of a large
number of SA mutants (over 200) that had impaired biotin-binding ability.
However, this work highlights that, for SA at least, it is physically possible to
increase the binding stability past that which is biologically relevant (and
hence that which has been selected for by evolution). Taking a rational
mutagenesis approach in this work was time-consuming and rather risky;
indeed, the 19 mutants detailed in Appendix A1 were designed to have more
stable biotin-binding than wildtype SA, but on production and characterisation
were found to have lower biotin and biotin-conjugate binding affinity. These
weaker-binding SA mutants exhibited a wide range of affinities, from only
slightly impaired biotin-binding ability compared to SA, through to dramatically
reduced binding ability. However, these weaker mutants are anticipated to still
be of use in the laboratory, for example, in generating a calibration curve to
dissect force generation by motor proteins (Crozat et al., 2010), and enabling
easier purification of biotinylated molecules of interest by affinity
chromatography. It should be noted, however, that using a directed evolution
method, which is commonly regarded as a robust method in protein

engineering (Romero and Arnold, 2009), would have been difficult as the
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high-affinity biotin-binding would have made selection difficult. Also, selecting
for binding to a particular biotin-conjugate may have resulted in an increased
binding affinity towards that molecule only, and not a general increased
binding stability. Furthermore, there was a large variation in the yields of the
eight higher-stability mutants after refolding, with some mutants being more
susceptible to misfolding than others. These poorly-folding mutants may have
had a decreased likelihood of being present in a library in a directed evolution

approach (Bloom et al., 2006).

Traptavidin, one of the eight SA mutants produced in this study that had a
decreased dissociation rate from B4F (presented in Chapter 3), was
characterised in Chapters 4 and 5. The characterisation in Chapter 4
revealed that in addition to a decreased biotin and biotin-conjugate off-rate,
Tr’s biotin-binding had increased mechanical and thermal stability (Chivers et
al., 2010). However, it was also found that Tr had a decreased biotin and
biotin-conjugate on-rate. Although in Streptomyces avidinii it is assumed that
evolution would favour a SA with a rapid on-rate and slow off-rate, in many
laboratory applications the off-rate is of higher importance than the on-rate. In
these cases, such as when SA is used as a molecular anchor on biosensor
surfaces or arrays, the use of Tr would be advantageous over SA. The
increased thermal and mechanical stability of Tr would also be advantageous
in these applications (in addition to the applications outlined in Chapter 4) as
the increased thermostability of Tr would mean that arrays / sensor chips
would have a longer shelf-life, particularly when stored at room temperature,

which is particularly relevant to point-of-care biosensors being used in
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developing countries, where there is frequently no cold-storage facilities for
the sensor chips / arrays. Also, the increased mechanical stability would
result in less dissociation from the array / sensor as a result of fluid flow

across the surface (Pierres et al., 2002).

The crystal structures presented in Chapter 5 helped shed light on the origins
of the increased biotin-binding stability in Tr and the role played by the S52G
R53D mutations in Tr. The S52G mutation, found in the second shell of
hydrogen-bonding residues in the binding pocket, alters the hydrogen-bonding
network, which affects L3/4 conformation (Chivers et al., 2011; Magalhaes et
al.,, 2011). The R53D mutation, however, is neither in the binding-pocket nor
in the hydrogen-bonding network, and so it is hypothesised that R53D acts to
further reduce the flexibility of L3/4. This rather nebulous role of the R53D
mutation is not unexpected, however, as it is already known that mutations
distant from a protein’s binding site can still have an effect on function

(Shimotohno et al., 2001).

It is hoped that the work detailed in this study will be built upon in future to
produce a family of SA mutants, having varied characteristics (such as altered
kinetics, specificity, valency, thermal and mechanical stability), but with each
member being ideally suited to its particular application, and together forming

a SA ‘toolbox’ for biotechnology.
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6.2 Streptavidin’s future prospects

Although SA and Tr both possess characteristics that make them very good
biotin-binding proteins (such as a rapid on-rate, slow off-rate and low non-
specific binding), there are opportunities for improving them even further.
Previous work by others has involved reducing SA’s non-specific in vivo
binding (Murray et al., 2002; Wilbur et al., 2004) and immunogenicity
(Marshall et al., 1996), in addition to achieving controlled biotin binding and
release (Ding et al., 2001; Stayton et al., 1999). | undertook some provisional
work towards increasing the utility of SA / Tr, and Appendix A2 outlines efforts
towards increasing the ease and yield of recombinant expression, which is a
major consideration if a protein is to become a widely-used biotechnological

tool.

As well as producing novel SA mutants with a variety of characteristics to
expand the utility of the SA-biotin interaction, it is hoped that future research
will address two key questions: firstly, whether it is possible to produce a SA
monomer possessing the characteristic biotin-binding stability of wildtype SA,
or even Tr; and secondly, whether an increased biotin-binding stability and
decreased off-rate will always be accompanied by a decrease in on-rate.
Mutation of the interface residues in the SA tetramer has produced
monomeric SA (detailed in Chapter 1) but the loss of the conserved Trp-120
(which is donated by the neighbouring subunit in the tetramer) means the
biotin-binding pocket is incomplete in monomeric SA, dramatically lowering
the biotin-binding affinity (Wu and Wong, 2005, 2006). Provisional

experiments have suggested it could be possible to ‘rescue’ the biotin-binding
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affinity of monomeric SA by incorporation of the Tr mutations S52G R53D,
and it is hoped that future research will investigate the feasibility of this. In
support of this, when the S52G mutation was introduced into a mutant SA
protein which had increased desthiobiotin-binding stability but decreased
biotin-binding stability, the new S52G-containing mutant had higher biotin-
binding stability, increasing the biotin half-life six-fold (Levy and Ellington,
2008). Also, a survey of other members of the avidin superfamily (detailed in
Chapters 1 and 5) reveals that rhizavidin is capable of high-affinity biotin-
binding despite being a dimer and lacking the conserved binding-pocket
residue Trp-120 (Helppolainen et al., 2007). This has been attributed to L3/4
being physically constrained by a disulfide bond, which is thought to
compensate for the lack of the conserved tryptophan residue (Meir et al.,
2009). It would be very interesting, therefore, to investigate whether
restraining the conformation of a SA mutant monomer with disulfide bonds
would reduce the conformational fluxes that lead to biotin dissociation,
thereby increasing the stability of biotin-binding. It is possible that a
conformationally-restricted monomer would have a binding pocket that was
less accessible to biotin and hence a decreased on-rate, but it would be
interesting to investigate whether compensating mutations could be
introduced in the periphery of the binding pocket to, for example, increase the
on-rate through electrostatic steering. Increasing the electrostatic attraction
between an antibody fragment and its antigen by mutation of antibody
residues has already been used to increase the on-rate of the interaction

(Marvin and Lowman, 2003).
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| have also conducted some provisional work into expressing SA and Tr as
single-chain dimers, and it is hoped this work will be continued in the future.
Having two, and ultimately four subunits, joined in one polypeptide chain will
increase the utility of SA as a scaffold, as the subunits can then be
independently mutated to generate a completely defined tetramer, which
would, for example, enable genetic encoding of controlled valency tetramers.
Currently, the introduction of a mutation into the primary sequence of SA
results in the mutation being present in all four subunits, or, if a mixed-refold
method is used to generate the protein (Howarth et al., 2006), a mixture of
homo- and hetero- mutant tetramers. The use of intersubunit linkers to create
the single-chain dimer / tetramer could also increase the stability of the
resultant protein, by reducing conformational flux in the tetramer. This has
already been demonstrated in a higher-stability SA mutant with intersubunit
crosslinks (Reznik et al., 1996). A single-chain tetravalent avidin has already
been produced (Nordlund et al., 2005a), which should encourage SA
engineering efforts to produce a spatially and stoichiometrically defined

tetramer.

Although there is already sufficient knowledge to enable computational (Das
and Baker, 2008) and structure-guided (Holm et al., 2009) design of protein-
ligand interactions at the micromolar and nanomolar level, the factors
responsible for generating picomolar and femtomolar affinities are less well
documented (Midelfort et al., 2004). Indeed, the mutations in Tr responsible
for its increased biotin-binding stability are found not in the first shell of

binding-site residues directly hydrogen-bonded to biotin, but in the second
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shell of residues (hydrogen-bonded to the residues in the first shell), which
contributes to the difficulty in optimising this high-affinity interaction
computationally. It is hoped that the production and characterisation of Tr
presented in this thesis, in addition to future characterisation by isothermal
titration calorimetry and hydrogen/deuterium-exchange with a single-residue
resolution, will contribute to illuminating the molecular origins of extreme-
affinity interactions. This would have implications for the rational design of
high-affinity protein interactions, such as the design of drugs with improved

efficacy.
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Appendix A1: Biotin-4-fluorescein binding data for all

streptavidin mutants made in this study

As a rapid and facile initial screen of all SA mutants produced, the biotin-4-
fluorescein (B4F) off-rate was measured at 37 °C over 10 hours (detailed
method given in Section 3.2.3) to visualise biotin-conjugate binding stability. A
total of 27 SA mutant proteins were made in this study using rational site-
directed mutagenesis. These can be subdivided into eight mutants with
higher stability biotin-conjugate binding than wildtype SA (which were
characterised further in Chapters 3, 4 and 5 of this thesis) (Figure 73), five
mutants with a comparable or slightly impaired binding ability (Figure 74), and
14 mutants with a greatly decreased biotin-conjugate binding ability (Figure
75). A summary of the B4F data and brief explanation of the rationale behind

the production of the mutants is given in Table 22.
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Figure 73. BA4F off-rate data for the eight higher-stability SA mutants
and wildtype SA. Means of triplicate experiments plotted. For clarity, error
bars have been omitted (see Chapter 3 for data with error bars). Assay
conducted in PBS with 0.12 mg/mL BSA at 37 °C.
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Figure 74. BA4F off-rate data for the five SA mutants with comparable
binding-stability to wildtype SA. Means of triplicate experiments plotted.
For clarity, error bars have been omitted, but all were less than 2 %. Assay
conducted in PBS with 0.12 mg/mL BSA at 37 °C.
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B4F dissociation (%)
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Figure 75. B4F off-rate data for the fourteen weaker-stability SA mutants
and wildtype SA. Means of triplicate experiments plotted. For clarity, error
bars have been omitted, but were all less than 6 %. Assay conducted in PBS
with 0.12 mg/mL BSA at 37 °C.
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Protein Rationale for Dissociation
mutations of B4F after
10 hr at 37 °C
(% +£1s.d.)
Wildtype SA n/a 12.6 £ 0.6
Higher-stability mutants
S52G Proximity to L3/4 & biotin 3.9+0.8
S112D Proximity to biotin’s valeryl group 71+£22
S52G R53D Proximity to L3/4 & biotin 2621
S52G R53N Proximity to L3/4 & biotin 7.2+1.1
S52G R53S Proximity to L3/4 & biotin 43+0.2
S52G R53T Proximity to L3/4 & biotin 51+0.1
S52G S112D Proximity to L3/4 & biotin 3.6+0.9
S52G R53S S112D Proximity to L3/4 & biotin 22+0.7
Comparable stability to wt SA
R59H Possible role in cell binding 93+£0.5
R59K Possible role in cell binding 11.3+£1.8
H87G On L5/6; close to biotin valeryl 10.3+0.5
S112N Proximity to biotin’s valeryl group 13.2+1.6
K134A Possible role in cell binding 8.3+04
Lower-stability mutants
G48D On L3/4; proximity to biotin 79.3+1.5
G48D S52T On L3/4; proximity to biotin 923+£5.9
N49D Asn-49 H-bonded to biotin; on L3/4 22.9 +0.3
N49D S112D On L3/4; close to biotin valeryl 85.2+0.8
N49E Asn-49 H-bonded to biotin; on L3/4 22.5+0.9
A86D On L5/6; close to biotin valeryl 23.3+£0.9
A86D H87G On L5/6; close to biotin valeryl 14.7£0.9
A86D S112D On L5/6; close to biotin valeryl 524 +£13
A86S On L5/6; close to biotin valeryl 26.7£0.5
S88D Ser-88 H-bonded to biotin 548 £2.7
S88E Ser-88 H-bonded to biotin 86.3+1.4
L110D Close to biotin’s valeryl group 495+ 3.1
L110E Close to biotin’s valeryl group 540+1.3
S112E Proximity to L7/8 & biotin 281+£1.0

Table 22. Summary of B4F dissociation data and rationale for making
each mutant. B4F dissociation was measured at 37 °C over 10 hours using
the method described in Chapter 3. Mean percentage dissociation of triplicate
experiments shown + 1 s.d. L3/4, loop connecting p-strands 3 and 4. L5/6,
loop connecting B-strands 5 and 6. L7/8, loop connecting p-strands 7 and 8.
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Appendix A2: Optimising streptavidin / traptavidin

expression and purification protocols

A2.1 Introduction

A2.1.1 Streptavidin expression systems

SA is most frequently recombinantly expressed in bacteria, with E. coli being the
favoured species (Miksch et al., 2008; Sano and Cantor, 1990; Sano et al.,
1995; Sorensen et al., 2003; Thompson and Weber, 1993). This can be
explained by the ease with which one can genetically manipulate E. coli, as well
as the low cost and ease of large-scale culturing of the bacteria and its rapid
protein expression (Francis and Page, 2010). The most commonly encountered
bacterial SA expression systems are detailed below. However, it should be
noted that SA has been expressed in other host cells, including: the Gram-
positive bacteria Bacillus subtilis (Nagarajan et al., 1993); the native producer
Streptomyces avidinii (Kolomiets and Zdor, 1998), which is often used in large-
scale industrial expression systems; baculovirus-infected Sf9 insect cells

(Laitinen et al., 1999); and tobacco and apple plants (Markwick et al., 2003).
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A2.1.1.1 Expression in bacteria

‘Core’ SA (residues 13-139), consisting of SA with truncated N and C termini, is
the favoured construct used for expression in bacteria (Pahler et al., 1987). The
full-length protein has reduced biotin-binding ability (Bayer et al., 1989; Pahler et
al.,, 1987), possibly due to residues at the C terminus folding back and
occupying the biotin-binding site (Le Trong et al., 2006), as well as a higher
tendency to aggregate (Sano et al., 1995). The most common expression
system for SA used in a research setting, recombinant expression of core-SA in
E. coli, leads to the accumulation of SA as insoluble aggregates (inclusion
bodies) in the cytoplasm of the cells (Sano and Cantor, 1990). This is
advantageous, as when sequestered into inclusion bodies, SA cannot bind
biotin, an essential vitamin needed for cell survival. If SA remained soluble
within the cell and able to bind biotin and biotinylated enzymes, SA expression
would be toxic to the host cell. However, insoluble expression of SA into
inclusion bodies does have its disadvantages. In order to purify SA, inclusion
bodies have to be solubilised with a strong denaturant, commonly with 6 M
guanidine hydrochloride at low pH (pH ~ 1.5), which also denatures the SA
contained within them (Howarth and Ting, 2008; Sano and Cantor, 1990). SA
then has to be refolded by removing the denaturant, commonly either by rapidly
reducing the denaturant concentration by dilution into refolding buffer, or slowly
reducing the denaturant concentration by dialysis (Vallejo and Rinas, 2004).
This process is very time- and labour-intensive, with the success of the refolding
step having a considerable impact on the final protein yield. For these reasons,
it is desirable to have an expression system that gives soluble expression of SA

in bacterial cells.
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A2.1.1.1.1 Soluble expression in bacteria

As E. coli expression of SA in most expression systems results in the formation
of inclusion bodies, the Gram-positive B. subftilis was investigated as an
alternative host cell for recombinant expression (Nagarajan et al., 1993). Using
this expression system, yields of 20 mg/L were achieved. However, expensive
biotin-free minimal media was needed for the cultures, which were typically
grown for long time periods (~ 12 hours). The SA protein produced in this way
contained a N-terminal signal peptide for secretion into the growth medium and
was a mixture of different length SA species, due to partial processing at the N
and C termini. However, this B. subtilis expression system utilising a SA N-
terminal signal peptide has recently been used to achieve soluble expression of

SA mutants (Wu and Wong, 2005).

The native producer S. avidinii has been utilised for soluble SA expression,
particularly in commercial settings, as it can give very high SA concentrations
(Kolomiets and Zdor, 1998). However, the productivity of this system is very low
compared to E. coli, as a result of the more complex genetic manipulation
protocols for S. avidinii, as well as its longer generation time (Payne et al.,

1990).

In E. coli BL21 (DE3) pLysS cells, soluble expression of SA has been achieved
using a cold shock vector expression system, giving a yield of 10 mg/L
(Matsumoto et al., 2011). However, it should be noted that the SA being

expressed had a pentapeptide tag at the C terminal, and the yield achieved is
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comparable to the yields reported earlier in this work of insoluble higher-affinity

SA mutants purified by refolding.

The 12 residue T7 tag has also been fused to the N-terminal of core-SA in order
to increase its solubility when expressed in E. coli (Gallizia et al., 1998). This
system was reported to give yields of 70 mg/L, but others failed to reproduce
this, instead finding leaky expression prior to induction led to cell death
(Humbert et al., 2008). The T7 tag has also been utilised, together with highly
optimised and tightly controlled expression conditions (using a fermentor), to
give impressive yields of 100-120 mg/L (Humbert et al., 2008). However, the
complex experimental set-up and tightly-regulated expression conditions may
not encourage researchers to attempt to express and purify SA themselves in
this way, although this method should still be attractive to commercial
companies who are already familiar with large-scale protein expression

systems.

A very simple soluble SA expression system giving impressive yields was
reported by Sorensen and coworkers (Sorensen et al., 2003). They investigated
the effect of different solubility partners on the soluble yield of SA, testing the 40
kDa maltose-binding protein (MBP), the 55 kDa transcription anti-termination
factor protein NusA and three permutations of the N-terminal region of initiation
factor 2 protein (IF2) as N-terminal fusions for Hise-tagged SA. MBP (Kapust
and Waugh, 1999) and NusA (Davis et al., 1999) have previously been shown to
promote correct folding and greatly increase the solubility of recombinant

proteins expressed in E. coli, but Sorensen et al. were the first to demonstrate
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the use of IF2 as a solubility partner. The N-terminal region of E. coli IF2 protein
is composed of three domains: domain | (residues 1 to 158), which has been
structurally characterised by NMR (Laursen et al., 2003), is thought to account
for the high solubility of the IF2 protein and has some resistance to SDS
denaturation (as it does not migrate according to its weight on SDS-PAGE);
domain Il (residues 159 to 290), which has a less ordered structure and also has
some resistance to SDS denaturation; and domain Il (residues 291-390), which
also has a less ordered structure (Sorensen et al., 2003). The various SA-
fusion proteins were overexpressed in both BL21 (DE3) cells (expression at 37
°C for 3 hours) and C41 (DE3) cells (expression at 20 °C for 5 hours) and the

expression data is shown in Table 23.

Fusion Molecular Soluble expression in:
Partner weight BL21 at 37 °C for 3 hr: C41 at 20 °C for 5 hr:
(kDa) % mg nmol % mg nmol
MBP 229.6 82 58 253 67 25 109
NusA 284 84 290 1021 81 15 53
IF2 1to Il 237.6 29 91 383 74 74 311
IF21toll 193.6 40 102 527 68 89 460
IF2 1| 114.8 47 107 932 86 96 836

Table 23. Expression data from SDS-PAGE densitometry data (Sorensen
et al., 2003). The figures refer to 1 L of bacterial culture or 3-5 g wet weight of
cells. Permission obtained (Copyright Clearance Centre License number:
2751301252690).
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The soluble fractions from expression trials of the five solubility partners shown
in Table 23 were also analysed for ease of isolation using Hise affinity

chromatography and biotin-binding ability (Figure 76).
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Figure 76. Isolation of protein (left) and biotin-binding ability (right) of the
soluble fraction from BL21 (DE3) cells (dots) and C41 (DE3) cells (hashes)
expressing various SA-fusion proteins (Sorensen et al., 2003). Permission
obtained (Copyright Clearance Centre License number: 2751301252690).

These analyses revealed that there were some discrepancies between the
expression levels indicated by SDS-PAGE densitometry data and the amount of
active, soluble protein that could be purified. For instance, the NusA fusion
partner generated very favourable expression data, but could not be purified by
nickel immobilised metal affinity chromatography (IMAC) chromatography and
had low biotin-binding ability, indicating that a large amount of the soluble NusA-
SA protein was inactive. The researchers concluded that the most favourable

SA solubility partner is domain | of IF2 (Sorensen et al., 2003).
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A2.1.2 Aim of this chapter

For a protein to become a standard tool in biotechnology, as is hoped will be the
case for Tr, scientists should be able to obtain large quantities of the protein
cheaply and easily, either by producing it themselves or purchasing it from a
commercial source. The current method for expression of Tr involves insoluble
expression in E. coli, leading to accumulation at high concentration in inclusion
bodies within the bacteria. The purification of protein from these inclusion
bodies results in high-purity preparations with little contaminating proteins, but

the protocol is extremely time-consuming and labour-intensive.

Soluble bacterial expression would result in a more rapid and facile production
of large quantities of Tr, and indeed is the method used for commercial, large
scale SA production. Therefore, the feasibility of using soluble Tr expression
and a simple purification protocol was investigated in this chapter. The plasmid
encoding the IF2 domain | fused to SA was acquired from K. Mortensen, and
expression and purification trials of IF2-SA were undertaken. Site-directed
mutagenesis was then used to introduce the Tr mutations S52G R53D into IF2-
SA, producing IF2-Tr. Extensive expression and purification trials of IF2-Tr were

then undertaken, finally resulting in the production of core-Tr.
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A2.2 Materials and methods

A2.2.1 IF2-SA plasmid

The pET-15b-I-SA plasmid was a kind gift from K. Mortensen, University of
Aarhus. This plasmid encoded domain | of Initiation Factor 2 (IF2) (158 aa)
fused to the N terminal of SA, and is hereafter called IF2-SA. The sequence

was confirmed by sequencing with T7F and T7R primers (see Table 24).

A2.2.2 Expression trials of IF2-SA

The IF2-SA plasmid was subcloned into three E. coli expression strains
according to the manufacturer’s protocol (see Table 25 for details): BL21 (DE3)
RIPL cells (Agilent Technologies, UK); BL21 (DE3) pLysS cells (Agilent
Technologies, UK); and B834 (DE3) pLysS cells (EMD Chemicals, UK).
Transformants were selected on 2x TY agar plates (1.6 % tryptone, 1 % yeast
extract, 0.5 % NaCl, 1.5 % agar) supplemented with 100 pg/mL ampicillin (Amp)
and 25 pg/mL chloramphenicol (Cam). Individual freshly-grown colonies were
picked and used to inoculate 12 mL 2x TY+Amp+Cam media, incubated at 30
°C overnight. These starter cultures were then diluted 1:100 into large-scale 2x
TY+Amp+Cam cultures, which were grown to ODgyo 0.8 at 37 °C, induced with
0.5 mM IPTG and incubated for a further 3 hr at 37 °C. Cells were then
harvested by centrifugation at 7,500 g for 15 min at 4 °C and pellets stored at -

80 °C until induction was confirmed on 18 % SDS-PAGE.
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A2.2.3 Ni-NTA purification of soluble IF2-SA from BL21 (DE3) RIPL cells

The cell pellet from a 750 mL culture was thawed and resuspended in 10 mL
300 mM NacCl, 50 mM Tris, 0.1 mM phenylmethylsulfonyl fluoride (PMSF) in
Complete Protease Inhibitor Cocktail (Roche, UK) and then sonicated for 3 min
pulsed on ice at 40 % amplitude on a Sonics Vibra-Cell sonicator. Following
centrifugation at 17,000 g for 15 min at 4 °C, the soluble fraction (supernatant)
was incubated with Qiagen Ni-NTA Superflow resin (which was equilibrated in
300 mM NaCl, 50 mM Tris pH 7.8) for 1 hour at 4 °C. The resin was then
isolated by centrifugation, washed with 300 mM NaCl, 50 mM Tris, 30 mM
imidazole pH 7.8 and then added to a poly-prep column (Bio-Rad) for elution
with 5 mL 300 mM NaCl, 50 mM Tris, 200 mM imidazole pH 7.8. The eluate was
then dialysed three times against PBS and protein concentration determined
from the absorbance at 280 nm (a 1 mg/mL solution of IF2-SA has a predicted
Aogy 0f 1.144 according to ProtParam (Gasteiger et al., 2005)). At each stage of

the purification process, samples were taken for 8 % SDS-PAGE analysis.

A2.2.4 Enzymatic digestion of IF2-SA

Elastase (~ 26 kDa) and thermolysin (~ 35 kDa) are endopeptidases that can
digest a wide variety of protein substrates. To test their ability at digesting IF2-
SA to produce core-SA, 100 yL of 5 uyM IF2-SA in 50 mM Tris pH 8 was
digested in duplicate with elastase (isolated from porcine pancrease, supplied
by Sigma, UK), thermolysin (isolated from Bacillus thermoproteolyticus rokko,
supplied by Sigma, UK) or both enzymes, in a 1:50 w/w protease to protein
ratio. Digests were incubated at the desired temperatures (37 °C for elastase

and both 37 °C and 50 °C for thermolysin) for the indicated time periods (2
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hours and overnight) and then boiled in SDS loading buffer and run on 18 %

SDS-PAGE.

A2.2.5 Enzymatic digestion of soluble fraction of IF2-SA cell pellet

The cell pellet from a 750 mL IF2-SA culture was thawed and resuspended in 10
mL 50 mM Tris pH 8 and then sonicated for 3 min pulsed on ice at 40 %
amplitude on a Sonics Vibra-Cell sonicator. Following centrifugation at 15,000 g
for 15 min at 4 °C, the soluble fraction (supernatant) was incubated with 0.2 mg

of elastase at 37 °C overnight.

A2.2.6 2-iminobiotin affinity chromatography of core-SA from IF2-SA digest
The pH of the elastase-digested soluble fraction of the IF2-SA cell pellet was
adjusted to pH 11 using 1 M Na;HPO4 pH 11 buffer. 2 mL of a 50 % slurry of 2-
iminobiotin-agarose (Sigma, UK), which was equilibrated in 50 mM Naz;HPOy4,
0.5 M NaCl pH 11, was then added to the digest and incubated at 4 °C for 1
hour. The resin was then isolated by centrifugation, washed with 50 mM
Naz;HPO4, 0.5 M NaCl pH 11 and then added to a poly-prep column (Bio-Rad,
UK) for elution with 3 mL 50 mM sodium acetate pH 4. The eluate was then
dialysed three times against PBS and protein concentration determined from the
absorbance at 280 nm (a 1 mg/mL solution of streptavidin has Ay of 3.129

according to ProtParam (Gasteiger et al., 2005)).
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A2.2.7 Site-directed mutagenesis to make IF2-Tr

The IF2-SA plasmid was used as the template DNA for site-directed
mutagenesis, to introduce the Tr mutations S52G R53D into the SA sequence.
Appropriate primers were designed to introduce the mutations into the SA
sequence. All DNA oligonucleotides used in this study were synthesised by
Invitrogen (Paisley, UK) and sequences given in Table 22. PCR was carried out
in 25 pL reactions in a Bio-Rad DNA Engine® Peltier Thermal Cycler (Hemel
Hempstead, UK) using KOD DNA polymerase (EMD Chemicals, UK). A typical

reaction would contain the following:

Purified IF2-SA template plasmid 5ng
IF2-TR Forward primer 10 pmol
IF2-TR Reverse primer 10 pmol
10x KOD reaction buffer 2.5 uL
MgSO, 1.5 uL
10 mM dNTPs 2.5 L
KOD DNA polymerase 0.5 uL
ddH.0 to 25 pL

Typical reaction conditions would be 95 °C for 3 minutes, followed by 20 cycles
of 95 °C for 20 s, 64 °C for 30 s and 68 °C for 4 minutes. 5 uL of the amplified
reaction mixture underwent 0.7 % (w/v) agarose gel electrophoresis at 130 V in
TAE buffer (40 mM Tris acetate, 1 mM EDTA pH 8.2) and PCR products were
detected by ethidium bromide staining. 10 pL of the amplified reaction mix was
digested with 10 units of Dpnl (New England Biolabs, UK) at 37 °C for 2 hours to
digest methylated and hemimethylated DNA. 4 uL of the digested mixture was

then transformed into competent E. coli XL1-Blue cells according to the
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manufacturer’s protocol and transformants selected for on Luria Broth (LB) agar
plates (1 % tryptone, 0.5 % yeast extract, 1 % NaCl, 1.6 % agar) supplemented
with 100 pg/mL ampicillin (Amp). Individual colonies were picked and used to
inoculate 12 mL of LB containing 100 pug/mL Amp, which was cultured overnight
at 37 °C in a shaking incubator. Cells were then harvested by centrifugation at
4,000 g for 5 minutes and DNA extracted using a Qiagen Miniprep kit (Valencia,
CA). Sequences were confirmed by sequencing with T7 forward and reverse

primers (Table 24) by Geneservice Ltd., UK.

A2.2.8 IF2-Tr expression trials

Small-scale expression trials were conducted in order to identify the optimal
conditions for soluble production of the correctly-folded IF2-Tr tetramer. The
expression conditions tested are given in Table 24. Briefly, the IF2-Tr plasmid
was subcloned into two E. coli expression strains according to the
manufacturer’'s protocol: BL21 (DE3) RIPL cells and B834 (DES3) pLysS cells
(see Table 25 for details). Transformants were selected on either 2x TY agar
plates (1.6 % tryptone, 1 % yeast extract, 0.5 % NaCl, 1.5 % agar) or LB agar
plates (1 % tryptone, 0.5 % yeast extract, 1 % NaCl, 1.6 % agar) (depending on
the culture medium being tested), both supplemented with 100 ug/mL Amp and
25 pg/mL Cam. Individual freshly-grown colonies were picked and used to
inoculate 12 mL of the appropriate media (either 2x TY+Amp+Cam or
LB+Amp+Cam) and incubated at 30 °C overnight. These starter cultures were
then diluted 1:100 into 200 mL small-scale expression cultures, in the
appropriate media. Cultures were grown at 37 °C until the induction O.D. was

reached, when expression was induced according to the conditions in Table 26.
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After induction, cells were then harvested by centrifugation at 7,500 g for 15 min
at 4 °C and pellets stored at -80 °C until induction was confirmed on 6 % SDS-

PAGE (unboiled samples).

A2.2.9 Optimised IF2-Tr expression and purification

Following expression trials, the IF2-Tr plasmid was subcloned into B834 (DE3)
pLysS cells according to the manufacturer’s protocol. Transformants were
selected for on 2x TY agar plates supplemented with 100 uyg/mL Amp and 25
pg/mL Cam. Individual freshly-grown colonies were picked and used to inoculate
12 mL 2x TY+Amp+Cam media containing 0.8 % glucose, incubated at 30 °C
overnight. These starter cultures were then diluted 1:100 into large-scale 2x
TY+Amp+Cam cultures, which were grown to ODgpo 0.9 at 37 °C, induced with
0.5 mM IPTG and incubated for a further 3 hr at 37 °C. Cells were then
harvested by centrifugation at 7,500 g for 15 min at 4 °C and pellets stored at -

80 °C until induction was confirmed on 18 % SDS-PAGE.

A2.2.10 Ni-NTA purification of soluble IF2-Tr from B834 (DE3) pLysS cells

The cell pellet from a 750 mL culture was thawed and resuspended in 10 mL
300 mM NaCl, 50 mM Tris, 0.1 mM phenylmethylsulfonyl fluoride (PMSF) in
Complete Protease Inhibitor Cocktail (Roche, UK) and then sonicated for 3 min
pulsed on ice at 40 % amplitude on a Sonics Vibra-Cell sonicator. Following
centrifugation at 17,000 g for 15 min at 4 °C, the soluble fraction (supernatant)
was incubated with Qiagen Ni-NTA Superflow resin (which was equilibrated in
300 mM NaCl, 50 mM Tris pH 7.8) overnight at 4 °C. The resin was then

isolated by centrifugation, washed with 300 mM NaCl, 50 mM Tris, 10 mM

229



Appendix A2

imidazole pH 7.8 and then added to a poly-prep column (Bio-Rad) for elution
with 5 mL 300 mM NaCl, 50 mM Tris, 200 mM imidazole pH 7.8. The eluate was
then dialysed three times against PBS and protein concentration determined
from the absorbance at 280 nm (a 1 mg/mL solution of IF2-SA has a predicted
Aogy 0f 1.144 according to ProtParam (Gasteiger et al., 2005)). At each stage of

the purification process, samples were taken for 6 % SDS-PAGE analysis.

A2.2.11 Enzymatic digestion of soluble fraction of IF2-Tr cell pellet

The cell pellet from a 750 mL IF2-Tr culture was thawed and resuspended in 10
mL 50 mM Tris pH 8 and then sonicated for 3 min pulsed on ice at 40 %
amplitude on a Sonics Vibra-Cell sonicator. Following centrifugation at 15,000 g
for 15 min at 4 °C, the soluble fraction (supernatant) was incubated with 0.2 mg
of elastase at 37 °C overnight. At each stage, samples were taken for 8 %

(unboiled samples) and 18 % (boiled samples) SDS-PAGE analysis.

Name Sequence (5’ - 3')

T7F TAATACGACTCACTATAGGG

T7R GCTAGTTATTGCTCAGCGG

IF2-TR F GGCAACGCCGAGGGTGACTACGTCCTGACCGGTCG
IF2-TR R CGACCGGTCAGGACGTAGTCACCCTCGGCGTTGCC

Table 24. DNA oligonucleotides used in this study.

230



Appendix A2

Bacterial strain Description Antibiotic resistance

BL21 (DE3) RIPL General purpose expression host  Chloramphenicol®
BL21 (DE3) pLysS  High-stringency expression host Chloramphenicol?
B834 (DE3) pLysS  Protease-deficient expression host Chloramphenicol®

Table 25. Bacterial strains used in this study.

Culture Bacterial strain Media Induction conditions:
ID O.D. [IPTG] Temp Time
(mM) (°C) (hr)

First round of IF2-Tr expression trials

A BL21 (DE3) RIPL LB 0.5 0.5 30 3
B B834 (DE3) pLysS LB 0.5 0.5 30 3
C BL21 (DE3) RIPL LB 0.5 0.2 30 O/N
D BL21 (DE3) RIPL LB 0.5 0.05 30 O/N
E BL21 (DE3) RIPL LB 0.5 0.5 30 6
F BL21 (DE3) RIPL LB 0.5 0.5 30 O/N
G BL21 (DE3) RIPL 2TY 0.5 0.5 30 3
H BL21 (DE3) RIPL LB 0.7 0.5 30 3
I BL21 (DE3) RIPL LB 0.9 0.5 30 3
J BL21 (DE3) RIPL LB 0.5 0.5 25 O/N
K BL21 (DE3) RIPL LB+10 mM Imid 0.5 0.5 30 3
L BL21 (DE3) RIPL LB+1 mMImid 0.5 0.5 30 3
Second round of IF2-Tr expression trials

A B834 (DE3) pLysS LB 0.5 0.5 30 3
B B834 (DE3) pLysS 2TY 0.9 0.5 30 3
C B834 (DE3) pLysS 2TY 1.3 0.5 30 3
D B834 (DE3) pLysS 2TY 0.9 1.0 30 3
E B834 (DE3) pLysS 2TY 0.9 0.5 37 3

Table 26. IF2-Tr expression conditions investigated. All cultures were
grown with ampicillin and chloramphenicol at 37 °C to induction O.D.
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A2.3 Results

A2.3.1 Expression of IF2-SA

The plasmid encoding domain | of IF2 fused to the N-terminal of SA (hereafter
called IF2-SA) was transformed into three E. coli strains for small-scale
expression trials; BL21 (DE3) RIPL, B834 (DE3) pLysS and BL21 (DE3) pLysS.
The cultures were grown at 37 °C until an O.D. of 0.8, followed by induction for 3
hours at 37 °C with 0.5 mM IPTG. These conditions are considered the least
favourable conditions for soluble expression. All three bacterial strains gave

strong induction (Figure 77). IF2-SA was then purified from BL21 (DE3) RIPL

cells.

IPTG IPTG IPTG
kDa -+ kDa - + kDa -+
70 NS 70 + & 70 -

55 + .. 55 | 55 |
40 1 40 T E 40 T —
35 E 35 35 I:
25 + 25 25
15 + 15 + 15 +
BL21 (DE3) BL21 (DE3) B834 (DE3)
RIPL pLysS pLysS

Figure 77. A three-hour induction with IPTG at 37 °C gave strong induction
of IF2-SA in BL21 (DE3) RIPL cells (left), BL21 (DE3) pLysS cells (middle)
and B834 (DE3) pLysS cells (right). Samples of IF2-SA expression cultures
before and after IPTG induction were boiled with 6x SDS loading buffer and run
on 18 % SDS-PAGE. The band corresponding to monomeric IF2-SA (due to
boiling before SDS-PAGE) is highlighted.
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A2.3.2 Purification of IF2-SA from BL21 (DE3) RIPL cells
Although far too much protein was loaded onto the SDS-PAGE gel, it appears
that at least half of the total protein expressed in BL21 (DE3) RIPL cells is

soluble (Figure 78).

Tot Sol Ins

kDa
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40 —
35
25

15 —
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Figure 78. A substantial fraction of the total IF2-SA protein expressed in
BL21 (DE3) RIPL cells is soluble. Expression was induced with IPTG for 3
hours at 37 °C. After cell lysis by sonication and centrifugation, the soluble (sol)
and insoluble (ins) fractions were boiled with SDS loading buffer and then run on
18 % SDS-PAGE, to compare to the total protein present (tot).
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Ni-NTA purification was then carried out on the soluble IF2-SA protein (Figure
79), revealing that the Ni-NTA capture of IF2-SA was highly inefficient. Also,
quite a large amount of IF2-SA was lost on washing with 30 mM imidiazole-
containing buffer. On elution, the purified IF2-SA gave multiple bands on the
gel, suggesting the washing steps were not sufficient to remove all

contaminating proteins from the sample.

kDa FT W P kDa FT W P
— | IF2-SA
%g + =W tetramer 1%8 |
100 100
70 7% 70 T
55 1w . 55 L
40 40 W IF2-SA
351+ 35 |- monomer
25 o5 |
Unboiled Boiled

Figure 79. Ni-NTA purification of soluble IF2-SA from BL21 (DE3) RIPL
cells resulted in a large amount of IF2-SA being present in the flow-
through (FT) and 30 mM imidiazole wash (W). 18 % SDS-PAGE with
unboiled samples (left) and samples boiled in SDS loading buffer prior to loading
(right). Bands corresponding to IF2-SA are highlighted. In the unboiled
samples (left), IF2-SA does not migrate according to its molecular weight, in
agreement with earlier observations (Sorensen et al., 2003). The final purified
protein (P) gave multiple bands on the gel, indicating more stringent washing
steps are needed in the purification protocol.

The final yield of soluble IF2-SA from BL21 (DE3) RIPL cells using Ni-NTA

purification was 10 mg/L.
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A2.3.3 Enzymatic digestion of IF2-SA

The endopeptidases elastase and thermolysin were tested for their ability to
digest purified IF2-SA. Due to the resistance of SA to proteolytic digestion, it
was hypothesised that non-specific proteolytic digestion of IF2-SA by elastase
or thermolysin would liberate core-SA. A two-hour incubation of IF2-SA at 37 °C
with the enzymes, individually and in combination, revealed this hypothesis was

correct, with core-SA being produced (Figure 80).

IF2-SA [F2-SA |F2-SA
kDa IF2-SA Core +E +T +E+T
ol EWE
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—Elastase
15 |
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10

Figure 80. Enzymatic digestion of IF2-SA with elastase (E) and
thermolysin (T) generates core-SA. Enzymes were incubated with IF2-SA for
2 hours at 37 °C. All samples were boiled with SDS loading buffer before 18 %
SDS-PAGE. For comparison, core-SA purified from inclusion bodies was also
boiled with SDS loading buffer and run on 18 % SDS-PAGE.
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The effect of increasing the digestion period to overnight at 37 °C and increasing
the incubation temperature for thermolysin digestion to 50 °C was then
investigated (Figure 81). This revealed that overnight digestion gave a stronger
band corresponding to core-SA than two-hour digestion (Figure 80), suggesting
that a longer incubation period could increase the yield of core-SA from IF2-SA
digestion. The core-SA bands from overnight digestion with thermolysin at 50
°C appeared slightly weaker than the 37 °C digests. However, digestion with
elastase, thermolysin and both enzymes at 37 °C all appeared to give equally
strong bands for core-SA on SDS-PAGE. Therefore, it was decided that

overnight digestion at 37 °C with elastase would be used for future purifications.

37°C 50 °C
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Figure 81. Overnight enzymatic digestion of IF2-SA with elastase (E) at 37
°C and thermolysin (T) at 50 °C generates core-SA. All samples were boiled
with SDS loading buffer before 18 % SDS-PAGE. The control lane (C) contained
only core-SA purified from inclusion bodies.
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The IF2-SA sample used for digestion testing was extremely impure, and it was
striking how efficiently these contaminating proteins were degraded by
enzymatic digestion (Figure 81). Therefore, | investigated whether enzymatic
digestion of the unpurified soluble fraction of an IF2-SA cell pellet would
degrade all contaminating proteins in the soluble fraction, as well as the IF2-tag
and linkers, leaving only core-SA. This would be advantageous, as it would
avoid the use of Ni-NTA purification of IF2-SA prior to digestion, which was
earlier shown to be inefficient at capturing IF2-SA protein (Figure 79). After
elastase digestion of the soluble fraction at 37 °C overnight, 2-iminobiotin affinity
chromatography was then carried out to purify core-SA (Figure 82). All core-SA
from the digest was captured by the 2-iminiobiotin column (at pH 11), and was
retained on the column during the washing steps, eluting only when the pH was
lowered to pH 4. A small amount of IF2 monomer also eluted from the column.
In order for this IF2 to have been retained on the column it was most likely
tagged to SA (i.e. as IF2-SA) during the capture step, becoming digested by

carried-over elastase during the washing steps.

The final yield of core-SA from elastase digestion of the soluble fraction of a IF2-

SA cell pellet was 1 mg/L.
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Figure 82. 2-iminobiotin affinity chromatography on elastase-digested
soluble fraction of IF2-SA cell pellet. All core-SA in the digest was captured
by the resin at pH 11, with none lost on washing. Core-SA (P) was eluted from
the column at pH 4. The control lane (C) contained only core-SA purified from
inclusion bodies.
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A2.3.4 Putting Tr mutations into IF2-SA plasmid

The IF2-SA plasmid was used as the template for site-directed mutagenesis to
introduce the Tr mutations S52G RS53D into the SA sequence. Sequencing
confirmed the successful production of the plasmid encoding domain | of IF2

fused to the N-terminal of Tr (hereafter called IF2-Tr).

A2.3.5 IF2-Tr expression trials

The inefficient Ni-NTA capture of IF2-SA suggested that the Hiss tag was
inaccessible to the column resin (see discussion). It was possible that IF2-SA
was misfolding, which could result in the Hisg tag being obscured. Therefore, it
was decided to conduct expression trials of IF2-Tr to identify expression

conditions that give optimum IF2-Tr tetramer formation.

200 mL IF2-Tr cultures were grown under a number of conditions in the first
round of expression trials (Table 27). After IPTG induction, samples were taken
and run on SDS-PAGE (Figure 83). The conditions tested showed a wide
variety of expression levels, from no IF2-Tr tetramer production to strong IF2-Tr
tetramer production. For example, under the same conditions, B834 (DE3)
pLysS cells gave a larger amount of folded IF2-Tr tetramer than BL21 (DES3)

RIPL cells.
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Culture Bacterial strain Media Induction conditions:
ID O.D. [IPTG] Temp Time
(mM) (°C) (hr)
A BL21 (DE3) RIPL LB 0.5 0.5 30 3
B B834 (DE3) pLysS LB 0.5 0.5 30 3
C BL21 (DE3) RIPL LB 0.5 0.2 30 O/N
D BL21 (DE3) RIPL LB 0.5 0.05 30 O/N
E BL21 (DE3) RIPL LB 0.5 0.5 30 6
F BL21 (DE3) RIPL LB 0.5 0.5 30 O/N
G BL21 (DE3) RIPL 2TY 0.5 0.5 30 3
H BL21 (DE3) RIPL LB 0.7 0.5 30 3
I BL21 (DE3) RIPL LB 0.9 0.5 30 3
J BL21 (DE3) RIPL LB 0.5 0.5 25 O/N
K BL21 (DE3) RIPL LB+10 mM Imid 0.5 0.5 30 3
L BL21 (DE3) RIPL LB+1 mMImid 0.5 0.5 30 3

Table 27. A variety of conditions were tested in the first round of IF2-Tr
expression trials. All cultures were grown with ampicillin and chloramphenicol
at 37 °C to induction O.D.
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Figure 83. The conditions tested in the first round of expression trials
gave a variety of levels of tetrameric IF2-Tr production. Post-induction
samples were mixed with SDS loading buffer and run on 6 % SDS-PAGE. The
expression levels relative to condition A are represented by arrows: an up arrow
represents higher IF2-Tr tetramer production, a double-headed horizontal arrow
represents a IF2-Tr tetramer level equivalent to A, and a down arrow represents
a lower level of tetrameric IF2-Tr production. Conditions A-L are as detailed in
Table 27.
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A second round of expression trials was then conducted, testing a number of
conditions, in duplicate, using B834 (DE3) pLysS cells (Table 28). As in earlier
expression frials, post-induction samples were taken and analysed by SDS-
PAGE (Figure 84). Growth in 2TY with induction at 30 °C at O.D. 0.9 (condition
B) and with double the concentration of IPTG used previously (condition D) were

shown to give the highest levels of IF2-Tr tetramer formation.

Culture Media Induction conditions:

ID O.D. [IPTG] (mM) Temp (°C) Time (hr)
A LB 0.5 0.5 30 3

B 2TY 0.9 0.5 30 3

C 2TY 1.3 0.5 30 3

D 2TY 0.9 1.0 30 3

E 2TY 0.9 0.5 37 3

Table 28. Five expression conditions were tested in the second round of
IF2-Tr expression trials. All B834 (DE3) pLysS cultures were grown with
ampicillin and chloramphenicol at 37 °C to induction O.D.
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Figure 84. A smaller selection of conditions were tested, in duplicate, in
the second round of IF2-Tr expression trials. Post-induction samples were
mixed with SDS loading buffer and run on 6 % SDS-PAGE. The expression
levels relative to condition A are represented by arrows: an up arrow represents
higher IF2-Tr tetramer production, a double-headed horizontal arrow represents
a IF2-Tr tetramer level equivalent to A, and a down arrow represents a lower
level of tetrameric IF2-Tr production. Conditions A-E are as detailed in Table
28.

As a result of the expression ftrials, it was decided that condition B would be

used for IF2-Tr large-scale expression.
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A2.3.6 IF2-Tr expression and purification

Using expression condition B detailed above, IF2-Tr was expressed in B834
(DE3) pLysS cells at 30 °C for 3 hours. After induction with 0.5 mM IPTG,
samples were taken and run on SDS-PAGE, with and without boiling (Figure
85). The non-boiled sample revealed that there was some correctly folded IF2-

Tr post-induction, but the majority of IF2-Tr protein was mis-folded.
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Figure 85. Expression cultures of IF2-Tr were analysed by SDS-PAGE with
and without boiling prior to loading, to assess the level of IF2-Tr
misfolding during expression. Without boiling the sample prior to SDS-
PAGE, a large amount of IF2-Tr protein is misfolded and unable to form a
tetramer, with the band corresponding to IF2-Tr monomer being considerably
larger than the band corresponding to IF2-Tr tetramer.

243



Appendix A2

Ni-NTA purification was attempted using the soluble fraction of the IF2-Tr cell
pellet (Figure 86). As with IF2-SA, there was not efficient capture of IF2-Tr on
the resin, with some IF2-Tr present in the column flow-through and also in the
early washing steps. This was to be expected due to the large amounts of mis-
folded IF2-Tr monomer in the soluble fraction. The final eluate from the column
contained IF2-Tr but the protein was very impure, with many contaminating
proteins also present. This was most likely due to the washing buffer containing
a lower concentration of imidiazole than normal (10 mM rather than the standard
30 mM imdiazole), in an effort to reduce the amount of captured IF2-Tr being

lost in the washing step.
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Figure 86. Ni-NTA purification of the IF2-Tr protein from the soluble
fraction of B834 (DE3) pLysS cells was not successful. Not all IF2-Tr
present was captured on the Ni-NTA, as some protein was present in the
column flow-through (FT). Extensive washes with 10 mM imidazole-containing
wash buffer did remove some contaminating proteins, but also caused some
captured IF2-Tr to be lost. The column eluate (P) gave an impure IF2-Tr
sample. As with IF2-SA, IF2-Tr does not migrate according to its molecular
weight. All samples were mixed with SDS loading buffer prior to 6 % SDS-
PAGE.
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A2.3.7 Enzymatic digestion of IF2-Tr

As Ni-NTA affinity chromatography failed to purify IF2-Tr, | attempted enzymatic
digestion of the unpurified soluble fraction of a IF2-Tr cell pellet using elastase.
After incubating the soluble cell fraction with elastase overnight at 37 °C, 2-
iminobiotin affinity chromatography was used to purify the core-Tr produced
(Figure 87). This revealed all core-Tr from the digest was captured by the 2-
iminobiotin column (at pH 11), and was retained on the column during the

washing steps, eluting only when the pH was lowered to pH 4.

The final yield of core-Tr from elastase digestion of the soluble fraction of a IF2-

Tr cell pellet was 1 mg/L.

245



kDa FT Washes P C
o~ LN
170 +
130 | ==
100 +
70 T W
Tr
40 T *
Unboiled
ka [, Washes P C
70 ——E
55 4w
40 T+
35 1=
25 ——-'
15—
- .. _C_cFrre
10—+
Boiled

Figure 87.
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2-iminobiotin affinity chromatography on elastase-digested

soluble fraction of IF2-Tr cell pellet. All core-Tr in the digest was captured by
the resin at pH 11, with none lost on washing. Core-Tr (P) was eluted from the
column at pH 4. The control lane (C) contained only core-Tr purified from
inclusion bodies.
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A2.4 Discussion

On testing the recombinant expression of IF2-SA, over half of the total protein
was expressed solubly in BL21 (DE3) RIPL cells. This is in agreement with, if
not better than, the 47 % soluble IF2-SA expression level reported previously

using the same expression conditions (Sorensen et al., 2003).

However, the trial purification carried out on IF2-SA revealed a difficulty in
capturing the protein on Ni-NTA resin. Protein samples were rotated with Ni-
NTA at 4 °C for one hour, and then overnight, but in both cases a large amount
of IF2-SA was not captured by the resin. As this suggested possible protein
misfolding (which would obscure the Hisg tag), expression trials of the IF2-Tr
protein were conducted prior to purification attempts, in the hope of identifying
conditions that would give minimal misfolding. However, the conditions
highlighted by the expression trials still gave a large amount of misfolded IF2-Tr
monomer, which was inefficiently captured on Ni-NTA resin. Further work is
needed on reducing this misfolding, in order to increase the protein yield. The
protein construct could be altered, e.g. increasing the linker length between the
IF2 domain and SA / Tr, in case steric hindrance from the IF2 domain is
preventing tetramer formation. Other solubility fusion partners could also be
investigated, such as MBP (Kapust and Waugh, 1999) and NusA (Davis et al.,
1999), as although these were previously shown to produce inactive soluble SA
(Sorensen et al., 2003), they are commonly used for soluble expression of many
other proteins. Other solubility fusion partners that could be tested include
thioredoxin (LaVallie et al., 2000) and protein disulfide isomerase | (Zhang et al.,

1998).
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The induction conditions used in this work (0.5 mM IPTG at 30 °C for 3 hours)
were certainly not favourable for soluble expression. Transcription and
translation are tightly coupled in E. coli, and it has been calculated that the
minimal rate of protein synthesis in an average E. coli cell is ~ 60,000 nascent
polypeptide chains each minute (Lorimer, 1996). If a strong expression
promoter is used together with a high inducer concentration, the rapid rate of
protein synthesis means that the high concentration of newly synthesised
protein is at risk of aggregating before it has the chance to fold. This could be
occurring in the IF2-SA / IF2-Tr expressions tested here. Reducing the rate of
protein synthesis will result in the newly produced protein having more time to
fold and increases the likelihood of the protein remaining soluble. This can be
achieved by: lowering the induction temperature (which slows all cellular
processes including protein synthesis), with a corresponding increase in
induction time (Francis and Page, 2010); and decreasing the concentration of
inducer, which will slow the rate of transcription (Turner et al., 2005). Also, to
facilitate correct folding, molecular chaperones such as GroEL/ES could be
utilised, e.g. by using an expression vector that also encodes for certain E. coli
chaperones (Kyratsous et al., 2009) or by using host cells that express
chaperonins, such as Stratagene’s ArcticExpress cells, which co-express the
cold-adapted chaperonins Cpn10 and Cpn60 for improved protein folding at low
temperatures. There are certainly more avenues to explore in the search for an

optimal method of soluble SA expression.

However, a large amount of soluble IF2-SA in the bacterial cell is most likely to

be toxic to the cell, due to SA binding the biotin carboxyl carrier protein (BCCP)
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(Fall et al., 1971) and preventing its essential function (Wang et al., 2005). To
avoid this, IF2-SA would have to be rapidly exported from the cell once
produced and folded. It is therefore anticipated that, in addition to optimising
soluble SA expression, the secretion strategy will have to be investigated
(Mergulhao et al., 2005), for example, by investigating the coexpression of the
kil gene, encoding for a bacteriocin release protein, which has previously been

shown to increase the secretion of SA from E. coli (Miksch et al., 2008).

Despite encountering difficulties in expressing correctly-folded soluble SA and
Tr, this work did demonstrate the utility of directly digesting the soluble fraction
of a cell pellet with elastase prior to any purification steps, in order to degrade
contaminating proteins.  Subsequent purification steps, such as the 2-
iminobiotin affinity column used in this work, can then be used to isolate the
protein of interest directly from the digested soluble fraction. Using optimal
expression conditions, this protocol should rapidly and easily give large yields of
core-Tr. This will increase the utility of Tr, as a facile method of production

should increase the attractiveness of Tr to researchers and companies alike.
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FtsK translocates dsDNA directionally at >5Kkb/s, even
under strong forces. In vivo, the action of FtsK at the
bacterial division septum is required to complete the
final stages of chromosome unlinking and segregation.
Despite the availability of translocase structures, the me-
chanism by which ATP hydrolysis is coupled to DNA
translocation is not understood. Here, we use covalently
linked translocase subunits to gain insight into the DNA
translocation mechanism. Covalent trimers of wild-type
subunits dimerized efficiently to form hexamers with high
translocation activity and an ability to activate XerCD-dif
chromosome unlinking. Covalent trimers with a catalytic
mutation in the central subunit formed hexamers with
two mutated subunits that had robust ATPase activity.
They showed wild-type translocation velocity in single-
molecule experiments, activated translocation-dependent
chromosome unlinking, but had an impaired ability to
displace either a triplex oligonucleotide, or streptavidin
linked to biotin-DNA, during translocation along DNA.
This separation of translocation velocity and ability to
displace roadblocks is more consistent with a sequential
escort mechanism than stochastic, hand-off, or concerted
mechanisms.
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Introduction

FtsK is a highly conserved dsDNA translocase that functions
in the final stages of bacterial chromosome unlinking and in
coordinating this final stage of chromosome segregation with

*Corresponding author. Department of Biochemistry, University of
Oxford, South Parks Road, Oxford OX1 3QU, UK. Tel.: +44 1865 613 237;
Fax: +44 1865 613 238; E-mail: david.sherratt@bioch.ox.ac.uk
3present address: BG09, Biological Sciences, Faculty of Science and
Information Technology, University of Newcastle, Callaghan, NSW, Australia.

Received: 18 December 2009; accepted: 12 February 2010; published
online: 8 April 2010

©2010 European Molecular Biology Organization

cell division (Begg et al, 1995; Yu et al, 1998; Recchia et al,
1999; Aussel et al, 2002; Grainge et al, 2007). FtsK is tethered
to the developing division septum by its membrane-spanning
N-terminal domain and targets its activity to any dimeric,
catenated or incompletely replicated chromosomes in the G2
phase of the cell cycle (Steiner et al, 1999; Dorazi and Dewar,
2000; Aussel et al, 2002).

The C-terminal ~ 500 amino-acid (aa) FtsK translocase is
composed of three subdomains: aff constitute the active
motor, whereas the y-subdomain has regulatory functions.
The translocase loads FtsK preferentially at specific DNA
sequences that are oriented in the bacterial chromosome. In
Escherichia coli, FtsK Oriented Polar Sequences (KOPS;
GGGNAGGG) are the preferred loading sites from where
FtsK translocates DNA at ~5kb/s (Saleh et al, 2004; Pease
et al, 2005; Bigot et al, 2006). Finally, the translocation by
FtsK stops at XerCD-bound dif sites in the replication termi-
nus region, where FtsK activates the final chromosome un-
linking by XerCD recombination at dif (Graham et al, 2010).
The y-regulatory subdomain of FtsK acts in KOPS loading and
in the activation of XerCD recombination at dif.

The FtsK translocase belongs to the RecA subgroup of the
additional strand catalytic glutamate (ASCE) ATPase super-
family that also contain AAA+ (ATPases associated with
various cellular activities) enzymes that have multiple biolo-
gical roles, including translocating along nucleic acids in the
3/-5" direction. In contrast, translocases and helicases that
belong to the RecA group (e.g. T7gp4 and DnaB), translocate
in the 5'-3’ direction in the cases analysed (Singleton et al,
2007; Thomsen and Berger, 2009). It, therefore, seems likely
that during FtsK dsDNA translocation, the catalytic mechan-
ism uses just one of the two DNA chains and that transloca-
tion is 5'-3’ with respect to this chain. The nature of the ASCE
folds places the ATP-binding pocket of one subunit close to
y-phosphate sensor elements in an adjacent subunit, thereby
providing the opportunity for coordinated catalysis and
ATP hydrolysis. A crystal structure of the of motor of
Pseudomonas aeruginosa FtsK bound to ADP showed a
symmetrical hexamer with no obvious loops protruding
into the central chain in which ds DNA is normally located
(Massey et al, 2006). This led to the proposal of a sequential
rotary mechanism for translocation, with a rotational resetting
after each catalytic step, which was proposed to translocate
2 bp of DNA. Nevertheless, the structure did not provide any
evidence for the asymmetry in structures and nucleotide-
binding states that one would predict from such a mechanism.

To further address the FtsK translocation mechanism, we
have covalently linked the minimal predicted functional
translocase, identified by the crystallographic studies, into
multimers using a 14 aa flexible linker. This strategy was
previously used to study the hexameric ClpX protein-unfolding
motor (Martin et al, 2005) and the recombination protein
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RecA (Chen et al, 2008). Intriguingly, some AAA 4+ motors
have their six AAA+ domains naturally covalently linked
into a single peptide (Vallee and Hook, 2006). This strategy
allows us to introduce mutations into defined subunits and
study the translocation properties of the mutated protein to
understand how nucleotide binding and hydrolysis are
coupled to translocation and the ability to do mechanical
work. We demonstrate that covalent trimers dimerize to form
hexamers that recognize KOPS, activate chromosome unlink-
ing and translocate at velocities comparable to FtsKsoc, the
previously used translocase. Furthermore, we show that
trimers with a catalytically inactive subunit at the central
position form hexamers that have a normal translocation
velocity but which are impaired in their ability to displace
‘roadblocks’ on DNA.

Results

FtsK translocase multimers are active in vivo

Most previous research on FtsK translocation in vitro has
used a protein, FtsKsoc, in which a 50aa segment derived
from the FtsK N-terminus has been added to the apy translo-
case domain (Aussel et al, 2002; Ip et al, 2003; Saleh et al,
2004; Pease et al, 2005; Bigot et al, 2006). These 50aa
facilitate hexamerization and are required for significant
in vitro catalytic activity (Aussel et al, 2002). Nevertheless,
FtsKsoc has a high propensity to aggregate, making quantita-
tive biochemistry and mechanistic interpretation difficult. We
reasoned that a minimal FtsK translocase, lacking the N-
terminal 50aa of FtsKsoc and derived by using the available
structure (Massey et al, 2006), might demonstrate in vitro
activity if the individual monomers were covalently linked.
Therefore, FtsK aa 840-1329 were linked together with a
14 aa linker (GGGSEGGGSEGGSG), thus forming covalent
multimers of the translocase, the first subunit being tagged
with a 6-His tag and/or biotin-tagged peptide (Figure 1).

In initial experiments, we showed that the gene, encoding
a 320kDa FtsK covalent hexamer, expressed well enough to
give high levels of in vivo translocation-dependent XerCD-dif
recombination (data not shown). Nevertheless, the level of
expression was not sufficient to enable ready purification of
the protein. Therefore, we chose to work with monomers,
covalent dimers and covalent trimers (hereafter described as
‘trimers’), which were expressed well. This provided the
opportunity to introduce specific mutations into defined
individual subunits of a covalent multimer. We then tested
the in vivo activity of these translocases.

First, we exploited the observation that the overexpression
of active FtsK translocase (e.g. FtsKsoc when expressed from
a Parq Promoter with 0.2% arabinose) is toxic and cells stop
growing and die within ~15min of induced expression.
Toxicity is correlated with the ability to hydrolyse ATP
(Massey et al, 2006). Expression of monomer, dimer and
trimer of the new FtsK translocase derivatives was toxic,
consistent with them having in vivo activity (Table I). Cells
stopped growing ~45min after induced expression of the
monomer, ~30min after dimer expression and ~15min
after trimer expression, consistent with multimerization by
covalent linking enhancing specific activity, because hexam-
ers are the active species. Second, we tested whether the
proteins could support in vivo XerCD-dif recombination on a
reporter plasmid containing two dif sites (Recchia et al,
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Figure 1 (A) Schematic of the FtsK proteins used. FtsK depicts the
wild-type protein, with four transmembrane helices in the N-
terminus region (dark green), a 639 amino-acid linker (blue line)
and the C-terminus motor domain (light blue boxes) is drawn,
containing the three subdomains «, p and y. FtsKsqc is the soluble E.
coli FtsK derivative that has been used in previous in vitro studies.
The pink box represents the 50 aa segment derived from the linker,
which is directly linked to the C-terminal motor. The dark blue box
is a segment absent in the FtsKsoc structure and in the derivatives
used here: monomer, covalent dimers and covalent trimers.
Subunits in covalent multimer derivatives are connected by a
14 aa linker, joining directly the C-terminus of the y-subdomain to
the first amino acid of the motor, L840. (B) Different potential
configurations for multimer formation. The 14aa linker is suffi-
ciently short that we expect subunit 1 (blue) to be always adjacent
to 2 (yellow), and subunit 3 (green) adjacent to 2 in the trimers.
Nevertheless, it is plausible that two types of trimers can form, with
the subunits folding in either a clockwise, or anticlockwise se-
quence. These can then potentially form mixed hexamers (hetero-
hexamers) or unmixed hexamers (homohexamers). Because of the
uncertainty of the configuration in trimers, mutations were intro-
duced into either subunit 2 (single mutants), or subunits 1 and 3
(double mutants). In parentheses, with a cross, is shown how three
covalent trimers with a centrally placed mutated subunit could
conceivably form a hexamer with wild-type subunits and three
looped out mutated subunits. We have no evidence that this can
form. (C) Mutant hexamers. This figure depicts the mutants used in
this study. Pure hexamers are obtained with a wild-type, single-
mutant trimer, double-mutant trimer or triple-mutant trimer (0, 2, 4
or 6). Mixes of trimers are required to form hexamers with 1, 3 or 5
mutant subunits (marked with an asterisk). Mutated subunits are
yellow and wild-type subunits are blue.

1999). The results of this assay mirrored the toxicity results;
trimers were more active than covalent dimers, which were
more active than monomers (Table I). These semi-quantita-
tive assays do not take into account any differential levels of
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Table I In vivo activities of FtsK multimers
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Assay Monomer Dimer wt Trimer 2 WA? 4 WA 6 WA 2 WB 4 WB 6 WB
Toxicity® (min) 45 30 15 25 30 — 25 35 —
Recombination® (%) 25 50 60 63 12 17 58 24 24

“Hexamers formed by dimerization of trimers are described by the number of mutated WA or WB subunits.
PToxicity was assayed as the time at which cell growth in LB ceases after FtsK induction with 0.2% arabinose. ‘—’ indicates no toxicity.
“Recombination was measured in vivo on a reporter plasmid, 2 h after induction of FtsK expression by 0.02% arabinose. The values shown

have the 0 min background subtracted.

these proteins in cells. Nevertheless, our extensive experience
with these assays using FtsKsoc derivatives (Sivanathan et al,
2006 and data not shown) has shown them to give a good
indication of in vitro specific activity. We conclude that
covalent trimers and dimers are highly active in vivo.

In vitro activities of FtsK translocase multimers

The recombinant FtsK monomer, covalent dimer and trimer
were then purified and assayed in vitro for ATPase activity
and for two independent assays of DNA translocation: in vitro
FtsK-dependent XerCD-dif recombination and triplex displa-
cement assays (Figure 2; Aussel et al, 2002; Sivanathan et al,
20006). ATPase activity was DNA dependent (not shown), and
at a concentration of 50 nM hexamer, the trimer hydrolysed
>1.7 x 10° ATP/min/hexamer. At this protein concentration,
the covalent dimers displayed ~80% of trimer specific
activity, and the monomers ~1%, because of less efficient
formation of active hexamers. The relatively low steady state
level of ATP hydrolysis by the trimers indicates that most
molecules are not translocating at any given time, presum-
ably because they are not loaded onto DNA, have collided
with other translocases, or are simply not active.

In XerCD-dif recombination and triplex displacement as-
says, the trimers were again the most active species, with
covalent dimers showing ~40% of the activity of trimers.
In the triplex displacement assays, optimal activity was
obtained with trimers at 50nM (hexamer), but required 80
and 150 nM for covalent dimers and monomers, respectively.
These results confirm that covalent dimers and trimers are
more active in vitro than the constituent monomers, with
dimers and monomers forming hexamers at high and very
high concentrations, respectively. In conclusion, trimers di-
merize to form active hexamers efficiently at 50 nM, and their
activity is higher than that observed for FtsKsoc at the same
concentration (Figure 1C and data not shown). Furthermore,
the trimers were still responsive to the presence of KOPS in
the triplex displacement and recombination assays (data not
shown).

FtsK translocase trimers form hexamers on DNA

Despite the trimers being highly active in translocation, we
needed to be confident that the activity was resulting from
dimerization of two trimers into a hexamer, rather than the
activity residing in higher-order structures (Figure 1B, right
panel), which could compromise interpretation of data once
defined mutations had been introduced into the linked multi-
mers. FtsK subunits were rendered non-functional by muta-
tion in the highly conserved ATP-binding pocket. We used
two mutations that have been shown to be catalytically
defective in an extensive range of studies of RecA-fold pro-
teins (ClpB: Watanabe et al, 2002; Dynein: Reck-Peterson and
Vale, 2004; Rad51: Wiese et al, 2006 and archeal MCM:
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Moreau et al, 2007). A K997A substitution in the Walker A
box (WA) should prevent ATP binding, whereas a D1121A
substitution in the Walker B box (WB) may allow ATP
binding, but should be defective in ATP hydrolysis. Binding
of trimers, containing 0 to 3 WA mutated subunits, to short
KOPS-containing DNA was analysed by gel electrophoresis.
Two shifted bands were observed in the presence of 200 nM
protein, consistent with binding of one and two trimers on
DNA (data not shown). Protein-DNA complexes containing
wild-type, or three mutated WA subunits, were also observed
by electron microscopy using negative staining. On a 2.7 kb
DNA, particles whose shape and size were consistent with
‘side-view” FtsK hexamers were the majority species
(Figure 2E; Massey et al, 2006). The trapezium shape parti-
cles had diameters of 120-130 A (large side) and 60-70 A
(small side). Aggregates or higher-order structures comprised
<2% of particles. On a short DNA (44 bp), when ‘end-on’
view (top view) particles are expected, rounded particles
of diameter ~130A were observed (Figure 2E), the size
expected for a hexamer obtained by dimerization of trimers.
However, we did not observe any lack of density correspond-
ing to the central hole, or any six-fold symmetry (Massey
et al, 2006). This may be because the y-subdomains are
attached to the aff motor by a flexible linker, and therefore
may occlude the central hole, as well as mask the symmetry
of the protein complexes.

We then analysed whether the trimers could adopt alter-
native configurations when they dimerize into hexamers. The
14 aa linker may be long enough that it does not restrict the
assembly into only a single configuration, although we expect
the linker length to restrict the arrangement of subunits such
that subunit 1 is never adjacent to subunit 3 (Figure 1B). The
existence of alternative subunit configurations potentially
complicates the interpretation of experiments using mutant
subunits. To address this issue, we labelled His-tagged cova-
lent trimers, pre-loaded onto short DNA to give preferential
end-views, with 2 nm Ni-NTA-bound gold beads and assessed
the relative locations of the beads within the hexamers
by electron microscopy, followed by image classification
(Figure 2G). The 1702 particles analysed were classified
into 10, 50 or 100 groups on the basis of protein shape
and gold position. Classes with two adjacent golds and
with the two golds in trans were observed for each group,
indicating that trimers can dimerize in both head-tail and
head-head configurations (Figures 1B and 2G). However,
some classes were ambiguous, with a very low signal-noise
ratio, thereby precluding quantitative estimates of the two
configurations. Given the likelihood that both configurations
can form, we chose symmetrical configurations of mutations
to avoid any ambiguity in the configurations of the subunits
in the assembled hexamers. We focused most of our experi-
ments on trimers containing a mutated subunit in the central
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Figure 2 In vitro activity of FtsK multimers. (A) ATP hydrolysis over time is shown for monomer, covalent dimer and trimer, at a concentration
of 50 nM hexamer equivalent. The black arrow indicates the 1 min time point, which was used in later experiments (Figure 3). The mean data
from three independent experiments, with standard deviations, are shown in panels (A-D). (B) FtsK-dependent XerCD-dif recombination.
Recombination was followed over time on a dimeric plasmid containing two dif sites lacking consensus KOPS-loading sites. Proteins (50 nM
hexamer equivalent) were incubated with ATP and pre-bound XerCD, and the 1 min time point data (arrow) were used to generate the data in
Figure 3. (C) Triplex displacement as a function of time; protein concentration was 50 nM (hexamer equivalent); the dotted line shows FtsKsqc
activity as a comparison. (D) Triplex displacement as a function of protein concentration; 1 min reactions were used to compare translocation
activity of monomer, dimers and trimers over a range of 0-350nM (hexamer equivalent). The activity does not increase with higher
concentrations of protein (data not shown). (E-G) Electron microscopy of covalent trimers of FtsK on DNA. (E) A 2.7 kb, linearized plasmid,
was used to study DNA binding by the trimers. A representative field using wild-type trimer is shown, as well as an averaged image of the
protein seen from the side (162 particles), showing that the particles have the overall size expected for a hexamer composed of two trimers.
Similar results were obtained with double and triple WA mutant trimers (data not shown). The black bar represents 100 nm, and the white bar
13 nm. Arrows point at examples of particles and a schematic of the side-on view is drawn under the averaged reconstructed image (inset).
(F) Wild-type trimers were incubated with a 44 bp DNA-containing KOPS, thereby leading to preferential top-bottom views, giving an averaged
reconstruction of particles of ~13 nm diameter (2600 particles selected) (inset). Similar results were obtained with double and triple WA
mutant trimers (data not shown). Scale bars are the same as (E). The schematic indicates the orientation of the particle on the grid.
(G) Examples of gold labelling. Two classes averaged from a 100 group classification are shown, with beads on opposite sides of the particle
(left) or side-by-side (right).

position, so that hexamers should carry two mutated Activities of translocases with mutated subunits

subunits each separated by two wild-type subunits. Taken To study coordination between FtsK subunits during DNA
together, these results give us confidence that most biological translocation, we compared the activities of presumptive
activities assayed were the result of dimerization of hexamers derived from trimers with unmutated and/or mu-
trimers on DNA. tated subunits. The mutations were introduced separately
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into a given subunit of the trimers; in the central position
to get a single mutant; in the first and the last subunits
to get a double mutant and in all three subunits to get a
triple mutant.

The mutated trimers were first tested in vivo using the
toxicity and XerCD-dif recombination assays (Table I). In the
toxicity assay, cells expressing the wild-type trimer showed a
loss of exponential growth 15min after induction of expres-
sion. Trimers containing three WA or three WB mutated
subunits showed no toxicity and continued to grow. Trimers
containing single WA or WB mutations were more toxic than
trimers carrying two WA or WB mutations, with the trimer
with two mutated WA subunits appearing slightly less toxic
than its WB counterpart. The in vivo FtsK XerCD-dif recom-
bination assays broadly mirrored the toxicity results,
although in these assays, trimers with a single WA or WB
mutant showed similar activity to wild-type trimers, whereas
trimers with two WA or WB mutations appeared as deficient
as trimers with three mutations. The residual level of recom-
bination from the trimers with three mutated subunits may
result from translocation-independent stimulation of recom-
bination by the y-subunits present on the trimers (Grainge I
and Sherratt DJ, unpublished data).

Wild-type trimers were more active than wild-type
covalent dimers in both of these assays, whereas wild-type
monomers showed little if any activity. This result
reassured us that any monomers or covalent dimers with
one wild-type subunit and one mutated subunit, derived from
proteolysis of trimers in vitro or in vivo, are unlikely to have
significant activity that could confound the interpretation of
the above experiments. These results gave us the confidence
to purify the mutated trimers, giving the single, double and
triple mutants in the WA and WB motifs, respectively
(Figure 1).
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The FtsK translocation mechanism is neither stochastic
nor strictly concerted

FtsK-dependent XerCD-dif site-specific recombination and
displacement of a triplex-forming oligonucleotide were used
to assay DNA translocation by the trimer variants and their
combinations (Figure 3). For trimer mutants with 0, 1, 2 or 3
mutated subunits, we followed the decrease of recombination
as a function of the number of mutant subunits. Assuming
that the only potentially active species are hexamers formed
by trimer dimerization, this gives data for hexamers with 0, 2,
4, or 6 mutated subunits. To obtain results for hexamers
containing 1, 3 or 5 mutant subunits, different trimer mutants
were mixed in equimolar amounts (Figure 1). For example, to
obtain a hexamer population with only one mutated subunit,
equal amounts of wild-type trimer and single-mutant trimer
were mixed. In this mixture, it is predicted that 25% of
hexamers are wild type; 50% carry a single mutated subunit;
and 25% carry two mutated subunits. As the activity of each
homohexamer is known, we were able to deduce the activity
of the heterohexamer.

For the in vitro recombination assays that are dependent
on DNA translocation by FtsK for activation of recombina-
tion, hexamers in which all of the subunits carry WA or WB
mutations showed no activity, as expected, and gave us
confidence that the mutations abrogate DNA translocation.
By comparison, the wild-type subunits showed ~30% re-
combinant product in a 1min reaction (Figure 2B; norma-
lized to 100% in Figure 3).

Hexamers with two WA or WB mutations showed sub-
stantial recombination activity (~65% of wild type in 1 min
reactions), whereas the mixed subunit population that
gives hexamers with a single mutation (50%) showed at
least wild-type activities after correction for the wild-type
(25%) and double-mutated (25%) population. Some residual
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Figure 3 In vitro activity of covalently linked mutated hexamers. (A) XerCD-dif recombination as a function of the number of mutated
subunits. Recombination reactions were performed for 1 min on a dimeric plasmid containing two dif sites. In all, 50nM hexamers were
used on 27 nM 5.6 kb plasmid. % recombination is normalized to the activity of the wild-type (wt) hexamer, which gave ~30% recombination
in 1 min (Figure 2). The dotted line shows the levels if there were a linear activity decrease as a function of increasing number of mutated
subunits (A-C). The panel below shows an example of a recombination gel (0.8 % agarose, 1 x TAE) for hexamers containing 0-6 WB mutated
subunits (S) denotes recombination substrate; (P) denotes product; (-) denotes no FtsK. Error bars indicate standard deviation in three
independent experiments, and asterisks indicate the combinations made by mixing appropriate trimers as in Figure 1C (A-C). (B) ATPase
activity measured on a fraction of the recombination reaction shown in (A). Activity is normalized to that of the wild-type hexamer. (C) Triplex
displacement. Triplex-displacement assays were carried out as in Figure 2. After subtracting background, activity was normalized to that
of the wild-type hexamer. The panel below shows an example of a triplex reaction gel (4% acrylamide, 1 x TAM) for hexamers containing
0-6 WB mutants.
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recombination activity (<20%) was observed in the assays
in which 50% of the population should contain hexamers
with three mutated subunits. No activity was observed with
four mutated subunits. These observations are inconsistent
with a stochastic firing model, in which a linear decrease in
activity as a function of increasing mutated subunit number
would be expected (Moreau et al, 2007). Similarly, obligate
sequential rotary models, in which each subunit must be
catalytically active in turn, can be ruled out, because a single-
mutated subunit would block translocation. In parallel,
ATPase activity was assayed in each of the recombination
reactions, giving an estimate of the number of ATP consumed
as a function of the level of recombination for each mutant
hexamer (Figure 3B). Note that the absolute level of ATPase
activity in the recombination assays cannot be compared
directly with ATPase activity measured in the absence of
recombinases, because the ATPase activity is downregulated
when FtsK encounters XerCD bound to dif (Graham et al,
2010). ATPase activity decreased less sharply, with the four
mutated subunit population retaining >40% of wild-type
activity. This observation is consistent with an uncoupling
of ATPase and translocation. Indeed by independent assays
of ATPase activity under optimal conditions, with DNA in
excess, there was an approximately linear decrease in ATPase
activity as a function of the number of mutated subunits
(data not shown). These results contrast to those from
experiments in which wild-type P. aeruginosa FtsK (PAK4)
hexamers were doped with increasing amounts of a WA
mutant subunit and the ATPase activity measured (Massey
et al, 2006). In that paper, there was a rapid, greater than
linear reduction in ATPase activity as a function of mutated
subunit concentration, leading to the conclusion of a rigorous
sequential (or concerted) mechanism. However, we note that
the absolute levels of ATPase activity were low, perhaps
because a 16bp dsDNA was used, which would not have
supported significant DNA translocation. Furthermore, it is
possible that the mutated subunits formed homohexamers
and mixed hexamers more avidly than the wild-type protein
on the 16bp substrate, leading to an over-representation
of hexamers containing >3 mutant subunits for a given
input ratio.

In triplex-displacement assays, which provide an indepen-
dent measure of translocation, hexamers with three or more
mutant subunits all failed to show significant displacement
activity in assays that required 60bp of translocation after
loading at KOPS, before encountering the triplex (Figure 3C).
Hexamers with two WA or two WB mutated subunits showed
<20% of wild-type activity, a marked contrast to their higher
activity when activating Xer recombination. ATPase activities
measured in the same reactions gave results similar to those
in Figure 3B (data not shown). These data suggest a quanti-
tative difference in ‘readout’ as compared with the recombi-
nation assays, perhaps because hexamers with mutated
subunits are less able to displace a triplex when they have
translocated up to it, as compared with being able to activate
recombination after translocation up to the XerCD-dif com-
plex. It is unlikely that the difference between assays reflects
reduced processivity of translocation with mutated subunits,
given that FtsK has to translocate only 60bp in the triplex
assay, whereas most random loadings of FtsK onto DNA in
the recombination assay will leave >60bp of translocation
needed to encounter XerCD-dif. To test this directly, we
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assayed translocation by wild-type and mutated trimers in a
single-molecule assay.

Translocases with two catalytically inactive subunits
show wild-type translocation velocity

FtsK and its ortholog, SpollIE, have been shown to translo-
cate along DNA at ~5Kkb/s and against forces of up to 60 pN,
using single-molecule studies with both optical traps and
magnetic tweezers (Saleh et al, 2004; Pease et al, 2005;
Ptacin et al, 2008).

We used magnetic tweezers with a DNA molecule (17 kb,
5.7 um) tethered between the surface and a magnetic bead.
The DNA was maintained in an extended conformation by
magnets applying a constant force (Strick et al, 1996), to
study translocation by hexamers derived from wild-type and
mutated trimers. The FtsK variant and ATP were then added
and the position of the bead was observed. Looping during
translocation, probably arising when the translocase attaches
to either the bead or the surface, causes the bead to move
towards the surface during translocation. Either release of the
loop or a reverse in translocation direction causes the bead to
move away from the surface (Figure 4). These events can be
distinguished by the rate of reversal of the bead. Between 360
and 930 events per protein were recorded, and the distribu-
tions of burst speeds were determined. Translocases derived
from the wild-type trimer were first compared with FtsKsgc.
Both proteins showed the same translocation velocity (data
not shown), with translocation events of several microns
being common.

Translocases derived from trimers containing a mutated
(WA or WB) central subunit were analysed in the same way
and the average burst speed was deduced. Surprisingly, they
translocated along DNA at rates similar to the wild-type
covalent trimer against forces of 1-35pN. The data shown
were obtained at 5pN and reveal a translocation velocity of
~3.3kb/s. We are confident that these events arise from the
translocation of hexamers formed by dimerization of the
mutated trimers, because our EM and gel-shift analysis
provided no evidence for significant numbers of higher
form multimers that could assemble six wild-type subunits
into a hexamer (Figures 1 and 2). Also note that monomers
and covalent dimers were not active at this concentration.
Furthermore, the observation of substantial translocation
activity by the covalent trimers with a single-mutated subunit
in the XerCD-dif recombination reaction, where specific
activity can be estimated, reinforces our conclusion that
hexamers with mutated subunits in the 2 and 5 positions
exhibit wild-type translocation rates. This led us to wonder
whether the low activity in the triplex-displacement assays
results from a failure to displace the triplex efficiently rather
than an impaired ability to translocate up to the triplex. This
could mean that the covalent trimer with a central mutant
subunit would have an impaired ability to generate the
mechanical work required to displace the triplex, despite a
normal translocation velocity.

Magnetic tweezers are not a good tool to measure
and compare FtsK stall forces as both processivity and
events rate dramatically decrease at high force (Saleh
et al, 2004; Pease et al, 2005), while modification of DNA
structure at high forces may affect the results. This led us
to use another strategy.
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Figure 4 Single-molecule analysis of covalent multimer translocation. Magnetic tweezers were used to study translocation of wild-type and
double mutant hexamers, containing WA or WB in the central subunit of the trimers. Upper panels show examples of events obtained for each
protein. There is no statistical significance to the relative lengths of the events shown. Light blue, data points; dark blue, fit to the data points.
Lower panels show the distribution of average burst speed. The number of events, the average burst speed and its distribution are plotted
under each panel. Green, data points, with s.d. (bars); red, Gaussian fits to the data. Note that the WA derivative shown here is biotin tagged
and will, therefore, associate with the bead. A His-tagged derivative showed similar velocities. The data shown were obtained at a force of 5pN

and 2 mM ATP.

Trimers with a single catalytic mutation give
translocases impaired in displacing a DNA roadblock
To calibrate the relative ability of molecular motors to strip
proteins from DNA, we have generated a panel of mutated
streptavidins with a wide range of offrates from biotin
(Chivers et al, 2010). The streptavidin-biotin interaction is
one of the strongest non-covalent interactions characterized,
with a Kp of ~4 x 107'*M (Green, 1990). Here, we focused on
one stronger mutant and one weaker mutant of streptavidin.
The stronger streptavidin mutant had a 10-fold lower off-rate
from biotin (<2% spontaneous dissociation from biotin-
4-fluorescein in 12h) than wild-type streptavidin (12%
spontaneous dissociation in 12h). The weaker mutant had
accelerated dissociation from biotin conjugates (Supplemen-
tary Figure S1), but binding was still strong enough to survive
gel electrophoresis.

Therefore, to examine the ability of FtsK to do mechanical
work to displace roadblocks on DNA during translocation, we
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compared the ability of wild-type and mutated trimers to
displace wild-type and mutated streptavidins from biotiny-
lated DNA. A 597 bp DNA fragment biotinylated at one end
and with two KOPS sites positioned 230bp upstream was
bound by streptavidin and used in FtsK translocation assays.
After 2 min reactions with translocase and ATP, agarose gel
electrophoresis was used to analyse the fraction of DNA
molecules where streptavidin had been displaced. Excess
free biotin was used as a ‘sink’ to prevent rebinding of
displaced streptavidin and 0.1% SDS was used to stop
translocation, conditions that do not denature streptavidin
(Figure 5). Wild-type hexamers displaced >70% of strepta-
vidin in 2 min, whereas translocases with two WA or WB
mutations displaced <45% of streptavidin. In all, 30% of the
tight-binding streptavidin was displaced in 2 min by the wild-
type trimer, whereas <10% was displaced by the singly
mutated trimers. In contrast, the weaker streptavidin was
displaced to comparable levels (>82%) by all three proteins,
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Figure 5 Displacement of the streptavidin ‘roadblock’ during trans-
location. Streptavidin displacement activity was followed on a
597 bp biotinylated DNA. Excess streptavidin (wt, strong, or weak
binding derivatives) was bound for 30 min and then excess free
biotin was added. The indicated trimers (WA and WB contained
mutations in the central subunit; 250nM hexamer) were added,
followed by ATP, and the reactions were stopped after 2min.
% displacement (determined by gel electrophoresis; 1.5% agarose/
TBE; background subtracted) is indicated. Independent repetitions
(>2) gave comparable results. (S) substrate; (P) product.

showing that they have comparable abilities to translocate up
to, and displace, a weak roadblock. Taken together, these data
show that trimers with one catalytically inactive subunit form
translocases as rapid as those formed by wild-type trimers,
but which are impaired in displacing strong roadblocks that
include triplex DNA and streptavidin bound to biotin.

Discussion

The construction of functional FtsK covalent multimers has
provided robust new dsDNA translocases that still recognize
KOPS-loading sites on DNA and activate XerCD recombina-
tion at dif. The use of covalent multimers has revealed new
insight into the catalytic mechanism of FtsK and has demon-
strated that translocation velocity can be uncoupled from the
ability to actively remove roadblocks on DNA. Covalent
trimers dimerize efficiently to form biologically active hex-
amers. We found little formation of higher-order multimers
that would complicate the interpretation of the data. Covalent
trimers containing catalytic mutations in the central position
formed translocases with normal translocation velocities at
forces at least up to 10 pN, and were able to translocate over 1
or 2um in a single processive event. Nevertheless, these
mutated translocases were compromised in their ability to
displace streptavidin from biotinylated DNA or a triplex
oligonucleotide. The ability to separate translocation velocity
from force generation in displacing a potential ‘roadblock’
has mechanistic implications and substantiates our belief that
we are not forming a wild-type hexamer within a higher-
order structure that has catalytically inactive subunits posi-
tioned outside of the functional hexamer (Figure 1B). This is
the first study that we are aware of that uses covalently linked
multimers to study a hexameric DNA translocase, although
mechanistic and structural studies of the hexameric ClpX
protein-unfolding machine and of RecA have used covalently
linked subunits (Martin et al, 2005; Chen et al, 2008; Glynn
et al, 2009).

The FtsK translocation mechanism

Historically, three types of mechanism have been considered
for the translocation of ring-shaped translocases and heli-
cases (Singleton et al, 2007; Thomsen and Berger, 2009).
Stochastic mechanisms require that subunits in a ring ‘fire’
randomly, and such a mechanism has been proposed to
operate during protein unfolding by ClpX (Martin et al,
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2005). A concerted mechanism, in its most rigorous form,
requires that all potentially active subunits fire simulta-
neously. Although a concerted mechanism has been pro-
posed for the translocase action of SV40 T antigen (Gai
et al, 2004), there is no compelling evidence to believe that
such a mechanism operates widely. In contrast, sequential,
‘binding change’ models for translocation receive extensive
support. In these, an asymmetry in the ring, as a consequence
of different nucleotide-binding states, is propagated around
the ring as DNA or RNA is translocated through the ring. The
F1 ATPase provides the paradigm for such a rotary motor,
although in this case only three of the six subunits in the ring
are catalytically active (Zhou and Boyer, 1993); experimental
data derived from studies of a number of helicases and
translocases lend support to such a mechanism (reviewed
in Singleton et al, 2007; Enemark and Joshua-Tor, 2008).
Structures of the T7 gp4 helicase in the absence of DNA
revealed asymmetric nucleotide-binding states within the
ring and led to a ‘hand-off’ model in which each subunit
changes its nucleotide contacts with each catalytic step
(Singleton et al, 2000; Figure 6A). Subsequent studies of
the same protein led to the conclusion that the catalytic
mechanism required that all six subunits be catalytically
active for translocation to occur, as doping of wild-type
protein with a catalytic mutant had an immediate and dra-
matic effect on DNA-dependent nucleotide hydrolysis; never-
theless, unscheduled ATP hydrolysis in the absence of DNA
continued with stochastic firing of catalytically competent
subunits (Crampton et al, 2006).

Subsequently, a rotary hand-off translocation mechanism
for FtsK was proposed on the basis of structural studies, with
the suggestion that 2bp are translocated per catalytic step,
with a rotational resetting after each step to accommodate the
difference between the normal 10.5bp per helical turn of B
DNA and the 12 bp proposed to be translocated in a complete
hexamer catalytic cycle (Massey et al, 2006). This resetting
can explain the modest level of (+) DNA supercoiling that
accumulates ahead of the translocase (Saleh et al, 2005). If
this mechanism operates during FtsK translocation, the ob-
servation that hexamers with two catalytic mutations show
normal velocity suggests that the mechanism can accommo-
date a now substantial rotational (or translational) resetting
to locate the next active subunit. Such a major resetting
without influence on translocation velocity seems unlikely
and is inconsistent with a strict hand-off sequential mechan-
ism. It would also imply that nucleotide binding or release
rather than the chemical steps would be rate limiting in such
semi-sequential translocation.

More recently, structural studies of E1 papillomavirus
helicase (Enemark and Joshua-Tor, 2006) and RNA translo-
case Rho (Thomsen and Berger, 2009) revealed more incisive
mechanistic insight into the translocation process, because
the structures showed the asymmetry and different nucleo-
tide-binding states required for a sequential-binding site
change mechanism. In each of these cases, a spiral staircase
of loops protrudes into the central channel, with each loop
grasping the phosphodiester backbone, in a way that can help
propel the nucleic acid with respect to the protein. Both of
these structures support an ‘escorted translocation” mechan-
ism, rather than a hand-off mechanism (Figure 6). In the Rho
mechanism, six nucleotides of ssSRNA occupy the channel,
with each nucleotide potentially being bound by a loop
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DNA translocation by lent FtsK multimers

E Crozat et al

A Hand-off model B Escort model (5 contacts)

3

o—H——-m
-
1
o————m

T*
D
E

D Escort model (3 contacts) with 2
mutant subunits

5 5

C Escort model (3 contacts) with wt subunits

bﬁr $ﬁ$ A §‘V N A

T T T L T T

T = * T . -« T

= _k /\E ,,/f\:g i /\E
‘ ’E [ E [

5 5

Figure 6 Translocation models. Scheme of FtsK translocation on DNA. The six subunits are drawn as spheres with a paddle representing the
loop(s) in the o and/or B domains interacting with DNA nucleotides (black dots). One nucleotide is taken as a reference to show relative
movement (yellow dot). Subunits inactivated by WA or WB catalytic mutations are indicated by a shorter paddle without the hook. Note that to
simplify the drawing, subunits are represented linearly, but in reality would form a ring around DNA. (A) A sequential hand-off mechanism as
applied to FtsK. In this model, all protein subunits change their local association with a given DNA segment, whether it be through specific
contacts or not, during each chemical step (Massey et al, 2006; Enemark and Joshua-Tor, 2008). Each catalytic step leads to 2bp dsDNA
translocated. (B) Sequential escort model, as applied to FtsK. In this class of model, only one of the subunits changes its DNA contacts at each
catalytic step and flexibility in the subunits and their loops allows movement of one subunit from the bottom to the top of the staircase during
each catalytic step (Enemark and Joshua-Tor, 2008; Thomsen and Berger, 2009). In this panel, five of the six subunits are contacting every other
nucleotide to avoid the substantial overwinding required to contact adjacent nucleotides. This model would require >30A movement of
a subunit, as it moves from the bottom to the top of the staircase. The indicated nucleotide states of the subunits are; T, ATP bound; T*, ATP
transition state; D, ADP bound; E, ‘exchange’ (nucleotide free) (Thomsen and Berger, 2009). (C) Escort model with three subunit-nucleotide
interactions, each occurring every other nucleotide. In this case, the movement of subunits and their loops during transition from the bottom
to the top of the staircase would be similar to that for Rho/E1 (~15A). (D) Escort model in a hexamer containing two mutated subunits.
At least two protein-DNA contacts are still feasible in this situation, allowing velocity to remain the same, but reducing the work available to

displace roadblocks.

derived from each subunit of the hexamer. After ATP hydro-
lysis, phosphate is eventually released to give a subunit that
loses its strong association with nucleic acid. On ADP release
or ATP binding, a subunit loop switches position from the
bottom to the top of the staircase, grabbing the 3’ nt im-
mediately ahead of the protein and only releasing the nucleo-
tide six catalytic steps (i.e. one complete catalytic cycle) later;
this requires a ~15A movement of the loop. In the Rho
structure, which has the nucleotide mimic ADP-BeF; bound
to each subunit, there are two ‘ATP-bound’ states (T), two
‘ATP-bound’ transition states (T*), an ‘ADP state’ (D) and
an exchange (E; nucleotide-free) state, organized in an anti-
clockwise manner as one views from the 5’ end of the RNA;
intersubunit interactions are strongest in the transition state
interface and weakest surrounding the exchanging subunit
(Thomsen and Berger, 2009). Such a scheme can be applied
to FtsK, although the substantial overwinding of duplex DNA
in the FtsK hexameric channel, required if there were to be
one set of nucleotide contacts per FtsK subunit, seems
unlikely. An alternative would be to have one FtsK subunit
per two nucleotides, with five contacts at any one time, giving
2 bp translocated per catalytic step and close to normal (or
somewhat underwound) B DNA in the channel (Figure 6B).
If this were the case, movements in the loop-contacting DNA

©2010 European Molecular Biology Organization

in the protein subunit that switches position in a given step
would need to span >30A of DNA, twice as large as in Rho
or E1. However, if only a subset of subunits (Figure 6C) make
a DNA contact at any time, then the catalytic cycle could
be accommodated with movements similar to those observed
for Rho/E1.

An escort model for FtsK translocation can accommodate
our observation of normal velocity yet reduced ability to
displace roadblocks when two catalytically inactive subunits
are introduced into a hexamer. This is because coordinated
cooperative interactions within the hexamer and with
DNA potentially allow a subunit interface to bypass the
active configuration without hydrolysing ATP (Figure 6D).
Normal velocity is possible because the chemical steps
are not rate limiting and/or because a ‘Brownian ratchet’
allows the bypass without a diminution in velocity.
Nevertheless, a hexamer with two ATP non-hydrolysing sub-
units would be expected to be able to less work in displacing
a roadblock than a hexamer in which all subunits are
catalytically competent, consistent with our observations. It
is noteworthy that several hexameric rotary motors have
evolved to have a mixture of inactive and active subunits,
notably F1 ATPase and dynein. We note that the phage ¢12
P4 hexameric pump, which belongs to the RecA-family, also
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seems to use an escort mechanism for ssRNA translocation
into the capsid, although in this case it appears that three
consecutive nucleotide-bound subunits contact RNA and
cooperate in catalysis (Mancini et al, 2004; Kainov et al,
2008).

Further understanding of the FtsK mechanism will require
the combination of structural, biochemical, genetic and
single-molecule studies. As yet, we have failed to obtain
high-resolution structures of FtsK with DNA, which may
reveal the predicted asymmetry in structure and nucleotide-
binding state for a sequential-binding change model.
Although single-molecule studies have been invaluable in
analysing translocation speeds, processivities and direction-
ality of translocation, the rapid speed of translocation has
precluded obtaining data on individual catalytic step sizes.
Similarly, our attempts to measure the amount of ATP con-
sumed per bp of DNA translocated have had insufficient
resolving power, given the speed of translocation (Graham JE
and Sherratt DJ, unpublished data).

Finally, the types of study reported here need to be extra-
polated to the in vivo temporal and spatial behaviour of FtsK
in the final stages of chromosome segregation. In vivo, FtsK
translocation must not be hindered by potential roadblocks
on DNA, as FtsK needs to translocate from wherever it loads
to XerCD-bound dif sites, where translocation stops and the
final chromosome unlinking is activated. The ability of FtsK
to efficiently displace streptavidin from biotin-DNA suggests
that it is an efficient remover of roadblocks in vivo. The
observation that FtsK hexamers with two mutated subunits
can translocate with normal velocity yet are compromised
in displacing roadblocks on DNA, also raises the possibility
that in vivo FtsK translocation can occur in a mode that
allows fast translocation without all subunits firing in
each complete catalytic cycle, with the full catalytic potential
only realized when roadblocks need to be removed during
translocation.

Materials and methods

Strains and plasmids

E. coli DS9041 (FtsKc-) was used to express alleles of ftsK in in vivo
recombination experiments (Recchia et al, 1999). E. coli BL21 was
used to overexpress FtsK derivatives. All ftsK alleles were cloned
into plasmid pBAD24, under an arabinose-inducible promoter and
with an N-terminal 6His-tag (Guzman et al, 1995). Plasmid pFX142
is a pSC101 derivative containing two dif sites (Aussel et al, 2002).
Kanamycin (50 pg/ml), ampicillin (100 pg/ml) and spectinomycin
(25 pg/ml) were used when required. The C-terminus motor of FtsK
was cloned from nucleotide 2518 to 3987, or 3990 when the stop
codon was required. The monomer was cloned into pBAD24
between EcoRI and HindIll sites. The dimer contained the first
subunit cloned between EcoRI and Xbal restriction sites, and the
second between Xbal and HindIll sites. The two repeats were joined
together by the sequence coding for the 14 amino-acid linker
(GGGSEGGGSEGGSG): 5'-GCGGCGGTTCCGAGGGCGGTGGTTCAG
AAGGCGGTTCCGGT-3/, followed by the Xbal restriction site.
Trimers were designed the same way with three fragments cloned
between EcoRI, Xbal, Kpnl and HindllI sites, the last one containing
the stop codon before the HindIlII site.

Toxicity and in vivo recombination

Plasmids containing ftsK alleles were transformed into DS9041 and

cells were grown in LB-glucose to avoid expression from pgq.

Overnight cultures were diluted 1/100 in LB, and FtsK expression

was induced at Agpp 0.5 by 0.2% arabinose (3 h; 37°C).
Recombination was assayed as in Sivanathan et al (2006).

The EMBO Journal VOL 29 | NO 8] 2010

Protein purification

FtsK derivatives were purified as in Massey et al (2006), with puri-
fication through Talon resin, heparin and Q-HP columns (GE Health-
care). XerC and XerD were purified as in Subramanya et al (1997).
Streptavidin variants were purified as in Howarth and Ting, 2008.

ATPase, in vitro recombination and triplex-displacement
assays

These were as described in Massey et al (2006) and Sivanathan et al
(2006), respectively. Reaction buffer (RB) was 25 mM Tris pH 7.5,
10 mM MgCl,; ATPase assays were carried out on a supercoiled, 9 kb
plasmid and in vitro recombination on a dimeric plasmid derived
from pMin33, which contains a dif site.

Electron microscopy and image processing

Protein samples and DNA were mixed at a ratio of 1 hexamer per
66bp, or 1 per 54 bp for the short DNA and plasmid, respectively,
in binding buffer (BB: 25mM Tris pH 7.5, 30 mM NaCl and 5mM
MgCl,). The protein-DNA samples were then applied to electron
microscope hydrophilic grids coated with carbon film and stained
with 2% uranyl acetate. The preparations were examined using a
Philips CM120 electron microscope equipped with a LaB, filament,
with an acceleration voltage of 120kV. Electron micrographs were
taken at a magnification of x 45000 at low dose. Selected images
were digitized with a step size of 12.5 mm on a Super Coolscan 9000
Nikon. The WEB and SPIDER software package (Frank et al, 1996)
was used for all image processing. In all, 162 particles on plasmid
and 2600 on short DNA were windowed, centred and aligned using
the reference-free alignment procedure. For the gold labelling, 3 pl
FtsK-DNA complex were applied on glow discharged carbon-coated
grids. The grid was washed after 1 min with BB and incubated with
Ni-NTA Nanogold (Nanoprobes) solution (5puM Ni-NTA Nanogold
in BB) for 4min at 25°C. The grid was rinsed twice on drops of
BB and stained with 2% uranyl acetate. In all, 1702 particles were
windowed and subjected to reference-free alignment and sorted
into 10, 50 or 100 classes using K-means clustering (Frank, 1990).
A control was made using the same protocol as above but BB was
used instead during the labelling step, and no significant difference
was observed as for the shape and size of the particles.

Magnetic tweezer assays

Single-molecule experiments were performed with magnetic twee-
zers (Strick et al, 1996). Permanent magnets provided a constant
force that varied from 1 to 10 pN in most experiments, although a
few experiments were carried out at 35pN. DNA (pFX355, 17 kb,
gift from FX Barre) and surfaces were prepared as described in
Lionnet et al (2008). Experiments were performed in a buffer
containing 2 mM ATP, 10 mM Tris pH 7.6, 150 mM NaCl and 10 mM
MgCl,. FtsK was added until translocation events were observed
(typically 50nM). For each translocation event, speed was obtained
from a linear fit to the DNA extension versus time data. For each
DNA molecule on a given condition, the individual translocation
events were pooled and a histogram of the translocation speed was
built, then fitted to a Gaussian function.

Streptavidin-displacement assays

DNA fragments (597bp) were generated by PCR, using a 5
biotinylated oligonucleotide primer on a plasmid template contain-
ing two non-overlapping KOPS pointing towards the biotinylated
end. This was first incubated with 0.5 pM streptavidin analogues in
RB for 20 min, then 0.1 mM biotin was added as a sink before FtsK
(250 nM hexamer). After 2 min incubation, 2 mM ATP was added.
Reactions were run at 25°C for 2min, stopped with 0.1% SDS,
20mM EDTA pH 8 and loaded on a 1.5% agarose gel in TBE 1 x .
Gels were run at 4°C, 100V for 90min and visualized and
quantitated as above.

Supplementary data
Supplementary data are available at The EMBO Journal Online
(http://www.embojournal.org).
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How the biotin—streptavidin interaction was made even stronger:
investigation via crystallography and a chimaeric tetramer
Claire E. CHIVERS, Apurba L. KONER, Edward D. LOWE and Mark HOWARTH'

Department of Biochemistry, Oxford University, South Parks Road, Oxford OX1 3QU, U K.

The interaction between SA (streptavidin) and biotin is one of the
strongest non-covalent interactions in Nature. SA is a widely used
tool and a paradigm for protein—ligand interactions. We previously
developed a SA mutant, termed Tr (traptavidin), possessing a
10-fold lower off-rate for biotin, with increased mechanical and
thermal stability. In the present study, we determined the crystal
structures of apo-Tr and biotin—Tr at 1.5 A resolution. In apo-SA
the loop (L3/4), near biotin’s valeryl tail, is typically disordered
and open, but closes upon biotin binding. In contrast, L3/4 was
shut in both apo-Tr and biotin—Tr. The reduced flexibility of
L3/4 and decreased conformational change on biotin binding
provide an explanation for Tr’s reduced biotin off- and on-rates.

L3/4 includes Ser”, which forms a hydrogen bond to biotin
consistently in Tr, but erratically in SA. Reduced breakage of the
biotin—Ser* hydrogen bond in Tr is likely to inhibit the initiating
event in biotin’s dissociation pathway. We generated a Tr with a
single biotin-binding site rather than four, which showed a simi-
larly low off-rate, demonstrating that Tr’s low off-rate was
governed by intrasubunit effects. Understanding the structural
features of this tenacious interaction may assist the design of
even stronger affinity tags and inhibitors.

Key words: avidin, biotin, protein engineering, protein—ligand
interaction, streptavidin, traptavidin.

INTRODUCTION

The capture of the small molecule biotin (vitamin H/vitamin B,)
by the bacterial protein SA (streptavidin) is both a powerful tool in
biology and a model system for the study of high-affinity protein—
ligand interactions. The key features are the femtomolar affinity,
high specificity, high on-rate and the resilience of SA to pH,
temperature and denaturant [1-3]. It is also important that biotin
protein ligases can attach biotin to specific lysine residues in vitro
or in living cells [4,5]. SA’s applications include imaging [6],
nano-assembly [7] and pre-targeted cancer immunotherapy [8].
As a favoured model in biophysics and protein engineering, this
protein—ligand interaction has been investigated by at least 200
point mutations of SA [3,9-11], more than 30 alternative small
molecule ligands [1,12—14], computational simulation [15-18],
crystallography [2] and single-molecule force dynamics [19].

Despite the strength of SA-biotin binding, the interaction can
and does fail under challenging conditions. Biotin dissociation
becomes significant and sometimes rapid in response to the low
pH of the endosomes [20], the high temperatures used for DNA
amplification [21], attachment to nanoparticles [22], and shear
forces from flow [23]. The low off-rate of wild-type SA for biotin
conjugates was improved upon recently, when we found that the
S52G R53D mutant of SA, named Tr (traptavidin) [23a], had
a more than 10-fold slower biotin dissociation than wild-type
SA, as well as enhanced mechanical and thermal stability [24].
The stronger binding of Tr enabled us to generate a challenging
roadblock for one of the fastest known linear molecular motors,
FtsK, in order to evaluate the co-ordination of firing around the
hexameric ring as FtsK translocated on DNA [24,25].

To understand the basis of Tr’s resilient binding and stability
to high temperatures, in the present study we solved the crystal
structures of both apo-Tr and biotin—Tr and compared these with
existing structures of SA. In addition we purified a monovalent

Tr, to investigate the role of intersubunit effects in Tr stability and
also to characterize a tool which enables ultra-stable binding of
biotinylated targets without cross-linking.

EXPERIMENTAL
Tr purification

Tr protein (S52G R53D core streptavidin with a C-terminal
His, tag, GenBank® accession number GU952124) was purified
from Escherichia coli by inclusion body isolation, refolding
and Ni-NTA (Ni**-nitrilotriacetate) chromatography, as described
previously [24]. Prior to the crystal tray set-up, we performed
size-exclusion chromatography (XK 26 column, GE Healthcare),
eluting with 50 mM Tris/HCI (pH 7.5), 0.5 M NaCl and 10 mM
EDTA.

Tr1D3 (monovalent Tr) was generated by the mixed refolding
of Tr and D (dead streptavidin) subunits (N23A S27D S45A core
SA with no Hisg tag). Purification was as previously described
for monovalent SA [26], except that the order of SDS/PAGE
mobility was reversed (mobility of Tr2D2 >Tr1D3>D4). D4 (a
tetramer of dead streptavidin subunits) was generated from the
refolding of D from inclusion bodies into PBS and ammonium
sulfate precipitation [26].

Apo-Tr crystallization

Crystals were obtained by the sitting-drop vapour-diffusion
method at 291 K. Apo-Tr crystals [space group [-4;
a=b=5759A(1A=0.1 nm), c=183.35 A, with two Tr mono-
mers in the asymmetric unit] were obtained from a 4 ul drop
of 19 mg/ml solution and a reservoir solution of 12% (v/v)
PEG [poly(ethylene glycol)] 8000, 9 % (v/v) ethylene glycol and
0.1 M Hepes (pH 7.5). Crystals appeared after 2 days and reached

Abbreviations used: D, dead streptavidin subunit; DPI, diffraction-data precision indicator; D4, a tetramer of dead streptavidin subunits; PEG,
poly(ethylene glycol); rmsd, root mean square deviation; SA, streptavidin; Tr, traptavidin; Tr1D3, monovalent Tr; Tr4, tetravalent Tr.
" To whom correspondence should be addressed (email mark.howarth@bioch.ox.ac.uk).
The structural co-ordinates reported will appear in the PDB under accession codes 2Y3E and 2Y3F.
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optimum size after 4 days. Prior to data collection, crystals were
briefly soaked in a cryoprotectant solution of 12% (v/v) PEG
8000, 30 % (v/v) ethylene glycol and 0.1 M Hepes (pH 7.5) before
immersion into liquid nitrogen.

Biotin-Tr crystallization

Biotin-bound Tr was obtained by incubation of Tr with biotin
(Acros Organics), in 4-fold molar excess compared with the
number of binding sites, at 4°C overnight. Biotin-bound
crystals (space group P4,2,2; a=b=5734 A, c=77.55 A, with
one monomer in the asymmetric unit) were obtained from a
4 pl drop of 19 mg/ml solution and a reservoir solution of 27 %
(v/v) PEG 4000, 0.25M MgCl, and 0.1 M Tris/HCI (pH 8.5).
Crystals appeared after 2 days and reached optimum size after
4 days. Prior to data collection, crystals were briefly soaked in a
cryoprotectant solution of 27 % (v/v) PEG 4000, 0.25 M MgCl,
and 25 % glycerol and 0.1 M Tris/HCI (pH 8.5) before immersion
into liquid nitrogen.

Diffraction data collection

Crystallographic data were collected at 100 K, using an Oxford
Cryosystems 700 series Cryostream on an ADSC Quantum 315
CCD (charge-coupled devive) detector with an oscillation range
of 0.5° at beamline 102 at the Diamond Light Source, Harwell,
U.K.

Structure solution and refinement: apo-Tr

Data were indexed and integrated using MOSFLM, and scaled
and merged using SCALA from the CCP4 program suite [27]. The
structure was phased by molecular replacement using a wild-type
core SA search model (PDB code 1SWB) [28] with the program
Phaser. The crystal contained two monomers in the asymmetric
unit. A total of 5% of the reflection data were set aside using
the Freerflag program in CCP4 and used for the calculation
of Rie... The model was built in Coot and refined in PHENIX
refine, with incorporation of the twinning operator (—h, k, —1)
with a twinning fraction of 49.7 %. Throughout the refinement,
all results were included from 27.47 A resolution to the highest
limit (1.45 A) and anisotropic temperature factors were refined.
The model was evaluated with MolProbity [28b], which gave
Ramachandran statistics with 98 % of residues in favoured regions
and no outliers. The DPI (diffraction-data precision indicator)
indicated that the agreement between the model and the X-ray
data for apo-Tr was 0.056 A. The refinement statistics are shown
in Table 1.

Structure solution and refinement: biotin-Tr

The results were indexed and integrated using MOSFLM, and
scaled and merged using SCALA from the CCP4 program suite.
Intensities were converted into structure factors using the truncate
program in CCP4 and no signs of twinning were observed in the
results. The structure was phased by molecular replacement using
the apo-Tr search model and Phaser. The crystal contained one
monomer in the asymmetric unit. A total of 5 % of the reflection
data were set aside using the Freerflag program in CCP4 and
used for the calculation of Ry... Model building was performed
in Coot and refinement, including rounds of simulated annealing
refinement, in PHENIX refine. Throughout the refinement, all
data were included from 38.78 A resolution to the highest limit

© 2010 The Author(s)

Table 1 Data collection and refinement statistics for crystal structures of
apo-Tr and biotin-Tr

The values in parentheses are for the highest-resolution shell. n/a, not applicable.

Apo-Tr (PDB code 2Y3E)  Biotin—Tr (PDB code 2Y3F)

Data collection

Space group 144 P4,2:2
Cell dimensions
a b c(h) 57.59, 57.59, 183.35 57.34,57.34,77.55
o B,y (°) 90.00, 90.00, 90.00 90.00, 90.00, 90.00
Resolution (A) 27.47-1.45 (1.53-1.45)  38.78-1.49 (1.57-1.49)
Rimerge 0.052 (0.619) 0.069 (0.085)
ol 13.6 (2.0) 26.0 (19.6)
Completeness (%) 97.8(87.1) 100.0 (100.0)
Multiplicity 36(3.2) 7.0(7.1)
Refinement
Resolution (A) 27.47-1.45 32.12-1.49
No. reflections 48884 21581
Ruork/Riree 0.134/0.178 0.135/0.152
No. atoms
Protein 1855 954
Biotin n/a 16
Glycerol 18 18
Water 321 142
B factors (mean of all atoms, A2)
Protein 33.41 10.10
Biotin n/a 5.83
Glycerol 4414 28.31
Water 38.19 27.92
Rmsd
Bond length (A) 0.005 0.009
Bond angle (°) 0.93 1.48
Twinning
Twin operator —hk =1 n/a
Twin fraction 0.497 n/a

(1.49 A) and anisotropic temperature factors were refined. The
presence of a well defined biotin model in the binding pocket was
clearly visible in the initial F ,,—F . electron density maps. Biotin
co-ordinates from wild-type core SA with biotin at 1.4 A (PDB
code 1MKS) [29] were used as a template for the refinement
and the weighting of co-ordinate refinement was optimized by
PHENIX refine as the refinement progressed. The model was
evaluated with MolProbity [28b], which gave Ramachandran
statistics with 98 % of residues in favoured regions and no outliers.
The DPI indicated that the agreement between the model and the
X-ray data, for biotin—Tr was 0.051 A. The refinement statistics
are shown in Table 1. To assess whether model bias was introduced
into the biotin—-Tr model by using the apo-Tr structure as a
search model for molecular replacement, a simulated annealing
composite omit map was calculated using PHENIX AutoBuild
[30], with the starting phases provided by the apo-Tr structure.

Structure analysis

Structural overlays and colouring according to B factor were
done in PyMOL (DeLano Scientific; http://www.pymol.org).
Alignments were calculated from main-chain atoms of apo-Tr
chain A, biotin—Tr, apo-core-SA at pH 4.5 (PDB code 1SWA and
1SWC), apo-core SA at pH 7.5 (PDB code 1SWB) and biotin—
core-SA at pH 4.5 (PDB code 1SWE) [28]. Plots of mean B factors
of main-chain atoms against residue number were produced using
the BAVERAGE program in CCP4. The DPI was assessed
using the program SFCHECK from CCP4.
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Apo-traptavidin

Biotin-traptavidin

R53D 4

Figure 1  Crystal structures of Tr

(A) Structure of the complete tetramers of apo-Tr (left-hand panel) and biotin—Tr (right-hand panel), with each subunit of the tetramer in a different colour. Biotin bound to each subunit is shown in
space-filling mode. (B) Fops—Fcaic Map of the biotin-binding pocket in biotin—Tr, showing the electron density for biotin, with the protein overlaid in cartoon format. L3/4 is shown in red and the

residues mutated in Tr are in stick format.

Biotin-conjugate off-rate assay

The off-rate of biotin-4-fluorescein was measured from the
fluorescence increase on unbinding at 37 °C with competing free
biotin, as previously described [26,31].

Thermostability analysis

A 3 uM sample of dead streptavidin, tetravalent Tr or monovalent
Tr in PBS was heated at the indicated temperature for 3 min in
a DNA Engine® Peltier Thermal Cycler (Bio-Rad). SDS/PAGE
(8% gel) was performed to discriminate the monomers as
described previously [26]. The band intensities were quantified
using a ChemiDoc XRS imager and QuantityOne 4.6 software
(Bio-Rad). Percentages were calculated as 100 x (summed
intensity of monomer bands at the indicated temperature —
summed intensity of monomer bands at 25 °C)/(summed intensity
of monomer bands after 95 °C with SDS).

RESULTS
L3/4 of Tr is closed even without biotin

We determined the crystal structures at high resolution of Tr with
and without biotin (1.45 A for apo-Tr, PDB code 2Y3E; 1.49 A for
biotin—Tr, PDB code 2Y3F) (Table 1). Both structures were solved

© 2010 The Author(s)

by molecular replacement; the apo-SA structure (PDB code
1SWB) was used as a search model for the apo-Tr structure [28].
The subsequent apo-Tr structure was used as the search model for
biotin-bound Tr. To determine whether model bias was introduced
into the biotin—Tr structure by using the apo-Tr structure as a
search model for molecular replacement, a simulated annealing
composite omit map was calculated. Alignment of this map with
the biotin—Tr and apo-Tr models revealed the final biotin—Tr
model fitted the omit map much better (correlation coefficient
of 0.73 for side-chain atoms) than the apo-Tr model (correlation
coefficient of 0.47 for side-chain atoms) (Supplementary Fig-
ure S1 at http://www.Biocheml].org/bj/435/bj4350055add.htm),
thus indicating that the solution of the biotin—Tr structure was not
biased by the search model.

We observed two subunits in the asymmetric unit for apo-
Tr and one subunit in the asymmetric unit for biotin—Tr. We
applied symmetry transformations to view the complete tetramer
(Figure 1A). SA/Tr subunits are eight-stranded antiparallel
B-barrels, with the biotin-binding site located at one end of the
barrel. Each subunit binds one biotin molecule and the subunits
come together to form a tetramer that can be considered a dimer
of dimers. The electron density for the biotin bound to Tr was
unambiguous (Figure 1B). A striking difference between Tr and
SA was seen in the loop connecting B-strands 3 and 4 (L3/4).
L3/4 is commonly disordered in apo-SA (‘open’ conformation)
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A Without biotin

L3/4
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Traptavidin
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With biotin

%
¥
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= Apo-traptavidin
— Biotin-traptavidin
rmsd =0.21 A

Figure 2 L3/4 of Tr is shut with and without biotin

— Apo-streptavidin
— Biotin-streptavidin

rmsd = 0.36 A

(A) Comparison between the structure of individual subunits of Tr or SA, with or without biotin. Tr (top row) has a well-defined closed L3/4 (coloured red) in both apo- (left-hand panel) and
biotin-bound (right-hand panel) structures. For SA (bottom row) L3/4 is disordered in apo-SA (left-hand panel) (1SWA chain B) but ordered in biotin—SA (1SWE chain D) (right-hand panel) [28].
Biotin is shown in space-filling mode. (B) Conformational changes on biotin binding in Tr (left-hand panel) and SA (right-hand panel), shown as individual subunits. The apo-structure in green is

overlaid with the biotin-bound structure in blue.

[28], but becomes ordered on biotin binding, closing over the
binding pocket and forming a ‘lid” over the bound biotin (‘closed’
conformation) (Figure 2A). However, in apo-Tr, all L3/4 of
the tetramer was already in the ‘closed’ conformation. L3/4
remained in this closed conformation in biotin—Tr (Figure 2A).
Apo-SA structures 1ISWA and 1SWB had only one out of four
subunits, whereas 1SWC had two out of four subunits with an
ordered L3/4 in the tetramer (1SWA, 1SWB and 1SWC have
four subunits in the asymmetric unit) [28]. We emphasize that
the fact that apo-Tr had two subunits in the asymmetric unit
does not mean that the third and fourth subunits were less
clearly defined than if there were four subunits in the asymmetric
unit; rather the crystallographic symmetry tells us that the third
and fourth subunits are identical with the first and second
subunits.

Structural alignments of these apo-SA structures with apo-Tr
revealed the closed loops in the apo-SA structures are comparable
with L3/4 in apo-Tr; the rmsd (root mean square deviation) from
apo-Tr chain A for residues 45-52 is 0.24 A for ISWA chain A and
0.20 A for ISWB chain A. The presence of one ‘closed’ loop in

© 2010 The Author(s)

the apo-SA tetramer suggests that .3/4 is dynamic in the absence
of biotin. L3/4 in the 1ISWC apo-SA structure is an exception,
with an alternative open conformation, projecting away from the
binding site, and is not comparable with L3/4 in apo-Tr (rmsd
22A compared with 1SWC chain B) [28].

The whole structure of Tr is preformed for biotin binding

SA does not show co-operativity in biotin binding between the
four subunits [32], but there is a substantial conformational
change when biotin binds, involving the flattening and tighter
wrapping of the S-barrels, altered dimer—dimer packing and
loop ordering [33]. This conformational change is consistent
with an observed increase in thermostability of the biotin-bound
tetramer [34]. Upon aligning the apo-Tr and biotin—Tr structures,
we found that the conformational change in Tr upon biotin
binding is much smaller than for SA (rmsd 0.21 A for Tr,
0.36 A for SA) (Figure 2B). Differences in the apo- and biotin-
bound conformations of SA were clearly shown by calculating
alignments of the loops connecting the 8-strands (Table 2). It was
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Table 2  Structural alignments of loop regions

(a) Loops of apo-Tr were aligned to biotin—Tr, apo-SA and biotin—SA. Residues comprising each loop are shown in parentheses. (b) Loops of apo-SA were aligned to biotin—SA, apo-Tr and biotin—Tr.
Only main-chain atoms were used to calculate the alignments. *The loop of 1SWA was compared only with the resolved residues of 45 and 49-52, since 46—48 were disordered.

(@

Rmsd (A) of alignment of loop in:

Apo-Tr (chain A) aligned with Biotin—Tr Apo-SA (1SWA chain B) Biotin—SA (1SWE chain D)
L1/2 (23-26) 0.050 0.20 0.21
L2/3 (33-38) 0.14 0.23 0.15
L3/4 (45-52) 0.25 23" 0.25
L4/5 (62-70) 0.20 0.20 0.22
L5/6 (79-88) 0.18 0.28 0.18
L6/7 (98-102) 0.14 0.22 0.37
L7/8 (113-121) 0.20 0.23 0.24
Overall structure 0.21 0.29 0.35

(b)

Rmsd (A) of alignment of loop in:

Apo-SA (1SWA chain B) aligned with Biotin—SA (1SWE, chain D) Apo-Tr (chain A) Biotin—Tr
L1/2 (23-26) 0.27 0.20 0.18
L2/3 (33-38) 0.23 0.23 0.22
L3/4 (45-52) 2.6 2.3* 2.3
L4/5 (62-70) 0.25 0.20 0.25
L5/6 (79-88) 0.31 0.28 0.27
L6/7 (98-102) 0.42 0.22 0.26
L7/8 (113-121) 0.17 0.23 0.15
Overall structure 0.36 0.29 0.25

not only L3/4 which moved less upon biotin binding in Tr than
SA, but also five out of six of the other loops.

Changes in the flexibility of Tr

To analyse the flexibility and dynamics of apo-Tr and biotin—
Tr, we plotted the mean B factors for main-chain atoms against
residue number (Figure 3). Relative B factors within a structure
are informative, but it is not straightforward to compare directly
the absolute values of B factors between SA and Tr, because of
different resolutions, data collection conditions and refinement
methods.

The B factors for each of the two monomers in the asymmetric
unit of apo-Tr were plotted to indicate the internal variation. This
showed the expected low dynamics in the S-sheet regions and
some flexibility in all the loop sections (Figure 3A). The main
difference between chains A and B of apo-Tr occurs at L5/6 and
may result from one chain being involved in crystal contacts at
this loop. There is some flexibility in L.3/4 for apo-Tr, but clearly
it is less than in apo-SA structures where the loop is not resolved.
If L3/4 in apo-Tr did not have some flexibility then it is likely that
the Tr on-rate would be too low for practical application. The most
striking change in the biotin—Tr B factors is the loss of flexibility
in L3/4, with values comparable with adjacent -sheets 3 and 4
(Figure 3B), which is consistent with the exceptionally low biotin
dissociation rate.

Hydrogen bonding to biotin and Ser*S in Tr and SA

The extensive hydrogen-bonding network from SA to biotin
plays a key role in generating the large AG°’ of biotin binding
[2]. We compared all of the hydrogen bonds to biotin for
Tr and SA, paying particular attention to Ser” and Asn®,
which are present on L3/4 close to the residues mutated in Tr.
Factoring in the variation seen in the different chains of the

© 2010 The Author(s)

different structures of SA, the hydrogen-bond lengths to biotin
are comparable between Tr and SA (Supplementary Figure S2 at
http://www.BiochemlJ.org/bj/435/bj4350055add.htm).

The published structures of SA allude to the probable dynamic
nature of this hydrogen-bond network to biotin. In some crystal
structures of SA (ISWE), each Ser* residue has its side-chain
hydroxy group directed towards the biotin N3’ nitrogen, and
hydrogen bonds are formed (although the distance in subunits
1 and 4 in 1SWE is at the limit for a hydrogen bond between
such atoms, at 3.2 A) (Figure 4A and Supplementary Figure S2).
However, in the SA structure of 1SWD, the Ser® side chains
point away from the N3’ nitrogen and so cannot hydrogen bond
(Figure 4A and Supplementary Figure S2). In the biotin—Tr
structure, the Ser* side chain is clearly orientated towards the
N3’ nitrogen (Figure 4A), with a hydrogen bond length of 3.0 A.

Gly** in Tr undergoes little change upon biotin binding
(Figure 4B). The peculiar importance of the S52G mutation for
biotin-binding stability is likely to relate to Ser™ stabilizing an
alternative open conformation of L3/4, thereby destabilizing the
Ser® hydrogen bond to biotin. In this rival conformation, Ser**’s
main-chain carbonyl forms a hydrogen bond to the main-chain
N-H of Ser*, while the Ser™ side chain makes a hydrogen bond
to the main—chain N-H of Ala* (Figure 4B). This competing
pairing is seen in apo-SA structures with an undefined L3/4
(1SWC) [28], but could well form transiently even in the presence
of biotin, so contributing to the rare biotin dissociation events
from SA.

The network of polar and non-polar interactions made to biotin
by SA changes biotin’s structure from the conformation reported
to apply in solution [35]. In avidin and SA there are three residues
that are positioned to hydrogen bond to the carbonyl oxygen of
biotin, suggesting that this oxygen is partially charged and that this
polarization may contribute to the exceptional affinity of biotin
binding [16]. The bond lengths and bond angles of biotin were
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18 5 65

Biotin-traptavidin

(A) B factors (indicating dynamics and flexibility) averaged over main-chain atoms for each amino acid residue are plotted for apo-Tr, with the two chains of the asymmetric unit shown separately. The
regions corresponding to loops are labeled L. (B) Mean main-chain B factors for each residue of biotin—Tr, with loops labelled. (G) Heat map showing mean main-chain B factors for an individual
subunit of apo-Tr (left-hand panel, chain A) or biotin—Tr (right-hand panel), with biotin shown in space-filling mode. Red indicates the most flexible and blue the least flexible region of the particular

subunit.

similar between SA and Tr (results not shown), indicating that
changes in biotin’s electronic structure in the binding site are not
likely to contribute to the difference in biotin off-rate.

Generating monovalent Tr shows that altered intersubunit contacts
do not explain Tr’s increased stability

We created tetramers with exactly one Tr subunit and three ‘dead’
subunits which do not bind biotin [26], to give monovalent
traptavidin (Tr1D3) (Figure 5A). We previously showed that
monovalent SA had equivalent biotin-binding stability to
tetravalent SA [26]. Here we used Tr1D3 to explore whether
the increased stability of Tr over SA depended upon the presence
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of neighbouring Tr subunits. The off-rate of biotin-4-fluorescein
was compared for Tr4, Tr1D3 and tetravalent SA (Figure 5B).
Tr1D3 had an equivalent off-rate to that of Tr4, showing that it
is the binding by the Tr subunit and not any altered intersubunit
interaction that is the dominant factor in Tr’s improved biotin-
binding stability.

Tr stays tetrameric and remains bound to biotin conjugates at
higher temperatures than SA [24]. We tested the thermostability
of Tr1D3 by incubating it at a range of temperatures and testing
by SDS/PAGE what fraction remained tetrameric (Figure 5C).
Monovalent SA is known to show thermostability equivalent
to that of wild-type SA [26]. We compared Tr1D3 to Tr4 and
a tetramer composed entirely of dead subunits (D4). Tr4 was
~10°C more stable than D4. The thermostability of Tr1D3
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A Traptavidin

Streptavidin (1swd)

Streptavidin (1swe)

Traptavidin

Gly-52

Ser-45

- biotin

+ biotin

Figure 4 Hydrogen bonding by Ser* in Tr

- biotin
biotin

(A) The electron density for biotin and Ser* surrounds a stick model of the atoms involved, for Tr (left-hand panel) and two different streptavidin structures (1SWD in the middle panel and 1SWE
in the right-hand panel). Hydrogen bonds are indicated by a broken line. (B) The rival hydrogen bonding by Ser®. An overlay of the L3/4 region, with key residues highlighted in stick format. For
Tr (left-hand panel) with and without biotin L3/4 is closed, with no hydrogen bond between Ser® and Gly®2. For SA (right-hand panel) without biotin and with an undefined L3/4 (1SWC, chain B),
Ser® forms hydrogen bonds to Ser®® and Ala*® (indicated by broken lines). When biotin is bound and the loop is closed (1SWE, chain D), Ser®® now forms a hydrogen bond to biotin.

was similar to that of D4, consistent with the least stable subunit
dominating the stability of the tetramer.

DISCUSSION

SA’s binding to biotin is one of the strongest known non-covalent
protein-ligand interactions and yet the mutant protein Tr has 10-
fold greater binding stability [24]. The crystal structures of apo-
and biotin-bound Tr described in the present paper show the basis
for Tr’s tenacious ligand binding. The key differences between
Tr and SA are the decreased flexibility of L3/4, the increased
stability of the Ser* hydrogen bond to biotin and the reduced
conformational change upon biotin binding.

The crystal structure of D128A SA and molecular dynamic
simulations [15,36,37] led to a model whereby a water molecule
initiates biotin dissociation, by competing with the Asp'?®
hydrogen bond to biotin and so promoting co-operative breakage
of other biotin hydrogen bonds. However, we note that in wild-
type SA the Asp'”® hydrogen bond to biotin is always in place, but
the Ser* hydrogen bond is often broken [28]. Hence we suggest
that breakage of the Ser* hydrogen bond to biotin is frequent and
is the first event in biotin dissociation. The mutations that led to a
higher stability mutant Tr, further support this revised model: in
Tr, the Ser* hydrogen bond to biotin was clearly present, whereas
the residue that competes with biotin for hydrogen bonding to
Ser®, Ser, is mutated to a glycine residue. Arg®® does not have
direct interactions with residues binding to biotin, so the R53D

© 2010 The Author(s)

mutation is likely to exert its effects by further reducing L3/4
mobility.

L3/4 is always in a ‘closed’ conformation in biotin-bound
structures of SA, acting like a lid over the binding pocket and
contributing to the low rate of biotin dissociation. For avidin,
L3/4 is ordered when bound to free biotin, but disordered when
bound to biotin conjugates: this explains why avidin binds biotin
conjugates much more weakly than biotin [38]. A restrained L3/4
may also be important in enabling high-affinity biotin binding by
the dimeric rhizavidin [39]. In a series of structures solved in the
pH range 2.0-3.1 [40], L3/4 was closed in apo-SA, but in
the apo-SA structures solved in the more physiologically relevant
pH range 4.5-7.5, L3/4 is disordered, in two (ISWC) or three
(ISWA and 1SWB) of the subunits of the tetramer [28]. The
stability of L.3/4 in the closed conformation in apo-Tr indicates
that in biotin-Tr the occasional fluctuations that lead to lid
opening, and so facilitate biotin dissociation, are similarly
suppressed. Since we found that the hydrogen-bond lengths to
biotin and conformation of biotin are equivalent in Tr and SA,
this indicates that it is not subtle differences in the ground-state
binding conformation that explain the change in stability, but
a change in the frequency of alternative protein conformations
with weakened binding. The L3/4 conformation in apo-Tr also
rationalizes the decreased on-rate of Tr [24], since it will be
harder for biotin to enter the binding site with the loop shut. For
Streptomyces avidinii, one can hypothesize that evolution would
favour a SA with a high on-rate as well as a low off-rate, but for
laboratory applications in anchoring and bridging [24] the off-rate
is more important.
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Figure 5 Monovalent Tr off-rate and thermostability

Temperature (°C)

(R) Tr4 (left-hand panel) is tetravalent, with each subunit binding one biotin (b). Monovalent Tr contains one Tr subunit (white square) and three D subunits (grey squares), which cannot bind biotin.
Tr but not D subunits have Hisg tags (bold diagonal line). (B) Off-rate of a biotin conjugate from Tr1D3 compared with tetravalent SA and Tr4, in the presence of competing free biotin at 37 °C. Means
of triplicate readings are shown + S.D. (C) Thermostability of the monovalent traptavidin tetramer, incubated at the indicated temperature for 3 min and analysed by SDS/PAGE and Coomassie Blue
staining. The positive control (c) was mixed with SDS before heating at 95 °C. Bands from tetrameric Tr1D3 or manomers (Tr or D) are indicated. The percentage monomer from Tr1D3 from duplicate
gels (adjacent striped columns) is plotted against the temperature in the lower panel, with comparison with Tr4 (white columns) or D4 (filled columns).

SA is a highly thermostable protein (72°C for subunit
dissociation without biotin), even though the protein derives from
a mesophilic bacterium [1,2,34]. This thermostability relates to
reducing the rare subunit-unfolding events that would contribute
to ligand dissociation, or, from an energetic perspective, rigid
binding sites having a reduced entropic cost for providing an
inflexible ligand-binding site [41]. Any fleeting disruption of
the interaction between biotin and Trp'* of the neighbouring
subunit should transiently increase the rate of biotin dissociation
10*-fold [42]. Tr is 10°C more thermostable than SA [24] and
one might think that this thermostability would contribute to
the increased ligand-binding stability, by further reducing the
frequency of conformational fluctuations that disrupt the protein
structure or subunit packing. The equivalent off-rate of Tr1D3 and
Tr4 demonstrated that the change in Tr’s biotin-binding stability is
not mediated through altered subunit interactions. The tetravalent
nature of Tr4 interferes with many applications: for example in
imaging cell-surface proteins, tetravalency can induce receptor
cross-linking and activate cell signalling [6,26]. Tr1D3 (and
Tr2D2 or Tr3D1, which could be generated, as before [26]) should
be valuable in diverse applications, including nanoassembly and
the targeting of quantum dots for photostable single-molecule
imaging [5,6].

The stability of the interaction between biotin and avidin/SA
is paradoxical, given the known binding energy that can be
obtained from a given number of hydrogen bonds and from a given
surface area, allowing hydrophobic and van der Waals interactions
[43,44]. The mutations that generated a higher-stability variant of
SA were in the second shell of residues around biotin, pointing to
the difficulty of optimizing this kind of high-affinity interaction

© 2010 The Author(s)

computationally. Although we have sufficient knowledge to
enable computational and structure-guided design of protein—
ligand interactions with micromolar and sometimes nanomolar
affinity [44-46], the factors responsible for increasing affinity into
the picomolar and femtomolar range are still enigmatic [47,48].
Hydrogen/deuterium-exchange MS, now possible with single-
residue resolution, may be able to build upon our crystal structures
for further enlightenment on the ‘perfect storm’ of molecular
events required for biotin to overcome the large activation barrier
to dissociate from Tr [49]. As well as suggesting how to improve
further the applications of biotin as an affinity tag, the structures
of Tr shed light on the origins of extreme-affinity interactions,
with implications for the rational design of drugs with improved
efficacy.
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How the biotin—streptavidin interaction was made even stronger:
investigation via crystallography and a chimaeric tetramer
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Omit map

biotin

Figure S1 Testing for bias in the biotin—Tr structure caused by the search model for molecular replacement

Apo-Tr was used as the search model for molecular replacement to solve the structure of biotin—Tr. Simulated annealing composite omit maps, with starting phases from the apo-Tr structure, are
shown in black mesh for Leu® (left-hand panel) and Tyr (right-hand panel), contoured at 1.3 o-. The apo-Tr backbone structure is overlaid in green and the biotin—Tr structure in blue. The final
biotin—Tr structure fitted the omit map much better (correlation coefficient 0.73 for side-chain atoms) than the apo-Tr structure (correlation coefficient 0.47 for side-chain atoms). Leu® and Tyr®
were chosen because they illustrate that the biotin—Tr structure fits the omit map better than the apo-Tr structure does. Overall, the alignment clearly shows that the apo-Tr model does not fit the
composite omit maps, which indicates that the solution of the biotin—Tr structure was not biased by the search model.
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The structural co-ordinates reported will appear in the PDB under accession codes 2Y3E and 2Y3F.
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Figure S2 Hydrogen-bond lengths to biotin for Tr and SA

(A) Hydrogen bond lengths (in A) for Tr (only one subunit shown, since all subunits are equivalent). The DPI gave an estimated co-ordinate error for biotin—Tr of 0.051 A. (B) Hydrogen-bond lengths
for SA, 1SWD (mean bond lengths for the two biotins bound per tetramer). Ser* here does not form a hydrogen bond to biotin. (€) Hydrogen-bond lengths to biotin for SA from an alternative crystal
structure, 1SWE (mean bond lengths for the four biotins bound per tetramer).
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