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Bacteria use Two Component Systems (TCS) to sense and respond to changes
in their external environment. TCS are used to navigate to nutrients or away from
toxins (chemotaxis) and to adapt to changes in osmolarity (osomosensing). TCS
are composed of a histidine protein kinase (HPK) which trans-autophosphorylates
in response to environmental change, transferring the phosphoryl group to a cognate
response regulator (RR). Phosphorylated RRs modulate an output response such as
protein-protein interaction for chemotaxis, and transcription for osmosensing. RRs
are composed of a conserved amino terminal REC domain, and where present a vari-
able effector domain. CheY, the chemotaxis RR, contains only a REC domain, whilst
OmpR, the osmosensing RR, also contains a DNA binding effector domain. Recently,
TCS have been used in synthetic biology applications due to their modularity and
conserved signalling mechanism.

This thesis aimed to investigate whether it was possible to design a synthetic TCS
composed of fused chemotaxis and osmosensing components. Synthetic RRs were de-
signed, fusing the highly conserved REC domains of CheY and OmpR upstream of
the OmpR effector domain. REC domains were fused across the α4-β5-α5 region, a
region which transmits REC domain phosphorylation into effector domain activation.
Synthetic RRs were designed to undergo phosphotransfer to their fused REC domains
from the chemotaxis HPK, CheA, activate the attached OmpR effector domain and
bind promoter DNA.

Four chimeric RRs were created, although only three were structurally viable; F2,
F3 and F4. Each fusion bound CheA, and F3 and F4 bound CheA with a signifi-
cantly higher affinity than CheY. The chimeric RRs could all be phosphorylated by
CheA-P; F4 and F3 were phosphorylated to wild-type levels. DNA binding affinity
was investigated with fluorescence anisotropy, phosphorylated and unphosphorylated
F3 could not bind promoter DNA. F2 bound promoter DNA regardless of phospho-
rylation state. These data indicate that phosphorylation of the F2 REC domain does
not lead to activation of the effector domain. F2 is likely to be constitutively active
suggesting a previously unknown role for OmpR α5 as a mediator of effector domain
activation. Furthermore, using a simple fusion approach to design RRs is not a viable
method to create a synthetic TCS with a controllable output.
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1.1 Chapter Summary

This introduction will firstly address what a two-component system (TCS) is and

why they are important to study, there will be a focus on the general features of

response regulators (RRs) in particular. Moving on from this foundation, the two

systems of interest to this study, chemotaxis and osmosensing, will be explored. These

sections will briefly cover the roles these systems play in Escherichia coli, while the

interactions of their histidine protein kinase (HPK) and response regulator (RR) and

the outputs they modulate will be covered in more detail.

1.2 Two Component Systems

Bacteria use TCS to sense and respond to many different changes in their exter-

nal environment. TCS are used to respond to diverse environmental challenges,

such as; navigating to nutrients and away from toxins (Chemotaxis), adaptive re-

sponses to nitrogen starvation, nutrient starvation (Sporulation), uptake of foreign

DNA (Competence), anti-biotic resistance and changes in osmolarity (81) (38) (65)

(25). Chemotaxis has been shown to be essential for virulence in Helicobacter pylori,

a human pathogen that can colonise the gastric mucus layer causing gastric ulcers

and increasing the risk of gastric cancer. However, non-chemotactic and non-motile

H. pylori mutants cannot colonise the gut of hosts (66). Furthermore, motility aids

virulence in other pathogens, including Vibrio cholerae, Salomella enterica and Le-

gionella pneumophila (39). Consequently, understanding the general mechanisms of

protein interaction and regulation of TCS could aid drug discovery, understanding

less well investigated TCS and in the design of synthetic biology applications utilising

TCS.

1.2.1 Types of TCS and HPKs

The information flow in a schematic TCS is represented in Figure 1.1. The Sen-

sor domain detects a change in an environmental stimulus causing the HPK dimer

to trans-autophosphorylate, transferring a phosphoryl group from ATP bound to the

ATP Kinase domain to the phosphorylatable His of the H box on the other monomer.

The RR binds to the HPK, catalysing transfer of the phosphoryl group to a conserved

aspartate in the RR active site. This event activates the RR, allowing it to modu-
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late an output response such as gene expression. The transfer of phosphoryl groups

from can be summarised in three equations, where Eq 1.1 represents HPK trans-

autophosphorylation, Eq 1.2 is HPK:P phosphotransfer to RR and Eq 1.3 is RR:P

dephosphorylation;

ATP +HPK −His↔ ADP +HPK −His : P (1.1)

HPK −His : P +RR− Asp↔ HPK +RR− Asp : P (1.2)

H2O +RR− Asp : P ↔ RR− Asp+ Pi (1.3)

Figure 1.1: Information flow in TCS. Schematic of components of a TCS; Sensor
domain, conserved phosphorylatable His containing H box of HPK, ATP Kinase
domain of HPK, REC domain of RR containing a conserved phosphorylatable Asp.
See text for details.

There are two different classes of TCS, defined by the relative orientation of

the sub-domains of the HPK, specifically the location of the phosphorylatable His

containing H box with respect to the ATPase domain, Figure 1.2. Class I TCS have

the phosphorylatable His proximal to the ATP kinase domain, while Class II TCS
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Figure 1.2: Schematic of Class I and Class II TCS. The different domains of Class
I and II TCS are depicted, of particular importance is the orientation of the HPK
domains. Class I TCS contain a periplasmic Sensor domain, a Dimerisation and
Histidine phosphotransfer (DHp) domain containing the H box, proximal to the DHp
is a Catalytic and ATP binding (CA) domain containing the conserved boxes which
coordinate ATP and Mg2+ for trans-autophosphorylation. Class II TCS are composed
of 5 domains, P1-5. A Histidine containing Phosphotransfer (HPt) domain contains
the His box (P1), which is distal from the CA domain (P4).

have the His distal to this domain, Figure 1.2. Class I HPKs, which in this study

are represented by EnvZ from the osmosensing system, are the more abundant type

of HPK and contain a Dimerisation and Histidine phosphotransfer (DHp) domain

in which the H box resides (20). This central domain is flanked by the ATP kinase

domain, specifically referred to as the Catalytic and ATP binding (CA) domain. The

CA domain contains conserved N, G1, F and G2 boxes responsible for ATP binding

and Mg2+ coordination (68) (10) (20) (61) (15). Class II HPKs, comprising only

CheA containing TCS and represented by E. coli CheA in this study, are composed

of 5 different domains, P1-5 (62) (10) (63) (59). The His containing H box resides

in the P1 domain of CheA, which resembles a Histidine containing Phosphotransfer

(HPt) domain (20) (62). P2 is specific to CheA type HPKs and provides a high

affinity binding site for CheY, P3 is a dimerisation domain, P4 is the ATP kinase

domain containing the conserved N, G1, F and G2 boxes and P5 a regulatory domain

that connects to receptors (10) (63) (59).
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1.2.2 Response Regulators

Classification of RRs is dependent on the presence of an amino-terminal receiver

(REC) domain. CheY is a single domain RR and is the archetype of the REC

domain (80), (95) (74). The REC domain is a 5 stranded parallel β sheet surrounded

by five α helices, Figure 1.3. The REC domain is responsible for HPK binding,

catalysing phosphotransfer from the cognate HPK, autodephosphorylation and also

acts to activate an attached carboxyl-terminal domain (CTD), the effector domain,

if present (82) (43). 66% of RR effector domains are DNA-binding, the OmpR/PhoB

family comprises the largest single grouping of this type; 33.1% of DNA binding

RRs belong to the OmpR/PhoB family (27). The single domain RR grouping are

composed of a stand-alone REC domain, the CheY family are the largest constituent

member of this type, accounting for 14.3%. Enzymatic output domains, such as the

methylesterase CheB, constitute 12% of the RR population.

RRs can be identified based on the presence of a REC domain, specifically based

on the presence of conserved residues, Figures 1.3 and 1.4. The primary amino acids

that contribute to the active site; Asp12, Asp13, Asp57, Thr87 and Lys109 (CheY

numbering), Figure 1.3 (95) (94) (80) (95) (74), along with the essential divalent metal

cation co-factor Mg2+, are responsible for catalysing the transfer of the phosphoryl

group from the histidine on a HPK to the phosphorylatable aspartate in the REC

domain of the RR (93). The auto-dephosphorylation rate of a RR is dependent on

residues at position 59 and 89 (CheY numbering). A positively charged residue at

position 89 results in a relatively slower auto-dephosphorylation, while the opposite

is true of a negatively charged residue at this position (86). It is worth noting that

CheY has a Kdephos of 3 min−1 and contains glutamate at 89, while OmpR has a

Kdephos of 0.002 min−1 and has positive lysine at 89. The movement of residues

at position 59 and 89 upon RR phosphorylation has also been demonstrated to be

important for the auto-dephosphorylation rate (69). Where residues 59 and 89 move

to block access to the phosphate group to an incoming nucleophile, such as water,

the auto-dephosphorylation rate is slowed.
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Figure 1.3: Active site and highly conserved RR residues. Active site residues Asp12,
Asp13, Asp57, Thr87 and Lys109 are shown as sticks and coloured by element;
C=green, O=red and N=blue. Highly conserved residues, Ala103, Tyr106, Pro110
and Phe111 are shown as sticks and coloured by element also. The two rotomers of
Tyr106 are labelled Y106i (inward) and Y106o (outward), discussed further in Section
1.4.1.
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Figure 1.4: E. coli RR REC Domain Alignment. Only CheY and OmpR sequences are shown from an alignment of
all E. coli RR REC domains, REC domain sequences as defined by the MiSTdb Agfam classification (92). Active site
residues Asp12, Asp13, Asp57, Thr87 and Lys109 and highly conserved residues Ala103, Tyr106, Pro110 and Phe111 are
highlighted. A sequence logo shows the most highly occurring residues at each position. Alignment generated in Clustal
W (46).
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1.2.3 TCS Specificity

Most bacteria encode 10s-100s of TCS (91), and much research has been directed at

determining how phosphotransfer specificity is maintained between cognate pairs of

these TCS proteins (76) (14) (13). The REC domain contains specificity determining

residues (SDRs), that are used by the RR to recognise only its cognate HPK. Similarly,

a HPK has SDRs that allow it to bind preferentially with its cognate RR. SDRs

were identified for Class I TCS using coevolution; looking for correlated changes

between RR residues and HPK residues (76) (14) (13). The authors looked at the

probability of finding residue X at position 1 in a HPK, and residue Y at position 1

in a RR. Comparing this to the number of sequences with those residues at position

1 (76) (14) (13), produces a list of residues in certain positions that preferentially co-

occur and therefore coevolve. This approach was greatly helped by mapping putative

SDRs on the solved HPK-RR complex structure of RR468:HPK853 from Thermotoga

maritima.

This approach found 9 HPK and 7 RR residues, forming 12 coevolving pairs.

These SDRs have been mapped on to RR468 and HPK853, in Figures 1.5, 1.6 and

1.7. The SDRs on the HPK reside below the conserved histidine on helix 1 and 2 of

the DHp stem. To change the specificity of EnvZ from OmpR to a non-cognate RR,

RstA, required only three amino acid changes on α1, resulting in no phosphotransfer

between OmpR and the mutant EnvZ (76). EnvZ and RstB are closely related and

the number of changes is strikingly small, although changing the phosphotransfer

profile of EnvZ to that of more distantly related HPKs, such as CpxA, PhoR, AtoS

and PhoQ, required changes to all 7 SDRs plus the entire loop between helix 1 and

2 (76). This indicates that areas not identified in the initial coevolution analysis are

likely required to switch specificity in the majority of class I HPKs.

The co-evolution approach identified that SDRs on class I TCS RR are clustered

in helix α1 and there is an additional residue in loop 5. To change the specificity

of OmpR from EnvZ to RstB required three changes to the SDRs and the whole of

loop 5 (14). It should be noted that OmpR and RstA, the RR OmpR was changed

to mimic, already share four SDRs in common out of the 7 identified. Similarly to

the HPK data presented above, further changes may need to be made to change

the specificity of more distantly related class I TCS RRs. Nevertheless, the mutant

OmpR demonstrated a change in specificity, undergoing phosphotransfer only from

RstB and not EnvZ (14).
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Figure 1.5: SDRs of Class I TCS. Alignment of class I HPKs and RRs, highly con-
served and covarying residues are highlighted, the secondary structure of each domain
is also shown. Adapted from (14).
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Figure 1.6: SDRs mapped on HPK853 (pdb:3DGE). The first protomer of HPK853 is
coloured grey, the second orange. SDRs are shown as sticks and coloured by element;
C=green, N=blue, O=red. The phosphorylatable histidine is depicted as sticks and
labelled. Image created with Pymol.

SDRs have been probed in class II TCS, however only one class II TCS has been in-

vestigated, the CheY6 SDRs for the CheA3 HPt P1 domain of Rhodobacter sphaeroides

(8). The CheA3 HPt P1 domain is composed of a continuous central 5 helix bundle

α A-E, the phosphorylatable histidine is located on αB. CheA3 P1 interacts with its

cognate RR, CheY6, via αA, αB and a loop that connects αB and αC, Figure 1.8.

CheY6 forms its part of the interface with contacts from α1 and the amino terminus

of its elongated loop connecting β5 to α5, Figure 1.8. Clearly, there are similarities

here with the class I RR binding residues presented above. The contributions to the

buried surface area of CheY6 are dominated by one residue, methionine 13 on the first

helix. It accounts for 156Å2 of the buried surface area, almost a third of the total.

Below this, the rest of the binding residues of α1 account for another third. The

dominance of the α1 residues, M13 in particular, provided clues as to which residues

drove specificity (8). The specificity of R. sphaeroides CheY’s, 1, 3, 4 and 5 as well

as E. coli CheY, could be rewired for phosphotransfer from CheA3 P1 by changing

only two residues corresponding to Met13 and the preceding residue, Ala12. Ala12

does not play a part in specificity but accommodates the full insertion of Met13 into
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Figure 1.7: SDRs mapped on RR468 (pdb:3DGE). The RR is coloured magenta.
SDRs identified are shown as sticks and coloured by element; C=green, N=blue,
O=red. The phosphorylatable aspartate is depicted as sticks and labelled. Helix 1 is
labelled twice due to a break in its structure. Image created with Pymol.

a hydrophobic pocket on CheA3 P1 (8). Although, this study is useful in elucidating

potential SDRs in class II TCS, no further studies have been undertaken to verify

whether the observations are generalisable to other class II TCS.
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Figure 1.8: Complex of CheA3 Hpt P1 domain and CheY6 (pdb:3KYJ). CheA3 P1 is
a single domain, coloured grey, composed of five α helices A-E. The response regulator
CheY6 is magenta. The bond type formed by residues is indicated by colour, blue
for hydrohobic and red for a hydrogen bond. The phosphorylatable histidine and
aspartate are depicted as sticks and coloured by element; C=green, N=blue, O=red.
Image created with Pymol.

1.3 Synthetic Biology

The term synthetic biology is generally used for the engineering of biology. The

field of synthetic biology aims to create a suite of synthetic biological parts that

have specific functions. Initially, synthetic biology research primarily focused on

elucidating the functional principles behind naturally occurring gene circuits (30)

(22) (23). This early work highlighted the importance of intrinsic and extrinsic noise

in gene expression (23), and how complex behaviours such as bistability (30) and

oscillations (22) can be produced by non-specialised and minimal components. This

work has been built upon and advanced to create proof-of-principle devices, usually

in bacteria, such as; molecular computers used to diagnose and treat cancer (9),

bacterial 3-D printing (49), electron transfer from bacteria to man made devices (37)

and synchronised behaviour across a bacterial population (19). Bacteria have also

been used in whole-cell biosensor applications. As whole cell devices they have proved

more robust than enzymatic technology while remaining highly specific, sensitive and

portable (99).

The chemotaxis and osmosensing systems have previously been fused to create a
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chimeric receptor-HPK (103). The periplasmic domain of the aspartate sensor Tar,

a receptor of the chemotaxis system, was fused to the cytoplasmic domain of EnvZ,

the HPK of the osmosensing system (103). The chimeric synthetic Taz receptor

responded to aspartate and autophosphorylated EnvZ leading to OmpR phosphory-

lation. The synthetic biology field has grown rapidly and supports a annual global

competition, iGEM, and a registry of standardised parts available to use to create

biological devices. Recently attempts have been made to use TCS as novel parts

for synthetic biology, engineering different types of regulatable behaviour into the

EnvZ/OmpR TCS (16).

1.4 Chemotaxis

Chemotactic behaviour is a biased movement towards a chemical attractant or away

from a chemical repellent (81). Movement is driven by a transmembrane molecular

motor powering a long helical flagellum, which moves the bacteria through liquid

media. A host of other proteins are involved upstream of this motor, together con-

stituting a coordinated network that senses the concentration of chemicals in the

environment, processes this information and results in a change in motor rotation

and hence swimming behaviour in response to the signal, Figure 1.9 .

In E. coli chemical signals are detected by chemoreceptors; Methyl-Accepting

Chemotaxis Proteins (MCPs), embedded in the membrane with a cytoplasmic C-

terminal domain. An adaptor protein CheW links the MCPs to the HPK, CheA.

Two RRs compete to bind to CheA, one RR is CheY, which can bind to the flagellar

motor, the other is CheB a methylesterase which controls adaptation of the MCPs

(33) (1). If CheY is phosphorylated (CheY-P) by CheA it can bind to the switch

protein FliM on the flagellar motor leading to a reversal of motor rotation and a

change in swimming direction (98) (87). This modulation is attenuated by CheZ, a

phosphatase specific for CheY-P, Figure 1.9 (57).

The structures and interaction of CheY and CheA will be explored in the forth-

coming sections.

1.4.1 CheY and CheY-P

CheY is a single domain RR, composed of an isolated REC domain (80) (95) (74).

In structures determined by X-ray crystallography and NMR spectroscopy, helix 4
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Figure 1.9: Schematic of the E. coli chemotaxis system . In response to a reduction
is chemoattractant, CheA autophosphorylates leading to an increase in CheY-P con-
centration. CheY-P binds to the flagellar motor protein FliM causing a change in the
direction of rotation from anti-clockwise to clockwise and the cell to change direction.
The CheY-P signal is terminated by CheZ. CheR and CheB form an adaptation loop
allowing the system to adapt to the current background level of chemoattractant.
Image adapted from (96).
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protrudes away from CheY and the hydrophobic core, taking no part in the core

structure (80) (95) (74). As explored later, the distal location of helix 4, essentially its

freedom from tethering interactions with the core of CheY, is exploited to propagate

conformational changes on activation.

CheY structures have been determined for apo-CheY, without cation or phos-

phate, CheY.Mg2+ and CheY-Pmimic, where CheY is stably activated with a non-

hydrolysable phosphomimic. Given its relevance to this study, and its position as a

model for REC domain activation, the conformation of the activated CheY structure

will be explored in some detail.

The activated form of CheY is dependent on phosphorylation at D57 (73). The

autodephophorylation rate of CheY-P has been measured variously, with a t 1
2
≈ 6s, ≈

22.8s, ≈ 15.5 and ≈ 20s (11) (28) (106) (107) (52). Autodephosphorylation of CheY

is therefore too fast to successfully crystallise CheY-P. Consequently, a phopshomimic

that forms a stable covalent bond with D57 has been used instead. BeF3
− binds to

Asp57 but is unhydrolysable allowing crystallisation of the activated CheY structure

(47) (17). As an overview, changes upon BeF3
− activation include;

• a hydrogen bond between the hydroxyl of Thr87 and the phosphomimic bound

to Asp57

• stabilisation of the internal rotomer of Tyr106 through hydrogen bonds to the

backbone carbonyl of Glu89

• stabilisation of the internal rotomer of Tyr106 through hydrophobic interactions

• a salt bridge between Lys109 and the active site

A detailed examination of these changes will be presented, which will help il-

lustrate the precise molecular movements required to activate a RR. Figure 1.10

shows the structure of activated CheY, using BeF3
− complexed with CheY.Mn2+

(pdb:1FQW) (47). Mangenese has the same octahedral coordination geometry as

Mg2+, the usual cation found in the active site, and CheY.Mn2+ demonstrates similiar

rates of phosphotransfer and dephosphorylation as CheY.Mg2+ (53). Consequently,

using Mn2+ in place of Mg2+ should not have deleterious effects on the activated

CheY structure.
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Figure 1.10: Active site of CheY-BeF3
− (pdb:1FQW). Panel A and B represent different orientations of activated CheY.

In Panel A, residue sidechains of Asp12, Asp13, Asp57, Asn59, Trp58, Thr87, Ala88, Glu89, Tyr106 and Lys109 are
shown. Panel B omits the Ala88 label for clarity. Mn2+ (blue), BeF3

− (yellow and white), and water (red). Side chain
atoms are coloured, green=carbon, blue=nitrogen and red=oxygen. Hydrogen bonds are shown as black dotted lines.
Images generated using PyMOL (Delano scientific).
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As shown in Figure Figure 1.10, BeF3
− covalently bonds with Asp57-Oγ. Hy-

drogen bonds are formed from fluorines to Thr87-Oγ, the backbone amide of Ala88,

Lys109-Nζ, the Mn2+ ion, the backbone amide of Asn59 and the backbone amide of

Trp58. These are extensive interactions, effectively, making BeF3
− a second organ-

ising centre in the active site next to Mn2+. BeF3
− bridges the active site solvent

between the divalent cation and the carboxyl terminal end of CheY. The interactions

eminating from BeF3
− help to stabilise the CTD in the active conformation. Thr87,

the first residue in loop 4, moves out of a hydrophobic pocket between helix 4 and

strand 5, stabilised in this out position by the bond to BeF3
−. The second residue

of loop 4, Ala88, is also stabilised by the bond with BeF3
−. The movement of Thr87

and stabilisation of Ala88 moves the amino terminal of loop 4 towards the active

site, which in turn repositions the rest of loop 4. The movement of loop 4 causes the

side chain of Glu89 to rotate towards Trp58 and the repulsion between the negatively

charged Glu89 and hydrophobic Trp58 causes Trp58 to rotate. The Nε of Trp58

moves closer to helix 3, while the Cη orients closer to helix 4.

Overall, the movement of loop 4 away and up from strand 5, caused by the move-

ment of Thr87 and stabilisation of Ala88, helps reposition helix 4, Figure 1.11 demon-

strates this movement. Compared to an inactive Mg2+ bound structure (pdb:2CHE),

the amino terminus of helix 4 of CheY-BeF3
− moves up and away from strand 5, as

such helix 4 avoids a steric clash with the position of the Cη groups of Trp58. As a

result of the movement of the amino-terminus of helix 4 in CheY-BeF3
− the carboxyl

terminus of helix 4 moves towards strand 5. The movement of activated helix 4 allows

Tyr106 to access its internal rotameric conformation. The movement of the carboxyl

terminal end of helix 4 towards strand 5, causes Tyr106 to face in and up. This posi-

tion is vital in establishing a hydrogen bond between the backbone carbonyl of Glu89

and the η hydroxyl of the tyrosine. Ultimately, the movement initiated by the amino

end of loop 4, transmitted via helix 4, which is free of core interactions, allows the

rotameric Tyr106 side chain access to the hydrophobic pocket between helix 4 and

strand 5. The hydrophobic interactions between Tyr106 and the pocket, composed

of Trp58, Thr87, Asn94, Iso95 and Ala98, along with the hydrogen bond, stabilise

Tyr106 in the internal position (Figure 1.12). The coupled movement of T87 out of

the hydrophobic pocket and the insertion of Tyr106 is a general mechanism of RR

activation and is referred to as Y/T coupling.
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Figure 1.11: Comparison of CheY-BeF3
− (pdb:1FQW) and CheY.Mg2+ (pdb:2CHE).

BeF3
− (pdb:1FQW) is magenta and CheY.Mg2+ (pdb:2CHE) is cyan. Panel A and B

represent different orientations of the same alignment. Helices are shown as cylinders
to aid comparison. Sidechains of residues Asp57 and Tyr106 are shown. Atoms are
coloured; carbon=parent molecule colour, oxygen=red and nitrogen=blue. Images
generated using PyMOL (Delano scientific).

Figure 1.12: Composition of Tyr106 Hydrophobic Pocket in CheY-BeF3
−

(pdb:1FQW). Panel A and Panel B represent different orientations of the same struc-
ture. Sidechains of residues Asp12, Asp13, Asp57, Asn59, Glu89, Tyr106 and Lys109
are shown. The hydrophobic pocket residues Trp58, Thr87, Asn94, Iso95 and Ala98
are shown as space filling models. Atoms are coloured; carbon=parent molecule
colour, oxygen=red, nitrogen=blue. BeF3

−is shown in white and yellow and Mn2+ is
coloured magenta. Images generated using PyMOL (Delano scientific).
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1.4.2 Conclusion

CheY adopts a stabilised conformation upon activation, conformational changes fa-

cilitated by helix 4 propagate from the activated active site towards the carboxyl end

of CheY. The flexibility of loop 4 and especially helix 4, ultimately their suscepti-

bility to conformational change, are central to CheY being able to access its active

conformation. Strand 5, in particular Tyr106, coupled to the movement of Thr87 out

of the hydrophobic pocket formed by helix 4 and strand 5 helps to further stabilise

the active conformation. As such, a coordinated ballet of specific movements, bond

formation and structural flexibility help activate CheY.

CheY activation effects the conformation of the carboxyl region of CheY; the α4-

β5-α5 region. This part of CheY also associates with CheZ, which promotes CheY-P

dephosphorylation, and FliM to effect the motor (105) (48).

The proceeding section will explore CheA and how the α4-β5-α5 region interacts

with this HPK.
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1.5 CheA

CheA is the cognate HPK of CheY, it is composed of 5 domains; P1-P5. These

domains segregate the function of CheA into modular components;

• P1, the HPt domain, contains the conserved phosphorylatable histidine, which

undergoes autophosphorylation and after associating with CheY transfers this

phosphoryl group to the active site aspartate

• P2, specific to CheA type HPKs, this domain binds CheY, providing a higher

affinity binding site than P1

• P3 is a dimerisation domain, a four helix bundle composed of two α helices

from each monomer

• P4 the ATP kinase domain, containing a hydrophobic conserved pocket to bind

ATP and a divalent cation

• P5 a regulatory domain, connecting to receptors via CheW

The P1 domain of CheA is composed of 5 α helices (residues 1-131), 4 of which

form a 4 helix antiparallel bundle; helices A-D (63). The phosphorylatable histidine

residue resides on αB of CheA-P1, this location of the His appears to be a common

feature in several CheA-P1 structures (8) (62). CheA-P2 runs from residue 159-

227 and is flanked by flexible linkers (62). Its structure is that of an open faced

β-sandwich. One face of CheA-P2 is formed from a 4 stranded anti-parallel β sheet.

The other face, which binds CheY, is composed of two helices, H1 and H2 (62).
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1.5.1 CheA:CheY Binding

Domains P1 and P2 of CheA are involved in binding CheY and phosphotransfer, they

are connected by a 23 residue flexible linker, Figure 1.13. The modular nature of CheA

means that each of these domains has evolved for particular functions. Consequently,

P1 is responsible for phosphotransfer to CheY, interacting with helix 1 and loop 5 of

CheY with a Kd of between 218µM and 4.5mM (8) (62). E.coli CheA-P1 provides

a continuous binding surface for CheY, spread across the amino terminal region of

αA and αB (62). The interaction surface is only small, burying ≈ 700Å2 of solvent

accessible surface area. The interface is characterised by two patches of interactions,

the larger of the two, patch 1, is formed by residues from P1 helix A and CheY helix

1. A smaller interaction, patch 2, is formed by loop 5 of CheY and 1 residue each

from the loop preceding αA, αA itself and αB of CheA-P1.

P2, on the other hand, provides a higher affinity site for CheY docking to CheA,

the Kd of CheA-P2:CheY complex falls between 90nM and 1700nM (83) (85). The

interaction between P2 and CheY is mediated by the α4-β5-α5 region of CheY and the

helices and loops of P2. By binding to different areas of CheY, the RR is sandwiched

between P1 and P2 domains of CheA, Figure 1.13.

The interaction between CheY and CheA-P2 is mainly hydrophobic and buries

≈1,200Å2 of surface area from the solvent (58) (97) (31). The interaction surface

is composed of a hydrophobic patch with contributions from H2 of CheA-P2 and

α4 and β5 from CheY. The hydrophobic patch is flanked apically and laterally by

stabilising hydrogen bonds, which orignate from α4, β5 and α5 of CheY and from H1,

H2 and the loop following H2 of CheA-P2. It is worth noting that CheA-P2 residue

Phe214 projects into the space between the carboxyl terminal end of helix 4 and the

amino terminus of strand 5 of CheY, which precludes the sidechain of CheY residue

Tyr106 from adopting an inward and down position. Consequently, Tyr106 in the

CheY:CheA-P2 complex points out and up, stabilised by a hydrogen bond to either

Glu178 or His181 on H2 of CheA-P2. The stabilisation of the outward rotomer of

Tyr106 maybe a prerequisite for successful CheY binding. Additionally, it has been

observed that binding of CheY to CheA-P2 causes the solvent accessible surface area

of Asp57 of CheY to increase 2 fold, from 8 to 16Å2 (97) (58). This is caused by the

expansion of the helices away from the active site and a rotation of the sidechain of

Phe14 away from Asp57. This is thought to provide a phosphotransfer primed CheY

conformation.
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Figure 1.13: Structure of the E. coli CheA-P1P2:CheY Complex (pdb:2LP4). CheY is coloured red, P1 yellow, the P1P2
linker is purple and P2 cyan. The conserved histidine (His48) on P1 and aspartate of CheY (Asp57) have their sidechains
displayed. Images generated using PyMOL (Delano scientific).
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The dissociation constant of CheA P1, P2 and P1P2 domains, as well the full

length CheA and a CheA-CheW-Tar complex have been determined for CheY (83)

(8) (85) (50) (62) (75) (56). Table 1.1 compares the Kd of the complexes discussed.

The calculated Kd (Kd = Kdissociation/Kassociation) of full length CheA-CheW-Tar

for CheY-Y51C is 30nM (75). The interaction between CheY and CheA-CheW-Tar

was characterised by a slow association rate of 368 M−1 s−1 and even slower dissoci-

ation rate 1.14 X 10−5 s−1 (75). This basal dissociation rate could be increased up to

75 times by the addition of ATP to the CheY:CheA-CheW-Tar complex, indicating

that CheY-P has a decreased affinity for CheA. Similarly, it has been demonstrated

that CheY-P has a 6 fold lower affinity for CheA-P1P2 than apo-CheY (50).

A liberated P1 domain cannot bind to CheY-Y51C to any significant level (83).

A low affinity complex formed by CheY and CheA-P1 was observed in NMR titration

experiments where a Kd of 4.5mM was reported (62). These results were obtained

with E. coli CheA-P1 and CheY, and the low affinity could stem from the small sur-

face area of interaction observed, ≈ 700Å2 (62). The low affinity with E. coli CheA-P1

and CheY indicate that high affinity binding between CheA and CheY is mediated

by the CheA-P2 domain. Interestingly, a lower Kd of 218µM was measured with

SPR between R. sphaeroides CheA3-P1 and CheY6, although this complex buries

less surface area at the interface than the E. coli complex; 530Å2 (8). CheA3 lacks a

high affinity P2 domain, whereas P2 is present in E. coli, and as such the CheA3-P1

domain is solely responsible for CheY6 binding. Consequently, CheA3-P1 could have

developed a higher affinity site to compensate for the lack of a P2 domain, a more

in-depth discussion of the CheA3-P1:CheY6 complex is undertaken in section 1.2.3

and includes the contributions to the interface from CheY6. Additionally, the higher

affinity measured with SPR for the R. sphaeroides chemotaxis proteins could be due

to a modern machine being used compared with the SPR results obtained with E.

coli (83) (8).

Significant binding has been observed between CheA-P1P2 and CheY, with a

calculated Kd of 370nM (83). This Kd is about 10 fold greater than the Kd for

the CheA-CheW-Tar:CheY complex. Taking the weak binding by P1 into account,

these results further indicate that P2 provides the contacts for a high affinity CheY

binding site in E. coli. Results from ITC experiments using CheA-P1P2 (1-233) and

wild-type CheY demonstrated that the isolated domains have a lower Kd for CheY

than the full-length CheA protein (50). Although the ITC results contrast with SPR
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Method Fragments Kd Reference

NMR titration CheY:CheA1-134 4.5mM (62)

SPR CheY6:CheA3-P1 218µM (8)

Fluoresence titration CheY:CheA124-257 1.7µM (83)

Fluoresence titration CheY:CheA159-229 90nM (85)

SPR CheY-Y51C:CheA1-233 370nM (83)

ITC CheY:CheA1-233 1.2µM (50)

ITC CheY.Mg2+:CheA1-233 1.2µM (50)

ITC CheY-P:CheA1-233 + EDTA 2.6µM (50)

ITC CheY-P:CheA1-233 6.6µM (50)

ITC CheY:CheA 1.9µM (50)

Fluoresence titration CheY:CheA 170nM (85)

Fluoresence titration CheY:CheA 2µM (56)

SPR CheY-Y51C:CheA-CheW-Tar 30nM (75)

Table 1.1: Comparison of Different CheY:CheA Complexes Kd’s. The table is split
by blank rows into P1, P2, P1P2, full length CheA and full length CheA + CheW +
Tar binding with CheY.
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experiments, they further demonstrate that the contacts for binding are localised to

the CheA-P1P2 domains. Taking the SPR and ITC results together supports the

assertion of CheA modularity, where CheA-P1 provides a low affinity site for CheY

association but is the site of phosphotransfer, whilst, CheA-P2 provides a high affinity

site for CheY docking prior to phosphotransfer from CheA-P1.

1.5.2 CheA:CheY Phosphotransfer Kinetics

Two phases of phosphotransfer have been observed when mixing CheA-P and CheY

(56). Phosphotransfer from CheA-P to CheY occurs over the initial 20ms, the com-

plex formed has a Kd of 7 ±2 µM, a rate of phosphotransfer (Kphos) of 750 ±100 s−1

and a KM of 6.5 ±2 µM (56) (79). The phase proceeding over the next 50-100ms, is

driven by CheY-P autodephosphorylation and has a rate constant of 0.04s−1. It has

been demonstrated that when CheY is in a molar excess of at least 4 with respect to

CheA-P, phosphotransfer will effectively be complete in less than 1s, while CheY-P

auto-dephosphorylation is complete by 1 minute (79). When contrasted with the re-

action kinetics of VanS and VanR, the vancomycin resistance mediating Class 1 TCS,

these data demonstrate the enhanced speed at which phosphotransfer occurs between

CheA-P and CheY (25). The Kphos from VanS-P to VanR is 1.6s−1 which is over 450

fold slower than the value for CheA-P:CheY, furthermore the KM for VanS-P:VanR

is 3µM half the corresponding value for CheA-P:CheY (25).

The peculiarities of the HPK CheA, the modular nature of the higher affinity

CheY binding and lower affinity phosphotransfer domains, could well facilitate fast

phosphotransfer kinetics. CheY is bound by CheA-P2 with a Kd of ≈ 90nM whilst

CheY is phosphorylated by CheA-P1-P with a Kd in the µM-mM range. CheY-

P is therefore not restrained between two high affinity sites, potentially facilitating

a fast dissociation of CheY-P from the CheA-P1P2 complex. Contributing to this

mechanism, the dissociation of CheY-P from the high affinity P2 domain is rapid,

with a rate constant of ≈650 ±200 s−1 (79). The rapid dissociation of CheA-P2 and

CheY-P could be due to the interactions of helix 4 and Tyr106 on CheY-P and Phe214

on CheA-P2. As previously discussed, activation of CheY causes Tyr106 to adopt an

internal rotomer pointing upwards towards loop 4. Additionally, the amino terminus

of helix 4 moves up and out while the carboxyl terminus moves inwards towards the

amino end of strand 5, precluding Tyr106 from pointing down in its internal rotomer.

When bound to inactive CheY, Phe214 on CheA-P2 points downwards between the
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carboxyl end of helix 4 and amino end of strand 5. Consequently, the activation of

CheY would produce a movement of helix 4 that would remove Phe214 from between

α4 and strand 5.

Phe214 forms an anchor residue to CheY; a residue that provides a large share

of the buried surface area at the interface and thus is a central mediator of binding

(85). A Phe214Ala mutation in full length CheA causes a decrease in affinity for

CheY of more than 400 fold, causing phosphotransfer to proceed 10 fold slower com-

pared to wild type CheA. The Phe214Ala mutation had an even greater effect in the

isolated P2 domain, causing a greater than 1300 fold decrease in affinity (85). The

dramatic change in affinity by removing Phe214 from the CheA-P2:CheY interface

illustrates the potency of this mechanism for rapid dissociation following CheY ac-

tivation. However, it is interesting to note that such a large change in affinity does

not cause a similar change in the speed of phosphotransfer. This indicates that the

remaining residues in the P2 domain can potentially compensate for the loss of the

anchor Phe214. These data also highlight the importance of the CheA-P2 high affin-

ity binding site and the associated mechanism of rapid CheY-P dissociation to the

speed of phosphotransfer between CheA-P and CheY.

1.5.3 Conclusion

CheA provides two modular binding sites for CheY, both of which involve bonds to

the the α4-β5-α5 region of CheY. Based on the evidence, CheA-P1 is optimised for

phosphotransfer to CheY whilst CheA-P2 provides a high affinity site to not only

bind CheY but to prime the RR for phosphotransfer and aid rapid dissociation upon

CheY activation.
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1.6 Osmosensing

The osmosensing TCS responds to changes in external osmolarity, modulating the

expression of outer membrane porin proteins, OmpF and OmpC (Figure 1.14). The

porins select for osmolytes based on size and charge (64). OmpC, the smaller porin,

is expressed when E. coli is in the gastrointestinal tract, a high osmolarity condition

when bile salts, micelle forming detergents that emulsify fats, need to be blocked from

accessing the cells inner membrane (81).

EnvZ, the HPK of the osmosensing TCS, is bifunctional in that it is capable of

both phosphorylating and dephosphorylating the RR OmpR (36) (6). The kinase

and phosphatase functions are interdependent, relying on overlapping residues in the

DHp and CA domain for their functions (5) (21) (108) (34). It has been demon-

strated that the switch between EnvZ kinase and phosphatase functions originates

from the periplasmic domain of the HPK, where residue Pro159 is central to the sig-

nal to change function (88). Increasing medium osmolarity produces an increase in

the kinase function over the phosphatase function of EnvZ (88). Phosphorylation of

OmpR by EnvZ results in a conformational change in the RR that allows it to bind

the promoters for OmpF and OmpC with a higher affinity than when unphospho-

rylated (45). Differential expression of porins, dependent on medium osmolarity, is

accomplished through the concentration of phosphorylated OmpR (OmpR-P), (Fig-

ure 1.14) (5). A small increase in osmolarity cause a small increase in the kinase

activity of EnvZ, resulting in low levels of OmpR-P which preferentially binds to

the ompF promoter due to its higher affinity binding sites compared to the ompC

promoter (104). As osmolarity increases, EnvZ kinase activity increases and so does

the level of OmpR-P. A greater amount of activated OmpR is available to bind to

DNA, allowing binding to the lower affinity sites of the ompC promoter and to a

lower affinity ompF promoter site that blocks transcription of OmpF (Figure 1.14)

(6) (5) (104) (77).

1.7 OmpR

OmpR is a two domain RR belonging to the OmpR/PhoB family of RRs. Its amino

terminal domain (NTD) is a classical REC domain, containing all of the conserved

active site residues, see Figure 1.4. It has been demonstrated that OmpR homologues,

members of the OmpR/PhoB family, share the mechanism of activation of CheY (89)
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Figure 1.14: Schematic of Osmosensing System. EnvZ phosphorylates OmpR. Low
osmolarity produces low levels of OmpR-P, activating transcription from ompF high-
affinity promoter sites (open box). High osmolarity produces higher concentrations
of OmpR-P that repress ompF transcription and activate ompC transcription. Tran-
scription from pOmpC also activates transcription of micF RNA, which can inhibit
the synthesis of OmpF. Image adapted from (81).
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Figure 1.15: E. coli OmpR/PhoB family α4-β5-α5 alignment. Sequence conservation
across the α4-β5-α5 region of the OmpR/PhoB family is shown, shading represents;
similarity by property of residue, highly conserved in more than 70% and absolutely
conserved in 100% of the sequences. Sites A-D pairs form inter-protein salt bridges,
site H pairs form inter-protein hydrophobic contacts (29). Alignment generated in
Clustal W (46).

(90) (60) (2) (26). The NTD is connected to the CTD via a 15 amino acid flexible

linker, spanning residues 123-137. Data suggests a role for the linker in propagating

the conformational change associated with REC domain phosphorylation to the CTD,

implying it could undergo a change upon activation (40).

It has been demonstrated that the α4-β5-α5 region of OmpR/PhoB members

is conserved, with a sequence identity of 60%, much greater than the conservation

over the rest of the domain, at 20-30% (Figure 1.15) (29). This is a particular

feature of the OmpR/PhoB family (89). The reason for this conservation is due to

its use in a conserved mechanism of REC domain dimerisation seen exclusively in the

OmpR/PhoB family (29).

Å2 Crystallised members of the OmpR/PhoB family ArcA, KdpE, TorR, PhoP,

PhoB and MtrA all display the same mechanism of dimerisation (Figure 1.16) (89)
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(90) (60) (2) (26). Helix 4 of one monomer packs against helix 5 of the second

monomer. In all these structures this is mediated by a hydrophobic patch further

stabilised by an extensive network of salt bridges and electrostatic interactions (Figure

1.16 and 1.15). Crystallised OmpR/PhoB homodimers bury a similar amount of

surface area at the interface per monomer; ArcA 850Å2, KdpE 900Å2, TorR 1000Å2,

PhoP 890Å2 , PhoB 890Å2 and MtrA 800Å2, indicative of α4-β5-α5 conservation in

the OmpR/PhoB family (89) (90) (60) (2) (26). Based on these data a common

mechanism has been proposed for OmpR/PhoB family member activation (89). The

model proposes that activation drives dimerisation via the stabilisation of loop 4

and Y/T coupling, where activation breaks any NTD contacts with the linker. This

allows the NTD the freedom to dimerise via the α4-β5-α5 region in a conserved

mechanism. The removal of NTD-linker contacts and the process of NTD dimerisation

results in CTD-linker contacts breaking, thus allowing the CTD to become active.

This model could be applicable to OmpR, indeed dimerisation appears to be a pre-

requisite to DNA binding and many orientations of NTD-linker-CTD contacts have

been described, indicating that structural differences are not a barrier to this common

mechanism of regulation (4) (29) (89) (90) (60) (2) (26).

It has been shown that some E. coli OmpR/PhoB family members can het-

erodimerise, although there is a kinetic preference for homodimerisation (29). OmpR-

P homodimerises with a rate constant of 3.8 X 10−3 s−1, a rate constant for hetero-

complex formation is not reported although it is noted to be weak compared to ho-

modimerisation (29). CpxR appears to be a particularly promiscuous heterodimeriser,

however, given the kinetic preference for homodimerisation observed the likely in vivo

occurrence of heterocomplexes of the OmpR/PhoB family in E. coli is questionable.

It is worth noting that members of other RR families, such as NtrC and NtrN, were

not observed to homodimerise at all (29).

The native linker of OmpR contains a mix of amino acid types and sizes but two

proline residues stand out (sequence: GlnAlaAsnGluLeuProGlyAlaProSerGlnGluGlu

AlaVal). Proline preferentially forms cis peptide bonds with the preceeding residue,

this type of bond increases the flexibility of the peptide chain by diminishing the

resonance stabilisation of the peptide bond between carbonyl and amino groups,

also, the backbone amino groups of prolines cannot take part in hydrogen bonding

(18). As a result of these properties, prolines are favoured in turns where they can

contribute to the flexibility required to bend the peptide chain and not contribute
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Figure 1.16: The residues of the ArcAN -BeF3
− dimer interface (pdb:1XHF). One

monomer of ArcAN -BeF3
− is cyan, the other is green. Sidechains of residues that form

salt bridges are coloured yellow, those that form the hydrophobic part of the interface
are magenta. The sidechains of Asp54 and Tyr99 are shown as well. Residues are
coloured; carbon=parent molecule colour, oxygen=red and nitrogen=blue. Images
generated using PyMOL (Delano scientific).

hydrogen bonds, which stabilise the turn motif either side of the bend (18). It is

possible that the LeuProGlyAlaProSer sequence could create a turn in the linker

with a hydrophobic character; the two prolines would form cis bonds between Leu-

Pro and Ala-Pro, while the prolines themselves would not be involved in hydrogen

bonding, causing 4 residues in this turn to not hydrogen bond. The flanking Leu

and Ser could hydrogen bond to bring stability to this feature. This structure, in the

middle of the linker, could be involved in the information transfer from an activated

NTD to the CTD, discussed in greater detail below.

The CTD DNA binding domain is the only part of OmpR for which structural

data is available (54) (44). Figure 1.17 shows the DNA binding domain of OmpR,

which is classified as a winged Helix-Turn-Helix (wHTH) domain. It is composed of

an amino terminal 4 stranded antiparallel β sheet, which is a particular feature of the

OmpR/PhoB family of RRs. The proceeding α helices, which form the helix-turn-

helix motif composed of α2-loop-α3, pack against the antiparallel β sheet. Carboxyl

to the helices is a β sheet that packs against the helical structure, as such, the helices

are sandwiched between the sheets. The carboxyl β sheet forms the wing of the

31



Figure 1.17: OmpR DNA Binding CTD. The general fold of the CTD of OmpR,
secondary strucutre elements have been labelled. pdb:1OPC. Image generated using
PyMOL (Delano scientific).

domain, specifically, β6-loop-β7. Functionally, both helix 3 and the loop between β6

and β7 interact with DNA (54).

OmpR can bind to the promoter sequences of ompF and ompC, an activity which

is regulated by osmolarity. The porin OmpF is transcribed under low osmolarity,

becoming downregulated with increasing osmolarity. OmpC is transcribed under

conditions of increasing osmolarity (6) (5) (104) (77). It has been demonstrated that

the ompF promoter consists of 4 sites, F1, F2, F3 and F4, additionally, the ompC

promoter has 3 sites, C1, C2 and C3 (104) (35) (77). Each individual site contains

two half sites, a and b, defined based on differences in the consensus sequence, each

half site binds one OmpR protein (104) (4). The F1 and C1 sites both have the

highest affinity for OmpR-P, while F2, F3, C2 and C3 are lower affinity sites, Table

1.2 (32). It can be argued that the high affinity sites, F1 and C1, are the catalyst

for binding to the lower affinity sites. A comparison of the affinities of the isolated

F2, F3, C2 and C3 sites with composite sites containing F1 or C1 demonstrates

that the presence of F1 or C1 increases the affinity of OmpR/OmpR-P for the lower

affinity sites, Table 1.2. This could indicate that upstream sites act cooperatively
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with downstream sites to facilitate DNA binding. Further, it has been observed that

half sites act cooperatively, only after the higher affinity b site is bound can site a be

filled (104).

Based on the relative affinities and cooperativity of promoter binding, the gal-

loping model has been proposed (104). In vivo, the relative affinities of the different

promoter sites determines that the a and b sites of F1-3 are bound by OmpR-P before

C2 and C3 are bound, and, that the C1 and F1 sites are filled at the same time. As

such several steps are proposed for binding and expression from the promoters;

• F1 and C1 are filled - no expression

• F1-F2, C1 are filled - ompF expression

• F1-F2-F3, C1 are filled - ompF expression

• F1-F2-F3 + F4, C1-C2-C3 are filled - ompF repression, ompC expression.

These steps are dependent on increasing osmolarity to increase the population of

OmpR-P, allowing lower affinity sites to be filled once higher affinity sites are full.

OmpR or OmpR-P cannot bind an isolated b site, indicating that OmpR/OmpR-

P binds as a dimer in a cooperative manner (4). This agrees with the conjecture that

OmpR dimerises similarly to other OmpR/PhoB RRs. It has been demonstrated

that phosphorylation of OmpR decreases its affinity for EnvZ, from 519nM to 1.6µM,

and increases its affinity for F1 DNA when compared to unphosphorylated OmpR,

from 2µM to 150nM (6) (4) (41) (45) (51). Furthermore, OmpR activation decreases

the KD of OmpR homodimers, from 1.1mM to 7µM (4), indicating that activation of

OmpR drives not only dissociation from its HPK, similarly to CheY activation, but

also homodimerisation of OmpR monomers for promoter binding. The driving force

behind DNA binding by activated OmpR appears to be its coupling to OmpR dimeri-

sation. Evidence suggests that the change in free energy of OmpR-BeF3
− binding to

DNA, ∆∆Gbinding, is 1.6 kcal mol−1, which is identical for the C1 and F1 promoter

sites. The change in free energy of OmpR-BeF3
− dimerisation, ∆∆Gdimerisation, is

3.3 kcal mol−1 (4). The difference in the ∆∆G of these processes could serve as

the driving force for more stable DNA binding by OmpR-P. This ∆∆G difference

could help explain the binding affinities of OmpR and OmpR-P, a decrease in the

∆∆Gdimerisation from active to inactive OmpR monomers could affect the free energy

available to drive and stabilise DNA binding by inactive OmpR.
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DNA OmpR Kd (nM) OmpR-P Kd (nM)

F1 194 ±59.5 6.5 ±2.0

F2 NSB 270.9 ±27.8

F3 NSB 301.2 ±56.4

F4 NSB NSB

F1-F2 180.4 ±31.4 10.7 ±5.1

F1-F3 183.1 ±59.1 21.9 ±1.3

F1-F2-F3 496.5 ±60.9 15.4 ±3.5

C1 101.4 ±59.1 7.7 ±4.8

C2 NSB 284.8 ±124.7

C3 NSB NSB

C1-C2-C3 86.7 ±32.5 31.4 ±8.0

Table 1.2: Comparison of Kd of ompF and ompC promoter sites. Different concentra-
tions of OmpR or OmpR-P, previously phosphorylated with acetyl phosphate and the
level of phosphorylation quantified, were titrated with fluorescein tagged promoter
DNA. NSB, non specific binding where Kd is > 1.4µM. Table reproduced from (32).

1.7.1 Conclusion

Based on the evidence from the OmpR/PhoB RR family, it is highly probable that

the α4-β5-α5 region of OmpR is involved in interdomain contacts to inhibit the active

conformation of the DNA binding domain. Evidence indicates that the α4-β5-α5

region of the OmpR/PhoB family of RRs has been adapted for a function specific

for their action, instead of forming a binding site for a HPK, as in the case of CheY,

it has been used to regulate activation and help stabilise the activated state via

homodimerisation.
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1.8 EnvZ

EnvZ, the cognate kinase of OmpR, is a bifunctional Class I HPK having both kinase

and phosphatase activity (36) (6). EnvZ is an integral membrane protein, its domains

consist of;

• Transmembrane domain 1 (TM1) - residues 16-47

• Periplasmic domain - residues 48-162

• Transmembrane domain 2 (TM2) - residues 163-179

• Cytoplasmic - resiudes 180-450

The TM domains help anchor the periplasmic sensor domain, while the cytoplasmic

domain interacts with OmpR (72) (67). The cytoplasmic domain of EnvZ (EnvZc)

exists as a dimer and is phosphorylated at a conserved histidine, His243 (72) (67). As

such EnvZc, residues 223-450, can be divided into the DHp domain, residues 223-289,

and a CA domain, residues 290-450 (67) (109). It has been demonstrated in vivo that

an increase in osmolarity causes an increase in localisation of OmpR to EnvZ at the

poles of the cell (6). The DHp domain of EnvZ can act as a phosphatase for OmpR

on its own, however, the presence of the CA domain is required for maximal EnvZ

phosphatase activity, as is Mg2+ and ADP (67) (109). Furthermore, the phosphory-

latable histidine, His243, is required for both phosphatase and kinase functions (67)

(109) (34).

The homodimeric core of EnvZc, the DHp domain, is the main site of OmpR

interaction (84). It has been demonstrated that OmpR binds at the base of the

4 helix bundle formed by the 2 EnvZc monomers (84). This correlates with the

specificity data generated using coevolution and verified both in vitro and in vivo

(Section 1.2.3) (76). Binding studies between EnvZ and OmpR have reported a

range of results from nanomolar to micromolar for the Kd of the complex, Table 1.3.

The differences observed are likely to be due to differences in the conditions and

methods of measurement used.

Based on the data in Table 1.3 and above a model can be proposed where in-

creased osmolarity shifts the HPK’s activity to kinase dominant causing EnvZ to

autophosphorylate, OmpR localisation with EnvZ increases and OmpR undergoes

phosphotransfer. Activation allows phosphorylated OmpR monomers to dimerise
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with a higher affinity compared with inactive monomers, and releases the OmpR

CTD from inhibitory interactions with the linker/NTD. The difference in ∆∆G be-

tween OmpR-P dimerisation and DNA binding provides the driving force for stable

dimeric DNA binding; the ∆∆Gbinding to DNA appears to be independent of promoter

site. As osmolarity increases, a greater proportion of the OmpR population becomes

phosphorylated, thus, greater free energy from ∆∆Gdimerisation would be available

to drive DNA binding, which could explain the cooperativity seen between adja-

cent promoter sites. As osmolarity decreases, EnvZ becomes phosphatase dominant

dephosphorylating OmpR-P, this process is enhanced by the presence of Mg2+ and

ADP which are coordinated by the G2 box of the CA domain and a water molecule

catalyses the dephosphorylation of OmpR-P.
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Experiment Conditions Fragments Kd Reference

Fluorescein titration Mg2+ FL-OmpR:EnvZc 425 ±127 nM (55)

Fluorescein titration Mg2+ + OmpR-P FL-OmpR-P:EnvZc undetected (55)

Fluorescein titration Mg2+ FL-OmpR:EnvZc:C123 DNA 385 ±162 nM (55)

Fluorescein titration Mg2+ FL-OmpR:EnvZc 1.96 ±0.28 µM (102)

Fluorescein titration Mg2+ and ATP FL-OmpR:EnvZc 0.78 ±0.064 µM (102)

Ni-NTA agarose SDS-PAGE His10OmpR:EnvZc 1.2 ±0.17 µM (12)

Ni-NTA agarose SDS-PAGE Mg2+ and ADP His10OmpR:EnvZc 1.17 ±0.15 µM (12)

FRET EnvZ:OmpR-P 1.6µM (41)

FRET EnvZ:OmpR 519 nM (41)

Table 1.3: Kd Comparison of Different OmpR:EnvZ Complexes. Conditions refers to additions that can influence binding,
Mg2+ and ATP/ADP, a blank in this column indicates that these cofactors were ommitted from the reaction. In row 2,
OmpR-P was phosphorylated with phosphoramidate to > 95% homogeneity.
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1.9 Aims of This Study

The conserved RR REC domain is involved in every function of CheY and OmpR;

HPK binding, phosphotransfer and activation, output response and dephosphory-

lation. Synthetic biology approaches have produced functional circuits from TCS

components, although chimeric systems of class I and class II TCS have not been ex-

plored. This study will aim to create a synthetic TCS from both class I and class II

components. A system where chemotactic stimuli drive transcription via a chimeric

RR composed of CheY and OmpR, such a system linking taxis and transcription

could be used as a motile biosensor.

To successfully fuse chemotactic sensing, which is capable of adaptation, to tran-

scription from the OmpF and OmpC promoter sites, which produce a graded signal

in response to the level of OmpR-P, the chimeric CheY-OmpR RR will need to

preferentially bind CheA and become phosphorylated. To bind to the OmpF and

OmpC promoter sites the chimeric RR will need to be stably phosphorylated and

transduce REC domain phosphorylation into CTD activation. Consequently, these

functional aspects of the chimeric RRs will be assayed; HPK binding, phosphory-

lation by HPK-P plus auto-dephosphorylation and DNA binding. Fusing only the

RRs of the chemotaxis and osmosensing system should allow the preservation of the

adaptation function regulated by upstream chemotaxis components and the graded

transcriptional output from the downstream OmpF and OmpC promoter sites.

Furthermore, CheY is the archetypal REC domain and has been thoroughly stud-

ied, a large volume of data is available concerning CheY’s structure, interaction with

CheA and phosphotransfer and dephosphorylation kinetics. In comparison OmpR is

less well studied, for example the structure of OmpR’s REC domain has not been

resolved. The chimeric CheY-OmpR RRs will be fused at sites across the α4-β5-α5

region, an area implicated in OmpR dimerisation. Consequently, the synthetic RRs

may help elucidate the mechanism of OmpR homodimerisation and highlight how

activation of the REC domain is transmitted to the DNA binding domain.

The aims of this study are;

• To determine the optimum fusion site between CheY and OmpR, a number

of fusion sites across the α4-β5-α5 region will be created and their structures

characterised by circular dichoism and ESI-MS.

• To determine the HPK binding affinity of the fusion constructs, assayed by
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surface plasmon resonance.

• To determine the phosphotransfer capabilities of the fusion constructs, assayed

by in vitro phosphotransfer with a HPK-P.

• To determine the ompC and ompF binding capabilities of the constructs, as-

sayed by fluorescence anisotropy.
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Chapter 2

Materials and Methods
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2.1 General Experimental Protocols

The composition of all buffers and reagents are available in Chapter 8. Primer se-

quences and PCR programme details are available in Chapter 9.

2.1.1 Strains and Plasmids

Strains are summarised in Table 2.1, plasmids in Table 2.2. For plasmid propagation,

strains were grown aerobically with shaking at 225rpm in Luria-Bertani broth (LB-

broth), for protein expression, strains were grown in 2xTY. Where appropriate the

following antibiotics, were added:

• Ampicillin at 100µg/ml or Carbenicillin at 50µg/ml dissolved in water

• Kanamycin at 25µg/ml dissolved in water

• Chloramphenicol 30µg/ml dissolved in 95% ethanol

E. coli Strains Description Source

RP437 Wild-type chemotaxis E. coli strain JS Parkinson

XL-1 Blue General cloning strain for amplification of
plasmid DNA, Tetr, lacI

Stratagene

M15pREP4 Protein expression strain for pQE-60 vector,
contains pREP4, Kanr

Qiagen

BL21(DE3)pLysS Protein expression strain for pQE-80 vector,
contains pLysS, Cmr

Promega

Table 2.1: Strains
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Table 2.2: Plasmids

Plasmid Description Source

pQE-60 Introduces a C-terminal 6 x His-tag, Ampr Qiagen

pQE-80 Introduces a N-terminal 6 x His-tag, Ampr Qiagen

pGEX-6P1 Introduces an N-terminal Glutathione S-transferase tag, Ampr GE Healthcare

pQE-60-F1 C-terminal 6 x His-tag, Ampr, F1 CheY OmpR fusion This study

pQE-60-F2 C-terminal 6 x His-tag, Ampr, F2 CheY OmpR fusion This study

pQE-60-F3 C-terminal 6 x His-tag, Ampr, F3 CheY OmpR fusion This study

pQE-60-F4 C-terminal 6 x His-tag, Ampr, F4 CheY OmpR fusion This study

pQE-60-CheY C-terminal 6 x His-tag, Ampr, wild-type E. coli CheY This study

pQE-60-OmpR C-terminal 6 x His-tag, Ampr, wild-type E. coli OmpR This study
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Table 2.2: Plasmids

Plasmid Description Source

pQE-60-CheA C-terminal 6 x His-tag, Ampr, wild-type E. coli CheA This study

pQE-60-EnvZc C-terminal 6 x His-tag, Ampr, wild-type E. coli EnvZc This study

pQE-60-mEnvZ C-terminal 6 x His-tag, Ampr, mutant EnvZc-L288P This study

pQE-80-CheAP1 N-terminal 6 x His-tag, Ampr, biotinylation-tagged CheAP1 derived from pQE-60-CheA This study

pQE-80-CheAP2 N-terminal 6 x His-tag, Ampr, biotinylation-tagged CheAP2 derived from pQE-60-CheA This study

pQE-80-CheAP12 N-terminal 6 x His-tag, Ampr, biotinylation-tagged CheAP12 derived from pQE-60-CheA This study

pQE-80-bmEnvZ N-terminal 6 x His-tag, Ampr, biotinylation-tagged mEnvZ derived from pQE-60-mEnvZ This study
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2.1.2 Long Term Storage of Strains

Strains were stored at -80◦C as a 1:1 mixture of stationary phase culture and 50%

(v/v) glycerol.

2.1.3 Competent Cells

To prepare RbCl-competent cells, 1ml of stationary phase starter culture was sub-

cultured into 50ml LB-broth, grown to an OD600 between 0.3 and 0.5 and chilled

on ice for 15-30 minutes. Chilled cultures were spun at 2000rpm for 10 minutes at

4◦C, resuspended in 16ml TFBI and chilled for a further 30 minutes. Cells were cen-

trifuged again at 1700rpm for 10 minutes at 4◦C, the resulting pellet was resuspended

in 2ml TFBII. 200µl aliquots of this suspension were flash frozen in liquid nitrogen

and stored at -80◦C.

2.1.4 DNA Manipulation

Plasmid DNA was extracted from stationary-phase cultures using either the QIAPrep

Spin Miniprep kit or the HiSpeed Plasmid Midiprep kit (both Qiagen), following the

provided protocols. Chromosomal E. coli DNA was extracted using the GenElute

Bacterial Genomic DNA Kit (Sigma), following the provided protocols.

2.1.5 Polymerase Chain Reaction

Polymerase chain reaction (PCR), to obtain DNA for cloning purposes, was carried

out using Pfu DNA polymerase (Promega), with the following mixture for 1 reaction:

• 1µl template DNA

• 5µl each of two 100µM primers

• 5µl 2.5mM dNTPs

• 5µl 10x Pfu polymerase buffer (Promega)

• 1µl (2 units) Pfu DNA polymerase (Promega)

• 2.5µl DMSO

• to 50µl with MilliQ water
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A gradient PCR identified the annealing temperature for optimum extension con-

ditions, after which PCRs were completed with the appropriate annealing tempera-

ture.

2.1.6 Site Directed Mutagenesis PCR

Primer design, the PCR programme and DpnI digestion were carried out as per the

manufacturers protocol (Stratagene), with the following mixture for 1 reaction:

• 1µl template DNA

• 5µl each of two 100µM primers

• 5µl 2.5mM dNTPs

• 5µl 10x Pfu polymerase buffer (Promega)

• 1µl (2 units) Pfu DNA polymerase (Promega)

• 2.5µl DMSO

• to 50µl with MilliQ water

Template DNA consisted of the wild-type gene inserted in to a plasmid. Gradient

PCR was not used given the low annealing temperature of the primers. PCR was

followed by a 1 hour incubation at 37◦C with the addition of 1µl of DpnI (NEB) to

digest the methylated and hemimethylated template DNA. 1µl of this mixture was

transformed into XL-1 Blue competent cells using the standard protocol (Section

2.1.13).

2.1.7 Overlap-Extension PCR

Overlap extension PCR (OE-PCR) was used to make the chimeric proteins F1, F2, F3

and F4. In OE-PCR two rounds of PCR are undertaken and 4 primers are designed, 1-

4, to amplify the native DNA. Two primers have complementary 5’ sequences allowing

their amplified sequences to anneal in the second round of OE-PCR to produce a

chimeric sequence. In this study, for example, in the first round of PCR forward

primer 1 and reverse primer 2 amplified cheY and forward primer 3 and reverse

primer 4 amplified ompR. The 5’ end of primers 2 and 3 are complementary. During
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the second round of PCR their products can anneal and are amplified by primers 1

and 4 producing chimeric DNA containing textitcheY fused with ompR. The reaction

mixture for an OE-PCR is as above for PCR.

2.1.8 DNA Electrophoresis

DNA fragments were separated by size in 0.8% to 2% (w/v) agarose (Roche) made

up in 0.5 x TBE solution. 5 x DNA loading dye was added to each sample. The

gels were run at 80 - 140v, dependent on the size of the gel, then stained in ethidium

bromide solution (1ng/ml) for 20 minutes and viewed with a UV transilluminator.

2.1.9 Extraction of DNA from Agarose Gels

The Genelute Gel Extraction kit (Sigma) was used to extract DNA from the bands

excised from gels following the manufacturers protocol.

2.1.10 PCR DNA Restriction

PCR DNA restriction reactions were incubated for 3 hours at 37◦C, each 100µl reac-

tion contained:

• 50µl purified PCR product

• 1µl BSA

• 10µl 10 x Buffer

• 3µl each of two restriction enzymes

• 33µl Water

Purification of the restricted PCR DNA was accomplished with Genelute Gel

Extraction kit (Sigma), as per the manufacturer’s protocol.

2.1.11 Plasmid DNA Restriction

Plasmid DNA restriction reactions were incubated at 37◦C for 2 hours, each 20µl

reaction contained:

• 2µl plasmid DNA
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• 0.5µl BSA

• 2µl 10 x Buffer

• 0.5µl each of two restriction enzymes

• 14.5µl Water

Purification of the restricted plasmid DNA was accomplished with Genelute Gel

Extraction kit (Sigma), as per the manufacturer’s protocol.

2.1.12 DNA Ligation Reactions

Vector and insert DNA were mixed in a 1:3 molar ratio with 3µl DNA ligase (NEB)

and the appropriate buffer to a total reaction volume, with water, of 20 µl. The reac-

tion mixture was incubated for 16 hours at 16◦C, then transformed into previously-

prepared competent cells.

2.1.13 Transformation Of Competent Cells

Competent cells were transformed with up to 3µl of plasmid DNA or, for ligations,

5µl of the ligation mixture. Aliquots of competent cells were defrosted on ice for 25

minutes, then DNA was incubated with competent cells for 30 minutes on ice. The

transformation mixture was heat-shocked at 42◦C for 2 minutes, then incubated for 2

minutes on ice. 800µl of LB-broth was added to the transformation mixture, followed

by a 1 hour incubation at 37◦C. The transformation mixture was spread onto LB-agar

plates containing appropriate antibiotics and incubated overnight at 37◦C.

2.1.14 DNA Sequencing

DNA sequencing was done by the Automated DNA Sequencing Service provided by

Source BioScience Lifesciences. The BigDye dye termination method (PE Biosys-

tems) was used on a 3730 DNA sequencer (Applied Biosystems). Sequences were

analysed using Clone Manager Professional version 9 (Sci Ed Central).
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2.1.15 SDS-PAGE

10µl of eluted protein was mixed with 20µl 5xSDS Buffer and boiled for 10 minutes.

Subsequently, samples were centrifuged briefly in a Tomy Capsule HF-120. 15µl of

each sample and a ladder (BenchMark Prestained Protein ladder from life technolo-

gies) were loaded on to a 4-20% RunBlue SDS Precast Gel from Expedeon. Gels

were run in 20 x Reducing buffer for 1 hour at 175V, 110mA/gel and 50W. Gels were

stained with InstantBlue (Expedeon), and visualised using a G:Box from Syngene.

2.2 Overexpression and Protein Purification

2.2.1 CheA, CheY, OmpR and Fusion Proteins

100ml starter cultures were grown at 37◦C in 500ml flasks in 2xTY media, with the

appropriate antibiotics, to an OD600 between 0.3 and 0.5. 25ml was subcultured

into 500ml of 2xTY media, with the appropriate antibiotics, in 2L flasks . These

were grown to an OD600 between 0.3-0.5. Cultures were then induced with 200µM

of IPTG and grown for 4 hours at 37◦C. Cells were harvested by centrifugation at

7000g for 10mins, weighed and the pellets frozen at -80◦C. Pellets were defrosted

at room temperature then resuspended in His-Tagged Protein Lysis buffer at 5ml/g

of cells. This mixture was sonicated (Vibracell Sonics Materials Incorporated) for 6

minutes with a regime of 5 seconds on, 5 seconds off at 60% of maximum. Lysates were

centrifuged at 35000g for 30 minutes to remove insoluble material and cell debris. The

cleared lysates were applied to Nickel-NTA Agarose resin (Qiagen) equilibrated with

His-Tagged Protein Lysis buffer. Columns contained 1ml Nickel-NTA Agarose per

6L of culture. Columns were washed with 20ml of His-Tagged Protein Wash Buffer I

followed by 4ml of His-Tagged Protein Wash Buffer II. Columns were incubated with

8ml of His-Tagged Protein Elution Buffer for 5 minutes, after which 0.5ml fractions

were collected and stored on ice. Where proteins precipitated during elution, aliquots

were diluted 1:1 with a volume of elution buffer and spun for 10 minutes at 17000g

at 10◦C, the supernatant was removed to separate the precipitate from the soluble

protein.

Proteins were further purified using an ÄKTApurifier with a HiLoad 16/60 Su-

perdex 75 column, running Unicorn version 5.11 (GE Healthcare). Fresh running

buffer was made for each new run. Elution times were calculated based on the stan-
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dards provided for the column by GE Healthcare. Eluted fractions were stored on ice

and their concentration measured using a Bradford based assay (BioRad) using BSA

as a standard. To verify the purity and molecular weight of the fractions collected,

SDS-PAGE was used. Subsequently, proteins were concentrated in a vivaspin 15ml

concentrator (Sartorius Stedim biotech), concentrators were equilibrated with 1ml

running buffer at 3000g for 5 minutes at 10◦C. Proteins were concentrated to greater

than 1mg/ml, assayed by Bradford. Proteins were characterised using ESI-MS to

verify the molecular weight and the dominant species

2.2.2 EnvZ GST

Overexpression and cell harvesting procedures for the EnvZ-Glutathione S-transferase

(GST) tagged protein were as above for His-tagged wild-type and chimeric proteins.

Frozen cell pellets were defrosted at room temperature and resuspended in GST-

Tagged Protein Binding Buffer at 5ml/g of cells, before sonication and centrifugation

as above. The cleared lysates were applied to a gravity flow column containing

Glutathione Sepharose 4B (GE Healthcare), equilibrated with GST-Tagged Protein

Binding Buffer. The column contained 1ml of Glutathione Sepharose 4B per 6L of

culture. The column was washed with a total of 15 column volumes of GST-Tagged

Protein Binding Buffer. Protein was eluted by applying 0.5ml of GST-Tagged Protein

Elution Buffer per ml of Glutathione Sepharose 4B, the elution step was repeated

three times. 0.5ml fractions were collected and stored on ice.

Further purification of EnvZ-GST followed the protocol optimised for His-tagged

proteins, above. The purification of EnvZc-L288P (mEnvZ), a phosphatase null mu-

tant of EnvZ, followed the purification procedures outlined in this section for wild-type

EnvZ.

2.2.3 Biotinylated HPKs

For surface plasmon resonance (SPR) experiments, biotinylated HPKs (the ligands)

were attached to a streptavidin hybridised sensor surface. CheA-P1, CheA-P2 and

CheA-P1P2 and mEnvZ were inserted into the pQE80 plasmid, with an amino ter-

minal His-tag. A minimal biotinylation tag used for immobilisation was engineered to

the carboxyl terminii of the HPKs; (GlyGlyGlyLeuAsnAspIsoPheGluAlaGlnLysIsoGlu

TrpHisGlu) where the lysine residue is the site of biotinylation (7).
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All HPK constructs were transformed into competent BL21(DE3)pLysS cells. The

overexpression protocol for each HPK followed the standard heat shock protocol

followed by spreading on to LBA plates containing biotin at 2% (w/v), to ensure

in vivo biotinylation of the HPK constructs. Biotin was used at this concentration

based on unpublished observations by Dr Mostyn Brown. Colonies were cultured at

37◦C for 18 hours in 100mls of 2xTY , with the appropriate antibiotics and 2% (w/v)

of biotin. Subsequently, 50ml was subcultured in to 500ml 2xTY with 2% (w/v) of

biotin, grown at 37◦C to OD600 between 0.3-0.5 after which they were induced with

200µM IPTG for 4 hours at 37◦C.

Centrifugation and purification procedures were the same as for unbiotinylated

CheA and mEnvZ. Biotinylated proteins were not further purified using an ÄKTApurifier,

additional purification took place via binding these biotinylated proteins to the chip

for SPR.

2.3 Circular Dichroism

Circular dichroism (CD) experiments were used to ascertain the structural char-

acteristics of CheY, OmpR and the fusion proteins. Experiments were performed

on a Jasco J-720 Spectropolarimeter with a 1mm path length. Proteins were buffer

exchanged into Cicular Dichroism Buffer using a PD SpinTrap G-25 as per the manu-

facturers instructions (GE Healthcare). After buffer exchange, protein concentration

was adjusted to 0.123mg/ml. Spectra were collected from 190-260nm over a tem-

perature range of 20◦ to 90◦ to monitor the denaturing behaviour of wild-type and

chimeric RRs.

2.4 Phosphotransfer Assays

HPK was autophosphorylated at room temperature for 30 minutes in Histidine Ki-

nase Autophosphorylation Buffer, which contained 0.67mM of [γ-32P] ATP (final

concentration) with a specific activity of 14.8 GBq/mmol. Phosphotransfer reactions

from HPK to wild-type or fusion RRs were performed in 1 x Phosphotransfer Assay

Buffer at room temperature. 10µM of wild-type or fusion RR were incubated with

5µM of the phosphorylated HPK (final concentrations), aliquots of this mixture were

removed at the specified time points, quenched in Phosphotransfer Loading Dye and
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stored on ice. Quenched samples underwent SDS gel electrophoresis on 15% poly-

acrylamide gels, at 4◦for 45 minutes. Gels were dried, exposed to phosphor screens

(Kodak) and analysed using an SF-phosphorimager with ImageQuantTL software

(version 7.0, GE Healthcare), correcting for the background present in each lane.

[γ-32P] ATP standards of 5, 4, 3, 2, 1, 0.5, 0.4, 0.3, 0.2, 0.1 and 0.05 pmol/µl were

included.

2.5 Surface Plasmon Resonance

Experiments were performed at 25◦C on a BIAcore T200, using a Series S Sensor

Chip CAP (GE Healthcare) with a Biotin CAPture kit (GE Healthcare) as per the

manufacturers instructions. Biotinylated HPKs, mEnvZ, CheA-P1, CheA-P2 and

CheA-P1P2 (the ligands) were diluted to a 1µM stock in SPR Buffer. Serial dilutions

of the wild-type and fusion RRs (the analytes) were made from 3µM to 0.01µM in

SPR Buffer. Ligands were attached to the sensor chip using the Biotin CAPture

Reagent (GE Healthcare), analytes were flowed over the surface at a rate of 2µl per

minute. The sensor surface was regenerated after each cycle using the Regeneration

Solution, after which fresh ligand was attached to the sensor chip. kD values were

generated from reference subtracted sensorgrams using a steady-state surface bound

affinity model using the default settings (T200 Evaluation Software, GE Healthcare).

2.6 Fluorescent Anisotropy

C1-C2-C3 and F1-F2-F3 composite promoter sites tagged with fluorescein and com-

plimentary untagged strands (both Sigma, purified via HPLC) were annealed in Oligo

Annealing Buffer. To verify annealing, 10µl aliquots of each single stranded oligo and

the annealed reaction were mixed with 5µl of 5 x DNA Loading Dye and run on 20%

RunBlue Native Precast Gels (Expedeon) in 1 x Native Running Buffer.

Both phosphorylated and unphosphorylated wild-type and chimeric RRs were as-

sayed for DNA binding activity. To increase accuracy at low protein concentrations

Biotix lo-bind tips were used for all stages of the phosphorylated and unphosphory-

lated assay.

Unphosphorylated RRs were diluted to stock concentrations of 1µM and 0.1µM

in Anisotropy Buffer, diluted to reaction concentrations and aliquotted in to a 96 well
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plate to a final volume of 100µl per well, using 3 wells per concentration.

Phosphorylated RRs were obtained by incubation with a phosphorylated HPK;

wild-type RRs were incubated with their cognate HPK and chimeric RRs were incu-

bated with a suitable HPK to achieve maximal phosphorylation over the course of

the assay.

5µM of HPK was autophosphorylated at room temperature for 30 minutes in

Anisotropy Buffer containing 5mM ATP. CheY, OmpR and fusion RRs were diluted

to stock concentrations of 1µM and 0.1µM. Phosphorylated HPKs were mixed in a 2:1

ratio with RR stock concentrations. Reactions were incubated for at least 10 minutes

to ensure the phosphotransfer reaction had reached its end-point. These were then

diluted with Anisotropy Buffer to the specified concentrations and aliquotted in to a

96 well plate to a final volume of 100µl per well, using 3 wells per concentration. To

ensure that ATP was not exhausted between assay preparation and assay measure-

ment a ratio of HPK:ATP of 1:1000 was chosen. CheY-P, the RR with the fastest

autodephosphorylation rate used in this study, has a t 1
2
≈ 20s, equating to 90-135 half

lives over the 30-45 minutes required to complete the assay. Taking the multiple di-

lution steps into account results in a final ratio of HPK:ATP of 1:700. Consequently,

ATP should not be exhausted over the course of the anisotropy experiment ensuring

that RRs are phosphorylated when measurements are taken.

Data analysis was done using the MARS Data Analysis software version 2.1 (BMG

Labtech). Blank subtracted anisotropy was calculated for each well, using the follow-

ing equation (2.1) for anisotropy,

Anisotropy = 1000∗ (parallel−perpendicular)/(parallel+2∗perpendicular) (2.1)

These values were plotted using Sigma Plot version 12 (Systat Software Inc.), and

fitted to a Single Rectangular 2 Parameter Hyperbola model.
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Chapter 3

Chimeric Protein Design
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3.1 Chapter Overview

This chapter will address chimera design issues that could affect HPK binding, phos-

photransfer, auto-dephosphorylation and DNA binding. This chapter will then assess

the physical properties of the chimeras and whether they are suitable to use for ex-

perimentation.

3.1.1 Chimera Design Considerations

RRs CheY and OmpR have a conserved REC domain in common, this NTD runs from

β1 to α5 with alternating β strands and α helices. The conserved residues of the REC

domain are therefore common to both RRs, these comprise the active site required for

phosphotransfer. Primarily, differences between CheY and OmpR occur in residues

that mediate the other functions such as HPK binding, auto-dephosphorylation and

output modulation, Figure 3.1.

The SDRs of OmpR are located in helix 1 and loop 5 of the REC domain. In

CheY, binding to CheA occurs via helix 1 and across the whole α4-β5-α5 region of

the REC domain. Activation of both CheY and OmpR results in conformational

changes that occur in the α4-β5-α5 region of the REC domain. Activation of OmpR

leads to monomer dimerisation, the residues for which lie across the α4-β5-α5 region

of the REC domain. CheY activation results in the α4-β5-α5 region binding to FliM

of the motor or to the phosphatase CheZ, these residues are not shown in Figure 3.1

since they are not of direct interest to this study. Auto-dephosphorylation residues

are located in conserved positions in the REC domain. The difference between these

residues results in CheY-P auto-dephosphorylating faster than OmpR-P, the t 1
2

for

CheY-P is ≈ 20s and for OmpR-P it is ≈ 90min.

The different functions of the REC domains of CheY and OmpR dictated the

design of the chimeras. The rationale for the chimeric RRs composed of CheY and

OmpR was that the CheY component would bind to CheA and undergo phospho-

transfer to the active site. Similarly to wild-type RRs, phosphorylation would be

transduced into a conformational change transmitted to the α4-β5-α5 region of the

chimeric REC domain where the OmpR component would dimerise and mediate the

output of DNA binding to pOmpC or pOmpF. Consequently, a number of fusion sites

between CheY and OmpR were investigated to determine which one would produce

optimal binding, phosphotransfer and signal transduction for the chimeric RR.

54



Figure 3.1: Alignment of CheY and OmpR highlighting features of the REC domain. Highlighted on both RRs are the
conserved active site and auto-dephosphorylation residues. Highlighted on CheY are the CheAP1P2 binding residues.
The OmpR sequence shows SDRs for EnvZ and the OmpR/PhoB NTD dimerisation residues. See legend for details.
Secondary structure depicted is that of CheY. Alignment performed with Clustal W (46).
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Figure 3.2 shows an alignment of CheY, OmpR and Fusions 1-4 (F1-4) and Fig-

ure 3.3 shows a schematic of the fusion sites. The alignment highlights features of

the wild-type REC domain of CheY and OmpR. Highlighted on both are the con-

served active site and auto-dephosphorylation residues. Highlighted on CheY are the

residues involved in CheA-P1P2 binding. Highlighted on OmpR are OmpR SDRs for

EnvZ and the OmpR/PhoB NTD dimerisation residues. The sequences of F1-4 can

be observed, each shares features with CheY and OmpR, and fusion sites between

these sequences are highlighted. All the fusion sites between CheY and OmpR occur

in the α4-β5-α5 region. Common to each fusion is the OmpR linker and CTD. High-

lighted on F1-4 are the REC domain residues that each has in common with CheY

and OmpR.

F3 is composed of the entire CheY sequence fused to a truncated OmpR linker and

full CTD. Due to an earlier alignment error, the first 3 OmpR linker residues have

been clipped (GlnAlaAsn, residues 123-125). F4 contains the entire CheY protein

fused to the OmpR linker and CTD, F4 was created to correct the mistake made

with F3. Consequently, the REC domains of F3 and F4 contain only CheY residues.

As synthetic RRs, it is unlikely that REC domain activation of F3 and F4 will lead

to activation of the downstream OmpR components, especially since dimerisation is

required for OmpR DNA binding.

F2 is a REC domain fusion between loop 5 of CheY and OmpR. The wild-type RRs

have conserved residues in loop 5, consequently, this region was chosen as a suitable

fusion site to minimise structural disruption to the mutant. F2 contains the auto-

dephosphorylation residues of CheY, all the CheA-P1 binding residues of α1 and loop

5, the CheA-P2 binding residues of α4 and β5 and the OmpR dimerisation residues of

helix α5. In addition, F2 has one OmpR SDR, Asn108 in α5. As such, F2 is missing

the α5 CheA-P2 binding residues, the α4 and β5 OmpR dimerisation residues and the

α1 SDRs for EnvZ. As a synthetic RR connecting chemotaxis to transcription, it is

arguable that F2 could bind to CheA-P1, although the loss of the α5CheA-P2 bind-

ing residues could result in reduced affinity for CheA. The position of the fusion site

in F2 could produce CheY-type phosphorylation, dephosphorylation and conforma-

tion change behaviour in the REC domain. F2 contains a reduced number of OmpR

NTD dimerisation residues, although these could be sufficient for dimerisation upon

activation. However, this effect would depend on successfully transmitting CheY acti-

vation into a conformational change that produces OmpR dimerisation. Furthermore,
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if F2 auto-dephosphorylates similarly to CheY the activation signal maybe too short

lived to lead to dimerisation and DNA binding. However, evidence suggests that the

conformational change due to phosphorylation can block auto-dephosphorylation by

producing stabilising interactions, indicating that if F2-P dimerises it could have a

longer half-life than CheY-P (69).

F1 is a REC domain fusion between β4 and the amino terminii of loop 4 of CheY

and OmpR. The wild-type RRs are also completely conserved at this fusion site,

which could minimise disruption to the mutant RR’s structure. F1 contains all the

CheA-P1 binding residues of α1 and loop 5. The sequence conservation between loop

5 of CheY and OmpR means that although all of the α4-β5-α5 region of F1 is consti-

tuted solely from OmpR it retains the CheA-P1 binding residues; Lys109 and Phe111

(CheY numbering). F1 contains no CheA-P2 binding residues but all of the OmpR

NTD dimerisation residues. In addition, F1 has one OmpR SDR, Asn108 in α5. As

such F1 is missing the α1 SDRs for EnvZ. F1 contains one auto-dephosphorylation

residue each from CheY and OmpR. F1 maybe able to bind to CheA-P1 and undergo

phosphotransfer, although the lack of CheA-P2 binding residues may hamper this

process. F1 could dimerise via its OmpR α4-β5-α5 region but only if phosphoryla-

tion induces a conformational change in the OmpR component. If phosphorylation is

transduced into a conformational change, F1 could have a half-life similar to OmpR. It

has been demonstrated that the positive charge of the OmpR auto-dephosphorylation

residue, lysine 85, can cause an extension of RR half-life (86) (69).
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Figure 3.2: Alignment of CheY, OmpR and Fusions 1-4. See text and legend for
details. Secondary structure depicted is that of CheY. Alignment performed with
Clustal W (46).
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Figure 3.3: Schematic of F1-4 fusion sites. Below the REC domain structure of CheY
is a schematic of F1, F2, F3 and F4 fusion sites labelled with their CheY and OmpR
components. F4 and F3 are composed of only CheY, F2 and F1 contain both CheY
and OmpR. The OmpR linker and CTD are common to each fusion, therefore, these
are not shown on the schematic.

3.2 Chimeric Protein Over-expression

Chimeric proteins proved difficult to purify. Using a standard protocol for over-

expression it was observed that strains carrying F1 and F2 had lower and inconsis-

tent growth, as measured by the time taken for a starter culture to reach an OD600

between 0.3-0.5. Less severe effects were noted for F3 and F4, ultimately the toxicity

of the chimeric RRs impacted protein yield. Consequently, a new protocol had to be

developed and optimised to maximise protein expression while minimising toxicity to

over-expression strains. This protocol aimed to reduce the number of generations be-

tween the starter culture and the end of induction. Steps taken to optimise expression

conditions included;

• Over-expression over a shorter 12 hour period

• Over-expression cultures grown in a richer medium to maximise growth over

the short time period

• Scaling up over-expression to 12L of media per protein

• Less media used per flask to increase oxygenation of the cultures

• More IPTG used at induction
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As a result of this approach, growth increased between 3 and 12 fold depending on

the protein expressed, assayed by mass of cell pellets from 1L of culture. Due to the

success of this protocol all proteins used in this study were over-expressed in this way.

The full protocol for over-expression is available in Materials and Methods, Section

2.2. Using the new protocol, over-expression strains containing wild-type proteins,

CheY and OmpR, and F3 and F4 exhibited the highest expression levels. F2 and

F1 consistently managed lower levels of expression. The relative levels of expression

between the proteins could be expressed as CheY = OmpR = F4 = F3 � F2 > F1.

Indicating that the OmpR additions to CheY in F4 and F3 were not deleterious to

expression. However, changes to the REC domain in F2 and F1 had more severe

effects.

3.3 Chimeric Protein Characterisation

Proteins were purified with an AKTApurifier with a HiLoad 16/60 Superdex 75 col-

umn, the elution profiles of OmpR and F2 are displayed in Figures 3.4 and 3.5.

OmpR, F4 and F3 elute with identical profiles, a peak corresponding to elution of

RR monomers can be observed between fractions 60 and 75 (Figure 3.4). Only a

small fraction of the eluted protein is potentially dimeric, RR dimers would elute

between fractions 50 and 55. Figure 3.5 represents the elution profile for F2, ap-

proximately fives times less monomeric F2 is eluted compared to OmpR indicative of

the expression issues with this chimeric RR. Similarly to OmpR, little dimeric F2 is

eluted between fractions 50 and 55. Only fractions between 60 and 75 were collected

and used for further experimentation.

After purification, proteins were characterised using ESI-MS to verify the molecu-

lar weight and the dominant species, and further characterised with heat denaturing

CD to investigate their structural characteristics. These data are summarised in

Table 3.1.

Each protein used in the study was subjected to ESI-MS, Table 3.1. The pre-

dicted molecular weight was calculated based on the DNA sequencing results, sub-

mitting these to the ExPASY translate (web.expasy.org/translate/) and ProtParam

(web.expasy.org/protparam/) servers. Sequences included affinity tags and biotiny-

lation tags, where appropriate.

CheA ESI-MS matches its predicted molecular weight within the limits of the
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Figure 3.4: OmpR elution profile from AKTApurifier using a HiLoad 16/60 Superdex
75 column. Fractions collected are highlighted in red, fractions used for further
experiments are highlighted in blue between fractions 60 and 75. Higher molecular
weight complexes can be observed, dimers would elute between fractions 50 and 55.
The peak between 40-47 is likely to be from buffer exchange (based on unpublished
observations by Dr K. Scott).

technique. mEnvZ undergoes an addition of +80, which is most likely due to phos-

phorylation.

Mass spec results for biotinylation tagged CheA-P2 (bCheA-P2) and biotinyla-

tion tagged CheA-P2 mEnvZ (bmEnvZ) match their predicted molecular weights.

However biotinylation tagged CheA-P1 (bCheA-P1) undergoes a reduction of 950

and biotinylation tagged CheA-P1P2 (bCheA-P1P2) undergoes an addition of 133.

The decrease in mass of bCheA-P1 cannot be accounted for by a single change. A

common cleavage is the 5’ methionine start site, this would account for only 131-

149 Da (http://www.abrf.org/) of the mass change. Cleavage of the start site, the

proceeding residues and 4 histidines of the 6x His-tag would decrease the mass of

bCheA-P1 by 980 Da. However, no affect on protein yield was observed compared

to other biotinylation tagged proteins, which would be expected with a truncation of

the His-tag.

The addition to bCheA-P1P2 cannot be explained by biotinylation of the con-

struct, which has a mass of 226-354Da (http://www.abrf.org/). Part of the mass

could be due to phosphorylation of the CheA-P1 histidine, which would increase the
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Figure 3.5: F2 elution profile from AKTApurifier using a HiLoad 16/60 Superdex
75 column. Fractions collected are highlighted in red, fractions used for further
experiments are highlighted in blue between fractions 60 and 70. Higher molecular
weight complexes can be observed, dimers would elute between fractions 50 and 55.
The peak between 40-47 is likely to be from buffer exchange (based on unpublished
observations by Dr K. Scott).

mass by 80 Da. The cause of the remaining 50 Da change in mass is difficult to

determine. Oxidation of cysteine results in a +48 Da mass change, although this is

unlikely because reducing conditions were maintained during purification. Another

potential modification is acetylation of either a lysine or serine residue. Acetylation

results in a mass change of 42 Da.

The results of ESI-MS with the biotinylation tagged proteins indicate that none

of the dominant species are biotinylated. The lack of biotinylation observed in MS

data is most likely due to use of in vivo biotinylation by E. coli, rather than in vitro

enzymatic biotinylation by BirA.

The measured CheY mass is 469 Da more than the predicted mass based on DNA

sequencing results. CheY can be phosphorylated, which would add 80 Da, however

the CheY-P t 1
2
≈ 20s, discounting phosphorylation as a modification. CheY has

been shown to undergo acetylation at 6 lysines (101) (3). Acetylation acts similarly

to phosphorylation, allowing CheY to change the motor direction from CCW to CW

(101). Acetylation of all 6 sites has only been observed in vitro but would results in

a change in mass of 252 Da (3). In vivo acetylation at 1-3 lysines is most common, 3
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acetyl groups would change CheY’s mass by 126 Da (101). Assigning the remaining

343 Da to a modification is difficult, and there is no evidence that CheY can be

modified other than by acetylation and phosphorylation.
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Protein Predicted MW ESI-MS dominant species MW Tm
◦C Used

CheA 72458.4 72456 N/A Yes

mEnvZ 56406.8 56486 N/A Yes

bCheA-P1 20096.3 19146 N/A Yes

bCheA-P2 17812 17818 N/A Yes

bCheA-P1P2 31715.4 31848 N/A Yes

bmEnvZ 33175.5 33176 N/A Yes

CheY 15307.6 15776 51.5 Yes

OmpR 28563.8 28572 55.8 Yes

F1 28514.7 NDS 58 No

F2 28568.9 28192 55 Yes

F3 28206.4 28082 45 and 64 Yes

F4 28519.7 28396 43.5 and 55 Yes

Table 3.1: Summary of Wild-Type, Biotinylated and Chimeric Characterisation. Tm is defined by the temperature
corresponding to an folded:unfolded ratio of 1. Tm is calculated as the mid-point value from thermal stability profiles at
222nm. N/A is not applicable, NDS is no dominant species for ESI-MS
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CD data indicates that CheY is folded at room temperature, producing an alpha

helical dominated spectra, Figure 3.6.A. Figure 3.7.A shows that CheY undergoes a

long unfolding phase from ≈ 35 and 65 ◦C at 222nm, punctuated by small transitions

at higher and lower temperatures. It has been demonstrated that CheY has such a

profile when under heat or urea denaturing conditions (24). The equilibrium unfolding

Tm (the mid-point of the unfolding transition) is calculated at 51.5 ◦C. These data

indicate that CheY is folded

The measured OmpR mass matches that predicted, Table 3.1. Furthermore, CD

spectra indicate that OmpR contains secondary structure at room temperature (Fig-

ure 3.6.B). Thermal stability profiles demonstrate OmpR undergoes a sudden highly

cooperative unfolding event from ≈ 50-60 ◦C (Figure 3.7.B). Consequently, the equi-

librium unfolding Tm of OmpR is 55.8 ◦C. These data indicate that OmpR is folded.

ESI-MS of F1 could not detect a dominant species, indicating that the toxicity

of this fusion may have affected its expression. CD spectra at room temperature

indicate that the F1 sample contains weak secondary structure, most likely alpha

helical in nature, Figure 3.6.C. The thermal stability profile of the protein in the

sample displays a number of features; gradual unfolding occurs between 30-50 ◦C, a

small but rapid transition between 55-60 ◦C and a transition from 70-80 ◦C (Figure

3.7.C). The equilibrium unfolding Tm for F1 is calculated at 58 ◦C, roughly the mid-

point of the rapid transition. These phases indicate the protein in the sample occupies

multiple equilibria of unfolding. ESI-MS and CD data strongly suggest that protein

in the F1 sample is initially partially folded or a heterogenous population of folded

proteins.

F2, F3 and F4 undergo truncations relative to their predicted molecular weight,

Table 3.1. F3 and F4 lose ≈ 125 Da of mass, which could be due to the cleavage of

the amino terminal methionine. This would account for 131-149 Da, the discrepancy

is within the error of the measurement (http://www.abrf.org/). F2 is modified by

376.6 Da, if methionine is also lost from F2 the remaining mass would be between

227-250 Da. No single change can account for such a large loss, as such assigning the

remaining change in mass is difficult.

The CD spectra of F2, F3 and F4 indicate that these proteins have a folded

secondary structure at room temperature, and as with the other RRs they are pre-

dominantly alpha helical, Figure 3.6.D, E and F. The thermal stability of F2 follows

a gradual non-cooperative unfolding profile, preceded by a small transition at ≈ 20
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Figure 3.6: CD spectra for CheY, OmpR and F1-4 at 20◦and 90◦. Panel A: CheY,
Panel B: OmpR, Panel C: F1, Panel D: F2, Panel E: F3 and Panel F: F4. CD spectra
at 90◦C are shown for comparison with room temperature spectra.
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Figure 3.7: CD calculated thermal stability of α helices of CheY, OmpR and F1-4 at
222nm from 20◦to 90◦C. Panel A: CheY, Panel B: OmpR, Panel C: F1, Panel D: F2,
Panel E: F3 and Panel F: F4.
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◦C (Figure 3.7.D). These data indicating that F2 probably exists as a very flexible

structure.

F3’s thermal stability profile is dominated by a cooperative unfolding transition

between 35-45 ◦C (Figure 3.7.E). Another sharp transition can be observed from

85 ◦C. These events are interspersed by slow unfolding. Due to the location of the

first cooperative transition, F3 has two calculated Tm at 45 and 64 ◦C. These data

indicate multiple discrete folding/unfolding equilibria for F3, which could arguably be

due to the presence of complete CheY and OmpR domains driving different unfolding

characteristics at lower and higher temperatures.

F4’s thermal stability profile displays a single cooperative unfolding event between

40-45 ◦C (Figure 3.7.F). There are two calculated Tm values, 43.5 and 55 ◦C, due to

the slope of the curve. The cooperative transition is flanked by gradual unfolding.

Similarly to F3, the thermal stability profile of F4 strongly suggests multiple discrete

folding/unfolding equilibria, perhaps also due to the presence of complete CheY and

OmpR domains.
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3.3.1 Conclusion

Data indicate that the wild-type proteins CheY and OmpR can be denatured, indicat-

ing they are folded. CheY has undergone a number of modifications in vivo affecting

molecular weight as assayed by ESI-MS. The exact causes of these are hard to deter-

mine but given the large change in mass it is likely to involve multiple changes rather

than just one. F1 did not show a dominant species in its ESI-MS spectra and the

CD spectra are indicative of either an unfolded protein or a heterogenous population,

which cannot be used for further experimentation. F2, F3 and F4 show decreases in

mass, demonstrating their toxicity during over-expression could have lead to changes

in their recombinant genes. These chimeras are the only ones to give a dominant

species and produce thermal profiles indicative of an initially folded state. The evi-

dence from chimeras, F3 and F4, suggests that the addition of the OmpR linker and

CTD to CheY do not necessarily lead to misfolding. Further, F2 data indicate that

changing small portions of the REC domain and adding the OmpR linker and CTD

does not hinder protein folding. However, the failure to purify F1 demonstrates that

swapping larger parts of REC domain between RRs, in addition to the OmpR linker

and CTD, can affect protein structure.
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Chapter 4

Histidine Kinase Binding
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4.1 Overview and Aims

ESI-MS and CD established that F2, F3 and F4 are folded, and as a result their

functionality as synthetic RRs can be assayed. This chapter will aim to determine

the affinity of F2, F3 and F4 for CheA and mEnvZ compared to wild-type RRs, CheY

and OmpR. SPR will be used to measure the affinity between the HPKs and RRs.

A synthetic TCS in which chemotactic stimuli drive transcription, where input is

linked to output through a chimeric RR, requires that the synthetic RR associates

with CheA. The modular binding domains of CheA are CheA-P1 and CheA-P2.

In the following experiments, RR affinity is tested against CheA-P1, CheA-P2 and

CheA-P1P2. The CheY binding residues for CheA-P1 reside in helix 1 and loop 5,

those for CheA-P2 are located across the α4-β5-α5 region of the REC domain. F4 and

F3 retain all of these residues, F2 does not have the CheA-P2 binding residues of the

α5 helix, potentially impacting affinity for CheA-P2 and CheA-P1P2. Furthermore,

the OmpR linker and CTD, which all chimeric RRs contain, could interfere with

association with CheA.

The RRs will also be tested against mEnvZ, the cognate HPK of OmpR. The

majority of the OmpR SDRs for mEnvZ are located in helix α1 and a smaller patch

in loop 5. None of the fusions retain α1 SDRs. The sequence conservation between

wild-type RRs CheY and OmpR means that chimeras F4 and F3 contain 75% of

the SDRs found on loop 5, and F2 has 100% of these residues. However, the loss of

the larger patch of SDRs in α1 is predicted to have highly detrimental effects on the

affinity of the chimeras for mEnvZ.

SPR will be used to measure the affinity between HPKs and RRs in vitro. SPR

is an optical method that measures the Kd of an interaction due to the change in

refractive index at the interface of a sensor chip surface and solution. One protein,

the ligand (biotinylated HPKs, bHPK), is immobilised to the sensor chip surface. The

partner protein, the analyte (RRs), is flowed over the surface of the chip. Any binding

between the analyte and ligand is measured as a change in refractive index and is

displayed as a sensogram; a binding curve, which describes the association, binding

and dissociation of the complex. SPR can determine the kinetics of association and

dissociation to calculate Kd. Alternatively, if association and dissociation are so fast

they resemble steps, steady state binding can be used to determine affinity (Biacore

Handbook). Additionally, SPR can detect complexes at nanomolar concentrations.

As such, it is relatively straight forward and highly sensitive to even weak binding
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interactions.

4.2 Preliminary Experiments

Preliminary experiments were undertaken to determine whether binding could be

reliably detected between cognate partners, mEnvZ-OmpR and CheA-CheY. CheA

has two domains that interact with CheY, P1 and P2. To assay the contributions

from each domain to binding, three constructs were created; CheA-P1, CheA-P2 and

CheA-P1P2. mEnvZ (EnvZLeu288Pro) was designed to knock-out EnvZ phosphatase

function, primarily for phosphotransfer experiments. Leu88 is located in the X-motif,

an unstructured carboxyl terminal region on top of the central 4 helix bundle (DHp

domain) of EnvZ. OmpR binds to the base of the DHp so the mutation does not act

by altering the interaction with OmpR (109). It is thought to act by changing the

relative positions of the DHp and CA domains, since it resides in a turn between the

two (109). This mutant was used in phosphotransfer experiments, and used in SPR

experiments for consistency.

4.2.1 bmEnvZ:OmpR Binding

Figure 4.1 displays blank subtracted sensograms for the interaction between immo-

bilised bmEnvZ and increasing concentrations of its cognate RR, OmpR. These data

indicate a fast association at the start of the OmpR pulse, steady state binding over

the remainder of the injection, the final level of which is proportional to OmpR con-

centration. OmpR exhibits fast dissociation once the pulse ends.

The decrease in the sensograms at the start of the OmpR pulse and the increase

in the sensograms just before the end of the pulse is likely to be an artefact. In this

particular experiment, OmpR was passed through a ligand free flow-cell first then the

second flow-cell containing bmEnvZ. These artefacts suggest that OmpR is binding

to the ligand free flow cell. At A in Figure 4.1, the OmpR of the initial pulse binds

firstly to the blank flow-cell thus leaving less to bind to bmEnvZ, when the blank cell

signal is subtracted it results in the undershoot observed at 0s. The overshoot at B

in Figure 4.1 is arguably due to the opposite phenomenon; there is less OmpR bound

to the blank flow-cell than to bmEnvZ. A possible explanation is that as the pulse

comes to an end, OmpR is dissociating from the blank flow-cell while still binding

to bmEnvZ, causing the overshoot observed once the blank cell signal is subtracted.
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Figure 4.1: bmEnvZ:OmpR blank subtracted sensograms. bmEnvZ immobilised on
chip surface (ligand), OmpR (analyte) flowed over surface at different concentrations
(see legend for details). A: Analyte injection and capture, B: Analyte injection stop
and dissociation and C: Regeneration of sensor surface.

Proceeding experiments adopted simultaneous flow through blank and ligand cells,

avoiding artefacts due to the series flow set-up with bmEnvZ:OmpR.

Figure 4.2 displays the fit of these data to a 1:1 steady state affinity model,

performed by T200 Evaluation Software. The average Kd generated by fits of 3

independent samples was 305.5 ±121.6 nM. The range of reported results, detailed in

Table 1.3, is 425 ±127 nM to 1.96 ±0.28 µM (55) (102) (12) (41). The Kd determined

in this study is towards the extreme lower end of this range, but is in agreement with

the reported results. SPR experiments were conducted on the latest T200 machine

from GE Healthcare, capable of accurately detecting protein-protein interactions with

nanomolar sensitivity, potentially explaining the low Kd detected.

Conclusion

The result of preliminary experiments assaying binding between bmEnvZ and OmpR

indicate that the biotinylation tag is not detrimental to affinity, the same can be said

of the mutation to EnvZ that knocks-out phosphatase activity. The Kd generated

from a steady state model of the data is credible with reference to the literature.

Consequently, the bmEnvZ construct will be used in further binding experiments

with wild-type and chimeric RRs.
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Figure 4.2: Steady state affinity model fit of the bmEnvZ:OmpR sensogram data.
Curve represents a fit of OmpR binding to bmEnvZ at steady state; data points for
different concentrations are taken are taken 4s before the end of the pulse with a 5s
window, before the artefact observed in the sensograms.

4.2.2 bCheA:CheY Binding

CheA contains two domains that can interact with CheY; CheA-P1 and CheA-P2.

Three CheA constructs were created for SPR experiments; CheA-P1, CheA-P2 and

CheA-P1P2. The effect of removing portions of the CheA binding regions of CheY

in the chimeras could therefore be assessed.

bCheA-P1:CheY Binding

CheY:CheA-P1 binding curves are displayed in Figure 4.3. These sensograms indicate

that there is no binding between these two domains. Negative binding can be observed

in these blank subtracted sensograms, which strongly suggest that there was more

binding of CheY to the reference cell lacking the bCheA-P1 ligand than to bCheA-

P1 itself. A close inspection of the raw sensograms for both flow-cells shows that

bCheA-P1 does not stably associate with the sensor surface of flow-cell 2, Figure

4.4. The wash after the end of the bCheA-P1 injection removes all of the bCheA-P1

from Fc2, D in Figure 4.4. There is no change in the Fc1 sensogram upon bCheA-

P1 injection, as such there is no binding of bCheA-P1 to Fc1. It can be deduced

then that the removal of bCheA-P1 from Fc2 by the wash step is total, indicated by
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Figure 4.3: bCheA-P1:CheY blank subtracted sensograms. bCheA-P1 domain im-
mobilised on chip surface (ligand), CheY (analyte) flowed over surface at different
concentrations (see legend for details). A: Analyte injection and capture, B: Analyte
injection stop and dissociation and C: Regeneration of sensor surface.

identical response levels for Fc1 and Fc2 at the wash step end, D in Figure 4.4. There

is a decreasing signal for CheY as it is flowed through Fc2, between E and F in Figure

4.4, which could highlight that CheY is not coming into contact with the surface of

the sensor. Ultimately, this phenomenon is difficult to explain and is specific to Fc2

in comparison with Fc1, Figure 4.4.

bCheA-P1P2:CheY Binding

Figure 4.5 shows the results of CheY binding to bCheA-P1P2. Blank subtracted

sensograms display a greater response, therefore more binding, with increasing con-

centrations of CheY, although, the sensograms vary in their characteristics. Applying

500nM of CheY to bCheA-P1P2 produces a sensogram with fast association when

the pulse of CheY starts, steady state binding for the remainder of the pulse and fast

dissociation once the pulse stops. However, a number of sensograms, 10nM, 50nM

and 100nM, exhibit slower association which occurs over the course of the pulse,

followed by slow dissociation. Further, 1000nM of CheY associates quickly when in-

jected, this is followed by two phases of dissociation; a slow phase up to ≈ 120s when

the pulse stops, indicating more CheY is dissociating than associating, and a fast

phase once the CheY pulse is stopped. The difference between the sensograms could
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Figure 4.4: bCheA-P1:1000nM CheY Fc1 and Fc2 sensograms. Fc1 blank flow-cell
(blue), bCheA-P1 immobilised on Fc2 (red) and CheY (analyte) flowed over surface.
A: bCheA-P1 injection and capture, B: injection stop leading to dissociation, C: wash,
D: removal of all bCheA-P1 from Fc2 and start of CheY injection and capture, E-F:
CheY injection duration and F: CheY injection stop and dissociation.

suggest that CheY concentration has an affect on association and dissociation phases;

concentrations up to 100nM exhibit slow phases while 500-1000nM of CheY display

fast association and dissociation. No such concentration dependent effect appears to

act on equilibrium binding; 500nM CheY displays equilibrium binding while 1000nM

does not. Arguably, one would expect equilibrium binding with 1000nM of CheY

since it is observed with 500nM. bCheA-P1P2 was immobilised to 140 RU for each

run, the calculated Rmax for this is 67.3 RU. The experimental Rmax for this level

of immobilisation was 21 RU, highlighting that the bCheA-P1P2 surface only had a

ligand activity of 31.2%. However, due to the consistency of the bCheA-P1P2 immo-

bilisation the low activity cannot explain the results obtained. Arguably the presence

of the the high affinity P2 and low affinity P1 sites could be acting to produce the

different characteristics observed, in this case the P1 and P2 domains appear to be

acting independently to bind CheY, suggesting this construct is not functioning as

expected.
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Figure 4.5: bCheA-P1P2:CheY blank subtracted sensograms. The bCheA-P1P2 do-
mains are immobilised on chip surface (ligand), CheY (analyte) flowed over surface
at different concentrations (see legend for details). A: Analyte injection and capture,
B: Analyte injection stop and dissociation and C: Regeneration of sensor surface.

bCheA-P2:CheY Binding

Figure 4.6 shows blank subtracted sensograms for bCheA-P2:CheY. Fast association

followed by equilibrium binding is exhibited by both 10nM and 1000nM of CheY

when applied to bCheA-P2. Concentrations of 50-500nM display a fast association

phase upon CheY injection at A, followed by slow association over the remainder of

the CheY pulse. At the end of the CheY pulse, B in Figure 4.6, fast dissociation

can be observed across the range of concentrations, however, it is evident that CheY

remains bound to the bCheY-P2 cell and until the regeneration solution clears the

sensor surface slow dissociation can be discerned. bCheA-P2 was immobilised to 250

RU, generating a calculated Rmax of 215 RU. The experimentally derived Rmax is

130 RU at 1000nM of CheY, which indicates that 60.5% of the ligand was active.

Despite the varied kinetic characteristics of the bCheA-P2:CheY sensograms, they

were best fit to a steady state 1:1 binding model, generating a Kd of 333.7 ±25.6 nM

from three independent experiments (Figure 4.7). The reported Kd values for CheA-

P2:CheY range from 90nM to 1.7µM (85) (83). The results from this study fall in

this range. Based on these preliminary results, the bCheA-P2 construct was chosen

for further experiments with the wild-type and chimeric RRs.
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Figure 4.6: bCheA-P2:CheY blank subtracted sensograms. CheA-P2 domain im-
mobilised on chip surface (ligand), CheY (analyte) flowed over surface at different
concentrations (see legend for details). A: Analyte injection and capture, B: Analyte
injection stop and dissociation and C: Regeneration of sensor surface.

Figure 4.7: Steady state affinity model fit of the bCheA-P2:CheY sensogram data.
Curve represents a fit of CheY binding to the bCheA-P2 domain at steady state;
default settings for the fit were used, as such data points for different concentrations
are taken 4s before the end of the pulse with a 5s window.
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Conclusion

Data from the preliminary experiments, testing CheY against the binding domains

of CheA, show that using bCheA-P1 is not suitable for further testing since stable

immobilisation of the ligand could not be obtained. bCheA-P1P2 will not be used for

tests involving the chimeric RRs because the sensograms displayed variation between

kinetic and steady state binding, as such the data could not be fit to a binding model.

The reported values for bCheA-P1P2:CheY affinity range from 170nM up to 2000nM,

indicating a detectable affinity between these components (50) (56) (85). bCheA-P2

will be used to assay the affinity of the fusion constructs, the variation shown in

wild-type binding is not severe enough to preclude model fitting and the sensograms

generated a plausible Kd with reference to the literature.

4.3 Further bmEnvZ Experiments

Preliminary experiments established that under the conditions used the bmEnvZ:OmpR

interaction generated a Kd in the range of the reported values. Consequently, fur-

ther experiments were undertaken with CheY and the chimeric RRs, F2-4. Blank

subtracted sensograms for the bmEnvZ:CheY, the negative control interaction, are

displayed in Figure 4.8. There is no binding interaction between bmEnvZ and CheY.

Figure 4.9 shows the results of bmEnvZ:F4 and Figure 4.10 the results of bmEnvZ:F3

experiments. F4 and F3 both contain the entire CheY protein upstream of the OmpR

linker and CTD, neither associate with bmEnvZ. The results of the interaction be-

tween bmEnvZ and F2 are displayed in Figure 4.11. An interaction between bmEnvZ

and F2 can be observed when applying 100nM of the RR; fast association at the start

of the RR pulse is followed by slow association over the remainder of the injection.

The end of the F2 pulse leads fast dissociation proceeded by slow dissociation until

the surface is regenerated. However, no binding occurs at other F2 concentrations.

In these experiments, bmEnvZ was immobilised to a level of 175 RU, generating a

calculated Rmax of 81 for CheY, 148 for F4, 151 for F3 and 151 for F2. Only F2

produced an experimental Rmax, 18 RU, indicating a ligand activity of 11.9%. How-

ever, this analysis should be used with caution with CheY, F4 and F3 since they lack

the largest SDR patch of OmpR, as such this analysis cannot be used to determine

ligand activity in these cases.
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Figure 4.8: bmEnvZ:CheY blank subtracted sensograms. bmEnvZ immobilised on
chip surface (ligand), CheY (analyte) flowed over surface at different concentrations
(see legend for details). A: Analyte injection and capture, B: Analyte injection stop
and dissociation and C: Regeneration of sensor surface.

Figure 4.9: EnvZ-F4 blank subtracted sensograms. bmEnvZ immobilised on chip
surface (ligand), F4 (analyte) flowed over surface at different concentrations (see
legend for details). A: Analyte injection and capture, B: Analyte injection stop and
dissociation and C: Regeneration of sensor surface.
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Figure 4.10: bmEnvZ:F3 blank subtracted sensograms. bmEnvZ immobilised on
chip surface (ligand), F3 (analyte) flowed over surface at different concentrations (see
legend for details). A: Analyte injection and capture, B: Analyte injection stop and
dissociation and C: Regeneration of sensor surface.

Figure 4.11: bmEnvZ:F2 blank subtracted sensograms. bmEnvZ immobilised on
chip surface (ligand), F2 (analyte) flowed over surface at different concentrations (see
legend for details). A: Analyte injection and capture, B: Analyte injection stop and
dissociation and C: Regeneration of sensor surface.
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Figure 4.12: bCheA-P2:OmpR blank subtracted sensograms. bCheA-P2 domain im-
mobilised on chip surface (ligand), OmpR (analyte) flowed over surface at different
concentrations (see legend for details). A: Analyte injection and capture, B: Analyte
injection stop and dissociation and C: Regeneration of sensor surface.

4.4 Further bCheA-P2 Experiments

Preliminary binding experiments with the biotinylation tagged CheY binding do-

mains of CheA established that bCheA-P1 and bCheA-P1P2 were not suitable can-

didates for further testing with the chimeric RRs. However, bCheA-P2:CheY gener-

ated a viable Kd with reference to the literature and could be fit to a steady state

affinity model. bCheA-P2 was used in further binding experiments with wild-type

and chimeric RRs, F2-4.

4.4.1 bCheA-P2:OmpR

Figure 4.12 displays the blank subtracted sensograms for the interaction between

bCheA-P2 and OmpR, the negative control. These sensograms strongly suggest that

there is no binding interaction between bCheA-P2 and OmpR. Further, the negative

range of all the sensograms over the duration of the OmpR pulse could indicate that

OmpR associates with the blank flow-cell to a greater extent than bCheA-P2.
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Figure 4.13: bCheA-P2:F4 blank subtracted sensograms. bCheA-P2 domain immo-
bilised on chip surface (ligand), F4 (analyte) flowed over surface at different con-
centrations (see legend for details). A: Analyte injection and capture, B: Analyte
injection stop and dissociation and C: Regeneration of sensor surface.

4.4.2 bCheA-P2:Fusions

Figure 4.13 displays the blank subtracted results of the binding interaction between

F4 and bCheA-P2. At the start of the F4 pulse, 100 and 200nM of F4 display a slower

association phase than 400-3000nM. After the start of the injection of F4, 100 and

200nM exhibit equilibrium binding, while 400-3000nM display a gradual association.

At the end of the pulse, all concentrations of F4 slowly dissociate. Unlike the other

concentrations, the highest (3000nM) does not dissociate fully over the remainder of

the assay. This could indicate an avidity effect, which can act to slow dissociation

and have an affect on affinity (70). In this case, F4 could be bound to 2 bCheA-

P2 molecules simultaneously; upon dissociation F4 could bind to another bCheA-P2

before fully dissociating from another. When including 3000nM of F4, the average

Kd from 3 independent experiments is 144.5nM ±30.6 nM, Figure 4.14. Excluding

3000nM of F4, the average Kd from 3 independent experiments is 200nM ±32.4 nM.

An unpaired t-test did not find a significant difference between the two mean Kd

values. However, since 3000nM of F4 displays avidity which could skew results, the

Kd value excluding 3000nM of F4 will be used in comparison with the Kd of CheY

(see later).
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Figure 4.14: Steady state affinity model fit of the bCheA-P2:F4 sensogram data.
Curve represents a fit of F4 binding to the bCheA-P2 domain at steady state; default
settings for the fit were used, as such data points for different concentrations are
taken 4s before the end of the pulse with a 5s window.

Similar results were obtained when using F3 as an analyte with bCheA-P2, Fig-

ure 4.15. 100 and 200nM of F3 show a slower association at the beginning of the

RR injection when compared to higher concentrations. Over the remainder of the

F3 pulse, only 400-1000nM approach equilibrium binding, 100 and 200nM associate

slowly and 3000nM exhibits a slower association until the end of the F3 injection.

At the end of the pulse, F3 dissociates slowly, although, the effects of avidity can be

observed with 3000nM. Including 3000nM, the average Kd from 3 independent ex-

periments is 154.7nM ±30.6 nM, Figure 4.16. Excluding 3000nM, the average Kd of

F3 for bCheA-P2 from 3 independent experiments is 201nM ±73.4 nM. An unpaired

t-test did not find a significant difference between the two mean Kd values. However,

since 3000nM of F3 displays avidity which could skew results, the Kd value excluding

3000nM of F3 will be used in comparison with the Kd of CheY. A comparison of the

affinity constants for CheY, F4 and F3 is displayed in Table 4.1. A one-way ANOVA

test of the Kd of CheY, F4 and F3, identified a significant effect of RR used on the

Kd value at the p≺.05 level [F(2,6)=7.526,p=0.023]. Post hoc comparisons using the

Holm-Sidak test indicated that F3 (M=201, SD=73.4) and F4 (M=200, SD=32.4)

were both significantly different from CheY (M=333.7, SD=25.6). However, F3 and
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Figure 4.15: bCheA-P2-F3 blank subtracted sensograms. bCheA-P2 domain immo-
bilised on chip surface (ligand), F3 (analyte) flowed over surface at different con-
centrations (see legend for details). A: Analyte injection and capture, B: Analyte
injection stop and dissociation and C: Regeneration of sensor surface.

F4 did not significantly differ from each other.

Figure 4.17 displays the results of F2 binding to immobilised bCheA-P2. These

data demonstrate no steady state binding between F2 and bCheA-P2. There is a slow

association from the start of the F2 injection, the end of the pulse is followed by slow

dissociation, perhaps due to avidity. The sensograms do not show a concentration

dependence, 3000nM of F2 produces a response below that of 1000nM and 500nM.

There is an interaction between F2 and bCheA-P2, although the sensograms are

inconsistent and not amenable to kinetic or affinity model fitting. bCheA-P2 was

immobilised to a level of 160 RU, which generates a Rmax of 257. The experimental

Rmax for F2 is only 30 RU indicative of the weak binding between the proteins.

4.5 Discussion

The main results of testing the affinity of the chimeric RRs for bmEnvZ and bCheA

are that none of of the fusion RRs, F2-4, show any high affinity for bmEnvZ. F4 and

F3 display a significantly higher affinity for bCheA-P2 than CheY.

Data indicate that only F2 associates with immobilised bmEnvZ, however, only

weak affinity was observed and the association did not show concentration depen-
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Figure 4.16: Steady state affinity model fit of the CheA-P2-F3 sensogram data. Curve
represents a fit of F3 binding to the bCheA-P2 domain at steady state; default settings
for the fit were used, as such data points for different concentrations are taken 4s
before the end of the pulse with a 5s window.

Response Regulator kD1 (nM) kD2 (nM) kD3 (nM) Average kD (nM)

CheY 329.5 361.1 310.4 333.7 ±25.6

F4* 234 194.8 169.7 200nM ±32.4

F3* 181.6 139.3 282.2 201nM ±73.4

Table 4.1: CheY, F4 and F3 affinity constants, Kd calculated from 3 independent
experiments. F4* and F3* represent steady-state affinity fits of the F4 and F3 sen-
sograms excluding 3000nM (T200 Evaluation Software, GE Healthcare).

86



Figure 4.17: bCheA-P2:F2 blank subtracted sensograms. bCheA-P2 domain immo-
bilised on chip surface (ligand), F2 (analyte) flowed over surface at different con-
centrations (see legend for details). A: Analyte injection and capture, B: Analyte
injection stop and dissociation and C: Regeneration of sensor surface.

dence; only 100nM of F2 bound detectably. F2 lacks the largest SDR patch of OmpR,

located on helix 1, but retains 75% of the SDRs of loop 5 in addition to OmpR α5.

Due to sequence conservation between CheY and OmpR, F4 and F3 also retain 75%

of the SDRs of this region. However, F4 or F3 displayed no affinity for bmEnvZ, rul-

ing out binding mediated solely by loop 5 and by the OmpR loop and CTD, common

to each chimera. Consequently, bmEnvZ binding by F2 could be mediated by what

remains of loop 5 SDRs perhaps coupled with residues from α5. The SDRs identified

are only those residues that have the greatest affect on specificity, therefore, other

binding residues that could be used by OmpR are not included in this analysis (76)

(14). These data suggest that α5 residues could provide additional weak binding sites

for bmEnvZ.

The bCheA-P1 construct did not associate properly with sensor surface, senso-

grams show it was completely removed by the wash step prior to analyte injection.

This could be indicative of an inefficient biotinylation process in vivo, which itself

could be due to weak expression or mutations to the biotinylation tag. ESI-MS results

indicated that bCheA-P1 was truncated, SPR results suggest that truncations may

have been made to the biotinylation tag which would affect stable association with

the sensor surface. The bCheA-P1P2 construct bound efficiently to the chip surface.
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However, binding by CheY was highly variable, sensograms displayed steady state

or kinetic behaviour. It has been demonstrated that SPR can be used successfully

to assay the affinity between the CheA-P1P2 domain and CheY, reporting a Kd of

370nM, well within the detectable range of the instrument used in this study (83).

However, CheY was used as the ligand and CheA-P1P2 as the analyte, possibly thus

avoiding the problems observed in the current study. A possible explanation of the

varied sensograms observed could be that the P1-P2 domains are acting indepen-

dently, not binding CheY together, arguably due to incorrect assembly on the chip

surface.

The chimeric RRs, F3 and F4, showed avidity for bCheA-P2 at the highest con-

centration used, 3000nM. This effect appears to be only concentration dependent,

and acts to slow dissociation resulting in a higher affinity. Although the Kd values of

F3 and F4 were not significantly different when excluding 3000nM from the steady

state Kd calculation, the Kd values excluding 3000nM were used in statistical tests

with CheY so as not to bias any results due to avidity. The chimeric RRs, F3 and

F4, exhibited a statistically significantly higher affinity for bCheA-P2 compared to

CheY, indicating the addition of the OmpR linker and CTD are not detrimental to

bCheA-P2 binding arguably ameliorating the association with this domain.

F2 did not associate in a steady state manner with bCheA-P2 and the sensograms

do not show a concentration dependent response level, as a result they could not be

fit to an affinity model. F2 contains the 10 α4-β5 CheA-P2 binding residues of CheY,

lacking the 3 α5 binding residues. The loss of the α5 residues is clearly detrimental

to the high affinity association with bCheA-P2 observed with CheY and the other

chimeras. It is arguable that the addition of OmpR α5 binding residues could act to

further perturb the interaction between the remaining binding residues and CheA-P2.

4.6 Conclusion

The use of chimeric RRs to modulate the input-output of a synthetic TCS, requires a

RR to bind to CheA; F2, F3 and F4 all bind to bCheA-P2, albeit with very different

affinities. Further chapters will assay the functional behaviour of these synthetic RRs;

whether they can be phosphorylated and bind to promoter sites.
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Chapter 5

Phosphotransfer
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5.1 Overview and Aims

SPR experiments established that F3 and F4 had significantly higher affinity than

CheY for bCheA-P2, and that F2 had affinity for this domain of CheA but it could not

be fitted to a binding model. The effect of these differences in affinity for bCheA-P2

will be tested functionally in the proceeding experiments, which will assay phospho-

transfer from the HPKs, CheA and mEnvZ, to the RRs.

In a synthetic TCS where chemotactic stimuli drive transcription, phosphotrans-

fer from the wild-type HPK, CheA, to the synthetic RR is the first step in the flow of

information from wild-type → synthetic → wild-type components. Binding between

a cognate HPK and RR demonstrates an overwhelming kinetic preference and is pred-

icated on the presence of SDRs in both components (13) (76). For binding to lead

to phosphotransfer, the RR active site must present an acidic pocket of conserved

residues coordinated by a divalent cation (11) (28) (47) (52) (73) (78) (79) (107).

Phosphorylation leads to RR activation and modulation of an output, therefore a RR

needs to retain the phosphoryl group long enough to maintain an activated state to

produce the output. Phosphoryl group stability is ensured by the conserved residues

of the active site, competing with this is the rate of auto-dephosphorylation, which

appears to be controlled by specific residues, 59 and 89 (CheY numbering), and sec-

ondary structure movements initiated by phosphorylation itself (86) (69). It has been

demonstrated that auto-dephosphorylation rates are tuned to particular RR outputs,

for example protein modulating CheYs generally have faster auto-dephosphorylation

rates than promoter binding class II RRs, such as OmpR (86) (69).

In the following experiments the chimeric RR’s phosphorylation and dephosphory-

lation characteristics were determined. Each was mixed with phosphorylated HPK,

CheA or mEnvZ, while wild-type RRs, CheY and OmpR, where used as controls.

The REC domains of both F3 and F4 contain the wild-type CheY active site and

auto-dephosphorylation residues. Consequently, phosphotransfer from CheA is likely

to proceed similarly to wild-type but no phosphotransfer from mEnvZ is likely to be

observed. The REC domain of F2 also retains the auto-dephosphorylation residues

of CheY and, through sequence conservation with OmpR, the conserved active site

residues shared by all RRs. Consequently, phosphotransfer from CheA to F2 could

proceed similarly to wild-type. However, the presence of OmpR α5 clearly had an

affect on F2 binding to CheA-P2, which could affect phosphotransfer between the

proteins. The presence of the OmpR linker and CTD could interfere with phospho-
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transfer in any of the chimeric RRs.

In vitro phosphotransfer was used to determine phosphotransfer between HPKs

and RRs. HPKs, CheA or mEnvZ, were autophosphorylated for 30 minutes at room

temperature in an excess of [γ-32P] ATP, in roughly a 1:100 ratio. Subsequently,

an excess of RR was incubated with a phosphorylated HPK, in a 2:1 ratio. Re-

actions were quenched at different time points allowing phosphorylation and auto-

dephosphorylation of the RR to be monitored.

Two phases of phosphotransfer experiments were undertaken; preliminary and

final. Initial, exploratory experiments were done to establish whether phosphotransfer

could be detected between cognate HPKs and RRs. Further, time points were taken

up to 4 minutes to determine the kinetics of phosphotransfer to the RR and auto-

dephosphorylation of the RR. Preliminary experiments were completed with F2 and

F3. Once the alignment error made in the design of F3 had been discovered and F4

had been designed and purified, final experiments were completed.

5.2 Preliminary Experiments

5.2.1 Phosphotransfer from Wild-type EnvZ

Initial phosphotransfer experiments with wild-type EnvZ and OmpR highlighted that,

under the conditions used, the EnvZ phosphatase function dominated its kinase func-

tion, Figure 5.1. Phosphotransfer from EnvZ-P to OmpR it complete by 30s; the

concentration of EnvZ-P falls close to zero. OmpR-P reaches a maximum at 30s,

remaining unchanged over the rest of the time course. These characteristics are in

agreement with data from the literature (109) (100). Auto-dephosphorylation of

OmpR-P has a t 1
2

of ≈90 min, therefore its contribution to dephosphorylation of

OmpR-P over the course of this assay would be minimal (109). This indicates that

under these conditions the major influence on the level of OmpR-P is EnvZ phos-

phatase activity.

To remove the competing phosphatase activity of EnvZ, mEnvZ (EnvZLeu288Pro)

was purified. As discussed previously, Leu288 is located in the X-motif, an unstruc-

tured carboxyl terminal region on top of the central 4 helix bundle (DHp domain) of

EnvZ. OmpR binds to the base of the DHp so the mutation does not act by altering

the interaction with OmpR, but is thought to act by changing the relative positions

of the DHp and CA domains, since it resides in a turn between the two (109). Ad-
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ditionally, since CheA lacks phosphatase activity this mutant allows results with the

different HPKs to be more comparable.

Figure 5.1: Phosphotransfer from EnvZ-P to OmpR. 5µM of HPK-P was incubated
with 10µM of RR, final concentrations. Aliquots were removed and quenched at 0, 30,
60, 120, 240 and 600 seconds. Samples were run on a SDS gel and subsequently ex-
posed to x-ray plates. Graph represents the result of a single experiment, quantitative
results in µM of radioactive protein based on appropriate calibration curve.

5.2.2 Phosphotransfer from mEnvZ

Figure 5.2 shows phosphotransfer between mEnvZ-P:OmpR in A, and mEnvZ-P:CheY

in B. mEnvZ-P:OmpR phosphotransfer represents the positive control, while mEnvZ-

P:CheY is a negative control. mEnvZ-P is dephosphorylated by OmpR, mEnvZ-P

reaches its minimal level at 15 seconds, and mEnvZ-P gradually rephosphorylates

over the remainder of the time course. Phosphotransfer to OmpR is essentially com-

plete by 15s, and the level of OmpR-P does not change detectably after this time

point. OmpR-P is stable, having a half life of ≈ 90 minutes (109). Over the 240 sec-

ond time course OmpR-P dephosphorylation would therefore be undetectable. The

rephosphorylation of mEnvZ from 90s could be explained by postulating that maximal

phosphorylation of the OmpR population has been reached, although ultimately this

phenomenon is difficult to explain. Panel B shows phosphotransfer from mEnvZ-P
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to CheY, a negative control, there is no phosphotransfer detected over 240s.

Figure 5.2: Phosphotransfer from mEnvZ-P to OmpR (A) and to CheY (B). Autora-
diograph shows a time course over 240 seconds, 5µM of HPK-P was incubated with
10µM of RR, final concentrations. Aliquots were removed and quenched at 0, 15, 30,
45, 60, 90 and 240 seconds. Samples were run on a gel and subsequently exposed to
x-ray plates. Labels represent the positions of each species. Time points are indicted
above the autoradiograph. Data represent the results of one experiment

Figure 5.3 shows phosphotransfer from mEnvZ-P to F2 (panel A) and F3 (panel

B). F4 had yet to be made at this point, so is not included in these exploratory

experiments. There is no phosphotransfer from mEnvZ-P to any of the chimeric

RRs.

Figure 5.3: Phosphotransfer from mEnvZ-P to F2 (A) and to F3 (B). Autoradiograph
shows a time course over 240 seconds, 5µM of HPK-P was incubated with 10µM of
RR, final concentrations. Aliquots were removed and quenched at 0, 15, 30, 45, 60,
90 and 240 seconds. Samples were run on a gel and subsequently exposed to x-ray
plates. Labels represent the positions of each species. Time points are indicted above
the autoradiograph. Data represent the results of one experiment
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5.2.3 Phosphotransfer from CheA

Figure 5.4 panel A shows the results of phosphotransfer from CheA-P to CheY, a

positive control for phosphotransfer from CheA-P. CheA-P is completely dephospho-

rylated by 15 seconds and remains so for the rest of the assay. This indicates the

rate of phosphotransfer to CheY is faster than the rate of CheA autophosphorylation.

CheY-P reaches its maximum level at 15 seconds, dephosphorylating gradually over

the rest of the time course. It has been demonstrated that phosphotransfer from

CheA-P to CheY is complete by ≈ 1s and CheY-P auto-dephosphorylates over ≈ 60s

(79). These data were determined using rapid reaction equipment and a large molar

excess of CheY:CheA, ≥5:1, possibly explaining the difference in speed observed com-

pared to the current study. Figure 5.4 panel B shows the results of phosphotransfer

from CheA-P to OmpR, a negative control. As expected, there is no phosphotransfer

from CheA-P to OmpR.

Figure 5.4: Phosphotransfer from CheA-P to CheY (A) and to OmpR (B). Autora-
diograph shows a time course over 90 seconds, 5µM of HPK-P was incubated with
10µM of RR, final concentrations. Aliquots were removed and quenched at 0, 15, 30,
45, 60 and 90 seconds. Samples were run on a gel and subsequently exposed to x-ray
plates. Labels represent the positions of each species. Time points are indicted above
the autoradiograph. Data represent the results of one experiment

Figure 5.5 shows the results of phosphotransfer from CheA-P to F2 in panel A

and from CheA-P to F3 in panel B. Phosphotransfer from CheA-P to F2 completely

depletes CheA-P of phosphoryl groups by 60s, this is slower than phosphotransfer

from CheA-P to CheY, where CheA-P had been completely dephosphorylated by 15s.

There is little change in the level of F2-P from 15 to 45 seconds, indicating that F2-P

nears its maximal level at 15 seconds. After 45 seconds, F2-P auto-dephosphorylates

over the rest of the time course. These data indicate that the rate of CheA autophos-

phorylation is slower than the rate of phosphotransfer from CheA-P to F2, evident

in the zero level of CheA-P after 60 seconds. Compared with phosphotransfer to
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CheY, the rate of phosphotransfer from CheA-P to F2 is slower but is still sufficient

to keep CheA dephosphorylated. The auto-dephosphorylation rate of F2-P is similar

to CheY-P, reaching a comparable level by 90s.

Figure 5.5: Phosphotransfer from CheA-P to F2 (A) and to F3 (B). Autoradiograph
shows a time course over 240 seconds, 5µM of HPK-P was incubated with 10µM of
RR, final concentrations. Aliquots were removed and quenched at 0, 15, 30, 45, 60,
90 and 240 seconds. Samples were run on a SDS gel and subsequently exposed to
x-ray plates. Labels represent the positions of each species. Time points are indicted
above the autoradiograph. Data represent the results of one experiment

Panel B of Figure 5.5 shows phosphotransfer from CheA-P to F3. When incubated

with F3, CheA-P is depleted of phosphoryl groups by 30s, having undergone an

appreciable decrease by 15s. In contrast, phosphotransfer to CheY from CheA-P

is complete in 15s, while full phosphotransfer from CheA-P to F2 takes 60s. F3-P

auto-dephosphorylates over rest of the assay, however, this reaction is also slowed

compared to CheY-P and F2-P.

5.2.4 Conclusion

These initial results established that the wild-type proteins interact and that HPKs

and the chimeras are capable of phosphotransfer. Rapid reaction kinetics noted in

the literature for CheA-P:CheY demonstrate that manual mixing used in this study

cannot properly capture phosphotransfer reaction kinetics. For results in triplicate

to quantify the level of radioactive protein in vitro, phosphotransfer was taken to 15

seconds only. This time point is the most physiologically relevant, and thus the most

relevant for constructing a synthetic TCS.
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5.3 Final Experiments

5.3.1 Phosphotransfer from mEnvZ

Figure 5.6 shows that phosphotransfer occurs after 15s from mEnvZ-P only to its

cognate RR, OmpR. No phosphotransfer is observed to any of the chimeric RRs

or CheY, the negative control. Figure 5.6 shows quantified phosphotransfer results,

which were derived by including [γ-32P] ATP standards with the autoradiograph.

OmpR undergoes phosphotransfer from mEnvZ-P, phosphotransfer to OmpR occurs

at a greater rate than mEnvZ can autophosphorylate, evident in the low level of

mEnvZ-P compared with the level of OmpR-P. Overall from these experiments, it

can be concluded that the chimeric RRs and CheY do not interact successfully with

EnvZ-P to produce phosphotransfer after 15 seconds of incubation. This is in line

with the preliminary phosphotransfer results discussed above.

Figure 5.6: Quantified phosphotransfer from mEnvZ-P to wild-type and chimeric
RRs after 15s incubation. 5µM of HPK-P was incubated with 10µM of RR, final
concentrations. Red bars = µM RR-[γ-32P], blue bars = µM mEnvZ-[γ-32P]. Blank
lane contains just mEnvZ-P. Data shown is the average of three separate reactions
quenched at 15s. Error bars are calculated as the standard deviation. [γ-32P] ATP
standards of 5, 4, 3, 2, 1, 0.5, 0.4, 0.3, 0.2, 0.1 and 0.05 pmol/µl were included to
allow quantification.
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5.3.2 Phosphotransfer from CheA

Figure 5.7 shows phosphotransfer from CheA-P to the wild type and chimeric RRs

after a 15 second incubation. The quantified results demonstrate that F3 and F4 are

phosphorylated to a similar level as CheY-P, while F2 is phosphorylated less so after

15 seconds. Phosphotransfer does not occur to OmpR. These results agree with the

previously presented preliminary experiments.

Figure 5.7: Quantified phosphotransfer from CheA-P to wild-type and chimeric RRs
after 15s incubation. 5µM of HPK-P was incubated with 10µM of RR, final con-
centrations. Red bars = µM RR-[γ-32P], blue bars = µM CheA-[γ-32P]. Blank lane
contains just phosphorylated CheA-P. Data shown is the average of three separate
reactions quenched after 15s of incubation. Error bars are calculated as the standard
deviation. [γ-32P] ATP standards of 5, 4, 3, 2, 1, 0.5, 0.4, 0.3, 0.2, 0.1 and 0.05
pmol/µl were included to allow quantification.
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5.4 Discussion

The main results from phosphotransfer experiments with HPKs and RRs, are that

the fusion RRs do not undergo phosphotransfer from mEnvZ but phosphotransfer

from CheA is detected.

Chimeric RRs, F2-4, are not phosphorylated by mEnvZ after 15s incubation, and

F2 and F3 are not even phosphorylated by mEnvZ after 240s incubation. F4, F3 and

F2 do not contain the largest patch of SDRs of OmpR α1, however, F3 and F4 retain

75% and F2 100% of the SDRs of loop 5. Additionally, F2 maintains the α5 helix of

OmpR, which could be involved in non-SDR binding to EnvZ. Any binding that does

occur in these fusions is not sufficient to lead to phosphotransfer from mEnvZ to the

chimeric RRs. No depletion of mEnvZ-P is observed either ruling out phosphotransfer

with rapid auto-dephosphorylation of the chimeras.

F2, F3 and F4 are all phosphorylated by CheA-P. F4 and F3 appear to be phos-

phorylated to wild-type levels after 15s incubation with CheA-P, and both contain

wild-type CheY fused to the OmpR linker and CTD. Incubation of F2 with CheA-P

for 15s results in level of F2-P that is 21% of the wild-type level, showing that F2 is

phosphorylated 5 times slower than CheY, F4 and F3. A one-way ANOVA test of the

concentration of RR-P after 15s incubation with CheA-P identified a significant effect

of RR used on the RR-P level at the p<.05 level [F(3,8)=98.978, p<0.001]. Post hoc

comparisons using the Holm-Sidak test indicated that CheY (M=0.78, SD=0.096),

F4 (M=0.78, SD=0.025) and F3 (M=0.83, SD=0.038) are not significantly differ-

ent. However, CheY, F4 and F3 are all significantly different from F2 (M=0.17,

SD=0.027). These data indicate that F4 and F3 exhibit wild-type levels of phos-

photransfer after 15s, demonstrating that the addition of the OmpR linker and CTD

are not detrimental to CheY’s phosphotransfer ability. F2 contains OmpR’s α5 helix

and 1 loop 5 residue unique to OmpR in addition to the OmpR linker and CTD; the

conserved active site residues are contributed by CheY. In the light of these results,

it can be surmised that the addition of OmpR’s α5 helix could be detrimental to

phosphotransfer from CheA-P. Data from preliminary experiments indicate that over

240s F2 is phosphorylated more slowly than CheY, but F2-P auto-dephosphorylates

at approximately the same rate as CheY-P. These preliminary data, although not

taken in triplicate, indicate that the stability of F2-P is similar to CheY-P, indicating

that the low level of phosphotransfer observed at 15s in the final experiments is due

to slower phosphotransfer of F2 by CheA-P.
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5.5 Conclusion

The design of the synthetic TCS requires that a synthetic RR binds and is subse-

quently phosphorylated by CheA-P, and the results from phosphotransfer experiments

show that F2, F3 and F4 fulfil this criteria. The final function of the synthetic RR is

to modulate an output of transcription, which will be assayed by promoter binding

in the following chapter.
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Chapter 6

DNA Binding
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6.1 Overview and Aims

SPR and phosphotransfer experiments established that the chimeric RRs could bind

CheA and be phosphorylated by CheA-P. To test whether phosphorylation leads to

activation of the chimeric RRs’ OmpR DNA binding domain, fluorescent anisotropy

was used to test promoter binding in vitro.

To transduce chemotactic stimuli into an output of gene transcription, the syn-

thetic RRs need to successfully bind promoter DNA. SDRs control the binding pref-

erences of cognate HPKs and RRs, while phosphotransfer to RRs depends on the

conserved residues of the active site (13) (76) (11) (28) (47) (52) (73) (78) (79) (107).

In wild-type RRs, phosphorylation leads to activation, which results in an output

because the auto-dephosphorylation rate matches the time scale on which the spe-

cific RR acts (86). It can be deduced that the difference in the half-life of CheY-P

and OmpR-P, ≈ 20s and 90min, is due to the different time scales at which their

outputs are effective (28) (106) (107) (52) (109). CheY is responsible for changing

motor direction via protein interactions, which requires rapid activation/inactivation

of CheY for the bacterium to effectively navigate its changing environment. OmpR

is responsible for gene transcription upon ingestion by a host, OmpR-P’s stability

allows long-term adaptation to the host environment.

RR activation leads to conserved changes in the α4-β5-α5 region, such as Y-T

coupling and movement of loop 4 and helix 4 to accommodate the phosphoryl group

(47). In the OmpR/PhoB family of RRs activation leads to homodimerisation via

the entire α4-β5-α5 region; these RRs can bind DNA and activate transcription only

as dimers (89) (90) (60) (2) (26) (29). It has been postulated that activation of

OmpR/PhoB family members utilises the conserved mechanism of RR activation;

upon phosphorylation, movements of the α4-β5-α5 region break any NTD-linker con-

tacts and facilitates homodimerisation, which occurs via binding of α4 of one RR-P

with α5 of a second RR-P. Subsequently, the CTD is freed from any inhibitory inter-

actions with the NTD and linker allowing promoter binding to occur. Consequently,

in wild-type RRs activation and output modulation is integrated with and controlled

by phosphorylation. F4 and F3 lack any of OmpR’s α4-β5-α5 region, which is impli-

cated as central to DNA binding, consequently the presence of the OmpR linker and

CTD are unlikely to result in promoter binding. F2 contains α5 of OmpR in addition

to the linker and CTD, the presence of α5 in the F2 REC domain could lead to DNA

binding upon activation.
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In the following experiments the promoter binding ability of the chimeric RRs was

tested with fluorescent anisotropy, in the presence and absence of the HPKs CheA-P

and mEnvZ-P. Fluorescent anisotropy is a solution technique, in this study promoter

DNA is fluorescently tagged with fluorescein (Fl-DNA) and different concentrations

of phosphorylated and unphosphorylated chimeric and wild-type RR are added. In

solution the Fl-DNA has a characteristic rotation rate. Since Fl-DNA is small any RR

binding, therefore any increase in mass, will act to slow this rotation. The relative

speed of rotation is detected due to changes in the relative amount of polarised

light emitted by the fluorescent species when excited. If immobile over the course

of the excitation life time, the fluorochrome will emit light with the same extent

of polarisation as the excitation light. As such, a complex with a higher mass, for

example when all promoter sites are bound, will emit more polarised light, than

a lower mass complex, where there is no or only partial binding. Consequently, a

binding curve can be generated for different concentrations of RR. In vivo, OmpR

binds to two promoter regions; pompF, consisting of 3 main activation sites, F1-F2-

F3, and a distal F4 site involved in repression, and pompc, comprised of C1-C2-C3

(32) (104). In this study the composite sites F1-F2-F3 and C1-C2-C3, tagged with

fluorescein (Fl-F123 and Fl-C123) were used to assay RR promoter affinity.

Two stages of experiments were undertaken; preliminary experiments established

a reproducible binding curve for OmpR and OmpR-P for C123 DNA and optimised

the technique, final experiments were conducted with all the chimeric RRs and CheA.

6.1.1 Preliminary Anisotropy Experiments

OmpR:Fl-C123 Anisotropy Trials

Initial experiments aimed to determine wild-type levels of Fl-C123 binding by OmpR

and OmpR-P. To increase accuracy at low protein concentrations Biotix lo-bind tips

were used for all stages of the phosphorylated and unphosphorylated assay.

Unphosphorylated OmpR was diluted to stock concentrations of 1000nM and

100nM then diluted to reaction concentrations and aliquotted in to a 96 well plate

to a final volume of 100µl per well, using 3 wells per concentration. Phosphorylated

OmpR was obtained by incubation with a phosphorylated mEnvZ; 5µM of mEnvZ

was autophosphorylated at room temperature for 30 minutes in the presence of 5mM

ATP. OmpR was diluted to stock concentrations of 1000nM and 100nM in a 1:2 ratio
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with mEnvZ-P (RR:HPK-P). Reactions were incubated for at least 10 minutes to

ensure the phosphotransfer reaction had reached its end-point. Stock concentrations

were diluted to the reaction concentrations and aliquotted in to a 96 well plate to

a final volume of 100µl per well, using 3 wells per concentration. The result of this

approach can be seen in Figure 6.1.

Figure 6.1: OmpR and mEnvZ-P:OmpR Fl-C123 promoter binding. Red: 1-1000nM
of OmpR incubated with 5nM Fl-C123 DNA, final concentrations. Blue: 1-1000nM
of OmpR incubated with mEnvZ-P in a 1:2 ratio (RR:HPK-P) subsequently mixed
with 5nM Fl-C123 DNA, final concentrations. Data represent the average fractional
change in anisotropy for three independent experiments. Error bars represent the
standard deviation.

Data indicate that only OmpR-P condition can bind DNA. These data could be

fit to a model where Kd represents the concentration of RR at the half-maximal

fractional change in anistropy. This was done in SigmaPlot, fitting with a non-linear

least squares single rectangular hyperbola with y replicates, of the form;

f = a× x÷ (b+ x) (6.1)

Where a represents Vmax, the maximal fractional change in anisotropy, x is the

RR concentration and b is the apparent dissociation constant, Kd. This particular

model was chosen because it describes a classical binding curve, a rectangular hyper-

103



bola, which shows saturation at high enough concentrations. The calculated Kd for

these data was 131 ±15 nM, it has been demonstrated that the Kd of OmpR-P for

Fl-C123 is 31.4 ±8 nM (32). However, the reported Kd value used highly purified

OmpR-P and a higher concentration of fluorescein tagged DNA, 10nM (32). Further

preliminary experiments sought to emulate these results and used 10nM of Fl-C123

DNA and RR:HPK in a 2:1 ratio, Figure 6.2. These conditions yielded a Kd of 34.41

±7.18 nM, matching the reported results.

Figure 6.2: mEnvZ:OmpR and mEnvZ-P:OmpR binding to 10nM of Fl-C123. Ex-
ploratory experiment with 10nM Fl-C123 DNA to emulated reported Kd values in
the literature (32). Red: 10-2000nM of OmpR was incubated in a 2:1 ratio with
mEnvZ and mixed with 10nM Fl-C123 DNA, final concentrations. Blue: 10-2000nM
of OmpR incubated with mEnvZ-P in a 2:1 ratio (RR:HPK-P) subsequently mixed
with 10nM Fl-C123 DNA, final concentrations. Data represent the average fractional
change in anisotropy for three independent experiments. Error bars represent the
standard deviation.

To conserve promoter material a lower concentration of promoter DNA was used

in this study, 5nM. Further preliminary experiments assayed the Fl-C123 binding

activity of mEnvZ, mEnvZ-P, CheA and CheA-P, none of these conditions resulted

in promoter binding (data not shown). The contribution of the buffer, fluorescein

tagged DNA, and ATP and HPK/HPK-P to the anisotropy signal was controlled for

by subtracting their signals from the OmpR dependent anisotropy.
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These optimised conditions were applied with 5nM F1-F2-F3 and C1-C2-C3 Fl-

DNA, which were tested with active and inactive OmpR, F2, F3, F4 and CheY, the

results of which will be described below.

6.1.2 Final Anisotropy Experiments

Fl-F123 Anisotropy

Figure 6.3 shows a comparison of 5nM Fl-F123 DNA incubated with phosphory-

lated and unphosphorylated OmpR and F2. OmpR-P and OmpR represents wild

type Fl-F123 binding, acting as controls. OmpR shows no binding to Fl-F123 pro-

moter DNA, while OmpR-P binds with the promoter DNA. The phosphorylated and

unphosphorylated chimeric RR, F2 and F2-P demonstrate similar levels of Fl-F123

promoter binding. This indicates that in this mutant, DNA binding is most probably

decoupled from the activated state. It has been established that F2-P has a similar

auto-dephosphorylation rate as CheY-P (Chapter 5.1.2.3), therefore their t 1
2

are likely

to be very similar; the t 1
2

of CheY-P is ≈ 20s (28) (106) (107) (52). To ensure that

ATP was not exhausted between assay preparation and assay measurement a ratio of

HPK:ATP of 1:1000 was chosen. A t 1
2

of ≈ 20s, would equate to 90-135 half lives over

the 30-45 minutes required to complete the assay. Taking the multiple dilution steps

into account for making stocks and experimental samples, results in a final ratio of

HPK:ATP of 1:700. Consequently, ATP should not be exhausted over the course of

the anisotropy experiment with F2-P thus ensuring that F2 is indeed phosphorylated

in the presence of CheA-P when measurements are taken. F2-P, and CheY-P, have

the fastest rates of auto-dephosphorylation of the RRs used, in comparison OmpR-P

has a t 1
2

of ≈ 90min, thus would not exhaust ATP either.

The fractional change in anisotropy elicited by OmpR-P is greater than either

F2 or F2-P. Taking the end-point value of the assay at 1000nM and normalising to

the OmpR-P response, F2 and F2-P are ≈26% of the OmpR-P response. These

anisotropy data were fit to the model described above, where Kd represents the con-

centration of RR at the half-maximal fractional change in anisotropy.

Both OmpR-P and F2-P could be fit to the model, the results of the fitting

procedure are presented in Table 6.1, and Figures 6.4 and 6.5. The fitted data

indicate that OmpR-P has a higher affinity for Fl-F123 than F2-P (Table 6.1). F2-

P and OmpR-P have similar Rsqr values, 0.9761 for OmpR-P and 0.9231 for F2-P.
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Figure 6.3: OmpR, mEnvZ-P:OmpR, F2 and CheA-P:F2 binding to 5nM Fl-F123.
1-1000nM of RR incubated with 5nM Fl-F123 DNA, final concentrations. 1-1000nM
of RR incubated with HPK-P in a 1:2 ratio (RR:HPK-P) subsequently mixed with
5nM Fl-F123 DNA, final concentrations. Data represent the average fractional change
in anisotropy for three independent experiments. Error bars represent the standard
deviation.

However, the t statistic of the F2-P fit is less than half that of the OmpR-P fit.

This indicates that the standard error in the regression is greater when fitting the

F2-P data, hence the error in estimating the Kd for F2-P is higher than OmpR-P.

Therefore, there can be less confidence in the dependence of Fl-F123 binding on the

concentration of F2-P.

The Kd of F2-P for Fl-F123 is 991 ±218 nM, indicating a lower affinity for pro-

moter DNA than OmpR-P. Interestingly, F2 also demonstrates a similar affinity for

the Fl-F123 than F2-P. However, the F2 binding data failed the fitting procedure to

the rectangular hyperbola model. This is despite a respectable Rsqr value of 0.9429,

however failure was due to a large standard error which produced a very low t statistic

(0.0001) leading to a large P value of 0.9999. Lower concentrations of F2, up to 75nM,

do not show the same concentration dependence as F2-P, the lack of a concentration

dependent binding trend at these concentrations may have caused the failure of the

fit.

The other RRs, F3-P, F4-P and CheY-P and their unphosphorylated counterparts
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Figure 6.4: SigmaPlot fit of OmpR-P:Fl-F123 binding data. Non-linear least squares
single rectangular hyperbola fit, with y replicates, in SigmaPlot. Error bars represent
the standard deviation for three independent experiments.

Protein Kd ± standard error (nM) Rsqr t statistic P value

OmpR-P 545 ±56.9 0.9761 9.5870 < 0.0001

F2-P 991 ±218 0.9231 4.5439 < 0.0001

Table 6.1: Fitting statistics for OmpR-P and F2-P incubated with Fl-F123 DNA.
Rsqr, measures how well the model describes the data, a value of 1 indicates the
model describes the relationship between the dependent and independent variables
precisely. The t statistic tests the null hypothesis; that there is no relationship
between the RR-P concentration (independent variable) and the fractional change in
anisotropy (dependent variable). A larger t statistic indicates that it is less probable
that the experimental values are random. The P value is a measure of the probability
of falsely rejecting the null hypothesis.

show no Fl-F123 binding, Figure 6.6. CheY-P acted as the negative control in this

assay since it has no DNA binding domain. F4-P and F3-P exhibited negative control

levels of DNA binding. None of these results could be fit to the model.
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Figure 6.5: SigmaPlot fit of F2-P:Fl-F123 binding data. Non-linear least squares
single rectangular hyperbola fit, with y replicates, in SigmaPlot. Error bars represent
the standard deviation for three independent experiments.

Figure 6.6: F3, CheA-P:F3, F4, CheA-P:F4, CheY and CheA-P:CheY Binding to
5nM Fl-F123. 1-1000nM of RR incubated with 5nM Fl-F123 DNA, final concen-
trations. 1-1000nM of RR incubated with HPK-P in a 1:2 ratio (RR:HPK-P) sub-
sequently mixed with 5nM Fl-F123 DNA, final concentrations. Data represent the
average fractional change in anisotropy for three independent experiments. Error
bars represent the standard deviation.
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Fl-C123 Anisotropy

Figure 6.7 shows a comparison of Fl-C123 incubated with phosphorylated and un-

phosphorylated OmpR and F2. OmpR-P and OmpR represent wild type DNA bind-

ing, acting as controls. OmpR shows no binding to Fl-C123 promoter DNA, while

OmpR-P binds with a higher affinity. The phosphorylated and unphosphorylated

chimeric RR, F2 and F2-P both show affinity for the Fl-C123 promoter. Taking the

end-point value of the assay at 1000nM and normalising to the OmpR-P response,

F2 provides the next highest response, ≈85% of OmpR-P, F2-P is ≈68% of OmpR-P

induced anisotropy. These anisotropy data were fit to the model described above,

where Kd represents the concentration of RR at the half-maximal fractional change

in anisotropy, Table 6.2 and Figures 6.8, 6.9 and 6.10.

Figure 6.7: OmpR, mEnvZ-P:OmpR, F2 and CheA-P:F2 binding to 5nM Fl-C123. 1-
1000nM of RR incubated with 5nM Fl-C123 DNA, final concentrations. 1-1000nM of
RR incubated with HPK-P in a 1:2 ratio (RR:HPK-P) subsequently mixed with 5nM
Fl-C123 DNA, final concentrations. Data represent the average fractional change
in anisotropy for three independent experiments. Error bars represent the standard
deviation.

OmpR-P, F2-P and F2 could be fit to the model to varying degrees. The highest

Rsqr value and t statistic were obtained with OmpR-P, which generated a Kd of 131

±15 nM with a p<0.0001. It can be observed in Figure 6.7 that F2 has a higher

109



end-point interaction with Fl-C123 than F2-P. However, an unpaired t-test indicates

that the raw data for F2 and F2-P binding Fl-C123 are not significantly different,

generating a p value of 0.0810, and a t statistic of 2.32 (GraphPad Software, Inc.).

This result suggests that the binding affinity of F2 to Fl-C123 is not dependent on

phosphorylation.

Figure 6.8: SigmaPlot fit of OmpR-P:Fl-C123 binding data. Non-linear least squares
single rectangular hyperbola fit, with y replicates, in SigmaPlot. Error bars represent
the standard deviation for three independent experiments. Fit statistics are displayed
in Table 6.2

The other RRs, F3-P, F4-P and CheY-P and their inactive counterparts show no

concentration dependent interaction with Fl-C123 DNA, Figure 6.11. CheY-P acted

as the negative control in this assay since it has no DNA binding domain. F4-P and

F3-P exhibited negative control levels of DNA binding. None of these results could

be fit with the model.
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Protein Kd ± standard error (M) Rsqr t statistic P value

OmpR-P 131 ±15 0.9477 8.8811 < 0.0001

F2-P 79 ±21 0.7061 3.7632 <0.0005

F2 127 ±29 0.7637 4.4080 <0.0001

Table 6.2: Fitting statistics for OmpR-P, F2-P and F2 binding data for Fl-C123 DNA.
Rsqr, measures how well the model describes the data, a value of 1 indicates the model
describes the relationship between the dependent and independent variables precisely.
The t statistic tests the null hypothesis; that there is no relationship between the
RR-P concentration (independent variable) and the fractional change in anisotropy
(dependent variable). A larger t statistic indicates that it is less probable that the
experimental values are random. The P value is a measure of the probability of falsely
rejecting the null hypothesis.

Figure 6.9: SigmaPlot fit of F2-P:Fl-C123 binding data. Non-linear least squares
single rectangular hyperbola fit, with y replicates, in SigmaPlot. Error bars represent
the standard deviation for three independent experiments. Fit statistics are displayed
in Table 6.2

111



Figure 6.10: SigmaPlot fit of F2:Fl-C123 binding data. Non-linear least squares single
rectangular hyperbola fit, with y replicates, in SigmaPlot. Error bars represent the
standard deviation.
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Figure 6.11: F3, CheA-P:F3, F4, CheA-P:F4, CheY and CheA-P:CheY Binding to
5nM Fl-C123. 1-1000nM of RR incubated with 5nM Fl-C123 DNA, final concen-
trations. 1-1000nM of RR incubated with HPK-P in a 1:2 ratio (RR:HPK-P) sub-
sequently mixed with 5nM Fl-C123 DNA, final concentrations. Data represent the
average fractional change in anisotropy for three independent experiments. Error
bars represent the standard deviation.
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6.2 Discussion

The main result of testing the promoter binding affinity of the chimeric RRs is that

only F2 can bind promoter DNA, regardless of phosphorylation state. The other

chimeric RRs, F3 and F4, do not demonstrate any promoter DNA binding ability.

Data indicate that OmpR-P binds both Fl-C123 and Fl-F123, however, OmpR

does not bind either promoter. This contrasts with the reported binding data, in

which both OmpR-P and OmpR bind Fl-C123 and Fl-F123 (32). It has been demon-

strated that OmpR bound Fl-C123 with a Kd of 86.7 ±32.5 nM and Fl-F123 with a Kd

of 496.5 ±60.9 nM (32). These affinities are within the sensitivity of the instrument

used in this study. Although, there are differences in the buffer and experimental set-

up used in this study, the Kd of OmpR-P for Fl-C123 reported in the literature could

be emulated by matching the concentration of Fl-DNA used. However, using a higher

Fl-DNA concentration still did not result in OmpR binding to Fl-DNA. Furthermore,

the elution profile of unphosphorylated OmpR indicates that very little dimerisation

takes place in solution, see Figure 3.4. It can be deduced that there is a fundamental

difference between the experiments and proteins used that is causing a consistent lack

of OmpR Fl-DNA binding in this study. It should be noted that the sequences for

the Fl-DNA were taken directly from the literature, removing differences in promoter

sequences as a potential variable (32). Ultimately, a full explanation is difficult to

determine. Underlining these differences further, the Kd values reported in the litera-

ture demonstrate that OmpR-P binds with a lower affinity to Fl-C123 compared with

Fl-F123 (32), whilst in this study the reverse is observed. Furthermore, the magni-

tude of the difference between the Kd values is different; the affinity of OmpR-P for

Fl-C123 is 131 ±15 nM and 545 ±56.9 nM for Fl-F123 in this study, whilst in the

literature OmpR-P binds Fl-C123 with an affinity of 31.4 ±8 nM and Fl-F123 with

an affinity of 15.4 ±3.5 nM (32).

It has been demonstrated that activation of OmpR/PhoB family members pro-

duces dimerisation, which is essential to bind DNA (89) (90) (60) (2) (26) (29). Fur-

ther, the ∆∆Gdimerisation of OmpR-P is greater than the ∆∆Gbinding of OmpR-P to

DNA, it has been postulated that the difference in the free energy of these processes

could provide the driving force for stable DNA binding (4). This ∆∆G difference

could help explain the observed DNA binding affinities of OmpR and OmpR-P, a

decrease in the ∆∆Gdimerisation from OmpR-P to OmpR monomers could affect the

free energy available to drive and stabilise Fl-DNA binding. The complete lack of
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Fl-DNA binding by OmpR observed in this study indicates that OmpR monomers

are not dimerising under the conditions used, providing little free energy to drive

stable Fl-DNA binding.

Data indicate that F2 and F2-P associate with Fl-C123 and Fl-F123, and are

not significantly different. The affinity of F2 and F2-P for promoter DNA is less

than that of OmpR-P. F2 contains the α5 helix of OmpR in addition to the linker

and CTD. It is evident that the presence of the CTD is not sufficient for Fl-DNA

binding, since no promoter binding is observed with either F4 or F3. Consequently,

the presence of OmpR’s α5 helix appears to affect the Fl-DNA binding propensity of

F2. OmpR’s α5 helix takes part in the dimer interface formed by interactions across

the α4-β5-α5 region of two OmpR monomers. The α5 helix of one monomer packs

against the α4 helix of another monomer via an extensive array of salt bridges and

to a lesser extent hydrophobic interactions (89) (90) (60) (2) (26) (29). The α4 helix

of F2 is composed entirely from CheY, as such it lacks the normal binding surface

which is complementary to OmpR’s α5 helix. However, helix 4 of F2 does contain

charged residues which may be sufficient to form the salt bridges for F2 dimerisation

leading to Fl-DNA binding.

An alternative hypothesis is that F2 could bind DNA as a monomer, such be-

haviour would be dependent on helix 5 since no DNA binding is observed in either

F4 or F3 experiments. It has been demonstrated with NMR titrations that an iso-

lated OmpR CTD can bind to the C1b half-site with a Kd >>1.5µM (71). However,

full-length OmpR cannot bind to DNA half-sites (4). The low affinity of the the

isolated CTD for the high affinity C1b half-site contrasts with the calculated Kd of

F2 and F2-P for Fl-C123 of 79 and 127nM. Furthermore, the Kd of dimeric OmpR-P

for Fl-C123 is 131nM. It has been demonstrated that the addition of C2 and C3 to

the C1 binding site leads to decreased DNA affinity for OmpR-P (32). Assuming

DNA binding by the chimeric RR is governed by the same phenomenon, these data

do not suggest low affinity Fl-C123 binding by monomeric F2 or F2-P.

F2 binds Fl-DNA regardless of phosphorylation state. The decoupling of DNA

binding from the phosphorylation state of F2 could indicate that the activation of the

REC domain in this mutant is not successfully propagated through the REC domain

to the all of the α4-β5-α5 region. This could mean that helix 5 is independent of the

rest of the REC domain in the F2 chimera and is able to access an activated state

constitutively. Furthermore, the elution profile of unphosphorylated F2 demonstrates

115



that the chimeric RR is capable of dimerisation in solution, and it forms a greater

proportion of the total F2 population when compared to wild-type OmpR, see Figure

3.5.

6.3 Conclusions

A synthetic TCS designed to function around a chimeric RR requires that the RR’s

output can be modulated by the input to the system. Fluorescence anisotropy experi-

ments established that chimeric RRs F4 and F3 do not bind Fl-DNA and although F2

can bind promoter DNA it is independent of its phosphorylation state and therefore

would not be modulated by input to the TCS.
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Chapter 7

General Discussion, Future

Work and Conclusion
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7.1 General Discussion and Future Work

The aim of this study was to determine whether it is possible to create a synthetic TCS

from both class I and class II components. A system was devised where chemotactic

stimuli drive transcription via a chimeric RR composed of regions of CheY and OmpR.

The different functions of the REC domains of CheY and OmpR dictated the design of

the chimeras. The rationale for the chimeric RRs composed of CheY and OmpR was

that they would retain the ability to bind to and undergo phosphotransfer from CheA.

Phosphorylation would be transduced into a conformational change transmitted to

the α4-β5-α5 region of the chimeric REC domain, where the OmpR component would

dimerise and mediate the output of DNA binding to pOmpC or pOmpF.

The aims of this study were;

• To determine the optimum fusion sites between CheY and OmpR, a number of

fusion sites across the α4-β5-α5 region were created and the chimeric proteins

characterised by circular dichroism and ESI-MS.

• To determine the HPK binding affinity of the fusion constructs, assayed by

surface plasmon resonance.

• To determine the phosphotransfer capabilities of the fusion constructs, assayed

by in vitro phosphotransfer from CheA-P and mEnvZ-P.

• To determine the pompC and pompF binding capabilities of the constructs,

assayed by fluorescence anisotropy.

Expression of the F2 and F1 chimeric RRs proved challenging, upon further in-

vestigation with ESI-MS and CD only fusions F2-4 were folded at room temperature.

Evidently, replacing all of the α4-β5-α5 region of CheY with OmpR, as done with F1,

has catastrophic effects on RR stability.

Surface plasmon resonance experiments determined that F4 and F3 had the high-

est affinity for bCheA-P2, 200 ±32.4 nM and 201 ±73.4 nM, both of which are

significantly higher than the wild-type affinity of CheY, 333.7nM ±25.6 nM. This

could indicate that the presence of the OmpR linker and CTD are helping to increase

the affinity of the chimeras. Interestingly, sensograms for F3 and F4 display avidity

at high concentrations, which can act to slow dissociation and increase the calculated

affinity because a single analyte binds to 2 or more ligand molecules. However, no
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such effects were observed at the concentrations used to calculate the Kd values which

were used in the statistical tests, ruling out avidity as an explanation for the lower

Kd values. The OmpR linker and CTD could have a universal affect on chimera affin-

ity, F2 binds bCheA-P2 but does not contain the fifth helix of the α4-β5-α5 binding

region. F2 does bind bCheA-P2 but the data could not be fit to a binding model.

To clarify the effect of the CTD on bCheA-P2 binding, further experiments could

use the isolated OmpR CTD as an analyte for bCheA-P2, and the isolated REC

domain of F2, and extensions into the linker and CTD to isolate the influence of the

REC, linker and CTD to bCheA-P2 binding. Further surface plasmon resonance ex-

periments could also look at the dissociation behaviour of phosphorylated chimeras

by using full-length HPKs and introducing a pulse of ATP. This could help eluci-

date whether the linker and CTD additions affect dissociation from the HPK when

compared with CheY-P.

The increase in affinity observed with F4 and F3 does not lead to a significant

change in phosphotransfer from CheA-P at 15s when compared with CheY. This most

likely indicates that the rate of phosphotransfer from CheA-P to CheY is highly op-

timised, such that no further increases in the rate of phosphotransfer are possible

by increasing the affinity between the HPK-P and RR. F2 was phosphorylated to

a significantly lesser extent than CheY, F4 and F3 by CheA-P at 15s. This re-

sult most likely stems from the lower affinity for bCheA-P2 observed with the F2

chimera. Interestingly, when extending the time course to 240s, F2 was capable of

maintaining CheA in a dephosphorylated state from 60s onwards and has a simi-

lar auto-dephosphorylation rate as CheY-P. Indicating that F2’s impaired affinity

for bCheA-P2 is not severe enough to prevent phosphorylation by CheA-P, and the

replacement of helix 5 with that of OmpR does not significantly affect the auto-

dephosphorylation rate when compared with CheY-P. The rates of phosphotransfer

to CheY and auto-dephosphorylation of CheY-P have been investigated with rapid re-

action experiments (79) (56), and similar experiments could be used to determine the

fine detail in the phosphotransfer and auto-dephosphorylation rates of the chimeric

RRs. These data could indicate whether the OmpR linker and CTD have affects on

the rate constants.

Fluorescence anisotropy experiments determined the DNA binding ability of the

chimeric RRs. F4 and F3 do not bind with Fl-F123 or Fl-C123, regardless of phos-

phorylation state. This indicates that activation of the REC domains of F4 and F3
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is not not transmitted to the OmpR linker or CTD. The lack of DNA binding by F3

and F4 could indicate that inhibitory interactions with the OmpR REC domain are

not required for inhibition of DNA binding. Alternatively, this could suggest that the

DNA binding domain of OmpR is held in an inhibited conformation when fused to

CheY and that this inhibition is not released by phosphorylation of the CheY REC

domain.

F2 does bind Fl-F123 and Fl-C123 but not in a phosphorylation dependent man-

ner. The activation of the F2 REC domain is either not transmitted to the linker and

CTD, or if it is, has no affect on DNA binding ability. However, these data indicate

that the CTD of F2 is constitutively active to some extent. The difference between

F2 and F3/F4 is the presence of OmpR’s fifth helix. In F2, α5 appears to allow the

linker and CTD to access an active state, suggesting that α5 is normally restrained

by the rest of the REC domain in wild-type OmpR; a strong inactivating interaction

between the NTD and CTD of OmpR is evident in the lack of DNA binding observed

for OmpR. These data could indicate that α5 itself is also constitutively active in F2.

Based on these results, a previously unknown role for α5 emerges as the activator of

DNA binding in OmpR. To further delineate the role of α5 in wild-type OmpR, helix

5 could be replaced by helix 5 of CheY. If wild-type OmpR α5 does activate DNA

binding, this mutant should knock-out this function. Truncations of OmpR’s fifth

helix could serve a similar purpose.

7.2 Conclusion

This study has established that the design of chimeric RRs which retain the func-

tionality of both CheY and OmpR can not be accomplished using a simple fusion

approach. Based on these data there is no optimum fusion site between CheY and

OmpR for the creation of a fully functional chimeric RR. However, this study has

established that various chimeric RRs are structurally viable and retain some of the

characteristics of a wild-type RR; HPK binding, phosphorylation, activation, output

modulation and dephosphorylation. It should be noted that there are a few natural

examples in which a chemotaxis-like pathway is linked to a transcriptional output, for

example the Che3 pathway in Myoxocoxxus xanthus (42). Consequently, fine tuning

of the design of the synthetic RRs, perhaps with point mutations or based on the M.

xanthus system, could yet yield a functional RR for synthetic biology with a defined
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chemical input and controllable transcriptional output.
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Chapter 8

Media Recipes and Reagents
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8.1 Recipes

8.1.1 Luria-Bertani Broth

• Tryptone 10g-1

• Yeast Extract 5g-1

• NaCl 5g-1

• pH 7.0

8.1.2 2xTY

• Tryptone 16g-1

• Yeast extract 10g-1

• NaCl 5g-1

• pH 7.0

8.1.3 LB Agar

• Tryptone 10g-1

• Yeast Extract 5g-1

• NaCl 5g-1

• Agar 16g-1

• pH 7.0

8.1.4 10 x TBE

• Tris base 108 g

• Boric acid 55 g

• EDTA 7.4 g

• dissolved in 1L distilled water
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8.1.5 5 x DNA Loading Dye

• Glycerol 70%

• Bromophenol Blue 0.25%

• Xylene Cyanol 0.25%

• 1 x TE 30%

8.1.6 DNA Ladder

• 1Kb ladder (Invitrogen) 37.5µl

• 1 x TE 362.5µl

• Loading dye 100µl

8.1.7 TFBI Buffer

• Potassium Acetate 30mM

• Rubidium Chloride 100mM

• CaCl22 H2O 10mM

• MnCl24 H2O 50mM

• pH 5.8

8.1.8 TFBII Buffer

• PIPES 10mM

• CaCl22 H2O 75mM

• Rubidium Chloride 10mM

• Glycerol 15%

• pH 6.8
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8.1.9 His-Tagged Protein Lysis Buffer

• Tris-HCl pH 8.0 50mM

• NaCl 150mM

• DTT 1mM

• Imidazole 10mM

• EDTA-free Protease Inhibitor Cocktail Tablets (1/50ml buffer)

• pH 8

8.1.10 His-Tagged Protein Wash Buffer I

• Tris-HCl pH 8.0 50mM

• NaCl 150mM

• DTT 1mM

• Imidazole 20mM

• EDTA-free Protease Inhibitor Cocktail Tablets (1/50ml buffer)

• pH 8

8.1.11 His-Tagged Protein Wash Buffer II

• Tris-HCl pH 8.0 50mM

• NaCl 150mM

• Glycerol 10%

• DTT 1mM

• Imidazole 20mM

• EDTA-free Protease Inhibitor Cocktail Tablets (1/50ml buffer)

• pH 8
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8.1.12 His-Tagged Protein Elution Buffer

• Tris-HCl pH 8.0 50mM

• NaCl 150mM

• Glycerol 10%

• DTT 1mM

• Imidazole 250mM

• pH 8

8.1.13 GST-Tagged Protein Binding Buffer

• Phosphate Buffered Saline pH 7.3

8.1.14 GST-Tagged Protein Elution Buffer

• Tris-HCl pH 8.0 50mM

• Reduced Glutathione 10mM

• DTT 1mM

8.1.15 Gel Filtration Buffer

• Tris-HCl pH 8.0 50mM

• Glycerol 10%

• NaCl 150mM

• TCEP 0.5mM

8.1.16 20 x Reducing Buffer for SDS-PAGE

• MOPS 0.6M

• Tris 1.2M
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• SDS 2%

• Sodium Bisulfite 50mM

• pH between 8.2 and 8.3

8.1.17 5 x SDS-PAGE Loading Dye

• Glycerol 50%

• Tris-HCl pH 6.8 0.5M

• β-mercaptoethanol 5%

• SDS 5% (w/v)

• Bromophenol Blue

8.1.18 20 x Native Running Buffer

• Tricine 0.8M

• Tris 1.2M

• pH 8.3

Native Gel Loading buffer

• Bromophenol Blue 0.25%

• Xylene Cyanol FF 0.25%

• Ficoll Type 400 in H2O 15%

8.1.19 Circular Dichroism Buffer

• Phosphate Buffered Saline 10mM

• NaCl 20mM
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8.1.20 Histidine Kinase Autophosphorylation Buffer

• Tris-HCl pH 8.0 50mM

• Glycerol 10%

• NaCl 150mM

• KCl 50mM

• MgCl2 5mM

• TCEP 0.5mM

• Histidine Kinase 5µM

• ATP 0.67mM

8.1.21 1 x Phosphotransfer Assay Buffer

• Tris-HCl pH 8.0 50mM

• Glycerol 10%

• NaCl 150mM

• TCEP 0.5mM

8.1.22 Phosphotransfer Loading Dye

• Tris-HCl pH 6.8 37.5mM

• Glycerol 37.5%

• β-mercaptoethanol 3%

• EDTA 90mM

• SDS 7.5%
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8.1.23 Phosphotransfer 15% Gel

• 30% Acrylamide 200ml

• 1.5M Tris-HCl pH 8.8 100ml

• 10% SDS 4ml

• 10% APS 4ml

• TEMED 0.16ml

• Water 92ml

8.1.24 Phosphotransfer Stacking Gel

• 30% Acrylamide 17ml

• 1M Tris-HCl pH 6.8 25ml

• 10% SDS 1ml

• 10% APS 1ml

• TEMED 0.1ml

• Water 55.5ml

8.1.25 Anisotropy Buffer

• Tris-HCl pH 8.0 50mM

• Glycerol 10%

• NaCl 150mM

• KCl 50mM

• MgCl2 5mM

• TCEP 0.5mM

• 5nM Flc-tagged promoter DNA
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8.1.26 Oligo Annealing Buffer

• Tris-HCL pH 8.0

• NaCl 50mM

• EDTA 1mM

8.1.27 Surface Plasmon Resonance Buffer

• 10mM HEPES pH 7.4

• 150mM NaCl

• Tween 20 0.05%(v/v)

8.1.28 Biotin CAPture Reagent - 50µg/ml

• HEPES pH 7.4 0.01M

• NaCl 0.15M

• EDTA 3mM

• Surfactant P20 0.005%

8.1.29 Surface Plasmon Resonance Regeneration Buffer

• Regeneration Stock 1 (Guanidine-HCl 8M) 3 parts

• Regeneration Stock 2 (NaOH 1M) 1 part
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Chapter 9

PCR Primers and Programmes
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9.1 PCR Primers

9.1.1 Primers to Create Fusion Constructs

For the creation of the fusion products;

F1-3 Table 9.1:

1. 1st rounds of PCR use primers of the type CheYOE XY(Z) as reverse primers

with CheY FW EcoRI with wild-type CheY as a template, primers of the type

OmpROE XY(Z) are used as forward primers with OmpR RV BamHI with

wild-type OmpR as a template.

2. 2nd round overlap extension PCR use primers CheY FW NcoI and OmpR RV

BamHI with any CheY-FX and OmpR-FX, where X denotes the same number

F4 Table 9.2:

1. 1st round of PCR use primer OmpR Oe0 prop as a forward primer with OmpR

RV BamHI with wild-type OmpR as a template.

2. 2nd round overlap extension PCR, for use primers CheY FW EcoRI and OmpR

RV BamHI with the CheY-F4 and OmpR-F4.
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Primer Name Sequence Product

CheY FW EcoRI CACTAGGAATTCATGGCGGATAAAGAACTTAAATTTTTGG

OmpR RV BamHI CACTGTGGATCCTGCTTTAGAGCCGTCCGGTAC

CheYOE 264 CACTTCTTCCCCTTTTGCAGTCACCATTAAC CheY-F1

OmpROE 253 TTAATGGTGACTGCAAAAGGGGAAGAAGTGG OmpR-F1

CheYOE 333 GCAGTTCACGCGGGTTAAATGGCTTCACCAC CheY-F2

OmpROE 322 GTGGTGAAGCCATTTAACCCGCGTGAACTGC OmpR-F2

CheYOE FL CGCCTGGCAGTTCCATGCCCAGTTTCTC CheY-F3

OmpROE 376 GAGAAACTGGGCATGGAACTGCCAGGCG OmpR-F3

Table 9.1: Primers to make fusion proteins of CheY and OmpR. All primers are displayed 5’ to 3’. Underline text marks
a restriction site. Bold text marks an overlap extension site between primers.
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Primer Name Sequence Product

CheY FW EcoRI CACTAGGAATTCATGGCGGATAAAGAACTTAAATTTTTGG

GB CheY OE4 GTGCGCCTGGCAGTTCGTTCGCCTGCATGCCCAGTTTCTCAAAGATTTTG CheY-F4

OmpR RV BamHI CACTGTGGATCCTGCTTTAGAGCCGTCCGGTAC

GB OmpR OE4 short CAGGCGAACGAACTGCCAGGCGCACC OmpR-F4

Table 9.2: Primers to make F4. All primers are displayed 5’ to 3’. Underline text marks a restriction site. Bold text
marks an overlap extension site between primers.
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9.1.2 Primers to Create Biotinylation Tagged Constructs

Primer Name Sequence Product

bCheA-P1 BamHI FW CACTAGGGATCCATGGTGAGCATGGATATAAGCG CheA-P1

bCheA-P1 HindIII RV CACTAGAAGCTTTCATTCATGCCATTCAATTTTTTGAGCTTCAAAAAT -

-ATCATTAAGACCGCCGCCCGGTTCACTTTTGGCAACC biotinylation tagged CheA-P1

bCheA-P2 BamHI CACTAGGGATCCCGTCAACTGGCATTAGAAGC CheA-P2

bCheA-P2 HindIII RV CACTAGAAGCTTTCATTCATGCCATTCAATTTTTTGAGCTTCAAAAATAT -

-CATTAAGACCGCCGCCGCGCGTCGTTTTTTCCCGC biotinylation tagged CheA-P2

mEnvZ BamHI FW CACTAGGGATCCATTCGTATCCAGAACCGACCG mEnvZ

bmEnvZ HindIII RV CACTAGAAGCTTTCATTCATGCCATTCAATTTTTTGAGCTTCAAAAATATCATT -

-AAGACCGCCGCCCCCTTCTTTTGTCGTGCCCTGC biotinylation tagged mEnvZ

Table 9.3: Primers to make biotinylated SPR constructs. All primers are displayed 5’ to 3’. Underline text marks a
restriction site. Italic text marks the biotinylation sequence.
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9.1.3 Primers to Create Wild-type and Site Directed Muta-

genesis Constructs

Primer Name Sequence

EnvZHAMP BamHI FW GACTGAGGATCCATCCAGAACCGACC

EnvZHAMP EcoRI RV ACGTAGGAATTCTTACCCTTCTTTTGTC

EnvZ L288P FW ATTGAGCAGTTTATCGACTACccgCGCACCGGGCAGGAG

EnvZ L288P RV TCCTGCCCGGTGCGcggGTAGTCGATAAACTGCTCAATG

Table 9.4: Primers to make EnvZ and mEnvZ. All primers are displayed 5’ to 3’.
Underline text marks a restriction site. Lower-case text marks mutation site.

Primer Name Sequence

CheY FW EcoRI CACTAGGAATTCATGGCGGATAAAGAACTTAAATTTTTGG

CheY RV BamHI CACTAGGGATCCCATGCCCAGTTTCTCAAAGATTTTG

OmpR FW EcoRI CACTAGGAATTCATGCAAGAGAACTACAAGATTCTGG

OmpR RV BamHI CACTGTGGATCCTGCTTTAGAGCCGTCCGGTAC

Table 9.5: Primers to make CheY and OmpR. All primers are displayed 5’ to 3’.
Underline text marks a restriction site.
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9.1.4 Primers to Create Fluorescein Tagged Promoter DNA

Primer Name Sequence

F1-F2-F3 Flc [Flc]ATTTTACTTTTGGTTACATATTTTTTCTTTTTGAAACCAAA-

-TCTTTATCTTTGTAGCACTTTCACGG

F1-F2-F3 comp CCGTGAAAGTGCTACAAAGATAAAGATTTGGTTTCAAAAAGAA-

-AAAATATGTAACCAAAAGTAAAAT

C1-C2-C3 Flc [Flc]CCTTGCATTTACATTTTGAAACATCTATAGCGATAAATGAAA-

-CATCTTAAAAGTTTTAGTATCATATTCG

C1-C2-C3 comp CGAATATGATACTAAAACTTTTAAGATGTTTCATTTATCGCTA-

-TAGATGTTTCAAAATGTAAATGCAAGG

Table 9.6: Primers to make fluorescein tagged double stranded promomter DNA. All
primers are displayed 5’ to 3’. [Flc] denotes the fluorescein tag added by Sigma during
synthesis.
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9.2 PCR Programmes

9.2.1 Gradient PCR

Time Temperature

2 minutes 98◦C

2 minutes 60◦C δ20◦C

500bps per minute + 2 minutes 72◦C

Table 9.7: Programme for gradient PCR. Programme was carried out for 29 cycles,
with a gradient over 20◦C using 60◦C as the median temperature.

9.2.2 PCR

Time Temperature

2 minutes 98◦C

2 minutes appropriate temperature based on gradient

500bps per minute + 2 minutes 72◦C

Table 9.8: Programme for PCR. Programme was carried out for 29 cycles.
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9.2.3 Site Directed Mutagenesis PCR

Time Temperature

30 seconds 95◦C

1 minute 55◦C

500bps per minute + 2 minutes 72◦C

Table 9.9: Programme for Site Directed Mutagenesis PCR. Programme was carried
out for 16 cycles.

9.2.4 Annealing PCR

Time Temperature

2 minutes 92◦C

5 minutes 25◦C

5 minutes 4◦C

Table 9.10: Programme for Annealing PCR. Programme was carried out for 1 cycle.
The rate of change between step one and two was set to the slowest available, 0.1◦C.
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