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Errata

Insert the following paragraph after the second paragraph on page 19:

Experimentally determined topologies for proteins with the above “6 + 6” TM structure
usually have both their N- and C-termini located in the cytoplasm (28, 78, 198). However,
while membrane proteins with N-termini located in the periplasm are less common, they
are not unusual. For example, bacteriorhodopsin has 7 TM helices and a periplasmic N-

terminus (201, and references therein),

Insert the following paragraph after the second paragraph on page 69:

The inhibition of cell growth by the addition of IPTG to AN3521 (pAN910 in MC15) cell
cultures suggested that over-expression of the pitd.:6xHis at the levels induced by IPTG
from the TS promoter may be toxic to the cells. This was further tested by transferring
pitd::6xHis into vector pBR322, so the characteristics of PitA with a 6xHis tag could be
compared with wild type PitA in a similar environment. While a protein was produced by
i vitro transcription/translation from this plasmid, it did not allow growth of strain
AN3066 on 500uM Pi minimal media, unlike the PitA control plasmid. Thus the C-
terminal 6xHis tag has a detrimental effect on the activity of PitA. However, pitd.: 6xHis
placed in the pGex vector system under the control of the rac promoter could grow in strain
AN3066 upon the addition of IPTG. This strain showed negligible growth without IPTG
induction. Thus under certain conditions PitA6xHis protein can allow Pi transport. The
varying results in different vector systems suggest that PitA6xHis protein can be toxic to
cells. but this depends on the level of expression and other undefined conditions within the

cells and cellular environment,



Replace the first paragraph on page 74 with the following paragraph:

Measurement of °Pi uptake by cells was carried out under conditions in which Pi uptake
was linear over time. Examples of the experiments used to determine K, %P and V., *FP are
given in Figure 3.17. Two families of curves exist for PitB activity, with significantly
different Vinax®P values. The experiments providing the two higher Vmax*PP values were
carried out within a week of each other. Subsequent experiments could not replicate the
high maximum velocities obtained here. All possible variables were checked, including
buffers, substrates, equipment and cultures. Statistical analysis was used to combine the

K,.oP and VPP parameters from individual experiments to produce the values listed in

Table 3.3.

Insert the following as the second paragraph on page 75:
It is possible that the different Vipax®PP values obtained for PitB activity in Figure 3.17
could be caused by a complex balance of regulatory systems that have a large effect on PitB

expression (discussed in more detail in Chapter 7.)

Insert the following sentence after the second paragraph on page 108.
Pi uptake for the PitA amino acid substitutions listed in Table 6.3 which have positive
growth on 500uM Pi could be measured to ascertain whether these mutations also affect

PitA activity.
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Abstract

Escherichia coli contains two major systems for active uptake of inorganic phosphate
(Pi). The high-affinity Pst system (pstSCAB) is induced by low external Pi
concentrations as part of the pho regulon and is an ABC transporter, requiring ATP for
active transport. The low-affinity Pit system had previously been shown to be a
secondary active transporter, dependent on the proton-motive force, expressed
constitutively and with all known mutations mapping to one locus. However, the
discovery of a second E. coli Pit transporter by the Cox laboratory suggested these
conclusions may need to be re-examined. These two Pit genes, subsequently named
pitd and pitB, have a putative amino acid sequence identity of 81% and preliminary

experiments indicated that the proteins have significantly different K,*? values for Pi.

Thus, PitA and PitB have been characterised and compared to investigate the
relationship between the structure and function of these Pi transporters. pitd and pitB
were defined as separate E. coli gene products and the putative open reading frames
were confirmed. Plasmid-borne PitA was found to have an apparent K, (K,"") of
approximately 2uM, which was 14-fold lower than the K P of 28uM obtained for
PitB.

Strdin K-10 lacks Pit activity when the Pst system is mutated and this Pit mutation was
identified. The K-10 strain contains a nonfunctional pit4, which has a single base change
(G to A at nucleotide 658 in the open reading frame), causing an aspartic acid to replace
glycine 220. This mutation greatly decreased the amount of PitA protein present in cell
membranes, indicating that the aspartic acid substitution disrupts membrane protein
assembly. Genomic pitB had wild type sequence, even though this strain was not active

as a P1 transporter.

Subsequent investigation of pitB regulation suggested that pizB encodes a functional Pi

transporter whose repression at low Pi levels is mediated through the pho regulon.
While wild type plasmid-borne pitB expressed in a pitd ApstC345 mutant allowed
growth on media containing 500uM P1 as the sole source of phosphate, E. coli with a

wild type genomic pitB (pitA ApstC345 double mutant) was unable to grow under these



conditions, making it indistinguishable from a pitd pitB ApstC345 triple mutant. The
mutation ApstC345 constitutively activates the pho regulon, which is normally induced
by phosphate starvation. Removal of pho regulon activation, by deleting the phoB-
phoR operon, allowed the pitB™ pit4 ApstC345 strain to utilise Pi and to transport Pi at

rates significantly higher than background levels. In addition, post-transcriptional or
post-translational regulation of PitB protein may also occur. This was suggested by an
unexpected decrease in the K,,"P of plasmid-borne PitB in the pAN1116 plasmid

construct that was accompanied by greatly increased levels of protein expression.

The three charged residues His-225, Asp-229 and Lys-232 were shown to be important
for PitA structure or function, as mutation of each residue to a polar amino acid greatly
reduced the initial rate of Pi uptake, while still allowing assembly of the mutant protein
in the membrane. These residues are analogous to charged amino acids important in the
function of lactose permease and are identical to residues in PitB, with His-225 and
Asp-229 being highly conserved throughout the PiT family of Pi transporters. A
possible model for the secondary structure of PitA within the cytoplasmic membrane

was revised to move this triad from a ‘periplasmic loop 6’ into a ‘transmembrane

a—helix 6’ position. (The alternative perisplasmic location of this loop still remains

plausible.) This area of PitA is obviously important for the mechanism. As well as
containing the above triad of amino acids, this putative transmembrane helix plus the

putative ‘loop 5° region contains sequence determining the difference in KPP between

PitA and PitB, as shown by chimera analysis. Nearby single mutations G220D and
A213D cause complete loss of Pi uptake and minimal insertion of protein in the
membrane. Mutation of amino acids associated with one of the ‘highly conserved
regions’ of the PiT family of transporters completely abolished Pi uptake activity, while
allowing normal levels of membrane protein assembly, indicating the importance of this
sequence in Pit structure or function. More detailed studies are required before this

information can be integrated into a mechanistic model for PitA function.
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Chapter one

General Introduction










Figure 1.1A

Phosphate transport at high inorganic phosphate (P,) concentrations

G6P
P, P, G3P

————

T T P Tt ’f'h" e
B jim,pl o .Ilﬁég ZO TR BB,
s i i I & oA B s e
..r ru‘ rt*rg:,.rg:,.r{ n,‘,.r il u‘..r\ (zen errelirelioht @4:@!‘

"'.-"r-".-"'--' i ‘_',.-"J"_,.- i | .i-“',."‘ "," ...“'

‘Iﬂ! T‘W%R‘M Ik ﬁ;{w [ ‘23 i Ft‘t‘!* I:“;

II.I .I..‘ : .l-.l. | lllll.ll

Outer membrane

"t";r'"'

Periplasm Pi

Present invery
small amounts

L 2G3P | 2G6P

Cytoplasm



Figure 1.1B

Phosphate transport at low inorganic phosphate (P,) concentrations
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Proteins inserted in the membrane assist in the passage of nutrients, wastes and
information and those exposed at the cell surface have also become receptors for

pathogenic agents such as bacteriophages and bacteriocins (130).

About 50% of the outer membrane consists of protein, either as lipoproteins anchored
to the membrane by N-terminally attached lipids, or in the form of integral membrane
proteins. In particular, this membrane contains a large number of pore forming proteins
called porins, which allow the diffusion of ions and small hydrophilic molecules.
Several porins have little solute specificity and behave as general diffusion channels
(184), while other substrate specific porins have binding sites for nutrients such as
maltose and carry out facilitated diffusion (14). TonB-dependent receptors concentrate
large nutrient molecules present at low concentrations in the external environment, such
as vitamin B12, by using energy from the electrochemical potential of the cytoplasmic

membrane.

Inorganic phosphate (Pi) can diffuse through many of the general porins in the outer
membrane. Under conditions of limiting Pi the general porin PhoE is induced. PhoE
has a slight preference for negative ions but transports only molecules with a molecular
mass below 600 daltons. Therefore larger polyphosphates and phosphorylated
compounds diffuse through the outer membrane through proteins that have yet to be

determined (204, 205).

1.2.2 The periplasm

The outer membrane is attached by proteins to an underlying peptidoglycan layer which
provides rigidity to the cell while being permeable to all nutrients and wastes (129,
248). This polymer of amino sugars acts as a cell wall, preventing the rupture of the

cytoplasmic membrane in environments of low osmolarity.

The space between the outer and inner membranes, called the periplasm, contains the
peptidoglycan layer and a gel composed of proteins and polysaccharides (97). The
polysaccharides help to buffer the cell against the variable ionic and osmotic
environments it may be exposed to. Periplasmic proteins are involved in the growth
and maintenance of the outer membrane, the inactivation of toxins, chemotaxis and the

processing of nutrients. The inner cytoplasmic membrane is impermeable to many















1.3.3 Pst system

If the external P1 concentration falls below around 0.1mM, the high-affinity phosphate-
specific transport (Pst) system is induced by the pho regulon (291). This has a K 2P
for Pi of around 0.2 uM (211, 290). The Pst system is a periplasmic binding protein-
dependent transport system composed of four proteins. PstS is the periplasmic binding

protein, while PstA and PstC are integral membrane proteins that are proposed to have
6 transmembrane (TM) ai=helices each. PstB is a hydrophilic protein associated with

PstA and PstC on the cytoplasmic side of the membrane that contains an ATP binding
fold and is thought to be important in energy generation for the system (31, 74, 284).
The pst operon contains genes for these four proteins plus phoU, which encodes a
protein required for repression of the pho regulon but which is apparently not required
for Pi transport through the Pst system (2, 254, 259). An intact Pst system is also
thought to be required for repression of the pho regulon, and may play a role in
detecting the external Pi1 concentration. Many Pst mutants derepress the pho regulon as
well as prevent Pi1 uptake. However, there are single amino acid substitutions within
PstA and PstC membrane proteins which separate these functions, inactivating Pi
transport without affecting pho regulon control (43, 44). This is discussed further in

Section 1.4.

Site-directed mutagenesis studies indicate R-220 in PstA and R-237 and E-241 in PstC
are required for Pi transport and that these residues interact with each other, possibly by
forming a Pi relay system. Paired proline residues may also play an important role in
the configuration of the protein. A double proline to alanine PstC mutant caused a
permanently ‘open’ conformation in Pst and the equivalent double proline PstA mutant

represented a permanently ‘closed’ configuration (284).

The X-ray crystal structure of the PstS binding protein shows that Pi is tightly held in
place by 12 hydrogen bonds and is totally devoid of water of hydration. Eleven of
these hydrogen bonds are donor groups (mainly from peptide backbone NH and side
chain OH groups, plus one arginine side chain ) and one aspartic carboxylate side chain

1$ an acceptor group, recognising a proton on either the monobasic or dibasic Pi.



Therefore there are no strong charge interactions (155). Whether other Pi transporters

bind Pi in a similar manner 1s not known.

1.3.4 GlIpT

sn-glycerol 3-phosphate is a precursor for membrane phospholipid biosynthesis, and
can also be used by the cell as the sole source of carbon or phosphate. When used as a
carbon source G3P is taken up exclusively by the GlpT transport system, whose genes
are induced by the presence of glycerol or G3P as part of the glp regulon. Repression
occurs via the glp repressor GlpR in the absence of glycerol or G3P, and through
catabolite repression mediated by CAP-cAMP (56).

GlpT 1s a Pi-linked antiporter which catalyses the uptake of G3P by electroneutral
exchange of G3P and Pi, although it is also able to exchange Pi:Pi1 or G3P:G3P. Other
substrates identified include glycerol-2-phosphate, arsenate and phosphonomycin (61).
[t is a chemiosmotic transporter, concentrating substrate by use of the electrochemical
potential of the cell. GlpT may be able use G3P as the sole source of phosphate, as
well as carbon (237). Maloney et al (164) proposed a mechanism whereby GlpT can
have a net import of Pi. Antiporters recognise both the monovalent and divalent forms
of their substrates. As the cytoplasm is usually more alkaline than the periplasm, two
monovalent G3P can be imported, while one divalent G3P is exported, giving a net
import of a divalent G3P and two protons (164). However, under conditions of Pi
limitation Ugp, a G3P transporter induced by the pho regulon, would be expected to be
the normal route of G3P import (Figure 1.1B) (302).

GIpT is a member of the Major Facilitator Superfamily (227) and has a typical topology
of 12 TM a~helices, which has been supported by PhoA and LacZ protein fusion

experiments (78). The protein has been over-expressed, purified and actively
reconstituted into liposomes (6). While this protein has been found to operate as a

monomer, the native protein has been identified as a homo-oligomer (141).

Several E. coli strains that were originally selected for wild type Pit activity by their
sensitivity to arsenate, such as strain C600, underwent rapid Pi exchange when supplied

with carbon sources other than glucose. These were found to have a g/pR mutation that



causes arsenate sensitivity as well as rapid Pi exchange through constitutive expression
of GIpT (61). This occurs because GlpT can substitute arsenate for Pi in its catalysis of
G3P:P1 antiport or P1:P1 exchange. Glucose inhibits this response by causing catabolite
repression of the glpT gene. Although wild type Pit is sensitive to arsenate, constitutive
GlpT confers arsenate sensitivity on pit mutant strains that would otherwise be
resistant, such as strain HR159 (pit zhg:'TN10 glpR). Thus, isolation of Pit mutants
using the auxotrophic requirement for G3P has proven to be a less ambiguous selection

criteria than arsenate resistance (60, 249).

1.3.5 UhpT

The hexose phosphate transporter has a high degree of sequence similarity to GlpT, and
is also an obligate anion antiporter whose main function is assumed to be the import of
sugar phosphates for use as a carbon source (164). UhpT catalyses the uptake of a
number of organophosphate compounds including the phosphate esters of hexoses,
pentoses, heptoses, amino sugars and sugar alcohols by electroneutral exchange with Pi
(119). Pi:Pi exchange also occurs, as in the similar GlpT system (247). Thus active
transport is directly coupled to the downhill movement of Pi (119). There are four
genes in the uAp operon, which are all essential for uAp expression. Induction through
the uhp regulatory system (UhpA, UhpB) is activated by external glucose 6-P. A third
protein, UhpC, is also involved in signaling the presence of glucose 6-phosphate (104).
The promoter contains multiple sites for UhpA and also contains a single binding site
for the cAMP-dependent transcriptional activator CAP (172). UhpT is a member of the
Major Facilitator Superfamily (227) and contains 12 TM segments, based on

hydropathy profiles and a number of phoAd gene fusions (149).

[t has previously been reported that UhpT supplied with organophosphate can provide
the cell’s sole source of phosphate (249). This would be possible through a mechanism
similar to that described for GlpT, using glucose 6-P instead of G3P (164). However
Hoffer et al/ (101) have been unable to grow pit pst strains with glucose 6-P as the
phosphate source and either glucose or glycerol as the carbon source. (This strain does
grow with G3P as the phosphate source, which could be transported through either
GlpT or Ugp.)



1.3.6 Ugp system

The Ugp transporter catalyses the uptake of G3P and glycerophosphoryl diesters (the
diacylation products of phospholipids) and is induced by the pho regulon under
conditions of Pi limitation (4, 237). When G3P is taken up exclusively by Ugp it can be
used as the sole source of Pi but not as the sole source of carbon (26). However
Kasahara er a/ (120) found that the ugp operon contains a second promoter with a
cAMP-CRP binding site that is induced by carbon starvation, suggesting Ugp plays a
role in carbon metabolism. Ugp activity increases the internal Pi concentration upon

degradation of transported G3P, and is inhibited by high intracellular Pi concentrations
(302).

Ugp is a periplasmic binding protein-dependent transport system. It consists of four
proteins, which are a substrate binding protein (UgpB) two integral membrane
components (UgpA and UgpE), and an ATP-binding subunit (UgpC) (4, 302).

1.4 Regulation of inorganic phosphate
transport in Escherichia coli

When inorganic phosphate (Pi), the preferred phosphorus source for £. coli, is in excess
the low affinity Pit transport system imports the phosphorus requirements of the cell.
Genes involved in the high affinity transport of Pi and the transport and assimilation of
other phosphate sources are only activated when the Pi concentration in the culture
medium becomes low, falling below 0.1-1mM (291). The induction of many of these
genes 1s mediated through the pho regulon (280). Recent 2D protein experiments,
which examined only proteins with pls less than seven, have shown that the pho
regulon induces about 118 proteins and represses around 19 proteins under conditions
of Pi limitation (271). Over 38 of these genes have been identified, with most being

involved in phosphate transport and/or assimilation (86, 281).

The pho regulon is controlled by the phoB-phoR operon which has identity to a number
of two-component regulatory systems that sense and respond to changing
environmental stimuli in bacteria (210). Pi-dependent activation requires the histidine
kinase PhoR to autophosphorylate and then phosphorylate the transcriptional regulator

PhoB. A phosphorylated PhoB dimer then activates genes in the pho regulon by
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Figure 1.3

Proposed control of the pho regulon by internal inorganic
phosphate (P,) concentrations.

Overproduction of either PitA or PitB in the absence of the PstS phosphate
binding protein can restore regulation of the pho regulon. Hoffer er al (100)
propose that PhoU associated with the Pst system may normally detect Pi
concentration internally by direct access to Pi that enters the cell via this
system. PitA or PitB transport Pi as a neutral complex associated with
divalent cations, which usually may not be available to PhoU. However upon
overproduction of Pit in the PstS mutant, Pi transported through either Pit
protein may become accessible to PholJ,
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presence of several copies of the pho box, which enhance expression under phosphate

starvation (236).

Most research has concentrated on the genes activated by the pho regulon. The
mechanism of repression for pho regulon genes has yet to be determined. Significant
evidence for an inhibitory role for PhoB has only recently been published and will be

discussed in detail in Chapter 5.
1.5 Mechanisms of membrane transporters

1.5.1 Classification of membrane proteins by their
mechanism of transport

Many transporters in the cytoplasmic membrane couple transport with the input of
energy, as they often function to concentrate compounds within the cell. There are four
basic classifications for these transporters based on the presence or nature of the energy

source. These are:
1 facilitated diffusion
2 secondary active transport
3 group translocation
4 primary active transport
(See Figure 1.4)

Facilitated diffusion allows a compound to diffuse down its concentration gradient until
equilibrium concentrations are achieved. There are very few of these transporters in £.
coli, with the glycerol facilitator GlpF being one example (93, 187). These are
sometimes classified as the uniporter subgroup within secondary transporters. Many
secondary active transporters couple the uphill transport of a substrate to the
electrochemical potential of the membrane by the downhill transport of an ion. This
may occur by symport (e.g. the influx of H" or Na™ with substrate) or antiport (e.g. the
export of Pi coupled to the import of substrate). Group translocation systems tightly
couple the import and phosphorylation of a sugar to the breakdown of intracellular

phosphoenolpyruvate (PEP). The only family in this category is the
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Figure 1.4

Mechanisms of cytoplasmic membrane transporters.

Facilitated diffusion is a passive process, while the remaining mechanisms of
transport are active, requiring energy input from either ATP hydrolysis or a
substrate moving down its electrochemical gradient.
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positively charged lysine and arginine side chains than periplasmic loops of similar
size, while the ratio of negatively charge side chains remained similar in each set of
loops (‘positive inside’ rule). Large loops (greater than 60 residues) however, do not
retain this charge ratio. Many of these extra-membranous loops are not required for
folding or function. Lactose permease is just one example of a membrane protein that

can be expressed /n vivo as two segments to create a functional transporter (17, 201).

The membrane component of many transport proteins is predicted to contain 12 TM
o—helices. These can consist of two proteins containing 6 predicted c—helical regions
that may be different subunits or a homodimer. Alternatively, one protein may contain
12 predicted ci—helices which have sequence similarity between the N-terminal and C-
terminal domains, suggesting that these proteins arose from the duplication of an
ancestral gene to give a “6 + 6" topology. Several of these proteins, such as the
prokaryotic CIC channel, the mammalian PiT2 phosphate transporter and the
Arabidopsis Pht2;1 phosphate transporter, have been shown to have an anti-parallel

structure where the second domain has the opposite orientation in the membrane (53)
(47, 229).

While individual a—helices are stabilised by internal hydrogen bonding and interactions

with the lipid bilayer, it is the interactions between different TM helices and loops
which are believed to be important to the overall tertiary structure and mechanism of
membrane proteins (144, 200). Popoter a/ (201) suggest that the interactions favouring
specific helix associations include the coordination of favorable Van der Waals contacts
over complementary surfaces and the binding of prosthetic groups. Single strong
interactions, via hydrogen bonds, covalent links or ion pairs are rarely seen between
such helical arrangements. Studies derived from the crystal structures of 7 integral

membrane proteins and 37 soluble proteins show that, in general, membrane protein
a—helices pack together more tightly (higher packing values) than in soluble proteins
(57). The smaller amino acids such as glycine, alanine, serine and threonine seem to
stabilise the tight association of these TM helices. Interhelical regions that are more

loosely packed often contain polar residues and provide the binding sites for substrates

and ligands (57). Analysis of membrane proteins with known structures has also found
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these can often lack the order needed for resolution to be at the level where the
polypeptide backbone and side chains can be precisely mapped (below 4A, preferably
around 2A) (32, 305).

Despite these challenges, the structures of a number of membrane proteins have
recently been solved using X-ray crystallography at resolutions approaching atomic
levels. Many bacterial outer membrane porins with stable trimeric homo-oligomer
structures, such as OmpF, OmpA and PhoE, have proven amenable to this technique
(42, 195, 201). The 3D structures of bacterial cytoplasmic membrane proteins, such as
photosynthetic reaction centres, chloride and potassium channels, and cytochrome ¢
oxidase have also been resolved at less than 3.5A (49, 50, 53, 193, 201).

A number of specific approaches have assisted in the preparation of well ordered
crystals. Formation of the protein-protein lattice contacts needed during crystallisation
s strongly influenced by variations in the surface residues of a protein. Site-directed
mutagenesis has been used to make proteins more conducive to crystal formation. For
example, the long surface-exposed loops of the outer membrane protein OmpA were
predicted to form unfavorable protein-protein contacts that could limit crystal growth.
When these loops were reduced in size by mutagenesis well ordered crystals were
formed (195). The prokaryotic KcsA potassium channel was also crystallised without
the C-terminus (Residues 126 to 158) following limited proteolysis — a method often
employed in crystallography trials (50). An alternative method for optimizing lattice
interactions is to purify and attempt to crystallise a number of natural homologues of
the desired protein. Chang er al (32, 33) have successfully used this approach to
determine the crystal structure of the mechanosensitive ion channel from
Mycobacterium tuberculosis, Th-MscL, to 3.5A resolution and the E. coli lipid flippase,
MsbA, to 4.5A resolution.

Site-directed mutagenesis has also been used to assist in protein purification by the
addition of purification tags, such as six histidine residues. However, even the
availability of large amounts of pure protein does not guarantee success with 3D X-ray
crystallography, so a number of innovative alternatives have been used. Membrane

proteins are more amenable to the formation of two-dimensional (2D) crystalline
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arrays. While these are too thin to diffract X-rays, electron microscopy can be used to
obtain a diffraction pattern. 2D protein-lipid crystals are exposed to a low intensity
beam of electrons and images are formed through the summation of conserved patterns.
3D pictures are obtained by combining images taken at different tilt angles. To obtain
high resolution images, specimens need to be frozen in amorphous ice and analysed
under these conditions, in a process called cryo-electron microscopy (cryo-EM). This
preserves the integrity of the protein in its lipid bilayer, reduces radiation damage to the
protein and reduces movement or heating of the sample while it is exposed to the
electron beam. Although it is easier to form these 2D crystalline arrays the resolution
of eryo-EM is usually lower than that of X-ray crystallography. This lower resolution
is due mainly to diffraction patterns becoming difficult to obtain once the sample is
tilted beyond 60 degrees. Consequently the lack of data from the remaining 30 degrees
reduces the final overall resolution (anisotropic data). High tilt data also has a loss of
clarity caused by membrane crystals often lacking uniform thickness (251). The
resolution of this technique is currently around 7 to 9A, such as for the E. coli Na‘'/H*

antiporter, NhaA. At this resolution the identification and basic arrangement of

t—helices can be determined, but no information can be derived regarding the peptide

backbone and side chain arrangements (286). The structure of the eukaryotic light-
harvesting complex II has been resolved to 3.4A using anisotropic data from well
ordered 2D crystals formed from detergent solubilised protein (136, 201). Cryo-EM
has also solved the structure of bacteriorhodopsin to 3.0A resolution (201). The key to
this protein’s success has been that it forms pseudo 3D crystals, where 2D arrays of
purple membranes stack on top of one another, thus giving an additional level of

information.

Cryo-EM can also be carried out on membrane proteins that form tubular rather than
flat crystals. The advantage of this tubular arrangement is that it supplies a complete
set of 3D images of the protein by the very nature of the tubular packing, hence no
tilting of the sample is necessary. The main problems associated with tubular arrays
arise from distortion and variation within the tubes (251). Cryo-EM of tubular arrays
has been used to determine the structure of the nicotinic acetylcholine receptor at 4.6A
resolution in the closed state and 9A in the open state, and also the calcium ATPase at

8A resolution (175, 264, 306). Single particle analysis, where the protein is simply
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interpreted. Substrate recognition sites may involve different parts of the transporter
and chimeric proteins may distort these or other structures. For example, while
chimeras of the melibiose carrier from E. coli and Klebsiella pneumoniae led to the
identification of an A58N mutation in the K. pneumoniae protein that could change its
ion selectivity from protons to sodium ions, at least two regions of the £, coli carrier

seem to be involved in sodium ion recognition (85).

1.9.2 Structural and functional analysis of lactose
permease

Lactose permease from E. coli is encoded by the /acY gene, and catalyses the coupled
stoichiometric translocation of protons and galactosides. This was the first membrane
protein to be cloned, sequenced, over-expressed and purified, with the purified protein
shown to be functional as a monomer (224, 275). It has become a paradigm for
secondary transport proteins and has been extensively studied using site-directed
mutagenesis and various biophysical and chemical modification techniques. While
attempts are being made to produce well-ordered crystals for X-ray crystallography,
this is a notoriously difficult task, and it is through indirect methods that the structure

and function of lactose permease is slowly being revealed.

Hydropathy analysis predicted lactose permease to be a membrane protein containing
12 a—helices with both the N- and C-termini in the cytoplasm. Circular dichroism

measurements indicating the protein is 75-80% helical are consistent with this proposal.
A number of techniques, such as laser Raman and Fourier transform infrared
spectroscopy, immunological studies using monoclonal antibodies, limited proteolysis
and chemical modification, were used to show the N- and C-termini as well as the
putative second and third cytoplasmic loops are exposed to the cytoplasm. However it
was not until the analysis of this protein with lactose permease-alkaline phosphatase

fusions that the 12 TM region topology was confirmed (118).

This model for secondary structure gave a framework for the analysis of amino acid
residues important for structure or function. Charged and polar side chains proposed to
be within the membrane environment were the first to be targeted by chemical

modification. Site-directed mutagenesis was then used on side chains whose
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modification disrupted activity, replacing them with various charged, polar and neutral
amino acids. These mutants were characterised by assays for active transport,
facilitated diffusion (with either coupled or uncoupled translocation of protons), efflux,
exchange or counterflow. Thus different functional roles were defined for the mutated
amino acids. Charged or polar amino acids that the model suggested might be within
the vicinity of disruptive mutants were also modified. Initial mutagenesis studies led to
the proposal that His-322 and Glu-325 may be components of a charge relay system
coupling lactose and proton transport (117). Second site suppressor experiments were
also important for identifying interactions between charged and polar residues (127,
142, 143). However, mutational analysis is not necessarily clear cut. King et a/ (128)
found replacing His-322 with the aromatic groups Tyr or Phe, which cannot be
protonated, gave no active transport but produced coupled facilitated diffusion of
lactose or melobiose (i.e. while proton cotransport occurred, lactose or melobiose could
not be transported against their concentration gradients). These experiments suggest
that His-322 is important for energy transduction (and also high substrate affinity), but
does not need a dissociable proton or electronegative atom, as initially proposed by

Kaback’s laboratory.

The preparation of a functional lactose permease devoid of eight native Cys residues
has allowed analysis of the permease in a number of ways. Each residue in lac
permease has been replaced with a single Cys residue, demonstrating that only six
amino acids in the permease are irreplaceable with respect to active transport, with all
of these being charged. Four of these are thought to be involved in proton translocation
and coupling with substrate translocation (Glu-269, Arg-302, His-322 and Glu-325)
while Glu-126 and Arg-144 are indispensable for substrate binding, and are also likely
to form a charged pair (273). It is proposed that one guanidino —~NH, group on Arg-144
ion pairs with Glu-126, while the other guanidino group H-bonds with the galactoside
moiety of the substrate. The conservative substitution R144K prevents substrate
binding and was much more detrimental than the E126D mutant, giving some support
to this theory (220). Creating double Cys mutant combinations of charged residues that
disrupted transport (without totally inhibiting it) showed that the neutralisation of two
Lys-Asp pairs allowed lactose uptake, suggesting they may form salt bridges. (See

Chapter 6 introduction, Section 6.1, for more details).



It became obvious that static and dynamic information at a high resolution was needed
in order to define the transport mechanism. The Cys-free permease and the single Cys
mutants have been important for the use of spectroscopic approaches to establish
proximity relationships between TM helices, and to study the molecular dynamics of
the protein. Site-directed chemical labeling with thiol reactive agents such as NEM and
fluorescence labeling (MIANS, pyrene maleimide) used in conjunction with various
hydrophilic or hydrophobic quenching agents of single Cys mutants has been used to
show that ligand binding increases the reactivity of V315C, E269C and H322C (112,
113) and also causes a conformational change in the N-terminus of TM 1 (298). These
techniques were also used to highlight the presence of two substrate binding sites (one
high and one low affinity) which can be occupied at the same time. Proximity
relationships have been determined by pyrene maleimide labeling of double Cys
mutants, which has led to a proposed tertiary model for the C-terminal half of lactose
permease (114). Spatial relationships have also been confirmed by engineering
divalent metal-binding sites (bis-His residues) within the permease, and through the use

of site-directed spin labeling and thiol cross-linking experiments (92, 116, 278. 301).

Hydropathy analysis, and even the more sophisticated predictive algorithms available
today do not take into account charge pairing. Thus the secondary structure model was
altered to include charged pair residues Asp-237 and Asp-240 in TM 7. The charge
pair Glu-126 and Arg-144 also needed to be moved into the membrane (296, 307).

The helix-loop boundaries of lactose permease have been more tightly defined by the
use of single amino acid deletions. Wolin et al (296, 297) showed that deletion of
single or multiple amino acid residues within extramembranous loops had little effect
on protein activity. However deletion of single residues over a narrow range of
positions near the boundary of helical domains greatly decreased activity. In typical

Kaback laboratory style, all the lactose permease helix-loop boundaries were mapped in
this way. This approach caused some o~helices in the topological model predicted by

the HMMTOP 1.1 algorithm to be moved by as much as 10 residues. although most
were in general agreement. Unexpectedly, deletion analysis of the whole of TM 6

showed the deletion of only three residues abolished activity. This TM domain is
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Figure 1.5

Proposed mechanism for lactose permease by Kaback’s research
group.

This diagram is from Sahin-Toth ez al (223). For clarity, only 6 of the 12 helices in
the permease are shown. Glu-126 (helix 1V) and Arg-144 (helix V) are charge
paired and with Cys-148 (helix V) comprise the major components of the substrate
binding site. Arg-302 (helix 1X) is charge paired with Glu-325 (helix X). while
protonated His-322 (helix X) interacts with Glu-269 (helix VIII). Thus the relevant
H* is shared by His-322 and Glu-269. Also shown are the charge pair between
Asp-240 (helix VII) and Lys-319 (helix X), which are not essential for the
mechanism. The mechanism is explained in detail in Section 1.9.2.
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was combined with information on potential salt bridges and other helical interactions
proposed by the mutagenesis and cross-linking studies described earlier to develop a
model where lactose permease consists of two halves that fold in a rotationally
symmetrical manner. Movement of these two moderately rigid domains of 6 TM
helices changes the solute binding site from the outside to the inside of the cell (Figure
1.6)(77).

This lactose permease model suggests that TM 2 slides against TM 11 and TM 8 slides
against TM 5. Subsequently a conserved motif in the MFS that is found at the interface
of TM 2 and the 2/3 cytoplasmic loop, and is repeated in cytoplasmic loop 8/9 has been
analysed. Mutations in the first two conserved amino acids inhibit or substantially
decrease the rate of lactose transport without affecting substrate affinity (107, 108).
This motif is proposed to play a general role in conformational changes rather than
playing a role in substrate recognition. Mutations along the face of TM 2 and TM 8,
which align with the first residue in this conserved sequence, were the most defective in

lactose transport (80).

Thus a crystal structure of lactose permease would greatly clarify the tertiary structure
and mechanism. Attempts to crystallise lactose permease from E. coli include the
insertion of the small soluble protein Cytochrome b562 into the central hydrophilic
loop of lactose permease to increase protein-protein interactions (202). This ‘red
permease’ has been solubilised in detergent and reconstituted into vesicles and well-
ordered 2D crystals. Cryo-EM using both single particle analysis and 2D crystal
analysis has been carried out, but the resolution is quite low, only revealing the basic

shape of this crystallised lac permease protein (311).

1.9.3 The success of indirect techniques in structure and
function predictions

Now that some membrane protein structures have been solved at the atomic level the
success of indirect methods at structure/function analysis can be examined for

individual proteins.
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Figure 1.6

Proposed mechanism for lactose permease by Brooker’s research
group.

This diagram is from Jessen-Marshall ez a/ (108). The three dimensional arrange-
ment of transmembrane domains has been proposed by the methods explained in
Section 1.9.2. The channel lining segments are TM-1, TM-2, TM-4, TM-5. TM-7.
TM-8, TM-10, TM-11, while the scaffolding segments are TM-3, TM-6. TM-9 and
TM-12. The two halves of the protein exhibit rotational symmetry around a central
axis. The C1 conformation has its solute binding site accessible from the outside
while the same site in the C2 conformation is accessible from the inside,

(The highlighted residues in loop 2/3 form part of a conserved motif discussed in
Chapter 7.)
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Bacteriorhodopsin, a light driven proton pump from Halobacteria, was extensively
studied with spectroscopic and mutagenic techniques. While this gave some conflicting
data (25), the model and proposed mechanism was in general agreement with the
structure produced by cryo-EM of purple membranes (82, 126). Interestingly, atomic
resolution X-ray diffraction of crystals produced two quite different structural models,
with one being more strongly supported by the independent data (140). These atomic
structures revealed features important in defining the mechanism such as bound water

molecules and hydrogen bond interactions.

Several mechanisms have been suggested for substrate translocation by the multi-drug
resistance transport family, based on labeling and mutagenesis data for a number of
different proteins. The ‘flippase’ model proposed that lipid substrates are accepted
laterally from the inner leaflet of the cytoplasmic membrane and flipped to the outer
leaflet (95). The hydrophobic vacuum cleaner model suggests that drugs may be
accepted laterally from the inner leaflet and then released directly into an aqueous
chamber exposed to the external environment (79). The substrate binding site may
move between the inner lipid and outer lipid/aqueous environments by either a tilting or
rotational conformational change (96). The atomic structure of the lipid flippase MsbA
from E. coli (32) is generally consistent with the biochemical data for the flippase
model with a tilting conformational change, while revealing additional insights such as
the linking structure between the transmembrane and the nucleotide binding domains.
However, MsbA crystals, which were formed in the absence of lipid, consist of a
homodimer with a large cytoplasmic cavity that is closed to the external environment.
This conflicts with evidence from low resolutions structures for P-glycoprotein and

MRPI that have chambers exposed to the external environment (96), and cross-linking
studies which suggest a different arrangement of ci—helices (153). This closed chamber
may be an artifact, the result of a different dynamic conformation or may be due to
different mechanisms of action within this family. The targeted use of site-directed
mutagenesis and other methods can now be used to test this mechanism in MsbA and

other related proteins in the multi-drug resistance-ABC transporter family.

The atomic structure of the Strepromyces lividans KesA potassium channel is in

excellent agreement with results from functional and mutagenesis studies on eukaryotic
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K" channels. These studies had defined many of the amino acids involved in the pore
opening, and the critical K" signature sequence which forms the K" selectivity filter, as
predicted ((50) and references therein). The generally hydrophobic character of the
pore lining was anticipated by hydrophobic cation binding studies (5) and the proposed
presence of multiple ions queuing inside a long narrow pore in single file, seems true
for the selectivity filter. However from the X-ray crystal structure it was apparent that
it is the main chain carbonyl oxygen atoms on the residues of the K* signature sequence
that coordinate with the K" ions, not the actual side chains. These side chains seem to
be important for constraining the size of the selectivity channel, so that a dehydrated K*
ion fits with proper coordination but the Na" ion is too small to undergo dehydration.
The presence of a wide water filled cavity after the narrow selectivity filter was also not
anticipated from indirect methods. The 3D structure revealed the basic KesA channel
architecture of four identical subunits forming a pore which narrows to a selectivity
filter, then opens into a wide water filled cavity lined with hydrophobic amino acids
(50). The structure also helped in the understanding of how the channel could be
highly selective for K" over Na” while maintaining a throughput rate approaching the
diffusion limit. The mechanism of action of the selectivity filter has been further
defined by crystal structures obtained at 2A resolution which were carried out with

different concentrations of K* (310).

Indirect techniques have not been so successful at defining the mechanism and structure
of chloride channels. Mutational, electrophysiological and biochemical analyses
confirmed that CIC chloride channels consist of a dimer with two separate channels.
However, further structural definition remained ambiguous as mutations that changed
ion permeation properties were scattered over much of the amino acid sequence and

their affects were not very pronounced. The crystal structures of two prokaryotic CIC

chloride channels revealed that several o~helices stop mid-membrane to form part of

the CI" ion selectivity filter and that many of the a—helices are often severely tilted

within the membrane (53) (Figure 1.7). Many residues that line the hour-glass shaped
pore were identified in earlier mutation studies. However, the antiparallel symmetry
and a negatively charge glutamate side chain located just above the CI° binding site

(Which may act as a gate) were not predicted from these studies. This chloride channel
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Figure 1.7
Structure of the Salmonella enterica serovar typhimurium CI1C

chloride ion channel.
This diagram is from Dutzler ef al (53).

A Helices

The helices are drawn as cylinders with the extracellular region above and the
intracellular region below. The two halves of the subunit are green and cyan, and
regions forming the chloride ion selectivity filter are red. Partial charges at the end
of helices involved in chloride ion binding are indicated by + and - (end charges) to
indicate the sense of the helix dipole.

B Stereo view of the three dimensional structure.

This view is from within the plane of the membrane from the dimer interface with
the extracellular solution above. The helices are drawn as cylinders, loop regions as
cords (with the selectivity filter in red), and the chloride ion as a red sphere.







Figure 1.8
Comparison of the architecture of the CIC CI” channels with the

prokaryotic KesA Kt channel.
This diagram is from Dutzler et al (53).

A CIC CI° channel

The antiparallel architecture of the CIC CI” channels contains structurally similar
halves with opposite orientations in the membrane (arrows). This architecture
permits like ends (same dipole sense) of helices to point at the membrane centre
from opposite side of the membrane.

B KcsA Kt channel

The parallel or barrel stave architecture of the KesA Kt channel contains structurally
similar or identical subunits with the same membrane orientation (arrows). Helices
point at the membrane centre from the same side of the membrane. Helices are
depicted as dipoles with blue (positive) and red (negative) ends,

Anti-parallel
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Chapter two

Experimental Procedures

2.1 Bacterial strains and plasmids
The bacterial strains used in this study were all derivatives of Escherichia coli K-12 or
K-10 and their relevant characteristics are listed in Tables 2.1 and 2.2. The plasmids

and bacteriophages used and constructed are described in Tables 2.3 and 2.4.

Short-term storage of strains was on solid medium at 4°C. Long term storage of strains
was carried out by resuspending a freshly grown lawn of bacteria from solid medium
into Luria Bertani media containing 30% glycerol. These suspensions were stored in

vials at -70°C.

The cell density of liquid cell cultures was measured as turbidity, against a blank of the
liquid medium, using a Klett-Summerson colourimeter (Klett Manufacturing, NY,
USA). Cell densities are expressed as Klett units, where 10° cells/ml is approximately

equivalent to a reading of 40 Klett units.

2.2 Oligonucleotide sequences
Oligonucleotides used in this study for sequencing, site-directed mutagenesis and

polymerase chain reactions are listed in Table 2.5.

2.3 Growth media

Strains were grown in the rich media of Luria Bertani (157), 2xTY, SOB or Z broth.
Luria Bertani media consisted of 10g tryptone, 5g yeast extract and 5g NaCl per litre,
adjusted to pH7 with aqueous 10M NaOH. This was supplemented with 33mM
glucose after sterilisation by autoclaving at 121°C for 45 min. 2xYT medium contained
16g Bacto-tryptone, 10g yeast extract and Sg NaCl, adjusted to pH7 with aqueous 10M
NaOH, and sterilised as described above. SOB medium contained 20g tryptone, 5g

yeast extract, 0.6g NaCl and 0.5g KCI per litre. This is sterilised and just before use
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Strain K-12

E coli K-12 MG 1655 was sequenced by the Blattner laboratory because it approximates
wild-type £ coli and "has been maintained as a laboratory strain with minimal genetic
manipulation, having only been cured of the temperate bacteriophage lambda and F
plasmid by means of ultraviolet light and acridine orange. respectively." (18). The
mutations listed in the genotype are present in most K-12 strains and were probably
acquired early in the history of the laboratory strain. MG1655 was derived and named by
Mark Guyer from strain W1485, which was derived in Joshua Lederberg's lab from a
stab-culture descendant of the original K-12 isolate. This original £. coli strain K-12 was
obtained from a stool sample of a diphtheria patient in Palo Alto, CA in 1922
(Bachmann, B., pp. 2460-2488 in Neidhardt et al.1996, Escherichia coli and Salmonella:
Cellular and Molecular Biology, ASM Press).

Strain K-10

[nformation is from the CGSC database (CGSC#: 4234)
http://cgsc.biology.yale.edu:80/cgi-bin/sybgw/cgsc/Strain/9448

K-10 is a spontaneous pif-10 derivative of strain CS101 (CGSC#: 5107)

(Skaar ef al, see *)



TABLE 2.1: Description of . coli strains used in this study

Strain

AN248
AN259
AN346
AN3066

AN3901
AN3902

AN3926

AN4080
AN4081

AN4085
ANCHI
HR152

AN2537
AN3020

GS5
HR187

K-10
JC7623

M15

JS5

HB101

K-12

K-10

Relevant characteristics

Construction/
Reference

pit™ pst™ K-12 strain
pit™ arg entA

pit*t arg” entd” ilv’ pyrE Strf Mur
pitAl ApstC345 srl::Tnl0 recA Tcf
pitB::Cat" derivative of JC7623
pitAl pitB::Catt ApstC345

pitB::Cat ApstC345
pitdl pitB::Catr

pitdl ApstC345 A(phoB-phoR) Kant
pitdl pitB::Cat" ApstC345 A(phoB-phoR) Kan'

A(phoB-phoR) Kan®

pstd zhg::Tnl0 proC purE thyA gyrA metB his

pyrF Ter
ApstC345
pitdl ApstC3435

pitdl pstd proC purE thyA gyrA metB his pyrF
pitAl pstA proC purE thyA gyrA metB his pyrF

srlA::Tnl0 recA Tcr
pitAl
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By recombination
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pANI1243  pitdl PCR product from AN3066
in pBR322
pANI1244  pit4 G220D mutation Site-directed mutagenesis of
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TABLE 2.5: Description of oligonucleotides used in this study (sorted by function)

Name Sequence (5’ to3’) *°°¢ Function Source/Ref.

95-87  ctgaggatccgecgegtteatgtect PCR full pizA4 Sections 3.3,
+ strand 4,2

95-88  tgacggATCcgttttogtocgtacgattacag  PCR full pir4 Sections 3.3,
- strand 4.2

95-89 gtcaggatccatgegtecgttcgtaatte PCR full pitB Sections 3.3,
+ strand o A

95-90  cgeeggatccgggcattttcaggaag PCR full pitB Sections 3.3,
- strand 4.2.45.2

97-73 agagGgatCCtgaaccgttaattg PCR full pitB plus Section 4.2
upstream 319 bp

97-74 cactggaTcCggtgttggttoatp PCR full pitB plus Section 4.2

upstream 319 bp

EcoRI SDM to insert  Section 3.4
pit4 in pQEG60
Bglll SDM to insert
pitA in pQEG0

91-62 gataatgcgccgAAttcatgice

93-20  cagttectgA GatcTtacgcaccaaaac Section 3.4

93-107  cgtaacgtectGtgctacatttg SDM pitA start Section 3.5
(ATG to GTGQ)

93-108  cgtaacgtcctCtgctacatttg SDM pitA start Section 3.5
(ATG to CTQG)

93-135  atctaatatGtgctaaatttatttg SDM pitB start Section 3.5
(ATG to GTGQ)

93-136  atctaatatCtgctaaatttatttg SDM pitB start Section 3.5
(ATG to CTG)

94-55 ccaacgecgtgTAaaccgttatcta SDM pitA4 in frame Section 3.5
TAA stop at 118bp
SDM pitd in frame

TAG stop at 208bp,

94-56  getgggtggtT Agagtgttgcc Section 3.5

pitd sequencing

Section 4.2

94-57 atatgggatAgtcteatggectt SDM pit4 in frame Section 3.5

TAG stop at 268bp,

pitd sequencing Section 4.2
95-99  tcgacaaagtggtgaagatg pitd sequencing Section 4.2
94-104  accgtgaccagcattctg pitAd sequencing Section 4.2
94-102  gttgcctatgecattgtee pitB sequencing Section 4.2
94-105  tcggectggteattgegg pitB sequencing Section 4.2
94-106  aacatgaatgcgtecggc pitB sequencing Section 4.2
93-130  ctagcgaaactgccagge pitB sequencing Section 4.2
95-5 cagtgtctatcggtettge pitB sequencing Section 4.2
95-101  tecgetatcgAcgtggcgtttte SDM pit4 G220D,  Section 4.3.2

recreating G to A at

658 bp in pitd ORF

(pitAl)
92-147  cgtittegeaGggegegaacg SDM pitd H2250Q) Section 6.3.1
92-148  cggcgegaacAatggteagaa SDM pit4 D229N Section 6.3.1
92-149  cgatggtcagCaaggcattgg SDM pitd K232Q Section 6.3.1



Name Sequence (5’ t03’) *°° Function Source/Ref.

96-02 ccegegegatgeg AGALcTgetegeegtgg  SDM pitd S50D, Section 6.3.2
ttatg Q51L

(Bglll site in loop 1)

95-25 atatgggatc AGAtcTtggecttgee SDM pitd S91D, Section 6.3.2
H92L
(Bglll site in loop 2)

95-26 ccatctetcaAGA Tetgattggegega SDM pit4 H122Q, Section 6.3.2
11230

(Bglll site in loop 3)
96-28  ccgaaagtattaagtat AGATC Tttctetgat SDM pitd F156D, Section 6.3.2
cgtttece Gl 57L
(BglIl site in loop 4)
96-01 gegtegetactggagAgATCTeaagaaacg SDM pird S182R, Section 6.3.2
cgeeeg G183D, T184L
(Bglll site in loop 5)
94-51 ctggacgegtatAgATetgateettteege SDM pitd A213D Section 6.3.2
(Bg/ll site in loop 5)
94-52  gaagaaactgaagtcAgaTCtgettagcacca SDM pitd M175L Section 6.3.2

tcg (Bglll site in loop
6/7)
94-53 cgactatcggtgagaaaGATCTtaagaaag  SDM pird 1413D, Section 6.3.2
gcatgacctacge G414L
(Bglll site in loop
7/8)
95-83 gtetateggectggeAGAICTtaccgggatg SDM pitd S438D, Section 6.3.2
ccggttte Y439L
(Bglll site in helix
&/9)
95-28 aaccgtgacAGATCttetgatggectgg SDM pitd S472D, Section 6.3.2
14731
(Bglll site in loop
8/9)
95-84  ctggetetecttgcaAGATetgtaatcgtacg  SDM pird F498D Section 6.3.2
cacc (Bglll site at C-
terminus)
92-150  gettegtggtTaacatgaatge pitdA Hpal at V251,  Section 6.4.1
pitd sequencing Section 4.2
92-151  cgegetggeCttagatateggt pitd Saul at L394, Section 6.4.1
pit4 sequencing Section 4.2
03-18 gettegtegtTaaCatgaatgegtc pitB Hpal at V251 Section 6.4.1
92-153  ggtagcactggeCTtAggcattggeace pitB Saul at L394 Section 6.4.]
93-76 cgegetgttGaceggcteate pitB AHpal at L138  Section 6.4.1
93-77 ctggaacctgggCacGtggtacttiggtttac pitd BbrP1 at G110 Section 6.4.1
93-78 ggaacctggg Cacgtggttctteg pitB BbrP1 at G110 Section 6.4.1
93-79 getetgattttettgetTegAAgGtactggage  pitd Sful at R178 Section 6.4.1
ggcace

93-80  gatatteetgetTegaAggtactggageggg  pitB Sful at R178 Section 6.4.1




04.29 ttaccaacttTgaacactacc

pitB ASful at F270 Section 6.4.1

ﬁ

" Recognition sequences for restriction endonucease enzymes are underlined.
" Altered bases in site-directed mutagenesis oligonucleotides are capitalised.

“ Bold nucleotides indicate the focal sequence for the site-directed mutagenesis.



10mM MgCl; and 10mM MgSO, was added. Glucose-Z broth consisted of Luria
Bertani media plus 33mM glucose and 2.5mM CaCls.

The minimal media used was the half-strength Medium 56 of Monod er al (177),
consisting of 30mM KHPO,, 20mM NaH,PO,, 0.4mM MgSO, and 8mM NH,S0,.
Trace elements, prepared as a 1000 fold stock were added to this medium immediately

prior to sterilisation, to give final concentrations of 13.9uM ZnS0O,, 1.0uM MnSO,,
4.69uM H,BO;, 0.68uM CoSO,, 2.45uM CaCl, and 1,78uM FeCl, (75).

Soft agars were prepared by adding ImM MgCl, and 8g Bacto-agar per litre of minimal
media (made as described above). Soft H top agar was prepared with 10g tryptone, 8g
NaCl and 15g Bacto-agar per litre of water. H plates were prepared by increasing the

Bacto-agar to 15g.

“Pi media” was an inorganic phosphate free media supplemented with 500uM
NaH,PO,. This consisted of 100mM Tris-HCI pH7.4, 10mM KCl, 15mM (NH,),S0,,

ImM MgCl,, 0.1% Casamino acids, 3uM thiamine and 33mM glucose. When
appropriate 50ug/ml chloramphenicol, or 70pg/ml ampicillin were added. Auxotrophic
requirements which were supplied where necessary included 0.008% arginine, 0.002%
uracil, 30uM 2,3-dihydroxybenzoate, 0.17mM methionine, 0.008% glycine, 0.003%

valine and 0.003% isoleucine (211). 1mM a-glycerol-3-phosphate (G3P) was used as

an organic phosphate source for potential Pi auxotrophs.

Solid media was prepared by the addition of 20g Bacto-agar per litre liquid media prior

to sterilisation.

TE buffer consists of 10mM Tris-HCI and ImM EDTA, pHS8.0, sterilised by

autoclaving.,

Antibiotics were prepared as stock solutions and stored at -20°C., Ampicillin stocks
were 100mg/ml in H,0, and were normally used at 100ug/ml in culture and solid media.

Chloramphenicol was prepared at 60mg/ml in ethanol, and was often used at 100pg/ml






2.4.2 Large scale purification of plasmid DNA by
Caesium chloride (CsCl) density gradient

The method used for the large scale preparation of high purity plasmid or M13
replicative form (RF) DNA was a modification of Selker ez a/ (238). A 1 litre culture
of the appropriate E. coli strain was grown to stationary phase in Luria Bertani media
plus the appropriate antibiotics and supplements. Bacteria were harvested by
centrifugation at 8000xg (5000rpm in GSA Sorvall rotor) for 5 mins at 4°C, and the
bacterial pellet was resuspended in 20ml of buffer containing 50mM Tris-HC] (pHS)
and 25% sucrose, and incubated on ice for 5 mins. 8ml of lysozyme solution (10mg/ml
in 0.25M Tris-HCI, pH8) was gently swirled into the cell suspension, which was left on
ice for 5 mins. An addition of 4ml 0.25M EDTA was made, with swirling, and the
spheroplasts were incubated on ice for a further 5 mins. 32ml of Triton lysis buffer
(50mM Tris-HCI (pH8), 62.5mM EDTA, 0.3% v/v Triton X-100) was added and
stirred for 5 mins to lyse the spheroplasts. Cell debris was pelleted by centrifugation
for 20 mins at 48000xg at 4°C. One quarter volume of 5M NaCl was added to the
supernatant with stirring, followed by one quarter volume of 50% PEG-6000 in 50mM
Tris-HCI (pHS8). This was mixed gently in ice, and incubated on ice for at least 2 hrs to
precipitate the plasmid DNA. The precipitate was collected by centrifugation at
3000xg at 4°C for 5 mins, and the pellet was resuspended in 7ml TE buffer (10mM
Tris-HCI (pH8), ImM EDTA) and transferred to a Sorvall SE12 centrifuge tube. 7.2¢
CaCl, was dissolved into this solution and centrifuged for 20 mins at 2300xg at room
temperature. The layer of protein at the top of the tube was removed with a spatula and
the remaining solution was transferred into a 50Ti Beckman centrifuge tube and 300ul
of 10mg/ml ethidium bromide was added. The tubes were protected from light, filled
with paraffin oil, sealed and centrifuge at 140000xg at 15°C for approximately 42hrs
(brake off). The lower band containing supercoiled plasmid DNA was removed with
an 18 gauge needle attached to a syringe through the side of the tube. Ethidium
bromide was removed by the addition of isopropanol (stored over NaCl-saturated TE)
followed by vortexing, and this extraction was repeated 5 times, or until all red
colouration had been removed from the aqueous phase. Dialysis against 1 litre of TE

buffer at 4°C was used to remove CsCl, and the plasmid solution was stored at 4°C.












Albumin). Mineral oil was overlaid to prevent evaporation. An estimate of the
optimum annealing temperature for a primer was calculated by adding 2°C for each A
and T nucleotide present in the primer and 4°C for each G and C nucleotide, and
subtracting 5°C from the result. Generally 30 cycles of denaturation, annealing and
extension were performed. Denaturation was at 94°C for 1 min, annealing at 55-65°C
(depending on the sequence of the oligonucleotide primers) for 1 min and extension at
72°C for 2 mins.

The pitA and pitB genes were amplified from genomic DNA, which was either purified
(Section 2.4.3) or supplied by using approximately 2ul of a small amount of a single E.

coli colony mixed in 100ul of water.

2.4.10 Purification of PCR products

All traces of mineral oil were removed from PCR reactions by running the solutions
over a clean sheet of Parafilm® laboratory film. The oil adheres to the film, allowing
the aqueous solution to be isolated. Purification was carried out using a BresaClean Kit
(Bresatech). Three volumes of Nal solution was added to the DNA solution, followed
by Sul of resuspended BresaClean silica resin. The suspension was mixed and
incubated for 5 mins, then centrifuged for 5 secs in a bench top centrifuge and the
supernatant was discarded. The silica/DNA pellet was resuspended in 500ul of
BresaClean wash solution followed by centrifugation. The wash solution was removed
as completely as possible and the pellet was dried and then resuspended in sterile
distilled water and incubated for 5 mins at 50°C. The silica resin was pelleted by
centrifugation for 1 min at top speed, and the supernatant containing the PCR products
was transferred into a fresh tube and centrifuged again to ensure complete removal of

any residual silica resin.

2.4.11 Site-directed mutagenesis

Site-directed mutagenesis was carried out using either the Oligonucleotide-directed in
vitro mutagenesis system version 2.1 (Amersham), or the more recent Sculptor'™ in
vitro mutagenesis system (Amersham). These systems are based on the
phosphorothioate technique of Fritz Eckstein (234). The methods are described in

detail in the handbooks accompanying the kits, and are summarised as follows. A
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and when required specific DNA fragments were isolated using agarose gel

electrophoresis (Section 2.4.6).

2.5.2 Elimination of 5° and 3’ protruding ends

DNA fragments with protruding 5’ termini were converted to blunt ends by filling the
ends in with the DNA polymerase activity of the Klenow fragments of £E. coli DNA
polymerase 1. Up to lug of DNA was incubated with 1-2 units of the Klenow
fragment, 25 uM dNTPs in a volume of 50ul. The reaction was incubated at room
temperature for 10 mins, the stopped by heating to 70°C for 5 mins to inactivate the

enzyme. The DNA was then purified with the BresaClean method as described in
Section 2.4.10.

Removal of protruding 3’ termini was carried out with bacteriophage T4 DNA
polymerase, which can also fill in protruding 57 termini with a 57 to 3’ polymerase
activity. T4 DNA polymerase was added directly to the DNA after restriction
endonuclease digestion at a concentration of 2 units per ug DNA, along with the
desired dNTPs at 0.1mM. The mixture was incubated at 12 for 15 mins, then heated to

75°C for 10 mins to heat kill all enzymes.

2.5.3 Removal of terminal phosphates from linearised
DNA

Terminal phosphates were removed from linearised vector DNA to minimise religation
of the vector DNA. Linearised vector DNA was dephosphorylated by adding
approximately 1 unit shrimp alkaline phosphatase per microgram DNA to the
completed restriction endonuclease digestion (as this enzyme is active in almost all
buffer conditions) and this mixture was incubated at 37°C for 60 mins, then heat killed
by incubation at 65°C for 15 mins. The DNA was then purified using the BresaClean

method as described in Section 2.4.10,

2.5.4 Phosphorylation of oligonucleotides

When necessary oligonucleotides were phosphorylated using 2-4.5 units of T4
Polynucleotide kinase (Pharmacia), kinase buffer (100mM Tris-HCI pH&.0, 10mM
MgCl,, 7mM dithiothreitol, ImM ATP) and 48pmol oligonucleotide for 15 mins at
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Preparation of transducing phage lyvsate

Donor cells were grown to Klett 100 in 20mls of glucose-Z broth. The cells were
pelleted (2000rpm for 10 mins in a benchtop centrifuge) and resuspended in 1ml
glucose-Z broth. Pl phage was spun down and the aqueous phase degassed for
chloroform by incubation at 37°C with shaking for 1 hr. Between 300ul and 1ml of
phage lysate was added to 500l of cells, using glucose-Z broth in the control tube, and
these were incubated at 37°C for 30 mins to allow adsorption of phage onto the cells.
400pl aliquots of the cells were mixed into 6ml pre-warmed soft agars at 45°C and then
overlaid on pre-warmed glucose-Z plates. These were incubated at 37°C for 6 hrs and
stored overnight at 4°C before preparing the phage lysate. To isolate the phage 4ml
glucose-Z broth was added to each plate and the soft agar layer was scraped into sterile
5534 tubes. Chloroform was added at 100ul per 4mls lysate and vortexed thoroughly
for several minutes, then left at room temperature for 2 hrs. Centrifugation was carried
out at room temperature at 6000xg (7500rpm in SS34 rotor, Sorvall centrifuge) for 20
mins. The supernatant was carefully decanted and the remaining cell debris was
removed by filtration through a Millipore 0.2um low protein binding filter. A few drops
of chloroform were added to the phage lysate before storage at 4°C. The phage titer
was then determined for this lysate, and 100ul was plated out on the appropriate media

to verify the absence of viable donor cells.

Generalised transduction

The recipient strain was grown in 40ml of glucose-Z broth plus the appropriate
antibiotics and auxotrophic requirements to Klett 100, and cells were pelleted by
centrifugation at 500xg (2000rpm in SS34 rotor, Sorvall centrifuge) for 10 mins. The
recipient cells were resuspended in 2ml glucose-Z broth. Phage lysate was spun down
and residual chloroform was evapourated from the aqueous phase by incubation at 37°C
with shaking for 1 hr. The required amount of phage lysate to give approximately 1-12
PFU/bacterium (up to a maximum of 1.5ml) was added to 500ul of cells, with glucose-
Z broth used for the control, and these tubes were incubated at 37°C for 30 mins. 20ul
of IM citrate was then added to each tube to chelate Ca*" and stop further infection of
P1, followed by 2 volumes of Luria Bertani media. The cultures were incubated with

shaking at 37°C for 30 mins. The cells were pelleted by centrifugation as described
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above, resuspended in 100mM Tris-HCI pH7.4 and aliquots of 100ul were plated out

onto the appropriate selective media and incubated at 37°C for two days.

2.7 Protein biochemistry techniques

2.7.1 Gel electrophoresis of proteins

SDS-polyacrylamide gel electrophoresis was carried out according to the method of
(139) using either pre-cast 10% discontinuous or 4-12% gradient Novex
polyacrylamide gels with a Novex Xcell-II apparatus, or manually poured
discontinuous polyacrylamide gels with a Bio-Rad Mini-PROTEAN® I
Electrophoresis Cell. Denaturing conditions (containing SDS) were used for all gels.
Novex gels buffered with Tris-Glycine were run in 24mM Tris base (pH8.3), 192mM
glycine and 0.1% SDS. The NuPAGE™ MES system uses NUPAGE gels buffered
with MES SDS running buffer, pH7.2 (50mM 3-(N-morpholino) propane sulfonic acid
(MES), 50mM Tris base, 3.5mM SDS, ImM EDTA). The 2x loading buffer was
composed of 40mM Tris-HCI (pH6.8), 10% (w/v) glycerol, 1.6%SDS and 4%

B-mercaptoethanol. Electrophoresis was carried out at a constant voltage of 125V for

approximately 100 minutes. Manually poured gels consisted of a 4% stacking gel layer
and a 9%-10% resolving gel layer, using a 29:1 acrylamide:bisacrylamide ratio. The
stacking gel buffer contained 37.5mM Tris-HCI (pHS8.8) and 0.1% SDS, while the
resolving gel buffer consisted of 12.5mM Tris-HCI (pH6.8) and 0.1% SDS. APS and
TEMED were added to initiate polymerisation of the acrylamide. Electrophoresis was
carried out at a constant current of 35mA for approximately 40 mins. Protein samples
were mixed with 0.1M fresh DTT and SDS/Z buffer (200mM Tris-HC1 (pH6.8), 50%
glycerol, 8% SDS and 0.01% bromophenol blue) in a ratio of 1 part buffer to 4 parts
sample prior to loading. Low weight makers and prestained molecular weight markers

were from Biorad and Novex (SeeBlue™).

2.7.2 Coomassie staining of polyacrylamide gels
Protein gels were stained with Coomassie dye using 1.25% w/v Coomassie R-250
(PhastGel™ BlueR, Pharmacia Biotech), 10% v/v acetic acid 50% v/v methanol and

25% v/v ethanol, and destained overnight in 25% v/v ethanol, 8% v/v acetic acid. Gels
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to be dried were desalted in water and equilibrated in gel drying solution (5% w/v
glycerol, 30% v/v methanol) then dried between sheets of cellophane pre-soaked in the

drying solution using a Novex gel drying frame.

2.7.3 Measurement of protein concentration

Measurements of protein concentration were carried out using the Bio-Rad protein
assay system, based on the dye-binding assay method of Bradford (23) using either the
full-scale or microtitre process. All assays were performed in duplicate, using bovine
serum albumin (BSA) to prepare a standard curve of 0, 20, 40, 60, 80 and 100ug
protein. The full scale method mixed 100ul of suitably diluted sample with 5mls
diluted dye reagent (1:4 reagent:water). After 2-5 mins the absorbance at 595nm was
measured and the protein concentrations were calculated by reference to the BSA
standard curve. The microtitre assay involved aliquotting 50ul of diluted protein
sample/BSA sample into square bottomed microtitre plates, adding 200l diluted dye
reagent and measuring the absorbance between 405nm and 630nm after 5-30 minutes in
a microtitre plate counter spectrophotometer, using the zero protein sample as the
blank.

2.7.4 Detection of protein by Western blot

The membrane fraction of various E. coli strains was solubilised at 200ug/ml protein
(PitA western blots) or Img/ml protein (PitB western blots) by 3 cycles of vortexing for
I min then boiling for 3 mins. Electrophoresis was carried out using a 10% SDS
polyacrylamide gel, as described in Section 2.7.1. The proteins were then transferred
onto polyvinylidene difluoride (PVDF) membrane by semi-dry electroblotting using a
Multiphor”II elecrophoresis system (Pharmacia) as follows. Sheets of 3MM paper
were cut to the size of the gel and presoaked in semi-dry transfer buffer (39mM
glycine, 48mM Tris/HC] pH7.5, 0.0375% w/v SDS, 20% v/v methanol). 6 sheets of
filter paper were layered in the apparatus, followed by the PVDF membrane, the gel
and 6 more sheets of filter paper. Electrophoretic transfer proceeded at 0.8mA/cm?’ for
50-120 mins. Non-specific sites on the PVDF blot were protected by incubation in
blocking buffer (10% milk powder, 10mM Tris/HC] pH7.5, 0.9% NaCl) and the PVDF
membrane was then washed in Tris-buffered saline (10mM Tris/HCI pH7.5, 0.9%

NaCl). The primary antibody was applied by incubation with either polyclonal
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antipeptide PitA antibody diluted 1/500 in blocking buffer or polyclonal antipeptide
PitB antibody at 1/100 dilution at either 4°C overnight or 2 hrs at room temperature.
The blot was washed in Tris-buffered saline prior to incubation with goat anti-rabbit
immunoglobulin conjugated to alkaline phosphatase (DAKO), diluted at 1/1500 (PitA)
or 1/1000 (PitB) in blocking buffer. The blot was washed with Tris-buffered saline and
then immunostained with Western Blue® stabilized alkaline phosphatase substrate

(Promega). The blot was then washed in water and air dried.

2.7.5 Preparation of cytoplasmic membranes from FE.
coli by centrifugation

Cytoplasmic membranes were isolated by centrifugation of cells broken open by a
Sorvall Ribi Cell Fractionator. Strains were inoculated into 1 litre of rich media (Luria
Bertani media, 34mM glucose, appropriate antibiotics and/or growth requirements) and
grown to a cell density of around 250 Klett units (approximately 6x10%cells/ml). Cells
were pelleted by spinning at 5900xg for 15 mins at 4°C and were then washed with
potassium phosphate buffer containing the protease inhibitor phenyl-
methansulfonylfluoride (PMSF) (0.05M KHPO,, ImM PMSF, pH8). This wash and
spin was repeated. On occasion the protease inhibitors aprotinin (2mg/ml), leupeptin
(0.5pg/ml) and pepstatin (0.7pg/ml) were also added. The washed cell pellet was then
resuspended in 30ml phosphate buffer and cells were broken open by passage through a
Sorvall Ribi Cell Fractionator. Unlysed cells and cell debris was separated by
centrifugation at 39000xg for 30 mins at 4°C. The supernatant, containing both

membrane vesicles and the soluble cytoplasmic fraction, was collected.

Membrane vesicles were separated from the cytoplasm by ultracentrifugation at 4°C for
two hours at 360000xg. The cytoplasm was removed and stored at —20°C. The
membrane pellet was resuspended in less than 2.5mls of phosphate buffer and stored in
0.5ml aliquots. The protein concentration of the cytoplasmic membranes was assayed

as previously described (Section 2.7.3).





















PBS only. All wells were washed twice with PBS, then 50ul serial dilutions of the pre-
immune and post-immune sera were added to the control and peptide coated wells.
Dilutions were prepared over a range of 1:10 to 1:1000 in PBS. These were incubated
at room temperature for 1 hr, then washed twice with PBS, then once with a freshly
prepared pH9.5 buffer (10mM diethanolamine, 0.5mM MgCl,). 50ul of alkaline
phosphatase substrate (1mg/ml p-nitrophenylphosphate in pH9.5 buffer) was added to
each well. After incubation at room temperature the optical density between 405nm

and 630nm was recorded in a micro-titre plate reader.

Western blotting against the membrane fractions of AN3531 (PitA) AN3135 (PitB) and
AN3514 (control) was then used to assess the antigenicity of the sera to either the PitA
or PitB membrane protein. The sera from the PitB peptide-KLLH conjugate was only

assessed by Western blot.

2.13.4 Purification of polyclonal antipeptide antibodies
from serum by immunoaffinity chromatography

Sera containing PitA antipeptide antibody were not purified. The PitB equivalent was
isolated from sera by immunoaffinity purification (SulfoLink® Kit, Pierce) following a
two-stage ammonium sulfate precipitation (88) and dialysis against PBS. The synthetic
peptide column was prepared following the manufacturer's instructions, and the

dialyzed PitB antipeptide antibody solution was passed through the column 3 times.

2.14 Analysis of DNA sequences using
MacTargsearch 2.0

MacTargsearch is used to identify DNA sequences that are putative matches to a
‘target’ sequence. It provides several target sequences including the £. coli promoter
consensus sequence, Target sequences can also be customised. This is a compiled
Microsoft BASIC program created by James A. Goodrich, William R. McClure and
Michael L. Schwartz in 1989 at Carnegie Mellon University, and modified by Dr Peter
Markiewicz, UCLA.
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Chapter three

Escherichia coli has two pit genes
with distinct characteristics







3.2 Comparison of the nucleotide sequences of
PItA and pits

The DNA fragments containing pit4 and pitB Pi uptake activities were previously
reduced to 2.27kb and 3.06kb fragments, respectively, and sequenced (59, 89). These
two nucleotide sequences were then compared using the DNA Pustell Matrix algorithm
(Figure 3.1), which revealed a high degree of similarity in sequence coinciding with an
open reading frame (ORF) of 1500 nucleotides found in each DNA fragment. These
ORFs are located at 573-2073bp in the pit4 DNA fragment and 1404 — 2903bp in the
pitB DNA fragment. Some patches of sequence similarity also occur upstream of these
ORFs in the putative promoter regions of each gene. While other ORFs are present
these are the two longest ORFs, and the 75% sequence identity between them makes

these the most likely candidates for pit4 and pitB (Figure 3.2).

3.3 Are pitA and pitB genes or alleles?

The method used to isolate pit4 and pitB could not distinguish whether these sequences
were alleles or distinct genes, although it does indicate that they are unlikely to form an
operon, as each gene was expressed individually. There is no previous evidence for the
presence of two distinct pit loci. However, the 75% sequence identity between the
putative pit4 and pitB ORFs, is much less than that found in most alleles and the lack of
sequence identity in the surrounding DNA indicates that pitd and pitB are likely to be
found at separate loci, therefore are distinct genes. To clarify this, PCR experiments
were carried out to detect the presence of pitd and/or pitB on the genomes of various £.
coli strains. AN236 and AN259 were selected because they were used in the
preparation of strain HR152, which supplied the wild type pit4 gene subsequently
sequenced and analysed by Elvin er al (59). AN248 is a K-12 strain with wild type pir
and pst genes. K-10 is the strain where the pit mutation was first detected, while
HR187 is a recA derivative of GS5 (pit pstA), the Pi auxotrophic recipient strain used
for isolating wild type pitd. AN3066 is a recd derivative of AN3020 (pir ApstC345),
the background strain for expression of the pitB gene. Thus there are three strains that
may have wild type pit transport (AN236, AN259, AN248) and three strains with
known defects in Pit transport (HR187, AN3066, K-10). Genomic DNA was purified
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Figure 3.1
Pustell DNA Matrix alignment of the sequences containing pitA

and pitB.

The sequenced DNA fragments containing the piiA and pitB genes were
compared by the Pustell DNA Matrix algorithm (MacVector 6.0), using a
window size of 30, a minimum score of 65%, a hash value of 6 and a jump value
of 1. Both strands were analysed.

=== Highlights the large open reading frame found in each DNA fragment.

Size
(bp)

200 1

pitB
=

1500 - o

2000 1 =4

2500 1 ~
T

.,

3000 -
Size 200 400 600 800 1000 1200 1400 1600 1800 2000 2200

(bp) e — ——

PItA



Figure 3.2
DNA alignment of the putative open reading frames of pit4

and pitB.

The DNA alignment was carried out using the program Clustal W (MacVector 6.0) with
an open gap penalty of 10, extending gap penalty of 5 and weighted transitions. Each
putative open reading frame (ORF) contains 1500 bases, with pitB containing a single
addition relative to pit4 at nucleotide 978 in the ORF, and a deletion at nucleotide 1021
(which forms part of the large variable region between PitA and PitB in the deduced

amino acid sequences).

A [dentical bases between pitd and pitB.
\ Nucleotides unique to the putative pitd ORF,
\ Nucleotides unique to the putative pitB ORFE.

The DNA alignment of the upstream sequences of pit4 and pitB 1s illustrated in

Figure 5.9, with the putative RNA polymerase promoter sequence highlighted.
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ATGCTACATTTGTTTGC TGGCCTGGATTTGCATACCGGGCTGTTATTATT
ATGCTAAATTTATTTGT TGGCCTTGATATATACACAGGGCTTTTGTTATT

hhkkhkdk khhkdkk hbkdhd HAhkhkhdd Fhr W & kk KhhE¥ KEhk khkhkw Ak

GCTTGCACTGGCTTTTGTGC TGTTCTACGAAGCC ATCAATGGTTTC CATG
GCTTGCTCTGGCATTTGTGT TGTTCTACGAAGCA ATCAATGGTTTT CATG

Hhkhkkdk hdhkdkodh hhkhdhdhdk dhdhhhhAkhkhhhkd hhk A b Ak kN b r kkok

ACACAGCCAACGCCGTGGCAACCGTTATC TATACCCGCGCGATGCGTTCT
ACACGGCGAATGCGGTGGCAGCCGTTATT TATACT CGTGCCATGCTACCA

Hhdkdk hhk dh dk hhkkhkAhk kA A bAoA khkdhckdk kN woh Ak ko o

CAGCTCGCCGTGGTTATGGCGGCGGTAT TCAACTTTTTG GG TGTTTTGCT
CAACTTGCTGTGGTGATGGCGGCATTTTTTAACTTTTTT GGCGTGTTATT

Ak kk khk AkkkE ok hkh ok Ak okow * kk hAdkkkAAAN kR kK *

GGGTGGTCTGAGTGTTGCCTATGCCATTGTG CATATGC TGCCGACGGATC
GGGCGGACTTAGCGTTGCCTATGCCATTGTC CATATGT TGCCAACCGATT

hkdk ki kk kk AhkhhhhARb bbbk hokh A A A NA A kkkodk kh b odd

TGUTGCTTAATATGGGATCGTCTCATGGCCTTGCCATGGTGTTCTCTATG
TGTTGCTGAATATGGGG TCAACCCACGGCCTGGCGATGGTC TTTTCCATG

WA kdkkdk kkkdkhhkh koK h hkdk ok hh AN FH Rk hkh kd koh Wk ok

TTGCTGGCGGCGATTATCTGGAACCTGGAE! ACCTGGTACTTTGGTTTACC
CTGCTGGCGGCGATTATCTGGAACCTGGA ACGTGGTTCTTCGGTTTACC

Akkhkkhkhkdbkhhhhhdhhhkhkhkdhbhrhbhbbhdhd *hk dhdhk ko hobhodkh k&

TGCATCCAGCTCTCATACGCTGATTGGCGCGATCATCGGGATTGGTTTAA
GGCCTCCAGT TCGCACACCTTGATTGGT GCGATTATCGGCATCGGTTTAA

*k WAk hkk kk khk hk WHAEREHrd hAddkhod hhhhhd *k khkdhhdhk

CCAATGCGTTGATGACCGGGACGTCAGTGG TGGATGCACTCAATATCCCG
CCAACGCGCTGTTAACCGGCTCATCGGTGATGGATGCGTTAAACCTGCGT

A AA Fkhk bk ok ok ok ok ok khok ok kR ok R * ok ko

ARAGTATTAAGTATTTTCGGT TCTCTGATCGTTTCCCCTATT GTCGGCCT
GAAGTGACCAAAATTTTCTCCTCGCTGATTGTTTCCCCTATC GTCGGCCT

# ok & A W Wk kok ok ke kk Ak hAE Fhkhkbhkhkhkhhddh Thhhhhokd

GGETGTTTGCTGGCGGTCTGATTTTCT TGCTGCGT CGCTACTGGAGCGGCA
GGTCATTGCGGGAGGCCTGATATTCCTGCTGCGACGCTACTGGAGCGHEGA

* ok FhAN Ak kk hkhkhkhh hAHE khkAhAhk kA Kk AAh A AR A AN AANANNR A

CCAAGAAACGCGCCCGTATCCACCTGACCCCAGCGGAGCGTGAAAAGAAA
CGAAAAAGCGTGACCGTATT CACCGCATTCCGGAAGATCGCAAAAAGAAA

k kk kk AW o Rk ek ko d kA k W 4 * & & * & kA T I T T A

GACGGCAAGAAAAAGCCGCCGTTCTGGACGCGTATTGCGCTGATCCTTTC
AAAGGCAAACGTAAACCGCCATTCTGGACGCGTATTGCGCTGATTGTTTC
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pitA 751 GTGAACATGAATGCCACTGGCTACGAAATCACCCGTACCCGTGATGCCAT 800
pitB 751 GTCAATATGAATGCGTCCGGCTATGAAATTACCCGTACCCGCGATGCCGT 800

deck ek ko ok ok ok ok R ok k KhhhkAd hhkkrhk hAhkh A AAVANEILE Fhhkhkrr &

pitA 801 CAACAACGTCGAAGCTTACTTTGAGCAGCATCCTGCGCTGCTCAAACAGE 850
pitB 801 TACCAACTTCGAACACTACCTGCAACAGCATCCTGAACTGCCGCAGAAGT 850

* ok ko ok kk kK AAhAhA W A &k kW ke w w

pitA 851 CTACCGGTGCTGATCAGTTAGTACCGGCTCCGGAAGCTGGCGCAACGCAA 900
pitB 851 TGATTGCGATGGAACCTCCATTGCCTGCAGCATCGACTGATGGCACGCAA 900

b ) d ok w Ok kk kok * % % W e deode gk ok ok

pitA 901 CCTGCGGAGTTCCACTGCCATCCGTCGAATACCATTAACGCGCTCAACCG 950
pitB 901 GTAACAGAGTTTCACTGICATCCGGCAAATACCTTTGATGCTATTGCGCE 950

o okkkhkk hokdhhhk kkkhhk ok hhkhA AN KAk K kR & W &

pitA 951 CCTGAAAGGTATGTTGACCACCGATGT-GGAAAGCTACGACAAGCTGTOG 999
PitE 951 CGTTAAAACGATGCTGCCAGGCAATATAGGAAAGT TACGAGCCGTTAAGC 1000

* ok ok ok ok whkw ww * * hhk ok WRWREEHR khkkhd * ok

pitA 1000 CTTGATCAACGTAGCCAGATGCGCCGCATTATGCTGTGOSTT TCTGACAC 1049
pitB 1001 GTGAGTCAGCGCAGCCAGCTG-GCCGCATTATGCTGTGCATC TCTGATAC 1049

& hhkd kR hkokkodkhk ko AW NR ANk kdkhkhdhhhhl & AR kAR &

pPitA 1050 TATCGACAAAGTGGTGAAGATGCCTGGCGTGAGTGCTGACGATCAGCGEC 1099
pitB 1050 CTCCGCGAAGCTAGCGAAACTGCCAGGCGTCAGTAAAGAAGACCAGAACC 1099

w ok * &k * ok ok ok ok ok kk khkkkhkok Aok ok ik Ak kkk &

pitA 1100 TGTTGAAGAAACTGAAGTCCGACATGCTTAGCACCATC GAGTATGCACCG 1149
pitB 1100 TGCTGAAAAAACTTCGCAGCGATATGTTAAGCACCATTGAGTACGCTCCE 1149

Ak kkkhk ok okkhkw dkdk khkk b hkbhkkkkk kdkdhkhk Adk ok ww

pitA 1150 GTGTGGATCATCATGGCGGTC GCGCTGGCGTTAGGTATCGGTACGATGAT 1199
pitB 1150 GTGTGGATCATCATGGCGGTA GCACTGGCGCTCGGCATTGGCACCATGAT 1199

Thhkdbhkhhhkhkdk bbbk ddkdd hoh HFhkwkd * kb k& hd Wk ok ok

pPitA 1200 TGGCTGGCGCCGTGTGGCAACGACTATCGGTGAGAAAATCGGTAAGAAAG 1249
pitB 1200 TGGCTGGCGTCGTGTAGCGATGACCATCGGTGAGAAGATTGGTAAGCGCG 1249

hhkhhhhkhdhkhk dhkdhhkd kh b khkk hekdkdhdkhdhdkohd A koA *

pPitA 1250 GCATGACCTACGCTCAGGGGATGTCTGCCCAGATGACGGCGGCAGTGTCT 1299
pitB 1250 GCATGACGTATGCGCAAGGCATGGCGGCACAAATGACGGCGGCAGTGTCT 1299

Whddkkdkd Sk ok ok kk AkdEk ok kEk khk A A AR A AN NS AR Aok R A

pitA 1300 ATCGGCCTGGCGAGTTATACCGGGATGCCGGTTTCCACTACTCACGTACT 1349
pitB 1300 ATCGGTCTTGCCAGTTATATTGGGATGCCCGTCTCCACAACACACGTCCT 1349

WHFEAE hdk ko Wk ook bk ko Ahkkkhkdhkkhkdkd A& AL AFEF *F Fhkhkhd Kk

pitA 1350 CTCCTCTTCTGTCGCGGGGACGATGGTGGTA GATGGTGGCGGCTTACAGE 1309
pitB 1350 CTCGTCTGCAGTTGCAGGGACGATGGTGGTG GACGGCEGETGGGTTACAGE 1399

WK Hkdk k khk b bk k kb koh okok W bk sk ok gk ko

pitA 1400 GTAAAACCGTGACCAGCATTCTGATGGCC TGGGTGTTTACCCTTCCGGET 1449
pitB 1400 GTAAAACGGTAACCAGCATCCTGATGGCGTGGGTATTTACTTTACCGGCG 1449

Hhbhhdhhkhk ddk dhkhhk bk Ak Fhhhhkkhd ddkkkod  dokokh b T Y M B

pPitA 1450 GCGGTACTGCTTTCCGGCGGGCTGTACTGGECTCTCCTTGCAGTTCCTGTAA 1500
pPitB 1450 GCAATTTTTCTTTCTGGTGGGCTGTACTGGAT AGCATTGCAGTTGATTTAA 1500

& & * R R T S Y Y SR R T ] Y 1



as described in Section 2.4.3. PCR amplification of the putative open reading frames
for each gene was carried out using 7ag polymerase (primers 95-87/95-88 for ;m'r,d and
95-89/95-90 for pitB, see Table 2.5 for primer details, Figure 4.1 for amplification
details), and the PCR products were separated and visualised on a 1% agarose gel
(Figure 3.3, Table 3.1).

While the water blanks contained no DNA bands, all strains tested produced DNA of
approximately 1.5kb when oligonucleotides for either pitd or pitB genes were used.
Thus pit4 and pitB DNA approximating the putative ORF size of 1500 nucleotides was
present in all strains, including those with known defects in pit transport. All these
PCR products were purified and restriction endonuclease digestion was used to identify
the putative pird and pitB gene products, to ensure no cross contamination occurred.
Thus it was shown that all the strains tested contain approximately full sized putative
pitd and pitB ORFs (Figure 3.4), indicating that pit4 and pitB are separate genes, and
that the pit mutation/s in K-10, AN3066 and GS5 do not involve large deletions.

3.4 Over-expression and purification of PitA

Attempts were made to over-express and purify PitA and PitB to allow identification of
the translation start of the genes by N-terminal sequencing of the proteins and to

provide protein for further experimentation.

An affinity tag of six consecutive histidine residues was added to the C-terminus of the
putative pit4 ORF using QIAGEN vector pQE60, to allow the over-expression and
purification of a PitA6xHis protein which retains its native N-terminus. This plasmid,
pAN910, (Figure 3.5) was screened for potential pit4 protein products by in vitro
transcription/translation using the £. coli S30 Extract System for Circular DNA (Figure
3.6). The insertion of putative pit4 DNA into plasmid pQE60 produced a strong
protein product at approximately 46kDa, with some possible degradation products. The
expected molecular weight of the putative pitd::6xHis protein is 54kDa, but many
membrane proteins undergo anomalously fast migration during electrophoresis, so this
difference i1s not unusual. The 46kDa protein band was isolated and N-terminal
sequencing was attempted by the Biomolecular Resource Facility at the ANU, but the

amount of protein present was too low to produce a clear result (results not shown).
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Figure 3.3

Screening for the presence of pit4 and pitB DNA in various strains
using PCR.

A. 1% agarose gel analysis of the PCR products from reactions using primers for the

proposed pitd open reading frame (95-87, 95-88 — see Table 2.5 for details) and the
genomic DNA of the strains listed below in Table 3.1. Each lane represents a separate
PCR reaction, including a water blank control. 2l of reaction mix was loaded per well.
The 1.5kb product representing an approximately full-length putative pit4 open reading

frame is indicated with an arrow.

B. Asabove, except primers for the proposed pitB open reading frame were used

(95-89, 95-90 — see Table 2.5 for details). The 1.5kb product representing an

approximately full-length putative pitB open reading frame is indicated with an arrow.

Table 3.1
Strains tested for the presence of pitA and pitB DNA by PCR
Lane Strain [norganic phosphate transport PCR products
Phenotype  Known genotype pitA pitB
(kb) (kb)
1 water - - 1.5 L2
2 HR187 - pit pstA 1.5 1.5
3 K-10 + pit L 1.5
4 AN3066 - pit _pstC345 1.5 1:5
5 AN248 + wild type 1.5 1.5
6 AN259 + wild type 19 LD
7 AN236 * wild type 1.5 .5



A. Presence of the pit4 open reading frame.

Size 1 2 3 4 5 6 7

1.5kb

Pi uptake - = + - 4+ 4+ +

B Presence of the pitB open reading frame.
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Figure 3.4

Restriction endonuclease analysis of genomic pitA and pitB
PCR products amplified from wild type and pit phenotype
strains.

The PCR products from wild type (AN248) and pir phenotype (AN3066)
genomic DNA using primers for the open reading frames of either PitA
(95-87/95-88, see Table 2.5 for details) or pitB (95-89/95-90) were
digested with either HindIll or Szul then separated on a 0.8% agarose gel.
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+ wild type genomic DNA (AN248)
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Figure 3.5

Plasmid diagrams for pAN910 and vector pQE60

pitA without its putative promoter region was ligated into vector pQEG6(0
(QIAGEN), to give pitA with its native open reading frame start and a
C-terminal 6xhistidine tag.

An EcoR1 site was introduced 31 nucleotides uptsream of the putative ATG start
codon and a Bgl/ll site was introduced at the TAA stop of the putative open
reading frame by site-directed mutagenisis (oligomers 91-62 and 93-20, see
Table 2.5 for details). The pitA EcoR1/Bglll fragment was ligated into
EcoR1/Bglll cut pQEG60, which removes the engineered ribosomal binding site of
this vector, but leaves the TS5 promoter region. Thus pitA would be expected to
use the T5 promoter and its own ribosomal binding site.

Putative pitA promoters are listed in Table 5.3 and the putative pitA promoter
region is shown in Figure 5.9,
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| Ball
oxHis

EcoRl

ATG start
Sphl




Figure 3.6

Gel analysis of in vitro transcription/translation products
from pitA*, PitA::6xhis* and pitB* plasmids.

In vitro transcription/translation products from caesium chloride
prepared plasmids labeled with [**S]-methionine were separated by
PAGE on a 9% gel, and visualised by autoradiography with an 8 hour
exposure.

Size
kb

49.5=

PitA::6xHis ——
PitA ey

32.5- “ m O
i s,
27.5= e
1 2 3 4 5 6 7 8
" Lane Plasmid Pit Genotype "
l
- PAN9IS  PitA::6xHis
2 pAN919 PitA i
3 PQEGO : "
4 pAN910 PitA::6xHis
5 PANGS3 - I
6 pAN914 PitA::6xHis
|7 PANGS3 -
8 PAN909 PitB







Figure 3.7

Plasmid diagrams for pAN9Y14 and pAN915.

puA::Gxhis without its putative promoter region was ligated into pAN683 behind
the glutathione-S-transferase fusion gene (GSTe30) in the same orientation
(PAN914) and opposite orientation (pAN915) as this fusion protein.

The pitA Pvull/EcoRI fragment from pAN910 was ligated into the EcoR1 site of

PANG83, and restriction endonuclease digestion was used to select plasmids
with pitA::6xhis in either orientation.
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Figure 3.8

Plasmid diagrams for pAN918 and pAN919.

pitA.:6xhis with was transferred into pBR322 so it was expressed using its wild
type promoter (pAN918), and an equivalent pitA control strain was also
constructed (pAN919).

The C-terminal part of pitA::6xhis was isolated from pAN910 by digestion with
MIul/Pvull. This was ligated into pitA plasmid pANG686 digested with
Mlul/Pvull to remove the N-terminal half of pitA, creating pAN918,

A similarly sized control plasmid was made by digesting pAN686 with Pvull and
religating the large fragment, to create pAN919,

7 g
Pvul oxHis







Figure 3.9

Plasmid diagrams for pAN683 and pAN909.

pitB without its putative promoter region was placed behind a glutathione-S-
transferase fusion gene (GSTe30) to create pAN9(9,

An EcoR1 site was inserted 23 nucleotides upstream from the putative open
reading frame of pitB (this mutagenesis was carried out by Di Webb), allowing
pitB without its putative promoter region to be isolated on an EcoR1 fragment.
This was ligated into the EcoR 1 site of pAN683 behind the glutathione-S-
transferase fusion gene (GSTe30). Restriction endonuclease analysis was used to
isolate a plasmid with pitB in the same orientation as the GSTe30 fusion gene
(PAN909).

PANGE3 was created by Andrew Rodgers.

Gste30

EcoRl

PAN909

7kb pitB

Anmﬁ’

EcoRl|

Gste30

PANGS83
5.2kb

EcoRlI

Aﬁwﬁ



over-expression of PitB until a suitable method was developed for the tagged PitA

protein.

3.5 Identification of the translation starts of
the pitA and pitB open reading frames using
site-directed mutagenesis

As over-expression of PitA and PitB protein was proving difficult, an alternative
approach was used to identify the translation starts of these genes. Functional analysis
of alleles carrying mutated start codons has previously been used to identify ATG
translation start codons (233). This approach is only reasonable if the targeted ATG
codon has a high probability of being the translation start of the gene. Both pit4 and
pitB have an ATG codon at the beginning of a 1500 nucleotide ORF, with the
nucleotide sequence similarity between the two cosmid DNA fragments being strongest
over this region. Thus, it is highly probable that these ATG codons may initiate

translation of the pir genes.

These putative ATG start codons were changed to GTG and CTG by site-directed
mutagenesis, using oligonucleotides 93-107, 93-108 for pitd and 93-135, 93-136 (see
Table 2.5 for sequence details) and single stranded pit4 or pitB M13 DNA. Manual
DNA sequencing of mutated alleles on single stranded M13 DNA was carried out over
the region of oligonucleotide binding to check that the correct mutation had been
inserted, and that no unintended mutations had occurred. Double stranded RF M13
DNA was prepared for each mutated allele, which was then subcloned into the vector
pBR322 using Sall/BamHI digestion for pit4 and by ligating the Ssp1/HindlIll fragment
from pitBM13 RF into the EcoRV/Hindlll sites of pBR322 (Figure 3.10). These
plasmids were transformed into the Pi auxotroph AN3066 and these cells were cultured
in the presence of a-glycerol-3-phosphate (G3P), providing an alternative source of
phosphate to remove any selection pressure for Pi transport. All strains were able to
grow when plated onto minimal media containing 500uM Pi, indicating that all mutated
alleles resulted in the synthesis of some protein. The initial rates of Pi uptake (where
uptake was linear) were then measured for wild type pit4 and pitB, and the associated

alleles. The initial rates of Pi uptake were measured for several isolates for each allele,
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Figure 3.10

Plasmid diagrams for pAN1107, pAN1108, pAN1109 and
PANI1110.

The putative ATG start codons of pitA and pitB were altered to GTG or CTG by
site-directed mutagenesis.

The putative start codon of wild type pitA in M13mp18 was altered using
oligonucleotides 93-107 (GTG) or 93-108 (CTG - see Table 2.5 for details).
The pitA Sall/BamHI fragments were ligated into the Sall/BamH]I sites of vector
pBR322 to create pAN1107 (GTG) and pANITI108 (CTG).

The putative start codon of wild type pitB in M13mp18 was altered using
oligonucleotides 93-135 (GTG) or 93-136 (CTG - see Table 2.5 for details).
The pitB Sspl/Hindl11 fragments were ligated into the EcoRV/Hindlll sites of
vector pBR322 to create pAN1109 (GTG) and pAN1110 (CTG).
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Figure 3.11

Initial rates of phosphate uptake from pit4 and pitB with

altered putative start codons.

The putative ATG start of each large open reading frame on the DNA

fragments containing either PitA or PitB activity were mutated to GTG or
CTG by site-directed mutagenesis, then assayed for Pi transport. The initial
rates shown below were used to formulate Table 3.2. These rates were
calculated using six (pitd) or three (pizB) individual determinations using
linear regression in the Graphpad Prism program. Error bars represent the
standard error of the mean (SEM).
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Figure 3.12

Analysis of putative pitA ATG starts within the putative open
reading frame by the insertion of stop codons.

The largest open reading frame (ORF) on the DNA fragment containing pitA
activity has an in frame stop codon just before the putative ATG start, and
several in frame ATG codons at 166, 235, 286 and 298 nucleotides within this
ORF. In frame stop codons were inserted at 118, 208 and 268 nucleotides
using the oligonucleotides 94-55, 94-56 and 94-57 (see Table 2.5 for details).

1 (ORF start)
LAA Cle CCT ATG CTA CAT TTG TTT GCT GGC CTG

29

GAT TTG CAT ACC GGG CTG TTA TTA TTG CTT GCA

58
CTG GCT TTT GTIG CTG TTC TAC GAA GCC ATC AAT

9] 118
TAA
GGT TTC CAT GAC ACA GCC AAC GCC GTG GCA ACC

124
GTT ATC TAT ACC CGC GCG ATG CGT TCT CAG CTC

L &% 166
GCC GTG GTT ATG GCG GCG GTA TTC AAC TTT TTG

190 208
1TAG
GGT GTT TTG CTG GGT GGT CTG AGT GTT GCC TAT

223 238

GCC ATT GTG CAT ATG CTG CCG ACG GAT CTG CTG

256 268 286
TAG

CTT AAT ATG GGA TCG TCT CAT GGC CTT GCC ATG

289 298
GTG TTC TCT ATG TTG CTG GCG GCG ATT ATC TGGC



Figure 3.13

Alignment of PitA and PitB deduced amino acid sequences.

Represents amino acids identical between PitA and PitB.
| Represents amino acids unique to PitA.
Represents amino acids unique to PitB.

This alignment was carried out with ClustalW (MacVector 6.0) using a Blosum 30
scoring matrix with an opening gap penalty of 10 and an extending gap penalty of 0.1.
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Membrane proteins are predicted to contain hydrophobic regions capable of spanning the
membrane as o—~helices or f—sheets. The deduced amino acid compositions of PitA and
PitB indicate that these proteins are moderately hydrophobic, with nonpolar residues
making up 53% and 54% of each protein, respectively.  Hydropathy profiles were
determined by the methods of Kyte and Doolittle (138), and Goldman. Engleman and
Steitz (GES) (63). The average hydrophobicity of a moving window of 19 amino acids
was calculated against every position in each sequence. These profiles produced similar
results and suggest that both PitA and PitB contain 9 or 10 hydrophobic regions large

enough to span the cytoplasmic membrane as an a-helix (F igure 3.14).

von Heijne’s TopPred IV program combines the GES analysis with the ‘positive charge

inside’ rule (276) to determine the orientation of a protein in the cytoplasmic membrane
and the positioning of the putative o-helices. von Heijne found that positively charged

residues were four times more prevalent in the cytoplasmic loops of bacterial
membrane proteins of known topology than in the periplasmic loops, while there
appears to be no preference for negatively charged side chains on either side of the
membrane (276). The MEMSAT program, which optimally ‘threads’ a polypeptide
chain through a set of topology models, was also used (111). The putative models
produced by these programs for PitA and PitB are very similar and a topological model
based on the results for PitA is shown in Figure 3.15, containing 10 transmembrane
domains. The amino acid residues which differ between PitA and PitB are highlighted
in this figure, showing that most variability occurs in the putative hydrophilic loops.

The topology of PitA is explored in more detail in Chapter 6.

3.7 Kinetic parameters of PitA and PitB

To characterise the kinetic properties of PitA and PitB with respect to Pi uptake, the
relevant DNA fragments were subcloned into plasmid vector pBR322 to produce
pAN656 and pAN686 (Figure 3.16). These plasmids were transformed into the Pi
auxotrophic strain AN3066 (pitd ! ApstC3453), which does not grow in minimal media
supplemented with 500uM Pi (Pi media), but will grow with the addition of G3P. Both
pPANG686 (pitd) and pAN656 (pirB) support the growth of this strain on Pi media (data

not shown). These cells expressing pitd or pitB were then cultured, deprived of
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Figure 3.14

Hydropathy profiles for the deduced amino acid sequences of

PiA and pitB.

Each arpinm acid sequence was analysed by the methods of Goldman, Engleman
aqd Steitz (G.ES) (63) and Kyte and Dolittle (KD) (138), using a moving
window of 19 amino acids. This was done through the TopPred IV program.
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Figure 3.14

Hydropathy profiles for the deduced amino acid sequences of
pitA and pitB.
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Figure 3.15

Topological model of PitA.

This model was formulated by combining information from GES (63) and Kyte-Dolittle
(138) hydropathy profiles (using a moving window of 19 amino acids) with the results
of the prediction programs TopPred 1V (276) and MEMSAT (11 1).

The models proposed for PitA and PitB were identical in topology, so the PitA
sequence is shown, highlighting the amino acids which show variability when
compared with the PitB sequence.

A Amino acids identical between PitA and PitB.
A PitA amino acids which are different in the PitB sequence.
* Highlights the peptide sequence used to create the polyclonal PitA antipeptide

antibody. The equivalent region of PitB was used to create the polyclonal PitB
antipeptide antibody.

The boxes represent the putative transmembrane o—helices, which have been drawn to
contain 19 amino acids, the predicted minimum number needed to cross the
cytoplasmic membrane. The single letter amino acid code has been used.
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Figure 3.16

Plasmid diagrams for pAN656 and pAN686.
Wild type pitA or pitB on vector pBR322,

puA was isolated from pCE27 (Elvin et al (59)) on a Clal/Sphl fragment , which
was then ligated into the Clal/Sphl sites of pBR322 to form pAN686. (This
plasmid effectively represents genomic pitA DNA on a BamH 1 fragment cloned
into the pBR322 BamH 1 site, as pCE27 consists of a pitA BamH |

fragment within cosmid vector pHC79, which is a pBR322 derivative.)

pitB was isolated on a cosmid Clal/BamH]I fragment (Harris e7 al (89)) and
ligated into the Clal/BamHI of pBR322, creating pANG656.

Both the above plasmids were constructed by Dianne C. Webb.

pitB







Figure 3.17

Experiments used in the determination of K_*v and V_u for
PitA and PitB.

Shown below are the individual experiments used to determine the kinetic
parameters listed in Table 3.3, using the conditions of pH6.6 and 1.8mM
magnesium. Error bars represent the standard error of the mean (SEM). The
initial rates were calculated using one to three (usually three) individual
determinations, taken at 15 and 25 sec intervals. The kinetic parameters were
calculated by nonlinear regression using the Graphpad Prism program.
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Chapter four

Identification of the E. coli K-10
Pit mutation







This chapter identifies the mutation/s in the K-10 pir genes and analyses them with

respect to Pi uptake activity and protein assembly.

4.2 Identification of the E. coli K-10 pit
mutation/s

Strain AN3066 was the standard background strain used for measuring the kinetic
parameters of plasmid-borne pitd or pitB as described in Chapter three. It is unable to
grow on minimal media supplemented with Pi as the sole source of phosphate,

therefore has no Pi transport. AN3066 is a derivative of strain K-10, which has been
modified by a deletion in the pstC gene (ApstC345), producing a nonfunctional Pst

system, and the introduction of a rec4 mutation (s#/::Tn/0 recA) to hinder genetic

recombination events (284).

The pit4 and pitB nucleotide sequences were amplified from the genomic DNA of
strain AN3066 by PCR, using Pfu DNA polymerase in order to minimise the
introduction of errors (156). Oligonucleotide primers complementary to the 5'- and 3'-
regions flanking the open reading frames (ORFs) of pitd and pitB, including
approximately 40 upstream nucleotides and ending just after the translation termination
codons, were used for this amplification. BamHI sites were included at the distal ends
of each primer (Figure 4.1, Table 2.5). The 1.5kb pitd and pitB PCR products were
confirmed by restriction analysis, purified, digested with BamHI and subcloned into the
BamHI site of dephosphorylated M13mp18. RF DNA was screened for the correct size
and orientation of the insert by restriction analysis. ssDNA was purified from several
phage isolates, and one isolate was fully sequenced. Manual sequencing was carried

out over regions where the cycle sequencing results were ambiguous.

DNA sequencing revealed that the pitB ORF is wild type. To investigate whether

regulatory sequences were mutated a longer pitB™ PCR product including 319
nucleotides upstream of the ORF was also prepared by PCR (Figure 4.1B, primers
listed in Table 2.5). A DNA fragment of 1.95kb was amplified and verified as pitB
DNA by restriction analysis. This DNA was purified and subcloned into M13mpl8,
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Figure 4.1
PCR amplification of the putative pitA and pitB open reading
frames.

A pitA PCR amplification.

The largest open reading frame (ORF) on the DNA fragment containing pitA
activity was amplified by PCR using the oligonucleotides 95-87/95-88 (see
Table 2.5 for details). The nucleotides amplified at the beginning and end of
this open reading frame are shown below.

CTG mme AGT PCR amplification product.

ATG = TAA Open reading frame.

a9 BamHT
AGTCACTGAT AATGCGCCGC GTTCATGTCC TCAAAATGGC
&73

———u—._

GTAACGTCCT ATGCTACATT cssss——

h—
e o B e

AR EBamHI 2098
 —————— &_'J'_‘ M( AGT
GTTCCTGTAA TCGTACGCAC CAAAACGAGC GGGETCAGCTG



B pitB PCR amplification.

The largest open reading frame (ORF) on the DNA fragment containing pitRB
activity was amplified by PCR using the oligonucleotides 95-89/95-90 (sce
Table 2.5 for details). The nucleotides amplified at the beginning and end of
this open reading frame are shown below. The larger pitB PCR product
containing 319 nucleotidesupstream of the ORF start, using oligonucleotides
97-73/97-74 is also shown. The putative stem loop sequence is underlined.

GG AGT PCR amplification product for the pitB ORF.,
ATG wemm TAZA  Open reading frame,

AG/ = CAC PCR amplification product for the longer pitB fragment
(ORF plus 319 upstream nucleotides).

LOTE BamHI
AAGAGAGTGATATTGAACCGTTAATT GTGGTGAAAAAGTAATAC

m
ATGTTGTAGCAACCCCGTACTGATTATGAAGAATAAT CAGTACG

GGGATTAATCAAAATATTCAATATTTATATATTCCAATATTTAT

TCATTTCATATGTGAATATATTAACCAGTGGAATACCTGTGTTT

IGATTATTTCTAAAGGTTTTGAATGAATGCTTATTGTCTGATAC

ACAAGAAATAACACTCTTTTTATCGTTAAAAAATGATATTTCAC
1354 BamHI

GTCAGGATCC
TTTGCCCATGCCGTTAAAGTCACTGATAATGCGTCCGTTCGTAA
1404

ATTCAAAATGGCGTAATCTAATAT
2903 BamHI 2930
ITGATTTAACCTTCCTGAAAATGCCCEETCCTGGCGATCGEGCA

m
TTTCCATTTTTGACTAGTGATAACCACGCGCGGTCATAAAATCC

BamH1I 3022
GTMTCGCTTTTTCTGCATCMCCMCACCTGTTCCAGTGGCTG







Figure 4.2

Sequencing of K-10 plasmid-borne pit4 mutation.

Manual sequencing gel autoradiograph of PCR amplified pitd from Pi
auxotrphic strain AN3066, which contains a G658A point mutation. This
mutation was present in the three independent PCR isolates that were
sequenced,

Sequence
(reading from bottom to top)

_'_

pitA mutant TCCTTTCCGCTATCGACGTGGCGT
wild type pitdA TCCTTTCCGCTATCGECGTCGCET



Plasmid pAN686 has E. coli K-12 wild type pitd sequence over its full length, from
573 nucleotides upstream of the ORF to 199 nucleotides downstream of the ORF (245).
Double stranded site-directed mutagenesis was used to recreate the G to A point
mutation in this wild type pit4 gene, creating plasmid pAN1244 (Figure 4.3,
oligonucleotide 95-101 in Table 2.5). The mutation was confirmed by sequencing and
pAN1244 was then transformed into strain AN3066 so that Pi uptake could be assayed.
This new strain, AN3938, did not grow on Pi media, indicating that this single point
mutation can disrupt the function of the wild type pitd gene. As this gene is wild type
for at least 573 nucleotides upstream of the pizd ORF, it is unlikely that another
mutation in the regulatory region is needed to reproduce the K-10 pitdl phenotype.
However, pizdl and pitA(G220D) will be further characterised by comparing their
levels of protein expression by Western blot using PitA polyclonal antipeptide

antibody.

4.3.3 Analysis of PitA expression using polyclonal PitA
antipeptide antisera

The nonfunctional PitA protein has glycine 220, a small hydrophobic amino acid,
replaced by aspartic acid which has a medium sized negatively charged side chain.
Amino acid substitutions may affect the assembly of the protein, and/or its enzyme
activity. To determine if this pirA1(G220D) mutation affected the assembly of PitA,
the levels of PitA protein in the membrane fraction of whole cells containing either

wild type or mutant PitA were compared by Western blotting.

Polyclonal antipeptide PitA antibody was used to visualise the PitA protein. This was
prepared by immunising rabbits with a multiple antigen peptide system (MAP)
conjugate consisting of the peptide ARIHLTPAEREKKD-C attached to a polylysine
core via a C-terminal cysteine (Section 2.13.2). This PitA peptide forms part of an
extramembranous loop in the putative folded structure (Figure 3.15) and is in a region
of variability between the PitA and PitB sequences. After initial testing of the sera by
an ELISA assay against the PitA peptide, the specificity of the antipeptide PitA sera
was investigated by Western blot. Sera was applied to the membrane fractions of the
AN3066 background strain, which has no Pi uptake, containing either a vector control

or wild type pit4 on a plasmid. Polyclonal antibodies in this sera bound strongly to a
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Figure 4.3

Plasmid diagrams for pAN1243 and pAN1244.
PitA (PCR) or pitA(G220D) on vector pBR322,

The pitA PCR amplification product from AN3066 (using primers 95-87/95-88,
See Table 2.5 for details) was digested with BamH 1 and ligated into the BamH |
site of pBR322. The desired orientation was selected by restriction
endonuclease analysis, forming pAN 1243,

The pitA(G220D) mutation was created by using site-directed mutagenesis to
make a GO58A nucleotide change in the open reading frame of wild type pitA on
plasmid pANG86, creating pAN 1244,

BamH
L pitA1(PCR)
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Figure 4.4

Western blot analysis of polyclonal PitA antipeptide antisera
against PitA and PitB protein.

The membrane fractions of the Pi auxotrophic strain AN3066 containing
plasmids pBR322 (vector), pAN920 (PitA) or pANG656 (PitB) were
solubilised and separated by PAGE on a 10% polyacrylamide gel (Tris
buffer system) and transferred onto PVDF membrane. Protein was
visualised by incubation with polyclonal PitA antipeptide antisera.
followed by incubation with alkaline phosphatase conjugated goat anti-
rabbit secondary antibody and the application of Western blue alkaline
phosphatase substrate.
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aliquots and stored at -70°C. Western blots were carried out by denaturing samples
diluted to 200ug/ml protein, separating these proteins by polyacrylamide gel
electrophoresis (NUPAGE 4-12% gradient gel with MES buffer system), and carrying
out semi-dry electroblotting and visualisation using an alkaline phosphatase coupled

secondary antibody (Section 2.13.3).

The membrane fraction of the control strain AN3066 plus vector pBR322 (AN3514)
contained very little PitA protein (Figure 4.5), while the wild type pitd plasmid
produces significant levels of PitA (AN3531). AN248, which has wild type PitA on the
genome, produced an intermediate level of PitA protein. This level of protein
expression was much greater than that produced by genomic pitd/ from AN3066, but
was less than that produced from the wild type pir4 plasmid. Cells with the pitdl
plasmid or the site-directed pit4(G220D) plasmid had low levels of protein similar to
the AN3066 background strain (AN3937, AN3938). Therefore the G220D mutation
seems to greatly reduce the insertion of PitA protein into the membrane, and protein
levels between the site-directed mutant and the AN3066 pitd ] mutation appear similar.
Although the membrane fractions of these mutant strains did contain a small amount of
PitA protein, they have negligible Pi transport and it is unlikely that this mutated

membrane protein is functional.

4.4 Discussion

Strain K-10 is defective in Pit transport, as outlined in the introduction to this chapter.
Both the pit4 and pirB genes were examined for potential mutations. While pirB had
wild type sequence for the ORF and at least 319 upstream nucleotides, DNA
sequencing of the pit4 ORF from the K-10 strain, AN3066, identified a single point
mutation of G to A at nucleotide 658 in the published sequence. This causes an amino

acid change from glycine to aspartic acid at residue 220 in the PitA protein.

Western blots using polyclonal PitA antipeptide antisera showed that the mutated PitA
protein is found in cell membranes at a much lower level than in an equivalent strain
containing wild type pit4. This suggests that inhibiting the insertion of the PitA protein
into the plasma membrane is a major effect of the piz4] mutation. However, a small

amount of PitA protein is visualised in the membrane fraction of AN3937, which
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Chapter five

Expression and regulation of pitA and
pitB







[t is possible that pitB may be repressed by processes which activate most members of
the pho regulon. Rhizobium meliloti contains a Pit-like Pi transporter that is repressed
under conditions of Pi limitation. This repression is relieved in phoB mutants of R.

meliloti (8). All Pi uptake assays to measure Pit activity undertaken in Chapter 3 have

been carried out in the background strain AN3066, which contains the ApstC345 Pst

system deletion. This deletion prevents repression of the pho regulon, so it is
constitutively expressed at all Pi concentrations (44) rather than being expressed only
when Pi concentrations are very low. If pitB is repressed when the E. coli pho regulon
is activated, a constitutively expressed pho regulon could repress PitB activity under all
the conditions we have used to assay Pit transport. This could explain the lack of

activity from genomic pitB that is described in Chapter four.

With this frame of reference the work of past researchers was examined for any
evidence of pirB activity. In 1974 Willsky et al (292) described a pitd] strain grown
and assayed at ImM Pi which had a K 2PP of 0.4uM Pi, indicative of Pst system

activity. When a pstS72 mutation was introduced the rate of uptake fell and the K 2pp
increased to 18uM, which is similar to the K ,2PP values we have obtained for pirB. The

pstS72 mutation in the above strain reduces the activity of the Pst system but does not
eliminate all Pi uptake (211). If pszS72 has no effect on the pho regulon (which is
certainly possible, as the regulatory and transport roles of the Pst system could be
uncoupled by specific amino acid substitutions in ps¢C or pstA4 (43, 44)) pitB could be
expressed in ImM Pi, which is within the 0.1-1mM Pi concentration range where the
pho regulon starts being repressed. In K-10, which has a wild type Pst system and the
pitdl mutation, a component of the Pi uptake attributed to the Pst system at high Pi
concentrations could also represent PitB activity (211). phoBR controls the pho

regulon, so its influence on pizB activity will be investigated.

The presence of a wild type pirB gene in AN3066, which has been the background
strain used in all Pi assays reveals several potential complications. Pi transport from
pitd plasmids has been measured in the presence of a genomic wild type pitB gene.
Thus Pi uptake activity previously attributed to piz4 could conceivably result from an

interaction between the plasmid’s PitA protein and PitB protein expressed from the
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genome. It is not known if genomic wild type pit4 can function as a Pi transporter in
the absence of the wild type pitB gene. AN3066 is therefore not an appropriate
background strain and a new background strain which lacks pst, pitd and pitB genes is

required to replace AN3066.

This chapter examines the ability of PitA and PitB to function as independent Pi
transporters. The expression and regulation of pitB is analysed, and the possible

involvement of the pho regulon is investigated.

5.2 Preparation of a Pi transport triple mutant

Previous experiments have shown that the pitB gene of AN3066 has wild type sequence
(Section 4.2). Although no conditions have yet been found where the genomic wild
type pitB gene on AN3066 is functional, insertional inactivation of the pitB gene

removes all chances of ambiguity in future experiments.

The pitB gene was insertionally inactivated by ligating the chloramphenicol resistance
gene from pBR328 (cut with restriction endonucleases Aarll and Saul, then endfilled
with T4 DNA polymerase) into the Stul site of pAN656, creating pAN1193 (Figure
5.1). This placed the chloramphenicol resistance gene 514 nucleotides into the open
reading frame of the pitB gene (pitB::Cat’). Recombination with genomic E. coli DNA
was carried out by transforming pAN1193 into competent JC7623 cells. This strain
contains recBC sbeBC mutations which allow double crossover events to occur
between covalently closed circular plasmid DNA and the genome (Section 2.6.1) (189).
Recombinant JC7623 cells were selected by plating the transformation mix onto rich
media containing the antibiotics chloramphenicol (selecting pitB::Cat’) and
streptomyecin (selecting the JC7623 background). The absence of plasmid pAN1193
was verified by screening transformants for sensitivity to ampicillin, as pAN1193
contains an ampicillin resistance gene. Those isolates which were Catt Strf Aps were
streaked to single colonies and the presence of the nonfunctional pizB::Cat' gene was
confirmed by PCR analysis, using the primers for the pitB ORF (Table 2.5). The PCR
reaction results for four isolates are shown in Figure 5.2. All isolates amplified an
approximately 2.7kb DNA fragment, indicating that the pitB gene contained the Cat’
insert. No 1.5kb DNA band was amplified, which showed that the wild type pitB gene

86



Figure 5.1
Plasmid diagram for pAN1193.

Insertional inactivation of wild type pitB with a chloramphenicol resistance gene.

The choramphenicol resistance gene from pBR328 was removed on an
Aatll/Saul fragment and then endfilled with T4 DNA polymerase. This was
ligated into the Stul site located within pizB on pAN656. Restriction
endonuclease analysis was used to choose the desired orientation, forming
pAN1193.

Clal

ApitB

X Stul/endfilled Saul

PAN1193
8.1kb Capl

BamH ApitB  Stut/endiilled Aatl



Figure 5.2

PCR and restriction endon uclease analysis of recombin ant
JC7623 (AN3901) to confirm the replacement of pitB by
pitB::Car®,

A PCR amplification of pitB and/or pitB::Car®

0.8% agarose gel analysis of the PCR products from reactions using the
primers for the pitB open reading frame (95-89/95-90, See Table 2.5 for
details) with genomic DNA from JC76 23 and isolates of AN3901, to
92n?{n1Hunthc;u?ﬁ(l.ﬁkh)rﬂi”f?ﬁZBIun;hccntcphwcdlnypﬁULTC}H”
(2.7kb).
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Figure 5.2

PCR and restriction endon uclease analysis of recombin ant
JC7623 (AN3901) to confirm the replacement of pitB by
pitB::Cat*,

B Restriction endonuclease analysis of the PCR
amplification products described in Figure 5.2A.

0.8% agarose gel analysis of the pitB/pitB.::Ca® PCR amplification
products from JC7623 and individual isolates of AN3901, which are
described in Figure 5.2A. Stul restriction endonuclease digestion of pirB
(which is 1.5kb in size) produces 0.5 and 1.0kb fragments, but does not cut
pitB..Cat”, which is 2.7kb in size.

Size
kb
3.1
4— pilB::Cat®
2.0 B=
1.6 Rl X <+ pilB

<4 |.0kb

0.5 <+ (.5kb
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Separate
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JC7623 AN3901



was completely replaced. These PCR products were verified by restriction

endonuclease digestion.

Pl transduction was used to transfer the pirB::Cat’ gene into the pitd pstC strain
AN3020, creating pit4 pitB::Cat' pstC (AN3902). Transformants were selected by

resistance to 50pug/ml chloramphenicol on rich media containing 1mM G3P. The
absence of donor cells was verified by screening for the ApstC345 gene of AN3020
using the rapid spray alkaline phosphatase assay. phod alkaline phosphatase is
normally inhibited when phosphate concentrations are greater than 0.1-1mM (291), but
many mutations in the Pst system, including ApszC345, cause constitutive synthesis of
phoA. This alkaline phosphatase assay showed that phod was active at high phosphate
conditions, indicating the presence of ApstC345 (Figure 5.3). Complete removal of

wild type pitB was confirmed by PCR, as described above (Figure 5.4).

This triple mutant was unable to grow on Pi media and subsequently replaced AN3066
(pitd pstC recA) as the background strain for assaying plasmid-borne pit genes for Pi

function.

5.3 Expression of wild type pitA

5.3.1 Expression of wild type pitA from the K-12 genome
The K10 strain AN3066, which contains a mutant pit4/ and a wild type pitB on the
genome, is unable to grow with Pi as the sole source of phosphate. Yet, pitB expresses
a functional Pi transporter when located on a plasmid. Could pitd also prove
nonfunctional when it is the sole pit gene on the genome? To explore this further, a

pitA™ pitB pstC mutant was created by insertional inactivation of the pitB gene in pstC
strain AN2537.

Bacteriophage P1,. transduction was used to transfer the pitB::Cat’ gene (previously
prepared in Section 5.2) into the pstC strain AN2537. Recipients were selected for the
presence of pitB::Catr by their resistance to 50pug/ml chloramphenicol on rich media

containing ImM G3P. They were also screened for the presence of ApstC345 which
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Figure 5.3
Confirmation that P1 transduced strain AN3902 is not the

donor strain AN3901 by analysis of alkaline phosphatase
activity.

Cells were grown on rich media and single colonies were patched onto filter
paper for the rapid spray alkaline phosphatase assay (22).

Colour Alkaline phosphatase activity

Recipient strain Donor strain
AN3020 AN3901
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Figure 5.5

Plasmid diagrams for pAN656 and pAN1116.
Wild type pitB with either 1403 (pAN656) or 207 (pAN1116) genomic
nucleotides upstream of the putative pitB open reading frame.

pitB was isolated on a cosmid Clal/BamH] fragment (Harris e7 al (89)) and
ligated into the Clal/BamHI of pBR322, creating pAN656. This plasmid was
constructed by Dianne C. Webb.

The Sspl/BamH1 region of genomic DNA upstream of the pitB open reading

frame was deleted by removing pitB from pAN656 on an Sspl/Clal fragment,
and ligating it into pBR322 digested with EcoRV/Clal, producing pAN1116.

pitB

AmpR

PANT116

6kb pitB

& coRV/ Sspl









screened by ELISA and by Western blot against cell membrane fractions. The PitB
peptide was then attached to maleimide activated keyhole limpet hemocyanin and this
conjugate was used for immunisation as described in Section 2.13.2. Detection of sera
antibodies to PitB was carried out by a Western blot against the membrane fractions of
AN3066 containing either vector (AN3514), wild type pitd (AN3531) or the long pitB
plasmid (AN3135) (Figure 5.6). A protein of approximately 45kDa was detected in
AN3135 (long pitB plasmid) exposed to post-immune sera which was not present in
either the pit4 plasmid strain or the background strain. No protein at an equivalent
position was visible in the AN3135 membrane fractions exposed to pre-immune sera.
While PitB protein has a deduced molecular weight of 53.5kDa, in vitre
transcription/translation carried out on wild type pitB plasmid pAN909 also produced a
protein at approximately 45kDa which was negligible in its control (Figure 3.6) and
many membrane proteins undergo anomalously fast migration during electrophoresis.
The western blots of most sera samples revealed several other strong bands of protein.
These were approximately uniform in intensity for each strain, and were also present in
the pre-immune sera, indicating that nonspecific binding by other polyclonal antibodies
was occurring. Therefore PitB antipeptide polyclonal antibody was purified from
pooled sera by immuno-affinity purification following selective ammonium sulfate
precipitation, as described in Section 2.13.4, greatly decreasing the presence of
nonspecific bands. There was no cross-reactivity of this purified antibody with the

PitA protein, as shown in lane 5 of Figure 5.7.

3.4.3 Investigation of PitB protein expression

Strains with no Pi uptake containing vector pBR322 and either genomic pitB::Catr
(AN3903) or genomic wild type pitB (AN3514) in the pitAl ApstC345 background
were analysed by western blot for the presence of PitB protein (lanes 1 and 2 - Figure
5.7). Only negligible levels of PitB protein could be detected by polyclonal antipeptide
PitB antibody in the membrane fractions of these strains. Therefore genomic wild type
pitB does not express PitB protein in a pitd]l ApstC345 background, and the lack of Pi
uptake is due to the absence of protein rather than the presence of an inactive protein.
In these circumstances the presence of genomic wild type pitB gene is indistinguishable
from pitB::Cat” for both PitB function and PitB protein expression. A strain with wild

type pit4 on a plasmid was also included in this western blot, to show that the PitB
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antipeptide polyclonal antibody had no cross reactivity with PitA protein. The absence
of a band at approximately 48kDa indicates that genomic pitB does not express PitB

protein in a ApstC345 background, as well as the pirzd/ ApstC345 background.

Western blots were also used to visualise the PitB protein in the membrane fractions of
the above background strains containing either pAN656 (1403 upstream nucleotides) or
pAN1116 (207 upstream nucleotides) (lanes 3 and 4 - Figure 5.7). The presence of
plasmid pAN656 (wild type pitB plus 1403 upstream nucleotides) resulted in low levels
of PitB protein in the cell membranes, while large amounts of PitB were produced
when the upstream pitB DNA was decreased to 207 nucleotides in pAN1116. When
the length of upstream DNA of pitB was decreased by 1196 nucleotides the V. 2pp
increased 4-fold (Table 5.1). Therefore this western blot showed that the higher Pi
uptake activity from pANI1116 correlated with increased PitB protein expression.
However, the increase in PitB protein expression was much greater than the 4-fold

elevation in V.. 2PP noted in uptake experiments (Section 5.4.1).

5.5 Regulation of pith

5.5.1 Deletion of the phoB-phoR operon from pitAl
ApstC345 strains with/without genomic pitB

The pho regulon consists of many genes involved in phosphate assimilation that are
induced via activation of the phoB-phoR two component regulatory system when
external Pi concentrations are limiting. This regulon may also include genes that are
repressed under these conditions (271, 291) such as the Pit-like Pi transporter of
Rhizobium meliloti (8). The potential regulation of pitB by the phoB-phoR operon was
investigated by mutating the phoB-phoR operon of AN3020, which contains a wild type
pitB and the pitd] ApstC345 Pi transport mutations. AN3020 is unable to grow on Pi
media. The phoB-phoR operon was also deleted from AN3902, the pirB::Catt pitd]
ApstC345 triple mutant, which was used as a pitB control. This strain is also unable to

grow on P1 media,
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Strain ANCH] contains a phoB-phoR operon deletion which replaces these genes with
a kanamycin resistance gene (304). This phoB-phoR deletion was transduced into
AN3020 and AN3902 with bacteriophage P1,.. Transductants were selected by their
resistance to kanamycin on rich media containing 1mM G3P (which prevents selection
pressure for Pi transport). Inactivation of the pho regulon was determined by testing
single colonies grown on rich media for phoA activity using the rapid spray alkaline
phosphatase assay. A negative result indicated that the phoBR operon had been deleted,

as both AN3020 and AN3902 contain the ApstC345 mutation that causes constitutive
induction of phoA. These new strains were AN4081 (pitdl ApstC345 A(phoB-phoR)

Kan') and AN4085 (pitB::Cat pitdl ApstC345 A(phoB-phoR) Kan').

5.5.2 Effect of the pho regulon on pitB activity
AN3020 and AN3902 have negligible Pi transport and do not grow on Pi media. The
introduction of the phoB-phoR deletion into AN3020, which contains wild type pitB,

enabled the new strain to grow on Pi media. Therefore the presence of phoB-phoR does
repress Pi transport in AN3020 (pitd] ApstC345). However deleting phoB-phoR from

AN3902, which has a mutated pitB gene, also enabled this new strain to grow on Pi
media. Thus the inactivation of the pho regulon allowed one or more systems to
transport P1 in both these strains. No conclusions can be made about the possible
regulation of pitB through the pho regulon as AN4081(phoB-phoR pitd pstC) and
ANA408S5 (pitB phoB-phoR pitd pstC) cannot be differentiated by a Pi complementation

test.

Pi uptake assays revealed that AN4085, which contains no Pit or Pst transporters, had

Pi uptake that was not significantly above background levels (Table 5.2, Figure 5.8).

However the pitB™ strain, AN4081, had a significant rate of Pi transport. The fact that
the control strain was able to grow on Pi media but had no measurable Pi uptake may
be attributed to the difference in Pi concentrations used in these experiments. Growth
was assessed at 500uM Pi, while Pi uptake was measured at 20uM Pi. Thus, the
growth of the control strain may be due to the presence of a transport system which has
a lower affinity for Pi than either PitA or PitB. As the pho regulon contains a large

number of genes involved in Pi assimilation more than one system may be involved.

92



TABLE 5.2: Effect of the phoBR operon on PitB inorganic phosphate uptake activity

Strain Relevant Alkaline Growth on minimal media Phosphate

genotype phosphatase ~ With the following source uptake
activity ® ~ ofphosphate ) pj min’
Pi and G3P° Pi®  mgdry weight'

AN3066  pitB+ phoB* + + - 0.6 £0.1
phoR™

AN408L  pipt - + + 44+0.3

AN4085 - - % + 0.9 =02

a rapid spray assay on cells grown on Luria Bertani media (22).
b 500uM Pi and 1mM glycerol-3-phosphate.

¢ 500uM Pi.

d assayed at 20uM Pi, SEM, n=4.



Figure 5.8

Effect of the phoB-phoR operon on PitB Pi uptake activity.
Strains containing mutations in pitA and pstC were analysed for the effect of
the phoB-phoR operon on pitB activity, by deleting the phoB-phoR operon
and/or pitB and measuring the initial rates of Pi uptake, using 20uM Pi.
Shown below are the assays used to determine the initial rates listed in Table
5.2, These were calculated using four experiments (each having two to three
individual determinations per time point) by nonlinear regression in the
Graphpad Prism program. Error bars represent the standard error of the mean
(SEM).
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pitB" strain AN4081 exhibited Pi transport of 4.4nmol Pi min"' mg dry weight'' at
20uM Pi. By comparison, Pi uptake by PitB expressed from pAN656 was 5-25nmol Pi
min’' mg dry weight'! at 20uM Pi, and PitB on pANI116, which produced greater
protein expression and a lower K, #PP, had Pi uptake rates of 46-59nmol Pi min”' mg dry
weight' at 20uM Pi (assay results isolated from K.,2PP experiments, data not shown).
Thus, these experiments show that chromosome-encoded pitB is active in the absence

of the phoBR operon.

5.6 Discussion
Results described here indicate that genomic pirB is regulated. The lack of Pi uptake in
strains with pitB™ pitA] ApstC345 correlates with negligible levels of PitB protein,

suggesting regulation is at the level of transcription or translation. This regulation is
likely to be mediated through the pho regulon, since a deletion which inactivates the
phoB-phoR operon allows Pi uptake activity that is attributable to the presence of a pitB
gene. pitB may be directly repressed by PhoB, or repressed/inhibited by a pho regulon
intermediate. Alternatively, pitB mRNA may be stabilised.

Construction of a new background strain, AN3902, which has mutations in all three £
coli Pi transporters (pitAl pitB::Cat' ApstC345) allows independent expression of PitA
and PitB on plasmids, confirming that both proteins can function independently as Pi
transporters. In addition, genomic pird was shown to be free of the regulatory control

that represses/inhibits pitB in the ApstC345 background, as strain AN3926 (pitd’

pitB::Cat" ApsiC345) is able to transport Pi.

PitB activity may be modulated by more than one form of regulation, as deletion of
DNA 207 nucleotides upstream of pitB’s ORF on plasmid pAN656 unexpectedly
increased the substrate affinity of PitB for Pi, as well as increasing the maximum
velocity of the transporter and the level of PitB protein expression. This change in

Kn*PP indicates that the Pi transporter’s mechanism has been altered.
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While most studies on the pho regulon in E. coli have focussed on the activation of
genes involved in phosphate assimilation, there is mounting evidence that some genes
within the phe regulon are repressed. 2D protein experiments have shown that
conditions of Pi limitation induce about 118 proteins of the pho regulon and repress
around 19 proteins (all with pI's less than seven) (271). This does not include all
potentially regulated proteins as many proteins have pl’s greater than seven, such as
PitA and PitB, which have estimated pls of 9.5 and 9.9 respectively. More specifically,
Willsky and Mallamy (291) have shown that two proteins which are repressed under Pi
limiting conditions are not repressed in phoB or phoR strains under the same
conditions. Smith and Payne (244) propose that these are the periplasmic peptide
binding proteins OppA and DppA. Putative pho box sequences have been identified
within the promoter regions of the E.coli opp and dpp operons and the R. meliloti orfA-
pit operon (9, 244). These pho boxes were found in atypical locations when compared
with genes activated by PhoB. Genes activated within the pho regulon often lack an
efficient =35 promoter region and have a pho box located 10 bases upstream from the -

10 promoter region. A dimer of phosphorylated PhoB interacts with the pho box and

with the 0’ subunit of the RNA polymerase holoenzyme, and seems to create a

bending of the DNA which may assist in initiation of transcription (159, 191). The
presence of multiple upstream pho boxes can increase the induction by Pi limitation
(236). These pho boxes may be placed at regular intervals so that PhoB dimers always
bind on the same face of the DNA. This has been shown to be the case for the
formation of efficient catabolite repressor cAMP-CRP binding sites, which occur at

different locations in a number of promoters (e.g. -41 gal locus, -65 lac operon (145)).

Those operons which may be repressed within the pho regulon have putative pho boxes
upstream of the promoter, or overlapping the proposed -35 region, -10 region or within
the transcribed region. It has been suggested that this atypical positioning may reflect
the negative regulation by PhoB, but there is no experimental evidence in support of
this proposition so far (9, 244). Most E. coli transcription repressors are homo-dimers
which bind to an inverted repeat located betweeen +30 to -50bp relative to the
transcriptional start of +1 (152). The position of a transcription factor binding site
relative to the transcriptional start site of a gene can be critical for the precise effect

created by this binding. The CreBC two component regulatory system has been shown
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to activate and repress different genes. Its consensus “cre-tag” binding sequence,
which is similar in organisation to the pho box, having a highly conserved TTCAC
repeat separated by six nucleotides, occurs between —40 and —80 in Aeromonas genes
which are activated by this regulon when expressed in E. coli. However the putative
cre-tag binding site of malk, which is repressed by the ere regulon, is downstream (i.e.
within the transcript) of the transcription start site (7). Atypical binding sites can also
cause repression by activating a divergent promoter (87, 134, 148, 285). While most
members of the TyrR regulon have two adjacent TyrR boxes overlapping the putative
RNA polymerase binding site of the principal promoter P1, the amino acid transporter
aroP has two adjacent TyrR boxes that are downstream from and outside this binding
site. This allows TyrR-mediated activation of a divergent promoter, P3, located on the
opposite DNA strand, which directs the RNA polymerase away from promoter Pl
(279). Dual activation/repression functions are also carried out by the cl repressor
protein of lambda phage. Dimers bind to the Pry, Pr/Og regulatory region, repressing
the Pr promoter which controls transcription along one strand, while activating the Py
promoter to transcribe the ¢l mRNA in the other direction (145). Thus, atypical
positioning of pho boxes in pho regulon repressed genes is a feasible mechanism of

repression.

[t is useful to examine the promoter regions of pitd as well as pitB for putative pho
boxes, as pitd is reported to be constitutive (211, 212, 249, 289) and seems unaffected
by changes in the pho regulon. Therefore potential inhibitory pho boxes should be
unique to pitB’s regulatory region. The identification of the RNA polymerase

promoters for pit4 and pitB is necessary to determine if these potential pho boxes have
an atypical location. The E. coli 6’ RNA polymerase promoter consists of two

consensus hexamers separated by a spacer of 17 nucleotides centred at —10 and —35
nucleotides from the site of transcription initiation. Other nucleotides around these
hexamers are also conserved, giving a consensus E. coli promoter of
AAATAATTCITGACAT(11bp spacer) TTTGGTATAATACA, where the —10 and 35
consensus hexamers are underlined. A search for potential RNA polymerase promoters
in pit4 and pitB was carried out with the computer program MacTargSearch. Several
of the highest matching possible promoters for pit4 and pitB are listed in Table 5.3.

The underlined sequences are identical between piz4 and pitB, or contain only a G/A
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TABLE 5.3: Comparison of putative RNA polymerase promoter sequences

Sequence  Location® E. eoli promoter SeqUEnced Simila
(bp) -rity ©
-35 Region’ Spacer  -10 Region® ()

Cconsensus AAATAATTCTTGACAT 11 bp TTTGGTATAATACA  100.0
pitA

34° ATATTTCACTITGCCC  ]2bp  ICACTGATAATGCG  48.5

34° IATTTCACTTTGCCCG  1l1bp  ICACTGATAATGCG  50.3

824 AATTATTTTTTGAGTG 11 bp GGGGGCAAATCAAA 50.3

85 AATTATTTTTTGAGTG 10 bP AGGGGGCAAATCAA 47.3
pitB

347 ATATTTC ¢ 12bp  ICACTGATAATGCG 485

358 TATTTCACTTTGCCCA  ]]1bp  TCACTGATAATGCG 51,5

4] AAATGATATTTCACTT Ll bp TTAAAGTCACTGAT 43 8

73 ATAACACTCTTTTTAT || bp  GATATTTCACTTTG  46.2

=5 ATTGTCTGATACACAA 11 bp CTTTTTATCGTTAA 47.9

number of nucleotides from the 3’ end of the -10 region to the ORF start

italised nucleotides represent the —=35 and —10 consensus hexamers

underlined sequences are the putative piz4 and pitB promoters that are identical or very similar
from Mulligan e a/ (179) and Goodrich er al (76)

calculated by MacTargsearch from consensus sequence information

o o L= ]
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Figure 5.9
Alignment of pit4 and pitB putative RNA polymerase

promoter sequences.

Highlighted in red is the putative RNA polymerase promoter sequence
that is identical between pitd and pitB. The open reading frame of each
gene is highlighted in green. A second putative RNA poly merase
promoter alters the -35 region by one base, so there is a G/A difference
between pitd and pitB, highlighted in blue, and the spacer region is one
base shorter. (The -10 region is identical - see Table 5.3 for details.)
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be due to the different growth conditions used. Pi uptake assays were carried out on
cells grown in minimal media while the cells used in western blotting were cultured in
Luria Bertani media. The difference in Pi concentrations and other nutrients may have
had unintended effects on the regulation of Pi transport. For example, many members
of the pho regulon, which is constitutively activated in these cells, are also regulated by
the cell’s carbon and energy sources and the state of the cells metabolism. Analysis of
phoR mutants also indicates that regulation of the pho regulon may sometimes be
influenced by these factors (120, 125, 255, 280).

The increase in PitB V., 2PP was also accompanied by a noticeable reduction in the
variability of V. 2PP between individual experiments. This stabilisation in V PP

was greater than suggested by the standard errors of the mean (SEM) listed in Table
5.1, as pAN656 (pitB long) often produced Pi uptake activities too low to allow the

calculation of K 2P or V. 8PP, These assays on pAN656 may have been carried out

under conditions where the regulation of pitB was finely balanced, and small changes in
growth conditions may have lead to big changes in protein expression. The altered
DNA sequence on pAN1116 may have allowed pitB to overcome the finely balanced
repression which often left PitB activities from pAN656 too low to measure accurately.
Research on the pit equivalent in Rhizobium meliloti noted that only a two- to three-fold
Increase in pit expression was needed to overcome suppression (9). Unfortunately, the
levels of PitB protein expression in whole cells was not measured for each

V max*PP/K 3PP determination.

Thus, the deletion of DNA 207 nucleotides upstream of the pitB ORF altered both the
expression levels and the mechanism of PitB activity, possibly by increasing the levels
of pitB transcription. While it is unlikely that this deletion affected the pirB promoter
and any regulatory sequences immediately surrounding it, the excised 1196 nucleotides
does contain a putative mRNA transcription terminator (294). This consists of a large
stem loop followed by a sequence rich in T and A nucleotides that is appropriately
positioned after a large ORF which has the same orientation as the pitB ORF (Figure
5.10).  Removing this stem loop sequence from pAN656 could increase pith
transcription by allowing continuation of any mRNA initiated at the plasmid’s

ampicillin resistance gene. There is previous evidence for plasmid-borne gene
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Figure 5.10

Structure of the putative stem loop sequence that is
present in the upstream DNA of pitB on plasmid pAN656,
but which is removed on plasmid pAN1116.

The AT rich region continues after the stem loop structure shown below.
(See Figure 4.1B for more sequence details.)
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expression from non-specified promoters within a vector. The F,F,-ATPase uncF gene
lacks its own promoter, as it forms part of the F,F,-ATPase operon. This unckF gene
could restore the ability of an uncF mutant strain to grow on succinate as the sole
carbon source when it was placed in plasmid pUCI8 in the opposite orientation to the
lac promoter on this vector (206). While the increase in PitB activity and substrate
affinity is an interesting result it is also the response to an artificially induced situation
that may have little relevance to PitB regulation in a wild type cell. As such, the

mechanism causing increased PitB protein expression from pANI1116 was not

investigated further.

While pit4 is not modulated by the pho regulon, it is possible that PitA undergoes some
form of regulation. PitA’s substrate affinity may change when protein expression is
increased, as is the case for PitB. Western blots indicate PitA protein expression was
greatly elevated by placing it on plasmid pBR322 (AN248 and AN3531, Figure 4.5),
and Elvin er al (59) showed that initial rates of Pi uptake increased ten-fold when pit4
was transferred from a single copy to a multicopy plasmid. The K 2P obtained from
plasmid-borne PitA was around 2 uM, significantly lower than the 11.9-38uM range
recorded by researchers using genomic pit genes (211, 290, 268). Further
experimentation is needed before any conclusions can be made, as these K 3PP values
for genomic pir have been measured under a variety of conditions that make it

impossible to attribute activity to pit4 and/or pitB.

While our results indicate that PitA is likely to be active under a greater variety of
conditions than PitB, and that both transporters can function independently, these do
not rule out the possibility that a population of PitA and PitB proteins may interact to

form a Pi transporter complex in wild type cells.
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Chapter six

Investigations into the Structure and
Function of PitA

6.1 Introduction

When studying the mechanism of a transporter it is helpful to know the protein
structure, so that side chains likely to be involved in the mechanism can be identified
and examined. However only a few membrane protein structures have been resolved to
atomic resolution and currently none is an ion-coupled transporter. Therefore other
methods of analysis must be used. Topology prediction programs utilise the unique
features of membrane proteins to propose a basic secondary structure from the amino
acid sequence. Further analysis of the protein can then be explored through

experimentation.

At the time that PitA and PitB were being analysed, site-directed mutagenesis was
being used to elucidate the important amino acids involved in lactose/H" symport by
lactose permease. The possibility that PitA, which imports a neutral MeHPO, complex
with a proton (268), may have a similar proton translocation/coupling mechanism to
lactose permease was worth exploring. Below is a summary of the work carried out on
lactose permease that led to the proposed topological and functional models for PitA
and PitB. Current models for the mechanism of lactose permease are described in

Section 1.9.2 of the general introduction.

Chemical modification studies showed that histidine residues may be important in
coupling proton and lactose translocation. Replacement of His-322 with neutral or
positively charged amino acids caused severe loss of activity. H322R carried out
facilitated diffusion without proton translocation (117). Glu-325 is located one turn

away on the same face of the putative c-helix and was mutated to neutral side chains

which gave mutants exhibiting no active transport or efflux but that were able to
undergo wild type levels of exchange and counter flow (29, 30). Therefore these

mutants have no proton translocation and are probably unable to release protons.
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Kaback proposed that His-322 probably undergoes protonation/deprotonation during
symport, and that His-322 and Glu-325 may be components of a charge relay system

coupling lactose and proton transport (117).

Mutagenesis of Arg-302, which is located on putative o-helix 9, showed that mutants

with various amino acid substitutions for Arg-302 behaved similarly to the equivalent
His-322 mutants. Thus Arg-302 may also be involved in the putative charge relay

pathway (171). Lys-319 was analysed as it is located one turn away from His-322 on

c-helix 10, in the opposite direction to Glu-325. Neutral substitutions for Lys-319

produced mutants with no active transport or efflux that exhibited wild type exchange
and counterflow. The similarity of these mutants to those produced by neutral
substitutions for Glu-325 indicates that Lys-319 may also be involved with proton
translocation, either directly or by modulating proton transfer capabilities of nearby
residues (209).

Second site suppressor experiments have identified complementary mutations for
detrimental mutants, such as the neutral substitution K319L. This approach identified
potential interactions between Lys-319 and Asp-240 or Glu-269 (142, 143).
Mutagenesis studies showed that the neutral combination of K319C/D240C had activity
and normal protein assembly. Therefore this pair may interact as a salt bridge, and
these results imply that K-319 is not directly involved in proton translocation.
However, the polarity of the interaction could not be interchanged, so the local charges
on Lys-319 and Asp-240 are important for normal functioning, possibly by affecting

the proton transfer characteristics of nearby side chains (222).

Second site suppressor experiments also discovered a putative Asp-237/Lys-358 salt
bridge when neutral suppressor mutations for the detrimental mutant K358T formed at
Asp-237 (127). Neutral substitutions at both residues produced an active transporter
with low levels of protein insertion in the membrane, indicating that Lys-358 and Asp-
237 may form a salt bridge. The Asp and Lys residues could be interchanged,

suggesting that the charge of neither residue of the salt bridge is important (52, 127).
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These experiments suggest that amino acids involved in the mechanism of lactose

permease may include Glu-325, His-322 and Lys-319 on a-helix 10, plus associated

groups Glu-269 on «-helix 8, Arg-302 on a-helix 9 and Asp-240 on «-helix 7.

Interactions have been proposed between His-322/Glu-325, His-322/Arg-302, Lys-
319/Asp-240, Lys-319/Glu-269 and possibly Lys-319/His-322. These amino acids are
highlighted in Figure 6.1. No sulfhydryl/disulfide interconversions are needed for the

symport mechanism, and no proline residues were found to be essential for activity
(209).

This chapter aims to formulate putative topological models for PitA and PitB using the
available tools for secondary structure prediction from amino acid sequence. Residues
similar to amino acids involved in the mechanism of the model transporter lactose
permease will also be taken into consideration. The functional importance of various
amino acids which these models identify as significant will then be examined in PitA.
PitA/PitB chimeric proteins will be used to analyse the effects of amino acid
differences between these two Pi transporters. Conserved residues and domains within
the recently compiled PiT transporter family will then be considered in the light of

these findings.

6.2 Putative topological models for PitA and
PitB

A topological model has been formed for PitA based on the GES hydrophobicity profile
and predictions from the programs TopPred IV and MEMSAT (Figure 3.15). These
programs try to reduce the number of charged or polar residues inserted into the
hydrophobic environment of the membrane. However, charged or polar residues often
play an important mechanistic role in membrane protein transporters. These side
chains may insert into the membrane as uncharged, polar groups or interact with each
other to reduce the degree of charge within the hydrophobic environment, by forming
salt bridges ((305) and references therein). Therefore polar and charged residues may
be under-represented in the membrane regions of the suggested models. Studies on
lactose permease, a model protein for symporters energised by the proton-motive force,

show that it has three residues on «-helix 10 which may play a role in the active uptake
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.
Figure 6.1

Important charged residues in the lactose permease model.

The secondary structure of lactose permease, based mainly on hydropathy analysis,
The single letter amino acid code is used. Hydrophobic transmembrane helices are
shown in boxes. The charge pairs between Asp-237 and Lys-358 and Asp-240 and
Lys-319 are highlighted in green. Other key amino acids are highlighted in red,
including Glu-269, Arg-302, His-322 and Glu-325. (Lys-319 is also part of this
group.)

This diagram is modified from Jung et al (114).
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of lactose/ H™ (116). These residues, Lys- 319, His-322 and Glu-325, may be next to
cach other on the same face of this c-helix (KxxHxxE). PitA has three similar
residues, His-225, Asp-229 and Lys-232, which are located in the periplasm of the

TopPred IV models. When placed within an a.-helix, these residues would also line up

on the same face of the c-helix (HxxxDxxK). Equivalent residues are found in PitB

and for simplicity, only PitA will be considered here.

Thus, two alternative topological models for PitA have been formulated by modifying

the model produced by von Heijne’s TopPred IV program to insert these three charged

and polar residues within the membrane as part of a-helix 6 (Figure 6.2). These

models are very similar for the first half of PitA and follow the topology predicted by
TopPred IV for the first 5 transmembrane (TM) segments and the first four hydrophilic
loops (Table 6.1). TopPred IV predicts that His-225, Asp-229, Lys-232 are in loop 6
between TM 6 and TM 7, and moving these residues into the membrane makes the new
TM 6 a composite of this putative loop plus the adjacent sections of putative TM 6 and
TM 7. Two alternative arrangements have been proposed for the last half of the
protein. Model A leaves the remainder of putative TM 7 in the periplasm, so there are
9 transmembrane regions, one large periplasmic loop and a cytoplasmic C-terminus.

Model B draws the remainder of putative TM 7 into the membrane so there are 10

transmembrane c-helices with a medium sized and a large cytoplasmic loop and a

periplasmic C-terminus (Figure 6.2). The last three putative a-helices for each model

are similar, but are reversed in orientation within the membrane. The charge ratios (i.e.
the number of lysines and arginines within cytoplasmic loops of 60 residues or less
subtracted from the number of positively charged residues in similarly sized
periplasmic loops) for PitA and PitB in Model A are -14 and -18 respectively, and are
-11 and -12 for PitA and PitB in Model B. The TopPred IV charge ratios for PitA and
PitB are -10 and -11, respectively. Therefore the new models have more favourable

charge ratios.
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Figure 6.2

Topological models of PitA.

These two models were formulated by combining information from site-directed
mutagenesis studies on lactose permease with the information used to determine the
topological model illustrated in Figure 3.15 - GES (63) and Kyte-Dolittle (138)
hydropathy profiles plus the results of the prediction programs TopPred IV (276) and
MEMSAT (111).

The models proposed for PitA and PitB were identical in topology, so the PitA
sequence is shown, highlighting the amino acids which show variability when
compared with the PitB sequence.

\ Amino acids identical between PitA and PitB.
A PitA amino acids which are different in the PitB sequence.
A The amino acids in PitA which may be equivalent to the lactose permease

residues R-319, H-322, and E-325, which have been shown to be important for
lactose permease function.

The boxes represent the putative transmembrane (TM) o—helices, which have been
drawn to contain 19 amino acids, the predicted minimum number needed to cross the
cyloplasmic membrane. The single letter amino acid code has been used.

Model A

Contains 9 TM domains. This leaves the large variable loop in the periplasm.

Model B

Contains 10 TM domains. An extra TM domain is inserted after the sixth TM domain,
so most of the large variable loop is now in the cytoplasm. The remaining three TM
o—~helices are identical to model A, but in the opposite orientation
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_Table 6.1: Predicted transmembrane regions of PitA (all starting with a | perisplasmic N-terminus

Transmembrane TopPred I'V* MEMSAT® Model A° Model B*
region
| D9 - 129 T12 -F32 T12 —-N30 112 — N30
2 52 - V72 L52 - 176 L52 - 170 L52 - L70
3 SO1-TI111 G93-L116 A95-Y113 A95-Y113
4 HI23 - V143 T124 -V144 L125-S8142 [L125 - S142
5 13T = L1777 L153 - K177 S158 —L176 S158-L176
6 F208 - N228 F208 - G226
7 (233 - M253 G233 - V251 V384 — W402 G243 - T261
8 A382 - W402 V384 - W402 | M428 —T447 V384 — W402
9 Q427 - T447 M428 - L450 M475 — W493 M428 —T447
10 1469 - G489 V470 - W493 = M475 - W493

__“

= == — —_————
a  Prediction program combining GES profile with ‘positive inside’ rule, (276).

b Prediction program using ‘dynamic programming’ to optimally thread a polypeptide chain through a set of topology models,
(111).

¢ Models formulated by combining the predictions of TopPred IV and MEMSAT with lactose permease mutagenesis data.



6.3 Identification of important amino acids in
PitA

6.3.1 Investigation of charged or polar amino acids
located within the putative transmembrane helices of
PitA

The putative topological Model A for PitA places three charged amino acids - lysine,
aspartic acid and glutamic acid - and two polar histidines within the putative membrane
spanning sections of the protein. Three of these amino acids have been specifically

placed within putative ¢-helix 6 (HxxxDxxK) as they form a similar arrangement to

key residues in lactose permease a-helix 10 (KxxHxxE). Therefore these three PitA
residues, His-225, Asp-229 and Lys-232, were targeted for mutagenesis to see if they

were important for Pi uptake.

The charged PitA residues His-225, Asp-229 and Lys-232 were individually altered by
site-directed mutagenesis to polar amino acid side chains of similar dimensions. His
was mutated to Gln (H225Q), Asp was mutated to Asn (D229N) and Lys was changed
to Gln (K232Q). This was carried out by single stranded site-directed mutagenesis on
wild type piid inserted into M13 DNA (oligonucleotides are listed in Table 2.5). The
individual mutations were sequenced and subcloned into the Sal/l/BamHI sites of

pBR322 and transformed into AN3066.

pitAH2250Q), pitAD229N and pitAK232Q produced cell growth equivalent to wild type
pit4 on Pi media (minimal media plus 500uM Pi), showing these strains can transport
enough Pi for cell growth under these conditions (Figure 6.3). (Intracellular
concentrations of Pi in £. coli are often around 3-9mM. Cells started to excrete Pi
when levels rise to approximately 13mM, with a maximum intracellular Pi
concentration of about 30mM, as measured by *'Pnuclear magnetic resonance
spectroscopy (262, 302)). Pi uptake assays for each mutated PitA show that initial rates
of activity are reduced to less than 3% of plasmid-borne wild type PitA when cells are

supplied with 6uM Pi (Table 6.2). However, western blots using polyclonal antipeptide
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Figure 6.3

Growth of the PitA single mutations H225Q, D229N and K232Q
on Pi media.

Plasmids containing PitAH225Q, PitAD229N and PitAK232Q were transformed
into the Pi auxotrophic strain AN3066. Single colonies were then streaked onto

minimal medial containing 500uM Pi , and grown overnight at 37°C. The
positive control is AN3531, which has wild type PitA on pBR322 within
AN3066, and the negative control is AN3514, which is vector pBR322 within
AN3066.

vector

299N




TABLE 6.2: Analysis of charged residues within/near putative c—helix 6
of PitA using site-directed mutagenesis

Strain Plasmid P1 uptake Presence of
genotype PitA m )
(pitd) Growth on Initial rate of Pi % iﬁﬁ[\’ki?::?el}
Pi media® uptake wild type
nmol Pi. min” mg (AN3531)
dry wt'
AN3531 wild type pitA + 3530 % 1.5 100.0 -+
AN3511 pitA H225Q + 0.82 £ 0.07 23 44
AN3512  pitd D229N e 0.63 + 0.08 1.8 4+
AN3513  pitd K232Q o+ 0.81 £0.05 2.3 +
AN3514  vector only & 0.15%0.07 0.4 =
AN3776  pitd A213D - nd nd _
AN3938  pit4 G220D i nd nd o

Growth on P1 media — minimal media containing 500uM Pi.

Assayed at 6uM Pi, SEM, n =35,

¢ Determined by western blot of cytoplasmic membrane fractions using PitA
polyclonal antipeptide antibody. ++ indicates the presence of more protein than +
(see Figure 6.4).

o



PitA antibody against the membrane fractions of these strains show that the levels of
protein expression are similar to that of the wild type pit4 gene on plasmid pAN686 for
H225Q and D229N, with K232Q protein expression being less (Figure 6.4). Therefore
the drop in Pi uptake activity for PitA H225Q and PitA D229N cannot be attributed to
lack of protein insertion in the membrane. While the amount of K232Q PitA
membrane insertion is lower than that of the plasmid-borne PitA protein, it cannot
account for the greater than 97% drop in initial velocity for Pi uptake. The PitA protein
expression from plasmid-borne K232Q PitA is also higher than that found in AN248,
which has wild type pit4 on the genome. The ability of these strains to grow on Pi
media while having very low Pi uptake activity may be due to a number of factors.
These plasmid-borne proteins are all expressed at high levels when compared to the
amount of PitA protein produced by wild type strain AN248 (Figure 6.4). Thus low
levels of Pi transport may be compensated for by high levels of protein expression.
Transporters impaired in active Pi uptake, but able to undergo facilitated diffusion, may
also be able transport enough phosphate from the 500uM Pi media to allow cell growth

while exhibiting low initial rates of uptake in assays using 6uM Pi.

6.3.2 Investigation of the role of other PitA amino acids
In the course of placing Bg/Il restriction endonuclease sites within the pitd gene,
various residues towards the end of the putative hydrophilic loops were replaced with
aspartic acid, leucine and a number of other amino acid substitutions (Figure 6.5).
(This was done in preparation for making phoA4 sandwich fusions to determine the PitA
topology - an approach that was left when the investigation of PitB regulation became
paramount.) These mutations effectively serve as a limited form of random
mutagenesis. While most of these altered proteins (including eight with aspartic acid
substitutions) could grow on minimal media containing 500uM Pi, two PitA constructs

had negligible growth on this Pi media (Table 6.3).

Changing Ala-213 to Asp (A213D) completely disrupts Pi transport by PitA. This
mutation is near the beginning of putative c-helix 6 in Models A and B (but within the
transmembrane region of c-helix 6 in the TopPred IV model). Very little PitA(A213D)
protein is inserted in the cytoplasmic membrane, as is shown by Western blot using

polyclonal antipeptide PitA antibody against the cytoplasmic membrane fraction of
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Figure 6.4
Western blot analysis of PitA expression from mutants
PitA(H225Q), PitA(D229N) and PitA(K232Q).

Membrane fractions of wild type strain AN248 and Pi auxotrophic strain
AN3066 containing plasmids with the PitA mutations listed below were
solubilised and separated by PAGE on a 10% polyacrylamide gel (Tris
buffer system) and transferred onto PVDF membrane. Protein was
visualised by incubation with polyclonal PitA antipeptide antibody, followed
by incubation with alkaline phosphatase conjugated goat anti-rabbit
secondary antibody and the application of Western blue alkaline

phosphatase substrate.

Size
kDa
64 =—
50 —
—— R O - P“A
36 =
30 —
| 2 3 4 5 6
“ — -—
l.ane Strain Genome Plasmid
" PitA phenotype PitA genotype
| ANZ248 | “
“ 2 AN3066 - -
3 AN3531 - pitd’
4 AN3511 - pitd (H2250Q))
“ 5 AN3512 i pitd (D229N)
6 AN3513 - pitd (K232Q)




Figure 6.5

Topological model of PitA showing site-directed mutagenesis changes.
These site-directed mutagenesis changes, shown in black, were the consequence of
inserting Bglll sites into PitA, with the exception of G220D (within TM 06), which is the
pitAl mutation, Therefore each group of mutations occurs in a separate construct (e.g.
PItA(SS0D, Q51L), PitA(S91D, H92L). Different colours have been used to show the
effect of these mutations on Pi uptake, and this is covered in more detail in Table 6.3,

Amino acid which is identical between PitA and PitB.

\ PitA amino acid which is different in the PitB sequence.

A The amino acids in PitA which may be equivalent to the lactose permease
residues R-319, H-322, and E-325, which have been shown to be important for

lactose permease function,

The amino acid changed by site-directed mutagenesis. These changes
allowed growth on 500uM Pi media.

The amino acid changed by site-directed mutagenesis. These changes
did not allow growth on 500uM Pi media, therefore were detrimental (o PItA.

A The amino acid substitution created by site-directed mutagenesis.
The boxes represent the putative transmembrane o—helices, which have been drawn to

contain 19 amino acids, the predicted minimum number needed to cross the
cytoplasmic membrane. The single letter amino acid code has been used.
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TABLE 6.3: Presence of Pi uptake activity for various
PitA mutations

Putative PitA amino acid Pi uptake’

location” substitutions

Loop 1 S50D 4
Q51L

Loop 2 S91D +
H92L

Loop 3 H122Q +
T123D

Loop 4 F156D +
G157L

Loop 5 early S182R +
G183D
T134L

Loop 5 late A213D =

Loop 6/7 M375L -+

Loop 7/8 1413D &
G414L

o.-Helix 8/9 S438D ..
Y439L

Loop 8/9 S472D +
[473L

C-terminus F498D 4

a Growth on minimal media containing 500uM Pi.
b From the putative topological models: Model A and Model B
(underlined where different).



strain AN3776 (Figure 6.6). While some membrane protein is assembled, it is at a
similar level to that of the pitd4/ G220D mutation identified in K-10, and it is unlikely

that this protein is functional.

A second mutated PitA protein, which contains Ile-413 changed to Asp and Gly-414
altered to Leu (I413D G414L), also displays no growth on Pi media. These residues are
located within cytoplasmic loop 7 in Model A and periplasmic loop & of Model B
(Figures 6.5, 6.2B). Membrane protein assembly of this PitA protein approaches that of
wild type PitA expressed from a plasmid (Figure 6.6), so these changes cause a
nonfunctional protein to be produced, without significantly altering assembly of the

membrane protein.

6.4 Investigation of substrate binding by PitA
and PitB through the construction and analysis
of chimeras

6.4.1 Preparation of pitA and pitB with silent restriction
endonuclease sites

Chimeric PitA and PitB proteins were prepared for analysis of their kinetic parameters
to see if specific regions of variable amino acid sequence between the two proteins
could be linked with changes in Pi transport. PitA and PitB share 81% identity in
deduced amino acid sequence, with most of this variability occurring within the
putative hydrophilic loops. At the time that this experiment was designed the K ,2PP of

PitA appeared to be 14 fold lower than that of PitB (2uM versus 28uM, Table 3.3),
Four silent restriction endonuclease sites were inserted into the pitd and pitB genes at
Gly-110 (BbrP1), Arg-178 (Sful), Val-251 (Hpal) and Leu-394 (Saul) by site-directed
mutagenesis, to allow the variable regions of PitA and PitB to be exchanged between
the proteins (Figure 6.7, plasmid constructs - Figure 6.8). A Hpal site and a Sful site
were also removed from the PitB coding region by site-directed mutagenesis. (See

Table 2.5 for the oligonucleotide sequences.)
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Figure 6.6

Western blot analysis of the expression levels of various

PitA mutants, using polyclonal PitA antipeptide antibody.
The membrane fractions of the wild type strain AN248 and the Pi
auxotrophic strain AN3066 containing the plasmids listed below were
solubilised and separated by PAGE on a 4-12% gradient polyacrylami de
gel (MES buffer system) and transferred onto PVDF membrane. Protein
was visualised by incubation with polyclonal PitA antipeptide antibody
followed by incubation with alkaline phosphatase conjugated goat anti-
rabbit antibody and application of Western blue stabilised alkaline

phosphatase substrate.

Size
kDa
0F | tnmne
62 e
49 W < PitA
38—
1 3 4 5 6 7
Lane Strain Genome Plasmid |
PitA phenotype  PitA genotype |
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I AN3531 - pitd’
2 AN248 T 4
3 AN3514 - -
4 AN3937 " pitd (PCR-pitAl) ||
5 AN3938 - pitd (G220D)
6 AN3776 = pitd (A213D)
7 AN3778 E pitd (1413D, G4141.)




Figure 6.7
Topological models of PitA showing the silent restriction endonuclease
sites used for PitA/PitB chimera construction.

These restriction endonuclease sites were inserted by site-directed mutagenesis, bul
cause no changes to the amino acid sequence of either PitA or PitB. The colours
highlight the sequence between each unique restriction endonuclease site that could
potentially be exchanged between PitA and PitB.

The chimeras tested 1n this study were:
S loop S/helix 6 (Model A) exchanged between PitA and PitB.
1 loop 6 (Model A) exchanged between PitA and PitB.
loops 3/4 of PitA placed into PitB.
(See Table 6.4 for details.)
The boxes represent the putative transmembrane ¢—helices, which have been drawn to

contain 19 amino acids, the predicted minimum number needed (o cross the
cytoplasmic membrane. The single letter amino acid code is used.
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Figure 6.8

Plasmid diagrams for pitA and pitB containing silent restriction
endonuclease sites.

Four unique silent restriction endonuclease sites were placed in equivalent
positions in the wild type pitA and pitB genes, to allow the construction of
pitA/pitB chimeras.

Site-directed mutagenesis was carried out on pitA in M13mp18 to insert the
unique restriction endonuclease sites BbrPl, Sful, Hpal and Saul (using
oligonucleotides 93-77, 93-79, 92-150 and 92-151 respectively, See Table 2.5
for details). The Sall/BamHI fragment from the replicative form of this con-
struct was then ligated into the Sall/BamHI sites of pBR322, creating pAN1117.

Similar mutagenesis experiments were carried out on pitB in M13mp18 to insert
the unique restriction endonuclease sites BbrPl, Sful, Hpal and Saul (using
oligonucleotides 93-78, 93-80, 93-18 and 92-153 respectively, See Table 2.5 for
details) and to remove an Sful site (94-29) and a Hpal site (93-76). The
Sspl/Hindlll fragment from the replicative form of this construct was then
ligated into the EcoRV/Hindlll sites of pBR322, removing a Hpal site from the
genomic DNA upstream of pitB, to create pAN1119,

PAN1117

Anw[ f

' Hindlll
Sal - Clal/ Acd

pitB
Saul
ASTuUl
Hpal
Sful
AHpal

BbrPI

pAN1119
6kb

Amp R

EcoRV/ Sspl



6.4.2 Production and analysis of chimeras

Most variability between PitA and PitB proteins occurs in putative hydrophilic loops 5
and 6 (Model A), which lie either side of ¢-helix 6, containing the polar and charged
residues which have been shown to play a role in Pit function. Putative loop 4 also
contains a moderate number of variable residues. Therefore chimera production
concentrated on exchanging these regions of the protein (Figure 6.7). Chimeras were
prepared by exchanging equivalent sequences between the PitA plasmid pAN1117 and
the PitB plasmid pAN1119. Thus pit4 containing a pitB sequence will have a pit4
promoter, and pitB containing an internal pitd sequence will be surrounded by pitB
DNA control regions. These chimeras were then transformed into the Pi auxotrophic
strain AN3066, checked for growth on Pi media and then analysed as previously

described for KPP and Vi 44 3PP (Table 6.4). All chimeric proteins were functional

and had V;;3x®PP which were at least 50% of the PitA and PitB values.

This experiment was designed when the K ,2PP values for PitA and PitB appeared

significantly different (ZuM and 28uM respectively - Table 3.3). However, all
chimeras produced K ;PP values that were very low, with all except one being well
under 10uM. This is an unexpected result. As the two plasmid construets used for the
preparation of pit4 and pitB chimeras were slightly different from those used to
determine the kinetic parameters for wild type PitA and PitB, new control plasmids
were prepared and analysed for each gene. The orientation of pitd in vector pBR322
was reversed to form plasmid pAN920 by subcloning a Sal/l/BamHI wild type pitd
fragment from pAN686 into the Sa/l/BamHI sites of pBR322 (Figure 6.9A). This had
no effect on Ky #PP and Vi 4,@PP (results not shown). The upstream DNA of the pitB
gene was reduced from 1403 to 207 nucleotides (pAN1116 - Figure 6.9B), as this DNA
had been deleted in the preparation of the pirB gene containing unique silent restriction

endonuclease sites to remove a Hpal site. Unexpectedly this plasmid had a K ,2PP
change for PitB from 28uM to 6uM, explaining why all K,2PP determined for the
chimeras were under 12uM. This K,2PP change is discussed in detail in Sections 5.4

and 5.6. Therefore the difference between the PitA and PitB K ,2PP is only 3-fold,
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TABLE 6.4: Kinetic parameters for PitA/PitB chimeras.

Chimeraad K ,2ppbe Vo ®PP b ©
Y| nmol Pi min"' mg
dry wciEht"
PitA 1.9 39
p ) “PitB : a
(short 6.0+0.5 (n=3) 67+2 (n=3)
upstream)©
. PitA loop 3.0£0.06 (n=3) 46411 (n=3)
5/helix 6
into PitB
PitB loop 3.7£1.6 (n=5) 40+£5 (n=5)
5/helix 6
into PitA
PitA loop 6 12£3.6 (n=3) 24+11 (n=3)
Mﬂ ﬂj into PitB
PitB loop 6 2.3+0.4 (n=4) 54.5+0.3 (n=4)
into PitA
\
PitA loops 4.7 58
3+4 into
PitB

a All chimeras arc on plasmid pBR322 in host strain AN3066

b P1 uptakes with 10mM magnesium, pH7.0

¢ SEM
d From topology Model A, Figure 6.2

¢ Has a similar upstream nucleotide composition to the pitB chimeras



Figure 6.9

A Plasmid diagrams for pitA plasmids pAN920 and pAN686.
Creation of a control plasmid for pAN1117 (pitA containing silent restriction
endonuclease sites) which was used for the construction of pitA chimeras
containing sections of pitB. Wild type pitA from pAN686 was reversed in
orientation (pAN920), effectively creating the same construct as pAN1117.

pitA was isolated from pCE27 (59) on a Cla1/Sphl fragment, which was then
ligated into the Clal/Sphl sites of pPBR322 to form pAN686. (This plasmid
effectively represents genomic pitA DNA on a BamH1 fragment cloned into the
pBR322 BamH]1 site, as pCE27 consists of a pitA BamH]1 fragment within
cosmid vector pHC79, which is a pBR322 derivative.) This plasmid was
constructed by Dianne C. Webb,

pitA was removed from pANG686 on a Sall/BamHI fragment and ligated into the
Sall/BamH1 sites of pPBR322, reversing the direction of wild type pitA

Clal

San



Figure 6.9
B Plasmid diagrams for pAN656 and pAN1116.

Creation of a control plasmid for pANI1118 (pitB containing the silent restriction
endonuclease sites) which was used for the construction of pitB chimeras
containing sections of pitA. 1196 nucleotides of genomic DNA upstream of wild
type pits (between BamH1 and Sspl) was removed, effectively creating an
identical construct to pAN1118, which has 207 rather than 1403 genomic
nucleotides upstream of the putative pirB open reading frame,

pitB was isolated on a cosmid Clal/BamHI fragment (89) and ligated into the
Clal/BamHI of pBR322, creating pAN656. This plasmid was constructed by
Dianne C. Webb,

The Sspl/BamH]1 region of genomic DNA upstream of the pitB open reading

[rame was deleted by removing pitB from pANG56 on an Sspl/Clal fragment,
and ligating it into pBR322 digested with EcoRV/Clal, producing pAN1116.

pItB

Sspl

pItB

EcoRV/Sspl



making it much more difficult to extract information from the chimeric protein KPP

values, as changes are much smaller and meaningful differences are more likely to be

obscured by the variability inherent in these whole cell experiments.

The variable residues in ‘loop 5° may influence the different KPP of PitA and PitB.
Replacing PitB's *loop 5/helix 6’ (Figure 6.7) with the equivalent region from PitA
reduces the K ;PP from 6uM to 3uM (approaching the PitA value of 2uM) (Table 6.4).
Creating the complementary chimera by placing ‘loop 5/helix 6’ from PitB into PitA
increases the KPP from 2uM to 5.7uM (similar to the PitB value of 6uM). Thus the
characteristic K;,#PP of each protein was transferred with the ‘loop 5/helix 6° region,

which contains 12 amino acid changes (9 within the putative loop 5, one within helix 6
and 2 conservative changes within the first part of loop 6 — see Figure 6.10). Placing

PitB ‘loop 6’ into PitA has little effect on the KPP, while placing ‘loop 6 from PitA
into PitB increased the KPP and decreased the V44 @PP in comparison to wild type

PitB. This decrease in transporter efficiency and activity is characteristic of some
chimeric constructs and can represent a general incompatibility between different
regions of the chimeric protein, rather than indicating the transfer of a specific region of

structure/function.

While further chimeras were prepared, they were not analysed in detail once the

lowered KPP for PitB became apparent. An initial experiment for the insertion of

‘loops 3 and 4’ from PitA into PitB showed this change has little effect or may decrease

the KPP slightly by comparison to wild type PitB (Table 6.4), but further experiments

will be needed to confirm this.

6.5 Sequence comparison and domain analysis
of PitA and PitB with other members of the PiT
family

While the Pho-4 phosphate transporter from Neurospora crassa was the only known
protein which exhibited any sequence similarity to PitA and PitB when this project was

started (21), the PiT family has grown to include more than 71 members (ProDom
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Figure 6.10

Topological models of the ‘loop 5/helix 6’ region of PitA, showing the
PitB amino acid side chains for the variable residues.

The 12 amino acid differences found between PitA and PitB in the “loop 5/helix 6
region which may be involved in determining the substrate affinity of each Pi
transporter. The topology is shown for Model A and Model B.

A ‘loop 5/helix 67 region exchanged between PitA and PitB.
A PitA amino acids which differ from the PitB sequence.
A PitB amino acids which differ from the PitA sequence.

PitA F
P1tEB =

1
.
Y
b !

RY WSGTKKRaRI HltPaeReKK dGKKKPPFWT RIALI1SALG
RY WSGTKKRARI HriPedRKKK KGKrKPPEFWT RIALIvVSAaG
PitA VAFSHGANDG QKGIGLVMLV LiGVAPAGFV
Pi1tB VAFSHGANDG QKGIGLVMLV LvG1APAGFV

The boxes represent the putative transmembrane o—helices, which have been drawn to
contain 19 amino acids, the predicted minimum number needed to cross the
cytoplasmic membrane. The single letter amino acid code is used.
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database). It is defined by homology to the PD1131 domain, which is duplicated in
most of these proteins (229), Transport Commission classification (226). Figure 6.11
shows two multiple sequence alignments using representative sequences from
evolutionarily distant organisms over the N- and C-terminal regions, which demonstrate
a high similarity across all kingdoms. The intervening central regions between these
repeated domains have poor similarity and large insertions/deletions. Members of the
PIT family originating from animals, worms, yeast and fungi contain an additional
domain, PD7717, in this central region (ProDom database — (229)) and many plant

proteins also have an extended N-terminus (47).

[t is interesting to note that the C-terminal PD1131 domain of PitA and PitB has been
split by a sequence (Figure 6.11B) which forms the large variable hydrophilic loop in
the PitA and PitB topological models (Figure 6.12). The multiple sequence alignment
in Figure 6.13 shows that this region is present in the putative Pit sequences of closely
related Gram-negative bacteria, forming domain PD040191 (ProDom database), but is
lacking 1n the Pit proteins of Gram-positive bacteria and other more distantly related
species. Many members of the PiT family exhibit diversity in this location. The
mammalian PiT-1 and PiT-2 transporters have a variable 13 amino acid recognition
sequence for retroviral glycoprotein (Region A) in this position (51). Sections of the
variable loop 5 of PitA and PitB are also lacking in the Gram-positive bacteria (Figure
6.13). Rhizobium loti, which contains at least two Pit genes, has proteins with and

without these loops. (NCBI Blast analysis performed at SIB - (1)).

Salaun er al/ (229) have compiled 68 of these PD1131 domains (combining the N- and
C-terminal domains) to identify four blocks of highly conserved amino acids. These
have been numbered and highlighted on the multiple sequence alignments of Figure
6.11. Figure 6.12 relates the N- and C-terminal PDI1131 domains to the proposed
topology of PitA, and also locates the four highly conserved blocks of amino acids
identified by Salaun er @/, and the ‘signature sequence’ highlighted by Saier er al (226).
The PitA residues His-225, Asp-229 and Lys-232, which greatly reduced PitA Pi
uptake when mutated, are within the first highly conserved sequence of the C-terminal
domain. These three residues are conserved in Pit proteins from closely related species

(see mauve boxes in Figure 6.13), although Lys-232 becomes an Asn in more distantly

11



Figure 6.11
Multiple sequence alignment of the N-PD1131 and C-PD1131 PiT
domains from distant species.

protein taxonomy N-terminal region  C-terminal region
PitA | E. coli bacteria 20-180 221-499
PitB | E. coli bacteria 20-180 221-499
Pit | R. meliloti bacteria 1 4-160 |87-334
Pht2;1| A. thaliana plant 162-316 432-587
PiT-1| H. sapiens human/mammals [4-168 499-652
Pho4 | N. crassa fungus [4-173 432-590
YBR29C | . cerevisine yeasl |4-169 415-574

A N-terminal PD1131 domain alignment

Highlights the PD 1131 domain.
Highlights the conserved sequences identified by Salaun er al (229).
B Highlights the strongly conserved residues within these sequences.

Highlights mutated amino acids referred to in Chapter 7,

The multiple sequence alignment was carried out using ClustalW with the
following parameters. The Blosum scoring matrix was used, with Open and end
gap penalties of 10, and extending and separating gap penalties of 0,05,

B C-terminal PD1131 domain alignment

Highlights the PD 1131 domain (which has been split in PitA and PitB).
Highlights the conserved sequences identified by Salaun er al (229),

W Highlights the strongly conserved residues within these sequences.
Highlights mutated amino acids referred to in Chapter 6.

The ClustalW alignment (MacVector 6.0) was carried out as described above,
except the extending and separating gap penalties were dropped to 0.03.



A = N terminal PD1131 domain alignment

PitA|E. coli LAFVLFYEAINGF]
PitB|E. coli LAFVLFYEA INGE
Pit|R. meliloti IAVALFFDFLN
Pht2;1|A. thaliana LLFGFYMAWNI

IV IYTRAMRS QLAVVMAAVENF LBV L
ARV IYTRAMOPQLAVVMAAFFNFFEVL

PIVSTRVLRPQYAVFWAAFR FNF LT
PSVGSGALT TROAVMTARVLEFS Al

PiT-1|H. sapiens FITIAFILAFSV ANSFGTAVGSGVVTLROAC ILAS T FET
FPho4 |N. crassa TIFAALDAWN: : IS VAARSVTYLQAMILGS TMEFA

YBR2OC |5, cerevisiae MLFAFLDAFNIT /7 85 I55RS LKYWOAMVLAGLCEFL
oo Wvar . e d o ok " 2

PitA|E, eoli LPTDLLINMGS SHGLAMVESMLLAAT TWNLGTWY FGL A

PitR|E. coli LPTDLLLNMGS THGLAMVFSMLLAAT TWNLGTWEFGL,

Pit|R. meliloty IIDPGIVIP-~~-=-~ QVIFAALMGAITWN IVTWVEG ]SS

Pht2/1|A. thaliana  ILMANVFQGKDMLLFAGLLSSLAAAGTWLQVASYYGHEM

PiT-11H. sapiens IIDVNLYNETVET LMAGEVSAMVGSAVWOL TASFLRL ST
Phod IN. crassa VVDTTLFADDPALLMLGMVCAVVASS TYLTMATRFGLEY
YBRZ29C |5, cerevisiae IIDSSIFTNDPAVLMLTMTSALIGSSCWLTFATAIGMEN

PItA|E. coli GTSVVDALNIPKVLS VS PIVGLVFAGGL IFLLRRY
PitB|E. coli GSSVMDALNLREVTE LVSPIVGLVIAGGLIFLLERY
Pit|R, meliloti SIVWQG==-=--—- : WVMS PGIGFVLALLLVLIVS--

Pht2;1|A, thaliana  AVFWSS====== ASSEVISPILGALVSFLVYKC IRRF
PiT=1|H. sapiens GVOWME-===== LVK \ FISPLLSGFMSGLLFVLIRIE
Phod [N, crassa GVOWVGSS INDGVVSEE APGLAGAFASIIFLVTKYG

YBR2OC |8, cerevisiae GUVWEWS----GVSoRI

I'THSIVGGT IGAGTAAGGAN

TIAPILAGAIAAIVFSISRF=



B — C terminal PD1131 domain alignment

W QKGIGLVMLVLIGVAPAGEVVNMNATGYET TRTRDATINNVEAY FEQHPALL
QRGIGLVMLVLVG IAPAGFVVNMNASGYEITRTRDAVTNFEHY LOQHPELP

PLLA| E., coli
FitB|E. coli

"f-..-a!.

Pit|R, meliloti %'QKTMGIIRVLL&—FEQGYLG --------------------------------
Pht2;11A. thaliana DVSNALGPLAAALS T LONGAARG—— === === === === = oo
PiT-1|H. sapiens WV SNATG PLVALWLI YKQEGV === === === cmcccm e e e e
Phod |N. crassa ILANALGPYATVEQLWKDGALPE - - ——~--—===mmmm— e
YBRZ29C| 5. cerevisiae : DVANATGPLSAVYVIWKTNT I Gmm = === = mmm— e om e .
5 dod ok ks
PitA|E, coli KQATGADQLVPAPEAGATQPAEFHCHPSNT INALNRLEKGMLTTDVESYDKLSLDORSOMRE
PitB|E. ecoli QKLIAMEPPLPAASTDGTQVTEFHCHPANT FDATARVEKTMLPGNMES YE PLEVSQRSQLE
Pit|R. melilotli =----—rrreecssssssssscccc e mmcmssss s s s — e a e
Pht2;1]A. thalidnd ====sscccc e mmcsmsc oo e e cc e — e m—————————— e
PiT-1|H. saplens  —--—--—-mmmmcccccccc e essscssscscc s ————————
Phod | N, Crassa = === s e s s e s —— e a
YBRZ29C| 5. cerevisiae --—-—r-m=memccccaac s ms s s e ———
PitAlE. coli RIMLCVEDT IDKVVEMPGVSADDQRLLEKKLKSDMLE T TEYAPVW I IMAVALALG I@TMIG
PLtB|E. coli RIMLCISDTSAKLAKLPGVSKEDONLLKKLRSDMLET TEYAPVWI IMAVALALG I@TMIG
Pit|R, meliloti ——--memmmemmmmmm e SEFYVPFWVVITCOAATALETLEG
Pht2;1|A. thaliana  ===-e-cmmm e GAETVIPMDVLAWGGEG I VASLTMW
PiT=1|H, sapiens  —=-=rcecmccccccac e QEAATPVWLLFYGGVG TC TRLWVW
Phod [N, eraggs’ 2z seccessemmemdeem el el KGKADVPVWILVFGASCLV IGLWTY
YBR29C| S, cerevigige ==-==scoomomm e AKSEVPVWVLAYGGVALV I@CWTY
* a1 : 'A
THVLESSVAGTMVVD

PitA|E. coli HEATIGEKIGKKGMTYAQGMSAQMTAAVS TGLAS Y TGMEM
PitB|E. coli WAMBIGEKIGKRGMT Y AQGMARQMTAAVS TGLAS Y IGMBVBT T HVLSSAVAGTMVVD
Pit|R. meliloti GSKITKL--NPMOGFCAETGGATTLFAATWLG I@VEITTHT I TGAT TGVGAAR
Pht2;1|A. thaliana GKKITEL==TPTRGFAAEFAAASVVLFASKLGLEIE .
TchvcsvvnvGWIn

PiT-1|H. sapiens | SKDLTPI--TPSSGFTIELASAFTVVIASNTGLEVE

Fhod | N, crassa Y N ME RITLQ==S5PSRGFSMELGSAVTVILATRLKL ? TTOCTTGATVEVELCS
YBR29C| 5. cerevisiac @YNBIK aNEMILO==SPSRGFSIELAVAITTVMATQLG T q TQIAVGGIVAVGLCN

. L [ - W a sl W oW .

PitAl E. coli G==GGLORKTVTS TLMAWRFTIAAVLLEGGLYWLELQFL == ===~~~

PLLB| E, coli G=-GGLORKTVTS I LMAW i PAATFLSGGELYWIALQL == === =

Pit|R. meliloti R-VSAVEWGLAGN[VVA ;J PARALTSALCY FAADLVA-----~~—~

Pht2;1|A. thaliana = LNSVRAETVREIVASﬂ»w* WG ATLAVIYTWIFTKILSFVL==~-

PiT=1|H. sapiens S-RKAVDWRLFRENTFVA qu VAGLFSAAVMALLMYGTLPYV ==~

FPhod [ N. crassa GTWRT INWRLVAWT YMGWET '”1AuiibhrLMeIIlNAPRWGvsﬁ———

YBR29C| S, cerevisiae KDLKSVNWRMVAWCYSGWELTIPIAGLIAGT INGIILNAPRFGVEYQMT

W oM



Figure 6.12

Topological model A of PitA, highlighting the N- and C-terminal
PD1131 domains, and the highly conserved PiT family sequences.

The C-terminal PD1131 domain is split by a large variable region. Salaun er al (229)
combined 68 N- and C-terminal domains of various Pi'T family transporters, to propose
the presence of four highly conserved domains. Saier er al (226) proposed a signature
sequence that is located in the first PD1131 domain. Russ er al (216) have identified a
glycine sequence which seems to be important in helix packing. These sequences are
highlighted on the topology model, with the proposed conserved sequences listed
below. The boxes represent the putative transmembrane (TM) o—helices, which have
been drawn to contain 19 amino acids, the predicted minimum number needed to cross
the cytoplasmic membrane, The single letter amino acid code has been used.

The models proposed for PitA and PitB were identical in topology, so only the PitA
sequence is shown.
A PD1131 domains.
A Highly conserved amino acids within the conserved regions (see below),
Variable amino acids within the conserved regions (see below).

PItA sequence between domains.

* “Signature sequence” for PiT family proposed by Saier er al (226) (see
below).

Helix packing motif.

Conserved regions

I 2 3 4
Consensus GONDO GRYXXCXXVEXT POS IxxxWo
PitA N-PD1131 GFHDT GXXXXGXXVXXA PAS B U o o 4 AT
PitA C-PD1131 GANDG GrxxxWxxVxxT PVS IxXxXxXWF

PitB is identical to PitA in the highly conserved amino acids for each region.

Signature sequence Helix packing motif
C'onsensus GFNDLGNSLAA Consensus GXXXG
AHNIADAIGT PitA TM 4 EEXe
G VS M S PitATM 6 GXXXG
T F
A W
PitA GFHDTANAVAT

PilB GFHDTANAVAA
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Figure 6.13
Multiple sequence alignment of Pit proteins from species closely
related to E. coli.

A Protein details
This table includes information on the proteins and their organisms, such as

accession details and basic taxonomic information .

B C-terminal PD1131 domain alignment

Highlights the repeated PD1131 domains. (The C-terminal PD1131
domain has been split into two parts.)

B This identifies the PD040191 domain, found in the first 8 sequences.
Highlights the conserved His (H), Asp (D) and Lys (K) residues that were

changed by site-directed mutagenesis in PitA.

The multiple sequence alignment was carried out using Clustal W with the follow-
Ing parameters. The Blosum scoring matrix was used, with Open and end gap
penalties of 10, and extending and separating gap penalties of 0.05. The single

letter amino acid code has been used.



A

Database /accession no,

Name/description

Organism

Taxonomy

PitA = Low=affinity
inorganic phosphate
transporter 1

8p[P37308 | PITA ECOLI

Escherichla coll

Gram -ve bacteria
y-subdiviasian
Enterocbacteriaceae

PitA = Low-affinity
phosphate
transporter

tn | AALZ2449

Salmonella
typhimurium - LT2

Gram =va bacteria
y=subdivision
Enterobacteriaceae

PitEB - Low=affinity
inorganie phosphate

Sp|P43676| PITB_ECOLI

Escherichia coll

Gram -ve bacteria
y—subdiviaion

Lransporter 2 Enterchacteriaceas

FIT? = Phosphate tn |CAC93429 Yarsinia pestla Gram -ve hacteria

transport pretein (plague) y=aubdivision
Enterobacteriaceas

PIT? - Low affinity
inorganie phosphate

sp|P57647 | PIT_BUCAI

Buchnera aphidicola
(subsp.

Gram =-ve bacteria
Y-subdivision

transporter

transporter Acyrthosiphon pisum) Buchnara
PA4292 - Frobable tr|Q9HWASR Paeudomenas Gram =va bacteria
phosphate aeruginosa yY=subdivision
transporter Pseudomonadaceae
PAD450 = Probable tr|Q9IGaR Peseudomonas Gram -ve bacteria
phosphate aeruginoza y-subdivision
transperter Paeudomonadaceas
MLL3637 - Phoasphate tr|QY98F36 Rhizobium loti Gram =ve bacteria
transporter {Megorhizobium loti) g=subdivision
Rhizoblaceaes
SA0619 protein Lr|Qaavvy Staphylococcus Gram +ve bacteria
aureus (strain N315) Firmicutaa
Bacillus/Clostridium
Lmo0405 protein tn|CACS98484 Listeria Gram +ve bacteria
monocytogenes Firmicutes
i Bacillua/Clestridium
PITH - phosphate tr|Q9KEW3 Streptomyces Gram +ve bacteria
tranaport protein coelicoloer Firmicutes
Actinobactaeria
PIT? = Probable tn|CADDOO3Z27 Listeria lnnocua Gram +ve bacteria
phoaphate Flirmicutes
transporter Bacillus/Clostridium
PIT? = Probable low= | 8p|034436|PIT_BACSU Bacillus subtilis Gram +ve bactaeria
affinity inorganic Firmicutes
phosphate Baclllua/Clestridium

PITH protein

PI tr|Q9EUs1

Streptomyces griseus

Gram +vé bacteria

subsp. griseus Firmicutes
Actinocbacteria
tr|Q97ELY Clostridium Gram +ve bacteria

Fhoaphate permease - dcatobutylicum Firmicutes
CAC3003 Bacillus/Clostridium
PIT? - Probable low= tn|CADLS015 Burkholderlia Gram =ve bacteria
affinity phoaphate solanacearum B-subdivision
tranaporter {Peaudomonas Ralstonia

solanacearum)
PIT? - Probable low- | sp|030499|FIT_RHIME Rhizobium meliloti Gram -ve bacteria
affinity inerganic (Sinorhizebium a-subdivision
phosphate melileti) Rhizoblaceae
transporter
PIT? Phosphate Er|Q983D8 Rhizobium loti Gram =ve bacteria
transporter (Mesorhizobium loti) | a-subdivision

Rhizobiacean




B

PITA - E. coli = ==sssmmmecee oo MLHLFAGLDLHT
PITA = 5. typhimurium --=====sccccccc e namsssssccaacm e ——— MEHLFAGLDLHT
PITB = E. egoli = = ==s=seseceecce e mmmmmmmmmm e MLNLEVGLDT YT
PIT? = ¥. pestis = =  —-cccccccmmmmmmsmcccccn e mmmmmsm———aa MLHLFAGLDEFHT
PIT? = B. aphidicola  <—=---ccccesssssssaccccccccccccrcccr e nsanasaassas MLHLFSYSDLNH
PA4292 = P. 4@ruginosd 2 --—----=cesmsssssccccccccccccemmeee e eessEsa———— MFDLFEGLOAWY
PAO4S0 - P, aerugincsa MTSDVLPADAVASAAGNARKPHLEQRPG-~RLTALVFFAVLATGLLFSAYS LMODVDDVG
MLL3G67 - R, leti = = = ===--- MVDVVESEAGIPRPDHPLHS SGSAKWFLPAFCVLVLVGVVYVGYALSODLARAK
SA0E19 - 5, QqULeUS = = s=sseee e mmm s E S e a—— MEYI~
Lmo0405 - I, monocytogenes=sssccc e c s sssESsES S S emmmmmmm e ————— MDY -
PITH = 5, coelicolor  =ssscscccccmm e cccmmmmmms=sse—om e MO~
PIT? = L. inpggud = ===scscccccc e mecmsssssssscsc—mc e m—m———m—————— MEGM=
PIT? = B, 2ubtillif ==mescccssscccccccc e croaressssssssssasssss=acesccaa MDT 1~
PITH = 8. grigseus = —====memccccccccc e —e—emss==sase—a—a———————— MDTE -
CAC3093 = C.acetobutylicUMr === ==cccccc e e e e e mmssem——aaao oo oo MLNS -
FIT? = B, 830l4NACERFUM  ~=-——--e==ssmme=msccccccccc o cccrces=sssssnsssans MHTLG
Sp|030499|PIT_RHIME = -—----ceesssssscccccccccc e c e c e e e s s s s e = MDAT -
tE[Q983D8 23 s cmesessmsmsmssmsssmse e e mmassssssssanaaa MEAT -
PITA - E. ecoli G-======= LLLLLALAFVLFYEAINGFHDTANAVATVI YTRAMRE QLAVVMAAVENFLG
PITA - 5, typhimurium Gee=esses LLLLLALAFVLFYEAINGFHDTANAVATV I YTRAMRS QLAVVMAAVENFFG
PITR - K. goll Ge====mm= LLLLLALAFVLFYEAINGFHDTANAVAAVT YTRAMOP OLAVVMAAFFNFFG
PIT? - ¥. pestis Ge======- LMLVLALLFVLFYEAINGFHDTANAVATVI YTRAMRE Q1 AVVMAGVFNFLG
PIT? - B, aphidicola femmm=——a LLVFLALFFVLFYEAINGFHDTANAVS TLI YTRAMSAHVAVIMSGI FNFLG
PA4292 - P, aeruginosa i o e 2 ISLVLALAFVLTFEFINGFHDTANAVATVI YTEAMSP YRAVMLSGVFNFLG
FAOA50 - P, aeruginosa ETITTWTPFLILCVALLLALGFLFVNGFHDTANAVATVIYEHSLPPHPRVVWEGQFNFLG
MLL3&7 - R. leti Tes=== VPWILLFIALITALCFEPVNGFHDTANAV%TVIYTRSMEAEFAVMWSGAFNFLG
SA0619 - 5, aureys = m======= IIVTIAVVIF%I]FDPINGFHDTANAVATAVSTRALTPKTAILMAAVMNFIG
Lmo0405 - L, monocytogeneg===-==== ILITVIIVIVGLAFDFINGFHDIANAVATS I STRALKPRVALG IAAVMNFLG
PITH - 5. gpelicolor  ======m==aa ALVVTIGVALFFTYTNGFHDEANAIATHVBTRALTPRAALAMAAVMNLRG
PIT? - L, inhogua = ~===m==== FLITLVIVLAALAFDLINGFHRTANATATSVSTRALKP RHAT L LAAVMNFVG
PIT? = B, zubtjillus 2  ===az=== LILTILIVIGALAFDFINGFHDTAN&IAIBV&TKALKPHHAIILAAVMNFVG
PITH = 5. griseys =  s=vwe==cosees ALIVTIGVALGFTYENGFHDSAQRIATQVSTHALTPRAALAMAHUMHERG
CAC3083 - C.acetobutylicum--==== AVLITIIIVILAISFDFLNGFHD&RNAIAT&VHTRVLEMKBHVIMBAILNFLG
PIT? = B. solapacearum [ SLWVVVLLVALAILFDFMNGFHDAANS IATVVSTGVLEP QOAVAMAAACNV LA
PIT? = R, malilati Lre==m= AFPLLVGLIAVALFFDFLNGLHDAAN&IATIVETRVLRPQEAVFWAAFFNFIA
PIT? = R. loti [ee—==— AFPVLIALVAVALFFDFLNGLHDAANSIAEIVSTRVLHPQ¥AVLWAAFFNFIA
LA B A i d i .
PITA = E. colil VELGGLEVAYATVHMLPT DLLLNMGS SHGLAMVESMLLAAT IWNLGTWY FGLEASSSHT'L
FITA = 5. typhimurium VLLGGLSVAYAIVHMLPTDLLLNMGSAHGLAMVFSMLLAAT IWNLGTWYFGLPASS SHTL
PITE - E. ecell VILGGLSVAYAIVHMLPTDLLLNMGS THGLAMVFSMLLAAT IWNLGTWFFGLEPASSSHTL
PIT? = Y. pestis VNLﬁGLSVA!AIVHLLPTDLLLHVHETHGLAMVFsmhLAAIIWNLGTWYFGIPASﬁEHTL
PITT B. aphidicola VLLGGLTVAYT IVHLLPNDLL LNATS KNALAMVFSMLLAAT IWNLSTWYFCLPASSSHEL
PA4292 - P, aeruginosa VLLGGVGVAYATVHLLPVELLINVNTGHGLAMVFSLLAAATAWNLGTWYFGI PASSSHTL
PAO450 - P, aeruginosa VLLESGAVAFGIIALLPVELILOVGS SAGFAMVEALLIAAT LWNLGTWWLGLPASSSHTL
MLL367 - R, loti VLTSSGAVAFGILSLLPVELILOVGE S8GFAMVEALLVAAL LWNLGTWFLGLPASS SHTM
SA0619 - 5, aureus ALTE-TGVAGTIT-"-*KDIVDPFRLENGLVVVLARILAAIIWNLRTWFYGIPBBSSHAL
Lmo0405 - L. monecytogenesAlSF=TGVAESLT==<«<KEIVDPFELNNGEFVVLCGLIAAVIWNLMTWLVGMPSSSSHAL
PITH - 5. coelicolor AFMG=8GVARTVE ===<EGVIETPEGSKGMG I LFAALVGATVWNLI TWY FGLPS S8 8HAL
PIT? - L, innecua AlSF=-TGVAKTIT====KDIVNPFDLDHGELVI LAALLSATAWNLITWYFGIPSSSSHAL
PIT? - B, subtillus AMTFETGVAKTIT----KDIVDPYTLENGSVVILAALLAAIAWNLITW¥Y$IEE&H&HAI
PITH - &, griseus AFLG=-Q0GVAKTVES====EGLIATPFVGQOKGMGI LFAALVGAI IWNLITWYYGLPSSSSHAL
CAC3093 - C.acetobutylicumAFMS-DEVARTVG----DGIIDP-~-SKIVPSVIIVALIAAT IWNLITWYLGIPSSESHAL
FIT? - B. smeolanacearum IFTFHLEVATTVG-~-~~ROTIDF-~8 IVOHYVIFCALVGALAWN IVTWY YGI PS S8 5HAL
FIT? - R, meliloti FLFFGLHVAETLG-===TGL I DP-=-GIVTPOVI FAALMGAI TWNIVIWVFGI PSS SHAL
PIT? = R. loti FMFFGLHVAETVG————KGIVDV——HIVTPAVIFBALVGAIVWNIVTWIAGIFSSSSHAL
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PITA = E. colz IGALIGIGLTNALMTGT=SVVDALNI PKVI-SIFGSLIVEPIVGLVFAGGLIFLLRRYWS
PITA = 5. typhimurium IGAIIGIGLTNAMMTGT-SVVDALHIPKVI-NIFGSLIISPIVGLVFAGHh|FLLHHYWH
PITB = E. cali IGATIGIGLTNALLTGE-SVMDALNLREVT-KIFSSLIVEPIVGLVIAGGLI FLLRRYWS
PIT? - ¥. paszria IGATIGIGLTNALMTST~8VVDALNVPEMI-QI FLELILEPIVGLVIAGLMVFLLRRYWS
PIT? - B. aphidicola LGALIGIGLTNAFVTDS-SLVDAFNI PKMT-SVFLELVFSPI IGLT IAGSLIFLLRY YLN
PAd?qz - P, aeruginosa IGS ILGVGLANALITDV-PLAKG INWOEAI=DIGLSLIFSPLAGFMVA-ALVLLGLEWWR
PAOA50 - P, aeruginesa 1GSTIGVGVANALMHGR- DGTSGVDWGOAT = KVGYSLLLEPL] GFACAALLLLALRLLVE
MLL367 - R, loti VGS I IGVGLANOFMAPAGEATSGVDWSQAT=-NVGITLLVSE T 1GFFAAALLLYAMKLLVR
SA0619 - 5. aureus TGETAGAATASE= = ==«= GEFGVLHYQGFT-KITIVLIVEPI IAFCVGFLMYSTFEVIFE
Lmo0405 - L, monocytogeneslGAIAGAS JASA= === SEFEVLNWSGET-TIIIALITISPTIGRFTVGY LI YSLFKHLEFH
PITH - 5. coeliceler FGEMVGAALA- === ===~ GSTTVYWHGVVDKIVIPMFVSPVIGLLAGYLVMTAIMWI FR
PIT? = L. innocua IGEIAGAATIASA- - ===~ G=FAAIEYSGFT-KITIGLLVSPVLAFVVGYTIYSLFKVFLK
pile = B, subtillus IGAIAGAAIAAA- - -~~~ G- FAALNYKGFI-KITEALILSET IAFVLGFILYS IVKLIFK
PITH = §. griseus FGEMVGAALA~ == ===~~~ GGTDVIWSGVLERVVIPMFLSPFVGLIAGYLVMVG IMWIFR
CAC3093 = C.acetobutylicumlGGLIGAAVMYK-~~--- TSFGVVNWIGFFNEIVLWLFLEPVIGFVVGYIFMILIEWLFH
PIT? - B, seolanacearum IGGLVGAAVA=K= ===~ SGTGSLVASGLL=KTVAFILISPLLGFILGSCLMIAVEWLFF
PIT? = R. meliloti IGGELVGAGLA=K===~-~ TGFSSIVWOGLL=KTAGATVMS PG I GFVLALLLVLIVSWLFV
PIT? - R. loti IGGLVGAGVA-K ~~~~~~ SGFGAIVWTGLG=KTVAAIIVSPTTGFLLALVLILVVSWLEV
W r W e T H
PITA - E. coli GTKKRARTHLTPAEREKKDGKKKPPFWTRIALILSATGVAFSHGANDGOKG [ G LVMLVL T
FITA - 5, typhimurium GTKKRARTHLTPAEREKKDGKKKPPFWTRIALILSATGVAFSHGANDGOKG T GLVMLVLT
PITE - B, celi GTKKRDHIHHLEEDRKKKKGKRKPPFWTHIAL[VbaﬂgvAFsHGAN@GQRQI@LvMLVLv
PIT? - Y. pestis HTKKQUHLHLIFAEREKKDGKRKPPFWTRPALILbAIGVaFBHGRNEﬁQKGIGLIMLVLI
PIT? - B, aphidicola NNKIFYRIHMTFLERKEKDGKKIPPFLIRMALILSS IGVE YAHGANDGOKGIGL IMLVL [
PA4292 - P, aeruginosa ~=-PLSKMHKT PETRRELDEKKHP PFWNRLVLVLSAMAVS FVHGSNDGOKG IGL IMLVL T
PAOA50 - P, aeruginosa N-=--RALYKAP-===== KGKAPPPWWIRGLLILTCTGVS FAHGSNDGORGMGL IML T LY
MLL367 - R. loti N====PALYEAP-----~ KGNTPPPWWIRGLLIFTCTLVHFAHGSNDGQKGMGLIMLILI
8A0619 - 5, aureus Ne=soeaoo ANL-======== TRANRNFRFFQIFTAALQSFﬁﬂGTNDAQ&EMGIITLALI
Lme0405 - L, monocytogenesD-------- KKL~ === == === GEMNRRFRFIQIGTAAAQAY SHGTNDAQKTMGI ITLALY
PITH = 5. coelicoler Re==e=aao ANP------=== HEAKRGFRIAQTVSAAGMALGHGLODAQKTMG I VVMALY
PIT? = L. innocua L LNL----===== ATTNRRFRMIQVGTAAIstwﬂaTNmAQﬁSMGIITMALI
PIT? = B. subtillus Dem=emae SNL-=rr=mm—- AKTNEQFRRVQIVTAALQSYTHGTNDAQKAMGT ITMAL T
PITH = §. griseus Kmmmmeaee SNP-==--==—- HKAKRGFRIAQTVSAAGMALGHGLODAQKTMG I VVMALY
CAC3093 - C,acetobutylicumR======== SKP--=-----= AFVSRVFSKAQTVSAMLMALNHGGNDAGKS MGV 1 TMALM
PIT? = B. solapacearum Rem====== o 5KVDRWFRRLQLLSAELYSLGHGGNDAQKTIGIIWMLLI
PIT? = R. meliloti Remmmmena LB i s FAVDSTFRVLOFVSAS LYSLGHGGNDAGKTMGT TAVLLE
PIT? = R. loti Rememnnes QTPsmm PAVDBTFRVMQEFuASLfﬁLGHGGNDAQHTMGIIAVLLY
3 LA A' E R B
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FITA - E. coll GVAPAGFVVNMNATGYEITRTRDAINNVEAYFEQHPALLEQATGADOLVEAPEAGATOPA
PITA = 5. typhimurium GVAPAGFVVNMNASSYEITRTRDAINNVETY FEQRPDLLEKAVTGVDOLI PSPERGATEPT
PITB = E. ecoll GIAPAGFVVNMNASGYEITRTRDAVINFEHYLOQHPELPQKLIAMEP PLEPAASTDGTOVT
PIT? = Y. pestis GVAPAGFVVNMNATGYDIARTRDAVIHVOLY YOQHAEALPHATALKP LVEAPETLEGTPA
RLTR B. aphidicola GIVPESFLVNLNTNEKYEINCTKHTLNHLEKYFLEKNIKKSNT IKNKEREINN= == - = =~ I
Phé?ﬂz = P. aeruginosa GIVPAKFVLDLNSTTYQIERTRDAALHLS OFYORHTDTLGDMLALGESNGSE == ==~ MFQ
PAO450 = P. aeruginosa GTLPMAYALNRTMPADQAVOFAAVADVTQOALVESAP ====QPAPADPROVLEDYVREKQ
MLL367 - R, loti GVVPTAFALNRTPDINYLEAYKAASVNVETALGEYVEPGVTVTDAKDAKAAVODAVRTRT
SA0619 - 5. aureus L T e 1 5 s
Lmo0405 = L. monocytogenssASGLL--===== S, i o e o Al o s o e e
PITH - 5, ceelicelor 8 T P
FIT? - L. ilnnocua ASGF-~—===resssssascssccccsccasmcmccmm e —c—m—mmm—ms ===
PIT? - B. subtillus TANLH-=========mesmmcacccccacacamcccc e e rcermcme—a ===
PITH - 5, griseus IADYE~ m e m e e e m e s s ms s s e s s em e m e e m e
CAC3093 - C.acetobutylicumSSGLL------=---=-mccccmececac=a= R RS
PIT? - B, solanacearum GG Y A ——mmmm s e s e s S S S s e e e
PIT? = R, meliloti e e b P
PIT? - R, loti e ey e e



PITA - E, coli HFHCHESNTINALNRLKGMLTTDVESYDKLSLDQRSQMRH[MLGVSDTIDKVVK--MPGV
FITA - 5, typhimurium EFHCHFANT INALNRAKGMLAN-VESYDELAVEORSOLRRIMLC T 8D T TDEVVE= - LPGY
PITB - E, gali EFHCHPANTFDAIARVETMLEGNMESYEPLEVSORSOLERRIMLCISDTSAKLAE = = LGV
PIT? = Y. pestis QFHCDTS RAMVAINHAQALLTD-LESYDDLTVDOREOMERLLMCVAETAGAVAK-~LEET
FIT? = B, aphidicola RSQSYNEIKNIKNTKLLLKN—ISNYNHLEJKKRFDLRHYLLCIHDEleHVN--ﬂﬁDl
PA4292 - P. aeruginosa FYRCDPKQTEPTINALLRDLRG=VESYNDLDADERVOVRRYLLCLDDTAKKVGK-- LD
PAQ450 = P. aeruginesa ASPELIPALAALTGS IGQEVEG=YGAFSRVPAEAMGNVRNDMY LTS EATRIMDEDGVGRE
MLL367 = R. loti WNDOTTAALOTY ITHNTTAGLOF = YATVDNVPTDIUHNARND]YLIGEALKLIUKKELIPM
BAOBlY = §, #Urélf 3 sesmssssssscccccc s ccassssssSSSSssssem—cm—m=- e A o b e
Lmo0405 = L. MoNocytogengg————r===rmemmmccccc e e ssEsSESSSEE S e mm e me 3! gl
PITH - 2. comlicaley  —crcecmcmmmmmmmcaccs i naceescsesasce s e === e==
PIT? = L. Innocua = = —cccccccemsssscssccccc e cccccmmsssssccccc e rcmer e ——— T
PIT? - B, subtillus = <=--cccccmeemcmmmcscc e rrmsssssscsccc e T===
PITH - 5. griseus = “--c-oor oo e cmmmmmmae e ===
CAC3093 - C.acetobutylicum=-——-— - e mmmmeccc oo e mmmes e m e -
PIT? = B, 50lANACEATUM  =====cccce e rmscmmmmsscccccccc e messssssscssss=saca 5---
PIT? - R. melilotli = ===sccccccmermmmmssscccccc o cmccmcmmccaccccooo o G---
PIT? = R. lotdi = = =  ==sccccc e mmmmemsssccc e ccmmmasas—a—aaa— G-=—
e
FITA = E. coll SADDQRLLKHLKEDMLHTIEYAP-VWIIMAVALALGIGTMIGWRRVATTIGEKIGKKGMT
PITA = 5. typhimurium SSDDDRLLKKLKTDMLSTIHYAP*VWiIMHNALALGIGTMIGWRHVATTIGEKIGKKGMT
PITB = E. coli SKEDONLLEELRSDMLETTEYAP-VWI IMAVALALGIGTMIGWRRVAMT 1 GEK IGERGMT
PITY = ¥. pagtis SAENRRFLNNLRTDLLDTVEYAP=-TWI IVAVALALSLGTMVGWRRVAVTIGEE IGKEGMT
PIT? B. aphidicola CSKDERFLIHSKKVILKTIEYAP-MWIILIVALELSIGTMIGWERIVVTIGEE IGKERMT
PAdEB& = P, aeruginosa PAREKADLEKLREDLTATTEYAP-FWVITAVALALGIGTMVGWERVVLTVGEK LGKOGMT
PADA50 = P. aeruginosa DADTRGKLQAFKQKIDDATKFI P-LWVKIAVAIALGLGTMVGWERIVVTVGEK IGKTHLT
MLL367 - R, leti EAADLKAVTDYHEAVDNATEFI P- TWVEVAVALALGLGTMVEWERIVVTVGEE TGKSHLT
S8A0619 = §. dureus = ~—-eeceeeessmsaaa- DGSVEPQLWVKFACATAMGLGTATGGWK I TKTVGGN IME-- TR
Lmo0405 = L. monocytogengs-------meesccacco. ESAGTPFWVOVECAASMATGESVEGYRITKTVGTE IME--T1T
PITH - 5. coelicolor —-—---meeemem== ====YGDPTP-VWVKLACALMLE LGTYAGGWRIMRTLGREI IE--1LD
PIT? - L. innecua @ = =  —-—————-re==mcomusc== TDDVOLWVOVSCATAMAIGTS IGGWETIETVGGEIME--TE
PIT? = B. subtillus —---———======= = E-ANDIPTWVOFACATAMGLGTS IGGWEI TETVGGEIME--TR
PITH - 5§, griseus = =  —=--c-ccereececnaa PNDEIP-VWVKIAGALM%ELGTYA@GWRIHETLGHKIIEH—LD
CAC3093 - C.acetobutylicum------====c=nmm== 5=FTVP=AWVEAACATAMAFGTSFGGYRI I KTMGMNMAK -~ LA
PIT? - B, Solanacearum  -—-——-—=--=--cem==-= ATASTPPIWVIVCCYVAIGMGTLLGGWRIVRTMGOK T TK- - LE
PIT? - R, meliletli = =  ———-----mee—eennm= SEFYVP=FWVVITCOAATALGTLFGGWR IVHTMGSKITE==LN
BIT? - R, leti = =—ccccceecrcnen== EEFYVE=LWVVLTCOSALALGTLFGGWRIVHTMGESEITR==1LN
o . = ko # o W 4 W

PITHh = B, ecoli YAQGMSAQMTAAVS G- LASYTGMPVSTTHVLE SEVAGTMVVD -GGG LORKTVTS I LMAW
PITA - 5. typhimurium YAQGMSAQMTAAVS 1G-LASYTGMPVS TTHVLS SSVAGTMVVD -GGG LORKTVTS I LMAW
BLTER = E soli TAQGMAAOMTAAVS I G-LASYIGMPVSTTHVLS SAVAGTMVVD -GGG LORKTVTS | LMAW
PIT? - ¥, pestis YAQGVSAQMTAAVE TG~ IASYTGMPVSTTOQVLE SAVAGTMLVD-GGGVQS KTVKS TMLAW
PIT? - B, aphidiceola TAQAMEAQI TASFS IG-TASYTGIPVSTTHILE S8VAGTMLID-GDGTOTET I KN T ALAW
PAA292 - P, aeruginosa YAQGMSAQITAAAAT G-MANIYSLPVETTHVLE SGVAGTMVAN-KSGLHGGTVRNT LMAW
FAO450 - P, aeruginosa FAQGASAETVAMLTIG-AADLYGLPVSTTHVLS SGVAGTMAAN-GSGLOWKT I RNTL LMAW
MLL367 - R, loti YGOGAAAELVAMVT [ G-MADRLGLPVETTHVLE SGVAGTMAAN-GEGLOWS TVRENLLLAW
SA0619 - 5, aureus PANGAAADLSSALTIF-VASSLHFPLS TTHVVESS 1 LGVGAS NRAKGVEWS TAQRMT I TW
Lmo0405 - L., monocytogenesPVTGVASDLSSLSVIM-TATLIHLPVSTTOVIDSS IMGVGTANHKKEVNWRTGENMYVTW
PITH - 5. coelicolor PPQGFAAETTGAS IMFGSAFIFHAP ISTTHVITSAIMGVGATRRVNAVRWGVAENT TMGW
PIT? = L. innocua PVNGVAADLSSVIIIF-GATFIHLPVSTTHVISSS I LGVGTAHRVEGVEWDTAQRMI ITW
PIT? = B. subtillus FVNGVSADLTGAAIIF-GATFIHLPV&TTHVIH&HILGVGASHHVKGVNWGTAKRISLHG
FITH = 5. griseus PPOAFAAETTGAS IMFGSAFLIFHAPISTTHVITSAIMGVGATKRVNAVRWGVAENT TLGW
CAC3093 - C.acetobutylicumPVNGFAAETGAAAVIF=SATMFHAPVSTTOIISTS IMGVAASKRT S5VRWMVAKDTILIAW
PIT? = B. solanacearum PVGGFCAETGGALTLF=FASALGVPVSTTHT I TGAIVGVGARQKASAVEWGVAGN [ VWAW
PIT? = R. meliloti FMOGFCARTGGAITLF=AATWLGIPVSTTHTITGAT IGVGAARRVEAVRWGLAGN TVVAW
PITP = R, lari PMQGFEAETGGAITLF AATWLCVPVSTTHTITGAIIGVGAARRV%AVRWGIAFNIVIAW
FITA = B. coli VETLEAAVLLAGGLYWLSLOFL -

PITA - 5, typhimurium VFTLPAAT I LSGVLYWLSLEII =

PITRB = E. coli VETLPAAIFLEGGLYWIALQLI =

PIT? - ¥, pestis VILTLPISTIFLEGALYWIALKRI -

PIT? - B, aphidicola ILTLPVSMLLSSFLYWIALFLI-

PA4202 - P, aeruglnosa VLTLPTSMALSAGLFWLASQF]T -

PAOAS0 -

MLL3&7 =

SA0619 =

Lme04q4o0s =
PITH = 5.
PIT? = L.
PIT? - B,
PITH - &5,
CAC3083 -
FIT? = B.
PIT? = R.
FITT = &

P, aerugincsa
R, loti
5. aureus

VLTLPAATILLSASLYWLLTRLE-
VLTLPCS ITLAFVLFIVFRQVF-
VITLPISALLAGLLFYILNLFF=

L. monocytogenesFITLPFLAGLLAAVVYWISAAIFL

coalicpoplor
lnnocua
subtillus
griseus

FITMPAAAVVAAVEFWIVNLAVL
VITLPISATIAALIFYVLRFIL-
S8RFRFOR---HLVPSPTLF---
FITMPAAALVAALSYGAVLLLFG

C.acetobutylicuml ITTMPVCAGTAALLALFIR----

solanacearum

meliloti
loti

VLTIPASAFMAAIAWWIGRQLL =~
VITMPAAALISALCYFAADLVA=
IVTLPAAAATISALTYFVTRO---



related species (Figure 6.11B — conserved region 1). It is interesting to note that these
amino acids are in the small section of the C-terminal PD1131 domain which is
immediately followed by a region of high variability between many PiT family
members (Figures 6.12, 6.11B).

6.6 Discussion

Single polar amino acid substitutions of residues His-225, Asp-229 or Lys-232 in PitA
produced assembled proteins with greatly decreased rates of Pi uptake, indicating the
importance of these charged residues in Pit structure/function. PitA/PitB chimeras
show that the adjacent putative loop 5 region plays a role in determining the affinity of
these transporters for Pi. Therefore this putative ‘loop 5/helix 6’ section of the protein
is important for function and is probably involved in the mechanism of Pi transport.
However, where these regions are in relation to the membrane is not known because the

topology of PitA and PitB is uncertain.

The individual PitA mutations of H225Q, D229N and K232Q reduce initial rates of Pi

transport to less than 3% of wild type activity. This triad has a resemblance to the

arrangement of functionally important residues on lactose permease o-helix 10 (Figure

6.1) consistent with placement of these residues within TM 6 of the putative topological
model (Figure 6.2). While secondary structure prediction programs did not place this
triad of amino acids within the membrane, this modification was made to our models
because the unfavourable insertion of charged residues into a hydrophobic environment
can be mediated by interactions with other charged residues, and such interactions

cannot be predicted by these programs.

There is some evidence suggesting that Lys-232 may play a different role in Pit
structure or function to His-225 or Asp-229. The PitA K2320Q mutation has decreased
levels of membrane protein assembly when compared with PitA mutants H2250Q and
D229N, or PitA expressed on plasmids (Figure 6.4). It is interesting to note that
Kaback’s most recent model for lactose permease predicts that Lys-319 forms a salt
bridge with Asp-240, while His-322 and Glu-325 play more direct roles in
lactose/proton transport (Section 1.9.2). Evidence indicating the possibility of a Lys-
319/Asp-240 salt bridge came from the double neutral mutation of K319C/D240C
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producing activity and a normal amount of protein assembly (222). Lys-319 may still
be important for modulating the proton transfer capabilities of nearby residues (e.g.
influencing pKa) (209). Thus it is possible that Lys-232 in PitA may form part of a salt
bridge that is disrupted by the K232Q mutation. While the Pit HxxxDxxK triad is
conserved in the Pit proteins of species closely related to E. coli (mauve boxes -Figure
6.13) more distantly related organisms, such as eukaryotes, have the sequence
HxxxDxxN (conserved region 1 - Figure 6.11B), where Lys has been replaced by the
polar amino acid Asn. This does not necessarily mean that the role of this residue has
changed. Recent experiments on models of inter-helical interactions show that Asn
residues can form strong hydrogen bonds within membranes, and that these interactions
are strong enough to form dimers that can be isolated by SDS gel analysis (20, 36, 308).
Perhaps organisms containing an Asn in this strongly conserved sequence have
replaced a salt bridge with a hydrogen bond. Further experimentation is required

before any conclusions can be made.

[t is also possible that His-225, Asp-229 and Lys-232 may be functionally important,
but located within the periplasm. Topology prediction programs and hydropathy
profiles place these amino acids at the periplasmic surface of PitA/PitB (Figure 3.15),
and predictive methods also place the equivalent residues of other members of the PiT
family, such as mammalian transporter PiT-2, in a similar location (229). Pit models A
and B (Figure 6.2) can easily be adjusted place these residues in the periplasm by
pulling the last third of putative loop 5 into the membrane. If so, the last part of
putative loop 5 would be a transmembrane helix. This is predicted by the hydropathy
profile, which shows that the first two thirds of putative loop 5 is highly charged, (with
a lot of amino acid variability between PitA and PitB), while the last third is
hydrophobic, (and has a more highly conserved sequence). Located within this putative
transmembrane region is Ala-213. Replacement of this residue by Asp prevents
assembly of the PitA protein, indicating it may be located in an area sensitive to charge.
The pit4] mutation G220D, predicted to be within TM helix 6 in all models, also
prevents assembly and functioning of the PitA protein. Eight other Asp substitutions in
the putative hydrophilic loops of PitA allow the growth of these strains on P1 Media
(Table 6.3), showing that Asp amino acid substitutions are rarely so detrimental in the

loop regions of this protein.
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PitA/PitB chimeras which have exchanged a region containing the putative ‘loop

5/helix 67 show that this sequence influences the K,3PP of each protein. The PitA
‘loop 5/helix 6’ region placed within PitB gives this chimera a more efficient PitA-like
Km PP while the complementary chimera (PitB ‘loop 5/helix 6’ in PitA) has a higher
KPP similar to that of PitB (Table 6.4). Thus this region seems to be important for

substrate affinity. The exchanged region referred to as ‘loop 5/helix 6’ contains all the
amino acid changes within the putative loop 5 (including L216V in the hydrophobic
section), I219A at the ‘loop 5/helix 6’ interface plus two other conservative changes
(1242V, V244]) that reside at either the beginning of the large loop 6 (Model A) or the
interface between the small loop 6/helix 7 (Model B) (See Figure 6.10). Most amino
acid variation occurs within putative loop 5, which is highly positively charged and
placed in the cytoplasm of all topological models. PitA contains 13 positive and 3
negatively charged amino acids and PitB contains 16 positive and 4 negatively charged
amino acids in the 42 residue loop. However, this variable region of ‘loop 5’ is only
present in PiT family members which are closely related to E. coli (Figure 6.13), so it is

unlikely to contain particular residues that are essential to a conserved Pi transport
mechanism. Possibly amino acid residues in this loop interact with a~helix 6 and
participate indirectly in the transport mechanism. Mutagenesis of individual amino

acids that differ between PitA and PitB is required to determine the role of this region.

These results do imply that putative TM helix 6 and its surrounding sequences are
involved in the transport pathway of MePO,/H". Determining the topology of this

region will be an important step in defining the mechanism of Pit.

The small 3-fold difference in K;,2PP between PitA and PitB makes it difficult to

interpret results for the remaining chimeric proteins, as variations between whole cell
assays could obscure small to moderate alterations in kinetic parameters. PitB chimera
containing PitA ‘loop 6 ‘may slightly decrease the affinity for substrate and lower the
activity of the transporter, but this may be due to nonspecific unfavourable interactions

between the variable regions of the chimera. The complementary chimera (PitB ‘loop
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6’ in PitA) has kinetic parameters almost identical to wild type PitA protein, suggesting

that this highly variable region has little effect on the mechanism of Pi transport in Pit.

Multiple sequence alignments of 68 PiT family PD1131 domains identify eight highly
conserved sequences that will also be useful targets for mutagenesis as these are
conserved amongst distant species, suggesting that these regions may be important for
transporter function (229). The His-225, Asp-229, Lys-232 triad forms part of one of
these sequences, and there is evidence that other conserved sequences may be essential.
For example the mutated PitA(I413D G414L) protein produces an assembled
membrane protein that is nonfunctional, thus these mutations are more disruptive than
the H225Q, D229N, or K232Q substitutions. I[le-413 and Gly-414 are predicted to be
in either a cytoplasmic (Model A) or periplasmic (Model B) loop containing several
charged side chains, and this region is also predicted to be within a cytoplasmic loop in
PiT-2 (229). This degree of disruption is unexpected in a hydrophilic loop, as shown
by the eight other Asp substitutions in the putative hydrophilic loops of PitA allow the
growth of these strains on Pi Media (Table 6.3). However, Ile-413 and Gly-414 are at
the end of one of the highly conserved PiT family sequences, and Gly-414 is strongly
conserved within many of these proteins. Thus this region may play an important

structural or functional role in Pi transport.

The predicted topologies of other PiT family transporters such as PiT-2, Pht2;1 and
Pho89 bear some similarities to PitA and PitB models (47, 196, 197, 229). The
mammalian type III NaPi transporter PiT-2 is predicted to have a similar topology to
PitA for the first five transmembrane helices, three of which form the conserved N-
terminal PD1131 domain. This topology has been confirmed experimentally by
antibody tagging, identification of glycosylation sites, and C-terminal truncation
tagging, showing that the N-terminus plus loops 2 and 4 are extracellular. However
experimental evidence indicates that the predicted topology for the remainder of the
PiT-2 protein is incorrect. While there is less experimental support for the topology of
the latter half of the protein, tagging experiments indicated that the C-terminus and loop
8 are extracellular, while functional evidence places loop 7 intracellular and loop 8
extracellular (229). This model then implies that the C-terminal PD1131 domain of 3

transmembrane helices has an inverted topology. This inverted topology has also been
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predicted for the yeast Pho89 protein and the Arabidopsis Pht2;1 protein (47, 196, 197).
The presence of internal repeats with opposite membrane topologies has also been
shown for the £. coli YrbG protein. PhoA fusions were used to confirm that this
putative Na*/Ca®" exchanger consists of two sets of five transmembrane segments in

opposite orientations (219).

The predicted topology for the first 5 transmembrane helices of PitA and PitB is
consistent with experimental data from PiT-2. However the topology is less clear for
the C-terminal half of the proteins. The PiT-2 cytoplasmic loop 8, which coincides
with the retroviral Region A binding site, is located where the large variable loop of
PitA/PitB interrupts the C-terminal PD1131 domain (See multiple sequence alignment,
Figure 6.11B). This should unambiguously locate this area of PitA/PitB at the
periplasm. However this large variable region, which is only found in the Gram-

negative bacteria that are closely related to E. coli, contains an extra hydrophobic

region which has the potential to form a transmembrane helix. If this potential o-helix

(between (G233 and T261) 1s inserted in the membrane then the remainder of the C-

terminal PD1131 domain is in the same orientation as the N-terminal domain (Table 6.1
- transmembrane region 7, Figure 6.2 - Model B), while ignoring this potential ci-helix

causes the remainder of the C-terminal PD1131 domain to be inverted (Figure 6.2 -
Model A).

A number of topology prediction programs have been developed since the initial
analyses used to form models for PitA and PitB. As more information on membrane
proteins has become available new methods using neural networks (PHD - (215)) or
Hidden Markov Models (TMHMM - (135), HMMTOP — (261)) have been formulated.
von Heijne’s group (185) have determined that if four or five methods (out of five)
agree on their topology predictions for a particular protein then experimental results
show that these predictions are over 90% correct, (by analysis of 60 proteins of known
topology). However this agreement between programs applies to only half the potential
inner membrane proteins of E. coli, and PitA and PitB do not form part of this group
(web site http:/www.sbe.su.se/~johan/Very Reliable Topol Pred.html, PitA -
EG12230, PitB — EG12883, (185)). Application of the TMHMM program to PitA and

PitB produced topologies of 10 transmembrane helices quite similar to those of the
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TopPred IV and GES profiles, but with c-helix 9 moved towards the N-terminus by at

least 11 residues (G418 to T440).

Locating the environment of amino acids His-225, Asp-229 and Lys-232, either within
a transmembrane helix or within the periplasm, is important for determining the
strategy of future mutagenesis studies. Therefore defining the topology of PitA,
particularly around TM helix 6 and the latter half of the protein, will be very helpful.
Sandwich fusions with bacterial alkaline phosphatase, which is active only when

located in the periplasm, could be used to refine this topology (55).
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Chapter seven

Overview and future directions

7.1 Introduction

PitA and PitB have been characterised as individual genes of E. coli with open reading
frames of 1500 bases starting at the predicted ATG start codons. Each protein was
shown to function as a Pi transporter, providing the first evidence of two E. coli Pit
transport systems. Kinetic parameters were defined for the plasmid-borne Pit genes,
showing PitA to have a K _2PP of about 2uM and PitB to have K_2PP of around 28uM.
However, subsequent experiments indicated that the PitB gene undergoes some form of
repression and/or activity modulation that affects these parameters, so at this point the
kinetic determinations are relevant only to the specific assay conditions. Kinetic
parameters that accurately reflect the characteristics of PitA and PitB in wild type cells
can only be defined once these issues of regulation and/or modulation have been
addressed. Therefore this thesis has evolved into two projects — the regulation of pitB

and the characterisation of PitA/PitB structure and function.

7.2 Regulation of the Pit system

The pit lesion of strain K-10 was identified. K-10, which has no pit activity when its
Pst system is mutated, contains a point mutation of G to A at nucleotide 658 in pitd
causing a G220D substitution in the PitA protein, and a wild type pirB. (The pitA point
mutation is discussed later.) PCR amplification of AN3066 genomic DNA showed that
the pitB protein coding sequence and putative promoter region (for at least 319
upstream nucleotides) were wild type. pitB was originally isolated by its ability to
transport Pi, and can function as an independent Pi transporter on plasmid pBR322.
This suggested that genomic pitB may undergo repression that is disrupted by placing it
on a plasmid, and is the first evidence for regulation of the £. coli Pit system. The use
of a PitB polyclonal antipeptide antibody clearly demonstrated that PitB activity was
linked to the levels of PitB protein in cell membranes, so this regulation may occur at
the level of transcription. The Pi auxotrophic background strains AN3066 and AN3902

contain a pstC345 deletion that causes constitutive expression of the pho regulon.
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While most genes of this regulon are activated there is also some evidence for gene
repression (9, 244, 271, 291). The possibility that the phoB-phoR two component
regulatory system may mediate this repression was explored by deleting this operon
from Pi auxotrophic strains that contained either genomic pitB* (pit4 pstC) or no Pi
transporters (pitB pitd pstC). Unexpectedly, the phoB-phoR deletion allowed both
strains to grow on media containing 500uM Pi. However, assays of Pi uptake using
6uM Pi showed that the pitB™ strain, AN4081, had a significant initial rate of Pi

transport while the control strain AN4085 had Pi uptake that was not significantly
above background levels (Table 5.2). Thus, the presence of an active phoB-phoR
operon mediates the repression of genomic pitB. This finding is significant, as it
provides the first definitive evidence of PitB regulation. This regulation of pitB may
explain why, despite extensive characterisation of Pit, previous research identified only

one pit lesion (pit4) whose gene appeared to be constitutive in expression/activity (59,
211,212, 249, 289).

Transcriptional regulation of pizB by PhoB is the most likely mechanism of regulation.
The above strains could be analysed by Northern blot to determine if an increase in pitB
mRNA correlates with the presence of Pi uptake mediated by deleting phoB-phoR.

Reporter genes may also be used to measure levels of transcription. A reporter gene

such as —galactosidase (lacZ) could replace part of the open reading frame of pitB, or

be fused near the C-terminus of this gene (activity requiring a cytoplasmic location). It
would be important to place this pitB::/lacZ fusion on the genome, as plasmid-borne
pitB is not repressed by the pho regulon. The —galactosidase activity of wild type
cells and the mutants described above could then be assayed under a variety of Pi
concentrations. Rhizobium meliloti contains a pit equivalent that is repressed under
conditions of Pi limitation. A chromosomal R. meliloti orfA-pit.:lacZ fusion was used
to show that expression of this operon becomes constitutive in a phoB mutant (8) It is

likely that regulation of pitB in E. coli is similar.
Repression of pitB may occur directly through the binding of PhoB, or may be

mediated by another product of the pho regulon. It has been proposed that PhoB can

cause repression by binding in atypical locations on the promoter. Genes repressed by
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an active phoBR operon contain putative pho boxes in atypical locations (9, 244).
Similarly, activation of the CreBC two component regulatory system causes repression
of malE transcription. This gene has an atypically positioned “cre-tag” binding site
within the transcript, rather than between -40 and -80 within the promoter (see Chapter
five discussion, Section 5.6, for details) (7). However, there is no direct experimental

evidence to support this theory,

pitA and pitB form a good comparative system for analysis of putative PhoB binding or
regulation, as pit4 appears constitutive while pitB undergoes regulation. A preliminary
analysis of the promoter sequences of these genes did not reveal any obvious pho boxes
that are unique to pitB (Table 5.4). Thus, experimental analysis of these regions is
needed. The putative transcriptional start sites should be confirmed for pitd and pitB
by primer extension analysis, to define the promoters for each gene. The DNA of these
promoter regions could be tested for PhoB binding in vitro by the use of electrophoretic
mobility shift assays. Alternatively, DNase 1 footprinting could be used. This would
also identify the region of PhoB binding, if it occurred. As proposed atypical binding
sites occur before the -35 promoter region and after the transcriptional start (7, 9, 244)
the analysed pitd/pitB DNA sequences should extend past these regions. Potential
mechanisms of repression include the presence of divergent promoters, so binding to

either DNA strand is a possibility (279).

Profiling pitB expression and activity with a normal phe regulon under a variety of Pi
concentrations will be important for gaining an understanding of pirB regulation. While
the identification of genomic pitB activity in the presence of a phoB-phoR deletion is an
important first step, mutations in the phoBR two component regulatory system can have
wide ranging effects that may interfere with a detailed analysis of pitB regulation. For
example, experiments on phoR mutants suggest that histidine kinases from other two
component regulators ‘cross talk’” with PhoB in the absence of the PhoR protein. This
activation may not be physiologically significant in wild type cells (7, 66, 125, 283).
Mutations in over 14 genes have also been shown to dramatically alter alkaline
phosphatase synthesis (which acts as a reporter of phe regulon activity) in phoR
mutants via unknown mechanisms which may involve other two component regulatory

systems (125). Whether ‘cross talk’ can also occur at the transcriptional activator level
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In phoB mutants has not been investigated. Deletion of the phoB-phoR operon alters
the expression of over 100 genes within the pho regulon (271). This may have many
unexpected consequences, such as was shown by the induction of low level Pi transport
when phoB-phoR was deleted from the Pi auxotrophic pitd pitB pstC triple mutant
(Section 5.5.2). Thus, a clear picture of normal pizB expression may be obtainable only

in the presence of wild type phoBR and its associated regulators.

All work described in this study used the pstC345 deletion to prevent Pi uptake by the
Pst system. This mutation causes constitutive derepression of the pho regulon. Cox et
al (43, 44) have described several PstA and PstC mutations which prevent Pi transport
without causing constitutive derepression of the pho regulon (as measured by alkaline
phosphatase activity, a protein that is activated by the pho regulon). These Pst
mutations may provide a better background strain for analysis of pitB regulation.
However, as we do not fully understand the role of the Pst system in the control of the
pho regulon, we cannot be sure that this regulon remains unaffected by these Pst
mutations. Thus the pstSCABU operon may also need to be wild type for unambiguous

results.

Analysis of pitB transcription through the use of northern blots or reporter genes allows
the detection of pitB mRNA or transcription in the presence of wild type Pst, PitA and

phoBR systems. These methods may be used to compare pitB expression between wild

type cells and those containing the mutations A(phoB-phoR) (no pho regulon activation)

or ApstC345 (constitutive pho regulon activity) under different Pi concentrations. The

levels of pitB mRNA or transcription may also be determined for previously
constructed strains with varying levels of PitB protein expression. In particular,
analysis of strains containing plasmids pAN656 and pAN1116 could determine if an
increase in transcription is involved in the higher levels of Pi uptake and protein
expression which occur upon deletion of 1196 nucleotides upstream of the pitB open

reading frame (See Chapter 5, Section 5.4).

[t is probable that increased PitB Pi uptake and protein expression involves an increase
in pitB transcription. Placing wild type pitB on a plasmid allowed a formerly Pi

auxotrophic pitd pstC strain to transport Pi, while Hoffer ez a/ (99) demonstrated that
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the presence of multiple genomic copies of wild type pitB had a similar effect on a Pi
auxotrophic pitd pstS strain, consistent with titrating out a repressor protein. An
increase in Rhizobium. meliloti pit transcription, caused by either placing this gene on a
plasmid or by the presence of a single thymidine deletion 54 nucleotides upstream of
the orfA-pit operon transcription start site, has been shown to overcome the effects of
constitutive expression of the pho regulon (9). This required only a two- to three-fold

Increase in pif expression, as measured by an orfd-pit::lacZ fusion.

However, a viable alternative to transcriptional activation is the enhancement of mRNA
stability. This post-transcriptional mechanism has been shown to occur for the Pi
transporter PiT-2 in human cell lines, as a response to Pi depletion (35). Thus, this
mechanism cannot be ruled out for pitB. Any increase in pitB mRNA found by
northern blot analysis could then be checked by the reporter gene system to determine
if pitB promoter activity has also increased. Timed quantitative Northern blot

experiments could also be carried out to detect changes in mRNA stability, or real time
PCR could be used.

However, increasing the levels of pitB mRNA by transcription and/or enhanced mRNA
stability, does not explain all of the regulatory effects observed in this transport system.
The decrease in K 2P noted for PitB expressed with only 207 upstream nucleotides
(pPANI1116) indicates a different mechanism of activity is occurring. This change in
substrate affinity may be due to post-translational modifications stimulated by the
increased PitB protein expression. Post-translational activation involving the
aggregation of mammalian Pit-2 transporter has already been observed (207, 229).
Cross-linking or the use of native polyacrylamide gel electrophoresis may be used to
determine if PitB forms a homo-oligomer. An alternative explanation for the altered
mechanism of PitB could be that an inhibitor which interacts with the PitB protein may
be diluted out by the increased PitB expression. The presence of a second conserved
gene, called the ‘Pit accessory protein’, which is found in the same operon as the pir
gene in many bacterial species could indicate the involvement of another protein in Pit
function or regulation. This situation has recently been demonstrated for the high
affinity ammonium transporter, AmtB, of E. coli. Most prokaryotes and archaea

encode at least one Amt protein, which is almost always found in an operon together
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with a second gene (g/nK) that encodes a small signal transduction protein involved in
sensing the cellular nitrogen status (3, 257). Coutts ef al (41) have demonstrated that
GlnK acts as a negative regulator of AmtB activity by binding to the membrane
(probably through direct association with AmtB) when nitrogen supplies are plentiful.
Under low nitrogen conditions GInK is uridylylated and is not strongly membrane
associated. The glnk-amtB operon is also repressed by transcriptional regulation
through the NtrB/NtrC two component regulatory system when nitrogen is plentiful. It
is suggested that GInK regulation can fine-tune the activity of AmtB in response to
minor or transient fluctuations in ammonium availability. A second protein
homologous to GInK (GInB) is also present in E. coli. Thus, this system could provide
a viable model for Pit regulation. However, E. coli does not encode a ‘Pit accessory
protein’, either in an operon with pit4 or pitB, or elsewhere on the genome (by Blast
sequence similarity analyses using several ‘Pit accessory protein’ amino acid

sequences).

It 1s also possible that pizB expression or activity is moderated by environmental
conditions such as pH or sodium ion concentration. The PiT family of transporters

contains several members that are induced by Pi limitation but also require specific

conditions, such as an alkaline pH, for activity. pho89, a Pit-like Na*-Pi transporter

from Saccharomyces cerevisiae, is induced by Pi limitation but needs alkaline
conditions and Na™ to function (168). Similarly, pho-4 from Neurospora crassa codes

for a Na™/H™/Li*-Pi transporter induced by low Pi concentrations that is dominant at
pHE and above (274). Thus the activity of PitB (in a strain where genomic pitB is
expressed) under different pH and sodium ion concentrations could be investigated.
However, experiments checking the initial rates of plasmid-borne PitA (6uM Pi) and
PitB (30uM Pi) over the pH range of 6.8-7.6 found little change in activity (results not

shown). Activity over a wider pH range could be investigated.

Genomic pitB may produce a much lower level of Pi uptake than either PitA or the Pst

system. For example, the Pit-like pho89 from Saccharomyces cerevisiae has low

activity levels and it can only be studied when the unrelated HT-Pi transporter pho84,

which is also induced by Pi limitation, is mutated (168).



While pird does not appear to be regulated by the phoBR operon, other forms of
activity modulation cannot be ruled out. The plasmid-borne PitA K _2pP of around 2uM
1s significantly lower than the 11.9 - 38uM range recorded by researchers using
genomic pit genes (211) (290) (268). Western blot analysis shows that placing pit4 on
a plasmid correlates with a significant increase in protein expression (Figure 4.5 — first
two lanes). Further analysis of genomic and plasmid-borne PitA kinetic parameters
should determine if this transporter also undergoes changes in substrate affinity. Thus,
Pit regulation may be quite complex. As shown above, many organisms contain at least
two Pit genes, and some of these genes are accompanied by Pit accessory proteins,

whose function has yet to be defined ((8) and NCBI blast searches).

7.3 Structure and function studies on PitA and
PitB

PitA and PitB have 81% identity in their deduced amino acid sequences. Similar
topological models were produced for PitA and PitB using a combination of
hydropathy profiles and topology prediction programs. These models have 10
transmembrane o—helices, with most variation between PitA and PitB occurring in the

hydrophilic loops (Figure 3.15). Measurement of kinetic parameters initially showed
that PitA had a K,#PP 14-fold lower than that of PitB. Therefore PitA and PitB formed

a good comparative system where relationships between the kinetic parameters, amino
acid sequences and the Pi translocation mechanism of a membrane transporter could be

systematically explored.

It was noted that His-225, Asp-229 and Lys-232, a triad of amino acids shared by PitA
and PitB, were similar to Lys-319, His-322 and Glu-325 found in helix 10 of lactose
permease. These amino acids play a role in the functioning of lactose permease, with
the mutant H322R carrying out facilitated diffusion without proton translocation (117),
and neutral substitutions of Glu-325 and Lys-319 exhibiting no active transport or
efflux while undergoing wild type levels of exchange and counter flow (29, 30, 209).
Subsequent mutagenesis studies showed that the neutral combination of K319C/D240C
had activity and normal protein assembly, suggesting this pair may form a salt bridge

(222). Kaback’s latest model incorporates this data, with His-322 and Glu-325 forming
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part of the proton translocation pathway and Lys-319 playing a structural role as part of
a salt bridge with Asp-240 (223). (This model is discussed in more detail in Section
1.9.2 and Figure 1.5.)

Polar substitutions of the equivalent amino acids in PitA (H2250Q, D229N and K232Q)
resulted in decreased initial rates of Pi uptake to less than 3% of wild type PitA, while
allowing growth on 500uM Pi media (Table 6.2, Figure 6.3). Thus, these amino acids
play an important role in Pit structure or function. The subsequent sequencing of
putative Pit genes from many different species reveals that this sequence is highly
conserved in the PiT family, although more distantly related organisms such as
eukaryotes contain HXxxDxxN rather than HxxxDxxK. The PitA K232Q substitution
had lower levels of protein assembly than H2250Q, D229N or wild type PitA (Figure
6.4), indicating that this mutation may have some effect on protein assembly. Perhaps
Lys-232 forms a salt bridge, as Lys-319 is proposed to in lactose permease. In some
P1T proteins this lysine residue is replaced by an asparagine residue, which may form a
hydrogen bond rather than a salt bridge (20, 36, 308).

The PitA H225Q, D229N and K232Q) single mutants could be further characterised
through measuring the Pi uptake, facilitated diffusion, efflux and exchange of
proteoliposomes from cells carrying the above mutants or wild type PitA (268). These
results may provide information on what aspect of the mechanism has been affected,
such as substrate binding, substrate and/or proton translocation. PitB could also be

characterised in this way.

The initial mutagenesis experiments on His-225, Asp-229 and Lys-232 indicate that
these amino acids play important roles in Pit structure or function. In the proposed
PitA topology model, these residues were moved into a transmembrane helix because
of the analogy with lactose permease (Figure 6.2). This topology is not predicted by
any sequence analysis program. These topology prediction programs often under-
represent the presence of charged or polar amino acids within the membrane, as they

cannot predict the interactions that make these insertions more favourable.



However, the predicted model is still a viable option. It is possible that His-225, Asp-
229 and Lys-232 may be structurally or functionally important, but located within the
periplasm. The PiT family contains an internally repeated domain, PD1131, and these
three amino acids form part of the first highly conserved sequence in the N-terminal
PD1131 domain. The proposed topology for several PiT family members places this
N-terminal conserved sequence just inside the periplasm, and the equivalent C-terminal
conserved sequence just inside the cytoplasm. In all Pit topology models this C-
terminal conserved sequence is also located in the cytoplasm (Figures 3.15, 6.2).
However, most of these topologies have yet to be supported by experimental data, and
analysis of mammalian PiT-2 showed the last half of the protein’s topology differed

from that suggested by predictive programs (229).

Therefore defining the environment of His-225, Asp-229 and Lys-232 is crucial for
progress in elucidating the mechanism of PitA, and this should be carried out before
any further mutagenesis studies are undertaken. This area of PitA is obviously
important for the mechanism. As well as containing the above triad of amino acids, this
putative transmembrane helix plus the putative loop 5 region contains amino acids

determining the difference in K,2PP between PitA and PitB, as shown by chimera

analysis (Section 6.4, Table 6.4, Figure 6.10). Nearby single mutations G220D and
A213D cause complete loss of P1 uptake and minimal insertion of protein in the

membrane (Figures 6.5, 6.6).

Bacterial alkaline phosphatase sandwich fusions could be used to define the topology of
PitA. This has been successfully used in other systems, such as the aromatic amino
acid permease, AroP (39), and the phenylalanine-specific permease, PheP (198). The
alkaline phosphatase reporter gene would be inserted within pit4 near the end of
putative periplasmic and cytoplasmic loops. The alkaline phosphatase protein is only
active in the periplasm, and the sandwich fusion approach has the advantage of
including the entire pitd sequence, leading to less ambiguous results (55). Analysis of
the last half of PitA should easily determine if the protein has 9 or 10 transmembrane
regions. Carefully targeted sandwich fusions within the putative transmembrane helix
6 and the following loop should then be able to locate His-225, Asp-229 and Lys-232

within either the membrane or the periplasm, as experimental evidence suggests that
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approximately half of a transmembrane domain is needed to translocate the alkaline
phosphatase protein through the membrane to the periplasm (118). Alternative
approaches that could be trialed if the results of this experiment are ambiguous include
the use of site-directed mutagenesis with biophysical labels to determine the
environment of these amino acids, and the deletion of single amino acids at the putative

helix/loop boundaries of helix 6, as described for lactose permease in Section 1.9.2.

The proximity of other a—helices may also be determined through double labeling

experiments, as for lactose permease (Sections 1.8.2, 1.9.2).

Defining the PitA topology will allow more appropriate targeting and analysis of amino
acids important for function and/or structure. If His-225, Asp-229 and Lys-232 are
located in the membrane, different substitutions for each amino acid, such as H225R or
H225F, may help determine if a certain charge or the presence of a dissociable proton is
required for function. These amino acids may interact with each other and with other
charged amino acids, which may also be located within the membrane. Interacting
amino acids are often identified by second site suppressor mutagenesis. These
experiments start with a detrimental mutant of an important residue (such as a neutral
substitution of a charged residue) and identify spontaneous mutations within the protein
that confer activity. However, this powerful system may be difficult to use on PitA.
Firstly, conditions would need to be established where a PitA mutant such as K232A
produced negligible growth (e.g. media with a very low Pi concentration) or could
otherwise be distinguished from suppressor mutants. Then an effective screening assay
for the identification of pit4 suppressor mutants would need to be established. This
may prove difficult, as mutations elsewhere in the £. coli genome (such as deleting the
phoBR operon) are also able to confer Pi transport on Pi auxotrophic strains. Hoffer er
al (99, 100) tried to create suppressor mutations in Pi auxotrophic pstS strains, and
identified pitd and pitB pseudo-revertants instead. With lactose permease Lee ez al
(143) could only use this method when they assayed for melobiose fermentation as
frequent mutations in the lac repressor created too many background cells with lactose
transport, preventing the identification of genuine suppressor mutants. An alternative
but more labour intensive approach is identify charged amino acids that may have the
potential to interact with His-225, Asp-229 or Lys-232 and replace them with neutral

substitutions via site-directed mutagenesis. Possible residues to mutate include Glu-27,
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which is within TM 1 of all models and is conserved as a negatively charged residue
(Glu or Asp) in the putative Pit sequences of many Gram negative bacteria. Model B
(Figure 6.2B) also places Glu-259 within TM 7, so this should be tested. Other
residues to check include Glu-380 and Asp-374, if the C-terminal end of the large
variable loop is moved into the membrane. Any detrimental single mutants could then
be analysed further. If the formation of a salt bridge is suspected a double neutral

mutant could be constructed, to see if Pi uptake activity and/or protein assembly is

increased.

Russ er al (216) have identified GxxxG as a strong helix packing motif, which can be
surrounded by a large variety of amino acids. This motif is strongly conserved in the
N-PDI1131 domain of PiT proteins from distantly related organisms and is predicted to
be within a membrane helix (putative TM 4 of PitA — Figure 6.12). The equivalent
region in the C-PD1131 domain contains alanine and serine substitutions in some
proteins and 1s predicted to be in an aqueous environment in our models (SxxxG in
putative loop 8 of PitA — Figure 6.12). Proteins closely related to PitA and PitB also
have this GxxxG motif within the His-225, Asp-229 and Lys-232 sequence that has
been shown to be important for Pit function (HGxNDGxQK) (near mauve boxes in
Figure 6.13), which may support a membrane location for this sequence. However this

particular GxxxG motif 1s not conserved in all PiT proteins.

If His-225, Asp-229 or Lys-232 are found to be located in the periplasm mutagenesis
studies may be used to analyse the role of these residues (such as in substrate binding or
structure) and to identify other residues that may be involved in the MeHPO,/H'
trnaslocation pathway. This model (Figure 3.15) places Arg-211 in TM 6, so this
residue should be changed to a neutral or polar residue. However, the amino acids

involved in the translocation pathway need not be charged.

Another useful strategy is to examine the other highly conserved regions in the PiT
family. Conserved region 1, which contains the His, Asp and Lys triad in the C-
terminal PD1131 domain of PitA and PitB, is more highly conserved in the N-terminal
PD1131 domain of the PiT family (region 1 in the first cytoplasmic loop - Figure 6.12)

and targeted mutagenesis may be useful in defining its role. Disruption of these
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conserved regions has already been shown to strongly affect Pit activity. For example,
the PitA mutations [413D/G414L, which occur at the end of the third highly conserved
region in the N-terminal PD1131 domain, completely disrupted Pi uptake while
allowing protein assembly (Figures 6.5, 6.6, 6.12). Further analysis of this area,
through more conservative substitutions and mutagenesis of other conserved amino
acids in this domain, may determine whether this region has a structural or functional
role. Information can also be gained from analysis of the multiple sequence
alignments, which may be useful for designing future experiments or models. An
initial analysis shows that the putative TM 2 and TM 4 contain conserved glycines

and/or alanines which is consistent with close packing between one face of each helix.

[t is interesting to note that the first cytoplasmic loop of the Major Facilitator
Superfamily also contains a highly conserved region that is repeated later in the protein.
This 1s thought to play a structural role as these proteins have many diverse substrates
and often use different ions for energy coupling. Detrimental mutations (D68T or
D68S) in this region of lactose permease led to many second site repressor mutations
that appear to alter the helical topologies in the second half of the protein to facilitate a
better interaction with the first half of the protein (Figure 7.1). Therefore this region
may be involved in global conformation changes in the protein (106). The conserved
motif 1s GXXX(D/E)R/K)XG[X](R/K)(R/K) (See Figure 1.6 for its location) (81),
with mutations in GXXXD/E significantly inhibiting activity. The PiT family has a
GXNDX motif in this location (conserved region 1). Thus bulky substitutions at G and

a conservative D to E substitution could be tried.

Hoffer er al (100) have isolated an interesting pseudo-revertant for the PitA (G220D)
mutation. The additional point mutation T411 was able to overcome the original
(G220D mutation to restore Pi transport, actually causing a greater degree of alkaline
phosphatase repression when grown in high Pi media in comparison with the wild type
PitA protein (100). This mutation may alleviate the protein assembly problems caused
by G220D through either a direct interaction, such as removing an inappropriate charge
interaction between the polar threonine and the negatively charged aspartic acid, or
through some form of physical hindrance caused by the larger isoleucine side chain.

While Thr-41, located several residues after the first highly conserved region within the



Figure 7.1
Second site suppressor mutations in lactose permease produced in

response to threonine or serine substitutions at Asp-68.
This diagram is from Jessen-Marshall er al (106).

Crosses mark the locations of the suppressor mutations which restored the ability of
lactose permease with threonine or serine substitutions at Asp-68 to ferment
melibiose. The suppressor mutation changes are Thr45Arg, Cys234Trp, Cys234Phe,
GIn241Leu, Phe247Val, Gly257Asp, Ser366Phe, Val367Glu and Ala369Pro.
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first cytoplasmic loop (Figure 6.12), is conserved in most PiT family transporters, PitB
has an alanine in this position (green box in Figure 6.11A). The Pi uptake and protein
expression of this pseudo-revertant could be characterised. Perhaps PitB could be
mutated to G220D, to see if this point mutation can also prevent Pit protein assembly

and function with a nonpolar group at residue 41.

The initial work on protein purification of PitA and PitB, plus the development of
polyclonal antibodies for each protein, allows for the future optimisation of these
methods. However, at this stage pure Pit protein is not required for the most relevant
experiments for elucidating Pit regulation, structure or function. Pure protein could be
used to form 3D crystals for X-ray crystallographic analysis, or for the formation of 2D
crystalline arrays, tubes or single particles for cryo-EM analysis. However, the initial
experiments in Section 3.4 suggest obtaining enough pure Pit protein may be difficult.
Providing pure protein or good quality 2D arrays is also just the first step towards
solving the crystal structure of a membrane protein, as has been shown for lactose
permease and the nicotinic acetylcholine receptor (94). It has taken almost 20 years to
obtain an acetylcholine receptor structure with 4.6A resolution (175) and despite

intense effort, the crystal structure of lactose permease has yet to be elucidated.

Initial characterisation of PitA and PitB indicate that these proteins provide a good
model system for examining the function and structure of the PiT family of
transporters. This study also highlights the potential for pir4 and pitB to form a good
comparative system for examining repression mediated by the E. coli phoBR two
component regulatory system — a form of regulation that has yet to be systematically

explored.
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