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Abstract

The CIC family of chloride channels are found tlgbout the eukaryotes and
homologues are found among the prokaryotes. Tdreraine CIC chloride channels found
in mammals that are expressed either ubiquitousiy specific tissues. They have a role
in a broad spectrum of cellular functions, randmagn the control of electrical excitability
of neurons and the maintenance of the balanceasfetrequired in the acidification of
organelles, to the regulation of cell volume. Phgsiological importance of these
channels is often demonstrated by disease causitagions. Mutations in CIC chloride
channels cause myotonias, Becker's Disease anddegreimplicated in the spread of
cancer.

The structural information on members of the Cl@ifg is extremely limited. For
this reason CIC prokaryotic homologues, ecCIC1ea@C2 fromE.coli, were cloned and
expressed in the hope that this system would pedutficient amounts of protein to grow
crystals in order to obtain three-dimensional infation. This information will provide a
detailed mechanism of chloride conduction and mdécarchitecture of the channel
necessary for the further physiological and phapiwagcal characterisation of this
important family of chloride channels. TEecoli CIC chloride channel ecCIC was cloned
from E.coli genomic DNA and overexpresseddroli. The recombinant protein was
purified from theE.coli membranes using detergents. Metal affinity and ekclusion
chromatography were used to purify the proteingarrhnomogeneity. Crystals of ecCIC2
have been grown that diffract to 4A and structaralysis is underway. This thesis
describes the development of the purification prokothe crystallisation of the protein and
the preliminary analysis of the X-ray diffractioatd.
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Chapter 1: Introduction to the CIC chloride channels

CHAPTER 1

INTRODUCTION TO THE CIC CHLORIDE
CHANNELS

I ntroduction

The transport of ions across membranes is onesahtst important functions
to occur in biological systems. lons are not @bleross the hydrophobic membranes
themselves as lipid bilayers have a very low pebitiéato ions and polar molecules
due to their low dielectric constants (Mueller a&alin 1963); therefore diffusion of
ions is generally assisted by proteins. Theseepr®tither facilitate the movement of
ions across naturally occurring electrochemicatigmats or pump ions against these
gradients. Channel proteins form a hydrophilicepitiat spans the membrane and
allows the ions to pass through the hydrophobidérenment. lon transport proteins,
on the other hand, usually bind an ion and actitr@gsport it across the membrane;
this usually requires energy in the form of ademesriphosphate (ATP). The
gradients across membranes are used in a largeemwhphysiological processes,
from maintaining cell size to transduction of nemvgpulses and cell signalling
(Albertset al. 1989). The vast majority of research into ionrofels has been on
cation channels, namely those that transport sqdaatassium, calcium and protons.
However, the important role played by chloride euats in the physiology of
organisms has only been realised in the last tarsyeChloride is the most common
ion in biological systems and a range of protesiigpted to the transport of chloride
ions, exists in almost all organisms. Six clasdeshloride channel have so far been
identified: The calcium activated chloride chamsnéhe cystic fibrosis
transmembrane conductance regulator (CFTR); tHag®ldependent anion-selective
channels (VDAC); thg-aminobutiric acid gated chloride channel (GABAjet
glycine receptor chloride channel and the CIC \gdtgated chloride channels
(Valverde 1999). There are nine CIC chloride cldsmfound in mammals that are
expressed either ubiquitously or in specific tiss(ntsch and Gunther 1997). They

have a role in a broad spectrum of cellular fumjoanging from the control of
1



Chapter 1: Introduction to the CIC chloride channels

electrical excitability of neurons and the maintec&of the balance of charge

required in the acidification of organelles, to tegulation of cell volume (Waldegger
and Jentsch 2000) (Madukeal. 2000). CIC channels have also been found in many
other organisms (Fig. 1.1) (Jentsgtlal. 1999). The physiological roles of most of
these channels remain unknown.

The CIC family of voltage gated chloride channslstructurally distinct, not
only from ion channels in general but also fromeotthloride channels. The
structural difference arises as the CIC channeldharught to be homodimers
containing two distinct pores, as opposed to thmlusore architecture of oligomers
of subunits forming a single central pore. Aspbees are formed by two subunits,
the residues that form the conductance channelpaead throughout the protein
rather than potassium channels where the residube selectivity filter are
contiguous (MacKinnon 1995). This feature has mddatification of the pore
forming residues very difficult. The CIC channk®/e between 10 and 12
transmembrane helices, as determined by hydropddity and mutational analyses,
and both the N and C termini are cytoplasmic (SdtRiose and Jentsch 1997).
While there are many gaps in the knowledge of traamsbrane topology a
comparatively large amount is known about the edgttysiological properties of

these channels.

CIC1
4|—|::Ipd Fig 1.1. Phylogenetic tree showing the
,_nch:CKa relationship between human, eukaryotic
ik and prokaryotic CIC chloride channels.
{ :: Torpedo:Torpedo marmorata CIC-0;
L s hCIC: human CIC channel; Nicotiana:
_{ hCICo Nicotiana tobacum; ecCIC:E.coli;
U(‘7 mtCIC: M.tuberculosis; Shyn:
Synechocytis; Vibrio: Vibrio cholerae;
ecCICl Lactococcust actococcus lactis;
4 “ StreptococcusSireptococcus
‘ a'n>r..(v|(‘: thermophilus; Streptomyces:
Streptococcuis Streptomyces coelicolor; Neisseria:
h“;;m Neisseria meningitides.
_‘ ecCLC2. The tree was drawn using clustalW
oo (Thompsoret al. 1994).




Chapter 1: Introduction to the CIC chloride channels

Structure of the CIC channeds

The first CIC chloride channel to be sequenced@l&s0 from the electric organ
of the rayTorpedo marmorata (Jentsctet al. 1990). The channel was originally
thought to have 13 membrane spanning domainsinitlisded a C-terminal domain
now known to be cytosolic. Subsequent experimeat® shown that there are
between ten and twelve transmembrane helices,eutiss of the channel have been
demonstrated to be either extracellular or cytasmji scanning mutagenesis
techniques (Fig. 1.3) (Schmidt-Rose and Jentsci)19@igure 1.2 shows a
hydropathy plot of CIC-0, the first seven transmesmie sections are plotted fairly
unambiguously; however, the last section coulddatdi three or five helices. There is
also another putative transmembrane domain at {teer@inal end of the protein; this
has been found to be the second of two cystatredhsynthase (CBS) domains
(Bateman 1997) which are thought to be importartedisilar location signals
(Schwappaclet al. 1998) and may play a part in channel gating (Beek. 1996)
(Madukeet al. 1998).

12 3456 7

1 T T T —— — T T T

Lower cutoff —

a.g Hydrophobicity —

T |
L i |

-a.8 B

a 18a zea 388 488 S88 [1:1:] Faa 208 288

Fig. 1.2 Hydropathy plot of the sequence of CIC-0 frdorpedo marmorata using TOPPRED (Claros
and von Heijne 1994) (http://bioweb.pasteur.fr/sedfinterfaces/ toppred.html). Average
hydrophobicity is shown by the blue trace and putaransmembrane segments are indicated by light

blue bars and are numbered 1 to 7. The x axis stiosvamino acid number, N to C-terminal.

3



Chapter 1: Introduction to the CIC chloride channels

1.2.1 CIC PORES

The CIC family of voltage gated chloride channeds kA unique pore
architecture consisting of a homodimer of subuwtigch form two independent pores
(Middletonet al. 1996). Each pore is believed to be formed frose@arate subunit
or by the interface between them (Middletbl. 1996). This architecture was first
ascertained with CIC-0 (Hanke and Miller 1983) (®tiland White 1984) and CIC-1
(the human skeletal muscle equivalent) (Saveirae 1999), although whether it is
the same for CIC-1, and other CIC channels isistillispute (Fahlket al. 1997b)
(Fahlkeet al. 1998). CIC-2 may also have the same archite¢Nobile et al. 2000).
Patch clamp single channel conductance experintem®nstrate the existence of
two pores that act independently of each other ¢laiget al. 1996). The single
channel recordings on CIC-0 clearly show threelgewéchloride conductance: no
current and two conducting levels one of whichwigé that of the other. These
results demonstrate three states of the chanisked) one pore open and both pores
open. A slow gate opens or closes the pores tegatid a fast gate can close the
pores independently of each other. As more ClQicels are analysed, the model
proposed for CIC-0 appears to be common to all@l@nnels. It is now generally
accepted that this architecture applies to theefdamily (Middleton, Pheasant et al.
1996); it has also been shown that one oBleeli CIC chloride channels has a
similar structural design (Maduletal. 1999).

}5
&

Extracellular

nana
duiLL

Intracellular

Fig. 1.3. Transmembrane topology model of the CIC channalsrding to Schmidt-Rose and Jentsch
(Schmidt-Rose and Jentsch 1997). One monomesjagied (green) within a lipid bilayer, the
segment marked 10-12 is consists of either twmor fielices and the location of the residues in the
segment marked 4 is still in contention (Fahtkel. 1997c).
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Chapter 1: Introduction to the CIC chloride channels

1.2.2 CIC CHANNEL GATING

Although gating in the CIC channels is voltage daejant, there is no obvious
voltage sensor in the primary structure, as thene potassium and sodium channels
(Papaziaret al. 1991) (Stuhmeet al. 1989). In these channels the fourth
transmembrane helix contains positively chargedives. These charged residues act
as a voltage sensor and the protein is affectezhbgpges in the transmembrane
potential, causing a conformational change to apesiose the pore (Sigworth 1994)
(Larssoret al. 1996) (Yanget al. 1996). Several studies have shown that gating in
CIC-0, both fast and slow, is not dependent ongdtaresidues but on the
extracellular chloride, or other anion, concentraijPusctlet al. 1995a) (Chen and
Miller 1996) (Fahlkeet al. 1997a). CIC-0 appears to be a chloride activeltdaoride
channel, in that in the presence of chloride, ck&nare more likely to be open than
those in the absence of chloride (Pusch 1996). ra$idts of experiments performed
so far have shown that the voltage dependencyeotitannel could be conferred on
the channel by one of two possible mechanisms. fif$tesuggestion is that voltage
dependency occurs with the movement of chloride adong ‘binding’ sites through
the electric field (Puscét al. 1995a). The second suggestion is that the moveaie
a bound chloride ion through the electric fieldidgra conformational change imparts
voltage dependency (Chen and Miller 1996). Thistmaism of gating has also been
demonstrated in CIC-1 and CIC-2 (Fahétel. 1997a) (Savianet al. 1999) and in
prestin, the outer hair cell motor protein, a ciderchannel involved in cochlear
amplification (Oliveret al. 2001). The C-terminal domain of both CIC-0 an€lis
known to be involved in channel gating. Myoton@ats contain a mutation in the
CIC-1 channel in the C-terminus that changes tlitage dependency of gating (Beck
et al. 1996). Experiments have been conducted thaeegphe transmembrane N-
terminal domain of CIC-0 separately from the cyasphic C-terminal domain
(Madukeet al. 1998). Xenopus oocytes expressing the transmembrane domain alone
showed no measurable chloride current. The funaifahis domain was restored
when co-expressed with the cytoplasmic C-termioahain. These experiments
demonstrate the importance of the C-terminal dormaghannel function and gating.
For the other CIC channels, gating is yet to bestigated. Gating that is

independent of the pores has been demonstratednia siembers of the CIC family;
5



Chapter 1: Introduction to the CIC chloride channels

this depends on their physiological role. For egemCIC-2, which is implicated in
cell swelling, has been shown to have osmosengjaveg as well as voltage
dependency (Grundet al. 1992). There are also other gating mechanisnet, &si
response to pH (Stroffekowhal. 1998) (Bettendorfét al. 1995) and to
hyperpolarisation (Jordt and Jentsch 1997) (Thienetal. 1992).

1.3 Physiological Functions of the CIC Family

The importance of some chloride channels wasdisstovered by the
identification of diseases that are caused by matfaning channels. As the
functions of more CIC channels are understoodctugs of their physiological
importance is growing. This section describesrtthes played by each of the CIC

channels; the channels are grouped by their latata function, where appropriate.

1.31CIC-1

Perhaps the best understood of the human chlonalenels is CIC-1. It has
the highest homology to thkorpedo channel CIC-0 (Fig. 1.1) and was the second
CIC channel to be cloned (Steinmegeal. 1991b). This channel is expressed only in
skeletal muscle (Steinmeyetral. 1991a) and is responsible for the repolarisation o
muscle action potentials. The high level of clderconductance by CIC-1 in skeletal
muscle is essential to the electrical stabilityhaf membrane. Mutations in this
channel are responsible for a variety of myoto(iasitscret al. 1995). These
diseases are characterised by the inability of scteuo relax after contraction, and
the symptoms are of varying severity. These symptare caused by an inability to
repolarise the membrane and return to the restitgnpial. The resting potential of
axons is mediated by an efflux of potassium iomsrahe action potential is initiated
by a massive influx of sodium ions (Albeétsal. 1989). In skeletal muscle, the
resting potential is maintained by an inward cliderconductance (Steinmeyetral.
1991b). A lowering or loss of the chloride curremgans the action potential of a
stimulus cannot be repolarised and sodium charamelgeactivated while the
membrane is still depolarised. As the membramelarised the sodium channels

open, triggering another action potential alongrtbese. This leads to many action
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potentials along a nerve in response to a singteukits (Kochet al. 1992). This
phenomenon is referred to as the ‘myotonic rund’'laads to the symptoms of
myotonia. There are approximately forty-five sgparmpoint mutations that cause
either dominant (Thomsen'’s disease) or recessige&’s disease) myotonia. These
mutations are scattered across the protein. Thomsgetonias are caused by
mutations which result in a decrease in the seitgitof the channel to
transmembrane voltage. The channel can only lneated by abnormally high
positive potentials that repolarisation of the @eipotential becomes impossible
(Puschet al. 1995b). Becker myotonias, however, are due ta@tiarts that cause
complete malfunction of the channel or reduce tiredactance of the channel
(Wollnik et al. 1997) which also lead to an inability to repolarise membrane
quickly. None of the myotonias are fatal due ® fifxct that even a mutation that
leads to a malfunctioning protein only leads t@&?5eduction in chloride current. It
is assumed that 100% reduction would be termiBalne myotonias are due to
malfunctioning sodium channels; however, the my@t®aused by CIC channels
demonstrate the importance of CIC-1 in maintairiiregplasma membrane potential

in skeletal muscle.

1.3.2CIC-2 AND CIC-3

CIC-2 is a chloride channel that is expressed tjinout all tissues and is
thought to be involved in cell volume regulatiorhi@mannet al. 1992) (Jordt and
Jentsch 1997) (Xiongt al. 1999). It has also been suggested that CIC-Z2asrthe
concentration of chloride in neurons (Smetlal. 1995). CIC-3, again, is widely
expressed but particularly in the brain and inetiedéimuscle and has also been
implicated in cell volume regulation (Duahal. 1997) although a recent study points
to a role in maintaining the pH of synaptic vesio|8tobrawaet al. 2001). To date
neither of these channels have been implicateéreditary diseases due to
mutations; however, both present themselves aestteg drug targets. CIC-2 has
been found in the apical membranes of lung epah®iurrayet al. 1995). This is the
same tissue in which the cystic fibrosis transmemérconductance regulator (CFTR)
is expressed (Jovat al. 1995). As CIC-2 remains closed most of the ti@euder
et al. 1992) it may be possible to make this proteidaepthe loss of
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chloride conduction, caused in this tissue, byntladfunctioning CFTR (Jentsa al.
1999). Perhaps a more promising area of therapeheerged from the discovery of
voltage dependent chloride currents, similar tes¢éhof CIC-2 and CIC-3, in
malignant glioma cells of the brain (Ullrighal. 1995) (Ullrichet al. 1996). The
presence of CIC-2 has also been implied in rabegtes, found near brain blood
vessels (Nobilet al. 2000). It is suggested that in the tumor célésexpression of
the chloride channels is upregulated, allowingd#lés to change their volume to a
greater extent (Soroceasual. 1999). This may facilitate the movement of thikssce
through intercellular spaces and contribute tosfireading of the cancer. It has been
demonstrated that CIC channel blockers, such asatbkin from the venom of the
scorpionLeiurus quinquestriatus and tamoxifen, prevent malignant glial cell
migrationin vitro (Ullrich et al. 1998) (Soroceanet al. 1999) by reducing
osmotically induced volume change. Other studagtiound chloride currents
expressed in cervical cancer cells that are alserrmal tissue (Choet al. 1995)
(Shenet al. 1996). While many factors contribute to the skirig of cells and the
proliferation of cancer, the discovery of a unigidoride current expressed in some
cancers presents a very hopeful drug target toeptew at least limit the spread of
cancer. Further work has to be done to charaetdres channels involved; however,
specific inhibitors are already known and this wigrlat an exciting stage.

CIC-3 has recently been found in endosomes andpignaesicles where it
probably plays a role similar to that of CIC-5 isgipating the electrostatic charge
generated by acidification of the vesicles (Stolaratral. 2001). Acidification of
vesicles is necessary for a number of reasonspldve sometimes required for the
activity of enzymes in the vesicles and is essktttiandocytosis. A low pH is
needed in synaptic vesicles as the proton gradiaibles neurotransmitter uptake.
Balancing the charge built up by thé ATPase is essential to maintain efficient

proton build up (Waldegger and Jentsch 2000).

1.3.3 CIC-Ka, CIC-Kb AND CIC-5

During the process of filtration that occurs ie tfiomerulus of the
mammalian kidney, toxins in the blood are removed@with many other essential

substances such as water, salts and small pepfldese molecules need to be
8
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recovered from the nephron and this is achieveahbying ions back into the blood.
Chloride channels are an essential part of thisgg®to maintain hypertonicity in the
kidney to reabsorb water and other processes.r Tthportance in the kidney is clear
from diseases caused by channel malfunction, andgsenmodels, with kidney CIC
channels knocked out. CIC-Ka and CIC-Kb are exq@eé®xclusively in the kidneys
(Adachiet al. 1994), CIC-5 is also expressed primarily in thenkeys (Guntheet al.
1998) but also in liver and brain tissue (Jentscledrich et al. 1999). The roles of
these channels are better understood, again bechds®ases associated with their
malfunction. CIC-Ka and CIC-Kb are very homologqueteins that are about 90%
identical; however, their distribution within thelkey is different and defects in them
lead to different diseases.

Mutations in CIC-Kb lead to Type Il Bartter’s symne (Simoret al. 1997).
This disease is characterised by salt loss inhick fiscending limb of Henle’s loop
(see fig. 1.4), as ions cannot be reabsorbed. I&&ds to very low concentrations of
potassium and protons in the blood (hypokalaemibadkalosis respectively) and an
increase in the concentration of calcium in th@ei(hypercalciuria). As the
mutations in CIC-Kb reduce the ability of the chahto conduct chloride this leads to
a build up of intracellular chloride ions in thenad tubules. The increase in chloride
subsequently inhibits the NaK2ClI cotransporteit aamnot operate against the
gradient; this leads to a build up of these ionhéurine (Fig. 1.4).

CIC-Ka is also involved in urinary concentratiaut blisruption of this protein
leads to very different symptoms to those of Bagtgyndrome. There are no
mutations known to occur in CIC-Ka, but a knockowtuse model showed symptoms
of diabetes insipidus (Matsumuegal. 1999). In this mouse model the gene for CIC-
K1 was knocked out; this is assumed to be equivatenCIC-Ka although the
evidence is not conclusive. CIC-K1 localises ia thin ascending loop of Henle
where chloride ions are transported into the madulkintaining high salt
concentrations required for water reabsorption.|fdation in this protein will lead
to the high water loss associated with diabetapithss.

Mutations in the CIC-5 gene lead to Dent’s dise#tsis is characterised by
hypercalciuria, the formation of kidney stones &wl molecular weight proteinurea.
Low molecular weight proteins are lost in the éitton that occurs in the Bowman’s

capsule; however, they are recovered in the prdxinfiaile by endocytosis. Once in
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proximal tubule distal tubule

Bowman's capsule

lClC-Kb

from renal artery

thick ascending loop

collecting duct

to renal vein

lc1c-1<1 (CIC-Ka)

thin ascending loop

Loop of Henle To Bladder

CICKb C CIC-K1
Cr
Cl CIC-K1
Na'

Fig. 1.4. Schematic of the human nephron and the role playeshloride channels in reabsorption.
Capillaries surrounding the loop of Henle and titautes are shown as red.. Low molecular weight
peptides lost in ultrafiltration are recoveredhe proximal tubule by endocytosis, low pH is neaegs
for this process, CIC-5 (green) neutralises thé Ipigsitive charge generated by theATPase (red) in
the endosome (blueB: Salts are reabsorbed from the thick ascending liyajme NaK2Cl
cotransporter (red), Chloride is then shunted gutIC-Kb (green). Other forms of Bartter's
syndrome are caused by mutations in NakK2Cl (red)the ROMK potassium channel (purple). The
cotransporter cannot operate if the gradient ismaintained; this leads to salt loss in the uri@e.
Chloride is reabsorbed from the thin ascending lop€IC-K1 (green); this maintains the
hypertonicity of the surrounding fluids neededvi@ter reabsorption. CIC-5 is also located in the

collecting duct, however its exact role here remainknown.

10
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the cell these peptides are degraded in lysosoifies.endosomes formed in the
uptake of peptides need to maintain a low pH. Ehisaintained by the HATPase.
CIC-5 is coexpressed, in the proximal tubule, Witk H ATPase (Gunthest al.
1998), where it is thought that it performs theerof dissipating the electropotential
across the membrane that is built up by the tramgpgrotons into the endosome
(Piwonet al. 2000). The more serious symptoms of Dent’s desdagoercalciuria
which causes kidney stones and can lead to reihaiefiaare less easily explained.
A mouse model with partial CIC-5 function demont&daslightly increased levels of
calcium in the urine but not to the levels obsemveDent’'s disease (Luycket al.
1999).

The number of diseases associated with chloridaredl function in the

kidney demonstrate their essential role in reconesolutes after ultrafiltration.

1.3.4 CIC-4 AND CIC-6

Both of these channels are widely expressed itsalies and the roles are
largely unknown. CIC-4 is similar to CIC-5 bothgaquence and in physiological
response; they show the same conductance andlargiesponse to pH. This implies
a similar role for CIC-4 in the dissipation of pidge charge produced during the
acidification of vesicles by HATPase (Friedriclet al. 1999). CIC-6 has been found
to in the endoplasmic reticulum with the GsTPase (Buyset al. 1998). The most
likely role here is to neutralise the electrostatiarge generated by the accumulation

of calcium ions.

1.35CIC-7

The vital role that this member of the CIC fanplays has only recently been
elucidated. Similarly to CIC-3, 4, 5 and 6, Cl@rédiates the chloride conductance
to dissipate charge built up by ATPases (Brandtlamdsch. 1995). CIC-7 is found in
all tissues and yet its absence leads to ostee(idornaket al. 2001).
Osteopetrosis is a genetic disorder where bonetissabsorbed, the opposite of

osteoporosis. Bone reabsorption is needed to aiaibtood calcium levels, bone
11
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growth and healing and bone re-modelling (Vaanateh 2000). The bone is
reabsorbed by osteoclasts, these are specialiledha bind to bone and produce
acidic vesicles containing proteases. These \essfase with the outer membrane at
the ruffled border (the space between cell and Joané the bone is dissolved by the
proteases and the acid produced By\APase and CIC-7. If CIC-7 is absent or
malfunctioning, the HATPase cannot efficiently pump protons into thifled

border, thereby preventing the reabsorption of badheecent study found that
osteopetrosis is caused by two mutations in the geeoding CIC-7 (Kornadt al.
2001). It was also shown that CIC-7 deficient ngbew all the symptoms of

osteopetrosis.

The role of CIC chloride channels is varied ang/weportant. As the
functions of more members of the family are discedethe potential for a deeper
understanding of some diseases becomes appafeoiniined with a better

structural view of CIC channels, this potentiahisreased.

Prokaryotic CIC Channels

Hydropathy plots of the prokaryotic CIC channdiew a similar arrangement
to the eukaryotic channels; again there is no deénition of the number of helices
at the C-terminal end (Fig. 1.6). Although seqeealignments between these
channels and eukaryotic CIC channels show aroufrai@Bntity, the transmembrane
helices are highly conserved as well as sequedeasified as being important for
gating and pore formation (Fig. 1.5). The sequédrara residue 164 to 171 (using
CIC-0 numbering) GKXGPXXH in eukaryotic CICs is ionpant in pore formation
(Fahlkeet al. 1997c) (Fahlket al. 2001) (Fahlke 2001); this sequence is also highly
conserved in prokaryotes, most sharing the sequUBREEGPTXQ with a few
exceptions (ecCIC1 and the fiStechocystis channel). Another section thought to
be important in ion conduction lies before thedhliransmembrane helix. This
sequence, GSGIP (residues 122 to 126) in eukadi&aGIP over all species (Fig.
1.5) has been shown to affect anion selection @ C(Ludewiget al. 1996) (Fahlke

2001). There are also seven highly conserved medlmat lie in areas that are

12
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Fig. 1.5. Multiple sequence alignment of CIC chloride
channels. Conserved regions are marked. Highly
conserved residues are marked black, well consemed
marked blue and moderately conserved residues are
marked green. Areas within putative transmembrane
helices (TM) are marked (not to scale). The nurinles
that of CIC-0. Alignments were performed with GalgV
(Thompson, Higgins et al. 1994) and displayed using
GeneDoc (Nicholas 1997). Torpedarpedo marmorata
CIC-0; hCIC: human CIC channel; NicotiarNicotiana
tobacum; ecCIC:E.coli; mtCIC: M.tuberculosis, Shyn:
Synechocytis; Vibrio: Vibrio cholerae; Lactococcus:
Lactococcus lactis; Streptococcus3treptococcus
thermophilus; StreptomycesStreptomyces coelicolor;

NeisseriaiNeisseria meningitides.
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probably transmembrane helices (Fig. 1.5). A peolresidue 217) that lies in the
centre of transmembrane helix 5 (see figure is3)pnserved throughout all species.
This residue has been implicated in the gatindnefdhannel by causing a kink in the
helix that can act as a hinge (Sansom and Wein2@£lQ). This hinge may allow
opening and closing of the channel (Tielerea. 2001). Many of the archea and
bacteria, but not all, have CIC type chloride cl@sand most lack the CBS domain
(with the exception oA.fulgidus andSynechocystis). Prokaryotes may use CIC
channels in the dissipation of charge; howeverr tlagiction remains unknown.

The evidence from the primary structure of thesg@ryotic proteins is that
they are CIC type chloride channels (Fig. 1.6) iués been shown that tBecoli
chloride channel, when reconstituted into liposoneeable to transport chloride ions
and has a selectivity similar to that of eukary@l€ channels (Maduket al. 1999)
(Mindell et al. 2001).

s g | ] i
iR

Fig. 1.6. Hydropathy plots oE.coli (left) andM.tuberculosis (right) CIC channels. The plots show 11
transmembrane helices rather than 12. The imtisdrminal sections show a similar plot to the
Torpedo Channel (Fig. 1.2). Neither of these channels @8BS domain.

A projection structure to 6.5A of the productyaflQ, adds to the evidence that
prokaryotic CIC channels have a similar structoréhe eukaryotic CIC channels (Fig.
1.7) (Mindellet al. 2001). This structure, obtained from electrdiraiction of two-
dimensional crystals, does not answer any of thesatved structural questions about
the CIC family such as the number of transmemblestiees. However, it does show

that theE.coli channel has homodimeric architecture and may twogores,

14
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although this cannot be determined conclusively from the data. This evidence
demonstrates the likelihood that these prokaryotic proteins are faithful homologues of
the eukaryotic CICs.

Prokaryotic homologues of eukaryotic membrane proteins have been shown to
be suitable targets for structural study (MacKinnon and Doyle 1997) (Boslle
1998) (Fuet al. 2000) (Palczewslet al. 2000) as they can be readily over-expressed
in simple systems. A great deal is known about the part played by CIC channels in
human physiology and disease. However, without structural information the

mechanism of anion selection, conduction and gating will be incomplete.

Figure 1.7 has been removed for copyright reasons.

Fig 1.7. Contour map of ecCIC2 from electron diffraction of 2-dimensional crystals (Mietckil|

2001). Two fold symmetry can be seen and perhaps 2 pores?

The aim of the present study was to obtain a high-resolutioA)(#8ee-
dimensional structure of @acoli chloride channel by X-ray crystallography. This
thesis describes the cloning, high-level expression, purification and crystallisation of
theE.coli CIC channel, ecCIC2, the product of yzelQ gene. It also describes the
analysis of preliminary X-ray diffraction data obtained with synchrotron radiation.
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Chapter 2: Cloning and expression of E.coli chloride channels

CHAPTER 2

CLONING AND EXPRESSION OF E.COLI
CHLORIDE CHANNELS

The basic requirement of structural studies by Kemgstallography is the
production and purification of the protein of irgst in milligram quantities so that
crystallisation trials can be undertaken. Thigggally achieved by cloning the gene
into a vector that will cause the host to overegpithe protein. This chapter
describes the design and production of an expressistem for thé&.coli chloride
channel, including the expression constructs this&d or were abandoned. Details of
any procedures not explained in the following cheptan be found in the

biochemical methods appendix.

2.1 Homology Search for E.coli CIC channels

Searches for proteins homologous to eukaryotic&liGride channels were
performed with BLAST (Basic Local Alignment Searthol) (Altschulet al. 1990)
accessed at the National Centre for Biotechnologgrination (NCBI) web site
(www.ncbi.nim.nih.gov/). The protein sequence &E4 from Torpedo marmorata
(Jentschet al. 1990) was used as a CIC ‘model’ to compare witjusaces in the
database. The search of prokaryotic genomeslifédisind unfinished) found thirty
sequences similar to that of CIC-0, ranging front@25% sequence identity. Two
CIC homologues were found in tEscoli genome. Both of the genes encoding CIC
homologues, accession numbers AAC74664 (hereaftemred to as ecCIC1) and
C64739 yadQ) (hereafter referred to as ecCIC2), showed a sexguielentity of 25%.
These sequences code for hypothetical proteinpmbaimately 50kDa.

16



Chapter 2: Cloning and expression of E.coli chloride channels

2.2 Purification of E.coli K-12 genomic DNA

Escherichia coli K-12 was purchased from ATCC (American Type Cwtur
Collection, Manassas, VA, USA) as a lyophilisedetel The pellet was resuspended
in 1ml LB broth. 100ml of LB broth was then inoatéd with 80l of the
resuspended pellet and grown at 30°C overnighmiarhital incubator at 200rpm.
The cells were harvested by centrifugation at 59@0for 5 minutes in an Eppendorf
centrifuge 5804R. Genomic DNA was purified usihg High Pure PCR Template
Preparation Kit (Roche Diagnostics, Ltd). The pre and purity of the genomic
DNA was assessed by running samples on a 1% agaebgeig. 2.1). Purified DNA
was stored in 200 aliquots at -80°C.

M 12 3 45

E.coli K12

genomic DNA
10,000bp —

1000bp ——

Figure 2.1 E.coli K-12 genomic DNA run on a 1% agarose gel stainegthidium bromide for 30
minutes, visualised with UV light. THecoli genome is 4.7 x £Bp in size and therefore barely leaves
the wells in the gel. Lane M — Molecular weightrkeas (for a detailed diagram of molecular weight
markers used in this project see biological metlagrfendix); lanes 1 to 6, aliquots 1 to &afoli K-

12 genomic DNA.

2.3. Design of primersfor PCR

The DNA sequences of the chloride channel encoglemges were obtained
from NCBI. From these sequences synthetic printbet,corresponded to the 5’ and
3’ beginning and ends of the sequences, were dasighhe design incorporated
specific sequences recognised by a particulanicgstr endonuclease to enable the
PCR product to be subsequently ligated into an@pjate vector (Fig.2.2).

Using the polymerase chain reaction (PCR) methedtipies of the CIC
genes irE.coli genome were amplified many times providing enocghies to clone
the gene into a plasmid vector (Figs. 2.3 and ZI4e sequences of the CIC genes

were run through the programme tacg2 (www.cmbikidmioinf/tools/tacg/
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tacg2.form.html). This programme predicts whicstrietion endonucleases will
digest within the sequence and which will not, pdowg a list of enzymes that can be
used to ligate the gene into a vector without diggghe gene. Restriction
endonucleases were chosen from the restrictios isitdhe multiple cloning site
(MCS) of the chosen vector that would result in¢hesen construct and would not
recognise any sequences within the gene.

The construct chosen for initial expression tneés insertion of the gene into
the expression vector pET30a (Novagen, Inc.) wiiitarminal hexahistidine tag.
Expression of recombinant proteins in the pET pldsns controlled by the T7
promoter. This enables tightly controlled highdegxpression ife.coli (Studier and
Moffatt 1986). The construct was prepared by itisgrthe chloride channel genes
between thélde | andNot | cutting sites in the MCS of pET30a (see figs&n8 2.4).
Primers were designed that matched the first 2ésafkthe 5’ end of the gene
(forward primer) and the last 24 bases of the & @averse primer). They also
contained cutting sites fdtde | andNot | respectively. The primers also include
extra bases flanking the endonucleases sitesrtiaase the efficiency of the

enzyme.

Forward Primer:

Ndel

5'-GAG ATTA CAT ATG AAA ACT GAT ACT CCC TCT TTA GAAZ’

5-J8il@ AAA ACT GAT ACT CCC TCT TTA GAA ACA CCG -ecCIC2
-

Start

Reverse Primer: _
Hind Il Not |

———
5-GCC CGT AGTCGG TCG GTCTTA TG CGC CGCG ATTTGATA-3’
ecCIC2 GCCCGTAGTCGG TCGGTCTTATGA-3

Fig. 2.2. Forward and reverse primers for the PCR of the@2@ene. The primers are shown above
the region of the gene to which they correspoestriction endonuclease recognition sites are

highlighted. TheHind Il site was inserted for insertion of tags basanot used.
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f1 origin

PET30a
5422 bp

Digest withNde | andNot | to
create linearised plasmid and
insert with compatible ‘sticky’
ends.

ecCIC2

+ T

Ligate PCR fragment
and vector with T4
DNA ligase to create
expression vector

Not |

1 origin

ecCIC2

pCI2B3

6640 bp

Fig. 2.3. Schematic of cloning strategy (see Sections 243,25 and 2.6). The ecCIC2 gene is copied
using PCR, creating the gene with two restrictindanuclease recognition sitédde | andNot I).

The plasmid vector and PCR product are digestedjubese enzymes, linearising the vector and
creating compatible DNA overhangs (sticky endshe Two digested products are mixed in a range of
molar ratios and incubated with T4 DNA ligase teate an expression construct. Key: kan —

kanamycin resistance gene; lacl — lac repressag; gen— origin of replication.
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2.4 Initial PCR of ecCIC1 and ecCIC2 genes from E.coli genomic

DNA.

Primers were synthesised by Sigma-Genosys, LtdX2uM scale and

desalted. All PCR reactions were run in an iCydlénermal cycler (Biorad

Laboratories) in 25@ thin walled tubes (Biorad Laboratories) with adi volume of

50 pl. The DNA polymerase used wBwa/o polymerase (Thermo Hybaid, U.K). This

thermophylic polymerase froyrococcus woesei has 3'-5' exonuclease activity

(proof reading) introducing fewer mutations intoRP@roducts. The reaction

contents are shown in table 2.1.

FORWARD PRIMEF
[ '

ecCIC gene

|

« I
REVERSE PRIMEI

PCR Product

Fig. 2.4. Schematic of PCR. Primers (red) anneal to comphéang sections of target gene (green).

DNA polymerase then copies the gene (in the divaatf the arrows) using the primer as a starting

point.

PCR Reaction Conditions for ecCIC1 PCR Reaction conditions for ecCIC2
Component Amount () Amount ()
10x Pwo PCR

reaction buffer

5

5

Nucleotide mix

1

1

Forward primer

5.6ul of 100 ug/ml stock (M)

5.7ul of 100pug/ml stock (M)

Reverse primer

7.0ul of 100 ug/ml stock (M)

7.0ul of 100pug/ml stock (M)

Template 1pl E.coli K-12 genomic DNA 1l E.coli K-12 genomic DNA
Pwo polymerase 0.5 0.5

ddH,O 29.9 29.8

Total 50 50

Table2.1. PCR reaction conditions for ecCIC1 and ecCIC2.
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The PCR reactions were run under the following d@ms in the thermal
cycler:
97°C for 2:00 minutes — denaturing
95°C for 0:30 seconds — denaturing
65°C for 0:20 seconds — annealing X5

S .

72°C for 1:00 minutes — extension

then:

1. 95°C for 0:30 seconds — denaturing
2. 65°C for 0:20 seconds — annealing x5

3. 72°C for 1:30 minutes — extension

until an extension time of 4:30 minutes is reached.

The five repeat cycle of denaturation, annealing) extension was repeated eight
times, after each round the extension time wasased by thirty seconds. The
template DNA (in this casé.coli K-12 genomic DNA) is denatured to single strands
by heating to 95°C, the drop in temperature to 6&iGeals the primers to the
complementary regions in the template DNA. Theesion temperature of 72°C is
the optimum operating temperature Rwo DNA polymerase and it is at this stage of
the cycle that it copies the DNA. At the end d&f tian the temperature was ramped
down to 4°C overnight.

The result of the PCR is shown in Fig. 2.5. Thgeeted size of the products
was 1300bp for ecCIC1 and 1422bp for ecCIC2. TGR Ror ecCIC1 shows a strong
band between the 1000 and 1500bp markers, the fiammshe ecCIC2 reactions
show no product. The lanes containing the reastiomm ecCIC1 also contain non-
specific bands from where the primers annealeddasathat are partially

complimentary in the template.
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12341

2000bp

1500bp
1000bp

Product runs betwee
1000bp and 1500bp.

Fig. 2.5. 1% agarose gel stained with ethidium bromide fon®8utes. M — DNA ladder (fragments
are of known size (base pairs) and quantity); ldnasd 2 — PCR of ecCIC1; lanes 3 and 4 — PCR of

ecCIC2, no product is present.

2.5 Optimisation of PCR conditions.

Several factors can be varied in PCR to optinhiegproduction of a single
product. These factors include: Annealing temipeea disruption of any secondary
structure in the primers and magnesium concenirdétters the activity of the

polymerase; this was not varied in this sectionviag used in Section 2.10.2)

The first factor to be altered was the anneakmgperature. Both reactions
were run as before (Table 2.1) but were run orualtdown protocol. This led to
many more non-specific products in the ecCIC1 reaand only non-specific
products in ecCIC2 (Fig.2.6). In this protocol,eash cycle is completed the
annealing temperature is reduced by 1°C. As this mot successful, various ways of
reducing primer secondary structure were used. Methods were tried: First
betaine, a substance that disrupts DNA secondargtste, was added to the
reactions, two different concentrations of 1.5M & were investigated. Secondly,
the tubes and contents were heated to 95°C fonifimeites to break any internal
hydrogen bonds forming in the primers. The resaiésshown in figure 2.6. The
addition of betaine was ineffective, but heatingipto the reaction was successful, as

a clear band was observed at approximately 1500bp.
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Fig. 2.6. 1% agarose gel stained with ethidium bromide fon®8utes. M — Markers; lanes 1 and 2 —
ecCIC1 PCR run on the touchdown protocol; lanesB4— ecCIC2 PCR run on the touchdown
protocol.

M 12 3

2000bp

1000bp

Fig. 2.7. 1% agarose gel stained with ethidium bromide fon@utes. M — Markers; lane 1 — ecCIC2
PCR with 1.5M betaine; lane 2 — ecCIC2 PCR with 3\hine; lane 3 — ecCIC2 PCR with a 10 minute
hot start at 95°C; lane 4 — ecCIC1 PCR product.

2.6 Production of an expression construct

In order to produce protein from the cloned DNAe gene must be inserted
into an expression plasmid. This section desctihesnsertion of the cloned genes
into pET30a, a plasmid vector that allows high lgretein expression i&.coli
(Section 2.3).

2.6.1 Restriction endonuclease digestions.
Once the PCR conditions had been optimised, theesstul reactions for both
ecCIC1 and ecCIC2 were repeated. When the reaoivene complete the PCR
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products were purified from excess primers and eresyusing the QIAquick PCR
product purification kit (Qiagen). After purifidah the products were stored at
—20°C in 5Qul of ddH,O. The PCR products and pET30a vector DNA weresiay
with the restriction endonucleaddde | andNot I. This created both 5’ and 3’
‘sticky’ ends for ligation of the PCR products irggT30a. PCR and vector DNA
was digested in the recommended buffer for theictish enzyme (see Table 2.2 for
reaction details). After each digestion the preseand extent of digestion was
monitored by agarose gel electrophoresis, produets then purified using the
QIAquick PCR product purification kit (Qiagen). taf the DNA had been digested
by both enzymes the samples were run on a 0.7%s@gel to assess the amounts
(Fig. 2.8). This was achieved by comparing thatre intensities of the bands to
those in the DNA ladder that are of known quar(se biological methods appendix,
Section A.1). From this an approximate concerdratvas obtained for the plasmid
and PCR DNA.

Sample ecCIC1 ecCIC2 pET30a Reaction
Conditions
DNA 50 ul 50 ul 50 ul
Buffer 6ul Roche H 6l Roche H 6l Roche H .
\‘
. o
Not | 6l 6ul 6 ul )
w
o1
ddH,O 16ul 16 pl 16 pl =3
c
@
Total Volume 8Qul 80 ul 80 ul
DNA 50 ul 50 ul 50 ul
Buffer 6ul NEB™ 4 6ul NEB'4 6ul NEB 4 W
o
Qo
Ndel! 44l 4l 44l 3
5
g
Total Volume 6Qul 60 ul 60 ul ~

Table 2.2. Reaction conditions for restriction enzyme digefReaction buffers were supplied with the

enzymes.

* Roche Diagnostics Ltd.
"New England Biolabs (UK) Ltd.
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M12 3.

6000bp *i4— pET30a (5422b}

Fig. 2.8. 0.7% agarose gel stained with ethidium bromide3fbminutes. M — markers; lane 1 —
ecCIC1 PCR product doubly digested; lanes 2 an@8CGIC2 PCR product doubly digested; lane 4 —
pET30a doubly digested.

2.6.2 Ligations

Doubly digested (5’ and 3") PCR products and pldsvector were mixed in
three different molar ratios: 1:1, 2:1 and 3:1 ezsvely (to a final volume of fl
made up with ddbD) with the amount of vector fixed at 100ng. Ondged the
reactions were heated to 45°C for five minutesthed cooled rapidly to 4°C. This
reduced the number of religated vectors by reduleyiyogen bonds formed between
vector ‘sticky ends’. In theory, religation is mmissible between different restriction
sites; however, insertion of the gene did not oceuil this step was introduced.
Once the reactions were cooledylIT4 DNA ligase and Jul T4 DNA ligase 10x
buffer were added (to a final volume of (i). The reactions were left at room
temperature overnight. Once complete the reacti@mre stored at 4°C. The reaction
will produce plasmids either with the insert presanwithout. In order to separate
and propagate these plasmids some of the ligagiaction was used to transform a
DNA manipulation strain oE.coli. Colonies will grow from single transformants
enabling the plasmids to be screened for thosectrdain the correct insert, using the

following protocol.

The ligation reactions were diluted to glowith 50 pl of ddH,O to reduce the
toxicity of the mixture to the DNA manipulation ain of E.coli. The host for
transformation was NovaBlue ultra competEmbli (Novagen, Inc.). NovaBlue cells
were transformed with fil of the diluted ligation reactions and plated onto
kanamycin autoselective LB agar plates. The platre incubated at 37°C

overnight. Six colonies from each plate were pic&ad used to inoculate 5ml
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cultures of LB broth containing 5@/ml kanamycin. Cultures were grown overnight
at 30°C. Cells were harvested by centrifugatios plasmids were isolated using
QIAquick plasmid mini-prep kit (Qiagen). To as@dntwhether the purified plasmids
contained an insert, a sample of each plasmid westd withHind 11l (25°C 3

hours) to linearise the DNA. The samples were tiuanon a 0.7% agarose gel.
Plasmids containing an insert do not migrate aasampty plasmids. As an extra
test the plasmids that were of a greater moleautgght were used as the template in
PCR reactions with the conditions shown in Table Zhe result is shown in Fig.2.9.
A product at approximately 1500bp was present &@R showing the inserts were
the ecCIC channels. These plasmids were sequamnckthe inserts matched the
published sequences for thesoli CIC genes (Blattnest al. 1997). Two plasmids
that carried the ecCIC1 gene and two that carhiedetCIC2 gene were used to
transform DH&. Cultures were grown from transformed colonied puarified using

Qiaquick plasmid miniprep kit (Qiagen).

M1234567

Fig. 2.9. 0.7% agarose gel stained with ethidium bromidedtbminutes of PCR reactions using
plasmids that appeared to contain inserts; alhpids used as template contain the insert as a produ
is formed at 1500bp. M — Markers; lanes 1 to dGIE€1 containing plasmid; lanes 5 to 8 — ecCIC2

containing plasmids.

2.7. Test expression

2.7.1. Cdl growth

The expression strain &coli, IM109 (DE3) was transformed with the two
plasmids bearing the genes for theoli chloride channels. JM109 (DE3) contains
the gene for T7 DNA polymerase in its genome. Thizecessary for expression of a
protein under the T7 promoter system in pET vect@slls from single colonies

were used to inoculate 5ml cultures of LB brotthe Tultures were grown at 37°C
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until they reached an QB of approximately 1. These starter cultures weeuto
inoculate 11 of TB broth. The amount of pre-cutwised followed the rule: for an
ODgoo of 0.2 add 10ml of pre-culture (equivalent to &Q0old dilution).

Accordingly 1ml of pre-culture at an Q§of 1 was added to 1l of TB broth. The
cultures were grown to an Qg of 1.0 for increased cell density, at this stage
expression of the chloride channels was induceadaltion of 0.5mM IPTG. The
cultures were then left to grow at 37°C. Afterdirs the cells were harvested in a
Beckman J-20 centrifuge at 5000rpm for 20 minufBise supernatant was discarded

and the cell pellets were stored at 4°C.

2.7.2. Purification

Each cell pellet was resuspended in 20ml resugpebsffer (50mM Tris pH
8.0; 200mM KCI; and complete protease inhibitorktat (Roche Diagnostics Ltd.)).
The cells were lysed and the DNA broken down byimg the cells twice through a
high-pressure homogeniser (Glen Creston). Duromdyenisation 0.5mlI PMSF
(serine protease inhibitor, 10mM in isopropanolswaded drop-wise to the cells.
Zwitergents.;» (a zwiterionic detergent) was added to the lyssid cat a
concentration of 40mM, and shaken gently for 30ut@n to solubilize the membrane
proteins from the native.coli membranes. After solubilization the samples were
centrifuged at 18,000rpm for 30 minutes in a Beakii&0 centrifuge to pellet
insoluble material. The supernatant was colleatedi1ml| of Talonl metal (cobalt)
affinity resin (Clontech, U.K) was added. The sémpas then shaken gently for 30
minutes to allow the resin to bind to the hexaiiisé (His) tagged proteins. After
incubation with the Taldn resin the sample was poured into a chromatographic
column and the flow through collected. The resaswhen washed with 20ml of
buffer | and then 20ml buffer Il (see Table 2.3he second wash buffer contained
10mM imidazole and a higher salt concentratioretnave non-specifically bound
proteins. To elute the protein from the resin, birbuffer 11l was added. Buffer Il
contained 200mM imidazole which is sufficient tglace most of the protein
coordinated to the cobalt ions. Fractions of 0.6frthe eluant were taken and
samples were run on 12.5% SDS-PAGE gels. Thetreftliese test expressions is
shown in Figures 2.10 and 2.11. From the SDS-PAEIE it can be seen that ecCIC1

was not expressed, however ecCIC2, was expresseligh level.
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Component Buffer | Buffer Il Buffer Il
Tris pH 8.0 50mM 50mM 50mM
KCI 200mM 500mM 200mM
Zwitergents. 1, 10mM 10mM 10mM

Imidazole omM 10mM 200mM

Table 2.3. Components of the wash and elution buffers in éseéxpressions of titecoli chloride
channels.

M 1 2 3 4 5 6
93 '
62
475

325
25

16.5

Fig. 2.10. 12.5% SDS-PAGE gel of the 8 fractions collectearfithe 200mM imidazole wash after
expression of ecCIC1. It can be seen from thelgelexpression of ecCICL1 is observed, however,

many bands are seen, this may be due to protealfytie protein.

83 = -
62
475
f | S G <«— ecCIC2
32,5 -
25 an
16,5 -

Fig. 2.11. 12.5% SDS-PAGE gel of the 8 fractions collectedrfithe talon resin showing a high level
expression of ecCIC2. M — Molecular weight markenslecular weight is marked on the left in kDa.
Lanes 1 to 8 — fractions 1 to 8 from the 200mM iaziole wash. The protein runs between the 32.5
and 47.5kDa markers; this is smaller than the ptedi50kDa monomer. The size difference is due to
fact that SDS is a detergent, thus the gel provadeative-like environment and the protein will @m

folded to a certain extent, therefore migratingtHar through the gel than a denatured protein.
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Several clones containing the ecCIC1 gene wereddet expression with no
success. It was therefore decided to continue @@IC2 only, as the plasmid
pClI2B3 demonstrated a very good level of expresa®judged by Bradford assay
SDS-PAGE and absorption at 280nm.

2.8. Initial optimisation of expression of ecCIC2

There are many factors that affect the level oresgion of a recombinant
protein and these can be varied until the higleaatl lof expression is achieved. This
is particularly important with membrane proteins generally the levels of expression

for membrane proteins can be ten fold lower thdunde proteins.

2.8.1. Strength, length and dur ation of expression

The first factors to be tested were the lengtimadiction, the temperature and
the concentration of IPTG. These factors affeetrtite of production of the protein
and may prevent toxicity of the product to thezell

Cell cultures were grown as before but after inidmcthe temperature was
reduced to 30°C or 25°C and the cells were leffraav overnight. After purification
as before it was found that ecCIC1 was expressedidmsi still susceptible to
proteolysis and expression of ecCIC2 was similamath more impurities found in
the eluant. As the expression of ecCIC2 was aabéptat 37°C the culture was
induced and left at 37°C for 6 hours. This gaweelibst expression in terms of
amount of protein and initial purity.

The concentration of IPTG was varied, from 0.250M.75mM in steps of

0.25. Induction with 0.25mM IPTG gave the beselswof expression.

2.8.2Cédl Lines

ThreeE.cali cell lines were tested for expression of ecCICd exCIC2:
JM109 (DE3), BL21 (DE3) and C41 (DE3). C41 cekwé been developed for
expression of membrane and toxic proteins (Miraoct Walker 1996). Each cell line
was transformed as before and 1l cultures were aségurified as before. The
fractions were run on 12% SDS-PAGE gels and assi@ayeaglantity using the
Bradford assay and by absorption at 280nm 44D The SDS gels are shown in
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Figure 2.12 to 2.14. It can be seen from thesdtethat BL21 (DE3) shows the
highest expression of ecCIC2 (2.6mg/litre cultuteg¢n C41 (DE3) (2.25mg/litre
culture) and finally JIM109 (DE3) (2.15mg/litre auie). However, in terms of the
number of contaminants that co-elute from the dalesin, the order is reversed. In
BL21 (DE3) there is a pair of contaminants at appnately 25kDa that is absent in
JM109 and barely perceptible in C41. Thereforel MIE3) was chosen as the initial

expression strain as a balance between level oésgion and level of contaminants.

M1 2 3 45 6 7 8
83 | Gl
47 |

2 B p—— <4——— ecCIC2 monomer

25 ‘
16.5

6.5

Figure2.12. SDS-PAGE gel of fractions of ecCIC2 expressedNii09 (DE3) cells and solubilised in
decylmaltoside. M - molecular weight markers; +-®actions 1-9 from the Talah cobalt column.

Molecular weights of the markers are shown to éfiedf the gel in kDa.

M1 2 345 6 738

-
83

62 e

<«—— ©ecCIC2 dimer

a7

. p— <4—— ¢€cCIC2 monomer
32 —wewesw

25 - ———

16.5

6.5

Figure 2.13. SDS-PAGE gel of fractions of ecCIC2 expressed i BIDE3) cells and solubilised in
decylmaltoside. M - molecular weight markers; 1-®aetions 1-9 from the Taldn cobalt column.
Molecular weights of the markers are shown to éfiedf the gel in kDa. In this gel ecCIC2 dimenca
be seen; this is probably due to the amount ofjmgiresent. SDS is a harsh detergent that will
disrupt the interaction that forms the dimer. Huerit is believed that there is a sufficient escef

ecCIC2 that not all of the protein is reduced taormoer.
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1 2 3 4M5 6 7 8
83 i
47
32 .,

25

<4—— €cCIC2 monomer

Figure 2.14. SDS-PAGE gel of fractions of ecCIC2 expressed ia (AE3) cells and solubilised in
decylmaltoside. M - molecular weight markers; 1-®aetions 1-9 from the Taldn cobalt column.

Molecular weights of the markers are shown to éfiedf the gel in kDa.

2.8.3.Detergents

2.8.3.1 Detergent for extraction

The choice of detergent in the purification of meame protein affects the
amount obtained and the stability of the proteiorerously (Ostermeier and Michel
1997). The ideal detergent for solubilisation @mbrane proteins is one that is
gentle on the protein, removes most of the prdteim the native membrane and is
relatively inexpensive. The detergent used fortéisé expressions was zwitergens.
In conjunction with testing cell lines (Section 2Bthe detergem-Decyl{3-D-
thiomaltoside (decylmaltoside) (Anatrace) was tstBecylmaltoside is an
uncharged detergent with a sugar (maltose) hydliogtead and 10-carbon
hydrophobic tail. It was found to extract ecCIG2ywwell from the membrane and
produce a clean sample of protein that was stablmény weeks at room

temperature.

2.8.3.2 Detergent used for further experimentation

The choice of detergent for further purificatiaomasubsequently
crystallisation must also be tested. Seven detésgeere tested to see if ecCIC2 was
stable in them. Seven 1 litre cultures were grawthe manner described in 2.6.1 and
purified as in 2.6.2, solubilising in Zwitergent,. However, in the wash buffers the
detergent was changed, thereby exchanging thegeeitawhile the protein is bound to
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the cobalt resin. The detergents tried were: Th@sitylglucoside; Decylglucoside;
Dodecyldimethylglycine, Lauryldimethylamine N-oxi@eDAO); Anapoe GoEg and
Anapoe G.Eg all at concentrations well above the critical i&eoncentration
(CMC). The fractions transferred to octylglucosata decylglucoside both
precipitated immediately after elution from thewuoh, the other sample appeared to
remain soluble. However, when the fractions waraysed by SDS-PAGE, only the
fraction solubilised in LDAO contained ecCIC2. iithe detergents tested, three
remained as candidates: DM, Zwitergeptand LDAQO

2.84 Media

The choice of medium can also make a differentbddevel of expression of
recombinant proteins. Three media were testedifiteBroth (TB), Super Broth
(SB) and Luria-Bertani (LB). SB and TB are muather media than LB and cells
grown in this media showed better expression tHauas a higher cell density was
reached providing more cells in which to expre$Bl€R. Of these two TB was the
better as it contains a phosphate buffer maintgithe pH thereby keeping the

environment at the optimum for the cell.

2.9 Construction of new expression clones with protease sitesto

remove the hexa-histidine tag.

Once ecCIC2 could be produced to high enough ldeednable structural
studies, new clones were designed to enable thdaaddjgo be removed. This

produces a protein closer to the wild type thaheftag was left intact.

2.9.1. Choice of protease sites

Three protease sites were chosen and clones radaercently as it was
unknown which protease would be the best at rengot¥ia his tag in this construct.
The proteases were thrombin, the 3C protease frioimoRirus and TEV protease
from Tobacco etch virus. Thrombin is commercialilable and expression clones

for 3C and TEV were available in the laboratory.
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2.9.2. Design of PCR primers

As the gene was to be put back into pET30a, drdy¢verse primers had to
be changed to include the protease site, the afiffimward primer could be used.
The new primers included 24 bases complementatyetecCIC2 gene, bases
corresponding to the protease cleavage site (Eoulj optimised codons (Hale and
Thompson 1998)) and restriction endonuclease sites primers, for the 3C
protease cutting site construct were designedwathethe cutting site, the other
removes the last 4 amino acids from the proteibwiese predicted to be disordered
from the secondary structure prediction program RRBst and Sander 1993). The
primers for insertion of the thrombin and TEV piaxe sites corresponded to the last
8 codons of the ecCIC2 gene plus the cutting sitethe restriction endonuclease site
for Xho | to insert just before the His tag present in pET@0g. 2.16).

2.10 PCR

2.10.1. PCR of 3C protease site containing product

PCR reactions were performed as in Sections 212ahwith some
modifications. The reactions were run withud0of the primers with the same
thermal cycler protocol except that the annealerggerature was 60°C. The result of

the PCR reaction is shown in Figure 2.15.

M 1 2 3

2000by
1500bp

1000bp

Fig. 2.15. 1% agarose gel of the PCR products to insert aldiihg site. M — DNA fragment ladder;
lanes 1 and 2 PCR product of ecCIC2 with a 3C neition site; lanes 3 and 4 PCR reaction to form
ecCIC2 with a 3C cutting site without the last dimoracids SENT, some non-specific products are

present in lanes 3 and 4.
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3C Protease Primers;
ecCIC2 3C Cutting site Hind Il Not|

3.CGG CGT AGT CGG TCG CTC TTA TG_ TTC GAACGCICEG-

A A S A S E NT L E V L FQ/ G P

CGATTTGATA-5

ecCIC2 3C Cutting site Hind 11l Not |

A A — —A —A_
3-C4C 6CTTCG TTC €3G COTAGT CG_ TTC GAACGCICEG-

A R S K A A SA L E V L FQI/G P

CGATTTGATA-S

Thrombin primer:

ecCIC2 Thrombin Cutting siteXho |
— - ~ - ~  ——
3-CGG CGT AGT CGG TCG CTC TTA TG HEECICACIEEINEEERAEE |[GAGICTC GCC-5'

A A S A S E NT L v P R /GS

TEV primer:

cCIC2 TEV Cutting site Xho |

A
A ~ /_A_\
3 CGG CGT AGT CGG TCG CTC TTA TG_ GAGICTC ccew

A A S A S E NT E N L Y FQ/G

Fig. 2.16 Primers designed to include a 3C, thrombin and PEdease cutting site in the protein
product. The single letter amino acid code is ghbeneath the codon to which it corresponds. 3C
protease cuts between Q and G; thrombin cuts baetResnd G and TEV between Q and G as

indicated by a forward slash.
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From Fig 2.17 it can be seen that the PCR to pmthe full length protein worked

and the reaction to remove the last four aminosaSidE N T failed.

2.10.2. Optimisation of PCR of product lacking SENT

Various conditions were then changed to optimiseRER conditions.
Treatments used to reduce any secondary structdhe iprimer proved ineffective.
Reducing the annealing temperature to 40°C prodagadduct running to the
correct size on an agarose gel (Fig. 2.17) althdbgie are still non-specific products
present. To reduce the number of non-specificyots] the concentration of
magnesium sulphate in the reaction buffer was gariehis changes the activity of
thePwo DNA polymerase and may lead the formation of glsiproduct. The
concentration of magnesium sulphate was varied ftddmM to 4mM in steps of
0.5mM. The reactions were run with an annealingpierature of 40°C. The results
are shown in figure 2.17. Varying the magnesiumcentration has reduced some of
the non-specific products at 2.5mM. However, sangestill present. Therefore the
reaction containing 2.5mM magnesium sulphate wasated 8 times and the
reactions pooled. To remove the non-specific petalthe pooled reactions were run
on a 1% agarose gel (Fig. 2.18). The band runirggpproximately 1500bp was
excised from the gel and purified using an Agagaepurification kit (Roche

diagnostics, Ltd).

M1 2 3 M1 23 4 5

Fig. 2.17. 1% agarose gels of PCR reactions. Left: PCRim@aotun with an annealing temperature
of 40°C. Lane 1: 10 minute hot start (95°C); 210 minute hot start; lane 3: 1.5M betaine; ldne
3M betaine. Right: PCR reaction varying MgSfncentrations. Lane 1: 1.5mM Mg&@ne 2:
2mM; lane 3: 2.5mM; lane 4: 3mM; lane 5: 4mM; l&het.5mM.
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M  eccic23c without SENT PC

1500bp <+—— ecCIC23C without SEN

Fig. 2.18. 1% agarose gel containing the PCR product of istdraarked).

2.10.3. PCR of products containing a thrombin cutting site.
The PCR reactions for this construct were perfariae before with an
annealing temperature of 60°C. The reactions weceessful but contained some

non-specific products. Therefore the product wasipd by gel extraction.

2.10.4. PCR of products containing a TEV cutting site.

The PCR reactions were performed as before witnaealing temperature of
60°C and were successful. The products were pdniiith the QIAquick PCR
product purification kit (Qiagen).

2.11. Digestion and Ligation

The PCR reaction products were purified as desgilitb&ection 2.9. The
products, and pET30a plasmid, were then incubatddNde | andXho | for the TEV
and thrombin primers arfdde | andNot | for the 3C primer (Table 2.4). After
digestion the products were mixed, with the appetely digested pET30a, in a 3:1
molar ratio. Ligations were performed as in 2.9 &jation reactions were diluted six
fold in ddHO, of this ul was used to transform faDof NovaBlue competent cells.
Single colonies were picked and grown in 5ml LBY&0nl kanamycin) overnight at
30°C. Cultures were then harvested by centrifogadind the plasmids purified using
the QIAquick plasmid mini-prep kit (Qiagen). Thiasmids were then tested for the
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presence of the insert by digestion and detecti@ngel shift or by using the plasmid

as PCR template (Figures 2.19 and 2.20).

M1234567 M89101112

Fig.2.19. 1% agarose gel showing the PCR products using fi@t@tasmids containing the insert as
the template. Only plasmids containing the ecGhG2rt will produce a product at approximately

1500bp. Clones 5, 6, 7 8, 9, 10, 11 and 12 conteirecCIC2 gene as a product is observed.

Sample ecCIC2 3C ecCIC23C ecClC2 ecCIC2 pET30a Reaction
without TEV Thrombin Conditions
SENT
DNA 50 ul 50 ul 50 ul 50 ul 50
Buffer 8ul Roche | 6ul Roche | 6ul Roche aul Roche 6ul Roche
H H H g
NotlFor | 6WNotl | 2@ Notl | 4dXhol | 4 Xnhol 64 g
Xho I* w
(631
ddH,O 16ul 2ul Oul Oul 164l é_
)
Total 80ul 60l 60 ul 60l 80yl
Volume
DNA 50 ul 50 ul 50 ul 50 ul 50 ul
Buffer 6u NEB"4 | 6yl NEB"4 | 6ulNEB™4 | 6u NEB™ | 6u NEB™4 ®
o
Q
NdelT 4l 4yl 4l 4yl 4l S
3.
S
Total 60 pl 60l 60 ul 60l 60 ul -
Volume

Table 2.4. Reaction conditions for restriction enzyme digeReaction buffers were supplied with the

enzymes.

* Roche Diagnostics Ltd.
"New England Biolabs (UK) Ltd.
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M 123456 7 89 MI1011121¥3151617 181920

S R R R e S g -

Fig.2.20. 1% agarose gel showing digested plasmids from gddnom the 3C with SENT construct.
Plasmids were incubated wittind Il (one cutting site) for 1 hour at 37°C. Pladswith an insert do
not migrate as far as those without an insert.ek&8) 7 and 19 do not contain an insert as thenjdizs

migrate further in the gel.

2.12. Test expressions

Two plasmids of each construct that containechaart were selected for test
expressions. The plasmids were transformed inexaression strain. Cultures were
grown and the protein purified as in Section 2iagiZwitergents.;» as the extraction
detergent. The results are shown in Figures 22123. Clones that showed initial
expression levels greater that 1mg per litre ofucal(assessed by Bradford assay and

OD2gg) were judged to express enough protein for fursedy.

==
83 »
62
47 o } ecCIC2 + thrombin si
= % . . . 4—— '
- -- -—— - 2
25 e
16.5
6.5 e

Fig. 2.21. SDS-PAGE gel of fractions from a test expressibecCIC2 with a thrombin protease

cutting site upstream of the hexa-histidine tag.
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1 2 3 45 M6 7

i

<«—— ecCIC2 + 3C sil

Fig. 2.22. SDS-PAGE gel of fractions from a test expressioaafIC2 with a 3C protease cutting site

upstream of the hexa-histidine tag.

M1 2 3 4 56 7 12 M3 4 56 7
=
= 83 -
_ 62
- S ol ‘«— ecCIC2 + 47 -
_—— TEVsie g,
25 — — —
5 - 16.5 -
B ——— 6.5 - ‘-"‘““-'

Fig. 2.23. SDS-PAGE gel from test expressions of ecCIC2 willE® protease cutting site upstream
of the hexa-histidine tag. The gel on the leftvgtidractions from a clone that expresses ecCIG2 to
high level. The gel on the right shows many pratéhat may be contaminants or products of
proteolytic cleavage ecCIC2TEV, this clone was alused.

Plasmids that showed good expression above 1migneerulture were sequenced to
verify the presence of the ecCIC2 gene, the cuttitggand that no mutations had

occurred during the PCR reaction.

2.13 Test Digestion of ecCIC2thrombin construct.

As thrombin was available immediately, the ecCIR®mbin construct was
the first to be tested. Three 1l flasks of TB wgrewn and the protein purified as
described in Section 2.6. The fractions were a®alyfor purity on a 12.5% SDS-

PAGE gel and were found to contain few contaminaiitse fractions were then
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pooled and concentrated to 2mg/ml in a 30kDa mdéeaueight cut off centricoh

30 (Millipore). To this solution 1.15U (0.4U/mgqtein) of restriction grade
thrombin (Novagen, Inc.) was added. To maintaioribin activity, calcium chloride
was added, to a final concentration of 2.5mM. Téeection was left at room
temperature for 2.5hours. After this time the pimotwas found to have precipitated.
After a series of experiments it was found thatlével of precipitation increases with
the extent of digestion with thrombin. There gassibility that removing the hexa-
histidine tag interferes with dimer formation cangsthe protein to precipitate. It was
then decided to abandon these constructs andigwaconstruct bearing an N-

terminal hexa-histidine tag with a thrombin site.

2.14 Construction of an expression clonewith an N-terminal hexa-

histidine tag.

For this expression clone the plasmid vector pET&8s chosen as this

plasmid has a hexa-histidine tag and a thrombiog®ition sequence encoded.

2.14.1 Primers

The forward primer used for all the ecCIC2 corgBwas again used as there
is anNde | recognition site in pET28a. The reverse primaswesigned to be
complementary to the last 24 bases of the ecCl@2,gealso included a stop codon

and axho | recognition site for insertion into pET28a (F&y24).

N-terminal hexa-histidine tag rever se primer:

ecCIC2 STOPXhol|
5-GCC GCA TCA GCC AGC GAG AAT ACTHBISICTEIGAG CGG-

Fig. 2.24. Reverse primer for insertion of ecCIC2 into pET28a.
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2.14.2 PCR, digestion and ligation

The PCR reaction was run as in Section 2.3 wighfdllowing exceptions:
The annealing temperature was 60°C and 5% formawédeadded to disrupt the
secondary structure of the primers, replacing 8f&910 minute hot start (see Table
2.5). The result is shown in Figure 2.25; a sinmgleduct was produced. The product
was purified and digested withide | andXho | with pET28a vector (Table 2.6).
Doubly digested PCR and vector DNA were purified am on a 1% agarose gel,
and the relative amounts of DNA judged as comptreéde molecular weight
standards (Fig. 2.25). Ligation reactions werdquared as in Section 2.5.2.
NovaBlue competent cells were transformed witlgation reaction as before. Single

colonies were picked and plasmids were testechiert by PCR.

PCR Reaction Conditions for ecCIC2NTHis6
Component Amounty()
10x Pwo PCR reaction buffer 5
Nucleotide mix 1
Forward primer 54 of 100pug/ml stock (M)
Reverse primer 5ub of 100pg/ml stock (LM)
Template il E.coli K-12 genomic DNA
Pwo polymerase 0.5
Formamide 25
ddH,0O 28.8
Total 50

Table 2.5. PCR reaction conditions for ecCIC2 with an N-terahihis tag.

M1 : M1 2

\an/ s

-y

Fig.2.25. Left: Single products formed after PCR as in €hb run on a 0.7% agarose gel running to
approximately 1500bp; M- molecular weight markéaises 1 and 2 — PCR products ecCIC2. Right:
Doubly digested PCR product (lanes 1 and 2) and?BBPplasmid vector (lane 3); M — molecular

weight markers.
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Sample ecCIC2NTH pET30a Reaction
Conditions
—— |
DNA 50 ul 50 ul
w
Buffer 6ul Roche H 6 Roche H g
)
T IN
Xho | 4ul 4l -
>
2
Total Volume 6Qul 60l 3
DNA 50 ul 50 ul

Buffer 6ul NEB' 4 6ul NEB' 4 8
0
2
Nde 1 4yl 4l o
>
g.
Total Volume 6Qul 60 ul -

Table 2.6. Reaction conditions for restriction enzyme digéstimsert ecCIC2 DNA into pET28a.

Reaction buffers were supplied with the enzymes.

2.14.3 Test expression

Plasmids containing an insert were used to tramstbe expression strain
BL21 (DE3). Cultures were grown and the proteinfpd as in Section 2.6 using
Zwitergents.joas the extraction detergent and expressing fouéshet 37°C. The
fractions obtained from the cobalt affinity colunwere analysed by SDS-PAGE (Fig.
2.26). From the test expression it was seen t@IG® with an N-terminal His tag
was expressed but only to a low level. The exjwadsvel obtained with this
construct was below 1mg per litre of culture aretdifiore unsuitable for structural
studies. It was therefore decided to revert tootfiginal construct of a C-terminal His
tag in the pET30a vector as this is the only clibra¢ expresses up to 2.5mg per litre

of culture.

* Roche Diagnostics Ltd.
"New England Biolabs (UK) Ltd.
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M
103

77 | 4 .,

50 -

4—— N-terminally hex-histidine

34
tagged ecCIC2

28

20.7

Fig. 2.26. 12% SDS-PAGE of fractions from test of expressibecCIC2 with an N-terminal His tag.
M — molecular weight markers; lanes 1 to 5 fracti@rto six from the 200mM elution from the metal

affinity column.

2.15 Conclusions

Several expression constructs were created tbdtiped recombinant ecCIC2
to a high enough level for structural studies bya)-crystallography. However, after
problems with some of the constructs one emergedcasndidate for scale up
expression, this was the plasmid referred to a8B&I This construct produces
ecCIC2 with a C-terminal hexa-histidine tag. Thals up of expression, further

purification and crystallisation of ecCIC2 is deked in Chapter 3.
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CHAPTER 3:

CRYSTALLISATION OF ecCIC2 AND X-RAY
DATA COLLECTION

The crystallisation of a protein requires thauaty of at least 95% is
achieved. This chapter describes the scale upecéxpression system detailed in
Chapter 2 and the further purification of ecCIC2&ar homogeneity. The

crystallisation and X-ray diffraction data collewtifrom crystals is also reported.

3.1 Large-scale expression and purification of ecCPR

3.1.1 Transformations

C41 (DES3) or BL21 (DE3) cells (p0) were transformed with fil pCI2B3
and plated onto LB agar plates containing kanamf&dng/ml) to select for
successful transformants. A single colony waseiicknd used to inoculate a 5ml
culture of LB broth (5Qg/ml kanamycin). The culture was incubated at 30°&
shaker incubator overnight. The cultures’ growtswnonitored by the optical
density at 600nm (O§y).

3.1.2 Expression

The ODyyo0f the pre-culture was measured and the appro@mtaunt (10ml
pre-culture to 1l for an Ofgo of 0.2) added to 6 x 1l of TB (583/ml kanamycin) in
4| baffled conical flasks. The flasks were plaged shaker incubator at 37°C at
220rpm. The Ok of the cultures was measured and were inducedG2bmM
isopropyl{3-D-thiogalactopyranoside (IPTG) at an gof 1.0 to 1.2; 5Qug/ml
kanamycin was then added to each of the flasksaiatain the presence of the
plasmid. The flasks were then left at 37°C forlsixirs. The OBy after a six hour
expression usually reached a value of 2 to 3. cTiiteres were poured into 1l
centrifuge pots and the cells harvested by cegiion at 5000rpm for 20 minutes in
a Beckman Avanfi J-20 centrifuge at 4°C. The pelleted cells weaegd on ice and
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immediately resuspended in 100ml resuspension b{E&nM Tris pH 8.0; 200mM
NaBr; 0.4M glucose; protease inhibitor cocktail §Re Diagnostics Ltd.)).

3.1.3 Initial purification

3.1.3.1 Solubilization of the membranes

The resuspended cells were lysed by four runsithr@ high pressure
homogeniser (Glen Creston, Ltd). The pressuremaiatained between 15 and
20kpsi; this was sufficient to lyse the cells ameax down the DNA. During
homogenisation, 1ml PMSF (10mM in isopropanol) wdded drop-wise to the cells.
As ecCIC2 is an integral membrane protein, a cenaldle amount of its exposed
surface is hydrophobic which in the membrane welisbirrounded bf.cali lipids. In
order to remove the protein from the lipids andn@intain its solubility in a
hydrophilic environment, a detergent was addeddoreentration in excess of the
critical micelle concentration (CMC) for that dejent. The detergent’s hydrophobic
tails surround the hydrophobic areas of the protd@ine hydrophilic headgroups are
exposed to the aqueous environment, shieldingytiephobic surfaces and thereby
maintaining the solubility of the protein. Oncedyl, the volume of the solution was
measured and 20 to 30mM decyl maltoside (DM) addesblubilize ecCIC2 from the
nativeE.coli membrane. The solution was then stirred gentl3foours at room
temperature to complete extraction. Insoluble neltesas removed by centrifugation
at 18,000rpm for 30 minutes at 4°C in a Beckmanndiza J-20 centrifuge. The

supernatant was decanted into a glass bottle.

3.1.3.2 Metal affinity chromatography

Talord metal (cobalt) affinity resin (Clontech, U.K) weguilibrated with
buffer | and resuspended in 10ml supernatant. Juspension was then added to the
remaining supernatant and shaken gently for 1 Aabtwom temperature to bind the
Hiss tagged ecCIC2 to the resin.

After binding, the solution was poured into a sdiameter 20cm long low-
pressure chromatography Econo-column (Bio-Rad Latbaes, Ltd.). The resin was
retained in the column and an aliquot of the flomotigh was taken for analysis by
SDS-PAGE. The resin was then resuspended in 50ffdrd. The buffer was then

45



Chapter@rystallisation of ecCIC2 and data collection

drained off, leaving the resin in the column. Aygain aliquot of the flow-through
was retained for analysis. At this stage a floamdr was fitted to the column and
attached to a peristaltic pump (Anachem, Ltd.)e Bbttom of the column was
attached to an Econo UV monitor (Bio-Rad Labora®mritd.) to observe the
presence of protein by absorption at 280nm §Pthe absorbance was monitored
with a chart recorder (Fig. 3.1). The detector aias connected to a fraction
collector set to collect fractions of 2ml. Theirewas then washed by pumping 50ml
buffer I through the column at a flow rate of 1milimafter this wash the Olgy had
reached zero. The resin was then washed with 1DQffér 1. Buffer Il contained
10mM imidazole and 1M NaBr (see Table 3.1), andeh@omponents removed most
of the non-specific contaminants bound to the colurB0ml buffer Il was passed

down the column to return the salt concentratioRGOmM.

B

OD28C

OmM imidazole

A Elution of non- C
Buffer | specifically bound
wash proteins during

buffer Il wash

Elution of ecCIC2 on a 10 to
500mM Imidazole gradient

/ "-‘,. : 2 500mM imidazol

Time

Fig. 3.1Chromatogram showing the purification of ecCIC2rirsolubilizedE.coli membranesA: As

buffer | is pumped over the column the g§reaches zero as non-binding proteins are wasli¢heof

resin. B: The high salt concentration and 10mM imidazoledffdr 1l displaces loosely bound

proteins from the resinC: The imidazole gradient reaches a sufficient correéioh to elute ecCIC2

from the affinity resin. The relative concentratiof imidazole is shown by the red line. The D

increases with the gradient as imidazole absorb28Gnm. See Fig. 3.2 for SDS-PAGE analysis of
A,B and C.
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A gradient was then formed between 20ml buffeaHt 20ml buffer IV ramping

from 10mM to 500mM imidazole. Fractions of 2ml wexwllected while the gradient
was running and the fractions collected during €&3tlution were marked (Fig. 3.1).
The aliquots retained for analysis from the presiaash steps and the fractions
containing ecCIC2 were analysed by SDS-PAGE tosadbe loss of ecCIC2 during

purification and the purity of the eluted proteine results are shown in Figure 3.2.

175 s g

N
ol
!

Fig. 3.212% SDS-PAGE gel; the protein was visualised byntassie blue stain, molecular weights of
the markers are shown to the left of the gel in.kDa— molecular weight markers; 1 — First flow
through from binding protein to affinity resin; 2Rirst wash with buffer 14 in Fig. 3.1); 3 — Buffer Il
wash B in Fig. 3.1); 4 to 7 — fractions 5 to 8 from tmeidazole elutionC in Fig. 3.1).

From the SDS-PAGE analysis of the purification (A@) it can be seen that ecCIC2
is lost at all stages of the purification, partanly in the buffer Il wash. This loss is
acceptable given the high level of purity achiewredne step. The yield from the
initial purification was found to be 2 to 2.5mg#itculture as assessed by Bradford

assay and absorbance at 280nm.

3.1.4 Dialysis

The fractions containing ecCIC2 were pooled. Spéeof’ 30,000Da
molecular weight cut off dialysis membrane (Fisc8eientific UK, Ltd.) was rinsed
in deionised water and soaked in buffer V. Thelgddractions from the cobalt resin

were gently pipetted into the dialysis membranehyabbles were removed and the
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tubing was sealed at both ends. The tubing waspleeed in 150ml of buffer V and
left overnight at room temperature while stirrirengly. This step removed the high

concentration of imidazole present in the fractions

Component Buffer | Buffer Il Buffer Il Buffer IV Bffer V
Tris pH 8.0 50mM 50mM 50mM 50mM 50mM
NaBr 200mM 1M 200mM 200mM 200mM

DM or LDAO 10mM 10mM 10mM 10mM 5mM
Imidazole omM 10mM 200mM 500mM omM

Table 3.1Components of the buffers used in the purificatbecCIC2.
3.1.5 Gel filtration chromatography

Gel filtration or size exclusion chromatographysvgeerformed on a Bio-Sil
SEC 250 silica based column (Bio-Rad laboratotié$), run on a BioLogic HR
system (Bio-Rad laboratories, Ltd). The SEC 230ma was equilibrated with 50ml
buffer V and the protein was removed from the dislyubing and concentrated to
approximately 4mg/ml in a centripf®80 (Millipore). Protein was injected onto the
column in 0.5ml aliquots and run at a flow ratelofl/minute with buffer V. The

elution profile was monitored by absorbance at 28QRig 3.3).

ecCIC:
|

2 v
1100. 0% Buf fer B
Las0.0
1.75]
La00. 0
1.504

OD280 ool o F2s0.0

00: 00: 00 00: 05: 00 00: 10: 00 00: 15: 00 00: 20: 00
AU HiMn: Sec

Fig. 3.3Chromatogram from size exclusion column SEC 250e frotein was run with buffer V
containing DM. ecCIC2 elutes from the column abnaer as compared to molecular weight standards

run on the column (Figure 3.4)
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Size exclusion chromatography is based on separhtigize. The relative size of the
protein can be extrapolated from the retention tifnne protein. Molecular weight
standards were run on the SEC 250 column at the flam rate (Fig. 3.4). The
retention time of ecCIC2 was about eight minut€emparing this time to the
standards, it is between IgG (150kDa) and ovalby@ikDa) and is much closer to
IgG. This gives an estimate of the molecular wedjtthe species of just under
150kDa. This is larger than both ecCIC2 monom@k®) and dimer (100kDa).

The extra size is explained by the detergent n@cifrounding the protein that adds

a considerable amount of weight and size to theiepe

£100. 0% Buffer B

1.004 L250.0
ODZBO £50.0

i tamin B12 1.35kDa

al bmi n 44kDa
Myogl obin 17kDa

19G 158kDa

Thyr ogl obul i n 670kDa

00: 00: 00 00: 05: 00 00: 10: 00
AU Hr: M n: Sec s/ cm

Fig. 3.4.Chromatogram of molecular weight standards rurherSEC 250 column. The molecular

weight and name of the components is marked alimvpeaak that corresponds to it.

The pooled fractions from the affinity column rumasingle peak with small
shoulders on either side of the main peak. Ordyntlain peak was collected for
further experiments. The elution profile of ecCl@2the size exclusion column
varied depending on the detergent in which it vastslized. The elution profile of
ecCIC2 where the detergent had been exchangedidOLon the cobalt affinity
column contains a large hump to the left of themmeaak (Figure 3.5) that was
aggregated protein, as deduced from SDS-PAGE asdbjigure 3.5). A sample was
taken from the peak fraction for SDS-PAGE analysis.
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175 — g
83

475

325

25

16.5

Fig 3.5Chromatogram from SEC 250 column and 12.5% SDS-PAl@#ving aggregation of ecCIC2

in LDAO. The high molecular weight specid3 énd the second peak where ecCIC2 usually el@jes (
were run on a 12.5% SDS-PAGE gel (left). Both pembpear to be ecCIC2; it was therefore assumed
that the higher molecular weight species was aggeelgprotein rather than an impurity. Only peak 2

was collected.

3.1.6 Preparation for crystallisation experiments

After size exclusion chromatography the protein yuaged sufficiently pure
for crystallisation trials. Purified protein wasncentrated to between 5 and 10mg/ml
in a centricoff 30 (Millipore). Concentration of the protein algsults in
concentration of the detergent in the buffer astieelles formed by the detergent
can be quite large. The concentration of the detdgrwas lowered by further
dialysis. Spectra/PBr10,000Da molecular weight cut off dialysis memleréRischer
Scientific UK, Ltd.) was rinsed in deionised waded soaked in buffer VI (50mM
Tris pH 8.0; 200mM NaBr; 2-3mM LDAO/DM). The conmtteated protein was then
placed in the tubing, sealed at both ends and g@lecé5ml buffer VI. The protein
was left to dialyse overnight at room temperatu@ace dialysed the protein was
removed from the dialysis tubing and centrifugedZaninutes at 15,000rpm to pellet
insoluble material and precipitated protein. Aftas the final concentration
measured by the Bradford assay or absorbance atr28The final yield was

typically 1mg of pure protein per litre of culture.
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3.2 Crystallisation trials

3.2.1 Introduction

Crystallisation of proteins can only be achievethwighly pure and
homogenous samples of protein. Three-dimensiawéin crystals are usually
grown by forming a super-saturated solution andgicauprecipitation sufficiently
slowly, and in such a manner that ordered arrayseoprotein are formed. Addition
of reagents, such as salts or polyethylene gly®H#sSs), that ‘compete’ for the water
in the protein solution will bring the protein aoftsolution. Changing the pH of the
solution, the addition of a number of organic coompis or changing the temperature
can alter the way the protein molecules interath wach other leading to
crystallisation. As well as the addition of thesklitives, the protein solution is
usually allowed to slowly increase in concentratiinis is accomplished by vapour
diffusion. All the crystals described in this ckexpwere grown using the sitting drop
vapour diffusion method (Fig. 3.6). In this methedual volumes of protein solution
and precipitant are mixed in a bridge suspended @aveell of precipitant. The
system is then sealed to allow the two solutiorsouailibrate by vapour diffusion

thereby increasing the concentration of the prateencontrolled manner.

/\ /-\ Sealing tap

Precipitan

Fig. 3.6Cross section through a sitting drop vapour diffasirystallisation chamber. Precipitant
(blue) is mixed with protein solution (red) andq@d on the bridge in the well. The drop will
equilibrate with the precipitant in the well as emdiffuses from the drop to the well solution @da

arrows).
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3.2.2 Sparse matrix screening

In order to find initial crystallisation conditisrthe protein was screened using
various commercially available screening kits. Seéhkits contain reagents that cover
a large range of precipitants, pHs and organic @mg@s. The solutions were
pipetted into the reservoirs of 24 well sitting prystallisation trays (Charles
Supper, Co) in 304 aliquots. A 21l drop of ecCIC2 (5-10mg/ml) was then placed in
the well of each chamber; to these dropkd? precipitant from the reservoir was
added without further mixing. Each tray was sealétl Crystal Clear Tape (Manco,
Inc) and placed in an incubator at 21°C. The pmot&s initially screened in DM;
this produced a few crystals that proved to beoofrguality. Screens were then
carried out with LDAO as the detergent. The masiased were Structure Screen |
and Il (Molecular Dimensions, Ltd.), Wizard | arldEEmerald Biostructures) and
Cryo | and Il (Emerald Biostructures). These sosggroduced crystals in a few
conditions (Figure 3.7a and 3.7b and Table 3.2)dappeared overnight.

Fig. 3.7aSmall rectangular crystals of ecCIC2 grown fromM0CHES pH9.5 and 30% PEG 3000
(condition number 41 from Wizard | screen) in LDA®ystals appeared overnight. The bar represents

14Qum. A close up of the crystals is shown in Figuré3
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Fig. 3.7bClose up of the crystals shown in Fig. 3.7a. Slegiges can be seen. The bar represents
10Qum.

Screen reagent No Buffer Precipitant Additive

Wizard | # 10 0.1M Tris pH 7 20% PEG 2000MME None

Wizard | # 27 0.1M CAPS pH10.5 1.2M NgitD, 0.2M LiSO,
0.8M K;HPO,

Wizard | # 41 0.1M CHES pH 9.5 30% PEG 3000 None

Structure Screen | # 3] 0.1M HEPES pH 7.5 20% PEm®4 10% 2-propanol

Structure Screen | #38  0.1M Tris pH 8.5 8% PEG0800 None

Table 3.2Conditions from the sparse matrix screens in whigistals of ecCIC2 were grown.

3.2.3 Initial optimisation of conditions

The crystals found in the sparse matrices werenoall (less than 20m in
any dimension) and of insufficient quality for Xyrdiffraction studies. Efforts to
improve crystal quality were informed by diffraatitests on any promising crystals.
New solutions were produced that varied the comiétin the matrices such as pH

and amount of precipitant. Two strategies wereleysual: First screens were made
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that covered conditions very similar to those i[€e3.2 to try to reproduce the

crystals obtained in the initial screen and pogdibprove on them. Secondly,

broader screens were made up that covered a nnggr tange of precipitants and

pHs. The screens are shown in Tables 3.3, 3.8&nd

Screen

Precipitant

pH

Additive

PEG 4000 vs pH

16-26% PEG 4000

0.1M HEPES pH 7-§

.20% 2-propanol (v/v)

PEG 4000 vs 2-propand

16-26% PEG 4000

0.1M HERES.p

5-20% 2-propanol (v/v)

PEG 2000 MME vs pH | 16-26% PEG 2000 0.1M Tris pH 6-7.5 None
MME
PEG 3000 vs pH 24-34% PEG 3000 0.1M CHES pH 8.5-L0lone

Table 3.3Screens closely covering the conditions found engparse matrices shown in Table 3.2.

Precipitant was varied in steps of 2% across 6swellizontally; pH and additives were varied acrbss

wells vertically.

All screen solutions were made (10ml for each domig) in the following manner:

1.

and sterile filtered.
2.

into a 15ml tube.
3.
4.
5.
6.

NaOH, and then made up to 10ml.

Screen solutions were stored at 4°C.

54

1ml of buffer stock solution was added to the tube.
The appropriate amount of salt or additive was ddde

The solution was made up to 9ml with sterile figiddHO.

Stocks were prepared of buffer solutions (1M), PE4RS60% w/v) and salts,

The appropriate volume (measured by weight) of BEBk solution was put

Solutions were brought to within 0.01 pH units ledé desired pH with HCI or
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Crystallisation experiments were conducted withl€@3n LDAO and the screens
outlined in table 3.3 in the same manner describ&ection 3.2.2. The PEG 4000
screens gave poor results; however the PEG 300Q@0@IMME screens produced
crystals similar to those grown previously and sdanger crystals with sharper edges

and different morphology (Fig. 3.8).

Fig. 3.8Crystals of ecCIC2 grown from 32% PEG 3000 0.1M GHiH 8.5; crystals usually appeared
after 48 hours. The bar representgrd0

3.2.4 Optimisation of crystallisation conditions

After the results of the crystallisation trials éC€ was put into a much
broader matrix that screened mid-range PEGs agalthaind salts (Table 3.4 and

3.5). This matrix was prepared as before.

PEG
Buffer and pH

20% 25% 30% 35% 40% 45%

0.1M Na acetate pH 5
PEG 1450, 2000, 2000 MME and 2000DME

0.1M Na cacodylate pH 6
Y P Without salt and with NaBr, LiSQ Ammonium formate and Ammonium

0.1M HEPES pH 7 sulphate

0.1M Tris pH 8

Table 3.4Broad matrix to test for crystallisation conditionfsecCIC2.
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PEG
Buffer and pH

10% 15% 20% 25% 30% 35%

0.1M Na acetate pH 5

PEG 3350, 4000 and 5000 MME

0.1M Na cacodylate pH 6
Y P Without salt and with NaBr, LiSQ Ammonium formate and Ammonium

0.1M HEPES pH 7 sulphate

0.1M Tris pH 8

Table 3.5Broad matrix to test for crystallisation conditionfsecCIC2. Percentages of the PEGs are
lower due to the higher molecular weights.

Crystals from this screen were found between pHdb&Aaround the 20% PEG well.
The best crystals were found in 20% PEG 2000 DM& aitl of 7 without any salt
(Fig. 3.9). None of the conditions containing yaided crystals.

Fig. 3.9Crystals of ecCIC2 grown from 20% PEG 2000 DME 0HMPES pH 7.0, crystals appeared

after three to four days. The bar represents200

These crystals provided a set of crystallisatiomdéiions to make a more focused
screen. In the more focused screen, the mid rBEg&s were screened over much
smaller steps in percentage and between pH 6 andight steps (Table 3.6). These

screens yielded larger crystals of better quality.
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PEG
Buffer and pH

16% 18% 20% 22% 24% 26%

0.1M Bis/Tris pH 6.0

0.1M Bis/Tris pH 6.25

0.1M Bis/Tris pH 6.5
PEG 1450, 2000, 2000 MME, 2000DME, Jeffamine EDZ)GB50, 4000 and

0.1IMBIs/Tris pH6.75 | 54900 MME : 5000 MME 1:1 mix.

0.1M Tris pH 7.0

0.1M Tris pH 7.3

0.1M Tris pH 7.6

0.1M Tris pH 8.0

Table 3.6Conditions of mid-range PEG focused screen.

Good crystals, measuring approximately (i®0in the largest dimension, grew after 2
to 5 weeks from PEG 2000 MME, 2000 DME (Fig. 3.aa)1 Jeffamine ED2061 in
the pH 6-6.75 range. The Jeffamine ED2001 screedsiuged the best crystals after 4
to 5 weeks (Fig.3.11).

Fig. 3.10Crystals of ecCIC2 grown from 24% PEG 2000 DME 0.Big/Tris pH 6.0. The crystals
appeared after two weeks. The bar representgrB00

T 0,0’-Bis(2-aminopropyl)polyethylene glycol 190Qrystals initially grown in PEG 4000 have been
shown to improve in quality when the precipitantisnged to Jeffamine ED 4000 (Llogtdal. 1994).
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Fig. 3.11Crystals of ecCIC2 grown from 26% Jeffamine EDZ001LM Bis/Tris pH 6.25. The
crystals are’cubic’ in their morphology and thegkest are approximately 1@t x 10Qum x 5qum.

As good crystallisation conditions had been establi, an additive was screened
against the PEG 2000 DME screen. This additive veggane-1,2,3-triol, a small
amphiphilic molecule that is thought to ‘shrinketkdetergent micelle around a protein
thereby producing more ordered crystals (Timneiral. 1991) (Ostermeier and
Michel 1997). This additive has been used in tigstallisation of other membrane
proteins, with LDAO and other detergents, with sssc(Deisenhofeat al. 1995)
(Palczewsket al. 2000). Heptane-1,2,3-triol was added to the mdiprotein before

it was placed into the PEG 2000 DME screen, atneeotration of 3% (w/v).

Crystals appeared after 2 weeks and showed algldjfferent morphology from the

previous crystals formed in this screen (Fig. 3.12)

Fig. 3.12Crystals of ecCIC2 grown from 24% PEG 2000 DME 0.Big/Tris pH 6.0 and 3% Heptane-
1,2,3-triol. The bar represents 100.
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3.3 X-ray diffraction from ecCIC2 crystals

Crystals were tested for their ability to diffractrays as they were produced
and this directed the screening of conditions. sGidg were tested in the X-ray
generators in the laboratory as well as at synobmatadiation sources. The results of

these experiments are described in this section.

3.3.1 Data collection methods

Once crystals have grown they must be removed frendrop in order to
place them in an X-ray beam. Protein crystalsaése subject to damage by X-ray
radiation therefore data collection is usually perfed at 100K. This section
describes the methods employed in mounting cryatadsprotecting them from the
X-ray damage and low temperatures.

3.3.1.1 Cryoprotection of crystals

Freezing protein crystals to 100K reduces the arhotuidamage caused by
free radical formation induced by the incident ¥ga Radiation damage in protein
crystals can seriously compromise the quality efdata collected (Garman 1999).
However, the freezing process itself can damagenystal by the formation of
ordered ice. The ice disrupts the crystal orderdifiracts X-rays, thereby interfering
with the data. The formation of ice is preventedwo ways: First, the crystal must
be frozen extremely quickly to reduce the time ke for ordered ice to form.
Secondly, the crystallisation mother liquor caral@yoprotectant or the crystal can
be transferred to a solution containing solutiongvin to cryoprotect (Garman and
Schneider 1997). Cryoprotection changes the finggaoint and kinetics of the
mother liquor; this increases the time taken fertaform allowing freezing to occur
without ice formation. The latter strategy is nptimal where membrane protein
crystals are concerned, as it involves transfertiegcrystal from the mother liquor to
another solution. The new solution must also dardatergent, which must be at
exactly one times the CMC; too high and the crydisdolves, too low and the crystal
is destroyed. As the CMC of detergents is depenalethe concentration of sal,
PEGs, and other components it difficult to adddbeect concentration of detergent.
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Before crystals were frozen, crystallisation solg were tested for ice
formation by freezing a small droplet in a loodl@K and looking for diffraction
caused by ice. It was found that for the mid-raR§€ screens (see Table 3.6),
solutions greater that 22% PEG were cryoprotecfattition of 5% PEG 400 to
solutions below this concentration should protegstals. As the better crystals
usually formed above a PEG concentration of 22#ctlystals could be mounted or
flash frozen directly from the crystallisation trayhis circumvented the need to

transfer crystals to another solution.

3.3.1.2 Crystal mounting

Crystals were mounted in Easyviewcryoloops (Molecular Dimensions,
Ltd), these are rayon or nylon loops with a diame&eying from 0.05 to 0.4mm.
The loop is mounted in a nickel ‘top hat’ that denplaced on the magnetic head of a
goniometer (this enables the crystal to be cerdredn X-ray beam). Single crystals
were scooped out of the drops in the loops surredity a small amount of mother
liquor. Once the crystal was trapped in the Idopas flash frozen in liquid nitrogen
or a stream of dry nitrogen gas at 100K.

3.3.2 ‘In-house’ X-ray diffraction

The crystals produced from the sparse matrix sf®eation 3.2.2, Fig. 3.7)
were too small for diffraction experiments, howetrer crystals produced from the
PEG 3000 screen (Table 3.3, Fig.3.8) were of gefiicsize to test. Testing of crystal
was performed with Cu & radiation from a Rigaku rotating anode X-ray gewer,
diffraction was detected on a Mar-Research 345maging plate area detector.
Single crystals were mounted as described in Sedti®.1.2 and flash frozen in a
100K dry nitrogen gas stream from a Cryostream ¢@kCryosystems). Crystals
were exposed for 30 minutes with an oscillationl@md 1°. Diffraction was

observed to a resolution of approximately 20A.
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3.3.3 Synchrotron radiation

Due to the small size and weak diffracting natfrthe crystals, synchrotron
radiation was required to produce useful data. criastals grown from PEG 3000
(Section 3.2.3) were taken to the Synchrotron RexficSource (SRS), Daresbury and
mounted on beamline 14.1. Single images were takgnas a test to see if the
crystals would diffract further in the more interms®am produced by the synchrotron.
The crystals diffracted to approximately 8A. Fuallng this result, further
crystallisation screens were produced to searchédtier diffracting crystals (Section
3.2.4).

Fig 3.13Diffraction pattern from a crystal of ecCIC2 grofvom 24% PEG2000 DME 0.1M Bis/Tris
pH 6.0. The image was taken on beamline ID29a&lropean Synchrotron Radiation Facility
(ESRF) on an ADSC detector (Area Detector Systeorp@ation). The resolution is marked on the
pattern. Weak diffraction is observed to a resofubf 6A in one direction.

The crystals obtained in PEG 2000 MME and DME (€&»4, Fig. 3.9) were

improved on in more focused screens (Table 3.@8yst@ls from these screens were
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taken to beamline ID29 at the European SynchrdRadiation Facility (ESRF),
Grenoble, France. Crystals were screened by taksiggle image ap = 0° with an
exposure time of 30 seconds and a secopd=a20° to look for good diffraction.
Initially crystals grown from PEG 2000 MME and DMEowed diffraction to
approximately 6 A (Fig. 3.13). Crystals grown B® 2000 DME with 3% heptane-
1,2,3-triol provided diffraction to a higher resttun. Unfortunately the higher
resolution was limited to only one direction (Fayl4).

Fig. 3.14Diffraction pattern from a crystal of ecCIC2 grofvom 24% PEG 2000 DME 0.1M Bis/Tris
pH 6.0 and 3% Heptane-1,2,3-triol. The image vea®mded on an ADSC detector (Area Detector
Systems Corporation). Spots can be seen beyoldodiBonly in one direction. High mosaicity (~3°)
is seen and the crystal appears to be twinneds iffdge was taken from a crystal extracted from the
well shown in Figure 3.10.
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A data set was collected from the crystal from PGB0 DME with 3% heptane-
1,2,3-triol (Fig. 3.14). After ten degrees of datal been collected the diffraction
limit had reduced dramatically; this may have bdea to radiation damage.

Larger crystals were grown in the Jeffamine EDZ0§dreens (Table 3.6, Fig.
3.11 and 3.16) and were tested on beamline IDIBSRE). These crystals showed
an improvement in the resolution obtained but tlosarcity was still very high (>2°).

(Fig. 3.15). A data set was collected from thigstal with little loss of resolution
over time.

Fig. 3.15Diffraction pattern from a crystal of ecCIC2 grofvom 24% Jeffamine ED20810.1M
Bis/Tris pH 6.25 (see figure 3.16). The image ted®n on a MAR 165mm CCD detector (MAR
research) at beamline ID14-1 (ESRF). Diffracticasvobserved in all directions to approximately 4 A.
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Fig. 3.16Crystals of ecCIC2 that grew from 24% Jeffamine BOY 0.1M Bis/Tris pH 6.25 after 5
weeks. The bar represents i@ These crystal diffracted to 4 A (Fig. 3.15).

3.3.4 Data analysis

The data set collected on the crystal grown ifadsihe ED200% (Fig. 3.15)
was of sufficient quality to be able to begin difftion image analysis. The data were
analysed in the program Mosflm, part of the CCRt#esaf programs (CCP4 1994).
Analysis of the data set revealed that the crysidla primitive orthorhombic space
group. The unit cell has the dimensions 97A x 164%0A. The number of
molecules in the unit cell can be calculated fromunit cell dimensions, the space
group and the known properties of the molecule {Mats 1968). The ratio between
molecular weight and unit cell volume is usuallyvbeen 1.7 and 3.58Da.
Orthorhombic space groups have four repeats, thexethe calculated ratio for
ecCIC2 is 3.53ADa for a dimer in the asymmetric unit and 1.7®% for two
dimers in the asymmetric unit. Either of thesaugalcould be correct. By calculating
the solvent content of the crystal the more lik&dution can be found. By dividing
the specific volume of ecCIC2 (0.755 cm3/g) by tiné cell to molecules ratio
multiplied by Avogadro’s number, the fractional pootion of protein to solvent is
obtained. For a ratio of 1.78Ma the calculated solvent content is 30%, thiseiy
low for a protein crystal. The ratio of 3.53Ra gives a value of 65% solvent, a more

realistic value. The most likely number of moleiin the asymmetric unit is,
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therefore two monomers, however as the ratios@odose to the upper and lower

limits the value is by no means conclusive.

3.4 Conclusions

Crystals of ecCIC2 have been obtained that dematestiffraction to a
sufficiently high resolution that improvement oéthrystal quality will allow image
analysis to proceed. This makes the determinatidhe structure feasible. The
guality of the diffraction is still not good enoufiir complete image analysis but
there are still experiments that may improve tlystat quality. These experiments

and the work that remains to solve the structueeoatlined in Chapter 4.
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CHAPTER 4:

FURTHER WORK AND CONCLUSION

Chapter 3 described the purification of ecClIC2ditons for its
crystallisation and preliminary X-ray diffractiomalysis of the crystals. The methods
described produces crystals that show reasondiiaatiion; although the crystals are
not yet of sufficient quality to enable structuaalalysis. Some methods that may
improve the quality of the crystals, and work tteahains in order to solve the

structure of ecCIC2, are outlined in this chapter.

4.1 Optimisation of Crystallisation conditions

4.1.1 Initial conditions

Although conditions that produce good crystals Hasen found (as described
in chapter 3), there is still potential to alteesk conditions to improve crystal quality.
The range over which the concentration of JeffarEiB@00£ and pH are screened

can be narrowed to find the optimum concentratfongrystal formation.

4.1.2 Additives

A large range of additives can be screened agdia®tnown crystallisation
conditions. Additives can vary from salts to snmatianic compounds. Heptane-
1,2,3-triol has not been screened with the crygpads/n in Jeffamine. This additive
improved the quality of diffraction obtained fromystals grown in PEG 2000 DME
(see section 3.2.4 in chapter 3). Other additikasare thought to shrink the
detergent micelle surrounding a protein are bendismmiand dioxane. These
additives have been used successfully in the dligstizon of membrane proteins
(Papizet al. 1989) (Buchanast al. 1993). Inhibitors of CIC channels may yield
better diffracting crystals by reducing any flekigiin the protein. Several inhibitors
of CIC channels exist that inhibit most of the eykéic CIC family. In principle
these inhibitors should also be effective on ecCl@hlorotoxin from the scorpion

Leiurus quinquestriatus (DeBinet al. 1993) is the most potent CIC channel blocker
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known, but it is a bulky peptide which may intedavith crystallisation. Other
molecules that contain a negative thiocyanate gaedtgzhed to phenol groups such as
DIDS (4,4’-diisothiocyanostilbene-2,2'-disulphoracid) and NPPB (5-nitro-2-(3-
phenylpropylamino) benzoic acid) have been founbeteery effective in reducing
chloride currents in eukaryotic CIC channels (Badtaff et al. 1995) (Alton and
Williams 1992). Zinc ions have also been foundeiuce chloride currents in CIC-1
(Kurz et al. 1997) (Kurzet al. 1999). Screening these inhibitors may produce les
flexible ecCIC2 molecules and result in more faadle intermolecular contacts

within the crystal, and therefore better diffragticrystals.

4.1.3 Detergents

The crystals of ecCIC2 were grown in the presaidhe detergent
lauryldimethylamine N-oxide (LDAO). The detergersed has a large effect on the
quality of crystals as it surrounds the proteinicélle shrinking additives can have a
profound effect as can the head group and taitleafjthe detergent (Ostermeier and
Michel 1997). Trials in which the detergent’s ehangth is changed may yield
better quality crystals. Detergents which havestmae head group as LDAO but
chain lengths varying from 10 (Decyldimethylamineoilde, DDAO) to 13 (Tridecyl
dimethylamine N-oxide, TDAQ) are commercially aabille. Detergents with

different head groups may have to be tested tarotita best quality crystals.

4.1.4 Lipidic cubic phase crystallisation

Changing the method of crystallisation may afteetcrystal type and quality.
One method that has already been tried with ec@l@ihg the course of the project,
is crystallisation within a lipidic cubic phase g8 experiments are not described in
this thesis). This method was used to crystalismeteriorhodopsin and has been
shown to produce good crystals of other membraoteims (Landau and Rosenbusch
1996) (Chiuet al. 2000). The crystals formed in a cubic phaseygre t crystals as
opposed to type Il formed in the sitting drop methdype | crystals are layers of
two-dimensional crystals that form ordered threaatisional crystals; the crystals
contain no detergent. Type Il crystals form cotgamly with the polar surface of the
protein and detergent is present in the crystakeltrystals tend to be less ordered

than type | crystals.
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When a solution of protein solubilised in detetgemmixed with monoolein
the cubic phase forms spontaneously. The cubisgpfams a continuous bilayer of
the lipid in three-dimensional ‘cubes’. When the tsolutions are mixed, the protein
abandons the detergent micelle and enters thelif@gler, which more accurately
represents a natural environment (Landau and Rasehtll996). In order to initiate
crystallisation, a precipitant, usually a saltadgled to the cubic phase. The salt
‘competes’ for the water in the cubic phase deksatg it. This causes the protein to
come out of solution and begin crystallisation (@gf 2000). Several trials,
screening ecCIC2 in a lipidic cubic phase agaiasibus precipitants, have been set
up. Although the trials have not been successfid,method may eventually yield
crystals of better quality than those producedheysitting drop vapour diffusion
method.

4.1.5 Conclusions

Conditions have been found that produce crysfadsGIC2 that show
promising diffraction. These conditions requirenipalation until crystals are
obtained that will diffract X-rays to a higher régton and produce a diffraction
pattern of better quality than those already oletifsee chapter 3, section 3.3.3).
There are still many experiments to be tried tonoige the crystals, and in principle it

should be possible to grow better crystals.

4.2 Determination of the structure

Once the crystals have been optimised and a coenpddive data set has been
collected the maximum resolution, data to obtaenghases will have to be collected.
The diffraction patterns obtained are measurebkefrttensity of the diffracted X-rays
but not on the relative phases of the X-rays; laothrequired to calculate the electron
density of the protein’s atoms. This lack of phidermation is generally referred to
as the ‘phase problem’ in macromolecular structlmeidation. This section briefly

outlines the phase problem and some methods ahgaillv
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4.2.1 The phase problem

Diffraction patterns are the result of interferemetween X-rays that are
scattered by electrons in an ordered crystal. spogs found in a diffraction pattern
are the result of constructive interference betwdifracted X-rays. The position of
the spots is determined by the crystal latticetiednolecular structure of the
crystalline material. The intensity of the spatsietermined by the crystal structure
and the atomic structure of the crystalline materide intensity is proportional to
the amplitude squared of the diffracted X-rayse Epacing of the spots will provide
structural information on the crystal such as sggoep and the dimensions of the
unit cell. However, solving the atomic structufdlee substance forming the crystal
requires both the magnitude and relative phas#®eaX-rays (Bragg and Bragg
1915). X-rays which are diffracted by the electdemsity in the crystal differ in their
magnitude and phase (the relative position of theeform with respect to an origin,
(see Figure 4.1) from X-rays which are not scatferé& hese differences are caused
by the diffracting material and knowledge of thenessential to obtain the structure
of the crystalline material; as the inverse Fouansform of the phase and
magnitude corresponds to the electron density witte unit cell (Titchmarsh 1937).
As the phases cannot be directly measured, othéoaie are required to obtain the
phase values. One of these methods, anomaloudsrsogtis outlined in the next
section.

4.2.2 Anomalous scattering

All atoms absorb X-rays to a certain extent; tkelihood of an atom
absorbing X-rays increases with the atomic numbertd the large number of
electrons it possesses. The level at which aineatam absorbs X-rays increases
sharply when the wavelength of the incident X-rsysimilar to the natural resonance
levels of the electrons in an atom. This wavelkengtreferred to as the absorption
edge of a particular atom and is unique to eaamatd a crystal contains heavy
atoms and is irradiated with X-rays of a wavelergtse to that of the absorption
edge, the magnitude and phase of the scatteregiodaidl be different to those of the
native data. This change is called anomalousestajt By comparing the values of
the magnitudes, two possible values of the phame$e calculated by a method

known as the Harker construction (Harker 1959).
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Fig. 4.1 Two simple waves that are out of phase with restgeedch other. Wave A has maximum

amplitude

amplitude at a distance of zero whereas wave Brizadémum amplitude at a distance of 1.5; therefore,
the phase difference between the waves is 1.5.umite are arbitrary. Adapted from (Bloonetial.
1999).

By collecting data sets from crystals containinguyeatoms at several wavelengths
near to the absorption edge of that heavy atorferdifit changes in magnitude will be
recorded for the heavy atom. From these datadhel values of the phases can be
calculated. This method is called Multiple-wavegignAnomalous Dispersion

(MAD) (Hendrickson 1991). This technique requisgachrotron radiation as a
variety of wavelengths are required and some swytichir beamlines can be tuned,

whereas in-house sources cannot.
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4.2.3 Introducing heavy atomsinto ecCIC2 crystals

There are many methods by which heavy atoms camroeeluced into a
protein crystal. One method is to replace natamaho acids with those containing a
heavy atom. One such amino acid is seleno-methéotinis is an equivalent of
methionine where the sulphur is replaced by a saieatom. Introducing this
molecule involves producing the protein in mediuimak is deficient in methionine
but is supplemented with seleno-methionine. In@ple, the seleno-methionine is
incorporated into the protein and crystals grovemfithe preparation will contain
selenium. Another method is to introduce cystegsidues into the protein by site
directed mutagenesis. The free sulphydryl grodysteines react strongly with
some heavy metals such as mercury. By soakingatsyis a mother liquor solution
containing a heavy metal salt, the heavy metal wailisliffuse into the crystal
through the large solvent channels and bind tetitghydryl groups. This method
has disadvantages when applied to ecCIC2. Asitleskin section 3.3.1.2 of Chapter
3, the solution in which a membrane protein cryistéb be soaked must contain
detergent at exactly the value of the CMC; thig i&ry difficult value to measure.
Bromine has been used as the heavy atom in MADrawpets to obtain the phases
and solve the structures of unknown proteins éHa. 2000) (Hooveket al. 2000)
(Devedjievet al. 2000) and has been demonstrated as a usefulytoetdblving many
known structures (Dautet al. 2000). The crystals are soaked in a solution
containing a high concentration of bromide iongh@ hope that the ions will bind to
the protein through van der Waals forces or hydndgending with amino groups
(Dauteret al. 2001). The purification and crystallisation of#C2 was performed in
the presence of 200mM sodium bromide (Chapter@®ioses 3.1 and 3.2). While this
concentration may not be high enough to have enbuginide ions occupying the
same sites by van der Waals forces or hydrogensb(aluter, Li et al. 2001) the ions
may be bound to sites in the ion conduction path{sag Chapter 1, Section 1.2.2).
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4.3 Conclusions

This thesis has documented the development okproes required to
ultimately obtain structural information on tEecoli chloride channel ecCIC2. This
has involved the cloning of the gene of interdst, design of an expression system
and the growth of good quality crystals. The mdthare now in place to enable
further experimentation to obtain, in principlejative data set of sufficient quality
and resolution of below 4A so that structure deteation can proceed. Once this has
been achieved, phase information will be collectsithg one of the methods outlined
in section 4.2.2. Solving the structure of thiamhel should provide a detailed
explanation of chloride conductance and channéli@ature. This will contribute
enormously to the understanding of this importamify of channels. CIC channels
have wide ranging physiological roles and therenaaey diseases where
malfunctioning CIC chloride channels are knownswspected to be causative.
Further characterisation of these diseases sheutdded by the structure of this CIC
homologue. Questions that may be addressed kstrilneture include: the number of
transmembrane helices, why certain residues arertant in chloride conduction and
what might be the mechanism of channel gating. Hdatsms have been proposed for
some of these unresolved questions with referemoesults from electrophysiological
and other experiments; however, only direct stmattinformation can provide
definitive answers to these questions. It wilfédscinating to see the structure and

mechanism of this channel solved, let it be pursued
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Appendix:

Biochemical M ethods

A.l. Agarose Gel Electrophoresis

Agarose gels were prepared by adding agarose MEhgRDiagnostics, Ltd.)
to TAE buffer (4mM Tris-acetate, 1ImM EDTA) to foram appropriate percentage
(w/v) solution (e.g. 0.7g agarose in 70ml TAE buffe a 1% gel). The mixture was
then heated in a microwave oven to dissolve theogga Once the agarose had
dissolved, the solution was poured into a gel caststem (Bio-Rad Laboratories,
Ltd) to form a slab gel with wells. DNA samplesre@repared by adding Jtbof
sample to ful 6x loading dye (0.25% bromophenol blue, 0.25%erg cyanol FF,
30% glycerol) and making the volume up {d &ith TAE buffer. Gels were run with
a constant voltage of 120V in a Wide Mini-Sub G&Tl (Bio-Rad Laboratories, Ltd)
for 30 minutes or until the dye front had reachHezlénd of the gel. DNA was
visualised by staining the gel in a 0.001% ethidhmomide solution for 30 minutes
and fluorescing under UV light. The exact sized amount of the DNA molecular

weight markers, used when running all agarose geshown in figure A.1.
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Fig. A.1 Composition of the DNA molecular weight markerswhan the gels. The figure showgl5

of the DNA molecular weight marker run on a 1% agargel stained with ethidium bromide.
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A.2. Sodium Dodecyl Sulphate Polyacrylamide Gel Electrophoresis
(SDS-PAGE)

SDS-PAGE was performed according to Laemmli coadgi(Laemmli 1970)
with some modifications that are outlined in trestgon. All samples were run on
12% gels under non-denaturing conditions. The amition of the stacking and
resolving gels is shown in table A.1. Gels wergt @ad run in the Mini-PROTEAN 3
system (Bio-Rad Laboratories, Ltd). Samples (ful&ere mixed with fl 4x
loading buffer (100mM Tris-HCI, 4% SDS, 0.2% brorhepol blue, 20% glycerol)
and made up to 20with running buffer. Broad range prestained pmoimarkers
(New England Biolabs, U.K, Ltd.) 10 were run as a reference in all gels. Gels were
run at a constant voltage of 200V for approxima6@flyminutes or until the dye front
had reached the end of the gel. Protein was vs&ehby using the staining buffer
(40% methanol, 10% acetic acid, 0.1% Coomassie Rt280) and then destained by

several washes in destain buffer (40% methanol, 468tic acid).

Stock Solution Stacking Gel (4%) Separating Ge?412
ddH,O 6.43ml 4.35ml
0.5M Tris-HCI
2.5ml oml
pH 6.8
1.5M Tris-HCI
Oml 2.5ml
pH 8.8
10% (w/v) SDS 1o00ul 1o0ul
Acrylamide/Bis-
acrylamide 40% Iml 3ml
solution
10% ammonium
50ul 50pl
persulphate
TEMED 10ul 5ul
Total volume 10ml 10ml
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Table A.1. Composition of gels used in SDS-PAGE.
A.3. Composition and preparation of bacterial growth media

A.3.1Luria-Bertani Medium

Luria-Bertani medium (LB) was prepared by adding following components
to a 4l baffled flask. LB Medium Components (gé&e): 10g bacto-tryptone, 5g
yeast extract and 10g sodium chloride. The meduas sterilised by autoclaving at
121°C, 15Ib/sq. in. for 20 minutes.

A.3.2Terrific Broth

Terrific Broth (TB) was prepared as in section A.@ith the following
components: 129 bacto-tryptone, 24g yeast extratdan| glycerol per litre. The
components were added to a 4l flask and 900mb@dMas added and the medium
was autoclaved. Once the medium had cooled 10D@dosterile filtered phosphate
buffer (0.17M KHPQ,, 0.72M K;HPO;) was added.

A.3.3 Super Broth
Super Broth (SB) was prepared as in section AV&H the following
components: 32g bacto-tryptone, 20g yeast extratbg sodium chloride.

A.4. Transformations

DNA manipulation and expression straindg=afoli were transformed with
plasmid DNA using the heat-shock method. Chemjiaaimpetent strains @&.coli
(50ul) were thawed on ice for 5 minutes. Approximatgly of plasmid DNA was
then added and the cells were incubated on icBdoninutes. The cells were then
heat-shocked at 42°C for 30 seconds in a water bisftier heat shock the cells were
incubated on ice for a further 2 minutes. Aftarubation on ice, 990 LB broth was
added and the cells were incubated at 37°C in litabincubator for 30 minutes.
After this recovery period 250 of the cells were plated out onto LB agar plates
containing 5Qig/ml kanamycin to select for successful transfortsialates were
incubated overnight at 37°C and inspected for sicglonies the following day.
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A.5. Preparation of competent cells

Competent.coli strains were prepared in advance of transformatigra
modified Hanahan method (Hanaharl. 1991). A 5ml culture of the desired strain
was grown in 5ml LB broth overnight at 30°C. 1rhthis culture was then used to
inoculate 100ml LB broth. This culture was incidzhait 37°C in an orbital incubator.
Once the Okyo reached 0.5 the cells were immediately transfeiwaxéntrifuge tubes
pre-chilled to 4°C. Cells were pelleted by centydtion at 5000rpm at 4°C for 20
minutes in a Beckman Avanti J-20 centrifuge. The supernatant was discarddd an
the cells were resuspended in ice-cold CCMB satutgee Table A.2) and incubated
at 4°C for 20 minutes. The cells were then pallete before and the supernatant
discarded. The cells were then resuspended inc@&adold CCMB solution.

Aliquots of the cells (10@l) were transferred to 1.7ml microfuge tubes aadtl

frozen in a dry-ice/ethanol bath. Competent ce#ise stored at -80°C.

CCMB Solution

Component Concentration
Calcium chloride 80mM
Manganese chloride 20mM
Magnesium chloride 10mM
Potassium acetate 10mM
Redistilled glycerol 10% (viv)

Table A.2. Components of CCMB Solution. All chemicals weredtad highest grade and solutions

were prepared using molecular biology grade wa&egnia).

A.6. Qiagen DNA purification Kits
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All Qiagen DNA purification kits were used accordito manufacturer’s

instructions.

A.7. Bradford Assay

Protein concentration was estimated by the Braddsshy (Bradford 1976).
400ul ddH,O was added to 4p0Bradford reagent, mixed and placed in a
polystyrene cuvette (Fischer Scientific, Ltd.) arsgd as a blank. Protein samples
were added to an appropriate volume of gdkb make the volume up to 440 This
solution was then mixed with 4QDBradford reagent. Protein concentration is
directly proportional to the absorbance at 595nitinépresence of Bradford reagent.
An Ultrospec 2000 UV/Visible spectrophotometer (Asteam Parmarcia Biotech
U.K, Ltd.) was used to measure absorbance. Therephotometer was zeroed using
the Bradford/water mix and then the absorbancaetample containing protein was
measured. The absorbance was compared to a standae that had been plotted
using known quantities of Bovine Serum Albumin (BSAn this way the
concentration of a protein sample could be estithates the Bradford assay is quite
inaccurate and detergents can interfere with tiee plsotein concentration was also

measured by the absorbance at 280nm. This medtaebcribed in section A.8.

A.8. Calculation of concentration from absor bance at 280nm

Measurement of protein concentration by the absmdat 280nm (O£) is
a non-destructive method. The level to which pnstevill absorb UV light at 280nm
depends on the number of tryptophan, tyrosine gstkime residues it contains. This
will vary between proteins and each will have afividual molar extinction
coefficient. This can be calculated from the nunifehese residues found in a
protein (Gill and von Hippel 1989). Both wild typ&d recombinant ecCIC2 contain
the same number of these residues: Tryptophagrdsine: 9 and cysteine: 3. The
molar extinction coefficient is calculated by mplyiing the molar extinction
coefficient for each amino acid by the number pnegethe protein and adding the

total.
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) ) Extinction coefficient| No. residues Molar extinction coefficient
Amino Acid ] Total
at 280nm in ecCIC2 for ecCIC2 at 280nm
Tryptophan 5690 M cm* 6 34140 M cm’*
Tyrosine 1280 M cm’* 9 11520 M cmit 46020 M* cm*
Cysteine 120 M cm* 3 360 M* cm*

Table A.3. Molar extinction coefficients of the amino acidslaralculation of the molar extinction
coefficient of ecCIC2.

With the molar extinction coefficient calculatea tboncentration of the protein can
be measured from the Q§3 using the Beer- Lambert law (Fig. A.2). The equrat
allows the calculation of the molar concentratiéthe protein from the Of,and

molar extinction coefficient.

OD>go = € x Cx |

Fig. A.2 The Beer-Lambert equation wherés the molar extinction coefficient in Mem?; c is the

concentration of the sample in Moles (M) and his path length of the cell in cm.

Concentration was measured by placing a sampleegbitotein in a quartz cuvette
with a path length of 1cm and measuring the;§ M an Ultrospec 2000 UV/Visible
spectrophotometer (Amersham Parmarcia Biotech Wd) that had been blanked
against a cuvette containing buffer only. The motancentration of the protein was
then calculated by dividing the Q3 by the molar extinction coefficient (a

rearrangement of the above equation).
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Appendix: Biochemical Methods

A.9 Oligonucleotide primers

All primers were purchased from Sigma-Genosys, tdd).0uUM scale and
purified by desalting. Primers arrived as a ly¢éiphd sample. The primers were
resuspended in 2Q0ddH,O. The concentration was then calculated by regittia
absorbance of the sample at 260nm £69D An absorbance of lunit at 260nm is
equal to a concentration of 3@ml of single stranded DNA. Once the concentratio

was known 5Qg/ml stocks were made in deg® and stored at -80°C.
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