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Riassunto

In questo lavoro di tesi ci si € occupati dell'esgwmione, della purificazione e della
cristallizzazione di tre enzimi (bile acid CoA:amimcid N-acyltransferase,

BAAT,; farnesyl cysteine-carboxyl methyltransferasgtel4; e stearoyl-CoA

desaturase, SCD) con lo scopo finale di determen&rstruttura tridimensionale

mediante analisi di diffrazione di raggi X.

| cDNA delle proteine in questione sono stati ctoimavettori per 'espressione in

sistemi eterologhi. Le scelta del sistema di esiwes opportuno per la

produzione su larga scala e stata condotta dopwalngazione della resa, della
stabilita ed integrita del prodotto proteico.

La proteina BAAT umana € stata espressa utilizzaihdsistema procariotico
E.coli. La proteina ricombinante e stata purificata ttentue cromatografie di
affinita al nichel e gel filtrazione. L'integritaetl campione ottenuto e stata
controllata attraverso spettrometria di massa mdgeneita mediante DLS. E’
stata condotta anche una valutazione dell'attivetizimatica verificando la
presenza dei prodotti mediante spettrometria disma®ltre alla proteinavild
type e stato prodotto il mutante privo di attivita enatica (C235A) per procedere
con le prove di cristallizzazione in presenza ddissrato. | campioni ottenuti si
presentano sufficientemente puri, stabili ed omegeer allestire le prove di
cristallizzazione. Le prove di cristallizzazionenha dato esito positivo con la
proteina mutata, anche se i cristalli fino ad dtterati non sono idonei per gli
esperimenti di diffrazione di raggi X.

La proteina di membrana Stel4 @iglabrata € stata individuata come buon
candidato per la produzione su larga scala al dineondurre studi strutturali
attraverso l'utilizzo di un sistemhbigh-throughput pubblicato da Drewet al.,
2008. Il sistema prevede I'espressione eterologd iterevisiae; la proteina di
interesse viene prodotta in fusione alla GFP paandb la valutazione del livello
di espressione e la stabilita nei diversi deteiigetriaverso misure di fluorescenza
sull’estratto cellulare. L’enzima e stato purificatttraverso due cromatografie di
affinita al nichel e gel filtrazione in presenza slel detergente DDM sia del

detergente LDAO. Il profilo della gel filtrazionauggerisce che il campione e



‘monodisperso’ e quindi adeguato per l'allestimedit@rove di cristallizzazione.
Ad oggi non sono pero stati ottenuti cristalli didatl esperimenti di diffrazione.

E’ stato infine messo appunto un protocollo di espione e purificazione per
I'enzima transmembrana umano SCD. La proteina riipante e stata espressa
in cellule di insetto e purificata in presenza diefergente DDM attraverso IMAC.
La resa e la purezza del prodotto proteico ad oggi € ancora ottimale ma la
quantita di enzima é sufficiente per allestire pradi cristallizzazione e per
condurre studi biochimici e strutturali.



Abstract

This thesis work was aimed at the expression, ipatibn and crystallization of
three human proteins (bile acid CoA:amino acid MHeansferase, BAAT,
farnesyl cysteine-carboxyl methyltransferase, Stahd stearoyl-CoA desaturase,
SCD) in order to determine their three-dimensiosaiucture using X-ray
crystallography.

The cDNA sequences were cloned into specific vector overexpression in
heterologous systems. The choice of the best esipressystem was made

considering the protein yield, stability and iniggbefore scaling up.

Human BAAT was expressed kHcoli. The recombinant protein was purified by
IMAC, reverse IMAC and gel filtration. The integribf the sample was assessed
by mass spectrometry and its homogeneity using Dlfe enzymatic activity
was controlled verifying the presence of the presiiny mass spectrometry. In
addition to the wild type protein, the catalytic tawt (C235A) was cloned and
expressed to carry out crystallization trials ie firesence of the substrate. The
samples obtained are sufficiently pure, stable &odhogeneous to set up
crystallization trials. Crystals were obtained onlgh the mutant but they are not
sufficiently ordered for X-ray diffraction experimies.

Using the high-throughput system published by Deea., 2008, the membrane
protein Stel4 fronC.glabrata was selected as a good candidate for a large scale
production in order to conduct structural studieise system useScerevisiae to
overexpress membrane proteins; the protein of @steis cloned into a GFP-
fusion vector allowing to estimate the expresserel and the stability in several
detergents by measuring fluorescence directly Ihecdracts. The enzyme was
purified by IMAC, reverse IMAC and gel filtrationnithe presence of the
detergents DDM and LDAO. The gel filtration profiledicates that the sample is
‘monodisperse’ and hence adequate to set crystadiiz trials. Up to now no
suitable crystals were obtained.

Finally, a protocol for the expression and purifica of the human membrane
enzyme SCD was developed. The recombinant protes expressed in insect
cells and purified in the presence of the deter@di by IMAC. Until now the



yield and the purity obtained are not optimal busuficient quantity of the
enzyme can be extracted to carry out crystallipatials aimed at structural and

biochemical studies.
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|. Protein X-ray crystallography

Protein X-ray crystallography is a powerful techreqfor obtaining atomic
structural information. In the last decade thihiteque has found renewed interest
since the genomes of humans and other organism seggenced. This enabled
the birth of high throughput crystallographic ptaths aimed at solving the
structures of all the encoded proteins, even in #tbsence of functional

characterisations.

Determining the 3D structure of biological macroewmlles by X-ray

crystallography involves several steps includingnolg, expression, purification,
and crystallisation of the target molecule, acqgjrdiffraction data, phasing the
data, model building and refinement. However, trepgaration of protein crystals
remains the main bottleneck for protein crystalimry, especially in the case of

membrane proteins.
I.I. Protein crystallization

A battery of different experimental setups andtegies exist for attempting to
crystallize proteins. The starting point for crif&tation is to obtain pure protein
that is highly concentrated in a water-based bustdution. The procedure for
crystallising proteins involves disolving the piioten a mixture of precipitant
agents, such as organic solvents (e.g., PEG, MRIghly concentrated salt
solutions (e.g., ammonium sulphate or sodium maé&nar combinations of
both. In these conditions the solubility of the teios is reduced resulting in the
formation of an amorphous protein precipitate. Hesveif the appropriate
conditions are selected so that specific attradtmeractions can occur between
the protein molecules, this can lead to proteirsteiization. The crystallization
process can be differentiated into two steps: [jg) iucleation process and (2)
crystal growth. Under the correctly selected coadsg, crystal nucleation and
growth can be achieved within the supersaturatgobme of the phase diagram.
Nucleation is the process by which molecules or ecrgstalline aggregates which

are free in solution come together in such a way tas produce a



thermodynamically stable aggregate with a repedétige. The nucleation range
is also called the labile zone, while the growthga is known as the metastable
zone. For crystal nucleation to occur, the expemigre must push the protein
solution into the labile zone, which is also thgioa where fast growth of crystal
nuclei occurs. This means that for a successfueémx@nt the protein/precipitant
mixture must approach the nucleation zone very lyi@e that the developing
nuclei have enough time to growth. The transitioont a stable solution to a
supersaturated solution can be achieved by adjustire position of the

protein/precipitant mixture in the example phasgcam (Fig.1.1).

Supersaturation

Precipitation zone

Nucleation
__zone

[Protein]

| Metastable
Yy zone

Solubility curve

-

Undersaturation

[Precipitant]

Fig.1.1. A schematic phase diagram showing the sbility of a protein in solution as a

function of the concentration of the precipitant present.

These experiments are based on trial-and-errortrendelected precipitants, their
concentration, and the pH range are selected basegrevious crystallisation
successes. In one of such screening experimentgjréds of conditions are
tested. The crystallisation conditions are scredoegromising results, such as
very small crystals or crystalline precipitategttban guide further crystallization
rounds. Null results also provide useful informatigince they suggest that the
protein concentration should be increased. A somgerof nearly random
conditions is required due to uncertainty in thée@b of agents like ions,

temperature, and pH on protein crystal growth (MaBbn, 1990).



A. Bile Acid Coenzyme A:Amino Acid N-Acyltransferase

A.1.1. Bile Acids

Cells utilize several enzymatic mechanisms to dlearexcess of cholesterol. The
major pathway, accounting for approximately 90%chblesterol breakdown, is
the enzymatic conversion of cholesterol into bd&a by enzymes in the liver.
The conversion is known to involve multiple hydréations of the ring structures
and the oxidation and shortening of the side cbéicholesterol to produce aL
bile acid; but the precise number of steps, thatities of the enzymes involved,
and the mechanisms by which the pathway is regllare currently largely
unknown (Russell, 2009).

Bile acids are amphipathic molecules, which contairsterol nucleus with
hydroxyl groups and a side chain that terminates inarboxyl group. Their
amphipathic nature is essential to solubilize dyetgids, which subsequently

promotes their absorption in the digestive tract.

_-OH or conjugation R1 R2 R3

: H/C\___
i o OH OH H Cholicacid
Conjugation 0
H OH H  Chenodeaxycholic acid

PN ”
o~ J, Taurine R= NHCH,CH,SO~ o
L/ or oH OH H H  Deoxycholic acid
0 B . .
Ho” “r2  Glycine  R= NHCHC H H H Lihocholic acid
R2 OH

) OH OH Muricholic acid

Fig.1.2. Structure of selected bile acids (Houtegt al., 2006).

Bile acids that are synthesized from cholesterothe hepatocyte are termed
primary bile acids. Bile acids that are formed lagterial modification of primary
bile acids are termed secondary bile acids. Thecipal bile acids include in
humans the primary bile acids cholic acid (CA) attenodeoxycholic acid
(CDCA), their glycine and taurine conjugates, ahe& secondary bile acids
deoxycholic acid and lithocholic acid. In mice, CRG efficiently converted into

muricholic acid (Fig.1.2).



Most of the bile acids are present within the estiepatic organs. Usually bile
acids are stored in the gallbladder; however, waeneal is ingested, they flow
into the duodenum and intestine. Afterward theyedfieiently (95%) reabsorbed
by passive diffusion and active transport in thenteal ileum, and transported
back to the liver via the portal vein. In the livdale acids are taken up at the
basolateral (sinusoidal) membrane and exportechagaihe apical (canalicular)
membrane of the hepatocytes into the bile canaigc(transhepatic bile acid flux).
This completes their enterohepatic circulation. tEddle acid molecule may
complete 4-12 cycles between the liver and intesper day. Owing to this
efficient recirculation, only a small amount of thide acid pool size is derived

from de novo biosynthesis (Fig.1.3).

Hepatocyte

Bile acid (BA) synthesis <—

=

T Portal vein

Enterocyte

Lumen 5 m—

Fig.1.3. Schematic depiction of the enterohepatidrculation of bile acids.

Before the excretion of bile by the liver bile axidave to be conjugated to an
amino acid. In normal bile, bile acids conjugatethwglycine and taurine are the
major solutes and unconjugated bile acids are dlmmsdetectable. Conjugated
bile acids are less toxic and are more efficienihmters of intestinal absorption
of dietary lipids than the unconjugated molecuteslidast al., 2000).

It has also become clear that bile acids besides tloles in dietary lipid
absorption and cholesterol homeostasis, are ajsalgig molecules. Three major
signaling mechanisms have been identified. Bilelseictivate mitogen-activated
protein kinase (MAPK) pathways, are ligands for @@rotein-coupled receptor
(GPCR) TGR5, and activate nuclear hormone recemach as farnesoid X
receptor a (FXRa; NR1H4)(Houtehal., 2006; Chiang, 2002).



A.1.1.1. Bile acid biosynthesis

Cholesterol is converted into bile acids via midtigpathways which involve
many different enzymes (Fig.1.4). Many of theseyeres are predominantly
expressed in the liver and are localized in sevetidferent subcellular
compartments.

In the classic pathway, bile acid biosynthesis m&gwith the conversion of
cholesterol into d-hydroxycholesterol by cholesterok-hydroxylase (CYP7A1L).
This is a microsomal cytochrome P450 enzyme loedlzxclusively in the liver.
Its expression is highly regulated and shows angtdiurnal rhythm. The classic
pathway involving CYP7ALl is the major pathway inebiacid biosynthesis
because its contribution to total bile acid synihés 90% in humans and 75% in
mice.

In the acidic pathway, oxysterols rather than cétel®l| serve as substrates far 7
hydroxylation. Sterol 27-hydroxylase, a mitochoatlricytochrome P450
(CYP27A1), forms predominantly 27-hydroxycholesterdbut can also
hydroxylate cholesterol at carbons 24 and 25. A#gvely, 24- and 25-
hydroxycholesterol are also the product of sepaddtelesterol 24- and 25-
hydroxylases. To be converted into bile acids, én@systerols must underga-7
hydroxylation. Oxysterol ad-hydroxylase (CYP7B1) catalyzes the conversion of
27-hydroxycholesterol and 25 hydroxycholesterold as highly expressed in
liver. The CYP39A1 oxysterolofhydroxylas acts on 24-hydroxycholesterol. The
acidic pathway is responsible for the remaininge kaicid synthesis (10% in
humans and 25% in mice).

The next step in the ring structure modificatiowalves isomerization of the
double bond from the 5 to the 4 position and thelation of the B-hydroxyl-
group to a 3-oxo-group. This step is catalyzedngyrhicrosomal 3-hydroxy-A5-
C27-steroid oxidoreductase (HSD3B7), which can dryndle é-hydroxylated
intermediates derived from both cholesterol andstetpls. At this point in the
biosynthesis pathway, the intermediates can be fraddiby sterol 1a-
hydroxylase (CYP8BL1), and this will decide the fafdhe produced bile acid. If
the reaction is catalyzed by CYP8B1, another mamta cytochrome P450, the
final product will be cholic acid, if not either ehodeoxycholic acid (in humans)

or muricholic acid (in mice) will be formed.



Subsequently, the products of HSD3B7, whether dr I#o-hydroxylated, are
subject to reduction of the double bond by the erew4-3-oxosteroid B-

reductase (AKR1D1), which is a cytosolic enzymee Timal step of the ring
modifications involves reduction of the 3-oxo-grotgpan alcohol-group and is

catalyzed by @-hydroxysteroid dehydrogenase (AKR1C4).

Cholesterol
¥

CYP7A1, Cholesterol CYP46A1, Cholesterol Cholesterol CYP27A1, Sterol
Tu-Hydroxylase 24-Hydroxylase 25-Hydroxylase 27-Hydroxylase

CYP39A1, Oxysterol CYP7B1, Oxysterol
7o-Hydroxylase 7a-Hydroxylase
¥

3p-Hydroxy-A5-Cy7 Steroid Oxidoreductase

CYPB8B1, Sterol 120-Hydroxylase
27
- A%-3-Oxosteroid 53-Reductase

26

24
30-Hydroxysteroid Dehydrogenase

CYP27A1, Sterol 27-Hydroxylase

HO' Bile Acid-CoA Ligase
2-Methylacyl-CoA Racemase -
Cholesterol v C34 Conjugated
Branched-Chain Acyl-CoA Oxidase Bile Salt

D-Bifunctional Protein
Peroxisomal Thiolase 2

Bile Acid CoA: Amino Acid N-Acyltransferase

Conjugated Bile Salts

Fig.1.4. Enzymes of bile acids synthesis. The 16zgmes involved and the 17 reactions are
shown. Mutations causing human disease have beereitified in the nine enzymes that are
boxed in blue. The structure of cholesterol and aaneric conjugated bile salt are shown. R=

OH or H; X= glycine or taurine (Russell, 2009).

After the ring modifications, the sterol side cham oxidized, activated and
shortened by cleaving off propionyl-CoA. The firsteps of this process are
catalyzed by CYP27A1, which is the same mitochaildmzyme that can initiate
bile acid biosynthesis through formation of 27-fgdrcholesterol. The enzyme
introduces a hydroxyl-group at carbon 27 and thddizes this group first to an
aldehyde and then to a carboxylic acid. The prado€this reaction are the bile
acid intermediates o37a-dihydroxycholestanoic acid (DHCA) andu,3o,120-
trihydroxycholestanoic acid (THCA), which subsedqlehave to be activated to
their CoA-ester. Two enzymes have been identifiddckv can perform this
reaction. The first is the very long-chain acyl-Csynthetase (VLCS, encoded by
SLC27A2) localized at the endoplasmic reticulum anthe peroxisome, and the
second is bile acyl-CoA synthetase (BACS, alscedallery long-chain acyl-CoA



synthetase homolog 2, encoded by SLC27A5) excllysilecalized at the
endoplasmic reticulum. BACS, which is only presemtliver, also displays
activity towards Gs-bile acids and is thought to be involved in thévation of
bile acids which return to the liver via the entexpatic circulation after
deconjugation in the small intestine. It is uncledrich of the two synthetases
capable of activating &bile acids is responsiblen vivo for the CoA-ester
formation of DHCA and THCA, and whether this occatsthe endoplasmic
reticulum or in the peroxisome (Russell, 2003; RUs2009).

A.1.1.1.1. Peroxisomal steps in bile acid biosyntkis

The first peroxisomal enzyme required for the cosiam of DHC-CoA and THC-
CoA to chenodeoxycholoyl-CoA (CDCCoA) and choloyAC (CA-CoA),
respectively, isi-methylacyl-CoA racemase (AMACR). Its activity igaessary
for this conversion, because only (25R)-stereoissraee formed by CYP27A1,
whereas the peroxisomgltoxidation system can only handle (25S)-isomers.
Thus, AMACR racemizes (25R)-DHC-CoA and (25R)-THGAC to their
respective (S)-isomers, allowing subsequ@mixidation of these substrates. In
mouse and rat, THC-CoA oxidase (encoded by AcoxR)izes the CoA-esters of
the Grbile acid intermediates. Its ortholog in humanthis branched chain acyl-
CoA oxidase (BCOX, encoded by ACOX2), which is ilweal in the oxidation of
the Grbile acid intermediates and of pristanoyl-CoA thas a methyl-group at
the 2 position just like the side-chains of DHCAdafRHCA. The acyl-CoA
oxidase desaturates (25S)-THC-CoA 78,120~ trihydroxy-33-cholest-24-en-
26-0yl-CoA (24(E)-ene-THCCoA). The two subsequesdctions are catalyzed
by D-bifunctional protein (DBP, also called multiictional protein 2,
multifunctional enzyme I, or D-peroxisomal bifurartal enzyme, encoded by
HSD17B4). DBP consists of multiple functional undaad is a stereospecific
enzyme. Its hydratase unit converts 24(E)-ene-TH@®-Cexclusively into
(24R,25R)-8,7a,120,24-tetrahydroxy-pB-cholestanoyl-CoA (24-OH-THC-CoA),
which is converted into37a,120-trinydroxy-24-keto-B-cholestanoyl-CoA (24-
keto-THC-CoA) by the dehydrogenase unit of DBP alyn sterol carrier protein
X (SCPx) cleaves 24-keto-THC-CoA to CA-CoA and poogl-CoA. The B-
oxidation of the side-chain of DHC-CO0A is analogtaishat of THC-CoA.



The last step in bile acid biosynthesis involvesjggation of CDC-CoA and CA-
CoA with an amino acid. This reaction is catalybgdthe bile acyl-CoA: amino
acid N-acyltransferase (BAAT), which is predomingrexpressed in liver and is
localized in peroxisomes and the cytosol. This doedlization suggests that the
peroxisomal BAAT is responsible for conjugationtbé newly formed primary
bile acids within the peroxisome, whereas the @lto8AAT will be involved in
reconjugation of the recycled primary and secondaly acids that have been
deconjugated in the gut. After conjugation, biledadave to be transported from
the peroxisome by an as yet unidentified transpamtel are then excreted from
the hepatocyte into the bile (Russell, 2003; Rlis3@09; Ferdinandusse, 2006).

A.1.1.1.2. Bile acid conjugation

C,4 bile acids are conjugated with either glycine aarine. Conjugation with
taurine results in the formation of a molecule trgaffully ionized and highly
soluble at the small intestine pH during digesti(pH 6-7). In addition,
conjugation results in a molecule that is alwaygatieely charged and therefore
towards which cell membranes are impermeable. M@meahe bile salt molecule
is too large to diffuse through the paracellulangiions of the biliary tract and
small intestine. Impermeability in the apical mear of cholangiocytes and
enterocytes and the paracellular junctions betwhegse cells is a key factor in
promoting the high intraluminal concentration ofnpmated bile acids in the
biliary tract and small intestine. Conjugation wdlycine converts a weak acid
(pKa of 5) to a slightly stronger acid (pKa of #he result is increased solubility
and ionization at the pH conditions prevailing dgrdigestion. In man, intubation
studies have shown that most glycine conjugatesldmlds are in solution during
digestion (Hofmann and Hagey, 2008).

A.1.2. Bile acid coenzyme A:amino acid N-acyltransfase

Bile acid coenzyme A:amino acid N-acytransferas@&AB) is the enzyme
involved in the addition of an amino acid, usuailycine or taurine, in amide
linkage to carbon 24 (Fig.1.5). The N-acyltransferas a remarkably efficient

enzyme as more than 98% of bile acids excreted theniver are amidated.
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Fig.1.5. Conjugation of bile acids. The chemical nifications introduced by the enzyme are
indicated in red on the products of the reaction. @mulative changes to sterol intermediates

are indicated in green (Russell, 2003).

BAAT activities have been identified in numerouseaps, including fish,
seabream, dog, bovine, domestic fowl, rat, mousehaiman. BAAT activity has
been characterized not only in the liver of thasienals, but activity has also been
observed in the rat kidney (Shonstwl., 2005).

Sequence similarity searches have detected signitfisimilarity of BAAT to
dienelactone hydrolase and othéf hydrolases of known structure. T3
hydrolase fold is shared by several enzymes thadraptly have diverged from a
common ancestor. Despite their different cataljsiections, these enzymes all
contain a conserved nucleophile- histidine-acidhlgét triad with the histidine
being a completely conserved amino acid and thdeophile and acid loops
accommodating more than one type of amino acid. nmacid sequence
alignments also revealed that hBAAT and other BAA¥s/e high homology
(above or equal to 40%) with peroxisomal, mitoch@ald and cytosolic long
chain acyl-CoA thioesterases or acyl-CoA thioestesa

Using mutation analysis it was established that ABAutilizes a catalytic triad
composed of Cys-235, His-362, and Asp-328 with £35-as the nucleophile.
Catalysis in hBAAT may follow the classical changgay mechanism shared by
serine proteases and thioesterases proposed byartbeh et al.,1991. The
reaction involves five steps: 1) nucleophilic aktaxf Cys-235 on the carbonyl
carbon of bile acid-CoA substrate to form a tetdabe intermediate; 2)

decomposition of the tetrahedral intermediate t® #tyl-enzyme intermediate



(CoA is cleaved from bile acid-CoA); 3) amino aggllycine or taurine) attack on
the carbonyl carbon of the acyl-enzyme intermedi&tdormation of the second
tetrahedral intermediate; and 5) generation offiite acid-amino acid conjugate

and recovery of the active enzyme (Sfakiagtad., 2002)(Fig.1.6).
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Fig.1.6. The catalytic mechanism of hBAAT (Sfakianset al., 2002).

In recent evolutionary history (last 25 million ysg conjugation with glycine has
appeared in several branches of the mammalian &ngdnterestingly, most
monkeys in the New World are exclusively taurinenjogators, whereas Old
World primates conjugate with both amino acids. 8omammals (pigs and
rabbits) are principally glycine conjugators. MoOUBAAT is only active with
taurine (Falanyet al., 1997), but humans can conjugate bile acids Witth
taurine and glycine. The ratio of glycine to taericonjugated bile acids in
humans is solely dependent on the relative aburdaithe two amino acids.
Several procedures have been described for théication of BAAT from rat
liver, human liver, domestic fowl liver and bovitiger. Kinetic studies about
hBAAT revealed apparer,, values for taurine and glycine of 1.1 and 5.8 mM,
respectively, with corresponding/max, Vvalues of 0.33, 0.19, and 0.77
pmol/min/mg protein (Johnsaat al., 1991).

The cDNA encoding human BAAT was isolated and ottaer&zed by Falangt
al., 1994. Sequencing and expression of the hBAAT ADdlidated the identity



of the purified BAAT. TheK,, values for glycine (5.6£0.1 mM) and taurine
(1.8£0.1 mM) in the formation of cholic acid conaigs catalyzed by the
expressed purified enzyme were very similar to vhiies (5.8 and 1.1 mM,
respectively) obtained with pure liver hBAAT.

Expression of the BAAT enzyme is induced by thenéanid X receptor (FXR,
NR1H4). FXR regulates bile acid and lipid homeadstalsy acting as an
intracellular bile acid-sensing transcription factAnalysis of the human BAAT
gene revealed the presence of functional respdesgeats in the intronic region
between exon 1 and 2. The response elements resdiblconsensus FXR
binding site consisting of two nuclear receptoirfisébs organized as an inverted
repeat and separated by a single nucleotide (IR-1).

These response elements directly bind FXR/retindid receptor (RXR)
heterodimers and confer the activity of FXR ligandstransient transfection
experiments. Further mutational analysis confirimet the IR-1 sequence of the
BAAT gene mediates transactivation by FXR/RXR hedéners. In addition, rats
treated with the synthetic FXR ligand GW4064 cleathow increased transcript
levels of BAAT mRNA (Pircheet al., 2003).

hBAAT and rBAAT have been reported to reside inopesomes with variable
amounts present in the cytosol. Consequently, & baen proposed that
peroxisomal BAAT is required for conjugation d¢ novo synthesized bile salts,
whereas the cytosolic pool of BAAT is required feconjugation of deconjugated
bile salts returning from the intestine (Solaasl., 2000; Heet al., 2003). Some
studies affirm that the majority of BAAT activityesides in the cytosol and
approximately 15% of BAAT activity is present iretperoxisomal matrix (Styles
et al., 2007); others suggest that the enzyme locasipesifically to peroxisomes
(Pellicoroet al., 2007). Recently using photobleaching techniquegas found
that GFP tagged BAAT was exclusively localized e tcytosol (Buchet al.,
2009). hBAAT and rBAAT contain an established variaf PTS-1 (C-terminal
SLK) at their C-termini, SQL. This signal is recazgd by the cytosolic PTS-1
receptor Pex5p, which is responsible for sortinghe peroxisome. Probably the
cytosolic localization is due to its carboxy teralimon-consensus peroxisomal
targeting signal since mutation of the SQL to SkKdsulted in BAAT being

efficiently imported into peroxisomes.



A.1.2.1. BAAT deficiency

Four members of two Amish families have been regbmvith a homozygous
mutation in the BAAT gene. The patients had inocedaserum bile acid levels and
the bile acids in serum were unconjugated. Becansenjugated bile acids are
not efficiently excreted in the bile, the bile aa@dncentrations in the intestine
were hypothesized to be very low resulting in fatlabsorption, failure to thrive
and a vitamin-K dependent coagulopathy. Thesecalirfeatures correspond to a
genetic syndrome known as Familial hypercholanerff&®CA). Genomic
sequencing of exons and exon-intron boundariesA& Bidentified a Met76-to-
Val (M76V) mutation (Carltoret al., 2003).

Another boy had been described previously with h@ay or tauro-conjugated
Cosbile acids, but at that time a specific BAAT defncy had not been
established with certainty. This patient had a lsimelinical presentation with
cholestasis associated with high serum and urileeglid levels and low levels of

fat-soluble vitamins.



B. Two membrane enzymes: Farnesyl Cysteine-Carboxyl

Methyltransferase and Stearoyl-CoA 9-Desaturase

B.1.1. Membrane proteins

Membrane proteins continue to be among the mostleciging targets in
structural biology. All cells and organelles arentaoned within a hydrophobic
lipid bilayer. Membrane proteins are involved inwéde variety of biological
processes including photosynthesis, respiratioginasi transduction, molecular
transport and catalysis. These proteins represettelen 20 and 30% of the
proteomes of most organisms (Kroghal., 2001) and more than 40% of drug
targets (Overingtort al., 2006) and yet very few structures of these mudesc
have been solved by X-ray crystallography or NMRe Tirst membrane protein
structure was published in 1985 (Deisenhaderl., 1985) and since then the
number has increased slowly but steadily (Whit®Q(Fig.1.7).
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Fig.1.7. Growth of unique membrane protein structues deposited in the PDB. In blue, the
number of structures of prokaryotic membrane protens, and in yellow, the total number of
eukaryotic structures. Both monotopic and multispaming proteins are included. For this
study proteins are regarded as unique if they com&om the same family but for different

species (Carpenteet al., 2008).



To date there are over 50000 entries in the Pr@@ata Bank (PDB) repository of
protein structures, but less than 1% of theseemntepresent membrane proteins.
Of the 368 membrane protein structures in the ‘Memé proteins of known 3D
structure’ database (http://blanco.biomol.uci.edeibrane _Proteins_xtal.html),
148 belong to unique proteins. Eukaryotic membrprageins are particularly
under-represented, with only 39 examples (Carpehtdr, 2008).

In general membrane proteins occur in a wide thistion of sizes and shapes and
can exist as monomers or in homo- hetero-oligommiaplexes. These proteins
may also be completely buried into the bilayer avéhlarge extra membranous
domains.

Membrane proteins are typically classified in tways. according to their
interaction with the lipid bilayer (peripheral/igi@l membranes proteins) or
according to the mechanism by which the proteisemble into the membranes
(costitutive/non-costitutive membrane proteins).

Proteins that bind or hardly penetrate the membgamtace without spanning it
are referred to as monotopic or peripheral membpaoteins. These proteins can
often be released from the membrane by an incrieasaic strength. Peripheral
membrane proteins associate with lipid bilayers\gigdifferent structural motifs
such as amphipathie-helices that orient parallel to the membrane plane
hydrophobic loops, or by the formation of coval&oinds to membrane lipids
(lipidation). Integral membrane proteins span thaylr once or several times.
These proteins can only be released from the meraliyg bilayer disruption with
detergents. Integral transmembrane proteins cardiided into two classes
according to the secondary structure adopted bpitager-embedded regioneg:
helical bundles (e.g., rhodopsin) gitbarrels (e.g., porins).

Costitutive membrane proteins are assembled through complex
translocation/insertion process that involves sgsith by ribosomes that
transiently attach to translocon proteins embeddedhe membrane. Non-
costitutive membrane proteins, which are genenatise forming toxins, exist in
at least three different forms: water-soluble, lmbtm the membrane surface and
with membrane embedded regions. In contrast toitatge integral proteins,
non-costitutive proteins spontaneously partitiorio irthe membrane without

translocon complexes.



B.1.1.1. Structural biology of membrane proteins

Determining the atomic structure of a membranegmmois a very challenging
task. The main difficulty is that large quantit@shomogeneous, aqueous-soluble
samples are required for most structural biologshmegques. Thus, membrane
proteins must be isolated from the lipid environméy solubilization with
detergents. The use of detergents often causesirpinstability, loss of activity,
and denaturation.

In addition, membrane proteins are difficult to egs and purify, often
precipitate upon concentration, and are difficolttystallize since detergents may
interfere with the formation of protein-protein ¢acts. A variety of approaches
have been used to crystallize membrane proteiriBabtion quality crystals have
been mainly obtained by the vapour diffusion methodh detergent solubilised
proteins (lwata, 2003). In some cases these premasahave been aided by co-
crystallization with Fv or Fab fragments, which yide additional hydrophilic
regions for the formation of crystal contacts (Huanhd Michel, 2002). A more
recent, but less popular approach to crystallizmgmbrane proteins is the meso
crystallization method, which is based on the lipidubic phase (LCP) medium
or mesophase (Caffrey, 2000; Caffrey, 2003).

B.1.1.2. Large-scale production of membrane protem

Membrane proteins of known structure have beerfipdrirom natural sources,
produced recombinantly or, in the case of shortigep, synthesised chemically.
They have been successfully expressed in the badischerichia coli and
Lactococcus lactis, the yeast$ichia pastoris and Saccharomyces cerevisiae, in
insect cells and in mammalian cell lines (Jueigd., 2008).

Despite major efforts, the expression of eukarystiembrane proteins still
represents a major bottleneck in the productioprofeins for structural studies.
Although there are several examples in the liteeabf successful expression of
eukaryotic membrane proteinskncoli (Grisshammeet al., 2005; Sarramegrei
al., 2003) there is to date only one high resolutstrmucture of an eukaryotic
membrane protein expressedincoli (human 5-lipoxygenase-activating protein,
Fergusoret al., 2007).



Thus, eukaryotic proteins are likely to require tise of eukaryotic systems for
expression. Firstly, membrane proteins have to d&geted to the host cell
membrane before they can fold correctly. Specifgtems are required in the host
cell such as the SRP-Sec61 system that inserts raemlproteins into the
endoplasmic reticulum of eukaryotic cells. Secondtyembrane proteins are
embedded in lipid, and the composition of theseld$ivaries among the systems.
The nature of the lipids can affect the stabilitylee protein and consequently its
likelihood of crystallisation. Thirdly eukaryotic r@eins may undergo
posttranslational modifications, such as glycosgtgatand only higher eukaryotic
cell lines provide the necessary machinery (Cagrehtl., 2008).

A number of membrane proteins expressedPipastoris have yielded high
resolution structures including the mammalian \g#talependent potassium
channel (Longet al., 2005), the plant aquaporin (Toérnroth-Horsefigldl., 2006)
and the human LTC4 synthase (Molietaal., 2007) and most recently the human
ABC multidrug transporter, P-glycoprotein (Allet al., 2009).S. cerevisae has
been used to produce protein which ultimately wdldthe high resolution
structure of P-type proton pump frofnabidopsis thaliana (Pedersest al., 2007)
and diffracting crystals of rabbit €ATPase SERCAla (Jidenla al., 2005).
Insect cell based expression systems have hadasp&ut successes for the
production of GPCRs for structural studies, yietpihree independent structures,
the human adenosine,Areceptor (Jaakolet al., 2008), the turkef; adrenergic
receptor (Warnet al., 2008) and the humdh-adrenergic receptor (Cherezetv
al., 2007). In addition, insect cells were also usegroduce the chicken voltage
dependent acid sensing ion channel which subsdgugas crystallized and the
3D structure solved to 1.9 A (Jastial., 2007).

The majority of researchers working in the arezwfaryotic membrane protein
structural determination use one of these thre&egys for protein production.
Other systems are available including the SemlikieBt Virus mammalian cell
expression system (Lundstrom, 2003) and an aligendétacterial system using
the gram positive bacteriubactococcus lactis (Kuniji et al., 2005).

Neither system has yet resulted in a high resalustiucture but it is unclear
whether this is due to inherent unsuitability ok teystems for large scale

production of eukaryotic membrane proteins for ctrital studies or to the fact



that these systems are not as extensively utiledhe yeast and insect cell
systems.

Not many major advances have been made in terregpmession of eukaryotic
membrane proteins in the last 5-10 years or sbpadih some researchers are
performing careful, rational optimization of theigig systems with a view to
maximizing quality and quantity of the target prote One exception to this is the
development of cell-free expression systems for ghaduction of membrane
proteins (Schwarzt al., 2008; Liguoriet al., 2007). This type of approach
involves in-vitro production of proteins outsidedat cells from a DNA or mRNA
template using a basic set of biological buildimgcks obtained from cell lysate.
A wide range of cell lysates are available andag been shown that those from
eukaryotic sources, eg. rabbit reticulocytes, ampable of post-translational
modifications suggesting these may be suitable pimduction of eukaryotic
membrane proteins. By its very nature the systemowes the problem of
cytotoxicity and also simplifies protein isolati@s the number of contaminant
proteins is markedly reduced. A further advantaigghis system is the high level
of control a user has, in terms of modifying medimponents to both increase
the stability of the expressed proteins (eg pr@&eaakibitors, lipids, co-factors)
and to efficiently label for analysis by NMR or #yr crystallography. A major
advantage for membrane proteins is that the exgdessembrane proteins are
maintained in a soluble state in detergent micegllest-translationally since there
are no native membrane environments for inserfitvere are many examples of
functionally active prokaryotic and eukaryotic mawane proteins being produced
in this system (Schwaset al., 2008).

As ever, work on eukaryotic membrane proteins lagkind but efforts are

currently underway to exploit this system effediyver structural studies.

B.1.1.3. Membrane protein solubilisation

Membrane proteins are extracted from the hostraethbranes by the addition of
detergents, which disrupt the membrane and coeehydrophobic surface of the
protein allowing their solubilization. The choicétbe detergent is a crucial part

of the purification process. A number of differeletergents are usually tested and



the one that extracts the largest amount of soldidgve, homogeneous, stable
protein is used in all the purification steps (Garieret al., 2008).

Water solubility is provided by the hydrophilic pion of a detergent molecule.
Based on the hydrophilic group, the detergentsbeadivided in ionic (cationic or
anionic), nonionic, or zwitterionic. lonic detergenincluding sodium dodecyl
sulfate (SDS), N-lauryl sarcosine, cetyltrimethyfaomiumbromide (CTAB), and
sodium cholate are effective in extracting protdnesn the membrane. However,
these detergents are harsh and tend to be demptoeicause they efficiently
disrupt both inter- and intra-molecular protein{eio interactions. SDS, for
example, is commonly used as a membrane proteiatai@mt in quantitative
protein unfolding/folding studies. Bile acid s&ji®., sodium cholate, deoxycholic
acid) are also ionic detergents; however, they tertte milder than straight chain
ionic detergents. Nonionic detergents, includingltosédes, glucosides, and
polyoxyethylene glycols are characterized by ungbarmydrophilic head groups.
These detergents are mild and nondenaturing bedhagedisrupt protein-lipid
and lipid-lipid interactions rather than proteiref@in interactions. Short chain
(i.,e., C7-C10) nonionic detergents are typicallyrendeactivating than longer
chain (i.e., C12-C14) nonionic detergents. A m#&jodf detergents used in the
purification and structural studies of membranetgns (i.e., lauryl maltoside,
octyl glucoside) are nonionic detergents. Zwitteitodetergents, including the
Zwittergents®, Fos-Cholines®, CHAPS/CHAPSO, and reembxides contain
both a positive and negative charge in their hydilap head group. These
compounds are electrically neutral like the norgodetergents, but can often
disrupt protein-protein interactions like the iordetergents (Schimerlik, 2002;
Iwata, 2003; Prive, 2007; Lin and Guidotti, 2009).

B.1.2. Farnesyl cysteine-carboxyl methyltransferase

In eukaryotic cells, a specific set of proteins amedified by C-terminal

attachment of 15-carbon farnesyl groups or 20-caderanylgeranyl groups that
function both as anchors for fixing proteins to nieames and as molecular
handles for facilitating binding of these lipidateteins to other proteins (Parish
and Rando, 1996). Additional modification of thggenylated proteins includes



C-terminal proteolysis and methylation, and attaghtrof a 16-carbon palmitoyl
group (Casey 1995; Casey and Seabra, 1996). Blpgkiatein prenylation is
proving to be therapeutically useful for the treatrnof certain cancers, infection
by protozoan parasites and the rare genetic digdasshinson-Gilford progeria

syndrome.
B.1.2.1. Prenylation process

Isoprenoids are lipids made up of five-carbon b$pcknd they constitute one of
the main classes of natural products. A subsetagrenoids called prenyl groups
are found on a variety of biological substances]juiiing proteins. Prenylated
proteins and peptides are found in most eukarydthsy arise from the post-
translational attachment of 15-carbon farnesyl@carbon geranylgeranyl groups
to the C-terminal segment of proteins.
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Fig.1.8. Structures of the C termini of prenylatedproteins. Farnesylated protein (left);
geranylgeranylated protein (middle); doubly geranygeranylated protein (right)(Gelb et al.,
2006).

Fig.1.8 shows the structures of the C termini ofngfated proteins. Known
farnesylated proteins include nuclear lamins A Bndvhich form a filamentous
structural layer on the inner side of the nucleambrane; the subunit of the
heterotrimeric G protein transducin, which funcgadn visual signal transduction
in the retina; all three isoforms of Ras GTP-bigdproteins, which function in
cellular growth regulation; the large-antigen comgat of the hepatitis virus;
and yeast a-factor (Ge#b al., 2006).

All farnesylated proteins contain a C-terminal ssme CAAX, where C is

cysteine, A is usually but not necessarily an atghamino acid and X is one of a



variety of amino acids. After attachment of then&syl group via a thioether
linkage to the cysteine residue, the last threenaracids, AAX, are removed by a
prenyl protein-specific endoprotease, and thearboxyl group of the newly
exposed farnesylated cysteine is methylated by enypr protein—specific
methyltransferase. Known geranylgeranylated pretémclude they subunit of
heterotrimeric G proteins that function at the plasmembrane, and many small
GTP-binding proteins. The Rab subfamily of GTP-lmgdproteins contain a pair
of geranylgeranyl groups on adjacent or nearly aaja cysteines at the C

terminus of the protein (Gelt al., 2006).
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Fig.1.9. An overview of CAAX-protein processing. a)Proteins that contain a carboxy-
terminal CAAX motif are initially modified by the c ytosolic CAAX prenyltranferases
farnesyltransferase or geranylgeranyltransfersase:l1b) Following prenylation, the CAAX
protein travels to the endoplasmic reticulum (ER)where the C-terminal three amino acids
(AAX) are proteolytically removed by RCEL. ¢) The potein is then carboxyl methylated by
isoprenylcysteine carboxyl methyltransferase (Icmt) d) Following methylation, fully
processed CAAX proteins are directed to their apprpriate cellular location, which is often

the cytoplasmic surface of cell membranes (Winter-&hn and Casey, 2005).



Three distinct protein prenyltransferases thatchtf@enyl groups to proteins have
been identified. Protein farnesyltransferase (P&ahsfers the farnesyl group
from farnesyl diphosphate to the cysteine SH of @®&AX motif at the C
terminus of proteins. Protein geranylgeranyltrarasfe type | (PGGT-I) catalyzes
a similar reaction using geranylgeranyl diphosplestehe prenyl donor. Protein
geranylgeranyltransferase type Il (also known ab eranylgeranyltransferase)
catalyzes the transfer of both geranylgeranyl gsodpm geranylgeranyl
diphosphate to two cysteine SH groups at the Citersrof Rab proteins. Much is
known about the structure and catalytic propeniethese enzymes. All three are
heterodimeric proteins that use active site-boumd” As a catalytic cofactor
(Zhanget al., 2000; Longet al., 2002). The specificity rules that dictate which
CAAX motifs are acted on by PFT, which are actecdogriPGGT-1 and which are
not prenylated at all are not completely understdbd X residue of CAAX is
probably the most important element for differeintecognition by PFT versus
PGGT-I, but the AA portion of CAAX is also importa(Reid et al., 2004). The
postprenylation CAAX processing machinery includbs endoprotease Rcel
(Ras converting enzyme [), which releases an inte&X tripeptide from the
newly prenylated CAAX protein, and iIsoprenylcyseein
carboxylmethyltransferase (Icmt), which transfersmeethyl group from$S
adenosylmethionine to the-carboxyl group of the prenyl cysteine. The RCE1
CAAX protease, is an integral membrane protein thaides in the endoplasmic
reticulum. The catalytic mechanism of RCE1 does allaiw this protein to be
neatly categorized into any previously known enzytess, but sequence and
motif analysis has been used to argue that RCElnnetalloprotease. The final
CAAX-directed processing step also takes placehatandoplasmic reticulum.
Icmt was first identified in yeast, on the basistefrequirement for processing the
a-factor mating pheromone and, like the endopreteas an integral membrane
protein, which is unusual for a methyltransferaBellowing modification by
Icmt, the fully processed C terminus of a CAAX m@iat consists of a methyl-
esterified farnesyl or geranylgeranylcysteine. &mito RCE1-mediated
proteolysis, the methylation of CAAX proteins is sestial for mouse
development; mice lacking Icmt die by embryonic @@jinter-Vann and Casey,
2005; Gelbet al., 2006) (Fig.1.9).



B.1.2.1.1. Therapeutic intervention based on proteiprenylation

Regardless of how the protein uses its modifiededys residue, one aspect is
very clear - the modifications are crucial for th®logical activities of the
proteins. For this reason, the CAAX proteins praaylsferases have been the
focus of drug-discovery programs for over a decdétw. example, interest in
understanding protein farnesylation for the purpafseancer therapy grew out of
the finding that one of the most common cancer-ptangy elements in cells, the
Ras proteins, require farnesylation to transforiscmto tumors progenitors.
Early preclinical studies showed that farnesyltfarase inhibitors (FTIs) had
high efficacy and surprisingly low toxicity, andirgtal trials of two such
compounds have reached Phase Il trials. Althougtsd experimental agents
have shown significant activity in several clinicatials, particularly in
haematological cancers, the overall response natpatients with solid tumours
have been less successful than was initially hopede frequently cited
possibility for this is the phenomenon known ageiwdate prenylation’, which
allows some FTase substrates to be modified by G&Tand thereby escape
inhibition by FTIs (Winter-Vann and Casey, 20050lI6wing the discovery that
RAS proteins are mislocalized in cells that lacke tRCE1 protease or lcmt
methyltransferase (Kinet al., 1999; Bergaet al., 2000), these post-prenylation-
processing steps have attracted attention as jaltdatgets in oncogenesis,
because even alternately prenylated forms of CAAMegins would probably be
sensitive to inhibition of both enzymes.

B.1.2.2. Isoprenylcysteine carboxyl methyltransferse family

Prenylation allows otherwise hydrophilic proteins &ssociate with cellular

membranes, presumably by the insertion of the prgrigl into the phospholipid

bilayer. Such an insertion would bring thearboxyl group of the prenylcysteine
into proximity with the negatively charged head ug® that are predominant
among the phospholipids of the cytosolic leafleth&f plasma membrane. Methyl
esterification removes the negative charge on yiséeme and thereby eliminates
the electrostatic repulsion that would otherwiseuncThus, carboxyl methylation

of prenylproteins is believed to be a mechanisnnt¢oease their affinity for the



plasma membrane. Methyltransferases catalyze #resfar of a methyl group
from methyl donors such a@adenosylmethionine to various methyl acceptor

substrates:

S-adenosyl-L-methionine + protein C-terminal S-éayl-L-cysteine

S-adenosyl-L-homocysteine + protein C-terminal Béayl-L-cysteine methyl ester.

Stel4 fromScerevisiae was the first member of the prenylcysteine protein
carboxyl methyltransferase family to be cloned aequenced (Sappersteinal .,
1994). Subsequently, several homologues of Ste%é baen identified. These
include S pombe mam4p, X. laevis mam4p, and the human homologue Icmt
(Imai et al., 1997; Daiet al., 1998). In addition, database searches identdied
mouse EST and twG. elegans open reading frames that have significant amino
acid sequence homology to Steld. There is stromgervation among these
family members, with mam4p having the highest (448%)ino acid sequence
identity to Stel4. The members of this family hawailar hydropathy profiles
and constitute one of the few subgroups of metlyliferases that contain
multiple membrane spans. Most of the amino acidseoration between these
family members occurs at their C-termini, suggestimt residues important for
CAAX methyltransferase activity are located at @#erminus. LikeS. cerevisiae
Stel4, the homologué&s pombe mam4p,Xenopus mam4p, and human lcmt have
been shown to possess in vitro CAAX methyltransferactivity (Imaiet al.,
1997; Dai et al.,, 1998). These CAAX methyltransferasese able to
transcomplement other CAAXmethyltransferase family members in vivo
(Romanoet al., 1998). Together these proteins form a novel fami protein
prenylcysteine carboxyl methyltransferases. To ttaeonly kinetic studies of an
isoprenylcysteine methyltransferase activity wererfggmed on the bovine
methyltransferase in retinal rod outer segment ntands (Shi and Rando, 1992)
and, most recently, on recombinant human Icmt (Bamod Casey, 2004). They
have demonstrated that the kinetic mechanism of XAWotein methylation by
Icmt is an ordered sequential mechanism in whiehSkadenosyl-L-methionine
substrate associates first with the enzyme andSHaglenosyl-L-homocysteine

product dissociates at the end.



B.1.2.1.1. Farnesyl cysteine-carboxyl methyltransfase from S.cerevisiae

Stel4 is a 26 KDa, ER-multispanning enzyme. Steiitains no known protein
motifs, and the residues involved in its functiorddocalization have not been
well identified. Romano and Michaelis, 2001 progb¢leat the protein contains
six membrane spans, two of which forming a helialpin and has the majority

of its hydrophylic regions located in the cytosol.
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Fig.1.10. A) Alignment of the C-terminal region ofS. cerevisiae Ste14 and its homologues(
pombe mamd4p, X.laevis Xmam4p, 2 C. elegans open reading frames, a rat open reading
frame, and human Icmt), open reading frames fromPseudomonas denitrificans, Bacillus
subtilis, Mycobacterium tuberculosis, Ralstonia eutropha, Synechocystis sp, Archaeoglobus
fulgidus, and Pyrococcus horikoshii, the S. cerevisiae lipid methyltransferases Pemlp and
Pem2p, the sterol biosynthesis enzymes froB) cerevisiae Erg4p and Erg24p, and the human
lamin B receptor, which is an Erg24p homologue. Blgk boxes denote amino acid identity
and gray boxes denote amino acid similarity. The braabove the sequence denotes the
putative membrane span of Stel4. B) Consensus seqae is based on the alignment shown
in A. Only residues that are identical in>11 of the proteins in the alignment were scored as
consensus residues; other residues are shown as an The hydrophobic region was
determined by a hydropathy plot (Romano and Micheas, 2001).

It was also shown that five out of six loss-of-ftion mutations obtained by

random mutagenesis lie in residues that are coeddygtween Stel4 and its Icmt



homologues. In addition, by database search andeseq comparisons a C-

terminal region of Stel4 was identified that is ©enved between the Icmt family

of protein methyltransferases, two phospholipid hyktansferases and three
sterol reductases. This region defines a consesemsence that was designated
the RHPxY-hyd-EE motif (Fig.1.10). Site-directecdasandom mutations indicate

that residues in this region play a critical raleSte14 function.

Recently the topology of human Icmt was also mappedt traverses the ER

membrane eight times (Wrighat al., 2009) (Fig.1.11). Comparison of the

structure of human lcmt with that of Stel4 revesaigeral striking features.
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Fig.1.11. A) Topology of Icmt deduced from data deved from the fluorescent probe and
glycosylation reporter (Wright et al., 2009). Stars indicate sites that mapped to the/tosol,
and asterisks indicate sites that mapped to the luem of the ER. B) Topology of Stel4 ds.

cerevisiae as described by Romano and Michaelis, 2001.

First, the luminal loops of both enzymes are mijroansistent with the fact that
the catalytic face of the enzyme must be cytoselitce that is where the
substrates are found. Second, the structure of huoerat TM3-8 corresponds
closely to that of Stel4, suggesting that all &f thtalytic activity residues are in



the C-terminal portion of mammalian Icmt. Thirdsicues conserved between
human Icmt and Stel4 occur both in the TM segmastswell as in the
cytoplasmic loops and the C-terminal cytoplasmit ®herefore, the conserved
residues in the cytosolic loops and tail of theyemz are likely to be involved in
substrate binding and/or catalysis. The fourthes#y, and eighth TM segments
have clusters of conserved amino acids, suggestigigthey also participate in

substrate binding and/or catalysis.

B.1.2.1.2. Farnesyl cysteine-carboxyl methyltransfase from A.thaliana

The plant CAAX processing machinery is evolutiolyarconserved. The
Arabidopsis CAAX proteases AtSte24 and AtRcel caommement
corresponding yeast mutants promoting a-factor gesiag. Proteolysis of plant
prenylated proteins by AtRce | was sufficient tormpote their plasma membrane
localization in yeast cells. All CAAX processingzgmes are localized in the ER,
like their homologs in yeast and mammalian cellsa(Ba-Droriet al., 2008).
Plant protein extracts have been shown to contaimt kctivity, and two genes
encoding Icmt have been cloned. The two genes wdesignated
AtlcmtA/AtSte14A and AtlcmtB/AtStel4B (Narasimha &g et al., 2002). It
was shown that AtlcmtA and AticmtB are differentyabxpressed and that in
vitro AtlcmtB had higher catalytic activity. Basexh a topology model, Stel4
contains six membrane spans, with two forming achkhairpin. AticmtB and
AtlcmtA have similar topology and contain betweexn te eight transmembrane
helices.

B.1.3. Stearoyl-CoA 9-desaturase

Fatty acid desaturases introduce a double bondpeaific position of long-chain
fatty acids. Unsaturation of a fatty acid chainaismajor determinant of the
melting temperature of triglycerides as well astié fluidity of biological

membranes that are made up of a bilayer of phogpt®l Thus, fatty acid
desaturases are conserved across kingdoms. Inioaddi this fundamental
function of maintaining the physical property ofogspholipids and triglycerides,
another class of unsaturated fatty acids such ashi@onic acid (20:4 n-6) and



docosahexaenoic acid (22:6 n-3) is essential farynpoysiological functions in

animals including humans.

B.1.3.1.Classification and characteristic featuresef desaturases

Fatty acid desaturases are nonheme iron-contagmzgmes. Delta desaturases
create a double bond at a fixed position countethfthe carboxyl end of fatty
acids, whereas omega desaturases act on a speagitton counted from the
methyl end of a fatty acid. This reaction requimedecular oxygen, NAD(P)H, an
electron transport system (ferredoxin-NADPH redseteand ferredoxin, or
cytochromeb5 reductase and cytochrorp®), and a terminal desaturase.
Desaturases can be classified into two groupsbiollesaturases and membrane-
bound desaturases. Acyl-acyl carrier protein (AGpaturases are soluble
desaturases, which are exclusively localized inplaat plastid. These enzymes
require NADPH and oxygen, and are associated withekectron transport
sequence comprising ferredoxin-NADPH reductase famcedoxin. Acyl-ACP
desaturases contain two atoms of iron and the tliE&XRH motifs of amino acid
sequence involved in binding the di-iron complekgklin and Cahoon, 1998;
Sperlinget al., 2003).

Membrane-bound desaturases can be divided intetvgroups. One is the acyl-
lipid desaturases. This group of enzymes is loedlim the membranes of
cyanobacterial thylakoid, plant endoplasmic retico) and plastid. Acyl-lipid
desaturases use either ferredoxin (in cyanobactand plant plastid) or
cytochromeb5 (in plant ER) as an electron donor. Ferredoxisplable protein,
acts as an electron donor for both acyl-ACP deaa&s and acyl-lipid desaturases
in plant plastid. Acyl-lipid desaturases in cyantkaa and plant plastid can
desaturate stearic (18:0) and oleic (18:1 n-9) aprgups in monogalactosyl
diacylglycerol (cyanobacteria and plant plastid) anphosphatidylglycerol (plant
plastid), whereas plant ER desaturases mostly uadty facid in
phosphatidylcholine (Tochet al., 1998).

The other subgroup of membrane-bound desaturaséiseiscyl-coenzyme A
(CoA) desaturases. These desaturases are predeRt amembrane and use fatty
acyl-CoAs as substrates. Like ER-bound acyl-lipidsaturases, acyl-CoA

desaturases require cytochroe as an electron donor. Acyl-CoA desaturases



are present in animals including insects and neteat@as well as in fungi. All
mammalian desaturases identified are acyl-CoA dess#s. Analysis of the
predicted amino acid sequences of membrane-bousatudases indicates that
these enzymes contain two long hydrophobic dom#ias would be capable of
spanning the membrane bilayer twice. Sequence ausppahas also revealed the
existence of three regions of conserved His-boxfmtitat contain eight histidine
residues: HX3-4H, HX2-3HH, and H/QX2-3HH. Thesetidige residues are
potential ligands of iron atoms and act at the Igitacenter of desaturases
(Nakamura and Nara, 2004).

There are many similarities between the chemistgfopmed by soluble and
membrane-bound desaturases but there are alsolendiiffierences (Shankiet
al., 2009). The crystal structure of acyl-ACP desagar shows that these
desaturases are homodimeric proteins, with eaclomenfolded into a compact
single domain composed of nine helices. The diactive site of these enzymes
is buried within a core four-helix bundle and isipioned alongside a deep, bent,
narrow hydrophobic cavity in which the substratbaesind during catalysis. It is a
textbook example of a lock-and-key type of bindsiig in which the bound fatty
acid moiety is poised for formation of tlwes-fatty acid product (Mochet al.,
2003; Whittleet al., 2005; Guyet al., 2007).

The membrane desaturase active site, on the othed, hseems to have a
fundamentally different architecture from that bé tsoluble desaturases, perhaps
having a cleft into which substrates enter latgradither than a deep binding
cavity into which substrates enter in extended @onétion as in the soluble
desaturases. The two classes of desaturases eatsbitdifferent rate-limiting
steps. For the membrane desaturases, the initidl i&nd-breaking step is rate-
limiting. The limiting step for the soluble desase may be the release of acyl-
ACP product, which involves the energetically umi@able solvation of the
hydrophobic product as it leaves the hydrophobidtgaand enters the agueous
phase. This is in contrast to what is observed @mbrane desaturases, in which
the lipid-linked product is released into the Ipiof the membrane.

Three desaturases are known in humans. Stearoyl deésAturases (SCDs, also
called A9 desaturases) catalyze the synthesis of monouatadufatty acids,
whereasA6 desaturase (D6D) antl5 desaturase (D5D) are required for the

synthesis of highly unsaturated fatty acids.



B.1.3.1.1.Mammalian stearoyl-CoA desaturase

In mammals, the SCD reaction is an aerobic procEgsiring molecular oxygen,
NAD(P)-cytochromeb5 reductase, and the electron acceptor cytochtiimé&he
electrons flow from NAD(P)H via cytochroni® reductase, to cytochrorg, to
SCD, and finally to @ which is reduced to #D. The enzyme complex introduces
a single double bond at th%&9,10 position of long-chain acyl-CoAs (Fig.1.12)
either from de novo synthesis or from the diet.d8iaen kinetic isotope data of
plant desaturase, the current hypothesis for tlsatdeation reaction is that the
enzyme removes hydrogen atoms starting with th#teatC-9 position, followed

by the removal of the second hydrogen atom fromC#i® position.
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Fig.1.12. The pathway of electron transfer in the @saturation of fatty acids by stearoyl-CoA
desaturase (Paton and Ntambi, 2008).

This stepwise mechanism is highly specific for puesition at which the double
bond is introduced, implying that the C-9 and Cbbdd is accurately positioned
with respect to the diiron center of the enzymddRand Ntambi, 2008).

The genes for SCD have been cloned from differgeciges, including yeast,
D.melanogaster, C.elegans, sheep, hamster, rat, mice, and human. In the epous
four isoforms (SCD-1, SCD-2, SCD-3, and SCD-4) hiagen identified, whereas
in the rat, two isoforms have been characterizedmé&hs express twa-9
desaturase genes designated SCD-1 and SCD-5,hsiflortmer exhibiting nearly
ubiquitous expression and the latter being resudigirimarily to the brain and
pancreas.

SCD-1 contains four transmembrane domains with lbéh NH and COOH
termini oriented toward the cytosol. The singleopyasmic loop and the COOH



terminus contain the eight histidine residues knawviorm the His box, which
binds iron within the catalytic center of the desase (Fig.1.13). The two ER
luminal loops are relatively small compared witk ttytosolic loop, which houses
two of the three conserved His motifs. Purified SCinigrates as a 37-kDa band
on SDS-PAGE with the His segments located at mrstil19, 156, and 296.
These regions are expected to be necessary todprtigands for nonheme iron
within the catalytic site of the enzyme.

Studies with tissue cultures (Gomet al., 2002), of mouse, and rat livers
(Heinemannet al., 2003) have shown that mammalian SCD activityightly
regulated at the transcriptional, translational,d apost-translational levels.
Transcription is under control of the PPARignaling pathway (Miller and
Ntambi, 1996), and may also respondverious secondary messengers such as
polyunsaturated fatty acids. Translational regatatis mediated through mRNA
stability by endoplasmic reticulum membrane prcgelike Mga2p(Martin et al.,
2007), and, as recently suggested, the 15-lipoxaggdifferentiation control
element, aconserved feature in mammaliafuBtranslated regions (Rea al.,
2004). Other studies in murineicrosomes (Heinemanet al., 2003) and
differentiated mouse 3L3-L1 adipocytes (Kato et, &006) showed post-
translationalproteolytic processing of the N-terminus of theyene, subsequent

inactivation, angroteosome-directed degradation.

(g)@@% po, &0 oo P9, ©9 ®®, C
§ 0% e g FRER TN FRLYEN
® 9p o Q@ ®® O® ©®© © ® & ® ® © ®©
® 99 922 B 00 Bo® o0 § Q9 0 & ®
P 0 @ @ o © 0o ® 09w o O ®
NO0OBSOE BoQ2e0p0e & % o ¢ @ o
0 0 © ® e g ®8 ® © © @ O @
1 U 0 o
@ o ® © 00O @ @ O O @ @ ® 3
© ® 0] ® N ®
0] ® ® QOO0 g ® @ 0@ ¢ 6 ® @
® O ® ® ®
Qp® ®®® @ 4\®® Tp® @(Eg)zoe L B %®©® Goe®
138 ®
Cytoplasm %(D Ty - O 222 gTar2 322
o oulog O %@®
8008 2lg® 3ot «Beite
Q ¢
®®@®® ® @@@% %@gg
©
ER Lumen ® ©, © O]
92/'/(?@®®<D o7 2337 %ca o8
93 ®®®®©®

Fig.1.13. Proposed model for the membrane topologgf mouse SCD-1. The highlighted

residues represented the conserved histidine regisnwhich are catalytically essential(Paton

and Ntambi, 2008).



Recent studies on SCD1 suggest that the enzymeriscal control point of lipid
homeostasis and body-weight regulation. As sevenahifestations of the
metabolic syndrome and type 2 diabetes mellituscluding insulin resistance,
hypertension, dysfunction of pancreatic b-cells vl steatosis — are associated
with intracellular lipid accumulation, it was progexd that SCD may be a potential
therapeutic target in the treatment of obesity @nel metabolic syndrome.
Increased SCD activity was found in humans and alsirwith hepatic steatosis,
whereas SCD1 deficiency ameliorates both high-et @nd genetically induced
liver steatosis. SCD1-/- mice are resistant to-midticed obesity, have increased
energy expenditure, reduced adiposity and increassdlin sensitivity. In
addition, SCDL1 is involved in adipocyte differetits and could be important in
the synthesis dfl- oleoylethanolamide, which is known to inhibit tbmtake and
stimulate lipolysis. Taken together, the findingveal SCD to be a promising
therapeutic target for the treatment of obesitgbdtes, liver steatosis and other
metabolic diseases. However, the potential usendd@D inhibitor as a human
therapeutic agent awaits a more complete undeisigndf the mechanism
underlying the effects of SCD deficiency and intlma that the inhibition of this
enzyme is both safe and efficacious (Dobrzyn anaimii, 2005; Flowers and
Ntambi, 2009).



C. Aim of the project

The aim of this thesis work is the heterologousresgion, purification and
crystallization of three enzymes in order to detaamtheir three-dimensional

structure by means of X-ray protein crystallography

Firstly, the human bile acid coenzyme A:amino adiédcytransferase (BAAT)
was chosen for a large-scale production. BAAT ikeg enzyme in bile acid
biosynthesis and catalizes the conjugation of &dliels to glycine and taurine for
excretion into bile. Bile acid amidation is importafor the absorption of fat
soluble substances, such as fat soluble vitammdjyumans. Mutations in the
enzyme due to genetic defects are correlated teraglepathologies linked to the
lack of these essential substances. BAAT is belideecontain ar/p hydrolase
catalytic domain in the C-terminal region, with gscHis-Asp catalytic triad.
However, until now no structural information is dable for this enzyme.
Analysis of its biochemical and structural featureay help to understand the
catalytic mechanism and its proposed but not yeficoed role in the protection
against the accumulation of free bile acids..

Secondly, a new GFP-based scheme for the overexpneand purification of
eukaryotic membrane proteins i®accharomyces cerevisiae was adopted to
quickly identify those targets that could be saddctas good targets for
crystallization studies (Newstead al., 2007; Drewet al., 2008). Using this
protocol, many genes can be rapidly cloned by hogmlis recombination into a
GFP-fusion vector and their overexpression potedegermined using whole-cell
and in-gel fluorescence. The quality of the ovedpied eukaryotic membrane
protein-GFP fusions can then be evaluated usingocah microscopy and
fluorescence size-exclusion chromatography (FSHG purification of targets
that pass the quality criteria can be scaled upbtain the sufficient amount of
pure membrane protein for structural studies.

The most promising targets were selected amongC@fabrata membrane
proteins. This part of the work was carried out in the MP@ugr, Imperial
College, London under the supervision of the PBofByrne. The project started

from a collaboration with Prof. K.Haynes, Impei@bllege, London. The Haynes



group is interested in understanding the molechbéais of fungal virulence and
their research focuses on the patho@aglabrata, the major fungal pathogen in
humans. The application of the new GFP- based rdetvas useful to sort out
interestingC.glabrata protein targets for functional and structural s#sd

Thirdly, it was decided to study the human membraneyme stearoyl-CoA
desaturase (SCD), a key and highly regulated enzyrakis required for the
biosynthesis of monounsaturated fatty acids. SCDRalyzes the A9-cis
desaturation of a range of fatty acyl-CoA subss;atee preferred substrates are
palmitoyl- and stearoyl-CoA, which are convertetbipalmitoleoyl- and oleoyl-
CoA respectively. SCD appears to be an importanttlbadic control point, and
inhibition of its expression could be of benefitr fthe treatment of obesity,
diabetes, and other metabolic diseases.

The multiple layers of regulation of desaturasavdygf in diverse organisms,
emphasize the importance of this enzyme in cellulaction, but also complicate
recombinant expression using living hosts. Untilvnihere are no reports on a
successful purification and no structural inforraatabout this class of proteins.
The structure determination of a member of the nranm# desaturases would
drastically improve our understanding of the suoetfunction relationships of
this protein family. In this thesis work, prelimmyaattempts to identify a protocol
for the expression and purification of functionaésdturases from different

organisms were carried out.
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2.1.Cell strains

2.1.1.Escherichia coli strains

XL1-Blue were used for routine cloning applications

Genotype:recAl endAl gyrA96 thi-1 hsdR17 supE44 relAl lac [F~ proAB
laclqZAM15 Tn10 (Tetr)]

BL21 (DE3) cells were used for protein expression

Theyare an all purpose strain for high-level proteipression and easy induction.
GenotypekE. coli B F- dcm ompT hsdS(rB— mB-)gal A(DE3)

BL21 (DE3) C41 cells were used for protein expr@ssi

They are effective in overexpressing toxic protdnosn all classes of organisms,
eubacteria, archaea, yeast, plant, mammals. Ther SB41(DE3) was derived
from BL21(DE3) E. coli B F dcm ompT hsdS(rB— mB-)gal A(DE3)]. This strain
has at least one uncharacterized mutation, whiekients cell death associated

with the expression of toxic recombinant proteins.

BL21 CodonPlus(DE3)-RIPL cells were used for membrprotein expression.

BL21-CodonPlus strains are engineered to containaesopies of genes that
encode the tRNAs that most frequently limit tratisla of heterologous proteins
in E. coli. Availability of tRNAs allows high-level expressioof many
heterologous recombinant genes in BL21-CodonPluts abat are poorly
expressed in conventional BL21 strains

Genotype:E. coli B F—ompT hsdSrB— mB-) dcm+ Tetr gal A(DE3) endA Hte
[argU proLCamr] JargU ileY leuW Strep/Specr]

Like the parental BL21(DES3) strain, C41(DE3) andd@oPlus(DE3) carry the
lambda DE3 lysogen which expresses T7 RNA polyneefasm the &cUV5



promoter by IPTG induction. A&. coli B strains, these are general protein
expression strains that lack both tloa protease and thempT outer membrane

protease, which can degrade proteins during thiéiqgaiion steps.

2.1.2.Saccharomyces cerevisiae strains

FGY217 were used for membrane protein expression.

In this cell line the vacuolar endopeptidase Pdap4gteleted. Deletion of thaep4
gene not only inhibits Pep4p protease activitydsb reduces the levels of other
vacuolar hydrolases.

GenotypeMATa, ura3-52, lys24201, pepdA

2.1.3. Insect cell lines

SF9 (Invitrogen™),

This line originated from the IPLBSF-21 cell lirsgrived from the pupal ovarian
tissue of the fall army worm$Spodoptera frugiperda. Sf9 cells grow both in

monolayer and suspension culture and they are aolapgb a serum-free medium.
The Sf9 cell line is a clonal isolate of IPLBSF2EASf21). They are suitable for
transfection, plaque purification, generating higlkr stocks, plaque formation

and expression of recombinant proteins.

High Five ™ (Invitrogen™).

This line is originated from the ovarian cells b&tcabbage loopefrichoplusia
ni. They double in less than 24 hours and grow wedldherent cultures, but form
irregular monolayers. They are adaptable to suspergilture and serum-free
medium and provide 5-10 fold higher secreted exgiwesthan Sf9 cells. High
Five cells are excellent for expressing recombimaateins.



2.2. \Vectors

2.2.1. Cloning in pET15 vector

Ndel
Xhol
BamHI

pET15b
5708 bp

PBR322 ori

Fig.2.1. Schematic representation of pET15 plasmid.

The gene of interest is cloned in pET15 vector Heterologous expression in
E.coli. This vector adds a 6Histag to the N-terminushefgirotein and holds a T7

promoter and ampicillin resistance (see Fig.2.1).

2.2.2. Cloning in pDDGFP-2 vector

Fig.2.2. Schematic representation of p424GAL1 plasich

The genes of interest are cloned by homologue rbowtion in pDDGFP-2
vector for the heterologous expressiorsagcharomyces cerevisiae. This plasmid
harbors a&5AL1 promoter and URA selection marker; pDDGFP-2 vedinived
from p424GAL1 vector (see Fig 2.2).was modified by D. Drew (Newstea
al., 2007) by cloning the sequence for yEGFP with-r@inal octa-His tag and



a TEV protease site. In additionSaal site was inserted before the TEVp-GFP-
8His sequence. Sequences of interest are amplifigtdprimers that include 5’
overhangs complementing the upstream and downstsegoences to either side
of the Smal site in the GFP-8His vector. Digestidivector with Smal gives rise
to blunt ends that eliminate background coloniessed by re-annealing of the
linearized vector during transformation by homoleguecombination (see
Fig.2.3).

a 5 ul of amplified gene (i)
Forsard Amplity, gerie Clonedtransformation TEV cleavage site
primar otimtares!  \l Gana of intorest It yeast stritin B Hi
— L — GALY il
= > Gena of |nmresIH?Eﬁl’F
'
Revarse URA3 Amp’
primet GFP-fusion protein expression vector
URA3 Amp"
3 ul of linearized vector (i)
b l Geane of interast
Smal
i TEV cleavage site
— H

CCCGEGCARAAT T TATAT T TTC AAGETCAAT TTTCT AL

& E N L T F ©1'G6 Q F & 1 3 E
LTI T T GGEGGCCTARGATC T T GATCACC TAGEGGEGEGECCCCT I T ARATAT AR AAGTTCCAGT TAAARGATT TCCACTTCTT

b h 5 recombination sequence

Fig.2.3. Cloning by homologous recombination int®.cerevisiae GFP-fusion vector. (a) The

amount of PCR and vector used in cloning is depictkin the UV-exposed agarose-gel inset: i,
Smal linearilized vector; ii, amplified gene with oerhangs required for homologous

recombination. (b) Cloning site used GFP-fusion véer pDDGFP-2. TEV, tobacco etch

virus; YEGFP, yeast-enhanced green fluorescent prein (Drew et al.,2008).

2.2.3. Cloning in pENTR-D-TOPO and BaculoDirect™Baalovirus

Expression Systems

Cloning cDNA in this plamid (see Fig.2.4) allowsdgenerate an entry clone with
attL sites; in this case the gene of interest is thensferred into the
BaculoDirect™ Linear DNA by using LR reaction fohet heterologous

expression in insect cells. The LR reaction faatiéis recombination of aattL site



substrate (entry clone) with aaitR substrate (BaculoDirect™ C-Term Linear

DNA) to create amttB-containing expression virus.

pENTR™/D-TOPO®
2580 bp

Fig.2.4. Schematic representation of pENTR™/D-TOPO®lasmid.

2.3. Experimental techniques

2.3.1. Plasmid DNA preparation

All plasmid purifications were prepared by usinge tiGenElute™ Plasmid

Miniprep Kit (Sigma).

2.3.2. Agarose gel electrophoresis

DNA samples were diluted in agarose gel loadingdoudnd resolved on agarose
gel (0.8 % agarose, SYBR® SAFE DNA gel stain dissdl in TBE).
Electrophoresis was performed at room temperatl®@ {olts, 1 hours) in the

agarose gel running buffer.

2.3.3. Transformation of competent cells

Transformations of the gene-vector construct iritengically competent for cells
of all bacterial strains were performed followingtandard protocol.

For chemical transformation, cells are grown to 4ogl phase, harvested and
treated with divalent cations (in this case GaGTells treated in such a way are

said to be competent. To chemically transform cdergecells, they are mixed



with the DNA, in ice, followed by a brief heat stkodhen, the cells are incubated
with LB medium and allowed to express the antiioBsistant gene for 30-60
minutes before plating.

Transformation ofScerevisiae is similar to that applied t&.coli. Intact yeast
cells, which have been harvested during the Idgait phase of growth, are
treated with a lithium acetate solution, followey & polyalcohol treatment (in
this case PEG 3350), that facilitates the DNA uptakddition of carrier DNA
(single-stranded carrier DNA, salmon sperm) alsmnyotes the uptake of vector
DNA (Drew et al.,2008).

2.3.4. Insect cell transfection (BaculoDirect™BacuoVirus Expression System,

Invitrogen)

CeIIfectin® Reagent is provided with the BaculoDirect™ Exprassiand

Transfection Kits for lipid-mediated transfectiohimsect cells (Sf9 cell line) with

LB recombination reaction. CellfecﬁnReagent is a 1:1.5 (M/M) liposome
formulation of the cationic lipid N, NI, NII, Nll[Fetramethyl-N, NI, NII, NllI-
tetrapalmitylspermine (TM-TPS) and dioleoyl phodjhdethanolamine (DOPE)
in membrane-filtered water. Budded virus shouldddeased into the medium 96
hours after transfection. Once the cells appeaectefl, the virus has to be
harvested from the cell culture medium (VO viralckt). The VO viral stock is a
low-titer stock (1x18-1x1C pfu/ml). Cells were infected with the VO stock to
generate a high-titer V1 stock of approximately Bx1x1C pfu/ml. This V1 viral
stock can then be used to generate a large-sdgletiter viral stock (V2 viral

stock) suitable for expression studies.
2.3.5. Recombinant protein induction

All bacterial large volume cultures were performeda 5 | Erlenmeyer flask in
liquid LB medium supplemented with the appropriatgibiotics. An overnight
culture was diluted to an Qg of 0.15. Cells were grown at 37°C in an orbital

shaker to an Oy of 1.0. Protein expression was induced by addikgroM



IPTG and leaving the culture overnight, dependinglee protein, at the optimal
temperature for expression.

All yeast large volume cultures were performed umdir 2.5 | full baffled shaker
flask (VWR) in liquid URA medium (with 0.1% glucosé€iluting an overnight
culture (liquid URA medium with 2% glucose) to amgg, of 0.12. Cells were
grown in an orbital shaker at 30°C; at andg@f 0.6 (after ~7 hours) expression
of the GFP-fused protein was induced with 2% gakefor 22 hours.

To identify the best expression conditions for eemtombinant protein, several
small volume culture expression trials were perfamn 50 ml tubes. After
induction cells were harvested by centrifugatio8.800g for 10 minutes at 4°C

and the cell pellet was stored at -80°C.

All large suspension insect cell cultures were areg in Erlenmeyer flasks after
growing enough log phase adherent cells to steuitare of the desired size with
1x1 cells/ml. Cells were infected using an appropriatiime of V2 viral stock.
Maximum expression of proteins (non secreted) isegaly observed between
48-96 hours post-infection.

For recombinant protein expression in insect cefisall expression adherent
cultures were prepared testing different volume&/®fviral stock and different
infection times. After infection cells were harnstby centrifugation at 5.000g
for 5 minutes at 4°C and cell pellets were stoite@@°C. For the Sf9 cell line, the
cell pellet was washed with PBS buffer to removey aserum protein

contamination.

2.3.6. Screening of membrane protein overexpressiarsing whole-cell and in

gel-fluorescence

Cloning in pDDGFP-2 vector (see 2.4.2) allows thiolw the protein expression
measuring the GFP fluorescence. After inductio® d®f cell suspension can be
transferred to a black Nunc 96-well optical bottgiate; GFP fluorescence
emission was measured at 512 nm by excitation &8 The membrane protein
overexpression level (in mg/l) was estimated asrnil@sin Drewet al. (2008) was

used. The cell suspension was then transferred In5aml capped tube and

disrupted by vortexing or using a mixer-mill distopset at 30 Hz with glass



beads. Unbroken cells were removed by centrifugaato22000g for 5 seconds at
4°C. To pellet crude membranes, the supernatantceasifuged at 22000g at
4°C for 1 hour. Crude membranes were resuspenditbaded on a SDS-PAGE

gel to check for fluorescent bands (see 2.5.8.2).

2.3.7. SDS-PAGE for protein analysis

2.3.7.1. Standard SDS-PAGE

Protein samples were diluted in SDS-PAGE loadinffelhudenatured at 95°C for
5 min and resolved on denaturing polyacryamide .gElectrophoresis was

performed at room temperature (200 volts, 1 haar§DS-PAGE running buffer.

2.3.7.2. In gel-fluorescence

To visualize membrane proteins fused to GFP on &-BBGE, a Novex 12%
Tris-Gly gel (Invitrogen) was used. Protein samplesre diluted with in gel-
fluorescence loading buffer. After running ( se&.21), the gel was rinsed with
H,O and the fluorescent bands were detected with @ €nera system. The gel
was exposed to blue light (EPI source) set at 480with a cut-off filter at 515

nm.

2.3.8. Western blotting

After SDS-PAGE proteins are transferred to a PVDdmiorane (100V for 1hour
on ice) where they are probed using Monoclonal -fintyHistidine-Peroxidase

antibody produced in mouse (Sigma).

2.3.9. Recombinant proteins extraction

Bacterial cell pellets were resuspended in 25 n€@RB(1) or CRB(2) per liter of
original cell culture and sonicated on ice. Lysag¥e subsequently centrifuged at
8000g for 10 minutes at 4°C. Yeast cell pelletsevarsuspended in 25 ml of

CRB(2) per liter of original cell culture and brokeaising a heavy-duty cell



disruptor with four passes at incremental pressof&$, 30, 32 and 35 kpsi (1.7-
2.4 x1G atm) at 4-15 °C. The lysate was subsequently ifegéd at 8000g for 10
minutes at 4°C. To remove the unbroken cells andrislethe lysate was
centrifuged at 10000g at 4 °C for 10 minutes. Ihsed pellets were resuspended
in 1/10 of the original cell culture volume. Cellere disrupted using CBR(2)
buffer with 1% detergent and leaving 1 hour at 4#&h mild agitation.

To purify soluble proteins the cleared supernataas directly loaded onto an
affinity column. For membrane proteins, cell menmeswere collected from the

cleared supernatant by centrifugation at 10000@g@tfor 120 minutes.

2.3.9.1. Membrane protein solubilization

In this study detergent screening was carried ousingu N,N-
Dimethyldodecylamine N-oxide (LDAO; Anatrace, cat. D360), n-Decyl-b-D-
maltopyranoside (DM; Anatrace, cat. no. D322), rdBwyl-b-D-maltopyranoside
(DDM; Anatrace, cat. no. D310), Fos-choline 12 (&kaee, cat. no. F308) and
Polyethylene(9)dodecyl ether {fEo; Anatrace, cat. no. AP0129) (see Tab.2.1).

Detergent Molecular weight Aggregation number CM4g) (
LDAO 229.41 76 0.023

DM 482.6 69 0.87

DDM 510.6 78-149 0.0087
Fos-choline 12 351.5 54 0.047
CiEo avg. 583 - 0.003

Tab.2.1. Physical properties of commonly used detgents.

For membrane proteins the use of a cleavable ditaerescent protein (GFP)
with a histag fused to the C-terminus of the protes proved to be very effective
as a way of following the protein during purificat, a technique pioneered by
Prof. Jan-Willem De Gier and Eric Gouaux. To becessful with this expression
system, the target membrane protein must have aplegmic C-terminus, since
the GFP can only be correctly folded and becomerdiscent in the cytoplasm.
GFP fusion proteins express8dcerevisiae allow rapid selection of targets with
the highest expression yields for large-scale pmatibn. In-gel fluorescence



analysis and fluorescence size-exclusion chromapdyr (FSEC), GFP fusion
proteins clearly show whether a protein is monaglisg in particular detergents

without the need of any purification step.

2.3.10. Confocal microscopy(Leica TCS SP2 upright confocal microscope,

Leica)

Harvested cells from a 10-ml culture overexpressitggmembrane protein fused
to GFP were resuspended in 1 ml of URA media comgi50% glycerol.

One microliter of the cell suspension was add toniaroscope slide and a
coverslip was placed on top. The sample was focusedusing Kéhler
illumination with an X10 magnification lens and tloeal plane was set to zero. A
drop of lens oil was added changing to the highagmification oil-immersion
lens. The brightfield lamp was turned off. The blight was then turned on, and
the gross localization of the membrane protein-G#gton was estimated. The
blue light was turned off and using the argon lemed exciting at 488 nm, a
detailed localization image of the GFP-fusion wagtared (emission detection at
505-535 nm).

2.3.11. Immobilized metal ion affinity chromatograghy (IMAC)

For both soluble and membrane proteins the firgfipation step was carried out
using an appropriate quantity of Ni Sepharose & IFew (GE Healthcare)
packed into a plastic column. Cell lysates or sitikdrl membranes were slowly
loaded onto the column. The resin was then wash#d @RB(1) or EB with
increasing concentration of imidazole. The prot#imterest was eluted from the
column with the same buffer containing 250 mM inziole.

2.3.12. Size exclusion chromatography (SEC)
SEC was carried out using Superdex 200 10/300 Gdoiir gel filtration column

(GE Healthcare). The column was equilibrated in THEDB and operated at a
flow rate of 0.5 ml/min connected to an AKTA FPL@&&m (GE Healthcare) .



2.3.13. Fluorescence size exclusion chromatograp(®lSEC)

Detergent-solubilized yeast membranes were suldjetbe fluorescence size
exclusion chromatography (FSEC) to measure the ddispersity’ of the sample.
FSEC was performed injecting the detergent-solzdmlisample onto a Superose 6
10/300 column (GE Healthcare) equilibrated with [IB03% DDM) at a flow
rate of 0.4 ml/min. After a 6 ml flow, the 0.2 nik€tions were collected row-by-
row into a 96-well plate. The plate was read byaepreader (SpectraMax M2e
microplate reader). To improve the signal-to-noisgio GFP fluorescence
emission was measured at 512 nm with excitatiofir@tnm (this wavelength is
used instead of 488 nm, as it produces a lowerdraokd fluorescent signal).

GFP fluorescence in each well was plotted agaesfraction number.

2.3.14. Hydrophobic interaction chromatography

Hydrophobic interaction chromatography was perfamsing a column packed
with the hydrophobic resin Lipidex 1000 (PerkinEhne

2.3.15. Mass spectrometry

Mass spectrometry was performed on an ion trap iEess§000 mass spectrometer
(Bruker-Daltonik, Germany). For protein mass detaation (see 3.1.4), spectra
were acquired in a positive mode. For protein agti@nalysis (see 3.1.4.1), mass
spectra were acquired in a negative ion mode oveass scan range ofz 50—
1200 for 5 min at a scan rate of 13000 m/z perrsg:cGapillary voltage was 4 kV

and a dry gas flow rate of 6.5 L/min was used &itemperature of 230 °C.

2.3.16. NMR spectroscopy

One-dimensional (1D) NMR experiments were run d@rker 800 US equipped
with a cryoprobe. The experiment was carried outblecting 512 scans. The
spectra width was 13 ppm and the frequency offses W.7 ppm. The

experimental temperature was set to 298 K.



2.3.17. Dynamic light scattering (DLS)

Measurements were carried out on a Zetasizer Nslabvérn Instruments). The
instrument uses light scattering techniques to oreakydrodynamic size, zeta
potential and molecular weight of proteins. Typiagbplications of DLS are the
measurement of the size and size distribution aoftighes, emulsions and
molecules dispersed or dissolved in a solution.this case it was used to

determine the presence of aggregates before setiatallisation screenings.

2.3.18. Protein crystallization

Several techniques exist for setting up crystaltsaexperiments, which include
vapour diffusion (hanging and sitting drop), micatdh, microdialysis,.In this
work all crystal screenings were performed manuaty by the Mosquito

Nanodrop Crystallisation robot using the vapoufugiion method.

2.3.18.1. Crystallization by the vapour diffusion nethod

In a vapour diffusion experiment, a small dropfedrfi 200 nl to severall) of the

protein solution is mixed with a precipitant sotuti(usually in a 1:1 ratio) and
allowed to equilibrate in a sealed chamber agansservoir containing a larger
volume of the precipitant solution. Since the alitoncentration of precipitants is
lower in the droplet than in the reservoir, the pled dries while gradually

increasing supersaturation, where nucleation falbly crystal grows occurs.

For crystal sceening performed manually by the mapglrop method, BD
Falcon™ 24-well Multiwell Plates (Becton Dikinsomjere used whereas the
new Innovadyne/Wilden plates (designed by Jan Lofttee LMB in Cambridge)
were adopted for the sitting drop method carriedoytthe robot.

2.3.18.2. Crystallization screening

In this study the following crystallization screemsre used (see Tab.2.2).



Screen

Company

Mem-Start & Mem-Sys

Molecular Dimensions Ltd

MemGold

Molecular Dimensions Ltd

Structure screen (I + 11')

Molecular Dimensions Ltd

PEGRx1

Hampton Research

Tab.2.2. Crystallization screenings.
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A.3.1.Bile Acid Coenzyme A:Amino Acid N-Acyltransferase

A.3.1.1. Generation othe human BAAT prokaryotic expression vector

For the expression of enzymatically active hBAATHroli, the hBAAT cDNA
was subcloned into théldel-BamHI sites of the bacterial expression vector
PET15 (see paragraph 2.2.1). The PCR was perfonsaty as template the
plasmid pOTB7 containing the complete cDNA sequence (IMAGE ID %748,
obtained from RZPD, Deutsches Ressourcenzentrumn @Genomforschung
GmbH) The genevas amplified by PCRising the following primers (the coding

sequence is shown in bold):

BAAT-ET-for: 5- GGTGGTCATATGATCCAGTTGACAGCTACCCCT -3’
BAAT-ET-rev: 5- GGTGGT TTAGAGTTGACTGGTCACATC -3

CATATG: Ndel restriction site

: BamHI restriction site

Template DNA and primers were subjected to the namogA (see appendix,
paragraph 3). PCR reactions were extracted fromroagagel using the
GenElute™Gel Extraction Kit (Sigma) and digestedhwiNdel-BamHI. The
resultant PCR product was cloned into pET15 givthg expression vector
hBAAT-pET15; XL1Blue cells were transformed usirg tligation reaction and
positive colonies were selected by colony PCR (a@ppendix, paragraph 3-
program C). The resulting constructs were confirragdestriction digestion and
DNA sequencing.

At the same time the human BAAT sequence was dtswed into the bacterial

vector pQES50 that harbors a C-terminal His-tag.

A.3.1.2. Bacterial expression of human BAAT

The constructs hBAAT-pET15 and hBAAT-pQES0 werensfarmed into several
E.coli strains (for the transformation protocol see paaply 2.3.3). Numerous

small-scale expression trials were set up usinfréifit induction temperatures.



Chapter 3 Results and Discussion

All cell strains transformed with hBAAT-pQES0 dicdbthshow the presence of
soluble protein (data not shown). On the other hahd presence of soluble
BAAT protein was detected in the following straifgss13009 (pREP4rigami,
ER2566, BL21 (DE3), Rosetta (DE3) and BL21 C41 (DEBBansformed with
hBAAT-pET15. The best overexpression level was destrated in BL21 C41
(DE3) strain.
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Fig. 3.1. 12% standard SDS-PAGE: expression trialef hBAAT in BI21 C41 (DE3). Samples
harvested 1) before induction, 2) after induction wernight at 16°C, 3) after induction
overnight at 20°C, 4) after induction overnight at28°C and 5) after induction overnight at
37°C. T: total cell fraction, S: soluble cell fracton, M: protein ladder.
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Fig.3.2. Western blot analysis: overexpression ofBAAT in BI21 C41 (DE3). Samples were
harvested after induction overnight at 20°C. T: toal cell fraction, S: soluble cell fraction, M:
protein ladder.



As shown in the Fig. 3.1 the most attractive caaditvas the induction with 0.5
mM IPTG at 20°C overnight. Protein expression wias aonfirmed by Western

blot analysis using anti-histidine tag monoclongitzodies (see Fig. 3.2).

A.3.1.3. Large-scale expression and purification dfuman BAAT

The selected condition was used to prepare a kErgke- culture. Two liters of
bacterial culture were prepared to purify the growf interest. The cells were
resuspended in a Tris-HCI buffer at pH 7.5 contgn0.5 M NaCl, 40 mM
iImidazole and 10 mMs-mercaptoethanol and sonicated. The soluble fractias
loaded onto a column packed with 2 ml of Nichel I%epse 6 Fast Flow resin
equilibrated with the same buffer. The column wantwashed with 10 column
volumes of CRB(1) with 40 mM imidazole. A second shimg step was
performed with 10 column volumes of CRB(1) with &M imidazole. The
protein was then eluted with 2-3 column volume€BB(1) with imidazole at the
final concentration of 300 mM.

This protocol was established after a preliminagifcation using a 5 ml column
of Chelating Sepharose™ Fast Flow (Amersham Bioseg) connected to an
AKTA FPLC system. Hition was performed with a 0-0.5 M imidazole geati
Fig. 3.3 it is shows the absorbance profile at 280

120
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Fig. 3.3. Absorbance profile at 280 nm: purificatio of hBAAT by IMAC applying a manual
modified gradient of imidazole. BAAT protein starts to be eluted with about 150 mM

imidazole.



The eluted fractions were dialysed against CRB(thaut imidazole; thénis-tag

was removed by proteolytic cleavage by treatingpduially purified protein with
thrombin (1 U of enzyme per mg of protein at 20%@might) after the addition
of 2.5 mM CaCl. The complete removal of the tag was assesse®IByFFAGE

as shown in Fig.3.4.

e

o [P ——
45 KDa w

Fig. 3.4. 12% standard SDS-PAGE: 1) protein samplenot subjected to the enzymatic

cleavage, 2) protein sample harvested after digesti overnight at 20°C with thrombin, M:
protein ladder.

A reverse IMAC was adopted to remove thrombin ammies other contaminants
still present after the first chromatographic st€pe protein sample in CRB(1)
without imidazole was loadeoin a column filled with 2 ml of equilibrated resin
Nichel Sepharose 6 Fast Flpthhe column was then washed using CRB(1) with
10 mM imidazole, 40 mM imidazole, 80 mM imidazoladafinally 300 mM
imidazole to remove the bound material.
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Fig.3.5. 12% standard SDS-PAGE: samples collectedudng a manual reverse IMAC. 1)
Flow through with 0 mM imidazole, elution with 2) 10 mM imidazole, 3) 40 mM imidazole,
4) 80 mM imidazole and 5) 300 mM imidazole. M: prtein ladder.

hBAAT was eluted mainly with 40 mM imidazole (seig.F3.5); the sample was

concentrated using a centrifugal concentrator @ftitl0 KDa) to 0.5 ml and



subsequently injected onto a size exclusion Supe2@6 column pre-equilibrated
with TBS without any reducing agent.

The Fig. 3.6 shows the SEC trace; the peak indicduat hBAAT is eluted as a
monodisperse protein. Fractions were collectedaaradyzed by SDS-PAGE. The
pure protein was concentrated to 10 mg/ml usingrarifugal concentrator (cut
off 10 KDa).
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Fig.3.6. Absorbance profile at 280 nm: additional prification step of hBAAT by G200

chromatography.

The final yield was 1 mg of pure protein per litdrculture. To overcome the
problem of such a poor yield, other heterologousression systems were taken
into consideration. Attempts to express human BAATnsect cells and plants
were not effective because the protein was presagtin the insoluble fraction
of cell lysate (data not shown).

A.3.1.4. Human BAAT sample control

To check the purity and the quality of the samglgyl of concentrated BAAT
was loaded on a SDS-PAGE and, at the same tima, Tiis-glycine native gel
(see Fig. 3.8). The native gel shows the absenaggfegates on the prepared
sample (Fig.3.8, right).

In addition, the presence of secondary and tergtmyctures was confirmed by a
NMR *H mono dimensional spectrum; in Fig. 3.9 the presesf peaks around 0

ppm can be noticed suggesting that the proteiolded.
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66 KDa
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Fig.3.8. 15% standard SDS-PAGE (left) and native N@x 12% Tris-Gly gel (right): BAAT
purified sample after concentration to 10 mg/ml. M:protein ladder.

Baslc 1d pre-sat with Hawn-scho and 19K decoupling 7 Crysprabs 298 K

Fig.3.9. hBAAT NMR *H mono dimensional spectrum.

The exact protein mass was determined by elecgsmass spectrometry (see
Fig. 3.10); the calculated mass agrees very weh trie mass deduced from the
cDNA sequence (46552 Da, see appendix, paragrag) 5.

-B5 -
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Fig.3.10. MS spectrum of recombinant BAAT.

A.3.1.4.1. Electrospray mass spectrometry assay lofiman BAAT activity

In addition to bile acids-CoA derivatives, hBAAT drplyzes also fatty acyl-
CoAs and/or fatty acids conjugate to glycine (O'Byet al., 2003). Since the
natural substrate of hBAAT is not commercially dafllie and difficult to
synthesize it was decided to verify the activitreéombinant hBAAT following
the protocol proposed by O’'Byrrat al., (2003). The reaction in this case was
performed using stearoyl-CoA (Sigma), a CoA-derxeatof stearic acid (a
saturated fatty acid).

Incubation mixturesvere set up containing stearoyl-CoA (100 uM), hBAAD
Kng), and taurine (25 mM) in 50 mM potassium phosphauffer, pH 8. The
mixtures were incubated for 48 h at room tempeeatiter which they were
purified using columns packed with the Lipidex 10@8in. The Lipidex columns
were equilibrated with 5 ml volumes of chlorofornetinanol (2:1), followed by
95% methanol in water, and finally by water. Theulbation mixtures were then
loaded onto the column followed by a further waghstep with 5 ml of water.
The column was then eluted using 5 ml of methaaol] the eluate was dried
under nitrogen. The samples containing the stedoyl reaction products were
reconstituted in tetrahydrofurane-water (1:1 v/imda4-5 pl were analyzed by
mass spectrometry ( see paragraph 2.3.15). RecantbdmBAAT was incubated



with fatty acyl-CoA in both the absence and presewf 25 mM taurine
(Fig.3.11).

>
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Fig.3.11. Negative ion electrospray mass spectrometry analysiof BAAT fatty acid
conjugating activity. The spectrum in A) correspond to the incubation containing 2-5ug of
BAAT and 40 pM stearoyl-CoA and the spectrum in B) correspondsd the incubation
containing 2-5pg of BAAT, 40 uM stearoyl-CoA and 50 mM taurine.

The enzyme shows both the N-acyltransferase actiidtstearoyl taurine peak)
and the thioesterase activity (stearic acid peak)td its high degree of homology

with the type | acyl-CoA thioesterases.

A.3.1.5. Crystallization of human BAAT

Several crystallization trials were set up at défé protein concentrations (8
mg/ml, 10 mg/ml, 15 mg/ml, 20 mg/ml). The proteangple was prepared in the
absence or in the presence of ligands. A batchotd-eénzyme was obtained
adding 5mM cholate/5 mM glycine, 5 mM cholate/5 Maurine or 5 mM

glycocholate. In fact, it was noticed that BAAT s to a cholate and a
glycocholate affinity column (Vessey, 1978). Altlgbuthe recombinant hBAAT
could be purified at an appreciable level (1 mgilp,to now no crystals grew

from the trials prepared.

A.3.1.6.Generation and expression of human BAAT mants

To abolish thioesterase activity the catalytic mutBAAT C235A was prepared.

Furthermore, examination of the protein sequenasvshalso the presence of a



couple of cysteines in positions 372-373 (see agigeparagraph 5.1.3). Since
cysteines could form non physiological inter- amdilatramolecular disulfide
bridges and therefore be a source of sample mitzadgenity, a second double
mutant was prepared, C372-373A. A third triple mui@235A-C372/3A with no
cys residues was also expressed. The original pBBRI&T plasmid was used as
a template and four primers were ordered. The prisexjuences were the

following:

BAAT-C235A-for: 5'- GTAGTCTCTGTAGCTCAAGGAGTACAG - 3’
BAAT-C235A-rev: 5'- CTGTACTCCTTGGCTACAGAGACTAC - 3

BAAT-C372/3A-for: 5- TATTCTCCTCTG5CGGCGCCTCAACGACC - 3
BAAT-C372/3A-rev: 5- GGTCGTTGAGGGGCCGICAGAGGAGAATA -3

PCR was performed as described in appendix, pgrag8a(program B); PCR

products were then digested with tBgnl restriction enzyme to eliminate the
original template. XL1Blue cells were transformedhwthe reaction and several
colonies were sequenced. Positive mutant plasméte wsed to transform BL21
(DE3) C41 cells.

75 KDa

50 KDa

37 KDa
25 KDa

20 kDa

15 KDa

Fig.3.12. Western blot analysis: soluble cell fra@ins obtained from small-scale expression
trials of the proteins 1) BAAT wild type, 2) BAAT catalytic mutant form, 3) C372/373A and
4) C235A-C372/373A. Cells were induced with 0.5 mMPTG at 20°C overnight. M: protein
ladder.



The mutants were expressed and purified adoptiagsime conditions used for
the expression and purification of wild-type hBAASee Fig.3.12).

Fig.3.13 shows SEC traces of wild type BAAT and ttmee mutants. The purity
of the four samples was comparable but the yield #re behavior were
completely different. Yield of the double and thgle mutant was 0.5 mg/l or
less; in particular the triple mutant did not seerbe monodisperse and it was not
stable at high concentration.

—— BAAT wt
BAAT C372/3A
1 | ——BAAT C235A C372/3A
60 -{ | ——BAAT C235A

70 4

50
40

30 4

Absorbance at 280 nm

20 4

Volume (ml)

Fig.3.13. Absorbance profile at 280 nm: G200 chronmagraphy showing the elution peaks of
wild type BAAT and the three mutant forms.
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C Sample Z-average (d.nm) Pd|
BAAT wild type 8.09 0.088
BAAT C235A 8.75 0.204
BAAT C372/373A 10.90 0.357
BAAT C235A C372/373A| 23.57 0.82b

Fig.3.14. Dynamic light scattering experiments. Meaurements were made on a Malvern
Zeta sizer instrument at 20°C: A) intensity and B)volume size distributions obtained for the
wild type enzyme and the three mutants, C) z-averagdiameters and polydispersity index
(Pdl) of the samples. Red: BAAT wild type, green:BAT C2372/373A, blue: BAAT C235A-
C372/373A, black: BAAT C235A.

The purification protocol, the storage conditiotie choice of the buffers (pH and
ionic strenght) and the modification on the amiwoalachain (mutagenesis) may
be crucial to obtain a crystallization quality saenpFor this reasonthe
monodispersity of the samples was assessed usnDliB techniqueFig. 3.14
shows DLS data for the wild type enzyme and thedhnutant forms. Samples
were analyzed in TBS at the concentration of 3 n@nad measurements were
conducted at 20 °C. The samples are clearly difteMisually, the peak shape of
the double and triple mutant forms suggests thegmee of oligomeric assemblies
and/or aggregates, appreciable even if consideyimyg the size distribution by
intensity. The associated polydispersity index nsager than 0.2, indicating the
presence of more than one species. These resudiduge their use for
crystallization trials. Only the catalytic mutaf@435A) appears to be adequate

for crystallization experiments.

A.3.1.6.1. Crystallization of the catalytic mutantof BAAT C235A

Several crystallization trials were set up at ddfe protein concentrations (10
mg/ml, 15 mg/ml). The protein sample was prepanedhsence or in presence of
different ligands. A batch of the holo-enzyme vedained by adding 5 mM
stearoyl-CoA. Micro crystals appeared only with kiwdo-enzyme in 0.1 M Hepes
pH 7.5, 10% PEG 8000, 8% ethylene glycol as preuipi(Fig. 3.15).

Several optimization trials were set up to improthe quality of these
microcrystals but up to now no suitable crystalsXeray diffraction experiments

were obtained.



Chapter 3 Results and Discussion

Fig.3.15.BAAT C235A microcrystlas obtained with 0.1M Hepes pi 7.5, 10% PEG 8000, 8%

ethyleneglycol as precipitants.
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A.3.1. Discussion

No protocols for the expression and purificationre€ombinant human BAAT
had been described in the literature. Here, weriestiow the human enzyme
BAAT was cloned and expressed in E.coli. The peation protocol includes
three steps: IMAC, reverse IMAC and SEC. Sufficieate material was obtained
to set up several crystallization trials. Althouipe purity and the quality of the
wild type protein samples were excellent, no cilystas obtained. One of the
problems might be the presence of large mobileddbpt could interfere with the
formation of molecular contacts inside the cryshalfact, the use of secondary
structure prediction programs suggests that lagyggms on the N-terminal part
of the protein are unstructured. It was then detidecreate a new construct that
lacks a portion of the amino acid sequence on teriinal part but maintains
the integrity of the catalytic domain with the Gyiss-Asp catalytic triad in the C-
terminal portion. The major problem was to identg#table deletion mutants
without any information about the secondary strectof the protein. Some
constructs were cloned but no soluble protein waisioed (data not shown).
Recently, the crystallographic structure of humaitocmondrial acyl-CoA
thioesterase (ACOT2) was published (Mangtedl., 2009). The enzyme contains
an o/p hydrolase catalytic domain in the C-terminal regiwith a Ser-His-Asp
catalytic triad. The 3D structure of ACOT2 contaitwg domains, N and C

domains.

Fig.3.16. Human BAAT 3D model builds using the progam HHpred and as a template the
pdb file of human ACOT2.



The N domain contains a seven-stranfe@ndwich; the active site is located in a
large pocket at the interface between the two dosnaBAAT shares significant
amino acid sequence conservation with this typenzfyme. Using the program
HHpred @Homology detection & structure prediction by HMM-HM
comparison)and the ACOT2 3D structure as template, a modeBAAT 3D
structure was built (see Fig.3.16). This model ss¢ga hypothetic site where to
cut the protein sequence. Therefore a new constrastmade starting from amino
acid 135. At the moment preliminary expression gaodfication studies are in
progress. Obtaining enough pure material of thalg#&t domain could be useful
to set up crystallization trials but also to condativity studies that could help in

understanding the role of the two domains.

On the other hand, the generation and purificatibthe inactive C235A mutant
allowed the preparation of reproducible crystalst ttid not grow in any of the
crystallization trials carried out with the wild pgg protein. The ongoing
crystallization experiments are focused on obtgihémger crystals suitable for X-

ray diffraction studies.



B.3.1. Two membrane enzymes: Farnesyl Cysteine-Carboxyl

Methyltransferase and Stearoyl-CoA 9-Desaturase

B.3.1.1.Farnesyl cysteine-carboxyl methyltransferase fronC.glabrata

B.3.1.1.1. GFP-based optimization scheme for the enexpression and

purification of eukaryotic membrane proteins in S.cerevisiae

Obtaining pure membrane proteins in large quastitie fundamental for
analyzing their biochemical and structural features this case a new high-
throughput GFP-based method (Newsteadl., 2007; Drewet al., 2008) was

used to select some promising targets amon@.§@brata membrane proteins.

B.3.1.1.1.1. Controlling membrane protein overexpresion using whole-cell

and in gel-fluorescence

96 cDNAs coding for membrane proteins frarglabrata were cloned in the

pDDGFP-2 vector by homologue recombination (see32.PCR products and
linearized vectors were transformed in FGY217 cafisdescribed in paragraph
2.3.3. For each clone a 10 ml culture was preptarazheck the expression level
and to control the protein integrity (see 2.3.6 arg17.2). Expression levels of the

well expressing targets are summarized in Tab.3.1.

Name/Gene Protein Molecular Position Fluorescence | Expression
weight in 96 well counts level
(kDa) plate (mg/L)
25172
) L-methionine transporter Mup] 63.1 A5 25358 1.99
CAGLOK043679g-F (YGRO55w) 26610
49095
CAGLOB02079g-F | A7l transporter AZR 68.1 A8 43876 421
(YGR224w)
49011
Polyamine transporter 32461
CAGLOMO08272g-F y(YKL174c) P 69.7 B1 27303 2.66
24767
61314
. UDP-galactose transporter
CAGLOH00847g-F HUT1 (YPL244c) 40.4 B2 60609 3.33
66892
Farnesyl cysteine carboxyl- 26885
CAGLOF02805 g-F methyltransferase Stel4 29 C4 30794 1.06
(YDR410c) 37964
Nucleotide sugar transporter 28232
CAGLOH09196 g-F GOG5 (YGL225w) 35.8 C6 41188 161
) H+/biotin symporter Alg2 16523
CAGLOK04609 g-F (YGROB5¢) 71.7 c7 23655 1.38




Peptide transporter PTR2

22062

CAGL0G02453 g-F (VKROSA) 67.8 D1 24851 1.97
CAGLOC02123 g-F Te'omer?Y’Esigf‘elg‘;‘”ce ERYS 344 E1l EZS% 2.16
18816
CAGLOG04851 g-F Fattéagi (e\'(OL”F?g‘YS;V%C“V"y 41.2 F7 igg;g 075
CAGLO0J04378 g-F O'iggslfffrgf‘(g‘:_%ggx)s”o”er 63.1 H8 ggi;g 154
CAGLOM00748 g-F| ¢! Oé%?\;l‘fi(%”l_;ﬂg\%ge”ESi 406 H10 Ioane 1.45

Tab.3.1.C. glabrata well expressing targets.

Crude membranes extracted from each of the 10 fres were loaded for in-

gel fluorescence detection (see Fig.3.16) to clifexkisible band was present.

155 KDa
98 KDa
63 KDa
40 KDa
31 KDa

21 KDa

11 KDa

Fig.3.16. In-gel fluorescence detection of crude gst membrane samples isolated after the

overexpression of 12 different membrane proteins &frm C.glabrata. M: fluorescent proteins

ladder.

B.3.1.1.1.2. Optimizing expression with

chaperones

In the literature, it has been reported that thditemh of chemical chaperones such
as DMSO (2.5% vol/vol) or histidine (0.04%) to yea&slltures can improve

membrane protein folding. The effectiveness of ¢helsemical chaperones was
tested in the expression of these proteins. In3[Akkhe expression levels of the
well expression targets were reported. Becausewarldemperature can also

increase the yield, expression at 20°C for 40 braBAL1 induction was also
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tested (see Tab.3.3).

temperature and

M C4 CC7 D1 E11 F7 H8 H:

chemical




Clone number Expression level (mg/L)
without additive | with DMSO 2.5% | with L-HIS 0.04%

A5 18 1.9 3.1
B1 23 15 3.3
B2 4.4 5.3 4.4
Cc7 1.9 1.8 2.2
F7 0.8 0.7 1.2
H8 25 24 2.8
A8 35 25 5.3
C4 1.2 1.3 2
C6 1.9 2 23
D1 15 1.2 1.2
E11 3.6 4.4 3.6
H10 2.6 2.9 2.8

Tab.3.2. Expression levels of the 12 well expresgirargets after 22 hours of induction at
30°C with or without additives.

Clone number Expression level (mg/L)
without additive | with DMSO 2.5 % | with L-HIS 0.04%

A5 1.6 1.2 0.4
B1 1.2 0.5 0.7
B2 1.7 15 0.6
c7 0.3 0.4 0.2
F7 0.1 0.1 0.1
H8 0.8 0.7 0.3
A8 0.7 2.1 0.8
C4 1.2 1.2 1.3
C6 1.4 2.6 1.2
D1 0.8 0.8 0.4
E1l 3.2 1.8 3.7
H10 0.9 0.5 0.6

Tab.3.3. Expression levels of the 12 well expresgirargets after 40 hours of induction at
20°C with or without additives.

B.3.1.1.1.3Assessing the quality of overproduced fusions by E&

The best overexpression conditions were chosen ttier isolation of the
membranes from 1 liter of yeast culture. Membraeéles from 1 liter were
resuspended in 6 ml of MRB. Membrane suspensioms used for the detergent
screen (see 2.3.9.1). Initially, solubilization i@#ncy was tested adjusting
membrane resuspention to a protein concentratioB.®fmg/ml in 1 % of the
detergent of choice, PBS 1X and glycerol 10%. Tirdure was incubated at 4°C
for 1 hour with mild agitation; GFP fluorescenceasare was made before and
after centrifugation at maximum speed for one Heae Fig.3.17, left).

FSEC was used to determine whether the detergérsicamn efficiency can be
related to the protein stability (see 2.3.13). R#ge Kawate and Gouaux
(Kawate and Gouaux, 2006) showed that detergenb#ialed fusion proteins that
are monodisperse, as judged by FSEC, are typistdlyle after purification. This



correlation removes the need to test each protetiergent sample separately by
purification. DDM and LDAO solubilized samples adad fusion construct (500
ul) were injected onto a size-exclusion column. Thierion for ‘monodispersity’

was that the fusion peak was expected to be synuaetd equal to or larger than

either the aggregate or free-GFP peaks (Algual,.2010).

A5: L-methionine transporter

Detergents Fluorescence Percentage e00-
(1%) counts (%)
Membrane After g o
resuspention | centrifugation z
DDM 5503 4624 84 5
DM 5810 4281 73.6 2
LDAO 6067 4500 74 -
Fos-choline 12| 5603 5396 96
Cis:E9 5684 4055 71 0 - e
o 12 24 36 48 60 72 84 96
Fraction number
A8: Azole transporter
Detergents Fluorescence Percentage
(1%) counts (%) 10007
Membrane | After z
resuspention | centrifugation 7
DDM 9294 7144 77 g
DM 9178 6419 70 A
LDAO 9563 8010 83
Fos-choline 12| 9388 9158 97 09
CisE9 9508 7182 75 0 .
0 12 24 36 48 60 72 84 96
Fraction number
B1: Polyamine transporter
Detergents Fluorescence Percentage 1000
(1%) counts (%)
Membrane After 800+
resuspention | centrifugation g
DDM 3143 2271 72 g =
DM 3016 2196 72.8 § -
LDAO 3158 2382 75.4 :
Fos-choline 12| 3021 2486 82 “
CiEg 3023 2074 68.6 . e S
B2: UDP-galactose transporter
Detergents Fluorescence Percentage 6001
(1%) counts (%)
Membrane After o)
resuspension| centrifugation 3 o
DDM 6958 3522 50 £
DM 7148 2593 36.2 §
LDAO 6953 3253 46.7 ©
Fos-choline 12| 6248 6200 100
Ci:E9 6772 2550 37.6 . - —_—

T T T
24 3% a8 60 72 84 %

o
5

Fraction number



C4: Farnesyl cysteine carboxyl-methyltransferase

Detergents Fluorescence Percentage 12004
(1%) counts (%)
Membrane | After z
resuspention | centrifugation % 500-{
DDM 5330 3897 73 .
DM 5478 3495 63.8 g
LDAO 5389 4670 86.6 “1
Fos-choline 12| 5326 4884 91.7 2004
CiEg 5299 3306 62 . : ' ' ' ' : : '
° * * E:racﬂo:ﬁnumb:? ” * ”
C6: Nucleotide sugar transporter
20004
Detergents Fluorescence Percentage 10001
(1%) counts (%) —
Membrane | After g
resuspention | centrifugation [
DDM 10228 7754 75.8 .
DM 11276 6349 56.3 :
LDAO 11007 7628 69.3 o
Fos-choline 12| 10746 9891 92 2001
CuEq 10472 5488 52.4 — o~
0 12 24 36 48 60 72 84 96
Fraction number
C7: H'/biotin symporter
Detergents Fluorescence Percentage
(1%) counts (%) = a0
Membrane After g
resuspention | centrifugation g
DDM 6738 3484 51 <
DM 6876 1845 26 g
LDAO 6986 3462 49
Fos-choline 12| 6680 5257 78
CueFo 7048 4361 61 e A
Fraction number
D1: Peptide transporter
Detergents Fluorescence Percentage ZZZ
(1%) counts (%) 1600
Membrane After g e0q
resuspention | centrifugation >
DDM 8857 5570 62.8 -
DM 8624 5435 63 > o]
LDAO 8249 5869 71 T o]
Fos-choline 12| 8258 5919 71.6 0]
Ci:E 8384 5188 61.8 e N

E11: Protein involved in telomere maintenance

Detergents Fluorescence Percentage
(1%) counts (%)
Membrane After
resuspention | centrifugation
DDM 10940 2462 22
DM 11359 2619 22.5
LDAO 15370 4348 28
Fos-choline 12| 10632 8813 82
CiEg 11038 1927 17

RFU (arbitrary units)

800

600

400

200

°

12 24 36 a8 60 72 84 %
Fraction number

T
12 24 36 8 60 72 84 9%
Fraction number



F7: Protein with fatty acid elongase activity

Detergents Fluorescence Percentage
(1%) counts (%) a00-
Membrane After 2
resuspention | centrifugation 3 oo
DDM 2775 1742 62.7 £
DM 2609 1471 56 s
LDAO 2413 1742 72 w0
Fos-choline 12| 2565 2016 78.5
CiEs 2433 1695 69.6 R e o
H8: Oligosaccharide transporter
Detergents Fluorescence Percentage oo
(1%) counts (%)
Membrane After z
resuspention | centrifugation 3w
DDM 6712 4319 64 g
DM 7212 3566 49.4 2
LDAO 6601 4259 64.5 s
Fos-choline 12| 6326 5827 92
CiEs 7427 3836 51.6 .

T T T T T T T d
0 12 24 3% 48 60 2 84 %
Fraction number

H10: Protein involved in cell organision and biogeasis

Detergents Fluorescence Percentage .
(1%) counts (%)
Membrane | After 7
resuspention | centrifugation H
DDM 8784 2075 23.6 £ o
DM 8395 1790 21 z
LDAO 8336 2882 34.5 © o]
Fos-choline 12| 7888 6480 82
CuEs 8902 2304 25.8

T T T T T T T i
4 2 24 3% 4 60 72 8 9%
Fraction number

Fig.3.17. (left) Fluorescence counts before and aftcentrifugation of solubilized membranes
obtained from 1 liter of yeast culture overexpressig the selected targets, (right) FSEC
profile for DDM-(black) and LDAO-(red) solubilized membranes.

Only two or three out of the tested membrane pnsteeemed to be promising for
a successful overproduction. Considering the espradevel, the stability after
solubilization and the medical relevance it wasdist to scale up the purification
of the GFP-fusion C4, Farnesyl cysteine-carboxythyleransferase (Stel4), a
transmembrane enzyme of 29 kDa. Because of itsl smal well-characterized
enzymatic activity, highly hydrophobic nature arfthpnaceutical interest, Stel4
may represent an ideal ‘test case’ for developirgghwdologies to crystallize

multispanning integral membrane enzymes, a criticaglected areas of current
biology.



B.3.1.1.1.4. Confirming quality of membrane-integrated expression by

confocal microscopy

Scerevisiae has a highly regulated quality control system ie &mdoplasmic
reticulum (ER), ER-associated degradation, and coifsectly folded proteins exit
the ER. Misfolded proteins are eithestained in the ER until they are folded
correctly or dislocated fronthe ER and degraded by the proteasome in the
cytosol. Propersubcellular targeting of overexpressed membranetein®
therefore provides a good indication of correctdifod. Global fluorescence-
microscopy localization studies on C-terminally Gi&Bgedproteins have shown
that for the majority of proteins, GFEoes not interfere with trafficking
(Newsteackt al., 2007).

Harvested cells from 10-ml culture overexpressingl&GFP, were tested by
confocal microscopy (see paragraph 2.3.10). Fi§.34ows Stel4 GFP-fusion

localized in membrane organelles, probably endoplaseticulum.

Fig.3.18. Stel4GFP-fusion localization inS. cerevisiae monitored by confocal microscopy. A)

Widefield and B) confocal image of an yeast cell.

B.3.1.1.2. Large-scale expression anpurification of the Stel4-GFP fusion

protein

A 10-liter culture was prepared as described in62.;duction was conducted
using the parameters established in the overexpresgptimization screen (at
30°C for 22 hours in the presence of galactose 28d_aHis 0.04%).



Membranes were isolated (see 2.3.9) and resuspandéd ml of MRB. The

membrane resuspension was diluted at a final pratencentration of 3 mg/ml
using EB. The detergent powder (1%) that produdexl host homogeneous
sample was added. In this case two different mations were done, the first
using DDM and the second using LDAO. The purificatischeme shown in

Fig.3.19 was followed.

A Detergent-solubilization b Incubation of C IMAC purification
of membrane protein supernatant with
GFP-fusion Ni-NTA resin

=P
A NNE

Flow-through Wash Elution

nondetergent
solubilized proteins

d Dialysic and cleavage of GFP-8His @  Reverse IMAG o remove f Gelfiltration of
from membrane protein-GFF fusion GFP-8His and his-tagged TEV membrane protein
from memirans protein

g —
Cancentration

h
U of membrane protein
I

Add equal amounts
of His-tagged
TEV protease
into the: edution

Violume

Fig.3.19. Flowchart illustrating the purification of Ste 14 from GFP-fusion. (a) Detergent
solubilization of Ste14-GFP fusion, (b) incubatiorof supernatant with Ni Sepharose resin, (c)
IMAC purification, (d) dialysis and cleavage of GFPfrom Stel4-GFP fusion, (e) reverse
IMAC to remove GFP and tobacco etch virus (TEV) fran Stel4, (f) gel filtration (Drew et
al., 2008).

The mixture was incubated for one hour at 4°C witld agitation and then
centrifuged at 100.000g for 45 minutes to pelletititsoluble material. 1 ml of Ni
Sepharose 6 Fast Flow per 1 mg of GFP-fusion wdsdtb the supernatant. The
solution was mixed using a magnetic stirrer at #5C3 hours. Stel4-GFP fusion
was purified by IMAC: the supernatant was loadedhe presence of 40 mM
imidazole, the column was washed with EB in thespnee of 80 mM imidazole
and the GFP-fused protein eluted in the presen@5®@imM imidazole. A reverse
IMAC in the presence of 40 mM imidazole was therfgrened after cleavage of
the GFP-His8 tag (during overnight dialysis to reeanidazole) with his-tagged

tobacco etch virus (TEV) protease. The eluted proteas concentrated using a



centrifugal concentrator (cut off 30KDa) and theaded on aSuperdex 200
10/300 GL Tricorn gel filtration column equilibraten DB. Each purification step
could be followed by measuring GFP counts. It wias possible to estimate the
membrane protein quantity using the methodologygiblbet in Drewet al. (2008).
All chromathographic steps were performed in thespnce of a reducing agent
(10 mM B-mercaptoethanol during IMAC and 1 mM DTT during GE
preliminary purifications suggested that the pro@imerized in the absence of a

reducing agent (see Fig.3.20).

188 KDa
98 KDa

62 KDa

49 KDa

38 KDa

28 KDa

17 KDa
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Fig.3.20. Nu PAGE gel (Invitrogen): Ste 14 proteir2) in the presence and 1) in the absence of
1 mM DTT.

B.3.1.1.2.1. Purification ofSte14 in DDM

Tab. 3.4. summarizes the information recorded tinout the purification steps
of Stel4 in DDM (0.03%).

Membrane preparation

Cells breakage efficiency (%) 67
Membrane protein in membrane resuspention (mg) | 6
Purification

Solubility (%) 75
Binding (%) 80
Amount of GFP-fusion in elution (mg) 316

Tab.3.4. Data-sheet showing information recorded ttoughout this protocol.



Fig.3.21 shows the SEC profile; the membrane pngteiak of the UV-trace was
collected and controlled by SDS-PAGE.
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Fig.3.21.Absorbance profile at 280 nm: G200 chromatography foSte 14 in DDM 0.03%.

The protein sample was then concentrated to 10 mgéimg a centrifugal
concentrator (cut off 30KDa). To check the puribgdhe quality of the sample, 1
ul was loaded on a SDS-PAGE (see Fig.3.22).

250 KDa
148 KDa

98 KDa
64 KDa

50 KDa

36 KDa

22KDe

Fig.3.22. 12% standard SDS-PAGE: Stel4 purified sapte after concentration to 10 mg/ml.
M: protein ladder.

B.3.1.1.2.2. Purification ofStel14 in LDAO

Tab.3.4 reports the information recorded throughbet purification of Stel4 in
LDAO (0.06%).



Membrane preparation

Cells breakage efficiency (%) 70
Membrane protein in membrane resuspention (mg) 6
Purification

Solubility (%) 95
Binding (%) 70%
Amount of GFP-fusion in elution (mg) 4

Tab.3.5. Data-sheet showing information recorded tloughout this protocol.
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Fig.3.23.Absorbance profile at 280 nm: G200 chromatography foSte 14 in LDAO 0.06%.
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Fig.3.24. 12% standard SDS-PAGE: Stel4 purified sapte after concentration to 10 mg/ml.
M: protein ladder.

Fig.3.23 shows the SEC profile; the UV-trace paeiswollected and analysed by
SDS-PAGE. The protein sample was then concentraietl0 mg/ml using a
centrifugal concentrator (cut off 30KDa). To cheblke purity and the quality of
the sample, 1 pl was loaded on a SDS-PAGE (se8.F4).



B.3.1.1.3. Crystallization trials of Stel4

Several crystal trials were set up at various comagons of the protein (10
mg/ml, 15 mg/ml, 20 mg/ml) both with DDM- and LDAS&Blubilized Stel4.

Although the recombinant Stel4 could be purifieci@tappreciable level, up to
now no crystals grew from the trials prepared.

B.3.1.2. Farnesyl cysteine-carboxyl methyltransfeise fromA. thaliana

Since no appreciable result was obtained with tluegstallization trials, it was
decided to express the Stel4 homologue ffotialiana (AtStel4A)(for a brief
description see B.1.2.1.2.).

The AtStel4 amino acid sequence shows 36% identity wighykast Stel4 and
45% identity with the human Icmt (see Appendix 2.The AtStel4 topology
model is similar to the topology model of the yepsitein: they have both six
membrane spans. However, the protein fréthaliana lacks an N-terminal
cytoplasmic portion of about 50 amino acids. Dugg@mall size and the absence
of disordered portions, this protein could be atdvetarget for crystallization

experiments.

B.3.1.2.1. Cloning, expression and solubilizationttempts

The Stel4A cDNA fromA.thaliana was subcloned into thiddel-BamHI sites of
the bacterial expression vector pET15 (see parhgéapg.1). The PCR was
performed using as template thiesmidpGEM-T Easy (Promega&pntaining the
complete cDNA sequence. Th¢Stel4 cDNA sequence was amplified from the
total A.thaliana cDNA (kindly provided by Prof. Furini, Universitgf Verona),
inserted in pGEM-T Easy and then sequenced torrortfie sequence identity.

In order to insertite gene in pET15, it was amplified by P@8&ing the following

primers (the coding sequence is shown in bold):

STEara-ET-for: 5'- GGTATATGACAGAGATCTTCAGTGACACC -3

STEara-ET-rev: 5’- GGE TTAGTTCACAAATGGAACACCAGA -3



CATATG: Ndel restriction site

: BamHI restriction site

Template DNA and primers were subjected to proghafeee appendix paragraph
3). PCR reactions were extracted from agarose gslsg the GenElute™Gel
Extraction Kit (Sigma) and digested witNdel-BamHI. The resultant PCR
product was cloned into pET15 giving the expressientor Steldara-pET15;
XL1Blue cells were transformed using the ligati@action and positive colonies
were selected by colony PCR (see appendix paragBapprogram C). The
constructs obtained were confirmed by restrictigestion and DNA sequencing.
The Steldara-pET15 expression vector was transtbriné E.coli BL21

CodonPlus (DE3)-RIPL cells. Several expressionistriaere carried out at
different temperatures in order to improve the egpion level (see 2.3.5). The
presence of Stel4d protein was confirmed by Wedboh analysis using anti-

histidine tag monoclonal antibodies (see Fig.3.25).
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Fig.3.25. Western blot analysis: overexpression @&tStel4 in Bl21 CodonPlus(DE3)-RIPL.
Samples harvested 1) after induction overnight at@°C, 2) after induction overnight at 20°C,
3) after induction overnight at 28°C and 4) after nduction at 37°C for 3 hours. T: total cell

fraction, S: soluble cell fraction, M: protein ladder.

The best overexpression condition was chosen (traiuat 20°C overnight with
0.5 mM IPTG) for the isolation of the membranesnfrd liter of culture (see
2.3.9). Membranes were resuspended in 2 ml of MR& solubilized in 1%
DDM and 1% LDAO like described in 3.1.1.2. Ten moiters of the solubilized



material before and after ultracentifugation wevaded on an SDS-PAGE and
Stel4 was visualized by immunodetection using listidine tag monoclonal
antibodies (see Fig.3.26). Almost the total amoainStel4 was solubilized in
LDAO as demonstrated in Fig.3.26; no other detdrgeeffective in solubilizing

this protein (data not shown).
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Fig.3.26. Western blot analysis: solubilized mateal in LDAO 1% harvested 1)before and 2)

after centrifugation. M:protein ladder.

B.3.1.2.2. Large-scale purification oAtSte14

The selected condition was applied in a large-seafgession experiment. Four

liters of bacterial culture were prepared to putifg protein of interest.

150 KDa
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Fig.3.27.15% standard SDS-PAGE: samples collected during IMC. 1) Flow through with O
mM imidazole, washing with 2) 10 mM imidazole, 3) @ mM imidazole and 4) 300 mM

imidazole. M: protein ladder.



Membranes were resuspended in 8 ml of MRB and thierted in EB in the
presence of 1% LDAO. Detergent-solubilized Stel4 warified to homogeneity
using IMAC; the sample was loaded on a columndilgth 1 ml of the resin Ni
Sepharose 6 Fast Flow in the presence of 10 mMamoig. The column was then
washed with EB with the addition of 40 mM imidazeled the protein eluted in
300 mM imidazole (see Fig.3.27).
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Fig.3.28.Absorbance profile at 280 nm: G200 chromatography foAtSte 14 in LDAO 0.06%.

The his-tag was not removed and the sample wasotmated using a centrifugal
concentrator (cut off 10 KDa) to be injected ontSuperdex 200 pre-equilibrated
with DB. The SEC profile shown in Fig.3.28 suggetiat the protein is stable
and monodisperse in LDAO; the aggregate peak isral@znd the protein peak is

symmetric.
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Fig.3.29.15% standard SDS-PAGE:AtSte14 purified sample after concentration to 8 mg/in
M: protein ladder.



The fractions containing Stel4 protein were codldcand then concentrated to 8
mg/ml using acentrifugal concentrator (cut off 30 KDa). To chehk purity and
the quality of the sample, 1 pl was loaded on a-BPB&E (see Fig.3.29)The

protein sample seemed to be sufficiently pure tx@ed with structural analysis.

B.3.1.2.3. Crystallization trials ofAtSte14

Several crystallization trials were prepared at ¢bacentration of 8 mg/ml in
presence or in absence of ligands. Two batchdsedfivlo-enzyme were obtained
by adding either 2 mM S-t&denosyl)-L-methionine chloride (SIGMA) or 2 mM
N-acetyl-S-farnesyl-L-cysteine (Cayman chemical, selective inhibitor of
isoprenylated protein methyltransferases. Up to noverystals were obtained in

these trials.

B.3.1.3. Stearoyl-CoA 9-desaturase

B.3.1.3.1. Cloning and expression of human SCD irF8 insect cells

Due to the problems encountered in the large gtyaexipression of full-lenght
hSCD in several prokaryotic and eukaryotic hosB.cqli, P.pastoris,
Scerevisiae), the BaculoDirect™Baculovirus Expression Systeaswtilized to
obtain hSCD protein from Sf9 insect cells.

According to the published hSCD sequendee (complete cDNA sequence,
IMAGE ID 3844850, was obtained from RZPD, DeutscRessourcenzentrum
fuer Genomforschung GmbHprimers were designed to amplify full-length SCD
cDNA using as a template tipgasmidpOTB?7.

The following forward primer incorporates the redomnation sequence (in green)

and the Kozak sequence (in retthe coding sequence is shown in bold:

SCDbac-for5'- GAAATGCCGGCCCACTTGCTGCAG -3’

. Kpnl restriction site



The following reverse primer adds the thrombin e¢#gge site (in pink). This
could be used to remove the his-tag that is inttedwn the C-terminal cloning

into the linear baculovirus DNA.

SCDbac-rev: 5'- AATAATAAGCTT GTTTCCA
TCTCCGGTTCT -3

AAGCTT: Hindlll restriction site

Template DNA and primers were subjected to proghafeee appendix paragraph
3) using PFU enzyme. PCR reactions were extracted agarose gels using the
GenElute™Gel Extraction Kit (Sigma). The result®@R product was cloned
into pENTR-D-TOPO (see 2.2.3); XL1Blue cells weransformed using the
reaction and positive colonies were selected bymolPCR (see appendix
paragraph 3, program C). The constructs obtaina@ wenfirmed by restriction
digestion and DNA sequencing. By LB reaction uskig) clonase I, the SCD
sequence was inserted into linear baculovirus DN#e recombinant baculovirus

containing the SCD sequence was confirmed by PCR.

90 KDa

65 KDa

40 KDa
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Fig.3.30. Western blot analysis: samples harvesteafter 96 hours of infection with 1) 15 pl
V2,2) 7 ul V2 and 3) 3 ul V2. T: total fraction, lefore centrifugation; M: protein ladder.

To generate recombinant baculovirus particles, 889 cells were transfected
with the LB recombination reaction (see 2.3.4). afd V1 viral stocks were

prepared; different quantities of V1 were testdfddting 1x16 Sf9 and High Five



cells seeded in a 6-well plate in 2 ml/well of medi After 96 hours of infection
cells were harvested and suspended for one hauildhagitation in PBS 1X and
1% DDM. The suspended material was centrifugetiaatriaximum speed for one
hour at 4°C. Samples were analyzed by SDS-PAGEVestern blot before and
after centrifugation. The protein was expressedbdmh cell lines but only in the
Sf9 cells the protein was present in the solubketion (data not shown).
Therefore the V1 viral stock was used to general@ge-scale, high-titer viral
stock (V2 viral stock) for expression studies if® 8&lls. Different quantities of
V2 were tested as described previously, the sohdoilmaterial was loaded on a
gel after centrifigation and the protein of intéresms detected by Western blot

analysis (see Fig.3.30).

B.3.1.3.2. Large-scale expression and purificatioof human SCD

To obtain an adequate amount of pure hSCD, a 36€ulre was prepared; Sf9
cells in mid-log phase in suspension culture werected with recombinant
baculovirus (3 pl of V2/1x10cells) and incubated in a 100 rpm orbital shaker a
27°C for 96 hours. Infected cells were harvestedcéntrifugation, cell pellets
were resuspended in 30 ml of PBS 1X, 1% DDM anduB® F&* solution
(Fe(NHs)2(SQOy), dissolved in 10-fold molar excess of ascorbatelegassed 60
mM Hepes pH 7.4)(Goren and Fox, 2008). The sampke left for 1 hour in mild
agitation at 4°C. The soluble fraction was obtaibgdcentrifugation at 100000g

for 45 minutes.

RFU (arbitrary units)

T T T T T T T J
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Fig.3.31. Determining the monodispersity of hSCD-GE fusion in DDM (red) and LDAO
(black) using FSEC.



The best solubilizing detergent was previously fidied in small scale
purification trials with the GFP-fusion protein i8 cerevisiae: the hSCD
sequence was cloned in pDDGFP-2 and overexpre$seduggested by FSEC,
only the DDM solubilized protein seems to be mospdrse (see Fig.3.31).
Detergent-solubilized hSCD was purified to homoggnesing IMAC; the
sample was loaded on a column filled with 1 mlle# tesin Ni Sepharose 6 Fast
Flow in the presence of 10 mM imidazole. The colunas then washed with EB
with the addition of 60 mM imidazole and the pratevas eluted in 300 mM
imidazole (see Fig.3.32A). At the same time thagimidentity was confirmed by
Western blot analysis (see Fig.3.32B).
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Fig.3.32. Samples collected during IMAC: AJ12% standard SDS-PAGE and B) Western blot
analysis. 1) Flow through with 10 mM imidazole, wasing with 2) 60 mM imidazole and 3)
300 mM imidazole. M: protein ladder.

The his-tag was not removed and the sample wasotmated using a centrifugal
concentrator (cut off 50 KDa). Initial crystal tisawere set but up to now no
crystals were obtained.



B.3.1.Discussion

B.3.1.1. GFP-based optimization scheme for the overexpressi and

purification of eukaryotic membrane proteins in S.cerevisiae

One way to improve the chances of success in abtapure membrane proteins
for biochemical and structural analysis is to udePased fusion technology
(Newsteadet al., 2007; Drewet al., 2008). As the C-terminal GFP folds and
becomes fluorescent only if the upstream membraoteip integrates into the
membrane, the resultant fluorescence is a fashaourate measure of membrane-
integrated expression. Fluorescence is easy toureeasrectly in liquid culture,
standard SDS-gels and detergent-solubilized merabrabDetergent-solubilized
membranes can also be subjected to fluoresceneestdusion chromatography
(FSEC) to measure the ‘monodispersity’ of the sampb date, 96 membrane
proteins fromC.glabrata were cloned into a GFP-fusion vector. After ohtain
colonies, the expression of one colony from eaemsfiormation was tested.
Analyzing the overexpression levels, 12 clones wsedected as the best
overexpressing targets. These data emphasize gwetamce of initially screening
the overexpression potential of many membrane jpmtéd/iodest improvement
could be obtained for a third of the proteins tédig adding DMSO or His to the
culture medium. Detergent screening and FSEC asalyas carried out for 12
membrane proteins. The criterion for monodispersigs that a protein peak
should be symmetric and is equal to or larger tuay ‘free GFP’ or aggregation
peak(s). There was no correlation between theiefity of the detergent to
extract the fusion protein and the quality of tHeElEC traces. Seven of twelve
yeast membrane proteins tested were monodisperse i@ast one detergent.
Considering the expression level, the stabilitgr@a#olubilization and the medical

relevance the most promising clone, C4, was chtisenale up the purification.

B.3.1.1.1.Farnesyl cysteine-carboxyl methyltransferase fronC.glabrata

The clone C4 (Stel4, farnesyl cysteine-carboxyhylagansferase) was expressed
in a large-scale culture (10 I). Isolated membrawese solubilised and Stel4d



purified with both the detergents tested by FSEOAD and DDM). The two
purifications gave about the same yield and theeséinal protein purity (2.5-3
mg). The SEC profile suggests that the proteinaaadisperse in both detergents.
Although several crystallization trials were set np crystals were obtained. In
the near future, it is planned to improve the pcaifon protocol increasing the
purity up to >95% and, at the same time, to adsesorrect fold and catalytic
properties of the enzyme by measuringitheitro activity (Hrycyna and Clarke,
1990).

B.3.1.1.2. Farnesyl cysteine-carboxyl methyltransfase from A.thaliana

The Stel4 homologue from.thaliana (AtSte14A) was also cloned in a plasmid
for expression irk.coli. The protein is smaller than Stel4 fr&glabrata and
lacks a 50-amino acid cytoplasmic portion on theeMrinal endAtStel4 can be
easily extracted from the membranes in LDAO andSB€ profile suggests that
the protein is monodisperse. Several crystalliratinals were set up in the
presence of 2 mM S-tfadenosyl)-L-methionine chloride (a substrate of th
enzyme) or 2 mM of the selective inhibitor N-ace®yfarnesyl-L-cysteine, but up
to now no crystals were obtained. This is probabllle to a low protein
concentration (8 mg/ml) in the sample. In collaliora with prof. B. Byrne
(Imperial College, London), it is now planned toret the cDNA in the pDDGFP-
2 vector for expression if.cereviesiae. The availability of a large quantity of
pure protein will allow to prepare several cryssireenings at different

concentrations of the apo protein or in presenadiftdrent ligands.

B.3.1.2. Stearoyl-CoA 9-desaturase

There is no published protocol for a large-scalpression and purification of
human SCD. Recently, the functional complex of harsiaroyl-CoA desaturase
was produced using a wheat germ cell-free methdd e reasonable enzyme
quantity for structural studies was obtained witis tsystem (Goren and Fox,
2008). Here, the baculovirus expression systemsssted as a method for large
scale production. The protein can be efficientjubidised from the insect cell

membranes with DDM. A purification protocol wasaddished starting from 300



ml of insect cell culture. Up to now 0.5 mg of 9Q8@re protein was obtained
from 300 ml of culture. We intend to conduct adgivstudies to verify if the
enzyme is active and, subsequently, to scale upptigein production for

structural studies.



Appendix



1. Media compositions

1.1.Escherichia coli growth media

Liquid Luria-Bertani (LB) medium

1% tryptone

0.5% yeast extract

0.5% NaCl

For plates 1.5% bacteriological agar was added.

1.2.Saccharomyces cerevisiae growth media

Liquid URA medium

2 g yeast synthetic drop-out medium without Ura

6.7 g yeast nitrogen base without aminoacid

2% glucose (for pre-culture) or 0.1% glucose (esgi@n culture)
For plates 1.5% bacteriological agar and 2% glugeseadded.

Liquid YPD medium
2% tryptone
1% yeast extract

2% glucose

1.3. Insect cells growth media

Sf-900 Il SFM with the addition of 10% FSB (fetaduine serum) was used for
Sf9 cell line.

Express Five® SFM with the addition of 2 mM L-glotime was used for High

Five cell line.

To all this media antibiotics and antimycotics n{penicillin G 10 units/ml,
streptomycin 1@ug/ml, amphotericin B 0.02hg/ml) was added before using.



2. Buffer compositions

2.1. Agarose gel running buffer

TBE
45 mM Tris-borate
1 mMEDTA

2.2. Agarose gel loading buffer (6X)

30% glycerol
0.25% bromophenol blue

2.3. SDS-PAGE running buffer

25 mM Tris-HCI
200 mM Glycine
0.1% (w/v) SDS

2.4. SDS-PAGE loading buffer (4X)

10% glycerol

62.5 mM Tris-HCI pH 6.8

2% SDS

0.01mg/ml bromophenol blue
0.025% B-mercaptoethanol

2.5. In gel-fluorescence loading buffer (2X)

50 mM Tris—HCI (pH 7.6)

5% glycerol, 5 mM EDTA (pH 8.0)

0.02% bromophenol blue

Before use 200 ml of 20% SDS and 100 ml of 0.5M DVas added.



2.6. SDS-PAGE staining solution

10% (v/v) acetic acid
0.1% (w/v) Coomassie Blue dye
40% (v/v) ethanol

2.7. SDS-PAGE destaining solution

10% (v/v) acetic acid

10% isopropanol

2.8. Western blotting transfer buffer

25 mM Tris-HCI
192 mM Glycine
10% Methanol

2.9. Soluble proteins purification

CRB (1)
20 mM Tris-HCI pH 7.5
500 mM NaCl

TBS
20 mM Tris-HCI pH 7.5
150 mM NacCl

2.10. Membrane proteins purification

CRB (2)

50 mM Tris-HCI pH 7.5
1 mM EDTA

0.6 M sorbitol



EB

1IX PBS

150 mM NacCl

10% glycerol

3x CMC detergent of choice

MRB
20 mM Tris-HCI pH 7.5
0.3 M sucrose

DB

20 mM Tris-HCI pH 7.5

150 mM NacCl

3x CMC detergent of choice

PBS

137 mM NacCl

2.7 mM KCI

10 mM NaHPO,

2 mM KH,PO,

The pH is adjusted to 7.5.

3. PCR programs

A. Sequence amplification from cDNA

Plasmidic DNA (5-50 ng)

Primer FOR (2bM)

Primer REV (2pM)

dNTPs (2.5mM)

Buffer Tagq Polimerase (with Mgg)!

High Fidelity Taq Polimerase (2-5 units)

Step Temperature Time

Initial denaturation 95°C 10 minutes

Amplification (35 cycles) 95°C (denaturation) Inote




It depends on primer Tm 1 minute
(annealing)
72°C (extension) It depends on sequence
length and polymerase speed
Final extension 72°C 10 minutes

B. Site-directed mutagenesis

Point mutations were introduced by PCR using thé&kGhange™ site-directed
mutagenesis kit (Stratagene).

Plasmidic DNA (5-50 ng)
Primer FOR (2bM)
Primer REV (2pM)
dNTPs (2.5 mM)

Buffer PFU (with MgC})
PFU (2-5 units)

Step Temperature Time
Initial denaturation 95°C 1 minute
Amplification (18 cycles) 95°C (denaturation) Inote
55°C (annealing) 1 minute
68°C (extension) It depends on sequence

length (plasmid and protein

sequence) and polymeragse

speed
Final extension 68°C 10 minutes
C. Colony PCR
Bacterial colony diluted in water
Primer FOR (2bM)
Primer REV (2pM)
dNTPs (2.5 mM)
Buffer Home made TAQ polymerase (with Mgl
Home made TAQ polymerase (2-5 units)
Step Temperature Time
Initial denaturation 95°C 10 minutes

Amplification (30 cycles) 95°C (denaturation) Inote




55°C (annealing)

1 minute

72°C (extension)

It depends on

length and polymerase speed

sequence

Final extension

72°C

10 minutes

4. Standard SDS-PAGE compositions

Running gel
12% acrylamide 15% acrylamide

H.0 1.32 ml 0.92 mi

30% acrylamide mix 1.6 ml 2 mi

1.5 M Tris pH 8.8 iml 1ml

10% SDS 0.04 ml 0.04 ml

10% APS 0.04 ml 0.04 mi

TEMED 0.004 ml 0.004 mi
Stacking gel

5. Sequences

5% acrylamide
H.0 1.4 ml
30% acrylamide mi¥ 0.33 ml
1M Tris pH 6.8 0.25 ml
10% SDS 0.02 ml
10% APS 0.02 ml
TEMED 0.002 ml

5.1. Bile acid coenzyme A:amino acid N-acyltransfase

5.1.1. Human BAAT cDNA sequence

ATGATCCAGI TGACAGCTACCCCTGTGAGI GCACTTGT TGATGAGCCAGT GCATA
TCCAAGCTACAGECCTGATTCCCTTTCAGATGGTGAGT TTTCAGGCATCACTGGA
AGATGAAAACCGAGACATGI TTTATTCTCAAGCCCACTATAGGGECCAATGAATTC



GGTGAGGT GGACCTGAATCATGCT TCTTCACT TGGAGGGEGAT TATATGEGAGT CC
ACCCCATGGEGTCTCTTCTGGT CTCTGAAACCT GAAAAGCTATTAACAAGACTGT T
GAAAAGAGAT GT GATGAATAGGCCTTTCCAGGT CCAAGTAAAACTTTATGACTTA
GAGT TAATAGT GAACAATAAAGT TGCCAGT GCTCCAAAGGCCAGCCTGACTTTGG
AGAGGT GGTATGI GGCACCT GGT GT CACACGAAT TAAGGT TCGAGAAGGECCGCCT
TCGAGGAGCTCTCTTTCTCCCT CCAGGAGAGGEGT CTCT TCCCAGGGEGTAATTGAT
TTGITTGGIGGT TTGEGT GEECTGCT TGAAT T TCGGECCAGCCTCCTAGCCAGTC
GIGECTTCGCCTCCTTGECCT TGECT TACCATAACTAT GAAGACCT GCCCCGCAA
ACCAGAAGTAACAGATTTCGAATAT TTTGAGGAGGCTGCCAACTTTCTCCTGAGA
CATCCAAAGGTCTTTGGECT CAGECGT TGEEGTAGI CTCTGTATGT CAAGGAGTAC
AGATTGGACTATCTATGCCTATTTACCTAAAGCAAGT CACAGCCACGGTACTTAT
TAATGGGACCAACT TTCCTTTTGGECATTCCACAGGTATATCATGGT CAGATCCAT
CAGCCCCTTCCCCATTCTGCACAATTAATATCCACCAATGCCTTGEEGT TACTAG
AGCTCTATCGCACT TTTGAGACAACT CAAGT TGEEGECCAGTCAATATTTGITTCC
TATTGAAGAGGECCCAGGEEGECAATTCCTCT TCAT TGTAGGAGAAGGT GATAAGACT
ATCAACAGCAAAGCACACGCT GAACAAGCCATAGGACAGCT GAAGAGACAT GEA
AGAACAACT GGACCCTGCTATCT TACCCT GEEECAGGCCACCTGATAGAACCTCC
CTATTCTCCTCTGTGCTGI GCCTCAACGACCCACGAT TTGAGGT TACACT GEGGA
GGAGAGGT GATCCCACACGCAGCT GCACAGGAACAT GCTTGGAAGGAGATCCAGA
GATTTCTCAGGAAGCACCT CATTCCAGATGTGACCAGTCAACTCTAA

5.1.2. Human BAAT protein sequence

M QLTATPVSALVDEPVH QATGLI PFQWSFQASL EDENGDVFYSQAHYRANEF
GEVDL NHASSL GGDYMGVHPMGL FWSL KPEKL L TRL L KRDVMNRPFQVQVKL YDL
ELI VNNKVASAPKASL TLERWYVAPGVTRI KVREGRLRGALFLPPGEGLFPGVI D
L FGGL GGLLEFRASL LASRGFASL ALAYHNYEDL PRKPEVTDLEYFEEAANFLLR
HPKVFGSGVGVWSVCQGVQ GLSMAI YLKQVTATVLI NGTNFPFG PQVYHGQ H
QPLPHSAQLI STNALGLLEL YRTFETTQVGASQYLFPI EEAQGQFLFI VGEGDKT
| NSKAHAEQAI GQL KRHGKNNWILLSYPGAGHL | EPPYSPL CCASTTHDLRLHWG
GEVI PHAAAQEHAVKEI QRFLRKHLI PDVTSQL

Number of amino acids: 418
Molecular weight: 46271 Da

5.1.3. Human BAAT protein sequence in pET15

= Thrombin cleavac site

MGSSHHHHHHSSG. \/PRGSHM QL TATPVSALVDEPVHI QATGLI PFQWSFQAS
L EDENGDVFY SQAHYRANEF GEVDL NHASSL GGDYMGVHPMEL FWSLKPEKLL TR
L LKRDVMNRPFQVQVKL YDLELT VNNKVASAPKASL TL ERWYVAPGVTRI KVREG
RLRGAL FL PPGEGL FPGVI DLFGGL GGLLEFRASLLASRGFASLALAYHNYEDLP
RKPEVTDL EYFEEAANFL L RHPKVFGSGVGVWSVEQGVQ GLSMVAI YLKQVTATV
LI NGTNFPEG PQVYHGQ HQPLPHSAQLI STNALGLLEL YRTFETTQVGASQYL
FPI EEAQGQFLFI VGEGDKTI NSKAHAEQAI GQL KRHGKNNWILLSYPGAGHLI E
PPYSPL CCASTTHDL RLHWGGEVI PHAAAQEHAVKEI QRFLRKHL I PDVTSQL




Number of amino acids (__): 421
Molecular weight (__): 46552.4

C = cysteines
CDH = catalytic triade

SQL = peroxisome sorting signal

5.2. Farnesyl cysteine-carboxyl methyltransferase

5.2.1.Stel4 cDNA sequence fro@.glabrata

ATGACTGGATCAAACAAAT CTGAGAAAT TTGT GCCTGATGCGGAAGGCCTGCCT G
TAATAATAAAT GGTAAAGCATACCCAGACATTCGT CGCAATCCATTAGATGACAT
TGCTGTAACCTCATTTGCACTGEGAATCCTTCTCGGTATATTCGT TGGTCTCCTT
ACATTCACACAGI TCAGAAATTTCAATGI TTATATCATTGCCCTGICAATATTCC
ATTTCCTTGAGI TTTATGIAACT GCCAAGGT GAACCCAGGTAAAGTCAACTCAGA
CTCCTTCCTTTTGAACAATGGTATCGGT TATCTTGGTGCACACATGTITCGEGTGIC
CTTGAGIGICTTGTGGAAAGTATATTCTTTCCTAATATGAAGAAGAT TAGCAACT
CTTGGGTAGCAATATTCTTAACAATCATCGEEGTAATATTGATACTTTTAGGTCA
AGTGTCTAGATCAATGGECCATGTATCAAGCTGGTAAGTCATTCTCTCATATCTTG
AAGACGCGAGAAACT CGACGAT CACACATTAGT GACCACAGCCATTTATGGATATT
TGAGGCATCCAAGITATTTTGGTTTTTTCTGGT GECCTATAGGGACTCAATTGCT
ACTCTTAAATCCAATTGCATTGATTGICTTTGTAGGCGTGCTTTGGAGCTTCTTT
AATAAGCGCCATATTAATTGAGGAGAAATACCT TATACAGT TCTTTGGT GAGCAGT
ACATAAACTACAAAAAAAGGGT CAAGGTATGGATACCGT TAATTGATTAG

5.2.2. Stel4 protein sequence frof.glabrata

MI'GSNKSEKFVPDAEGLPVI | NGKAYPDI RRNPLDDI AVTSFALG LLG FVGLL
TFTQFRNFNVYI | ALSI FHFLEFYVTAKVNPGKVNSDSFLLNNG GYL GAHMFGV
LECLVESI FFPNMKKI SNSW/AI FLTI | GVI LI LLGQVSRSMAMYQAGKSFSHI L
KTEKLDDHTLVTTG YGYLRHPSYFGFFWAMI GTQLLLLNPI ALI VFVGVLWSFF
NKRI LI EEKYLI QFFGEQYI NYKKRVKVW PLI D

Number of amino acids: 254
Molecular weight: 28885 Da

5.2.3. Stel4 protein sequence fro.glabrata in pDDGFP-2

MI'GSNKSEKFVPDAEGLPVI | NGKAYPDI RRNPLDDI AVTSFALG LLG FVGLL
TFTQFRNFNVYI | ALSI FHFLEFYVTAKVNPGKVNSDSFLLNNG GYL GAHMFGV
LECLVESI FFPNMKKI SNSW/AI FLTI 1 GVI LI LLGVSRSVAMYQAGKSFSHI L




KTEKLDDHTLVTTG YGYLRHPSYFGFFWAMI GTQLLLLNPI ALI VFVGVLWSFF
NKRI LI EEKYLI QFFGEQY! NYKKRVKVW PLI DGENL YFQGQP

E’ TEV cleavag site

Number of amino acids (__): 261
Molecular weight (__): 29737 Da

C = cysteine

= GFP sequence

5.2.4. Stel4 cDNA sequence froAthaliana

ATGACAGAGATCTTCAGT GACACCAGCATCAGACAGT TATCTCAAATGCTACTAT
CACTAATCTTCTTCCACATATCCGAATACATTCTAGCCATCACCATTCACGGAGC
ATCAAACGTAACTCTTAGI TCGCTTTTAATCACCAAGCATTACGCTTTAGCAATG
CTTCTGICCCTTCTCGAATACCTAACGGAGATTATCCTCTTCCCGEGEECTGAAAC
AACACTGGT GGGT CAGCAACT TTGGACT CATAATGATCATCGT TGGGGAAATCAT
CAGGAAGGCAGCGATAATAACAGCGEGAAGATCGT TCACTCACCTCATAAAGATC
AACTACGAAGAGCATCACGEECTTGTGACT CATGGT GTGTATAGACTAATGAGGEC
ATCCAAGI TACTGCGGTTTTCTCATCTGGT CGGT CGEGACACAAGT TATGCTCTG
TAACCCCGTI TTCAGCAGI TGCGT TCECGEGTTGTCGTIGIGECGGT TTTTTGCTCAG
AGAATACCGTACGAGGAGTATTTTCTGAATCAGI TTTTTGGEEGTACAGTATCTAG
AGTATGCAGAGAGTGT TGCCTCTGGTGITCCATTTGTGAACTGA

5.2.5. Stel4 protein sequence frod.thaliana

MIEl FSDTSI RQLSQVLLSLI FFHI SEYI LAI TI HGASNVTLSSLLI TKHYALAM
LLSLLEYLTEI | LFPGLKQHWAVSNFGLI M | VGEI | RKAAI | TAGRSFTHLI KI
NYEEHHGLVTHGVYRLMRHPSYCGFLI WEVGT QVML CNPVSAVAFAVWWWARFFAQ
Rl PYEEYFLNQFFGVQYLEYAESVASGVPFVN

Number of amino acids: 197
Molecular weight: 22525 Da

5.2.6. Stel4 protein sequence frol.thalianain pET15

MGSSHHHHHHSSGL VPRGSHMIEI FSDTSI RQLSQVLLSLI FFHI SEYT LAI TI H
GASNVTLSSLLI TKHYALAMLLSLLEYLTEI | LFPGLKQHWWSNFGLI M | VGE
I I RKAAI | TAGRSFTHLI KI NYEEHHGLVTHGVYRLMRHPSYCGFLI WEVGTQVM
LCNPVSAVAFAVWWRFFAQRI PYEEYFLNQFFGVQYLEYAESVASGVPFVN

Number of amino acids: 217
Molecular weight: 24688 Da



LVPRGS= thrombin cleavage site

5.2.7. Sequences alignment of human Icmt, AtSteladyeast Stel4

H.sapiens MAGCALRAPPGSEARLSLATFLLGASVLALPLLTRAGLOGRTGLALYVAGLMALLLLLYR 60
A.tkhaldanea 9 =sss=s==s=ss====css=s=ss=s==s=s=s====ss===s=ss===s======
C.globrata MTCSNE SEEFVIDAECLIMWVIINCHAYTDIL n 21
H.sapiens PPRYQIATRACFLGFVFGCGTLLAFSOSSWSHFGWYNCSLELFHYSEYLVTAVNNEES=L 118
A.thaliana MTEIFSDTSINQLSCHLLSLIFFHISEYILAITIHGASHY 40
C.glabrata WPLDDIAVTSFALGILLG=IFVGLLTF TQFRNFNVYIIALS IFHFLEFTVTAKVNPGE=V 59
H.sapiens SLDEFLLNHELEVTVAALSSVLEFTLENIFWPELKQIT-————-WLEVTGLLMVVFGECL 172
A.thaliana TLESLLITE==HMYALANLLSLLEYLTEIILFPGLEQH======WVSNFGLINIIVGELII 52
C.glabrata MNSDSFLLNNGIGYLGAHMFGVLECLVESIFFPNHEEISNSTWAIFLTIIGVILILLGOVS 149
H.sapiens 5 233
A.thaliana NPVSA 152

C.glahrata 1. 2n9

H.sapiens VSYALTVMRFFRDRTEEEEISLIHFFGEEYLE YEERVPTGLPFIKGWEVIL 284
L. thaliana VAR AWVHRFFAQRT PYEEYFLMOFFOVOVLE YARSY LSGVPFUN-——— —- 197
C.glabrata IVFVGVLWIFFNERILIEERYLIQFFGEQYINYEKRVEVWIFLID-—---- 254

5.3.Stearoyl-CoA 9-desaturase

5.3.1. Human SCD cDNA sequence

ATGCCGECCCACT TGCTGCAGGACGATATCTCTAGCTCCTATACCACCACCACCA
CCATTACAGCGCCT CCCTCCAGGGT CCTGCAGAAT GGAGGAGATAAGT TGGAGAC
GATGCCCCTCTACTTGGAAGACGACATTCGCCCTGATATAAAAGATGATATATAT
GACCCCACCTACAAGGATAAGGAAGGCCCAAGCCCCAAGGT TGAATATGI CTGGA
GAAACATCATCCTTATGTCTCTGCTACACT TGGGAGCCCTGTATGGGATCACTTT
GATTCCTACCTGCAAGTI TCTACACCTGECTTTGEEEEGTATTCTACTATTTTGIC
AGT GCCCTGEECATAACAGCAGGAGCT CATCGT CTGTGGAGCCACCGCTCTTACA
AAGCTCGECTGCCCCTACGECTCTTTCTGATCATTGCCAACACAATGGCATTCCA
GAATGATGT CTATGAAT GEGCT CGT GACCACCGT GCCCACCACAAGT TTTCAGAA
ACACATGCTGATCCTCATAATTCCCGACGTGECTTTTTCTTCTCTCACGTGGGT T
GCCTGCTTGT GCGCAAACACCCAGCT GTCAAAGAGAAGGGGAGTACCCTAGACT T
GICTGACCTAGAAGCTGAGAAACT GGTGATGT TCCAGAGGAGGTACTACAAACCT
GECTTGCTGATGATGI GCT TCATCCTGCCCACGCT TGTGCCCTGGTATTTCT GGG
GTGAAACTTTTCAAAACAGTIGTGI TCGT TGCCACT TTCT TGCGATATGCTGT GGT
GCTTAATGCCACCT GECTGGT GAACAGT GCTGCCCACCTCTTCGGATATCGT CCT
TATGACAAGAACAT TAGCCCCCGEGAGAATATCCTGGT TTCACT TGGAGCTGI GG
GI'GAGGEGECT TCCACAACTACCACCACTCCTTTCCCTATGACTACTCTGCCAGTGA
GIACCGCTGGCACATCAACT TCACCACATTCTTCATTGATTGCATGGECCGECCCTC
GGT CTGECCTATGACCGGAAGAAAGT CTCCAAGGCCGCCATCTTGECCAGGATTA
AAAGAACCGGAGATGGAAACTAA




5.3.2. Human SCD protein sequence

MPAHLLQDDI SSSYTTTTTI TAPPSRVLQNGGDKLETMPLYLEDDI RPDI KDDI Y
DPTYKDKEGPSPKVEYWWARNI | LMSLLHLGALYQ TLI PTCKFYTW.WGVFYYRV
SALG TAGAHRLWSHRSYKARLPLRLFLI I ANTMAFQNDVYEWARDHRAHHKFSE
THADPHNSRRG-FFSHVGWL L VRKHPAVKEKGSTL DL SDL EAEKL VMFQRRYYKP
GLLMMCHI LPTLVPWYFWEETFONSVFVATFLRYAVWLNATW.VNSAAHL FGYRP
YDKNI SPRENI LVSL GAVGEGFHNYHHSFPYDYSASEYRWHI NFTTFFI DCMAAL
GLAYDRKKVSKAAI LARI KRTGDGN

Number of amino acids: 355
Molecular weight: 41087 Da

5.3.3. Human SCD protein sequence in linear baculous DNA

MPAHLLQDDI SSSYTTTTTI TAPPSRVLQNGGEDKLETMPLYLEDDI RPDI KDDI Y
DPTYKDKEGPSPKVEYWWARNI | LMSLLHLGALYQ TLI PTCKFYTW.WGVFYYRV
SALG TAGAHRLWEHRSYKARLPLRLFLI I ANTMAFQNDVYEWARDHRAHHKFSE
THADPHNSRRG-FFSHVGWL L VRKHPAVKEKGSTL DL SDL EAEKL VMFQRRYYKP
GLLMMCHI LPTLVPWYFWEETFONSVFVATFLRYAVWLNATW.VNSAAHL FGYRP
YDKNI SPRENI LVSL GAVGEGFHNYHHSFPYDYSASEYRWHI NFTTFFI DCMAAL
GLAYDRKKVSKAAI LARI KRTGDGNL VPRGSKLI | KGGRADPAFL YKVVRMNEDL
G&KPI PNPLLG.DSTRTGHHHHHH

Number of amino acids: 408
Molecular weight: 46967 Da

LVPRGS= thrombin cleavage site
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The last five years have seen a dramatic increasieei number of membrane protein structures.
The vast majority of these 191 unique structures @fr membrane proteins from prokaryotic
sources. Whilst these have provided unprecedengggdhit into the mechanism of action of these
important molecules our understanding of many céiy important eukaryotic membrane
proteins remains limited by a lack of high resdantistructural data. It is clear that novel
approaches are required to facilitate the struttaharacterization of eukaryotic membrane
proteins. Here we review some of the techniqueldped recently which are having a major
impact on the way in which structural studies okawyotic membrane proteins are being
approached. Several different high throughput agpgtes have been designed to identify
membrane proteins most suitable for structuralistidOne approach is to screen large numbers of
related or non-related membrane proteins using @BRON proteins. An alternative involves
generating large numbers of mutants of a singléepravith a view to obtaining a fully functional
but highly stable membrane protein. These, andratbgel techniques that aim to facilitate the
production of protein likely to yield well-diffraictg crystals are described.
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Abstract: The last five years have seen a dramatic increase in the number of membrane protein structures. The vast ma-
jority of these 191 unique structures are of membrane proteins from prokaryotic sources. Whilst these have provided un-
precedented insight into the mechanism of action of these important molecules our understanding of many clinically im-
portant eukaryotic membrane proteins remains limited by a lack of high resolution structural data. It is clear that novel ap-
proaches are required to facilitate the structural characterization of eukaryotic membrane proteins. Here we review some
of the techniques developed recently which are having a major impact on the way in which structural studies of eukaryotic
membrane proteins are being approached. Several different high throughput approaches have been designed to identify
membrane proteins most suitable for structural studies. One approach is to screen large numbers of related or non-related
membrane proteins using GFP fusion proteins. An alternative involves generating large numbers of mutants of a single
protein with a view to obtaining a fully functional but highly stable membrane protein. These, and other novel techniques
that aim to facilitate the production of protein likely to yield well-diffracting crystals are described.

Keywords: Eukaryotic membrane proteins, high resolution structure determination, high throughput pipelines, conformational

thermostabilization, aggregation, amphiphiles.

INTRODUCTION

The lipid bilayer of biological cells and organelles consti-
tutes the dynamic barrier between the interior and exterior
environments. Integral membrane proteins housed within the
lipid bilayer are involved in a wide range of biological func-
tions including respiration, photosynthesis, uptake of nutri-
ents, efflux of waste products and toxins as well as mediat-
ing cellular responses to a wide range of biologically active
molecules. In addition, it is estimated that 20-30% of eu-
karyotic open reading frames (ORFs) encode for o-helical
membrane proteins [1,2]. The importance of these proteins to
cellular and whole organism physiology has made them the
subject of intensive study. Until relatively recently, under-
standing of almost all groups of membrane proteins was se-
verely hampered by the lack of high-resolution structural
information. However the last 10 years have seen a mini
explosion in the numbers of membrane protein structures [3].
This has provided unprecedented insight into the mechanism
of action of several groups of membrane proteins. However
of the 191 unique membrane protein structures available
(http://blanco.biomol.uci.edu/Membrane Proteins_xtal html)
only 47 are of eukaryotic origin with the majority of these
obtained using protein from naturally abundant native
sources and the remaining obtained using protein from re-
combinantly expressed sources. These numbers reflect the
difficulty of obtaining high quality eukaryotic integral mem-
brane protein (eMP) samples suitable for structural studies.

Whether the relatively high number of prokaryotic mem-
brane protein structures can be used to fill the gaps in

*Address correspondence to this author at the Division of Molecular Bio-
sciences, Imperial College London, South Kensington, London, SW7 2AZ,
UK; Fax: +44 20 7594 3022; E-mail: b.byrne@imperial.ac.uk
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knowledge about eukaryotic membrane proteins was ad-
dressed recently by Granseth and colleagues [4]. Somewhat
unsurprisingly, the conclusion of their analysis was that to an
extent, prokaryotic membrane protein structures where avail-
able can be used to model eukaryotic homologues. In the
absence of a prokaryotic homologue or where more defini-
tive data is required, ie., in almost all cases, then a high
resolution structure of the eukaryotic protein is required.

The pressing need for these structures means that novel
methods are required to address the problems associated with
structural studies of eukaryotic integral membrane proteins
(eMPs). This review outlines some of these problems and
summarises some of the key methodological advances made
in the last few years, which have been successfully applied
to membrane protein structure determination.

EXPRESSION

Despite major effort, the expression of eMPs still repre-
sents a major bottleneck in the production of proteins for
structural studies [5,6]. There are examples of successful
expression of eMPs in E. coli [7,8] however to date there is
only one high resolution structure of an eMP expressed in E.
coli (human 5-lipoxygenase-activating protein [9]). More
successful alternatives are the eukaryotic expression sys-
tems, particularly the yeasts, Pichia pastoris and Saccharo-
myces cerevisae, and insect cell based systems. These have a
number of advantages over E. coli in that they are capable of
post-translational modifications and have lipid contents
closer to higher eukaryotes [10]. A number of membrane
proteins expressed in P. pastoris have yielded high resolu-
tion structures including the mammalian voltage-dependent
potassium channel [11], the plant aquaporin [12] and the
human LTC4 synthase [13] and most recently the mouse

© 2010 Bentham Science Publishers Ltd.
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ABC multidrug transporter, P-glycoprotein [14]. S. cerevisae
has been used to produce protein which ultimately yielded
the high resolution structure of P-type proton pump from
Arabidopsis thaliana [15] and diffracting crystals of rabbit
Ca*'ATPase SERCAla [16]. Insect cell based expression
systems have had spectacular successes for the production of
G-protein coupled receptors (GPCRs) for structural studies,
so far yielding structures of 3 independent proteins, the hu-
man by-adrenergic receptor [17,18], the turkey b; adrenergic
receptor [19] and the human adenosine A4 receptor [20]. In
addition, insect cells were also used to produce the chicken
voltage dependent acid sensing ion channel which was
solved to 1.9 A resolution [21].

The majority of researchers working in the area of eu-
karyotic membrane protein structural determination use one
of these three systems for protein production. Other systems
are available including the Semliki Forest Virus mammalian
cell expression system [22], which has had particular success
in high level expression of GPCRs [23] and an alternative
bacterial system using the Gram positive bacterium Lacto-
coccus lactis [24]. Neither system has yet resulted in a high
resolution structure but it is unclear whether this is due to
inherent unsuitability of the systems for large scale produc-
tion of eMPs for structural studies or the fact that these sys-
tems are not as extensively utilized as the yeast and insect
cell systems. It will be interesting to see if in the future, these
systems prove viable alternatives to yeast and insect cell
cultures. An alternative approach is to attempt expression in
as many different systems as possible as described for the
human serotonin receptor [25] .

Although some researchers are performing careful, ra-
tional optimization of the existing systems with a view to
maximizing quality and quantity of the target proteins [26],
not many major advances have been made in terms of ex-
pression of eMPs in the last 5-10 years. One exception to this
is the development of cell-free expression systems for the
production of membrane proteins [27,28]. This type of ap-
proach involves in-vitro production of proteins outside intact
cells from a DNA or mRNA template using a basic set of
biological building blocks prepared from cell lysate [29]. A
wide range of cell lysates are available and it has been shown
that those from eukaryotic sources, e.g. rabbit reticulocytes,
are capable of post-translational modifications [30], suggest-
ing these may be suitable for production of eukaryotic mem-
brane proteins. By its very nature, the system removes the
problem of cytotoxicity and also simplifies protein isolation
as the number of contaminant proteins is markedly reduced.
A further advantage of this system is the high level of con-
trol a user has, in terms of modifying media components to
both increase the stability of the expressed proteins (e.g..
addition of protease inhibitors, lipids, co-factors) and to ef-
fectively, efficiently label for analysis by NMR [31] or X-ray
crystallography. A major advantage for membrane proteins
is that the expressed MPs are maintained in a soluble state in
detergent micelles post-translationally since there are no
native membrane environments for insertion [32]. There are
many examples of the production of functionally active pro-
karyotic and eukaryotic MPs in cell free systems [27]. In
addition, and most promisingly, it has proved possible to
prepare selenomethionine labeled sample of a bacterial
multidrug resistance transporter, EmrE. This protein was
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successfully crystallized and these crystals contributed to
structure determination [33]. As ever, work on eMPs lags
behind but efforts are currently underway to exploit this sys-
tem effectively for structural studies.

PIPELINE APPROACHES FOR THE RAPID IDENTI-
FICATION OF EMPS SUITABLE FOR STRUCTURAL
STUDIES

Homologue screening as a means to identify membrane
proteins suitable for structural studies has been utilized ef-
fectively a number of times, for example in the case of the
bacterial Sec translocon [34]. In this case, researchers started
with 10 bacterial homologues and focused their efforts on
the protein which expressed to the highest level and was
most stable in a range of detergents [34].

Larger scale operations for membrane proteins based on
the soluble protein structural genomics efforts have been
much less successful as it is much more difficult to stream-
line operations using single expression constructs, expres-
sion systems and purification strategies as has been de-
scribed for soluble protein work Parallelisation approaches
attempting high-throughput screening in a number of differ-
ent expression systems and using a wide range of expression
constructs have been attempted and produced large quantities
of data but the overall process has proved somewhat cum-
bersome and extremely expensive. The development of so-
called pipelines approaches, analogous to the drug discovery
pipelines utilized extensively by the pharmaceutical industry
may have gone some way to rationalizing the identification
of eMPs for structural studies. Like the drug discovery pipe-
lines these approaches have a series of built in quality con-
trol checkpoints. Any protein which fails to reach a set of
criteria is excluded from the target list. As in the case of drug
discovery, the overall aim is to remove less suitable targets
as early on in the process as possible, diverting more time
and resources to the most promising ones. Adequate num-
bers of homologues must be identified and robust check-
points established.

One heavily used approach is the S. cerevisae GFP pipe-
line [35,36]. The expression vector incorporates a galactose
inducible promoter and a tobacco etch virus (TEV) cleavage
site followed by the gene coding for a C-terminally His
tagged green fluorescent protein (GFP). Homologous re-
combination is utilized to rapidly generate expression con-
structs where the gene of interest is inserted upstream of the
TEV cleavage site. This results in a construct whereby the
recombinantly expressed target protein is fused to a C-
terminally located GFP (Fig. 1A). The His tag on the GFP
facilitates purification while the TEV cleavage site allows
efficient removal of the GFP resulting in an almost native
protein. Protein expression is performed in a protease defi-
cient S. cerevisae cell line [37] using small scale cultures (10
ml). The key to this system is the presence of the GFP,
which allows rapid assessment of the expression levels by
simple fluorescence measurements. These measurements
represent the first checkpoint on the pipeline-any protein
expressing at less than 1 mg/L. can be subjected to simple
optimization. If the required expression level is not reached
however, the target is removed from the pipeline. Integrity of
the expressed protein can be assessed using in-gel fluores-
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cence, a convenient alternative to Western blot analysis (Fig.
1B) which is much quicker and does not require the use of
expensive antibodies. A protein which shows multiple bands
on a gel may be subject to either degradation and/or aggrega-
tion and may warrant either further investigation or removal
from the pipeline. Further preliminary analysis, requiring
larger scale culture (500 mL), can be performed using fluo-
rescent size exclusion chromatography (FSEC [38]), a tech-
nique which allows assessment of the aggregation status of
solubilised GFP tagged proteins (Fig. 1C). Size exclusion
chromatography (SEC) is carried out as normal but the sam-
ples can be either collected in an adapted fraction collector
suitable for analysis by a 96-well plate fluorimeter or an in-
line fluorescence detector. Since only the fluorescent pro-
teins are detected it is possible to analyse crude solubilised
samples in this way (Fig. 1C). Several different detergents
can be assessed to give an indication of the stability of the
target protein in both long chain detergents e.g., n-dodecyl-
B-D-maltopyranoside (DDM) and shorter chain detergents
potentially more suitable for crystallization trials e.g., n-
nonyl-B-D-maltopyranoside (NM). Proteins which aggregate
heavily (detected by an abnormally large void peak) or de-
grade (detected by an abnormally large GFP peak) can be
excluded from the pipeline or subjected to further screening.
A standard purification protocol is used for isolation of the
proteins which has been tried and tested for a range of eMPs
[36] grior to crystallization trials. The proteins are submitted
to Ni** immobilized metal affinity chromatography (IMAC)
followed by TEV protease cleavage to remove the GFP. The
target protein is then separated from both the His-tagged
GFP and the His tagged TEV protease by reverse IMAC. A
final polishing step of SEC is also performed, which gives an
indication of the aggregation status of the protein. The ap-
proach has so far yielded >30 pure eMPs in a form suitable
for structural studies [36].

One clear potential criticism of such a method is that the
protein assessed in the early stages is a GFP fusion protein
and therefore not truly representative of the final protein
sample. However the careful analysis carried out by New-
stead and colleagues [35], demonstrates that the preliminary
analysis 1s a reasonable indicator of the suitability of the tar-
get protein for further studies. A DDM-solubilised crude
protein sample that exhibited aggregation during FSEC, also
showed aggregation after purification and removal of the
GFP tag. The same trend was observed for all the success-
fully purified examples where the absence of aggregation
during FSEC analysis correlated well with the production of
pure, monodispersed protein. However even using this sys-
tem, there are instances where proteins aggregate heavily
upon concentration to 10 mg/ml. It is very difficult to predict
how any protein behaves at high concentrations without first
isolating large quantities of that protein. In this case alterna-
tive strategies can be utilized in order to screen for buffer
conditions which maintain the protein in a monodispersed
state (See screening for aggregation below).

An alternative to the GFP pipeline has been developed
by Robert Stroud’s group [39]. In this case 384 S. cerevisae
membrane proteins predicted to have three or more trans-
membrane domains were used as targets. As with the GFP
system, ligation independent cloning techniques are used to
clone the gene of interest into a vector incorporating the ga-
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lactose inducible GAL] promoter, an N-terminal FLAG tag
and a PreScission 3C protease cleavage site, upstream of the
gene of interest and a C-terminal thrombin protease cleavage
site followed by a His tag. The gene of interest is cloned
between the protease cleavage sites. This method proceeds
directly to medium scale culture (500 ml) and measurement
of both expression level and solubilisation efficiency in par-
allel. Both are assessed by semi-quantitative Western blot
analysis using antibodies against both the FLAG and His
tags. The checkpoints in this case are the presence of a
Western blot signal indicating an approximate expression
level and at least 50% recovery of DDM solubilised protein
following high-speed centrifugation. Targets not meeting
these criteria are removed from the pipeline. A straightfor-
ward purification protocol utilizing IMAC followed by SEC
is used to both isolate and further characterize the proteins.
Proteins yielding less than 0.5 mg/L after IMAC and those
exhibiting high levels of aggregation during SEC are also
removed from the pipeline. This approach rapidly identified
a sub-population of targets (~25%) suitable for further, more
intensive study. The approach was developed using eMPs
from S. cerevisae, however application of the method to hu-
man MPs confirms the validity of the method to production
of MPs from higher eukaryotic sources.

The possibility for fully quantitative analysis is one of the
major advantages of the GFP pipeline however the Stroud
approach is faster, simpler and requires very little sophisti-
cated equipment. It is possible to easily obtain more informa-
tion about the target proteins using the GFP pipeline, for
example localization of the expressed protein; however it is
not clear at this point whether that information 1s required to
identify those targets suitable for further studies. In addition,
the Stroud approach is not constrained by the requirement
that GFP must be localized in the cytoplasm thus limiting its
use to proteins with an intracellular C-terminus. Although it
has been demonstrated that the large majority of membrane
proteins are likely to have an intracellular C-terminus [40].
Overall both approaches are valid ways of rapidly identify-
ing targets in the earlier stages of the process where the func-
tional significance of a given protein only becomes a major
consideration when that protein is shown to be suitable for
structural studies. Both have high success rates in terms of
producing crystallization quality protein (at least 90% pure
and in mg quantities). However the identification and purifi-
cation of these targets is not the end of the screening process
since painstaking optimization of sample buffer conditions
and crystallization conditions is still required for each indi-
vidual target. The two approaches are based on the same
principle that some eMPs are inherently more suitable for
structural studies than others, and it is just necessary to sift
through many unsuitable targets before finding the true
gems.

ANTIBODY APPROACHES FOR GPCRS

In contrast to the high-throughput pipelines designed to
screen a wide range of related targets, approaches focused
much more on individual target proteins have been success-
fully applied to the structure determination of GPCRs. The
GPCRs are key mediators of cellular responses to a wide
range of biologically active molecules including hormones,
neurotransmitters and approximately 50% of all available
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drugs [41]. For many years structural studies on these mole-
cules had lagged behind those on other classes of membrane
proteins including transporters and ion channels. The first
major success came in 2000 with the high resolution struc-
ture of bovine rhodopsin [42], a non-typical GPCR with an
intrinsic ligand which changes conformation upon interac-
tion with a photon of light. This induces a further conforma-
tional change in the GPCR which activates the G-protein and
initiates an intracellular signaling cascade. This structure
provided a template for other studies and indeed drug design
[43]. However the very features of rhodopsin that made it

amenable to structural studies made it of limited use for un-
derstanding the precise details of ligand-receptor interactions
for all other GPCRs. High resolution structures are needed
for a wide range of such receptors.

The major problem of low yields of functional recombi-
nant expression of GPCRs had been overcome in a number
of cases using a variety of expression constructs and systems
[7.8,44,45]. In addition, there were examples of GPCRs be-
ing purified to high levels of homogeneity and exhibiting
long term functional stability [45-47]. The research also
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benefitted from the ready availability of high affinity ligands
to produce a more conformationally homogeneous sample.
However despite the production of protein apparently suit-
able for structural studies no well-diffracting crystals were
obtained. Almost simultaneously, three different approaches
produced breakthroughs resulting in high-resolution protein
structures of two different but related receptors.

The first structure, a partial structure of the B,-adrenergic
receptor [18], was solved in complex with an antibody frag-
ment (Fig. 2A). The antibody bound to the third intracellular
loop, stabilising the loop and providing the principal surface
for crystal contacts within the lattice. The structure only re-
vealed details of about two thirds of the protein, mainly the
intracellular loops and the cytoplasmic side of the trans-
membrane (TM) helices. The extracellular ends of the TM
helices and the extracellular loops were too disordered to
allow the structure to be resolved in these regions. Neverthe-
less, this first structure gave insights into the overall archi-
tecture of the By-adrenergic receptor and allowed comparison
with the structure of rhodopsin [18]. The antibody approach,
to extend the hydrophilic domain of membrane proteins, has
been used successfully for a number of both prokaryotic and
eukaryotic membrane proteins [48-51]. Despite these suc-
cesses, the traditionally long and expensive preparation and
screening process for the antibodies with no guarantee of
success has made this approach unattractive to many work-
ing in the field. Novel approaches using designed ankyrin
repeat proteins (DARPins) as alternative co-crystallisation
agents have been successfully applied to the high resolution
structure determination of the bacterial multidrug resistance
protein, AcrB [52]. Ankyrin repeat motifs are present in a
wide range of naturally occurring proteins with diverse cellu-
lar roles, and are best characterized in terms of their impor-
tance in protein-protein interactions. The sequence motif has
a defined architecture with a relatively small number of resi-
dues responsible for protein-protein interaction. Protein li-
braries have been generated using phage display and ribo-
some display technology which allow the rapid generation of
a large number of potentially high affinity binding proteins.
The proteins vary in the amino acid composition of the pro-
tein-protein interaction sites but have a maintained structural
fold. These libraries can be screened for high affinity binding
to a target protein with the best binders being used as co-
crystallisation agents [53]. The relative ease of generation
and screening of the DARPins makes them an attractive al-
ternative to monoclonal antibody fragments. Currently there
are no examples of eMPs crystallized in complex with a
DARPin, however these binders have significant potential
for the future.

THE T4-LYSOZYME FUSION APPROACH

The second approach to structural determination of a
GPCR involved removal of disordered regions of the human
Br-adrenergic receptor (intracellular C-terminal domain and
third intracellular loop) and insertion of a highly ordered
protein, T4 lysozyme, into the third intracellular loop [54].
This chimeric protein expressed well in insect cells, was
shown to be highly functional and ultimately yielded well
diffracting crystals and a high resolution structure [17]. The
presence of the T4 lysozyme did not significantly alter the
conformation of the receptor as confirmed by a comparison
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with the structure of the partial protein in complex with the
antibody fragment [18]. The major flaw in the approach is
the removal of key domains important for G-protein cou-
pling and downstream signaling events. However the struc-
ture obtained provided the first detailed nsight into the
ligand binding pocket of the b,-adrenergic receptor. Subse-
quent studies using the same receptor construct have also
provided insight into the role of cholesterol in the structural
integrity of the receptor [55]. This approach has since been
successfully applied to the structure determination of another
GPCR, the human adenosine A, receptor [20] suggesting that
this method may be suitable for a wide range of GPCRs.

ALANINE SCANNING MUTA GENESIS

The third and final approach involved mutagenesis of the
target receptor, in this case the by adrenergic receptor from
turkey, with a view to generating a mutant receptor with in-
creased thermostability in solution and thus more suitable for
structural studies. A similar approach had previously been
used for the diacylgycerol kinase (DGK), an integral mem-
brane enzyme from E.coli. Random mutagenesis was used to
generate DGK mutants, which were assessed for enzyme
activity before and after heat treatment. The most thermosta-
ble substitutions were combined to produce a quadruple mu-
tant which had a half-life of 35 min at 80°C when solubilised
in n-octyl-B-D-glucopyranoside (OG) compared to a half-life
of less than 1 min for the wild-type protein [56].

Researchers began the study with a turkey B; adrenergic
receptor construct which had already been significantly
modified to improve expression in insect cells, facilitate pu-
rification and eliminate proteolytic sensitivity [45]. The re-
sultant construct (residues 34-424) was submitted to alanine
scanning mutagenesis [57] whereby 318 amino acid residues
of the truncated turkey B;-adrenergic receptor were mutated
to an alanine, except when an alanine was present in the na-
tive protein, in which case a leucine substitution was made.
Each of the mutants was expressed in E. coli for screening
purposes. The thermostability of each mutant protein was
assessed by radioligand binding analysis before and after
heating to 32°C (T, of the wild-type receptor) and compared
with the wild-type protein. Whilst most of the mutations had
either no effect or a negative effect on thermostability some
resulted in increased thermostability. Certain combinations
of the thermostabilising mutants were shown to further in-
crease thermostability and the best construct, m23, contain-
ing a combination of six point mutations, had an apparent T,
21°C higher than the wild-type receptor. Interestingly, unlike
the wild-type form which was only stable in DDM, the m23
mutant was stable in short chain detergents and in the ab-
sence of ligand was preferentially in the antagonist bound
conformation leading to greater homogeneity of the protein
sample. The overall improved stability of m23 had a major
effect on the ability of the protein to crystallise and this con-
struct yielded well-diffracting crystals in the C8 detergent
octylthioglucoside and ultimately a high resolution structure
([19]; Fig. 2C). It should be mentioned that for structural
studies, the m23 mutant was expressed in insect cells and not
inE. coli.

This conformational thermostabilization process has been
performed on two further GPCRs; the human adenosine A,y
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Fig, (2). Ribbon representations of three GPCR structures obtained using protems stabilised in three different ways. (a) Human Bz-adrenergic
receptor (light grey) fused with a T4-lysozyme (dark grey), ([17], 2RH1.pdb). The inverse agonist carazolol, bound in the ligand binding site
of the receptor, is indicated as a stick model. (b) Structure of the human fo-adrenergic receptor crystallized in complex with a Fab-antibody
fragment (dark grey ribbons) fragment (18], 2ZR4R.pdb) (¢) Struchure of the thermostabilised mutant [, -adrenergic receptor from turkey
(1191, 2VT4 pdb). The high affinity antaganist, cyanopindolol, bound in the ligand binding site of the receptor, is shown as a stick model

receptor [58] and the rat neurotensin receptor [39]. As yet
these studies have not resulted in high resolution structures
but it will be interesting to see how widely applicable this
approach is both to other GPCRs and other classes of eu-
karyotic membrane proteins. One interesting issue raised by
this work is that it is not clear why mutating particular resi-
dues makes the receptors more stable. After completing the
process with three separate receptors no pattern has emerged
allowing prediction of sites where mutation would increase
thermostability. Currently, at least, future work using this
technique still requires extensive alanine-scanning mutage-
nesis together with a means for reliable assessment and
comparison of thermostability and functionality of the mu-
tants.

ASSESSMENT OF MEMBRANE PROTEIN STABI-
LITY

As mentioned above, improved stability has proved criti-
cal to the successful erystallization of a number of ¢MPs.
The recognition of this has led to the development of generic
methods to assess the thermostability of a given membrane
protein and to allow rapid and efficient screening of condi-
tions which give stable, protein suitable for structural stud-
ies. The recent report of a fluorescent thermal stability assay
specific for membrane proteins [60] has followed on from

the successful application of such methods to soluble pro-
teins. The basis of these assays is the use of dye molecules
which bind to proteins as they unfold. Upon heating unfold-
ing is detected as an increase in fluorescence as a result of
the reaction between the dye and the unfolding protein. The
dyes, e.g. Sypro orange, used for soluble proteins are not
suitable for use with membrane proteins as they give very
high background levels thought to be due to non-specific
binding to detergent molecules and the hydrophobic regions
of membrane protein molecules. The recently deseribed ap-
proach [60] utilizes an alternative dye, N-[4-(7-diethy-
lamino -4 -methyl-3 -coumarinyljphenyl Jmaleimide  (CPM)Y™,
a fluorochrome which reacts readily with the free thiols of
cysteine residues. As described for the soluble protein work,
as the membrane protein unfolds the normally buried cys-
teine residues become available to interact with the dye and
the level of fluorescence gives an indication of the rate of
unfolding. The CPM is virtually non-fluorescent in the un-
bound form and exhibits low non-specifiec binding to deter-
gent and folded membrane protein. The assay procedure is
very straightforward involving dilution of small amounts of
protein (1-20 pg) in an appropriate test buffer, addition of
the CPM dye and slowly heating the sample from low to
high temperature in a fluorimeter, taking fluorescence meas-
urements at regular intervals. The rate of unfolding in any
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given assay condition can be easily compared with standard
test conditions, e.g., NM compared to DDM.

The very specific interaction between the CPM and the
thiol groups of cysteine residues is the major strength of the
method however it is only possible to detect unfolding in
those proteins containing cysteine residues. For proteins
lacking cysteines alternative methods need to be used to as-
sess thermostability or cysteine residues need to be mutated
into the protein [60]. In addition the dye is not compatible
with buffer conditions lower than pH 5.0 and higher than pH
8.0 again potentially requiring alternative methods. Despite
these minor drawbacks the thermal stability assay is a very
efficient method for comparing the stability of a given mem-
brane protein in a range of different detergents, buffer and
ionic strength conditions, additives etc. which requires very
small amounts of protein and can be performed in a very
short time [55]. These features make the assay an ideal
method for high-throughput analysis of sample conditions
more suitable for crystallization. Other techniques for ana-
lyzing the thermostability of integral membrane proteins
include differential scanning calorimetry (DSC), circular
dichroism (CD), UV/VIS spectroscopy and nuclear magnetic
resonance (NMR). These methods can provide complemen-
tary assessment of thermostability however they usually re-
quire much larger amounts of proteins and are currently not
well suited to high-throughput analysis.

SCREENING FOR AGGREGATION

Detergent-solubilised membrane proteins are very prone
to non-specifically aggregate, particularly at the high con-
centrations required for crystallization trials. This is highly
disadvantageous to downstream structural studies since non-
specific aggregation of the protein reduces the likelihood of
the formation of specific protein-protein interactions essen-
tial for crystal lattice formation. There are a number of
methods to assess aggregation status but many of these are
either low throughput or unsuitable for use with detergent
solubilised samples. One recent development which allows
both detection of aggregation and rapid screening of condi-
tions to inhibit aggregation is the ultracentrifugation disper-
sity sedimentation (UDS) assay where ultracentrifugation of
small (5 uL) volumes of purified, soluble membrane protein
is combined with SDS-PAGE analysis to rapidly assess the
degree of protein aggregation in high concentration (10-20
mg/ml) sample [61]. The novelty of the assay lies in the
combination of these two standard laboratory techniques to
assess the aggregation status of a protein in a number of dif-
ferent conditions simultancously. The assay is based on the
assumption that protein aggregates are orders of magnitude
heavier than dispersed protein particles and can therefore be
removed by sedimentation at high g forces. Protein samples
taken before and after high-speed ultracentrifugation (~ 350,
000 g) are visualised on SDS-PAGE gels. Those samples
which exhibit aggregation will show lower levels of protein
in solution after ultracentrifugation [61]. The small volumes
required mean that the UDS assay is economical in terms of
both protein and detergent. It also allows assessment of the
aggregation status of the protein sample at high concentra-
tions, not requiring dilution of the sample or modification of
the sample buffer as is necessary for SEC. This method has
been used to both identify conditions which maintain a
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membrane protein in a monodispersed state at high concen-
tration and to screen for detergents and buffer conditions
suitable for optimisation of preliminary crystals.

DEVELOPMENT OF NEW DETERGENTS

The extraction of membrane proteins from the bilayer
into detergent solubilized conditions is a prerequisite for
structural studies. The best classical detergents for mem-
brane protein research are usually nonionic and have the key
feature of being able to extract membrane proteins with high
efficiency whilst maintaining structural and functional integ-
rity [62]. However protein-detergent micelles are particularly
unstable, prone to aggregation and often exhibit a loss of
protein function. The detergent molecules themselves are
also disordered [63] and likely to inhibit the formation of
highly ordered crystal lattice. In order to address these issues
much effort has been directed towards the production of
novel detergents that form more stable protein-detergent
micelles, more suitable for protein isolation and crystalliza-
tion [64-66]. The aim is to reduce the disorder introduced by
the intrinsically flexible alkyl chains of commercial deter-
gents and thus increase the chance of an ordered crystal lat-
tice in all three dimensions. There are a range of such mole-
cules, including amphipols [64] and tripod amphiphiles [66].
The amphipols (amphipathic polymers) were designed to
form a tighter interaction with the membrane protein in order
to reduce instability incurred through rapid association and
dissociation of the detergent molecules. These have been
shown to increase stability of some proteins. The major use
of the amphipols may be as additives since their stabilizing
effects seem to be greater when used in combination with
detergents and lipids [65.67]. The so called “tripod am-
phiphiles’ (TPAs) are comprised of a tetrasubstituted car-
bon atom with one hydrophilic substituent and three hydro-
phobic substituents [68]. The tetrasubstituted carbon is
thought to introduce extra rigidity through the reduction of
conformational flexibility. This feature means that TPAs
should be more stable than conventional detergents and this
leads to the hypothesis that these molecules are more likely
to contribute to an ordered crystal lattice [66]. Studies have
demonstrated that TPA (Fig. 3) gives greater solubilisation
efficiency of bacteriorhodopsin (bR) from purple membranes
than OG, Triton X-100 or DDM and more importantly TPA—
solubilised bR was more stable [66]. Small crystals of TPA-
solubilised bR have been obtained which diffract to 2.5 A
resolution [69]. This represents a small increase in resolution

(a)
# Hydrophilic

attachment

© Hydrophobic
attachment

Fig. (3). Schematic representation of a tripod amphiphile. (a) The
basic shape of a tripod amphiphile consisting of a tetra-substituted
carbon atom with one hydrophilic substituent and three hydropho-
bic substituents. (b) The chemical structure of the tripod amphiphile
that was successfully used to crystallise bacteriorhodopsin (bR).
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compared to larger crystals of OG-solubilised bR. The in-
crease in resolution is suggestive that TPAs may facilitate
crystallization of membrane proteins either as alternatives to
conventional detergents or as additives to crystallization tri-
als. More research is required to further characterize the
TPAs and to explore their true potential as alternatives to
standard detergents.

CONCLUSION AND FUTURE PERSPECTIVES

Here we have summarized some of the key developments
in the methodologies available to researchers working with
membrane proteins. These advances have led to some spec-
tacular success in the structure determination of eMPs, par-
ticularly the GPCRs. As described, the process of obtaining a
high resolution structure is often as much an issue of identi-
fying the unsuitable constructs, protein homologues and
buffer conditions and excluding these from further studies as
it is about identifying the optimal ones. Much effort has been
put into developing techniques to make this process faster
and more effective. While the number of eMP structures
remains currently low it is anticipated that the long term ef-
fects of these advances will soon be felt as more eMPs suit-
able for structural studies are identified and studied in detail.
Until then, it remains difficult to state which approaches will
prove the most useful, although the production of T4
lysozyme fusion proteins holds great potential for the com-
paratively routine structure determination of GPCRs. One
key issue remains the structure determination of multiple
conformational states of membrane proteins. In the case of
GPCRs, it is possible that such an issue may be addressed by
for example, the use of specific ligands together with G-
proteins as was described for the recent structure of squid
opsin [70] or a combination of mutagenesis and inhibitors as
has been used successfully used for prokaryotic transporters
[71]. Alternatively other combinations, e.g., alanine scanning
mutagenesis together with use of a T4 lysozyme fusion pro-
tein may be advantageous. In addition, the use of antibody
fragments and DARPins are likely to be of use in improving
the resolution of MP structures and thus the molecular de-
tails.

Whilst X-ray crystallography remains the technique of
choice for structure determination of membrane proteins,
other techniques are emerging. The very recent report of the
low resolution structure of the human BK potassium channel
using cryoelectron microsocopy is the first structure of a
membrane protein in a lipid environment [72]. Clearly such a
technique has great potential for providing insight into the
specific roles of protein-lipid interactions and for elucidation
of multiple conformational states.
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ABBREVIATIONS
eMP = Eukaryotic integral membrane protein
ORF = Openreading frame
DDM = #n-Dodecyl-B-D-maltopyranoside
NM = n-Nonyl-B-D-maltopyranoside
oG = n-Octyl-B-D-glucopyranoside
IMAC = Immobilized metal affinity chromatography
TEV = Tobacco etch virus
SEC = Size exclusion chromatography
FSEC = Fluorescent size exclusion chromatography

GPCR = G-protein coupled receptor

UDS = Ultracentrifugation dispersity sedimentation

CPM = N-[4-(7-diethylamino-4-methyl-3-
coumarinyl)phenyl]jmaleimide

TPA

Tripod amphiphile.
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EXPRESSION, PURIFICATION AND CRYSTALLIZATION ATTEMPTS OF
HUMAN BILE ACID-COA:AMINO ACID N-ACYLTRANSFERASE (BAAT)
Laura Civiero, Stefano Capaldi, Massimiliano Perduca and Hugo L. Monaco

Biocrystallography Lab, Department of Biotechnology, Sirada le Grazie 15, 37134 Verona, Italy.
E-mail: laura.civiero@univr.it

Bile acid-coenzyme A: Amino Acid N-Acyltransferase (BAAT) is the sole enzyme responsible for conjugation of primary and secondary bile acids to taurine and glycine (Figure 1) [1]
The human cDNABAAT sequence was cloned into the pET15b vector and its expression was tested in several Ecofistrains. Because of the toxicity associated with overexpression of
BAAT in several strains, BL21 (DE3) C41 was selected to express the recombinant protein. Gnly with this specific strain, a reasonable amount of the protein was obtained in the soluble
fraction. The purification steps involved Nickel-sepharose chromatography followed by reverse IMAC after histidine-tag cleavage. Size-exclusion -and hydrophobic interaction
chromatography steps were also included to increase the purity of the sample. After these steps the protein shows a single band in both DS and native PAGE. The purified enzyme
was assessed for activity and was found to be able to catalyze the conjugation of taurine to CoA-fatty acids [2]. The presence of non physiological inter- andfor intramolecular disulfide
bridges between the three cysteine residues present in the protein sequence as a source of sample microheterogenity was also examined. Three cysteine mutants (C2354, C3724 and
C373A, and the triple mutant without cysteines) were constructed and tested following the same protocols used forthe wild type protein; significant differences in the behaviour of the
four species were found. Crystallization trials with the apo- and holo-wild type enzyme, as well as with the three mutants, are in progress but up to now only microcrystals have been
obtained
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Conclusions
¥ The punty and quality of the wild type protein is suitable for crystallization trials
¥ The enzyms is active
¥ The examined mutants are more difficult to purify. Yield and stability are lower
¥ The polydispersity of some mutants precludes their use for crystallization trials
¥ Only the catalytic mutant (C2354) appears to be adequate for crystal growth [+
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