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ABSRACT

IDENTIFICATION OF TARGETING FACTORS REQUIRED FOR SPECIFIC
FUSION AMONGST ORGANELLES OF THE ENDOCYTIC PATHWAY

Endocytic processing involves specific fusion between distinct populations of organelles
along the endocytic pathway. Homotypic fusion occurs amongst early endosomes, late
endosomes and lysosomes. Heterotypic fusion occurs between late endosomes and lysosomes.
The targeting molecules that convey specificity to these fusion events have not been fully
defined. Therefore, a binding assay was developed to find putative targeting molecules.
Luminally cross-linked endosomes and lysosomes, which were fusion inactive and detergent
insoluble, were used as 'accepfors’ to bind potential targeting molecules by incubating them
with metabolically labelled 'donor’, either cytosol or detergent-solubilised membrane. The
binding assay was also done in the absence of detergent, allowing for intact membrane in both
acceptor and membrane donor preparation. For this purpose, acceptors were prepared as
phagosomes that contained paramagnetic latex beads. Membrane donor was prepared by
sonicating metabolically labelled membrane in the presence of an excess of phospholipid in
order to separate donor proteins into individual vesicles. Bound material was isolated and
analysed by two-dimensional electrophoresis and subsequent radioactive scanning. The
proteins of interest were then analysed by mass spectrometry and compared with existing
information in protein data banks. The identity of a specific protein was confirmed by Edman

microsequencing.

The most interesting find was that cross-linked lysosomes especially bound galectin-3 (a B-
galactoside binding lectin) and lysozyme C from the fully soluble metabolically labelled
membrane donor, preferentially under ATP-depleting conditions in the binding assay. Both
types of cross-linked acceptors bound voltage-dependent anion-selective channel (PM-Porin)
and B, microglobulin. Compatible results were obtained for the binding assay with intact

membranes,



To determine the origin of bound material as being either endosomes or lysosomes, the
membrane composition of paramagnetic latex bead-containing phagosomes was analysed by
two-dimensional electrophoresis. Electron microscopy confirmed that beads with a
hydrophobic surface remained in endosomes whereas beads with a hydrophilic surface were
processed normally towards lysosomes. It was found that phago-endosomes were enriched
for galectin-3, thioredoxin peroxidase II and cofilin, while phago-lysosomes were enriched for

annexin IV, superoxide dismutase and vacuolar ATP synthase E subunit.

Galectin-3 was found compositionally enriched in phago-endosomes and was especially
bound by lysosome acceptors in binding assays. This was suggestive of a possible specific
role for galectin-3 in the interaction of endosomes with lysosomes. The N-terminal domain of
galectin-3 is highly homologous to proline-rich domains present in annexins VII and XI.

Annexins in general have been implicated to play a role in intracellular membrane traffic.

To test whether galectin-3 played a role in fusion, a novel biochemical assay was set up to
investigate the fusion of purified paramagnetic latex bead-containing phago-lysosomes with a
mixed endosome/lysosome population of organelles. The assay was based on monitoring the
transfer of HRP from endocytic organelles to phagosomes as a measure of fusion. As
expected, ATPyS completely inhibited fusion. The presence of thiodigalactoside, a specific
ligand for galectin-3, inhibited fusion by 40%. Mac-2, a monoclonal antibody directed
towards the N-terminus of galectin-3, inhibited fusion by 80%. CRD, a polyclonal antibody
directed towards the carbohydrate-recognition domain of galectin-3, inhibited fusion by 50%.
These results supported the unexpected notion that galectin-3 might play a role in targeting or

fusion between endosomes and lysosomes.



ABBREVIATIONS

Ab = antibody

AMP, ADP, ATP =5’ mono-, di- and triphosphates of adenosine
ATPase = adenosine triphosphatase
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ARF = ADP- ribosylation factor

BoTx = botulinum toxin

BSA = bovine serum albumin
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karyogamy = nuclear envelope fusion process

kDa = kiloDalton

KKXX or KXKXX = K - lysine, X - any amino acid

LDL = low-density lipoprotein

Lf = low-density fraction

1 = litre

Lys = lysosome
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Maldi-MS = matrix assisted laser desorption/ionization ~ mass spectrometry

Maldi-TOF = matrix assisted laser desorption/ionization — time of flight
M = molar concentration

min = minute

mg = milligram

ml = millilitre

mm = millimetre

mM = millimolar concentration

Mts = microtubules

Mw = molecular weight

Myo LC/HC = myosin light chain / heavy chain
NEM = N-ethylmaleimide
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CHAPTER 1
INTRODUCTION

A major aspect of modern cell biological research is aimed at understanding the 3-D
organisation of cells in terms of its underlying biochemistry. Eukaryotic cells are divided
into membrane-bound compartments which allow specialised and segregated functions to
occur in a series of distinct environments. Transport of macromolecules out of cells by
secretion and into cells by endocytosis, intracellular transport required for biogenesis of the
intracellular membrane-bound organelles and the generation of the distinct apical and basal
plasma-membrane surfaces required in polarised cells, represents the core of the functions
of this organellar network. In general, transfer of material between compartments occurs
by means of small membrane-bound vesicles (i.e. vesicular traffic). This transfer must be
highly specific to ensure that the characteristics of individual compartments are
maintained. The present study was aimed at the identification of molecules that are
involved in conveying specificity. As a background to this work, the mechanistic and
molecular events governing membrane transport will be broadly overviewed, leading up to

a focussed molecular dissection of the protein machinery that initiates targeting and fusion.
1.1 THE SECRETORY PATHWAY

The secretory pathway [Figure 1.1] has been extensively studied and has provided much
insight about the organisation and dynamics of the intracellular compartments involved
[1,2,18b]. Three functionally distinct secretory compartments exist, namely the

Endoplasmic Reticulum (ER), the Pre-Golgi Intermediates (PGIs) and the Golgi complex.
1.1.1 Formation of the Nuclear Membrane and Endoplasmic Reticulum

In eukaryotic cells, the nuclear membrane functions to separate the genome from the

cytoplasm, thereby permitting types of regulation not found in prokaryotes. The nuclear



membrane consists of two concentric lipid bilayers, with the outer bilayer continuous with
the ER [3]. The nuclear envelope disassembles at the onset of mitosis and is reassembled
at the end of mitosis. Assembly involves the attachment of vesicles to the chromatin.
Association of membranes with chromatin is regulated by phosphorylation [4], and is
followed by their fusion to produce the double membrane system. Different fractionation
protocols brought about the identification of two classes of precursor vesicle populations
involved in nuclear membrane assembly [5,6]. One class appears to be involved in
targeting the membranes to the surface of chromatin and formation of nuclear pore
complexes, while the second class contributes most of the nuclear membrane lipid [7]. The
binding/targeting of vesicles to chromatin does not require adenosine triphosphate (ATP),
but ATP and GTP are essential for fusion of chromatin-bound vesicles [7]. The nuclear

envelope is assembled from a subset of ER-derived vesicles [5,6].

1.1.2 Transport from the ER to the PGIs

Nascent proteins, synthesised on ribosomes in the cytoplasm, are targeted to the ER-
membrane by signal sequences and translocated to the lumen of the ER [8a].
Translocation is driven by a heat-shock protein known as BiP (Hsp70 family member)
together with folding factors that catalyse disulfide-bond exchange and oligosaccharide
transfer. Unfolded or misfolded proteins are tagged with glucose residues at the termini of
N-linked sugar chains, forcing their association with lectins (calnexin, calreticulin) thereby

restricting their export from the ER [8b].

Folded proteins leave the ER via COPII (coat protein complex II)-coated vesicles [see
Section 1.3], which fuse to form Pre-Golgi intermediates (PGIs) [9] losing their COPIL
coats. The salvage of ER residents by retrograde transport is mediated by the formation of
COPI-coated vesicles on PGIs. COPI-coats bind [10] to KKXX cytoplasmic signals
common to ER membrane proteins [11]. Luminal ER proteins (like BiP) with the C-

terminal sequence as KDEL are retrieved by the KDEL receptor [12]. Retrieval starts at



the PGI and continues throughout the Golgi compartments [13,14a]. The matured PGIs

move along microtubules towards the Golgi complex [15].

L.13 Transport across the Golgi

The Golgi is organised into three functionally distinct regions, the cis-Golgi network
(CGN), the Golgi stack (cis, medial and trans cisternae) and the trans-Golgi network
(TGN). The immature proteins destined for secretion, are moved off to the Golgi stack for
post-translational modifications (such as glycosylation, phosphorylation, sulfation,

proteolytic cleavages etc.).

In contrast to the ER, no cytoplasmic sorting signals have been detected in the Golgi stack
proteins, but possess a single transmembrane (TM) domain that is sufficient to mediate
their retention in the Golgi stack [16]. The TM domain length of Golgi enzymes/proteins
(~ 17 residues) as compared to PM proteins (~ 21 residues), instead of specific amino acid

sequence, seems to be the overriding feature which mediates Golgi stack retention [17].

Transport across the Golgi stack may occur by vesicular traffic [18a] or maturation [18b].
The vesicular traffic model visualises the cisternae as permanent structures from which
COPI-coated vesicles bud and fuse with the next cisternae in anterograde transport or the
previous cisternae in retrograde transport. The maturation model predicts that the cis-
cisterna is formed de-novo by the fusion of PGI-derived vesicles, which then mature into
medial- and then trans- cisterna, due to the selective removal of non-cargo components via

COPI-coated vesicles in retrograde transport.

The passage of the proteins destined for secretion then continue towards the trans-Golgi
network (TGN), in which final processing takes place [19]. Proteins destined to the plasma
membrane, to secretory storage vesicles or to the endocytic pathway [discussed in Section

1.2], are separated upon exit from the TGN [19].






1.2 THE ENDOCYTIC PATHWAY

Endocytosis [Figure 1.2] is the process by which cells internalise extracellular material by
enclosing them within inward foldings of the plasma membrane that seal to form
intracellular vesicles [20]. The endocytic organelles (tubulovesicular early endosomes,
endosomal carrier vesicles, late endosomes and lysosomes) which make up the endocytic
pathway have been characterised based on their morphology and biochemical composition

[21].

Two modes of endocytosis exist, viz. clathrin-dependent receptor-mediated endocytosis
(RME, selective uptake of macromolecules such as nutrients, hormones, viruses etc.) and
clathrin-independent phagocytosis (ingestion of large particulate matter such as cell debris,
bacteria etc.). Receptor-mediated endocytosis and phagocytosis follow the same general

pathway for delivery of materials to lysosomes.

1.2.1 Receptor-mediated endocytosis (RME)

In RME, ligands bind to specific cell-surface receptors, clustered in clathrin-coated pits
[22], before internalisation [23,24] via coated vesicles. Transport proteins [25], growth
factors [26], asialoglycoproteins [40] and other nutrients enter cells by RME. Fluid-phase

endocytosis (a non-selective uptake of solutes) is also mediated by coated vesicles [27,28].

The coated pit invaginates and pinches off to form a coated vesicle (0,1 - 0,2 um diameter).
Dynamin, a 100 kDa member of the GTPase superfamily [29], is the mammalian
homologue of the Drosophila shibire gene product [30,31] and may direct membrane
fission, since mutations in dynamin lead to accumulation of coated pits and deep
invaginations at the plasma membrane, that look like constricted vesicles [32-34].
Dynamin self-assembly into helical structures [35], enable it to wrap around the necks of

invaginated coated pits.






The presence of dynamin-coated tubules not capped by a clathrin coated end, suggest that
dynamin and possibly other associated proteins, may be sufficient to generate a tubular
invagination and therefore support endocytosis in a clathrin-independent mechanism [36].
Subsequently, however, it has been indicated that dynamin may function as a regulator of

RME, as opposed to a force-generating GTPase [37].

1.2.2 Delivery of receptor-ligand complexes to Early Endosomes and Sorting

After budding, the clathrin coat is removed in an ATP-dependent fashion [38]. Uncoated
vesicles containing the internalised ligand-receptor complex then fuse with tubulovesicular
early endosomes [39-41]. Early endosomes exhibit a high tendency to undergo fusion in
vitro, in reconstituted fusion assays making use of both fluid phase markers and probes

internalised by RME [42-45].

Rapid acidification of early endosomes (pH 6) [46,47] results in dissociation of ligands
from receptors which typically occurs below neutral pH [40,41]. The fate of internalised
ligands and receptors appears to result from the interplay of three factors: acidification of
the endosomal lumen [39], inherent structural features of the receptor [48], and ligand-
receptor dissociation rate relative to the rate of vesicle movement [49]. Receptors appear
to accumulate in tubular regions of the early endosome after the release of ligand [50,51],
before subsequent recycling in recycling vesicles (0,05 - 0,1 um in diameter) [52] via

vesicular traffic to the cell surface [41,51,55-60].

Material destined for degradation, appear subsequently in late endosomes and lysosomes in
the perinuclear region of the cell [41,57,60,53]. Some ligands internalised by RME have
different fates. For example, transferrin (Tf) is recycled to the cell surface complexed to
its receptor [26], some ligands are transported to the lysosome where they are either stored
or degraded [25]; in other cases the ligand-receptor complex as a unit is degraded in the

lysosome [54].



1.2.3 Transport from Early Endosomes to Late Endosomes

1.2.3.1 The Mechanism of membrane transport

Early and late endosomes are morphologically and functionally distinct
[40,41,50,53,57,61-63], as well as differing in lumenal pH and protein composition
[60,64,65]. The mechanism of membrane transport between early and late endosomes is

still unclear. Maturation, vesicular traffic or combination models have been proposed.

The maturation model proposes that early endosomes are formed de novo by the
coalescence of newly formed plasma membrane-derived vesicles and gradually turn into

late endosomes/lysosomes by sequential addition and subtraction of material [66-68].

The vesicular traffic model proposes the permanent existence of early endosomes, late
endosomes and lysosomes, as discrete compartments, through which incoming ligand is

sequentially transported by vesicular traffic [69,70].

A combination model of 1 and 2 proposes that early endosomes are not permanent stations
but form by de novo fusion of PM-derived uncoated vesicles, which then mature into
endosomal carrier vesicles (ECVs) which then transport their contents via vesicular traffic
to lysosomes [71,72]. This model is substantiated by a host of data, and is thus described

in more detail below [Section 1.2.3.3].



1.2.3.2  The role of Microtubules and the Actin Cytoskeleton

Although the mechanisms of transport remain to be established, it is clear that endocytosed
materials are translocated from the peripheral to the perinuclear region of the cell, as they
progress from early to late endosomes [73-76]. This process requires the microbutule
network as revealed by morphological and biochemical observations [77,78] and an intact
actin cytoskeleton [79]. Microtubules (Mts) have also been shown to be involved in the
clustering of late endosomes and lysosomes in the perinuclear region of the cell [80-82].
Additionally, a lysosomal membrane protein has been identified which mediates
nucleotide-dependent binding of lysosomes to Mts [83]. It has been shown that movement
of organelles along Mts in vitro requires other cytosolic proteins in addition to dynein [85]
and kinesin [84]. When cells are treated with cytoskeletal inhibitors (such as nocodazole

or colchicine), segregation [86] and degradation of ligand is inhibited [59,87-89].

In the presence of ATP, ligand-containing endocytic vesicles are released from
microtubules, while those containing receptor are not. In addition, several proteins
including cytoplasmic dynein, associated with microtubules, are released in the presence of
ATP [90]. Subsequently it has been shown that binding of ligand-containing vesicles
correlates well with binding of dynein to microtubules, but not kinesin, while binding of
receptor-containing vesicles is independent of both dynein and kinesin binding [91].
Moreover, it could be demonstrated by immunoprecipitation that dynein is tightly
associated with ligand-containing vesicles. The dynactin complex [92,93], which

copurifies with cytoplasmic dynein, may serve as a "bridge" between dynein and vesicles

[Figure 2].

Microtubule-based proteins such as CLIPs [94a] and actin-based motor proteins such as

myosins [94b], have also been implicated in the movement of vesicles in membrane traffic.
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1.2.3.3 Endosomal Carrier Vesicles (ECVs)

After segregation of ligand and receptors, endocytosed markers appear in spherical,
multivesicular bodies before they are observed in late endosomes [53]. When
microtubules are depolymerised by nocodazole, the endocytosed markers reach these
multivesicular bodies, but do not appear in late endosomes. Due to these observations,
Gruenberg et al. it is proposed that these vesicles mediate microtubule-dependent transport
from peripheral early endosomes to perinuclear late endosomes, and thus termed them

endosomal carrier vesicles (ECVs, ~ 0,5 um in diameter) [53].

ECVs have also been observed along both the apical and basolateral endocytic pathways as
intermediates between early and late endosomes, in Madin Darby canine kidney (MDCK)
cells [74]. In primary hippocampal neurons, similar vesicles are observed along both

axonal and dendritic endocytic pathways [95].

Fusion between ECVs and late endosomes has been demonstrated in vitro, and is
dependent on microtubules and microtubule-associated proteins including cytoplasmic
dynein, but not kinesin [64,96]. ECVs, however, do not exhibit homotypic fusion nor
fusion with early endosomes. Microtubules may play a role in increasing the encounter
frequency between ECVs and late endosomes for fusion, although it cannot be ruled out

that ECVs mature into late endosomes.

1.2.4 Transport from Late Endosomes to Lysosomes

It has been shown that late endosomes, like early endosomes, exhibit a high capacity to
undergo homotypic fusion [64,74]. The efficiency of homotypic late endosome fusion in

cell-free assays range from 7% [74] to 25% [64].
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It has been suggested that late endosomes mature into lysosomes [97], from the
observation that 3T3 cell endosomes appear at a density characteristic of lysosomes, when
examined on Percoll gradients after incubation with ATP. On the other hand, rat
postmitochondrial supernatants containing 125I-lab«-@:ﬂecl asialofentuin (ASF) loaded late

endosomes, show that radiolabel appears at lysosomal density on Nycodenz gradients only

if lysosomes are present [98].

Fusion between dense endosomes and lysosomes has been demonstrated [99], by an in

vitro content mixing assay, using asialofentuin-avidin loaded dense endosomes and
5

biotinylated "labelled polymeric IgA loaded lysosomes.  Homotypic fusion of

lysosomes has also been observed in vivo [100a] and in vitro [100b].
1.2.5 Phagocytosis (clathrin-independent) [Figure 1.3]

Phagocytic uptake of extracellular large particulate matter is stimulated by RME [for
review, see ref. 101]. After internalisation, the newly formed phagosomes interact with
early endosomes by fusion/fission events, resulting in intermingling of membrane and
contents [102-108]. As observed for maturing early endosomes [68,72], phagosomes
mature to a state where they are unable to fuse with early endosomes, but acquire the
ability to fuse with lysosomes [105]. The same molecular machinery applies to the
processing of phagosomes as outlined here and as reviewed before [456].

It has been shown that the maturation of phagosomes is affected by the nature of the
particulate matter [108-109]. Phagosomes containing degradable bacteria or hydrophilic
latex beads 1um in size mature and are able to fuse with lysosomes, whereas phagosomes
containing pathogenic myccbacteria or hydrophobic latex beads 1um in size remain
fusogenic towards early endosomes and are unable to fuse with lysosomes [108-109].
Analysis of the association between the membrane and the beads or mycobacteria has led
to the proposal, that a close apposition of membrane to the particle surface is important to

impede phagosome maturation, thus preventing fusion with lysosomes [Figure 1.3].
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1.3 Vesicle Budding, Targeting and Fusion [Figure 1.4]

Transport between the membrane-bound compartments in the cytoplasm of eukaryotic
cells is generally mediated by vesicular traffic which involves transport vesicles that bud
from the membrane of a donor compartment and fuse selectively with the membrane of an
acceptor compartment [1]. In vitro systems, reconstituting every discernible step along the
secretory and endocytic pathways [110] and secretion mutants in yeast [111], have been
crucial for studying the molecular mechanisms of vesicular transport. The cloning and
sequencing of affected genes of temperature-sensitive and other secretion (sec) mutants,
and phenotypic observations by electron microscopy, has led to the identification of a

repertoire of protein transport machinery [112] and delineation of its regulation [113].

The discoveries are based on the use of a cell-free system, which reconstitutes
intercisternal transport within the Golgi stack [114,115,119,120]. This cell-free system
measures the movement of vesicular stomatitis virus glycoprotein (VSV-G) from the cis
compartment of a donor Golgi population to the medial compartment of an acceptor Golgi
population. Since transport between successive Golgi compartments is unidirectional
[116,117] and the glycoslyated VSV-G protein is confined to the acceptor stack that
remains distinct from the donor stack [118]; movement must be mediated by diffusible
vesicles. These vesicles (0,07 pm in diameter) [119] fully formed or still in the process of
budding, exhibit a distinct coat [120] that resembles the clathrin coat of endocytic vesicles
[121]. Transport is blocked by GTPyS [122], and by low concentrations of the cysteine-
alkylating agent N-ethylmaleimide (NEM). GTPyS leads to the accumulation of coated
vesicles in the cytoplasm [122], whereas NEM leads to the accumulation of uncoated
vesicles [Figure 1.4, step 9 blocked, therefore no reactant for step> [123]. GTPyS and
NEM together produce only coated vesicles [124], indicating that the GTPyS block
precedes the NEM block and that uncoating takes place after budding. The identification
of the proteins affected by GTPyS and NEM has led researchers to the molecular core of

budding and fusion mechanisms.
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1.3.1 Vesicle Budding and Uncoating [Figure 1.4, steps 3 & 4]

The selection and concentration of cargo during vesicle formation, is mediated by
interactions between the cytoplasmic coat and sorting signals on the cargo or its' receptor
[11,125]. Coat protein also recruits components (termed SNARESs, discussed later in
Section 1.3.2.1) required for targeting and fusion of the transport vesicle with the target
membrane [126,127]. A variety of coat complexes have been identified. Vesicle budding
[Figure 1.4, step 3] is directed by COP-II (coat protein complex II) on the ER [147,148];
COP-I (coat protein complex I) on PGI [131], Golgi [132] and endocytic compartments
[133a,b]; clathrin and its adapters (AP) on the TGN [144] and PM [121]; and retromers on
the endosome [128] for retrograde transport to the Golgi. Coat assembly [Figure 1.4, step
2] is initiated by the binding of a GTPase to the donor membrane [Figure 1.4, step 1],
which includes ARF (ADP-ribosylation factor) [145] that directs COPI function, Sarlp
(yeast ARF homologue) [149] that directs COPII function and dynamin [discussed earlier

in Section 1.2.1] influencing clathrin-AP function.

COPI-coated vesicles form from Golgi stacks incubated with cytosol and ATP [114,124].
The purification of COPI-coated vesicles [129-131], revealed that their coats consist of
ARF (21 kDa) and a complex of seven distinct proteins termed coatomer [132] consisting
of a-COP (170 kDa), B-COP (110 kDa), 3'-COP (100 kDa), y-COP (98 kDa), 8-COP (61
kDa), e-COP (34 kDa) and 1-COP (20 kDa). Coatomer and ARF exist separately in the
cytosol, but coassemble to form coats. This assembly is initiated when GTP-ARF (N-
myristoylated) binds to an " ARF-Receptor' [136] following a brefeldin A (BFA)-sensitive
nucleotide exchange step [134,135]. The binding of ARF affords a binding site for
coatomer [137,140], which stimulates budding [138,139]. In addition Golgi membranes

also require fatty acyl-CoA for coated vesicle formation [142].

The generality of the budding mechanism established in the Golgi becomes evident when

other transport steps are analysed in vitro. ARF is required for budding of secretory



16

vesicles and constitutive transport vesicles from the TGN [144]. Indications are however,
that clathrin and COP-coated vesicles bud in related fashion. The mechanism of budding
of clathrin-coated endocytic vesicles [146] has been influenced by the discovery of
dynamin [discussed earlier in Section 1.2.1]. The structure of the clathrin coat is well
characterised. An outer lattice is composed of clathrin heavy chain (180 kDa) and two
distinct but related light chains (30-40 kDa, depending on tissue source. The clathrin cage
is linked to the enclosed membrane by adaptor particles consisting of four subunits: two
related 100-115 kDa, one 47-50 kDa and one 16-19 kDa adaptor chains [121]. The TGN
and PM possess their own distinct set of clathrin adaptors [150]. The sequence of the 100-

115 kDa adaptin family is homologous to B-COP [151].

The coat may essentially act as a mechanical device to initiate a local membrane structure
that enables "periplasmic fusion” (a fusion event initiated from the lumenal side of the bud)
to occur [141]. Periplasmic fusion may occur via either a molecularly precise or a
stochastic mechanism [141]. A molecularly precise mechanism would require the precise
coupling of fusion with completion of coat assembly, resulting in a fully coated vesicle
without a scar [141]. A stochastic (random) mechanism on the other hand, fusion would
be triggered merely by the close proximity of the lumenal membrane surfaces at the base
of the bud, thereby generating uncoated scars of variable size [141]. Evidence for
stochastic periplasmic fusion has been suggested by the observation of uncoated scars on

some coated vesicles [142].

The coat disassembles and is recycled for another round of transport [Figure 1.4, step 4)
when ARF is triggered to hydrolyse its bound GTP [143]. Uncoating precedes fusion, as
coated vesicle buds cannot fuse with acceptor Golgi [142]. Uncoating is driven by Sec23p,
a GTPase-activating protein (GAP) for Sarlp [147,148].
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1.3.2 Vesicle Targeting/Docking Specificity and the SNARE Hypothesis

1.3.2.1 General Fusion Machinery

NSF

As described above, mild NEM treatment leads to the accumulation of uncoated vesicles
on the acceptor Golgi cisternae [123,124], and this observation has led to the identification
and purification of the NEM-sensitive fusion protein NSF [152,153]. NSF is a soluble
tetramer of identical 76 kDa subunits, which can be released from membranes by
incubation with ATP and Mg2+ [152]. An NSF subunit has 2 homologous ATP-binding
domains [154], and mutation of both sites eliminates its intrinsic ATPase activity, thereby
blocking fusion [155] of transport vesicles with their target membrane at multiple points

along the secretory and endocytic pathways [129,158-160].

The NSF homologue in yeast is encoded by the SEC18 gene [156] originally implicated in
transport from the ER to the Golgi [113]. Secl8p can substitute for NSF in an in vitro
mammalian Golgi transport system [156]; moreover, even plant cytosol can replace animal
[157] cytosol. Not all intracellular fusion events require NSF [166], however, so possibly
other (related perhaps) proteins exist to drive fusion (see Section 1.5 on homotypic fusion,

the p97/cdc48 paradigm).

SNAPs

NSF requires additional cytoplasmic factors to attach to Golgi membranes [166,167].
Three species of soluble NSF attachment proteins (SNAPS) have been identified: a-SNAP
(35 kDa), B-SNAP (36 kDa), and y-SNAP (39 kDa) [161]. B-SNAP is confined to brain,
and closely resembles a~-SNAP. y-SNAP is weakly related to a- and B-SNAP [163].
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o~ and B-SNAP compete for the same site on alkali-treated membranes. y-SNAP binds to a
non-competitive site in the same complex [168], and increases the complex's affinity for

NSF [174]. SNAPs do not interact with NSF in solution.

Sec17p is the yeast homologue of a-SNAP, since a-SNAP (but not B- or y-SNAP) can
restore animal cell Golgi-transport activity to cytosol prepared from secl7 mutant yeast
[162]. Secl7p and a-SNAP are functionally equivalent, in that Secl7p can mediate
Sec18p binding to Golgi membranes [165]. Fusion is inhibited in the absence of functional
Secl17p or Secl8p, resulting in the accumulation of transport vesicles in yeast [164].

SNAPs bind to distinct sites in membranes, creating a binding site for NSF [168].

In vitro, NSF and SNAPs are also essential for homotypic early-endosome fusion [158]
and ER to Golgi transport [159]. Fusion between ECVs and late endosomes also requires
NSF, and by inference probably SNAPs as well [discussed in Ref. 70]. NEM has also been

shown to inhibit fusion between late endosomes and lysosomes [99].

A squid complementary DNA encoding a full-length SNAP (33 kDa) has been isolated
[169]. This squid SNAP (S-SNAP) is 67%, 65%, 17%, 33% identical to o-SNAP, B-
SNAP, y-SNAP and Secl7p (yeast), respectively [169]. The homology between o/B-
SNAPs across evolutionary divisions, suggests a conserved function for SNAPs in neurons
[169]. Injection of peptides that mimic the sites at which SNAP interacts with its binding

partners inhibits transmitter release, downstream of synaptic vesicle docking [169].
SNARESs

The sites to which the SNAPs bind, are termed SNAP-receptors (SNAREs) [179] which
are integral membrane proteins. The multisubunit complex of o/y-SNAP-SNARE-NSF
disassembles when NSF hydrolyses ATP [174], but is trapped as a complex by the
presence of either ATPyS or ATP without magnesium (Mg2+) [174]. This multisubunit
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particle is proposed to form the core of a generalised fusion apparatus [123,162,174].

Neurons are highly specialised for synaptic vesicle fusion with the pre-synaptic axonal
PM, for neurotransmitter release at synapses. To purify the SNARESs specific for bovine
brain synaptic-vesicle exocytosis, the specificity inherent in the assembly and disassembly
of 20S fusion particles has been used as a basis for a two-step affinity purification
technique [179]. 208 particles have been assembled from a Triton X-100 extract of bovine
brain membranes, by the addition of pure recombinant a-SNAP, y-SNAP and NSF-myc
(NSF epitope-tagged with a Myc peptide) [12] at 0°C [163], in the presence of ATPyS and
EDTA (Mg chelator) [179]. Three SNAREs have been found [179], namely VAMP
(vesicle-associated membrane protein, or alternatively synaptobrevin) [171,190], syntaxin

[187,188] and SNAP-25 (synaptosome-associated protein of 25 kDa) [170].

The fact that the same SNAP-NSF complex can bind both VAMP (localised to the
transport vesicle), and syntaxin and SNAP-25 (localised to the target membrane), and that
all three SNARESs are cleaved by a particular form of botulinum or tetanus neurotoxins
known to block neurotransmitter release from synapses [184-186], demonstrates the

involvement of these SNARES in docking and fusion.

1.3.2.2 The SNARE Hypothesis

For the maintenance of the organised pattern of individual membrane-bound compartments
within the cell, targeting specificity is crucial in all vesicular transport fusion events, from
the ubiquitous steps in the constitutive secretory and endocytic pathways to the specialised
and regulated forms of exocytosis (such as the Ca’ triggered fusion of a synaptic vesicle

containing neurotransmitter with the pre-synaptic PM).
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The SNARE hypothesis [179] is based on the finding that VAMP, syntaxin and SNAP-25
are localised to synapses and certain specialised secretory cells [191], while a general NSF-
SNAP system acts within and among different cell types [14]. The SNARE hypothesis
postulates that each kind of transport vesicle bears a unique vesicle SNARE (v-SNARE,
generally VAMP homologues, obtained from its parental membrane during budding)
which forms a unique match with its cognate target SNARE (t-SNARE, generally syntaxin
and/or SNAP-25 homologues) present on the target membrane, thereby achieving
targeting/docking specificity. This hypothesis has been tested and confirmed by an
accumulation of evidence from genetic studies in yeast [197-215] and mammals
[170,194,195,196,216-237] that has identified a host of v- and t-SNAREs, which are

compartment specific in terms of location.

1.3.3 Fusion

The SNARE hypothesis is directly supported by the demonstration that SNAREs alone,
can direct in-vitro fusion of liposomes [180]. VAMP, syntaxin and SNAP-25 contain one
or more o-helical coiled-coil domains [181,182,183]. Analysis of SNARE complexes has
revealed that SNAREs form helical coiled-coil assemblies, which may facilitate bilayer
fusion [172,173,192], reminiscent of fusion by viral envelope fusion proteins [176,177].
NSF and SNAPs, instead of driving fusion, serve to dissociate v-/t-SNARE complexes
[Figure 1.4, step 9] after fusion [178].

However, it has been shown that multiple v-SNARESs are often present on a single class of
transport vesicle [397,398] and that a single v-SNARE can direct both retrograde and
anterograde transport [399]. Moreover it has been demonstrated that a variety of v-
SNAREs and t-SNARESs pair indiscriminately [193] in vitro. Thus SNAREs alone cannot
account for specific membrane trafficking. Consequently, it is thought that Rab proteins
[Section 1.4.2] and their effectors [Section 1.4.3] provide the fidelity and additional

specificity required for SNARE-mediated docking and subsequent fusion.
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1.4 Molecular Dissection of Transport Machinery

1.4.1 SNARE Homologues (from yeast to mammals) [Table 1 (a & b)]

VAMP/Synapiobrevin family

Synaptobrevin (18 kDa) is an integral membrane protein anchored to synaptic vesicles by
its carboxy-terminal trans-membrane domain [171,190]. Synaptobrevin is cleaved by
tetanus (TeTx) and botulinum (BoTx) B/D/F neurotoxins [184,189], implicating it in
exocytosis. An homologue of neuronal synaptobrevin, termed cellubrevin (VAMP 3) is
ubiquitously expressed in virtually all cells [194]. Cellubrevin co-localises with transferrin
receptor and is highly enriched in clathrin-coated vesicles, suggesting that it localises to
organelles involved in constitutive membrane traffic between the TGN and the PM (i.e.
exocytotic transport vesicles, clathrin-coated vesicles, and early endosomes) [194]. The
homology between cellubrevin and synaptobrevins is high (~ 59% identity), particularly in
the central conserved region on the cytoplasmic side in which the TeTx cleavage site
resides [194]. Cellubrevin, however, is not involved in early endosome fusion, as its
complete proteolysis by TeTx light chain does not affect in vitro early endosome fusion
[196a], but does impair exocytosis [196b]. Approximately thirteen syntaxin-related
proteins [See Table 1(b)] have been identified in mammals [194,196,216-221], all of which

display a broad tissue distribution and are localised to different membrane compartments.

In yeast, 8 Synaptobrevin-related (Boslp,Betlp,Sec22p,Snclp,Snc2p, Ykt6p,Nyvlp, Vtilp)
proteins have been identified [See Table 1]. Snclp is closely related to synaptobrevin
homologue (40% identity) [204]. Snc2p is 32% identical to synaptobrevin, and is 79%
identical to Snclp [199]. Both Snclp and Snc2p are located in post-Golgi transport
vesicles [199]. Yeast strains lacking Snclp or SncZp, have no apparent phenotype
[199,204], however, if both are lacking, defects in post-Golgi secretion result [199],
expounding their role in exocytosis. BOS1 gene has been identified as being able to

suppress the secretory mutants betl and sec22 [205], and shown to be required for
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vesicular transport in yeast [198]. Betlp and Sec22p have similar tertiary structure, and
like Boslp, Sec22p [197] are concentrated in ER-derived transport vesicles, required for
docking/fusion with Golgi in vitro and in vivo [201,205]. Boslp is either degraded or
recycled after fusion of ER-derived vesicles with the Golgi, because it has not been
detected in the Golgi apparatus [206]. Ykt6p is required for ER-Golgi transport [207].
Nyvlp is required for homotypic Vacuole fusion [208]. Vtilp mediates transport from
TGN-PVC [209a] and from PVC-Vacuole [209b].

Syntaccin family

Syntaxin (A & B, = 35 kDa) is an integral membrane protein (like synaptobrevin), but is
localised to the pre-synaptic PM, also by a membrane-spanning domain [185,188]. Each
member of the syntaxin family also contains several a-helical coiled-coil domains [181].
Cleavage of syntaxin by BoTx C1 inhibits neurotransmitter release, implicating it directly
in exocytotic membrane fusion [185], corroborated by the observation that micro-injection
of syntaxin fragments or anti-syntaxin Ab's (antibodies) reduces exocytosis in PC12 cells
[195]. About seventeen syntaxin-related proteins [Table 1(b)] have been identified in
mammals [195,222-230] displaying a broad tissue distribution and are localised to different

membrane compartments.

Seven syntaxin homologues (Ssolp,Sso2p,SedSp,Pep12p,Tlg2p,Ufelp,Vam3p] have been
identified [Table 1] in yeast, and implicated to function at different stages along the yeast
secretory pathway [200,213,214,210,211,215a,215b]. Ssolp and Sso2p are closely related
to the syntaxins, and are 72% identical to each other. Disruption of both Ssolp and Sso2p
expression blocks post-Golgi transport [200]. SedSp is required for ER—>Golgi transport,
and is localised to the membrane of the target cis-Golgi [212,213]. Pep12p is required for
Golgi—Vacuole transport, and localises to the target vacuole membrane [214]. Tlg2p is
implicated in Early Endosome biogenisis [210]. Ufelp mediates homotypic ER—ER
fusion [211]. Vam3p is implicated in PVC—Vacuole [215a,215b] and homotypic

Vacuole—Vacuole fusion [208].
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SNAP-25 family

SNAP-25 (25 kDa) is anchored to pre-synaptic membranes via covalently attached fatty-
acyl chains [183], and is also predicted to have extensive coiled coil domains. SNAP-25 is
sensitive to cleavage by BoTx A/E near the C-terminus [186,189]. Two mammalian
SNAP-25 homologues, named SNAP-23 [227,231] and SNAP-29 [225] have been
identified. Only two yeast SNAP-25 homologues (Sec9p,Vam7p) have been identified
[202,203]. Sec9p was implicated in yeast post-Golgi—PM transport [202]. Vam7p is

involved in homotypic Vacuole fusion [203].

VAMP-associated proteins (VAPs)

A new class of mammalian SNARE proteins termed VAMP-associated proteins (VAPs),
have been discovered. The first VAP was identified in Aplysia, named aVAP-33 [235].
Subsequently human homologues of aVAP-33 termed VAP-A and VAP-B, have been
identified [236,237]. VAPs also possess a coiled-coil domain and a carboxyl-terminal
transmembrane domain. It has been shown that VAPs associate with each other via their
transmembrane domains to form complexes, which might be important for mammalian

vesicular traffic [237].

Table 1{a) : Functional distribution of known veast SNAREs,

ER-ER Ufelp 211
ER-Golgi Boslp,Betlp,Sec22p, Ykt6p | SedSp 205-207,212
TGN-PM Sncl, Snc2 Ssol, Sso2, Sec9p | 199,200,202
TGN-PVC Vtilp Pepl2p 209a,214
Early EN biogenisis ? Tlg2p 210
PVC-Vacuole Viilp Vam3p, Vam7p 209b,215,203
Vacuole-Vacuole Nyvlp Vam3p, Vam7p 208,203




Table 1(b) : Localisation of known mammalian SNARESs.

24

VAMP 1 PM/SG 216
2 PM/SG 217
3 EE/RE 194, 196a, 196b

4 TGN 218
5 PM/EE 219

7 LE 218, 220
8 EE 221
hYkt6 ER/Golgi 232
rSec22 ER 233
rBet1 PGL/Golgi 233
GOS-28 Golgi 233
Membrin Golgi 234
Syntaxin 1-4 PM 195
5 PGI/Golgi 195
6 EE/TGN 222

7 EE/LE 223,224
8 EN 225
10 TGN 226

11 LE/TGN 227,218
12 EE/LE 228

13 EE/RE 218, 229
16 Golgi 230
17 ER 225

SNAP-23 PM/SG/TGN/LE 231,227
25 PM 170
29 Golgi/TGN/E/PM 225
VAP-33 ? 235

A ? 236,237
B ? 237
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1.42  Rab family

A role for GTP-binding proteins in the regulation of vesicular membrane traffic has first
been indicated by the finding that micro-injection of GTPyS into mast cells leads to
degranulation, even in the absence of Ca2+ [241]. Secdp has been the first GTP-binding
protein to be implicated in this role, as mutations in the SEC4 gene of yeast blocked
Golgi—PM transport and lead to the accumulation of secretory vesicles [246]. Sequence
analysis of Sec4p show that it is a homologue of the mammalian GTPase, Ras. The yeast
Ras homologue Yptlp is required for transport from the ER to and through the Golgi
apparatus [166,242]. A large family of Ras-related GTP-binding proteins (termed 'Rabs')
has been identified in yeast and mammalian cells, required at various steps along the

secretory, endocytic and recycling pathways [242].

Rab proteins are intrinsically hydrophilic, but are attached to membranes via their C-
terminal attached isoprenyl lipid (geranyl-geranyl). These proteins are specifically
localised to the cytoplasmic surface of intracellular compartments owing to their functional
distribution [Table 2]. No Rab proteins have been localised to lysosomes as yet. Because
of the functional distribution of rab proteins, it was proposed that they direct vesicle
transport targeting [242]. However, this functional attribution seems untenable due to the
findings that a chimera of Yptlp and Secdp can provide Rab function to the entire
secretory pathway from the ER to the PM without misorting [238ab], and that
overexpression of v-SNAREs [197] can overcome the requirement of Yptlp. Although it
has been shown that Rab proteins facilitate the assembly of SNAREs [Figure 1.4, step 5],

they do not, however, form part of the isolated docking complexes [175,207].

Rab Accessory proieins

The conversion between the GTP-bound and GDP-bound states of Rabs are regulated by
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accessory proteins which include GAP (GTPase-activating protein), GEF (Guanine

nucleotide exchange factor) and GDI (GDP dissociation inhibitor).

A GAP that acts on Ypt6p has been cloned from yeast [256]. GEFs that act on Secdp
[255] and Rab3A [254] have been identified. A GDI that acts on a broad range of Rab
proteins, termed Rab-GDI, has been purified from bovine brain [257]. The role of Rab
accessory proteins during Rab action in SNARE assembly has been proposed [Figure 1.4,

steps 7a,b,c].

Table 2: Functional distribution of Rab family members in intracellular vesicular transport

Mammalian

Rab 1 ER —» Golgi; intra-Golgi 247,240
2 ER — Golgi 247
3 Regulated exocytosis 244
4 early Endosomes — PM 248
5 PM — early Endosomes 239
6 7 (Medial-Golgi location) 250
7 Early — late Endosomes 251a,b
8 TGN — basolateral PM 243
9 Late endosome — TGN 245
11 En — PM (Recycling) 253

Budding Yeast

Yptlp ER — Golgi; intra-Golgi 242

Secdp Golgi —» PM 246

Vps2lp Golgi — Endosome 252

Ypt7p Endocytosis 249
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1.4.3 Rab Effectors

A variety of downstream effector proteins of Rab activity (viz. Rabphillin 3A, Rabaptin-5,
EEAI1, Rab-kinesin-6, Noc2, Rim, Hrs-2, TIP47, p40, exocyst, Vaclp) have been
identified [258-268]. Each effector protein contains a Rab-binding domain (RBD)
followed by a linker region, and a second domain that can interact with a variety of
molecules. The second domain can either interact with another Rab (e.g. Rabaptin-5 binds
Rab4 and Rab5) or with the cytoskeleton (eg. Rab-kinesin-6 binds kinesin, Noc2 binds
zyxin, Rabphillin-3 A binds a-actinin), or bind to a target membrane (e.g. the exocyst binds
the PM), or with a second messenger (e.g. Rabphillin-3A binds Ca®", EEA1 binds PIP), or
possibly with SNAREs (eg. Hrs-2 binds SNAP-25), or with cargo proteins (e.g. TIP-47
binds MPR). Thus, a wide variety of functions can be attributed to the action of

Rab/effector complexes. A list of Rab effectors is shown by Table 3.

Table 3 : A list of known Rab Effectors

Mammalian
Rab 3 Rim 258
3A Rabphilin-3 A, Noc2 259,260
4 Rabaptin-5 261
5 Rabaptin-5, EEA1 261,262
6 Rab-kinesin-6 263
9 p40 264
? Hrs-2 265
? TIP-47 266
Budding Yeast
Secdp Exocyst 267
Vps2lp Vaclp 268
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1.4.4 The Sec-1 Family

SNARE assembly in addition to the role of Rabs, is also regulated by members of a Seclp
family [269,192]. Their discovery is rooted by the finding that a secl yeast mutant,
defective in post-Golgi transport [115], is restored to normality by overexpression of
putative PM t-SNAREs Ssolp and Sso2p [200]. Yeast homologues of Seclp, termed
Slylp [197] and Slplp [270], have been implicated in ER—Golgi and Golgi—Vacuole

transport, respectively.

Since a deletion of the YPT1 gene (encoding ER—Golgi Rab protein) can be overcome by
a mutated Slylp (i.e. the ER—>Golgi Seclp homologue), or by overexpression of Sec2p
(i.e. the putative ER v-SNARE) [197], and N-seclp (a neuronal homologue of Seclp)
binds tightly to syntaxin and prevents VAMP from binding [271,272], it is thought that
Seclp family members oppose the function of Rabs by preventing SNARE assembly
[Figure 1.4, step 5]. Like Rab proteins, Seclp members display a functional distribution
[Table 4]. Thus Rab and Seclp families provide an additional layer of specificity to
control SNARE assembly. However, like Rabs, the Seclp family members do not form

part of the core-docking complex [271,272].

Table 4(a) : Functional distribution of known veast Seclp homologues.

Yeast

ER—>Golgi Slylp Yptlp 197
Golgi—Vacuole Vps45p Vps21p 252
Golgi—Vacuole Siplp ? 270
Golgi—»>PM Seclp Secdp ? 192,269
Mammals

Exocytosis N-seclp Rab-3 271,272
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1.4.5 Velero Factors

Tethering (an event which precedes docking mediated by SNARESs) of a transport vesicle
with its target membrane [Figure 1.4, before step 5], was found to be mediated by a group
of proteins termed as 'velcro' factors. The velcro factor known as pl115 was found to be
required for intra-Golgi transport [273] and Golgi»>PM transport [274]. Usolp, the yeast
homologue of pl15 is required for ER—Golgi transport [275,276]. The velcro p115 forms
a bridge [277] between a receptor on the ER-derived vesicles known as giantin [278] and a
receptor on the target Golgi membrane known as GM130 [279a,b]. As for SNAREs and
Rabs, other p115 homologues may also be discovered, being required to tether vesicles to

target membranes at other transport steps.

1.4.6 Annexins

Considerable evidence has been accumulated which suggests a role for annexins in
membrane traffic [280]. Annexin VII (synexin) has been the first member of this family to
be implicated in membrane interactions [284]. Subsequently, annexin VII [287] and
annexin [ (lipocortin) [283,286] have been shown to promote liposome fusion.
Furthermore, annexin VII, annexin IV (endonexin 1) and annexin VI (p67) can mediate
chromaftin granule aggregation in vitro [268]. In addition, annexin VI has also been
implicated in clathrin-coated vesicle budding at the PM [285], even though other findings
suggest otherwise [457]. Annexin II is involved in aggregation and fusion of chromaffin
granules with phospholipid vesicles [283] and seemingly with the PM [282] and has
recently also been suggested to play a role in homotypic early endosome fusion [281]. In
an in vitro assay that follows the proteins transferred from a labelled donor to an
immobilised acceptor upon fusion of early endosomes, annexin II is efficiently transferred
and immunogold labelling of cryosections confirm its presence on early endosomes in vivo
[281]. Further studies are required to understand the precise function of annexins in

membrane traffic.
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1.4.7 The role of Heterotrimeric G-Proteins in membrane traffic

Heterotrimeric G-proteins are known to mediate signal transduction by linking PM
receptors to downstream effectors [291]. Two classes of heterotrimeric G-proteins, namely
Gy (stimulatory) and Gj (inhibitory) exist. G-proteins are a complex of o, B and y subunits.
The o subunit cycles between an inactive GDP-bound state (which exists as a Goafly
trimeric complex) and an active GTP-bound state. When an extracellular signal in the
form of a ligand binds to a receptor (or when light interacts with rhodopsin), it induces a
conformational change in the cytoplasmic domain of the receptor. Then, receptor-G
protein interaction causes GDP release and binding of GTP, which in turn causes the G-
protein to dissociate into o and By subunits. The free GTP-bound o subunit and By subunit

can now activate downstream effectors [291,290].

It is well known that there are intracellular pools of heterotrimeric G-proteins, either bound
to internal membranes [292] or free in the cytoplasm [293,294], but their functional
significance has not been clear. Evidence has accumulated that implicates a role for these
intracellular trimeric G-proteins in vesicular transport [299]. Indirect evidence comes from
the finding that Aluminium fluoride (AIF,. acts as a complex that mimics the y-phosphate
of GTP) which acts on trimeric G-proteins [295], but not on small GTP-binding proteins
(i.e. ARF, Rab, Rap and Ras) [296], inhibits various steps along the secretory [126] and
endocytic [297] pathways. Mastoparon (an amphipathic peptide that activates Go
subunits) potently inhibits ER to Golgi transport [301]. More direct evidence comes from
the finding that overexpression of Gj.; which is partially localised to the cytoplasmic
membrane surface of the Golgi [298], slows proteoglycan transport through the Golgi
[299]. It has also been shown that in vitro budding of constitutive and regulated secretory
vesicles from the TGN is inhibited by AIF,, but stimulated by addition of purified B
subunits [300]. Furthermore, Gg and Gj have been implicated in vesicular transport in
polarised cells [302]. Recently it has been shown that Gy present in early endosomes in

CHO cells [303], regulates endosome fusion [304].
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1.5 Dissection of Homotypic fusion

Not all intracellular fusion events are governed by a NSF-based SNARE system. Initial
indications come from the observation in MDCK cells, that fusion of Golgi-derived
transport vesicles with the apical PM involves a mechanism independent of NSF, SNAPs
and Rabs [305]. Karyogamy (i.e. nuclear envelope fusion), which follows mating in yeast,
can be reconstituted in vitro by using an ER fusion assay (as the ER is continuous with the
nuclear envelope), and has been shown to be independent of NSF (Sec18p) and SNAP
(Sec17p) [306]. The cell division cycle gene product, Cdc48, has been implicated in this
process. A temperature-sensitive cdc48 mutant is arrested late in mitosis and accumulates
elongated nuclei with no apparent fission and is conditionally defective in ER fusion in
vitro [307]. The defect can be complemented by addition of wild-type Cdc48p or inhibited
by anti-Cdc48p antibodies.

The Cdc48p seems to be conserved throughout evolution. A homohexamer has been found
in Xenopus, with its monomer p97 (97 kDa) sharing 76% sequence identity with Cdc48p
(112 kDa) [291]. Cdc48p and p97 exhibits significant sequence homology to yeast and
mammalian NSF [308,311]. Another homologue of Cdc48, VCP (i.e. Vasolin Containing
Protein, but incorrectly named as it is not the precursor to vasolin), has been identified in
different species [309,310,313]. A 92 kDa VCP that is 70% identical to Cdc48p has been
characterised in Pig [310]. A 100 kDa VCP has been shown in vitro to interact with
clathrin heavy chain in bovine brain extracts [312]. This association with clathrin hinted at
the involvement of VCP in membrane transport interactions. In yeast, a 117 kDa
hydrophilic protein, Paslp, which is also a member of the novel family of putative
ATPases, has been implicated in peroxisome biogenesis [314]. Another member of this
family, Afg2p, also in yeast, serves an essential role in mitosis, though its exact function is

unknown [315].
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During mitosis, endocytic and secretory pathways are arrested, accompanied by
disintegration of complex organelles (like the ER and Golgi) thought to assist in their
positioning between the two daughter cells [316]. In particular, Golgi fragments are
generated during metaphase, becoming dispersed within the cytoplasm [317]. After
telophase, the Golgi apparatus rapidly reassembles [317], so do other complex organelles
[141]. This reassembly process has been reconstituted in vitro using Golgi complex
membranes dissociated by exposure to mitotic cytosol or the drug ilimiquinone, at 37°C
[319,321]. A role for p97 has been illustrated by the finding that complete Golgi regrowth
from mitotic fragments (mixture of cisternal elements and vesicular structures) requires the
addition of either p97 or NSF/SNAPs/p115 (vesicle docking protein) [274] to NEM or salt
treated membranes [319], while assembly of Golgi stacks from VGMs (vesiculated Golgi
membranes) requires the sequential action of NSF/SNAPs followed by p97 [321]. This
point of difference (i.e. the independent versus sequential action of NSF/SNAPs and p97)
may be reconciled by noting that the membranes in the two different assays are derived by
different procedures. Nonetheless, a p97-mediated Golgi fusion event, independent of

NSF/SNAPs, is demonstrated.

Vesicular protein traffic (involving heterotypic fusion events) between membrane
compartments of both the endocytic [297] and exocytic [242] pathways is inhibited by
GTPyS. Similarly GDI (guanine nucleotide dissociation inhibitor) has been shown to
inhibit vesicular transport from ER to Golgi [324], between Golgi cisternae [323] and from
endosomes to TGN [322]. In contrast to these NSF-dependent fusion events, p97-
dependent fusion events are not affected by GTPyS nor Rab-GDI [321]. Despite the
structural homology, ATPase features and NEM sensitivities of NSF and p97, it is quite
clear that p97 is by no means a simple isoform of NSF. A functional distinction between
NSF and p97 may be premature considering that fusion events are defined somewhat
arbitrarily as homotypic or heterotypic. For example, early endosome fusion in vitro has
been defined as a homotypic fusion event, even though fusogenecity depends on Rabs

[325] and NSF [158,326].
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1.6 Thesis Approach

Endocytic processing involves specific fusion events between distinct populations of
organelles along the endocytic pathway [Figure 1.5]. Homotypic fusion occurs amongst
early endosomes and amongst late endosomes and lysosomes. Heterotypic fusion occurs
between late endosomes and lysosomes. The targeting molecules that confer specificity to
these fusion events have only been partially defined. Furthermore, existing in vitro assays

for organellar fusion do not distinguish between targeting and the subsequent fusion event.

The SNARE hypothesis [Section 1.3.2.2] postulates that each kind of transport vesicle
bears a unique vesicle SNARE (v-SNARE) that forms a umque match with its cognate
target SNARE (t-SNARE) present on the target membrane, thereby achieving
targeting/docking specificity. However, it has been shown that multiple v-SNAREs are
often present on a single class of transport vesicle [397,398] and that a single v-SNARE
can direct both retrograde and anterograde transport between two compartments [399].
Thus specific compartmental localisation of SNAREs is not absolute. Moreover, it has
been demonstrated that a variety of v-SNARESs and t-SNAREs pair indiscriminately [193]

in vitro. Thus SNARESs alone cannot account for specificity of membrane trafficking.

Due to the functional distribution of Rab proteins, it is proposed that they direct targeting
of transport vesicles [242]. However, this functional attribution also seems untenable due
to the observation that a chimera of yeast Rab homologues Yptip (ER to Golgi) [242] and
Secdp (Golgi to PM) [246] can provide Rab function to the entire secretory pathway from
the ER to the PM without misorting [238a,b], and that overexpression of v-SNAREs [197]
can overcome the requirement of Yptlp. Rab proteins facilitate the assembly of SNARES,

but do not form part of the docking complex [175,207].

Though SNARESs or Rabs alone are insufficient to ensure selective targeting for specific

fusion they may cooperate to specify the target membrane. However, it has been shown
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that SNARE-Rab interactions are non-selective since the nucleotide-free forms of six Rabs
bind with comparable low affinity to three SNARESs (Ssop, Pep12p, and Sncp) [400]. Thus
SNAREs and Rabs also do not seem to cooperate to specify the target membrane for

fusion.

Recently, it has been proposed that unique stage-specific factors such as TRAPP (ER to
Golgi)[276a,b], the exocyst (Golgi to PM) [267a,b] and EEA1 (homotypic endosome
fusion)[262] may direct fusion fidelity. Additionally, factors that mediate vesicle

interactions with the cytoskeleton may also play pivotal roles in vescle targeting.

Considering the above, it remained likely that other factors (yet to be discovered) might
play crucial roles in mediating high fidelity docking, before SNARE interactions. To
search for such additional or novel targeting molecules, two methods (named the crosslink
approach and phagosome approach) were employed in this study. The crosslink approach
[Figure 1.6] involved the use of luminal cross-linking to render endosomes and lysosomes
to render these organelles fusion-inactive and detergent-insoluble. Purified cross-linked
endosomes or lysosomes were used as 'accepfors’ to bind potential targeting molecules by
incubating them with metabolically labelled 'donor’, either cytosol or detergent-solubilised
membrane. In the phagosome approach [Figure 1.7], the binding assay was done in the
absence of detergent, allowing for intact membrane in both acceptor and membrane donor
preparation. For this purpose, paramagnetic latex beads [see Section 1.2.5] were used to
purify phago-endosomes and phago-lysosomes as acceptors. Membrane donor was
prepared by sonicating metabolically labelled membrane in the presence of an excess of
phospholipid in order to separate donor proteins into individual vesicles. Bound material
was isolated and analysed by two-dimensional electrophoresis and subsequent radioactive
scanning. To determine the origin of bound material as being from endosomes or
lysosomes, the membrane composition of paramagnetic latex bead-containing phagosomes
was analysed by two-dimensional electrophoresis. The proteins of interest were then

analysed by mass spectrometry or Edman microsequencing.
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CHAPTER 2
PURIFICATION AND CHARACTERISATION OF DETERGENT INSOLUBLE
ACCEPTORS

2.1 BACKGROUND

Endocytic processing involves specific fusion events between distinct populations of
organelles along the endocytic pathway. Homotypic fusion occurs amongst early
endosomes and amongst late endosomes and lysosomes. The targeting molecules that

confer specificity onto these fusion events have not been unambiguously defined.

The main reason for this delay is due to the difficulty in isolating pure (homogenous)
endocytic organelles. Ficoll, percoll and sucrose gradients have been used to achieve some
degree of purification, but these techniques have not brought about sufficient information

to delineate the whole of the machinery involved in the docking and/or fusion process.

In an attempt to purify organelles along the endocytic pathway and define their
constituents, the horseradish peroxidase (HRP)-3,3’-diaminobenzidine (DAB) density-shift
procedure was developed [340,341]. The technique involves loading endocytic structures
with HRP that is able to catalyse (in the presence of H,0;) the polymerisation of DAB (a
membrane permeable molecule) and thereby increasing the buoyant density of these
vesicles, and allowing their separation from other organelles on density (sucrose or percoll)
gradients. Unfortunately, subsequent analysis showed that the cross-linking reaction also
oxidises the luminal contents of the vesicles, rendering them detergent insoluble [342].
Thus, it was not possible to extract the protein from these organelles to analyse their
composition. Since the membrane components (particularly the cytoplasmic domains)
could be expected to remain unaffected by the luminal DAB cross-linking, the detergent
insoluble vesicles could be used as acceptors to pull out cytosolic and membrane

machinery (from a fully soluble donor) that bind to them, including possible molecules
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involved in the docking process.

In this study, the DAB density-shift procedure was modified to purify cross-linked
endosomal or lysosomal structures to render these organelles fusion-inactive and detergent-
insoluble. P388D; mouse macrophages were pulsed with HRP for 3 min to load early
endosomes (since early endosomes mature within 3-5 min into a state where they no longer
fuse with subsequently formed early endosomes [63,67]), or additionally chased for 60 min
to load lysosomes. The integrity of the cross-linked organelles was first assessed, before a

binding assay was designed to employ them as macro acceptors [Chapter 3].
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2.2 MATERIALS AND METHODS

2.2.1 Cell culture and harvesting

Mouse macrophage cells of the line P388D; were cultivated in RPMI 1640 medium
(Highveld Biological, SA) supplemented with 10% bovine foetal calf serum (Highveld
Biological, SA), penicillin and streptomycin at 100 U/ml and 100 pg/ml respectively. The
cells were kept at 37°C in a 5% CO, environment incubator (Queue). The macrophages
were propagated into suspension from monolayer cultures in 175 cm? tissue culture flasks

(Nunc A/S, Roskilde, Denmark) with 30 ml of medium per flask replaced every 24 hours.

Cells in suspension from 12 flasks (360 ml) were harvested into sterile 50 ml specimen
tubes (Evergreen, Los Angeles, CA, USA) and centrifuged at 200g for 5 minutes at 4°C
(Beckman TJ-6 centrifuge, Beckman Instruments, Palo Alto, CA, USA) [334]. The cell
pellets were combined and washed twice in a 20 ml volume of appropriate medium or

buffer depending on the purpose for which the cells were to be used.

2.2.3 Determination of cell number and viability

A 50 pl aliquot of the cell suspension was taken into 20 ml of isotonic saline solution
(Isoton, Coulter Electronics, SA) and cell number determined by means of a Coulter
counter (Coulter Electronics, Florion, USA). Cell viability was determined by the extent
of trypan blue dye exclusion from viable cells. 50 ul of cell suspension was combined
with 50 pl buffer Trypan blue solution (0.5% trypan blue, 140 mM NaCl, 4.7 mM KCI, 1.2
mM KH,;PO,, 0.6 mM MgSO4 10 mM Hepes, pH 7.2). An aliquot was placed in a
haemocytometer, viewed under a microscope and the percentage trypan blue free cells

determined. Cells were deemed unfit for experimental work if viability was less than 90%.
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2.2.4 Cell homogenisation

After experimental manipulations, cells were resuspended at 4 x 107 cells/ml in cold
homogenisation buffer (250 mM sucrose, 0.5 mM EGTA, 20 mM Hepes-KOH, pH 7.0, 1
mM dithiothreitol, 1 mM PMSF, 0.1 mM Leupeptin, 1 uM Pepstatin) [104,327]. The cells
were then disrupted using a stainless steel ball homogeniser, pre-chilled on ice. Typically,
12 strokes through the homogeniser yielded 80-90% breakage as determined by trypan
blue exclusion [Section 2.2.3]. The homogenate was centrifuged at 1000g for 20 minutes
(Beckman TJ-6 centrifuge, Beckman Instruments, Palo Alto, CA, USA) and the resulting
post-nuclear supernatant (PNS), collected and processed further or snap frozen and stored

in 300 pl aliquots at -80°C.

2.2.5 Purification of Acceptors [Figure 1.6, blue arrows, page 36}

2.2.5.1 Preparation of age-specific Acceptors

Cells were washed twice in cold RPMI-Hepes-BSA (RPMI 1640 medium, 10 mM Hepes,
pH 7.4, 0.1% BSA) before resuspension at 5 x 10° cells/ml in this buffer in a 100 ml
Erlenmeyer flask. The cell suspension was then warmed to 37°C for 15 minutes in an
orbital shaking water bath. At time zero horse radish peroxidase (HRP) was added at 1
mg/ml and the cells allowed to internalise the marker for 3 minutes. This filled early
endosomes with the marker [329,60]. After the incubation period the cell suspension was
made to 50 ml with cold Hepes-Saline-BSA and the cells pelleted by centrifugation at 200g
for S minutes at 4°C. The supernatant was aspirated off, the cell pellet resuspended in 10
ml Hepes-Saline-BSA and transferred to a new tube to eliminate the effects of HRP
adhered to the tube walls. The cells were washed three times with cold Hepes-Saline-BSA.
To label lysosomes with the HRP marker [90,329], the washed cells were resuspended in

warm RPMI-Hepes-BSA and incubated for 60 minutes at 37°C. Cells were then washed
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twice with cold Hepes-Saline-BSA and once with homogenisation buffer prior to
homogenisation [Section 2.2.4]. The PNS was collected and then placed on a Percoll
solution (15% Percoll solution for endosomes, 27% Percoll solution for lysosomes) and
centrifuged at 35000g for 1% hours at 4°C in an swing-out type rotor (SW-40) in a
Beckman ultracentrifuge (Beckman Instruments, Palo Alto, CA, USA). The gradient was
fractionated and the low-density fraction was collected for subsequent cross-linking
[Section 2.2.2.5]. The gradient distribution of different compartments was followed by

performing marker assays [Section 2.2.6].

2.2.5.2 DAB (3,3' diaminobenzidine) cross-linking of HRP containing organelles

DAB (3,3' diaminobenzidine) cross-linking of HRP-containing organelles, was performed
as described previously [340]. DAB (Sigma Chemical Company, St. Louis MO, USA) was
made at 3 mg/ml in Hepes-Saline buffer and the resultant suspension placed in an
ultrasonic bath for 5 minutes to aid dissolution of the DAB. The solution was filtered
through a 0,22 um Millex filter (Millipore, France) to remove undissolved DAB. This
solution was prepared fresh prior to it being required. 180 pl of the DAB solution was
added per ml material (low-density fraction) and incubated on ice for 10 minutes in the
dark. 20 ul of a 0.3% H,0; solution was then added per ml material and the solution was
then incubated at room temperature for 20 minutes in a the dark after which an equal
volume of cold Hepes-Saline-BSA buffer was added in order to quench excess peroxide

present.

2.2.5.3  Isolation of cross-linked material

The crosslinked material was placed on a Percoll solution (13% Percoll for cross-linked
endosomes, 17% Percoll solution for cross-linked lysosomes), and centrifuged at 35000g
for 2 hours in an swing-out type rotor (SW-40) in an Beckman ultracentrifuge (Beckman

Instruments, Palo Alto, CA, USA). The high-density fraction was collected and overlaid
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onto a sucrose-step gradient (prepared with 2 ml of each of the following sucrose
concentrations: 85%, 60%, 50%, 40% and 20%), and then centrifuged at 100000g for 3
hours at 4°C in a swing-out type rotor (SW-40) in a Beckman ultracentrifuge. The fraction
at the 40-50% sucrose interface was collected as the enriched cross-linked acceptor

fraction, and stored in aliquots at -80°C.

2.2.6 Marker Assays

2.2.61 Golgi

Galactosyltransferase, (UDP galactose: 2-acetamido-2-deoxy-D-glucosylglycopeptide-
galactosyltransferase) was utilised as a marker for Golgi [331]. The enzyme activity was
measured by a modification of the method previously described [330,332]. UDP-"C-
galactose was used as the substrate and N-acetylglucosamine was employed as the acceptor
molecule. Specific galactosyltransferase activity was defined as the total hydrolysis and
transfer (assays in the presence of N-acetylglucosamine) minus the non-specific substrate
hydrolysis (assays in the absence of N-acetylglucosamine). Assay mixtures (in a final
volume of 200 pl) contained the following reagents (final concentrations): 40 mM
cacodylic acid, pH 6.6, 1 mM DTT, 0.4% (w/v) Triton X-100, 40 mM MnCl, 20 mM N-
acetylglucosamine or H,O, 1.05 mM UDP-'*C-galactose (~ 25,000 cpm/assay), and 1 mM
ATP added to protect against non-specific substrate hydrolysis [333]. The reactions were
carried out at 37°C for 60 min and terminated with the addition of 100 ul of 0.25 M EDTA
(pH 7.4) and immediate chilling in an ice bath. N-acetyllactosamine, the product of the
transferase reaction, was separated from unreacted UDP-galactose, galactose-1-phosphate,
and free galactose by chromatography on AG 1-X8 (200-400 mesh, Cl form) anion
exchange columns. Washed resin was poured to a bed height of 5 cm in pasteur pipette
columns (ID. = 8 mm). Columns were washed with 5 ml of 5% (w/v) sodium borate and 3
ml of water before applying the 300 ul sample. Assay tubes were washed with 500 pl of

water, which was also applied to the columns before eluting with 5 ml of water. The entire
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effluent (5.8 ml) was collected in scintillation vials, mixed with 6 ml of scintillation fluid,
and counted in a Packard TriCarb 19a CA liquid scintillation analyser. The columns were
reused 8-10 times by using the following regeneration procedure. UDP-galactose,
galactose-1-phosphate and galactose were removed by elution with 5 ml 1M NaCl and the
protein was removed by washing with 3 ml 1M NaOH, 3 ml H;0, 3 ml 1M HCI, and 3 ml
H;0. The columns were converted to the borate form [333] by washing with 5 ml of 5%

(w/v) sodium borate and washed to neutrality with water.

2.2.6.2  Endocytic Organelles

Horseradish peroxidase was determined in a similar manner as previously described [334].
Equal aliquots of 10-50 ul, sufficient to give an adequate absorbance overall, were taken
from each gradient fraction and substrate solution (0.55 mg/ml 2,2-azino-di-3-
ethylbenzthiazoline sulfonate, 0.003% H;0;, 150 mM NaCl, 0.1% Triton X-100, 20 mM
phosphate citrate buffer, pH 4.3) was added to make up a volume of 500 ul. After
incubation for 30 min at room temperature, the reaction was stopped by the addition of 500
ul stop solution (100 mM citric acid, 0.01% NaNj). The absorbance was measured at 420
nm. A background curve, prepared from a gradient overlaid with postnuclear supernatant

obtained from horseradish peroxidase-free cells, was subtracted.

2.2.6.3 Lysosomes

N-Acetylglucosaminidase (GlcNAc-ase) was measured as described previously [335].
Equal aliquots of 10-50 pl, sufficient to give an adequate absorbance overall, were taken
from each gradient fraction and the volume made up to 100 pul with 150 mM NaCl. Then,
100 ul substrate solution (2 mM p-nitro-phenyl-N-acetyl-B-D-glucosamine, 150 mM NaCl,
0.2% Triton X-100, 25 mM citrate buffer, pH 5.0) was added. After incubating for 60 min
at 37°C, the reaction was stopped with 800 ul 50 mM NaOH. The absorbance was

measured at 400nm.
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2.2.6.4 Plasma Membrane

The Plasma Membrane (PM) was labelled with radioactive galactose, to monitor its'
distribution upon fractionation [Section 2.2.7.1 & 2.2.7.2]. Cell membranes were labelled
using a technique whereby *H or *C labelled galactose is enzymatically linked to terminal
N-acetyl glucosamine residues on cell-surface glycoconjugates by the enzyme galactosyl-
transferase [337]. The entire procedure was carried out on ice in order to arrest membrane

internalisation.

2.2.7 PM labelling to measure cross-linking efficiency

2,271  Removal of terminal 1,4 -galactose moieties prior cell surface labelling

Cells were resuspended in one volume of Hepes-Saline-BSA buffer containing 0.2 U/ml B-
galactosidase (a glycosidase from Streptococcus pneumoniae) and incubated at 0°C for 5
minutes with frequent gentle agitation to prevent sedimentation of the cells and ensure
efficient mixing of the reagents. Pre-treatment of the cells increased the efficiency of the
subsequent surface labelling procedure (=~ 10-fold) [337] increasing the number of sites
available for glycosylation. After incubation the reaction was terminated by 10-fold
dilution of the suspension in cold Hepes-Saline-BSA buffer. The cells were then pelleted

and kept on ice.

2.2.7.2  Cell surface membrane labelling

The labelling mixture containing 50 pl 50 mM MnCl,, 50pl galactosyl transferase (0,25
units, Sigma Chemical Co., St. Louis, MO.), 20 ul UDP[6-"H]-galactose (ammonium salt,
20 Ci/mmol, Amersham, UK) and 5 pl cold UDP-galactose was adjusted to 0.5 ml with
Hepes-Saline-BSA buffer. This mixture was then added at 0°C to the cell pellet (=~ 0.5 ml)

and the cells resuspended. The final concentrations were as follows: 5 mM MnCl,, 0.5
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U/ml galactosyltransferase, 2 uM UDP[6-H]-galactose. The cell suspension was
incubated at 0°C for 30 minutes with frequent gentle agitation. The reaction was stopped

by 10-fold dilution of the cell suspension with cold Hepes-Saline-BS A buffer.

2.2.7.3  Internalisation of labelled membrane glycoconjugates

Cells surface-labelled with UDP[6->H]-galactose were washed once with cold RPMI-
Hepes-BS A, before resuspension in the same buffer at a concentration of 5 x 10° cells/ml.
The cell suspensions were warmed to 37°C in an orbital shaking waterbath (Labline
Instruments, ILL, USA) and the respective labels internalised for 45 minutes.
Internalisation was halted, by diluting the cells 10-fold in cold Hepes-Saline-BSA buffer.

The cells were then washed once with cold Hepes-Saline-BSA.

2.277.4  Removal of remaining cell surface label

To each cell pellet an equal volume of 0.5 U/ml B-galactosidase in Hepes-Saline-BSA was
added and incubated for 30 minutes at 0°C with frequent agitation. The reaction was
stopped by ten-fold dilution in cold Hepes-Saline-BSA buffer. Cells were then washed
three times with Hepes-Saline-BSA buffer and finally with homogenisation buffer prior to

homogenisation [Section 2.2.4].

2.2.8 Scanning Electron Microscopy of X-linked Acceptors

Triton X-100 treated non-crosslinked PNS and purified X-acceptors were spread onto
separate 0.02 pm filters, then fixed sequentially (10 min each at 25°C) with 2.5%
gluteraldehyde, 1% osmium tetroxide and 1% urany! acetate. Dried samples were mounted

onto aluminium stubs and then subjected to scanning electron microscopy.
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2.3 RESULTS AND DISCUSSION

2.3.1 20-70% Sucrose Gradient Method

P388D; mouse macrophages were allowed to internalise HRP for 15min at 37°C. After
washing, cells were disrupted using a cell cracker, and a postnuclear supernatant (PNS)
was produced. Half of the PNS was subjected to DAB crosslinking [Section 2.2.5.2]. In
an attempt to purify X-linked acceptors, samples were overlaid onto a continuous 20%-
70% sucrose gradient, and spun at 130000g for 4 hours in a SW-40 rotor. The gradients
were then subjected to fractionation using a fraction collector (1ml portions) and the HRP
content was measured in each fraction [Section 2.2.5.2]. Even though crosslinking
inactivated the bulk of the HRP, a measurable amount was still present. Upon analysis it
was observed that a density shift between the brown X-linked material (peaking at fraction
9) and the white non X-linked material (peaking at fraction 10), had occurred [Figure

2.1A].

The material in fractions 8, 9, and 10 were pooled and loaded onto a sucrose-step gradient
[Section 2.2.5.3] and then centrifuged at 270000g for 3 hours. After centrifugation the
following was observed. A white/creamish band was seen above the 20% sucrose layer, a
faint brown band was evident at the 20%-40% sucrose interface, whereas a dark brown
band was visible at the 40%-50% sucrose interface [Figure 2.1B]. Thus the majority of X-
linked material exhibited a density range of approximately 1.19 to 1.22 mg/ml, comparable

to what was observed previously [340,341]

Although the 20%-70% sucrose gradient produced a shift in the X-linked material, the shift
was not appreciable enough to allow for satisfactory subsequent purification. Thus an
alternative technique was sought to produce a greater separation between X-linked and non
X-linked material. Therefore, it was tried to purify acceptors by Percoll gradients, prior to

centrifugation on a sucrose step gradient [Section 2.3.2].
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2.3.2 Percoll and Sucrose-step gradient Purification of Acceptors

Purification of acceptors (1.e. X-endosomes and X-lysosomes) was performed by
employing Percoll and sucrose-step gradients. A purification procedure was adapted from
previously described purification methods [340-342]. To assess the effectiveness of
Percoll gradients in the purification of acceptors the gradient distribution of various
compartments were monitored by measuring the distribution of marker enzymes (their
activities of HRP was decreased by X-linking) or radioactive label. The marker-enzyme
assays  [Section 2.2.6] for Lysosomes [N-Acetylglucosaminidase],  Golgi
[Galactosyltranstferase] and HRP-containing endocytic structures were adapted from
procedures as described previously [331,335,336]. The localisation of PM-label was

followed as described [Section 2.2.6.4].

2.3.2.1 X-Endosome Acceptors

After loading P388D, macrophages for 3 min with HRP (1 mg/ml), the cells were
subjected to cell cracking and PNS was prepared. The PNS was loaded onto a 15%-Percoll
solution and centrifuged. The gradients were tapped from the bottom, and fractions were
analysed for the marker enzymes and [’H]-PM. The results were as indicated in Table

2.1(a) and Figure 2.2(A).

The low-density fractions (fractions 16,17,18), which represent =~37% of the HRP-
containing organelles, were pooled and then subjected to DAB-X-linking [Section 2.2.5.2].
The X-linked fraction was then overlaid onto a 13%-Percoll solution and centrifuged. This
lower Percoll concentration improved yields. The resultant high-density fractions (fractions
1,2,3) as shown in Table 2.1(b), which contained 20.6% endosomes, 5.5% lysosomes,
7.2% Golgi and 12% PM of the original PNS, were pooled and overlaid onto a sucrose-
step gradient [Section 2.2.5.3] and centrifuged. The fraction at the 40-50% sucrose

interface was collected as the enriched X-endosome acceptor fraction [Figure 2.1(B)].



Table 2.1{a) : Fraction analysis for label and marker enzvim

(PNS on 15%-Percoll).

—— —

:F’;‘“:f““ PM 15%W | HRP 15%W | NAG 15%W | GAL 1S%W
K 1.442 0991 10.825 2,000
| 2 13.247 7112 11.471 2.000
| 3 2.096 1.034 7,187 2.000
4 | 078 I 286 3.083 0,670
BE 0,463 1 665 2.133 0670 |
6 0.507 1 226 | 972 0,670
7 0.395 1.135 |.Er4f_ ﬂ.l.‘.l'ﬂ].
B 0.342 1211 | 721 0670
: 9 0528 0832 1.568 0670
10 0,595 1.021 . 385 0670
| 28 | ¥es 0.
i 0.241 0.961 1371 0.670
12 0.287 0.870 | 58¢ 0.670
B 0,507 0.696 I 475 0.670
BT 0,397 1,021 | 55C 0.670
5 0.771 | 695 | 818 0.670
19 | 10324 8.777 4.051 3.700
20 1404 4380 4,552 3700
21 0.855 5130 3,925 3.700
22 | 054 4,547 3.48¢ 3.700
2 0.837 4.445 3.45¢ 3.700
24 0.981 4.729 3441 3.700
25 1019 5 304 3674 3.700

[Values represent the mean of four separate experiments]
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4 4.301 1.239 4142
L 5 4301 2283 2,638 3,700
6 | 215 1.813 2,390 3.700
B 2151 1.773 2267 3700
B 075 | 694 2638 3700
9 2151 1 892 2411 3700
I 10 2.151 1.773 2514 3.700
B 4301 1,892 2782 3700
| 12 5376 1.971 3.008 3700
13 7.527 2 566 3977 3700 |
T 17.204 4309 7171 3.700
BT 5376 10.014 11333 11000
16 4301 4.468 5522 11.000
| 17 2151 0.902 2 741 11,000
8 2.15] 0268 2128 2000 |
19 2151 0228 2 576 2000
20 1.075 0.664 2576 2000
2] 1 075 0 704 2 576 2000 |
2 2151 0,664 2390 2,000
23 1.075 0 64 2.5]4 2.000
24 | 2151 0823 2514 2.000
T 3,226 0,624 2267 2,000

[Values represent the mean of four separate experiments]






a3

2.3.2.2  X-Lysosome Acceptors

P388D, macrophages were loaded with HRP (1 mg/ml) for 5 min at 37°C, washed, and
then chased for 60 min at 37°C, to allow accumulation of HRP in lysosomes. The cells
were then subjected to cell cracking and a postnuclear supernatant (PNS) produced. The
PNS was loaded onto a 27%-percoll solution and centrifuged at 35000g for 1% hours in a
SW-40 rotor. The gradients were tapped from the bottom as 0.5 ml fractions. The
fractions were analysed for marker-enzymes and [31-1] PM label The results were as

indicated in Table 2.2(a) and Figure 2 3(A).

The low-density fractions (ie. fractions 19,20,21), which represent = 40% of the HRP-
containing organelles, were pooled and then subjected to DAB X-linking [Section 2.2.5 2]
The X-linked fraction was then overlaid onto a 17%-Percoll solution and centrifuged. This
lower percoll concentration was used to improve yields, without sacrificing purity. The
resultant high-density fractions (i.e. fractions 1,2,3) as shown in Table 2.2(b) and Figure
2.3(B), which contained 23 1% HRP containing organelles corresponding to the 21.7%
lysosomes, 7.64% Golgi and 5.4% PM from the original PNS, were pooled and overlaid
onto a sucrose-step gradient [Section 2.2.5.3] and centrifuged. The fraction at the 40-50%
sucrose interface was collected as the enriched X-lysosome acceptor fraction [Figure

2.1(B)].



| F":E_j“" PM 27%W | HRP 27%W | NAG 27%W | GAL 27%W
| 1 0,079 1.961 4.261 0.330
| 2 0253 15.033 12.809 0330
3 0.311 4 654 6,463 0330
4 0218 1 786 2359 0. 100
E 0216 1 255 1.733 0.100
(1] 0.197 1.011 1.408 0.100
| 7 0.204 0.924 1251 0.100
| 3 0.225 1011 1173 Q100
| 9 0.196 0.793 1277 0.100
10 0.212 0 802 1212 0.100
1 0.195 0863 1173 0 100
! 12 0.221 0.924 1173 0.100
n 0.217 0915 1.225 0.100
| 14 0232 0.915 | 186 0.100
s 0,228 0859 1199 0.100
16 0.216 0,993 1.368 0.100
| 17 0,259 1.264 1.564 0.100
I 18 0.503 2092 2359 0.100

6 227

127

6.281

Fd

23 310z 5473 4274 5120
24 1.913 4784 3.740 2 120
25 1.611 4 540 1597 5120

[Values represent the mean of four separate expenments]
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2.3.2.3  Acceptor Purification-The Triton X-100 Dilemma

Though the acceptors could be purified to some degree [Sections 2.3.2.1 and 2.3.2.2], the
need for Triton X-100 as a final purification step still existed to obtain ultra pure acceptors.
Triton X-100 would solubilise the remaining contaminant of non DAB-X-linked organelles
within the acceptor preparation, not removed by the Percoll and sucrose-step gradient

purification steps.

However, Triton X-100 posed a problem in that it might remove integral membrane
proteins which possessed a small (or no) luminal domain not big enough to be trapped by
DAB-X-linking. In addition the lipid bilayer might prevent the free movement of proteins,
thereby contributing to the trapping phenomenon. If the lipid bilayer is removed by Triton
X-100 it may lead to free movement, allowing non-covalently entangled proteins to
disentangle themselves from the X-linked organellar matrix. Important membrane factor/s
involved in targeting and/or fusion might be lost due to Triton X-100 solubilisation.
Furthermore, removal of the lipid bilayer by Triton X-100 might expose non-physiological

non-specific binding sites.

In the case of cytosolic donor to be co-incubated with X-acceptor, the use of Triton X-100
solubilisation could be avoided. However, in the case of membrane donor the use of
Triton X-100 is unavoidable. Considering that the search for membrane factors was the
main aim of this study, it was decided to use Triton X-100 as a final purification step of X-
acceptors as a norm. The resistance of X-acceptor membrane proteins to Triton X-100

solubilisation was thus analysed [Section 2.3.3.1].



58

2.3.3 Integrity of X-Linked Acceptors

The integrity of the X-acceptors was analysed with regard to its intrinsic ability to trap
membrane factors upon Triton X-100 solubilisation [Figure 2.4(A)], SDS treatment or
sonication [Figure 2.5(A)]. To do this type of analysis, the PM was radioactively labelled
with [*H]-galactose [Section 2.2.6.4] before a 15 min uptake pulse of HRP. The cells were
then treated with B-Galactosidase (to remove label not internalised). A PNS was placed
onto a 27%-Percoll gradient and the low-density fraction isolated. The sample was split
into two parts, and one of them DAB X-linked. Both samples were then Triton X-100
solubilised, followed by centrifugation. The amount of radioactivity pelleted was then

measured.
2.3.3.1 The Resistance of X-linked Acceptors to Triton X-100 Solubilisation

The amount of Triton X-100 releasable label, was measured before and after DAB-X-
linking. Subtracting the Triton X-100 resistant value of non-crosslinked material (i.e. 5%)
from the value obtained for X-linked material (i.e. 35%), a value indicative of trapping (i.e.
30%) by DAB X-linking [see Figure 2.4(A)] was derived. This measured trapping value
is within the region of the expected trapping value (ie. 34%) as derived from the

calculation below.

About 65% of the radioactive label was removed by Triton X-100 treatment. The reason
for this fairly large solubilisation activity can be explained by the activity exhibited by the
B-Galactosidase, which was in the region of 90% [Figure 2.4(B)], the internalisation rate
[70] and recycling process. This can be depicted by the following diagram:

100

8
0 8 7
37°C [5 -Gal
ISmm (90%
Activity)
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With 100% label on the PM after labelling in the cold, subsequent membrane
internalisation (endocytosis at 37°C) leads to ~18% of label on internalised membrane after
15 min for P388D macrophages [72,343,344]. At steady state, about 60% of the
internalised label is on the recycling pathway (recycling of HRP is prevented by the
presence of mannan to block any mannose receptors to inhibit receptor mediated uptake),
based on its inaccessibility to crosslinking by HRP [72]. This leaves only 7.2% of the label
associated with HRP filled endocytic organelles. Bearing in mind that B-Galactosidase
removes about 90% of the cell-surface label [Figure 2.4(B)], leaving 8.2% on the cell
surface, it becomes clear that from a total of 26.2% (8.2+7.2+10.8) remaining cell
associated label, approximately 27% remains accessible for trapping by HRP induced
DAB-X-linking. The calculated value corresponds well with the measured trapping of
about 30% of the [3H]-labelled membrane [Figure 2.4(A)]. These results in essence
suggest that the HRP DAB-X-linking procedure may prove to be a viable method for

trapping at least PM-derived membrane components in early endocytic organelles.

Figure 2.4(A) shows that about 5% of non-crosslinked membrane was resistant to Triton
X-100. It is known that lipid-anchored (glyco) proteins, in contrast to many
transmembrane proteins, are relatively insoluble in non-ionic detergents such as Triton X-
100 [347,349,350]. It has been suggested that detergent-resistant domains represent
caveolae (i.e. non-clathrin coated invaginations of the PM) in some cell types, including
epithelial cells, smooth muscle cells and fibroblasts [346-348]. However, in neuronal cells

caveolin is not essential for the existence of detergent-resistant complexes [345].
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2.3.3.2  Effect of Sonication and SDS on X-linked Acceptors

The stability of Triton X-100 treated X-acceptors was further analysed by sonication and
SDS treatment. Sonication (3 minutes in a bath sonicator) disrupts the acceptor, causing a
loss of approximately 30% of label into the soluble state and therefore membrane
constituents. As implicit from the observation in Figure 2.5(A), SDS-treatment allowed
the extraction of proteins from cross-linked acceptors. Therefore, it could be concluded
that the procedure of DAB X-linking did not destroy the structure of proteins, in contrast to
a report that protein function cannot be retrieved after DAB cross-linking [458]. SDS
denatures proteins by altering their conformation, which may allow them to escape the

DAB-X-linked network, causing the disintegration of the X-linked acceptors.

2.3.3.3 Recovery of X-linked Acceptors after centrifugation through sucrose

To be able to use the X-linked acceptors to bind soluble factors in binding assays, it is
critical to separate the X-linked acceptor from the rest of the medium. Centrifugation
using a sucrose underlay was tested for this purpose. As shown by Figure 2.5(B), a 25%
sucrose underlay results in a 15% loss of acceptor to the supernatant. This concentration of
sucrose underlay (i.e. 25%), however, proved optimal, since a minimal background was
pelleted from incubation of cytosol alone in the binding assay. Above this percentage of
sucrose underlay, however, the loss in acceptor was too high (in the region of 40-90%) to

consider for use in the centrifugation step of the binding assay.

2.3.3.4 Scanning Electron Microscopy of X-linked Acceptors

Triton X-100 treated non-crosslinked PNS and purified X-acceptors were spread onto
separate 0.02 pum filters and then fixed sequentially with glutaraldehyde, osmium tetroxide
and uranyl acetate. The dried samples were then subjected to scanning electron
microscopy. No vesicular structures were visible for non-crosslinked PNS [Figure 2.6(A)],
but vesicular structures were seen for X-acceptors [Figure 2.6(B,C)], providing evidence
that the X-acceptors were resistant to Triton X-100 solubilisation. A low magnification

was shown [Figure 2.6(A)] to indicate that the entire filter was clear of vesicular structures.
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CHAPTER 3
BINDING ASSAY'S USING CROSS-LINKED ACCEPTORS

3.1 BACKGROUND

Several methods have been employed to identify the cytosolic and membrane machinery
involved in the docking and/or fusion process. Thus far the elucidation of these factors has

been more forthcoming for the secretory pathway, than for the endocytic pathway.

In a photo cross-linking approach [351], used to pull out factors associated with Rab5
under varying nucleotide conditions, it is found that under ATP-depletion polymerised
actin and intermediate filaments can be recovered in a pellet after sucrose gradient
centrifugation together with RabS. Due to these membrane or organellar independent
protein-protein interactions taking place under specific nucleotide conditions, all isolation
techniques needed to be developed which distinguish between the detection of membrane

or organellar dependent binding and not de-novo cytosolic interactions.

Free flow electrophoresis (FFE) has been used to produce endosomal fractions devoid of
ER and Golgi membrane and with minimal lysosomal contamination (<10% by protein)
[133a]. The binding capabilities of an endosome enriched fraction and an ER/Golgi
enriched fraction was analysed. The main finding is that endosomes recruit members from
the COPI and ARF families under GTPyS incubation conditions. However only coat

assembly proteins were detected, with no docking and/or fusion factors obvious.

In vitro fusion assays have also been applied to identity factors involved in endocytic
processing. One approach has studied the transfer of early endosomal proteins from a
metabolically labelled early-endosome population to an unlabelled acceptor early-
endosome population immobilised onto beads [281]. This approach is unable to

distinguish between fusion and docking factors. In the present study, this distinction was
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possible because the cross-linked organelles were obviously fusion inactive whereas the
factors that mediate docking could still be bound from a fully soluble donor. This
technique depends on the assumption that these factors are trapped by the DAB

crosslinking reaction [discussed in Section 2.3.2.3].

Immunoprecipitation/immunoadsorption techniques have also been applied to isolate
factors that are capable of interacting with a specific protein immobilised by antibodies.
Synaptic SNAREs (Syntaxin, VAMP and SNAP-25) have been discovered by using NSF-
myc, immobilised by anti-myc antibodies attached to beads [179]. Since then homologues
of syntaxin and VAMP have been immuno-localised to different organelles along the
secretory pathway. VAMP [218,220,221] and syntaxin [222-225] homologues have also

been localised to endocytic structures.

Other approaches involve screening of DNA hbraries for sequences related to a specific
probe sequence of a known targeting or fusion factor. This approach has been successfully

applied for SNAREs (syntaxins and VAMPs).

It appears that depending on the methodological approach different and sometimes
irreconcilable, observations have been made. The SNARE hypothesis has become into
disrepute since multiple v-SNARESs are often present on a singie class of transport vesicle
[397,398], a single v-SNARE can direct both retrograde and anterograde transport between
two compartments [399], a variety of v-SNAREs and t-SNAREs pair indiscriminately

[193] in vitro. Thus SNARES alone cannot account for specific membrane trafficking.

The targeting function attributed to Rabs also seems untenable due to the findings that a
chimera of yeast Rab homologues Yptlp (ER to Golgi) [242] and Secdp (Golgi to PM)
[246] can provide Rab function to the entire secretory pathway from the ER to the PM

without misorting [238a,b], and that overexpression of v-SNAREs [197] can overcome the
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requirement of Yptlp. Although it has been shown that Rab proteins facilitate the

assembly of SNARESs, they do not form part of docking complex [175,207].

Additionally it has also been shown that SNARE-Rab interactions are non-selective since
the nucleotide-free forms of six Rabs bind with comparable low affinity to three SNARESs
[400]. Thus SNAREs and Rabs also do not seem to cooperate to specify the target

membrane for fusion.

Recently, it has been proposed that unique stage-specific factors such as TRAPP (ER to
Golgi)[276a,b], the exocyst (Golgi to PM) [267a,b] and EEAl (homotypic endosome
fusion)[262] may direct fusion fidelity.  Additionally, factors that mediate vesicle

interactions with the cytoskeleton may play pivotal roles in vescle targeting.

Considering the former, it may be that other factors (yet to be discovered) may play crucial
roles in mediating high fidelity docking, before SNARE interactions. Thus the door for
discovery of novel factors has not been shut completely, and requires a macro approach to
fish out novel factors. In the present study, cross-linked endosomes or lysosomes were
used as acceptors to bind potential targeting/fusion molecules by incubating them with
metabolically labelled cytosol or detergent-solubilised membrane. Bound material was

collected by centrifugation and analysed by SDS-PAGE and radioactive scanning,
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3.2 MATERIALS AND METHODS

3.2.1 Preparation of cold cytosol and membrane fractions [44,104,327]

3.2.1.1  Cell homogenisation

Cells were harvested and resuspended at 4 x 107 cells/ml in cold homogenisation buffer
(250 mM sucrose, 0.5 mM EGTA, 20 mM Hepes-KOH, pH 7.0, 1 mM dithiothreitol, 1
mM PMSF, 0.1 mM Leupeptin, 1 uM Pepstatin) [44,104,327,328]. The cells were then
disrupted using a stainless steel ball homogeniser, pre-chilled on ice. Typically, 12 strokes
through the homogeniser yielded 80-90% breakage as determined by trypan blue
exclusion. The homogenate was centrifuged at 1000g for 20 minutes (Beckman TJ-6
centrifuge, Beckman Istruments, Palo Alto, CA, USA) and the resulting post-nuclear

supernatant (PNS) collected.

3.2.1.2  Separation of cytosol and membrane

The resultant PNS was centrifuged at 170000g for 30 minutes at 4°C in an airfuge
(Beckman Instruments, A-100 30° Rotor, Palo Alto, CA, USA). The resulting high-speed
supernatant (cytosol) was collected and the membrane pellet resuspended in a volume of
homogenisation buffer equalling the volume of the collected cytosol. Both fractions were

aliquoted and stored at -80°C.

3.2.2 Preparation of radioactive donor [Figure 1.6, red arrows, page 36]

3.2.2.1 Metabolic labelling

Cells were metabolically labelled with Tran*>S-label (ICN Biomedicals, California, USA)

(containing 70% *°S L-Methionine, 15% **S L-Cysteine) in the following way. Cells were
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washed twice in 20ml cold EMEM medium without methionine (ICN Biomedicals,
California, USA). Cells were then resuspended at 10 x 10° cells/ml in cold EMEM (w/o
methionine) in a 50 ml Erlenmeyer flask and 100 uCi Tran®’S-label (ICN Biomedicals,
California, USA) added per ml cell suspension. The Erlenmeyer flask was placed on an
orbital shaker in a 5% CO, environment incubator (Queue) at 37°C. The cell suspension
was incubated for 2 hours while gently agitating. The suspension was then transferred into
a volume of cold Hepes-Saline-BSA (10 mM Hepes, 150 mM NaCl, pH 7.4, 0.1% BSA) to
make the volume of the suspension to 50 ml. The cells were pelleted by centrifugation at
200g for 5 minutes at 4°C. The supernatant was aspirated off and the cells transferred to a
new tube and washed five times by repeated resuspension and centrifugation in 10 ml of
Hepes-Saline-BSA. The cells were given a final wash in homogenisation buffer [327]

before homogenisation [Section 3.2.1.1].

3.2.2.2  Separation of labelled cytosol and membrane

The PNS obtained from a homogenate of **S-methionine metabolically labelled cells was
split into 2 fractions. One fraction was centrifuged [as outlined in Section 3.2.1.2] and the
supernatant collected as the **S-cytosol donor. The second fraction was overlaid onto a
27% percoll gradient and centrifuged at 35000g for 1'/, hours at 4°C and the low-density

fraction collected as the **S-membrane™ (Lf, abbreviation for low-density fraction) donor.

3.2.2.3 Pre-clearing of labelled cytosol and membrane

Trton X-100 was added to each fraction to a final concentration of 1%. The detergent
solubilised fractions were incubated at 37°C for 30 minutes and then spun at 1.5 x 10°g for
30 minutes at 4°C in an airfuge (Beckman Instruments, A-100 30° Rotor, Palo Alto, CA,
USA) and the resultant supernatants collected. This was repeated 5 times. The final
supernatants represented the donor **S-Cytosol and 3’§-Membrane™ used in the Binding

assays. All preparations were performed on ice and in the presence of protease inhibitors.
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3.2.3 In vitro Binding Assay [Figure 1.6, green arrows, page 36}
3.2.3.1  Acceptor titration

Increasing amounts (0 — 40 pl) of crosslinked acceptors (not salt-extracted) were added
to 30 pl of Binding buffer [250 mM sucrose, 50 mM KCI, 0.5 mM EGTA, 20 mM Hepes-
KOH, pH 7.4, 1 mM dithiothreitol, 1.5 mM MgCl,, 1 mM PMSF, 0.1 mM Leupeptin, 1
UM Pepstatin) supplemented with either an ATP regenerating system (I mM ATP, 5 mM
Creatine phosphate, 31 U/ml Creatine phosphokinase, Boehringer Mannheim, Germany) or
an ATP depleting system (5 mM Glucose, 25 U/ml Hexokinase, Boehringer Mannheim,
Germany)], 30 pl pre-cleared labelled donor (cytosol or membrane). The volume of each
reaction mixture adjusted to 100 p1 with Binding buffer. The tubes were warmed to 37°C
and incubated for 90 minutes in a water bath. The reaction was stopped by snap cooling on
ice. Acceptors with bound material wére then separated from the rest of the incubation

mixture as below [Section 3.2.3.2].
3.2.3.2  Separation of soluble from insoluble radiolabel

The samples were overlaid onto 0.5 ml of 25% sucrose (prepared with Binding buffer
supplemented with or without ATP) and centrifuged at 15000g in a benchtop centrifuge
(Beckman Instruments, Palo Alto, CA, USA) for 20 min at 4°C. After centrifugation, the
supernatant and sucrose were aspirated off and the pellet resuspended in 50 pl of Binding
buffer. Duplicate 5 nl samples of the total sample and of the resuspended pellet were
taken separately into plastic mini-scintillation vials (Packard Instrument Co., Meriden, CT,
USA). 5 ml of Scintillation cocktail (Ready Solv, Beckman Instruments, Palo Alto, CA,
USA) was added to each vial and radioactivity quantitated by means of liquid-scintillation
counting. The radiolabel bound to the acceptor was determined by expressing the

radioactivity in the pellet as a percentage of the radioactivity in the total sample.
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3.2.3.3 Standard Binding Assay

30 p€ acceptor, 30 pf Binding buffer (either with an ATP regenerating system or ATP
depleting system as required) and 30 pé of *’S-cytosol or **S-membrane donor fraction
were mixed and incubated at 37°C in a water bath for 2 hours. The reaction was stopped,
by snap cooling on ice. Acceptors with bound material were then separated from the rest

of the incubation mixture as detailed above [Section 3.2.3.2].

For 1-D electrophoresis [Section 3.2.4], the pellet was resuspended in 50ué Binding buffer
and then added to 50 p€ 1-D 2x Sample buffer (20% glycerol, 5% SDS, 10% 0-
mercaptoethanol, 0,004% bromophenol blue, 0.08 M Tris-HCI, pH 6.8) and boiled for two
minutes. Samples were then applied to a 5-13% gradient SDS-polyacrylamide slab gel.

The procedure for 2-D electrophoresis is described below [Section 3.2.5].

3.2.4 SDS Polyacrylamide gel electrophoresis

Protein separation was performed according to the method of Laemmli [357] using 1,5 mm
thick, 250 mm long and 180 mm wide 5-13% gradient polyacrylamide slab gel employing
a discontinuous buffer system (25 mM Tris, 192 mM glycine, 0.1 % SDS, pH 7.6). A
mixture of high and low molecular weight markers (MW-SDS kits, Sigma Chemical Co.,
St Louis, Missouri, USA) was used for calibration purposes. Gels were run overnight at 15
mA using a Pharmacia power pack (Amersham Pharmacia, Sweden). Protein bands were
then visualised by radioactive scanning using a Packard electronic autoradiographer

(Packard Instantimager Co., Meriden, CT, USA).
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3.2.5 2-Dimensional Electrophoresis

3.2.5.1  In-gel sample reswelling procedure for Isoelectric focussing

In-gel sample reswelling procedure was followed as previously described [352a,b]. Each
sample (binding assay pellets) was resuspended in 350 p€ 2-D sample buffer (8M urea, 2M
Thiourea, 4% CHAPS, 2% pH 3-10 carrier ampholytes, 20mM Tris base, 30mM DTT).
Solubilisation was allowed to take place for 30 minutes at room temperature with frequent
agitation. The samples were then centrifuged in a Beckman bench-top centrifuge
(Beckman Instruments, Palo Alto, CA, USA) at 15000g for 5 minutes to pellet undissolved
material, and 320 pf of the supernatant applied into each groove of the sample reswelling
chamber (Amersham Pharmacia, Sweden). The Immobiline pH gradient (IPG) strips (pH
3-10 nonlinear, 180mm) were then placed into the grooves with the gel side facing the
sample and 3 ml of low viscosity silicon oil (350 stokes) layered on top. Reswelling was
allowed for at least 12 hours or left overnight. Isoelectric focusing was performed at 17°C,
and voltage was increased step-wise from 300V to 3000V in 4 hours and continued for 20

hours until equilibrium (65 kVh).

3.2.8.2 Equilibration of IEF Strips and SDS-PAGE

After isoelectric focussing, IPG strips were equilibrated for 10 minutes in fresh
Equilibration solution (6 M Urea, 2 % SDS, 30 % Glycerol, 0.05 M Tris-HCI pH 6.8, a
trace of bromophenol blue) containing 2 % DTT, then for 10 minutes in fresh Equilibration
solution containing 2.5 % lodoacetamide. The IPG strips were then trimmed by 1.5 cm off
the acidic end. The second dimension was performed using a 5-13% gradient SDS-PAGE,
followed by radioactive scanning or Coomassie blue [described in Section 5.2.3.2] staining
(for preparative gels). Spots on preparative gels were cut out for subsequent mass

spectrometry or Edman microsequencing analysis [Chapter 6].
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3.3 RESULTS AND DISCUSSION

3.3.1 Radioactive donor preparation [Figure 1.6, red arrows, page 36]

3.3.1.1 **S-Cytosol

To investigate the interaction of acceptors (X-endosomes or X-lysosomes) with soluble
cytosolic components, the postnuclear supernatant (PNS) from metabolically labelled
mouse macrophages was depleted of membrane by centrifugation (170 000g for 30min).
This centrifugation step also removed polymerised cytoskeletal elements [351]. These
polymerised filaments were not present in the centrifugation pellet when the cytosol was
incubated in the presence of an ATP-regenerating (ATPR) system, indicating that these
filaments polymerised de novo under ATP-depleting conditions. To remove the bulk of
these factors from the donor, the cytosol was extensively pre-cleared by multiple
consecutive incubations (37°C for 30min) and centrifugation (170 000 g for 30min) steps
until the amount of radioactive material pelleted was minimal [Figure 3.1(B), blue bars].
The result was that minimal background was detected when no acceptor was added during
the binding assays [Figure 3.2(B)]. Such pre-cleared cytosol was employed in all binding
assays. Thus, material pelleted with acceptors present was most probably due to specific

molecular interactions [Figures 3.5 and 3.6].

3.3.1.2 3S-Membrane

Labelled PNS was overlaid onto a 27% percoll gradient and the low-density fraction was
collected and pelleted by centrifugation (170 000g for 1 hour). The pellet was then
extensively washed with homogenisation buffer. The **S-Membrane'® was then either
solubilised directly or treated with high salt and sonicated prior Triton X-100

solubilisation.
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Treating the non-solubilised *° S-Membrane™ with high salt (1M NaCl) resulted in the
removal of ~ 6,3% of the total radioactive material. In addition, subsequent sonication
induced a loss of & 9,6% of the total radioactive material present in the PNS derived *°S-
Membrane. This latter loss was due to release of material within the luminal region of the
membrane organelles due to sonication, which otherwise would become part of the Triton
X-100 solubilised membrane donor. A final wash with homogenisation buffer removed ~
1% of the starting material. Thus, whatever bound to acceptors in subsequent binding
assays, was derived from either solubilised integral membrane proteins or tightly

associated high-salt resistant factors remaining bound to these integral membrane proteins.

The washed membrane was solubilised with Triton X-100 (1%) and subjected to multiple
centrifugation/resuspension steps to remove any de novo precipitable material and obtain a
homogenous solubilised fraction of **S-Membrane™’. The percentage of label removed
after each step was measured [Figure 3.1(B), red-slash bars]. The initial pellet was
approximately 20% of the original label before separation. A large proportion of this
precipitate would be the Triton X-100 resistant membrane fraction. However, this might
also partially be due to trapping of radioactive material within Percoll, which pelleted upon
ultra-centrifugation. From Figure 3.1(B) we could conclude that proper pre-clearing was

essential to decrease the potential non-specific background. Such pre-cleared membrane

was employed in all binding assays.

A potential problem though, might be that the membrane factors potentially involved in the
hypothesised targeting were removed by the multiple centrifugation procedure in the
precipitable material. This is possible since it is known that detergent resistant complexes
(such as Caveolae, lipid-anchored (glyco) proteins, etc) are insoluble in nonionic
detergents such as Triton X-100 [346-350, discussed earlier in Section 2.3.3.1, page 60,

last paragraph]
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3.3.2 Characterisation of ATP-precipitable material

3.3.2.1  Acceptor titration

To determine the amount of acceptor that was required for maximal precipitation relative
to a specified arbitrary amount of **S-Cytosol (say 30 p1, from a 3mg/ml stock), binding
assay incubations were performed as a function of acceptor volume at 37°C for 90 minutes,
either in an ATPr (ATP-regenerating) or ATPp (ATP-depleting) system [explained in
Section 3.2.3.1]. Figure 3.2(A) shows that ~ 30 u1 acceptor (not salt-extracted) relative to
30 u1 **S-cytosol (i.e. equal volumes) was optimal to precipitate saturated amounts of

radioactivity for an incubation period of 90 minutes.

3.3.2.2  Optimal binding incubation period

The incubation period for optimal binding was determined by incubating the acceptors in
the binding assay, as a funtion of time either in an ATPr or ATPp system. It could be
concluded from figure 3.2(B) that saturation point was reached after » 120 minutes.

Henceforth, a standard incubation time of 120 minutes was used for all binding assays.

3.3.2.3 Is the binding of Donor, ATP Reversible?

To test whether subsequent addition of ATP, could release *>S-cytosol pre-bound in the
absence of ATP, acceptors were incubated at 37°C for 120 minutes in an ATPp system,
donor cytosol removed, followed by a 30 min incubation in an ATPg system. As shown by
figure 3.3(A), the expected saturation at 120 min in an ATPp system was reached (i.e. ~
1.2 % of the total label in pellet), then upon ATP addition this adsorbed material was
rapidly released. Reversible binding in an ATPp system was thus indicated, with ~ 80%

releasable upon ATP addition.
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3.3.2.4 Comparison of binding capacity of X-Endosomes and X-Lysosomes

The binding capacity of X-endosomes and X-lysosomes was compared by incubating them
with **S-cytosol in an ATPg-system as a function of time. The binding profiles displayed
in figure 3.3(B) were almost identical, indicating that the binding assay procedure was
optimised for both acceptors. Identical profiles might be expected since most of the
targeting/fusion machinery may be ubiquitous (like NSF, SNAPs etc.), some homologous
(like SNAREs, Rabs etc.) and a possibly a few unique stage-specific molecules (like
EEA1, TRAPP etc.). Because of the former a macro analysis measurement determining the
amount of radioactivity in the pellet might not be able to distinguish molecular differences
in what was bound by the two different X-linked acceptors. Differences were observed
employing 1-dimentional electrophoresis [Figures 3.5-3.10], but more differences were

evident when 2-dimentional electrophoresis [Figures 3.12-3.15] was employed.

3.3.2.5 Blocking Agents: BSA & Milk Powder

To minimise non-specific binding to the acceptors, blocking agents (BSA & Milk Powder)
were tested. Before incubation in the binding assay, the acceptors (X-endosomes and X-
lysosomes) were resuspended in binding buffer with BSA or milk powder added.
Incubations were performed in the presence of an ATPp system. The amount of
radioactivity pelleted with the acceptors was analysed. The mean results were displayed in
Figure 3.4. It is evident that the blocking agents (BSA and Milk Powder) decreased the
percentage radioactivity pelleted significantly, thereby removing a non-specific component
interacting with the acceptor. Since the content of milk powder is complex, BSA was

chosen as the standard blocking agent in all subsequent binding assays.
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3.3.3 SDS-PAGE and Autoradiography

3.3.3.1 Nucleotide Conditions

The different nucleotide conditions used in the binding assays were chosen on the basis of
what is known about targeting and/or fusion. An ATP-regenerating (ATPg) system was
chosen because of the requirement for ATP by the fusion process. ATP is required for
action of an NEM-sensitive ATPase like NSF [discussed in Section 1.3.2.1, see also Figure
1.4 steps 8-10], however other unknown factors may also require ATP for binding. To
distinguish ATP dependent binding from other non-ATP dependent factors, an ATP-
depleting (ATPp) system was employed. However it may be that some factors bind upon
association with ATP, but then rapidly dissociate upon subsequent ATP-hydrolysis. This
can be counteracted by introducing a non-hydrolysable ATP analogue such as ATPyS,
which would lock the ATP dependent binding factor in the active binding conformation.
In addition to the requirement of ATP, it has been shown that targeting and/or fusion
requires small GTPases called Rabs [discussed in Section 1.4.2, see also Figure 1.4] that
require GTP for their function. To distinguish between the binding effects of ATP and
GTP, they were employed individually, but to detect potential synergestic effects both

nucleotides were included in the binding assay (ie. an ATPr / GTP system).

Binding assays performed employing these different nucleotide conditions produced
different banding patterns upon polyacrylamide gel electrophoresis. The complex protein-
protein interactions, which govern the targeting and/or fusion process, can only be
delineated if the investigation can limit the binding of only a subset of these factors under
specified conditions. Of course there would be factors that will bind ubiquitously

irrespective of the nucleotide conditions imposed in the binding assays.

The nucleotide conditions employed to bind cytosolic factors were also used to detect

membrane factors. Results presented were performed at least thrice and were reproducible.
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3.3.3.2  Cytosol binding assays

In binding assays performed using pre-cleared *S-cytosol [as described in Section 3.3.1.1]
as donor, different banding patterns were observed depending on the nucleotide condition
employed. 1In addition, under certain nucleotide conditions (ATP-regenerating or ATP-
depleting) the patterns changed if the acceptors were salt-extracted prior to incubation in
the binding assays. Salt-extraction (before addition of BSA) of X-acceptors was
performed to remove peripheral membrane proteins or adsorbed cytosolic factors that
might compete with the binding of their radioactive counterparts from the metabolically
labelled donor. 1In this regard the results of the binding assays for each nucleotide

condition was related to whether the acceptors were treated with NaCl (Acceptor™'

) prior
to incubation in the binding assays. Essentially the same banding patterns were observed

for both X-endosomes and X-lysosomes.

As summarised in Figure 3.5 and 3.6, the following observations were made. In an ATPy
system it was evident that X-endosomes has bound bands of 63 and 45 kDa [Figure 3.5,
lane 1], whereas X-lysosomes bound an additional band of 70 kDa [Figure 3.5, lane 5).
This difference implies that X-lysosomes but not X-endosomes, contained a factor/s
involved in the binding of a 70 kDa band. However, this was not the case since salt-
extraction created a binding site for the 70 kDa band at the expense of the 63 kDa band for
both acceptors [Figure 3.5, lanes 3 & 7]. Several explanations could account for this
phenomenon. Firstly, salt-extraction the acceptors might have removed a factor involved
in binding the 63 kDa band which in turn could have blocked the binding of the 70 kDa
band. Secondly, a receptor capable of switching its binding affinity for either the 63 or 70
kDa bands might have been allosterically promoted by a conformational change which
could be altered by high salt treatment. In the native state perhaps only a 63 kDa affinity
state might be present in early endosomes, but both 63 and 70 kDa affinity states existing
in lysosomes.  Salt-extraction might allosterically affect the receptors' conformation,

thereby promoting the 70 kDa affinity state.
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When the non-hydrolysable ATP analogue ATPyS was included in the binding assay, only
the 45 kDa band persisted [Figure 3.6, lanes 4 & 8]. This indicated that the binding of the
70 kDa band as well as the 63 kDa band was dependent on ATP hydrolysis, either for an
allosteric conformational change and/or phosphorylation events, which affected their
binding capacity. The binding of the 70 kDa band is enriched relative to the 63 kDa band,
since the intensity of the 70 kDa band is much less than the 63 kDa band in the cytosol

[Figure 3.5, lane 9].

Under ATPp conditions [Figure 3.5, lanes 2 and 6], bands at 190, 45, 35, 19, 18 and 16
kDa were observed. However, in the case of salt-extracted acceptors [Figure 3.5, lanes 4
& 8] bands 190, 45, 35 and 31 kDa were bound. Thus, salt-extraction interferes with the
binding of bands 19, 18 and 16 kDa, but conversely promotes the binding of a 31 kDa
band.

In the presence of an ATPp system with GTP added [Figure 3.6 lanes 3 & 7], bands at 90,
50, 45, 44 and 35 kDa are evident. When the binding assay was performed in the presence
of GTP alone [Figure 3.6, lanes 1 & 5], only the 90 and 35 kDa bands were detected.
These results were not affected by salt-treatment of X-acceptors. Thus, binding of the 90
kDa band is dependent on the presence of GTP, binding of the 190 kDa band is dependent
on the absence of both ATP and GTP, while binding of the 44 kDa band requires the

presence of GTP and additionally the absence of ATP.

A multitude of bands were pelleted after incubation of acceptors in an ATPg system plus
GTP added [Figure 3.6, lanes 2 & 6]. When the banding patterns of lanes 2 & 6 were
compared with the cytosol [Figure 3.5, lane 9], it was noted that bands 61 and 48 kDa were
not obviously present in the cytosol. This suggested a specific enrichment of these bands
or possible changes in molecular weight due to phosphorylation or de-phosphorylation of

other visible bands of the cytosol lane.









The different banding patterns observed under different nucleotide conditions in the
binding assays, were to some extent difficult to analyse. Bands were labelled according to
their apparent or observed molecular weights, to devélop a working framework. Analysis
of the banding patterns considered mainly relative differentials of band intensities under
different conditions rather than absolute band intensities. To explain this point, if one
considered a particular band, say the 45 kDa band, this appeared most intense under
ATPp/GTP conditions, but even its lesser intensity under ATPr conditions was still
relatively more intense than the bands that bound specifically under ATPr conditions. It
was decided that the bands of weaker intensity were of greater interest in the context of the
present study than the 45 kDa band that showed up with high intensity under ATPy
conditions."  The results of this type of analysis have been summarised and the molecular

weights of these bands have been corresponded with known proteins [Figure 3.7].

The banding pattern was essentially common for both acceptors. These proteins might
form part of a ubiquitous machinery involved in the endocytic pathway. Their identity as
members of the cytoskeleton should be considered, in particular, microtubules are required
for transfer of organelles along the endocytic pathway [Section 1.2.3.2]. Major bands of
45 kDa and 35 kDa might be tubulin and actin, respectively. Since the cytosol was
extensively pre-cleared before incubation in the binding assays, precipitation of the 45 and
35 kDa bands might either be due specific association with the X-acceptors or due to de

novo complex formation of microtubules or actin filaments.

In support of this study's findings, two other studies also detect bands at 45 and 35 kDa and
identified as tubulin and actin respectively [351,133a]. In the one study, a photo cross-
linking approach has been used to pull out factors associated with Rab5 under varying
nucleotide conditions, showing that under ATP-depletion, polymensed actin and
intermediate filaments can be recovered in a pellet after sucrose gradient centrifugation
together with Rab5 [351]. In the other study, using free flow electrophoresis (FFE) [133a]

to produce endosomal fractions devoid of ER and Golgi membrane and with minimal
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lysosomal contamination (<10% by protein), it is found that endosomes bind members
from the COPI and ARF famiilies under GTPyS incubation conditions. However only coat

assembly proteins is detected, with no docking and/or fusion factors obvious.

The present observation that a 45 and 35 kDa band was collected on X-acceptors, mainly
under ATPp conditions, could be understood in terms of previous work showing the
involvement of microtubules [94a] and cytoskeletal elements [94b] during endocytic
processing. Endosomal carrier vesicles (ECVs) accumulate in-vivo under microtubule
depolymerisation conditions (i.e. in the presence of nocodazole) [53]. ECVs that
accumulate under these conditions, bind to microtubules in-vitro in a cytosol and
nucleotide sensitive fashion, but independent of kinesin and cytoplasmic dynein, even
though they are ascribed to be involved in movement along the microtubules. It has also
been shown that a 170 kDa protein (CLIP 170) links ECVs to microtubules [354].
Research on the role of microtubules in vesicular transport is thus well established, but the
role of the actin cytoskeleton is still unclear. However, evidence implicating
unconventional myosins [94b] in the endocytic recycling pathway and the finding that
phagosome-endosome fusion is stimulated by the actin-severing fragment of gelsolin (90
kDa) [355], has stimulated this area of research. Recently, it has been shown that

phagosomes with pathogenic mycobacteria disrupt the actin filament network [356].

It may well be that the cytoskeletal associated elements possess greater functional
responsibility in addition to the structural properties ascribed to them thus far inside the
cell. However, since the main objective of this study was to search for membrane factors
{which are more likely to be involved in targeting) the interesting phenomena observed for
cytosol was not analysed further. The main reason for using cytosol as donor in the
binding assay was to establish the procedure in terms of nucleotide conditions. The same

conditions were thus applied for membrane binding assays.
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3.3.3.3 Membrane binding assays

Acceptors (X-endosomes and X-lysosomes) were incubated with pre-cleared *S-
Membrane™ [Section 3.2.2.2] in the presence of cold éytosol (in the event that any binding
between membranous factors might be mediated by cytosolic factors not adsorbed to the
labelled membrane) under different nucleotide conditic}ns in the binding assay. The results

of these binding assays have been illustrated by Figures 3.8, 3.9 and 3.10.

Figure 3.8 exhibited a result obtained when the donbr source was not salt-extracted or
sonicated prior to solubilisation with Triton X-100. Bands at = 90, 74, 56, 51, 46, 34, 33,
32 and 26 kDa are detected when ATPy conditions was employed in the binding assays
[Figure 3.8, lanes 1 & 5]. Under ATPp conditions the banding pattern is similar for both
acceptors, except for a 32 kDa band bound especially: intense by X-lysosomes [Figure 3.8,
compare lane 6 vs. lane 2]. The bands pelleted% in binding assay incubations with
ATPyp/GTP condition [Figure 3.8, lanes 3 & 7] such as ~ 170, 106, 100, 76, 57, 56, 51, 46,
34, 33, 32 (Lys) and 15 kDa, might not simply be integral membrane proteins, but possibly
peripheral membrane proteins or tightly adsorbed cytosolic proteins. Also, they might be
derived from soluble factors present in the luminal region (i.e. the interior) of the
membrane donor vesicles. In this regard, donor %membrane was sonicated and salt-

extracted prior Triton X-100 solubilisation.

and sonicated prior to solubilisation with Triton X-100. Bands became less prominent
under all nucleotide conditions employed, with the exception of bands 34, 33 and 32 kDa.
These bands (34, 33 and 32) actually became more pfominent [Figure 3.9]. The enhanced
binding capacity for the 32 kDa band by X-lysosomes under all conditions, but more

specifically under ATP-depleting conditions [Figure 3.9, lane 6] prompted further analysis.
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Even though X-endosomes served as a concomitant experimental control to indicate that
the specific binding of the 32 kDa band by X-lysosorﬁes was not artifactual, an unrelated
non-specific acceptor was sought. For this purpose, latex beads coated with HRP and then
DAB cross-linked was produced. The specific binding of the 32 kDa band by X-
lysosomes, could not be matched by the non-specific écceptor DAB-latex [Figure 3.9 (lane
9), Figure 3.10 (lane 1)]. This result served to confirm that the specific binding of the 32

kDa band by X-lysosomes under ATP-depleting conditions was not an artifact.

The results were summarised [Figure 3.7]. Under ATPg/ATPYS conditions the bands 34,
33 and 32 kDa were the most prominent. According to accepted dogma specific targeting
amongst endocytic organelles (and secretory structufes) depends upon the existence of
organellar-specific membrane proteins. Protein families like the Rabs and SNAREs have
similar molecular weight and perform the same type of function, albeit with organellar-
specific distribution. Thus, it is not inconceivable that the 34 and 33 kDa bands bound
ubiquitously by both acceptors might be organellar specific homologues. The latter
possibility and specific enhancement for the 32 kDa band by X-lysosomes under ATP-
depleting conditions, prompted further analysis by 2-dimensional electrophoresis [Figures

3.12-3.15].
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3.3.4 2-D Electrophoresis

Polyacrylamide gel electrophoreis (PAGE) is a siméple method used for separation of
proteins in a slab gel by applying an electric ﬁeld.i Proteins are typically detected by
coomassie blue or silver staining of the slab gel.  Alternatively, proteins may be

metabolically labelled with **S-methionine and} then detected in the gel by

autoradiography.

One-dimensional gel electrophoresis, SDS-PAGE, is used to monitor purification
processes or even as a final purification step, by separ%lting proteins according to their size.
Although SDS-PAGE can separate relatively complex protein mixtures, protein

components of similar size may comigrate into the same position on the gel.

Improved separation and resolution is obtaided by employing 2-dimensional
electrophoresis (2D-PAGE)[367a]. In the first dimension, proteins are separated according
to their isoelectric point (pl), and then separated in the second dimension by SDS-PAGE.
Due to the high resolution of such a system, thousands of proteins may be separated in a
single experiment. 2D-PAGE is, therefore, the separétion method of choice for proteome
studies. The use of commercial immobilised pH | gradient (IPG) strips has enabled
reproducibility of analytical protein isoelectric focussing separations [367b,c]. In general,
2-D analysis of membrane proteins is limited by solubility problems attributed to their
hydrophobic properties. Preparative separations of protein samples (> 1mg), especially
membrane proteins, have been made possible by the use of in-gel sample loading [352a]

and thiourea [352¢]. In this study, an optimised combination protocol was applied [352b].

To determine the pl of unknown spots, a sample of standard isoelectric pH markers was
run on an IPG strip (pH 3-10 non-linear, 180mm) [Figure 3.11A]. A plot of standard
isoelectric pH versus the distance migrated was performed [Figure 3.11B]. IEF

reprodubility facilitated pI determinations.
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2-Dimensional gels of salt-extracted and sonicated *’ S-Membrane bound by X-endosomes
or X-lysosomes was exhibited by Figures 3.12 and 3.13, respectively. Comparison of
these gels to the 2-D gel of salt-extracted and sonicatéd 3°§-Membrane"’ [Figure 3.14] used
as >°S-donor source in the binding assays, it was gvidem that only a subset of spots
{74Lb(5.1), S6Eb(5.2), 52b(7.7), 51b(8.0), 50b($.1), 45b(5.4), 34b(5.7), 33b(8.6),
32L.b(8.4), 15Lb(9.4) and 14b(7.5)} from the donor was bound by the X-acceptors. Spots
have been labelled according to their molecular weig%ht and specific acceptor association
(Eb for spots bound by X-Endosomes only, Lb for séots bound by X-Lysosomes only and

b for spots bound by both X-acceptors). The pl of spots was indicated within brackets.

The regions (A, B, and C) boxed in Figures 3.12, 3.13 and 3.14, was expanded in Figure
3.15, to allow direct comparison between what was Qound by X-endosomes [Figure 3.12]
and X-lysosomes [Figure 3.13] from the donor salt-extracted and sonicated s-
Membrane™" [Figure 3.14]. It was obvious from Figure 3.15 that X-lysosomes exhibited
enhanced binding of spots 32Lb (region A, circles), 15Lb (region B, circles) and 74Lb
(region C, circles), while X-endosomes exhibited enhanced binding of spot 56Eb (region
C, triangles). Both acceptors exhibited similar bindileg capacity for spots 33b (region A,
squares) and 14b and (region B, squares). Spots 57 and 68 (region C, hexagons) are
examples of the numerous spots not bound by both acceptors. The radioactivity plots of
spots 33b, 32Lb and 15Lb that showed their re]ativé intensity ratios within the indicated
peak areas, were also displayed in Figure 3.15. These plots were obtained by applying
[nstant Imager Software designed for 1-D analysis. Basically, spots were aligned vertically

to simulate 1-D separation and then scanned for relative intensities.
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A preparative 2-dimensional gel of unlabelled salt-%xtracted and sonicated Membrane"
employed as donor in the binding assays was displgayed in Figure 3.16. The spots of
interest were excised, digested in-gel with trypsin/Lys-C and then subjected to MALDI-
TOF and/or Edman microsequencing [Chapter 6]. Patabase searching using the peptide
masses determined for spot 32Lb (32 kDa/pl 8.5) retr%eved Mouse Galectin-3 (27.5 kDa/pl
8.47) as the best matching entry in the databanks. E(iman microsequencing [Chapter 6] of
a RP-HPLC purified Lys-C peptid from spot 32Ec (32 kDa/pl 8.5) [32Ec was found to be
especially enriched in the composition of phago-Endosomes, Chapter 5], determined its

sequence as (K)EERQSAFPFESGK that matched galectin-3.

MALDI-TOF analysis [Chapter 6] of spots 74Lb (74 kDa/pl 5.1) and 15Lb (15 kDa/pl 9.4)
retrieved Mouse BiP (72 kDa/pl 5.11) and Lysozym% C (14.96 kDa/pl 9.47) respectively,
as the best matching entries in the databanks. Simil%rly, the peptide masses of spots 33b
(33 kDa/pl 8.6) and 14b (14 kDa/pl 7.5) retrieved Mouse Voltage-Dependent Anion-
Selective Channel (30.75 kDa/pl 8.62) and Mouseﬁ B2-Microglobulin precursor (13.82
kDa/pl 7.80) respectively. }

Thus, it can be stated that the proteins BiP, Galec%tin% and Lysozyme C were bound

\
specifically by X-lysosomes while spot 55Eb(5.2) [still unknown] was bound specifically

by X-endosomes.
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3.4 DISCUSSION

The proteins bound by the X-acceptors in the binding assays, and identified by mass
spectrometry [Chapter 6], might play essential roles along the endocytic pathway. Further
investigation is warranted to determine their functional significance. The existing

information about these proteins was summarised below.

14b - B, microglobulin together with MHC (major histocompatibility complex) class
I heavy chain form a complex to present antigenic peptides to T lymphocytes on the cell
surface. Class I and II MHC proteins are endocytosed into early endosomes [392-394]
facilitating peptide exchange. Intracellular sorting through these compartments is
regulated by cytoplasmic phosphorylation of MHC I [395]. Thus the presence of f3;
microglobulin in the endocytic pathway is expected. The binding of Triton X-100
solubilised B, microglobulin to X-acceptors in the binding assay might be due to the

probable presence of non-complexed MHC heavy chain in endocytic organelles.

33b - The existence of a plasma membrane localised voltage-dependent anion
selective channel (PM-Porin) has recently been confirmed [396]. The localisation of PM-
Porin isoform to the plasma membrane is driven by a hydrophobic N-terminal leader
sequence that is absent in the mitochondrial form of Porin. The functional requirement of
a plasma membrane localised Porin is not yet defined. The finding in this study, that X-

endosomes bound Porin, might imply a role in the endocytic pathway.

15Lb - Lysozyme C is a glycosyl hydrolase. It hydrolyses 1,4 B-linkages between N-
acelyglucosamine and N-acetylmuramic acid of glyco-peptides present in the cell walls of
prokaryotes. It is expressed strongly in mature macrophages. Its observed binding to X-

lysosomes might be due to intra-luminal glycosyl sites of lysosomes exposed as a result of

having removed the membrane lipids by Triton X-100.
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32Lb - Galectin-3 [discussed in Chapter 7] is a B-galactose binding lectin. Galectin-3
belongs to the family of mammalian B-Galactoside-binding proteins known as galectins
[383,384]. Galectin-3 contains a large N-terminal domain and a carbohydrate-recognition
domain (CRD). Galectin-3 is found in the cytoplasm, extracellularly and in the nucleus.
Cell-surface galectin-3 is involved in cell adhesion and recognition [386], while nuclear
galectin-3 is postulated to play a role in pre-mRNA splicing [387]. However, a function
for galectin-3 in the cytoplasm is not proposed. The N-terminal domain of galectin-3
contains nine proline-rich motifs, each containing at least one tyrosine and several glycine
residues. These sequences are highly homologous to proline-rich domains present in
annexins VII and XI, as implicated to play a role in self-aggregation and intracellular
membrane traffic [391]. Thus, it might be that galectin-3 plays a similar role as the
annexins in intracellular membrane traffic. To test whether galectin-3 might function in
fusion and/or targeting, NH,-terminal directed (Mac-2) and CRD-directed (CRD)
antibodies and thiodigalactoside (a specific ligand) were tested in cell-free fusion assays

[Chapter 7].

74Lb - The binding of ER-Bip by X-lysosomes is also novel, if its binding was of a
functional nature. Bip belongs to the hsp70 (heat shock protein 70) family of molecular
chaperone ATPases that participate in protein folding [403-405], assembly [406], and
translocation into organelles [405,407]. They bind hydrophobic regions [408,409] of
proteins and prevent their misfolding or aggregation [403,404]. The interaction of hsp70
with protein is regulated by the binding and hydrolysis of ATP [410,411]. Hsp70s localise
to cytosol, ER and mitochondria [412]. Hsc70 (hsp70 cognate protein) mediates clathrin
and AP release from coated vesicles [413,414]. Recently it has been shown that hsc70
interacts with stathmin, which in-turn interacts with tubulin [415]. Hsc73 is suggested to
mediate translocation of cytosolic proteins into lysosomes [416]. Even though the
presence of hsc70 in lysosomes is known, it cannot be ruled out that the binding of a non-
specific hsp70 to lysosomes may be due to exposed hydrophobic regions of potentially

denatured proteins present in the lumen of detergent treated X-linked lysosomes.
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CHAPTER 4
THE BEHAVIOUR, PURIFICATION AND INTEGRITY OF LATEX BEAD
CONTAINING PHAGOSOMES

4.1 BACKGROUND

To determine whether the banding patterns observed for X-acceptors [Chapter 3] were
not dependent on the presence of Triton X-100, a binding assay in the absence of
detergent, allowing for intact membrane in both acceptor and membrane donor preparation
was required. For this purpose, paramagnetic latex beads [see Section 1.2.5] were sought
to purify phago-endosomes and phago-lysosomes as acceptors.

It has been shown that phagosomes that contain hydrophobic beads undergo delayed
maturation in that they remain fusogenic towards early endosomes for up to three hours
during which time they are unable to fuse with lysosomes [108,109]. In contrast,
phagosomes containing hydrophilic latex beads mature normally within less than 15
minutes after which they start fusing with lysosomes [108,109,362,450]. Since the
behaviour of non-paramagnetic latex beads has been analysed in bone marrow-derived
macrophages (non-transformed cells), the behaviour of paramagnetic latex beads in
P388D, macrophages (a transformed cell line) had to be established. One parameter used
in electron microscopy to distinguish between endosomes and lysosomes, is their
cytochemical staining patterns after HRP uptake. Endosomal structures are rim stained,
whereas the entire lumen of lysosomes is stained with HRP reaction product. This
difference was exploited to establish whether the paramagnetic latex bead-containing
phagosomes fuse with early endosomes and/or lysosomes, thereby establishing if they were
phago-endosomes or phago-lysosomes.

Once their behavour was established, the purification of the phagosomes was attempted.
Since the membrane surrounding the beads could be lost during purification, the membrane
integrity of the phagosomes was accessed by electron microscopy at each step during the
purification process. In addition, to them being used as acceptors in a detergent-free

binding assay, the composition of these phagosomes was also analysed [Chapter 5].
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4.2 MATERIALS AND METHODS

4.2.1 Phagocytic Uptake

P388D; macrophages were cultured in 150 mm tissue culture dishes (Greiner,
Frickenhausen, Germany). Confluent dishes were incubated for 4 hours with serum-free
medium (RPMI-Pen/Strep) before they were fed latex beads (Sigma Chemical Company,
St. Louis MO, USA). The paramagnetic latex bead solutions were diluted 1000-fold in
serum-free medium. 15 ml of the mixture was added to the dishes, and incubated for 30
min at 37°C. Uningested beads were then washed off with cold medium and replaced with
warm medium. The cells were then further incubated at 37°C for 2 hours, with HRP
(Seravac, Cape Town, South Africa) added at 1mg/ml during the last 45 min. Cells were

then immediately fixed and processed for electron microscopy.

4.2.2 HRP Cytochemistry

Cells were fixed with 2.5 % glutaraldehyde (Sigma Chemical Company, St. Louis MO,
USA) in 0.1 M cacodylate buffer pH 7.2 containing S mM CaCl,, 5 mM MgCl; and 0.1 M
sucrose. Cells were washed overnight at 4°C with the sucrose-containing cacodylate
buffer. The cells were then washed twice with 0.1 M Tris-HCI pH 7.6, then incubated at at
room temperature in the dark with DAB (3,3' diaminobenzidine, Sigma Chemical
Company, St. Louis MO, USA) at 1 mg/ml in 0.1 M Tris-HCI buffer pH 7.6 for 20
minutes. 20 pl of a 0.3% Hy0, (Saarchem, Cape Town, South Africa) solution was added
per ml of DAB-Tris-HCI solution, then incubated at at room temperature for 20 minutes in
the dark. The cells were washed three times with 0.1 M cacodylate buffer devoid of
sucrose, then incubated for 1 hour at room temperature with 1% osmium tetroxide (Sigma
Chemical Company, St. Louis MO, USA) in 0.1 M cacodylate buffer devoid of sucrose.

The cells were then washed three times with 0.1 M cacodylate buffer devoid of sucrose.
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4.2.3 Embedding for Electron Microscopy

Osmium tetroxide fixed cells were scraped off the culture dishes with a rubber policeman
and then concentrated in 2% agar prepared in 0.1 M cacodylate buffer devoid of sucrose.
The agar blocks were washed with water and then with Veronal buffer (0.03 M Na-
Barbital, 0.05 M Na-Acetate, 0.1 M NaCl, 10 mM CaCl, 0.03 N HCIl, pH 6), then
incubated for 1 hour with 1% uranyl acetate in Veronal buffer. Samples were dehydrated
serially with ethanol (25%, 50%, 75%, 90% each for 15 min, and 100% 3X for 30 min).
Samples were then washed serially with Epon-ethanol mixtures (1:3, 1:1, 3:1) for 1 hour at
room temperature. Samples were then placed in pure Epon at room temperature for 1 hour,
then in fresh Epon at 40°C for 1 hour. Samples were then placed with fresh Epon in beams

and polymerised for 48 hours at 60°C.
4.2.4 Purification of latex bead-containing Phagosomes [Figure 1.7]

Cells were cultured in 150 mm tissue culture dishes (Greiner, Frickenhausen, Germany).
Confluent dishes were incubated for 4 hours with serum-free medium (RPMI-Pen/Strep).

The protocol below was then followed:

I. Cells washed with cold medium.

2. Incubated each dish with 15 pué Beads in 15 ml medium at 37°C for 30 minutes.

3. Washed with warm medium.

4. Incubated at 37°C for 30 min (hydrophobic beads) or 2 hours (hydrophilic beads).

5. Washed with cold medium.

6. Washed with cold homogenisation buffer.

7. Scraped cells with a rubber policeman in cold homogenisation buffer (2.5 ml / dish).
8. Homogenised by 3 strokes through a pre-chilled stainelss steel ball homogeniser.

9. Mixed homogenate with 5 ml 25 % Percoll in a 50ml tube.

10. Centrifuged at 500g for 5 minutes at 4°C (Beckman TJ-6 centrifuge).
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11. Overlaid supernatant onto 5 ml 25 % Percoll.

12. Centrifuged at 500g for 30 minutes at 4°C (Beckman TJ-6 centrifuge).

13. Resuspended pellet gently in 250 p2 homogenisation buffer in an Eppendorf tube.
14. Centrifuged at 150g for 1 min (Beckman benchtop centrifuge 11).

15. Treated supernatant with 1 M NaCl for 10 minutes at 4°C.

16. Overlaid supernatant onto 0.5 ml 15 % sucrose.

17. Placed tube into a magnetic concentrator for 1 minute.

18. Resuspended pellet in homogenisation buffer.

To analyse the membrane integrity of the phagosomes, samples were taken after steps 7, 8,
13 and 18, then fixed with glutaraldehyde and osmium tetroxide (as discussed above) for

electron microscopic analysis.

4.2.5 In-vitro Binding Assays

4.2.5.1 Preparation of Radioactive Donor

The PNS obtained from a homogenate of >*S-methionine metabolically labelled cells [as
described in Section 3.2.2.1] was split into 2 fractions. One fraction was centrifuged at
150000g for 30 minutes at 4°C in an airfuge. The resulting high-speed supernatant
collected as the **S-cytosol donor. The second fraction was overlaid onto a 27% percoll
gradient and centrifuged at 35000g for 1'/, hours at 4°C and the low-density fraction
collected as the *°S-membrane donor material. The *°S-Membrane was then washed,
treated with 1M NaCl, sonicated and washed again with Binding buffer. The washed
membrane was then sonicated in the presence of excess (10 times the volume of the
labelled donor) liposomes produced from phosphatidylcholine from egg yolk (Sigma),
until the opaque solution became transluscent and then incubated at 37°C in a water bath
for 10 minutes to allow de-novo coalesensce. The material designated >°S-Membrane™¢

was then placed on ice before use in the Binding assay.
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4.2.5.2 Binding Assay

30 u¢ Phagosome acceptor, 30 pé Binding buffer (either with an ATP regenerating system
or ATP depleting system as required) and 30 pé of **S-Cytosol or **S-Membrane™* donor
fraction were mixed and incubated at 37°C in a water bath for 2 hours. The reaction was
stopped, by snap cooling on ice. The samples were overlaid onto 0.5 ml of chilled 25%
sucrose (prepared with Binding buffer supplemented with or without ATP) and placed in a
chilled magnetic concentrator for 5 min at 4°C. After magnetic concentration the
supernatant and sucrose were aspirated off and the pellet resuspended in 50pé Binding
buffer and then added to 50 p¢ 1-D 2x Sample buffer (20% glycerol, 5% SDS, 10% B-
mercaptoethanol, 0,004% bromophenol blue, 0.08 M Tris-HCI, pH 6.8) and boiled for two
minutes. Samples were then applied to a 5-13% gradient SDS-polyacrylamide slab gel

[described in Section 3.2.4].
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4.3 RESULTS AND DISCUSSION

4.3.1 Effect of particle surface properties on phagosome morphology

The fusogenic properties of paramagnetic hydrophobic and hydrophilic latex bead-
containing phagosomes in P388D, macrophages was analysed to determine if they behaved
similar as described for non-paramagnetic latex bead-containing phagosomes in bone-

marrow derived macrophages [108,109].

In cells loaded with 0.8 um hydrophobic paramagnetic latex beads, the phagosome
membrane displayed a close apposition with the particle surface [Figure 4.1A]. These
hydrophobic paramagnetic latex bead-containing phagosomes were seen fusing with rim
HRP stained early endosomes [Figure 4.1C}, but were not seen fusing with luminally HRP

stained lysosomes [Figure 4.1E] even though they were observed in very close proximity.

In cells loaded with 0.8 pum hydrophilic paramagnetic latex beads, the phagosome
membrane displayed a loose association with the particle surface, and regions were
observed where the membrane was not aligned with the particle surface [Figure 4.2 B].
These hydrophilic paramagnetic latex bead-containing phagosomes were seen fusing with
Juminally HRP stained lysosomes [Figure 4.2F], but were not seen fusing with rim HRP
stained early endosomes even though fusion between HRP-negative an HRP-positive early

endosomes were observed in close proximity [Figure 4.2D].

Though tubular extentions on early endosomes and phagosomes were not clealy visible in
this study, they were observed in bone marrow-derived macrophages [109]. This can be
expected as the tubular parts of endocytic structures are fragile under fixing conditions and

vary in abundance between cell types.
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In this study, the observations thus confirmed what is observed for 0.9 pm non-
paramagnetic latex beads, fed to bone marrow-derived macrophages [108,109]. The
present results showed that the surface property of the paramagnetic latex beads affected
phagosome processing also in P388D; macrophages. Phagosomes containing
paramagnetic latex beads of size 0.8 um with a hydrophilic surface had already been
processed towards phago-lysosomes within 3 hours. In contrast, phagosomes that
contained paramagnetic latex beads of size 0.8 um but with a hydrophobic surface
remained fusogenic towards early endosomes for a 3-hour period and remained unable to

fuse with lysosomes.

The situation for 0.8 - 1.0 um hydrophobic latex bead-containing phagosomes however, is
not permanent because after a 24 hour chase about 40% eventually resemble phago-
lysosomes and are able to fuse with lysosomes.  Additionally it is observed that
hydrophobic latex beads coated with protein behave like hydrophilic beads to the extent
that they are processed normally towards lysosomes [109]. Furthermore, it has been
shown that hydrophobic latex beads smaller than 0.5 um in size are also processed

normally into phago-lysosomes [109].

Previously, the surface property of polystyrene beads has not been considered when used
as phagocytic particles [106,360-364]. In most cases hydophilic beads [106,360] or
protein coated hydrophobic beads [361] are employed which can explain why they are
observed as being in phago-lysosomes. However, in studies using blue-dyed 0.8 pm
hydrophobic beads it is observed that after a 6 \hour chase the relative abundance of

endosomal markers (Rab5 and Annexin II) remained constant [362-364].



112

4.3.2 Membrane integrity of phagosomes during and after purification

After having established that the 0.8 pm paramagnetic hydrophobic beads remained in
structures representing phago-endosomes and that the 0.8 um paramagnetic hydrophilic
beads were processed normally to reside in structures representing phago-lysosomes, their

purification was attempted.

To ensure that the phagosomal membrane was not lost at any stage during their isolation,
samples were taken after steps 8, 13 and 18 during the purification procedure [Section
4.2.4] and fixed for electron microscopic analysis. The existence of a membrane around
the particle surface could be observed by electron microscopy, due to glutaraldehyde

(which crosslinks proteins) and osmium tetroxide (which crosslinks lipids) fixation.

After scraping the cells off the petri dish with a rubber policeman at 4°C (step 7), a sample
was fixed as outlined above. Only 70% of the cells were broken due to scraping (not
shown). Post homogenisation to break any unbroken cells (step 8), an aliquot was fixed
and analysed by electron microscopy. It was evident that more than 90% of the membrane
around the particle surface was still intact [Figure 4.2A]. Other vesicular structures and

cell debris was evident,

After centrifugation through Percoll mixtures to remove intact (which pellet at step 10) and
broken (which float at step 10 and 13) nuclei, an aliquot after step 13 was also fixed and
processed for electron microscopy. About 80% of the phagosomes maintained its
membrane allround the particle surface, while approximately 5% of the phagosomes
displayed broken regions in their membrane and the rest no membrane at al| [Figure 4.2B].
Substantially less of the large structures seen after step 8 was detected. However, around
the phagosomes a fenestrated precipitate is visible, which might be contaminating cellular
material or an artifact occuring due to fixing conditions. Fortunately, these undefined

structures subsequently dissappeared afier the final purification steps (see below).
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After completing the purification by salt treatment (step 15) followed by magnetic
concentration (step 17) and resuspension (step 18), an aliquot of the purified phagosomes
was fixed and processed for electron microscopic analysis. Analysis of multiple sections,
showed that at least 70% of the phagosomes maintained their membrane all around the
particle surface, while approximately 10% of the phagosomes displayed broken regions in
their membrane and the rest no membrane at all [Figure 4.2C]. Noticeably the undefined
material seen after step 13 [Figure 4.2B], was not present after step 18. The same
membrane integrity was observed for purified hydrophilic latex bead-containing
phagosomes [Figure 4.2D] as observed for the purified hydrophobic latex bead-containing

phagosomes.

In conclusion, it was possible to ultra purify the phagosomes with the majority of them
having maintained their membrane intact, in order to analyse their composition. Before
this was attempted however, the purified phagosomes were used as acceptors in cytosol
and membrane binding assays, to compare their binding activity to that observed for the X-

linked acceptors.
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4.3.3 Binding Assays using Purified Phagosomes as Acceptors

A binding assay in the absence of detergent, allowing for intact membrane in both acceptor
and membrane donor preparation, was required to determine whether the banding patterns
observed for X-acceptors [Chapter 3] were not dependent on the presence of detergent.
Paramagnetic latex beads were used to purify phago-endosomes and phago-lysosomes as
acceptors [Section 4.2.4]. No problems were forseen for them being used in binding
assays using cytosol as donor. These results were shown by Figures 4.3 and 4.4.
However, a problem was posed for binding assays using detergent solubilised membrane
as donor, since Triton X-100 or any other detergent would solubilise the phagosome
membrane as well. Instead, membrane donor (designated 35S-1\/Iembrane“pid) was prepared
by sonicating metabolically labelled membrane in the presence of excess phospholipid in
order to separate donor proteins into individual vesicles [Section 4.2.5.1]. The binding
assay results using this type of membrane donor was shown by Figure 4.5. Comparison of

membrane banding patterns of phagosomes and X-acceptors observed for ATP-depleting

conditions was displayed in Figure 4.6.

4.3.3.1 Cytosol binding assays

The radioactive scan displayed in Figure 4.3, showed that the banding pattern for the
various nucleotide conditions using phagosomes as acceptors, is similar to what was

observed for X-linked acceptors [see Figure 3.5].

As noted before for X-linked acceptors, more bands (though discrete when compared with
the input cytosol) were pelleted in an ATPp system probably due to protein-complex
formation. This complex might form non-specifically, but was certainly potentiated by the
presence of phagosomes/X-linked acceptors in the binding assay. This complex included
190, 45, 35, 31, 19, 18 and 16 kDa bands, and was discussed previously, are similar in

molecular weight to cytoskeletal elements viz. myosin HC (190), tubulin (45), actin (35),
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myosin LC1 (19) and myosin LC2 (18) isolated previously [351], also under ATPp
conditions. Even though these polymers form de-novo, specific binding sites have been

found on endocytic organelles [354].

There were other bands though, which depended on the presence of ATP or GTP. A
myriad of bands were bound in an ATPp/ GTP system [Figure 4.3, lanes 3 & 7], with a 90
kDa band specifically dependent on the presence of GTP alone [Figure 4.3, lanes 3 & 7].
It would appear that the 190 kDa, 31 kDa and 19 kDa bands required an ATPp system in
the absense of GTP [Figure 4.3, lanes 2 & 6], since addition of GTP abolished their
binding [Figure 4.2, lanes 3 & 7].

The banding patterns were the same whether phago-endosomes (lanes 1-4) or phago-
lysosomes (lanes 5-8) were employed, except that a 55 kDa appeared to be enhanced for

phago-endosomes under GTP/ATPyS conditions [Figure 4.4, compare lanes 4 & 8].

In Figure 4.4, the binding differences due to the presence of ATPyS alone or with GTP
added, was displayed. For phago-endosomes (lanes 1-4), if lane 1 {(ATPyS) and lane 4
(ATPyS/GTP) was compared, it was observed that most of the bands remained basically
the same, except bands 90 and 35 kDa. The increased intensity of the 90 and 35 kDa bands
was due to the additional presence of GTP. A similar observation could be made for

phagos-lysosomes when lane 5 (ATPyS) and lane 8 (ATPyS/GTP) was compared.
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4.3.3.2 Membrane binding assays

The similarity in the cytosol banding patterns observed for both acceptors was not
surprising, since endocytic structures and phagosomes are functionally comparable and do
interact by way of fusion in vivo. The next step was to determine whether they behaved
similar if membrane was used as donor material in the binding assay. Membrane donor
was prepared by sonicating labelled membrane in the presence of excess phospholipid in
order to separate donor proteins into individual vesicles [Section 4.2.5.1]. ATP-depleting
conditions was employed under which the enhanced binding of the 32 kDa band by X-

acceptors was observed, to assess whether the phagosomes could reproduce this result.

Phago-endosomes [Figure 4.5, lanes 1 & 2] and phago-lysosomes [Figure 4.5, lanes 3 & 4]
exhibited basically the same banding pattern, except that the 32 kDa was enriched for
phago-lysosomes. When phagosomes were washed [Figure 4.5, lanes 2 & 4] after the
binding assay, a decrease in all bands was observed in relation to the intensity of the 32
kDa band. To facilitate a direct comparison between the membrane banding patterns of
phagosomes [lanes 2 & 4 from Figure 4.5] and X-acceptors [lanes 2 & 3 from Figure 3.10]
observed under ATP-depleting conditions, were reproduced [Figure 4.6]. It was obvious
that the banding patterns of both phagosomes and X-acceptors were comparable.
Moreover, it was evident that the 32 kDa band was enriched for phago-lysosomes [Figure
4.6, lane 3] and X-lysosomes [Figure 4.6, lane 4], as compared to phago-endosomes

[Figure 4.6, lane 1] and X-endosomes [Figure 4.6 lane 2].

Thus an acceptor with its lipid coat intact could essentially reproduce the observation
witnessed for X-acceptors potentially devoid of a lipid coat. The latter suggests that
lysosomal structures have binding sites for the 32 kDa band on their cytoplasmic side,
however it cannot be ruled out that luminal sites are also present. The binding assay results
confirmed the integrity of the phagosomes and their similarity to endocytic structures. The

composition of these phagosomes were then analysed [Chapter 5].
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CHAPTER 5
MEMBRANE COMPOSITION OF PHAGOSOMES

5.1 BACKGROUND

Early and late endosomes are morphologically and functionally distinct
[40,41,50,53,57,61-63], as well as differing in lumenal pH and protein composition
[60,64,65]. The protein composition of early endosomes is significantly different from
that of ECVs or late endosomes [281]. Annexin II and the small GTPase Rab$, both
colocalize to early endosomes specifically [365], while Lgp-like proteins are abundant in
late endosomes, but not detectable in early endosomes [281]. Early and late endosomes
appear to have a more complex protein composition than ECVs. In particular, most

proteins present in ECVs are also present in late endosomes [69].

Similarly, the polypeptide and lipid composition [363] of phagosomes changes due to
interactions [104-105,362,364,360] with endocytic structures. The biochemical
transformation of phagosomes is brought about by recycling, fusion with early endocytic
and TGN-derived structures. This modulation of composition correlates with the
phagosomes' subsequent ability to fuse with lysosomes. It would appear that
phosphorylation and dephosphorylation events also play a role in phago-lysosome

biogenesis [366].

In this study the composition of purified [Section 4.3.2] paramagnetic latex bead-
containing phagosomes were analysed, to identify potential targeting molecules involved
in the endocytic pathway. In contrast to previous studies, instead of isolating hydrophilic
bead-containing phagosomes at early stages, hydrophobic beads were employed to purify
phago-endosomes, confirmed morphologically by electron microscopy [Section 4.3.1].
The composition was analysed initially by 1-dimensional and subsequently by 2-

dimensional electrophoresis.
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5.2 MATERIALS AND METHODS

5.2.1 SDS Polyacrylamide gel electrophoresis

Protein separation was performed as described in Section 3.2.4. Protein bands were then

visualised by silver staining or coomassie blue staining.

5.2.2 2-Dimensional Electrophoresis

52.2.1 In-gel sample reswelling procedure for Isocelectric focussing

In-gel sample reswelling procedure was followed as previously described [Section 3.2.5.1].
Purified phagosomes (50 pg for analytical gels, 0.5 mg for preparative gels) was
resuspended in 350 p€ 2-D sample buffer (8M urea, 2M Thiourea, 4% CHAPS, 2% pH 3-
10 carrier ampholytes, 20mM Tris base, 30mM DTT).

5.2.2.2  Equilibration of IEF Strips and SDS-PAGE

The procedure for equilibration of IEF Strips and the second dimension SDS-PAGE was
followed as described in Section 3.2.5.2. Analytical gels were silver stained [Section
5.2.3.1] and preparative gels were coomassie blue stained [Section 5.2.3.2]. Spots on
preparative gels were cut out for subsequent mass spectrometry [Section 6.2.3] or Edman

microsequencing [Section 6.2.2] analysis.
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Visualisation of protein bands or spots on polyacrylamide gels

Silver staining of polyacrylamide gels

Silver staining was performed as previously described [358]. Protein bands on the gels

were fixed for 2-3 hours in a 12% trichloroacetic acid, 2% Cu(II)Cl; and 50% methanol

solution. Polyacrylamide gels were then sequentially soaked in the following solutions

with continuous agitation. Each solution was aspirated off.

1)
2)
3)
4)
5)
6)
7
8)
9
10)
11)
12)

10% ethanol, 5% acetic acid for 20 minutes
0,01% KMnOQO4 for 10 minutes

Solution (1) above for 20 minutes

10% ethanol for 40 minutes

De-ionised water for 30 minutes

0,1% AgNO; for 20 minutes

De-ionised water for 1 minute

10% K,COj3 for 1¥2 minutes

2% K»CO3, 0.01% formaldehyde for 3-4 minutes
De-ionised water for 30 seconds

3% acetic acid for 2-3 hours

5% glycerol overnight.

The gels were then dried in a slab gel drier (Model SE 1150, Hoefer Scientific Instruments,

San Francisco) at 60°C for 3 hours under vacuum. The gels were calibrated using the

molecular weight markers as reference.
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5.2.3.2 Coomassie Blue Staining

Coomassie blue staining was carried out as previously described [359]. Polyacrylamide
gels were sequentially soaked in the following solutions while continually being agitated.

Each solution was aspirated off.

1) The polyacrylamide gel was placed in a plastic container and covered with Fixing
Solution (50 % methanol, 10 % acetic acid) for 2 hours.

2) The Fixing Solution was then replaced with Staining Solution (0.025 % Coomassie
blue R-250, 46 % methanol, 8 % acetic acid) for 4 hours.

3) The Staining solution was replaced with Fixing Solution (50 % methanol, 10 % acetic
acid) for 2 minutes.

4) The Fixing Solution was then replaced with Destain Solution (10 % methanol, 10 %
acetic acid) for 2 hours, and then overnight with cut sponges added.

5) The gels were stored in 3 % acetic acid.
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5.3 RESULTS

5.3.1 1-D Electrophoresis

Phagosomes purified from cells incubated with beads in serum-medium [Figure 5.1]

The membrane composition of phago-endosomes (lanes 1-4) and phago-lysosomes (lanes
5-8), as analysed by SDS-PAGE and silver-staining, revealed a few banding pattern
differences. The most prominent difference was that phago-lysosomes were enhanced with
a 32 kDa band (lane 8). The phago-lysosome specific 32 kDa band was efficiently
solubilised by Triton X-100 (lane 6) from the hydrophilic bead (lane 7). The 32 kDa band
might have come from the fetal calf serum (FCS) that could have been adsorbed onto the
naked beads, just prior to internalisation of the beads by the cells. This was tested by
incubating the hydrophobic beads (lane 9) and the hydrophilic beads (lane 10) with FCS-
medium at 37°C for lhour. Upon analysis of the 32 kDa region for both beads (lanes 9 &
10), no band was detectable, which suggested that the 32 kDa phago-lysosome specific
band was not derived directly from the FCS-medium. However, the 32 kDa band might be
a degradation product of a protein present in the FCS. To investigate the latter, beads were

internalised in different media (Figure 5.2).

Phagosomes purified from cells incubated with beads in different media [Figure 5.2}

To further investigate whether the 32 kDa band was not a degradation product of a protein
derived from the FCS-medium, the beads were internalised in different media. These were
(a) plain medium, (b) medium with BSA or (c¢) medium with FCS. Both the hydrophobic
bead phago-endosomes (lanes 1-3) and the hydrophilic bead phago-lysosomes (lanes 5-7)
exhibited no detectable banding pattern differences for the different media used. This

proved that the 32 kDa band was not derived from the FCS-medium.
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In this gel, a few additional phago-endosome specific bands (viz. 100, 89 and 55 kDa) and
phago-lysosome specific bands (viz. 50, 34 and 19 kDa) were observed. If both phago-
endosomes (lane 4) and phago-lysosomes (lane 8) were not treated with high salt, a
common 33 kDa band was associated with the phagosomes, in amounts comparable to the
concentration of the 32 kDa band. This might indicate a cytosolic or peripheral membrane

factor associated with the 32 kDa band.

Isolation of phago-endosomes using hydrophilic beads [Figure 5.3]

To investigate whether the 32 kDa band was not perhaps specific because of a tendency to
associate preferentially to hydrophilic and not hydrophobic beads, hydrophilic beads
(instead of hydrophobic beads) were employed to isolate 10 min phago-endosomes. These
hydrophilic bead phago-endosomes (lanes 1 and 2) exhibited the same banding pattern as
observed for hydrophobic bead phago-endosomes, specifically in that they contained very
little or no 32 kDa band. The Triton X-100 supernatant of phago-lysosomes (lane 3) still
exhibited the 32 kDa band. These results would allow for a preliminary proposal that the
32 kDa did not come from the plasma membrane, but had to have been added to the
endocytic pathway organelles at the late endosomal/prelysosomal stage. It was evident
that the molecular-weight region where highly glycosylated membrane proteins (such as
LAMPs) resolved upon SDS-PAGE, was enhanced in intensity for phago-lysosomes (lane

3) compared to phago-endosomes (lanel).
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5.3.2 2-D Electrophoresis

A comparison [Figure 5.6] of the analytical 2-dimensional gels of purified salt-extracted
phago-endosomes [Figure 5.4] and phago-lysosomes [Figure 5.5], revealed that phago-
endosomes were compositionally enriched for spots 57Ec(8.0), 55Ec(6.4), S0Ec(5.4),
45Ec(5.4) 34Ec(8.5), 32Ec(8.4), 22Ec(8.6) and 18Ec(8.5) while phago-lysosomes were
enriched for spots 34Lc(4.9-5.1), 32L¢(4.6), 31Lcl(6.5), 31Lc2(6.1), 24Lc1(6.0),
24Lc2(5.6), 22Lc(7.6), 18Lc(8.2), 17Lc(6.6) and 16L¢c(7.9). Preparative 2-dimensional
gels of purified phago-endosomes [Figure 5.7(A)] and phago-lysosomes [Figure 5.7(B)]
were performed for subsequent MALDI-MS and Edman microsequencing [Chapter 6].
Spots 34Ec(8.5), 32Ec(8.4), 22Ec(8.6), 18Ec(8.5), 32L.c(4.5), 22L.¢(7.6), and 18Lc(8.2),

were scaled up successfully.

MALDI-TOF analysis [Chapter 6] of the phago-endosome composition specific spots,
18Ec (8.5), 22Ec (8.6) and 34Ec (8.5) indicated that they were Mouse Cofilin (pl 8.5),
Thioredoxin Peroxidase 2  (22.17 kDa/pl 8.26) and Tyrosine Kinase/Cathepsin K
respectively.  Edman microsequencing and MALDI-TOF analysis [Chapter 6] of the
phago-endosome composition specific spot 32Ec(8.4) [cut out from a preparative 2-
dimensional gel of purified salt-extracted phago-endosomes exhibited by Figure 5.7(A)]
identified it as Mouse Galectin-3 (a galactose specific lectin). The 2-D position (Mw and
pD) of the phago-endosome composition specific spot 32Ec(8.4) coincide with radioactive
spot 32Lb(8.4) (bound specifically by X-lysosomes in the membrane binding assay), which

was also determined to be galectin-3 by MALDI-TOF analysis.

MALDI-TOF analysis [Chapter 6] of phago-lysosome composition specific spots, 18Lc
(8.2), 22Lc(7.6) and 32L.c(4.6) were determined to be Vacuolar ATP Synthase E fragment
(26.58 kDa/pl 8.2), Superoxide Dismutase (2222 kDa/pl 7.3), Annexin IV (35.87
kDa/5.32) respectively.















136

5.4 DISCUSSION

The existing information about the proteins differentially enriched in phago-endosomes

and phago-lysosomes, identified by mass spectrometry [Chapter 6] was summarised below.

Phago-Endosome composition

18Ec - Cofilin. Cofilin is present in both phago-endosomes and phago-lysosomes but is
enriched in phago-endosomes. Cofilin belongs to the ADF/Cofilin (actin depolymerising
factor/cofilamentous protein) family. It binds both F-actin and actin monomers [417,418]
and is essential for depolymerisation of actin filaments [419]. It has a higher affinity for
ADP-actin than for ATP-actin and enhances the off rate of actin at the pointed ends of
filaments [420]. Cofilin activity is regulated by phosphorylation carried out by LIM-
Kinase [421,422]. The presence of cofilin on phagosomes is consistent since it is known

that phagosomes bind F-actin [355,402].

22Ec - Thioredoxin Peroxidase II.  Thioredoxin Peroxidase II regulates H,O,
concentration inside the cell, protecting cells from apoptosis [423]. TPx I is a cytosolic
protein. Its specific association with phago-endosomes is a mystery. However, recently a
PM-membrane associated hydroperoxide reductase (hnTSA1) has been defined [424]. Thus

a membrane associated TPx is not inconceivable.

32Ec¢ - Galectin-3. Why would Galectin-3 be enriched in phago-endosomes? It is now
known that galectin-3 is secreted by a process known as ectocytosis. Factors required for
secretion must therefore exist in the PM. If these same factors are present in the PM-
derived vesicles following endocytosis, then galectin-3 may also become associated with
early endosomes / phago-endomes by default. Another possible explanation may be that
extracellular cell surface associated galectin-3 enters via endocytosis. In the latter case

galectin-3 would be located inside the lumen of endosomes / phago-endosomes. The
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interaction here would probably be based on galectin-3 binding to the exposed -galactose
residues of glycoproteins. In this scenario, galectin—3 would cover these exposed galactose
sites. Upon exposure to lysosomal proteases the degradation of galectin-3 would perhaps
allow exposure of these or new galactose binding sites. This would also explain why X-
lysosomes were able to bind galectin-3 in the binding assay. The above may indicate that
galectin-3 may function (continuing perhaps its role from the extracellular surface) to
target proteins to the lysosomes for degradation. Interestingly in support of the above
hypothesis, in many cell types it has been shown that Lamps (lysosome-associated
membrane glycoproteins) bind galectin-3 [425-428]. This hypothesis can be extended
further, in that galectin-3 may be involved in binding damaged cell-surface receptors
(exposing internal galactose moeities) which are normally blocked by capping residues
(such as fucose, sialic acid, NAG etc). The binding of galectin-3 in this way may prevent
recycling of damaged receptors. This hypothesis will be studied further, but is beyond the
scope of this thesis. However, a cytoplasmic role for galectin-3 in endocytosis cannot be
excluded and was thus studied further in this regard [Chapter 7]. Interestingly, galectin-3
possesses some homology to annexins VII and X1, implicated to play a role in self-

aggregation and intracellular membrane traffic [391].

Phago-lysosome composition

18Lc - Vacuolar (H") ATPase. Vacuolar (H") ATPases (V-ATPases) are structurally
related to the F1Fy ATP synthases of mitochondria, chloroplasts and bacteria. They are
composed of a peripheral (V;) and an integral (V) domain. The V-ATPases peripheral V,
domain contains eight subunits (A B,C,D,E,F G,H) and the integral Vo domain contains
five subunits (a,d,c,c',c"). Functional studies indicate that the V; domain is responsible for
ATP hydrolysis, while the V, domain is required for proton transport [429-433]. The V-
ATPases are a family of ATP-dependent proton pumps. They transport protons across

intracellular membranes [429-433].  Acidification of intracellular compartments is

important for receptor-mediated endocytosis, intracellular protein targeting and
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degradation [429-433]. Recent studies indicate that the V, domains of the V-ATPase from
opposing membranes form trans-complexes creating a continuous proteolipid-lined
channel that may promote subsequent membrane fusion [434]. Mutations of the E-subunit
(Vacuolar ATPase E) in yeast grossly affects the actin cytoskeleton organisation, probably
indirectly due to unstable V-ATPase complex assembly thereby affecting pH homeostasis
[435]. The presence of a truncated form of V-ATPase E subunit in lysosomes is probably

due to protease degradation, but a functional role for a truncated form cannot be ruled out.

22Lc - Superoxide dismutase 2 (Mn-SOD). Reactive oxygen radicals such as superoxide
(Oy'), hydrogen peroxide (H2O;) and hydroxyl (OH-) are important in host defense,
however it may have detrimental effects on the cells. Antioxidant enzymes such as
superoxide dismutase, catalase and glutathione peroxidase protect the cell against oxidant
injury. Superoxide dismutases catalyse the dismutation of two superoxide radicals into
hydrogen peroxide and oxygen. Three isozymes exist in mammals namely Mn-SOD in
mitochondria, Cu/Zn-SOD mainly in cytosol but accumulates in lysosomes via autophagy
and EC-SOD in the extracellular space. The detection of mitochondrial Mn-SOD in
lysosomes in this study may also be due to autophagy but a normal residence cannot be
excluded. Since all peptide masses were not matched [Chapter 6, Figure 6.7] perhaps a-
novel SOD related to Mn-SOD is normally present in lysosomes. Mitochondrial

contamination during phagosome purification is also a possibility.

32Lc - Annexin IV. Annexins are a family of about 13 structurally related Ca'-
dependent phospholipid binding proteins. They possess four or eight conserved putative
calcium and phospholipid binding repeats and a variable N-terminal domain postulated to
confer functional diversity [436,437]. Additionally annexins 1V, V and VI possess novel
carbohydrate recognition domains, specific for glycosaminoglycans [438,439]. Evidence
has accumulated for the role of annexins in membrane traffic [280-287]. The localisation
of certain annexins to endocytic structures is known [281,440]. Similar to this study it has

previously been shown for J774 macrophages that the level of associated annexin IV was
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significantly higher on matured phagosomes [441]. In human neutrophils it has been found
that during phagocytosis annexins III, IV and V1 translocate from the cytoplasm to the

phagosomes, wheras the localisation of annexins 1 and V remain unchanged [442].

The biochemical transformation of phagosomes, what is known?

Phagocytosis requires an intact actin cytoskeleton [443] and microtubules for transport
[444-446,360,362]. Microtubules facilitate interactions between phagosomes and
endocytic organelles. Phagosomes with pathogenic mycobacteria retain fusion and
intermingling characteristics of early endosomes indefinitely, with concomitant disruption
of the actin filament network [356]. The polypeptide and lipid composition of phagosomes
changes due to interactions with endocytic structures [104-105,360-364]. The maturing
phagosome accumulates proteins like lampl, lamp2, vacuolar proton-ATPases and
Cathepsin D [447,448] as well as annexin II, annexin VI, trimeric G-proteins, heat shock
protein 70 family members (including ER-Bip), a-actinin and moesin [363]. Also Rab3,
Rab7 and Rapl sequentially associate with maturing phagosomes [362,449]. In contrast,
fusion proteins, synaptobrevins | and 2, various syntaxins and NSF remains constantly
assoclated [450-452]. The continued presence of these fusion molecules during all stages
of phagosome maturation contradicts their proposed role in targeting phagosomes to
specific endocytic organelles. In present study, it was found that phago-endosomes were
enriched for galectin-3, thioredoxin peroxidase Il and cofilin, while phago-lysosomes were
enriched for annexin IV, superoxide dismutase and vacuolar ATP synthase E subunit. Very
recently, a major proteomic study [455] report the identity of a host of proteins associated
with phagosomes including galectin-3, supporting this studies findings.

Due to the complex nature of the biochemical transformation of phagosomes, it is difficult
to place all proteins identified thus far into a simple conceptual framework. In depth
functional and interactive analysis of the proteins identified in the present and previous
studies is required, to bring about a better understanding of how they work in concert or

tandem during phagocytic processing,
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CHAPTER 6
MALDI-MS AND EDMAN SEQUENCING ANALYSIS

6.1 BACKGROUND

The living state of a cell at any given time is defined by its protein composition, that is,
its proteome. Gel electrophoresis, mass spectrometric peptide mapping and peptide
microsequencing combined with sequence database searching and bioinformatics are

important tools for protein identification and proteome analysis.

Two-dimensional polyacrylamide gel electrophoresis (2D-PAGE) [367] is the only
technique presently available for separating the majority of the proteins from a given cell
type. ldentification of the proteins present in a spot on a 2D-gel has traditionally been
performed by Edman microsequencing [368]. Due to the cost and limited sensitivity of
this technique, peptide mapping by matrix-assisted laser desorption/ionization mass
spectrometry (MALDI MS) and peptide sequencing by electrospray ionization tandem
mass spectrometry (ESI MS/MS) was developed and applied to protein identification [369-
372].

For the present analysis, the spots of interest from preparative 2-D gels were excised,
washed, cut up into small pieces, rinsed and then digested in-gel with either trypsin or Lys-
C. The main 2D spot of interest (i.e. spot 32Ec¢) was analysed by Edman microsequencing,
while the rest of the spots of interest (i.e. 14b, 15Lb, 18Ec, 18Lc, 22Ec, 22Lc, 32Lc,
32Lb, 33b, 34Ec and 74Lb) were analysed by MALDI-TOF (matrix-assisted laser

desorption/ionization mass spectrometry time-of-flight).
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6.2 MATERIALS AND METHODS

6.2.1 Protein Preparation and Protein Separation by Gel Electrophoresis

The proteins from purified phagosomes [phago-endosomes (Figure 5.7A) or phago-
lysosomes (Figure 5.7B), Chapter 5] and the binding assay Membrane donor [low-density
fraction of a 27% Percoll gradient, Chapter 3 (Figure 3.16)] were separated by 2D-

electrophoresis.

6.2.2 Edman Microsequencing Analysis

Digestion of protein in excised gel plugs (in-gel) was performed as described [Section
6.2.3.2]. The peptide mixture was separated by RP-HPLC (reverse phase high
performance liquid chromotography, Vydac C18 column) and the fractions were collected.
Individual fractions were subjected to automated N-terminal Edman sequencing using a

Procise 492 proteinsequencer (PE Biosystems).

6.2.3 MALDI-TOF Analysis

6.2.3.1 In-Gel Digestion of proteins and Extraction of peptides

Digestion of protein in excised gel plugs (in-gel) was performed as described. The excised
gel plugs were cut into pieces and transfered into an Eppendorf tube. The following
digestion buffers with enzyme were prepared: (A) 0.5ug Trypsin in 15u€ 50 mM NH4CO3
or (B) 2pug Lys-C in 1512 SmM Tris-HC1 pH 8.5. The following Protocol was used:

1) Washed with 200p¢ 50 mM NH4CO; in 30 % (v/v) acetonitrile for 15 min/37°C (3x)
2) Treated with 100% Acetonitrile / dried in speedy vac for 15 minutes

3) Resuspended gel pieces with Enzyme in 15uf Digestion buffer (A or B)



142

4) Covered gel pieces with 20u€ Digestion buffer

5) Incubated at 37°C / 18 hours in a Hybaid oven (U.K.)

6) Stored supernatant at -20°C.

7) Extracted peptides in 20u€ 0.1% TFA in 60% Acetonitrile at 35°C/ 12 hours  (3x)

8) Pooled supernatants of steps 6 and 7, then dried in speedy vac for 1 hour.

6.2.3.2 MALDI-MS analysis of peptides

The dried peptide sample was resuspended in 10pu¢ 0.1 % triflouroacetate in 30%
acetonitrile. Peptide solution (1pf) was mixed with 1pf sinapinic acid as a matrix,
crystallisation (detected by light microscopy) was allowed to take place at 25°C for 30
minutes. The crystals were subjected to MALDI-MS analysis using a PerSeptive
Biosystems Voyager MALDI time-of-flight mass spectrometer (PE Biosystems,
Cambridge, MA) in delayed extraction, reflector mode and the ion acceleration voltage set
at 20 kV. A calibration mixture comprising bovine carbonic anhydrase (m/f 28982.7) or

Lysozyme (m/z 14955.9) was used.

6.2.3.3 Database Searching

Protein identification using MS data was accomplished using MS-fit Peptide Search
software to query sequence databases (SwissProt and NCBI). The MS-fit Peptide Search
software is available at Protein Prospector via the Internet at http//www.
prospector.ucsf.edu. Other Internet resources for protein research and biological MS are

listed below.

Host World Wide Web site
Odense University Protein Research Group protein.ou.dk

EMBL Protein and Peptide Group mann.embl-heidelberg.de
PROWL proteometrics.com

MOWSE seqnet.dl.ac.uk/mowse. html
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6.3 RESULTS AND DISCUSSION

6.3.1 Edman Microsequencing analysis of spot 32Ec¢

Spot 32Ec (32 kDa/pl 8.4) was digested in-gel with Lys-C and the peptide mixture was

then subjected to reverse phase high performance liquid chromotography (RP-HPLC).

Querying a comprehensive protein sequence database with the sequence [Figure 6.1 (B)]
obtained from Edman analysis of HPLC fraction 1 [HPLC plot in Figure 6.1 (A)], retrieved
the 5 top ranking sequence entries listed in Figure 6.1 (C). The pl of the top ranking entry
Mouse galectin-3 (27.38 kDa/pl 8.5) corresponded well with observed pl (8.4) of spot
32Ec. MS peptide masses (1298.6 & 1908.9) of two more HPLC fractions (2 & 3
respectively) shown in Figure 6.1 (A), also matched the calculated masses of residues 213-
223 (1298.7109) and 224-239 (1908.9800) of Mouse Galectin-3 respectively.
Furthermore, the origin of species was correct (mouse) and the calculated protein mass (27
kDa) was consistent with the apparent molecular mass of 32 kDa observed on the 2D-gel
within an experimental error of 10-20%. In conclusion, these data unambiguously

identified the protein.

6.3.2 Protein Identification from 2-D PAGE Gels by MALDI Peptide Mass Mapping

A high performance liquid chromatographic (HPLC) run for separation of peptides is
expensive and time-consuming. It is therefore advantageous to first utilise a rapid analysis
method, such as high accuracy MALDI peptide mass mapping, for protein identification.
Initial screening thereby limits the number of samples for more time-consuming analysis of

proteins by chromatography, Edman and MS/MS peptide sequencing,.
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covered residues 197-209 of Mouse Galectin-3 (27.52 kDa/pl 8.47).
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ADSFSLNDALAGSGNPNPQGYPGAWGNQPGAGGYPGAAYPGAYPGQAPPG
AYPGQAPPGAYPGQAPPSAYPGPTAPGAYPGPTAPGAYPGQPAPGAFPGQ
PGAPGAYPQCSGGYPAAGPYGVPAGPLTVPYDLPLPGGVMPRMLITIMGT
VKPNANRIVLDFRRGNDVAFHFNPRFNENNRRVIVCNTKQDNNWGKEERQ
SAFPFESGKPFKIQVLVEADHFKVAVNDAHLLQYNHRMKNLREISQLGIS
GDITLTSANHAMI

Figure 6.1 : HPLC-plot and MS-Edman search results for 2D spot 32E¢. A) HPLC-RP
chromatogram of Lys-C digested 2D spot 32Ec (32 kDa/pl 8.4). B) Database searches using the
sequence of fraction 1 shown in A, was performed with the maximum number of amino acid
substitutions set at 3, and the top 5 matching entries are shown. C) The best matching entry was
Mouse Galectin-3 (27.52 kDa/pl 8.47). The matched sequence was underlined. MS masses of
two more fractions (2 & 3) shown in A, also matched Mouse Galectin-3.




145

MALDI MS protein identification depends on the detection of a representative set of
peptide masses derived from a protein band or spot excised from a gel, rinsed, optionally
reduced (e.g. DTT) and S-alkylated (e.g. Todoacetamide), and then digested in situ in the
gel with a sequence-specific protease (e.g. trypsin or Lys-C) [373]. The generated peptide
mixture is extracted from the gel and analysed by MS. The method requires that the
protein in question exists as an entry in a protein sequence database. Thus, the peptide
mass mapping method has its limitations. A complementary method is therefore necessary
to obtain amino acid sequence information from proteins which do not exist as an entry in
a protein sequence database . Since only 5-10% of a sample is consumed by MALDI MS,

a large portion of the sample remains for further analysis.

6.3.2.1 Database Search Parameters for Successful MALDI Peptide Mass

Identification

The number of measured peptide masses and the accuracy of peptide mass determination
are the two most important parameters for unambiguous identification of proteins by
peptide mass maps and database searches. The number of peptides detected decreases as
the amount of protein starting material is reduced. Therefore, the sensitivity of the MS
methods is limited by the amount of protein starting material and the extraction and
detection efficiency of the generated peptides. Accurate peptide mass determination can
be facilitated by delayed extraction MALDI-TOF in the reflector mode [374-376] and
improves the specificity and selectivity of sequence database searches by MALDI peptide
mass maps. Presently it is possible to identify proteins by querying the database with sets
of only 4 or 5 peptide masses. In general, 5 or more peptides determined with a mass

accuracy of 0.01% or better, usually suffice for unambiguous identification of a protein.
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Database search parameters must include common amino acid modifications to possibly
assign peptide masses, which may have arisen due to such modifications. N-terminus
acetylation (N-Acet) increases a peptide's mass by 45 Da. Oxidation of methionine (Met-
ox) to methionine sulfoxide in a peptide often generates an ion signal 16 Da above the non-
oxidised peptide species. Observation of a pair of ion signals separated by a mass
difference of 16 Da is therefore indicative of a Met containing peptide. This is
subsequently confirmed by inspection of the retrieved protein sequences. Unreacted
acrylamide from gel casting may react with free cysteine residues to generate S-
acrylamidocysteine, which introduces a mass increment of 71 Da per cysteine. To
minimise the occurrence of the latter, gels were cast 1 day prior to protein separation.
Another modification to be considered is pyroglutamation (pyroGlu) of glutamate at the N-
terminus of generated peptides, which decrease their mass by 17 Da. Lastly, if proteins
were reduced and S-alkylated, mass increments of 57 Da (carbamidomethylation) or 58 Da

(carboxymethylation) per cystein residue must be taken into account.

Missed cleavage sites must also be taken into consideration when performing the database
searches. Tandem tryptic cleavage sites such as Lys-Lys or Lys-Arg, commonly occur in
proteins. Cleavage at either of these adjacent sites generates a mixed population of
peptides differing by an Arg or a Lys residue. If these related peptides are both detected by
the mass spectrometer they give rise to peptide signals separated by 128. 1 Da (Lys) or
156.1 Da (Arg). Such peptide pairs differ by a Lys or Arg residue in either the N- or C-
termini. Surveying a peptide mass map for the presence of these mass differences is

advantageous if protein identification is problematic.

Comigration of two or more proteins in a band (SDS-PAGE) or sometimes in a spot (2-D
PAGE) on a gel generates protein mixtures. Previously, such mixtures could only be
resolved by chromatographic methods for peptide separation and subsequent peptide
sequencing by either Edman degradation or MS/MS. However, the improved mass

resolution and mass accuracy of delayed extraction MALDI peptide mass maps also allows
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identification of the components of simple protein mixtures [377]. After identification of
the first component of the mixture by high accuracy peptide mass mapping and database
searching, the unassigned set of peptide masses is then used in a new database search to

retrieve the next component of the protein mixture.

6.3.2.2 MALDI Peptide Mass Mapping Identification of 2D-spots

The protein spots of interest (14b, 15Lb, 18Ec, 18Lc, 22Ec, 22L¢, 32Lb, 32Lc, 33b, 34Ec
and 74Lb) were excised from the gel, rinsed, and incubated overnight with trypsin or Lys-
C. The extracted peptide mixtures were analysed by MALDI-TOF, which generated the
mass spectrums shown in Figures 6.2-6.13. Each ion signal (not assigned as trypsin or
Lys-C peaks) in the spectrum corresponds to a protonated peptide molecular ion of the

sample.

Querying comprehensive protein sequence databases (SwissProt and NCBI) with these sets
of measured peptide masses retrieved the sequence entries listed in Figure 6.14. Search

parameters were set as follows:

Databases : SwissProt and NCBI

Species : Mammals

MW-range : 1000 Da —» 40000 Da or 100 kDa

pl-range 13> 10

No. of missed cleavages 23

Peptide mass error :0.1% or 0.05%

Min. peptide matches e 1/2 peptide masses (0.1% error), 4-5 (0.05% error)
Cysteins modified by . Carbamidomethylation

Modifications : N-Acetylation, Met oxidation, Pyroglutamation
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Spot 14b

The peptide mass spectrum obtained for trypsin digested spot 14b was displayed in Fig.
6.2(A). A total of 6 peptide masses specific for spot 14b, were determined in the MALDI-

TOF experiment.

Searching the protein databases (SwissProt and NCBI) requiring a peptide mass error of
less than 0.1 % retrieved the 5 top sequence entries listed in Fig. 6.2(B). All the sequences
retrieved matched 4 of the 6 peptide masses submitted, but only 2 sequence entries namely
Mouse f-2 Microglobulin precursor and Mouse Transcription Elongation factor S-II,
matched all 4 peptide masses with a peptide mass error under 0.05%. Since there was no
difference in matched peptide masses from the highest ranking candidate to the next,
unambiguous identification was not possible. To decide between these 2 candidates, the
observed MW (14 kDa) and pI (7.5) of spot 14b was considered, which made Mouse [3-2

Microglobulin precursor (13.82 kDa/pl 7.8) the best matching sequence entry.

The matched peptides displayed in Fig. 6.2(C) covered 24% (29/119 AA's) of the sequence
of Mouse -2 Microglobulin precursor. If the signal sequence (residues 1 to 20) was
subtracted from the mass, then the matched peptides actually covered 30% (29/99 AA's) of
the matured sequence of Mouse -2 Microglobulin (11.69 kDa/pl 7.35). The calculated
protein mass (11.69 kDa) was consistent with the apparent molecular mass of 14 kDa

observed on the 2D-gel within an accepted experimental error of 10-20%.
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2.50 - N
0 + ; . .
500 miz
No. of |Sequence Protein SwissProt.
Rank | Peptides |Coverage MW (Da)/pl Species| Accession Protein Name
Matched| (%) No.
(a) Peptide Mass Tolerance (+/-) 0.1 %, Min. No. of Peptides to Match (4)
e 4/6 | . 24% | ’13823/7.80 | Mouse | POI887 [Beta-2-MicroglobulinPrecursor -
2 4/6 22% | 17258/ 10.56 |Human| Q02877 1608 Ribosomal Protein L.26
3 4/6 22% 117277/10.631 Rat P12749 1608 Ribosomal Protein L26
4 4/6 17% 33880/8.64 | Mouse | P10712 [Transcription Elongation Factor S-II
5 4/6 13% |32688/11.27 |Human| Q13595 [Transformer-2 Protein Homolog (Tra-2 Alpha)
(b) Peptide Mass Tolerance (+/-) 0.05 %, Min. No. of Peptides to Match (3)
1 4/6 24% 13823 /7.80 | Mouse | P01887 [Beta-2-Microglobulin Precursor
2 4/6 17% 33880/8.64 | Mouse | P10712 [Transcription Elongation Factor S-11
3 3/6 13% 29945/9.75 Rat P49242 HMOS Ribosomal Protein S3a (V-Fos)
4 3/6 9% | 32688 /11.27 |Human| (13595 [Transformer-2 Protein Homolog (Tra-2 Alpha)
5 3/6 10% 39837/8.72 | Bovin | P21793 |Bone Proteoglycan Il Precursor (Decorin)

The matched peptides (4/6) of 2D spot 14b (14 kDa/pl 7.5) covered 24% ( 29/119 AA's) of Mouse [3-
2-Microglobulin Precursor (13.82 kDa/pl 7.80).

submgfte d ngfe d Df,j,ita start | end Peptide Sequence Modifications
839.4596 839.4052 0.0065 112 117 EKTVYWDR(D)

1091.2120 1091.5849 -0.0342 24 32 (K)TPQIOVYSR(H)

1100.9993 1101.4675 -0.0425 112 119 (KYTYYWDRDM(-) 1Met-ox
1515.3568 1514.7235 0.0418 66 78 |(OIPKVEMSDMSFSK(D) 1 Met-ox

2 unmatched masses: §79.0423 1341.6656

Figure 6.2 : MS data and MS-fit search results for 2D spot 14b. A) MALDI peptide mass

spectrum of trypsin digested 2D spot 14b (14 kDa/pl 7.5). B) Database searches using the peptide
masses shown in A, was performed with peptide mass error specified at (a) 0.1 % or (b) 0.05 %
and the 5 best matching entries has been shown. C) The best matching entry was Mouse B-2-

Microglobulin Precursor (13.82 kDa/pl 7.80).
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Spot 15Lb

The peptide mass spectrum obtained for trypsin digested spot 15Lb was displayed in Fig.
6.3(A). A total of 8 peptide masses specific for spot 15Lb, were determined in the
MALDI-TOF experiment.

Searching the protein databases (SwissProt and NCBI) requiring a peptide mass error of
less than 0.1 % retrieved the 5 top sequence entries listed in Fig. 6.3(B). The highest
ranking sequence entry was Mouse Lysozyme C precursor (16.69 kDa/pl 9.11) which
matched 7 of the 8 peptide masses submitted, with 5 of them under a peptide mass error of
0.05%. The matched peptides displayed in Fig. 6.3(C), covered 33% (49/148 AA's) of the
sequence of Mouse Lysozyme C precursor (16.69 kDa/pl 9.11). If the signal sequence
(residues 1 to 18) was subtracted from the mass, then the matched peptides actually
covered 38% (49/130 AA’s) of the matured sequence of Mouse Lysozyme C (14.96 kDa/pl
9.47). The calculated Mw and pI of matured Mouse Lysozyme C (14.96 kDa/pl 9.47) was
consistent with the observed MW (15 kDa) and pI (9.4) of spot 15Lb, and served to

confirm the identification unambiguously.

Spot 18Ee

The peptide mass spectrum obtained for trypsin digested spot 18Ec was displayed in Fig.
6.4(A). A total of 10 peptide masses specific for spot 18Ec, were determined in the
MALDI-TOF experiment.

Searching the protein databases (SwissProt and NCBI) requiring a peptide mass error of
less than 0.1 % retrieved the S top sequence entries listed in Fig. 6.4(B). The top ranking
sequence entry was Mouse Cofilin (18.56 kDa/plI 8.22) which matched 8 of the 10 peptide
masses submitted. The matched peptides displayed in Fig. 6.4(C) covered 42% (71/166
AA's) of the sequence of Mouse Cofilin. The MW and pI of Mouse Cofilin (18.56 kDa/pl
8.22) corresponded well with the observed MW (18 kDa) and pl (8.5) of spot 18Ec. The 2
unmatched peptide masses (975.2566 and 1363.1679) might be trypsin peaks. In

conclusion the identification is unambiguous.
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0 4
500 miz 3000
No. of [Sequence Protein SwissProt. )
Rank Peptides (Coverage MW (Da)/pl Species| Accession Protein Name
Matched| (%) Nao.
a) Peptide Mass Tolerance {(+/-) 8.1 %, Min. No. of Peptldes to Match (5)
al 78 - | 33% | 1668979.11 | Motse | ©+P08905  |Lysozyme C precursor (B-N-Acetylmuramidase C)
2 5/8 17% 33344 /8.57 Mouse | P14231 Sodium/Potassium-Transporting ATPase B2 Chain
3 5/8 22% 35026/8.71 Rat P70498 Phospholipase D2
4 5/8 13% 39867 /8.64 |Human| P00326 |Alcohol Dehydrogenase y-Chain
5 6/8 15% 38152 /8.39 | Bovin | 018739 |Connective Tissue Growth Factor Precursor
{b) Peptide Mass Tolerance (+/-) 0.05 %, Min. No. of Peptides to Match (4)
1 5/8 30% 14956 /9.47 | Mouse | P0OB905 |Lysozyme C precursor (B-N-Acetylmuramidase C)
2 4/8 12% 39867/ 8.64 |Human| PO00326 jAlcohol Dehydrogenase y-Chain
3 4/8 10% 33344 /8.57 | Mouse | P14231 Sodium/Potassium-Transporting ATPase B2 Chain
4 4/8 14% 34014/ 9.63 Rat P56499 Mitochondrial Uncoupling Protein 3
5 5/8 11% 38152/8.39 | Bovin | 018739 Connective Tissue Growth Factor Precursor

The matched peptides (7/8) of 2D spot 15b (14 kDa/pl 9.4) covered 38% (49/130 AA's) of Matured
Mouse Lysozyme C (14.96 kDa/pl 9.47).

subzifte d ml::gxe d D(e;:)ta start | end Peptide Sequence Modification
738.5677 7383535 0.0290 60 65 (RIATNYNR(G)

788.5691 788.4208 0.0188 126 131 (RJAWVAWR(A)

894.4934 894.4685 0.0028 138 144 (R)DLSQYIR(N)

1039.3440 1039.6013 -0.0247 117 125 RYVVRDPOGIR(A)

1699.9931 1700.7880 -0.0467 66 80 (R)GDQSTDYGIFQINSR(Y)

2162.1008 2164.0735 -0.0912 120 137 (RDPQGIRAWVAWRAHCQNR(D)

24184124 2420.1231 -0.0707 60 80 YRIATNYNRGDQSTDYGIFQINSR(Y)

1 unmatched mass: 785.4871

Figure 6.3 : MS data and MS-fit search results for 2D spot 15Lb. A) MALDI peptide mass

spectrum of trypsin digested 2D spot 15Lb (15 kDa/pl 9.4). B) Database searches using the
peptide masses shown in A, was performed with peptide mass error specified at (a) 0.1 % or (b)
0.05 % and the 5 best matching entries has been shown. C) The best matching entry was Mouse
Lysozyme C (14.96 kDa/pl 9.47).
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A
7.00
:
%’ =
R . 2
500 miz 3000
B ‘ No. of |Sequence Protein SwissProt.
?Rank Peptides Coverage MW (Da)/pl Species| Accession Protein Name
Matched| (%) No.
\(a Peptide Mass Tolerance (+/- 0.1 "o, Min. No. of Peptides to Match (5)
1L 810 | 42% | /822 | Mouse | P18760  [Cofilin (Non-Muscle Isoform) =
2 8/10 42% 18533 / 8.22 Rat P45592 |Cofilin (Non-Muscle Isoform)
3 6/10 30% |21493/11.35 |Human | P02686 Myelin Basic Protein (MBP)
4 6/10 22% 33245/525 | Mouse | P32853 |Syntaxin 1B
5 6/10 22% 33275/5.25 | Bovin | P41414 |Syntaxin 1B
{b) Peptide Mass Tolerance (+/-) .05 %, Min. No. of Peptides to Match (4}
1 4/10 30% 18560 /822 | Mouse | P18760 |Cofilin (Non-Muscle Isoform)
2 4/10 30% 18533/8.22 | Rat P45592 |Cofilin (Non-Muscle Isoform)
3 4/10 29% 121493/11.35 | Human| P02686 yelin Basic Protein (MBP)
4 4/10 19% | 33245/5.25 | Mouse | P32853 {Syntaxin 1B
5 4/10 19% 33275/5.25 | Bovin | P41414 |Syntaxin 1B

The matched peptides (8/10) of 2D spot 18E (18 kDa/pl 8.5) covered 42% (71/166 AA's) of Mouse
Cofilin Non-Muscle Isoform (18.56 kDa/pl 8.22).

—
subxli,fte d mlxge d D;:/f)ta start | end Peptide Sequence Modification
10254107 1024.5250 0.0864 14 21 (K)VFNDMKVR(K) 1Met-ox
1035.3481 1034.4763 0.0845 74 81 (KIMLPDKDCR(Y)

1051.3474 1050.4712 0.0837 74 81 (KIMLPDKDCR(Y) 1Met-ox
1144.9787 1144.6214 0.0313 1 13 (-JASGVAVSDGVIK(V) Acet N
1310.1622 1309.6826 0.0365 34 44 (K)KAVLFCLSEDK(K)

1310.1622 1309.6826 0.0365 35 45 (K)AVLFCLSEDKK(N)

1338.0674 1337.6265 0.0332 82 92 (RIYALYDATYETK(E)

1790.3859 1790.8132 -0.0236 133 146 (KYHELQANCYEEVKDR(C)

2301.5068 2303.1454 -0.0710 128 146 (KOLTGIKHELOANCYEEVKDR(C)

2 unmatched masses: 975.2566, 1363.1679
Figure 6.4 : MS data and MS-fit search results for 2D spot 18Ec. A) MALDI peptide mass

spectrum of trypsin digested 2D spot 18Ec (18 kDa/pl 8.5). B) Database searches using the
peptide masses shown in A, was performed with peptide mass error specified at (a) 0.1 % or (b)
0.05 % and the 5 best matching entries has been shown. C) The best matching entry was Mouse
Cofilin Non-Muscle Isoform (18.56 kDa/pl 8.22).
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Spot 18Lc¢

The peptide mass spectrum obtained for trypsin digested spot 18Lc was displayed in Fig.
6.5(A). A total of 6 peptide masses specific for spot 18Lc, were determined in the

MALDI-TOF experiment.

Searching the protein databases (SwissProt and NCBI) requiring a peptide mass error of
less than 0.1 % retrieved the 5 top sequence entries listed in Fig. 6.5(B). All the sequences
retrieved matched 5 of the 6 peptide masses submitted, but only Mouse Vacuolar ATP
Synthase Subunit matched all 5 peptide masses with a peptide mass error under 0.05%.
The sequence coverage (< 20%) was low for all entries, but only because their MW was far
above the expected MW. Since there was only a small difference in matched peptide
masses from the highest ranking candidate to the next, unambiguous identification was not
possible. The MW and pl of all the sequence entries did not correspond well with the
observed MW (18 kDa) and pI (8.2) of spot 18Lc, and are possibly fragments or perhaps a

novel related protein not yet available as an entry in the databases.

Nonetheless, the 5 matched peptide masses of only 1 entry namely Mouse Vacuolar ATP
Synthase Subunit E (26.59/pl 9.28) displayed in Fig. 6.5(C) covered a consecutive stretch
of sequence (i.e. the N-terminal region from residue 46 to 109). Additionally 4 of the 5
matched peptide masses were under a peptide mass error of 0.03%, which was an excellent
match. Considering the above and that the subcellular location of Mouse Vacuolar ATP
Synthase Subunit E (26.59/pI 9.28) was correct, made it the best matching entry available

in the protein databases.

In conclusion, Mouse Vacuolar ATP Synthase Subunit E (26.59/pl 9.28) was a preliminary

identification of spot 18Lc and requires further analysis to confirm the assignment.
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bl

3000

500 miz
B No. of |Sequence Protein SwissProt.
Rank | Peptides |Coverage MW (Da)/pl Species| Accession Protein Name
Matched| (%) No.
{a) Peptide Mass Tolerance (+/-) 0.1 %, Min. No. of Peptides to Match (5§
1 o860 19% | 26588/9.28 | Mouse | P50518 [Vacuolar ATP Synthase Subunit £
2 5/6 18% 25678 /8.51 |Human| P09210 |Glutathione S-Transferase A2
3 5/6 16% 30444 /5,68 | Rabbit | 225913 polipoprotein Al
4 5/6 16% 37156 /9.63 | Mouse | 2388720 |Carnitine Palmitoyltransferase |
5 5/6 15% 34458/9.75 Rat P09895 608 Ribosomal Protein LS
(b) Peptide Mass Tolerance (+/-) 0.05 %, Min. No. of Peptides to Match (4)
1 5/6 19% 26588 /9.28 | Mouse | P50518 [Vacuolar ATP Synthase Subunit E
2 4/6 14% 30444 /5,68 | Rabbit | 225913 |Apolipoprotein Al
3 4/6 13% 35045 /8.86 |Human| Q00526 [Cell Division Protein Kinase 3
4 4/6 9% 37777/12.18 |Human| 860970 [HPS8 peptide
5 4/6 3% 38849/9.45 | Mouse | 3288547 [Transcription Elongation Factor
C The matched peptides (5/6) of 2D spot 18L (18 kDa/pl 8.2) covered 19% ( 44/228 AA's) of Mouse
Vacuolar ATP Synthase Subunit E (26,59 kiDa/pl 9.28).
¥
subﬁgfte d mﬁ;{)e d D;I)ta start | end Peptide Sequence Modifications
659.6789 6593840 0.0447 67 71 KRYOQOOKK(D)
759.6224 759.4365 0.0245 46 51 WRLLETOR(L)
1000.4412 1000.6155 -0.0174 46 33 (RILLETORLK(
1000.4412 1000.5977 -0.0156 102 109 KK)YQRLMEKVVK(D) yroGlu, Met-ox
1546.5823 1546.8198 -0.0154 72 84  (OIOMSNLMNOARLE(V)
1602.2668 1601.8613 0.0253 52 63 (RILKIMEYYEKKEK(Q)

1 unmatched mass: 861.0056

Figure 6.5 : MS data and MS-fit search results for 2D spot 18L.c. A} MALDI peptide mass

spectrum of trypsin digested 2D spot 18L (18 kDa/pI 8.2). B) Database searches using the peptide
masses shown in A, was performed with peptide mass error specified at (a) 0.1 % or (b) 0.05 %
and the 5 best matching entries has been shown. C) The best matching entry was Mouse Vacuolar
ATP Synthase Subunit E (26.59 kDa/pI 9.28).
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Spot 22Ec¢

The peptide mass spectrum obtained for trypsin digested spot 22Ec was displayed in Fig.
6.6(A). A total of 10 peptide masses specific for spot 22Ec, were determined in the

MALDI-TOF experiment.

Searching the protein databases (SwissProt and NCBI) requiring a peptide mass error of
less than 0.1 % retrieved the 5 top sequence entries listed in Fig. 6.6(B). The highest
ranking sequence entry was Mouse Thioredoxin Peroxidase 2 (22.17 kDa/pl 8.26) which
matched 8 of the 10 peptide masses submitted, with 7 of them under a peptide mass error
of 0.05%. The matched peptides displayed in Fig. 6.6(C), covered 38% (67/199 AA's) of
the sequence of Mouse Thioredoxin Peroxidase 2 (22.17 kDa/pl 8.26). In addition the
calculated Mw and pI of Mouse Thioredoxin Peroxidase 2 (22.17 kDa/pl 8.26) was
consistent with the observed MW (22 kDa) and pl (8.6) of spot 22Ec, and served to
confirm the identification unambiguously. Mouse Thioredoxin Peroxidase 2 was first

identified as a Macrophage Stress Factor of 23 kDa.

Spot 22L¢

The peptide mass spectrum obtained for trypsin digested spot 22Lc was displayed in Fig.
6.7(A). A total of 17 peptide masses specific for spot 22Lc, were determined in the

MALDI-TOF experiment.

Searching the protein databases (SwissProt and NCBI) requiring a peptide mass error of
less than 0.1 % retrieved the 5 top sequence entries listed in Fig. 6.7(B). The highest
ranking sequence entry was Mouse Superoxide Dismutase Precursor (24.60 kDa/pl 8.80)
which matched 10 of the 17 peptide masses submitted, with 6 of them under a peptide

mass error of 0.05%.
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fiea UL TR O ‘
1000 miz 3000
No. of Sequence Protein SwissProt. )
Rank  Peptides Coverage MW (Da)/pl Species| Accession Protein Name
‘ Matched (%) No.
a) Peptide Mass Tolera in. No. of Peptides to Match (5)
Todne 840 38% | 221767876 o B35700.Ehisredoxin Peraxidase 2
2 7/10 29% 22109/ 8.27 Rat (63716 [Thioredoxin Peroxidase 2
3 5/10 28% 17661/6.73 | Sheep | P19114 [Interleukin-2 Precursor
4 5/10 22% 23336 /4.74 |Human| 2135800 |Synaptosomal Associated Protein 25A (SNAP-25)
5 5/10 18% 23315/4.65 |Human| P13795 [Synaptosomal Associated Protein 25 (SNAP-25) |
(b) Peptide Mass Tolerance (+/-) 0.05 %, Min. No. of Peptides to Match (4)
1 710 27% 22176 /8.26 | Mouse | P35700 ([Thioredoxin Peroxidase 2
2 6/10 23% 22109 /8.27 Rat Q63716 |Thioredoxin Peroxidase 2
3 4/10 29% 15030 /4,94 |Human| 014810 |Complexin 1 {Synaphin 2)
4 4/10 11% 23336/4.74 {Human| 2135800 |Synaptosomal Associated Protein 25A (SNAP-25)
5 4/10 11% 23315/4.65 |Human| P13795 |Synaptosomal Associated Protein 25 (SNAP-25)

The matched peptides (8/10) of 2D spot 22E (22 kDa/pl 8.6) covered 38% ( 67/199 AA's) of Mouse
Thioredoxin Peroxidase 2 (22.17 kDa/pl 8.26).

subngte d mzltlgxe d D:;Lta start | end Peptide Sequence Modifications
831.5455 8§31.4576 0.0106 152 158 (R)SVDEIR(L)

894.4386 894.4321 0.0007 121 128 (K)ADEGISFR(G)

1006.3337 10036.5362 -0.0201 8 16 (KJIGYPAPNFK(A)

1196.0380 1196.6315 -(.0496 159 168 WRILVQAFQFTDK(H)

1208.0862 1208.6639 -0.0478 141 151 [(RYQITINDLPVGR(S) pyroGlu
1225.0830 1225.6905 -0.0496 141 151 (RYQITINDLPVGR(S)

1358.8422 1359.8000 -0.0704 129 140 |(R)YGLFIIDDKGILR(Q)

1982.4981 1983.0187 -0.0263 111 128 (R)TIAQDYGVLKADEGISFR(G)

2 unmatched masses: 1290.8818, 1806.9224

Figure 6.6 : MS data and MS-fit search results for 2D spot 22E¢. A) MALDI peptide mass

spectrum of trypsin digested 2D spot 22E (22 kDa/pl 8.5). B) Database searches using the peptide
masses shown in A, was performed with peptide mass error specified at (a) 0.1 % or (b) 0.05 %
and the 5 best matching entries has been shown. C) The best matching entry was Mouse
Thioredoxin Peroxidase 2 (22.17 kDa/pl 8.26).
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The next matching sequence was Mouse Rab-10 (22.54 kDa/pI 8.58) which matched 6 of
the 17 peptide masses submitted, with 4 of them under a peptide mass error of 0.05%.
When the remaining 7 peptide masses unassigned to Mouse Superoxide Dismutase
Precursor were reused in a new database search (data not shown), 4 of them matched
Mouse Rab-10, thus only 2 of the peptide masses overlaped in matching both Superoxide
Dismutase and Rab-10. The former suggested that possible comigration of these 2
sequences had occurred on the 2D gel. The matched peptides covered only 33% (67/200
AA's) of the sequence of Mouse Rab-10 (22.54 kDa/pl 8.58). Also the pl of Mouse Rab-

10 (pI 8.58) was not consistent with the observed pI (7.6) of spot 22Lc.

The matched peptides displayed in Fig. 6.7(C), covered 55% (127/222 AA's) of the
sequence of Mouse Superoxide Dismutase Precursor (24.60 kDa/pl 8.80). If the signal
sequence (residues 1 to 24) was subtracted from the mass, then the matched peptides
actually covered 65% (127/198 AA's) of the matured sequence of Mouse Superoxide
Dismutase (22.22 kDa/pl 7.30). The calculated Mw and pI of matured Superoxide
Dismutase (22.22 kDa/pl 7.30) was consistent with the observed MW (22 kDa) and pl

(7.6) of spot 22Lc, which served to confirm the identification as unambiguous.
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B | No. of |Sequence Protein SwissProt.
Rank| Peptides (Coverage MW (Da)/pl Species| Accession Protein Name
Matched| (%) No.
(a) Peptide Mass Tolerance (+/-) 0.1 %, Min. No. of Peptides to Match (8) ]
110117 L 55% | 24603 /8.80 | Mouse.|. P09671 |Superoxide Dismutase-precursor'(Mitochondrial)
2 6/17 33% | 22541/8.58 | Mouse | 088386 |Rab-10 (Ras-Related Protein)
3 6/17 33% 22569/8.58 | Canfa | P2440% [Rab-10 (Ras-Related Protein)
4 6/17 30% 22291/7.94 Rat P07895 [Superoxide Dismutase (Mitochondrial)
5 6/17 26% | 33196/6.11 |Human| 075558 |Syntaxin 11
(b) Peptide Mass Tolerance (+/-) 0.05 %, Min. No. of Peptides to Match (§)
1 6/17 35% 22222 /730 | Mouse | P09671 [Superoxide Dismutase precursor (Mitochondrial)
2 4/17 26% | 22541/8.58 | Mouse | 088386 Rab-10 (Ras-Related Protein)
3 4/17 26% 22569 /8.58 | Canfa | P24409 [Rab-10 (Ras-Related Protein)
4 4/17 24% 22291 /7.94 Rat P0O7895 |Superoxide Dismutase (Mitochondrial)
5 4/17 21% 39031 /640 [Human| Q15080 [Neutrophil Cytosol Factor 4

(C The matched peptides (10/17) of 2D spot 22L (22 kDa/pl 7.6) covered 65% ( 127/198 AA's) of
Matured Mouse Superoxide Dismutase (22.22 kDa/pl 7.30).

| sub:ilfte d mglgl{l; d D:/ita start | end Peptide Sequence Modification
986.1723 985.4743 0.0708 | 123 | 130 (K)RDFGSFEK(F)

1004.4588 | 1004.5529 | -0.0094 | 195 | 202 (KONVRPDYLK(A)

1028.4822 | 1028.6104 | -0.0125 | 115 | 123 (K)GELLEAIKR(D)

1361.1352 | 1361.6741 | -0.0396 | 124 | 134 (R)DFGSFEKFKEK(L)

1440.1842 | 1440.8062 | -0.0432 | 76 89 (KYGDVTTQVALQPALK(F)

15532176 | 1553.8651 | -0.0417 | 109 | 123 (K)GGGEPKGELLEAIKR(D)

1742.7883 | 1743.8818 | -0.0627 | 203 | 216 (K)AIWNVINWENVTER(Y)

21393293 | 2140.0728 | -0.0347 | 90 | 108 {(K)FNGGGHINHTIFWTNLSPK(G)
2521.7844 | 2523.2381 | -0.0576 | 54 75 (K)HHAAYVNNLNATEEKYHEALAK(G)
25317283 | 2533.2952 | -0.0619 | 135 | 158 (KLTAVSVGVQGSGWGWLGFNKEQGR(L)

7 unmatched masses: 898.6943, 1424.9805, 1432.0050, 1437.1674, 1583.1097, 1758.7588, 2549.7485

Figure 6.7 : MS data and MS-fit search results for 2D spot 22L.c. A) MALDI peptide mass

spectrum of trypsin digested 2D spot 221 (22 kDa/pl 7.6). B) Database searches using the peptide
masses shown in A, was performed with peptide mass error specified at (a) 0.1 % or (b) 0.05 %
and the 5 best matching entries has been shown. C) The best matching entry was Mouse
Superoxide Dismutase (22.22 kDa/pl 7.30).
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Spet 32Lc

The peptide mass spectrum obtained for trypsin digested spot 32Lc¢ was displayed in Fig.
6.8(A). A total of 11 peptide masses specific for spot 32Lc, were determined in the

MALDI-TOF experiment.

Searching the protein databases (SwissProt and NCBI) requiring a peptide mass error of
less than 0.1 % retrieved the 5 top sequence entries listed in Fig. 6.8(B). The highest
ranking sequence entry was Rat Annexin IV (35.87 kDa/pl 5.32) which matched 8 of the
11 peptide masses submitted, with 5 of them under a peptide mass error of 0.05%. The
next matching sequence was Bovin Annexin IV (35.89 kDa/pl 5.54) which matched 6 of

the 12 peptide masses submitted, with 5 of them under a peptide mass error of 0.05%.

The matched peptides displayed in Fig. 6.8(C), covered 37% (121/319 AA's) of the
sequence of Rat Annexin IV (35.87 kDa/pl 5.32). The calculated Mw and pl Rat Annexin
IV (35.87 kDa/pI 5.32) was consistent with the observed MW (32 kDa) and pl (4.6) of spot
32Lc within an experimental error of 10%. Coincidentally, it has been observed that

Annexin IV migrates at a MW of 32-33 kDa upon SDS-PAGE [438a,b].

The matched peptides (data not shown), covered 31% (102/319 AA's) of the sequence of
Bovin Annexin IV (35.89 kDa/pl 5.54). Similarly, the calculated Mw and pl of Bovin
Annexin IV (35.89 kDa/pl 5.54) was consistent with the observed MW (32 kDa) and pl
(4.6) of spot 32Lc within an experimental error of 10%. One of the peptide masses
(1428.2061) not assigned to Rat Annexin IV, was matched by Bovin Annexin IV and
Human Annexin VIIIL

Since Mouse Annexin IV (which does exist as an entry in the databases) was not retrieved
as a match for the top 5 ranking entries instead of Rat and Bovin Annexin IV, was

suggestive of a variant/related Annexin not available as an entry in the protein databases.
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sor 434407

1481.3304

1000 miz 3000
No. of |Sequence Protein SwissProt.
Rank | Peptides |{Coverage MW (Da)/pl Species| Accession Protein Name
Matched % No.

(a) Peptide Mass Tolerance (+/-) 0.1 %, Min. No. of Peptides to Match (6)
1 L 811 37% . 35874/532 | Rat:.| P55260 |AnnexinlV (Endonexin [}

2 6/11 31% 35889/5.54 | Bovin | P13214 |Annexin IV (Endonexin I)

3 7/11 29% 36879 /5.56 {Human| P13928 |Annexin VIII (Vascular Anticoagulant-Beta)

4 6/11 22% | 39361/6.21 Rat P19356 [Porphobilinogen Deaminase
5 6/11 20% 33409/6.63 |Human| P55212 Caspase-6 Precursor (Apoptotic Protease MCH-2)
(b) Peptide Mass Tolerance (+/-) 0.05 %, Min. No. of Peptides to Match (4)

1 5/11 28% | 35874/532 | Rat P55260 |Annexin IV (Endonexin I)

2 5/11 28% 35882 /5.84 |Human| P09525 |Annexin IV {(Endonexin I}

3 5/11 20% | 35889/5.54 | Bovin | P13214 |Annexin IV (Endonexin I)

4 5/11 17% 39361/6.21 | Rat P19356 [Porphobilinogen Deaminase

5 5/11 15% 31268/8.72 | Mouse | Q60653 Killer Cell Lectin-Like Cell Surface Receptor 6

The matched peptides (8/11) of 2D spot 32L¢ (32 kDa/pl 4.6) covered 37% (121/319 AA's) of Rat
Annexin IV (Endonexin I) (35.87 kDa/pl 5.32).

| subr:lll/izt ted mg/g;l[; d D:/ita start | end Peptide Sequence Modification
870.4275 | 870.3593 0.0078 301 308 (K)GDTSGDYR(K)
912.3465 | 913.4856 -0.0947 117 123 (R)NPEEIRR(D
1009.1378 | 1008.5478 | 0.0585 50 57  (RYQEIRTAYK(S)
1841.6955] 1840.9571 0.0401 201 214 (RNRNHLLHVFDEYKR()
2252.4673 | 2252.1142 | 0.0157 242 259 (K)CMRNKPAYFAERLYKSME(G) 1Met-0x
2266.3995| 2268.1092 | -0.0754 242 259 (K)YCMRNKPAYFAERLYKSME(G) 2Met-ox
2267.5388 | 2268.1092 | -0.0251 242 259 (KYCMRNKPAYFAERLYKSMEK{(G) 2Met-ox
2481.3304 | 2481.2408 | 0.0036 24 IMETKGGTVKAASGFNATEDAQVLR(K)
2481.3304 | 2480.2772 | 0.0425 219 241 (KDIEQSIKSETSGSFEDALLAIVK(C)

3 unmatched masses: 886.3880, 1266.5589, 1428.2061
Figure 6.8 : MS data and MS-fit search results for 2D spot 32L¢c. A) MALDI peptide mass

spectrum of trypsin digested 2D spot 32Lcl (32 kDa/pl 4.6). B) Database searches using the
peptide masses shown in A, was performed with the peptide mass error specified at (a) 0.1 % or
(b) 0.05 % and the 5 top matching entries has been shown. ) The best matching entry was Rat
Annexin IV (Endonexin I) (35.87 kDa/pl 5.32).
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Spot 32Lb

The peptide mass spectrum obtained for Lys-C digested spot 32Lb was displayed in Fig.
6.9(A). A total of 8 peptide masses specific for spot 32Lb, were determined in the
MALDI-TOF experiment,

Searching the protein databases (SwissProt and NCBI) requiring a peptide mass error of
less than 0.1 % or 0.05% retrieved the 5 top sequence entries listed in Fig. 6.9(B). The
highest ranking sequence entry was Mouse galectin-3 (27.52 kDa/pl 8.47) which matched
5 of the 8 peptide masses submitted, with all 5 under a peptide mass error of 0.05%. In

fact, 4 were under a peptide mass error of 0.01%. Which was an extremely close match.

The matched peptides displayed in Fig. 6.9(C), covered 25% (66/264 AA's) of the
sequence of Mouse galectin-3 (27.52 kDa/pl 8.47). The calculated Mw of Mouse galectin-
3 (27.52 kDa) was consistent with the observed MW (32 kDa) of spot 32Lb within an
experimental error of 15% and the pl was spot on. Coincidentally, it has been observed

that Mouse Galectin-3 migrates at a MW of 30-31 kDa upon SDS-PAGE.

One of the peptide masses (883.4320) not assigned might be the Ion-Na species of the
calculated peptide mass of 861.3800. Thus leaving only 2 peptide masses (935.1664 and
1863.7467) unassigned to Mouse galectin-3. Further analysis by MS/MS is required to
determine whether these peptides perhaps represent variant changes in the amino acid

sequence of galectin-3.

Edman microsequencing [Figure 6.1] of the peptide of mass 1511.6997 (HPLC-RP fraction
1) of spot 32 Ec was determined as the sequence EERQSAFPFESGK which matched
Mouse galectin-3, which served to unambiguously confirm that the identity of both spots

32Lb and 32Ec was Mouse galectin-3.
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1000

3000

miz
No. of |Sequence Protein SwissProt.
Rank | Peptides [Coverage MW (Da)/pl Species| Accession Protein Name
Matched| (% Nao.
(a) Peptide Mass Tolerance +/-3 8.1 Yo, Min., No, of Peptides to Match (4)
Sl SI8 1 28%. 27515/ 847 P16110 rw(§ale:cl:i'n»'3'(gaﬂa‘ctose-sgfscific‘Lf:,(;’cin 94y
2 5/8 25% 27429/8.58 | Mouse | 52851 {L-34 protein
3 4/8 23% | 25059/5.09 Human| 6716764 [Neurcendocrine Differentiation Factor
4 4/8 21% 26395/4.85 Human, 7688967 [Uncharacterized Bone Marrow protein BM036
5 4/8 18% 30174 /9.82 |Human| 539695 [T cell factor 1 (splice form B)
{b) Pentide Mass Tolerance (+/-) .05 %, Min. No. of Peptides to Match (3)
1 5/8 25% | 27515/8.47 | Mouse | P16110 |Galectin-3 (galactose-specific Lectin 3)
2 5/8 25% 27429 /8.58 | Mouse | 52851 -34 protein
3 3/8 18% | 30174/9.82 |Human| 539695 (T cell factor 1 (splice form B)
4 3/8 12% 34880 /7.12 |Human| 4507305 Sulfotransferase !
5 3/8 10% 36752/9.43 |Human| 5051993 |G protein pathway suppressor 2

The matched peptides (5/8) of 2D spot 32Lb (32 kDa/pl 8.4) covered 25% (66/263 AA's) of Mouse
Galectin-3 (27.52 kDa/pI 8.47).

subl::x/izt ted mg/:g:e d D;ita start | end Peptide Sequence Madification
1298.7663 1298.7109 0.0043 213 223 (KIQVLVEADHFK(V)

1511.6997 1511.7200 0.0014 197 | 209 (K)EERQSAFPFESGK(P)

1884.7341 1883.9292 0.0427 197 | 212 (K)EERQSAFPFESGKPFK(I)

1924.8292 1924.9816 -0.0079 | 224 | 239 (K)YVAVNDAHLLOQYNHRME(N) IMet-ox
2570.1020 2570.3248 -0.0087 | 240 | 263 |(KINLREISQLGISGDITLTSANHAMI(-| IMet-ox

3 unmatched masses : 883.4320, 935.1664, 1863.7467

Figure 6.9 : MS data and MS-fit search results for 2D spot 32Lb. A) MALDI peptide mass

spectrum of Lys-C digested 2D spot 32Lb (32 kDa/pl 8.4). B) Database searches using the
peptide masses shown in A, was performed with the peptide mass error specified at (a) 0.1 % or
(b) 0.05 % and the 5 top matching entries has been shown. C) The best matching entry was
Mouse Galectin-3 (27.52 kDa/pl 8.47). The matched peptides and sequence coverage has been

shown.
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Spot 33b

The peptide mass spectrum obtained for trypsin digested spot 33b was displayed in Fig.
6.10 (A). A total of 22 peptide masses specific for spot 33b, were determined in the
MALDI-TOF experiment.

Searching the protein databases (SwissProt and NCBI) requiring a peptide mass error of
less than 0.1 % retrieved the 5 top sequence entries listed in Fig. 6.10(B). The top ranking
sequence entry was Mouse Voltage-Dependent Anion-Selective Channel (30.75 kDa/pl

8.62), which matched 16 of the 22 peptide masses submitted.

The matched peptides displayed in Fig. 6.10(C), covered 70% (199/283 AA's) of the
sequence of Mouse Voltage-Dependent Anion-Selective Channel (30.75 kDa/pl 8.62).
The calculated Mw and pl of Mouse Voltage-Dependent Anion-Selective Channel (30.75
kDa/pl 8.62) was consistent with the observed MW (33 kDa) and pl (8.6) of spot 33b.

When the remaining 6 peptide masses unassigned [Fig. 6.11(A)] to Mouse Voltage-
Dependent Anion-Selective Channel were reused in a new database search shown in Fig.
6.11(B), 5 of them were matched by Mouse Max Interacting Protein and Human
Cytokeratin 8 [dispayed in Fig. 6.13(C)]. Since the bulk of the peptide masses (16/22)
were matched already, comigration of a second protein is ruled out. Thus the remaining
peptide masses in all probability were derived from contaminating human keratin (i.e.

Cytokeratin 8).
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2786 1637

1000

miz

3000

No. of |Sequence Protein SwissProt,
Rank | Peptides [Coverage MW (Da)/pl Species| Accession Protein Name
Matched| (%) Mo.
tide Mass Tolerance (+/-) 0.1 %, Min. No. of Peptides to Match (7
““““ - 70%  [:30755/8.62 | - 060932 [Voltage-Dependent Anion-Selective Channel
2 14/22 63% 30772 /8.62 |Human| P21796 [Voltage-Dependent Anion-Selective Channel
f 3 8/22 51% 29493 /5.88 Rat 5070662 Kinesin heavy chain
4 8/22 46% 26093 /5.89 |Human| 7019877 [Unnamed protein product
5 8/22 38% 38284 /7.80 | Mouse | 387403 |Annexinl
(b) Peptide Mass Tolerance (+/-) 0.05 %, Min. No. of Peptides to Match (5)
| 9/22 32% 30772 /8.62 |Human| P21796 [Voltage-Dependent Anion-Selective Channel
2 9/22 28% 30755/ 8.62 | Mouse | Q60932 |Voltage-Dependent Anion-Selective Channel
3 6/22 42% 23256/ 8.69 |Human| P49798 |G-Protein Signaling Regulator
4 6/22 27% 30375/5.53 | Rabit 71790 |Apolipoprotein A-I
5 5/22 21% 34165/5.84 | Mouse | P70452 |Syntaxin 4

The matched peptides (16/22) of 2D spot 33b (33 kDa/pl 8.6) covered 70% (199/283 AA's) of Mouse
Voltage-Dependent Anion-Selective Channel (30.75 kiDa/pi 8.62).

subl:ln/izt ted mgt[g:e d D‘c):/ita start | end Peptide Sequence MO(:;[?:M'
854.5527 854.4776 | 0.0088 | 21 28 KKYGYGFGLIK(L)

1174.1798 | 1173.6156 | 0.0481 1 12 (- AVPPTYADLGK(S) Acet N
1214.1000 | 1213.6217 | 0.0394 | 164 | 174 (R)VTQSNFAVGYK(T)

13748206 | 1374.6582 | 0.0118 | 64 74 (RYWTEYGLTFTEK(W)

1400.7600 | 1400.6156 | 0.0103 | 225 | 236 (K)YQVDPDACFSAK(V)

1456.7143 | 1456.7549 | -0.0028 | 162 | 174 (K)SRVTQSNFAVGYK(T)

1487.7174 | 1487.7858 | -0.0046 1 15 (-AVPPTYADLGKSAR(D) Acet N
| 1528.5482 | 1528.7647 | -0.0142 | 97 | 110 (KILTFDSSFSPNTGKE(N)

1816.9683 | 1817.9146 | -0.0521 | 202 | 218 (K)LETAVNLAWTAGNSNTR(F)

1944.8292 | 1946.0096 | -0.0607 | 201 | 218 YK)KLETAVNLAWTAGNSNTR(F)

1960.7860 | 1959.8783 | 0.0463 35 53 (K)SENGLEFTSSGSANTETTK(V)

2101.5647 | 2103.1814 | -0.0769 | 237 | 256 (K)VNNSSLIGLGYTQTLEKPGIK(L)

21264219 | 2128.0133 | -0.0748 | 121 | 139 (R)EHINLGCDVDFDIAGPSIR(G)

21742484 | 2176.0522 | -0.0829 | 75 93 (KYWNTDNTLGTEITVEDQLAR(G)

2598.1215 | 2600.1905 | -0.0796 | 175 | 197 (K)YTDEFQLHTNVNDGTEFGGSIYQK(V)

2786.1637 | 2788.3125 | -0.0771 | 35 61 (K)SENGLEFTSSGSANTETTKVNGSLETK(Y)

6 unmatched masses: 962.4170, 976.4582, 1190.1642, 1659.3088, 2041.0070, 2382.3474
Figure 6.10 : MS data and MS-fit search results for 2D spot 33b. A) MALDI peptide mass

spectrum of trypsin digested 2D spot 33b (33 kDa/pl 8.6). B) Database searches using the peptide
masses shown in A, was performed with peptide mass error specified at (a) 0.1 % or (b) 0.05 %
and the 5 best matching entries has been shown. C) The best matching entry was Mouse Voltage-
Dependent Anion-Selective Channel (30.75 kDa/pl 8.62).
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No. of {Sequence Protein SwissProt.
Rank | Peptides |{Coverage MW (Da)/pI Species| Accession Protein Name
Matched| (%) ’ No.
tide Mass Tolerance (+/-) 0.1 %, Min. No. of Peptides to Match (4)
Lp 1 26% 7 Mouse. | P50540 ax Interacting Protein 1.
2 5/’5- r01%0.,1.30 1 |Human| 30313  [CytoKeratin 8 '
3 4/6 18% 39079 / 9 74 Human| Q14093 [Cylicin I
4 4/6 18% | 24297/9.72 |Human| 7106840 [HSPC225
5 4/6 17% 25500/9.81 |Human| 7020793 |[Unnamed protein product
The matched peptides (5/6) of 2D spot 33b (33 kDa/pl 8.6) covered 26% (60/228 AA's) of Mouse
Max Interacting Protein (25.98 kDa/pl 6.81).

m/z MH Delta | gtart | end Peptide S Modificati
submitted matched % ptide Sequence lodifications
962.4170 962.5536 -0.0142 42 49 (RLOHSKPPR(R)

976.4582 976.5692 -0.0114 | 136 142 RJEQRFLKR(R)

1190.1642 1190.6421 -0.0401 12 21 (RILLEAAFFLER(R)

2041.0070 | 2039.0933 | 0.0939 | 142 | 157 [(K)RRLEQLQGPQEMERIR(M)
2382.3474 2380.0563 0.0963 22 41 KRJRERECEHGYASSFPSMPSPR(L)

1 unmatched mass: 1659.3088

The matched peptides (5/6) of 2D spot 33b (33 kDa/pl 8.6) cover 21% (61/279 AA's) of Human

Cytokeratin 8 (30.86 kDa/pl 4.91).
+
subrri/izt ted mlz:/t[gle d D;:)ta start | end Peptide Sequence Modifications
962.4170 961.4954 0.0958 101 108 |(K)YTEISEINR{N)
1190.1642 1190.6381 -0.0398 99 108 |(R)TKTEISEINR(N)
1659.3088 1660.8982 -0.0657 99 112 (R)TKTEISEINRNISR(L)
2041.0070 2040.0586 0.0465 92 108 (K)HGDDLRRTKTEISEINR(N)
2382.3474 2381.1659 0.0496 49 69  (R)SLDMDSHAEVKAQYEDIANR(S)
2382.3474 2383.1862 -0.0352 159 177 (RAKQDMARQLREYQELMNVEK(L) 2Met-ox

1 unmatched mass: 975.3977

Figure 6.11 : MS data and MS-fit search results for 2D spot 33b. A) The remaining peptide

masses of MALDI peptide mass spectrum of trypsin digested 2D spot 33b (33 kDa/pl 8.6)
unassigned to Mouse Voltage-Dependent Anion-Selective Channel. B) Database searches using
the peptide masses shown in A, was performed with peptide mass error specified at (a) 0.1 % or
and the 5 best matching entries has been shown. C) The best matching entries were Mouse Max
Interacting Protein (25.98 kDa/pl 6.81) and Human Cytokeratin 8 (30.86 kDa/pl 4.91).
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Spot 34Ec

The peptide mass spectrum obtained for trypsin digested spot 34Ec was displayed in Fig.
6.12(A). A total of 6 peptide masses specific for spot 34Ec, were determined in the

MALDI-TOF experiment.

Searching the protein databases (SwissProt and NCBI) requiring a peptide mass error of
less than 0.1 % and 0.05% retrieved the 5 top sequence entries listed in Fig. 6.12(B). At
0.1% mass error the 2 top ranking sequence entries were Human Tyrosine Kinase (39.87
kDa/pl 8.10) and Mouse Cathepsin K precursor (36.75 kDa/pl 8.62) which matched 4 of
the 6 peptide masses submitted. The matched peptides displayed in Fig. 6.12(C), covered
only 18% of Human Tyrosine Kinase (39.87 kDa/pl 8.10) and 15% (46/314 AA's) of the
sequence of Matured Mouse Cathepsin K (35.01 kDa/pI 8.5). Of these only the matured
form of Mouse Cathepsin K (35.01 kDa/pI 8.5) corresponded well with the observed MW
(34 kDa) and pl (8.5) of spot 34Ec.

In conclusion the identification was ambiguous and thus requires further analysis by either

MS/MS or Edman microsequencing to determine the identity of spot 34Ec.
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Neo. of |Sequence Protein SwissProt. i
Rank | Peptides Coverage MW (Da)/pl Species| Accession Protein Name
Matched| (%) MNo.

(a Petlde Mass Tolerance (+/-) 0. 1 %, Min. No. of Peptides to Match (4) -
- L18% 3 310 o Tyrosine Kinase :
Rl A6 T, 13%. L 367407860 Mou_se P55097 Cathepsin K precursor ‘
L3 3/6 17% 31438/8.83 Rat P20974 |T-cell Ecto-ADP- Rlbosyltransferase 2 precursor
4 3/6 15% 33684 /9.64 |Human| P51815 [Zinc Finger protein 75
| 5 3/6 14% 39467/6.19 |Human| 4249644 Homer-2A protein
‘(b) Peptide Mass Tolerance (+/-) 0.05 %, Min. No. of Peptides to Match (3)

1 3/6 15% 39868 /8.10 |Human| 5804911 [Tyrosine Kinase

2 3/6 16% 32003/5.18 Rat 56649 [Myosin Heavy chain fragment

3 3/6 14% 31438 /8.83 Rat P20974 [T-cell Ecto-ADP-Ribosyltransferase 2 precursor

4 3/6 11% 36749/8.62 | Mouse | P55097 Cathepsin K precursor

5 3/6 8% 35132/5.96 |Human| 7022306 |[Unnamed protein product

The matched peptides (4/6) of 2D spot 32Lb (34 kDa/pl 8.5) covered 18% (46/314 AA's) of Human
Tyrosine Kinase (39.87 kDa/pl 8.10).

T
subr:lll/izt ted ml.::gle d Df/ita start | end Peptide Sequence Modification
| 891.5340 8913994 | 0.0151 | 51 58 (KYGNDGLCOK(L)

1841.7161 | 1842.0125 | -0.0161 | 75 | 89 (K)DAWEIPRESLKLEKK(L)

21529516 | 2154.0442 | -0.0500 | 90 | 108 (K)YLGAGQFGEVWMATYNKHTK(V) IMet-ox
2572.5345 | 2570.3032 | 0.0868 | 109 | 132 (X)VAVKTMKPGSMSVEAFLAEANVMEK(T) | 2Met-ox

2 unmatched masses : 1118.6353, 1671.8226

The matched peptides (4/6) of 2D spot 32LLb (34 kDa/pI 8.6) covered 15% (46/314 AA's) of Matured
Mouse Cathepsin K (35.06 kDa/pl 8.50).

+ 1
| subl:;/iztte d m}:g;e d Df/ita start | end Peptide Sequence Modification|
| 891.5340 891.5304 0.0004 124 131 (KOKGYVTPVE®N)

1671.8226 1671.7293 0.0056 315 329 (KONNACGITNMASFPKM(-) 1 Met-ox
1841.7161 1841.9087 -0.0105 291 305 (KYHWIKNSWGESWGNK(G)
21529516 2151.0736 0.0873 296 314 (KNSWGESWONKGYALLARNK(N)

2 unmatched masses :

Figure 6.12 : MS data and MS-fit search results for 2D spot 34Ec. A) MALDI peptide mass

1118.6353,2572.5345

spectrum of Lys-C digested 2D spot 34Ec (34 kDa/pl 8.5). B) Database searches using the
peptide masses shown in A, was performed with the peptide mass error specified at (a) 0.1 % or
(b) 0.05 % and the 5 top matching entries has been shown. C) The best matching entries were
Human Tyrosine Kinase (39.87 kDa/pl 8.10) and Matured Mouse Cathepsin K (35.06 kDa/pl
8.50). The matched peptides and sequence coverage has been shown.
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Spot 74Lb

The peptide mass spectrum obtained for trypsin digested spot 74Lb was displayed in Fig.
6.13(A). A total of 14 peptide masses specific for spot 74Lb, were determined in the
MALDI-TOF experiment.

Searching the protein databases (SwissProt and NCBI) requiring a peptide mass error of
less than 0.1 % and 0.05% retrieved the 5 top sequence entries listed in Fig. 6.13(B). The
highest ranking sequence entry was Mouse BiP precursor (72.42 kDa/pl 5.07) that matched
10 of the 14 peptide masses submitted under a peptide mass error of 0.013%, which was an

extremely good match.

The matched peptides displayed in Fig. 6.13(C), covered 19% (126/655 AA's) of the
sequence of Mouse BiP Precursor (72.42 kDa/pl 5.07). If the signal sequence (residues 1
to 19) was subtracted from the mass, then the matched peptides actually covered 20%
(126/636 AA's) of the sequence of Matured Mouse BiP (70.47 kDa/pl 5.01). In addition
the calculated Mw and pl of Mouse BiP (70.47 kDa/pl 5.01) was consistent with the
observed Mw (74 kDa) and pI (5.1) of spot 74Lb, and served to confirm the identification

unambiguously.
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6.00 -
0 ‘ — La i
1000 miz 3500
| | No. of Sequence P .  |SwissProt.
; . rotein , . .
‘Rank| Peptides Coverage .. . (Da)/pl Species| Accession Protein Name
; Matched| (%) No. ‘
?gag Peptide Mass Tolerance (+/-) 0.1 %, Min. No. of Peptides to Match (7) j
o 10004 19% 0 724207507 2 P20029 [BiP Glucose-regulated protein precursor (Cirp. 78
2 10/14 19% 70931/5.22 |Human| 6470150 [BiP protein
3 10/14 19% 72116/5.03 |Human| P11021 [BiP Glucose-regulated protein precursor (Grp 78)
4 714 18% 56574/ 8.60 | Mouse | P33562 |G-Protein activated potassium channel
5 8/14 12% 84032/ 5.64 |Human| 075330 [Hyaluronan mediated motility receptor (intracell)
(b) Peptide Mass Tolerance (+/-) 0.05 %, Min. No. of Peptides to Match (4)
1 10/14 19% 72422/5.07 | Mouse | P20029 BiP Glucose-regulated protein precursor (Grp 78
L2 10/14 19% 70931/5.22 |Human| 6470150 BiP protein
3 8/14 17% 72116 /5.03 |Human| P11021 BiP Glucose-regulated protein precursor (Grp 78)
4 4/14 10% 58778/8.39 Human| P49643 DNA Primase (large subunit)
5 4/14 5% 96583 /8.18 | Mouse | P35329 B-Cell Receptor

The matched peptides (10/14) of 2D spot 74Lb (74 kDa/pl 5.1) covered 20% (126/636 AA's) of

Matured Mouse BiP (70.47 kDa/pl 5.01),

I +
subnnln/; ted ml;/tlgxe d Df/lta start | end Peptide Sequence Modification
830.5147 830.4484 0.0080 282 | 288 (K)DNRAVQK(L)

| 929.6095 929.5532 0.0061 289 | 295 (K)LRREVEK(A)
1191.6837 1191.6374 0.0039 466 | 475 (KIYVYEGERPLTK(D)
1237.8163 1237.7632 0.0043 437 | 447 (KLIPRNTVVPTK(K)
1365.8308 1365.8582 -0.0020 437 | 448 (KJLIPRNTVVPTKK(S)

I 1397.7150 1397.7892 -0.0053 623 | 634 (K)ELEEIVQPISK(L)

( 1798.8966 1798.9915 -(.0053 355 | 371 (K)SDIDEIVLVGGSTRIPK(D)

| 1926.9346 1927.0864 -0.0079 354 | 371 (KOKSDIDEIVLVGGSTRIPK(D)

| 2086.7711 2087.0409 -0.0129 558 | 574 (K)ERIDTRNELESYAYSLK(N)
23159411 2316.1433 -0.0087 26 47 (KEDVGTVVGIDLGTTYSCVGVFEK(N)
23159411 2316.2101 -0.0116 166 | 186 (K)YVTHAVVTVPAYFNDAQRQATK(D)

4 unmatched masses : 1075.6521, 1513.7213, 1699.6502, 1858.7437
Figure 6.13 : MS data and MS-fit search results for 2D spot 74Lb. A) MALDI peptide mass

spectrum of trypsin digested 2D spot 74Lb (74 kDa/pl 5.1). B) Database searches using the
peptide masses shown in A, was performed with the peptide mass error specified at (a) 0.1 % or
(b) 0.05 % and the 5 top matching entries has been shown. C) The best matching entry was
Mouse BiP (70.47 kDa/pl 5.01). The matched peptides and sequence coverage has been shown.
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6.4 CONCLUSION

MALDI-TOF peptide mass mapping and database searching has proved to be a rapid and
sensitive method for screening of proteins separated by 2D-PAGE. However, tandem mass
spectrometry (MS/MS) or Edman microsequencing is still required when an unambiguous

identification is not possible.

Efficient electrophoretic protein separation methods, high performance mass spectrometers
and bioinformatics can thus afford analysis of multiprotein complexes, regulatory

pathways, and whole cell protein profiles, to understand cellular organisation.

The only protein spot that was analysed by both MALDI-MS and Edman microsequencing
was 32Ec/32Lb, which was identified as galectin-3. The observation that galectin-3 was
found compositionally enriched in phago-endosomes (32Ec, Chapter 5) and was bound
specifically by X-linked lysosomes (32Lb, Chapter 3) in the binding assay, suggested a
possible role in endocytosis. To test whether galectin-3 might function in fusion and/or
targeting, anti-galectin-3 antibodies and thiodigalactoside (a specific substrate) were tested

in cell-free fusion assays [Chapter 7].
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CHAPTER 7
A POSSIBLE ROLE FOR GALECTIN-3 IN ENDOCYTQSIS

7.1 BACKGROUND

Lectins (bacterial, plant and animal) are a class of carbohydrate-binding proteins [378].
Animal lectins are involved in diverse functions such as protein folding and transport and
cell-cell/matrix interactions [379]. The specific recognition of exposed or internally placed
monosaccharides (e.g.  galactose, mannose, sialic acid, and acetylated/
phosphorylated/sulphated derivatives) and multivalency are crucial for lectin function
[380,381]. Lectins have been grouped according to similarities in their carbohydrate-
recognition domains (CRDs) [382]. P-type CRDs selectively bind mannose 6-phosphate,
S-type CRDs bind p-Galactosides, 1-type CRDs bind sialic acid, and C-type CRDs bind a
variety of sugars in a Ca®'-dependent fashion. Galectin-3 is a B-galactose binding lectin.
Galectin-3 belongs to the family of mammalian B-Galactoside-binding proteins known as
galectins [383,384]. Each galectin contains a conserved carbohydrate-recognition domain

(CRD) spanning about 130 amino acids [385].

Galectin-3 is unique in that it contains a large N-terminal domain, made up of sequence
repeats rich in proline, glycine, tyrosine and glutamine and lacking charged or large
hydrophobic residues. Galectin-3 is found in the cytoplasm, extracellularly and in the
nucleus. Cell-surface galectin-3 is involved in cell adhesion and recognition [386], while
nuclear galectin-3 is postulated to play a role in pre-mRNA splicing [387]. Although
galectins are found in the cytoplasm and extracellularly, they do not exhibit a signal
sequence for secretion and are in fact secreted by an unorthodox pathway which involves
accumulation in aggregates underlying the plasma membrane followed by outward
blebbing (known as ectocytosis) and release of extracellular vesicles [388]. The secretion
of galectin-3 is dependent on determinants in the N-terminal domain, particularly residues

89-96 [389]. The leader sequence (residues 1-12) appears to direct translocation of
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galectin-3 to the plasma membrane and the nucleus [390]. The N-terminal domain of
galectin-3 contains nine proline-rich motifs, each containing at least one tyrosine and
several glycine residues. These sequences are highly homologous to proline-rich domains
present in annexins VII and XI, as implicated to play a role in self-aggregation and

intracellular membrane traffic [391].

In this study, galectin-3 was found compositionally enriched in phago-endosomes
(corroborated by a recent proteomic study [455] on phagosomes) and to bind specifically
to X-linked lysosomes in the binding assay, suggestive of a possible role in endocytosis.
To test whether galectin-3 may function in fusion and/or targeting, NH,-terminal directed
(Mac-2) and CRD-directed (CRD) antibodies and thiodigalactoside (a specific subsrate)

were tested in cell-free fusion assays.

A novel biochemical assay was set up to investigate the fusion of highly purified
paramagnetic latex bead-containing phagosomes with a mixed endosome/lysosome
population of organelles. The assay was based on monitoring the transfer of HRP from

endocytic organelles to phagosomes as a measure of fusion.
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7.2 MATERIJIALS AND METHODS

7.2.1 Preparation of Acceptor Phagosomes

Hydrophilic bead phagosomes (45 min uptake, 15 min chase) were prepared as described
[Section 4.2.4] up to step 13, except that the phagosomes were resuspended in Fusion/
Binding buffer (250 mM sucrose, 50 mM KCl, 0.5 mM EGTA, 20 mM Hepes-KOH, pH
7.4, 1 mM dithiothreitol, 1.5 mM MgCl;, 1 mM PMSF, 0.1 mM Leupeptin, 1 uM
Pepstatin) [44,104,327].

7.2.2 Preparation of Donor

Cells were washed twice in cold RPMI-BSA (RPMI 1640 medium, 0.1% BSA) before
resuspension at 10 x 10° cells/ml in this buffer in a 100 ml Elenmeyer flask. The cell
suspension was then warmed to 37°C for 15 minutes. At time zero, horse-radish
peroxidase (HRP) was added at 1 mg/ml and the cells allowed to internalise the marker for
15 minutes. This filled early endosomes and lysosomes with HRP. After the incubation
period, the cell suspension was made up to 50 ml with cold Hepes-Saline-BSA and the
cells pelleted by centrifugation at 200g for 5 minutes at 4°C. The cells were then washed
once with cold low pH buffer (150 mM NaCl, 20 mM Na-Acetate, pH 4.5), then twice with
cold Hepes-Saline-BSA and lastly once with homogenisation buffer prior to
homogenisation [Section 2.2.4]. The post-nuclear supernatant (PNS) was centrifuged at
15000g for 90 minutes at 4°C in a benchtop centrifuge (Beckman Instruments). The pellet

was resuspended in Fusion buffer (5pé / 10° cells).

7.2.3 Preparation of Cytosol

Cytosol was prepared as described in Section 3.2.1.2.
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7.2.4 In vitro Fusion Assay

30 pé€ Phagosome acceptor, 30 pu€ Fusion buffer (either with an ATP regenerating system or
ATPyS) and 30 pf of cytosol and Sué donor were mixed and incubated at 37°C in a water
bath for the times indicated. The reaction was stopped by snap cooling on ice and then
treated with 1M NaCl for 5 minutes on ice. The samples were overlaid onto 0.5 ml of
chilled 25% sucrose and placed in a chilled magnetic concentrator for 2 min at 4°C. After
magnetic concentration, the supernatant and sucrose were aspirated off and the pellet
resuspended in 40ul 1% Triton X-100 in deionised water. The HRP content of the

phagosomes was measured as described [Section 2.2.6.2].

To test the role of galectin-3, the fusion assays were performed with the following

additions.

1) Thiodigalactoside (Sigma) - a specific substrate for galectin-3.

2) Mac-2 antibodies (kindly provided by Dr. Colin Hughes) - Rabbit monoclonal

antibodies directed towards the N-terminus of galectin-3.

3) CRD antibodies (kindly provided by Dr. Colin Hughes) - polyclonal antibodies

directed towards the C-terminal carbohydrate-recognition domain (CRD) of galectin-3.

7.2.5 Electron Microscopy of in-vitro Fusion Assays.

Samples (taken prior to phagosome isolation) of all fusion assays (performed as described

in Section 7.2.4) were processed for electron microscopy (as described in Sections 4.2.2

and 4.2.3).
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7.3 RESULTS

7.3.1 Preparation of phagosomes and endosomes/lysosomes

To study the fusion of organelles consisting of a mixture of endosomes/lysosomes with
phagosomes, a cell-free in vitro fusion assay was established. The assay was based on
monitoring the transfer of HRP from endocytic organelles to phagosomes as a measure of
fusion. Cells were loaded with 0.8um paramagnetic hydrophilic beads for 45 min. and
chased for 15 min. The phagosomes were purified as described [Section 7.2.1]. The

endocytic counterpart was produced by loading the cells with HRP for 15 min.

7.3.2 In vitro Fusion Assay

The fusion assay was performed by mixing on ice the phagosomes (45min uptake, 15min
chase) with the mixed endosome/lysosome (15min pulse of HRP) population in an ATP-
regenerating system and cytosol (3 mg/ml). After mixing, the reaction was warmed to
37°C for the indicated times. The maximal fusion signal corresponded to a transfer to
phago-lysosomes of 5-10% of total HRP present in the reaction mixture. Such low in-vitro
fusion efficiencies, ranging from 5-20%, are typical for in vitro fusion assays [460]. Fusion
was expressed as a percentage of maximal fusion, to gauge the effects of drugs. Fusion was

dependent on ATP, since addition of ATPyS inhibited fusion by about 90% [Figure 7.1B].

7.3.3 Effects of Thiodigalatoside (TDG) and anti Galectin-3 Antibodies

Addition of TDG (50 mM) to the full assay (ATP-regenerating, 60 min.) inhibited fusion
by about 40% [Figure 7.1B]. Addition of Mac-2 (monoclonal antibody directed towards
the N-terminus) or CRD (polyclonal antibody directed towards the carbohydrate
recognition domain} galectin-3 antibodies inhibited fusion by approximately 80% and 50%

respectively. The above results were suggestive of a role for galectin-3 in targeting/fusion.
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7.3.4  Electron Micrographs of in-vitro Fusion Assays

Electron microscopic analysis of the fusion assays (aliquots taken before addition of 1M
NaCl and phagosome isolation) performed under different conditons were displayed in
Figure 7.2. From the electron micrographs the following observations were made. HRP-
positive phago-lysosomes (i.e. fusion product, Ph") were observed for the full assay
[Figure 7.2(B)]. For incubations performed at 4°C, phago-lysosomes (Ph) and HRP-
positive lysosomes (Ly') were seen in close contact, but no fusion product was evident
[Figure 7.2 (A)]. Similarly, no fusion product was seen for assays at 37°C in the presence
of ATPyS or Mac-2 antibodies. Mass precipitation of organelles (including phagosomes
and HRP-positive lysosomes) were observed due to the presence of anti-galectin-3 CRD
antibody in the fusion assay (prior salt-extraction to break up the aggregates) [Figure
7.2(C)]. This might explain the high HRP measurement (50%) [Figure 7.1(B)], even

though no HRP-positive fusion product was evident upon electon microscopic analysis.
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7.4 DISCUSSION

Several fusion assays have been developed over the past decade [42-45,99,100b,401] to
reconstitute endocytic and phagocytic fusion events in vitro. Fusion has been shown to be
dependent on ATP, cytosol and temperature [44]. The requirement of individual
components such as NSF [326,339], Rab 5 [239], Rab 7 [251], Syntaxin 8 [225], VAMP 8
[221], Syntaxin 7 [223,224a,b], Vamp 7 [218,220,224b], EEA [262], and various annexins

[280-287,440-441] have been demonstrated.

In this study, a novel biochemical assay was set up to investigate the fusion of purified
paramagnetic latex bead-containing phagosomes with a mixed endosome/lysosome
population of organelles. ATPyS completely inhibited fusion and no detectable fusion
occurred at 4 °C, as expected [44]. Previously, it has been demonstrated that aggregation

of endosomes precedes fusion, and is dependent on ATP hydrolysis and cytosol [327].

Addition of TDG to the full assay inhibited fusion by about 40%. Addition of Mac-2
(monoclonal antibody directed towards the N-terminus) or CRD (polyclonal antibody
directed towards the carbohydrate recognition domain) galectin-3 antibodies inhibited
fusion by approximately 80% and 50% respectively. The mass precipitation of organelles
observed due to the presence of anti-galectin-3 CRD antibody in the fusion assay (prior
salt-extraction) might explain the high HRP measurement (50%), even though no HRP-
positive fusion product was evident upon electon microscopic analysis. The above results

were suggestive of a role for galectin-3 in targeting or fusion.

Galectin-3 contains nine proline-rich motifs homologous to proline-rich domains present in
annexins VII and XI implicated to play a role in self-aggregation and intracellular
membrane traffic [391]. The accumulation of galectin-3 aggregates underlying the plasma
membrane followed by outward blebbing appears to be dependent on determinants in the

N-terminal domain, particularly residues 89-96 [389]. The leader sequence (residues 1-12)
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appears to direct translocation of galectin-3 to the plasma membrane and the nucleus [390].
Thus it i1s not inconceivable that galectin-3 aggregates are associated with the cytosolic

face of endosomes as these organelles are derived from the plasma membrane.

Galectin-3 is structurally related to the annexins. Evidence has accumulated which
indicates a role for the annexins in vesicle aggregation and fusion. Annexin VII promotes
liposome fusion [287] and chromaffin granule aggregation in vitro [268], while annexin I1
is involved in aggregation and fusion of chromaffin granules with phospholipid vesicles
and the PM and has also been suggested to play a role in homotypic early endosome fusion
[281-283]. Different annexins are localised to particular organelles, for example annexins
I, 1L, 11T and V are detected on early endosomes, annexin V is present on late endosomes,
annexins I and 1I are distributed along the plasma membrane non-uniformly and annexin

IV is enriched on matured phagosomes [441-442].

Considering the above, it is not inconceivable that galectin-3 also plays a similar role as the
annexins in intracellular membrane traffic. A model was proposed [Figure 7.3] that
postulates that galectin-3 may either target matured endosomes to lysosomes or possibly be
directly involved in the fusion process after docking. The precise role of the lectin domain
and the phospholipid binding domain of the annexins have not been clearly defined. It
may be that other lectin families play similar roles, perhaps localised to particular
organelles rich in specific lipids/glycolipids, to confer an extra level of fusion fidelity

beyond the targeting specificity co-ordinated by the Velcro factors, Rabs and SNAREs .
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The observations of the present study could be divided into two aspects. First, it distinguished
between factors that bound specifically to cither early endosomes or to late endosomes/lysosomes.
Second, 1t analysed differences in protein composition between these two compartments, In
particular to determine the source of factors for which specific binding was observed.

Lysosomes especially bound galectin-3, ER-BiP and lysozyme C from fully soluble membrane
donor, whereas both endosomes and lysosomes bound voltage-dependent anion-selective channel
and B, microglobulin. Phago-endosomes were enriched for galectin-3, thioredoxin peroxidase Il
and cofilin, while phago-lysosomes were enriched for annexin IV, superoxide dismutase and
vacuolar ATP synthase E subunit. With the exception of cofilin, these proteins form part of a list
of proteins identified as associated with phagosomes in a major protcomic study [455].

This study concentrated only on the analysis of specific differences in binding and composition of
endosomes and lysosomes. Since molecules that are known to be involved in targeting and fusion
between organelles, such as synaptobrevins 1 and 2, various syntaxins and NSF, remain associated
during all stages of organellar processing [450-452], were not expected to appear in the present
binding assays as specifically binding factors. Other prominent fusion factors such as SNAREs (»
15-35 kDa, pl 4.5-9.5) and Rabs (= 24 kDa, pl 5-9) were probably present in the majority of visible
proteins in the molecular weight range of 15-35 kDa, but were not analysed because their roles are
well established. Additionally, it must be considered that salt-extraction probably removed factors
peripherally associated with the cytosolic surface of the isolated organelles.

Due to the complex nature of the biochemical transformation of phagosomes, it is not possible to
place all proteins identified in the context of phagosome processing into a simple conceptual
framework. In depth functional and interactive analysis of the proteins would be required to bring
about a better understanding of how they work in concert or tandem during phagocytic processing.
However, based on the main observation of the this research, that galectin-3 bound preferentially to
lysosomes while it displayed a higher steady-state abundance on early endosomes, a model could

be proposed for the role of galectin-3 during interaction between these organelles [Figure 7.3].
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