APPLICATION OF MASS SPECTROMETRY
AND PROTEOMICS TO STUDY KIDNEY
FUNCTION; THE CONCEPT OF RENAL

INTRACRINE REGULATION

Pedro Rodriguez Cutillas

DEPARTMENT OF BIOCHEMISTRY AND
MOLECULAR BIOLOGY
UNIVERSITY COLLEGE LONDON
GOWER STREET, LONDON

This thesis is submasted in partial fulfllment of the requirerrents for the degree
o Doctor of Philosophy from the Uniersity of L ondon



ProQuest Number: 10014843

All rights reserved

INFORMATION TO ALL USERS
The quality of this reproduction is dependent upon the quality of the copy submitted.

In the unlikely event that the author did not send a complete manuscript
and there are missing pages, these will be noted. Also, if material had to be removed,
a note will indicate the deletion.

Pro(Quest.
/ \

ProQuest 10014843
Published by ProQuest LLC(2016). Copyright of the Dissertation is held by the Author.

All rights reserved.
This work is protected against unauthorized copying under Title 17, United States Code.
Microform Edition © ProQuest LLC.

ProQuest LLC
789 East Eisenhower Parkway
P.O. Box 1346
Ann Arbor, Ml 48106-1346



ABSTRACT

The accepted view on hormonal regulation of renal function is that hormones operating
on the basolateral side of renal tubular cells control the expression, localisation and activity

of proteins involved in key renal functions.

The studies presented in this thesis aimed at the exploration of the idea that
bioactive peptides present in the tubular fluid (or ‘pre-urine’) may also have a role in
controlling renal tubular cell function. To this end, urine from renal Fanconi syndrome
(FS) patients was analysed and compared with that of normal individuals. In addition, the
protein composition of apical and basolateral membranes from rat renal tubular cells was

also investigated.

Methods for the extraction of polypeptides from urine were investigated.
Implementation of these methods for the analysis of FS urine (with emphasis on Dent’s
disease) gave insights into the nature of low molecular weight proteinuria and suggested
that the reuptake of proteins from the glomerular filtrate shows some kind of specificity
and 1t is not as promiscuous as previously thought. In addition to plasma proteins,
numerous peptides with previously reported bioactive actions were detected in both
normal and FS urine, although the relative abundance of these peptides was altered in FS

patients.

In a separate set of experiments, several proteins with potential roles in signal
transduction were found in apical membrane segments of renal tubular cells. The presence
of bioactive peptides in Dent’s and normal urine and the finding that proteins with
signalling roles are located on apical membranes support the notion of an intracrine system
operating in the lumen of the healthy tubules. It is concluded that an alteration on the
hormonal composition of the tubular fluid, as in diseases that lead to proteinuria, may

contribute to the progression of these diseases with the end result of renal dysfunction and
ultimately kidney failure.




ABBREVIATIONS

An alphabetically indexed list of abbreviations used in this thesis is presented below.
Hyphenation of acronyms is prevalent in mass spectrometry and analytical chemistry in
general; the individual terms and common concatenations are listed below.

B-2-GP1
1DE
2DE
2D-1.C
ACN
ADH
ADIF
AmBic
Ang
APS
AQ
ATP
BBM
BK
BLM
BME
BMP
BPB
Ci18
cAMP
CBB
dbD
Da
DHB
DTT
EGF
ESI

FS
HCCA
HMWP
HPLC
HPX
IAM
ICAT
IEF
IGF
IGFBP
IPG
IR

LC
LCMS

LIFT

B-2-glycoprotein I

One-dimensional gel electrophoresis
Two-dimensional gel electrophoresis
Two-dimensional liquid chromatography
Acetonitrile (Methyl cyanide)

Antidiuretic hormone (vasopresin)
Autosomal dommant idiopathic Fanconi syndrome
Amonium bicarbonate (NH,H,CO,)
Angiotensin

Ammonium persulphate

Aquaponn

Adenosine triphosphate

Brush border membrane (apical membrane)

Bradykinin

Basolateral membrane

B-mercaptoethanol

Bone morphogenic protein

Bromophenol blue

Octadecyl silane packing material

Cyclic AMP

Colloidal coomassie brilliant blue
Collision-induced dissociation

Dalton

Dihydroxybenzoic acid

Dithiothreitol

Epithermal growth factor

Electrospray ionisation

Renal Fanconi syndrome

a-cyano-4- hydroxy cinammic acid

High molecular weight proteinuria
High-performance liquid chromatography
Hemopexin

TIodoacetamide

Isotope-coded affinity tag

Isoelectric focusing

Insulin-like growth factor

IGF binding protein

Immobilised pH gradient

Infra-red

Liquid chromatography

On-line liqud chromatography with mass spectrometric
detection

Proprietry technology used to focus fragment ions in a single
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LMWP
m/z
MALDI
Mr

MS
MS/MS
Na/K ATPase
NaPi’
PAGE
PDGF
PEDF
pl

Pi
PKA
PKC
ppm
PSD
PT
PTH
QTOF
RBP
RP
SCX
SDS
SPE
TEMED
TFA
TIC
TOF
TIR
uv
VDBP

MALDI-PSD experiment

Low molecular weight proteinuria
Mass-to-charge ratio
Matrix-assisted laser desorption/ionisation
Molecular weight

Mass spectrometry

Tandem mass spectrometry
Sodium/ potassium ATPase pump
Sodium phosphate cotransporter
Polyacrylamide gel electrophoresis
Platelet-denved growth factor
Pigment epithelium-derived factor
Isoelectric point

Inorganic phosphate

Protein kinase A (cCAMP-regulated protein kinase)
Protein kinase C

Parts per million

Post-source decay

Proximal tubular cell

Parathyroid hormone

Quadrupole time-of-flight

Retinal binding protein
Reversed-phase

Strong cation exchange

Sodium dodecyl sulphate

Solid phase extraction

N,N,N',N'- Tetramethylethylenediamine
Tnfluoroacetic acid

Total ion chromatogram
Time-of-flight

Transthyretin

Ultraviolet

Vitamin D binding protein
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1. Introduction

1.1. Biological Background

The kidney has several roles in maintaining mammalian body homeostasis. Of
importance, these roles include allowing the excretion of toxic substances such as end-
products of metabolism, while retaining others that are essential or of value, such as water,
energy sources (e.g., sugars and amino acids), salts, vitamins, etc. Reabsorption of
important molecules such as water and salts is under tight hormonal and neuronal control,
such that organisms can quickly adapt to changes in their environment. Without being
comprehensive or exhaustive, this section aims to summarize general aspects of hormonal
regulation of kidney function as well as the features of renal physiology and
pathophysiology that are relevant to the studies presented in this thesis.

1.1.1. Hormonal Regdation of Renal Function

General aspects

The functional unit of the kidney is the nephron; it has been estimated that there
are 0.8 to 1.2 million nephrons per human kidney [1]. Anatomically and functionally
nephrons are divided into two main structures: the Malpighian capsule and the tubules.
The Malpighian capsule consists of the glomerulus and the Bowman capsule, while the
tubules can be subdivided into the proximal and distal tubules, the loop of Henle, and the
connecting segment. Afferent and efferent arteries are separated by a capillary plexus that
is the site of filtration of blood. The glomerulus produces an ultrafiltrate of plasma. The
physical basis of this ultrafiltration is provided by a filtration barrier, which is formed by
fenestrated capillary endothelium, a basement membrane, and slit pores between the
visceral epithelial cells that are on the other side of the basement membrane (to the
endothelium and known as podocytes).

The hydraulic pressure of blood in the capillaries and the permeability of the
filtration barrier determine ultrafiltration. About 180 liters of glomerular filtrate - that is,
tubular fluid - are produced per day. The precise volume is determined by the glomerular
filtration rate, which can be, in turn, regulated by peptide hormones such as angiotensin
(Ang) 1II, endothelins, epithermal growth factor (EGF), among others (reviewed in [2]).
Neuronal innervations also seems to play a role in the regulation of glomerular filtration

rate [2].
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Size and charge of the filtration barrier pores determine which molecules are
filtered; it is generally accepted that substances with a molecular radius of ~500 nm are
normally excluded from the filtration, whereas those with a radius of 200 nm are freely
filtered [2]. This means that large proteins are normally not present in the glomerular
filtrate and that the molecular weight cut-off for filtration is between 60 to 70 kDa for
globular proteins. In contrast, other physiologically important molecules, such as vitamins,

minerals, water, and sugars, are freely filtered.

Certain small molecules present in the tubular fluid are selectively reabsorbed along
the tubules so that they only appear in urne in significant amounts when their
concentrations in plasma are above the normal range levels. The bulk of this reabsorption
occurs in the proximal tubule and it is mediated by proximal tubular (PT) cells, which are a
specialized type of renal epithelial (tubule) cell. As with all renal epithelial cells, PT cells are
polarized so that their cell membrane is divided into three anatomically and functionally
distinctive domains: the basal, the lateral, and the apical membranes. The basal membrane
faces the interstitial space (and peritubular capillary blood); the lateral side mediates cell-cell
contacts and it is rich in adhesion molecules; finally, the apical membrane, also called brush
border membrane (in the proximal tubule) due to its numerous invaginations, faces the
lumen of the tubules and it is rich in ion channels and transporters that mediate the

reabsorption of solutes from the tubular fluid.

The passage of solutes at the apical membrane is by facilitated diffusion under
their concentration gradient, which is generated by active transport on the basal
membrane. For example, a Na*/K*-ATPase operating at the basolateral membrane
actively pumps Na* ions outside the cell. This creates a concentration gradient that drives
the energy free transport of Na* ions from the tubular fluid into the cell through apical
Na* channels and transporters. In many cases, entry of Na* ions is coupled with the co-
transport of other molecules (symport), ie., with the entry of e.g., inorganic phosphate

(P1), glucose or amino acids.

Regulation of this absorptive process in the proximal tubule is thought to be
mediated by hormones present in the interstitial fluid and operating on the basolateral
membrane; these hormones act from blood and modulate the activity and expression of
ATP driven transporters operating basolaterally. In addition, the signal induced by certain
regulatory factors diffuses from the basal side of tubular cells to the apical side such that
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regulation occurs at the level of transcriptional expression and localization of co-

transporters and ion channels at the brush border membrane.

Additionally, it has been recently found that peptide hormone receptors are also
located on the apical side of tubular cells so that regulation may also takes place by the
action of bioactive peptides present in the lumen of tubules [3]. For example, receptors for
Ang II [4], insulin-like growth factor (IGF)-I and II [5], transforming growth factor
(TGF)-B [6], Guanylin [7], and parathyroid hormone (PTH) [8] have been found to be
located on apical membranes of tubular cells and the intraluminal concentrations of Ang II
and IGF-I were reported to be ~4 nM and 1 nM, respectively[9-11]. In this respect, it was
found that Ang II stimulates ion transport across tubular cells when administrated into the
lumen of the tubules to a greater degree than when it acted at the basolateral membrane
[12]. The presence of peptide hormones in the tubular fluid could arise from their filtration
at the glomerulus as well as from the expression and secretion of these peptides by renal
cells. For example, it has been reported that renal cells express and secrete bioactive
peptides into the tubular fluid; these include angiotensin [4;9;12-14], EGF [15], platelet
denived growth factor (PDGF) [16], kininogen (bradykinin precursor) [17;18], and

osteopontin [19;20].
Regulation of phosphate absorption

An example of a reabsorption process that is regulated by the apical expression of
the transporter is that of inorganic phosphate (Pi), which is mediated by members of the
Na*/Pi co-tranporters (NaP1) gene family [21]. The main kidney NaPi isoform is the type
ITa Na*/Pi (NaPi-II) and it is expressed in PT cells and located at the brush border
membrane. It has been estimated that ~80% of filtered phosphate is reabsorbed in the
first segment of the proximal tubule [21]. The mechanisms by which phosphate
reabsorption is regulated are not completely known, but it is believed that this regulation is
mainly mediated by exocytic insertion and endocytic retrieval of NaPi molecules at the
brush border membrane from and into subapical vesicles. It is also suspected that
phosphorylation plays a part in the modulation of NaPi-II activity because there is some
evidence that this co-transporter is a phosphoprotein [21], but no experimental evidence
exists regarding how phosphorylation may modulate NaPiII activity. Certain peptide
hormones (chiefly PTH) and dietary phosphate decrease the rate of Pi to be reabsorbed by
PT cells by promoting the retrieval of NaPi-II molecules into early subapical endosomes
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1. Introduction

transduction cascades and the retrieval of NaPi-II into endosomes to its final degradation
in lysosomes are unknown. Figure 1.1.1 summarises the molecular mechanism of Pi

reabsorption.

In contrast to PTH and dietary phosphate, which decrease reabsorption of Pi from
the tubular fluid, vitamin D is believed to play a role in increasing Pi reabsorption. The
mechanism seems to involve an upregulation of NaPi-II gene expression or changes in the

lipid composition of membranes.

Other factors have been found to have an effect on Pi reabsorption, including
mnsulin, growth factors (such as IGF, TGF-beta and EGF), atrial natriuretic peptide,
thyroid hormone, glucocorticoids, and glucagon, among others [21]. Some of these factors
stimulate Na-Pi cotransport (e.g., IGF-I, and insulin), while others decrease it (e.g., EGF
and TGF-beta). Since studies from which the above discussion is derived were conducted
to test the effect of specific factors, it is not known the precise contributions of each of the
factors to the regulation of Pi reabsorption. Therefore, knowledge of the composition of
the interstitial fluid around PT cells would be required in order to know the contributions
of each factor to P1 homeostasis. Furthermore, as mentioned above, receptors for some of
these bioactive peptides are thought to be located on the apical side of tubular cells. Thus,
the composition of the tubular fluid should also be considered when making a model of P1
regulation together with the knowledge of receptor availability and their response to a

mixture of factors (rather than just considering a factor at a time).
Regulation of water reabsotption

The regulation of Pi reabsorption, briefly discussed above, is an example of a
regulatory process that is understood to occur at the proximal tubule. Howevet, other
processes are regulated in more distal parts of the tubule. One example is that of water
reabsorption. As with Pi, the bulk of filtered water is reabsorbed by PT cells, but the fine-
tuning of water homeostasis and its regulation occurs in the distal tubule and collecting
duct. Similarly, as with the regulation of Pi, modulation of water reabsorption is controlled
by exocytic insertion and endocytic retrieval of vesicles containing water channels into the

apical membrane.
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1. Introduction

be promoted by factors that increase the activity of protein kinase C (PKC) such as
phorbol esters and prostaglandin E2, although it has been found that PKC does not
directly phosphorylate aquaporin 2 [28] so that it was proposed that retrieval may be

caused by rearrangements on the cytoskeleton.

Other factors may play a role in water homeostasis; among these, bradykinin (BK)
seems to augment water (and salt) lost by the kidney [29]. BK is formed from its precursor
kininogen, which is synthesized, among other tissues, by proximal and distal renal tubular
cells [17;30]. Proteolytic action of tissue kallikrein converts kininogen into kallidin II,
which is then further hydrolysed by peptidases into BK. Kininases exist which cleave and
thus inactivate BK. Since BK acts by activating PKC, the inhibitory properties of this
peptide in water reabsorption may be explained by the actions of PKC on the retrieval of
aquaporin 2 from the apical membrane of distal tubular cells. BK receptors seem to be
expressed in distal tubular cells and located in both apical and basolateral membranes [30-
33]; therefore, it seems possible that intraluminal BK may have a role in regulating water

homeostasis.

Other factors have been found to influence water permeability of the collecting
duct including endothelins [34], prostaglandin [35], and perhaps also other factors that
increase the PKC or PKA signalling pathways such as EGF [36] also have an effect on
water reabsorption. In addition, nucleotides may also have an effect in water regulation
[37]. The relative contributions of these factors in regulating water absorption are not
known because of the difficulties in testing the responses of biological systems to a
combination of hormones and because of the lack of knowledge on the precise

composition of the interstitial and tubular fluids.
1.1.2. Reabsorption of polypeptides from the glomernlar filtrate

In contrast to the reabsorption of solutes from the tubular fluid discussed in the
preceding section, which occurs down their concentration gradients, the reuptake of
polypeptides is thought to occur by receptor-mediated endocytosis, a process that requires
the direct input of metabolic energy. This process also occurs in the first segment of the
proximal tubular cells and at least two of the receptors that mediate this process have been
identified and named gp330/megalin and the cobalamin receptor, also known as cubilin
[38]. These two proteins seem to mediate the reabsorption of most, if not all, peptides and
proteins in the tubular fluid. Furthermore, megalin has been implicated in the reabsorption

of certain drugs [39;40]. Megalin is a member of the very low density lipoprotein receptor
19




"S?7@*@.A# $ >
=7D &*
E+4 & = ;
$ =
# 6 3 16/
4 B #1+ " $ +
2" 1+ 3
5 ++
1 +2
6/ ! # |
0.
1"
6/ ! # !
0
21 1 #
, 1/1" 6 1e6!52" 1|
&7&7*7 # ,1+ 6C5 $ + 6 6/ 52" 5 41"-912
!
A " | |
"0
0 , 'G
* % )"
) F $
=20== !
"4 2# $
" # C
$
& $

B*@.A

,1+ 6
$ + 6

CE

6 61+

5 ++17



1. Introduction

in mediating endocytosis. Certain GTPases such as Rab5 have been known for some time
to play a role in receptor mediated endocytosis and they may also prove to have a role in
megalin-cubilin internalization [46]. Once inside the cells, these early subapical endosomes
are matured into late endosomes and their lumen acidified by a vacuolar H'-ATPase to ~
pH 5.5; this allows for the dissociation of the ligand from the receptor [47]. Late
endosomes transfer their cargo to lysosomes where they are degraded, while the receptor is
recycled back to the plasma membrane so that another round of receptor mediated

endocytosis can take place.

Other members of this pathway have been identified. For example, a chloride
channel, termed CIC-5, seems to be needed for allowing the passage of chloride ions
alongside protons into endosomes so that their acidification is not electrogenic. Loss of
function of the CIC-5 channel in knocked-out mice resulted in low molecular weight
proteinuria and Dent’s disease patients, who also have low molecular weight proteinuria,
have been found to have mutations in the CLCN5 gene, which codes for the CIC-5
protein. Endosomes in PT cells of CLCN5 knocked-out (KO) mice showed a slow
trafficking rate from subapical endosomes to the apical membrane [48]. Similarly, Dent’s
disease patients had a low concentration of megalin in utine when comparing them to
normal individuals, which suggest that less megalin is shed from tubular cells into urine
because there is less of it present at the apical membrane [49]. Megalin also interacts with
the Na*/H" exchanger isoform 3 (NHE3) and although the significance of this is not fully
clear, NHE3 may also have a role in counteracting the electrogenic acidification of
endosomes. And since the activity of NHE3 is regulated [50], this link may also provide a
way of regulating protein reuptake and could explain the decrease of proteinuria by drugs
that inhibit the formation of peptide hormones, e.g., Ang II by angiotensin converting
enzyme (ACE) inhibitors or receptor blockers [51]. Another chloride channel isoform,
namely CIC-4, has recently also been implicated in megalin-cubilin mediated endocytosis
[52].

The megalin-cubilin endocytic pathway is probably important for the salvage of
amino acids, which otherwise would be lost in urine in the form of protein. It is estimated
that about 0.1% of albumin is filtered from plasma and present in the glomerular filtrate
[53]. This cotresponds to 8 g of albumin filtered every day. Furthermore, plasma contains
other proteins with lower molecular weight than albumin and therefore they are filtered

more readily than albumin. As discussed above, megalin and cubilin mediate the reuptake
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of many proteins including albumin [54;55]. Thus, large amounts of amino acids would be
lost in urine if this pathway was defective and this is indeed the case as exemplified by

mutations that cause low molecular weight proteinuria (see later).

In addition, transcytosis of certain vitamins seems to be dependent on the megalin-
cubilin endocytic pathway and thus this pathway may be also essential for the salvage of
vitamins such as retinol [56;57] and thyroglobulin [58], for which transcytosis from the
tubular fluid into the interstitial fluid is dependant on their binding to megalin and/or
cubilin. Other vitamins are endocytosed by this pathway bound to their carrier proteins
including vitamin D3 and vitamin B12 [59-61], which is also important for the
reabsorption of peptide hormones such as insulin and PTH [62;63]. The fact that the
megalin-cubilin pathway is needed for the activation of vitamin D3 precursor into its active
form [64] highlights the importance of this pathway for normal vitamin physiology [65].
Lipoproteins [66] and advanced glycation end products [67] also seem to be ligands of
megalin and/or cubilin.

In addition to its expression in kidney, megalin is expressed in brain and KO mice
showed abnormalities in brain development [43]. Later, megalin was implicated in the
biology of sonic hedgehog, a growth factor involved in central nervous system
development [68]. These findings could be explained by direct signalling functions of
megalin or by a function of this protein in endocytosing and thus terminating the signal
induced by this growth factor [69]. Moreover, megalin could also be involved in signalling
indirectly by mediating the internalisation of hormones, such as retinol, that have their
receptors located intracellulatly [69]. Recently, the cytoplasmic tail of megalin has been
shown to interact with proteins with signalling roles and a role in signal transduction has
been suggested for megalin [70-72], although no conclusive evidence is yet available in this

ICSPCCt.
1.1.3. The renal Fanconi syndrome

The renal Fanconi syndrome (FS), previously known as Lignac-de Toni-Debre-
Fancony, is attributed to have been described by Abderhalden in 1903 (reviewed in [73]).
Later, Lignac (1921), Fanconi (1931), Toni (1933), and Debre (1934) independently
described a condition characterized by renal disease, dwarfism, rickets, and albuminuria. In
1936, Fanconi suggested that these studies were describing the same condition, and in

1943 McCune proposed to collectively call this disorder FS [73].
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There are several forms of the FS and all of them present different degrees of the
same manifestations including defective reabsorption of several solutes and bone disease
(tickets in adults and osteomalacia in children) [73]. Solutes that fail to be reabsorbed and
appear in urine at abnormally high concentrations include glucose, urate, phosphate,
bicarbonate, water, potassium, amino acids, peptide hormones, and proteins [73]. Clinical
features include polyuria (large water excretion in urine), dehydration, hypokalaemia (low
potassium concentration in blood), rickets, and impaired growth. A consistent clinical

finding is low molecular weight proteinuria (LMWP).

It 1s important to distinguish between high molecular weight proteinuria (HMWP)
and LMWP. In the former, proteins appear in urine as a consequence of an overload of
proteins in the tubular fluid secondary to disruption of the glomerular filter. The
reabosorption mechanisms are overwhelmed and thus proteins leak into urine. In contrast,
in LMWP the glomerular filter is not compromised and the defect is in the reabsorption of
polypeptides from the glomerular filtrate. Therefore, LMWP is also known as tubular
proteinuria. The fact that FS patients have LMWP suggested that the defect is on the
transport mechanism that mediates the uptake of proteins and other solutes from the
glomerular filtrate. Indeed, it has become apparent that a dysfunction of any of the steps
involved in megalin-cubilin endocytic pathway can or could result in FS [73].

There are not known human diseases caused by mutations in the megalin gene,
possibly because loss of function of megalin would be lethal, as it is in megalin KO mice
[74;75]. These mice show developmental abnormalities including brain malformations and
most of them die at birth. Only one in fifty megalin KO mice reach adulthood and they
show the manifestations of the FS. Recently, another megalin KO mice, with a conditional
targeted mutation of the kidney gene, has been reported [76], which allowed to study the
effects of megalin loss of function in the kidney in more detail. It was shown that megalin
KO mice have poor bone mineralisation, probably due to loss of vitamin D in urine, and
confirmed previous studies that pointed to the importance of the megalin-cubilin
endocytic pathway in the intake of vitamin D precursor bound to its cartier protein into
the kidney PT cells. This step is important for the subsequent conversion of the inactive
25-hydroxy vitamin D, into the active 1,25-dehydroxy vitamin D, by kidney specific
hydroxylases [74;75].

Mutations in the cubilin gene that lead to dysfunction of cubilin are associated with

a form of anaemia due to defective absorption of vitamin B,, from the intestine [77].
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Patients with Imerslund-Grasbecks disease have mutations in the cubilin gene [78] and
dogs with defective processing of cubilin have also been reported [79]. In addition to
anaemia, due to defective absorption of vitamins from the intestine, Imerslund-Grasbecks
patients and dogs with mutations in the cubilin gene present the manifestations of the FS
including LMWP.

As brefly outlined in the preceding section of this thesis, Dent’s disease, a
congenital form of the FS linked to the Xp11.22 chromosome, is caused by loss of
function of the CLCN5 gene, which codes for the CIC-5 protein [80-82]. In addition to FS,
Dent’s patients often develop kidney stones (nephrolithiasis). It was shown that other X-
linked conditions, in addition to Dent’s disease, such as X-linked recessive nephrolithiasis,
and X-linked recessive hypophosphataemic rickets are caused by CLLCINS mutations and it
was proposed to collectively call all these conditions Dent’s disease [80]. As discussed in
Chapter 1.1.2, the role of the CIC-5 channel seems to be in the endosomal acidification
needed for the dissociation of the receptor-ligand complex [83] as suggested by the co-
localisation of CIC-5 with the vacuolar ATPase proton pump in PT cells [84]. Thete also
exist two murine models of Dent’s disease, which show the manifestations of the FS,
including LMWP [85;86]. It has been demonstrated that recycling of the megalin-cublin
receptor complex is disrupted in CLC-5 KO mice [48].

It 1s not known how a defect in the reabsorption of proteins can cause the
manifestations of FS and kidney stones. Piwon ef a/. proposed that the hypercalcuria and
phosphaturia is secondary to the LMWP [85]. As discussed in Chapter 1.1.1, the reuptake
of filtered phosphate is mediated by NaPi-II in PT cells and regulated by PTH and vitamin
D,. There are basolateral and apical receptors for PTH and an important route for the
intake of vitamin D into PT cells is through the endocytosis of vitamin D binding protein
(VDBP). Since the effect of PTH 1s to decrease the reuptake of phosphate from the
tubular fluid, an increased intraluminal PTH concentration would produce phosphaturia.

And indeed, this is a common manifestation of Dent’s disease and other forms of the FS.

Lowe’s syndrome, another X-linked congenital form of the FS, is characterized by
cataracts and mental retardation, in addition to having LMWP and the other
manifestations of the FS [87]. The gene mutated is the oculocetebrorenal syndrome of
Lowe (OCRL). This gene codes for a phosphatidylinositol (PtdIns)-(4,5)-bisphosphate (P,)
5-phosphatase, which catalyses the conversion PtdIns(4,5)P, into PtdIns(4)P. The OCRL
phosphatase 1s located in the lysosomal membrane and in the trans-Golgi network [88;89].
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It has been suggested that loss of function of this protein results in an accumulation of
nositol phospholipids and that this leads to a defective trafficking of endosomes [89)].
Another hypothesis to account for the LMWP observed in Lowe patients is that abnormal
concentrations of inositol phospholipids lead to a defective regulation of the cytoskeleton,
which in turn leads to defective trafficking of endosomes [90]. This hypothesis is based on
the observation that PtdIns(4,5)P,, the substrate of OCRL, can dissociate profilin-actin
complexes and it also binds certain cytoskeletal binding proteins such as Ezrin, Radixin,
and Moesin [90]. Thus, it is possible that Lowe patients have a more severe phenotype
than patients with other forms of the FS because a defect on endosome trafficking would
lead to malfunction of many cell types in several organs since the OCLR enzyme is
expressed in several organs, whereas CIC-5 expression is restricted to the kidney.
Alternatively, or in addition, it has been suggested that the pathophysiology of Lowe
syndrome is attributable to leakage of lysosome enzymes into the circulation, which

subsequently mediate cell injury [91].

Other congenital diseases that give rise to the manifestations of the FS include:
cystinosis, Wilson disease, glycogen storage disease type I, fructose intolerance and
autosomal dominant idiopathic FS (ADIF). The molecular bases of ADIF have not been
identified, although the gene have been mapped to a large region of chromosome 15 [92].
Diseases of carbohydrate metabolism also lead to FS. At least in part, this may be because
a defective production of metabolic energy impairs ATP generation and therefore function
of ATP-dependent processes, such as the vacuolar proton ATPase required for endosomal
acidification [73].

In addition to the genetic causes introduced above, environmental factors can also
produce the symptoms of the FS, among these certain chemotherapeutic drugs and heavy
metals have been described to give some of the manifestations of the FS [73]. The
molecular bases by which these compounds produce FS are not known; but it is believed
that cadmium inhibits the vacuolar ATPase pump that co-localises with CIC-5 and is
responsible for acidifying endosomes in PT cells [93]. FS phenotype is thus probably
produced by inhibition of receptor-mediated endocytosis by a mechanism similar to that

desctibed above for Dent’s disease.
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1.2. Analytical Methods

The aim of this section is to brefly introduce and discuss the physicochemical
basis of the analytical methods used during the course of the studies presented in this
thesis. Two main methods were used to separate proteins, namely gel electrophoresis and
liquid chromatography (LC). The separated proteins were then analysed by mass
spectrometry (MS). A brief overview of these methods will be presented below. In the next
section it will be discussed how the combination of analytical approaches is cutrently used
in the field of proteomics to characterize qualitatively whole proteomes and to make
relative quantitative analyses of changes that occur in these proteomes as a tesult of a

stimulus, genetic defect, disease, etc.

1.2.1. Gel Electrophoresis of Proteins

The word electrophoresis desctibes a process in which charged molecules migrate
in an electric field [94]. If the charges of these molecules differ they will migrate from one
of the poles to the other at different velocities and this provides the basis for separation.
Electrophoresis of proteins for analytical purposes is commonly carried out in acrylamide
gels [94]. These gels are formed by the polymerisation of acrylamide molecules with
occasional crosslinks provided by N,N,N‘,N*“-methylenebisacrylamide (bis-acrylamide ).

Acrylamide gels contain pores, the sizes of which are determined by the
concentration of acrylamide and bis-acrylamide present in the gel. A common form of gel
electrophoresis of proteins is that of sodium dodecyl sulphate (SDS) polyacrylamide gel
electrophoresis (PAGE). In this form of electrophoresis, proteins ate reduced and
denatured in the presence of the anionic detergent SDS, which binds strongly to the amino
acids of the reduced protein (on average one SDS molecule binds to every other amino
acid). As a result, the intrinsic charge of the protein is overwhelmed by the negative
charges of SDS, and therefore, proteins of similar molecular weight have the same
apparent charge. Under these conditions, the separation by PAGE is believed to be mainly
determined by the sieving effects of the pores present in the acrylamide gels. Therefore,
protein migration in SDS-PAGE can be related to the size or molecular weight of the
protein [94].

Another form of electrophoresis of proteins is that of isoelecttic focusing (IEF)
[94]. Proteins are amphoteric molecules, with different proteins having different isoelectric

points (pl), and therefore they can be separated on this basis. The method of IEF relies on
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introducing ampholytes in the acrylamide gel that form a pH gradient upon the application
of an electric field. Since gels with very low porosity are used (4%) sieving effects are
negligible. Ampholytes are mixtures of synthetic polyamino-polycarboxylic acids that cover
a specific pH range (e.g. pH 3 to 10). When the protein mixture is loaded and an electrical
field applied, proteins migrate to the position in the gel until they reach the region of the
gel in which the pH matches their isoelectric point, i.e. the point in the gel in which their
charge is zero [94]. Because charge is zero, the protein accumulates or ‘focusses’ in that gel

region and does not further migrate in the electric field.

Two-dimensional gel electrophoresis (2DE) combines the two electrophoretic
methods described above; in the first dimension proteins are separated on the bases of pl
by IEF, while in the second they are separated by SDS-PAGE according to their molecular
weight. This mode of electrophoresis was simultaneously described for proteins in 1975 by
O’Farrell [95] and Klose [96] and is currently widely used for the separation and

visualisation of whole proteomes.

With the introduction of gels with immobilized pH gradients (IPG) for the IEF
step, the reproducibility of 2DE-based separations improved. Other technological
advances included the inclusion of chaotrophes (e.g., urea and thiourea) and neutral or
zwitterionic detergents (e.g., CHAPS) in the buffer used for the IEF separation [97]. The
inclusion of these solubilising reagents is thought of being of particular importance

because otherwise proteins tend to precipitate when they reach their pI.

Current research trends in the field of 2DE are directed at improving the
solubilisation of as many protein classes as possible during the IEF (e.g., [97-101]) and to
the development of detection methods with more dynamic range and sensitivity than the

classic staining of proteins that use silver nitrate and Commassie blue dyes (e.g., [102-104].
1.2.2. Liquid Chromatography

Much or the practical work carried out during the studies described in this thesis
was performed using liquid chromatography (LC), either by itself as the main separation
method, or in combination with gel electrophoresis to increase the separation capacity of

the analytical approach.

Molecules can be separated on the basis of their different partition or distribution
between two immiscible phases [105]. In column LC these two phases are provided by a

stationary phase, which consists of chromatographic beads with distinct functionality, and
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a liquid mobile phase. Molecules can be separated when their distribution coefficients
(Kd) are different. Kd is defined as the concentration of a molecule in the stationary phase

divided by its concentration in the mobile phase.

Several forms of liquid chromatography are available, including reversed-phase
(RP), 1on exchange, size exclusion chromatography, affinity chromatography, etc. The
practical studies described in this thesis were carried out using high performance LC
(HPLC) and the types of chromatography used were RP and ion exchange. The principles
of these types of LC are briefly described in the following,

Reversed-phase liquid chromatography

In RP-LC, proteins and peptides are separated according to their hydrophobicity
[105]. The functional groups on RP stationary phase are provided by aliphatic carbon
chains; these are hydrophobic (non-polar) and mediate the retention of peptides and
proteins by hydrophobic and van der Waals interactions. The mobile phase is relatively
polar. Due to the fact that proteins and peptides have similar Kd values, they cannot be
well separated by isocratic elution. Instead, gradient elution is normally carried out in order

to separate these molecular species [106;107].

The choice of stationary phase depends on the hydrophobicity of the analytes
under study. Thus, more hydrophobic species, such as proteins can be separated by
relatively hydrophilic alkylsilane stationary phases such as butyl (C4) or octyl (C8) (ie.
chromatographic silica beads derivatised with aliphatic chains containing 4 or 8 carbon
atoms) containing relatively large pore sizes. Detivatised silica beads with pore sizes of 30
nm are normally used for the separation of proteins, although the use of gigaporous beads,
with pore sizes of 100 to 300 nm, have been reported for fast chromatography of proteins
[108] and these were used for some of the experiments described in this thesis (see later).
In contrast, small peptides are better separated with columns packed with beads
derivatised with octadecyl groups (1.e. C18) containing relatively small pore sizes (10 nm

are normally used in commercially available columns for peptide analysis).

Typically, loading and equilibration is carried out using an aqueous mobile phase
containing trace organic solvent and acid. Polypeptides are eluted with increasing
concentration of organic solvent (organic modifier) in the mobile phase [106;107]. RP-LC
is currently widely used for the analysis of proteins and peptides due to its high resolution.

Moreover, RP-LC is easily hyphenated (ie., coupled) to mass spectrometry and
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consequently this form of LC is now extensively used in proteomic related applications for

high throughput analysis (e.g., [109-113])

The solvophobic theoty has been used to explain the mechanism of retention in
RP [114]. An intuitive and non-mathematical description of this theory is that there is a
gain of entropy of the system as a result of hydrophobic residues in the analyte escaping
from water molecules, which would otherwise form structured lattices around the
molecule, thus decreasing entropy. As a result, the interaction of non-polar groups with the
bonded stationary phase is thermodynamically favoured. Whether the retention in RP
occurs by partition or absorption is not known, but the solvophobic theory seems to

explain both models [114].
Ion exchange chromatography

In ion exchange chromatography, the stationary phase consists of charged
functional groups and separation of molecular species occurs on the bases of their
differences in charge [105]. The mobile phase is composed of a solution containing the
counter ion of that present in the stationary phase. There are two main types of ion
exchangers, namely anion exchangers and cation exchangers. The form of ion exchange
used here was strong cation exchange (SCX), in which sulfonic acid groups are linked to
the stationary phase; these groups are negatively charged and ionised at any pH.
Polypeptide samples dissolved in a solvent of low pH and 1onic strength are loaded in the
SCX column so that all the polypeptides have at least one positive charge, which interacts
with the negative charge of the sulfonic acid groups. Elution 1s carried out by increasing
the ionic strength of the mobile phase or by increasing its pH. This mode of
chromatography has been used for the analysis of peptides and proteins [115] and

currently it is used for 2D-LC based separations in proteomics (e.g., [116]).
Microcapillaty and Nano-flow Liquid Chromatography

Traditionally, analysis by packed HPLC is carried out in columns with an internal
diameter (ID) of 4.6 mm [105]. These so called analytical columns have typical flow rates
of 1 ml/min. Columns with IDs of 1 and 2 mm are termed narrow bore columns and
those packed in capillaries with IDs of 800 pm, 500 um, 300 um and 150 um are known as
microcapillary () columns. Columns with narrower IDs are available; these are termed

‘nanoflow’ columns and have internal diametetets of 100 um, 75 pm, and 50 pum.
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The advantages of performing HPLC separations in columns with narrow IDs
have been reviewed [117-119]. The ID of the column mfluences none of the parameters
used to measure the efficiency of a LC separation, although length does have an effect. For
example, the efficiency of an HPLC column is often measured in terms of plate numbers

(N), which 1s defined as follows [105]

2
N= 16(3]
w

where /; is the retention time and w is the width of the peak at its base. N 1s an
important parameter because other parameters such as resolution and peak capacity of the

column are related to it.

It has been found that N does not change as a function of the ID of the column
[119]. If an analyte eluted from a chromatographic column producing a peak with a width
at half height of say 0.5 minutes, in conventional HPLC, in which the flow rate is 1
ml/min, the volume of the peak would be ~ 500 ul, whereas if the separation was cartied
out using a 75 um ID column, in which the flow rate is 200 nl/min, the volume would be
~ 100 nl. It follows that 75 um ID columns can concentrate the analyte 5000 times more
than 4.6 mm ID columns. In the preceding discussion it is assumed that both columns
have the same efficiency (i.e., that the peak width produced with these two systems are the
same). Analyte concentration is important for its detection by UV absorption, which is the
most common detection method in LC, as indicated by the definition of absorbance (Abs)
derived from the Lambert-Beer Law [120]:

Abs =¢ecl

where Abs is proportional to analyte concentration (c), the length of the path
through the solution (I) and the extinction coefficient () of the analyte. Thus, by using a 75
pum column instead of a 4.6 mm column, and consequently, increasing the concentration of
analyte by a factor of 5000 the sensitivity of a chromatographic system with UV detection
increases by the same factor. The sensitivity by other detection methods, such as
electrospray ionisation (ESI) mass spectrometry, whose response is also concentration
dependent, is also improved by column miniaturization. In the case of ESI, the observed
increase of analytical sensitivity is also attributable to a more efficient ionisation at low flow

rates (this will be discussed in more detail below).
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There are technical problems associated with the reduced flow rates used in
microcapillary LC (uWLC) and nanoflow LC (nanoL.C). One of them is that relatively small
dead volumes (i.e. the volume between the end of the column and the detector) can have
detrimental effects in the resolution because of diffusion of the analyte after separation and
concentration. Reduction of the ID of the connecting tubes minimises this dead volume
but some extra-column effects are commonly observed. Injectors with low dead volumes
are also commercially available. Another problem is that at low flow rates diffusion would
occur in the UV detector. The Lambert-Beer Law predicts that, in addition to
concentration, absorbance is dependent on the optical path length in the UV detector.
However, if this path length was too large diffusion of the analyte would occur such that
this would lead to dispersal and peak broadening. To solve this problem, flow cells for UV
detectors have been developed with U- and Z-shaped configurations that minimize dead

volumes while maintaining a relatively long optical path [121].
1.2.3. Beological mass spectrometry

The development of the first mass spectrometer is attributed to J.J. Thomson, who
at the beginning of the 20® century measured the charge-to-mass ratios (e/m) of several
atoms and small molecules (teviewed in [122]). In the first halve of the 20" century
developments in ionisation methods and analysers occurred with the concomitant
application of mass spectrometry in the fields of organic chemistry for the elucidation of
chemical structures and for the analysis of environmental and industrial samples. It was
not until the beginning of the 1990s, however, that the field of biological mass
spectrometry became significant. This was due to the introduction of electrospray
ionisation (ESI) and matrix-assisted lasetr desorption/ionisation (MALDI) methods that

allowed for the ionisation of macromolecules such as proteins and peptides.

In this section I shall briefly discuss the aspects of mass spectrometry that are
relevant to the studies presented here and will not consider applications of biological mass
spectrometry such as analysis of nucleotides, catbohydrates, lipids and small molecules of
biological origin. These uses of biological mass spectrometry for analysing these molecules

were not explored during the course of the experimental work presented here.

A mass spectrometer can be defined as an instrument capable to measure the mass
of molecules. Mass spectrometers consist of three main parts; namely, an ion source, a
mass analyser, and a detector [123]. In addition, sample inlets and recorders are needed,

but they are not part of the mass spectrometer as such. In order to be analysed in the
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mass analyser molecules have to be ionised and transferred to the gas phase. Eatly
ionisation methods such as electron impact (EI) and chemical ionisation (CI) introduce a
large internal energy in the analyte molecule, which as a result fragments. The
fragmentation pattern can be used in structure determination or as a fingerprint of the
molecule. Libraries exist where fragmentation patterns of unknowns can be compared with
those in the library [123]. Unfortunately, these ionisation modes are too energetic and
consequently inefficient for polypeptide analysis. Fast atom bombardment (FAB)
lonisation was introduced at the beginning of the 1980’s and this method proved to be
more effective in ionising peptides [124;125], although its low sensitivity made it unsuitable
for the analysis of biological material, from where only small sample amounts are routinely
available. Introduction of less energetic (‘softer’) ionisation methods, namely ESI and
MALDY], at the end of the 1980’s made it possible analysing peptides and proteins with the
sensitivity required for most biological applications. The bases of ESI and MALDI will be
briefly described below.

With regard to the mass analysers, many different instruments exist, but they all
have in common that they separate the ions produced in the ion source according to their
mass-to-charge ratio (m/z). Examples of mass analysers include magnetic sectors, electtic
sector, quadrupole ion filters, ion traps, time-of-flight (TOF), and Fourier transform ion
cyclotron resonance MS. In the studies described in this thesis quadrupole and TOF mass
spectrometers were used; the physical principles that govern the separation of ions in these

types of mass spectrometers will be briefly outlined below.

Once the ions produced in the ion source have been separated in the mass analyser
they are detected in one of the several types of detectors that have been developed; the
most commonly used detector in modern mass spectrometers is the electron multiplier.
The signal detected is sent to a computer which records the m/z value of the detected ions

and displays them graphically in a mass spectrum.
Matrix-assisted laser desotption/ionisation

MALDI was first introduced by Karas and Hillenkamp [126] and Tanaka [127] in
1988 as a soft ionisation method with which relatively large macromolecules can be
analysed. In this ionisation method the sample to be analysed is mixed with an excess of
matrix molecules and allowed to crystallise. The matrices used in MALDI are typically
acidic compounds (carboxylic acids are normally used) with an absorption in the region of

the laser wavelength. The analyte/matrix crystals are usually placed in high vacuum and
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1. Introduction

pum [132]. Upon desorption, matrix-analyte ions clusters are formed and they undergo

proton transfer reactions, which for peptides can be schematised as follows [131]:
{M+ nH)" + (n-1)A" + xma} - MH" + (n-1)AH + x ma
where M: analyte; ma: matrix; A: anion; {...}: cluster.

Protonated analyte ions (1\/IH+) are formed, whose m/z values can then be
measured by MS analysers; TOF analyser is the most commonly used, although
instruments exist that hyphenate MALDI to ion traps, FT-ICR, and Q-TOF analysers.

Electrospray ionisation

ESI is another soft ionisation method that was introduced by Fenn [133] at
approximately the same time as MALD]I, although the principles of the formation of ions
from macromolecules in atmospheric pressure had been described by Dole in the late
1960s [134]. The process of ion formation by ESI is depicted in Figure 1.2.2. In ESI, ions
are formed from solution by the application of high voltage to a capillary from where the

sample is sprayed.

The mechanism by which ions are formed in ESI is undetstood in some detail.
Application of a high voltage creates a fine spray which consists of droplets of solvent
containing analyte ions [135;136]. These droplets protrude from the capillary tip, solvent
evaporates and the droplets divide into smaller droplets as a result of fission that takes
place when the repulsion is greater than the cohesive forces that hold the drop together.
When the droplets are small, ions are formed by one of the two mechanisms that have
been proposed, namely the field evaporation mechanism proposed by Thomson and
Irbarne [137] or the solvent evaporation model proposed by Dole e 4l [134]. In the
former, desolvated ions are formed by repulsion between the opposite charges in molecule
and those on the droplet surface, which eject the molecule out of the droplet. The solvent
model postulates that solvent evaporates from the nanometre size droplets formed as a

result of repetitive fission until analyte molecules are left as ions.
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1. Introduction

Several authors have described an increased sensitivity of ESI when low flow rates
in the inlet capillary are used (reviewed in [135]) and Wilm and Mann proposed the term
nanoelectrospray or nanospray (nanoESI) for this variation of ESI [139;140]. As illustrated
in Figure 1.2.2, ions generated in the ESI plume are accelerated towards a negative charge
in the orifice at the interface. The radius of the electrospray plume is proportional to the
flow [139]. Therefore, by decreasing the flow rate a larger proportion of the formed ions

can be analysed, thus increasing the sensitivity of the system.

Another reason why low flow rates in ESI produce higher ion yields is because the
size of the original droplets generated in the ESI plume are smaller than in ESI operating
at larger flow rates. Wilm and Mann [139] predicted that at a flow rate of 1-10 pl/min the
initial droplets are about 1 um in diameter and contain more than 150,000 molecules.
Conversely, at 25 nl/min the droplet diameter may be ~ 180 nm and contain, on average
only one molecule per droplet. Therefore, less fission events need to take place before the
ion is desolvated (or ejected from small droplets) so that the ionisation process may be
much more efficient at low flow rates. Sub-femtomole sample consumption was reported

when using nanoESI emitters in combination with quadrupole MS [140].
Multipole ion filters

Having dealt with some of the basic aspects of ion formation in the two ionisation
methods employed in the work presented here, I shall now briefly describe the basics of

the mass analysers used.

Quadrupole 1on filters were introduced by Wolfang Paul in the 1950’s (reviewed in
[122;123]). Mass spectra in quadrupoles ion filters are obtaining by a scanning mechanism.
Quadrupoles are the most common of all multipoles, although modern instruments may
be constructed with hexapoles. The theoretical background to these devices is considerably
complicated. In essence, a quadrupole mass filter consists of two pairs of cylindrical rods
placed in parallel to which direct curtent (DC) and radio frequency (RF) voltages are
applied. One pair of opposite rods has negative DC voltage, while the other pair has
positive charge. The voltages of these parallel rods are changed and the DC/RF kept
constant. At specific voltage settings the trajectoty of ions with a defined m/z value will be
stable and only these will reach the detector, while the trajectory of ions with other m/z
values became unstable and they are diverted to the rods. A mass spectrum is obtained by
a scanning mechanism by changing the voltages such that ions with only one m/z value

are transmitted at a time. In tandem mass spectrometers, in where quadrupoles are used as
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ion guides to allow the passage of ions rather that to scan the whole mass range, DC

voltages are switched off and the quadrupole operates in the so-called RF mode only.

The sensitivity of quadrupole mass spectrometry is low when used to scan wide
mass ranges because of the limited duty cycle of these analysers; i.e., when an ion is being
transmitted all the other ions ate diverted away from the detector (the larger the m/z range
the larger duty cycle). Nevertheless, its sensitivity 1s increased when used to monitor only

one patticular analyte in applications such as quantitation of drugs by LC-MS.
Time-of-flight mass spectrometry

Ions are separated by TOF on the basis of the time that ions take from the ion
source to reach the detector through a field-free region [141]. This time can be correlated
to m/z using a simple function. In a simple TOF mass analyser, ions are accelerated into a
field-free region and allowed to separate according to their m/z. However, ions formed by
MALDI, although suited to analysis by TOF because they are formed in a pulse, have
energy distributions arising from their differences in initial kinetic energies, and because of
their spatial and temporal distributions. For these reasons, devices have been introduced in
modern TOF apparatus that correct for these energy distributions [141]. In this,
reflectrons (also called ion mirrors) cotrect for initial kinetic energy distributions, while
delayed extraction and configurations in which ions are accelerated orthogonally correct
for the temporal and spatial distributions of ion formation in MALDI. Ion packets can
also be collected from ESI after being focused by a quadrupole and accelerated
orthogonally in push-pull regions towards the field-free region of the TOF, and
consequently, ESI has also been hyphenated to TOF analysers (e.g. the Mariner™ mass

spectrometer commercialised by Applied Biosystems).

In addition to their use in obtaining accurate mass measurements, MALDI-TOF
MS can be used for the primary structure of peptides through a process called post source
decay (PSD), in which increased internal energy is deposited in the analyte, which as a
result fragments in the field-free region of the TOF analyser [123]. The fragmentation
pattern can be used for the primary structure determination of the peptide as for tandem

mass spectrometry described below.
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Tandem mass spectrometty (MS/MS)

The purpose of tandem mass spectrometry (MS/MS) experiments is to fragment
ions such that structural information can be obtained from the fragment ions. There are
two main types of MS/MS, MS/MS in space and MS/MS in time [123;142]. The latter is
carried out in ion traps and will not be discussed here in any detail. MS/MS in space is
performed in tandem mass spectrometers containing two mass analysers on-line (Figure
1.2.3). The first analyser is capable to isolate the ion to be analysed, which is then
fragmented in a collision cell; a second mass analyser determines the m/z values of the
fragment ions produced. Several types of tandem mass spectrometers exist, including triple
quadrupoles, quadrupole-time-of-flight (Q-TOF), and TOF/TOF mass spectrometers.
The wotk described below was cattied out using two different Q-TOF instruments and a
TOF/TOF.

Peptides fragment in their backbone and this information can be used to
determine their amino acid sequence de zowo. For convention (proposed in 1984 by
Roepstorff and Fohlman [143]) catboxyl terminal fragment ions (i.e. fragment ions that
retain the charge at the C terminus) are termed x, y, and z ions, while the amino terminal
peptides are named a, b, c fragment ions (Figure 1.2.4). The differences in masses between
fragment ions of the same type give the sequence amino acid residues in the peptide chain.
Often, sequencing of a few amino acids is enough for the identification of the protein

from which the peptide was derived.

The Q-TOF instruments commercialised by MDS-Sciex and Micromass allow for
Data Dependent Acquisition experiments. In this, eluents from HPLC runs are fed directly
into the ESI-MS and the m/z values of the eluting peptides are recorded in MS mode only.
When a multiply charged ion is detected (peptide ions are normally multiply charged by
ESI) the mass spectrometer switches to MS/MS mode; the peptide ion is selected for
fragmentation and 2 MS/MS spectrum is produced. After a predetermined time the mass
spectrometer switches back to MS mode so that other eluting peptides can be detected and
sequenced. In this way several peptides can be automatically sequenced in a relatively short

time.
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1. Introduction

Liquid chromatography mass spectrometry (LC-MS)

LC has been hyphenated to MS both on-line and off-line. In off-line LC-MS
fractions from the LC run are collected and then the molecules present in these fractions
analysed by any of the MS methods described above (or indeed by any other method). In
on-line LC-MS the eluent from the LC is directly fed into the mass spectrometer. This
mode of LC-MS is commonly carried out using ESI-MS. As discussed above, a gteat
improvement in sensitivity can be achieved when the ESI process is performed at low flow
rates. In addition, the concentration capacity of nanoLC is greater than that of
conventional LC and nanol.C requires passage of the mobile phase at low flow rate.
Moreover, the solvents used in RP-LC are compatible with ESI. Consequently, the
hyphenation of nanoL.C and nanoESI-MS/MS has been very successful for the analysis of
proteins and peptides with great sensitivity (e.g [144]). When LC is combined with EST and
MS/MS instruments that allow for DDA a large amount of peptides can be sequenced in

a relatively short time (e.g., [110]).
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1.3. The proteomics workflow.

The analytical methods used during the studies presented in this thesis have been
introduced in the preceding discussion. In the following, a brief account is presented on
how these methods are combined for the analysis of gene expression in the field that is

known as proteomics.
1.3.1. Targeted approaches for the detection and quantitation of proteins

In conventional biochemistry, a common method to detect and quantify proteins
is that of immunochemistry. This approach is in prnciple very powerful provided
antibodies for the proteins under study are available. Due to the specificity of antibodies
virtually any protein or peptide can be detected in a background of other proteins without
the need for sample pre-treatment. In addition to their use in Westerns blots and
immunoassays such as ELISA, antibodies can be used for localising proteins in cells and
tissues, thus making possible to detect the intracellular localization of the protein under

study.

Several investigators have used immunochemical methods for identification of
several proteins or peptides in kidney tissues and in utrine in a proteomic scale. For
example, the group of Knepper and colleagues has developed antibodies for each of the
transporters involved in sodium reuptake from the glomerular filtrate [145]. These
antibodies have been used to follow the changes of their target in animal models of disease
after perturbation of defined physiological parameters [146-149]. Norden el al. have also
used immunochemical methods for the quantitation of several proteins in both Fanconi
syndrome patients and control urine, and these studies provided information on the nature

of LMWP [150;151].

Although this strategy is powerful to follow the change in expression levels of
specific proteins, it is not suitable for the identification of new candidates involved in
physiological processes because there is a limit on the number of antibodies that can be
used at a time, and the promises of comprehensive protein arrays is yet to be fulfilled.
Furthermore, immunochemical methods are somehow biased in that it is the investigator
who chooses the set of antibodies to be used. Problems of specificity, expense, and
availability of antibodies should also be considered. Finally, for obvious reasons, antibodies
cannot be used to follow the expression of genes whose products have not yet been

characterized.

41



1. Introduction

1.3.2. Two-dimensional gel electrophoresis and mass spectrometry-based methods

The bases of protein separation by 2DE have been introduced in section 1.2.2 of
this chapter. Changes in gene expression as a result of disease or different cell states have
been analysed with this method, which is the most widely used approach in proteomics for
protein profiling [152-155]. Typically, the protein samples to be compared are separated in
parallel gels. After staining and scanning, gels spots that show an altered level of expression
are excised, and in-gel digested with a suitable protease (trypsin is almost always used). The
peptides produced are then analysed by MS, most commonly by MALDI-TOF MS, or
nanoL.C-ESI-MS/MS. The technical advances in biological MS, outlined in Chapter 1.2.3,
and bioinformatics during the 1990s meant that mass spectrometers have now enough

sensitivity for the identification of proteins showing a faint signal in silver stained gel spots.

An approach for the identification of proteins using in-gel digestion and MS data is
that of peptide mass fingerprinting (PMF) [156] in which the m/z values of the peptide
ions observed in the MALDI-TOF mass spectrum ate used to search a protein database.
Search algorithms have been developed that compare those m/z values to those detived
from the theoretical digestion of all proteins in the database (e.g., [157;158]). The protein
present in the gel spot is identified when the theotetical and the observed m/z values ate
the same within a defined mass error. Algorithms that assess the statistical probability that
the hit is cortect have also been developed [157;158], although operator intervention is

needed to identify false positives.

An alternative to MALDI-TOF MS and PMF for the identification of gel
separated proteins is LC-ESI-MS/MS followed by sequence-tag seatches [156], in which
the peptides generated by in-gel digestion of the protein spot are separated by LC and
detected and sequenced by MS/MS. Sequencing by MS is carried out using tandem mass

spectrometers, as outlined in Chapter 1.2.3.

Proteomics studies using the approach of 2DE in combination with MS have
demonstrated the usefulness of these methods to compare gene expression profiles of
related proteomes. For example, 2DE has been used in the context of nephrology to
identify proteins differentially expressed in kidney medulla and cortex [159;160], to analyse
proteins patterns of workers exposed to toxic levels of cadmium [161], to identify changes
In gene expression in renal cells as a result of hypoxia [162], and to comparatively analyse

rat urinary proteomes before and after sodium overload [163].
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1.3.3. Liguid chromatography-tandem mass spectrometry based methods

As an alternative to 2DE-based methods, in which proteins are separated and then
analysed one at a time by MS, strategies based on LC-MS/MS ate being used for the
‘shotgun’ identification of all the proteins in a sample (teviewed in [164]). In this method,
proteins are first digested with a suitable protease and the peptides generated (there could
be several hundred thousand if a whole cell lysate is to be analysed) are separated by two-
dimensional (2D)-LC; the first dimension usually being SCX-LC and the second RP-LC.
Peptides are detected and sequenced on-line by MS/MS. Peptides are thus separated by
charge in the first dimension and by hydrophobicity in the second. The mass spectrometer
separates eluting peptides according to their m/z value, and therefore, MS provides a third
dimension of separation. For this reason this approach has been termed multidimensional
protein identification technology (MudPiT) by the group of Yates, which was one of the
first groups that implemented this approach for large scale proteomics [113]. A 90 minute
reversed phase LC run can, in combination with ESI-MS/MS detection, sequence about
900 peptides/run. Therefore, 2 2D-LC-MS/MS expetiment in which 20 SCX fractions are
analysed could generate 18,000 MS/MS spectta, which in an ideal scenario, could generate

the same number of peptide sequences.

The drawback of this method, when compared with 2DE based approaches, is
that quantitation is not straightforward such that labelling with stable isotopes is needed
for relative quantitation. Methods for labelling peptides ptior to 2D-LC-MS/MS include
isotope coded affinity tags (ICAT) first introduced by the Aebersold group [165;166] and
later commercialised by Applied Biosystems. The ICAT reagents are alkylating compounds
that label cysteine amino acid residues. One of the samples to be analyzed is labelled with
an ICAT reagent containing nine ’C, while the other is labelled with the same compound
but containing the common "“C. After labelling, the samples are mixed and analysed by
2D-LC-MS/MS as described above for MudPiT.

A problem associated with the ICAT strategy is that these reagents label cysteine
residues and therefore proteins that do not contain this amino acid in their coding region
cannot be quantified with this method. Recently, other investigators have reported the
development of compounds based on the ICAT principle [167]. Alternative strategies have
also been described that involve metabolic labelling by growing cell cultures in media
containing amino acids that incorporate heavy stable isotopes [168], or in media in which

N replaces N as an nitrogen source [169].

43



1. Introduction

1.4. Aims and Scope

The primary aim of the studies that constitute the subject of this thesis was to use
mass spectrometry based analytical approaches to investigate the notion that factors
present in the tubular fluid have a role in controlling renal physiology. As discussed in
preceding sections of this chapter, there are several published studies suggesting that
luminal factors contribute to the hormonal regulation of solute transport in renal tubules.
For instance, several receptors for bioactive peptides ate known to be located on luminal
membranes, and in addition, renal cells express bioactive peptides; since many of them
appear in urine, they probably are also present in tubular fluid. These obsetvations point to
a model of renal physiology in which intracrine regulation (Le., regulation from the luminal
side of tubular cells) plays an important homeostatic function in the kidney, in addition to

the roles performed by classical autocrine and paracrine hormonal systems.

In spite of the evidence already present, the relative amounts of peptide hormones
in the tubular fluid remain unknown. Therefore, it is not possible to predict which
peptide(s) may have greater contrnbutions to the regulation of tubular cell function.
Moreover, it has been shown that actions of growth factors on cultured cells may vary
depending on whether cells are exposed to individual factors in isolation or as patt of a
mixture. Thus, it would be of great interest to know the hormonal composition of
interstitial and tubular fluids. In this regard, one of the aims of the studies presented in this

thesis was to investigate the peptide hormone composition of renal tubular fluid.

Renal FS patients have a defect on the reabsorption of proteins and peptides from
the glomerular filtrate, but it is generally accepted that the physical integrity of the
glomerular filter is not affected in these patients. Consequently, the urinary composition of
FS patients is believed to be close to that of normal tubular fluid. Urne samples from
these patients were analysed for peptides and proteins using some of the approaches
introduced in previous sections of this chapter. The results obtained during the course of

these experiments are the subject of Chapters 3 and 4.

Proteomic methods were also used to analyse the proteomes of cortical apical and
basolateral membranes in order to detect the presence of proteins that may be involved in
signal transduction cascades. For a signalling system to operate there must be extracellular
components as well as intracellular ones. In this context, expetiments presented in Chapter

5 of this thesis suggest that proteins with previously reported signaling functions are
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present at the apical membrane of tubular cells and this further supports the existence of

an intractrine control of renal function.
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2. Experimental

2.1. Mass spectrometry

Mass spectrometry-based experiments were carried out using instruments located
and maintained at the Bioanalytical Chemistry laboratory (Dr R. Cramer, head) of the
Ludwig Institute for Cancer Research (UCL branch, Prof M.D. Waterfield, director) or in
the Mass Spectrometry Facility (University of California in San Francisco, Prof. A.L.
Burlingame, director).

2.1.1. MALDI-TOF MS and MAL.DI-TOF/TOF MS/MS

Instrumentation

MALDI-TOF MS experiments wete catried out using one of the following

instruments:

Yovyager Elite XTI, ™ PE Biosystems, Framingham, MA, USA)

This is a low pressure MALDI-TOF instrument equipped with a UV nitrogen laser
(337 nm wavelength) that operates at pulse rate of 3 ns and also an IR Q-switched
Erbium-Yttrium-Aluminium-Gamet (Er-YAG) laser (2.94 um wavelength) and a pulse

rate of about 100 ns.

Ultraflex TOF/TOF ™ (Bruker Daltonics, Bremen, Germany)
This is also a low pressure MALDI-TOF instrument equipped with LIFT

technology so that in PSD experiments the fragments ions are recorded at once obviating
the need for spectra stitching. Since there is only one analyser, it may be argued that this

instrument is capable to perform MS/MS experiments in time.

4700 Proteomics Analyzer MALDI-TOF/TOF ™ (PE Biosystems, Foster City, CA, USA)
This is also a low pressute MALDI-TOF/TOF capable of high collision energy

fragmentation in a collision cell located in between two TOF analysers. This instrument

can petform MS/MS experiments in space.
Sample preparation and analysis

Samples to be analysed by MALDI-TOF MS were prepared using the dried
droplet protocol. Standard laboratory procedures in the Bioanalytical Chemistry laboratory

of the LICR were followed. In short, the sample analyte was mixed with an excess of
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matrix. Typically, 0.5 ul of sample solution was mixed with 1 ul of saturated solutions of
2,5-dihydroxybenzoic acid (2,5-DHB, Bruker Daltonics or Sigma) or a-cyano-4-
hydroxycinammic acid (HCCA, Hewlett-Packard, Boblingen, Germany). Saturated
solutions of 2,5-DHB were freshly prepared just before analysis by dissolving an excess of
solid matrix in HPLC grade water. HCCA was purchased as already made solutions in
methanol. After mixing sample and matrix solutions on the MALDI target, they were dried

with a stream of warm ait.

Analysis was performed by averaging the spectra produced by 50 to 300 laser shots
depending on the individual signal-to-noise ratio (S/N). Laser intensity was varied
depending on the observed signal intensity so that peaks were not saturated. Spectra
showing saturated peaks were discarded. Instruments were externally calibrated using a
standard mixture of peptides for the analysis of low molecular weight peptides such as
those produced from protein digestions. Internal calibration was performed when the
spectra contained autolytic peptides of known mass derived from the protease. When
larger polypeptides were analysed the calibration was performed externally using a mixture

of proteins.
2.1.2. ESI.QTOF MS
Instruments

Q-Tof™ instrument (Mictomass, Manchester, UK)

This is a hybrid instrument consisting of a quadrupole (Q1) and a TOF connected
through another quadruple (Q2) that is used as a collision cell. When scanning a large mass
range, Q1 and Q2 operate in RF mode only so that ions with a wide m/z range are
transmitted to a push-pull region where ions are accelerated orthogonally towards the
field-free region of the TOF. In MS/MS experiments Q1 isolates the desired jon and

transmits it to Q2 where it fragments due to collision induced dissociation (CID).

QSTAR™ (Sciex / PE Biosystems, Foster City, CA, USA)

This is another hybrid Q—TOF mass spectrometer with ion optics similar to those

described above for the Q-Tof™ instrument.

Mariner™ (PE Biosystems, Foster City, CA, USA)

This instrument consists of an ESI ion source, a quadrupole operating in RF
mode, and a TOF region. The quadrupole focuses the ions towards a push-pull region,
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which accelerates ion packets towards the field free region of the TOF mass analyser. As
for the Qstar and Q-Tof, in the Mariner the acceleration towards the TOF is orthogonal.
The quadrupole operates in RF mode only; therefore this instrument cannot perform
MS/MS experiments, although structural information can be obtained by in-source

fragmentation.
Operation of ESI-Q-Tof

The mass spectrometers desctibed above were equipped with nanoflow ion
sources and fused silica ESI emitters with 50 pm LD. tapered to 15 um at the tip
(PicoTipTM, New Objective, Woburn, MA, USA). These tips are not coated with
conductive material and the high voltage was applied at a liquid metal junction about 3 cm
from the tip of the emitter. Sample was mntroduced from a syringe pump or from the
eluent of HPLC runs at flow rates of 0.2 to 2 pl/min depending on the application.
Optimal operation parameters were determined empirically by infusing a standard peptide.
Typical spray tip potential was 1800-3500 V depending on the tip of the emitter and the
flow rates. Voltages at the orifice of the interface ranged from 40 to 150 V. The Q-Tof™
and QSTAR™ instruments were calibrated using the fragment ions generated from a
MS/MS fragmentation of [Glu']-Fibrinopeptide B. The Mariner™ was calibrated using the

doubly and triply charged neurotensin.
2.1.3. LC-ESI-QTOF MS

Nanoflowl.C was performed in an Ultimate™ HPLC system (LC Packings,
Amsterdam, Nethetlands) or in an ABI system (Applied Biosystems) converted to low

flow rates by means of a precolumn split constructed in-house.

The Ultimate system consisted of an autosampler (Famos™) that loaded 5 pl of
sample solution at a flow rate of 40ul/min onto a peptide trap column (0.3 x 1 mm,
PepMap, LC Packings) placed at a switching valve (Switchos™). Peptides loaded in the
peptide trap column were washed for 2 minutes at 40 ul/min with 0.1% formic acid. After
this time, peptides were eluted using gradient elution at 200 pl/min onto a main analytical
column (C18 PepMap, 75 um x 15 cm). Solvent A was 0.1% formic acid and solvent B
was 80% acetonitrile (ACN) / 0.08% formic acid. Elution was cartied out from 5%B to

45%B in 30, 60, 90, or 120 minutes depending on the application.

The ABI system consisted of a 140C pump, a 750B UV detector in which the flow

cell had been teplaced by a low volume flow cell (35 nl) with Z configuration (LC
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Packings), and a rheodyne injector (Rohnert Park, CA, USA) model 8125 in which the
sample loop was replaced by a peptide trap column as above. Sample solutions were
loaded 1n a Hamilton air-tight syringe (10, 25, and 100 ul syringes were used) and injected
manually directly in the peptide trap column, washed with 10 to 250 ul of 0.1% formic acid
and eluted with the same gradient elution conditions as for the Ultimate system described
above with the exception that in addition to 75 um columns, columns with other IDs were
also used. For 150 pm x 150 mm columns (C18 PepMap) the flow rate was 1 pl/min.
Flow rates were obtained by means of a precolumn split that consisted of a T-junction and
a 50 um LD. capillary tube of 0.5 m in lenght. The flow rate of solvent eluting from the
column was measured using a calibrated glass micropipette and the flow rates in the pump

were modified so as to achieve the desired flow rate at the column.

The eluents of the HPLC runs were analysed on-line by one of the ESI mass
spectrometers described above. When the Q-Tof or the QSTAR were used they were
operated in Data Dependent Acquisition, which allows for the automatic switching from

MS to MS/MS experiments whenever an ion of a predetermined nature is detected.
2.2. Liquid chromatography

2.2.1. Column packing

Several methods for packing capillary HPLC columns were tried and tested.

Frits were constructed as previously published using porous filters [117;170;171],

porous ceramic plugs [172], or unions containing stainless steel screens [173].

Briefly, capillaries were fritted with PVDF porous filters (Millipore) by placing the
filter on a plastic sutface and using the end of a capillary (320 pum ID) to cut a section of
the filter, which was then pushed mside the capillary using a natrower capillary (280 pm
OD). The narrower capillary was then taken out, applied epoxy glue, and inserted again
into the wider capillary. After allowing drying, the column was ready to be packed.

Capillaries were also fritted using potassium silicate solutions that formed a porous
plug at the end of the capillary. In this, 300 pl potassium silicate solution (SiO,:K,O, 21:9,
Merk) was mixed with 100 pl formamide, vortexed for 1-2 minutes, centrifuged, and the
solution positioned inside the capillary by capillary action; the end of the capillary was
inserted in the solution for 3-4 s. Polymerisation was performed by placing the capillary in
heat block at 37°C for 1 h.
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A final method for column friting was tested in which beads are retained by
placing stainless steal unions containing integrated frits at the end of the capillary to be
packed. These unions are commercially available from Valco Instruments (Schenkon,

Switzerland) and columns packed using these frits were very robust.

Once the column was fritted, it was packed as described in the literature by
introducing chromatographic beads suspended in a slutry into the capillary at high pressure
[117;170;,171;173]. Briefly, the non-fritted end of the capillary was placed at the end of a
slurry reservoir, which consisted of an empty stainless steal column (4.6 mm I.D. x 5 cm
long) whose ends had been drilled with a 1 mm dull. The slurry resetvoir was filled with
sharry (packing material suspended in organic solvent). The end of the slurry reservoir that

is not connected to the column to be packed was connected to a HPLC pump. The flow

rate of the HPLC pump was set at 100 pl/min, and thereafter adjusted so that the
backpressure was ~2000 p.si until the column was packed. Columns were left
conditioning overnight at 2000 p.s.i., after which time the flow was switched off from the
pump and the column left depressurising from the frit untl the backpressure reading at the

pump was zero (typically 24 h.).
2.2.2. Reversed phase HPLC

Off line LC-MS experiments were performed in microcapillary HPLC (LLC)
columns (POROS 10 R2, 320 um LD. x 250 mm long), which were packed in house as
described above in fused silica tubes using stainless steel unions with integrated frits.
Gradient elution was carried out from 15% B to 60% B in 30 minutes after an initial
isocratic step of 8 minutes at 5% B. Mobile phase A was 0.1% TFA and mobile phase B
was 80% ACN/0.1% TFA. The ABI HPLC system described above was used for these

expetiments. The sample loop was 5 pl and the flow rate was 20 pl/min.

Off-line LC-MALDI-TOF/TOF experiments wete also conducted. This system
consisted of an Ultimate HPLC (I.C Packings) equipped with 2 75 pm x 150 mm column
(PepMap, LC Packings) and opetated as desctibed above for the on-line LC-ESI-MS/MS
analyses with the exception that the eluents of these LC runs were directly spotted on
MALDI plates by a robot (Probot, LC Packings). The flow rate from the column was 330
nl/min and that of the matrix solution (saturated CHCA in 70% methanol / 0.4% TFA)
was 800 nl/min. The LC eluent and the matrix were mixed at a T-junction and spotted on

the MALDI target every 30 seconds. Solvent A and B were as above and the gradient was
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from 2% to 12% B in 5 minutes, from 12% to 30% B in 50 minutes, and from 30% to
90% B in 3 minutes. One hundred spots were analysed per run in a MALDI-TOF/TOF

instrument (Proteomic analyser 4700, Applied Biosystems).
2.2.3. Strong cation exchange HPL.C

Separation of proteins and peptides by SCX was carried out in columns packed in-
house using one of the methods described above. PEEK tubes with 508 and 760 pm I.D.
were used and they were cut to 50, 100 or 200 mm depending on the application. Column
packing was as described above using the following packing material: POROS S 10
(Applied Biosystems, USA), ceramic SCX material (Sigma), or Polysulphoethyl
aspartamide (PSE) (polyLC, USA). Commercially available columns packed with PSE (2.1

x 10 mm) were also used.

In a typical SCX-based HPLC separation, the column was equilibrated with at least
10 column volumes of 0.1% formic acid / 20% ACN. After loading the sample, the
column was washed with the same solvent until the UV absorbance reached the base-line
line. Peptides and proteins were eluted by increasing concentrations of ammonium acetate
dissolved in 0.1% formic acid / ACN. The ABI HPLC system desctibed above was used
for these experiments. The sample loop was 100 pl and the flow rate was varied depending
on the column used. For 320 um I.D. columns packed with ceramic beads the flow rate
was 20 ul/min. For 760 um LD. columns packed with POROS S10 beads the flow rate
was 100 ul/min and when columns of the same dimensions wete packed with PSE

material the flow rate was 50 pl/min.

For some applications potassium chloride or ammonium chloride substituted
ammonium acetate. These two salts are transparent at 214 nm so that separations can be
monitored by UV absorption. Typical parameters for polypeptide separation by SCX using
gradient elution were as follows. Solvent A was 20% ACN / 0.1% formic acid and solvent
B was 500 mM KCl dissolved in A. Equilibration was at 100% A for at least 10 column
volumes untll a stable baseline in the UV chromatogram was observed. After loading the
sample it was waited until the base- line returned to the starting position before applying a
linear gradient of 0% to 50% B in 15 minutes, followed by 50% to 100 %B in 2 minutes.
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2.3. Gel electrophotesis

Gel electrophoresis was carried out using the standard laboratory procedures in the
Cancer Proteomics Laboratory of the Ludwig Institute for Cancer Research (University
College London branch, Prof. M. Waterfield, director). These are briefly outlined below.

2.3.1. One-dimensional SDS-PAGE

1D-SDS-PAGE was performed in either commercially available precasted 12%
Trs-glycine gels, (ReadyGels, BioRad, Hemel Hempstead, Herts) or by casting them in-

house using the solutions and buffers listed on Table 2.1.

Protein samples were mixed with sample buffer and boiled for 5 minutes at 100
°C. Small gels (10 cm) were run at a constant current of 50 mA, for 1-2 h, whilst large (1.5
mm x 15 cm x 20 cm) format gels were run with a constant current of 8-10 mA per gel for
16-20 hours until the BPB front had run out the gel. Following electrophoretic separation
of proteins on gels, separated protein molecules were visualised using either of two mass

spectrometry compatible staining procedures (see below).

Table 2.1. Composition of SDS-PAGE solutions

Resolving gel

Reagent Final concentration
Tns-HCl pH 8.8 280 mM
Acrylamide/bisacrylamide (37.5:1 stock solution 10-20%,

SDS 0.1%
N,N,N',N'-Tetramethylethylenediamine (TEMED)  0.15%

Ammonium persulphate (APS) 0.05%

Stacking gel

Reagent Final concentration
Tris-HCl pH 6.8 125 mM
Actylamide/bisacrylamide 4%

SDS 0.1%

APS 0.05%

TEMED 1%

Sample Buffer

Reagent Final concentration
Tris pH 6.8 134 mM
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SDS (4% w/v)
Bromophenol blue (BPB) 0.06% (w/v)
f-mercaptoethanol (BME) 6% (w/v)
Glycerol 20% (w/v)

2.3.2. Two-dimensional PAGE

Samples for 2DE were dissolved in 8M utea / 2M thiourea / 4% CHAPS / 10
mM Tris pH 7.2, mixed with ampholites and DTT (85 mM final concentration), and
applied to immobilised pH gradient IPG) gel strips pH 3-10 (Amersham Biosciences,
UK). The strps were allowed to rehydrate overnight at room temperature.
Isoelectrophocusing was performed in a Multiphor II apparatus (Amersham Biosciences,

UK) using the program in table 2.2.

Table 2.2. Program for the isolectricfocusing of proteins in IPG sttips

Step Time (hours) Conditions
1 1/60 300V, 5mA, 10 W
2 0.5 300V, 5 mA, 10 W
3 3 3500V, 5mA, 10 W
4 21 3500V, 5mA, 10 W
5

25 500V, 5mA, 10 W

After focusing, strips were equilibrated in 6M urea / 0.1 M Tds pH 6.8 / 30%
glycerol / 1% SDS containing 5 mg/ml (65 mM) dithiothreitol DTT for 10 minutes
followed by incubation in 45 mg/ml (240 mM) iodoacetamide (IAA) in the same solutions.

The second dimension was carried out using a BioRad gel electrophoresis system
(BioRad, Laboratory Inc, USA) that allowed for running six gels in parallel with
dimensions 18 cm x 25 cm x 1.5 mm. Gels for the second dimension were prepared and

run as for SDS-PAGE.
2.3.3. Gel staining and analysis

Gel separated proteins were visualized by either colloidal coomassie blue using
Coomassie G-250 dye as described in Neuhoff ¢z 4/. [174;175] or by silver nitrate staining
using the procedure of Shevchenko ¢z 4/ [176]. Both staining methods are compatible with

subsequent mass spectrometry analysis and have comparable sensitivities. The advantage
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of colloidal Coomassie blue staining over silver staining is that the intensity of bands or
spots is more linear with relation to protein concentration than the silver staining method.
Conversely, silver staining is faster than Coomassie staining when high sensitivities are

required.

Protein staining using Coomassie blue G-250 has been described [174;175]. Briefly,
gels were fixed from 3 h to overnight in 50% (v/v) ethanol / 2% (v/v) phosphoric acid.
After washing the gels three times with water (1/2 houts per wash), gels were incubated
with staining solution (34% (v/v) MeOH / 17% (w/v)(NH,),SO, / 3% (v/v) phosphotic
acid) for lhour, after which time 0.7 g/L (solid) Coomassie Blue G-250 was added to the
solution. Gels were then left shaken until bands of the required intensity were visible. The
end point of labelling is reached after 3-4 days of incubation. Sensitivity was about 10-50

ng of protein (BSA).

Mass spectrometric compatible silver staining was carried out as described with
minor modifications [176]. Briefly, gels were fixed using 40% ethanol / 10% acetic acid
overnight and then washed with 50% ethanol for 10 minutes followed by 3 washes in
water (10 min/wash). Gels were then sensitised in 0.02% sodium thiosulphate for 1min,
washed in water twice (1 min/wash) and stained with pre-cooled 0.1% silver nitrate for 30
minutes at 4 °C. After washing twice with water (1 min/wash), the signal was developed by
incubating in 0.04% formalin, 2% sodium carbonate. The reaction was stopped with 1%

acetic acid.

Gels were scanned using a densitometer (BioRad model GS-800 calibrated
densitometer) and analysed (curated) using the software package Melanie™. For 2D gels,

spot intensity was expressed as optical density (OD) normalised to total OD.

2.4. Enzymatic digestion of proteins

2.4.1. In-solution digestion

Proteins present in HPLC fractions were digested with trypsin dissolved in 25 mM
ammonium bicarbonate. The amount of trypsin used was adjusted so that the ratio
substrate:trypsin was between 50:1 and 20:1 (w/w). The reaction was petformed overnight
at 37 °C and DTT to a final concentration of 1 mM was added after digestion to reduce
disulphide bridges.
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When reduction and alkylation was performed before proteolytic digestion, protein
solutions were solubilised in 6M urea / 0.05% SDS/ 50 mM ammonium bicarbonate / 5
mM Tris(2-carboxyethyl)phosphine (TCEP), heated at 50 °C for 1 hour and subsequently
labelled with the alkylating agent (either iodoacetamide or ICAT reagent) for 2h at 37°C in
the dark. Before adding trypsin, samples were diluted to final concentrations of 1.2M urea
and 0.01% SDS.

2.4.2. In-gel digestion

In-gel digestion was performed using published procedures [177;178]. Briefly, gel
pieces from silver stained gels were de-stained using H202 (1%v/v); this step was
omitted when pieces from CBB stained gels were subjected to in-gel digestion. The
following was performed for both silver and CBB stained gel pieces. After washing
the gel pieces 3 times with 50% ACN, they were dried in a SpeedVac until all the
solvent had been evaporated. Sufficient 10mM DTT (in 25mM ammonium
bicarbonate, pH8) was added to cover gel pieces, which were then incubated for
45min at 50°C, after which time the DTT solution was removed and sufficient
50mM IAM (in 25mM AmBic pHS8) added to cover gel pieces. Incubation was for
1hr at room temperature in the dark. After washing the gel pieces with 50% ACN
and drying in the SpeedVac as above, 50 ng of trypsin dissolved in 25 mM AmBic
was added and incubated overnight at 37 °C. Tryptic peptides were extracted from
the gel pieces by the addition of 5% TFA / 50 % ACN (this was done a total of 3
times). Extracted peptides were concentrated to dryness in the SpeedVac and then

dissolved with a suitable volume 0.1% formic acid.
2.5. Data Analysis

Proteins were identified by either peptide mass fingerprinting (PMF) or sequence
tag searches (STS) using MS ot MS/MS data, respectively. For PMF, m/z values from
MALDI-TOF MS spectra were fed into MS-Fit (Protein Prospector). For internally
calibrated spectra, the tolerated mass error was set to 50 ppm and for externally calibrated
spectra to 200 ppm. Routinely, m/z values were searched against the NCBI protein
database restricted to the entries of the organism under study (human for the urnary

polypeptide analysis and mammalian or rodent for the membrane proteome experiment).
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For STS, data from the nanoLC-MSMS runs were converted to peak list files,
which were then fed into MASCOT to search the NCBI protein database. Mass error
tolerance was set up to 100 ppm for the parent ions and 150 ppm for the fragment ions.
As for PMF, searches were restricted to the taxonomy of the organism under study.
Considered modifications for both STS and PMF were oxidation of methionines, pyro-
glutamation of N-terminus, and carbamidomethylation of cysteines. When searching with
data from ICAT experiments, ICAT modified cysteines were considered instead of
catbamidomethyl cysteine. In-solution digestion in the presence of IAM can modify N-
termini of peptides. Therefore, in these cases carbamidomethylation of the N-terminus

was also considered as a possible modification.

For PMF, a protein was identified when more than 5 peptides matched an entry
and those covered more than 35% of the protein. For STS, a protein was identified when 2
peptides matched a protein and the Mowse score given by MASCOT was well above the
statistical probability that the hit was correct. In cases where only one peptide matched a
protein, the correctness of the hit was confirmed my manual assignation of all the peaks in
the MS/MS spectrum to theoretical fragment ions. In some cases, when it was observed
that the MS/MS spectra were of good quality but not statistically significant hits were
returned by MASCOT, these were interpreted de novo.

2.6. Extraction of polypeptides from urine
2.6.1. Precipitation

Three different methods for the precipitation of urinary proteins were investigated.
Dye precipitation was carried out as described by Marshall [161] using Coomassie blue dye
R-250. Acetone precipitation was carried out in 50% acetone at —20°C. Finally,

methanol/chloroform precipitation was carried out as described [179].

2.6.2. Solvent extraction

Urnine samples were treated with 3 x 900 pl ether:ethyl acetate (1:1). The organic
layer was discarded and peptides in the aqueous layer precipitated with

methanol:chloroform (3:1). The pellet was redissolved in 0.1 % formic acid.
2.6.3. Liquid chromatography

Two types of RP column were used for the extraction of polypeptides from urine:

solid phase extraction (SPE) cartridges (OASIS, reversed phase cartridges, 80 A pore size,
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Waters, MA, USA) and POROS R20 (20 ym bead size, 2000 A pore size, Applied
Biosystems) packed in house in 760 um x 50 mm PEEK tubes.

Extraction by SPE was carried out by gravity flow as follows. A volume of urine

containing 10 pmol of creatinine was added to an equal volume of 1% TFA. Cartridges
were conditioned with 1 ml of 80% methanol / 0.1% formic acid and equilibrated with 1
ml 4% methanol / 0.1% formic acid. The sample was applied twice thought the cartridge,
which was then washed with 1 ml 4% methanol/0.1% formic acid. Peptides were eluted
using 1 ml of 80% methanol / 0.1% formic acid. Eluted peptides were dried in a SpeedVac

and reconstituted in 5% acetonitrile/0.5% formic acid.

Extraction by HPLC was carried out as follows. Utine samples were injected in an
HPLC system equipped with an RP column connected on-line to a SCX column. Samples
were injected in the RP column (packed in-house with POROS R2 20 in a PEEK tube
with dimensions 50 x 0.76 mm) and washed with 20 column volumes of 4% ACN/0.1%
TFA at a flow rate of 100 pl/min. A pre-equilibrated SCX column (packed in housed with
POROS HS in a PEEK tube with dimensions 50 x 0.76 mm) was then connected to the
end of the RP column and peptides eluted directly from the RP column to this SCX
column using 150 pl of 80% ACN/0.1% TFA. Peptides bound to the SCX column were
washed with 20 column volumes of 4% ACN/0.1% TFA, after which time polypeptides
wete eluted with 150 pl of 2 M ammonium acetate dissolved in 25% ACN/0.1% TFA.
Eluted polypeptides were dried in a Speed Vac to remove the volatile ammonium acetate,
re-issolved in 5% ACN/ 0.1% TFA, and the protein quantified using the Bradford assay
[180].

2.7. Labelling of polypeptides with isotope coded affinity tags

In some experiments proteins were labelled with ICAT reagents prior to their
separation by SCX followed by RP LC and their analysis by MS. In this, proteins were
resuspended in 6M urea / 50 mM ammonium bicatbonate / 5 mM Tris(2-
carboxyethyl)phosphine and subsequently labelled with the cleavable ICAT reagents for 2h
at 37°C in the dark. Equal amounts of each of the samples to be compared were mixed,
adjusted to about ~1M urea, and sequence grade trypsin to a final ratio of 1:20 (w/w) was

added to the reaction mixture, which was then incubated overnight at 37° C.

ICAT labelled peptides were separated from free label by SCX HPLC as described
in section 2.2.3. This step was also used to separate the peptide mixture into fractions.
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Labeled peptides present in SCX fractions were separated from unlabelled ones by avidin
affinity chromatography using manufacturet’s recommendations. The biotin moiety of the
ICAT label was removed by acid cleavage using manufacturer’s instructions. The solution
used to cleave the ICAT reagent was removed by Speed-Vac evaporation and ICAT-
labelled peptides redissolved in 0.1% formic acid. Identification and quantitation of ICAT

paits was cartied out by LC-MS/MS as desctibed in section 2.1.

2.8. Operation of the column switching liquid chromatography tandem

mass spectrometry set up

2.8.1. Description of the system

The column switching consisted of three columns connected through two HPLC
injectors. The flow rates were provided by independent HPLC pumps and fuse silica

tubing (50 um ID) was used for delivery of the mobile phase.

Column 1 was a SCX column packed in-house to 1 cm in 320 pm LD. fused silica
capillary using Ceramic beads (Sigma) with 50 um mean bead size. These beads were held
in place in the column by a resttictor (2 50 pm LD. / 280 um O.D. fused silica capillary) at
the end of the 320 um capillary. Thus, this column did not have a frit (i.e;, it was not
plugged) which minimized sample losses due to absorption. Column 2 was a PepMap
column (LC Packings) with dimensions 300 pym x 1 mm. Column 3 was also a PepMap
column (LC Packings) with dimensions 75 pm x 150 mm.

HPLC pumps were two ABI 140B delivery systems. Pump 1 operated isocratically
at a flow rate of 40 ul/min and the mobile phase was 0.1% formic acid / 5 % ACN. Pump
two was programmed for gradient elution and operated as described above for RP

nanoL.C-MS/MS.

Injector 1 was a Rheodyne injector model 7010 fitted with a 40 pl sample loop.
Injector 2 was a Rheodyne 8125 in which the loop was replaced by column 2. A pre-
column flow rate split was made so that the flow from pump 2 was decreased to 200

nl/min.
2.8.2 Operation of the system

The sample was injected through injector 1 into column 1 at 40 ul/min and the

column washed for 2 minutes. Molecules that did not bind column 1 were diverted to
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waste. After washing, column 1 and 2 were connected in-line. Polypeptides were eluted
from column 1 directly to column 2 by injecting 40 ul of 500 mM ammonium acetate from
injector 1. Eluting peptides were trapped in column 2, which was then washed to remove
salts in the mobile phase coming from pump 1. Injector 2 was then switched so that
column 2 and 3 were now in-line. Pump 2 then delivered a gradient of ACN that eluted
peptides into a ESI-MSMS instrument (QStar, MDS-Sciex/ABI).

2.9. Proteomic analysis of membrane preparations

Rat renal cortical membrane preparations were generous gifts from Dr. Joanne
Marks (Royal Free Hospital, London, UK) and Dr. Juerg Biber (University of Zurich,

Switzetland).

Brush border membranes (BBM) were prepared by Dr. Marks using the method of
Biber [181] in which BBM are separated from total membrane by magnesium
precipitation. BBM as well as basolateral membranes (BLM) were also prepared by Dr.

Biber using a method based on free-flow electrophoresis as described by Kaufmann [8].

The protein contents of BBM and BLM preparations were quantified using the
Bradford assay and proteins separated by 12% SDS-PAGE. Proteins were visualized by
colloidal CBB G-250 staining and the whole lane cut into 20 gel pieces irrespective of stain
intensity. The identities of the proteins present in these gel pieces were determined by in-

gel digestion, nanoLC-ESI-MS/MS, and STS seatches as desctibed above.

2.10. Patients

All patients participating in the study had clinical and laboratory features of the
renal Fanconi syndrome and had been described before in detail [80-82, 150, 151]. The
molecular genetic features of the Dent’ disease patients studied had been elucidated [80-
82]. Patient 1 had total CLCN5 deletion, patient 2 has mutation W279X, patient 3 has a
splice-site mutation that leads to deletion of codons 132-241, and patient 4 has mutation
R34X. Each of these mutations is associated with loss of function of the CIC-5 chlonde
channel. Two Lowe syndrome patients were also studied [150-151]. These are brothers
and, in addition to renal Fanconi syndrome, these patients have mental and growth
retardation and visual impairment. A patient with ADIF, described previously [150-151],
was also studied. Patients presented creatinine clearances of between 60 and 101 ml/min.

Control urine was collected from three male subjects with no history of renal disease.
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2. Experimental

Urine samples were obtained from Dr. Antony Norden (Department of Clinical
Biochemistry, Addenbrookes Hospital, Cambridge). The study was approved by the local
research ethics committee, and all the subjects gave their informed consent. Samples were
frozen in liquid nitrogen, transported in dry ice and stored at -80 °C until the day of

analysis.
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3. Urinary peptide analysis by LC-MS/MS

3. Analysis of urinary polypeptides by liquid chromatography
and mass spectrometry

This chapter is divided into two sections. The first one describes the studies that
were catried out in order to find and optimise a method suitable for the extraction of
polypeptides from urine. It will be shown that although several methods were tested for
the extraction of peptides and proteins from urine, only liquid chromatography based on
SCX could separate peptides of a wide molecular weight range from other urinary

compounds.

The second section presents an account on the analysis of renal Fanconi patient’s
urinary polypeptides using the methods tested and reported in the first part of the chapter.
Possible implications for the pathophysiology of the FS will be discussed.
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3. Urinary peptide analysis by LC-MS/MS

3.1. Methods for the extraction of polypeptides from urine

This section describes results of experiments aimed at investigating the suitability
of methods for the extraction of polypeptides from urine such that they are in a form
suitable for mass spectrometry (MS) analysis. The main criteria used here to define an
efficient extraction procedure were specificity (that is, the extraction method ideally should
only isolate polypeptides), comprehensiveness (i.e. all polypeptides should be extracted by
this method), and high recovery. The latter was defined as fraction of polypeptide
recovered as a function of amount of polypeptide present in the original samples.
Recovery was an important parameter because although urine is available in large volumes,
specimens from patients are sometimes unavailable or scarce. Moreover, it was anticipated
that the method, once optimised, could be used for analysing other biological fluids, such
as tubular fluid obtained during micropuncture experiments, for which the volumes

available are very small.

Urine is a complex mixture in which peptides ate only present at trace levels.
Reversed phase (RP) liquid chromatography (LC) was first used to investigate whether
polypeptides could be separated from other urinary compounds on the basis of
hydrophobicity. In gradient RP-LC compounds elute from the column according to their
hydrophobic character, more hydrophobic compounds eluting later. However,
experimental evidence demonstrated that RP, by it self, was not suitable for the extraction
of peptides from urine. Consequently, it was concluded that it is necessary to extract
urinary components prior to LC-MS analysis. Several methods have been described for the
extraction of polypeptides from biological fluids [182], including solvent extraction
[183;184], solid phase extraction (SPE) [185;186], ultrafiltration [187;188], precipitation
[161;189], dialysis [190;191], or a combination of these [192;193]. Two of these
approaches, namely precipitation and solvent extraction, wete investigated during the
course of the studies described in this thesis, but they proved to be unsuitable to the
extraction of small peptides and proteins; precipitation did not separate peptides from
other urinary compounds, while solvent extraction showed low recovery. The use of
methods that rely on separation of molecular species by size was not investigated here

because the aim was to be able to analyse small peptides as well as proteins.

Finally, ion exchange chromatography, specifically strong cation exchange (SCX),
proved to be effective, in combination with RP-LC and MS, to extract, detect and

characterise urinary peptides and small proteins. The approach was first used for the
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3. Urinary peptide analysis by LC-MS/MS

analysis of peptides in normal urine, and was later implemented for the characterization of
peptides and proteins in Normal and renal Fanconi patient’s urines. The results of these

experiments are described below in some detail.
3.1.1. Extraction of urinary peptides by reversed phase liquid chromatography

Experiments aimed to assess the possibility that peptides could be separated from
matrix compounds by reversed phase chromatography showed that many compounds
coeluted with standard peptides spiked in urine (Figure 3.1.1). In a representative
experiment, control urine was spiked with angiotensin (Ang) I to a concentration of 10
nM. One microliter (containing 10 fmol Ang I) of this solution was injected in the
chromatogtraphic system described in the legend to Figure 3.1.1. The guard column was
washed with 150 pl 0.1 % formic acid so that salts and other hydrophilic compounds were
directed to waste before switching the valve to the ‘inject’ position. The length and internal

diameter of the guard column were 1 mm and 300 um, respectively, and thus its volume

was about 0.07 pl. This means that the guard column was washed with a volume of
acidified water equivalent to more than 2000 times its chromatographic bed volume. The
solvent used for washing was diverted to waste. After switching the injector so that guard
column and analytical column were on-line, a 0.75 % B/min gradient was applied, which
eluted compounds according to their hydrophobicity into the ESI-MS. Figure 3.1.1 shows
the results of one of the runs. Ang I had a t; of 45.5 minutes approximately and many

compounds co-eluted with Ang I; this complicated its detection.

It was evident from these experiments that although most peptides of interest are
above 1 kDa, the fact that peptides are detected in ESI-MS as multiply charged species
means that their m/z falls within the range of singly charged matrix compounds, a fact that

complicates peptide analysis.

The nature of the matrix compounds detected in the experiment described in
Figure 3.1.1 is unknown. The presence of organic acids in urine has been reported
[194;195]. These are small compounds, however, and therefore they may not be the
species that seem to interfere with peptide analysis (Figure 3.1.1). The largest organic acid
that could be found in the studies cited is arachidonic acid with a Mt of 304 Da [194;195].
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3. Urinary peptide analysis by LC-MS/MS

have been described as “column killers” [105]. Consequently, it was decided that an
extraction procedure prior to RP-LC/MS was necessary in order to separate peptides from

urinary matrix compounds.
3.1.2. Extraction of urinary peptides by organic solvent precipitation

Precipitation of proteins in organic solvents, such as ethanol, chloroform and
acetone, salts, or in acids, e.g., trichloroacetic acid, is 2 common procedure employed in
protein chemistry for the separation of proteins from other compounds such as salts and
detergents. This separation method is based in the fact that proteins denature in these
solvents such that their hydrophobic amino acid residues, which in aqueous environments
face the interior of the protein, became exposed. Interaction of the hydrophobic chains by
van der Waals forces between these residues is thought to occur with the end result of
aggregation, and consequently, precipitation [198;199]. After centrifugation, un-

precipitated material remains in the supernatant, which is aspirated and discarded.

Experiments aimed at assessing the usefulness of this method for the separation of
small peptides revealed that other compounds co-precipitate with peptides such that
although precipitation with organic solvents or dyes has been used for the extraction of
proteins from urine prior to proteomic studies [161;189;200], this method may not be

suitable for the isolation of small peptides before LC-MS analyses.
3.1.3. Extraction of urinary peptides by solvent-solvent extraction

Solvent-solvent extraction has been used to extract organic anions from urine
[183;184] and it has been used for the extraction of peptides from tissues [184]. In this
procedure organic acids were extracted with a 1:1 ether:ethyl acetate solution. By acidifying
urine prior to extraction the ionisable groups are protonated and thus solubility of otganic

anions in the organic layer increases.

A variation of this procedure was used in the expetiments described in this thesis
to extract organic anions into the organic layer, which was then discarded. Peptides in the
aqueous layer were subsequently precipitated. This step was introduced because it was
observed that the aqueous layer contained pigments, which interfered with peptide

analysis.
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3. Urinary peptide analysis by LC-MS/MS

sample treated with RP beads only. Later expetiments demonstrated that the ion at 491.8

m/z units is an utomodulin fragment.

These studies demonstrated that SCX chromatography provides a means to
separate peptides from neutral and acidic urinary compounds. Peptides are zwitterionic
molecular species but by lowering the pH to 3 most, if not all, peptides are positively
charged. Therefore, they can be retained by the SCX beads with sulfonic acid functionality
(which is negatively charged at any pH). After washing these beads with a low ionic
strength buffer to remove acidic and neutral compounds, peptides are eluted with a high
ionic strength buffer, which disrupts the ionic interactions between the opposite charges
on the SCX beads and peptides. This procedure thus separates polypeptides from neutral

and acidic urinary compounds.
3.1.5. Manufacture of microcapillary liguid chromatographic columns

The efficiency of the extraction procedure should increase if carried out in packed
columns. For this reason it was decided to pack chromatographic columns in silica and
PEEK capillaries using commercially available packing materials. The concept of packing
microcapillary columns is straightforward; a capillary tube is fritted (i.e. plugged) at one end
and the packing material with the desired functionality is inserted from the other end at
high pressure [119]. However, there are several technical difficulties associated with

packing columns.

One of them is fritting. Several reports exist describing fritting of capillaries by
sintering methods [201], restrictors and tapers [202;203], porous filters [117;170;171],
porous ceramic plugs [172], and unions containing stainless steel screens [173].
McCormack et al. reported the use of Teflon filters to frit capillary columns [171].
However, Davis et al claimed that hydrophilic PVDF filters have less affinity for peptides
than Teflon so that columns constructed with these frits are less likely to cause losses of
analyte by absorption to the filter [117]. The manufacturer also reports that hydrophilic
PVDF binds less protein than Teflon [204] (this company sells both Teflon and PVDF

filters). Therefore, a hydrophilic PVDF filter (0.65 um pore diameter) was initially used for

the work described in this report.
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3. Urinary peptide analysis by LC-MS/MS
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Figure 3.1.7 Recovery of peptides from RP and SCX columns.

The figure shows MALDI-TOF-MS spectra of a BSA tryptic digest before (A) and after (B)
extraction by both RP and SCX chromatography with in-house packed columns. Just
before analysis samples were mixed with fibrinopeptide (m/z 1570.6), which served as
an internal standard to normalize ion intensities. lon intensities of peptides in B were 75
% + 73 (mean = SD) of those in A (n = 23 peptides). Experiments were conducted by
injecting sixty micrograms of a BSA tryptic digest in a RP column (packed in housed with
POROS R2 20 in a PEEK tube with dimensions 50 mm x 0.8 mm). After washing the
column, a pre-equilibrated SCX column (packed in housed with POROS HS in a PEEK
tube with dimensions 50 mm x 0.8 mm) was then connected to the end of the RP column
and peptides eluted directly from the RP column to this SCX column. The SCX column
was then washed with a low ion strength buffer, after which step polypeptides were
eluted with a high ionic strength solvent.
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3. Urinary peptide analysis by LC-MS/MS

lon intensities of the peptides before and after extraction. Figure 3.1.8 shows that after
extraction, extracted peptides produced between 50 and 80 % of the control peptide

mntensities.
3.1.6. Column switching lignid chromatography for the extraction and analysis of
urinary peptides

Having found in the experiments thus far described that SCX chromatography is
an effective method for the separation of peptides from other compounds in urine, the
peptide content of urine from renal Fanconi syndrome patients and control subjects was
investigated. A suitable workflow for the extraction and analysis of urinary peptides would
be to extract peptides from urine by SCX, after which the eluted peptides would be in a
form amenable to RP LC-MS analysis.

The aim of the expetiments described in this section was to assemble a system that
would allow for high recoveries of peptides while maintaining specificity. Sample losses
commonly occur, among other reasons, as a result of transfer of liquid between tubes and
in the walls of pipette tips because it is virtually impossible to collect and dispense the
entire liquid sample from vessel to vessel. In order to overcome this problem, column
switching techniques have been developed [105], in which the eluent from one column is
transferred directly to another column using a system of valves such that sample losses on
the walls of vessels are obviated. Once the sample is injected in the system no further
operator handling of the analyte is required. Several reports exist on the use of column
switching methods for the extraction of peptides [205-207] and other molecules [208]
from biological fluids before their mass spectrometric analysis. Recently, column switching
methods have also been used for the two-dimensional separation of peptides in proteomic

studies [209].

In a study aimed at assessing the feasibility of column-switching LC-MS for the
analysis of urinaty peptides, a system was assembled that consisted of three columns (a
short SCX, a short RP peptide trap column, and a “nano-flow” analytical column)
connected via two HPLC injectors. Two HPLC pumps served the mobile phase to the
SCX and to the RP analytical column independently. Figure 3.1.9 shows a scheme for the
operation of this system and experiments aimed at identifying the sensitivity that could be
achieved by it demonstrated that low femtomole amounts of standard peptides spiked in

urine could be detected using this system Figure 3.1.10.
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