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On Methods for Probing Structure and Function of Membrane Proteins
ERIK T. JANSSON
Department of Chemical and Biological Engineering
Chalmers University of Technology

Abstract
The determination of structure–function relationships in membrane proteins plays a key role
for the understanding of molecular mechanisms in biological systems, and may provide in-
formation on how these systems can be modulated by pharmaceuticals. The aim of the work
described herein was to develop methods for studying structure and function of membrane pro-
teins, ideally in combination. The ion channel TRPV1 expressed in Chinese hamster ovary
(CHO) cells was used as a model system for evaluation of the methods developed, and fur-
ther investigations of structure–function relationships in TRPV1 were conducted with these
methods. First, a new method for studying ion channel activation was developed based on
a microfluidic pipette fabricated in poly(dimethylsiloxane). This device is able to generate
a confined volume zone in front of the pipette, and can provide chemical dilution series for
the measurement of concentration-response curves in pharmacological studies of cells. The
pipette supports delivery of multiple solutions, and rapid switching (<100 ms) between solu-
tions is readily achieved. Second, the pipette was applied in a study were depletion of choles-
terol content of cell membranes was found to modulate TRPV1 function under hypocalcemic
conditions. The effect of cholesterol-depletion on TRPV1 function was measured with patch-
clamp and a fluorescence assay. The treatment was found to inhibit the dynamic permeability
of TRPV1 for large cations. Third, a microfluidic flow cell, in which proteoliposomes can
be immobilized, was characterized and further developed for use with limited proteolysis. A
sequential digestion protocol for proteomic analysis with mass spectrometry of membrane
proteins was innovated, where a stationary phase of proteoliposomes derived from CHO-cells
was repeatedly exposed to trypsin inside the flow cell channel, and the peptides resulting from
each digestion step were used for protein identification. This protocol was found to increase
the amount of identified membrane proteins compared to a single-digest protocol, when per-
forming bottom-up proteomic analysis. Finally, a method for the determination of structure–
function interconnections in ion channels, combining limited proteolysis with mass spectrom-
etry and patch-clamp recording of ion channel activity, was able to identify distal parts of the
TRPV1 protein which are not engaged in activation of the channel with capsaicin.

Keywords: Membrane proteins, TRPV1, patch-clamp, fluorescence, cholesterol, microflu-
idic superfusion, proteoliposomes, proteomics, limited proteolysis, mass spectrometry.
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1 Introduction
Either write something worth
reading or do something worth
writing.

(Benjamin Franklin)

Understanding how the structure of membrane proteins relates to their function, is a key path-
way to elucidate the mechanisms by how these proteins perform their tasks in a biological
cell. Such knowledge, along with insights into the role of protein dysfunction in diseases, is
important in the field of drug discovery [1–4].

The prediction of the three-dimensional conformation of membrane proteins is possible, as
peptide sequences for many proteins are readily available today. However, calculations which
predict protein folding are still difficult to achieve for proteins with more than 150 amino acid
residues [5, 6]. Further, experimental studies of membrane protein structure, investigating
conformation dynamics, its interaction with ligands, and how this interconnection in turn rule
its function, have been performed in some instances with X-ray crystallography and NMR
studies, e.g. for ion channels and G-protein coupled receptors [1, 3, 7–10]; work for which
Roderick MacKinnon and Brian Kobilka received the Nobel prize in chemistry in 2003 and
2012, respectively. However, the hydrophobic nature of membrane proteins complicates this
task, as these techniques in general require the use of detergents and organic solvents, and
membrane proteins are also very difficult to crystallize. Further, these techniques require in
general large amounts of sample; a challenge for work with membrane proteins which often
naturally exist only in low abundance in a cell [8, 10]. Membrane proteins represent up to 70%
of existing drug targets, but determination of their structure has to date yet only been modest
[4], e.g. only a small fraction of membrane proteins expressed in mammalian hosts have had
their structure determined with X-ray crystallography [11]. Another technique which may
contribute to the field of structural biology, is mass spectrometry which has been proven to be a
suitable method for probing structure and dynamics of membrane proteins. Mass spectrometry
can handle heterogenous and complex protein samples, hence not requiring purification of the
protein of interest, and require only small amounts of sample for analysis, a bottleneck in X-ray
crystallography and NMR studies [12–18]. This methodology relies on the fragmentation of
proteins prior to analysis, and detection of the resulting peptides yield structural information.
Limited proteolysis of proteins, an approach where digestion is only partially performed, has
e.g. been able to determine relations between structure and activity of enzymes. Partnered
with mass spectrometry, limited proteolysis can provide details of the topology and peptide
chain flexibility of membrane proteins [12, 19].

Functional studies of ion channels, a subset of membrane proteins considered as very po-
tent drug targets, may provide more understanding of how various environmental and chem-
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1 Introduction

ical stimuli, e.g. drugs, modulate and determine their actions. Methods for relating structure
with function may in turn extend our knowledge of the regulation of biological responses and
diseases [20, 21]. Patch-clamp is an electrophysiological technique regarded as the golden
standard for probing the function of ion channels [22–27]. The recording of single-channel
currents with patch-clamp allows kinetic models to be imposed on the ion channel, and phar-
macological studies can be performed with this technique [28–33].

The work described herein aimed to contribute to the development of techniques for probing
both structure and function of membrane proteins, and to investigate the interplay of these fea-
tures, which are closely related. The studies were conducted with fluorescence, patch-clamp,
and mass spectrometry measurements, all in combination with the innovation of microfluidic
devices. This setup provided the ability to correlate structural changes with activity dynamics
in the nociceptive ion channel TRPV1.
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2 Membrane Proteins
Le nom protéine que je vous
propose pour l’oxyde
organique de la fibrine et de
l’albumine, je voulais le dériver
de πρωτειος, parce qu’il paraît
être la substance primitive ou
principale de la nutrition
animale que les plantes
préparent pour les herbivores,
et que ceux-ci fournissent
ensuite aux carnassiers.

(Jöns Jacob Berzelius)

Proteins are responsible for carrying out a vast amount of operations in a biological cell, e.g. by
mediating transportation of nutrients and salts, metabolism, and extracellular signaling. The
cell is an enclosed compartment, where DNA, RNA, proteins, nutrients and salts are enveloped
by a lipid bilayer, i.e. the plasma membrane. Further compartmentalization is achieved by or-
ganelles, where envelopes of lipid bilayer within the cell provide a separation of biochemical
reactions and cellular storages from each other. However, transportation of ions and other
molecules necessary for sustaining cell signaling and metabolism, is not possible to perform
by diffusion across the cell membrane. These processes are facilitated in the cell by mem-
brane proteins, forming physical transport gates across the membrane. The work of this thesis
regards studies of membrane proteins, where development of methods for membrane protein
analysis, and investigations on how chemical modification may alter ion channel functionality,
have been concerned.

2.1 Structure and Function
Proteins are molecules constructed by the linking of amino acid chains, which sequence is
provided by the genetic information stored in the DNA of a cell, as the DNA is encoded into
the primary structure of a protein. The peptide sequence will in turn determine how the protein
will fold, hence, it also determines the function of the protein. The relation between translation
of a protein from RNA, and the transcription of RNA from DNA constitutes the central dogma
of molecular biology [34]. Further, proteins are divided into three main groups; globular
proteins, fibrous proteins, and membrane proteins. Almost all globular proteins are aqueous,
i.e. they reside freely in solution, and are usually enzymes. Fibrous proteins, e.g. collagen and
elastin, provide structure to the extracellular matrix of a cell. Membrane proteins are partly
or wholly associated in various ways with a membrane of the cell, and often act as receptors.

3



2 Membrane Proteins

Phospholipids Liposome

Figure 2.1: Schematic illustration of a group of phospholipids in aqueous solution, which
spontaneously can arrange into a liposome to minimize the Gibbs free energy of
the system.

Membrane proteins can be covalently associated with the lipid bilayer, e.g. through lipidation
of an amino acid. Transmembrane proteins can extend through the lipid bilayer as a single or
a multi-pass α-helix, or as a β-barrel [35, 36]. These peptide chains can together with either
similar or different subunits form a three-dimensional conformation, which together provide
the complete structure and function of a membrane protein.

2.2 Lipid Bilayers

Phospholipids are amphiphilic molecules with a hydrophobic tail and a hydrophilic headgroup.
When immersed in aqueous solution, phospholipids can spontaneously form an enclosed com-
partment by arranging themselves into a lipid bilayer, e.g. a liposome, to minimize the Gibbs
free energy of the system (Figure 2.1). The function of proteins can depend on the fluidity of
the membrane they reside within, which is modulated by lipid composition and the presence
of sterols, e.g. cholesterol [37–40]. Some lipids with saturated hydrocarbon chains can adhere
so strongly that microdomains are formed, i.e. lipid rafts, which also are rich of cholesterol.
Lipid rafts are considered to promote the organization of a subset of membrane proteins and to
regulate protein–protein interactions, as membrane proteins tend to accumulate in these fatty
microdomains [35, 36, 38, 41–44]. A method for rapid decrease or delivery of sterols to the
lipid bilayer of a cell, is the employment of cyclodextrins, used for studying effects of mem-
brane fluidity or sterol interaction with membrane proteins [37–40, 43, 45, 46]. The extent
of sterol modulation can be quantitated with fluorescent assays or with gas-chromatographic
methods [47–51].
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2.3 Ion Channels

Table 2.1: Ion concentrations and thermodynamic equilibrium potentials for a mammalian
skeletal muscle cell. Adapted from Hille [52].

Extracellular Intracellular Equilibrium
concentration concentration potential

Ion (mM) (mM) (mV)

Na+ 145 12 67
K+ 4 155 −98

Ca2+ 1.5 10−7 129
Cl− 123 4.2 −90

2.3 Ion Channels
The lipid bilayer of a cell is impermeable to ions, as the charge carried by ions makes it difficult
to diffuse across the hydrophobic plasma membrane. Transportation is mediated through pore
forming proteins, i.e. ion channels, which are usually selective for one or many types of ions.

The mechanism for opening an ion channel, i.e. gating, can be triggered by changes in
membrane potential, the binding of a ligand, mechanical stimuli, through second messenger
molecules, by temperature, or by combinations of these events. Ion channels enable cells to
communicate with each other, as a stimuli causing the opening of a specific ion channel may
initialize a signal cascade, e.g. propagation of an action potential along a nerve.

2.3.1 Membrane Potential
The hydrophobic nature of the plasma membrane of a cell, renders it impermeable to charged
molecules. Hence, the physical separation of charged species across the membrane, is equiva-
lent to that found in an electric capacitor. The resulting voltage, known as the thermodynamic
equilibrium potential ES, is described by the Nernst equation,

ES =
RT
zSF

ln
Sout

Sin
, (2.1)

where R is the gas constant, T is the temperature, F is Faraday’s constant, zS is the ion-valency,
and Sout and Sin are the extra- and intracellular concentrations, respectively, of an ion for which
the membrane is specifically permeable to. Typically, for a non-excited cell at rest, extra- and
intracellular concentrations for cells are not at equilibrium, as active pumps transport ions
out- and inwards to maintain an electrochemical gradient. The thermodynamic equilibrium
potentials for different ions in a mammalian cell are given in Table 2.1.

The resting membrane potential under the assumption that the membrane is only permeable
to Na+, K+ and Cl−, calculated as the reversal potential Erev at which no net current flows, is
given by the Goldman–Hodgkin–Katz voltage equation,

Erev =
RT
F

ln

(
∑N

i PM+
i
[M+

i ]out +∑M
j PA−

j
[A−

j ]in

∑N
i PM+

i
[M+

i ]in +∑M
j PA−

j
[A−

j ]out

)
, (2.2)

5



2 Membrane Proteins
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Figure 2.2: Current-voltage relationship for TRPV1 with external and internal sodium buffers
during activation with 1 μM capsaicin, measured with a ramp protocol from
−120 mV to 30 mV over 150 ms. The ion channel rectifies the current readily
in the range of −120 to −40 mV.

where P denotes the ion-specific permeability, and M+ and A− are cations and anions, respec-
tively. Given the values in Table 2.1, and knowing that mainly K+-channels are open at rest,
the resting potential is calculated to be ∼−90 mV, close to the equilibrium potential of K+.

2.3.2 Current-Voltage Relations in Channels

The membrane of a cell behaves like a capacitor, and an ion channel behaves as a conductor.
However, due to the concentration gradient of ions across the membrane, current will drop to
zero at the reversal potential, not at 0 mV. The membrane conductance can also be directly
dependent on voltage, i.e. it displays rectification, where the ion channel will be open and
permeate ions at some membrane potentials, and remain closed at others (Figure 2.2).

2.3.3 Permeability

Sodium and potassium ions are both monatomic and monovalent cations, their effective ionic
radii differ by only 0.4 Å, and yet, their ability to permeate through an ion channel can be very
different, e.g. potassium is 10 000 times more permeant than sodium in certain potassium
channels due to selectivity filters [3, 53–55].

Ion channels are usually selective for the types of ions they will permeate, which has resulted
in classifications of ion channels according to the mainly conducted ion e.g. the families of
Na+-, K+-, and Cl−-channels.

Relative ion selectivity can be measured by experiments conducted in parallel, e.g. with
different types of ions on the outside of the cell. The reversal potential for each of these two
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2.3 Ion Channels

conditions can then be described as

EA
rev =

RT
F

ln
PA[A]out

PC[C]in
(2.3)

EB
rev =

RT
F

ln
PA[B]out

PC[C]in
. (2.4)

If Equation 2.3 is side subtracted with Equation 2.4, and the exponential function is applied
to both sides, the expression gives the relative permeability of A to B as

PA

PB
=

[A]out

[B]out
exp

∆ErevF
RT

. (2.5)

2.3.4 Nerve Signaling

Cells which can utilize changes in membrane potential for communication are called excitable
cells, e.g. nerve- and muscle cells can in response to their changes in membrane potential in-
duce release of neurotransmitters or muscle contraction. An increase of membrane potential
is referred to as depolarization, whereas a decrease is referred to as hyperpolarization. If, e.g.
a nerve cell is depolarized above a certain threshold level, an action potential is triggered, i.e.
a change in membrane potential is caused at a certain locus of a nerve cell (the axon hillock),
which will propagate along the entire cell, to the nerve terminal. In detail, this occur by ac-
tivation of Na+-channels upon depolarization, which further depolarizes the cell membrane,
since the equilibrium potential of Na+ is ∼67 mV. The local depolarization will spread elec-
trotonically in the adjacent membrane area, which causes activation of Na+-channels further
down in the cell. Upon depolarization, K+-channels are also activated, which however are
∼1 ms slower than Na+-channels, and cause hyperpolarization of the cell membrane since the
equilibrium potential of K+ is ∼−98 mV. Once the K+-channels close, the membrane poten-
tial returns to its resting value as the sodium-potassium pump restore the chemical gradient
at the cost of ATP. Once the action potential has reached the end of a nerve cell, the electric
signal must be chemically converted to cross the synapse, a gap between two adjacent nerve
cells, and reach the dendrites of the adjacent nerve cell. This conversion is performed by the
release of a chemical transmitter in the presynaptic cell, which diffuse across the synaptic cleft
and bind to receptors on the postsynaptic side, which activate and cause an action potential to
be triggered in the next nerve cell [56]. An equivalent circuit showing current flow in the cell
membrane is given in Figure 2.3.

2.3.5 Ion Channel Kinetics

The simplest model of ion channel kinetics describe the transition between a closed and opened
state, e.g. when an agonist bind to an ion channel, it causes a conformational change of the
ion channel which opens the channel, and holds it open for most of the time.

C 
 O. (2.6)
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2 Membrane Proteins
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Figure 2.3: Equivalent circuit of a cell, the membrane capacitance CM is determined by the
properties of the lipid bilayer, the conductances gNa, gK , gl is determined by the
states (opened or closed) of the ion channels permeable for sodium, potassium,
and other ions, respectively, and the voltages ENa, EK , El by the concentrations of
the respective ion species of each side of the lipid bilayer. Adapted from Hodgkin
and Huxley [57].

A reaction scheme for binding of a ligand to a receptor, separated from the opening event was
first described by del Castillo and Katz [58],

R+L 
 RL 
 RL′, (2.7)

where R is the receptor, and L is the ligand, RL is the ligand-bound receptor, and RL′ is the
activated ligand-bound receptor. This model mechanism can also used for inhibitory ligands,
which are antagonists and close the ion channel. Hence, both binding and dissociation rates
of ligands, and opening and closing rates of the ion channel, determine the activation of an ion
channel. Further, there also exist partial agonists, which will bind the receptor and activate it,
yet not unto full extent [32, 58].

2.3.6 Transient Receptor Potential Vanilloid 1
The mechanisms underlying the pain-evoking capacity of capsaicin, the pungent compound
found in peppers of the Capsicum family (Figure 2.4), in mammalian cells and its interconnec-
tion with heat in the nervous system of the human body [59–63], was revealed by the cloning
of the transient receptor potential vanilloid 1 (TRPV1) ion channel in 1997 by Caterina et al.
[64]. TRPV1 is a key mediator of nociception and neurogenic inflammation [64–68], and is
expressed in dorsal root ganglia and trigeminal ganglia, which are sensory neurons mediat-
ing signals from skin, muscles, and joints of the limbs and trunk to the spinal cord cluster
in the dorsal root ganglia, immediately adjacent to the spinal cord [56, 69–71]. TRPV1 is a
polymodal non-selective cation channel, i.e. it is voltage-gated, activated by a broad range of
chemical stimuli which include protons, capsaicin, arachnoid toxin, and also environmental
effects such as painfully hot temperatures (>42◦C). TRPV1 is permeable not only for mono-
valent cations, but also for Ca2+ and other relatively large cations [64, 65, 71–80]. Hence,
oral intake or topological application of capsaicin cause a burning sensation, as this agonist

8



2.3 Ion Channels

O

H
N

O

OH

Figure 2.4: The molecular structure of capsaicin, the pungent compound found in peppers
from the Capsicum family.

Figure 2.5: TRPV1 consists of six transmembrane regions, and has a transmembrane loop
between TM5–6.

targets a receptor also activated by heat. It is notable that while avian TRPV1 is readily ac-
tivated by acidic conditions and high temperature, it is insensitive to capsaicin in contrast to
its mammalian orthologs [60, 81]. By these means, it seems that peppers chemically favour
birds as seed dispersal vectors over other animals [82, 83].

The TRPV1 subunit consists of the six transmembrane domains with the binding site of
capsaicin located on the cytosolic side [81, 84], the proton binding site has been located in the
pore region [77], temperature regulation is determined by its distal ends but also by the pore
turret [85, 86] (Figure 2.5). The structure of TRPV1 resemble the voltage-gated K+-channel
Kv1.2, which is constituted by four subunits, and has been probed by electron cryomicroscopy
[87]. However, whereas a crystal structure has been determined for Kv1.2, a high-resolution
structure exist only for parts of TRPV1 [7, 88].

TRPV1 is desensitized during activation in presence of intracellular calcium and calmod-
ulin, but also via kinases [88–97]. Further examples of TRPV1 modulating molecules are
ATP (which has been found to potentiate TRPV1 current, and to recover it from a desensi-
tized state) [93, 98], protons (which potentiate TRPV1 and alter current kinetics) [99, 100],
and glycosylation (which alter TRPV1 permeability) [101].

A noticeable feature of TRPV1 is its dynamic permeability for large cations, which changes
over time during sustained activation of the ion channel with ligand. Such behaviour is how-
ever not unique, but still, there are only a few other ion channels which share this function
with TRPV1, e.g. the P2X purinoceptor channels, and the TRPA1 ion channel [102–106].
However, in TRPV1 the heat-activation pathway does not induce such permeability changes,
which confirms the complex behaviour of this polymodal receptor.

The expression of TRPV1 in nociceptors and the electrophysiological properties of the

9



2 Membrane Proteins

channel, provides capability of the nervous system to mediate nociception and neurogenic
inflammation. TRPV1 significantly contribute to the integration of the actions of various
inflammatory modulators, which makes this ion channel a central regulator of nociceptor ex-
citability. Consequently, the key role of TRPV1 in the onset and maintenance of neurogenic
inflammation, has identified it as a potential drug target for alleviating inflammatory pain
[68, 107–111].
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3 Electrophysiological Techniques
Admovi propterea & ipse
scalpelli cuspidem uni vel
alteri crurali nervo, quo
tempore unus aliqui ex iis, qui
aderant, scintillam eliceret.
Phænomenon eadem omnio
ratione contigit; vehementes
nimirum contractiones in
singulos artuum musculos,
perinde ac si tetano
præparatum animal esset
correptum, eodem ipso
temporis momento
inducebantur, quo
educebantur scintillæ.

(Luigi Aloisio Galvani)

The study of electrical properties of biological cells and tissues, using electrophysiological
techniques, provides information e.g. on how receptors and signaling work within the ner-
vous system. The intracellular recording technique, developed by Hodgkin and Huxley in the
1930s, made recordings of the membrane potential possible, which enabled them to elucidate
the mechanisms underlying action potentials in neurons [57, 112–115], work for which they
received the Nobel prize in physiology and medicine in 1963.

3.1 Patch-Clamp Recording Configurations
Intracellular recording techniques require the insertion of electrodes into a cell, hence limit-
ing the size of cells possible to study, and single-channel events are not possible to record. A
decade after the award of Hodgkin’s and Huxley’s work, Sakmann and Neher with co-workers
[22–24] presented a technique whereby single-channel currents could be measured, a discov-
ery for which they received the Nobel prize in physiology and medicine in 1991.

The setup for patch-clamp includes a glass pipette usually made from borosilicate, which
is filled with a salt solution, most often mimicking physiological conditions, and with an in-
serted silver wire (often coated with AgCl) which is connected to a patch-clamp amplifier via a
headstage. For experiments, a reference electrode is immersed into a cell dish or similar filled
with a physiological salt solution, followed by the glass pipette with a small applied pressure
in it, to avoid debris clogging the tip. An inverted microscope placed on a vibration damping
table is utilized for visual orientation when approaching a cell with the glass pipette. The ap-
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3 Electrophysiological Techniques

On-cell Whole-cell

Inside-out Outside-out

Suction

Pipette
withdrawal

Pipette
withdrawal

Figure 3.1: Patch-clamp pipette configurations. The formation of a gigaseal between the
pipette and a cell achieves the on-cell mode, from which the other recording modes
can be obtained. Adapted from Hamill et al. [24] and Hille [52].

plied pressure is released and the pipette is then brought into contact with the cell membrane
(optionally suction can be applied, see Figure 3.1), whereupon formation of a gigaohm-seal
may occur [116–118]. This seal is both electrically and mechanically stable, and is referred to
as a cell-attached or on-cell mode. The establishment of a gigaohm-seal is crucial for patch-
clamp experiments, as a cell–pipette seal with a resistance of less than ∼ 1 GΩ would yield
leak currents and increased noise in the measurements. From the on-cell configuration, one
may continue to other recording modes, e.g. an inside-out patch configuration can be achieved
by pulling the pipette away from the cell. Furthermore, by applying suction immediately after
achieving the on-cell mode, a whole-cell configuration is achieved. Pulling the pipette away
from the cell after achieving the whole-cell configuration results in an outside-out patch con-
figuration [24] (Figure 3.1). The on-cell, inside-out, and outside-out modes can give electronic
access to, and enables recording of, a single ion channel, whereas the whole-cell mode will
give electronic access to all ion channels of the cell, connected in series.

An ion channel switches between being conducting or non-conducting, states which are dis-
crete (Equation 2.6, Figure 3.2). The recording of single-channel currents with patch-clamp
will convolute the ligand–receptor on- and off binding-rates with the opening- and closing
rates of the ion channel. These rates in a model for ion channel kinetics, can be determined
through analysis of the times the channel remain in a conductive and a non-conductive state
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3.2 Patch-Clamp Amplifier Feedback Circuitry in Voltage-Clamp Mode

Closed

Open

1 pA
25 ms

1 nA
1 s

Agonist

Figure 3.2: Single-channel and whole-cell patch-clamp recordings. (Left) Single-channel
recording, the ion channel switches between a closed and an opened state. (Right)
Whole-cell recording, a macroscopic current is obtained by the recording of a mul-
titude of ion channels connected in series.
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Figure 3.3: Equivalent circuit of a patch-clamp experiment, adapted from Sigworth [119].

[28–32]. Whole-cell recordings involve a large ensemble of ion channels, hence, all the indi-
vidual openings and closings of ion channels add up to a macrocurrent (Figure 3.2).

3.2 Patch-Clamp Amplifier Feedback Circuitry in
Voltage-Clamp Mode

In essence, a patch-clamp amplifier is a very sensitive current-to-voltage converter, able to
convert picoampere currents into voltage signals, which readily can be sampled by a com-
puter. In voltage-clamp mode, the pipette potential Vpip is maintained constant and equal to
the reference potential Vre f by an operational amplifier, which is used to measure and adjust
Vpip via a resistor R f , i.e. automatic injection of current adjust for the difference between Vpip

and Vre f . The injected current is proportional to the current mediated by the ion-channels
gated by a ligand. [119] (Figure 3.3).
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3 Electrophysiological Techniques

3.3 Data Acquisition
According to the Nyquist sampling theorem, the sampling rate should be faster than twice
the highest frequency-component within a signal [120, 121]. Low-pass filtering of an electro-
physiological signal is therefore necessary to minimize the risk of aliasing the signal, and also
reduces background noise, which improves the signal-to-noise ratio. Most often, a low-pass
Bessel filter is applied, which is of beneficial use in the time domain, since it causes minimal
overshoot of the output signal, if the input is a step function.
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4 Microfluidics for Superfusion
Motion at low Reynolds
number is very majestic, slow,
and regular.

(Edward Mills Purcell)

Microfluidics consider the manipulation of fluids in channels with dimensions in the range
of 1–1000 μm, require only small volumes of samples and reagents, and produce little waste
[122–125]. In this thesis, microfluidics has been used for superfusion, enabling rapid and pre-
cise solution exchange around a cell for the study of ligand-mediated responses. The behaviour
of fluids at this scale, where the Reynolds number typically is very low, differ fundamentally
from their behaviour in the macroscopic world we are used to [126].

4.1 Superfusion
Rapid and controlled superfusion is important in e.g. studies of ligand-receptor interactions
in biological cells. Solution exchange over a cell in a dish for patch-clamp measurements has
typically been performed with a glass pipette, e.g. with a ϑ-tube where the inner tube is sep-
arated by a glass septum (hence, the orifice resembles a ϑ) which allow two solutions to be
rapidly switched by moving the pipette, or with a multi-barrel system, which is a variant of the
ϑ-tube but with additional solutions [31, 127]. In this work, microfluidic solution switching
devices fabricated with soft lithography have been used for patch-clamp experiments, where a
low Reynolds number in combination with a sufficiently high Péclet number of adjacent flows
in an open volume, allow the chemical environment around a cell to be rapidly exchanged
with a multitude of solutions [33, 128–137]. This method is restricted to assays where cells
can be lifted up and transported to the channel exits, which is not possible when working with
e.g. neurons that must remain in connection with each other to maintain their functionality.
In paper I, a microfluidic pipette was developed which provide a recirculation zone within a
confined volume which can be used for directed drug delivery to cells in situ (Figure 4.1).
Further, in paper III a microfluidic flow cell was used to create a stationary phase of immobi-
lized proteoliposomes [138–141], which allowed chemical analysis of membrane proteins to
be performed (Figure 4.2).

4.2 Mathematical Models in Fluid Dynamics
Liquid flow and material transport are two phenomena which can be modelled mathematically,
this information is valuable for the design and understanding of microfluidic systems.
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4 Microfluidics for Superfusion

100 µm

Figure 4.1: The microfluidic pipette described in paper I, which provides recirculation within
a confined volume in front of the tip (in red). Image provided by courtesy of Alar
Ainla.

Figure 4.2: Schematic overview of sample handling of immobilized proteoliposomes inside
the flow cell channel described in paper III. The flow cell is operated with auto-
matic pipettes, but ferrules can also be fitted into the inlets and outlets to connect
e.g. a syringe-pump to the flow cell.
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4.2 Mathematical Models in Fluid Dynamics

4.2.1 Fluid Motion
The motion of fluids can be described by the Navier-Stokes equations, the form for an incom-
pressible homogeneous Newtonian fluid is

ρ
(

∂v
∂ t

+v ·∇v
)
=−∇p+µ∇2v+Fext, (4.1)

where v is the flow velocity, ρ is the density, p is the pressure, µ is the dynamic viscosity, and
Fext is the representation of external forces acting on the fluid.

Equation 4.1 is an application of Newton’s second law,

ma = F, (4.2)

on fluid motion; the left-hand terms of the equations are inertial, and the right-hand terms are
the sum of forces acting on an object (compare Equations 4.1 and 4.2).

The Reynolds number for flow in a channel is defined as the ratio of inertial to viscous
forces,

Re =
ρvDh

µ
, (4.3)

where v is the characteristic velocity, µ is the viscosity of the liquid, and Dh is the hydraulic
diameter, which depends on the geometry of the channel.

If the Reynolds number is small, and the flow is stationary, the inertial terms in the Navier-
Stokes equation are neglected. The equation describing the flow profile then becomes

∇p = µ∇2v, ∇ ·v = 0, (4.4)

which has a parabolic solution when solved for v in a system with parallel and infinite plates
as in paper III. Given the solution for v at certain coordinates, the shear force acting on prote-
oliposomes immobilized on a surface can be calculated [142].

4.2.2 Convection and Diffusion
A molecule in a moving liquid will diffuse while being transported by the flow. This behaviour
is described by the convection–diffusion equation,

∂c
∂ t

= D∇2c− v̄∇c, (4.5)

where c is the concentration, D is the diffusion coefficient, v̄ is the average velocity of the flow
and t is time.

The Péclet number is defined as the ratio of convection to diffusion,

Pe =
vW
D

, (4.6)

where W is the width of the channel, and D is the mass diffusion constant. The Péclet number
is e.g. an indicator of how fast a liquid needs to flow, to overcome diffusion.
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4 Microfluidics for Superfusion

4.3 Soft Lithography
Microfluidic devices are constructed by molding an inverted pattern into an elastomer, e.g.
poly(dimethylsiloxane) (PDMS). PDMS is flexible, transparent, and only slightly permeable
to water, and can be bonded to glass by treatment with oxygen plasma [124, 143]. The mi-
crofluidic pipette introduced in paper I is made by PDMS, where three channels placed next to
each other are used to create a recirculation zone within another liquid. It was made by replica
moulding in PDMS, where a master pattern was prepared with photolithography. Then, PDMS
was cast on the master, cured, and peeled off from the master. The final device was prepared
by bonding different layers of PDMS and glass by treatment with oxygen plasma (Figure 4.3).
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4.3 Soft Lithography

Treat master to prevent 
PDMS adhesion

Cast or spin-coat
PDMS pre-polymer
layer to master

Cure PDMS Peel-off PDMS layer

Clean Si wafer Spin-coat photoresist Pre-bake photoresist Exposure through
mask with UV light

Post-bake Develop photoresist Hard bake Finished master

PDMS-PDMS and
PDMS-glass surfaces
can be bonded Plasma treat surfaces

Align and bring
to contact

Surfaces are 
bonding strongly
and irreversibly

Preparation of the master

Preparation of PDMS layers

Assembling multilayer device

Figure 4.3: Schematic overview of microfabrication with PDMS. Illustration provided by
courtesy of Alar Ainla.
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5 Imaging
By the means of Telescopes,
there is nothing so far distant
but may be represented to our
view; and by the help of
Microscopes, there is nothing
so small as to escape our
inquiry; hence there is a new
visible World discovered to the
understanding.

(Robert Hooke)

Imaging with microscopes is a fundamental method, without which many techniques for bi-
ological studies would be impossible to perform. Microscopy can be used both as an aid for
experimental setup, e.g. as in the case of patch-clamping, or for direct measurements.

5.1 Fluorescence
A molecule can be electronically excited by the absorption of a photon with energy

E = hc/λ , (5.1)

where h is Planck’s constant, c is the speed of light, and λ the wavelength of the photon. The
absorbance is calculated as

A = log
I0

I
, (5.2)

where I0 is the incident light intensity, and I the light intensity transmitted through the sample.
The absorbance is also according to the Beer–Lambert law calculated as

A = εcl, (5.3)

where ε is the molar extinction coefficient, c is the concentration, and l is the sample path-
length.

After absorption of a photon, a molecule is excited from its singlet ground state to a higher
singlet state, e.g. S0 → S1. When returning to its ground state S0, the molecule can rapidly
emit the absorbed energy in the form of a photon, with a wavelength higher than that of the
absorbed photon. This is due to the Stokes shift, which often mainly occurs by vibrational
relaxation (VR) [144]. The molecule can also transit from the excited singlet state to a another
singlet state through internal conversion (IC), e.g. S1 → S0, or to a triplet state via intersystem
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Figure 5.1: A Jabłoński diagram depicting different state transitions which can occur in a
fluorophore upon absorption. In the figure, Sn and Tn are the electronic singlet
and triplet-states, respectively. Illustration provided by courtesy of Dr. Germain
Salvato-Vallverdu.

crossing (ISC), e.g. S1 → T1, these transitions are radiationless [145]. Hence, the efficiency
of fluorescence is described by the quantum yield, defined as the ratio of emitted photons to
absorbed photons,

ϕ f =
k f

∑i ki
, (5.4)

where k f is the rate constant for fluorescence emission, and ∑i ki is the sum of all rates for
decay from the excited state.

The transition from the excited triplet state to the singlet ground state can also occur through
the release of a photon. Since this transition, known as phosphorescence, i.e. T1 → S0, is spin
forbidden, the rate of this transition is much slower compared to fluorescence [146] (Fig-
ure 5.1).

Fluorescent dyes can be used for studying molecular interactions, i.e. fluorescent probes,
which have molecular specificity along with spectroscopic properties, allowing for molecu-
larly targeted visualization. A few examples are; Fura-2, a calcium-binding dye which can
be used for ratiomeric determination of calcium, and YO-PRO, a dye which quantum yield is
drastically increased when bound to DNA [147–149]. Uptake of these probes into biological
cells can be mediated e.g. by direct permeability, ion channels, whole-cell patch-clamp pipette
delivery, or utilization of membrane permeant ester-forms of the dye [147].
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5.2 Optical Resolution

5.2 Optical Resolution
The optical resolution of an microscope, i.e. the limit of how small objects can be and still be
separable from each other, is determined by the Rayleigh criterion,

R = 0.61
λ

NA
, (5.5)

where NA is the numerical aperture, which describe the range of angles the system can accept
or emit light. The numerical aperture in e.g. an objective lens is defined as

NA = nsinθ , (5.6)

where n is the refractive index of the medium between the objective and the studied object, and
θ is the half-angle of the maximum cone of light that can enter or exit the objective. Values of
n for mediums the objective typically is working in are 1.0 for air, 1.33 for water, and 1.56 for
oils. By using light within the visible spectrum (λ =500 nm) in combination with water as
medium between the objective and sample, a resolution of maximum 230 nm can be obtained.

5.3 Laser Scanning Confocal Microscopy
Confocal microscopy differ from conventional light microscopy by limiting the field of illu-
mination and the field of view with apertures, i.e. pinholes. The object of interest is laterally
scanned using a point laser source and a point detector. The resulting intensity values are
mapped together to form an image. With confocal microscopy, light scattered from parts of
the object not currently being illuminated, i.e. out-of-focus light, is rejected, resulting in op-
tical sectioning [150–152]. A photomultiplier tube is commonly used as a detector which
collects the light passing the pinhole, and converts the photons into an intensity value of a
pixel (Figure 5.2). The thin optical sectioning enabled by the use of a pinhole makes imaging
of different planes in a sample possible, hence a three-dimensional image of the object can
be obtained. The technique is minimally non-invasive, and imaging of live cells can readily
be performed, e.g. after treatment with fluorescent dyes, or if the cells express fluorescent
molecules (Figure 5.3).
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Figure 5.2: Schematic overview of beam pathway in a confocal microscope. Only light from
the focal plane can pass through the pinhole and reach the detector, whereas unfo-
cused light from other planes of the sample is scattered on the aperture wall.

Figure 5.3: Cellular YO-PRO uptake induced by stimulation of TRPV1 with capsaicin, the
microfluidic pipette described in paper I is used for drug delivery. (Left) Trans-
mission image. (Right) Fluorescence image.
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6 Proteomics
Das Kathodenlicht der
Entladung des Inductoriums
durch verdünnte Gase besteht
aus mehreren verschieden
gefärbten Schichten.

(Eugen Goldstein)

Proteomics consider analysis of the types and levels of proteins expressed in a cell, a field
supplementary to genomics which consider studies of the genome [153–156]. Proteins can
be identified by the use of mass spectrometry (MS), a flexible tool which can be used for
proteomic top-down and bottom-up analysis. While the post-translational modifications of
single proteins can be readily studied with the top-down approach, protein identifications in
high-complexity samples is handled by the bottom-up approach [13–18]. For the identification
of proteins with bottom-up proteomics, all proteins in a mixture are digested into peptides
by a protease. The resulting peptides are then separated by one- or multidimensional liquid
chromatography (LC), followed by analysis with tandem mass spectrometry (MS/MS). The
complex spectral data set resulting as output from this analysis is most often searched and
compared against a protein database, in order to obtain a list of proteins found in the sample
[16, 157–160]. Mass spectrometry can also be used to probe protein interactions [161].

6.1 Peptide Sequencing
Determination of the ordered peptide sequence of a protein has for a long time been per-
formed by Edman degradation [162], for which automated methods exist and relies on step-
wise chemical cleavage from the N-terminal. However, development of MS-techniques and
computational power, displaced Edman degradation as a method for peptide sequencing, as
MS can fragment peptides in milliseconds instead of hours or days [160].

For peptide analysis with MS, proteins are first degraded into peptides using a protease, e.g.
trypsin, which specifically cleaves a protein (or peptide) at the carboxylic side of arginine and
lysine. The resulting peptides are injected onto a nano LC-column coupled to an MS, where
the peptides are chromatographically separated based on their polarity [160].

For MS-detection, the peptides need to be ionized, which can be performed by electro-
spray ionization (ESI), which can be connected online to an LC-system. Ionization can also
be achieved with matrix-assisted laser desorption/ionization (MALDI), but this technique can
however not be directly coupled to an LC-system. For their work on these techniques, Koichi
Tanaka and John Fenn were awarded with the Nobel prize in chemistry in 2002. In order to
determine the structure of the peptide of interest, it must undergo fragmentation, which is most
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Figure 6.1: Fragmentation of peptides according to Roepstorff–Fohlmann–Biemann nomen-
clature. Adapted from Watson and Sparkman [156].

often performed by collision-induced dissociation (CID). In MS/MS, the ion to be fragmented
is selected (data-dependently) by the first mass analyser, and is sent on to a collision cell, where
the ion collides with uncharged gas atoms, causing dissociation of the ion. With high-energy
CID, all fragments in Figure 6.1 can be found, together with further possible fragments of the
peptide not accounted for herein. Using low-energy CID, mainly b- and y-ions are formed.
The resulting fragments are then analysed by a second mass analyser, which gives the mass
spectrum of the peptide. The mass analyser measures the mass-to-charge ratio, m/z, of an ion,
rather than the mass itself. There exist many different types of mass analysers, where a recent
invention is the orbitrap, in which ions are trapped in orbitals by an electrostatic field. The
oscillation frequency of the ions is linked to the mass-to-charge ratio, and a fast Fourier trans-
formation algorithm is used to convert the time-domain signal into a mass-to-charge spectrum.
The orbitrap is most often used in combination with a linear ion trap, where the orbitrap would
acquire full MS scans while the linear ion trap would detect the fragmentation ions after CID.
[18, 156, 163, 164]. The mass differences between consecutive ions in a series, in combination
with fragmentation patterns, allows the amino acid sequence of the peptide to be determined
(Table 6.1).

6.2 Protein Identification

Protein identification is achieved by comparing data obtained from MS/MS with those pre-
dicted for all the proteins in a database, i.e. the mass profiles of peptides obtained from di-
gested proteins in experimental measurements are compared, using a computer program, with
theoretical MS/MS profiles of all predicted peptides. The method can readily be applied to
very complex mixtures of proteins, where also a dynamic exclusion filter can be set in the
MS instrument method to achieve maximal detection of unique peptides. Various algorithms
exist for the purpose of database search and identification, called peptide fragmentation finger-
printing, e.g. SEQUEST and MASCOT [163]. The information on partial peptide sequence
obtained with MS/MS allows two peptides with identical amino acid content but with differ-
ent sequences to be separated from each other, as their fragmentation pattern will differ. A
requirement of this method is that the protein of interest already exists in a database, if it is not
present, the gene encoding the proteins needs to be cloned and sequenced. Usually, to limit
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6.2 Protein Identification

Table 6.1: Mass increments of amino acids. Adapted from de Hoffmann and Stroobant [163]
and Watson and Sparkman [156].

Amino acid Code (3 letters) Code (1 letter) Monoisotopic mass Chemical mass

Glycine Gly G 57.02147 57.052
Alanine Ala A 71.03712 71.079
Serine Ser S 87.03203 87.078
Proline Pro P 97.05277 97.117
Valine Val V 99.06842 99.133
Threonine Thr T 101.04768 101.105
Cysteine Cys C 103.00919 103.144
Isoleucine Ile I 113.08407 113.160
Leucine Leu L 113.08407 113.160
Asparagine Asn N 114.04293 114.104
Aspartate Asp D 115.02695 115.089
Glutamine Gln Q 128.05858 128.131
Lysine Lys K 128.09497 128.174
Glutamate Glu E 129.04260 129.116
Methionine Met M 131.04049 131.198
Histidine His H 137.05891 137.142
Phenylalanine Phe F 147.06842 147.177
Arginine Arg R 156.10112 156.188
Tyrosine Tyr Y 163.06333 163.176
Tryptophan Trp W 186.07932 186.213
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Figure 6.2: Schematic overview of bottom-up proteomic analysis using LC–MS/MS. Proteins
obtained from a biological sample are digested by a protease, the resulting peptides
are analyzed by LC–MS/MS, and the data obtained is searched against a database
whereby the proteins can be identified. Adapted from Steen and Mann [160].

false positives in protein identification, the experimental data is also searched and compared
against a reversed database, i.e. a database where the predicted peptide sequences have been
inverted, hence containing non-sense data [165–167]. A threshold value is set, determining
the false discovery rate considered to be acceptable. Finally, the database search output deliv-
ers a list of identified proteins, how many peptides that have been uniquely associated with a
protein, and a confidence score on how reliable the identification is (Figure 6.2).

6.3 Limited Proteolysis
Only a small fraction of membrane proteins expressed in mammalian hosts have a structure
determined from X-ray crystallography [11], as crystallization of membrane proteins is an
complicated issue. Limited proteolysis can be used for probing flexible regions of the three-
dimensional structure of a protein while still residing in its native lipid environment [19, 168].
The technique is performed by limiting the activity of a protease, by control of e.g. tempera-
ture, protease concentrations and digestion time. By restricting the protease, its activity will
mainly digest flexible regions, and partnered with MS, the detection and localization of the
resulting peptides can be used for structural analysis [12, 169].

6.4 Proteoliposomes
The preparation of proteoliposomes derived from cultured cells decreases the biological com-
plexity of a cell, yet the membrane proteins are still residing in, or associated with the cellular
lipid bilayer. Proteoliposomes can be prepared in various ways, e.g. by blebbing [170–173] or
by reconstitution of membrane proteins into artificial liposomes [174]. Here, proteoliposomes
were prepared by lysis and mechanical disruption of cultured cells with a Dounce homogenizer
[175], in combination with ultracentrifugation and sonication (Figure 6.3).
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6.4 Proteoliposomes

Cell culture Homogenization Centrifugation Tip-sonication Proteoliposomes

Figure 6.3: Schematic overview of preparation of proteoliposomes cultured cells. Cells are
cultured, harvested, and then lysed by osmotic pressure in combination with me-
chanical disruption. The cell lysate is centrifuged to remove nuclei and mitochon-
dria. The remaining membrane fraction is tip-sonicated, which results in the for-
mation of proteoliposomes.
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7 Summary of Results

Vår tid är i främsta rummet en
praktisk tid. Den kräver av oss
alla i vårt arbete klara,
påtagliga resultat. Det är
därför endast naturligt, att
även den rent vetenskapligt
inriktade forskaren
understundom ställer sig den
frågan: kan någon nytta
komma av min forskning och
mitt arbete?

(The Svedberg)

The papers included in this thesis present results from the development of methods for mem-
brane protein analysis, along with characterization of the ion channel TRPV1, which is in-
volved in human nociception. Both structure and function of membrane proteins have been
investigated, as well as the interconnection between these protein characteristics. Paper I and
III describe the developed methods and evaluate them, and paper II and IV consider investi-
gations of chemical modulation of TRPV1, where the methods from the previous papers have
been applied.

7.1 Paper I

A microfluidic pipette made of poly(dimethylsiloxane) was developed, where a recirculation of
liquid is obtained by varying the pressures of the three channels in the pipette, which generates
a confined volume zone in front of the pipette (Figure 7.1). The pipette is capable of perform-
ing various complex fluid processing operations, e.g. mixing, multiplexing, or gradient gener-
ation, and switching between solutions is rapid (<100 ms). Ion channel function was measured
by uptake of the fluorescent dye YO-PRO in Chinese hamster ovary (CHO) cells expressing
TRPV1, in an experiment where the microfluidic pipette was used for superfusion of cells
with agonist, showing it being capable of generating a dose-response curve. We also activated
TRPV1 in single cells and measured responses with whole-cell patch-clamp, and induced
membrane bleb formation by exposing selected groups of cells to formaldehyde/dithiothreitol
using the pipette as a drug delivery system. The microfluidic pipette enables studies on adher-
ent cells which can not be moved, e.g. neuronal cells, as the perfusion zone can be placed at
an arbitrary point in a cell culture dish, and provides contamination-free multiple-compound
delivery for pharmacological screening.
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Figure 7.1: Schematic illustration of the microfluidic pipette in paper I, targeting a single cell
(red) for drug delivery with a confined recirculation zone (green) which leaves
cells not in contact with the boundary of the circulation zone unaffected (grey).

7.2 Paper II

The effect of cholesterol depletion on TRPV1 pore dilation was investigated by measuring
ion channel permeability with whole-cell patch-clamp and fluorescence studies in CHO cells
expressing TRPV1, utilizing microfluidic devices, e.g. the pipette developed in Paper I. Deple-
tion of cholesterol was found to impair the dynamic permeability of large cations in TRPV1.
During sustained activation with capsaicin and under hypocalcemic conditions, the permeabil-
ity of the large cation N-methyl-D-glucamine (NMDG) increases over time in control cells.
This process was found to be inhibited in cells where cholesterol was depleted, as the relative
permeability of NMDG to Na+ was decreased by 70% upon cholesterol depletion compared
to control cells. Also, the uptake rate of the cationic fluorescent dye YO-PRO during sus-
tained activation with capsaicin under hypocalcemic conditions, was decreased by 50% in
cholesterol-depleted cells compared to control cells (Figure 7.2). A decrease in permeability
for large cations was also observed in cholesterol-depleted cells when TRPV1 was activated
with protons (pH 5.5). We found the level of cholesterol depletion necessary for inhibition of
dynamic permeability to be dependent on type of agonist, as a decrease of cholesterol content
by 36% was sufficient to inhibit this process when activating TRPV1 with 1 μM capsaicin, but
not with protons (pH 5.5) as an agonist, where the latter required a cholesterol depletion of
54% to achieve an inhibitory effect of the time-dependent permeability. These results propose
a novel mechanism by which cellular cholesterol-depletion modulates the function of TRPV1,
which may constitute a novel pharmacological approach for treatment of neurogenic pain.
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7.3 Paper III

Figure 7.2: Changes in dynamic permeability of TRPV1 for large cations were inhibited by
cholesterol depletion with cyclodextrins in paper II. (Left) The change in rever-
sal potential with external NMDG upon sustained activation with capsaicin was
inhibited with cholesterol depletion. (Right) The uptake rate of YO-PRO was de-
creased in cholesterol-depleted cells upon sustained activation of TRPV1 with pro-
tons (pH 5.5).

7.3 Paper III

A microfluidic flow cell for immobilization of proteoliposomes was developed, enabling flex-
ible chemistry to be performed on membrane proteins. Utilizing the stationary phase of prote-
oliposomes, a sequential tryptic digestion protocol for proteomic characterization was devel-
oped, where the peptides resulting from stepwise enzymatic digestion of the proteoliposomes
was analyzed with LC–MS/MS (Figure 7.3). The flow cell is assembled by mounting two
parallel gold surfaces face to face, separated by a thin spacer, and feature an inlet and an outlet
port. Proteoliposomes were obtained from red blood cells and CHO cells, which were found
to immobilize on the inside of the flow cell channel. The rate of proteoliposome immobiliza-
tion was determined with quartz crystal microbalance with dissipation monitoring (QCM-D),
which showed 95% of the proteoliposomes to bind the surface within 5 min. The flow cell
was found to have a binding capacity of 1 μg proteoliposomes/cm2, hence, a proteoliposome-
concentration of 500 μg/ml is required to achieve saturation of the flow cell channel surfaces.
Imaging with atomic force microscopy showed an even distribution of the proteoliposomes
upon immobilization. A hydrodynamic analysis was performed, which determined the force
acting on the proteoliposomes during flow cell operation to be in the range of 0.1–1 pN, too
small to cause any deformation or rupture of proteoliposomes. The sequential digestion proto-
col was found to detect 65% more unique membrane-associated protein compared to a single-
digest protocol, proving it as a suitable tool for shotgun proteomics on proteoliposomes, as it
enables more detailed characterization of complex protein samples.
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7 Summary of Results

MS

Figure 7.3: Schematic overview of the workflow for peptide analysis in paper III. Proteolipo-
somes are immobilized in the flow cell channel, whereafter proteins of the prote-
oliposomes are digested with a protease. The resulting peptides are analyzed with
LC–MS/MS.

7.4 Paper IV
Many hereditary diseases involve malfunctioning ion channels, where more knowledge regard-
ing their structure and function could be an important aid for drug development. Structural
information of membrane proteins can be hard to obtain with many techniques, due to their
partly hydrophobic nature. Here, the topology of TRPV1 was probed by limited sequential
digestion of immobilized proteoliposomes, described in paper III, where the peptides were
identified with LC–MS/MS (Figure 7.4). The proteoliposomes prepared for proteomic anal-
ysis were found to carry functional TRPV1, as calcium release from immobilized proteoli-
posomes was observed with the fluorescent dye Fura-2 in the flow cell channel, upon stim-
ulation with capsaicin. After the identification of flexible regions of the protein upon time-
and concentration-limited digestion with trypsin, the effect of TRPV1-truncation on its activ-
ity was studied. This was achieved by performing limited proteolysis on TRPV1 located in
immobilized proteoliposomes in the flow cell channel, followed by stimulation with capsaicin
and observation of calcium release with Fura-2. Limited proteolysis was also performed in
combination with patch-clamp measurements of TRPV1 in the inside-out recording mode, by
recording ion channel currents upon stimulation with capsaicin, followed by tryptic digestion
of the N- and C-terminals, and thereafter recording currents again during stimulation with
capsaicin. With chemical truncation of TRPV1 in situ, we identified peptide regions of the
ion channel without which it was still possible for capsaicin to bind to and activate TRPV1.
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Figure 7.4: Peptides detected after sequential digestion of TRPV1-proteoliposomes in paper
IV. Colour encoding denote time of cumulative tryptic digestion before detection
with LC–MS/MS.
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8 Concluding Remarks
Om jag får 300 idéer på ett år
och en är användbar, då är jag
nöjd.

(Alfred Nobel)

The herein developed methods for analysis of membrane proteins have been evaluated and
established as functional concepts, which may constitute tools in studies of basic structure–
functions interconnections of proteins as well as in drug development. The miniaturization
which follows the fabrication of microfluidic devices reduces the amount of biological sample
and chemicals necessary for analysis. The versatility of chemical delivery provided by these
devices, make them applicable in many different settings of protein studies. Concerning the
microfluidic pipette, further development is already ongoing, e.g. a modification of the pipette
which makes it suitable for in vivo drug delivery, which require fabrication in stiffer materials
than PDMS and further miniaturization.

Regarding the ion channel studies performed herein, the effect of membrane composition
on TRPV1 functionality is a finding which gives another piece to the puzzle of ion channel
dynamics and their regulation. It is likely that more exploratory work on the theme of mem-
brane fluidics and ion channel activity would yield further interesting observations if studied
in vivo, e.g. how regulation of membrane sterol content may effect pain.

Studies of the structure–function relationship of ion channels are usually conducted with
the aid of molecular biology techniques, where mutations are induced in the DNA encoding
the protein, followed by its expression and analysis. Here, combining patch-clamp and flu-
orescence measurements with proteomic analysis, connected by limited proteolysis, we have
provided a fast shotgun method for chemical truncation of a membrane protein in situ, which
allows the impact on function of various peptide regions in an ion channel to be assessed. Also,
the topological mapping of membrane proteins with proteases followed by peptide detection
with mass spectrometry is by itself providing important information, as it yields experimental
data which can be used to verify computational predictions of membrane protein structure.

The meeting of technology and science, e.g. the development of experimental methods,
which provide new possibilities in biological investigations, in concert with the aim of un-
derstanding membrane protein function, is a prolific concept in general which hopefully will
continue to provide further understanding of the complex nature of the biological cell.
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