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Cellular Binding of Functionalized Silicon Nanowires (SiNW) 

Zhang W et al. NANO Lett 2012; 12: 1002-1006 

Figure 1. Characterization of as-synthesized SiNWs. (a) Scanning electron microscopy (SEM) images of 
SiNWs on the Al2O3 substrate; inset: 90° tilted SEM image of the same sample. Scale bars, 4 µm. (b) Four 
wave mixing (FWM) image and spectrum of SiNWs (stimulated anti-Stokes Raman spectroscopy, SARS). 
The pump (790 nm) and Stokes (1018 nm) laser power at the sample were 0.8 and 1.2 mW, respectively. 
Scale bar, 2 µm. 

Controlled Synthesis and Characterization of SiNW. SiNWs were synthesized on the Al2O3 substrates 
by the chemical vapor deposition (CVD) method with silane as the precursor and 40 nm Au nanoparticles 
as catalysts. Growth pressure and growth time were optimized to produce SiNWs with lengths of 2.5 ± 0.8, 
5 ± 1.1, and 8 ± 2.0 µm, respectively. 
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Cellular Binding of Functionalized Silicon Nanowires (SiNW) 

Zhang W et al. NANO Lett 2012; 12: 1002-1006 

Functionalization of SiNWs. Amino modified SiNWs (SiNW-NH2) and folate groups modified SiNWs (SiNW-
Folate) were obtained through surface modification of SiNWs. As-synthesized SiNWs samples were first 
treated with oxygen plasma to obtain clean and oxidized surfaces for further modification. The cleaned 
SiNWs were treated with 1% (v/v) 3-aminopropylmethoxysilanes (APTMS) in pure ethanol for about 24 h. 
After rinsing with ethanol, the substrate was transferred into an 80°C oven and was allowed to stand for 2 h 
to stabilize the functionalized groups. Further functionalization with N-[β-maleimidopropyloxy] succinimide 
ester (BMPS), acetic anhydride and Cys-Folate. 
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Cellular Binding of Functionalized Silicon Nanowires (SiNW) 

Zhang W et al. NANO Lett 2012; 12: 1002-1006 

Figure 2. Binding and internalization of 
SiNWs (red) in CHO-β cells (CHO cells 
transfected with folate receptor β).  
 

Overlay of FWM and transmission images 
of (a and b) SiNW-NH2 after incubation for 
3 and 10 h, respectively, (c and d) SiNW-
Folate after incubation for 1 and 4 h, 
respectively, and (e) untreated SiNWs 
after incubation for 11 h. (f) Overlay of 
FWM and fluorescence image of a CHO-β 
cell after internalization of SiNWs. Green, 
fluorescence from folate-FITC labeled cell 
membrane. (g) Average number of bound 
NWs per cell before the onset of internal-
ization as a function of incubation time. 
Scale bars in a−f, 10 µm.  

04/10/2012 Cellular Signalling - HS 2012 - Lecture 2 5



Cellular Binding of Functionalized Silicon Nanowires (SiNW) 

Zhang W et al. NANO Lett 2012; 12: 1002-1006 

Figure 3. Surface binding and internali-
zation of SiNWs (red) with CHO cells 
(normal, non-transfected CHO cells).  
 

Overlay of FWM (red) and transmission 
(gray) images of (a−c) SiNW-NH2, (d−f) 
SiNW-Folate after incubation for 1, 3, and 
6 h, and (g−i) untreated SiNWs after 
incubation for 1, 3, and 7 h, respectively. 
Scale bars, 10 µm. 
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Cellular Binding of Functionalized Silicon Nanowires (SiNW) 

Zhang W et al. NANO Lett 2012; 12: 1002-1006 

Figure 4. Surface binding 
and internalization of 
SiNW-NH2 with length of 
(a) 2.5 ± 0.8 µm, (b) 5 ± 
1.1 µm, and (c) 8 ± 2.0 
µm after incubation with 
CHO-β cell for 3, 6, 10, 
and 23 h, respectively. 
Scale bars, 10 µm. 
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Historical Review: The Receptor Concept 

Paul Ehrlich (left; Nobel Prize 1908) with 
Emil von Behring (right; Nobel Prize 1901)	


1878 - a drug (pilocarpin, atropine) forms 
‘compounds’ with a physiological substance 
“There is some substance.....in the nerve endings or gland cells with which atropine 
and pilocarpin are capable of forming compounds.....according to some law of which 
their relative mass and chemical affinity for the substances are factors.” 

1905 - ‘receptive substance’ 
“...that nicotine and curare act on the ‘receptive substance’ of muscle cells.” 

John N. Langley (1852-1925) Professor of 
Physiology, University of Cambridge	


1878 - ...specific chemical characteristics of 
a cell responsible for specific binding...  
In 1897, Ehrlich developed the ‘side-chain theory’ for the binding of toxins to cells: 
certain side-chains of the cell could bind certain toxins (specificity and stereo-
selectivity). 

1907 - ‘chemoreceptors’ for drugs 
CORPORA NON AGUNT NISI FIXATA 
 

An early ‘model’ of a receptor-ligand complex by Paul Ehrlich 
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Alfred J. Clark (1885-1941) 
Professor of Pharmacology 
London and Edinburgh	


1909 - First version of the 
‘Hill’ equation 
 
 

Studies of the time-course of the contraction of 
the frog rectus abdominis muscle produced by nicotine: 
y = response, N = nicotine concentration, 
M = threshold value, k and k’ = constants. 

Archibald V. Hill (1886-1977)  
Nobel Prize 1922	


1926 - Hyperbolic concentration-effect curves  
Quantitative studies on the actions of acetylcholine and atropine and their antagonism using the 
frog’s isolated heart: ‘parallel shift’ of the  log concentration-effect curve proudced by a com- 

      petitive antagonist.  

Clark’s contribution 
to the receptor 
concept: (a) con-
centration-effect 
curves, fitted to the 
Clark-Langmuir 
equation; (b) anta-
gonism of acetyl-
choline by atropine. 

Historical Review: The Receptor Concept 
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Raymond P. Ahlquist  
Professor of Pharmacology 
Augusta, Georgia	


1947/59 - Schild equation and 
Schild plot 
The Schild equation (r - 1 = B/KB) describes the relationship 
between the concentration ratio, r, of EC50*/EC50 and the 
concentration of the antagonist, B. The KB is the receptor 
dissociation constant for B. 
pA2 corresponds to -log B necessary to double the concentration 
of the agonist needed for eliciting the original response in the 
absence of antagonist: pA2 = - log B + log (r – 1). 

Heinz O. Schild (1906-1984) 
Professor of Pharmacology 
 University College, London	


1948 - Discovery of α-adrenergic and β-adrener-
gic receptor subtypes 

 
 

CITATION CLASSIC 
 
Ahlquist proposed that there were two different kinds of receptors for the neurotransmitter 
norepinephrine. This concept has resulted in new insights into physiological control mechanisms 
and a whole new class of drugs useful for cardiovascular disease. 

Historical Review: The Receptor Concept 

Antagonist concentration (B) 

Example: 
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R.P. Stephenson (1925-2004)  
Professor of Pharmacology 
University of Edinburgh	


1954 - Modified receptor-
occupancy theory; affinity 
vs. intrinsic activity 
The introduction of the ‘intrinsic activity’ and ‘partial 
agonism’ by Ariëns were important hallmarks in the 
classification of drugs with which he separated two 
different properties of the ligands interacting with 
receptors: The affinity of the ligand for the receptor 
determines the receptor occupancy, whereas after 
binding, ligands need to posses a second property 
(intrinsic activity) in order to activate the receptor. Everhardus J. Ariëns (1908-2002) 

Professor of Pharmacology 
 University of Nijmegen	


1956 - Partial agonism; 
affinity vs. efficacy;  
spare receptors 
Stephenson proposed that the parameter, efficacy, 
determined the link between the ‘strength’ of a 
single drug-receptor complex and the size of the 
response, and he proposed the concept of spare 
receptors. 

Historical Review: The Receptor Concept 

Other names: 
Furchgott, Katz, Jenkinson, Rang etc.  

Top: Full and partial agonism 
Middle: Graded activation model 
Bottom: Two-state models 
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Historical Review: The Nascence of Endocrinology 

EH Starling (top left) and WM Bayliss (bottom right), in their laboratory at 
University College, London. The frontispiece (top right) of the Croonian Lecture 
delivered by EH Starling to the Royal College of Physicians of London in 1905.	


2005  -  Centenary of 
the neologism ‘hormone’ 
In 1902, Bayliss and Starling demonstrated the 
existence of a chemical agent - secretin - that 
stimulates secretion by the pancreas. In 1905, 
Starling proposed the introduction of the neo-
logism hormone. This term had been first coined 
by W.B. Hardy and was derived from the Greek   
ορµαω, I arouse to excitement, to describe the 
novel class of agents characterized as chemical 
messengers. In the Croonian lectures delivered 
by Starling in London in January 1905, On the 
Chemical Correlations of the Functions of the 
Body, he specifically used the term to charac-
terize secretin. He further proposed that this 
chemical messenger be regarded as represen-
tative of an entirely novel group of agents that 
might be responsible for the regulation of not 
only secretion but also growth.	
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Historical Review: The Pituitary Peptide Hormones 

ACTH 
α-MSH 
β-MSH 
 
β-Lipotropin 
β-Endorphin 
CLIP 
γ-MSH 

1953/54: Oxytocin and 
Vasopressin Structure 
and Synthesis 
 

    Vincent du Vigneaud 
 

1955: Structure of 
Insulin 
 

         Frederick Sanger 

1954: Structure of ACTH by P.H. Bell 

Vasopressin, Oxytocin 
Thyrotropin, Somatotropin, 
Lutropin, Follitropin, 
Prolactin  

Many species 
 

Isolation 
Sequencing 
 

Many species 

1963/65: Chemical 
Synthesis of ACTH 
 

Robert Schwyzer	


Radiopeptides 
 

Immunoassays 
Receptor assays 
 

Radopeptides 

Struct. analogs 
 

SAR studies 
Receptor studies 
 

Struct. analogs 

1950              1980	
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Examples of Different Types of Ligand-Receptor Interactions 

N 

C 

x 4 or 5 

Ionotropic Receptors (ligand-gated channels) 

N 

C 

Metabotropic Receptors (G protein-coupled) 

N 

Kinase-linked Receptors 

C 

C 

Steroid Receptors (intracellular) 

N 

Binding domain 

Channel lining 

Binding domain 

G-protein 
coupling domain 

Catalytic domain 

Binding domain Binding domain 

DNA-binding domain 
(“zinc fingers”) 
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Types of Ligand 

For example hormones: 
 

1.  Amine-derived hormones (derivatives of tyrosine and tryptophan)  
Examples:  Catecholamines (adrenaline, noradrenaline), dopamine, serotonin, melatonin, thyroxine (T4) triiodothyronine  (T3). 

2.  Peptide hormones  

Examples:  Adiponectin, adrenocorticotropic hormone (ACTH or corticotropin), angiotensin, antidiuretic hormone (ADH or 
 vasopressin, AVP) atrial-natriuretic peptide (ANP or atriopeptin), calcitonin, cholecystokinin (CCK), cortico-  
 tropin-releasing hormone (CRH), erythropoietin (EPO), follicle stimulating hormone (FSH), gastrin, glucagon, 
 gonadotropin-releasing hormone (GnRH), growth hormone-releasing hormone (GHRH), human chorionic  
 gonadotropin (hCG), growth hormone (GH or HGH), insulin, insulin-like growth factor (IGF or somatomedin), 
 leptin, luteinizing hormone (LH), melanocyte-stimulating hormone (MSH or α-MSH), neuropeptide Y (PY),  
 oxytocin, parathyroid hormone (PTH), prolactin (PRL), renin, secretin, somatostatin, thrombopoietin, thyroid- 
 stimulating hormone (TSH), thyrotropin-releasing hormone (TRH), vasointestinal peptide (VIP). 

3.  Steroid hormones 
Examples:  Glucocorticoids (e.g. cortisol), mineralocorticoids (e.g. aldosterone), androgens (e.g.testosterone, dehydroepi-

 androsterone (DHEA), dehydroepiandrosterone sulfate (DHEAS), androstenedione, dihydrotestosterone (DHT), 
 estrogens (e.g. estradiol), progestins (e.g. progesterone). 

  Sterol hormones: Vitamin D derivatives (e.g. calcitriol). 

4.  Lipid and phospholipid hormones  
Examples:  The main class are the eicosanoids, which includes prostaglandins, leukotrienes, prostacyclin, thromboxane. 

 

Other types of ligand: 

•  Ions 

•  NO 

•  Odorants 

•  Nutrients 

•  Acetyl choline 

•  Other transmitters 
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The Hormonal Regulatory System 

Biosynthesis Stimulation 

Activation Storage 
Secretion 

Storage Transport 
in the Circulation 

Binding to 
Plasma 
Proteins 

Excretion 

Permeation 
into Tissues 

Other Tissues Target Tissue 

Non-specific 
Binding 

Binding 
to Receptors 

Inactivation 

Feedback 

Signal Transduction 
in the Cell 

Physiological 
Response 



Elimination of Administered / Endogenous Ligands 

Plasma	
 Breast, sweat glands	


Placenta	


Foetus	


Lung	


CSF	


Muscle	


Brain	


Skin	


Gut	


Administration	
 Absorption and Distribution	
 Elimination	


Oral or rectal	


Percutaneous	


Intramuscular	


Intravenous	


Intrathecal	


Inhalation	


Faeces	


Milk, sweat	


Expired air	


Urine	
Kidney	
Liver	
Portal system	


Biliary system 

Metabolites	




Ligand Biosynthesis 

1st hormone precursor              2nd hormone precursor              1st bioactive hormone         2nd bioactive hormone 



Biosynthesis of Steroid Hormones 

1st hormone precursor              2nd hormone precursor              1st bioactive hormone         2nd bioactive hormone 

Cholesterol 

Cortisol 

Aldosterone 

Testosterone 
Estradiol 

Pregnenolone 

Biosynthesis of steroid hormones with cholesterol termed 
here as 1st level precursor and pregnenolone termed here as 
2nd level precursor for cortisol, aldosterone and testosterone 
(here termed 1st bioactive hormone) and estradiol (here 
termed as 2nd bioactive hormone). 



Biosynthesis of Peptide/Protein Ligands 

Posttranslational modifi-
cation of peptide ligands 
(e.g. insertion of phos-
phate, sulfate, amide, 
acetyl, fatty acid or glyco 
groups or other modifica-
tions), followed by pro-
cessing of the mature 
precursor into secondary 
precursors and bioactive 
hormones which again 
may serve as precursor 
for shorter bioactive 
hormones (1st & 2nd level 
of processed hormones). 

1st hormone precursor              2nd hormone precursor              1st bioactive hormone         2nd bioactive hormone 



Processing of Proopiomelanocortin (POMC)  (1) 

1 241 

1 1 89 

1 76 1 31 1 39 1 56 1 31 

1 49 1 27 1 30 1 13 1 22 1 36 1 18 1 27 

1 12 1 13 1 17 1 16 

49/50 63/64 77/78 110/111 126-129 189/190 209/210 238/239 151/152 

Signal Peptide 

P 

P 

P 

POMC 

Pro-ACTH 

150 

β-LPH 

Pro-γ-MSH JP-OH ACTH γ-LPH β-EP 

γ3-MSH JP d·α-MSH N-LPH β-EP CLIP β-MSH 

γ-MSH α-MSH γ-EP α-EP 
A- 



Processing of Proopiomelanocortin (POMC)  (2) 

Human POMC, an example of a peptide hormone precursor 
 
Mammalian proopiomelanocortin (POMC) all have a very similar overall structure. One characteristic are 
dibasic cleavage sites (indicated as double bars) which give rise to the formation of the active peptides 
ACTH, pro-γ-MSH, γ-MSH, α-MSH, joining peptide (JP), corticotrophin-like intermediate lobe peptide 
(CLIP), β-LPH, γ-LPH, β-MSH, β-endorphin (β-EP), γ-endorphin (γ-EP) and α-endorphin (α-EP). The 
precursor is cleaved to smaller units in secretory granules by convertases (POMC-converting enzymes, 
PCE) which cleaves dibasic residues. The resulting N- and C-terminal basic residues of the smaller units 
are cleaved off by a carboxypeptidase B-type enzyme (CP) or, respectively, by aminopeptidase (AP). 
Free N-terminal amino groups may be acetylated (e.g. in α-MSH) by N-acetyl transferase (NAT) and free 
C-terminal -Lys-Gly-OH may be transformed to -Lys-amide by action of the peptide-amidating monooxy-
genase (PAM). PAM hydroxylates the Cα of the C-terminal Gly which is then cleaved to glyoxylate and the 
respective amide. Phosphate (P)  and glyco groups (symbolized with a ring) are incorporated in side-
chains. POMC is processed differently in different neuroendocrine cells or in neurons. POMC is found in 
many different cell types, e.g. in the brain (mainly hypothalamus), the pituitary gland (anterior lobe and 
intermediate lobe), and in different organs of the organism, e.g. in the skin. The red areas (occurring 3x in 
the precursor) represent the so-called MSH sequence -His-Phe-Arg-Trp-. 



Pleiotropic Activity of Peptide Ligands 

Different bioactive peptides with different biological effects may originate from one and the same precursor which may be 
expressed in different types of cell. The bioactive peptides interact with one or several receptors that again may be expressed 
on different types of target cell. There is also a cross-reaction of related peptides from the same precursor with different types 
or subtypes of receptor. All these effects of a hormones and their precursors are summarized as pleiotropic activity (which 
occurs at different levels, e.g. expression and processing of the precursor, and action of the bioactive peptides at the different 
targets). 

Eberle, 1978 and 1989 

R1 R3 R2 R4 R1 R5 R6 

E1 E3 E1 E2 E3 E3 E4 

L2 

L1 

L4 L5 

Effect 1 Effect 
1’ 

Effect 2 Effect 4 Effect 3 Effect 5 Effect 6 



Address-Message Concept of Peptide Ligands (1) 

Experimental data from so-called 
structure-activity studies (i.e. 
determination of the binding or 
bioactivity of structural analogs of 
ligands) indicated -  in particular 
for peptides such as ACTH 
(adrenocorticotropic hormone), 
MSH (melanocyte-stimulating 
hormone), PTH (parathyroid 
hormone) - that ligands may 
contain sequence elements 
which are especially important for 
the recognition by the receptors 
(i.e. binding) and others are 
important for receptor activation 
(i.e. induction of the signal). The 
example here is the address-
message concept for ACTH and 
for MSH which - for induction of 
the different biolo-gical effects - 
may in addition use different 
structural elements for the 
activation of different recep-tor 
subtypes. 



Address-Message Concept of Peptide Ligands (2) 

Continuous binding of peptide ligands 
Residues of the ligand that interact with the binding 
pocket of the receptor are arranged in a continuousl row 
on the primary sequence of the receptor (red).	


	


Discontinuous binding of peptide ligands 
Residues of the ligand that interact with the binding pocket 
of the receptor (red) are arranged discontinuously on the 
primary sequence of the receptor (but not spacially).	


S-S Bridge 

C

C

N

N



Signalling from Neuroendocrine to Target Cells 

Example I: Neuroendocrine cell  type 1 produces 
hormone 1 which interacts with receptor R1 on target 
cell A. Neuroendocrine cell type 2 produces 
hormone 2 which interacts with R2 on target cell B.	


Example II: Neuroendocrine cell  type 1 produces 
two hormone precursors 1 and x. Precursor 1 yields 
hormone 1a. 1b and 1c which interact with their 
specific receptor R1

a, R1
b, R1

c on different target cells 
A, B, and C. In analogy, the bioactive hormones of 
precursor x interact with their specific receptors. 

Example III: Neuroendocrine cells  type 1, 2 and 3 
produce hormone precursors 1, 2 and 3 which yield 
their active hormones (e.g. 1a, 1b, 1c for precursor 
1), all of which interact with their specific receptors 
that may be expressed - in part - on one and the 
same target cell (e.g. R1

a and R1
c on cell A) or on 

different target cells (e.g. R3 on cell A and cell D). 



Types of Receptor-Effector Linkage and Time Scale 

1. Channel-linked 
receptors (ionotropic) 

2. G protein-coupled receptors 
(metabotropic) 

3. Kinase-linked 
receptors 

4. Receptors linked to 
gene transcription 
(nuclear receptors) 

Hyperpolarisation 
or 

depolarisation 

Cellular 
effects 

R 

Ions Ions 

Change 
in 

excitability 

G 

+ - or 

G E 

+ 

Second messengers 

Protein 
phosphorylation 

Ca release Other 

Cellular effects 

R/E 

R/E 

Protein 
phosphoryiation 

Cellular 
effects 

R 

mRNA 
synthesis 

Protein synthesis 

Cellular 
effects 

Nucleus 

Time scale 
Milliseconds Seconds Minutes Hours 

Examples 
Nicotinic 

ACh receptor 
Muscarinic 

ACh receptor Insulin receptor Oestrogen 
receptor 

R = receptor; G = G protein; E = enzyme 

R 

- or 



Concentration-dependent Binding of Ligand to Receptor 

A. Linear scale presentation of 
saturation binding: 

Saturation binding of ligand to 
receptor: by increasing the ligand 
concentration, maximal binding is 
observed when the receptor 
concentration is kept constant. 

B. Semilogarithmic (log conc) 
presentation of saturation 
binding: 

KA is determined from the ligand 
concentration at which receptor 
occupancy is half-maximal. 
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Ligand-Receptor Interactions:  Agonist vs. Antagonist 

Competitive
 Antagonist

Agonist

Inhibited state

Ground state

Activated state

Ligand

Receptor

Binding

Hormone

Inhibition Activation

Prohormone

Processing

Feed-back
 regulation

Intracellular
    Signal

Output signalResponse
Bioactivity

Cell and membrane assays

Receptor binding assays
Crosslinking studies
Crystallization, NMR etc.

Coupling to intra-
cellular signalling
cascade

No coupling to 
intracellular sig-
nalling cascade

No signal

Receptor
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Types of Ligand-Receptor Interactions (1) 

Agonist 

Antagonist 

Transduction 

mechanisms 

Direct Ion channel opening / closing 

Enzyme activation / inhibition 

Ion channel modulation 

DNA transcription 

No effect. Endogenous mediators blocked 

Blockers 

Modulators 

Permeation blocked 

Increased or decreased 

opening probability 

A.  Receptors 

B.  Ion Channels 

Agonist / normal substrate Antagonist / inhibitor Abnormal product Pro-drug 
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Types of Ligand-Receptor Interactions (2) 

Inhibitor 

False 
substrate 

Normal reaction inhibited 

C.  Enzymes 

Pro-drug 

Abnormal metabolite produced 

Active drug produced 

Normal 
transport 

Inhibitor 

D.  Carriers 

False 
substrate 

Transport blocked 

Unnatural compound accumulated 

or 

Agonist / normal substrate Antagonist / inhibitor Abnormal product Pro-drug 

04/10/2012 Cellular Signalling - HS 2012 - Lecture 2 32



Example of a Reaction Coordinate for Ligand-Receptor Binding 
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Ligand-Receptor Binding: Equations (1) 

In the simplest case, the binding of a labelled ligand L* to a 
receptor R is a simple bimolecular association reaction: 

k12 is the ASSOCIATION rate constant (on-rate) of the ligand–
receptor interaction. The probability that a receptor and a 
ligand molecule will associate to give rise to a molecule of the 
receptor–ligand complex within a given time interval is 
proportional to 

Thus 

k21 is the DISSOCIATION rate constant (off-rate) of the 
receptor–ligand complex. The probability that a molecule of the 
complex will break down within a given time interval to give 
free ligand and free receptor is proportional to: 

Under any given condition, the rate of change of the 
concentration of the receptor–ligand complex with time is 
given by the difference between the rates of formation and 
breakdown of receptor–ligand complexes, 

At binding equilibrium, the rates of formation and breakdown of 
the receptor–ligand complex must be equal, i.e. the rate of 
change of the concentration of the complex becomes zero. 

K is known as the ASSOCIATION or AFFINITY CONSTANT of 
the binding reaction. It is equal to the ratio of the association to 
the dissociation rate constant in this simplest case. 
 
The DISSOCIATION CONSTANT of the binding reaction is 
defined as the inverse of the association constant, i.e. 

At equilibrium, the concentration of the receptor–ligand 
complex is given by the following expression: 

Re-written in terms of the dissociation instead of the 
association constant, this becomes: 

k21RL*!

k12.R.L*!

d(RL*)!

dt!
= 0, then  k12.R.L* = k21.RL*!

RL* = (k12/k21)R.L* = K.R.L*!

Kd = 1/K = k21/k12!

RL* =!
Rt.K.L*!

(1+K.L*)!

RL* =!
Rt.L*!

(Kd+L*)!

If 

04/10/2012 Cellular Signalling - HS 2012 - Lecture 2 34



If an unlabelled competing ligand (designated A) is present 
during the association process, the rate of approach to 
equilibrium will be reduced. In the simplest case, two ligands 
compete directly for the same set of binding sites: 

Note that this equation does not take into account depletion of 
the tracer or competitor. Numerical integration of the rate 
equation under depletion conditions is possible but is usually 
not considered. 
 
 
Under non-depletion conditions, the level of equilibrium 
binding of the tracer ligand is also reduced in a hyperbolic 
fashion as the concentration of the competing ligand 
increases. The equilibrium value of RL* is given by: 

Here K and KA are the association constants of the tracer and 
competitor, and L* and A their free concentrations at 
equilibrium. The form which the inhibition curve takes is shown 
subsequently. From it, the value of KA may be derived, i.e. the 
affinity of an unlabelled ligand may be measured by its effect 
on the binding of a labelled ligand. This is very important for 
the practise of binding studies. 

Ligand-Receptor Binding: Equations (2) 
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Ligand-Receptor Binding: Equations (3) 
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Ligand-Receptor Binding: Association and Dissociation 

(a)  Tracer ligand association time-course, showing total, specific, and non-specific binding. On-rate k12 = 107/(M s); off-rate 
k21 = 10-2/s; L* = 10-9 M. The effective association rate constant (k12•L* + k21) is 2 x 10-2/s and the half-time is 34 s. 

(b)  Tracer ligand dissociation time-course initiated by addition of an unlabelled competitor, showing reversal of specific but 
not of non-specific binding. The half-time is 69.3 s and the overall tracer ligand equilibration time is 5 x 69.3 = 350 s, at 
limiting tracer concentrations. 
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Ligand-Receptor Binding: Scatchard Plot (1) 

Tracer ligand saturation curve showing total, specific and non-specific binding as a function of free ligand concentration. (b) 
Scatchard plot of specific binding, showing calculation of initial estimates of K and Rt. 

Scatchard plots have generally been used for the calculation of Kd and receptor numbers (they are still found in many current 
publications). However, non-linear regressions are now applied by modern software for the calculation of these parameters. 
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Ligand-Receptor Binding: Scatchard Plot (2) 

Examples of Scatchard plots. (a) Unjustified 
extrapolation to obtain Rt. (b) Examples of 
apparent positive co-operativity (+VE) and 
negative (-VE) co-operativity or multiple sites. (c) 
Incorrect analysis of a biphasic Scatchard plot. 
(d) Correct analysis of a biphasic Scatchard plot. 
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Dose-Response Curves 

Langmuir isotherms on a semi-logarithmic scale. Compounds with different values of K (Kd) are plotted 
to illustrate the parallel shift of more potent or less potent ligands.. 
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Types of Ligand Displacement Curves 

Different forms of ligand displacement curves. After subtraction of non-specific binding, 
monophasic curves can be fitted to a simple Langmuir isotherm. 
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Correlation between Binding and Bioactivities 

Correlation between the binding affinities of 60 muscarinic antagonists for rat cerebral cortical muscarinic 
receptors and their pharmacological potencies in antagonizing muscarinic contraction of the longitudinal 
muscle of the guinea-pig ileum. Subtype-selective antagonists deviate significantly from this correlation. 
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Ligand-Receptor Binding: Hill Plot 

Estimation of a Hill coefficient for a flat binding curve. The dotted curve is a Langmuir isotherm drawn through the IC50. The 
Hill plot (thin line) has a gradient (nH) of 0.6. An alternative approach is to fit the Hill equation directly to the binding data. 
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Classical Receptor Binding Assay (1) 

Radiotracer (Radioactive Ligand) or Ligand with Fluorescent Group 
1.   Labelled with 3H, 35S, 125I (chemical labelling or biosynthesis of an 35S-Met labelled protein) 

2.   Introduction of a metal chelator into the ligand for labelling with radiometals (e.g. DOTA, DTPA) 

3.   Ligand containing a fluorescent group or ligand conjugated to a fluorescent protein 
 

Receptor Preparation 
1.   Isolated Cells 

2.   Membrane Preparations 

3.   Isolated Receptor Proteins 
 

Binding Experiment 
•  Incubation conditions 

•  Temperature 

•  Duration 
 

Separation of Bound from Free Tracer 
1.   Filtration 

2.   Centrifugation 

3.   Using a solid-phase for attachment of the receptor 
 

Data Analysis 
1.  Commercial programs (e.g. PRISM, GraphPad) 
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Classical Receptor Binding Assay (2) 

Sequential binding assay 
for the determination of the 
association kinetic of ligand 
to its receptor. Separation 
of bound from free ligand 
by filtration. 

Batchwise binding assay 
for the determination of the 
association (dissociation) 
kinetic of ligand to (from) its 
receptor. Separation of 
bound from free ligand by 
centrifugation. 
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Classical Receptor Binding Assay (3) 

Hanging drop technique for initiating incubations. 
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Classical Receptor Binding Assay (4) 

Making dilutions (a), and (b) setting out direct tracer binding or competition assays. 
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Other Methods for Studying Ligand-Receptor Interactions 

Examples of more modern methods for studying ligand-receptor interactions, based on 
 

1.  Radioactivity 

•  Scintillation proximity assay (SPA) 
 

2.  Luminescence / Fluorescence 

•  Bioluminescence / fluorescence resonance energy transfer (BRET, FRET) 

•  Fluorescence / chemiluminescence image plate reader (FLIPR, CLIPR) 
 

3.  Light Reflectance 

•   Surface plasmon resonance (SPR) 
 

4.  Electrical Signals 

•   Patch clamping of cells 
 

5.  Acoustic Signals 
 

6.  Microcalorimetry 
 

7.  Atomic Force Microscopy 
 

8.  Other Approaches 
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Scintillation Proximity Assay (1) 

The principle of a scintillation proximity assay (SPA). The technique relies upon the fact that a particle 
emitted from a radioisotope only travels a limited distance in an aqueous environment. This path length is 
determined by the energy of the particle. The electron for 3H is emitted as a spectrum with an average path 
length of approximately 1.5 mm and the two monoenergetic Auger electrons emitted by 125I have path lengths of 
1 and 17.5 mm respectively. In general these two isotopes are ideally suited to SPA. When a radioisotopically 
labelled molecule binds to the microsphere, the radioisotope is brought into close proximity to the scintillant and 
effective energy transfer from the particle will take place, resulting in the emission of light. While the radioisotope 
remains in free solution it is too distant from the scintillant and the particle will dissipate the energy into the 
aqueous medium and therefore remain undetected.	
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Scintillation Proximity Assay (2) 

The antibody-capture [35S]GTPγS scintillation proximity assay (SPA). The diagram depicts a single well of a 
96-well plate containing a membrane preparation bearing an agonist-activated acetylcholine muscarinic M1 
receptor coupled to a heterotrimeric G protein. The activated α-subunit, released from the membrane after initial 
incubation with detergent (not shown), has bound [35S]GTPγS (depicted as *GTP), which is initially ‘captured’ 
by the primary anti-G antibody shown in purple. Subsequently, the antibody–G-protein complex is ‘captured’ by 
the anti-IgG (green)-coated SPA beads. 35S bound in close proximity to the beads excites the scintillant inside 
the beads to give off a light signal that is read by a microplate scintillation counter. Antibody-coated SPA beads 
can be obtained from Amersham Biosciences.	


Example 
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BRET and FRET 

BRET: Bioluminescence resonance energy transfer 
 Energy transfer between luminescent donor and fluorescent acceptor proteins. Resonance energy transfer occurs 
 when part of the energy of an excited donor is transferred to an acceptor fluorophore which re-emits light at another 
 wavelength. This resonance energy transfer depends on the distance between donor and acceptor (usually ranging 
 from 10 to 100 Å). The luminescent donor usually is Renilla luciferase that oxidizes the substrate coelenterazine to 
 produce light with a wavelength of 480 nm. 

 Example:  When luciferase is in close proximity to, e.g., green fluorescent protein (GFP), non-radiative energy 
 transfer occurs that results in light emission at 509 nm by the GFP. 

FRET: Fluorescence resonance energy transfer 
 Same methodology as BRET, except that luciferase is replaced by a fluorophore that is excited using mono-
 chromatic light at the appropriate wavelength. A major advantage of FRET is to permit, under microscopic observation, 
 visualization in a single living cell of protein-protein interactions at the subcellular level, which is difficult to achieve 
 with BRET because of the low intensity of light emission by luciferase. 

 A disadvantage of FRET is the use of monochromatic light (not necessary with the BRET technology) which may 
 give rise to unwanted excitation of the acceptor fluorophore and makes interpretation difficult. Also, incident light 
 may lead to photobleaching of the donor fluorophore or may induce autofluorescence of cell components. 
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BRET (1) 
Principle of the bioluminescence resonance energy 
transfer (BRET) technology. To study the inter-
action between two proteins, protein 1 is fused to a 
luciferase and protein 2 is fused to a fluorescent 
protein [e.g. yellow fluorescent protein (YFP)]. The 
reaction is initiated by addition of the substrate of 
luciferase, cœlenterazine. If the distance between 
protein 1 and protein 2 is greater than 100 Å, light 
is emitted with an emission spectra characteristic of 
the luciferase (a). If the distance between protein 1 
and protein 2 is 10–100 Å, energy (not photons) is 
transferred from the luciferase to the YFP, resulting 
in an additional signal emitted by the YFP (b). The 
BRET ratio has been defined previously as: 
[(emission at 530 nm) – (emission at 485 nm) x 
Cf] / (emission at 485 nm), where Cf corresponded 
to (emission at 530 nm) / (emission at 485 nm) for 
the Renilla luciferase fusion protein expressed 
alone in the same experimental conditions. 
Developing this simple equation shows that the 
BRET ratio corresponds to the ratio 530 nm / 485 
nm obtained when the two partners are present, 
corrected by the ratio 530 nm / 485 nm obtained 
under the same experimental conditions when 
only the partner fused to Renilla luciferase is 
present in the assay. For the sake of readability, 
the BRET signal is expressed in milliBRET units 
(mBU), where 1 mBU corresponds to the BRET 
ratio multiplied by 1000. 
 

From: N. Boute et al., TIPS 2002; 23: 351-354	
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BRET (2) 

Use of bioluminescence resonance energy transfer 
(BRET) methodology to assess insulin receptor activity. 
(a) Binding of insulin to its receptor induces a 
conformational change that allows transphosphory-
lation of one β-subunit of the receptor by the other β-
subunit. This conformational change in the receptor can 
be monitored by BRET, using chimeric receptors in 
which one β-subunit is fused to Renilla luciferase (Rluc) 
and the other β-subunit is fused to yellow fluorescent 
protein (YFP). In the absence of insulin, a basal BRET 
signal results from constitutive interactions between the 
two β-subunits. Insulin-induced conformational change 
brings Rluc and YFP in close proximity, resulting in a 
stronger BRET signal. (b) Insulin (100 nm) stimulates 
the BRET signal [expressed in milliBRET units (mBUs)] 
by 2–3-fold (left panel). The effect of insulin on the 
BRET signal is observed in the absence of ATP. 
Therefore, the BRET signal represents the effect of the 
ligand on the conformation of the receptor indepen-
dently of any autophosphorylation event. If ATP is 
added (right panel) and autophosphorylation of the 
chimeric receptor is measured by immunoblotting using 
an anti-phosphotyrosine antibody, it appears that the 
BRET signal faithfully reflects the autophosphorylation 
of the insulin receptor. (c) Insulin and insulin growth 
factor 1 (IGF-1) dose dependently stimulated the BRET 
signal, with half-maximal effects at 5 nm and 200 nm, 
respectively. Epidermal growth factor (EGF) had no 
effect on the BRET signal. These results are consistent 
with known pharmacological properties of these ligands 
towards the insulin receptor. 

 
From: N. Boute et al., TIPS 2002; 23: 351-354	


04/10/2012 Cellular Signalling - HS 2012 - Lecture 2 53



Fluorometric Imaging Plate Reader (FLIPR) 

FLIPR, Molecular Devices 

FLIPR was developed as a high throughput optical screening tool for cell-based fluorescent assays. The 
unique aspect of FLIPR is that it reads all the wells of a standard 96-/384-well microplate simultaneously, 
with kinetic updates in the sub-second range. This allows for recording of transient signals, such as the 
release of intracellular calcium, in a 96-/384-well microplate format. Enhanced sensitivity for cell-based 
assays is accomplished via a patented optical detection scheme, which allows for signal isolation on a cell 
monolayer. FLIPR also provides temperature control, allowing the assays to be run at physiological 
temperatures if required. The excitation source can either be an Argon laser or a broadband source such as 
a Xenon lamp. The entire system is controlled via a PC and Windows based software.  

Measurement of [Ca2+]I (FLIPR Calcium 3 assay kit, Molecular Devices) 
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Surface Plasmon Resonance (1) 
Total internal reflection (TIR) for non-absorbing 
media. When a light beam is propagating in a medium 
of higher refractive index n1 meets an interface at a 
medium of lower refractive index n2 at an angle of 
incidence θ above a critical angle, the light is totally 
reflected at the interface and propagated back into the 
high-refractive index medium n1. 

Although the fully reflected beam does not lose any 
net energy across the TIR interface, the light beam 
leaks electrical field intensity called an evanescent 
field wave E into the low-refractive medium n2. The 
amplitude of E decreases exponentially with distance 
from the interface, decaying over a distance of about 
one light wavelength from the surface (lower figure, 
dotted line)  

If the lower-refractive index medium n2 has a non-zero 
absorption coefficient, E may transfer the matching 
photon energy to the medium. (This is exploited in 
internal reflection spectroscopy, IRS.) The penetration 
depth of E is usually defined as the distance over 
which the wave decays to 1/e, or about 37%, of the 
maximum intensity. 

A surface plasmon is a charge density wave that 
occurs at an interface between a thin film and another 
medium. Surface plasmon resonance occurs when 
the energy from incident light is of just the right 
frequency and angle of incidence to couple its energy 
with the surface plasmon, so that no light is reflected 
from a normally reflective surface. 
 

Source: Biacore Technology Note 1 

http://monet.physik.unibas.ch/~bouhelie/plasmon1.html	
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Surface Plasmon Resonance (2) 
Surface plasmon resonance (SPR) is 
produced as follows: If the TIR-interface is 
coated with a layer of suitable conducting 
material of suitable thickness, such as a 
film of metal (e.g. gold), the p-polarized 
component of E may penetrate the metal 
layer and excite electromagnetic surface 
plasmon resonance waves propagating 
within the conductor surface that is in 
contact with the low-refractive index 
medium. For a non-magnetic metal like 
gold, this surface plasmon wave will also 
be p-polarized and, due to its electro-
magnetic and surface propagating nature, 
will create an enhanced E wave (lower 
figure, solid line). 

The wave-vector of the plasmon wave (ksp) is bound to 
the conductor surface; the wave-vector of the 
component of E which is parallel to the conductor 
surface kx can be equal to ksp. Thus, the wave-vector of 
the incident light (kx) can be tuned to equate the 
plasmon wave-vector ksp, by either varying the angle of 
incidence θ or the wavelength of the light. 

The match of wave-vector and energy enables a 
resonant absorption of energy via the light-
evanescent wave field E; the plasmon excitation 
(SPR) causes a characteristic drop in the reflected light 
intensity. For a given wavelength of incident light, SPR 
is seen as a dip in the intensity of reflected p-polarized 
light at a specific angle of incidence.  
Source: Biacore Technology Note 1 
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Surface Plasmon Resonance (3) 

In the Biacore systems which use sensor chips, 
monochromatic light is focused in a wedge-shaped 
beam on the TIR (total internal reflection) interface 
and the angle of minimum reflectance intensity is 
determined using a two-dimensional detector 
array. The low-refractive index medium is the 
surface coating of the sensor chip and the 
“surrounding” sample solution.  

Biomolecular interaction occurring at the sensor 
surface change the solute concentration and thus 
the refractive index within the evanescent wave 
penetration range. The angle of incidence required 
to create the SPR phenomenon (the SPR angle) is 
therefore altered and it is this change which is 
measured as a response signal. 

In general, different proteins have very similar 
specific refractive index contributions, i.e. the 
refractive index change is the same for a given 
change in concentration. Values for glycoproteins, 
lipoproteins and nucleic acids are of the same order 
of magnitude. SPR thus provides a mass detector 
which is essentially independent of the nature of the 
interactants. Most importantly, the technique 
requires no labelling of the interacting components, 
and the possibility of a mass detector is realized. 
Moreover, since it is the evanescent field wave and 
not the incident light that penetrates the sample, 
measurements can be made on turbid or even 
opaque samples. 
 

Source: Biacore Technology Note 1 
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Surface Plasmon Resonance (4) 

A molecule is immobilized on the sensor surface with appropriate coupling chemistry. At t = 0 s, buffer is contacted with the receptor through a microfluidic flow cell, or in some 
commercial instruments, through a cuvette. At t = 100 s, a solution of analyte in the running buffer is passed over the receptor. As the analyte binds to the surface, the refractive 
index of the medium adjacent to the sensor surface increases, which leads to an increase in the resonance signal. Analysis of this part of the binding curve gives the observed 
association rate (kobs). If the concentration of the analyte is known, then the association rate constant of the interaction (kass) can be determined. At equilibrium, by definition, the 
amount of analyte that is associating and dissociating with the receptor is equal. The response level at equilibrium is related to the concentration of active analyte in the sample. At t 
= 320 s, the analyte solution is replaced by buffer, and the receptor–analyte complex is allowed to dissociate. Analysis of these data gives the dissociation rate constant (kdiss) for the 
interaction. Many complexes in biology have considerable half-lives, so a pulse of a regeneration solution (for example, high salt or low pH) is used at t = 420 s to disrupt binding 
and regenerate the free receptor. The entire binding cycle is normally repeated several times at varying concentrations of analyte to generate a robust data set for global fitting to an 
appropriate binding algorithm. The affinity of the interaction can be calculated from the ratio of the rate constants (KD= 1/KA=kdiss/kass) or by a linear or nonlinear fitting of the 
response at equilibrium at varying concentrations of analyte. In addition to determining the interaction affinities and kinetics, a thermodynamic analysis of a biomolecular interaction 
is also possible. This is done by applying van't Hoff's equations to the interaction affinities and kinetics of an interaction obtained at various different temperatures.	


A typical binding cycle 
observed with an optical 
biosensor 
From: M.A. Cooper, Nat. Rev. Drug Disc 
2002; 1:515-528 
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Surface Plasmon Resonance (5): Examples 

Model membrane systems that are used with optical biosensors. 
  

a) A supported lipid monolayer that has been formed on top of a hydrophobic, self-
assembled monolayer on a gold surface or a waveguide layer. b) Two examples of 
tethered lipid bilayers that contain an integral (transmembrane) receptor. The bilayer 
is either captured on the surface using synthetic phospholipids that are tethered to 
the support by flexible, hydrophilic linkers (left), or through immobilized neutravidin in 
conjunction with biotinylated lipids or a biotinylated receptor. c) Flexible, amphipathic 
polymer cushions support membranes as either supported lipid bilayers or captured 
proteoliposome layers. PE, biotinyl-phosphoethanolamine-N-(biotinyl). 

On-chip reconstitution of a detergent-solubilized GPCR on an 
amphipathic carboxymethyl-dextran hydrogel support. 

a) Injection and attachment of micelles containing receptors; b) 
extraction of detergent from surface; c) reconstitution of receptor. 
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Automated Screening of Ligand-Ion Channel Interactions 

Patch Clamping of Cells 

Patch clamping is the “gold standard” technique 
for measuring interactions with ion channels. 
Direct measurement of the ion channel current 
flowing through a single or multiple ion channels 
yield detailed information about the effect of 
compound binding with respect to channel 
voltage and ion flux. Data can be obtained from 
single cells with fast resolution (ms to µs). 
 

Different methods of patch clamping a cell. (A) 
Conventional whole cell patch clamping: the 
tip of a glass-pipette is brought in contact with 
the membrane of an adherent cell. Finally, after 
application of a well defined operation sequence, 
the membrane patch under the tip of the pipette 
is ruptured. This enables an intracellular access 
for clamping the membrane voltage and detect-
ing the current flowing through ion channels. (B) 
Automatic planar patch approach: the micro 
opening serves both for suction application to 
attract suspended cells and for sealing and 
recording. (C) Automatic cytocentring: a sus-
pended cell is attracted to the tip of a substrate-
embedded contact channel by application of 
suction to an opening surrounding the contact 
opening. Ics, intracellular solution; Ecs, extra-
cellular solution.	
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Acoustic Biosensor Assay 

Quartz crystal resonant sensing (QCRS). (a) A quartz crystal resonator coated with a receptor integrated into 
a flow cell to which ligand can be added. (b) As liquid is passed over the surface the crystal resonates, giving a 
signal in real time. (c) When ligand is added to the flow cell, it binds to the receptor resulting in a change in the 
acoustic profile of the resonator leading to (d) a change in the resonant frequency. This changing signal is 
proportional to the amount of ligand bound to the receptor, which enables detection of a ligand and the 
determination of the ligand–receptor interaction affinities and kinetics. It is also possible to measure the 
dampening of the resonator (the motional resistance), which gives information about the visco-elastic properties 
of the receptor in real time.	
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Microcalorimetry of Ligand-Receptor Interactions 

Typical differential ITC binding isotherm. Calorimetric data for the exothermic binding of cytidine 2´-mono-
phosphate (2´CMP) to ribonuclease A (RNase A) at pH 5.5 (0.2 M K-acetate, 0.2 M KCl) and 28°C. 
 

A: Raw data obtained for 25 automatic injections of 5 µl. Concentrations of RNase A and 2´CMP are 0.145 mM and 
3.72 mM respectively. The area of each peak represents the total heat evolved upon addition of a single aliquot of 2
´CMP. B: Titration plot derived from the integrated heats of binding, corrected for heats of dilution. The solid line 
represents the nonlinear best fit to the data assuming a single-site binding model.	
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ITC: Isothermal titration 
microcalorimetry 
is used for binding studies in dilute 
solution (enzyme-ligand, protein-
protein, protein-nucleic acid, and/or 
small molecule interactions). Typical 
(macromolecule) concentrations down 
to 10 micromolar in the reaction cell 
(2ml volume), with 15-20x higher 
concentrations of titrant (ligand) in the 
injection syringe (min. 400 microlitre 
required). Temperature usually 25oC, 
but 2-50oC range possible. 
Dissociation/dilution methods are also 
available.	
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Atomic Force Microscopy (1) 

Principle of Atomic Force Microscopy (AFM) 

In AFM, a micro-fabricated cantilever (usually made 
of silicon nitride) with a very small tip (the contact 
area with the surface to be examined is a few nm2) is 
raster scanned above the surface whose topography 
is to be measured, e.g. a cell. A laser beam is 
reflected via the top of the cantilever towards a photo-
detector that detects any movement or bending of the 
cantilever, thus enabling its position to be calculated. 
A piezo-electric ceramic controller is then used to 
raise or lower the cantilever in order to maintain a 
constant bending of the cantilever. As a result, the 
AMF records images of surface topography under a 
constant applied force, usually in the low nanonewton 
range. 

Imaging Modes 

Contact mode imaging:  It consists of analyzing the surface while maintaining 
   a constanc contact between the tip and the surface. 

Non-contact mode imaging: Less damaging mode for fragile samples. It con-
  sists of rapidly oscillating the cantilever, mechanically 
  (tapping mode) or magnetically (MAC mode), in the z 
  direction whilst slowly lowering it towards the surface 
  and scanning. 

Force-distance measurements: Here, the cantilever is slowly lowered towards 
  the surface and the deflection is recorded continuously, 
  yielding a curve showing the bending of the cantilever 
  as a function of the distance traveled at a single point 
  rather than under scanning conditions. 

From: M. Horton et al., J. Recept. Signal Transd. 2002; 22: 169-190	
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Atomic Force Microscopy (2) 

04/10/2012 Cellular Signalling - HS 2012 - Lecture 2 64



Atomic Force Microscopy (3) 

Operation of the atomic force microscope. (a) The principle of 
AFM. A fine pyramidal silicon nitride tip at the end of a 
reflective cantilever is scanned back and forth over the 
substrate in a raster pattern. As the tip is deflected by the 
sample, the cantilever also deflects, and the magnitude of the 
deflection is registered by the change in direction of a laser 
beam that is reflected off the end of the cantilever and 
detected by a photomultiplier array. In this way, a topological 
map of the surface is constructed. (b) The principle of the 
force curve. The tip is held stationary over the substrate and 
then oscillated up and down (‘extended’ and ‘retracted’). At 
point ‘1’ the tip is not in contact with any substrate and so no 
deflection is registered. At ‘2’ the probe meets the substrate, 
and at ‘3’ it is advanced further downwards onto the substrate 
and so the cantilever bearing the probe is deflected. This is 
shown in the ‘y’ axis of the curve. The piezo drivers then 
begin to withdraw the probe upwards (‘retract’). Because the 
probe and substrate are physically attracted, they maintain 
contact ‘4’, even when the probe has been withdrawn before 
the point where it originally made contact with the substrate. At 
point ‘5’ the probe loses contact with the substrate and jumps 
back to its original position, as does the ‘retract’ curve. The 
measure of the force of attraction between tip and substrate is 
given broadly by the size and shape of the triangle lying below 
the dotted line in the diagram. (c) The measurement of the 
force between a biotinylated AFM tip and a streptavidin-coated 
substrate. The ‘retract’ trace shows the breakage of the 
attachment between streptavidin and biotin and the force 
measured is approximately 300 pN. 
 

From: J.M. Edwardson & R.M. Henderson, Drug Discovery Today 2004; 9: 64-71.	
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Atomic Force Microscopy (4) 

“Force-Distance” curve (diagrammatic representation) between a 
ligand bound to an AFM tip and a receptor molecule on a cell surface.	


Example of mapping the VIP receptor distribution in living osteoclasts. (A) 
Recording of force-distance curves for VIP and glucaon (the latter as non-specific 
control). (B) Low-resolution topographic height map and analysis of distribution of 
VIP-receptor binding forces on the cell surface (in nN). (C) Merging of the two into 
an image of the binding forces displayed on a pseudo-3D height image of the cell. 
The arrows indicate the VIP binding zone; the dashed line depicts the cell limits of 
the osteoclast. 
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Lipid Mono- and Bilayer Membranes 

A supported lipid monolayer that has been formed on top 
of a hydrophobic self-assembled monolayer on a metal or 
metal oxide surface, or a waveguide layer. 

Two examples of tethered lipid bilayers that contain an 
integral (transmembrane) receptor. The bilayer is captured 
either on the surface using synthetic phospholipids that are 
tethered to the support by flexible, hydrophilic linkers (left), 
or via immobilized neutravidin in conjunction with 
biotinylated lipids or a biotinylated receptor.	


Flexible, amphipathic polymer cushions support 
membranes as either (a) supported lipid bilayers or (b) 
captured proteoliposome layers. 
 

Detection methods include, e.g., confocal fluorescence 
microscopy. 

04/10/2012 Cellular Signalling - HS 2012 - Lecture 2 67



Micro-arrayed Lipid Layers 

Micro-contact printed lipid arrays  
 

Vesicles are brought into contact with an oxidized poly(dimethylsiloxane) 
(PDMS) stamp and fuse to form supported bilayers. The pattern is then 
transferred to a glass surface where the shape is retained. Typically, the 
raised PDMS features are on the order of 1 mm and the bilayer is on the 
order of 5 nm, so the drawing is not to scale. Likewise, the supported lipid 
bilayer is shown schematically in cross section and shown only on the 
raised portion of the stamp (presumably the bilayer coats the entire 
surface of the PDMS stamp). No attempt is made to describe the edge of 
the bilayer. From: Hovis & Boxer: Langmuir 2001; 17: 3400–3405.	


DNA–lipid microarrays  
(a) Schematic diagram of the tethering of vesicles that are coated with different oligonucleotides 
(denoted A’, green content labelled, and B’, red lipid labelled) on their lipid headgroups. These 
oligonucleotides are complementary to sequences, denoted A and B respectively, immobilized 
on a supported lipid bilayer. The information encoded in the oligonucleotide sequence results in 
specific attachment of the vesicles to the supported lipid bilayer while maintaining the ability to 
diffuse in two dimensions. (b) Self-sorting of vesicles displaying different oligonucleotides and 
corresponding different compositions onto a patterned supported bilayer surface displaying 
different amounts of the complementary oligonucleotide: from all A on the left to all B on the 
right. Gridlines of fibronectin, 50 mm apart, were stamped on the surface of a cleaned glass 
substrate by microcontact printing and a supported bilayer was formed displaying the two 
different 24-mer oligonucleotides in a spatially defined array using flow techniques From: Chiaki 
and Boxer: J. Am. Chem. Soc. 2003; 125: 3696–3697. 	
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Chemical Crosslinking of Ligand-Receptor Complexes (1) 

 

 

1.  Analysis of molecules to be crosslinked 
(chemical groups available for modification, 
situation of the groups for modification 
(exposed, buried), partners to be cross-
linked) 

2.  Choice of crosslinker (homobifunctional, 
heterobifunctional) 

3.  Sequence (and conditions) of crosslinking 
reactions 

4.  Separation, analysis 

Principles of chemical crosslinking: 
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Chemical Crosslinking of Ligand-Receptor Complexes (2) 

Crosslinking via insertion of two different hetero-
bifunctional crosslinkers in protein 1 and protein 2. 
The two crosslinkers can react with each other. 

Coupling of two proteins 
via homobifunctional 
crosslinkers. 
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Chemical Crosslinking of Ligand-Receptor Complexes (3) 

Activation/reactions of carboxyl groups 

Reactions with amino groups 
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Chemical Crosslinking of Ligand-Receptor Complexes (4) 

Reaction of activated acyl groups 

Reactions of sulfhydryl-containing molecules 
(e.g. cysteine) 
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Chemical Crosslinking of Ligand-Receptor Complexes (5) 

Crosslinking reactions of tyrosines 
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Photocrosslinking of Ligand-Receptor Complexes 

A. Two-step kinetics for ligand-receptor crosslinking 

B. Non-specific crosslinking 
Types of photoactivatable groups: (i) diazoketones, (ii) diazirines, 
(iii) arylnitrenes 

Different types of heterobifunctional photocrosslinkers 

Tritiated arylnitrene (e.g. para-azdiophenylalanine) 
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Extracellular Factors Regulating Intracellular Signalling 

Methods of regulating cell surface glycans 
 
The diversity and abundance of cell surface glycans 
can be controlled at different points. Control can 
come at the level of metabolic flux through the 
pathways that connect monosaccharide building 
blocks with one another and with nucleotide-sugars. 
Activated nucleotide-sugars are substrates for 
glycosyltransferases. The relative abundance of 
these substrates influences which glycans are 
produced. Regulation also occurs at the level of 
glycosyltransferase expression. Golgi-resident 
glycosyltransferases catalyze the addition of specific 
sugars to acceptor molecules. Expression levels of 
these enzymes regulate which glycans are produced. 
Glycan display can also be regulated by internal-
ization and degradation. Removal of glycoproteins or 
glycolipids from the cell surface is carried out by 
endocytosis, which transports them to the lysosome 
for recycling. Finally, glycan remodeling is an 
underrecognized mechanism for regulating glycan 
display. Glycans displayed on the cell surface can be 
modified through removal of sugars or functional 
groups by extracellular hydrolytic enzymes, including 
sialidases, sulfatases, and deacetylases. 
 
Reference: R.B. Parker, J.J. Kohler, ACS Chem Biol 2010; 5: 
35-46. 
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Extracellular Factors Regulating Intracellular Signalling 

Modes of action of glycan remodeling enzymes 
 
 
Cell surface hydrolytic enzymes can act on glycans 
positioned on the same cell (autocrine signaling), adjacent 
cells (juxtacrine signaling), or soluble glycoproteins 
(shown in green). Secreted enzymes can act on glycans 
positioned on distant cells (paracrine signaling) or soluble 
glycoproteins. 

 
Reference: R.B. Parker, J.J. Kohler, ACS Chem Biol 2010; 5: 35-46. 
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Extracellular Factors Regulating Intracellular Signalling 

Sialidase regulation of signal transduction 
 
a) EGFR signalling is reduced in the presence of ganglioside GM3. 
NEU3-catalyzed conversion of GM3 to LacCer relieves this 
inhibition. 
 
 
 
 
b) NEU1 forms a cell surface receptor complex with PPCA and 
EBP. In the presence of elastin peptides, the receptor complex is 
activated leading to downstream ERK1/2 activation. In addition, the 
active complex enhances the catalytic activity of NEU1, leading to 
desialylation of microfibrillar glycoproteins and local release of 
elastin peptides. Liberated sialic acid may act as a second 
messenger that activates other signaling events. 
 
 
 
 
c) Sialylated TRPV5 is rapidly endocytosed from the cell 
membrane. Desialylation of TRPV5 by KL exposes underlying 
galactose residues that bind galectin-1, thereby retaining TRPV5 
on the cell surface where it functions in Ca2+ transport. 
 
 
 
Reference: R.B. Parker, J.J. Kohler, ACS Chem Biol 2010; 5: 35-46. 
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Ligand-Receptor Interactions: Literature 

1.  Literature and Software for Receptor Binding and Bioassays 
 
•  J.G. Hardman, L.E. Limbird et al. (Eds.): Goodman & Gilman‘s The Pharmacological Basis 

of Therapeutics (Chapters 2 and 3) 
 McGraw-Hill, New York, 1996 (and later editions) 

 
•  E.C. Hulme (Ed.): Receptor-Ligand Interactions: A Practical Approach 

 IRL Press, Oxford, 1992 (and later editions on CD-ROM) 
 
•  P. Bongrand: Ligand-receptor interactions. Rep. Prog. Phys 1999; 62: 921-968 
 
•  GraphPad PRISM 4 Program (and Manual) 

 Graph Pad Software Inc, San Diego, California, 2003 

 
2.  Literature for Receptor Crosslinking 
 
•  G.T. Hermanson: Bioconjugate Techniques 

 Academic Press, San Diego, 1996 

 
3.  Literature on Modern Methods of Ligand-Receptor-Interaction Studies 
 
•  M.A. Cooper: Advances in membrane receptor screening and analysis. Journal 

of Molecular Recognition 2004; 17: 286-315	
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