The Development of Drugs

The Phases of Drug Development
•

•

•

Drug Discovery
–

target selection

–

lead finding

–

pharmacological profiling

Preclinical Development
–

pharmacokinetics

–

short-term toxicology

–

formulation

–

synthesis scale-up

Clinical Development
–

phase I: pharmacokinetics, side-effects

–

phase II: small-scale trials in patients, efficacy & dosage

–

phase III: large scale controlled clinical trials

The Phases of Drug Development
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Clinical research and development

NDA review

1–3 years
(average 18 months)

2–10 years
(average 5 years)

2 months–7 years
(average 2 years)

30-day
safety
review

Initial
synthesis

Phase I

Phase II

Phase III

NDA
submitted

Short-term animal testing

Long-term animal testing

Post-marketing
surveillance

Report of
advisory
committee

NDA
approved
Industry time

FDA time

POP=proof-of principle

Kramer et al., Nature Drug Discov. , 6 (2007), 636

Success of drug development
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Clinical Phase I
100-200 healthy volunteers, unless the disease is severe
and toxic side-effects may be tolerated

•

safety: Observation of possible dangerous side effects, e.g. on
cardiovascular, hepatic or renal function

•

determination of dose levels (starting from 1/10th of the highest
safe levels from animal trials)

•
•

tolerability: Observation of unpleasant side-effects, e.g. headaches
pharmacokinetic properties: Is the drug well absorbed and
distributed. What is the time-course of the plasma level. Does the
compound accumulate in the body? Metabolomic studies using
(radio)labelled drugs

Clinical Phase II
carried out on 100-300 patients, unless the disease is
severe and toxic side-effects may be tolerated

•

pharmacodynamic properties: Is the new drug really effective? Test
of efficacy of the drug.

•
•
•
•
•

which are possible therapeutic applications of the new drug?
detailed study of pharmacokinetics
test of short-term safety
observation of (severe) side-effects
double blind tests (using a placebo; medical personal does not know
whether the patient has received the drug or an placebo)

Clinical Phase III
carried out on 1000-3000 patients, unless the disease is
severe and toxic side-effects may be tolerated

•

similar studies as in phase II but on a very much larger group of
patients

•
•
•

is the drug really effective or is it merely a psychological effects?

•

phase IV starts after the drug is being commercialized and monitors
problems (rare side-effects etc.)

test of short-term safety
phase IIIb is started after registration of the drug and are aimed
at comparing the drugs to established drugs

Failures in Drug Development
198 NCEs in the UK

excluding anti-infectives

Regulatory Affairs
•
•
•
•
•
•

Admission of new drugs to the market is handled by the Food and Drug
Administration (FDA, USA) or the European Agency for the Evaluation
of Medical Products (EMEA, Europe).
When clinical trials are promising companies can file a submission of a
New Drug Application (NDA, FDA) or a Marketing Authorization
Application (MAA, EMEA).
The material must document in detail the results from the clinical
trials, the synthesis, the possible therapeutic applications, possible
side effects, toxicity, addictive effects etc.
The term “New Chemical Entity” (NCE) or “New Molecular
Entity”( NME) refers to a novel drug structure.
Any modifications to the manufacturing process requires approval by
the authorities.
A fast track route exists for certain drugs in order to reach the
market as quick as possible (life-threatening diseases)
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Figure 4 | Comparing high-thr oughput screening and fr agment-based screening. This figure shows the percentage
of a set of 45 protein targets that underwent both high-throughput screening (HTS) and fragment-based screening (FBS)
and reached critical discovery milestones: (a) Chemically tractable hits; (b) Lead optimization initiated around hits from
the specified lead source; (c) Potency (defined as IC 50 < 100 nM) achieved fromthe specified lead source.
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Affinity Chromatography
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Affinity-chromatography-based methods for target deconvolution. The small molecule ligand (L) is tethered to a
matrix (shown in gray) and incubated with a protein extract that includes the target protein (T). After all
unbound proteins have been removed by a series of washing steps, any ligand-bound proteins are then eluted using
buffer conditions that disrupt intermolecular interactions (solid-phase elution) and investigated by SDS–PAGE. To
minimize the identification of nonspecifically bound proteins, the protein pattern that is obtained with an inactive
ligand analogue (A) is also determined (the ‘comparison variant’), and the two outcomes are compared. In the
‘competition variant’, protein elution is accomplished by an excess of free ligand. In serial affinity
chromatography, the matrix is incubated with protein extract which is then incubated with fresh matrix. Most of
the proteins that bind specifically are captured by the first matrix, whereas the amounts of nonspecific binding
proteins are similar for both matrices. The colored bands represent the matrix-bound proteins from the extract,
following separation by SDS–PAGE.
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Drug-Receptor Interactions

Non-bonded interactions

through-space interactions, subdivided into
•van der Waals interactions
•electrostatic interactions
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Electrostatic interactions

•the dielectric constant is a function of the degree of Debeye-Hückel
screening, it is about 80 in water and 2-4 in the protein interior.

The ionization state depends on the
environment

H

H
H

O

H O

H

+

O

HN

+

H

O H

H O

H

HN

H
H

O

H

O

H O

+

+

HN

less basic

more basic

H

-

O

H

HN

H

less basic
H O

-

+

+

O
H

O

O H
H

-

+

O

+

O

O

-

O

O

pK a wat
less acidic

more acidic

less acidic

The van der Waals potential

•attractive part due to random fluctuations of charges,decays with r-6
•repulsive part for very short distances due to repulsion of nuclei, decays with r-12
•short-ranged interaction, requires very close proximity and large interaction
interface to become significant
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Figure 5 | Shape complementarity of ligands and their receptor binding pockets.
a | An example of shape complementarity that is almost perfect. The tight fit between
Reviews |by
Drug
the ligand biotin and its receptor streptavidin (Kd ~1 × 10–16 Nature
M) is indicated
theDiscovery
solventaccessible surfaces of the ligand and the receptor pocket (Protein Data Bank identifier:
2rtf, 1.47 Å resolution118). b | The complex formed by the ligand GW590735 and
peroxisome proliferator-activated receptor- α (EC 50 = 4 nM) (Protein Data Bank identifier:
2p54, 1.79 Å resolution119). Compared with case (a), more gaps between the surfaces
are visible in (b).

Hydrogen Bonds

•Model as an electrostatic interaction between
two dipoles consisting of the H-N bond
and the O sp2 lone pair. In electrostatic
theory, the optimal orientation of two
such dipoles is head-to-tail. The energy of
such an arrangement should decrease as
the head and tail are brought together as
long as atomic van der Waals radii are not
violated .
•“Ideal” hydrogen bond in this model would
have r~3.0 Å, p=180°, β=0° and γ=±60°.

Geometry and strengths of hydrogen bonds

carbonyl oxygen
pyridyl-nitrogen

carboxylic acid

ether oxygen

sulfonyl group

Hydrogen bonds

Hydrogen bonds
•

typically distances between 2.5-3.2Å are found and X-H...Y angles of
130-180°

•

carbonyl and carboxyl oxygens form H-bonds in the direction of
their lone-pairs.

•

hydrogen bonds are largely electrostatic in nature and hence
depend much on screening by the environment

•

The dielectric constant in the protein interior is 1-20 (mostly 2-8)
and in bulk water 78. In close proximity to polar groups the
dielectric constant is increased

•

Only 1-2% of buried polar groups are NOT involved in H-bonds

•

Therefore hydrogen bonds and electrostatic interactions are
determinants of specificity in drug-receptor complexes

•

For uncharged partners ΔG is -5 ± 2.5 kJ/mol, for charge-assisted
H-bonds the contribution is -10 to -20 kJ/mol.

Halogen Bonding

CF3I

A)

•
•
•
•
•
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Chem. Soc. Rev. 2012, 41, 3547
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Halogens play a role in bioactivity
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Typical Interactions Involving Halogens

Crystal structure of a inhibitor bound to CLK3

J. Med. Chem. 2013, 56, 1363−1388

Distance-dependence of the complex-formation energies [kJ/mol]
of the Backbone Model N-methylacetamide and Halogenated
Benzenes

J. Med. Chem. 2013, 56, 1363−1388

Approved Drugs Containing Iodine

J. Med. Chem. 2013, 56, 1363−1388

Approved Drugs Containing Bromine

J. Med. Chem. 2013, 56, 1363−1388

Hydrophobic Interactions

groups often encountered in formation of
hydrophobic interactions

• non-directional, except for interactions of aromatic residues with each other
• close proximity of lipophilic groups of receptor and ligand
• their contribution usually dominates the binding affinity
• upon formation of intermolecular hydrophobic interactions water molecules
are replaced resulting in a rather large gain in entropy!
• Therefore, an important quantity is the buried hydrophobic surface area

with isopropyl: 1nM
without isopropyl: 39uM

Pi-Stacking Interactions

Pi-Stacking Interactions:
Substituent Effects

Pi-Cation Interactions

Pi-Cation Interactions: Solvent Effects

Pi-Cation Interactions

interaction of acetylcholine
with a Trp residue of the
acetylcholine receptor
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Affinities

Covalently-bound drugs
•

for non-covalently bound drug affinities higher than 10 pM are not
achieved

•

in principle much higher affinities are possible for covalently-bound
drug due to the (slow/non-existing) off-rate

•

problem: off-target toxicity

•

some known drugs are covalently bound AND safe, e.g. beta-lactam
antibiotics, aspirin..

•

naturally occurring enzymes have proficiencies of better than 1 pM,
and hence involve covalent catalysis

•

covalently-bound drugs may only be removed by clearance of the
target, and hence dosing can be very low and infrequent

•

because of the low dosing off-target reactivity is reduced (1 pM
means life time of 19-190h)

•

important is proper targeting BEFORE covalent attachment,
therefore the prime problem is achieving selectivity

The Nature of Drug Binding Sites
TABLE I. Important Predictive Drug-Binding Cavity Attributes
S ur fa ce ca vi ty pr oper ty

C a tegor y

a

Cavity rank
Number of residues b
Number of atoms c
Smallest moment ofi nertia d
Depth standard deviation e
Maximum depth f
Average depth g
h
Normalized smallest moment ofi nertia
Proportion of cavity at depth between [6.5, 6.75)
Largest moment ofi nertia j
k
Average side-chains residual entropy
l
Average curvature
Maximum curvedness m
Maximum mean curvature n
Curvedness
0. 5°
Proportion of proline p
Proportion of cavity with logP between [
1, 0) q
Side-chain residual entropy standard
deviation r

i

Size
Size
Size
Size/shape
Size/shape
Size/shape
Size/shape
Shape
Shape
Size/shape
Rigidity
Shape
Shape
Shape
S ha pe
Amino acid composition
Hydrophobicity
Rigidity

D r ug-bi ndi ng ca vi ti es
1.89
22.8
85.0
1.7
2.3
10.5
5.3
17.0
0.02
1.6
0.41
49.0
6.4
5.3
0. 35
0.019
0.09
0.43

a

j

b

k

Cavity rank by the floor surface area.
Number of residues forming the cavity.
c
Number of atoms forming the cavity.
d
The smallest moment ofi nertia of the cavity vertices.
e
The standard deviation of the depth of cavity vertices.
f
The maximum depth of cavity vertices.
g
The average depth of cavity vertices.
h
The smallest moment ofi nertia of cavity vertices divided by the number of vertices.
i
The proportion of cavity vertices that lie at a depth between 6.5Å and 6.75 Å.

2.07
14.3
62.4
10 4 2.5
1.1 (Å 3)
4.0 (Å)
1.9 (Å)
11. 7
0.013
10 4 8.4
0.18 (kcal)
8.3
2. 9
2. 6
0.04
0.028
0.07
0.18 (kcal)

10 4

10 4

N on dr ug-bi ndi ng ca vi ti es
8.88
7.31
18.7
1.2
0.75
4.75
3.2
3. 9
0.003
2.8
0.55
57.0
4. 0
3. 5
0.29
0.04
0.15
0.55

5.4
5.4
21.2
10 3 8.3
0.45
1.67
0.7
5.3
0.001
10 3 1.6
0.25
13.1
4.9
4.2
0.08
0.09
0.16
0.17

10 3

10 4

The largest moment ofi nertia of cavity vertices.
The average residual entropy of cavity side chains (see Methods section).
l
The average curvature, computed over cavity vertices.
m
The maximum curvedness, computed over cavity vertices.
n
The maximum of the mean curvature, computed over cavity vertices.
o
The proportion of cavity vertices with curvedness less than 0.5.
p
The proportion of cavity vertices corresponding to a proline residue.
q
The proportion of cavity vertices with mapped logP between
1 and 0.
r
The standard deviation of the residual entropy of cavity side-chains.

Honig, Proteins 63 (2006), 892-906

The Nature of Drug Binding Sites II
•

drug Binding sites are LARGE, DEEP, they have an intricate curvature
profile

•

they are rigid

•

have a relatively small number of Pro residues

•

they are neither shallow nor very deep cavities. Drug binding sites have an
average depth between 6.8Å and 11.4Å

•

Most small ligand binding sites are found in surface clefts or pockets

•

This reflects the requirement for forming a multiplicity of non-covalent
interactions necessary to achieve high affinity (and selectivity)

•

Alternatively, energetic instead of geometric approaches may be used to
successfully locate drug binding sites. These rely entirely on van der Waals
interaction energy terms, and hence require shape complementary

The Polar Surface Area
log Papp = 0.008 • MW − 0.043• PSA − 5.165
(predicted permeability of certain drugs through Caco-2* monolayers)
CNS

non-CNS

PSA (Å2)
*continuous cell of heterogeneous human epithelial colorectal adenocarcinoma cells

(DDT, 5,49 ff)

Solvation and Desolvation
•

Solvation energies contribute to binding affinity by -7 to -12.5 KJ/mol

•

This amount can be decomposed into approx. 9 KJ/mol due to the loss
in entropy and approx. -16 KJ/mol for the enthalpic contribution

•

Interstitial water preferentially is found in invaginations of the
receptor, not of the ligand

•

For transfer of non-polar surfaces into water the hydrophobic effect
results in unfavourable energies. This is due to the fact that water
molecules next to hydrophobic surface are particularly well-order
(entropic effect) and form higher hydrogen bonds with each other

•

The gain in energy for burial of hydrophobic surfaces due to the
hydrophobic effect depends on the size of the solvent-accessible
surface (-0.1 to -0.14 KJ/mol per Å2). Burial of a Me group contributes
-2.75 to -6 KJ/mol, increasing the association constant by a factor of
3-11.

Interaction Changes during Receptor Binding
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•degrees of rotational freedom in both the ligand and receptor are likely to be reduced
(TΔS)
• favourable electrostatic are possibly formed (ΔH) depending on whether positioning
of polar groups in the ligand allows formations of H-bonds to the receptor, or whether
salt bridges are possible
• favourable hydrophobic interactions are possibly formed (ΔH) depending on how well
the apolar surface of the ligand fits into an apolar binding pocket (shape
complementarity)
• highly ordered water molecules on hydrophobic surfaces are released leading to a
huge increase in entropy (TΔS)

Contributions to binding can be surprisingly
different for similar ligands

Binding of closely-related inhibitors to the S3/S4 pocket of the catalytic site of thrombin that
overall have similar free energies of binding. The six-membered ring has more mobility in the
binding pocket (see also the reduced electron density) leading to an better entropic term but
reduced binding enthalpy. (Klebe, DDT 11, 580-594)

Hot Spot Analysis

Hostspot analysis using DrugScore for the binding of t-RNA guanine transglycosylase. Favourable
interaction sites are color-coded on the surface of the protein (Klebe, DDT 11, 580-594)

•

Hot spots for drug binding can be screened in-silico. A probe
corresponding to a hydrogen bond acceptor, a hydrogen bond donor
or a hydrophobic patch (aromatic moiety) is allowed to interact with
the surface of the protein to screen to favourable interaction sites

•

allows to derive a protein-based pharmacophore

Hotspot analysis of ligands
•

The closer the probe atom to the molecule, the higher the steric
energy

•

Can define the shape of the molecule by identifying grid points of
equal steric energy (contour line)

•

Favorable electrostatic interactions with the positively charged
probe indicate molecular regions which are negative in nature

•

Unfavorable electrostatic interactions with the positively charged
probe indicate molecular regions which are positive in nature

•

Can define electrostatic fields by identifying grid points of equal
energy (contour line)

•

Repeat the procedure for each molecule in turn

•

Compare the fields of each molecule with their biological activity

•

Can then identify steric and electrostatic fields which are favorable
or unfavorable for activity

Free energies of Binding and Affinities
ΔG = −RT lnK ≈ −2.3RT logK
KJ
ΔG = −5.7
• logK
mol

•

Kd
Kd
Kd
Kd

= 1mM ⇒ ΔG ≈ 17.1kJ /mol
= 1µM ⇒ ΔG ≈ 34.2kJ /mol
= 1nM ⇒ ΔG ≈ 51.3kJ /mol
= 1pM ⇒ ΔG ≈ 68.4kJ /mol

contribution from hydrophobic interactions: -100 to -200 J/mol
per Å2 of lipophilic contact interface

•

contribution from formation of H-bonds: The formation of a typical
H-bond in a protein is about 2-6 KJ/mol, and about 15 KJ/mol,
when charged groups are involved

•

contributions from salt bridges: < 20 kJ/mol (charged groups are
solvated in the non-bound state!)

Free energies of Binding and Affinities
•

Experimental determined inhibition constants are between 10-2 and
10 -12, corresponding to Gibbs free energies of binding of -10 to -70
KJ/mol.

•

A change in free energy by 5.7 kJ/mol alters the inhibition constant
by one order of magnitude.

•

For SMALL molecules (up to 15 non-H atoms) each additional atom
increases affinity by 6.3 kJ/mol

•

For larger molecules the binding affinities level off due to
enthalpy-entropy compensation

Lessons for Drug Design
•

Mostly, the largest contribution for ligand receptor interaction
comes from hydrophobic interactions

•

The gain in binding energy from hydrophobic interaction can be
maximized when the binding pockets are optimally filled (shape
complementarity)

•

Polar groups are solvated in water. When they become buried in the
ligand-receptor complex, they MUST be hydrogen bonded. If this is
not the case a large penalty in energy must be paid.

•

Rigidified ligands need to suffer from less entropy loss upon
binding. However, when the structure is fixed in the wrong
conformation, the ligand may not bind at all...

•

All those protein groups that cannot be favorably solvated
contribute largely to binding

Associate each one of the following terms with one of the three
phrases: pharmaceutical, pharmacokinetic, pharmacodynamic.
a) absorption
b) dosage form
c) receptor
d) metabolism
e) binding site
f) elimination
g) excipient
h) oral administration

Fragments/Leads/Drugs

fragment

lead

drug

Fragment-based approaches

Properties of Fragments, Leads and Drugs
Table 2 The properties defining fragments, leads and drugs
Fragment3 9

Lead4 3 , 4 4 , 8 0

Drug4 2 , 4 3 , 4 5 –4 7

Molecular weight (Da)

<3 0 0

<4 0 0 –4 5 0

<5 0 0

Lipophilicity (LogP)

<3

<4

<5

H-bond donors (OH, NH)

≤3

≤4 –5

≤5

H-bond acceptors (N, O)

≤3

≤8 –9

≤1 0

NA

NA

≤1 4 0 –1 5 0 Å2

NA

≤8

≤1 0

NA

None present

None present

Target activity (IC 5 0 or K i ) 8 4

>>1 0 −5 M

1 0 −6 –1 0 −7 M

1 0 −8 –1 0 −9 M

Ligand efficiency8 5 (kcal atom–1 )

>0 . 3

>0 . 3

>0 . 3

S AR

NMR or X-ray data

Useful S AR established

Full S AR understood

Absorption

NA

Membrane permeable

B ioavailable (i. v. , p. o. )

Distribution

NA

Distributes to tissue

S ufficient tumor levels

Metabolism/excretion

NA

Low intrinsic clearance; Low inhibition S ufficient half-life; Low drug-drug
of CYP4 5 0 enzymes
interactions

Toxicology

No common toxophores present

No problem off-target pharmacology,
for example HE R G

Physicochemical

Polar surface

area4 5 –4 7

R otatable bonds 4 5 –4 7
Chemically reactive

groups 4 9

B iological

ADME T 4 2 , 8 0

NA, not analyzed / not applicable; IC 5 0 , half-maximal inhibitory concentration; CYP4 5 0 , cytochrome P4 5 0 ; i. v. , intravenous; p. o. , oral.

Collins, Nature Chem Biol, 12(2006), 689

Therapeutic window

Lipinski Rules
•
•
•
•
•

MW < 500
< 5 H-bond donors (expressed as the sum of all OHs and NHs)
log P < 5
< 10 H-bond acceptors (expressed as the sum of all “Ns” and “Os”)
substrates for biological transporters are the exceptions to the rule

Veber Rules
• < 10 rotatable bonds
• polar-surface area < 140 Å2
• < 12 total hydrogen bonds

Descriptors of Drugs

Prediction of physicochemical
properties of drugs

• lipophilicity:
• poor aqueous solubility lead to poor oral absorption of drugs
• poor lipophilicity results in little membrane permeability
• it also determines the route of clearance of drugs
• measured by logP (partitioning in a water:octanol system,
binding to artificial immobilized membranes, immobilized
liposome chromatography or liposome:water partitioning).
Values can also be computed referred to as clogP values.
Values need to be determined at the appropriate pH (7.4 in
blood or 6.5 for the intestine.

Prediction of physicochemical
properties of drugs (II)

• solubility:
• only reasonable soluble compounds will be developed in a
drug discovery program

• solubility depends on the pK

of ionizable groups if present
in the molecule. pKa values can be predicted to some extend.
a

• hydrogen bonding
• to cross membranes hydrogen bonds to water must be

stripped off. Too many hydrogen bond donors/acceptor
groups makes this energetically very expensive.

• can be computed from counts of O and N atoms or
computation of the polar surface area.

Prediction of physicochemical
properties of drugs (III)

• permeability:
• can be tested in vitro by measuring diffusion through Caco-2
or Madin-Darby canine kidney (MDCK) monolayers, which
serve as models for human intestinal absorption. In addition
bovine microvessel endothelial cells (BMEC) can be used to
model blood-brain-barrier penetration.

• measure partitioning by octanol:water partitioning, retention
on chromatographic columns, binding to liposomes as
measured by BiaCore techniques.

Affinity of commercial drugs
400
350

Frequency

300
250
200
150
100
50
0
1.8 2.8 3.3 3.8 4.3 4.8 5.3 5.8 6.3 6.8 7.3

–Log10 affinity

7.8 8.3 8.8 9.3 9.8 10.3 10.8 11.3 11.8

Promiscuity of oral drugs at ≤ 1uM

Sources for new Drugs

treatment of Parkinson's disease

alpha-adrenergic agonist

chemotherapy drug belonging to the class of
nitrogen mustard alkylating agents.

Adrenaline

Source of new clinical candidates

The Source of Drugs (1981-2002)
J. Nat. Prod. 2003, 66, 1022-1037

From Genes to Drugs

Lead profiling
Lead generation
H
N

N
N

N

N

H
N

Lead optimization
N

O

Small
molecules

Target validation

Target identification

Gene

Preclinical profiling

Chemical biology

Structural biology

Target identification
Target validation
Lead generation
• Phenotype screening
Lead optimization
• Biomarker selection
• Probing selectivity
Clinical profile
• Combination therapies
• Understanding resistance

Lead generation
• Library design
• Virtual screening
Lead optimization
• Designing for
potency
• Understanding
selectivity
Clinical profile
• Understanding
resistance

Collins, Nature Chem Biol, 12(2006), 689

Clinical trial

Drug

Screening Techniques

Hit discovery and confirmation techniques
Primary
assay

Molecule class

Biochemical

Drug-like

Mostly
fluorescence

Fragment-like

Affinity

In silico

Detection

Hit discovery
advantages

Sampling

Hit confirmation
challenges

Hit discovery techniques

Preliminary SARa

Very poor

Data noise, false positives,
false negatives

Affinity confirmation, counter
screening (proteins, artifacts),
preference for cluster hits

Mostly
fluorescence

Minimal resource
need

Better

False positives, weak potency

Multiple assays, counter screening
(artifacts), preference for structural
data

Drug-like

MS

Large mixture
capability

Poor

Deconvolution, false positives
by MS, false negatives

Biochemical confirmation in discrete
format, mixture optimization

Fragment-like

NMR

Structural
information

Better

Weak potency, false positives,
no SAR

Biochemical confirmation, structure
guided optimization, site-directed
screening

Fragment-like

X-ray

Structural
information

Better

Weak potency, false negatives,
no SAR

Biochemical confirmation, structure
guided optimization

Drug-like

Scoring

Chemistry-less
filtering

Better

Need experimental confirmation
and preferably structural data
for model

Biochemical confirmation, model
refinement by enrichment studies

Fragment-like

Scoring

Chemistry-less
filtering

Good

Need experimental confirmation
and preferably structural data
for model

Biochemical confirmation, model
refinement by enrichment studies

Common assay methods for high-throughput screening
Assay name

Key aspects

Common applications

Method to remove compound
interference*

Fluorescence polarization

Product is detected by binding to a
partner of higher molecular mass.
This decreases the tumbling of the
complex, thereby maintaining polarization
of the emitted light

Kinase, receptor and
protease assays

Polarization of light is independent
of signal intensity, and therefore is
not affected by compound quenching
or emission

HTRF/LANCE

Time-resolved fluorescent donor
(lanthanide), acceptor labelled with APC

Kinase, receptor, protease
and helicase assays

Emission lifetime is longer than
typical compound emission. Large
emission/excitation wavelength shift
moves detected signal away from
most compound-derived signals

Conventional FRET

Number of donor/acceptor pairs in
common use, such as Dabsyl/Edans,
coumarin/fluoroscein and others

Kinase, protease and
phosphatase assays

Can be run in kinetic format; so,
the rate of reaction is independent
of initial fluorescence or absorbance

SPA/Flashplate

Detects radioisotopes in close
proximity to a solid scintillant,
encased in bead or plates

Kinase, ligand binding and
helicase assays

Emitted signal can be corrected
for compound effects at scintillation
counting

Alpha Screen

Luminescent homogeneous proximity
assay. Donor bead excited at 370 nm,
which generates singlet oxygen,
diffuses to acceptor bead and emits
at 520–620 nm

GPCR and kinase assays

Large emission/excitation
wavelength shift separates assay
signal from short wavelength
compound emissions

Coupled enzyme assays

Couples conversion of ATP to ADP with
decrease in A340 by conversion of
NADH to NAD

Any ATP-dependent assay
(for example, kinase and
helicase assays)

Kinetic measurements are
independent of initial absorbance
of assay, and are therefore not
affected by compound absorbance

Filter-binding assays

A radioactive substrate (typically
γ32P-ATP) transfers a label to a
charged peptide, which is bound
to a filter with the opposite charge

Kinase, polymerase assays

Compound is removed by
filtration of the sample

Precipitation/filtration
assay

A radioactive substrate is precipitated
after completion of the assay, then
captured on glass fibre of a similar filter

Kinase, receptor binding,
polymerase, GTP exchange
(GPCR) assays

Compound is removed by filtration
of the sample

ELISA and similar formats

Products from a reaction are captured
in a plate using a specific antibody to
the reaction product. A similar approach
is to use a biotinylated substrate molecule,
which is captured on a strepavidin-coated
plate after assay is complete

Most common biochemical
targets

Compound is removed by filtration
of the sample

Homogeneous assays

Separation-based assays

Walters et al., Nature Reviews Drug Discovery 2 (2003), 259-266

Assays for High-Throughput Screening
for Kinases
scintillation proximity assay

FRET-based assay

ATP*
Kinase
Substrate

ADP
Substrate

Emission at
wavelength 3

Excitation at
wavelength 1

Substrate

P*

Donor

Kinase

Substrate

Wavelength 2
Donor

ADP

OH ATP

O

Acceptor

P

Stop reaction
Capture
Substrate

coupled enzyme assay

P*

on filter
Substrate

Wash to remove remaining
ATP* and add scintillation fluid

Enzyme

Quantitate by
Substrate

Pyruvate

ATP

NAD+

NADH
LD

Lactate
Read NADH depletion
at 340 nm

PK

P* scintillation counting
P*

Substrate

ADP

PEP

Walters et al., Nature Reviews Drug Discovery 2 (2003), 259-266

Fluorescence depolarization (FP)

FP is based on the observation that
fluorescent molecules in solution, excited with
plane-polarized light, will emit light back in a
fixed plane if the molecules remain stationary
during the excitation of the fluorophore.
Since molecules rotate and tumble, the planes
into which light is emitted can be very
different.

To detect binding a small-molecule is coupled
to a fluorophore. Binding to a receptor will
change the correlation time strongly, which
can be detected by PF.

FRET-based detection

•Donor has a high quantum yield
•There is substantial spectral
overlap

•The dipoles of the donor and

acceptor can align properly

•The donor and acceptor are at a
proper distance

ELISA assays

Enzyme-linked immunosorbent assay

(1) Plate is coated with a capture antibody;
(2) sample is added, and any antigen present binds to
capture antibody;
(3) detecting antibody is added, and binds to antigen;
(4) enzyme-linked secondary antibody is added, and
binds to detecting antibody;
(5) substrate is added, and is converted by enzyme
to detectable form.

http://www.mitosciences.com/sandwich_elisa_assay_overview.html

High-Throughput Screening (HTS)

large sample collections
that can be handled by
robots

compounds must be
barcoded and are
transferred into well-plates
by liquid-handling machines

Table 4
Impact of Assay Miniaturization on Reagent Costs and Screening Throughput
Plate density
(wells/plate)
96
384
1536

Assay volume
(µL)

Throughput
(tests/d)

Reagent costs/well
($)

50–200
20–50
2.5–10

10,000
40,000
60,000

0.50
0.20
0.05

96, 384 and 1536 well plates

Boisclair et al, High-Throughput Screening in Industry, from: Cancer Drug Discovery and Development:Anticancer Drug Development Guide: Preclinical
Screening, Clinical Trials, and Approval, © Humana Press Inc., Totowa, NJ,

The Technology of High-Throughput Screening

compounds are automatically transferred
into systems for fluorescence-based assays

Drug Discovery Today Volume 11, Numbers 7/8 April 2006
TABLE 1

Success rates in finding tractable hits via full diversity HTS at GSK
Ta r get cl a s s
G-protein-coupled
receptors (GPCRs)

S ucces s r a te: H T S t o
tractable hit (%)
Family A

54

Family B

0

Family C

0

Ion channels

73

Kinases*

7*

Nuclear receptors

72

Other enzymes

50

Other targets

33

Maccaron et al., Nature Rev. Drug Discov. 10 (2011), 188-195

Common Sources of HTS Artifacts

•compound fluorescence/fluorescence quenching
•light-scattering due to insolubility
•assay-specific artifacts
•cell-membrane permeabilization
•cytotoxicity (in cellular assays)
•reactive compounds
•mechanical problems (pipette tips clogging), solvent evaporation
•edge effects (spill over on plates from adjacent fields)
•compound aggregation/insolubility/degradation

Lepre, BioNMR in Drug Design (2003), 391-415

Properties of combinatorial libraries
(then and now)
combi lib’s (1995)

combi lib’s (2005)

large (105 members)

smaller lib’s (103 members)

lots of RO5 violations

RO5 compilant

many solid-phase synthesis

many solution phase synthesis

multiple compounds per well

one compound / well

minimal purification

extensive purification

primary use:diversity screen

primary use: property optimization

called combinatorial libraries

called parallel synthesis lib

Using a common precursors and many reactions to create diverse
molecules

Tempest et al., JACS 1997,119, 7607

Miscellaneous Functional Groups in Drugs
Acid chlorides

-too reactive to be of use

Acid anhydrides

-too reactive to be of use

Alkyl halides

-present in anticancer drugs to form covalent bonds with nucleophiles in target

Aryl halides

-commonly present. Not usually involved in binding directly

Nitro groups

-sometimes present but often toxic

Alkynes

-sometimes present, but not usually important in binding interactions

Thiols

-present in transition metals (e.g. Zn in zinc metalloproteinases)

Nitriles

- present in some drugs but rarely involved in binding

Functional groups may be important for electronic reasons (e.g. nitro, cyano, aryl halides)
Functional groups may be important for steric reasons (e.g. alkynes)

Reactive compounds giving false positives in screens

Pre-Filtering
Problematic Groups
Lead

O

O O

Long aliphatic chain

Peroxide

O

O

Property

Minimum

Maximum

Molecular weight

200

500

LogP

–5

5

Hydrogen-bond donors

0

5

Hydrogen-bond acceptors

0

10

Formal charge

–2

2

Primary alkyl halide

Number of rotatable bonds

0

8

X

Number of heavy atoms

15

50

S

N+

X

Sulfonyl halide

O
O–

H

Nitro group

Aldehyde
O

C

X

S O

O

H

X

C

1,2 dicarbonyl

H

X

O

C

O

Epoxide

Sulphonate ester

X
X

Perhalo compound

N

C

O

Isocyanate

N

N+

Azide

N–

Privileged Functional Groups
O
R

NH2

Amine

S

R

Rʹ

Sulphone

Amide

NHRʹ

R S

Sulphonamide

NH
H2N

NHR

O

O

C

R OH

R

Guanidine

R

C

NH2

Amidine

Rʹ

Ketone

O

O

C

C

OH

RHN

ORʹ

Carboxylic
acid

Carbamate

O

O

NH
NHR

C

R

Alcohol

O

O
R

C

O

R

N
H

C

N
H

Urea

Rʹ

R

C

ORʹ

Ester

Frequently encountered side-chains in drugs

Distribution of Anchoring Atoms
anchoring atom

%

C
N
C aromatic
N aromatic
O
P
S
Si

37.1
12.5
37.2
2.7
7.8
< 0.1
2.7
< 0.1

Haubertin, J. Chem. Inf. Model. 47 (2007), 1294-1302

Virtual Screening
•

Target Selection: Preferably targets of known structure or at least
high affinity rigid ligands, good models from homology modelling

•

Identification of binding pockets: Pocket size and geometry,
surface complexity and roughness. Polar surface area below 75 Å2

•

Pre-filtering of potential ligands (elimination of toxic compounds
and those that do not agree with the Lipinski rules and expect to
have poor pharmacokinetics)

•

Docking of a set of ligands into potential binding sites

•

Ranking of the hits according to an energy scoring function
( prediction of true binding energies is difficult to achieve)

•

Hits should leave space for optimization of pharmacokinetics and
hence should be more lead-like or fragment-like than drug-like

Virtual Screening using 3D information on a
single inhibitor

Virtual Screening using information on a
series of inhibitors

Drugs from Virtual Screening
TABLE 1

Targets addressed by virtual screening

[31]

G-protein-coupled
receptors

a 1A adrenoceptor, dopamine D3 receptor, endothelin A (ETA) receptor, melanin-concentrating hormone type 1 receptor,
muscarinic M3 receptor, neurokinin-1 receptor, neuropeptide Y receptor type 5, purinergic A2A receptor,
urotensin II receptor (GPR14)

Nuclear receptors

Retinoic acid receptor, thyroid hormone receptor

Kinases

Akt 1 (also known as protein kinase Ba ), Bcr-abl tyrosine kinase, checkpoint kinase 1, cyclin-dependent kinase 2, cyclin-dependent
kinase 4, glycogen synthetase kinase, p56 lymphoid T cell tyrosine kinase, protein kinase CK2 (also known as casein kinase II),
transforming growth factor b receptor kinase

Proteases

Cathepsin D, falcipain-2, HIV protease, plasmepsin II, severe acute respiratory syndrome CoV 3C-like proteinase, thrombin

Other hydrolases

Acetylcholinesterase, adenylate cyclase (oedema factor and CyaA, a toxin of the pathogenic bacteriaBacillus anthracis
and Bacillus pertussis), AmpC b-lactamase, phosphodiesterase 4, protein tyrosine phosphatase 1B

Oxidases and
reductases

Aldose reductase, dihydrofolate reductase, inosine 50-monophosphate dehydrogenase inhibitors

Miscellaneous
enzymes

5-Aminoimidazole-4-carboxamide ribonucleotide transformylase, carbonic anhydrase II, DNA gyrase,
dTDP-6-deoxy-D-xylo-4-hexulose 3,5-epimerase, farnesyl transferase, guanine phosphoribosyl transferase, HIV-1 integrase,
tRNA-guanine transglycosylase

Ion channels

T-type selective Ca2+ channel, Kv1.5 potassium channel, shaker potassium channel

Protein–protein
Interfaces, protein
complexes

Bcl-2 protein–protein interaction, cyclophilin A, FK506-binding protein, mesangial cell proliferation,
Rac1 protein–protein interaction, VLA-4 (also known as a 4b1 antigen)

Protein–RNA
interactions

HIV-1 RNA transactivation response element
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Problems for Virtual Screening
•

no good structural information available

•

protein or ligands are flexible. Required is an estimate of the
protein or ligand conformational space accessible (e.g. derived from
MD runs or crystal structures with various ligands). Usually
different conformational states are related to the structural
modulations required for protein function.

•

correct protonation state must be assigned to ionizable groups

•

water molecules may participate in ligand binding (2/3 of all drugs
involve water participation)

The Use of Virtual Screening
natural products

(Klebe, DDT 11, 580-594)

Water-Mediated Ligand Binding
O
H2N
NH
NH

O

O
H2N
NH

N

NH2

Hotspot analysis reveals that the two water molecules
are bound at favorable sites in the protein

removal of the water and virtual screening lead to the
identification of completely new scaffolds

Virtual screening lead to inhibitors with
completely different scaffolds

