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What is life?

Water

Oxygen

Carbon

http://www.kidsgeo.com/geography-for-kids/

Nitrogen

Vital cycles

CO2

Body composition
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http://www.madsci.org/posts/archives/2000-06/962225341.Bc.r.html

By Weight*

Oxygen 65% 

Carbon 18%

Hydrogen 10% 

Nitrogen 3% 

Calcium 1.5% 

Phosphorous 1.0% 

Potassium 0.35% 

Sulfur 0.25% 

Sodium 0.15% 

Chlorine 0.15% 

Magnesium 0.05% 

Iron 0.0004% 

Iodine 0.00004% 

By Mole

Hydrogen 63% 

Oxygen 26% 

Carbon 9% 

Nitrogen 1.25% 

Calcium 0.25% 

Phosphorus 0.19% 

Potassium 0.06% 

Sulfur 0.06% 

Sodium 0.04% 

Chlorine 0.025% 

Magnesium 0.013% 

Iron 0.00004% 

Iodine 0.000002% 

By Mole, Dehydrated

Hydrogen 52% 

Carbon 39% 

Nitrogen 5.6% 

Oxygen 1.6% 

Calcium 0.98% 

Phosphorus 0.77% 

Potassium 0.24% 

Sulfur 0.20% 

Sodium 0.15% 

Chlorine 0.10% 

Magnesium 0.06% 

Iron 0.0002% 

Iodine 0.000008% 

*U.S. Bureau of Chemistry and Soils 

Elemental composition of
the human body 

Carbon variety

Maitotoxin, a complex organic biological toxin

CO2

32 ether rings, 22 methyls, 28 hydroxyls, and 2 sulfuric acid esters

Caffeine

Lactose

Sucrose

Retinol

Cellulose

Small molecules

• Organic compounds (C,H,O,N,P,S)

• Molecular weight below 1000

• Non proteins

• Non polymers

• Non carbohydrates

What are they?

Other

F--- A--------

L-----O----D---- V-------

Risperdal

Sotalol

Acetominophen

Aspirin
Acyclovir

Amoxicillin

Drugs

Ampicillin

Lipitor

Nexium

Fluticasone Salmeterol

ADVAIR

Plavix

Norvasc

Zyprexa
Effexor
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Vitamins

Vitamin A (Retinol)

Vitamin B1 (Thiamin)

Vitamin D (Calciferols)

Vitamin C (Ascorbic acid)

Vitamin B2 (Riboflavin)

Vitamin E (Tocopherol)

Vitamin B12 (Cyanocobolamin) Vitamin K (Phylloquinone)Vitamin B5 (Pantothenic acid)

Vitamin B7 (Biotin)Vitamin B6 (Pyridoxine)

Vitamin B3 (Niacin)

Vitamin B9 (Folic acid)

B-group vitamins

Furaneol

(strawberry)
Ethyl maltol

(sugary, cooked fruit)

1-Hexanol (herbaceous, woody)

Vanillin (vanilla)

Hexanal (green, grassy)

Cinnamaldehyde

(cinnamon)

Citral (lemongrass, lemon oil)

cis-3-Hexenal 

(green tomatoes)

Furfural (burnt oats)

Massoia lactone (coconut)

Trimethylamine (fish)

Skatole (bad breath, feces)

Ethyl acetate 

(fruity, solvent)

Ethyl butyrate 

(fruity, solvent)

Isoamyl acetate (banana)

Anisole (anise seed)

Grapefruit mercaptan

Odors

Nerol (sweet rose)

Lipids Food additives

Sorbitol, a sugar alcohol  - sweetener

E420-humectant

Food acids: vinegar, citric acid, tartaric acid, malic acid, fumaric acid, lactic acid.

In the United States, five intensely-sweet sugar 

substitutes have been approved for use

Saccharin Aspartame

Sucralose (Splenda)

Neotame (NutraSweet)

Acesulfame K 

Monosodium glutamate (MSG)

Taste /flavor enhancers

Guanosine monophosphate (GMP)

Maltol (E636)

Glycerol
Triacetin (E1518)

Propylene glycol

(E1520)

Xylitol

Maltitol (E965)

Sweetener (Maltisorb)

Humectants
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Small molecules

• Organic compounds (C,H,O,N,P,S)

• Molecular weight below 1000

• Non proteins

• Non polymers

• Non carbohydrates

What are they?

Building 
blocks

Food Additives

LipidsOdorsDrugs Vitamins

Amino  Carboxyl
Group Group

Side Chain

Looking down H-C Bond—’CORN’

L-form D-form

Peptide Bond Peptide Unit

Residue or Biological Unit

Building blocks: 
amino acids

Minor Groove Major Groove

Building blocks: 
Nucleic acid bases

1. Drugs

2. Odors/Fragrances

3. Food additives – taste enhancers, sugar substitutes

4. Vitamins  - organic and metalloorganic (complexes with 

metals)

5.  Parts and building blocks of complex organic systems

Amino acids, nucleotide bases

6. Lipids – fatty acids

7. Repeat units of polymers – monomers

8. Miscellaneous – catalysts (metals and their complexes), 

live system catalyst - ATP  

Small molecules

. . . anything else ?

SOLVENTS!
water, DMSO, acetone, etc.
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Ruhr-Universität-Bochum (2007, December 26). ScienceDaily. http://www.sciencedaily.com/releases/2007/12/071221224910.htm#

http://www.lms.caltech.edu/research/biological.html

Solvation and water framework

surfaces of the Molecule

The vdW surface of a molecule (shown in 
red) is defined as the surface of the union of 
balls representing all atoms, with radii set to 
the vdW radii.

The accessible surface of the same 
molecule (shown in green) is the surface 
generated by the center of a sphere rolling 
on the vdW surface. The radius of this 
sphere is usually set to 1.4 Angstroms, the 
radius of a water molecule. water

Molecule representation

Balls and sticks: balls represent 
atoms and sticks are bonds

• Covalent interaction (bond formation)

• Ionic (charge-charge) interaction

• Hydrogen bonding

• Hydrophobic interaction

• van der Waals forces

Interaction Energy
ΔG – expressed in kJ/mol or kcal/mol (1 joule = 0.2390 calories)

negative (-) value refers to the release of energy & the process is favored

positive (+) value refers to the demand for energy & the process is unfavorable

Molecule-molecule interactions

Type of 

bond

Bond 

order
Occurs in 

Bond 

energy 

(kJ/mol)

single 1 alkanes 347

double 2 alkenes 614

triple 3 alkynes 839

Covalent  interactions

electrophilic addition 

hydration
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Strong electrostatic interactions (5-10 kcal/mol)

Important attractive forces

Responsible for relative orientation of the molecules to each 

other especially at the beginning of interaction

Example:

Driving force for attraction, orientation and initial binding of 

the ligand to the receptor binding site

Ionic interactions

NH
3

+

N
H

O

S

O

N
H

O

O
O

• Non-covalent bonds

• Hydrogen bond strength is distance dependent

• Solvation/desolvation energy balance

• May range from 0.5 – 7 kcal/mol, depending on the 

binding environment

• Distance between the heteroatoms is about 2.2 – 3.5 Å

O H O

H

O H N
NH

N H O

Hydrogen bonding interactions
(non-ionic/neutral)

His, Trp Thr, Ser, Tyr, 

Asp, Asn, Glu

O
H

H Water

One of the most important non-covalent interactions in aqueous

environment (under physiological conditions)

Come into play at closer distances than ionic interactions

Play important role in many  properties: poor solubility, effecting 

drug formulation, distribution, half-life, etc.

Examples:

Lipophilicity is important for transport across membranes

Good matching of the hydrophobic regions of a ligand and a 

receptor results in the lowering of the energy – favorable

Hydrophobic/lipophilic
interactions

O
N

• Interactions at a close range

• Dispersion forces attract atoms at close distances due to 

atomic dipoles

• Repulsive forces play a role at closer distances than van

der Waals spheres of both molecules

• Interactions are much weaker (~0.5-1 kcal/mol) than other

electrostatic interactions

Example:

Close contacts (attractive forces) over a large surface area,

i.e. at the interface of ligand and binding site, may

significantly contribute to the total binding energy

Van der waals interactions
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Molecular ID: 
structure and properties 

Experimental methods

Solubility

Melting point

Vapor point

Various biological activity

Elemental analysis

Physical methods 

Structural X-ray crystallography

NMR

Liquid Chromatography/HPLS

Mass spectroscopy

Electronic spectroscopy

Computational modeling

Optimization / energy calculations

Conformational search

Interaction points

Physico-chemical properties calculations

Building Molecule
Tutorial

Molecular Mechanics

“We have a great deal of experimental information 

regarding small molecules, such as bond lengths, 

angles, strain energy and so on. A large molecule 

consists of the same features we already know 

about in small molecules, but combined and strung 

together in various ways. Can we with help of 

current structural theory, formulate the structure of a 

large molecule in terms of elementary features of 

small molecules ?”
Norman L. Allinger

And can we do the same for other small molecules 
that have not been synthesized and studied yet?

Minimizing Algorithm

Parameters

MOLECULAR MECHANICs

Force Field 
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A force field is nothing but a set of functions and 

constants used to calculate the potential energy of the

molecule. In the Force Field, the constants k in the formula 

are related to bonds and angles. 

Parameters define the reference points and force 

constants, allowing for the calculation of the different 

energies due to deviations from 'natural' values and/or 

attractive/repulsive interactions between atoms. 

optimizers/minimizers are algorithms to calculate 

new positions of the atoms after changes have been 

applied. Different methods and techniques were suggested 

to overcome the local/global minima problem (Steepest 

Descents / Conjugate Gradients / Powell / Newton-

Raphson / BFGS / Line searches)

Energy =

Stretching Energy + 

Bending Energy + 

Torsion Energy + 

Non-Bonded Interaction Energy

HOW it works
Atoms are spheres

Bonds are springs that can stretch, 

bend or twist

Non-bonded interactions include 

van der Waals attractions and 

electrostatic attractions / repulsions

Stretching Energy

• based on Hooke’s law, kb controls the 

stiffness of the bond spring; r0 defines 

its equilibrium length

kb and r0 are unique for each 

bonded atom pair based on their 

types (C-C, C-O,…)

• estimates the energy 

associated with vibration 

around the equilibrium bond 

length.

Bending Energy

• also based on Hooke’s law, kθ controls 

the stiffness of the angle spring; θ0

defines its equilibrium angle

• estimates the energy associated with 

vibration about the equilibrium bond angle 

The wider the shape of parabola (k is 

smaller), the more energy is required 

to deform an angle (or bond) from its 

equilibrium value 
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Non-bonded  Energy

accounts for repulsion, van der Waals 

attraction, and electrostatic interactions 

van der Waals attraction: at short 

range, and rapidly dies off at a few 

Angstroms. Repulsion: the distance 

between interacting atoms is slightly 

less than the sum of their contact 

radii.  These effects are often 

modeled using a 6-12 equation.

The electrostatic contribution is 

modeled using a Coulombic potential. 

Torsion  Energy

• is modeled by a simple periodic function

and primarily used to correct the 

remaining energy terms rather than to 

represent a physical process.  

• represents the amount of energy that 

must be added to or subtracted from 

the Stretching Energy + Bending 

Energy + Non-Bonded Interaction 

Energy terms to make the total energy 

agree with an experiment or rigorous 

quantum mechanical calculations.

For example, a model of dihedral 

angle of ethane may be used as a 

model for any H-C-C-H bond. 

• FF is empirical methods, so no “correct” 
form of force field can exist.

• FF should be considered as single entity. 
Usually separate term is not transferable, 
though it is possible.

• Molecular Mechanics energies have no 
meanings as absolute quantities. Only 
difference in energy between two or more 
conformations have meaning.

Molecular mechanics 
tutorial
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Derek Barton 1950: Analysis of substituted cyclohexanes

Biological and chemical properties depend on 3D structures 

(conformers) that molecule can adopt.

Conformational analysis is the study of the conformations of a 

molecule and their influence on its properties.

The main goal of CA is to locate all preferred conformations that 

determine biological or chemical behavior of molecule.

On practice it means that we have to find points with the minimal 

values on the molecular energy surface.

R1

R2

conformational analysis
Energy is a function of the degrees of freedom in a molecule (i.e. bonds, angles, 

and dihedrals). 

Molecular energy profile

Direction to global 
minimum

Multiple almost equal minima Single global minimum 

• Systematic Search

• Stochastic Search 

(random perturbation methods) 

• Distance geometry

• Simulated Annealing

Techniques for 
Conformational Search
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Systematic Conformational Search generates molecular conformations by 

systematically rotating bonds in a molecule by discrete increments. 

Purpose: generating a collection of reasonable molecular conformations, 

which may or may not be at local minima. 

Penalty: van der Waals energy exceeds a threshold (usually, 10-15

kcal/mol). 

Systematic Search

“Torsion driving”

Energy profile for single 

dihedral angle.

Combinatorial Search Tree

Rotation around:  3 bonds

Range:  0 to 360

Step: 60

Number of conformers

360/60*360/60*360/60=216

Total number of conformations =

θi dihedral increment for bond i


N

i i
360

Combinatorial explosion

3 rot. bonds

Step: 30

Confs: 1728

Min rate: 1 

conf/sec

Time: 29min 

Conformers

0

10000000

20000000

30000000

40000000

Conformers 1728 20736 248832 2985984 3.6E+07

3 4 5 6 7

5 rot. bonds

Step: 30

Confs:248832

Min rate: 

1conf/sec 

Time: 69 hours

Time for 7 rot. 

bonds: 415 days

Advantage:

Explore all conformational space systematically. All possible 

minimal conformers can be found.

Lack:

Time consuming: combinatorial explosion. 

Can not be used for a large system and has a great limitation 

for the ring systems.

Partial solution:

Restricted systematic search (energy cutoff)

Fragment based approach rather than atom building blocks

Systematic Search
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RANDOM CHANGE

MINIMIZATION

MINIMIZATION

COMPARISON

REGISTRATION

Random Search
Random Search

Generates conformers by random perturbation of Cartesian 

coordinates or the torsion angles of rotatable bonds.

Initial conformer

Check list

for existence

Cartesian 

perturbation

Add to list 

of conformers

Structure for 

next iteration

Minimization

Torsion 

distortions

Stop

Random Search

Advantage:

Explore conformations of the ring systems, where systematic 

search experiences great difficulties.

As an additional option chiral centers can be preserved to their 

original geometry or inverted during generation.

Fast and powerful method for large flexible systems with many 

chiral centers.

Lack:

No real end point like for systematic search. One can never be 

sure that all of minimum conformations have been found.

Distance  Geometry

Determines the lower and upper distances for all pairs of atoms in the 

molecule. Based on this information the distance matrices with 

random values in the upper-lower range are generated
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Advantage:

Very accurate in the systems for which experimental data are 

available (NMR, IR, X-Ray crystallography)

Useful for refining the structure of proteins and nucleic acids 

where  the amount of data is huge for manual processing.

Can generate several conformations that are consistent with 

experimental data and so provides an additional information of 

possible conformations 

Lack:

Requires experimental data

Distance  Geometry Simulated Annealing
Simulated annealing is a global optimization technique based on the

Monte Carlo method. 

 Generate small random changes in the current state and then 
accepting or rejecting each new state according to the Metropolis 
criterion:

 Moves that decrease the energy of the system are always accepted

 Moves that increase the energy of the system are accepted 
according to probability p:

and E1 is an energy of the new state,  E0 is an energy of the current 
state T is the "temperature" of the simulation, and k is Boltzmann's 
constant

 Moves accepted if probability value is larger than random chosen 
number between 0 and 1. 

e kT

E

p







 

 where E=E1 – E0

At high temperatures, many states will 

be accepted, while at low temperatures, 

the majority of these probabilistic moves 

will be rejected 

Conformational search
tutorial

Where to get them 
from?

Crystallographic data - CDC Cambridge, UK

Vendors – Sigma-Aldrich, etc

Assay specific libraries – kinases,  TimTec

Chemical building blocks – Maybridge

Structural conformers – MOE, about 600k molecules with over 

45million precalculated conformers

Internet
e-Molecules http://www.emolecules.com

ChemSpider http://www.chemspider.com

PubChem http://pubchem.ncbi.nlm.nih.gov


