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Coarse-grained 
representations in biology
Natural lump sizes:

– atoms
– residues
– base pairs
– duplexes, alpha 

helices, beta strands
– macromolecules
– molecular assemblies
– organelles

– cells
– tissues
– organs
– limbs
– organisms
– societies
– ecosystems
– biospheres
– intergalactic federations

(picometer to micron scale) (micron to mega-light-year scale)
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Part I: Atoms
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Atomic Theory
• Chemical elements are made of tiny 

particles called atoms
• All atoms of a given element are identical
• The atoms of a given element are 

different from those of any other element
• Atoms of one element can combine with 

atoms of other elements to form 
compounds. A given compound always 
has the same relative numbers of types of 
atoms.

• Atoms cannot be created, divided into 
smaller particles, nor destroyed in the 
chemical process. A chemical reaction 
simply changes the way atoms are 
grouped together.

John Dalton
(1766-1844)
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Periodic table of the 
elements

Dmitri Mendeleev
(1834-1907)
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Bohr model of the atom
(not to scale)

nucleus, containing
protons and neutrons

orbitals, containing
electrons

Niels Bohr
(1885-1962)
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Atomic length scale
• Macroscopic length units

– meter
• Atomic length units

– nanometer = 10-9 m
– Ångstrom = 10-10 m
– picometer = 10-12 m

• Diameter of hydrogen atom = 2.4 Ångstroms

• Diameter of carbon atom = 3.4 Ångstroms
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Atomic time scale
• Macroscopic time unit: second
• Atomic simulation time units

– picosecond = 10-12 s
– femtosecond =10-15 s

• Protein folding time scale: microseconds to hours

• Protein tumbling time scale: nanoseconds

• Water tumbling time scale: 10 picoseconds
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Four fundamental forces of 
physics

1. Gravity: unimportant at atomic scale
2. Electromagnetic forces: everything else
3. Strong nuclear force
4. Weak nuclear force
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Quantum vs. classical mechanics

Quantum mechanics
• Schrödinger equation

Hψ = Eψ
• Expensive computation
• Especially useful at small 

size scales
• More precise
• Orbitals, wave functions, 

quantized spin
• Explains bonding and 

collisions between atoms

Classical mechanics
• Newton’s second law

F = ma
• Easier computation
• Especially useful at large 

size scales
• Velocities, accelerations, 

continuously 
differentiable angular 
velocity
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Atomic mass scale
Avogadro constant

–
– The number of carbon-12 (12C) atoms in 12 grams 

(0.012 kg) of unbound carbon-12 in its rest-energy 
electronic state

– Basis for atomic mass units
– Terminology: NA atoms = 1 mole of atoms

Macroscopic mass units: kilogram, gram
Atomic mass units

1 Dalton = 1 atomic mass unit (amu) = 
1/NA grams = 1.66×10-27 kg

mass of hydrogen atom: 1.008 Daltons
mass of uranium atom: 238.03 Daltons

-123 mole 10  30) 000 0.000  79 141 (6.022  ×±=AN

Amedeo Avogadro
(1776-1856)

Johann Josef 
Loschmidt

(1821-1895)

John Dalton
(1766-1844)

http://upload.wikimedia.org/wikipedia/commons/3/3c/Amedeo_Avogadro2.jpg
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Atomic energy scale

(not nuclear reaction energy scale…)
Force is the derivative of energy
Macroscopic energy units

joule = 1 kg m2 / s2

Atomic energy units
kilojoule per mole = 1000/NA joules
kilocalorie per mole = 4184/NA joules



16
© 2007 Christopher M. Bruns

Periodic table of the elements

http://fermat.csci.unt.edu/~mikler/Courses/biocomputing/resources/periodic_table.gif
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Elemental composition
(by mass)

hydrogen
(74%)

helium
(24%)

oxygen
(1%)

carbon nitrogen

of the universe

sulfur

oxygen
(65%)

carbon
(18%)

hydrogen
nitrogen

calcium
(1.5%)

phosphorus
(1.2%)

of the human body
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Determining atomic mass
• Determined experimentally
• Atomic mass can be looked up in a Periodic 

Table, in the CRC Handbook of Chemistry and 
Physics, or any of many other reference sources

• ChemicalElement.cpp
• Atomic mass is NOT exactly the sum of the 

masses of the electrons, protons, and neutrons 
in the atom
– “E = mc2” has a significant effect in atom formation.
– Those special nuclear forces do affect the final mass.
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Isotopes
• Same element, but differs in number of neutrons in the 

nucleus
• Changes mass, but does not affect chemical properties 

(much)
• Mass found in periodic table is usually the natural 

abundance weighted average of isotope masses
• That’s why although carbon-12 is defined as the mass 

standard, the periodic table shows the mass of carbon 
as 12.011, rather than 12.0000000…

• Why use weighted average?
– You probably don’t know which isotopes are in your molecule
– Easier to measure experimentally
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An atom “is” a point mass

• For Clintonesque definition of “is”
• Mass is concentrated in the center

– Nucleus holds 4999/5000ths of the atomic 
mass

– Nucleus occupies one billionth of the atomic 
volume

• Internal angular velocity and angular 
momentum don’t apply
– Quantum spin values are not continuous
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Atoms are not point charges

• Electron cloud occupies most of the 
volume, and possesses all of the negative 
charge

• But classical mechanics usually treats 
atoms as if they were point charges
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Part II: Molecules
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What is a molecule?

• a group of atoms connected by covalent 
bonds (contrasted with ionic bonds and 
hydrogen bonds)

water molecule (H2O)

bonds

carbon dioxide (CO2)

oxygen

oxygen

carbon

bonds
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Combining masses

Molecular mass is the sum of the masses of 
the atoms in the molecule
Effect of energy of molecule formation upon 

mass is negligible.
(unlike atomic mass)
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Molecule mass properties are 
SO simple
• Compared to, say, musculoskeletal mass properties
• Because atoms “are” point masses
• Good thing, because we can neither see, feel, touch nor savor 

molecule mass properties
• CAVEAT: Molecules are NOT rigid bodies, but it may be useful to 

model them as rigid bodies.
• Molecule mass:

• Molecule center of mass:

• Molecule inertia dyadic:

∑=
atoms

atommol imm

∑ ∗=
atoms

/atomatom
mol

/mol 1 OO iicm rm
m

r
vv vv

])(1[
atoms

/atom/atom/atom/atomatom/mol ∑ ∗−⋅∗∗= OOOOO iiiii rrrrmI
vvvvv vvvv
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Viewing Molecule Models
• RasMol

– Roger Sayle (1996)
– http://www.umass.edu/microbio/rasmol/index2.htm

• Pymol
– Warren Delano
– http://pymol.sourceforge.net/

• Tornado
– Christopher Bruns
– https://simtk.org/home/rna-viz-proto

• Chimera, Chime, VMD, many others
– not necessarily free
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Part III: Nucleic Acids and 
Proteins
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Macromolecules, residues, and 
atoms
• RNA, DNA, and protein are large 

molecules called macromolecules
• Macromolecules consist of chains of 

residues

Atoms

Residues

Macromolecule
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RNA

Macromolecules, residues 
and atoms

Nucleic Acids (RNA and DNA)

• 5 nucleotide residues
– adenylate (A)
– cytidylate (C)
– guanylate (G)
– thymidylate (T)
– uridylate (U)

• 5 chemical elements
– hydrogen (H)
– carbon (C)
– nitrogen (N)
– oxygen (O)
– phosphorus (P)

Proteins

• 20 amino acid Residues
– alanine, arginine, aspartate, 

asparagine, cysteine, glutamate, 
glutamine, glycine, histidine, 
isoleucine, leucine, lysine, 
methionine,  phenylalanine, 
proline, serine, threonine, 
tryptophan, tyrosine, valine

• 5 chemical elements
– hydrogen (H)
– carbon (C)
– nitrogen (N)
– oxygen (O)
– sulfur (S)

H C N O P H C N O S

protein

adenylate methionine
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Six elements of DNA, RNA and proteins
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• Red blood cell is 
99% hemoglobin 
(dry weight)

• Hemoglobin 
mass = 62000 
Da

A Ala alanine 72

R Arg arginine 12

N Asn asparagine 20

D Asp aspartate 30

Q Gln glutamine 8

E Glu glutamate 24

G Gly glycine 40

H His histidine 38

I Ile isoleucine 0

L Leu leucine 72

K Lys lysine 44

M Met methionine 6

F Phe phenylalanine 30

P Pro proline 28

S Ser serine 32

T Thr threonine 32

Y Tyr tyrosine 12

V Val valine 62

W Trp tryptophan 6

C Cys cysteine 6

Hemoglobin Atoms
carbon 2818
nitrogen 764
oxygen 788
sulfur 12
hydrogen 4376
iron 4

Hemoglobin residues
Example protein: Hemoglobin
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PDB: The Protein Data Bank

• http://www.rcsb.org/pdb/
• Repository of DNA, RNA, and protein 

atomic structures
• Contains experimental results, not perfect 

models for simulation
• Entries identified by 4 character ID, e.g. 

“1MRP”, “1GRZ”
• Use “advanced search” at PDB web site to 

find structures.

http://www.rcsb.org/pdb/
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Search box
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4-character ID
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Where do PDB files come from?
Experimental technique Number Percent

X-ray diffraction (crystal) 36421 84.995%

Nuclear Magnetic Resonance (NMR) 6208 14.487%

Electron microscopy 145 0.338%

Fiber diffraction (X-ray) 22 0.051%

Neutron diffraction 19 0.044%

Powder diffraction (X-ray) 17 0.040%

Electron diffraction 14 0.033%

Electron tomography 4 0.009%

Fluorescence transfer 1 0.002%

Total 42851 100.000%

(at 90% sequence identity April 23, 2007)
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Where do PDB files come from?

X-ray crystallography
(85%)

NMR
(14%)

Electron microscopy
(0.3%)

Neutron diffraction
(0.04%)

(at 90% sequence identity April 23, 2007)
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Crystallography vs. NMR

• X-ray crystallography
– Usually lack hydrogen atom positions
– Structural time scale is hours

• NMR – Nuclear Magnetic Resonance
– Molecular dynamics simulations are part of the 

structure determination process
– Produces multiple related versions of a molecular 

structure
– nanosecond to microsecond structure time scale
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X-ray crystallography

x-ray 
beam

protein
crystal

diffraction
patterns

atomic
coordinates

computers graduate
students

mysterious
process
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NMR spectroscopy

concentrated
protein
solution NMR spectra

atomic
coordinates

mysterious
process

computers graduate
students

big
magnets

radio
waves
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Resolution vs. accuracy
• “Resolution” in an x-ray crystal structure is a technical 

term relating to the diffraction data.  It has units of length. 
Resolution is typically in the range of 1 (better) to 3 
(worse) Angstroms.

• The accuracy of a crystal structure is typically 1/10 of the 
resolution for well determined parts of the structure.  
Typically 0.2 Angstroms.

• Occasionally you may hear ill-informed computational 
chemists state that a “three Angstrom RMSD” is “close to 
the accuracy of a crystal structure”.  Such people are 
confused.
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Missing hydrogen atoms
• X-ray crystallography produces essentially no electron 

density information for hydrogen atoms
– Most x-ray structures in the PDB lack hydrogen atom positions

• Neutron diffraction does locate hydrogen atoms
• There exist computer programs that automatically add 

hydrogen atom positions
– H++ http://biophysics.cs.vt.edu/H++/
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Missing segments

• Mobile loops can be invisible in electron 
density maps.

• Thus PDB models can lack atomic 
coordinates for parts of a molecule
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PDB File format

• Text format – humans can read it too
• Most of the information is atomic 

coordinates
• PDB files usually contain multiple 

molecules, including water molecules

…
ATOM   1751  N   GLY C 250      32.286   1.882  43.206  1.00 22.00
ATOM   1752  CA  GLY C 250      32.365   1.086  41.969  1.00 21.39
ATOM   1753  C   GLY C 250      31.538   1.735  40.864  1.00 20.79
ATOM   1754  O   GLY C 250      30.621   2.527  41.152  1.00 21.58
…
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Anatomy of an ATOM record

1.00 26.68           C  
columns 55 to 80

occupancy temperature
factor

chargeelement

65 66 67 68 69 70 71 72 73 7455 56 57 58 59 60 61 62 63 64 75 76 77 78 79 80

x y z
68.446  51.117  21.026

columns 31 to 54: atomic coordinates

35 36 37 38 39 40 41 42 43 4431 32 33 34 45 46 47 48 49 50 51 52 53 54

ATOM    194  C4    A A   9    
columns 1 to 30

record name serial 
number

atom
name

residue
number

residue
name

chain
ID

alt
loc

11 12 13 14 15 16 17 18 19 201 2 3 4 5 6 7 8 9 10 21 22 23 24 25 26 27 28 29 30
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PDB ATOM record format
COLUMNS      DATA TYPE        FIELD      DEFINITION 
------------------------------------------------------ 
 1 -  6      Record name      "ATOM    " 
 7 - 11      Integer          serial     Atom serial number. 
13 - 16      Atom             name       Atom name. 
17           Character        altLoc     Alternate location indicator. 
18 - 20      Residue name     resName    Residue name. 
22           Character        chainID    Chain identifier. 
23 - 26      Integer          resSeq     Residue sequence number. 
27           AChar            iCode      Code for insertion of residues. 
31 - 38      Real(8.3)        x          Orthogonal coordinates for X in  
                                         Angstroms 
39 - 46      Real(8.3)        y          Orthogonal coordinates for Y in  
                                         Angstroms 
47 - 54      Real(8.3)        z          Orthogonal coordinates for Z in  
                                         Angstroms 
55 - 60      Real(6.2)        occupancy  Occupancy. 
61 - 66      Real(6.2)        tempFactor Temperature factor. 
77 - 78      LString(2)       element    Element symbol, right-justified. 
79 - 80      LString(2)       charge     Charge on the atom. 

http://www.wwpdb.org/documentation/format23/v2.3.html 
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ATOM and HETATM records
• ATOM records – atoms in “canonical” amino acid and 

nucleotide residues
• HETATM records – all other atoms

– includes water molecules and small ions
– includes unusual or modified nucleotides and amino acids, so it 

is not safe to ignore HETATM records when you want an entire 
macromolecule

• ATOM and HETATM lines have the same format, except 
for the record name

ATOM  194  C4    A A   9      68.446  51.117  21.026  1.00 26.68    C

HETATM 195  P   2MG A  10      61.504  51.328  21.232  1.00 44.21    P
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PDB atomic coordinates
• x, y, z coordinates in units of Ångstroms (10-10 meters)
• Right-handed orthogonal coordinate system with origin 

established from details of crystal geometry

ATOM    194  C4    A A   9      68.446  51.117  21.026 1.00 26.68           C

HETATM  195  P   2MG A  10      61.504  51.328  21.232 1.00 44.21           P

X Y Z
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Coarse-grained 
representations in biology
Natural lump sizes:

– atoms
– residues
– base pairs
– duplexes, alpha 

helices, beta strands
– macromolecules
– molecular assemblies
– organelles

– cells
– tissues
– organs
– limbs
– organisms
– societies
– ecosystems
– biospheres
– intergalactic federations
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