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Central	
  Dogma:	
  DNA	
  to	
  RNA	
  to	
  Protein	
  

Transcription 
 DNA→ RNA 

Translation 
RNA→Protein 

Protein 3 RNAs
Messenger
Ribosomal
Transfer
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Bases	
  

Purine 

Pyrimidine 

Nucleo7des	
  	
  

Phosphate 
group 

Ribonucleoside 
Deoxyribonucleoside 

Nucleoside 
Nucleotide 

Glycoside link 

Base Nucleoside (Deoxy)ribonucleotide 

Adenine Adenosine (Deoxy)adenosine 5’-mono/di/triphosphate 

Guanine Guanosine (Deoxy)guanosine 5’-mono/di/triphosphate 

Cytosine Cytidine (Deoxy)cytidine 5’-mono/di/triphosphate 

Thymine Thymidine (Deoxy)thymidine 5’-mono/di/triphosphate 

Uracil Uridine Uridine 5’-mono/di/triphosphate 
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DNA	
  codes	
  for	
  proteins	
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DNA	
  codes	
  for	
  proteins	
  

Amino	
  acid	
  structure	
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Chirality	
  

L (or R) form not D (or S)

These boxes are coloured according to conventional colouring (eg purple aromatic/hydrophobic) 
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These boxes are coloured according to conventional colouring (eg orange for aliphatic) 

These boxes are coloured according to conventional colouring (eg red acidic, blue basic) 
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These boxes are coloured according to conventional colouring (eg purple polar, cyan those with hydroxyls -OH) 

These boxes are coloured according to conventional colouring (eg red acidic, blue basic) 



12/12/17 

10 

Amino	
  acid	
  usage	
  in	
  proteins	
  

Based	
  on	
  sequences	
  contained	
  in	
  the	
  UniprotKB/Trembl	
  database:	
  

Amino	
  Acid	
   Frequency	
  (%)	
  

Isoleucine	
   6.00	
  

Valine	
   6.79	
  

Leucine	
   9.96	
  

Phenylalanine	
   4.03	
  

Methionine	
   2.47	
  

Highly	
  hydrophobic	
  

Amino	
  Acid	
   Frequency	
  (%)	
  

Arginine	
   5.43	
  

His-dine	
   2.20	
  

Lysine	
   5.26	
  

Glutamic	
  Acid	
   6.19	
  

Aspar-c	
  Acid	
   5.33	
  

Charged	
  

Amino	
  Acid	
   Frequency	
  (%)	
  

Alanine	
   8.66	
  

Glycine	
   7.09	
  

Cysteine	
   1.23	
  

Tryptophan	
   1.30	
  

Tyrosine	
   3.03	
  

Proline	
   4.65	
  

Threonine	
   5.55	
  

Serine	
   6.63	
  

Less	
  hydrophobic	
  

Amino	
  Acid	
   Frequency	
  (%)	
  

Asparagine	
   4.09	
  

Glutamine	
   3.98	
  

Highly	
  hydrophillic	
  

Solvated AA’s

Oligo-peptide growth���
of AA residues. ���
Note that the COO- ���
and NH3+ are further���
away
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Peptide angles

The peptide bond is linear  - ω is fixed at 180°
φ and ψ can vary - but not freely!

We can define them using Newman projections

Definitions of φ and ψ

This might seem confusing,  
you are looking down  
perpendicular from the 
plane of the screen 
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Ramachandran plots

Beta sheets 

Alpha-helices 
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α-helix

Alpha helices are aligned and arranged in this 
way 
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Polymer	
  self-­‐assembles	
  into	
  
unique	
  3D	
  structure	
  

Antiparallel β-sheet
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Comparison of α-helix and β-sheet

Turns link other features
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DSSP classification

•  H	
  =	
  alpha	
  helix	
  
•  B	
  =	
  residue	
  in	
  isolated	
  beta-­‐bridge	
  
•  E	
  =	
  extended	
  strand,	
  par-cipates	
  in	
  beta	
  ladder	
  
•  C	
  or	
  L	
  or	
  ‘ ‘	
  =	
  none	
  of	
  the	
  above,	
  coil	
  or	
  loop	
  

We	
  can	
  iden-fy	
  secondary	
  structure	
  from	
  solved	
  3D	
  protein	
  structures.	
  The	
  
following	
  code	
  is	
  used:	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
We	
  can	
  also	
  predict	
  secondary	
  structure	
  from	
  sequence	
  with	
  good	
  accuracy.	
  	
  

1	
  	
   2	
   3	
   4	
   5	
   6	
   7	
   8	
  …….	
  

M V L	
   S	
   P	
   A D K	
  ……	
  

Polymer	
  self-­‐assembles	
  into	
  
unique	
  3D	
  structure	
  

This	
  is	
  the	
  protein	
  folding	
  problem.	
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Anfinsen CB (1973). "Principles that govern the folding of protein chains". 
Science 181 (4096): 223–230. 

Anfinsen CB (1973). "Principles that govern the folding of protein chains". 
Science 181 (4096): 223–230. 
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Energy and forces

•  How do proteins hold together?
•  Interplay between entropy (disorder) and enthalpy

ΔG = ΔH -TΔS

Making bonds is favourable enthalpically

Constraining motion is unfavourable entropically

See, http://www.wiley.com/college/pratt/0471393878/student/review/thermodynamics/7_relationship.html
and http://rbaldwin.stanford.edu/PDFs/energetics_of_protein_folding.pdf

Types of interaction

•  Covalent
–  Disulphide bonds
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Bovine Insulin - 2bn3

Spheres are Sulphur atoms
The two chains are
stabilised by intermolecular 
di-sulphide bridges.

Types of interaction

•  Covalent
–  Disulphide bonds

•  Ionic
–  Dipole interactions

C    O        H     N

δ- δ+ 

COO- NH3
+ 

These are called partial charges

_ _
\

the dipoles are  aligned too
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Types of interaction

•  Covalent
–  Disulphide bonds

•  Ionic
–  Dipole interactions

•  Hydrogen bonds

C    O        H     N

Linear!

_ _
\

------

Types of interaction

•  Covalent
–  Disulphide bonds

•  Ionic
–  Dipole interactions

•  Hydrogen bonds
•  Van der Waals

Radial distance
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•  Covalent
–  Disulphide bonds

•  Ionic
–  Dipole interactions

•  Hydrogen bonds
•  Van der Waals
•  π-stacking

Types of interaction

‘Aromatic’
Phenylalanine
Tryptophan
Tyrosine
Histidine 

imidazole

Types of interaction

•  Covalent
–  Disulphide bonds

•  Ionic
–  Dipole interactions

•  Hydrogen bonds
•  Van der Waals

–  π-stacking
•  Hydrophobic interactions
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Hydrophobic effect

•  Effect not driven by 
enthalpy

•  Driven by entropy - 
releasing solvent (water)

•  Surprisingly powerful

Displacement due to the mass action of water ���
reducing it’s exposure to surfaces where it is forced ���
to be ordered.
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Polymer	
  self-­‐assembles	
  into	
  
unique	
  3D	
  structure	
  

This	
  is	
  the	
  protein	
  folding	
  problem.	
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Polymer	
  self-­‐assembles	
  into	
  
unique	
  3D	
  structure	
  

Four	
  copies	
  interact	
  
specifically	
  to	
  make	
  
a	
  func-onal	
  
complex	
  

Haemoglobin:	
  carries	
  oxygen	
  from	
  the	
  respiratory	
  organs	
  to	
  the	
  rest	
  of	
  the	
  body.	
  	
  

X-­‐ray	
  crystallography	
  simplified	
  

Optical microscope 

Visible Light 

Objective Lens Ocular Lens 

X-ray crystallography 

X-rays 

Diffraction by crystal Fourier transformation  
by computer  

Electron density 

The Electromagnetic spectrum 
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NMR	
  spectroscopy	
  of	
  proteins	
  

sample ca. 
0.5 mg

α

β

spectrum
transition

protein 
structure

spectrometer

NMR can be used to determine the solution 
structure of proteins of moderate  size i.e. up 
to 300 residues and to probe the interactions 

of proteins with other molecules

NMR	
  and	
  protein	
  dynamics	
  

Sta-c	
  structure	
  

vs.	
  

Dynamic	
  ensemble	
  

Proteins	
  are	
  dynamic	
  and	
  their	
  
mo-ons	
  are	
  very	
  important	
  for	
  

func-on	
  	
  
...	
  

NMR	
  is	
  unique	
  in	
  its	
  ability	
  to	
  
probe	
  protein	
  dynamics	
  at	
  high	
  

resolu7on	
  NMR	
  techniques	
  /	
  NMR	
  observables	
  

Types	
  of	
  mo-ons	
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Protein	
  Data	
  Bank	
  stores	
  3D	
  structures	
  

hcp://www.rcsb.org/pdb/home	
  

1	
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Polymer	
  self-­‐assembles	
  into	
  
unique	
  3D	
  structure	
  

Four	
  copies	
  interact	
  
specifically	
  to	
  make	
  
a	
  func-onal	
  
complex	
  

Haemoglobin:	
  carries	
  oxygen	
  from	
  the	
  respiratory	
  organs	
  to	
  the	
  rest	
  of	
  the	
  body.	
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>sp|P02144|MYG_HUMAN	
  Myoglobin	
  OS=Homo	
  
sapiens	
  
MGLSDGEWQLVLNVWGKVEADIPGHGQEVLIRLFKGHPETL
EKFDFKHLKSEDEMKASEDLKKHGATVLTALGGILKKKGHHEA
EIKPLAQSHATKHKIPVKYLEFISECIIQVLQSKHPGDFGADAQ
GAMNKALELFRKDMASNYKELGFQG	
  

Can	
  we	
  understand	
  
and	
  predict	
  the	
  
effects	
  of	
  changing	
  
the	
  sequence?	
  

Human:	
  n	
  =	
  2.91	
  (0.02)	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  P50	
  =	
  27.2	
  	
  (0.2)	
  
	
  
	
  Lemur:	
  n	
  =	
  	
  3.29	
  (0.19)	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  P50	
  =	
  	
  36.6	
  (0.6)	
  

Oxygen	
  satura-on	
  

Which	
  residues	
  control	
  the	
  func-on	
  of	
  haemoglobin?	
  

Human: 

  Lemur: 
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Haemoglobin:	
  carries	
  oxygen	
  from	
  the	
  respiratory	
  organs	
  to	
  the	
  rest	
  of	
  the	
  body.	
  	
  

Haemoglobin:	
  carries	
  oxygen	
  from	
  the	
  respiratory	
  organs	
  to	
  the	
  rest	
  of	
  the	
  body.	
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Bar-­‐headed	
  
goose,	
  
29,500	
  feet	
  

Graylag	
  
goose,	
  
7,000	
  feet	
  

Bar-­‐headed	
  
goose,	
  
29,500	
  feet	
  

Graylag	
  
goose,	
  
7,000	
  feet	
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Bar-­‐headed	
  
goose,	
  
29,500	
  feet	
  

Graylag	
  
goose,	
  
7,000	
  feet	
  

Bar-­‐headed	
  
goose,	
  
29,500	
  feet	
  

Graylag	
  
goose,	
  
7,000	
  feet	
  



12/12/17 

30 

Bar-­‐headed	
  
goose,	
  
29,500	
  feet	
  

Graylag	
  
goose,	
  
7,000	
  feet	
  

Just	
  4	
  amino	
  acid	
  changes,	
  of	
  which	
  one	
  could	
  be	
  func-onal.	
  	
  

>sp|P01989|HBA_ANSAN Hemoglobin subunit alpha-A 
OS=Anser anser anser GN=HBAA PE=1 SV=2
MVLSAADKTNVKGVFSKIGGHAEEYGAETLERMFTAYPQTKTYFPHFDL
QHGSAQIKAHGKKVAAALVEAVNHIDDIAGALSKLSDLHAQKLRVDPVN
FKFLGHCFLVVVAIHHPSALTPEVHASLDKFLCAVGTVLTAKYR

>sp|P02117|HBB_ANSAN Hemoglobin subunit beta 
OS=Anser anser anser GN=HBB PE=1 SV=1
VHWSAEEKQLITGLWGKVNVADCGAEALARLLIVYPWTQRFFSSFGNLS
SPTAILGNPMVRAHGKKVLTSFGDAVKNLDNIKNTFAQLSELHCDKLHV
DPENFRLLGDILIIVLAAHFAKEFTPECQAAWQKLVRVVAHALARKYH

>sp|P01990|HBA_ANSIN Hemoglobin subunit alpha-A 
OS=Anser indicus GN=HBAA PE=1 SV=2
MVLSAADKTNVKGVFSKISGHAEEYGAETLERMFTAYPQTKTYFPHFDL
QHGSAQIKAHGKKVVAALVEAVNHIDDIAGALSKLSDLHAQKLRVDPVN
FKFLGHCFLVVVAIHHPSALTAEVHASLDKFLCAVGTVLTAKYR

>sp|P02118|HBB_ANSIN Hemoglobin subunit beta 
OS=Anser indicus GN=HBB PE=1 SV=1
VHWSAEEKQLITGLWGKVNVADCGAEALARLLIVYPWTQRFFSSFGNLS
SPTAILGNPMVRAHGKKVLTSFGDAVKNLDNIKNTFAQLSELHCDKLHV
DPENFRLLGDILIIVLAAHFAKEFTPDCQAAWQKLVRVVAHALARKYH

How	
  to	
  evaluate	
  the	
  func-onal	
  effect	
  of	
  muta-ons?	
  	
  To	
  start,	
  
where	
  are	
  the	
  four	
  muta-ons	
  in	
  the	
  structure?	
  	
  

Hypothesis	
  that	
  the	
  muta-on	
  in	
  blue	
  leads	
  to	
  higher	
  oxygen	
  affinity…	
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What	
  is	
  the	
  effect	
  of	
  changing	
  the	
  sequence?	
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What	
  informa-on	
  is	
  stored	
  in	
  sequences?	
  

Ligand binding    
   

Structure 
 
Oligerimization  
 
Enzyme Kinetics    

  
Interaction specificity 

   
Indirect constraints from RNA function 

Sequences record the outcome of millions of evolutionary experiments which 
are constrained by phenotype. 
 
 
 

What	
  informa-on	
  is	
  stored	
  in	
  sequences?	
  

Sequences record the outcome of millions of evolutionary experiments which 
are constrained by phenotype. 
 
 
 Ligand binding    

   
Structure 
 
Oligerimization  
 
Enzyme Kinetics    

  
Interaction specificity 

   
Indirect constraints from RNA function 

Are these 
distinct residue 
sets? 
 
How do these 
constraints vary 
between 
proteins? 

Can we invert sequence data to reveal these constraints and so 
understand which sequence residues control phenotype? 
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1	
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  …….	
  

M V L	
   S	
   P	
   A D K	
  ……	
  

How	
  to	
  extract	
  useful	
  informa7on	
  from	
  protein	
  sequences?	
  

Each	
  protein	
  is	
  constructed	
  as	
  a	
  specific	
  chain	
  or	
  string	
  of	
  amino	
  acids.	
  There	
  are	
  20	
  
different	
  amino	
  acids	
  which	
  are	
  used	
  with	
  roughly	
  equal	
  frequencies	
  across	
  all	
  proteins.	
  	
  
	
  
In	
  a	
  specific	
  protein	
  of	
  interest,	
  such	
  as	
  hemoglobin,	
  the	
  order	
  of	
  amino	
  acids	
  is	
  highly	
  
important	
  and	
  contains	
  all	
  the	
  informa-on	
  necessary	
  to	
  produce	
  the	
  folded,	
  func-onal	
  
molecule.	
  	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
We	
  would	
  like	
  to	
  find	
  a	
  probability	
  model	
  for	
  the	
  sequence	
  of	
  amino	
  acids	
  that	
  
corresponds	
  to	
  each	
  protein	
  of	
  interest.	
  	
  

P(A1,…,AL ) = Probability	
  that	
  a	
  sequence	
  produces	
  a	
  folded,	
  func-onal	
  	
  
hemoglobin	
  molecule.	
  


