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 Biochromophores:
Definition: Molecules that absorb light (near UV or visible) present 
in plant/animal cells.

Motivation: 
1) Fundamental Processes (Vision, Photosynthesis, Photoperiodism, 
Bioluminiscence,..., DNA Damage) are governed or triggered by photo 
absorption
2) Analysis of Biomolecular structures 
3) Various technical applications (GFP)



 Main Biological Molecules
1. Lipids (Fatty Acids, Cholesterol, membrane

2. Sugars (mono/poly-saccharides)

3. Nucleic Acids (DNA, RNA) (UV)

4. Proteins (Aminoacid polymers) (UV)

 Main Biological Molecules

Biochromophores that absorb in the visible range 
are formed by Prosthetic Groups bound covalently 
to a protein.



 General Design of Prosthetic 
Chromophores (visible)



  π −> π∗ Transitions
- Efficient transitions:

- Transition dipole along the bond axis



 Conjugated π bonds
- Conjugation would lead to a shift towards lower wavelengths 
(from UV to visible)



 Adaptability of Biochromophores ...
...through chemical design that modulate the position of π 

bonds. 



Biochromophores and Irati Forest 



Photosynthesis. Process by which the plants cells use solar energy to 
produce ATP. The conversion of sunlight energy into usable chemical 
energy. Our atmosphere is oxidant thanks to this process.

Chlorophylls  are used to create a series of redox potentials that 
will give energy and e- to yield chemical energy 



Photosyntetic Unit: Complex Structures

LH-I-
RC

LH-II-
RC

Hu X.,  Damjanovic A., Ritz T., Schulten K. PNAS, 1998, 95, 5935 



Electronic excitations in Bacteriochloropylls 

Zerner et al. J. Phys. Chem. B, 1998, 102, 7640 

•INDO/s ZINDO/s + Effective Exciton 
Hamiltonians  
•Why Mg? Fe, Zn
•Why the chlorins? Absorption of the 
Q band
•Why a dimer? 
•Protein? Hole the structure + 
polarizable environment for 
stabilizing the charge transfer states



 Vision: Light is used to trigger a conformational change 
in the chromophore



 Rhodopsin: a G-Protein-Coupled receptor



 Rhodopsin X-Ray Data

Pakzewski et al. Science 2000, 289, 739
J. Saam J., E. Tajkhorshid, S. Hayashi, K. Schulten, Biophysical Journal, 2002, 83, 3097 
E. Tajkhorshid, J. Baudry, K. Schulten, K. Suhai, Biophysical Journal, 2000, 78,  683. 
S. Hayashi, E. Tajkhorshid, K. Schulten, Biophysical Journal, 2003, 85, 1440. 

•7 α−Helixes
•Chromophore inserted at the 
middle of the protein structure 
•Not only an scaffold. 
Chromophore structure 
significantly changed by the 
protein environment (non-planar 
and cis!!!). Trp86



 Chemical/Conformer 

Change

 Multiple Time Scales 

involved



Study of “small molecules” to understand the photoisomerization 
in the gas phase but  Protein Environment needed: stabilize cis 
conformer, non-planarity of the conformer, dynamics of the 
conformational change, but also ...

Robb and Olivucci Journal of Photochemistry and Photobiology, 
2001, 5737, 1



... modulates the absorption: Color vision Same cromophore 
but different response. Interactions with the protein 
environment are important(!)



Blue Colouration in Lobster Shell

Durbeej and Eriksson, Chem. Phys. Lett., 2003, 375, 30



Proteins (Aminoacid polymers)
Protein structure will have a direct effect on the properties 
displayed by the chromophore: 

Preferential Conformer (e.g. cis/trans in ret)
Structural Changes in the cromophore (non-planarity)
Chemical Changes of the chromophore 
polarization of the electronic structure by Electrostatics/HB



AminoAcids
Flexibility on the Physical 
Chemical Properties:

Size/Shape
Polar/Apolar AA
+/-  AA
Hydrogen Bonds
Reactivity

Big variety of Proteins with 
diverse functions
Structure-Function relationship



Structural Levels



Level I: Peptide Bond
Aminoacid sequence assembled by peptide bonds.



•Specific combinations of ψ,φ are repeated revealing that 
there is a local folding order due to the specific electronic 
characteristics of the peptide bond
•There repetitive motifs are called secondary structure 



Secondary Structure
Local Structure: Main Types.

α Helix
 β Sheet

β Turns



Tertiary Structure
3D Structure of Proteins
Stabilized by:
HB/Electrostatic Interactions
Covalent Bonds S-S
Solvent Effects



Quaternary
SupraMolecular Assamblies: Protein Polymer



Experimental Structure Determination
X-ray Crystallography

Main Steps:

* Expression of pure soluble protein in large 
amount in bacteria or other cells
* Vary solution properties (high 
concentrations) to induce crystal formation 
and growth
* X-ray diffraction patterns -> electron 
density map
* Fit and refine the polypeptide chain into 
the density (Simulated annealing, 
minimization, human intervention)

Advantages:
* Fast, Large molecules 
* Very low resolution i.e., up tp 0.54 A 
concentrations) to induce crystal formation 
and growth

* Requires crystal formation 
* Not in physological conditions
*Hydrogens not resolved 

Disadvantages:



Effect of pH in AA's

Influence on the Protonation State 
and therefore in Protein Structure

Information not available from 
X-Ray

Based on pKa values in aqueous 
solution we know that Arg and Lys 

are protonated, but His?

What about pKa inside the 
proteins?



Alternatives to X-Ray

NMR
Homology 
Modeling



Protein Data Bank 

Location: http://www.rcsb.org/pdb/

Highlights:
   * Founded in 1971, freely available
    * Around 16000 in Jan 2002 (80 % X-ray)
    * Standard PDB format:

-Header: Experimental details, ref,etc.
-coordinates for each heavy atom
-B factors



Proteins as chromophores:



Interactions Between Amides:



Proteins as chromophores (AA sidechains):
All the other AA's masked by the peptide bond, except for...



 Simulation Methods
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Recognition between proteins

Structure



Time Scales:



QM/MM Hamiltonian 
For Local Phenomena

Warshel , A.; Levitt, M. J. Mol. Biol., 1976, 103, 227

Field, M.J.; Bash, P.A.; Karplus, M. J. Comp. Chem., 1990, 11, 700

Tuñón, I.; Martins-Costa, M.T.C.; Milloy, C.; Ruiz-López, M.F.; Rivail, J.-L.; 
     J. Comp. Chem. 1996, 17, 19. 

Gao, J.; Xio, X. Science 1992, 258, 631.



QM/MM Electrostatics 

SCF

Gaussian Integral
Numerical Integral
Semi-empirical Form



Semi-empirical QM/MM Electrostatics (NDDO)

Neglet of Differential Diatomic Overlap (MNDO, AM1, PM3, MNDO/d)

Energy Terms and Interactions

  Thiel, W. "Perspectives on Semiempirical MO Theory" in Advances in Chemical Physics, 
                    V. XCIII, 1996. p. 703. 



Electrostatic Interactions in NDDO

Multipole - Multipole Interactions

For R
AB

 -> 0 should go to the 1C-2e- Integral 

To get a balance for the different electrostatic atractions
 and repulsions:



QM/MM Electrostatic Interactions in NDDO

1 e- Integrals

Core /MM interaction =  core-core interaction

Scaling Functions:



Van der Waals Interactions

Classical Adjustable Term

Combination Rules (Atomic Terms)

Neccesary: Cl- vs Br-



QM/MM Boundary 
No Need to cut through Bonds 

Need to cut through Bonds 

Gregersen G., Lopez X., York D.M., JACS, 2003, 125, 7178.
Gregersen G., Lopez X., York D.M., J. Am. Chem. Soc., 2004, 126, 7504 



QM/MM Bonded Classical Terms

Bonded Classical terms for QM atoms are removed.
                                       For MM atoms are kept 

Mixed QM/MM Terms? = Also Kept. 

Reuter, N.; Dejaegere, A.; Maigret B.; Karplus M.; J. Phys. Chem. A 2000, 104, 1720. 



QM/MM Boundary

H-Link Atom

Part of the QM 

Placed along Bond

QQ vs HQ

Capping-Atom 

Reuter, N.; Dejaegere, A.; Maigret B.; Karplus M.; J. Phys. Chem. A 2000, 104, 1720. 
Field, M.J.; Albe, M.; Bret C.; Proust-De Martin F.; Thomas, A. J. Comp. Chem. A 2000, 21, 1088. 



QM/MM Boundary
Hybrid- or localized-orbital methods

Construction of the Fock Matrix: P
ll
 frozen.

(N-L)x(N-L) Fock Matrix Built and Diagonalized 



Generalized-Hybrid Orbial (GHO)

Théry , V.; Rinaldi D.; Rivail, J.-L., Maigret B. and Ferenczy G.G. Reuter, 
    J. Comp. Chem. A 1994, 15, 269.  

Assfeld, X.; Rivail, J.-L. Chem. Phys. Lett. 1996, 263, 100.  

Reuter, N.; Dejaegere, A.; Maigret B.; Karplus M.; J. Phys. Chem. A 2000, 104, 1720. 

Ferré N.; Assfeld X.; Rivail, J.-L. J. Comp. Chem. A 2002, 23, 610.  

Parameters for B adjusted

Gao, J.; Amara, P.; Alhambra, C.; Field, M.J. J. Phys. Chem.  A 1998, 102, 4714.  



An Ilustrative Example: Green Fluorescent Protein
Several bioluminescent coelenterates emit green light from a GFP
upon mechanical stimulation.



Green Fluorescent Protein

- High Stability: Wide pH, T, salt

- Long Half life: ~20 years
- Resistant to most Proteases  

- Active after peptide fusions: 
reporter protein  

- Availability of chromophores
variants  

•238 AA protein forming a β−barrel or β-can
•Chromophore located inside the β barrel (shielded)
•No phrosthetic group
•Info to create the chromophore contained entirely in  the gene 



Green Fluorescent Protein
How can be that there is no a phrosthetic group? :GFP is also an enzyme
that catalyzes  the cyclization and oxidation of the Ser-Tyr-Gly triad.



Foster Cycle



M.A.L. Marques, X. Lopez, D. Varsano, A. Castro and A. Rubio, PRL, 2003, 90, 258101

•QM/MM preparation of the 
structure + Octopus LR
•Different degree of non-planarity 
for neutral/anionic
•Anisotropy. Absorption along the 
X directio
•Excellent agreement with the 
peaks, which confirmed the 
anionic/neutral Foster cycle.



Chattong, King, Bublitz, Boxer, PNAS, 1996, 93, 8362
Watchter, King, Heim, Kallio, Tsien, Boxer, Biochemistry, 1997, 36, 9759
Bublitz, King, Boxer, J. Am. Chem. Soc., 1998, 120, 9370
Hanson et al. Biochemistry, 2002, 41, 15477
McAnaney et al. Biochemistry, 2002, 41, 15489 

Mutants of the GFP



Blue Fluorescent Protein: -Ser-His-Gly-

•Added Complexity due to the higher number of possible 
protonation states. No proton information from X-Ray
•Experimental pKa's estimations suggest that HSA should be 
ruled out
•In addition, there are various conformers for each protonation 
state
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•Preference of Conformation cis for HSD and HSP, trans for 
HSA and HSE.
•Global minimum in Neutral State is cis-HSD
•Experimental pKa estimations would rule out HSA
•Planarity is observed for cis/trans isomers
•Cα-Cβ < Cβ-Cγ

Relative Energies (kcal/mol) 
at B3LYP

Geometrical Data
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Effect of Conformers and Protonation on the Spectrum

•Sensitive to conformational change
•Sensitive to Protonation State even for the same total 
charge

HSD HSE



Effect of Conformers and Protonation on the Spectrum
•Main peak associated with HSD(cis)
•HSA(pKa?) and HSE could also be involved
•Spectra rules out HSP
•Mixture of protonation states? Conformers? Peaks at 3.5-4
•What about the chromophore in the protein?





QM/MM dynamics of the ground state

•Cα-Cβ < Cβ-C
•Loss of planarity due to HB



Environment I:
Arg 96, His148, Glu 222

Environment II

Ideally Full QM/MM: escaping charge problem in Octopus

Inclusion of the environment
 in the spectrum

In practice: just include the closests residues. 



Environment and Excitation
•Structural effects shift the peaks towards lower energy but same 
shape 
•Inclusion of the microenvironment shifts only one of the peaks and 
the complexity of the shape increases
•Less satisfactory results for the main exp, error of the calculation 
itself?



•Various possibilities. The most 
reasonable seems to be cis-
HSD, which is in accord with gas 
phase calculations, protein 
residue distributions and pKa's
•HSP can be ruled out even with 
the env



•Environment big effects 
•Even if pKa values would allow this possibility, not from the 
spectrum

Environment and Excitation for HSP



Summary

•Biochromophores and π-π* transitions.
•Optical properties of chromophores are modulated by their 
protein environment (QM/MM): conformation, protonation 
state, polarization of the electronic structure, etc.

•In GFP/BFP, when we take into account the conformational 
change induced by the protein (GFP) + closest charged 
aminoacids (BFP), one is able to reproduce the main peaks in 
the optical absorption. 
•This can help elucidating key chemical information such as 
the protonation state/conformation of the chromophore and 
give ideas to  design new GFP-type pigments. Propose 
Mutations
•For Future work: QM/MM in TDDFT(OCTOPUS) needs 
improvements.



QM/MM Boundary

H-Link Atom

Part of the QM 

Placed along Bond

QQ vs HQ

Capping-Atom 

7. Reuter, N.; Dejaegere, A.; Maigret B.; Karplus M.; J. Phys. Chem. A 2000, 104, 1720. 
8. Field, M.J.; Albe, M.; Bret C.; Proust-De Martin F.; Thomas, A. 
    J. Comp. Chem. A 2000, 21, 1088. 



Flexibitiy vs Rigid Structures



Enlace por Puente de 
Hidrogeno



AM1 works 










