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Computer simulation in Chemistry and Biochemistry:

Tools based on physical-chemistry ideas

1) Models: aimed to evaluate potential energy surfaces 
(PES)

E = E (r1, r2, r3, ...)

Quantum chemical and classical models

2) Schemes to extract relevant information from PES: 
molecular dynamics (MD), Monte Carlo (MC), 
optimizations.



Necessary to describe electronic excitations, and
chemical reactions (changes in bonding patterns). 
Limitation in system sizes! Biomolecules: DFT method of
choice

QM models:

Classical models:

based on classical ideas. Very efficient numerically. 
Cannot (usually) deal with reactive processes, but are 
extremely useful for non reactive processes (i.e. protein
folding)
Amber, Charmm, Gromos, etc.



QM-MM hybrid schemes:

Strategy to be able to investigate

real chemistry in biomolecules

Reactive region: QM

Environment: MM

TOT QM MM QM MME E E E −= + +

Our group implementation: SIESTA DFT/Amber

J.Am. Chem. Soc. 127, 7721 (2005); J. Am. Chem. Soc. 127, 6940, (2005); 
J. Phys. Chem. B 108, 18073 (2004);  J. Phys. Chem. B 13728 (2003),
J. Am. Chem. Soc. 128, 12817 (2006); J. Am. Chem. Soc. 128, 12455 (2006)



Key term: QM-MM coupling

QM density - partial
charges interaction

QM nuclei / environment partial
charges interaction

LJ term: short range, 
dispersion, etc.



Extracting valuable info from simulations:
Geometry optimizations, constrained optimizations. 

energy changes, reaction profiles.  NO TEMPERATURE!!

Molecular dynamics: thermal effects. Time evolution in 
the nanosecond range.

Advanced sampling techniques: umbrella sampling, 
multiple steering molecular dynamics (Jarzinski´s method): 
Free energy!

Understanding molecular determinants of a 
given property

Obtaining information not accesible 
experimentally

Experiment/Theory collaboration essential



Methodology validation: application to
chorismate mutase

(Biosynthesis of aromatic aminoacids in bacteria, plants, 
and fungi)

A DFT-Based QM-MM Approach Designed for the Treatment of Large Molecular 
Systems: Application to Chorismate Mutase A. Crespo, D. A. Scherlis, M. A. 
Martí, P. Ordejón, A. E. Roitberg, D. A. Estrin, J. Phys. Chem. B.  (2003) 107; 
13728-13736.

One bond forms
and other breaks, 
simple choice of
reaction
coordinate



First approach: constrained optimizations

Addition of harmonic term
Siesta PBE-DZVP/Amber level

2 possible QM subsystems: reactant, reactant plus nearby 
aminoacids



QM subsystem 
choice:
little influence on 
the profiles

The catalytic effect is
reproduced

Thermal and entropic effects neglected. Is it OK? 

H2O

Protein



Free energy profiles: much more expensive!

Umbrella sampling or
Multiple Steered Molecular Dynamics MSMD:
interesting strategy

e-β ∆G(λ) = < e-β W(λ) > Jarzynski equation

How to incorporate thermal and entropic effects?



A set of steered MD 
are performed. From 
the irreversible 
works the free 
energy change can 
be estimated

e-β ∆G(λ) = < e-β W(λ) >



Free energy profile

MSMD is more  
efficient than 

Umbrella 
Sampling for 

the user and is 
easily 

parallelized

MultipleMultiple--SteeringSteering QMQM--MM Calculation  of   the Free Energy Profile in MM Calculation  of   the Free Energy Profile in ChorismateChorismate MutaseMutase A. A. 
CrespoCrespo, M.A. Marti, D.A. , M.A. Marti, D.A. EstrinEstrin, A.E. , A.E. RoitbergRoitberg, J.  Am. Chem. Soc. (2005), 127, 6940, J.  Am. Chem. Soc. (2005), 127, 6940--6941.6941.



Heme proteins

Active site: heme
Iron coordinated to a 

porphyrin

Very different roles:

O2 transport

Hormone biosynthesis
Detoxification

Electron transfer

Ideal benchmarks for QM-MM
Distal side

Proximal side



DioxygenDioxygen bindingbinding in in GlobinsGlobins::
crucial crucial processprocess

involvedinvolved in in transporttransport andand chemistrychemistry

O2 entry (kon): mainly
related

with ligand migration

Classical MD 
simulations

O2 exit((koff): mainly related
with bond breaking:

Distal (direct) effects
Proximal (indirect) effects

QM-MM calculations



Distal Effects:
O2 acquires a negative charge upon binding
(electrostatic) H bonding and steric effects

37.2 kcal/mol 8.4 kcal/mol34.3 kcal/mol

Free heme: 
22.0 kcal/mol QM-MM optimizations, 

DFT-PBE SIESTA level

MbMb

27 kcal/mol

Cyt c´TrHbN AscHb

Dioxygen affinity in heme proteins investigated by computer simulation M.A. Marti, A. Crespo, L. 
Capece, L. Boechi, D.E. Bikiel, D.A. Scherlis, D.A. Estrin, Journal of Inorganic Biochemistry, 

(2006), 100, 761-770.



Dynamical distal effects: multiple conformations
CerHb case

QM-MM calculations, 
DFT SIESTA level
and classical MD 

simulations

Two distinct distal sites modulate oxygen affinity in Two distinct distal sites modulate oxygen affinity in 
minihemoglobinminihemoglobin of of CerebratulusCerebratulus LacteusLacteus, M.A. , M.A. 
MartMartíí, D. , D. BikielBikiel, A. , A. CrespoCrespo, M. , M. NardiniNardini, M. , M. 
BolognesiBolognesi, D.A. , D.A. EstrinEstrin, Proteins (2006) 62, 641. , Proteins (2006) 62, 641. 

Other similar cases: Other similar cases: LegHbLegHb, , HbHb
P. P. caudatumcaudatum

Proteins, in press.Proteins, in press.



•Histidine rotational position
(staggered vs eclipsed)

• Fe-Histidine bond distance

Try to analyze trends by constructing
model systems in the first place:

21.4kcal/mol 24.5 kcal/mol

More subtle effects through the protein backbone:More subtle effects through the protein backbone:
proximal effectsproximal effects

QM calculations, 
DFT SIESTA level,

PBE,  DZVP basis sets



LegHb Mb LegHb: “strange” protein!

Charge transfer to histidine
effects: intermediate degree

enhances Fe-O2 binding Models of
FixL Hbβ HRP

Full protein: QM-MM calculation

Heme protein oxygen affinity regulation 
exerted by proximal effects., L. 
Capece, M. A. Marti, A. Crespo, F. 
Doctorovich, D. A. Estrin, J. Am. 
Chem. Soc. (2006), 128, 12455.           



NO detoxification by a truncated
hemoglobin (trHbN) of
Mycobacterium Tuberculosis

NO produced by the immune system, is
inactivated by the oxygenated Hb:

NO  + Fe(II) O2  → Fe(III)  + [NO3] -

Relevant process in physiological (Hb,Mb) and
pathological processes

toxic → innocuous



1) O2 migration (classical MD)
2) O2 binding (QM-MM)
3) NO migration                     (classical MD)
4)  Reaction of NO with O2      (QM-MM)

Reaction mechanism:

NO  + Fe(II) O2  → Fe(III)  + [NO3] -



2 channel system proposed on the basis of x-ray results
(Bolognesi’ s group at Milano)
But how do O2 and NO migrate?

Long (100 ns) classical
MD (Amber 9) 
of oxy and deoxy
proteins

Free energy profiles for
ligand migration
computed based on
classical MD (no QM)
(Our Jarzinski
implementation
available in  Amber9)

LigandLigand--induced dynamical regulation of NO induced dynamical regulation of NO 
conversion in Mycobacterium tuberculosis conversion in Mycobacterium tuberculosis 

truncatedtruncated--hemoglobinhemoglobin--NN A. A. BidonBidon--ChanalChanal, M. A. , M. A. 
MartMartíí, A. , A. CrespoCrespo, M. , M. MilaniMilani, M. Orozco, M. , M. Orozco, M. 

BolognesiBolognesi, F. J. , F. J. LuqueLuque, D. A. , D. A. EstrinEstrin, , Proteins Proteins 
(2006), 64, 457(2006), 64, 457--464.464.



Oxygen affinity
Hydrogen bond with
OH of Tyr33 (B10)

isolated   Mb     TrHb Tyr33→Phe33 
-21.4     -25.0    -37.2           -34.3 kcal/mol

Effect of Tyr33→Phe33 mutation on 
koff is reproduced. Affinity is large (consistent
with the detoxification role).

What about the 
chemical processes?

QM-MM optimizations
Siesta PBE-DZVP/Amber 
level



Chemical reaction:

Fe(II)-O2 + NO → Fe(III) [-OONO]  (1) ξ1 = d(OO2–NNO) 

Fe(III) [-OONO]  → Fe(IV)=O   + NO2 (2) ξ2 = d(OO1–OO2) 

Fe(IV)=O + NO2  → Fe(III)[-NO3]    (3) ξ3 = d(OO1–NNO)



Step 1

Step 2

Step 3

Vacuum
Water
Protein

Almost
barrierless
Reaction in 
protein is
similar to that
in water



Conclusions:

NO detoxification ability of trHbN is related to: 

Existence of an adequate ligand migration 
pathway 
High affinity for O2 due to distal stabilization 

(H bonds)
No significant protein effects on chemical 

reaction. Only spatial restriction of 
intermediates. 

Theoretical Study of the Truncated Theoretical Study of the Truncated HemoglobinHemoglobin HbNHbN: Exploring the : Exploring the 
Molecular Basis of the NO   Detoxification MechanismMolecular Basis of the NO   Detoxification Mechanism, A. , A. CrespoCrespo, M.A. , M.A. 
MartMartíí, S.G. , S.G. KalkoKalko, A. , A. MorrealeMorreale, M. Orozco, J.L. , M. Orozco, J.L. GelpiGelpi, F.J. , F.J. LuqueLuque, D.A. , D.A. 

EstrinEstrin J. Am. Chem. Soc. (2005), 127, 4433J. Am. Chem. Soc. (2005), 127, 4433--4444.4444.



Flaws:Flaws:

DFT at GGA level. Underestimates reaction DFT at GGA level. Underestimates reaction 
barriers, problems with spin barriers, problems with spin energeticsenergetics of of 
transition metals.transition metals.

Sampling problems. In many cases optimizations Sampling problems. In many cases optimizations 
are not enough!are not enough!

Perspectives:Perspectives:

GGA+ U; other GGA+ U; other functionalsfunctionals; making program more ; making program more 
efficient to be able to sample more, PBC to treat efficient to be able to sample more, PBC to treat 
solvationsolvation, etc, etc…………
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Charge density partial charges
interaction is computed self consistently
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Generally: RcutQM 0.2-0.3 Å

and RcutQMMM 8-10 Å.



QM
MM

CQM
CMM HL

CMM-CQM is broken and an H atom is added

forces over HL are divided, scaled, and added to CMM and CQM.

classical terms involving CMM are computed.

Link atom: frontier between QM and MM systems


