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Abstra t
Ab initio quantum me hani al simulations of biologi al systems are expanding their apabilities to approa h a variety of fundamental problems in biology. We review the progress on
method development in the eld a hieved in the last years, fo using on emerging te hniques
that might be ome more relevant in the near future. A brief survey on re ent appli ations
in the eld of enzyme atalysis and al ulations of protein redox properties is also reported.

1 Introdu tion
In the last years biology entered the post-genomi era, expanding the resear h eorts from the
single mole ule studies to the extensive study of interplay between dierent biomole ules. A
large eort is urrently ongoing on protein networks and protein-protein intera tions resear h
with the main target to bridge the stru tural and bio hemi al properties of individual biologi al
mole ules with their olle tive behavior in ell y les and signalling [1℄. Bridging these s ales is
an fundamental step in the knowledge of biology and it will bring more quantitative des ription of
biologi al phenomena, opening new perspe tives in drug design, te hnology and medi al resear h.
At the same time, and from the side of Biophysi s and Stru tural Biology, a me hanisti approa h
to many biomole ules is made possible thanks to the growing availability of experimentally
determined 3D mole ular stru tures rened with atomi resolution. Using stru tural information,
single mole ule manipulation, and spe tros opy, is nowadays possible by experiments to unravel
movements and ele troni properties of living matter with a urate and time resolved details [2℄.
In this ontext, mole ular modelling is also expanding its role. The understanding of the details
at the atomi level of the intera tions between proteins, nu lei a ids, substrates, ofa tors and
drugs has a quired a renovated key role in the ontext of quantitative biology and post-genomi s.
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A variety of simulation te hniques, ranging from ele troni stru ture al ulations to lassi al
mole ular dynami s (MD) and oarse grain models, has to be used to bridge the gap between
spe tros opi data, stru tural information, and biologi al signi an e. The quantitative and
detailed understanding of properties and mole ular me hanisms of biomole ules has been re ently
the subje t of dierent ab initio studies in the eld of photore eptors [36℄, ele tron transfer
and redox proteins [7, 8℄, transition metal enzymes [9, 10℄, and omputational (bio)spe tros opy
(in luding opti al, infrared, Raman, EPR, and NMR spe tros opy) [1113℄.
From the point of view of the atomisti omputer modelling, two levels of omplexity will hallenge our ommunity for the next years: the intrinsi hemi al omplexity of the biomole ules
and the ne essity to over the gap, in term of size and time, between what has to be simulated
at the quantum level and all the rest of the (ne essary) biologi al environment. The a ura y of
ab initio mole ular dynami s based on Density Fun tional Theory (DFT) is su ient to provide
a orre t des ription of the ele troni stru ture for large lasses of biomole ules, but not always
for spe i sets of problems in the eld of multi- enter transition metal enzymes, photore eptors
and ele tron transfer proteins. The oupling between DFT-based ab initio MD and lassi al
mole ular dynami s, in the framework of Quantum Me hani s / Mole ular dynami s simulations [14, 15℄, has su essfully ontributed to link the quantum properties of an a tive site to the
whole biomole ular environment for a variety of systems [1619℄.
Here we will shortly overview the omputational methods used in the eld of biomole ules mentioning also a sele tion of emerging methods that may have an in reasing relevan e in the future
for the study of the ele troni stru ture of biologi al systems. We also report a very limited
number of appli ations, being ons ious that it will not be able to over important ontributions
to several a tive groups. Complementary and more omplete surveys on ab initio modelling
on biologi al systems an be found in a previous newsletter [20℄ and in several reviews on the
subje t [2125℄.

2 Methods
2.1

Classi al, Quantum and hybrid Quantum/Classi al simulations

Dealing with ele troni stru ture al ulations of biomole ules annot abstra t from a des ription
of the biomole ules at the level of lassi al mole ular dynami s. The use of for e-eld based MD is
indeed ne essary, either to enhan e the sampling of the onformational spa e or to in lude, using
hybrid methods, the environment that annot be des ribed at the full quantum level be ause of
omputational osts. Classi al, i.e. for e-eld based, setups of biologi al systems have typi ally

104 − 105 atoms and a sampling of the phase spa e is ru ial to over ome onformational and
bond breaking/forming barriers. Enhan ed sampling te hniques an signi antly improve the
exploration of the phase spa e of biologi al ma romole ules and rea tive systems. Among the
others, the re ently developed metadynami s [26, 27℄ has been su essfully used in biomole ular
simulations oupled with lassi al [28, 29℄ and ab initio mole ular dynami s [30, 31℄.
Ab initio mole ular dynami s at nite temperature is ommonly used to study biologi al systems
in the framework of Density Fun tional Theory [32℄ be ause of the good ompromise between
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hemi al a ura y and omputational osts. The hoi e of the ex hange- orrelation fun tional
is ru ial for many biomole ules. Gradient orre tions are usually ne essaries and dierent approa hes may be preferred a ording to the kind of system and al ulation performed. The
popularity of BLYP fun tional [33, 34℄ omes from its apabilities to give a good des ription for
hydrogen bonding systems [35, 36℄. The B3LYP hybrid fun tional [37℄ an provide a better estimate of rea tion barriers [38℄ but it has not been extensively used so far in ab initio MD be ause
of the high omputational ost of its implementation within a pure plane-wave s heme. Be ke
and Perdew [33, 39℄ fun tionals are preferred for transition metal omplexes whereas Perdew,
Burke and Ernzerhof fun tional [39℄ is more used in ex ited states al ulations. Two alternatives
are urrently used in ab initio mole ular dynami s: a pure plane wave (PW) approa h and a
Gaussian and plane wave (GPW) method [4042℄. In the PW method ore ele trons an be
repla ed using norm- onserving (Trouillier-Martins [43℄, Goede ker, Teter and Hutter [44℄) and
non-norm- onserving ultrasoft (Vanderbilt [45℄) pseudopotentials. The Gaussian and plane wave
method oers a onvenient alternative, spe ially suited for the use of hybrid ex hange- orrelation
fun tionals. Re ent simulations of several tens of pi ose onds on liquid water re ently demonstrated the possibility to perform ab initio MD using B3LYP fun tional [46℄. To ir umvent
the inability of urrent ex hange- orrelation fun tionals to in orporate dispersion for es, a pseudopotential s heme has been developed by the group of Rothlisberger [47, 48℄. Higher angular
momentum dependent terms of the pseudopotentials are optimized using orrelated al ulations
referen es, obtaining very good results for weakly bound systems [49, 50℄ and liquid water [51℄.
Using hybrid Quantum Me hani s / Mole ular Me hani s (QM/MM) approa hes it is possible
to limit the size of the part of the system that is des ribed at the quantum level to the atoms
belonging to the rea tive part of the system (for instan e the a tive site of the enzyme or the
hromophore of a photore eptor), whereas the rest of the atoms (protein and solvent) are treated
at the lassi al for e-eld level. Quantum Me hani s and Mole ular Me hani s system an be
oupled in a fully Hamiltonian way using the s heme from Rothlisberger and oworkers [14, 15℄.
A re ent extension of QM/MM te hniques in the PWG approa h is reported by Laino et al.
[52, 53℄. A more extensive method overview of QM/MM appli ations to biomole ules has been
also reported in several reviews [2025, 54℄.
It is interesting to note in the literature an expansion of ab initio MD te hniques to the study
of systems that were previously onsidered well des ribed by lassi al me hani s. One example
is represented by potassium hannel proteins, usually treated at the level of lassi al me hani s
sin e no bond breaking or forming pro esses is o urring during ion permeation through the
hannel pore. On the ontrary, ab initio al ulations demonstrated that the intera tion between
the permeating ations and the protein arbonyl ligands annot be straightforwardly des ribed by
standard nonpolarizable for e-elds [16,55,56℄. In addition, the permeation me hanism is oupled
with a proton transfer between surrounding ionizable residues [57℄ that annot be modelled
lassi ally.
2.2

Cal ulations of redox properties

Redox properties an be al ulated a ording to a MD method based on Mar us theory [58℄ as
originally proposed by Warshel [59℄. This s heme has been developed and implemented for use
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in DFT based ab initio mole ular dynami s simulations [8, 6064℄. For a large lass of proteins
the ET a tivity falls within the Mar us regime, and the oxidation free energy (∆A) and the
reorganization free energy (λ) for the half rea tion an be omputed from ensemble averages of
the verti al ionization energy (∆E), a ording to the following equations:

1
(h∆Eired + h∆Eiox )
2
1
λ = (h∆Eired − h∆Eiox )
2

∆A =

(1)
(2)

Subs ripted angular bra kets denote averages over equilibrium traje tories of the system in redu ed (red) and oxidized (ox) state. In the hybrid s heme used for the study of redox properties
in rubredoxin and whi h we review as an example here ∆E is still omputed using DFT but
the atomi

ongurations are extra ted from lassi al simulations. The aim of the method is

to ombine the long time s ale a essibility of the lassi al model with the quantum-me hani al
methods to al ulate ionization energies. When the size of the system does not permit a full DFT
al ulation a QM/MM approa h an be used to al ulate the energy of single onguration [7,65℄.
For al ulations of redox rea tions in proteins an important issue is to have reliable starting
stru ture for the initial ongurations of the oxidized and redu ed forms. Indeed proteins an
undergo some major rearrangement upon oxidation/redu tion whi h an be quite di ult to
model.
Another issue regards the quality of our DFT des ription for the metal enters. In parti ular
GGA fun tionals have been widely employed for al ulations on biologi al systems, but they
are not a urate enough for the des ription of metal enters where ele troni orrelation plays
an essential role. In the ase of rubredoxin, whi h we will dis uss in a following se tion, the
fun tional a ura y has been tested omparing ele tron deta hment energies of small lusters
(Fe(SCH3 )4 ) with previous al ulations and experimental data.
2.3

Emerging te hniques

For many hemi al and bio hemi al systems, DFT turned out to be a good ompromise between
method reliability and omputational ost. Albeit this su ess in stati al ulations and ab initio
mole ular dynami s, the urrent approximations to the ex hange- orrelation fun tional are sour e
of well-re ognized and serious failures [66℄. Systems where these limitations are evident are for
examples, free radi als and transition metals with semi-lled d−shell (su h as Cr, Mo, Fe, Ni,
Mn) [67℄. The drawba ks also ae t the time dependent version of Density Fun tional Theory
(TD-DFT) [68℄, ausing unsatisfying estimates in the al ulation of ele troni ex itations of a
variety of mole ular systems, one among the simplest being liquid water [69, 70℄. The use of
orrelated quantum hemistry te hniques, su h as perturbative methods (MP2,MP4), oupled
luster (CC), and onguration intera tion (CI) are limited to rather small biomole ules be ause
the required omputational resour es grow very rapidly with the system size (see for instan e
ref. [71℄). The sear hing for highly-a urate and size-s alable quantum algorithms will be in the
next years a ru ial hallenge for the ommunity working on ab-initio methods for biomole ules.
An in omplete survey on emerging te hniques is reported hereafter.
DFT extended s hemes were proposed to study transition metal omplexes be ause of the di51

ulties en ountered by urrent fun tionals to orre tly estimate the ele troni

orrelation ee ts,

espe ially in multi- enter transition metal omplexes. In the so alled broken symmetry approa h
the spin oupling onstant J between antiferromagneti ally oupled metal enters is estimated by
arrying out independent al ulations for several spin ongurations. The energy of all dierent
spin states an be subsequently estimated using a Heisenberg Hamiltonian with oupling J . This
te hnique has been su essfully used to study iron-sulfur atalyti

enters [72℄ and it has been

re ently extended and applied in an ab-initio mole ular dynami s ontext [73℄. The dynami al
magnetostru tural properties of the 2F e − 2S iron-sulfur luster of ferredoxin were studied using QM/MM [74℄, revealing the time-dependent interplay between the magneti properties of
the di-iron enter and the protein environment. Another extension of DFT methods relevant
for transition-metal a tive site hemistry is the DFT+U method, where a generalized-gradient
approximation is augmented by a Hubbard U term [75℄. A self- onsistent DFT+U approa h has
been re ently shown to su essfully reprodu e the ele troni properties of the iron dimer and the
spin and energeti s of gas-phase iron-based rea tions [76, 77℄. Although not easily generalized to
all transition-metal systems, both the above ited methods have the advantage that they require
a omputational eort omparable with that of plain DFT.
Green's fun tion based methods, su h as GW approximation and Bethe-Salpeter equation are
traditionally used to al ulate ele troni ex itations in ondensed matter systems [78℄. In a ombined approa h with lassi al mole ular dynami s, these methods have been re ently su essfully
extended to al ulations of absorption spe tra of liquid water [70, 79℄. The ex ited state properties of the indole mole ule, the aromati omponent of the tryptophan amino-a id, has been also
studied in solution by al ulating ele troni ex itations using many body perturbation theory on
snapshots extra ted from a QM/MM simulation based on DFT [80℄. These en ouraging results
suggests that Green's fun tion methods an be suitable and aordable te hniques to study the
ele troni ex itations of other biomole ules that annot be properly approa hed using TDDFT.
Another emerging te hnique in the eld of biomole ule is Quantum Monte Carlo. It has been
su essfully employed in the past to ompute ground-state properties of systems where ele tron
orrelations play a ru ial role (see for instan e the review [81℄). An extended formulation has
expanded its apabilities to investigate ele troni ally ex ited states [82℄. The QMC method,
traditionally largely applied in many body physi s and in Bose ondensates, has been also used
to orre tly ta kle di ult ases in quantum hemistry su h as: radi als [83℄, transition metals
[84,85℄, ele troni ex ited states [82,86℄, anion-π and π -π intera tions in aromati mole ules [87℄,
van der Waals for es [88℄, and hydrogen bonding intera tions [89, 90℄. For hydrogen bonding
systems, the water dimer dispersion urve was investigated both at the Variational Monte Carlo
and at the Diusion Monte Carlo level [90℄. The experimental binding energy and the MP2 energy
urve as a fun tion of the distan e between the two water mole ules for the dimer were fairly
reprodu ed. The physi al interpretation of the resonating valen e bond variational wave fun tion
oered also the possibility to disse t the ovalent and dispersion van der Waals ontributions to
the H-bonding energy, estimated to be about 1.5 and 1.1 k al/mol, respe tively. The energeti s
of larger water lusters were also investigated by QMC and ompared with MP2 and DFT [91℄.
From the side of ele troni ex itations, QMC al ulations have shown to provide the orre t
ex ited state energy surfa e in one of the most representative example of TDDFT failure, the
protonated S hi-base model [82℄, whi h is a small analogue of the retinal protonated S hi base,
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Figure 1: Minimum energy stru tures obtained from QM/MM simulations of the enzymesubstrate omplex of Ba illus 1,3-1,4-β -glu anase, a family 16 gly oside hydrolase (Referen e:
Biarnes et al. J. Biol. Chem. 2006). The substrate (a 4-methylumbelliferyl tetrasa haride) is
shown in li ori e representation.
the hromophore of rhodopsin.

3 Appli ations
3.1

Enzyme

atalysis

The way enzymes perform its atalyti fun tion has long fas inated not only biologists but also
hemists and physi ists [9294℄, be ause subtle hanges in the spe ies involved (e.g. ligand,
substrate, enzyme) may lead to serious diseases [95℄. Therefore, elu idating how enzymes work
at the atomi level is extremely relevant to nd better drugs. S ientists have long sought the
origin of the lowering of the a tivation energy barrier by enzymes, i.e. whether they stabilize the
TS or raise the relative energy of the substrate (substrate preorganization [96℄). Nevertheless,
the mole ular details of many enzymati me hanisms still remain a mystery. Very often atalysis depends on the interplay between stru ture/ele troni reorganization and dynami s. For
instan e, a distortion of one single sugar unit from a hair onformation to a boat-like is ru ial
for gly oside hydrolases to break the gly osidi bonds in arbohydrates. At the same time, the
distortion raises the harge at the anomeri arbon and elongates the gly osidi bond distan e,
thus favoring atalysis [97℄ (Figure 1).
Another example is the binding of oxygen to myoglobin (Mb) and hemoglobin (Hb). The heme
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a tive enter hanges its ele troni

onguration upon binding, from a high spin (i.e. maximum

number of unpaired ele trons) to low-spin state, at the same time that the bond between the iron
atom and the oxygen ligand develops [98℄. The de omposition of the superoxide radi al (O2− )
into hydrogen peroxide and oxygen by superoxide dismutases, for instan e, involves hanges in
the oordination state of the a tive spe ies as well as in their oxidation states [95℄. De iphering
these pro esses from an ele troni point of view is ne essary for understanding the me hanisms
behind the enzymati

atalysis, as well as designing small mole ules able to ae t the biologi al

fun tion of the protein.
In the past few years, ab initio methods have ontributed important insights into the atalyti
me hanisms and stru tural features of a variety of enzymes (for re ent reviews see e.g. [54℄; [99℄).
This progress has been possible also be ause of the in reased omputer power, and the ontinuous
development of te hniques su h as QM/MM and methods to a elerate sampling of free energy
surfa es (metadynami s [26℄, transition path sampling [100℄ or steered mole ular dynami s [101℄).
Be ause of the large number of ab initio appli ations to enzymes that appeared in the literature
in the last few years, it is learly impossible to review all of the work appeared so far. Here
we will review only few representative examples, hoping to give a avor of whi h problems
an be addressed nowadays with ab initio methods. Metal- ontaining proteins represent almost
half of the proteome of living organisms. Very often, the metal is present in the a tive site
and plays a role in atalysis. Zin metallo β -la tamases (Mβ Ls) hydrolyze the β -la tam N-C
bond of β -la tam antibioti s aided by one or two Zn2+ ions. Ab initio QM/MM simulations
have shown that the exibility of the Zn2+ oordination sphere plays a key role in the enzyme
rea tion [54, 102℄. M g2+ ions are present in several enzymes that hydrolyze hemi al bonds
su h as epoxide hydrolase and ATPases [103℄. In both ases, ab initio and QM/MM simulations
in luding solvent water mole ules in the QM region found that the water mole ules assist the
hemi al rea tion. These al ulations were done in moderately large systems (about 50 QM
atoms) but required large simulation times (100-200 ps). Similarly, two M g2+ metals support
the formation of a metastable intermediate along the rea tion in ribonu lease H, but the role of
solvent waters in mediating proton transfer events is ru ial ( [104℄). All these works suggest the
general importan e of expli itly in luding solvation ee ts at the atalyti site for the orre t
des ription of an enzymati me hanism at the atomi level.
Hemeproteins (metalloprotein ontaining a heme prostheti group) are an important group of
proteins and enzymes that arry out a variety of relevant biologi al fun tions, in luding oxygen
transport and storage (hemoglobin and myoglobin), ele tron transfer ( yto hromes), disproportionation of toxi hydrogen peroxide ( atalases) and oxidation of substrates (peroxidases). This
diversity of fun tions originates from the versatility of the heme group and the variety of intera tions with protein s aolds that generate dierent heme environments [105℄. Be ause of
the large size of the iron-porphyrin (38 atoms), ab initio al ulations in hemeproteins are parti ularly demanding [106℄ (e.g. the iron-porphyrin, without the substituent groups forming the
heme, plus several protein residues in its vi inity easily makes about 150 atoms) [107℄. For the
hybrid atalase-peroxidase, whi h ontains a Met-Tyr-Trp addu t above the heme (essential for
atalysis), the number of QM atoms to be in luded is about 250 [10℄. During the last few years,
a large eort has been devoted not only to hara terize rea tion intermediates with a omplex
ele troni stru ture (e.g. the main rea tion intermediate of the rea tion y le of peroxidases,
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atalases, yto hrome P450 and nitri oxide synthase is an oxyferryl-porphyrin ation radi al
named " ompound I", Cpd I [107, 108℄) but also in elu idating the me hanism of their formation/disappearan e [108, 109℄. For peroxidases, in whi h the a tive site is solvent-exposed, the
me hanism of Cpd I formation was found to rely on the entran e of water mole ules to the a tive
site [109℄. Again, this reinfor es the a tive role that water mole ules play in enzyme atalysis.
In ontrast to peroxidases, the a tive site of atalases is buried in the protein. Catalase Cpd I
rea ts with hydrogen peroxide (H2 O2 ) and de omposes it to H2 O and O2 (Figure 2).
QM/MM metadynami s simulations have shown that there are two ompeting me hanisms to
de ompose hydrogen peroxide [9℄. One of them is onsistent with previous proposals based on
stru tural information, whereas the other one explains the results of kineti investigations on
enzyme mutants.
Another problem in this eld that has been investigated on erns the long-standing question
of how myoglobin dis riminates between poisonous CO and O2 . During the past de ade, it
was demonstrated that CO distortion is not responsible for CO dis rimination [110112℄. De
Angelis et al. re ently quantied the relevan e of other fa tors, mainly hydrogen bonding of the
bound oxygen [113℄. A large eort has been also devoted to investigate how hemoglobins from
dierent spe ies bind oxygen [114℄. Ab initio al ulations have also ontributed to understand
the sometimes ambiguous iron-oxygen distan es found in X-ray stru tures of heme proteins [107,
115, 116℄.
It should be taken into a ount that ab initio modeling of enzymes needs a urate stru tures as
input. As the number of high resolution stru tures of omplex systems in reases, more a urate
analysis an be performed. This is the ase, for instan e, of re ent studies on membrane proteins
[117119℄, photoa tive proteins [17, 120122℄ or DNA-protein omplexes. The re ently solved
X-ray stru ture of a omplex between photolyase and a double-stranded DNA oligomer provided
a suitable starting stru ture for performing omputational studies to elu idate the me hanisti
nature of the photo hemi al repair. QM/MM mole ular dynami s simulations [123℄ elu idated
the role of the various amino a ids in the a tive site of the damaged DNA-enzyme omplex.
3.2

Redox properties in proteins

Bio-inorgani oxidation/redu tion enzymes and metalloproteins represent more than 40% of
IUBMB lassied proteins and are not only vital to biologi al energy onversion in photosynthesis and respiration, but are also riti al to a growing number of signalling pro esses governing
gene regulation and expression [124℄. Understanding the me hanism of ele tron transfer (ET)
between two metal sites or metal site and organi substrate is therefore of both theoreti al and
pra ti al importan e. The key question is how metalloproteins ontrol whi h pro esses are thermodynami ally feasible (i.e., redu tion potentials) and how fast they o ur (i.e., rate onstants).
Some of the issues that have been raised in this ontext on ern the ompetition between short
range ee ts, in essen e the oordination hemistry of the metal ion, and long range ee ts, for
example the reorganization of the protein, the pla ement of harged and polar residues, the a ess
to the solvent. Related to this is the question of the relative importan e of ele troni relaxation
ee ts, su h as the dieren e between hard and soft ligands and ele troni polarization of the
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Heme-FeIII + H2O + O2
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Figure 2:

(a) The mole ular me hanism of the atalase rea tion (optimized stru tures of the

rea tants and produ ts). (b) The orresponding rea tion free energy surfa e obtained from
QM/MM metadynami s simulations using two olle tive variables. Referen e: Alfonso-Prieto
et. al. J. Am. Chem. So . 2009.
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protein, versus the reorganization due to atomi motion.
In this highlight we dis uss as an example the al ulations of redox properties of Rubredoxin(Rd)
[8℄, a small and omparatively simple iron-sulfur protein. This is a parti ularly interesting ase,
sin e it is possible to ombine a full ab initio des ription of the ele troni stru ture of the protein
in expli it solvent with sampling of the relevant time s ale of the protein dynami s using a
hybrid method based on a for e eld mole ular dynami s / density fun tional theory s heme.
Applying this s heme within the framework of Mar us theory [58℄ we are able to reprodu e the
experimental redox potential dieren e of 60 mV [125℄ between a mesophili and thermophili
rubredoxin within an a ura y of 20 mV. The redox potential is modulated by the hydrogen
bond intera tions of the ligand ysteines with the NH groups of nearby residues with a stronger
network of hydrogen bonds leading to more positive redu tion potentials. We also ompute the
reorganization free energy for oxidation of the protein obtaining 720 meV for the mesophili and
590 meV for thermophili variant. De omposition of the reorganization energy using the lassi al
for e eld shows that this is largely determined by the solvent, with both short range (an oxidation
indu ed hange of oordination number) and long range (diele tri ) ontributions. The 130 meV
higher value for the mesophili form an be attributed to the dierent diele tri response of
the solvent in the surrounding of the a tive site. These results underline the importan e of a
mole ular des ription of the solvent and of a orre t in lusion of polarization ee ts.
A major advantage of a DFT s heme here is that it a ounts for ele troni relaxation ee ts
in response to oxidation/redu tion. Su h ee ts in lude ligand-metal harge transfer and the
adjustment of hydrogen bond strength of oordinated protein residues and solvent. Within
a DFT des ription of the verti al ionization energy for the entire solvated system, as applied
here, also the instantaneous equilibration of ele troni polarization to the new solute harge
distribution is in luded. This an lead to a signi antly lower estimate of the reorganization
energy ompared to a lassi al model with xed harges.
We have shown that with modern omputational methods al ulations on a full small size protein
are within rea h and an oer a powerful predi tive instrument to quantify properties, su h as
the reorganization energies, whi h are not easily measured by experiments.

4 Con lusions
In the last years ele troni stru ture te hniques and ab initio mole ular dynami s have further
expanded their apabilities to understand stru ture/fun tion relationships of biomole ules to an
in reasing lass of systems. In this brief review on the state-of-the art of methods and appli ations
we have tried to make a survey on the last progresses in the eld that might be representative
but far from being omplete. Two main problems are urrently preventing ab initio al ulations
to ta kle with su ess a wider lass of hallenging problems in biology: the size of the systems
and the quality of the ele troni stru ture methods. QM/MM methods are a rst step to try
to ll this gap and further development of multis ale methods is desirable in the future. We
have also seen how dierent emerging quantum te hniques seem promising starting points to
go beyond standard DFT al ulations. Thanks to this double eort, we may hope to ta kle in
the next years open questions in ele tron transfer, ele troni ex itations of photore eptors, and
57

Figure 3: Representative MD onguration of rubredoxin generated from a 1IRO rystal stru ture
[126℄ as employed in the DFT al ulations. The periodi ally repeated simulation ell, with edges
31.136, 28.095, 30.502 Å ontains the protein, 678 water mole ules and 9 N a+ ounterions. The
orange isosurfa e represents the spin density for the oxidized state ( harge 0, spin 5/2) at 0.005
a.u.. Hydrogen bonds between sulfur atoms in the a tive enter and nearby ba kbone NH groups
are also highlighted.

58

multi- enter transition metal proteins.
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