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tAb initio quantum me
hani
al simulations of biologi
al systems are expanding their 
apa-bilities to approa
h a variety of fundamental problems in biology. We review the progress onmethod development in the �eld a
hieved in the last years, fo
using on emerging te
hniquesthat might be
ome more relevant in the near future. A brief survey on re
ent appli
ationsin the �eld of enzyme 
atalysis and 
al
ulations of protein redox properties is also reported.1 Introdu
tionIn the last years biology entered the post-genomi
 era, expanding the resear
h e�orts from thesingle mole
ule studies to the extensive study of interplay between di�erent biomole
ules. Alarge e�ort is 
urrently ongoing on protein networks and protein-protein intera
tions resear
hwith the main target to bridge the stru
tural and bio
hemi
al properties of individual biologi
almole
ules with their 
olle
tive behavior in 
ell 
y
les and signalling [1℄. Bridging these s
ales isan fundamental step in the knowledge of biology and it will bring more quantitative des
ription ofbiologi
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
hto many biomole
ules is made possible thanks to the growing availability of experimentallydetermined 3D mole
ular stru
tures re�ned with atomi
 resolution. Using stru
tural information,single mole
ule manipulation, and spe
tros
opy, is nowadays possible by experiments to unravelmovements 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 detailsat the atomi
 level of the intera
tions between proteins, nu
lei
 a
ids, substrates, 
ofa
tors anddrugs has a
quired a renovated key role in the 
ontext of quantitative biology and post-genomi
s.48



A variety of simulation te
hniques, ranging from ele
troni
 stru
ture 
al
ulations to 
lassi
almole
ular dynami
s (MD) and 
oarse grain models, has to be used to bridge the gap betweenspe
tros
opi
 data, stru
tural information, and biologi
al signi�
an
e. The quantitative anddetailed understanding of properties and mole
ular me
hanisms of biomole
ules has been re
entlythe subje
t of di�erent ab initio studies in the �eld of photore
eptors [3�6℄, ele
tron transferand 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) [11�13℄.From the point of view of the atomisti
 
omputer modelling, two levels of 
omplexity will 
hal-lenge our 
ommunity for the next years: the intrinsi
 
hemi
al 
omplexity of the biomole
ulesand the ne
essity to 
over the gap, in term of size and time, between what has to be simulatedat the quantum level and all the rest of the (ne
essary) biologi
al environment. The a

ura
y ofab initio mole
ular dynami
s based on Density Fun
tional Theory (DFT) is su�
ient to providea 
orre
t des
ription of the ele
troni
 stru
ture for large 
lasses of biomole
ules, but not alwaysfor spe
i�
 sets of problems in the �eld of multi-
enter transition metal enzymes, photore
eptorsand ele
tron transfer proteins. The 
oupling between DFT-based ab initio MD and 
lassi
almole
ular dynami
s, in the framework of Quantum Me
hani
s / Mole
ular dynami
s simula-tions [14,15℄, has su

essfully 
ontributed to link the quantum properties of an a
tive site to thewhole biomole
ular environment for a variety of systems [16�19℄.Here we will shortly overview the 
omputational methods used in the �eld of biomole
ules men-tioning also a sele
tion of emerging methods that may have an in
reasing relevan
e in the futurefor the study of the ele
troni
 stru
ture of biologi
al systems. We also report a very limitednumber of appli
ations, being 
ons
ious that it will not be able to 
over important 
ontributionsto several a
tive groups. Complementary and more 
omplete surveys on ab initio modellingon biologi
al systems 
an be found in a previous newsletter [20℄ and in several reviews on thesubje
t [21�25℄.2 Methods2.1 Classi
al, Quantum and hybrid Quantum/Classi
al simulationsDealing with ele
troni
 stru
ture 
al
ulations of biomole
ules 
annot abstra
t from a des
riptionof the biomole
ules at the level of 
lassi
al mole
ular dynami
s. The use of for
e-�eld based MD isindeed ne
essary, either to enhan
e the sampling of the 
onformational spa
e or to in
lude, usinghybrid 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 andbond breaking/forming barriers. Enhan
ed sampling te
hniques 
an signi�
antly improve theexploration of the phase spa
e of biologi
al ma
romole
ules and rea
tive systems. Among theothers, the re
ently developed metadynami
s [26, 27℄ has been su

essfully used in biomole
ularsimulations 
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 systemsin the framework of Density Fun
tional Theory [32℄ be
ause of the good 
ompromise between49




hemi
al a

ura
y and 
omputational 
osts. The 
hoi
e of the ex
hange-
orrelation fun
tionalis 
ru
ial for many biomole
ules. Gradient 
orre
tions are usually ne
essaries and di�erent ap-proa
hes may be preferred a

ording to the kind of system and 
al
ulation performed. Thepopularity of BLYP fun
tional [33, 34℄ 
omes from its 
apabilities to give a good des
ription forhydrogen bonding systems [35,36℄. The B3LYP hybrid fun
tional [37℄ 
an provide a better esti-mate of rea
tion barriers [38℄ but it has not been extensively used so far in ab initio MD be
auseof the high 
omputational 
ost of its implementation within a pure plane-wave s
heme. Be
keand 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 alternativesare 
urrently used in ab initio mole
ular dynami
s: a pure plane wave (PW) approa
h and aGaussian and plane wave (GPW) method [40�42℄. In the PW method 
ore ele
trons 
an berepla
ed using norm-
onserving (Trouillier-Martins [43℄, Goede
ker, Teter and Hutter [44℄) andnon-norm-
onserving ultrasoft (Vanderbilt [45℄) pseudopotentials. The Gaussian and plane wavemethod o�ers a 
onvenient alternative, spe
ially suited for the use of hybrid ex
hange-
orrelationfun
tionals. Re
ent simulations of several tens of pi
ose
onds on liquid water re
ently demon-strated the possibility to perform ab initio MD using B3LYP fun
tional [46℄. To 
ir
umventthe inability of 
urrent ex
hange-
orrelation fun
tionals to in
orporate dispersion for
es, a pseu-dopotential s
heme has been developed by the group of Rothlisberger [47, 48℄. Higher angularmomentum dependent terms of the pseudopotentials are optimized using 
orrelated 
al
ulationsreferen
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 possibleto limit the size of the part of the system that is des
ribed at the quantum level to the atomsbelonging 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 treatedat 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 beenalso reported in several reviews [20�25, 54℄.It is interesting to note in the literature an expansion of ab initio MD te
hniques to the studyof systems that were previously 
onsidered well des
ribed by 
lassi
al me
hani
s. One exampleis represented by potassium 
hannel proteins, usually treated at the level of 
lassi
al me
hani
ssin
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 betweenthe permeating 
ations and the protein 
arbonyl ligands 
annot be straightforwardly des
ribed bystandard nonpolarizable for
e-�elds [16,55,56℄. In addition, the permeation me
hanism is 
oupledwith a proton transfer between surrounding ionizable residues [57℄ that 
annot be modelled
lassi
ally.2.2 Cal
ulations of redox propertiesRedox properties 
an be 
al
ulated a

ording to a MD method based on Mar
us theory [58℄ asoriginally proposed by Warshel [59℄. This s
heme has been developed and implemented for use50



in DFT based ab initio mole
ular dynami
s simulations [8, 60�64℄. For a large 
lass of proteinsthe ET a
tivity falls within the Mar
us regime, and the oxidation free energy (∆A) and thereorganization free energy (λ) for the half rea
tion 
an be 
omputed from ensemble averages ofthe verti
al ionization energy (∆E), a

ording to the following equations:
∆A =

1

2
(〈∆E〉red + 〈∆E〉ox) (1)

λ =
1

2
(〈∆E〉red − 〈∆E〉ox) (2)Subs
ripted angular bra
kets denote averages over equilibrium traje
tories of the system in re-du
ed (red) and oxidized (ox) state. In the hybrid s
heme used for the study of redox propertiesin rubredoxin and whi
h we review as an example here ∆E is still 
omputed using DFT butthe atomi
 
on�gurations are extra
ted from 
lassi
al simulations. The aim of the method isto 
ombine the long time s
ale a

essibility of the 
lassi
al model with the quantum-me
hani
almethods 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 
on�guration [7,65℄.For 
al
ulations of redox rea
tions in proteins an important issue is to have reliable startingstru
ture for the initial 
on�gurations of the oxidized and redu
ed forms. Indeed proteins 
anundergo some major rearrangement upon oxidation/redu
tion whi
h 
an be quite di�
ult tomodel.Another issue regards the quality of our DFT des
ription for the metal 
enters. In parti
ularGGA fun
tionals have been widely employed for 
al
ulations on biologi
al systems, but theyare not a

urate enough for the des
ription of metal 
enters where ele
troni
 
orrelation playsan essential role. In the 
ase of rubredoxin, whi
h we will dis
uss in a following se
tion, thefun
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
hniquesFor many 
hemi
al and bio
hemi
al systems, DFT turned out to be a good 
ompromise betweenmethod reliability and 
omputational 
ost. Albeit this su

ess in stati
 
al
ulations and ab initiomole
ular dynami
s, the 
urrent approximations to the ex
hange-
orrelation fun
tional are sour
eof well-re
ognized and serious failures [66℄. Systems where these limitations are evident are forexamples, free radi
als and transition metals with semi-�lled d−shell (su
h as Cr, Mo, Fe, Ni,Mn) [67℄. The drawba
ks also a�e
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 avariety 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 
on�guration intera
tion (CI) are limited to rather small biomole
ules be
ausethe required 
omputational resour
es grow very rapidly with the system size (see for instan
eref. [71℄). The sear
hing for highly-a

urate and size-s
alable quantum algorithms will be in thenext 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 di�-51




ulties en
ountered by 
urrent fun
tionals to 
orre
tly estimate the ele
troni
 
orrelation e�e
ts,espe
ially in multi-
enter transition metal 
omplexes. In the so 
alled broken symmetry approa
hthe spin 
oupling 
onstant J between antiferromagneti
ally 
oupled metal 
enters is estimated by
arrying out independent 
al
ulations for several spin 
on�gurations. The energy of all di�erentspin states 
an be subsequently estimated using a Heisenberg Hamiltonian with 
oupling J . Thiste
hnique has been su

essfully used to study iron-sulfur 
atalyti
 
enters [72℄ and it has beenre
ently extended and applied in an ab-initio mole
ular dynami
s 
ontext [73℄. The dynami
almagnetostru
tural properties of the 2Fe − 2S iron-sulfur 
luster of ferredoxin were studied us-ing QM/MM [74℄, revealing the time-dependent interplay between the magneti
 properties ofthe di-iron 
enter and the protein environment. Another extension of DFT methods relevantfor transition-metal a
tive site 
hemistry is the DFT+U method, where a generalized-gradientapproximation is augmented by a Hubbard U term [75℄. A self-
onsistent DFT+U approa
h hasbeen re
ently shown to su

essfully reprodu
e the ele
troni
 properties of the iron dimer and thespin and energeti
s of gas-phase iron-based rea
tions [76,77℄. Although not easily generalized toall transition-metal systems, both the above 
ited methods have the advantage that they requirea 
omputational e�ort 
omparable with that of plain DFT.Green's fun
tion based methods, su
h as GW approximation and Bethe-Salpeter equation aretraditionally used to 
al
ulate ele
troni
 ex
itations in 
ondensed matter systems [78℄. In a 
om-bined approa
h with 
lassi
al mole
ular dynami
s, these methods have been re
ently su

essfullyextended to 
al
ulations of absorption spe
tra of liquid water [70,79℄. The ex
ited state proper-ties of the indole mole
ule, the aromati
 
omponent of the tryptophan amino-a
id, has been alsostudied in solution by 
al
ulating ele
troni
 ex
itations using many body perturbation theory onsnapshots extra
ted from a QM/MM simulation based on DFT [80℄. These en
ouraging resultssuggests that Green's fun
tion methods 
an be suitable and a�ordable te
hniques to study theele
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 beensu

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 hasexpanded 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 usedto 
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 bondingsystems, the water dimer dispersion 
urve was investigated both at the Variational Monte Carloand at the Di�usion 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 fairlyreprodu
ed. The physi
al interpretation of the resonating valen
e bond variational wave fun
tiono�ered also the possibility to disse
t the 
ovalent and dispersion van der Waals 
ontributions tothe H-bonding energy, estimated to be about 1.5 and 1.1 k
al/mol, respe
tively. The energeti
sof 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
tex
ited state energy surfa
e in one of the most representative example of TDDFT failure, theprotonated S
hi�-base model [82℄, whi
h is a small analogue of the retinal protonated S
hi� base,52
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Figure 1: Minimum energy stru
tures obtained from QM/MM simulations of the enzyme-substrate 
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) isshown in li
ori
e representation.the 
hromophore of rhodopsin.3 Appli
ations3.1 Enzyme 
atalysisThe way enzymes perform its 
atalyti
 fun
tion has long fas
inated not only biologists but also
hemists and physi
ists [92�94℄, 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 workat the atomi
 level is extremely relevant to �nd better drugs. S
ientists have long sought theorigin of the lowering of the a
tivation energy barrier by enzymes, i.e. whether they stabilize theTS 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 
atal-ysis depends on the interplay between stru
ture/ele
troni
 reorganization and dynami
s. Forinstan
e, a distortion of one single sugar unit from a 
hair 
onformation to a boat-like is 
ru
ialfor gly
oside hydrolases to break the gly
osidi
 bonds in 
arbohydrates. At the same time, thedistortion 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 heme53



a
tive 
enter 
hanges its ele
troni
 
on�guration upon binding, from a high spin (i.e. maximumnumber of unpaired ele
trons) to low-spin state, at the same time that the bond between the ironatom and the oxygen ligand develops [98℄. The de
omposition of the superoxide radi
al (O−

2
)into hydrogen peroxide and oxygen by superoxide dismutases, for instan
e, involves 
hanges inthe 
oordination state of the a
tive spe
ies as well as in their oxidation states [95℄. De
ipheringthese pro
esses from an ele
troni
 point of view is ne
essary for understanding the me
hanismsbehind the enzymati
 
atalysis, as well as designing small mole
ules able to a�e
t the biologi
alfun
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 
ontinuousdevelopment of te
hniques su
h as QM/MM and methods to a

elerate sampling of free energysurfa
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 literaturein the last few years, it is 
learly impossible to review all of the work appeared so far. Herewe 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 almosthalf of the proteome of living organisms. Very often, the metal is present in the a
tive siteand plays a role in 
atalysis. Zin
 metallo β-la
tamases (MβLs) hydrolyze the β-la
tam N-Cbond of β-la
tam antibioti
s aided by one or two Zn2+ ions. Ab initio QM/MM simulationshave shown that the �exibility of the Zn2+ 
oordination sphere plays a key role in the enzymerea
tion [54, 102℄. Mg2+ ions are present in several enzymes that hydrolyze 
hemi
al bondssu
h as epoxide hydrolase and ATPases [103℄. In both 
ases, ab initio and QM/MM simulationsin
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 QMatoms) but required large simulation times (100-200 ps). Similarly, two Mg2+ metals supportthe formation of a metastable intermediate along the rea
tion in ribonu
lease H, but the role ofsolvent waters in mediating proton transfer events is 
ru
ial ( [104℄). All these works suggest thegeneral importan
e of expli
itly in
luding solvation e�e
ts at the 
atalyti
 site for the 
orre
tdes
ription of an enzymati
 me
hanism at the atomi
 level.Hemeproteins (metalloprotein 
ontaining a heme prostheti
 group) are an important group ofproteins and enzymes that 
arry out a variety of relevant biologi
al fun
tions, in
luding oxygentransport and storage (hemoglobin and myoglobin), ele
tron transfer (
yto
hromes), dispropor-tionation of toxi
 hydrogen peroxide (
atalases) and oxidation of substrates (peroxidases). Thisdiversity of fun
tions originates from the versatility of the heme group and the variety of in-tera
tions with protein s
a�olds that generate di�erent heme environments [105℄. Be
ause ofthe large size of the iron-porphyrin (38 atoms), ab initio 
al
ulations in hemeproteins are par-ti
ularly demanding [106℄ (e.g. the iron-porphyrin, without the substituent groups forming theheme, plus several protein residues in its vi
inity easily makes about 150 atoms) [107℄. For thehybrid 
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 e�ort has been devoted not only to 
hara
terize rea
tion intermediates with a 
omplexele
troni
 stru
ture (e.g. the main rea
tion intermediate of the rea
tion 
y
le of peroxidases,54




atalases, 
yto
hrome P450 and nitri
 oxide synthase is an oxyferryl-porphyrin 
ation radi
alnamed "
ompound I", Cpd I [107, 108℄) but also in elu
idating the me
hanism of their forma-tion/disappearan
e [108, 109℄. For peroxidases, in whi
h the a
tive site is solvent-exposed, theme
hanism of Cpd I formation was found to rely on the entran
e of water mole
ules to the a
tivesite [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 Irea
ts with hydrogen peroxide (H2O2) and de
omposes it to H2O and O2 (Figure 2).QM/MM metadynami
s simulations have shown that there are two 
ompeting me
hanisms tode
ompose hydrogen peroxide [9℄. One of them is 
onsistent with previous proposals based onstru
tural information, whereas the other one explains the results of kineti
 investigations onenzyme mutants.Another problem in this �eld that has been investigated 
on
erns the long-standing questionof how myoglobin dis
riminates between poisonous CO and O2. During the past de
ade, itwas demonstrated that CO distortion is not responsible for CO dis
rimination [110�112℄. DeAngelis et al. re
ently quanti�ed the relevan
e of other fa
tors, mainly hydrogen bonding of thebound oxygen [113℄. A large e�ort has been also devoted to investigate how hemoglobins fromdi�erent spe
ies bind oxygen [114℄. Ab initio 
al
ulations have also 
ontributed to understandthe 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 asinput. As the number of high resolution stru
tures of 
omplex systems in
reases, more a

urateanalysis 
an be performed. This is the 
ase, for instan
e, of re
ent studies on membrane proteins[117�119℄, photoa
tive proteins [17, 120�122℄ or DNA-protein 
omplexes. The re
ently solvedX-ray stru
ture of a 
omplex between photolyase and a double-stranded DNA oligomer provideda 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
idatedthe role of the various amino a
ids in the a
tive site of the damaged DNA-enzyme 
omplex.3.2 Redox properties in proteinsBio-inorgani
 oxidation/redu
tion enzymes and metalloproteins represent more than 40% ofIUBMB 
lassi�ed proteins and are not only vital to biologi
al energy 
onversion in photosynthe-sis and respiration, but are also 
riti
al to a growing number of signalling pro
esses governinggene 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 andpra
ti
al importan
e. The key question is how metalloproteins 
ontrol whi
h pro
esses are ther-modynami
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 shortrange e�e
ts, in essen
e the 
oordination 
hemistry of the metal ion, and long range e�e
ts, forexample the reorganization of the protein, the pla
ement of 
harged and polar residues, the a

essto the solvent. Related to this is the question of the relative importan
e of ele
troni
 relaxatione�e
ts, su
h as the di�eren
e between hard and soft ligands and ele
troni
 polarization of the55



Cpd I (Heme -Fe =O) + H O
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Figure 2: (a) The mole
ular me
hanism of the 
atalase rea
tion (optimized stru
tures of therea
tants and produ
ts). (b) The 
orresponding rea
tion free energy surfa
e obtained fromQM/MM metadynami
s simulations using two 
olle
tive variables. Referen
e: Alfonso-Prietoet. 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 proteinin expli
it solvent with sampling of the relevant time s
ale of the protein dynami
s using ahybrid 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 theexperimental redox potential di�eren
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 hydrogenbond intera
tions of the ligand 
ysteines with the NH groups of nearby residues with a strongernetwork of hydrogen bonds leading to more positive redu
tion potentials. We also 
ompute thereorganization free energy for oxidation of the protein obtaining 720 meV for the mesophili
 and590 meV for thermophili
 variant. De
omposition of the reorganization energy using the 
lassi
alfor
e �eld shows that this is largely determined by the solvent, with both short range (an oxidationindu
ed 
hange of 
oordination number) and long range (diele
tri
) 
ontributions. The 130 meVhigher value for the mesophili
 form 
an be attributed to the di�erent diele
tri
 response ofthe solvent in the surrounding of the a
tive site. These results underline the importan
e of amole
ular des
ription of the solvent and of a 
orre
t in
lusion of polarization e�e
ts.A major advantage of a DFT s
heme here is that it a

ounts for ele
troni
 relaxation e�e
tsin response to oxidation/redu
tion. Su
h e�e
ts in
lude ligand-metal 
harge transfer and theadjustment of hydrogen bond strength of 
oordinated protein residues and solvent. Withina DFT des
ription of the verti
al ionization energy for the entire solvated system, as appliedhere, also the instantaneous equilibration of ele
troni
 polarization to the new solute 
hargedistribution is in
luded. This 
an lead to a signi�
antly lower estimate of the reorganizationenergy 
ompared to a 
lassi
al model with �xed 
harges.We have shown that with modern 
omputational methods 
al
ulations on a full small size proteinare within rea
h and 
an o�er a powerful predi
tive instrument to quantify properties, su
h asthe reorganization energies, whi
h are not easily measured by experiments.4 Con
lusionsIn the last years ele
troni
 stru
ture te
hniques and ab initio mole
ular dynami
s have furtherexpanded their 
apabilities to understand stru
ture/fun
tion relationships of biomole
ules to anin
reasing 
lass of systems. In this brief review on the state-of-the art of methods and appli
ationswe have tried to make a survey on the last progresses in the �eld that might be representativebut far from being 
omplete. Two main problems are 
urrently preventing ab initio 
al
ulationsto ta
kle with su

ess a wider 
lass of 
hallenging problems in biology: the size of the systemsand the quality of the ele
troni
 stru
ture methods. QM/MM methods are a �rst step to tryto �ll this gap and further development of multis
ale methods is desirable in the future. Wehave also seen how di�erent emerging quantum te
hniques seem promising starting points togo beyond standard DFT 
al
ulations. Thanks to this double e�ort, we may hope to ta
kle inthe next years open questions in ele
tron transfer, ele
troni
 ex
itations of photore
eptors, and57



Figure 3: Representative MD 
on�guration of rubredoxin generated from a 1IRO 
rystal stru
ture[126℄ as employed in the DFT 
al
ulations. The periodi
ally repeated simulation 
ell, with edges31.136, 28.095, 30.502 Å 
ontains the protein, 678 water mole
ules and 9 Na+ 
ounterions. Theorange isosurfa
e represents the spin density for the oxidized state (
harge 0, spin 5/2) at 0.005a.u.. Hydrogen bonds between sulfur atoms in the a
tive 
enter and nearby ba
kbone NH groupsare also highlighted.

58



multi-
enter transition metal proteins.Referen
es[1℄ M. Wiltgen. Stru
tural bioinformati
s: From the sequen
e to stru
ture and fun
tion.Current Bioinformati
s, 4(1):54�87, 2009.[2℄ P. Kukura, D.W. M
Camant, S. Yoon, D.B. Wands
hneider, and R.A. Mathies. Stru
turalobservation of the primary isomerization in vision with femtose
ond-stimulated raman.S
ien
e, 310(5750):1006�1009, 2005.[3℄ U.F. Rohrig, L. Guidoni, A Laio, I. Frank, and U. Rothlisberger. A mole
ular spring forvision. J.A.C.S., 126(47):15328�15329, 2004.[4℄ X. Lopez, M.A.L. Marques, A. Castro, and A. Rubio. Opti
al absorption of the blue�uores
ent protein: A �rst-prin
iples study. J.A.C.S., 127(35):12329�12337, 2005.[5℄ L.M. Frutos, T. Andruniow, F. Santoro, N. Ferre, and M. Olivu

i. Tra
king the ex
ited-state time evolution of the visual pigment with multi
on�gurational quantum 
hem-istry. Pro
eedings of the National A
ademy of S
ien
es of the United States of Ameri
a,104(19):7764�7769, 2007.[6℄ E.M. Gonzalez, L. Guidoni, and C. Molteni. Chemi
al and protein shifts in the spe
trumof the photoa
tive yellow protein: a time-dependent density fun
tional theory/mole
ularme
hani
s study. Physi
al Chemistry Chemi
al Physi
s, 11(22):4556�4563, 2009.[7℄ M. Cas
ella, A. Magistrato, I. Tavernelli, P. Carloni, and U. Rothlisberger. Role of proteinframe and solvent for the redox properties of azurin from pseudomonas aeruginosa. Pro
eed-ings of the National A
ademy of S
ien
es of the United States of Ameri
a, 103(52):19641�19646, 2006.[8℄ M. Sulpizi, S. Raugei, J. VandeVondele, P. Carloni, and M. Sprik. Cal
ulation of redoxproperties: Understanding short- and long-range e�e
ts in rubredoxin. Journal of Physi
alChemistry B, 111(15):3969�3976, 2007.[9℄ M. Alfonso-Prieto, X. Biarnes, P. Vidossi
h, and C. Rovira. The mole
ular me
hanism ofthe 
atalase rea
tion. J. Am. Chem. So
., page In press, 2009.[10℄ P. Vidossi
h, M. Alfoso-Prieto, X. Carpena, P. C. Loewen, I. Fita, and C. Rovira. Versatilityof the ele
troni
 stru
ture of 
ompound i in 
atalase-peroxidases. J. Am. Chem. So
.,129:13436�13446, 2007.[11℄ M.P. Gaigeot, M. Martinez, and R. Vuilleumier. Infrared spe
tros
opy in the gas and liquidphase from �rst prin
iple mole
ular dynami
s simulations: appli
ation to small peptides.Mole
ular Physi
s, 105(19-22):2857�2878, 2007.[12℄ A. Miani, S. Raugei, P. Carloni, and M.S. Helfand. Stru
ture and raman spe
trum of
lavulani
 a
id in aqueous solution. J.Phys.Chem.B, 111(10):2621�2630, Mar
h 2007.59



[13℄ M.C. Colombo, J. VandeVondele, S. Van Doorslaer, A. Laio, L. Guidoni, and U. Rothlis-berger. Copper binding sites in the 
-terminal domain of mouse prion protein: A hybrid(qm/mm) mole
ular dynami
s study. Proteins-Stru
ture Fun
tion and Bioinformati
s,70(3):1084�1098, 2008.[14℄ A. Laio, J. VandeVondele, and U. Rothlisberger. A hamiltonian ele
trostati
 
ouplings
heme for hybrid 
ar- parrinello mole
ular dynami
s simulations. Journal of Chemi
alPhysi
s, 116(16):6941�6947, 2002.[15℄ A. Laio, J. VandeVondele, and U. Rothlisberger. D-resp: Dynami
ally generated ele
tro-stati
 potential derived 
harges from quantum me
hani
s/mole
ular me
hani
s simulations.Journal of Physi
al Chemistry B, 106(29):7300�7307, 2002.[16℄ D. Bu
her, S. Raugei, L. Guidoni, M. Dal Peraro, U. Rothlisberger, P. Carloni, and M.L.Klein. Polarization e�e
ts and 
harge transfer in the k
sa potassium 
hannel. Biophysi
alChemistry, 124(3):292�301, 2006.[17℄ E.J.M. Leenders, L. Guidoni, J. Vreede, U. Rothlisberger, P.G. Bolhuis, and E.J. Meijer.Protonation state of the 
hromophore in the photoa
tive yellow protein. J.Phys.Chem.B,111:3765�3773, 2007.[18℄ F. Masson, T. Laino, I. Tavernelli, U. Rothlisberger, and J. Hutter. Computational studyof thymine dimer radi
al anion splitting in the self-repair pro
ess of duplex dna. J.A.C.S.,130(11):3443�3450, 2008.[19℄ M.H. Ho, M. De Vivo, M. Dal Peraro, and M.L. Klein. Unraveling the 
atalyti
 pathwayof metalloenzyme farnesyltransferase through qm/mm 
omputation. Journal of Chemi
alTheory and Computation, 5(6):1657�1666, 2009.[20℄ S. Raugei and P. Carloni. Ab initio modelling of biologi
al systems. Psi-k Newsletter,71:110�128, 2005.[21℄ P. Carloni, U. Rothlisberger, and M. Parrinello. The role and perspe
tive of ab initiomole
ular dynami
s in the study of biologi
al systems. A

ounts of Chemi
al Resear
h,35(6):455�464, 2002.[22℄ M.C. Colombo, L. Guidoni, A. Laio, A. Magistrato, P. Maurer, S. Piana, U. Rohrig,K. Spiegel, M. Sulpizi, J. VandeVondele, M. Zumstein, and U. Rothlisberger. Hybridqm/mm 
ar-parrinello simulations of 
atalyti
 and enzymati
 rea
tions. Chimia, 56(1-2):11�17, 2002.[23℄ L. Guidoni, P. Maurer, S. Piana, and U. Rothlisberger. Hybrid 
ar-parrinello/mole
ularme
hani
s modelling of transition metal 
omplexes: Stru
ture, dynami
s and rea
tivity.Q.S.-A.R., 21:173�181, 2002.[24℄ M.-E. Moret, E. Tapavi
za, L. Guidoni, U.F. Rohrig, M. Sulpizi, I. Tavernelli, and U. Roth-lisberger. Quantum me
hani
al/mole
ular me
hani
al (qm/mm) 
ar-parrinello simulationsin ex
ited states. Chimia, 59:493�498, 2005.60



[25℄ S. Raugei, F.L. Gervasio, and P. Carloni. Dft modeling of biologi
al systems. Physi
aStatus Solidi B-Basi
 Solid State Physi
s, 243(11):2500�2515, 2006.[26℄ A. Laio and M. Parrinello. Es
aping free energy minima. Pro
.Natl.A
ad.S
i.,99(20):12562�12566, 2002.[27℄ A. Laio and F.L. Gervasio. Metadynami
s: a method to simulate rare events and re
on-stru
t the free energy in biophysi
s, 
hemistry and material s
ien
e. Reports on Progressin Physi
s, 71(12):126601, 2008.[28℄ U.F. Rohrig, A. Laio, N. Tantalo, M. Parrinello, and R. Petronzio. Stability and stru
-ture of oligomers of the alzheimer peptide a beta(16-22): From the dimer to the 32-mer.Biophysi
al Journal, 91(9):3217�3229, 2006.[29℄ S. Piana and A. Laio. Advillin folding takes pla
e on a hypersurfa
e of small dimensionality.Physi
al Review Letters, 101(20):208101, 2008.[30℄ C.L. Stanton, I.F.W. Kuo, C.J. Mundy, T. Laino, and K.N. Houk. Qm/mm metady-nami
s study of the dire
t de
arboxylation me
hanism for orotidine-5 '-monophosphatede
arboxylase using two di�erent qm regions: A

eleration too small to explain rate ofenzyme 
atalysis. Journal of Physi
al Chemistry B, 111(43):12573�12581, 2007.[31℄ L. Petersen, A. Ardevol, C. Rovira, and P.J. Reilly. Me
hanism of 
ellulose hydrolysisby inverting gh8 endoglu
anases: A qm/mm metadynami
s study. Journal of Physi
alChemistry B, 113(20):7331�7339, 2009.[32℄ R Car and M. Parrinello. Uni�ed approa
h for mole
ular-dynami
s and density fun
tionaltheory. Physi
al Review Letters, 55:2471�2474, 1985.[33℄ A.D. Be
ke. Density-fun
tional ex
hange-energy approximation with the 
orre
t asymp-toti
 behaviour. Phys.Rev.A, 38:3098�3100, 1988.[34℄ C.L Lee, W. Yang, and R.G. Parr. Development of the 
olle-salvetti 
orrelation-energyformula into a fun
tional of the ele
tron density. Phys.Rev.B, 37:785�789, 1988.[35℄ P.L. Silvestrelli and M. Parrinello. Stru
tural, ele
troni
, and bonding properties of liquidwater from �rst prin
iples. J.Chem.Phys., 111:3572�3580, 1999.[36℄ P.L. Silvestrelli and M. Parrinello. Water mole
ule dipole in the gas and in the liquidphase. Phys.Rev.Lett., 82:3308�3311, 1999.[37℄ A.D. Be
ke. Density-fun
tional thermo
hemistry. iii. the role of exa
t ex
hange.J.Phys.Chem., 98(7):5648�5652, 1993.[38℄ R.M. Di
kson and A.D. Be
ke. Rea
tion barrier heights from an exa
t-ex
hange-baseddensity-fun
tional 
orrelation model. J.Chem.Phys., 123(11):111101�, September 2005.[39℄ J.P. Perdew, K. Burke, and M. Ernzerhof. Generalized gradient approximation madesimple. Phys.Rev.Lett., 77(18):3865�3868, 1996.61



[40℄ G. Lippert, J. Hutter, and M. Parrinello. A hybrid gaussian and plane wave densityfun
tional s
heme. Mole
ular Physi
s, 92(3):477�487, 1997.[41℄ G. Lippert, J. Hutter, and M. Parrinello. The gaussian and augmented-plane-wave densityfun
tional method for ab initio mole
ular dynami
s simulations. Theoreti
al ChemistryA

ounts, 103(2):124�140, 1999.[42℄ J. VandeVondele, M. Kra
k, F. Mohamed, M. Parrinello, T. Chassaing, and J. Hutter.Qui
kstep: Fast and a

urate density fun
tional 
al
ulations using a mixed gaussian andplane waves approa
h. Computer Physi
s Communi
ations, 167(2):103�128, 2005.[43℄ N. Troullier and J.L. Martins. E�
ient pseudopotentials for plane-wave 
al
ulations.Phys.Rev.B, 43:1993�2006, 1991.[44℄ S. Goede
ker, M. Teter, and J. Hutter. Separable dual-spa
e gaussian pseudopotentials.Phys.Rev.B Condens.Matter, 54(3):1703�1710, July 1996.[45℄ D. Vanderbilt. Optimally smooth norm-
onserving pseudopotentials. Phys.Rev.B, 32:8412�, 1985.[46℄ M. Guidon, F. S
hi�mann, J. Hutter, and J. VandeVondele. Ab initio mole
ular dynami
susing hybrid density fun
tionals. Journal of Chemi
al Physi
s, 128(21):214104, 2008.[47℄ O.A. von Lilienfeld, I. Tavernelli, U. Rothlisberger, and D. Sebastiani. Optimization ofe�e
tive atom 
entered potentials for london dispersion for
es in density fun
tional theory.Phys.Rev.Lett., 93(15):153004�, O
tober 2004.[48℄ O.A. von Lilienfeld, I. Tavernelli, U. Rothlisberger, and D. Sebastiani. Performan
e ofoptimized atom-
entered potentials for weakly bonded systems using density fun
tionaltheory. Physi
al Review B, 71(19):�, 2005.[49℄ E. Tapavi
za, I.C. Lin, O.A. von Lilienfeld, I. Tavernelli, M.D. Coutinho-Neto, andU. Rothlisberger. Weakly bonded 
omplexes of aliphati
 and aromati
 
arbon 
ompoundsdes
ribed with dispersion 
orre
ted density fun
tional theory. Journal of Chemi
al Theoryand Computation, 3(5):1673�1679, 2007.[50℄ I.C. Lin and U. Rothlisberger. Des
ribing weak intera
tions of biomole
ules with dispersion-
orre
ted density fun
tional theory. Physi
al Chemistry Chemi
al Physi
s, 10(19):2730�2734, 2008.[51℄ I.C. Lin, A.P. Seitsonen, M.D. Coutinho-Neto, I. Tavernelli, and U. Rothlisberger. Im-portan
e of van der waals intera
tions in liquid water. Journal of Physi
al Chemistry B,113(4):1127�1131, 2009.[52℄ T. Laino, F. Mohamed, A. Laio, and M. Parrinello. An e�
ient real spa
e multigridom/mm ele
trostati
 
oupling. Journal of Chemi
al Theory and Computation, 1(6):1176�1184, 2005.
62



[53℄ T. Laino, F. Mohamed, A. Laio, and M. Parrinello. An e�
ient linear-s
aling ele
trostati

oupling for treating periodi
 boundary 
onditions in qm/mm simulations. Journal ofChemi
al Theory and Computation, 2(5):1370�1378, 2006.[54℄ M. Dal Peraro, P. Ruggerone, S. Raugei, F.L. Gervasio, and P. Carloni. Investigating bio-logi
al systems using �rst prin
iples 
ar-parrinello mole
ular dynami
s simulations. CurrentOpinion in Stru
tural Biology, 17(2):149�156, 2007.[55℄ L. Guidoni and P. Carloni. Potassium permeation through the sele
tivity �lter of the k
sa
hannel: a density fun
tional study. Bio
him.Biophys.A
ta, 1563:1�6, 2002.[56℄ D. Bu
her, L. Guidoni, P. Maurer, and U. Rothlisberger. Developing improved 
harge setsfor the modeling of the k
sa k+ 
hannel using qm/mm ele
trostati
 potentials. J.C.T.C.,inpress, pages �, 2009.[57℄ D. Bu
her, L. Guidoni, and U. Rothlisberger. The protonation state of the glu-71/asp-80 residues in the k
sa potassium 
hannel. a �rst prin
iples qm/mm mole
ular dynami
sstudy. Biophys.J., 93:2315�2324, 2007.[58℄ Mar
us RA. Ele
tron transfers in 
hemistry and biology. Bio
him Biophys A
ta, 811:265�322, 1985.[59℄ Warshel A. Dynami
s of rea
tions in polar solvents: semi
lassi
al traje
tory study ofele
tron transfer and proton transfer rea
tions. J. Phys. Chem., 86:2218�2224, 1982.[60℄ Y. Tateyama, J. Blumberger, M. Sprik, and I. Tavernelli. Density-fun
tional mole
ular-dynami
s study of the redox rea
tions of two anioni
, aqueous transition-metal 
omplexes.Journal of Chemi
al Physi
s, 122(23):234505, 2005.[61℄ Sprik M Blumberger J. Quantum versus 
lassi
al ele
tron transfer energy as rea
tion
oordinates for the a
queus ru2+/ru3+ redox rea
tion. Theor. Chem. A

., 115:113�126,2006.[62℄ J. Blumberger, I. Tavernelli, M.L. Klein, and M. Sprik. Diabati
 free energy 
urvesand 
oordination �u
tuations for the aqueous ag+/ag2+ redox 
ouple: A biased born-oppenheimer mole
ular dynami
s investigation. Journal of Chemi
al Physi
s, 124(6):64507,2006.[63℄ J. VandeVondele, M. Sulpizi, and M. Sprik. From solvent �u
tuations to quantitativeredox properties of quinones in methanol and a
etonitrile. Angew.Chem Int.Ed Engl.,45(12):1936�1938, Mar
h 2006.[64℄ C. Adriaanse, M. Sulpizi, J. VandeVondele, and M. Sprik. The ele
tron atta
hment energyof the aqueous hydroxyl radi
al predi
ted from the deta
hment energy of the aqueoushydroxide anion. J.A.C.S., 131(17):6046, 2009.[65℄ J. Blumberger. Free energies for biologi
al ele
tron transfer from qm/mm 
al
ula-tion: method, appli
ation and 
riti
al assessment. Physi
al Chemistry Chemi
al Physi
s,10(37):5651�5667, 2008. 63



[66℄ A.J. Cohen, P. Mori-San
hez, and W. Yang. Insights into 
urrent limitations of densityfun
tional theory. S
ien
e, 321(5890):792�794, August 2008.[67℄ W. Ko
h and M.C. Holthausen. A Chemist's Guide to Density Fun
tional Theory. Wiley-VCH. New York, 2001.[68℄ M Wanko, M. Garavelli, Bernardi F., Niehaus T.A., T. Frauenheim, and M. Elstner. Aglobal investigation of ex
ited state surfa
es within time-dependent density-fun
tional re-sponse theory. J.Chem.Phys., 120(4):1674�1692, 2004.[69℄ I. Tavernelli. Ele
troni
 density response of liquid water using time-dependent densityfun
tional theory. Physi
al Review B, 73(9):94204, 2006.[70℄ V. Garbuio, M. Cas
ella, and O. Pul
i. Ex
ited state properties of liquid water. Journalof Physi
s-Condensed Matter, 21(3):33101, 2009.[71℄ F. Jensen. Introdu
tion to 
omputational 
hemistry. Wiley & Sons Ltd., Chir
hester,England, 1999.[72℄ L. Noodleman, T. Lovell, T. Liu, F. Himo, and R.A. Torres. Insights into properties and en-ergeti
s of iron-sulfur proteins from simple 
lusters to nitrogenase. Curr.Opin.Chem.Biol.,6:259�273, 2002.[73℄ N.N. Nair, E. S
hreiner, R. Pollet, V. Staemmler, and D. Marx. Magnetostru
tural dynam-i
s with the extended broken symmetry formalism: Antiferromagneti
 [2fe-2s℄ 
omplexes.Journal of Chemi
al Theory and Computation, 4(8):1174�1188, 2008.[74℄ E. S
hreiner, N.N. Nair, R. Pollet, V. Staemmler, and D. Marx. Dynami
al magnetostru
-tural properties of anabaena ferredoxin. Pro
eedings of the National A
ademy of S
ien
esof the United States of Ameri
a, 104(52):20725�20730, 2007.[75℄ M. Co
o

ioni and S. de Giron
oli. Linear response approa
h to the 
al
ulation of thee�e
tive intera
tion parameters in the lda + u method. Physi
al Review B, 71(3):35105,2005.[76℄ H.J. Kulik, M. Co
o

ioni, D.A. S
herlis, and N. Marzari. Density fun
tional theoryin transition-metal 
hemistry: A self-
onsistent hubbard u approa
h. Phys.Rev.Lett.,97:103001�103004, 2006.[77℄ H.J. Kulik and N. Marzari. A self-
onsistent hubbard u density-fun
tional theory approa
hto the addition-elimination rea
tions of hydro
arbons on bare feo+. Journal of Chemi
alPhysi
s, 129(13):134314, 2008.[78℄ G. Onida, L. Reining, and A. Rubio. Ele
troni
 ex
itations: density-fun
tional versusmany-body green's-fun
tion approa
hes. Reviews of Modern Physi
s, 74(2):601�659, 2002.[79℄ V. Garbuio, M. Cas
ella, L. Reining, R. Del Sole, and O. Pul
i. Ab initio 
al
ulation ofopti
al spe
tra of liquids: Many-body e�e
ts in the ele
troni
 ex
itations of water. Physi
alReview Letters, 97(13):137402, 2006. 64



[80℄ A.M. Conte, E. Ippoliti, R. Del Sole, P. Carloni, and O. Pul
i. Many-body perturbationtheory extended to the quantum me
hani
s/mole
ular me
hani
s approa
h: Appli
ationto indole in water solution. Journal of Chemi
al Theory and Computation, 5(7):1822�1828,2009.[81℄ W.M.C. Foulkes, L. Mitas, R.J. Needs, and G. Rajagopal. Quantum monte 
arlo simula-tions of solids. Reviews of Modern Physi
s, 73(1):33�83, 2001.[82℄ F. S
hautz, F. Buda, and C. Filippi. Ex
itations in photoa
tive mole
ules from quantummonte 
arlo. J.Chem.Phys., 121(12):5836�5844, 2004.[83℄ S.I. Lu. A

ura
y of a random-walk-based approa
h in the determination of equilibriumbond lengths and harmoni
 frequen
ies for some doublet �rst-row diatomi
 radi
als. Journalof Chemi
al Physi
s, 123(7):74104, 2005.[84℄ L. Wagner and L. Mitas. A quantum monte 
arlo study of ele
tron 
orrelation in transitionmetal oxygen mole
ules. Chem.Phys.Letters, 370(3-4):412�417, 2003.[85℄ M. Casula, M. Mar
hi, S Azadi, and S Sorella. A 
onsistent des
ription of the iron dimerspe
trum with a 
orrelated single determinant wave fun
tion. Chem.Phys.Letters, 477:255�258, 2009.[86℄ F. Cordova, L.J. Doriol, A. Ipatov, M.E. Casida, C. Filippi, and A. Vela. Troubleshoot-ing time-dependent density-fun
tional theory for photo
hemi
al appli
ations: oxirane.J.Chem.Phys., 127(16):164111�, O
tober 2007.[87℄ M. Za

heddu, C. Filippi, and F. Buda. Anion-pi and pi-pi 
ooperative intera
tions regulat-ing the self-assembly of nitrate-triazine-triazine 
omplexes. J.Phys.Chem.A, 112(7):1627�1632, February 2008.[88℄ S. Sorella, M. Casula, and D. Ro

a. Weak binding between two aromati
 rings: Feeling thevan der waals attra
tion by quantum monte 
arlo methods. Journal of Chemi
al Physi
s,127(1):14105, 2007.[89℄ I.G. Gurtubay and R.J. Needs. Disso
iation energy of the water dimer from quantummonte 
arlo 
al
ulations. J.Chem.Phys., 127(12):124306�, September 2007.[90℄ F Sterpone, L Spanu, L Ferraro, S Sorella, and L Guidoni. Disse
ting the hydrogen bond:a quantum monte 
arlo approa
h. J.Chem.Theory Comp., 4(9):1428�1434, 2008.[91℄ B. Santra, A. Mi
haelides, M. Fu
hs, A. Tkat
henko, C. Filippi, and M. S
he�er. On thea

ura
y of density-fun
tional theory ex
hange-
orrelation fun
tionals for h bonds in smallwater 
lusters. ii. the water hexamer and van der waals intera
tions. Journal of Chemi
alPhysi
s, 129(19):194111, 2008.[92℄ M. Gar
ia-Vilo
a, J. Gao, M. Karplus, and D. G. Truhlar. How enzymes work: analysisby modern rate theory and 
omputer simulations. S
ien
e, 303:186�195, 2004.[93℄ R. L. S
howen. How an enzyme surmounts the a
tivation energy barrier. Pro
. Natl. A
ad.S
i. USA, 100:11931�11932, 2003. 65



[94℄ S. D. S
hwartz and V. L. S
hramm. Enzymati
 transition states and dynami
 motion inbarrier 
rossing. Nat. Chem. Biol., 5:551�558, 2009.[95℄ H. X. Deng, A. Hentati, J. A. Tainer, Z. Iqbal, A. Cayabyab, W. Y. Hung, E. D. Getzo�,P. Hu, B. Herzfeldt, R. P. Roos, and et al. Amyotrophi
 lateral s
lerosis and stru
turaldefe
ts in 
u,zn superoxide dismutase. S
ien
e, 261:1047�1051, 1993.[96℄ Otyepka M., Banas P., Magistrato A., Carloni P., and J. Damborsky. Se
ond step ofhydrolyti
 dehalogenation in haloalkane dehalogenase investigated by qm/mm methods.Proteins, 70:707�717, 2008.[97℄ X. Biarnes, J. Nieto, A. Plans, and C. Rovira. Substrate distortion in the mi
haelis 
om-plex of ba
illus 1-3,1-4-beta-glu
anase. insight from �rst prin
iples mole
ular dynami
ssimulations. J. Biol. Chem., 281:1432�1441, 2006.[98℄ M. F. Perutz, G. Fermi, B. Luisi, B. Shaanan, and R. C. Liddington. Stereo
hemistry of
ooperative me
hanisms in hemoglobin. A

. Chem. Res., 20:309�321, 1987.[99℄ B. Kir
hner, F. Wennmohs, S. Ye, and F. Neese. Theoreti
al bioinorgani
 
hemistry: theele
troni
 stru
ture makes a di�eren
e. Curr. Opin. Chem. Biol., 11:134�141, 2007.[100℄ P. G. Bolhuis, D. Chandler, C. Dellago, and P. L. Geissler. Transition path sampling:throwing ropes over rough mountain passes, in the dark. Annu. Rev. Phys. Chem., 53:291�318, 2002.[101℄ M. Isralewitz, M. Gao, and K. Shulten. Steered mole
ular dynami
s and the me
hani
alfun
tions of proteins. Curr. Opin. Stru
t. Biol., 11:224�230, 2001.[102℄ M. Dal Peraro, L. I. Llarrull, U. Rothlisberger, A. J. Vila, and P. Carloni. Water-assistedrea
tion me
hanism of monozin
 beta-la
tamases. J. Am. Chem. So
., 126:12661�12668,2004.[103℄ M. Boero, T. Ikeda, E. Ito, and K. Terakura. Hs
70 atpase: an insight into water disso
i-ation and joint 
atalyti
 role of k+ and mg2+ metal 
ations in the hydrolysis rea
tion. J.Am. Chem. So
., 128:16798�16807, 2006.[104℄ M. De Vivo, M. Dal Peraro, and M. L. Klein. Phosphodiester 
leavage in ribonu
leaseh o

urs via an asso
iative two-metal-aided 
atalyti
 me
hanism. J. Am. Chem. So
.,130:10955�10962, 2008.[105℄ M. Paoli, J. Marles-Wright, and A. Smith. Stru
ture-fun
tion relationships in heme-proteins. DNA Cell. Biol., 21:271�280, 2002.[106℄ D. E. Bikiel, L. Boe
hi, L. Cape
e, A. Crespo, P. M. De Biase, S Di Lella, M. C. Gonzalez-Lebrero, M.A. Marta, A.D. Nadra, L. L. Perissinotti, D. A. S
herlis, and D. A. Estrin.Modeling heme proteins using atomisti
 simulations. Phys. Chem. Chem. Phys., 8:5611�5628, 2006.
66



[107℄ M. Alfonso-Prieto, A. Borovik, X. Carpena, G. Murshudov, W. Melik-Adamyan, I. Fita,C. Rovira, and P.C. Loewen. The stru
tures and ele
troni
 
on�guration of 
ompound iintermediates of heli
oba
ter pylori and peni
illium vitale 
atalases determined by x-ray
rystallography and qm/mm density fun
tional theory 
al
ulations. J. Am. Chem. So
.,14:4192�4205, 2007.[108℄ H. Chen, H. Hirao, E. Derat, I. S
hli
hting, and S. Shaik. Quantum me
hani
al/mole
ularme
hani
al study on the me
hanisms of 
ompound i formation in the 
atalyti
 
y
le of
hloroperoxidase: an overview on heme enzymes. J. Phys.Chem. B, 112:9490�9500, 2008.[109℄ E. Derat, S. Shaik, C. Rovira, P. Vidossi
h, and M. Alfonso-Prieto. The e�e
t of a watermole
ule on the me
hanism of formation of 
ompound 0 in horseradish peroxidase. J. Am.Chem. So
., 129:6346�6347, 2007.[110℄ C. Rovira, B. S
hulze, M. Ei
hinger, J. D. Evanse
k, and M. Parrinello. In�uen
e of theheme po
ket 
onformation on the stru
ture and vibrations of the fe-
o bond in myoglobin:a qm/mm density fun
tional study. Biophys. J., 81:435�445, 2001.[111℄ E. Sigfridsson and U. Ryde. Theoreti
al study of the dis
rimination between o(2) and 
oby myoglobin. J. Inorg. Bio
hem., 91:101�115, 2002.[112℄ B. Ste
 and G. N. Jr. Phillips. How the 
o in myoglobin a
quired its bend: lessons ininterpretation of 
rystallographi
 data. A
ta Crystallogr. D Biol. Crystallogr., 57:751�754,2001.[113℄ F. De Angelis, A. A. Jarze
ki, R. Car, and T. G. Spiro. Quantum 
hemi
al evaluation ofprotein 
ontrol over heme ligation: Co/o2 dis
rimination in myoglobin. J. Phys.Chem. B,109:3065�3070, 2005.[114℄ M. A. Marti, L. Cape
e, D.E. Bikiel, B. Fal
one, and D. A. Estrin. Oxygen a�nity 
on-trolled by dynami
al distal 
onformations: the soybean leghemoglobin and the parame
ium
audatum hemoglobin 
ases. Proteins, 68:480�487, 2007.[115℄ H.P. Hersleth, Y.W. Hsiao, U. Ryde, C.H. Gorbitz, and K.K. Andersson. The in�uen
eof x-rays on the stru
tural studies of peroxide-derived myoglobin intermediates. Chem.Biodivers., 5:2067�2089, 2008.[116℄ M. Unno, H. Chen, S. Kusama, S. Shaik, and M. Ikeda-Saito. Stru
tural 
hara
terizationof the �eeting ferri
 peroxo spe
ies in myoglobin: experiment and theory. J. Am. Chem.So
., 129:13394�13395, 2007.[117℄ Rothlisberger U. Bu
her D, Guidoni L. The protonation state of the glu-71/asp-80 residuesin the k
sa potassium 
hannel: a �rst-prin
iples qm/mm mole
ular dynami
s study. Bio-phys. J., 93:2315�2324, 2007.[118℄ Rovira C. Jensen M A, Rothlisberger U. Hydroxide and proton migration in aquaporins.Biophys. J., 89:1744�1759, 2005.[119℄ A. Chaumont, M. Baer, G. Mathias, and Marx D. Potential proton-release 
hannels inba
teriorhodopsin. Chemphys
hem, 9:2751�2758, 2008.67



[120℄ S. C. Rossle and I. Frank. First-prin
iples simulation of photorea
tions in biologi
al sys-tems. Front. Bios
i., 14:4862�4877, 2009.[121℄ Molteni C. Gonzalez EM, Guidoni L.[122℄ M.A. Marques, X. Lòpez, D. Varsano, A. Castro, and A. Rubio. Time-dependent density-fun
tional approa
h for biologi
al 
hromophores: the 
ase of the green �uores
ent protein.Phys. Rev. Lett., 90:258101, 2003.[123℄ F. Masson, T. Laino, U. Rothlisberger, and J. Hutter. A qm/mm investigation of thyminedimer radi
al anion splitting 
atalyzed by dna photolyase. Chemphys
hem., 10:400�410,2009.[124℄ Moulis J-M Meyer J. Rubredoxin in. Handbook of Metalloproteins Ed. Messers
hmidt A,Huber R, Wieghardt K, Poulos T (Wiley), pages 505�517, 2001.[125℄ P.J. Stephens, D.R. Jollie, and A. Warshel. Protein 
ontrol of redox potentials of iron-sulfurproteins. Chemi
al Reviews, 96(7):2491�2513, 1996.[126℄ Z. Dauter, K.S. Wilson, L.C. Sieker, J.M. Moulis, and J. Meyer. Zin
- and iron-rubredoxinsfrom 
lostridium pasteurianum at atomi
 resolution: A high-pre
ision model of a zns4
oordination unit in a protein. Pro
eedings of the National A
ademy of S
ien
es of theUnited States of Ameri
a, 93(17):8836�8840, 1996.

68


