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Abstract

Ab initio quan tum mec hanical sim ulations of biological systems are expanding their capa-

bilities to approac h a v ariet y of fundamen tal problems in biology . W e review the progress on

metho d dev elopmen t in the �eld ac hiev ed in the last y ears, fo cusing on emerging tec hniques

that migh t b ecome more relev an t in the near future. A brief surv ey on recen t applications

in the �eld of enzyme catalysis and calculations of protein redo x prop erties is also rep orted.

1 In tro duction

In the last y ears biology en tered the p ost-genomic era, expanding the researc h e�orts from the

single molecule studies to the extensiv e study of in terpla y b et w een di�eren t biomolecules. A

large e�ort is curren tly ongoing on protein net w orks and protein-protein in teractions researc h

with the main target to bridge the structural and bio c hemical prop erties of individual biological

molecules with their collectiv e b eha vior in cell cycles and signalling [1]. Bridging these scales is

an fundamen tal step in the kno wledge of biology and it will bring more quan titativ e description of

biological phenomena, op ening new p ersp ectiv es in drug design, tec hnology and medical researc h.

A t the same time, and from the side of Bioph ysics and Structural Biology , a mec hanistic approac h

to man y biomolecules is made p ossible thanks to the gro wing a v ailabilit y of exp erimen tally

determined 3D molecular structures re�ned with atomic resolution. Using structural information,

single molecule manipulation, and sp ectroscop y , is no w ada ys p ossible b y exp erimen ts to unra v el

mo v emen ts and electronic prop erties of living matter with accurate and time resolv ed details [2].

In this con text, molecular mo delling is also expanding its role. The understanding of the details

at the atomic lev el of the in teractions b et w een proteins, n ucleic acids, substrates, cofactors and

drugs has acquired a reno v ated k ey role in the con text of quan titativ e biology and p ost-genomics.
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A v ariet y of sim ulation tec hniques, ranging from electronic structure calculations to classical

molecular dynamics (MD) and coarse grain mo dels, has to b e used to bridge the gap b et w een

sp ectroscopic data, structural information, and biological signi�cance. The quan titativ e and

detailed understanding of prop erties and molecular mec hanisms of biomolecules has b een recen tly

the sub ject of di�eren t ab initio studies in the �eld of photoreceptors [3�6], electron transfer

and redo x proteins [7, 8], transition metal enzymes [9, 10], and computational (bio)sp ectroscop y

(including optical, infrared, Raman, EPR, and NMR sp ectroscop y) [11� 13].

F rom the p oin t of view of the atomistic computer mo delling, t w o lev els of complexit y will c hal-

lenge our comm unit y for the next y ears: the in trinsic c hemical complexit y of the biomolecules

and the necessit y to co v er the gap, in term of size and time, b et w een what has to b e sim ulated

at the quan tum lev el and all the rest of the (necessary) biological en vironmen t. The accuracy of

ab initio molecular dynamics based on Densit y F unctional Theory (DFT) is su�cien t to pro vide

a correct description of the electronic structure for large classes of biomolecules, but not alw a ys

for sp eci�c sets of problems in the �eld of m ulti-cen ter transition metal enzymes, photoreceptors

and electron transfer proteins. The coupling b et w een DFT-based ab initio MD and classical

molecular dynamics, in the framew ork of Quan tum Mec hanics / Molecular dynamics sim ula-

tions [14, 15], has successfully con tributed to link the quan tum prop erties of an activ e site to the

whole biomolecular en vironmen t for a v ariet y of systems [16� 19].

Here w e will shortly o v erview the computational metho ds used in the �eld of biomolecules men-

tioning also a selection of emerging metho ds that ma y ha v e an increasing relev ance in the future

for the study of the electronic structure of biological systems. W e also rep ort a v ery limited

n um b er of applications, b eing conscious that it will not b e able to co v er imp ortan t con tributions

to sev eral activ e groups. Complemen tary and more complete surv eys on ab initio mo delling

on biological systems can b e found in a previous newsletter [20] and in sev eral reviews on the

sub ject [21� 25].

2 Metho ds

2.1 Classical, Quan tum and h ybrid Quan tum/Classical sim ulations

Dealing with electronic structure calculations of biomolecules cannot abstract from a description

of the biomolecules at the lev el of classical molecular dynamics. The use of force-�eld based MD is

indeed necessary , either to enhance the sampling of the conformational space or to include, using

h ybrid metho ds, the en vironmen t that cannot b e describ ed at the full quan tum lev el b ecause of

computational costs. Classical, i.e. force-�eld based, setups of biological systems ha v e t ypically

104 � 105
atoms and a sampling of the phase space is crucial to o v ercome conformational and

b ond breaking/forming barriers. Enhanced sampling tec hniques can signi�can tly impro v e the

exploration of the phase space of biological macromolecules and reactiv e systems. Among the

others, the recen tly dev elop ed metadynamics [26, 27] has b een successfully used in biomolecular

sim ulations coupled with classical [28, 29] and ab initio molecular dynamics [30, 31].

Ab initio molecular dynamics at �nite temp erature is commonly used to study biological systems

in the framew ork of Densit y F unctional Theory [32] b ecause of the go o d compromise b et w een
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c hemical accuracy and computational costs. The c hoice of the exc hange-correlation functional

is crucial for man y biomolecules. Gradien t corrections are usually necessaries and di�eren t ap-

proac hes ma y b e preferred according to the kind of system and calculation p erformed. The

p opularit y of BL YP functional [33, 34] comes from its capabilities to giv e a go o d description for

h ydrogen b onding systems [35, 36]. The B3L YP h ybrid functional [37] can pro vide a b etter esti-

mate of reaction barriers [38] but it has not b een extensiv ely used so far in ab initio MD b ecause

of the high computational cost of its implemen tation within a pure plane-w a v e sc heme. Bec k e

and P erdew [33, 39] functionals are preferred for transition metal complexes whereas P erdew,

Burk e and Ernzerhof functional [39] is more used in excited states calculations. T w o alternativ es

are curren tly used in ab initio molecular dynamics: a pure plane w a v e (PW) approac h and a

Gaussian and plane w a v e (GPW) metho d [40� 42]. In the PW metho d core electrons can b e

replaced using norm-conserving (T rouillier-Martins [43], Go edec k er, T eter and Hutter [44]) and

non-norm-conserving ultrasoft (V anderbilt [45]) pseudop oten tials. The Gaussian and plane w a v e

metho d o�ers a con v enien t alternativ e, sp ecially suited for the use of h ybrid exc hange-correlation

functionals. Recen t sim ulations of sev eral tens of picoseconds on liquid w ater recen tly demon-

strated the p ossibilit y to p erform ab initio MD using B3L YP functional [46]. T o circum v en t

the inabilit y of curren t exc hange-correlation functionals to incorp orate disp ersion forces, a pseu-

dop oten tial sc heme has b een dev elop ed b y the group of Rothlisb erger [47, 48]. Higher angular

momen tum dep enden t terms of the pseudop oten tials are optimized using correlated calculations

references, obtaining v ery go o d results for w eakly b ound systems [49, 50] and liquid w ater [51].

Using h ybrid Quan tum Mec hanics / Molecular Mec hanics (QM/MM) approac hes it is p ossible

to limit the size of the part of the system that is describ ed at the quan tum lev el to the atoms

b elonging to the reactiv e part of the system (for instance the activ e site of the enzyme or the

c hromophore of a photoreceptor), whereas the rest of the atoms (protein and solv en t) are treated

at the classical force-�eld lev el. Quan tum Mec hanics and Molecular Mec hanics system can b e

coupled in a fully Hamiltonian w a y using the sc heme from Rothlisb erger and co w ork ers [14, 15].

A recen t extension of QM/MM tec hniques in the PW G approac h is rep orted b y Laino et al.

[52, 53]. A more extensiv e metho d o v erview of QM/MM applications to biomolecules has b een

also rep orted in sev eral reviews [20� 25, 54].

It is in teresting to note in the literature an expansion of ab initio MD tec hniques to the study

of systems that w ere previously considered w ell describ ed b y classical mec hanics. One example

is represen ted b y p otassium c hannel proteins, usually treated at the lev el of classical mec hanics

since no b ond breaking or forming pro cesses is o ccurring during ion p ermeation through the

c hannel p ore. On the con trary , ab initio calculations demonstrated that the in teraction b et w een

the p ermeating cations and the protein carb on yl ligands cannot b e straigh tforw ardly describ ed b y

standard nonp olarizable force-�elds [16, 55, 56]. In addition, the p ermeation mec hanism is coupled

with a proton transfer b et w een surrounding ionizable residues [57] that cannot b e mo delled

classically .

2.2 Calculations of redo x prop erties

Redo x prop erties can b e calculated according to a MD metho d based on Marcus theory [58] as

originally prop osed b y W arshel [59]. This sc heme has b een dev elop ed and implemen ted for use
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in DFT based ab initio molecular dynamics sim ulations [8, 60� 64]. F or a large class of proteins

the ET activit y falls within the Marcus regime, and the o xidation free energy ( � A) and the

reorganization free energy ( � ) for the half reaction can b e computed from ensem ble a v erages of

the v ertical ionization energy ( � E), according to the follo wing equations:

� A =
1
2

(h� E i red + h� E i ox) (1)

� =
1
2

(h� E i red � h � E i ox) (2)

Subscripted angular brac k ets denote a v erages o v er equilibrium tra jectories of the system in re-

duced ( r e d ) and o xidized ( ox ) state. In the h ybrid sc heme used for the study of redo x prop erties

in rubredo xin and whic h w e review as an example here � E is still computed using DFT but

the atomic con�gurations are extracted from classical sim ulations. The aim of the metho d is

to com bine the long time scale accessibilit y of the classical mo del with the quan tum-mec hanical

metho ds to calculate ionization energies. When the size of the system do es not p ermit a full DFT

calculation a QM/MM approac h can b e used to calculate the energy of single con�guration [7, 65].

F or calculations of redo x reactions in proteins an imp ortan t issue is to ha v e reliable starting

structure for the initial con�gurations of the o xidized and reduced forms. Indeed proteins can

undergo some ma jor rearrangemen t up on o xidation/reduction whic h can b e quite di�cult to

mo del.

Another issue regards the qualit y of our DFT description for the metal cen ters. In particular

GGA functionals ha v e b een widely emplo y ed for calculations on biological systems, but they

are not accurate enough for the description of metal cen ters where electronic correlation pla ys

an essen tial role. In the case of rubredo xin, whic h w e will discuss in a follo wing section, the

functional accuracy has b een tested comparing electron detac hmen t energies of small clusters

(F e(SCH 3 ) 4 ) with previous calculations and exp erimen tal data.

2.3 Emerging tec hniques

F or man y c hemical and bio c hemical systems, DFT turned out to b e a go o d compromise b et w een

metho d reliabilit y and computational cost. Alb eit this success in static calculations and ab initio

molecular dynamics, the curren t appro ximations to the exc hange-correlation functional are source

of w ell-recognized and serious failures [66]. Systems where these limitations are eviden t are for

examples, free radicals and transition metals with semi-�lled d� shell (suc h as Cr, Mo, F e, Ni,

Mn) [67]. The dra wbac ks also a�ect the time dep enden t v ersion of Densit y F unctional Theory

(TD-DFT) [68], causing unsatisfying estimates in the calculation of electronic excitations of a

v ariet y of molecular systems, one among the simplest b eing liquid w ater [69, 70]. The use of

correlated quan tum c hemistry tec hniques, suc h as p erturbativ e metho ds (MP2,MP4), coupled

cluster (CC), and con�guration in teraction (CI) are limited to rather small biomolecules b ecause

the required computational resources gro w v ery rapidly with the system size (see for instance

ref. [71]). The searc hing for highly-accurate and size-scalable quan tum algorithms will b e in the

next y ears a crucial c hallenge for the comm unit y w orking on ab-initio metho ds for biomolecules.

An incomplete surv ey on emerging tec hniques is rep orted hereafter.

DFT extended sc hemes w ere prop osed to study transition metal complexes b ecause of the di�-
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culties encoun tered b y curren t functionals to correctly estimate the electronic correlation e�ects,

esp ecially in m ulti-cen ter transition metal complexes. In the so called brok en symmetry approac h

the spin coupling constan t J b et w een an tiferromagnetically coupled metal cen ters is estimated b y

carrying out indep enden t calculations for sev eral spin con�gurations. The energy of all di�eren t

spin states can b e subsequen tly estimated using a Heisen b erg Hamiltonian with coupling J . This

tec hnique has b een successfully used to study iron-sulfur catalytic cen ters [72] and it has b een

recen tly extended and applied in an ab-initio molecular dynamics con text [73]. The dynamical

magnetostructural prop erties of the 2Fe � 2S iron-sulfur cluster of ferredo xin w ere studied us-

ing QM/MM [74], rev ealing the time-dep enden t in terpla y b et w een the magnetic prop erties of

the di-iron cen ter and the protein en vironmen t. Another extension of DFT metho ds relev an t

for transition-metal activ e site c hemistry is the DFT+U metho d, where a generalized-gradien t

appro ximation is augmen ted b y a Hubbard U term [75]. A self-consisten t DFT+U approac h has

b een recen tly sho wn to successfully repro duce the electronic prop erties of the iron dimer and the

spin and energetics of gas-phase iron-based reactions [76, 77]. Although not easily generalized to

all transition-metal systems, b oth the ab o v e cited metho ds ha v e the adv an tage that they require

a computational e�ort comparable with that of plain DFT.

Green's function based metho ds, suc h as GW appro ximation and Bethe-Salp eter equation are

traditionally used to calculate electronic excitations in condensed matter systems [78]. In a com-

bined approac h with classical molecular dynamics, these metho ds ha v e b een recen tly successfully

extended to calculations of absorption sp ectra of liquid w ater [70, 79]. The excited state prop er-

ties of the indole molecule, the aromatic comp onen t of the tryptophan amino-acid, has b een also

studied in solution b y calculating electronic excitations using man y b o dy p erturbation theory on

snapshots extracted from a QM/MM sim ulation based on DFT [80]. These encouraging results

suggests that Green's function metho ds can b e suitable and a�ordable tec hniques to study the

electronic excitations of other biomolecules that cannot b e prop erly approac hed using TDDFT.

Another emerging tec hnique in the �eld of biomolecule is Quan tum Mon te Carlo. It has b een

successfully emplo y ed in the past to compute ground-state prop erties of systems where electron

correlations pla y a crucial role (see for instance the review [81]). An extended form ulation has

expanded its capabilities to in v estigate electronically excited states [82]. The QMC metho d,

traditionally largely applied in man y b o dy ph ysics and in Bose condensates, has b een also used

to correctly tac kle di�cult cases in quan tum c hemistry suc h as: radicals [83], transition metals

[84, 85], electronic excited states [82, 86], anion- � and � - � in teractions in aromatic molecules [87],

v an der W aals forces [88], and h ydrogen b onding in teractions [89, 90]. F or h ydrogen b onding

systems, the w ater dimer disp ersion curv e w as in v estigated b oth at the V ariational Mon te Carlo

and at the Di�usion Mon te Carlo lev el [90]. The exp erimen tal binding energy and the MP2 energy

curv e as a function of the distance b et w een the t w o w ater molecules for the dimer w ere fairly

repro duced. The ph ysical in terpretation of the resonating v alence b ond v ariational w a v e function

o�ered also the p ossibilit y to dissect the co v alen t and disp ersion v an der W aals con tributions to

the H-b onding energy , estimated to b e ab out 1.5 and 1.1 k cal/mol, resp ectiv ely . The energetics

of larger w ater clusters w ere also in v estigated b y QMC and compared with MP2 and DFT [91].

F rom the side of electronic excitations, QMC calculations ha v e sho wn to pro vide the correct

excited state energy surface in one of the most represen tativ e example of TDDFT failure, the

protonated Sc hi�-base mo del [82], whic h is a small analogue of the retinal protonated Sc hi� base,
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chair conformation

skew-boat conformation
(more stable)

4C1

1S3

Figure 1: Minim um energy structures obtained from QM/MM sim ulations of the enzyme-

substrate complex of Bacillus 1,3-1,4- � -glucanase, a family 16 glycoside h ydrolase (Reference:

Biarnes et al. J. Biol. Chem. 2006). The substrate (a 4-meth ylum b elliferyl tetrasacc haride) is

sho wn in licorice represen tation.

the c hromophore of rho dopsin.

3 Applications

3.1 Enzyme catalysis

The w a y enzymes p erform its catalytic function has long fascinated not only biologists but also

c hemists and ph ysicists [92� 94], b ecause subtle c hanges in the sp ecies in v olv ed (e.g. ligand,

substrate, enzyme) ma y lead to serious diseases [95]. Therefore, elucidating ho w enzymes w ork

at the atomic lev el is extremely relev an t to �nd b etter drugs. Scien tists ha v e long sough t the

origin of the lo w ering of the activ ation energy barrier b y enzymes, i.e. whether they stabilize the

TS or raise the relativ e energy of the substrate (substrate preorganization [96]). Nev ertheless,

the molecular details of man y enzymatic mec hanisms still remain a m ystery . V ery often catal-

ysis dep ends on the in terpla y b et w een structure/electronic reorganization and dynamics. F or

instance, a distortion of one single sugar unit from a c hair conformation to a b oat-lik e is crucial

for glycoside h ydrolases to break the glycosidic b onds in carb oh ydrates. A t the same time, the

distortion raises the c harge at the anomeric carb on and elongates the glycosidic b ond distance,

th us fa v oring catalysis [97] (Figure 1).

Another example is the binding of o xygen to m y oglobin (Mb) and hemoglobin (Hb). The heme
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activ e cen ter c hanges its electronic con�guration up on binding, from a high spin (i.e. maxim um

n um b er of unpaired electrons) to lo w-spin state, at the same time that the b ond b et w een the iron

atom and the o xygen ligand dev elops [98]. The decomp osition of the sup ero xide radical ( O�
2 )

in to h ydrogen p ero xide and o xygen b y sup ero xide dism utases, for instance, in v olv es c hanges in

the co ordination state of the activ e sp ecies as w ell as in their o xidation states [95]. Deciphering

these pro cesses from an electronic p oin t of view is necessary for understanding the mec hanisms

b ehind the enzymatic catalysis, as w ell as designing small molecules able to a�ect the biological

function of the protein.

In the past few y ears, ab initio metho ds ha v e con tributed imp ortan t insigh ts in to the catalytic

mec hanisms and structural features of a v ariet y of enzymes (for recen t reviews see e.g. [54]; [99]).

This progress has b een p ossible also b ecause of the increased computer p o w er, and the con tin uous

dev elopmen t of tec hniques suc h as QM/MM and metho ds to accelerate sampling of free energy

surfaces (metadynamics [26], transition path sampling [100] or steered molecular dynamics [101]).

Because of the large n um b er of ab initio applications to enzymes that app eared in the literature

in the last few y ears, it is clearly imp ossible to review all of the w ork app eared so far. Here

w e will review only few represen tativ e examples, hoping to giv e a �a v or of whic h problems

can b e addressed no w ada ys with ab initio metho ds. Metal-con taining proteins represen t almost

half of the proteome of living organisms. V ery often, the metal is presen t in the activ e site

and pla ys a role in catalysis. Zinc metallo � -lactamases (M � Ls) h ydrolyze the � -lactam N-C

b ond of � -lactam an tibiotics aided b y one or t w o Zn 2+
ions. Ab initio QM/MM sim ulations

ha v e sho wn that the �exibilit y of the Zn 2+
co ordination sphere pla ys a k ey role in the enzyme

reaction [54, 102]. Mg2+
ions are presen t in sev eral enzymes that h ydrolyze c hemical b onds

suc h as ep o xide h ydrolase and A TP ases [103]. In b oth cases, ab initio and QM/MM sim ulations

including solv en t w ater molecules in the QM region found that the w ater molecules assist the

c hemical reaction. These calculations w ere done in mo derately large systems (ab out 50 QM

atoms) but required large sim ulation times (100-200 ps). Similarly , t w o Mg2+
metals supp ort

the formation of a metastable in termediate along the reaction in rib on uclease H, but the role of

solv en t w aters in mediating proton transfer ev en ts is crucial ( [104]). All these w orks suggest the

general imp ortance of explicitly including solv ation e�ects at the catalytic site for the correct

description of an enzymatic mec hanism at the atomic lev el.

Hemeproteins (metalloprotein con taining a heme prosthetic group) are an imp ortan t group of

proteins and enzymes that carry out a v ariet y of relev an t biological functions, including o xygen

transp ort and storage (hemoglobin and m y oglobin), electron transfer (cyto c hromes), disprop or-

tionation of to xic h ydrogen p ero xide (catalases) and o xidation of substrates (p ero xidases). This

div ersit y of functions originates from the v ersatilit y of the heme group and the v ariet y of in-

teractions with protein sca�olds that generate di�eren t heme en vironmen ts [105]. Because of

the large size of the iron-p orph yrin (38 atoms), ab initio calculations in hemeproteins are par-

ticularly demanding [106] (e.g. the iron-p orph yrin, without the substituen t groups forming the

heme, plus sev eral protein residues in its vicinit y easily mak es ab out 150 atoms) [107]. F or the

h ybrid catalase-p ero xidase, whic h con tains a Met-T yr-T rp adduct ab o v e the heme (essen tial for

catalysis), the n um b er of QM atoms to b e included is ab out 250 [10]. During the last few y ears,

a large e�ort has b een dev oted not only to c haracterize reaction in termediates with a complex

electronic structure (e.g. the main reaction in termediate of the reaction cycle of p ero xidases,
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catalases, cyto c hrome P450 and nitric o xide syn thase is an o xyferryl-p orph yrin cation radical

named "comp ound I", Cp d I [107, 108]) but also in elucidating the mec hanism of their forma-

tion/disapp earance [108, 109]. F or p ero xidases, in whic h the activ e site is solv en t-exp osed, the

mec hanism of Cp d I formation w as found to rely on the en trance of w ater molecules to the activ e

site [109]. Again, this reinforces the activ e role that w ater molecules pla y in enzyme catalysis.

In con trast to p ero xidases, the activ e site of catalases is buried in the protein. Catalase Cp d I

reacts with h ydrogen p ero xide ( H2O2 ) and decomp oses it to H2O and O2 (Figure 2).

QM/MM metadynamics sim ulations ha v e sho wn that there are t w o comp eting mec hanisms to

decomp ose h ydrogen p ero xide [9]. One of them is consisten t with previous prop osals based on

structural information, whereas the other one explains the results of kinetic in v estigations on

enzyme m utan ts.

Another problem in this �eld that has b een in v estigated concerns the long-standing question

of ho w m y oglobin discriminates b et w een p oisonous CO and O 2 . During the past decade, it

w as demonstrated that CO distortion is not resp onsible for CO discrimination [110� 112]. De

Angelis et al. recen tly quan ti�ed the relev ance of other factors, mainly h ydrogen b onding of the

b ound o xygen [113]. A large e�ort has b een also dev oted to in v estigate ho w hemoglobins from

di�eren t sp ecies bind o xygen [114]. Ab initio calculations ha v e also con tributed to understand

the sometimes am biguous iron-o xygen distances found in X-ra y structures of heme proteins [107,

115, 116].

It should b e tak en in to accoun t that ab initio mo deling of enzymes needs accurate structures as

input. As the n um b er of high resolution structures of complex systems increases, more accurate

analysis can b e p erformed. This is the case, for instance, of recen t studies on mem brane proteins

[117� 119], photoactiv e proteins [17, 120� 122] or DNA-protein complexes. The recen tly solv ed

X-ra y structure of a complex b et w een photoly ase and a double-stranded DNA oligomer pro vided

a suitable starting structure for p erforming computational studies to elucidate the mec hanistic

nature of the photo c hemical repair. QM/MM molecular dynamics sim ulations [123] elucidated

the role of the v arious amino acids in the activ e site of the damaged DNA-enzyme complex.

3.2 Redo x prop erties in proteins

Bio-inorganic o xidation/reduction enzymes and metalloproteins represen t more than 40% of

IUBMB classi�ed proteins and are not only vital to biological energy con v ersion in photosyn the-

sis and respiration, but are also critical to a gro wing n um b er of signalling pro cesses go v erning

gene regulation and expression [124]. Understanding the mec hanism of electron transfer (ET)

b et w een t w o metal sites or metal site and organic substrate is therefore of b oth theoretical and

practical imp ortance. The k ey question is ho w metalloproteins con trol whic h pro cesses are ther-

mo dynamically feasible (i.e., reduction p oten tials) and ho w fast they o ccur (i.e., rate constan ts).

Some of the issues that ha v e b een raised in this con text concern the comp etition b et w een short

range e�ects, in essence the co ordination c hemistry of the metal ion, and long range e�ects, for

example the reorganization of the protein, the placemen t of c harged and p olar residues, the access

to the solv en t. Related to this is the question of the relativ e imp ortance of electronic relaxation

e�ects, suc h as the di�erence b et w een hard and soft ligands and electronic p olarization of the
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Cpd I (Heme -Fe =O) + H O+ IV.
2 2 Heme-Fe + H O + OIII

2 2

reactants
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Figure 2: (a) The molecular mec hanism of the catalase reaction (optimized structures of the

reactan ts and pro ducts). (b) The corresp onding reaction free energy surface obtained from

QM/MM metadynamics sim ulations using t w o collectiv e v ariables. Reference: Alfonso-Prieto

et. al. J. Am. Chem. So c. 2009.
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protein, v ersus the reorganization due to atomic motion.

In this highligh t w e discuss as an example the calculations of redo x prop erties of Rubredo xin(Rd)

[8], a small and comparativ ely simple iron-sulfur protein. This is a particularly in teresting case,

since it is p ossible to com bine a full ab initio description of the electronic structure of the protein

in explicit solv en t with sampling of the relev an t time scale of the protein dynamics using a

h ybrid metho d based on a force �eld molecular dynamics / densit y functional theory sc heme.

Applying this sc heme within the framew ork of Marcus theory [58] w e are able to repro duce the

exp erimen tal redo x p oten tial di�erence of 60 m V [125] b et w een a mesophilic and thermophilic

rubredo xin within an accuracy of 20 m V. The redo x p oten tial is mo dulated b y the h ydrogen

b ond in teractions of the ligand cysteines with the NH groups of nearb y residues with a stronger

net w ork of h ydrogen b onds leading to more p ositiv e reduction p oten tials. W e also compute the

reorganization free energy for o xidation of the protein obtaining 720 me V for the mesophilic and

590 me V for thermophilic v arian t. Decomp osition of the reorganization energy using the classical

force �eld sho ws that this is largely determined b y the solv en t, with b oth short range (an o xidation

induced c hange of co ordination n um b er) and long range (dielectric) con tributions. The 130 me V

higher v alue for the mesophilic form can b e attributed to the di�eren t dielectric resp onse of

the solv en t in the surrounding of the activ e site. These results underline the imp ortance of a

molecular description of the solv en t and of a correct inclusion of p olarization e�ects.

A ma jor adv an tage of a DFT sc heme here is that it accoun ts for electronic relaxation e�ects

in resp onse to o xidation/reduction. Suc h e�ects include ligand-metal c harge transfer and the

adjustmen t of h ydrogen b ond strength of co ordinated protein residues and solv en t. Within

a DFT description of the v ertical ionization energy for the en tire solv ated system, as applied

here, also the instan taneous equilibration of electronic p olarization to the new solute c harge

distribution is included. This can lead to a signi�can tly lo w er estimate of the reorganization

energy compared to a classical mo del with �xed c harges.

W e ha v e sho wn that with mo dern computational metho ds calculations on a full small size protein

are within reac h and can o�er a p o w erful predictiv e instrumen t to quan tify prop erties, suc h as

the reorganization energies, whic h are not easily measured b y exp erimen ts.

4 Conclusions

In the last y ears electronic structure tec hniques and ab initio molecular dynamics ha v e further

expanded their capabilities to understand structure/function relationships of biomolecules to an

increasing class of systems. In this brief review on the state-of-the art of metho ds and applications

w e ha v e tried to mak e a surv ey on the last progresses in the �eld that migh t b e represen tativ e

but far from b eing complete. T w o main problems are curren tly prev en ting ab initio calculations

to tac kle with success a wider class of c hallenging problems in biology: the size of the systems

and the qualit y of the electronic structure metho ds. QM/MM metho ds are a �rst step to try

to �ll this gap and further dev elopmen t of m ultiscale metho ds is desirable in the future. W e

ha v e also seen ho w di�eren t emerging quan tum tec hniques seem promising starting p oin ts to

go b ey ond standard DFT calculations. Thanks to this double e�ort, w e ma y hop e to tac kle in

the next y ears op en questions in electron transfer, electronic excitations of photoreceptors, and
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Figure 3: Represen tativ e MD con�guration of rubredo xin generated from a 1IR O crystal structure

[126] as emplo y ed in the DFT calculations. The p erio dically rep eated sim ulation cell, with edges

31.136, 28.095, 30.502 Å con tains the protein, 678 w ater molecules and 9 Na+
coun terions. The

orange isosurface represen ts the spin densit y for the o xidized state (c harge 0, spin 5/2) at 0.005

a.u.. Hydrogen b onds b et w een sulfur atoms in the activ e cen ter and nearb y bac kb one NH groups

are also highligh ted.
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m ulti-cen ter transition metal proteins.
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