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Abstract

Biological systemsare particularly challengingfor ab initio quantum mecanical methods,
yet rst principles calculations can now tackle problems of great current biological interest,
that cannot be solved by a di erent approaces. Here we outline the state-of-the art of ab
initio biological modeling by preserting a brief survey of new trends in the developmert of
algorithms as well as few represenativ e applications.

1 Intro duction

One of the goalsof modern biology is the understanding of biological phenomenaat the molecular level,
which involves the study of the structure of biomoleculesand their functions. A detailed atomistic
investigation of a biological systemrequires often the knowledgeof its electronic structure. For instance,
enzymatic reactionsare bond-forming and bond-breaking phenomena,that require a quantum medanical
description [1] Another example is represeried by photoreceptors (such as rhodopsin [2, 3, 4]), which
involve excited states and the interaction betweenthe biomoleculesand the electromagnetic eld. QM-
based approach may be also of invaluable help to correctly describe polarization e ects (e.g. in ion
channels [5]) as well as metallo-proteins, where very subtle chemical phenomena (such as the fact
that the metal ion ligand bond has a partially covalent nature) play an important role. Finally, QM
calculations allows for comparisonwith a variety of spectroscopicdata, suc asIR [6, 7, 8, 9, 10], Raman
[11, 12}, and NMR [11, 13], which can be obtained from the electronic structure calculations without
additional assumptions.

The study of biologically active moleculesfrom rst principles, such as proteins and DNA, however poses
its own unigue set of problems. Biological systemspresert an extremely high degreeof complexity. First
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of all, proteins may contain seeral hundreds of amino acids, i.e. thousandsof atoms. Secondly biological
processesccur in agueoussolution and span millisecond or even secondstime scales. In addition, very
often solvent moleculeshave an active role and have to be explicitely considered. Furthermore, dynamical
e ects both on short and long time scalesare extremely important and must be taken into accourt in
biological modeling. Therefore, the overall accuracy and predictive capability of computational models
for biological systemsare limited by (i) the accuracyto which relevant phasespaceregionsare sampled,
(ii) the degreeto which the microscopicsystemon the computer re ects the typically macroscopicsystem
in nature, and, in addition, (iii) the accuracyto which interaction forcesare described.

Despite the explosive growth of computer power over the past two decadeshas led to the dewelop-
ment of large-scalesimulation techniques, direct application of rst principle approacesto the study of
biomolecules,although important, is still limited for the size of the model system that can be studied
[14, 15, 16]. Few noticeable exceptionsare represened by very recert studies on DNA [17, 18. A suc-
cessfulstrategy is represened by the coupling of multi-nanosecond classical molecular dynamics (MD)
simulations [19, 20] basedon empirical force elds to hybrid quantum medanical/molecular medanics
(QM/MM) [21] optimizations and/or MD simulations. In a typical protocol classical MD is used to
samplethe relevant conformational spaceof the systemand then QM/MM calculations are performed on
represenativ e con gurations, wherethe region of interest, e.g, the active site of an enzyme,is treated at
QM level. This approach hasbeenwidely usedin many studies[1, 3, 22, 23, 24, 25, 26, 27, 28, 29, 30, 31].

Here we shall summarize someof the most common techniquesusedin the ab initio modeling of biolog-
ical systems, namely density functional theory and the so-calledhybrid QM/MM methods (section 2).
Subsequetly, we illustrate the power of the methodology for the modeling of biological systemsby a
survey of selectedvery recert applications from our and other groups. This survey is clearly very limited
in scope and cannot cover important contributions from seweral active groups. For a more exhaustive
reviews, see,e.g. Refs.[1, 32, 33. First, we shall discussfully ab initio calculations on a solvated DNA
lament, which represen someof the biggest calculations ever performed on a biological system[17, 18]
(section 3.1). Then, we will show the power of the combined use of classicaland hybrid QM/MM  simula-
tions to the study of enzymatic catalysis, taking asillustrativ e examplethe decarboxylation of orotidine
5%-monophosphateby orotidine 5-monophosphatedecarboxylase [28] (section 3.2.1). Finally, we illus-
trate an extensionto this approadc to the excited-state dynamics of the retinal protonated Schi basein
rhodopsin [3] (section 3.2.2). Then we concludewith some nal remarks (section 4).

2 Computational tools for atomistic biomo deling

2.1 Quantum mechanical metho ds

Becauseof the large number of atoms that must be explicitely takeninto accourt (> 50-80)when dealing,
for instance, with an active site of an enzyme, it is prohibitiv e the use of post-Hartree-Fock methods
[14, 15, 16]. For this reasonthe most common method applied to biological systemsis density functional
theory (DFT), which achievesgood accuracyand e ciency in large scalesystems. A detailed description
of DFT can be found in Ref. [34].

Large-scaleDFT calculations on biological systemare often performed with a plane wave (PW) basisset.
Although localized basis sets require fewer basis functions per atom than PW, in a Kohn-Sham scheme
the computational cost scaleslinearly with the number of PW, whereaswith a localized basis set the
cost scalesas the cube of the number of basis functions. PW o er further advantages: (i) corvergence
can be easily monitored increasing the number of PW (which dependson only one parameter, i.e. the
cut-o energy); (i) forcesin a PW calculation are not a ected by Pulay terms; (iii) a PW basisset is
completely unbiased and, therefore, no basis superposition error is presert. Calculations with PW can
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practically deal only with valence electrons and pseudo potentials for the core electron must be used.
The most common pseudoptentials are the norm-conservingpseudoptentials of Troullier and Martins
[35], and Goededer, Teter and Hutter [36], and the ultra soft non-norm-conservingpseudogentials due
to Vanderbilt [37].

A promising valid alternativ eto pure PW calculations is represeried by hybrid Gaussianand plane waves
(GPW) method [38, 39]. The GPW method provides an e cien t way to treat the Hartree (Coulomb)
energy and the orthogonalization of the wave functions. Theseterms are notoriously not scalinglinearly
with system size, and they dominate the computational cost for larger systemsin standard electronic
structure calculations. The GPW method usesan atom-certer Gaussian-iype basis set to describe the
wave functions, but usesan auxiliary plane wavesbasis(PW) setto describe the density. With a density
represerted as PW on a regular grid, the e ciency of Fast Fourier Transform can be exploited to solve
the Poissonequation and to obtain the Hartree energyin a time scalethat scaleslinearly with the system
size. Someapplications basedon this method have appearedin the literature [40, 41, 42, 43, 44].

In a DFT calculation a crucial role is played by the choice of the exchange and correlation functional.
Although the simple local density approximation (LD A) is extremely good for studying solids, it doesnot
givereasonablygood bonding energyand lengths and other molecular properties. Therefore, whendealing
with biological systems,it is necessaryto go beyond LDA and usea gradient corrected functional. One
the the most common functionals usedin biomodeling is the one that usesthe Bedke exdhange[45] and
the Lee, Parr and Yang correlation [46], or BLYP. BLYP functional givesa quite accurate description
of hydrogen-bonded systems|[47, 48, 49, 50, 51]. Another very used functional is the hybrid B3LYP
functional [52], which combines Slater, Hartree-Fock and Bedke [45] exchangewith the correlation terms
due to Lee, Parr and Yang [46]. This functional has shown to give results in some casescomparable
to MP2 calculations, although it is prohibitiv ely expensive in a PW scdeme. When in the system are
present transition metals, it hasbeenshown that the BLYP functional fails in most casesand the Bede
and Perdew (BP) functional is a better alternativ e [45, 53].

The majority of the studies of chemical reactivity carried out sofar using DFT seemto indicate that the
reaction barriers heights are generally underestimated (seefor example Refs.[30, 54, 55, 56, 57]) by many
of the current implementation of DFT. Proton transfer and Sy 2 reactions are particularly challenging
for DFT. This has beenreported [58, 59, 60] to be the casefor the very popular BLYP exdange and
correlation functional, or its improved modi cation B3LYP, on the basisof a comparisonwith both MP2
calculations and experimental results [61, 62]. The major failure have been found in proton transfer
[54, 55] and Sy 2 reactions [58, 56] (exceptions exist, see,e.g. Ref. [63]). In many circumstancesthis
de ciency is to be attributed to the failing of many generalizedgradient functionals in describing three-
certers, two-electron chemical bonds, as has beenthoroughly discussedby others (seefor example Ref.
[64]). Therefore, in order to apply the DFT method to the studies of chemical reaction mecanismsthe
guestion of the accuracy of the calculated barrier heights is of primary importance. The validity of the
functional adopted must always be cortrolled against more accurate approaciesor the experimental data.

An additional commert is in order about the fact that current gradient-corrected density functionals are
unable to describe dispersive interactions [65, 66, 67, 68], which is a key interaction for biological systems.
Therefore, if van der Waals interactions are crucial in the system being studied they must be recovered
in the calculation. As DFT methods include (at least partially) correlation e ects in the distance range
where density overlap between two interacting fragments is appreciable, the simplest way to recover
dispersion interactions at long range is the introduction of empirical damped dispersion terms of the
form f (R) C¢R ©, wheref is a damping function [69, 70, 71]. This approach has already beenapplied
in the framework of ab initio Car-Parrinello simulations [72, 70]. More recertly, in a pseudomtential
calculation, it has been proposedto construct an e ectiv e potential consisting of optimized nonlocal
higher angular momertum dependent terms for all of the atoms in the systemin order to compensatethe
absenceof dispersion forcesin a generalizedgradient approximation functional [73, 74]. This approac
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has given remarkably good results for many \pathological" systems[73, 75] and represerts a promising
method to be applied to the study of biological systems.

2.2 Hybrid quantum mechanical/molecular mechanics metho ds

Chemical and biochemical processesisually take place in complex heterogeneousondensedphaseenvi-
ronmernts consisting of thousandsof atoms. The simplest approac to overcomethe limitation on the size
of the systemis to isolate the part of the systemthat is the most relevant for the function of the system
itself. Usually this requiresthe useof geometrical constraints to imposethat the original (local) structure
is preserved during structural relaxation and/or dynamics. One has always to ched the reliabilit y of the
model chosen enlarging systematically the system and ensuring that the results of the calculation are
converged with respect to the size. This approach may require the use of very large quantum models,
which include elemers of the biological systemnot important for the function itself but that are crucial
for its medhanical stability. In this scheme, long-range e ects may be incorporated by including the en-
vironment electrostatic eld [76] and the solvation may be taken into accourt by a dielectric continuum
[77].

A better solution that is often usedis to employ an hybrid QM/MM approad [21] in which the whole
systemis partitioned into a localized chemically active region, treated at quantum mechanical level, and
the remaining part of the system, treated with empirical force elds. Sewral partitioning sdemesexist
[21, 78, 79, 80]. The major dicult y liesin achieving a good description of the interface region, where
covalently bonds may be cut. The most common method used is the link atom approach, where the
valenceof QM atoms at the interface is saturated by a parameterized monovalent pseudoatom(s)or by
simple hydrogen atom(s) (the so-calledcapping technique).

Crucial is also the treatment of the long-range electrostatic interactions. In this regard, among the
possibleprotocols, a recert and e cien t schemeis the fully Hamiltonian approad due to Rothlisberger
and coworkers [79, 80, 81]. The MM subsystemis split in three regions certered on the QM part. For
computational e ciency reasons,only the electrostatic interaction betweenthe QM systemand a rst
shell of atoms around it is explicitly taken into accourt. A modied Coulomb interaction is introduced
in order to have the correct interaction properties and avoid an unphysical escage of electronic density to
the MM atoms (the so-calledspill-out e ect) [79]. The electrostatic interaction betweenthe QM region
and an intermediate MM region is calculated by point charge-point charge electrostatic potential where
the point chargesfor the atoms in the quantum region are obtained by a RESP procedure [80]. The
interaction betweenthe QM part and the more distant MM atoms are expressedin terms of multip ole
momerts of the QM charge density and classicalpoint charges.

The sthemedue to Rothlisbergerand cowvorkers has already beenapplied to many biochemical processes
in the framework of the ab-initio Car-Parrinello molecular medanics [3, 25, 26, 27, 28, 29, 30, 31]. In
Section 3.2 two applications of this approac are presened [28, 3]. Other valuable QM/MM approaches
are not discussedhere [21].

We concluderemarking that alsoin a QM/MM schemethe reliabilit y of the QM model chosenmust be
always cheded.

2.3 Molecular dynamics

Molecular dynamics (MD) simulation basedon the description of interatomic interactions via empirical
force elds is a well consolidatedusedtool for the study of biomolecular systems. Currently, it is possible
to study thousandsof atoms on time scalesthat can reach reach the 100-nsrange. Its successesidesin
the developmert of realistic force elds.
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However, there are many areasin which the use of e ectiv e potentials may be not appropriate, and
more sophisticated and accurate approachesare required. An alternativ e is o ered by ab initio molecular
dynamics (AIMD). AIMD in the Born-Oppheneimerapproximation canbe e cien tly performedusingthe
schemeproposedby Car and Parrinello (CP) [82, 83], wherethe electronic degreesf freedom(represeried
by one electron wave functions) are treated as ctitious classicalvariables, using a extended Lagrangian
approach similar to those used in classical (with empirical force elds) MD to study thermodynamic
ensenbles other the the microcanonical ensenble [19, 20]. It is always possibleto choosea generalized
mass assciated to the ctitious electronic degreesof freedomin a such a way that the latter adjust
instantaneously to changesin the nuclear coordinates and the resulting dynamics is adiabatic. The
method is extensively discussedin Ref. [83] (some important remarks on the e ects of the ctitious
electronic massare given in Refs. [42, 84, 85]). CP MD has beenintensively applied in materials science
and in chemical problems. The advantage of the method lies essetially in the quality of the inter-
atomic potential at all of the phasespacepoints. Sincethe method allows an exact consideration of the
anharmonic e ects at nite temperature, a detailed study of the energyredistribution amongthe degrees
of freedomas a function of time and of the polarization e ects along a reaction pathway is feasible.

Limitations arising from the problems outlined in the introduction are clearly presen. Giventhe com-

putational cost and the spaceand time restrictions of using an ab initio approad it is not possibleto

explore the phasespaceof a biological system. It is necessarytherefore to make hypotheseson the action

mechanisms and/or structures to be considered. This is somehav a limitation in the predicting power

of rst principle methodologies applied to biochemical processes. As already mertioned, one success-
ful strategy to alleviate this drawbadk is to couple multi-nanosecond classical molecular dynamics to

AIMD. In practice the conformational spaceof the systemis sampledvia standard molecular dynamics

simulations and then, on represenativ e con gurations, a AIMD/MM calculation is performed.

Finally, many chemical processinvolve bond breaking and forming, which often require the crossing of
a relatively large activation barrier. Hence,a method to samplethe relevant reaction coordinate must
be employed. An huge e ort has been mounted to dewvelop sampling techniques of reaction paths in
the condensedphase, as is showvn by the impressive number of papers devoted to this subject [86, 87,
88, 89, 90, 91]. To date, there is not any really e cient way to explore the phasespaceof a reactive
systemin the condensedphase,which can be usedroutinely in ab initio simulations, that doesnot rely
at least on an initial guessof a reaction coordinate. From a computational point of view, one of the
best techniquesto be applied in CPMD simulations is the Blue Moon Ensembleconstrained molecular
dynamics [91, 92], in which the systemis forced to move along a suitable coordinate. Recerily, multiple
steering molecular dynamics [86] has also beenapplied in a CP framework [28, 93]. This approach allows
one to work out the free-energypro le along selectedreactive routes via non equilibrium MD [86]. To
date, the most powerful technique to nd reactive pathways is probably represeried by the so-called
metadynamics of hills method, which was intro duced few yearsago by Laio and Parrinello [87, 94]. The
method is basedon a coarse-grainedhistory-dependert dynamics (metadynamics) that is able to explore
the free energy in the spacede ned by a manifold of collective coordinates S that characterize the
reaction process. At eadh metadynamics step the system evolution is guided by the combined action of
the thermodynamic force (which would trap the systemin the free-energywells) and a history-dependert
force, which disfavors con gurations in S spacethat have already beenvisited. The history-dependert
potential, is constructed asa sum of Gaussianscertered on eat value of the S already explored during
the dynamics. This approac hasbeensuccessfullyapplied to the study of the rst stepsof the oxidativ e
damageof DNA via radical cation formation [27].
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3 Applications

Becauseof the large number of ab initio applications to biological systems already presered in the
literature, it is clearly impossibleto review all of the work appeared so far. Here we report only few
represerative examples, which give the avor of what it can be done nowadays exploiting the best
computational resourcesand the state-of-the-art computational methodologies.

3.1 Electronic structure DNA

3.1.1 Electronic structure of Wet DNA

The computational study of nucleic acids and other biopolymers in laboratory-realizable conditions has
until now focusedmainly on their structural properties, while the nature of the electronic structure has
received far lessattention. Yet the electronic statesplay an important role in determining the interatomic
forces, as they lead to electronic polarization e ects and many-body forces and provide an accurate
description of the dielectric properties. Furthermore, they are crucial in phenomenalik e radiation-induced
damage[95]. More recertly, there hasbeengreat interest in the nature of the electronic structure of DNA
becauseof its potential applications to nanotechnology [96, 97, 98, 99, 100, 101]. Only recerly has an
e ort beenmadeto study periodically in nite double strands with high quality ab initio calculations by
Gervasioet al. [27].

Figure 1. View of the three-dimensional structure of the G:C dodecamer[102 (a) along, (b)
orthogonal to the ¢ (z) axis. Water molecules,courterions and hydrogens have beenremoved
for clarity. The sugar-phosphatebadboneis represerted as ribb ons.

The system studied is a fully hydrated double strand self-complemeary DNA (polyd(GpCp) [107, see
Fig. 1). This isanin nitely repeated biopolymer, which in the unit cell contains twelve guanine:cytosine
(G:C) pairs in the Z conformation. Polyd(GpCp) adopts the Z conformation only under conditions of
high ionic strength and thus is rarely obserned in nature. This choice, however, was made since in
this particular crystal structure the DNA is continuous acrosscrystal boundaries and becausethe Z
conformation exhibits lessthermal uctuations than either A or B forms. [103 The system included
other than the solvation water, all of the counterions, which are crucial for the stability of the DNA [104].
The model contained 654 heary atoms and 540 hydrogen atoms. Geometry relaxation and subsequeh
electronic structure calculations explicitly takeninto accourt 3,960valenceelectrons(for sodium semicore
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states were also considered).

The calculations revealed that twelve quasi-degeneratestates are positioned at the top of the valence
band. Thesestateshave a character and are mostly localized on the G nucleobases.Each individual

state of this manifold is spread over sewral G bases(Fig. 2). The states immediately below the top of
the valenceband were assignto stateslocalizedalsoon G. The rst C localized state is at 0.78eV below
the top.
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Figure 2: (a) Electronic charge density ¢(z) along the z axis integrated over the x and y
directions. The integrals are performedonly in regionssurrounding the G basis. In red the ¢(2)
of the top state is shovn. The black line give the total ¢(z) of the manifold. (b) Sdematic
level diagram around the Fermi level. The Fermi level positioned in the middle of the gap has
beenchosenasthe zero of energy

The DFT gap betweenempty and occupied statesis particularly small, being only 1.28eV. This re ects
the nature of the state at the bottom of the conduction band, which is a charge transfer state where one
electron has been moved outside the helix mostly on the Na® counterions and on the PO, groups. The
e ect of water moleculeson this state and on the value of the gap wasassessedepeating the calculation by
removing the water moleculesbut otherwiseleaving the geometry of the DNA and counterions unchanged.
The gap is much reduced. This revealsthe electrostatic nature of the charge transfer states and the
fundamertal role of water in shielding the DNA from the electrostatic eld of counterions.

3.1.2 Charge localization in a DNA lamen t

Chargetransfer in DNA is currently the subject of intensetheoretical and experimental investigation [105
106. This is due both to a possibleuse of DNA as a componert in nanoelectronic and electrochemical
devices[107] and to the fundamental role of conductivity in the oxidative damage of DNA [27, 10§.
Recen experiments have provided contradictory results, ranging from a highly conducting wire [109
and a proximity induced superconductor [11( to a semiconductor[111] or an insulator[112, 113. Wet
DNA has beenshown to be a charge carrier when its length is shorter than * 20 A [114. While DNA
heliceslonger than ' 40 A or in dry conditions were generally found to be insulators or high-bandgap
semiconductors[115].

In a very recernt study Gervasio et al. [18] by using fully ab initio calculations examined the e ect of
charge defect and the stabilization medanism of the hole localization [116, 117, 118 119 120.

On the basisof this investigation, the authors excludedthat in polyd(GpCp) chargelocalization is directly
due to helix distortions. On the other hand evidencefor a proton-coupled charge transfer mecanism
was found. In fact, when the proton to the G:C basepair where the spin density has a maximum was

116



c) d)

A x> = }
9T T ).E R Y 4
é;/q; / l‘:— Q;;” | »/ ’ {
] e - Pt X
e L ¥ g "B 3
= Iy — -

S A o) g
ey, n——_  \@sT. , ‘
= — B0 g
= = = <

e o 1 I;\ A . 1

o . 2 1 0 01 2
electrons/A electrons/A

Figure 3: View of the structure of the polyd(GpCp) and of the spin density isosurface(in cyan)
assaiated with the radical cation state a) beforeand c) after localization of the spin defectdue
to proton transfer from G to C. The isosurfacesepresened have a value of 10 2 electronsA 3.
b) and d) Electronic spin density <(z) projected along the z axis. b) the s(z) corresponding
to a). d) right, the ¢(z) corresponding to the status depicted in c). d) left, four projections of
the ¢(z) corresponding to the shift of the proton from a dierent G ead taken every 48 fs.

displaced, a remarkable localization of the hole on G was noticed. This lead to a situation in which the
unpaired spin (the hole)ison G, yielding a (G 4 )- state, while H* movesto C, which becomesprotonated
(Fig. 3cand d, black line). This important result is fully consistert with a wealth of experimental data
on solvated DNA [117, 119 121.

3.2 QM/MM studies on enzymatic function

3.2.1 Ground state destabilization vs transition state stabilization

Several experimental, but somehav cortroversial, evidencesndicate that certain enzymescanwork desta-
bilizing the ground state (GSD) of the substrate/enzyme complex [122, 123 instead of stabilizing the
transition state [124], for example exerting an electrostatic or a geometrical frustration on the substrate
[123. This possibility has givenrise to a long standing debate. The structure and the biological role of
the few enzymesfor which a ground state destabilization has beenproposedare very di erent from eath
other. Therefore, to proof/dispro of a ground state destabilization is necessaryto analyze singularly a
represerative number of enzymes.

One of the enzymetaken as referencefor the transition state versusground state destabilization con-
troversy is orotidine 5>~monophosphate decarboxylase (ODCase), which catalyzesthe decarboxylation
of orotidine 5%>monophosphate(Omp) to a major precursor in the formation of pyrimidine nucleotides,
uridine 5%monophosphate[122. ODCaserepreserts a crucial enzymein the de-novo synthesis of DNA
basesand represerns one of the most pro cient enzymes,enhancing the rate of spontaneous substrate
decarboxylation by more than 17 orders of magnitude. Its remarkable catalytic power is entirely depen-
dernt on non-covalent binding forcesand doesnot involve metals or other cofactors[125. This is a very
unusual characteristic among decarboxylating enzymes[127].

The remarkable pro ciency of the enzyme has been suggestedto be causedby GSD on the basis of X-
Ray crystallography experiments [126, 127, kinetic °N and 3C isotope e ects [12§, and free energyand
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binding energycalculations[12€]. It is proposedthat the electrostatic repulsion betweenthe substrate and
the nearby Asp70 carboxylate would drive the decarboxylation. This repulsion would be counterbalanced
by the favorable binding of the phosphatetail [122 126 129.

On the cortrary, other studies, basedon EVB free energy perturbation simulations and binding energies
a nities and classicalMD simulations [13(, invoke an ordinary transition state stabilization medanism.

Figure 4: Snapshot of ODCase/Omp complex ground state. (a) ODCase form Methane bac-
terium thermoautotrophicum; (b) ODCase form yeast Sacharomyaes cerevisiag (c) ODCase
form Escherichia Coli.

Very recertly long time scaleclassicalMD and hybrid CP/MM simulations were emplayed to help clarify
the issue[28 The lack of structural (experimental) information on the ground state of ODCase/Omp
complex was overcomeby a careful construction of the model and the analysis of three di erent strains
of the enzyme. It was found that the ODCase/substrate complex is characterized by a very stable
charged network Omp-Lys-Asp-Lys-Asp, which with a direct decarboxylation driven by a ground state
destabilization (Fig. 4).

On the cortrary, a direct decarboxylation induced by an electrostatic stabilization of the transition state
is consistent with this study. The calculated activation free energy (Fig. 5) for the direct decarboxylation
with the formation of a C6 carboanionic intermediate, yields an overall rate enhancemeh by the enzyme
(Kcat =kwat = 3:5 10°) in agreemen with experiments (Kcat=kwat = 1:7 107).

The decarboxylation is accompaniedby the movemert of a fully consened lysine residue toward the
dewveloping negative charge at C6 position. The calculated trend of the electrostatic interaction energy
suggestsan extremely important role in the catalysis for Lys72, which is able to stabilize the deweloping
negative charge at C6, and therefore the TS or, equivalertly, the intermediate, and eventually provides
the proton that saturates the valenceof the C6 atom of Ump . Of course,water cannot stabilize the
dewveloping C6 charge (and therefore the intermediate) equally well.

This picture conrms also for ODCase the validity of the concept of preorganization energy [124], in
which the electrostatic eld generatedby the enzyme active site is already organizedin such a way to
be complemenary to the transition state charge distribution. No evidencesof GSD was found as (i)
the geometry of the substrate in enzymecavity resenbles very much that the most stable conformer in
aqueoussolution; (i) the H-bond network accommalating the substrate is remarkably stable. In addition
to Lys72 (MTBO numbering), [126, 124, 13( also Lys42 turned out to interact with carboxyl moiety of
the substrate, which strongly cortributes to shield the Omp carboxylate from the forming Asp70. This
feature is commonto all of the ODCase/Omp complexesinvestigated. Finally, this study clearly showvs
the importance of both the construction of a reliable enzyme/substrate complex and the proper sampling
of the con gurational spaceof the complex itself.
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Figure 5: Decarboxylation of orotidine 5%>monophosphate. (a) Reactarts; (b) breaking of the
C{C bond; (c) breaking of the CO,  (Lys)» H-bond; (d) Intermediate; (e) free energypro les.
In (e) solid and dotted lines refer to the direct decarboxylation in the enzyme cavity and in
agueoussolution, respectively (the dashedline is the free energy pro le calculated averaging
over only one trajectory, seeRef. [28]). The residuesincluded in the quantum sub system are
evidenced: the charged network Lys-Asp-Lys-Asp and the entire substrate (Omp).

3.2.2 Photoreaction in rho dopsin

Rhodopsin proteins consist of a bundle of seven -helices,which hold retinal chromophorein its proto-
nated Schi base (RPSB). The primary event in the processof vision is the absorption of a photon by
the retinal. Light absorption by rhodopsin leadsto conformational changein the chromophore, which is
followed by a complex signal transduction pathway leading to the stimulation of the optic nerve.

The 11-cisto all-trans isomerization of the RPSB in the protein environment is ultrafast (200fs) [131] and
very e cien t (quantum yield 0.65),[137 in contrast to the samephotoreaction in solution. This e ciency

is very intriguing becauseof the steric con nement of the RPSB to a small binding pocket that should
hamper the large movemerns required to adopt an all-trans conformation. Experimental evidencereveals
that bathorhodopsin, the rst thermally equilibrated intermediate in the signaling cascade,exhibits a
strained all-trans RPSB and storesabout 134 kJ/mol of the photon energy[133.

Recenly Rothlisbergerand cowvorkers[3] have studied the conformational changeof retinal on absorption
of a proton with hybryd QM/MM MD methodologies, which consider the chromophore at ab-initio
level, while take into accourt the heterogeneiyy and complexity of both the protein and the membrane
ervironment by a classical force eld. For the description of the rst excited singlet state (S;) the
restricted open-shell Kohn-Sham (ROKS) algorithm was used[134]. This provides a good compromise
betweenaccuracy and computational e ciency .
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Figure 6: Superposition of the chromophore structure in the protein binding pocket in the dark
state (black), at the S1f SO transition (red), and after 500 fs of relaxation in the isomerized
state (green).

Starting from con gurations sampledin a dark-state simulation, 23 excited-state QM/MM trajectories
of about 100fs eath were calculated. The excited-state con guration of the RPSB is characterized by the
well-known inversion of the bond length pattern. In S;, especially the bonds Cg-C1g (1.44 A), C11-Cy>
(1.43 A), and C13-C14 (1.43 A) are elongated, thus lowering the barrier toward isomerization. Whereas
the electronic structure would be unselective toward the rotation of any of thesedouble bonds, the protein
ervironment favors C11-C12 bond isomerization by steric strain. In fact, the dihedral anglesfrom C; to
C11 and from Cj, to N deviatein S;, similar to Sy, only by at most 15 from a perfect trans conformation.
A very small barrier for the rotation around the pre-twisted dihedral angle C19-C11-C12-C13 was found.
This dihedral rotates to -100 and no recrossingto the dark state -35 was obsened. When releasedto
the ground state after 90 fs, the RPSB ewlvestoward a highly twisted all-trans structure. Remarkably,
in the excited state, no atom movesmore than 0.8 A, that is, only 0.3 Amore than the maximal thermal
displacemen in the dark state. After a 500fs ground state relaxation, it wasfound that only the methyl
groups Cy9 and Cyo move further away from their position in the dark state. The strain is propagated
through the carbon chain. The unexpected small di erence betweenthe primary photoproduct and the
dark-state structure is alsoevidert in Fig. 6.

Therefore, the 11-cisto all-trans isomerization is possiblewithin the binding pocket with a minor atomic
rearrangemen, which producesa highly strained chromophore. The estimated energystored in the system
after isomerizationis 117 kJ/mol, which is in good agreemen with the experimentally determined energy
storage in bathorhodopsin (134 kJ/mol). In the all-trans conformer, the energy stored in the internal
degreesof freedomof the RPSB (+75 kJ/mol) and the van der Waals (steric) interaction energybetween
the RPSB and the protein (+10 kcal/mol) increasesubstartially , while the electrostatic interaction energy
remains una ected (< 0.4 kJ/mol di erence).

In conclusion, according to this study, the initial step of vision can be viewed as the compressionof a
molecular spring that can then releaseits strain by altering the protein environment in a highly specic
manner.

4 Conclusions

Biological systemsare particularly challenging for ab initio quantum medanical methods. Nevertheless,
rst principles calculations can be usedto attack problemsof great current biological interest, that cannot
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be solved by a di erent approadhes. In this paper we have described the state-of-the-art in ab initio

(density functional theory) modeling of biological systems. This survey is clearly very limited in scope
and cannot cover all of the (many) aspects of ab initio investigations of biologically relevant systems. We
have tried to critically analyze the most commonly used methodologies. The most serious limitations

encourtered when studying a biological system are essetially (i) the accuracyto which relevant phase
spaceregionsare sampled, (i) the degreeto which the microscopic system on the computer re ects the
typically macroscopicsystem in nature, and, in addition, (iii) the accuracyto which interaction forces
are described. The rst two limitations can be overcome combining ab initio calculations with more
accurate sampling methodologiessuc as classicalmolecular dynamics and e cien t sampling techniques
of rare events. For what concernthe last limitation, results must always be chedked against more accurate
schemes. Clearly this can be done only for model systems,which capture all the main chemical aspects
of the system being studied.
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