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Weapproach the problemof optical excitations inmolecular aggregates in complex biochemical environments
from a computational, all-atom perspective. The system is divided into a π orbital part described by a Pariser–
Parr–Pople model with configuration interaction using singly excited Slater determinants (PPP-CIS). It is
coupled to the protein and water charges of a classical force field. Strategies for a high-accuracy
reparameterization and an efficient computational solution are presented. For γD-crystallin, a band edge
consisting of charge-transfer states emerges for a coupled molecular aggregate compared to the uncoupled
residues. The energies of some charge-transfer states strongly depend on the dielectric properties of themodel,
giving a first insight into the potential temporal evolution of these excitations. Possible biochemical
implications are discussed.
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1. Introduction

Important processes of life are based on the interaction of light
with complex aggregates of absorbingmolecules arranged in a protein
matrix, followed by chemical reactions or the separation of charges.
Among others, these fundamental reactions include photosynthesis
[1–3], DNA damage and repair [4], visual perception [5,6] and
magnetoreception [7–10]. Significant progress has been made in
understanding the initial process of the absorption of light in the
visible or near ultraviolet range, with contributions from both
quantum chemistry and exciton theory. The problem of the optical
absorption of large molecular aggregates and charge transfer in their
excited states has also become of recent considerable interest in the
field of light harvesting by organic solar cells [11].

It is now generally accepted that the properties of excited states
cannot be directly deduced from a mean-field solution of the ground
state electronic Hamiltonian – provided by Hartree–Fock or density
functional theory – but require the consideration of correlation
effects. From the perspective of ab initio quantum chemistry,
complete active space self consistent field (CASSCF) calculations
supplemented by elements of second order perturbation theory
(CASPT2) have helped to gain quantitative insight into the spectra of
comparatively small molecules since the 1990s. Pioneered by Roos
and coworkers, biologically relevant molecules such as aromatic
amino acid side chains have been studied, including the application of
simple reaction fields of the Onsager type to address solvatochromic
effects [12]. Ingenious methods have been developed to push the
frontier of excited state ab initio theory to ever larger molecules, with
a variant of coupled-cluster theory in the resolution of identity
approximation (CC-RI) [13], large scale configuration interaction
computations based on single excitations (CIS) [14] and time-
dependent density functional theory (TDDFT) [15] tailored to
biomolecules as important roads of theory. Fast, efficient and accurate
by any ab initio standard, these methods are difficult to apply
concerning the sheer size of proteins and their complexes or the time
scales required to describe biological processes, with typical molec-
ular dynamics simulations based on trajectories sampled over 10 ns
with a 1–2 fs time step, each requiring the computation of the total
energy and its gradients or, less demanding, a quantum-chemical
post-processing of the simulated structures.

Large aggregates, on the other hand, lie usually in the field of
exciton theory. Here, experimental or theoretical excitation energies
of the constituents and their coupling are used in a simple variational
scheme akin to tight-binding theory. Classical examples include
Scheibe- and J-aggregates [16,17]. For biological systems, these
approaches have become particularly useful in studying large light
harvesting clusters [18], including the possibility of the formation of a
coherent quantum state participating in energy transfer [19]. Usually,
the models are restricted to a single excitation per molecule, short-
range coupling and a dielectric continuum approach that mimics the
protein and its aqueous environment.
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In this work, we make the attempt to model the electronic
excitation spectrum of a comparatively large and complex system on
an atomistic basis. We parameterize the integrals of a semiempirical
model making use of all low-energy π−π transitions with the help of
published high-level ab initio and experimental data. In this way, we
hope to transfer the accuracy of experiments and ab initio methods to
a system-specific semiemprical model that permits an efficient
numerical solution. We focus on an eye-lense protein, γD-crystallin,
as a model system. Our choice is motivated by the large content of
aromatic amino acids serving as potentially interacting absorbing
units, the availability of a microscopic structure model and a system
size that is sufficiently small to permit comparatively fast benchmark
computations.

The remaining part of this work is organized as follows. In the next
section, we will describe the geometrical model underlying our
computations, the methods used to generate microscopic structures,
and the Hamiltonian applied to compute electronic excitations. It is
followed by a description of the parametrization of the chromophores,
and a section devoted to numerical results for the protein studied
here, and a part devoted to computational aspects. Conclusions will be
derived in the final section.
2. Methods

The crystallins form a significant fraction of the content (~90% of
the protein) of the eye lenses of vertebrates [20–23], their fibers
exhibit a high refractive index while maintaining transparency.
Despite their intimate relation to chaperones, they exhibit a strong
tendency towards aggregation, finally leading to the formation of
cataracts. As they participate in the process of visual perception, have
a complex evolutionary history not yet completely unrevelled and
contribute to a pathological process, they have been the subject of
numerous structural studies [24–30].

We have selected a protein from one of the more recent studies,
which combined a two-dimensional NMR and a neutron diffraction
experiment, with ten structures published. Hence, we do not only
focus on a single geometry, but have a set of structures reflecting the
flexibility of the protein at our disposal. Whereas similar information
may be obtained from a molecular dynamics or Monte Carlo
simulation using a single initial geometry, we prefer structural
information that has a stronger experimental basis. Being interested
in electronic phenomena involving π electrons, our choice among the
Fig. 1. Cartoon model of γD-crystallin from H. sapiens from a combined 2D NMR and
neutron diffraction study [31], protein database entry 2KLJ. The strands indicate the
protein backbone, spheres represent the nonhydrogen side chain atoms of aromatic
amino acids. Carbons are plotted in gray, oxygens in red and nitrogens in blue. Selected
amino acids that are discussed in the text have been labeled.
crystallins was also motivated by the high content of aromatic amino
acids in γD-crystallin.

Our models are based on γD-crystallin from H. sapiens expressed
by E. coli studied by Wang et al. [31], as shown in Fig. 1 as a cartoon
model. The corresponding protein data base entry 2KLJ supplies ten
structures compatible with the 2D NMR and neutron diffraction data.
The published experimental structures include all amino acids
according to the protein sequence. As with all NMR studies on
proteins, degrees of freedom not obtainable from the 2D spectrum are
modeled by a classical force field, e.g. of the Amber type in the Wang
et al. study [31]. We have minimized these structures without
constraints using the Amber 99 force field [32] implementation of
the Tinker molecular modeling suite [33] utilizing the MINIMIZE
program of the package. A water shell of 10 Å has been added,
typically containing 2250 water molecules, and consecutively remi-
nimized. A standard threshold for minimizations, a gradient norm of
10−2 kcal/mol atom Å, was always reached. 30 of 174 aromatic amino
acids of the protein exhibit an aromatic character, we have six
histidines, six phenylalanines, 14 tyrosines and four tryptophanes.
The resulting models consist of 2825 atoms located in the protein, of
which 200 contribute to the π electron Hamiltonian. With a slightly
varying number of water molecules added for each structure, our
models fall short of 10000 atoms by a narrow margin. This model
reflects the experimentally determined composition of the eye lense
[34] with a water mass fraction of ∼0.6 to 0.7 and a remaining protein
content.

We have verified our approach to create a set of protein models by
applying the procedure described above to a γ-crystallin structure
obtained in an X-ray study at a resolution of 1.47 Å performed by
Najmudin et al. [28] (PDB entry 4GCR). After relaxation, the
experimental and the model structure can hardly be distinguished
by visual inspection, and the average root mean square deviation of
the protein backbone dihedral angles amounts to 4.3°. Whereas
updates of the Amber 99 force field show improvements in the
balance between secondary structure elements for model peptides
[35], the accuracy achieved in our study for the comparatively
compact and rigid γ-crystallins using Amber 99 seems sufficient.

The total charge of the system is small (plus six elementary
charges stemming from the histidines), so no counterions have been
added to the water shell. We note that their use would be imperative
to achieve global charge neutrality once a periodic simulation box and
a k-space sampling technique such as the Ewald summation were
used.

To describe the electronic structure of the π system, we make use
of the semiempirical model of Pariser, Parr and Pople (PPP) [36–38]. It
is based on the separability of σ and π contributions to the electronic
Hamiltonian, which is exact at the mean field level for planar
molecules. Hamiltonians of this type are frequently used in the field
of combined classical and quantum mechanical molecular dynamics
[39–41] or to describe the electronic excitations in conducting
polymers [42] or chromophores [43]. As the aromatic amino acid
side chains considered here interact weakly and display small
fluctuations around their planar minimium structure, the σ−π
separation is only approximate. The PPP basis set consists of one pz
orbital per nonhydrogen atom. The zero differential overlap approx-
imation is applied to all integrals that represent electron–electron
interactions. All one- and two-electron integrals retained are treated
as parameters, in the remaining part of this work they will be referred
to as αa (one-electron matrix diagonal), βab (one-electron off-
diagonal) and γab (two-electron integrals), where the linear
Mataga–Nishimoto approximation is applied if a≠b [44]. Long-
range one-electron interactions were assumed to decay exponentially
with distance. Within a reference cartesian coordinate system, they
are characterized by the parameters Vppσ and Vppπ, which are
combined with the help of the Slater–Koster [45] rules for amino
acid residues with an arbitrary mutual orientation. For this purpose,
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Fig. 2. Parametrization of the short-range interactions of the semiempirical electronic
structure Pariser–Parr–Pople Hamiltonian. Aromatic amino acid side chain parameters
have been varied to achieve the smallest energy difference between reference
experimental and theoretical (configuration interaction singles, PPP CIS) π−π∗ optical
absorption lines. The individual symbols refer to the amino acids His (□), Tyr (△), Trp
(∘) and Phe (∇). All energies are in electron Volts.

Table 1
Pariser–Parr–Pople atomic parameters for aromatic amino acid residues. One-electron
orbital energy αa, on-site electron–electron repulsion parameter γaa and number of π
electrons per atom, na.

Acid a αa

[eV]
γaa

[eV]
na

Phe C 10.50 10.91 1
Tyr C 10.50 11.30 1
Tyr O 31.89 13.91 2
Trp C 10.50 11.82 1
Trp N 25.59 17.79 2
His+ C 10.50 11.44 1
His+ N 24.11 16.65 2
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atomic orbitals are constructed that lie orthogonal to the plane of the
π system. Linear electron–phonon coupling,

β rð Þ = β0 + 3:21 r−1:397ð Þ; ð2:1Þ

is used for all nearest-neighbor bonds [43].
As an external potential contributing to the Hamiltonian diagonal,

we consider the interaction with all charges residing in the protein
and its water environment, which take the values assigned within the
Amber 99 force field [32] and the TIP3P water model [46]. We have

Va;ext = − e2

4πεε0
∑
b∈E

zb
rab

: ð2:2Þ

The customary Amber rules apply for these interactions [32]: they
are set to zero for the nearest and next-nearest neighbors and are
reduced by a factor of 1.2 for neighbors separated by four bonds. In the
closed shell ground state, the mean field PPP matrix elements read

haa = αa + Va;ext−
1
2
qaγaa + ∑

b≠a
qb−Zbð Þγab ð2:3Þ

for the diagonal and

hab = βab−
1
2
pabγab ð2:4Þ

for the off-diagonal matrix elements. The charge and bond orders are
denoted by qa and pab, respectively. They are computed from a
previous step of an iterative self-consistent field calculation of the
Roothaan–Hall equations.

Electronic excitations are based on the converged PPP ground
state, Ψ0, taking into account all single excitations from occupied
molecular orbitals i to vacant eigenstates k via a linear combination of
Slater determinants,

Ψ = Ψ0 + ∑
ik

Ck
i Ψ

k
i ð2:5Þ

For the CIS matrix elements, we have [47]:

Ψk
i j Ĥ jΨl

j

D E
= ∑

ab
2clacjackbcib−ciacjackbclb

� �
γab− εk−εið Þδijδkl ð2:6Þ

making use of the ground state energy εi and LCAO-MO expansion
coefficients cia. Intensities are computed in the dipole approximation
[47].

With 112 occupied and 88 vacant states, the dimension of the CIS
matrix equals 9856, which may look small by today's standards.
Nevertheless, its diagonalizationmay become a serious computational
bottleneck if applied for many steps of a molecular dynamics
simulation. Hence, we will describe various cutoff strategies that
help to reduce the size of the matrix, and we will study the
performance gained by switching from a standard full matrix
Givens–Householder transformation plus QL diagonalization algo-
rithm to sparse matrix techniques.

3. Parametrization

For each amino acid residue, we vary the PPP parameters by a
Monte Carlo procedure to obtain the best possible match (rms
deviation minimum) between the lowest three to four simulated
transitions and their experimental counterparts, as described in refs.
[48,49] for the case of matching molecular orbitals in the electronic
ground state. Here, published CASSCF and CASPT2 data on benzene
[50], phenole [51] and indole [52] and their comparison to experi-
ments in that work turned out to be essential to assign the correct
π−π∗ transitions. For the imidazolium cation, we have performed a
TDDFT calculation using a triple zeta plus polarization function basis
set as a reference lacking reliable experimental data. All PPP
parameterization calculations have been performed in the vacuum.

The quality of the parametrization fit is illustrated with the help of
Fig. 2, which shows the PPP transition energies as a function of the
reference excitations, with errors always less than 10−2 eV. As
expected, intensities are less accurate, they can vary up to a factor
of two. The parameters thus obtained are listed in Tables 1 and 2. We
briefly touch the issue of fitting more complex spectra: here, it turned
out to be preferable to find the rms minimum between the
experimental spectrum and the computed broadened excitation
lines. As an example, we present the near UV spectrum of
buckminsterfullerene, C60, in Fig. 3 [53,54].

Long-range one-electron matrix elements have been parameter-
ized making use of the largest π molecular orbital splittings of stacked
benzene dimers in the range from 3.4 to 7.5 Å using the B3LYP hybride
functional and a 6–311+G basis set as a reference. Reference computa-
tions have been performed using the Gaussian 03 program, they have
been fitted by varying the exponent and the prefactors. We obtain
Vppσ(r)=51.8exp(−1.37r) for the σ and Vppπ(r)=−13.9exp(−1.37r)
for the π interactions, the corresponding fit is shown in Fig. 4.
4. Results

The computed UV/Vis spectrum of the protein is displayed in Fig. 5.
It is based upon ten geometries, a dielectric constant ε=1.7 [55] has
been used, and a Gaussian broadening of the lineswith an rms value of
5 nm has been applied. Only CI eigenstates up to 7.0 eV have been
considered.

image of Fig.�2


Table 2
Pariser–Parr–Pople bond parameters, β0(ab), for aromatic amino acid
residues. Nearest-neighbor one-electron hopping matrix elements at a
distance of 1.307 Å.

Acid ab β0(ab)
[eV]

Phe CC 2.395
Trp CC 2.252
Trp CN 3.098
Tyr CC 2.204
Tyr CO 1.930
His+ CC 2.806
His+ CN 2.558
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Fig. 3. Illustrating a parametrization strategy to model the electronic structures of more
complex chromophores. Parameters of a semiempirical Pariser–Parr–Pople Hamiltoni-
an have been varied to minimize the integral difference in intensity between the
experimental UV absorption spectrum (solid line, [53]) and its computed counterpart
on the configuration interaction singles level, here shown as an unbroadened line
spectrum.
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To address the nature of the band, we classify the PPP Fock matrix
eigenstates according to their localization behavior. All eigenstates
around the HOMO-LUMO are found to be unambiguously localized on
a single amino acid side chain. Hence, all single excitations entering
the CI calculations can be classified as either being of a local type (the
occupied and the vacant state are localized on the same amino acid) or
of a charge-transfer type (the occupied and the vacant state are
localized on different amino acids), to which we refer as being of an
interacid or interacid charge transfer type. Using the CI expansion
coefficients corresponding to an excitation energy Eα, we may sum
over all coefficients characterizing charge transfer excitations,

Q α = ∑
i;k∈CT

Ck
iα

� �2
: ð4:1Þ

With 0≤Qα≤1, we have a measure for the charge transfer
character of an excitation and are able to weight the computed
spectrum accordingly. This charge transfer contribution is shown in
Fig. 5 as a dashed line.

In addition, one may sum

Pα = ∑
i;k

Ck
iα

� �4 ð4:2Þ

for a normalized eigenstate to obtain the so-called participation ratio,
a quantity frequently used as a measure of localization in tight-
binding theory [56–58]. In the context of CI calculations, its inverse
gives the number of Slater determinants that participate in a CI
eigenstate. It is close to unity for an excitation that is essentially based
on a transition between two Hartree–Fock eigenstates, and equals the
dimension of the CIS matrix if transitions between mean-field states
are stronglymixed and all molecular orbitals contribute equally to a CI
eigenstate.

With the help of these numbers, we may re-inspect the spectrum
shown in Fig. 5. It can be divided into three regions: between 230 and
290 nm,we find excitations that can be traced back to Trp, Tyr and Phe
molecular orbitals. Generally, P is larger than unity here, whereas Q is
close to zero, indicating a coupling of single-particle excitations that is
not accompanied by interacid charge transfer. In the high-energy
region below 230 nm, we find large P values and a wide spectrum of Q
values, suggesting a broad mixture of localized and charge transfer
states from all four amino acids. At the absorption edge above 300 nm,
we solely find states with P=Q=1 for all ten realizations.
Consequently, the band edge purely consists of interacid charge
transfer absorption. Its intensity is small for two reasons. First, the
number of CI eigenstates in that energy range is small. Second, despite
a large charge separation, excitations show a small transition dipole
moment due to small products of MO expansion coefficients or –more
physically – strong spatial localization of molecular orbitals on single
amino acids. The charge transfer character of the absorption edge can
also be probed by simply setting all interactions between different
amino acids to zero. As evident from Fig. 5, the resulting spectrumnow
lacks the edge. Estimating the absorbance of the band edge as 10−4 for
human eye lense parameters, it is easy to resist the temptation to
speculate about the possible biological effect of electronic interacid
coupling in γD-crystallin.

5. Computational aspects

In the following, we briefly describe the measures taken to
enhance the performance of the CIS computations. As rather obvious
computational bottlenecks, we have identified the computation of the
CIS matrix and its diagonalization. As a reference for benchmarks, we
have naively implemented Eq. (2.6) with inner loops running over
atoms a and b and used the EISPACK TRED2 and TQL2 routines [59,60]
to diagonalize the matrix. Execution times are given in Table 3 for a
dual core Intel Xeon 5150 processor with a clock rate of 2.66 GHz, the
GNU Fortran Compiler, optimization level 2, openSUSE release 10.3
Linux operating system, profiling using gprof.

Inspecting Eq. (2.6) and making use of Γ=maxa,b,b≠aγab and
0≤cia≤1∀ i,a, it is possible to set up the following hierarchy of
inequalities:

∑a≠b 2clacjacibckb−ciacjackbclb
� �

γab

���
���

≤Γ ∑a 2 clacja
���

���∑b≠a cibckbj j + ∑a ciacja
���

���∑b≠a ckbclbj j
� �

≤Γ ∑a 2 clacja
���

��� + ∑a ciacja
���

���
� �

≡ Γ̃

ð5:1Þ

Consequently, one obtains an upper limit to the interatomic
contribution to a CIS matrix element prior the evaluation of the
innermost loop. If Γ̃ is smaller than a given threshold value (taken as
10−4 eV), only the intraatomic contribution to the inner loop will be
evaluated, here leading to a tenfold speedup in the CIS matrix element
computation.

We further note that long-range charge transfer excitations do not
contribute to the absorption spectrum due to their low intensity, and
that their coupling to other excitations is small. Locating the donor
and acceptor amino acid of a charge transfer Slater determinant, one
may evaluate the edge-to-edge distance between the two amino
acids, RDA and discard the Slater determinant in the CIS expansion if
RDA is larger than a conservative distance cutoff, here set to be 8 Å. As a
consequence, the number of Slater determinants is reduced from 9856
to 1302 for the first of the γD-crystallin models, and the
corresponding computer times are reduced by a factor of 30 and
250 for the CIS matrix computation and diagonalization, respectively.
A further reduction of the diagonalization effort is possible once an
iterative eigenvalue and eigenvector Lanczos algorithm is applied



Table 3
Benchmarks, computer time in seconds for the generation of the configuration
interaction matrix and its diagonalization, CI matrix dimension nCI and number of
eigenpairs nE. Model a — naive computation of all CI matrix elements and Givens–
Householder plus QL algorithm diagonalization. Model b — as a, making use of
estimates for off-diagonal CI matrix elements. Model c — as b, introduction of a radial
cutoff for interchromophore charge-transfer excitations. Model d — as c, Lanczos
diagonalization algorithm. Model e,f — as b, Lanczos diagonalization algorithm.

Model CI matrix setup CI matrix diagonalization nCI nE

a 3673 2792 9856 9856
b 377 2717 9856 9856
c 12.8 11.0 1302 1302
d 10.0 2.95 1302 225
e 276 72.6 9856 833
f 275 4.63 9856 143
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Fig. 4. Parametrization of the long-range electronic coupling parameters between
different amino acids. Between 3.4 and 7.5 Å, the splittings between the two lowest π
orbitals of a stacked arrangement of two phenylalanine side chains have been
computed using ab initio density functional theory (•). Parameters of the semiempir-
ical Pariser–Parr–Pople model have been varied until this model reproduces the
exponential decay of the electronic coupling between the amino acids (solid line as an
interpolation to the Pariser–Parr–Pople couplings).
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[61–63] This statement also holds if a larger amount of Slater
determinants is considered, provided that the CIS matrix is kept
sparse by introducing an appropriate cutoff, here taken as 10−4 eV.

Enhancing the performance now permits the study of protein
π−π∗ excitations for a variety of system realizations or parameters.
As an example, we look at the excitation energy as a function of the
effective dielectric constant, ε, that determines the magnitude of
coupling between the π electron system to charged protein atoms and
between π electrons localized on different aromatic acids. Our
motivation for studying this effect is as follows. All excitations are
vertical, the geometry of the protein and the water shell are fixed,
whereas the electronic environment responds immediately to a
redistribution of charges induced by the excitation. With time
proceeding, not only the electronic degrees of freedom, but also
their nuclear counterparts respond to the charge shifts induced by an
excitation, these are likely to be particularly large for excitations that
exhibit a strong charge transfer character. As a simple collective
representative of the degrees of freedom responding to charge shifts
one may consider the dielectric constant, ε. Upon excitation, the π
electrons only experience the electronic contribution to ε, whereas an
increasing number of degrees of freedom couples to the excitation
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Fig. 5. Absorption spectrum, as accumulated from ten model realizations of the eye
lense protein γD-crystallin (solid line) calculated using the Pariser–Parr–Pople
Hamiltonian. Charge transfer between different aromatic amino acids contributes
significantly to the total absorption. This contribution is shown as a dashed line. In the
hypothetical absence of electronic coupling between different amino acids, the
spectrum is represented by a dotted line.
with an increasing delay time, finally leading to the static limit of
combined electronic and ionic contributions to ε. Consequently, one
gets a rough idea about the evolution of selected excitations with time
by increasing ε. As typical examples, we show the dependence of four
charge transfer states upon ε in Fig. 6. All have His+ as an electron
acceptor, all exhibit a small intensity, but may be operative as charge
transfer exciton trapping states. As a function of ε, their energy stays
constant (Tyr29+-His23), increases (two Phe173+-His84 excitations)
or decreases (Trp43+-His84), with the participating amino acid
residues shown in Fig. 1. Hence, PPP CIS eigenstates may exhibit
avoided crossings at particular energy and ε values. The
corresponding level splittings can be computed by a closer inspection
of the avoided crossings, they enter transition probabilities for charge
transfer theories based upon the concepts of Marcus or other Golden
Rule expressions. For the four crossings shown in Fig. 6, they are all
smaller than the limit given by the numerical accuracy, ∼10−8 eV.

6. Conclusions

With application to γD-crystallin, an eye-lense protein, we have
presented a semiempirical approach that focusses on the π electron
subsystem of aromatic amino acid residues. A Pariser–Parr–Pople
Hamiltonian is coupled to the nuclear charges of the protein and to its
aqueous environment, the resulting mean-field equations are solved
self-consistently at the Hartree–Fock level. Using configuration
interaction single excitation theory, it is possible to accurately recover
the low-energy experimental π−π excitations of isolated residues
and the ab initio couplings between these entities. The strategy of a
system-specific reparametrization may be straightforwardly adapted
to larger building blocks of biological light harvesting complexes or
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Fig. 6. According to the model computations, low-level excitation lines are
characterized by charge transfer between different aromatic amino acids. Increasing
the dielectric constant after the excitation mimics the onset of the protein and solvent
dielectric response of these excitations with time, shown here for four sample lines.
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organic solar cells, with few exceptions such as the carotenoids that
are believed to require a higher level of theory, such as considering
doubly-excited Slater determinants [43,64].

The use of a population analysis to identify low-intensity charge
transfer processes, upper limits to CIS matrix elements and sparse
matrix techniques enable an efficient computation of the spectrum of
a protein–water system containing 112 π electron pairs and 104

atoms. As a consequence, fluctuation effects can be taken into account
by the quantum mechanical post-processing of a large number of
experimental or simulated structures. Orientational effects are
effortlessly considered, and we are not restricted to a single excitation
per residue or chromophore. As the most important physical effect,
interacid electronic coupling induces the formation of a band edge
consisting of charge transfer excitations.

Whereas we have gained a first glance at the evolution of
excitations by varying the dielectric constant, it is highly desirable
to represent the polarizable environment by a model that exhibits the
same spatial resolution as the electronic Hamiltonian and the classical
force field. Here, a Langevin dipole model may become useful [65].
Naturally, n−π transitions cannot be considered within the model of
Pariser, Parr and Pople, yet semiempirical treatments of all valence
electrons such as the widely used ZINDO [66] method may be coupled
to classical force fields in a similar fashion.

According to our computations, charge transfer states of γD-
crystallin only exhibit a weak absorption intensity in the low energy
ultraviolet range and do not offer a direct additional protective
function beyond the absorbance of individual amino acids. However,
they act as low-lying trap states, which can be populated following
relaxation processes after the initial absorption of an UV photon. From
the trap states, a red-shifted and less harmful photon may be
reemitted with a small transition probability. As an alternative, the
thus created radical pair may undergo consecutive chemical reactions
with the possibility of irreversibly changing the properties of the
aromatic amino acids forming the pair, which in turn may shift the
delicate balance of interactions within the eye lense crystallin
network towards aggregation. Mutations introduced to γD-crystallin
are found to induce cataracts [67], and they are assumed to act by
changing the noncovalent binding properties within the eye lense
protein β/γ-crystallin network [67]. We suggest the working
hypothesis that such changes, initiated by charge transfer radical
states, may also underlie the formation of eye lense cataracts upon
UV-B irradiation, as e.g. observed by Taylor et al. [68]. Identification of
the protein defects and their simulation in a large-scale simulation of
protein aggregation may become the first step towards the verifica-
tion or falsification of the proposed mechanism.

In a more general context, the procedures outlined in this
manuscript may help to identify photoexcited charge transfer states
and paths in biochemical systems such as light harvesting complexes
or blue-light receptors (DNA repair enzymes, cryptochromes), or in
man-made energy-converting systems in the field of artificial
photosynthesis and organic photovoltaics.
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