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ABSTRACT: Multiscale molecular modeling is utilized to predict optical absorption and
circular dichroism spectra of two single-point mutants of the Fenna−Matthews−Olson
photosynthetic pigment−protein complex. The modeling approach combines classical
molecular dynamics simulations with structural refinement of photosynthetic pigments and
calculations of their excited states in a polarizable protein environment. The only
experimental input to the modeling protocol is the X-ray structure of the wild-type protein.
The first-principles modeling reproduces changes in the experimental optical spectra of the
considered mutants, Y16F and Q198V. Interestingly, the Q198V mutation has a negligible
e!ect on the electronic properties of the targeted bacteriochlorophyll a pigment. Instead, the
electronic properties of several other pigments respond to this mutation. The molecular
modeling demonstrates that a single-point mutation can induce long-range e!ects on the
protein structure, while extensive structural changes near a pigment do not necessarily lead
to significant changes in the electronic properties of that pigment.

Nature perfected photosynthetic pigment−protein com-
plexes over billions of years to achieve nearly 100%

quantum e"ciency in capturing sunlight. This incredible
e"ciency results from a precisely tuned interplay of positions,
orientations, and electronic properties of light-absorbing
molecules within a protein environment. While significant
strides in understanding these complexes’ energy transfer and
conversion have been made through spectroscopic exper-
imental data and X-ray structures, the detailed mechanistic
picture of these processes often remains elusive. Many
photosynthetic complexes contain tens or hundreds of
pigments with overlapping electronic absorption, making it
nearly impossible to resolve the properties of individual
chromophores through optical experiments. To mitigate this
complexity, point mutations of the protein sequence have been
widely utilized as powerful tools for distinguishing the
properties of individual pigments in a large photosynthetic
complex. Changes in the optical spectra upon mutation are
assumed to be dominated by the impact of the mutation site
on the electronic properties of the closest pigment.1 However,
the assumption of a locality of the mutation-induced changes
might not always be valid, introducing ambiguity into the
interpretation of the optical experiments. In this paper, we
investigate the impact of single-point mutations on the
properties of individual pigments and optical spectra in the
Fenna−Matthews−Olson (FMO) pigment−protein complex
using multiscale molecular modeling.

A relatively simple structure coupled with complex excitonic
interactions made the FMO complex a system of choice for
developing new computational and spectroscopic techni-
ques.1−39 Found in green sulfur bacteria, it acts as an energy
conduit between the chlorosomal antenna complex and the
bacterial reaction center.40,41 Each subunit of the homotrimeric
FMO complex contains seven bacteriochlorophyll a (BChl a)
pigments (Figure 1), with an eighth BChl a pigment bound
between the subunits.17 Close spacing of the pigments within
each subunit leads to strong interpigment interactions and
excitonic states delocalized across multiple pigments. Optical
spectra and energy transfer dynamics in an excitonic system
can be interpreted and modeled via an electronic Hamiltonian
containing the information about the pigments’ electronic
excitation energies and couplings between the pigments. Over
the years, several empirical Hamiltonians of the FMO complex
have been developed via a combination of structural
i n f o r m a t i o n a n d fi t t i n g t o s p e c t r o s c o p i c
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A number of single-point and double FMO mutants
targeting the electronic properties of individual pigments and
the structural integrity of the complex have been synthe-
sized.1,42−48 For example, Saer et al. engineered and
characterized eight site-directed mutants in which changes
were introduced into protein pockets housing each FMO
pigment.1 It was shown that in all but one mutant the
associated changes in absorption and circular dichroism (CD)
spectra could be modeled by a spectral shift of the excitation
energy of the specific pigment targeted by a mutation. For the
mutation near pigment 7 (Q198V), however, such a simple
model could not account for the spectral changes. It was
suggested, therefore, that either the proposed earlier
Hamiltonians improperly assign the spectral position of the
respective pigment or the particular mutation near pigment 7
a!ects the electronic properties of other pigments via long-
distance structural changes.1 This work sheds light on this
puzzle using first-principles-based molecular modeling.
In our recent work, we have developed a multiscale

computational workflow that provided an excellent agreement
between modeled and experimental absorption and CD spectra
of the wild-type FMO complex.4 This computational approach
combines classical molecular dynamics simulations of the
whole complex with a series of quantum mechanics/molecular
mechanics (QM/MM) optimizations of pigment structures
and polarizable QM/MM calculations of pigment excitation
energies and transition charges. Notably, the only experimental
input to the computational workflow is the initial X-ray
structure of the protein. The average electronic Hamiltonian
produced by this modeling is in qualitative agreement with the
commonly accepted empirical Hamiltonians.4 In this Letter,
we extend this methodology to modeling optical properties of
the FMO complexes with point mutations introduced near
BChl a pigment 3 (Y16F) and near pigment 7 (Q198V), later
termed “mutant 3” and “mutant 7”, respectively.
The initial structures of the mutated FMO complexes were

created from the wild-type FMO structure [Protein Data Bank
(PDB) entry 3ENI17] by substituting respective amino acids.
Note that this paper follows the protein numbering scheme
provided in PDB entry 3ENI, while the mutant numbering
used in ref 1 is shifted from the PDB scheme by +1; i.e.,
mutants denoted as Y16F and Q198V in ref 1 correspond to
Tyr 15/Phe 15 and Gln 197/Val 197 substitutions in the PDB
structure, respectively. The rest of the computational method-
ology closely follows the methodology developed and
described in ref 4, the only di!erence being that the quantum
mechanical (QM) regions in the QM/MM geometry
optimization step include full BChl a molecules in this work,

while the phytol tails were truncated between C3 and C5 in ref
4. Briefly, the computational methodology includes the
following steps: equilibration of the solvated protein structures
using classical molecular dynamics (MD), selection of 100
random structures from the MD trajectory, correction of the
pigment geometries with constrained QM/MM geometry
optimizations at the PBE0/6-31G* level of theory, and
calculations of the electronic transition energies and transition
charges for each of the eight pigments with the polarizable
QM/EFP (e!ective fragment potential) method49−56 at the
TDDFT PBE0/6-31G* level of theory at each of the selected
structures. We note that TDDFT PBE0 has been shown to
accurately describe the Qy excited states of BChl a
pigments.26,57 Pigments’ electronic transition energies and
transition charges for each structure are combined to build
individual electronic Hamiltonians, whose eigenvalues and
eigenvectors provide positions and intensities for the peaks in
the absorption and CD spectra. Averaging the individual
snapshot spectra results in the total absorption and CD spectra
of the mutated complexes. Further details of the computational
procedure can be found in the Supporting Information and in
ref 4.
We note that all steps of the computational procedure listed

above are essential for the accurate modeling of the optical
properties of the FMO complex. Specifically, in ref 4, we
demonstrated that it is possible to obtain meaningful optical
spectra of FMO only by accounting for thermal fluctuations of
the protein and proper statistical averaging, as the spectra
computed for the individual structural snapshots are
dramatically di!erent from each other and the experimental
spectra. Constrained QM/MM geometry optimizations are
necessary for correcting inaccuracies of the force field in
predicting internal structures and strong H-bonds of BChl
pigments with neighboring amino acids. Finally, a polarizable
description of the protein with the EFP force field that
accounts for the secondary electric field mutually induced by
charged or polar moieties on BChl a pigments and vice versa
proved to be a critical element for achieving quantitative
accuracy in predicting relative site energies of di!erent
pigments.
Table 1 shows the average Hamiltonian computed from 100

structural snapshots of the wild-type FMO complex. Diagonal
elements Hii represent electronic transition energies of
pigments i, while o!-diagonal elements Hij represent excitonic
couplings between pigments i and j computed using TrEsp

Figure 1. (A) Fenna−Matthews−Olson (FMO) pigment−protein
complex. (B) Monomer subunit of FMO with the sites of single-point
mutations considered in this work.

Table 1. Average Electronic Hamiltonian of the Wild-Type
FMO Complexa

aThe values in parentheses represent RMSDs for each value
computed over 100 structural snapshots of the MD trajectory.
Diagonal energies are shifted by −2420 cm−1 to match the
experimental absorption spectrum. All values are in inverse
centimeters.
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transition charges on pigment atoms (see the details of
computing electronic couplings in the Supporting Informa-
tion). The root-mean-square deviations (RMSDs) of the
excitation energies and couplings (shown in parentheses in
Table 1) reflect the e!ect of thermal fluctuation of the protein.
Table 2 shows deviations between the wild-type average

Hamiltonian and the Hamiltonians of mutants 3 and 7. The
uncertainties of each value are also provided. Distributions of
pigment excitation energies in the Y16F and Q198V mutants
are also shown in Figures S3 and S4.
Panels A and B of Figure 2 compare computed and

experimental absorption and CD spectra of the wild-type FMO
complex. As in our previous work,4 the computational model
captures all major features of the experimental absorption and
CD spectra of the wild-type FMO complex. Panels C−F of
Figure 2 depict spectral changes predicted for both mutants
and experimentally measured data published previously.1
Absorption and CD spectra of mutants are shown in Figures
S5 and S6. The agreement between first-principles modeling
and experiment is quite good, with all significant measured
features present. It is noteworthy that in the case of mutant 7, a
simplistic empirical approach used in ref 1 in which the
mutation induces an electrochromic shift only to the nearby
pigment (i.e., a “local model”) fails to reproduce measured
spectral di!erences. In contrast, the first-principles modeling
reproduces both absorption and CD changes remarkably well.
The underlying reason for the failure of the local model
becomes evident upon inspection of the e!ect of this mutation
on the system Hamiltonian (Table 2). Indeed, explicit
electronic structural modeling predicts that the Q198V
mutation near BChl 7 causes a negligible excitation energy
shift in this pigment (ΔH77 = −9 ± 11 cm−1); i.e., the targeted
site is barely a!ected by the mutation. It is surprising, however,
that all other pigments are a!ected by this mutation to a more
significant extent, with the largest shifts predicted for pigments
6, 5, and 1 (ΔH66 = 76 ± 12 cm−1, ΔH55 = 66 ± 11 cm−1, and
ΔH11 = 49 ± 8 cm−1). On the contrary, electronic structure
modeling of mutant 3 predicts a major spectral shift of targeted
pigment 3 (ΔH33 = 273 ± 12 cm−1), with shifts of other
pigments being at least 4 times smaller (Table 2). Consistent
with this analysis, the local model, in which only the nearest
pigment 3 is assumed to be a!ected by the Y16F mutation,
reproduces experimental data reasonably well.1
The observed nonlocality of energetic shifts in mutant 7

suggests that the single-point Q198V mutation induces long-

range structural rearrangements of the protein sca!old. For
example, pigments 1 and 5, whose site energies are significantly
a!ected by the mutation, are located ∼20 and ∼12 Å,
respectively, from the mutation site (as measured between the
closest non-hydrogen atoms of the mutated amino acid and
BChl a head), beyond the direct reach of a possible
electrochromic e!ect due to a substitution of polar glutamine
with nonpolar valine. It should be noted, however, that both

Table 2. Deviations in the Average Values of the
Hamiltonians of Mutants 3 and 7 with Respect to the
Average Values of the Wild-Type Hamiltoniana

aUncertainties of each value are denoted with ±. All values are in
inverse centimeters.

Figure 2. (A) Absorption and (B) CD spectra of the wild-type FMO
complex. (C−F) Absorption and CD di!erences for the Y16F and
Q198V mutants from the wild-type spectra. Black dashed lines
represent spectra measured experimentally in ref 1, and red lines are
spectra calculated from the QM modeling as described in the text.
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optical measurements and molecular modeling suggest that the
overall secondary protein structure in mutants is well
preserved. For example, changes in electronic interpigment
couplings (Hi≠j) that reflect the relative position and
orientation of the pigments are small and have negligible
e!ects on the spectral changes observed in both mutants.
A summary of energetic changes due to mutations (Table 2)

suggests that a single-point mutation might produce both local
and long-range e!ects, the former arising due to the
electrochromic e!ect of a substituted amino acid and the
latter arising from structural distortions in the protein sca!old.
A similar conclusion was also derived from the analysis of hole-
burning spectra of FMO mutants.43,44 However, molecular
modeling provides a unique means for the analysis of how the
mutation-induced changes in the protein structure are
translated into the spectral properties of the mutants. To
support this discussion, the most significant structural
rearrangements in mutants are shown in Figures 3 and 4.

By far, the most noticeable e!ect of the Y16F mutation is on
the properties of pigment 3, whose transition energy shifts by
ΔH33 = +273 cm−1. This dramatic spectral shift can be
attributed to breaking the H-bond to the pigment’s C3 acetyl
group upon substituting tyrosine with phenylalanine. The
oxygen atom of the C3 acetyl accumulates an excess electron
density in the Qy excited state of BChl a (see detachment and
attachment electron density plots in Figure S7). When the
acetyl oxygen is H-bonded to tyrosine, some of this excess
electron density in the excited state is donated to the H-bond,
leading to stabilization (red-shift) of the excited state. In the
absence of the H-bond (as in the case of the Y16F mutant),
the excited state on pigment 3 becomes e!ectively blue-shifted,
with respect to the wild type.
Quite surprisingly, single-point mutation Y16F led to a

sizable energetic shift of −70 cm−1 in pigment 6 (Figure 3C).

As the closest-atom separation between pigment 6 and the
mutation site exceeds 25 Å, this spectral shift cannot be
explained by the electrochromic e!ect, which decays as
approximately R3 with distance. Our analysis suggests that
the observed spectral shift is driven by slight structural
distortions in a cluster of several closely lying polar amino acids
(Met 149, Gln 197, and Asp 146) and the charged Arg 95 that
forms an H-bond with the keto group of pigment 6. Even
minor distortions or displacements of these amino acids might
result in non-negligible changes in the electric field at pigment
6 and thus cause the observed shift in its transition energy.
One of the most remarkable findings of this study is that in

both mutants we have observed noticeable structural changes
near all pigments (as measured, for example, by changes in the
average closest separations between particular residues and
BChl a pigments or as the RMSD in the internal structures of
residues). However, only some structural changes lead to
distinguishable energetic and spectral shifts. Indeed, most
structural changes in mutants occur in more flexible protein
regions. In contrast, the parts of the protein with well-defined
secondary structures (β-sheets and α-helices) are less a!ected
by single-point mutations. As one example of this observation,
some of the most extensive structural distortions in the Y16F
mutant are observed in a nonstructured protein region near
pigment 2, with the neighboring subunit’s amino acids Pro
134′ and Asn 135′ shifted by ∼2 Å with respect to pigment 2
(Figure 3A). Notably, this structural shu#e in the Y16F
mutant is responsible for closing a water channel that in the
wild type connects the water molecule coordinating Mg of
pigment 2 with the external water solvent. As shown in Figure
3A, all water is expelled from a pigment 2 pocket in the Y16F
mutant. However, these seemingly drastic structural rearrange-
ments near pigment 2 result in a negligible energetic shift
(ΔH22 = 20 ± 10 cm−1). Similarly, pigment 5 is located near a
non-ordered protein chain, where several amino acids in the
Y16F mutant undergo substantial changes in their average
orientations or separation from the pigment [Ser 244, Lys 246,
and Pro 250 (see Figure S8)]. Nevertheless, similar to the case
of pigment 2, these fluctuations do not result in a significant
energetic shift of pigment 5.
In general, it is expected that substantial fluctuations in the

positions of charged and polar amino acids should result in a
notable change in the electric field at the location of a
chromophore and lead to the electro- or solvatochromic shift
of its transition energy. On the contrary, striking changes in the
average positions of multiple charged/polar amino acids have
negligible e!ects on the spectral properties of pigments 2 and

Figure 3. Structural changes in the Y16F (Tyr 15/Phe 15) mutant. (A) Significant structural changes near pigment 2. Minor structural changes
near (B) mutated site 3 and (C) site 6. Primed numbers (Pro 134′ and Asn 135′) label amino acids belonging to the neighboring protein subunit.
The wild-type protein is shown as a light-green ribbon. Wild-type amino acids and BChl a heads are shown in color. The corresponding amino
acids in the Y16F mutant are in light orange.

Figure 4. Structural changes caused by the Q198V (Gln 197/Val
197) mutation near (A) mutated site 7 and (B) sites 1 and 2. See the
legend of Figure 3 for the color-coding scheme.
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5. We suggest that the observed muted e!ect of unstructured
regions of the protein on the spectral properties of nearby
chromophores is a beneficial evolutionary trait that prevents
the excessive modulation of pigment transition energies by the
thermal motion of the protein that could otherwise a!ect the
e"ciency of energy transfer. The electric field of the peripheral
residues in unstructured stretches of the protein could be
e!ectively screened by nearby water molecules or canceled out
by a concerted motion of nearby oppositely charged residues.
Substitution of glutamine with valine in the Q198V mutant

(see Figure 4A) does not significantly a!ect the transition
properties of the neighboring pigment 7 as neither of the
amino acids participates in H-bonding or induces a su"ciently
di!erent electric field at this pigment. However, this single-
point mutation in the middle of the protein sca!old produces
subtle structural distortions to the whole protein, which
collectively shift the site energies of all of the other pigments.
As a result, the e!ect of this mutation on the optical and
energetic properties of the protein cannot be predicted by a
local empirical model (there is no single dominating e!ect but
rather a combination of minor e!ects that might cancel each
other). Despite this challenge, computational modeling based
on structures extracted from classical MD trajectories
reproduces the main features of the experimental absorption
and CD spectra quite well. Figure 4 shows some of the
observed structural distortions in Q198V.
Like in the Y16F mutant, the protein region near pigment 2

appears to be strongly a!ected by the Q198V mutation.
However, in the Q198V mutant, despite many observed
structural deformations (see an example of shifted Asn 79 in
Figure 4B), the water channel near pigment 2 remains active.
On the contrary, a relative orientation of pigments 1 and 2 in
the Q198V mutant is noticeably distorted; e.g., the average
distance between Mg atoms of pigments 1 and 2 decreases by
∼0.4 Å in Q198V with respect to that in the wild type (see
Figure 4B), changing the electronic coupling between these
pigments by −22 cm−1. Also, similar to the Y16F mutant, the
transition energy of pigment 6 in Q198V is strongly influenced
by fluctuations of nearby Arg 95 and by the electrochromic
e!ect of the mutated site (Figure 4A), with the total
electrochromic shift of −77 cm−1.
Using the example of the FMO pigment−protein complex,

we demonstrate that the developed first-principles-based
modeling protocol is a powerful tool enabling quantitative
prediction and mechanistic analysis of changes in the
electronic and optical properties of photosynthetic chromo-
phores caused by point mutations. The mutation engineered to
target properties of a particular pigment might nevertheless
have a minimal e!ect on that pigment and, instead, a!ect the
electronic properties of distant chromophores. Our analysis
also suggests that extensive mutation-induced structural
changes near a pigment do not necessarily cause significant
changes in the spectral properties of that pigment; i.e., a purely
structural analysis of the mutation is not su"cient for
understanding the changes occurring in optical spectra. The
multiscale molecular modeling protocol reported here could
serve as a basis for the intelligent design of mutations with a
desired targeted e!ect on specific components of a pigment−
protein complex.
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